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Preface

Marine toxins are important to the scientific community because they pose many challenges. The first
one is the obvious food safety issue, that requires a large investment in producing countries to regu-
larly monitor the potential presence of these compounds in seafood. A second challenge is the poten-
tial these compounds offer as tools for research, since the variety of mechanistic actions is
impressive. This book intends to offer a glimpse of this diversity of mechanisms of actions. The third
challenge is the chemical structure of the compounds, from the simple domoic acid to the unusual
structure of azaspiracid or the large molecule of palytoxin. Another goal to this editorial work is to
provide an overall view on the chemical diversity of marine toxins. Not all the known toxins are
included in this book, but only those that have been recently discovered or that still provide puzzles
on their chemistry or pharmacology. Although to some groups the uncertainties are wide (how many
yessotoxin analogs? are they toxic?), to others the mystery goes even to their structure (ovatatoxins?).

This book is the silent work of many great scientist who spared some of their very busy time to
write their chapters. | express my admiration for their dedication and thank them for their contribu-
tions and their hard work.

I would like to thank Dr. Leo Nollet and Dr. Y. H. Hui for their editorial help, and the staff at
Blackwell, especially Susan Engelken, for their excellent work.

Luis M. Botana
2006
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1 Gambierol

Makoto Sasaki, Eva Cagide, and
M. Carmen Louzao

Introduction

Gambierol (1) is a marine polycyclic ether toxin that was isolated by the Yasumoto group as a toxic
constituent along with ciguatoxin congeners from the culture cells of Gambierdiscus toxicus col-
lected at the Rangiroa Peninsula in French Polynesia. Its gross chemical structure including the rela-
tive stereochemistry has been determined by extensive two-dimensional (2D) nuclear magnetic
resonance (NMR) experiments (Fig. 1.1; Satake, Murata, and Yasumoto 1993a). This intriguing
toxin molecule consists of a transfused octacyclic polyether skeleton containing 18 stereogenic cen-
ters and a partially skipped triene side chain including a conjugated (Z,Z)-diene system, thus provid-
ing a formidable synthetic challenge. Subsequently, the absolute configuration has been established
by derivatization and application of modified Mosher analysis (Morohashi, Satake, and Yasumoto
1998). The axial C5 hydroxy group was inverted to equatorial disposition by an oxidation/reduction
sequence and then esterified with (S)- and (R)-a-methoxy-a-trifluoromethylphenylacetic acid
(MTPA). NMR analysis of the derived MTPA esters unambiguously established the 6S configura-
tion, allowing the absolute configuration of the whole molecule as shown in Fig. 1.1.

Gambierol (1) exhibits potent neurotoxicity against mice with minimal lethal dose (MLD) of
50 ug kgt by intraperitoneal (i.p.) injection, and the neurological symptoms caused in mice resemble
those shown by ciguatoxins. This finding implies the possibility that gambierol is also responsible
for ciguatera seafood poisoning (Satake, Murata, and Yasumoto 1993a). Recently, Inoue et al. (2003)
have described that gambierol (1) inhibits the binding of dihydrobrevetoxin B (PbTx-3) to voltage-
gated sodium channels, although its binding affinity is significantly lower than those of brevetoxins
and ciguatoxins. As is often the case with other polycyclic ether natural products, the extremely lim-
ited availability of gambierol (1) from natural sources has hampered detailed biological studies on
this neurotoxin. Therefore, chemical total synthesis has been the only means to deliver useful quan-
tities of this natural product. Consequently, considerable synthetic efforts toward gambierol (1) have
been devoted, and to date three completed total syntheses have been independently reported by

gambierol (1)

Figure 1.1.  Structure of gambierol (1).



2 Chapter 1

Fuwa et al. (2002a, 2002b), Kadota et al. (2003b, 2003c), Johnson, Majumder, and Rainier (2004,
2006), and Majumder et al. (2006). In this chapter, we discuss the chemical synthesis and biological
properties of gambierol (1).

Chemical Synthesis of Gambierol
First Total Synthesis

In 2002, the first total synthesis of gambierol (1) was reported by Sasaki and co-workers (Fuwa et al.
2002a, 2002b). The convergent strategy employed for the synthesis of gambierol (1) is based on our
developed Suzuki-Miyaura coupling chemistry (Sasaki et al. 1998, 1999, 2002; Sasaki and Fuwa
2004; Miyaura et al. 1986, 1989; Miyaura and Suzuki 1995; Chemler, Trauner, and Danishefsky
2001). The synthesis also features the stereoselective construction of the labile triene side chain
through CuCl-accelerated Stille coupling at the final stage of the total synthesis.

Hydroboration of the ABC-ring exocyclic enol ether 2 (Fuwa et al. 2002a; Fuwa, Sasaki, and
Tachibana 2001) with 9-borabicyclo[3.2.1] nonane (9-BBN) produced the corresponding alkylborane
4, which was coupled in situ with the EFGH-ring enol phosphate 3 (Fuwa et al. 2002a) in the presence
of PdCL(dppf) [dppf = 1,1'-bis(diphenylphosphino) ferrocene] and aqueous cesium carbonate in
THF/DMF at 50°C to generate the desired cross-coupled product 5 in a gratifying 86% yield
(Scheme 1.1). Given the structural complexity and size of the fragments, this remarkable yield
demonstrates the power and reliability of the Suzuki-Miyaura cross-coupling reaction.

Subsequent hydroboration of endocyclic enol ether 5 proceeded stereoselectively to give alcohol 6,
which was further oxidized with tetra-n-propylammonium perruthenate (TPAP) and N-methylmorpho-
line N-oxide (NMO) (Ley et al. 1994) to afford ketone 7. Oxidative removal of the p-methoxybenzyl
(PMB) group followed by treatment with ethanethiol and zinc triflate effected cyclization of the D-ring

BnO 9-BBN, THF; BnO PMB
Bno H MeO Me OPMB then 3, aq Cs,CO3 BnO H MeO Me é
n PACI,(dppf), DMF, 50 °C °"
AlB]C
ROR RO 86% \ o
2 Me OPME 5 Me O—F ] O{/
AN BH3 THF, THF; A
g B then NaOH, H,0,, 87%
PR
4 PMB
Bn? Me Me O
BnO. R

H me

Bno TPAP, NMO, 98% 6: R = 0-OH, f-H i - 0*
H ) ) . _ H
BnO s Mo e H o E7.R-o
D 1. DDQ
2. EISH, Zn(0Tf),
OAc 3. Ac,0, DMAP, Et;N
PhsSnH, AIBN 8: X = SEt ; OAc 75% (3 steps)

toluene, 110 °C, 95% 9:X=H

Scheme 1.1.



Gambierol 3

as the mixed thioketal to yield, after acetylation 8. Reduction of the ethylthio group was performed
under radical conditions [Ph,SnH, 2,2'-azobisisobutyronitrile (AIBN), toluene, 110°C] (Nicolaou et al.
1989) to furnish the octacyclic polyether core 9 in 95% yield. Thus, the synthesis of the octacycle 9 was
achieved in just seven steps from the coupling of two advanced intermediates 2 and 3.

For the functionalization of the H-ring, diacetate 9 was elaborated to ketone 10 in a three-step
sequence (Scheme 1.2). Based on our preliminary model experiments, incorporation of the C28-C29
double bond was performed by means of the Ito-Saegusa protocol (Ito, Hirao, and Saegusa 1978).
Thus, treatment of ketone 10 with lithium bis(trimethylsilyl)amide in the presence of chlorotrimethyl-
silane and triethylamine gave the corresponding enol silyl ether, which upon immediate exposure to
palladium acetate in acetonitrile afforded the desired enone. Subsequent stereoselective introduction
of the C30 axial methyl group was accomplished by treatment with methylmagnesium bromide in
toluene at —78°C (Feng and Murai 1992) to deliver tertiary alcohol 11 in 94% overall yield as a single
stereoisomer. A further five-step sequence of protective group manipulations converted 11 into
primary alcohol 12. Oxidation to the aldehyde and following Corey—Fuchs reaction (Corey and Fuchs

3 steps

10 Me O
1. LHMDS, TMSCI, Etz;N H
2. Pd(OAc),, CH3CN
3. MeMgBr, toluene
5 steps 94% (3 steps)

1. TPAP, NMO Me
2. CBry, PPhg, Et3N 82% (3 steps)
3. BusSnH, Pd(PPhs),

HF-py, THF

TBDMSO
- Meo Me H H

14, Pd(PPhy),, Cul, LiCl
DMSOITHF, 60 °C

66% (82% based on
recovered 13)

TBDMSO
: Me Me H
H eo e o

Eye}
|
MelBpms

Scheme 1.2.
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1972) afforded a dibromoolefin, which was reduced by the Uenishi protocol (Uenishi et al. 1998) to
generate (2)-vinyl bromide 13 in good overall yield.

The final stages to complete the total synthesis required stereoselective installation of the triene side
chain and global deprotection. The Stille coupling of (Z)-vinyl bromide 13 with (Z)-vinylstannane 14
(Shirakawa et al. 1999; Mastukawa et al. 1999) turned out to be troublesome due to the low reactivity of
these substrates. After extensive experimentation, it was finally found that the Pd(PPh,),/CuCI/LiCl-
promoted modified Stille coupling conditions, originally developed by Han, Stolz, and Corey (1999),
were quite suitable for the present case. Under the optimal conditions, the Stille coupling of 13 with 14
gave rise to fully protected gambierol (15) in 66% yield (82% yield based on recovered 13). However,
all attempts to remove the silyl protective groups within 15 were unsuccessful. The sterically hindered
C30 tert-butyldimethylsilyl (TBDMS) ether could not be cleaved under relatively mild conditions
using various deprotection agents, including tetra-n-butylammonium fluoride (TBAF), HF-pyridine,
Et;N-3HF, or tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF) (Noyori et al. 1980;
Scheidt et al. 1998). In addition, isomerization or loss of the labile triene side chain was observed under
harsh conditions.

This critical issue was overcome by carrying out global deprotection prior to introduction of the
labile triene side chain. Treatment of (Z)-vinyl bromide 13 by excess HF-pyridine facilitated clean
deprotection of the three silyl groups to deliver triol 16 in excellent yield. Finally, the Stille coupling
of unprotected 16 with 14 under the established conditions [Pd(PPh,),, CuCl, LiCl, DMSO/THF
60°C] furnished (—)-gambierol (1) in 43% isolated yield. The spectroscopic data (*H NMR, 13C
NMR, HRMS, and CD) and mice lethality of synthetic gambierol were completely identical to those
of the natural sample, thereby confirming the structure of gambierol including the absolute configu-
ration. Thus, the first total synthesis of gambierol (1) was completed in 0.57% overall yield over a
71-step longest linear sequence. The total synthesis clearly demonstrated that the B-alkyl
Suzuki—Miyaura coupling chemistry is an important and general fragment coupling process in
polycyclic ether synthesis.

Total Synthesis by the Yamamoto/Kadota Group

Shortly after the total synthesis of Sasaki and co-workers was published (Fuwa et al. 2002a, 2002b),
the Yamamoto and Kadota group reported the second total synthesis of gambierol (1) (Kadota et al.
2003b, 2003c). The Yamamoto/Kadota synthesis was based on their developed convergent
approach to polycyclic ether systems using an intramolecular cyclization of y-alkoxyallylstannane
to a-acyloxy ether in conjunction with ring-closing metathesis (RCM) reaction (Kadota et al. 2001,
2003a; Kadota and Yamamoto 2005).

The synthesis commenced with coupling of the ABC- and FGH-ring fragments (17 and 18, respec-
tively) through esterification to give 19 (Scheme 1.3). After removal of the TBDMS group with TBAF,
the resultant alcohol was reacted with y-methoxyallylstannane 20 in the presence of acid catalyst to
yield a mixed acetal, which was then treated with iodotrimethylsilane and hexamethyldisilazane,
leading to y-alkoxyallylstannane 21. The ester 21 was then converted into a-acetoxy ether 22 accord-
ing to the method of Rychnovsky (Dahanukar and Rychnovsky 1996; Kopecky and Rychnovsky
2000, 2003). Thus, partial reduction of ester 21 with di-isobutylaluminum hydride (DIBALH), fol-
lowed by in situ acetylation of the hemiacetal with acetic anhydride/4-(dimethylamino)pyridine/
pyridine, gave 22 as an inseparable mixture of diastereomers in 78% yield. Treatment of 22 with mag-
nesium bromide etherate (CH,CI,, at room temperature) produced a mixture of the desired product 23
and its diastereomer 24, with the undesired 24 predominating (23:24 = 36:64). In contrast, reaction
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BnO Cl O

S Me_ M
BnOMBWS J@\%
A|B|C
BnO
o7 o7 COH cl c : Meo Me
m

BnO.
Et3N, THF;

e then DMAP, toluene

o) H H
o
-0 1. TBAF, 99%
2.20, CSA
18 3. TMSI, HMDS, 78% (2 steps) N
DIBALH; 20 OMe
B0 s N NN RO DUARRY g BUSSIA
BnO A LO O or BnO O
AlB]|cC
A9 TR9R T OF o

22:R=COCH, (78%) M€ OHS ! o/kph
25: R = COCH,CI (88%) H

) . R Lewis acid conditions 23:24 yield
Lewis acid COCH; (22)  MgBrOEt, CH,Cly, 1t 36:64  61%
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Scheme 1.3.

of a-chloroacetoxy ether 25 with boron trifluoride etherate (20:1 CH,CN/CH,CI,, —40°C to 0°C) led
to the selective formation of 23 (23:24 = 64:36, 88% combined yield). This improved stereoselectiv-
ity is explained by the greater leaving ability of the a-chloroacetoxy group to form the oxonium
cation intermediate than that of the acetoxy group. The derived diene 23 was then subjected to RCM
reaction using the second-generation Grubbs catalyst 26 (Scholl et al. 1999), leading to the octacyclic
polyether 27 in high yield.

Functionalization of the H-ring of 27 was performed in a 12-step sequence similar to the Sasaki
synthesis to afford primary alcohol 28 (Scheme 1.4). For the stereoselective introduction of the triene
side chain, a simple and practical method for the synthesis of (Z)-iodoolefin has been developed
(Kadota et al. 2003d). Thus, alcohol 28 was oxidized with pyridinium chlorochromate (PCC) to the
aldehyde, which was then treated with Cl, and PPh, to yield di-iodoolefin 29 in high yield. Reduction
of 29 with zinc-copper couple in the presence of acetic acid generated the desired (Z)-iodoolefin 30
exclusively. After a two-step deprotection, the derived triol 31 was subjected to the modified Stille
coupling with (Z)-vinyl stannane 14. As expected, iodoolefin 31 showed higher reactivity than that of
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1. PCC, 4A MS
1. DIBALH, 100% (2 steps) 2. Cly, PPh3, 92% (2 steps)
2. SiF4, CH,Cl,/CH5CN

Zn-Cu, HOAc
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Pda(dba)s-CHClg BusSn Me THF/MeOH, 0 °C 30:X=H Mereoms
P(2-furyl)s SN HO

Cul, DMSO, 40 °C 14 S Me Me H H

72% (2 steps)

Scheme 1.4.

19 steps

Scheme 1.5.

the bromine counterpart, and the modified Stille coupling reaction with 14 [Pd,(dba), CHCI,,
P(2-furyl),, Cul, DMSO, 40°C] proceeded smoothly to furnish gambierol (1) in 72% yield over the
two steps. The longest linear sequence leading to 1 is 66 steps with 1.2% overall yield (102 total syn-
thetic steps).

Similar transformations starting from the isomer 24 delivered 16-epi-gambierol (32), a non-natural
analogue (Scheme 1.5). The epimer 32 exhibited no toxicity against mice at higher dose (14 mg/kg™).
This result indicates that the transfused polycyclic ether framework is essential to the toxicity
(Kadota et al. 2003b).

Total Synthesis by Rainier and Co-workers

Most recently, Rainier and co-workers accomplished a more convergent total synthesis of gambierol (1)
(Johnson, Majumder, and Rainer 2004, 2006; Majumder et al. 2006). Their general strategy to fused
polycyclic ether systems involves (a) synthesis of C-glycoside from coupling of cyclic enol ether with
carbon nucleophiles and (b) tandem methylenation/enol ether-olefin RCM. The synthesis commenced
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with convergent union of the ABC- and FGH-ring fragments (33 and 34, respectively) through
esterification by the Yamaguchi method to provide 35 (Scheme 1.6). Initial attempts to convert ester 35
into acyclic enol ether metathesis precursor 36 using the Takai-Utimoto titanium methylidene protocol
(Okazoe and Takai 1987; Takai et al. 1994) were unsuccessful. After much experimentation, it was
found that reaction of 35 with the titanium alkylidene, generated from 1,1-dibromoethane, led to the
formation of seven-membered enol ether 37 in 60% yield. Furthermore, the expected acyclic enol ether
product 36 (R = Me) was also obtained in 30% yield and could be converted to 37 in an unoptimized
60% yield by treating with the second-generation Grubbs catalyst 26.

Epoxidation of endocyclic enol ether 37 with dimethyl dioxirane (DMDO) followed by one-pot
reduction with DIBALH produced a 10:1 mixture of alcohols, in which the major isomer possessed

* Me_ Me cl o

TBDPSO. fo) JOTES
o N0 cl Cl, EtyN, THF;

then DMAP, toluene, 90%

TIPSQ |
TBDPSO A
A
oS
H
CH3CH,Br,, CH,Cl,
Zn, PbCl,, TiCly
TMEDA, THF, 60% TIPSO 1)

TBDPSO

; 8 1. DMDO; then DIBALH
2. TPAP, NMO
1. CSA, MeOH 3. imidazole, A, 87% (3 steps)
2. EtSH, Zn(OTf),
3. Ph3SnH, AIBN, 78% (3 steps)

TIPSO
:Me Me H H
B eo e o

1. SiF,, 89%
2. 14, Pd(dba)s-CHCl3, P(2-furyl)
Cul, DMSO, 40 °C, 75%

HO
- Me Me H H
= eO e o

HO

gambierol (1) Me

Scheme 1.6.
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the correct stereochemistry at C16. Oxidation of these alcohols afforded ketone 38 and its C16
epimer, respectively. The minor diastereomer could be isomerized to 38 by treating with imidazole.
Thus, the desired ketone 38 was obtained in 87% overall yield for the three steps. Subsequent con-
struction of the D-ring was performed by reductive desulfurization of mixed thioketal in the same
way as that adopted by the Sasaki group, leading to octacyclic ether 39. Stereoselective installation
of the triene side chain was then carried out via (Z)-vinyliodide 40 following Yamamoto’s protocol to
complete the total synthesis of gambierol (1).

The convergence aspect of the Rainier synthesis is particularly noteworthy in light of the use of
fragment 34 furnished with the H-ring functionality. Thus, the longest linear sequence to the target
was 44 steps from D-glucal with 1.2% overall yield.

Synthesis of ABCD-ring Fragment by Mori and Co-workers

Very recently, Mori and co-workers reported the synthesis of the ABCD-ring fragment 41 of gambierol
(1) (Furuta et al. 2005). Their synthesis features the oxiranyl anion strategy (Mori et al. 1996a, 1996b)
to construct the C-ring and reductive etherification of 8, 8-dihydroxy ketone to form the functionalized
A-ring. The synthesis began with alkylation of the oxiranyl anion, derived from epoxy sulfone 43,
with triflate 42, to afford 44 as a mixture of two diastereomers (Scheme 1.7). After removal of the

PhO,S 1. TSOH
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" PMBo/\@ 2
THo PMBO Me MeOH/CH,Cl,, 99%
D S|’t Bu /t Bu
TESO 5o oS 2. MgBr,-OEt,
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\ 90% B B el
BrEFPES A o t-Bu H © H H © t-Bu
45 46 s
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Me Me H H 1. t-BuOOH, VO(acac), O, Me_Me H _H 49
o) o . O o) S
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B|C]D gj-tBu ————————————— B D g-tBu
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PIVO Lo 0 o 3steps BnO o o on
—_—
Al B D By — > AlB|C|D
=07 - 3 SO0 OH
= = \ = = H H
H © H H o H H t-BI H H H H
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Scheme 1.7.
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triethylsilyl (TES) group, treatment of the resultant alcohol with magnesium bromide etherate gave a
1:1 mixture of diastereomeric a-bromo ketones 45. Subsequent treatment of this mixture with DBU
generated ketone 46 with diastereomeric ratio (dr) = 94:6. A further seven-step sequence was
required to form the B-ring of 47. The homoallyic hydroxy-directed epoxidation of 47 with tert-butyl
hydroperoxide in the presence of vanadyl acetylacetonate [VO(acac),] afforded the desired epoxide in
high selectivity (dr = 93:7), which was then protected as the TES ether to give 48. Reaction of epoxide
48 with the lithium anion derived from 49 led to alcohol 50 in high yield, which was then converted
into B,y-dihydroxy ketone 51 in three steps. Upon treatment with triethylsilane and tin(IV) chloride,
reductive etherification of 51 proceeded smoothly to afford 52 in 91% yield. A further two-step
sequence was required to complete the synthesis of the ABCD-ring fragment 41.

Diverted Synthesis of Gambierol Analogues for Structure-Activity
Relationship Studies

There exist only a few reports concerning systematic structure—activity relationship studies of
marine polycyclic ethers (Rein, Bade, and Gawley 1994; Rein et al. 1994; Gawley et al. 1995),
mainly because of (a) extremely limited availability of these secondary metabolites from natural
sources and (b) difficulties in chemical modification of the highly complex molecular structures.
Our efficient and convergent chemical total synthesis realized the preparation of ample quantities of
gambierol (1), while chemical modification of gambierol itself is seemingly quite difficult due to the
presence of the labile functionalities, namely, the triene side chain and the C30 tertiary allylic alco-
hol. In this context, we envisioned that a variety of structural analogues could be accessed from an
advanced intermediate, octacyclic polyether 9 (Scheme 1.1). Such concept has recently been termed
“diverted total synthesis” by Njardarson et al. (2005).

We have synthesized 17 structural analogues of gambierol (1) and evaluated their toxicity against
mice by i.p. injection to establish the structure-activity relationships (Fuwa et al. 2003, 2004). These
studies revealed that structural elements required for exhibiting potent toxicity of gambierol (1) were
(a) the C28-C29 double bond and (b) the unsaturated side chain with an appropriate length. In con-
trast to these important structural elements, the C1 and C6 hydroxy groups, the C30 axial-oriented
methyl group, and the C34—-C35 double bond are not essential but are preferred functional groups
for exhibiting potent toxicity (Fig. 1.2).

The information gained from these structure-activity relationship studies should open the way for
the design and synthesis of novel probe molecules, which are useful for further detailed biological
studies of gambierol (1).

Biology of Gambierol

Because of its structural novelty and toxicity, gambierol is quite interesting (Botana et al. 2004).
However, detailed biological studies, including the precise biochemical mode of action, have been
slowed down, partially due to the scarcity of this toxin from natural sources.

Gambierol exhibits potent toxicity against mice with a MLD of 50-80 ug kg™ by i.p. injection
and 150 pg kg~ by peroral (p.0.) administration (lto et al. 2003), doses that are even lower than for
brevetoxins (PbTXs), such as PhTX-3 (200 ug kg~ i.p.) (Baden and Mende 1982). Based on the
little difference between the two routes of administration, gambierol is considered to be absorbed
efficiently from the intestine (Ito et al. 2003).
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Figure 1.2. Structure-activity relationships of gambierol (1).
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Experimental Pathology (Morphological Response)

Gambierol and ciguatoxins (CTXs) have the same biogenetic origin (Satake, Murata, and Yasumoto
1993a). Ciguatoxins are the principal toxins responsible for ciguatera seafood poisoning (Murata
et al. 1990; Lewis et al. 1991; Satake, Murata, and Yasumoto 1993b; Satake et al. 1997; Yasumoto et
al. 2000). The symptoms of ciguatera vary somewhat geographically as well as between individuals,
incidents, and the toxin congeners involved in the intoxication. They even may change temporally
within an area (Van Dolah 2000b). Those symptoms generally include early gastrointestinal distur-
bance (hausea, vomiting, and diarrhea) followed by a variety of later neurological sequel (numbness
of the peroral area and extremities, reversal of temperature sensation, muscle and joint aches,
headache, itching, blurred vision, and paralysis) and cardiovascular alterations (tachycardia and
hypertension) (Van Dolah 2000a, 2000b; Lewis 2001). Although in cases of severe toxicity, paraly-
sis, coma, and death may occur, the corresponding fatality rate is low. However, the neurological
symptoms last for weeks or even years (Yasumoto 2001). The minimum toxicity level to humans
is estimated at 0.5 ng kg~* (Legrand et al. 1992). The neurological symptoms caused in mice by
gambierol resemble those shown by CTXs.

Neurosensory symptoms play an important role in ciguatera poisoning (Pearn 2001), although
with maitotoxin and ciguatoxins (responsible for this disease) experimental animals showed no
behavior that may be indicative of neurological effects (Lewis 2001). However, the use of gambierol
elicited certain neurosensory-related reactions (scratching) in mice that Ito et al. (2003) suppose that
humans might also present, although they do not know the specific symptoms and their duration.
These pathological effects, as well as the biogenetic origin, imply the possibility that gambierol may
be also responsible for ciguatera seafood poisoning.

Ito et al. (2003) studied the pathological effects on experimental mice after administrations of
gambierol at 60-150 pg kg—* and found that the worst condition periods of mice by gambierol were
1 hour via i.p. route, and 3 hours via p.o. If they could survive longer, recovery was likely, as well as
the pathological changes.

Symptoms: With i.p. administration, the mice started to make small sounds and were crouching.
Their bodies showed rapid respiratory throbbing and twitched frequently. Then, sometimes they
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suddenly began to run and were wet around the mouth, chest, and forelegs with a nonblood liquid,
although some of them showed blood-soaked faces, but this blood didn’t come from the stomach. In
addition, with p.o. administration, the mice started to scratch and hiccough. Abdominal swelling was
prominent in all conditions, and an autopsy revealed gas accumulation in the intestines (Fig. 1.3). In
lethal and serious conditions, some of the mice had congested or bleeding penises.

These symptoms suggest that the death of gambierol-treated mice is mainly due to dyspnea (Ito
et al. 2003).

Postmortem examination: All treated mice showed congestion in the heart, with the right ventri-
cles dilated with blood, and in the severe cases, the lungs, livers, and kidneys were also damaged
(Ito et al. 2003).

At 2 hours after p.o. administration with 140 ug kg ! of gambierol, electron microscopy showed
that the cardiac muscle fibers in the myocardium separated each other by edema and congestion
(Figs. 1.4a and 1.4b), although the cell structure had no changes. Similar systemic congestions have
been reported by palytoxin and ciguatoxins (Ito, Ohkusu, and Yasumoto 1996; Terao et al. 1991).

At 40-60 minutes, mice with severe damage (after administration of 140-150 pg kg~* of gam-
bierol) showed narrowed alveolar lumens, which were filled with flocculent and/or fine granular sub-
stances in addition to surfactant (Figs. 1.4c and 1.4d). Alveolar macrophages as well as neutrophiles
and lymphocytes were also found frequently in those lumens when compared with the lung of con-
trol. Those immune-related cells were probably mobilized to remove gambierol from the alveolar
lumens. After 2 days, bleeding and edema were observed outside of blood vessels near bronchioles.

Administration of gambierol elicited congestion in the liver, resulting in fatty changes around the
central vein (Fig. 1.5a). A similar effect was obtained in the kidney, showing prominent congestion
at the medulla.

The stomachs showed ulceration of mucosa, with bleeding on the surface and edema at submu-
cosa (Fig. 1.5b). The intestines became dilated and lucent, containing gas and a yellowish liquid
until 8 hours. The gas in the small intestine disappeared after 24 hours with 100 pg kg~* and after
48 h with 140 pg kg1, with decreasing congestion.

Figure 1.3. Internal organs of four-week-old mice 8 hours after p.o. administration of gambierol at 100 pg kg™
(Reprinted from Ito et al. 2003, with permission from Elsevier). G = Gambierol-treated mice had atrophic stomachs at
this stage. The small intestine, cecum, and large intestine were swollen with gas. C = nontreated mouse organs, with
arrow indicating the stomach.



12 Chapter 1

Figure 1.4. (a) The heart of control from nontreated mice and (b) 2 hours after p.o. administration of 140 pg kg™
gambierol. The myocardium showed separation of muscle fibers by edema (*) and congestion. (c) The lung of control is
shown, where the alveolar lumen (AL) is wide, and surfactant (arrows) can be seen on the epithelial surface.
(d) A low-magnification image of the alveoli of a mouse in serious condition 40 minutes after p.o. administration of
gambierol at 140 pg kg~'. Note the narrow alveolar lumens (AL) are filled with materials including surfactant (arrows).
AM = alveolar macrophase in the alveolar lumen of the treated mice. Il = type Il alveolar cells. CL = capillary lumen.
EC = endothelial cell. NP = neutrophil, RB = erythrocyte. (Reprinted from Ito et al. 2003, with permission from Elsevier)

Possible Pharmacological Targets for Gambierol

Little information exists about the biological effects of gambierol, and molecular targets have not
been fully elucidated yet. In any case, the biogenetic origin and pathological effects suggest that
gambierol is also responsible for ciguatera poisoning (Ito et al. 2003).

So far, two possible targets have been suggested for gambierol: sodium channels (Inoue et al.
2003, Louzao et al. 2006) and potassium channels (Ghiaroni et al. 2005).

Sodium Channels as a Possible Target for Gambierol

In addition to have similar polyether structures, the molecular target of brevetoxins and ciguatoxins
is the voltage-gated sodium channels of excitable membranes, a fundamental transmembrane protein
involved in cellular excitability (Bidard et al. 1984; Poli, Mende, and Baden 1986; Lombet, Bidard,
and Lazdunksi 1987; Dechraoui et al. 1999; Baden and Adams 2000). These lipid-soluble cyclic
polyethers bind specifically to receptor site 5 of the a-subunit of the sodium channels (Catterall
and Gainer 1985; Cestele and Catterall 2000), altering the channels’ function; change the activation
voltage for channel-opening to more negative values (Huang, Wu, and Baden 1984; Hogg, Lewis,
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Figure 1.5. Histological changes in liver and stomach (Reprinted from Ito et al. 2003, with permission from Elsevier).
(a) The liver 2 hour after p.o. gambierol at 140 pg kg~', showing prominent congestions of sinusoidal capillaries at
the periphery. P = portal veins. C = central vein. (b) Stomach alterations in the same conditions. Mucosa showed
ulceration and erosion sporadically. E: surface epithelial cells, G: gastric glands, L: lamina propria.

and Adams 1998) and also extend the mean open time; inhibit the inactivation of opened channels,
resulting in a persistent activation; and induce subconductance states (Baden and Adams 2000;
Jeglitsch et al. 1998).

Electrophysiological studies of the mode of action of brevetoxins and ciguatoxins identify them
as specific sodium channel activators (Lombet, Bidard, and Lazdunski 1987). Tritiated dihydro-
brevetoxin-B ([*H]PbTx-3) has been used in homologous and heterologous displacement experi-
ments to define site 5 toxins (Lewis et al. 1991; Lombet, Bidard, and Lazdunski 1987; Dechraoui
et al. 1999; Yasumoto et al. 1995). In this way, by using rat brains synaptosomes, Inoue et al. (2003)
showed that gambierol inhibited the binding of PbTx-3 to site 5 of the voltage-gated sodium chan-
nel, because this toxin was able to displace PbTx-3 from site 5 with concentrations in the micromo-
lar range. This displacement was also found with CTXs (Fig. 1.6) at much lower concentrations.

Taking into account the similar molecular structure of brevetoxins, ciguatoxins and gambierol
(polyether compounds), Inoue et al. (2003) suggest that the binding site of gambierol might be site 5,
or at least overlap it. Although they do not exclude the possibility that gambierol may be allosteri-
cally modulating the sodium channels in order to displace [°*H]PbTx-3. They also investigated the
relationship between the sizes of the polycyclic backbones and the binding affinities of the mole-
cules, resulting in a linear relationship: the more number of fused rings, the more inhibitory activity.
So they found that gambierol, having less fused rings than CTXs tested, also has a lower free energy
of binding.

Experiments carried out by the Botana group with fluorescent dyes in neuroblastoma human cells
confirmed the hypothesis that gambierol acts on sodium channels (Louzao et al. 2006). They used
human excitable cells to associate gambierol effects with neurological symptoms, by using a poten-
tiometric probe: the fluorescent dye bis-(1,3-dibutylbarbituric acid) trimethine oxonol, bis-oxonol
[DIBAC,(3)] (Mohr and Fewtrell 1987; Louzao et al. 2001, 2003, 2004). In this way, they observed
that 30 pM gambierol induced a sodium-dependent depolarizating effect, because this toxin was able
to increase bis-oxonol fluorescence when it was added in a Na* -containing medium, and in contrast,
this effect was abolished in a Na*-free medium (Fig. 1.7).
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Figure 1.6. Inhibition of binding of [*H]PbTx-3 to site 5 of the voltage-gated sodium channels by polyethers
(Reprinted from Inoue et al. 2003, with permission from Elsevier).
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Figure 1.7. Influence of extracellular Na* on 30 pM gambierol-induced response. This effect was measured in a
Na*-free and Na*-containing solution. Neuroblastoma cells were equilibrated with bis-oxonol. In the Na*-free
solution, there is no gambierol-evoked depolarizating effect, as there is in the Na*-containing solution.

It is well known that site 5 of the voltage-gated sodium channel enhances membrane depolarization
elicited by site 2 through positive allosteric coupling on the sodium channel complex (Catterall and
Gainer 1985; Louzao et al. 2004). Louzao et al. (2006) found that gambierol was able to increase the
effect of veratridine (an alkaloid activator of sodium channel site 2), when neuroblastoma cells were
incubated with 30 pM gambierol by nearly 10 minutes and then 40 pM veratridine was added. They
found that there was a significant depolarization difference at the beginning of the veratridine addition
(Table 1.1). A further verification of gambierol target site was found when they added 25 nM CTX3C



Gambierol 15

Table 1.1.  Effects of gambierol in combination with toxins acting on sodium channel

Relative Fluorescence + S.E.M.

Gambierol + Veratridine 1.83426 £ 0.19027

Control + Veratridine 1.15215 +0.12685

Gambierol + CTX3C 1.54139 £ 0.18234

Gambierol 1.42224 +0.10756

CTX3C 2.39761 + 0.23611
250 —

200 [
< 150
< i
i;:' i
s i
O, 100 —
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Figure 1.8. Influence of extracellular Ca** on 30 pM gambierol-induced response. This effect was measured in a
Ca’*-free and Ca?*-containing solution. Intracellular calcium was monitored in fura-loaded neuroblastoma cells.
Gambierol produced no increment in cytosolic calcium when it was added in the Ca?*-free solution.

(a ciguatoxin congener that binds to site 5 of sodium channels) and 30 UM gambierol together to neu-
roblastoma cells (Satake, Murata, and Yasumoto 1993b). As shown in Table 1.1, cell fluorescence
decreased until reaching the gambierol-evoked depolarization level (Louzao et al. 2006). These results
seem to confirm that gambierol is targeting the same site of the sodium channels as CTX3C (site 5) but
acting as a partial agonist.

In addition, the Botana group observed that gambierol also stimulated a cytosolic calcium incre-
ment by using the dye Fura-2 acetoxymethyl ester (Fura-2, AM) (Grynkiewicz, Poenie, and Tsien
1985). Fig. 1.8 shows that gambierol induced no calcium increment when this cation was omitted
from the incubation medium. This result indicates that extracellular calcium was the source of the
gambierol-evoked cytosolic calcium increase (Louzao et al. 2006).

Potassium Channels as a Possible Target for Gambierol

Recently, Ghiaroni et al. (2005) opened the possibility that gambierol could be acting as a voltage-
gated potassium blocker. They used the patch-clamp technique in order to check the gambierol effect
on mouse taste cells. Alteration of the activity of those excitable cells could be an explanation for the



16 Chapter 1

dysgeusiae (taste-altered sensations) involved in the sensory disturbances of ciguatera fish poison-
ing (Varkevisser et al. 2005). Ciguatoxins induce the ciguatera neurological disturbances by opening
the voltage-gated sodium channels at resting potential, but surprisingly, Ghiaroni et al. (2005) did
not observe a significant effect evoked by gambierol in sodium or chloride current (I, and I,
respectively) of the voltage-clamped mouse taste cells at the concentrations tested (1 nM-1 uM) and
applying the toxin by 5 min as a maximum time.

In addition to voltage-gated sodium channels, voltage-gated potassium channels are also
involved in membrane excitability (Bezanilla 2002; Choe 2002; Errington et al. 2005). Ghiaroni
et al. (2005) checked the effect on voltage-gated potassium currents (1), although not in isolation
(after blocking I,), and found that gambierol inhibited the potassium currents (l,) in the nanomolar
range (IC,, = 1.8 nM), but this reduction in current amplitude was different than the reduction
induced by tetragthylammonium. That is, gambierol never abolished I, completely; on average, they
observe an approximately 60% reduction of 1, by 0.1 uM gambierol, and this effect was irreversible.
They also observed that gambierol slowed down the activation time of I,.

In addition, Ghiaroni et al. (2005) checked whether gambierol also affected chloride currents,
because |, mediates action potential repolarization in taste cells, as well as I, (Herness and Sun
1999), but it had no effect. Gambierol affected specifically only I, on mouse taste cells.

It has been reported that P-CTX-1, the main ciguatoxin involved in ciguatera fish poisoning
(Lewis et al. 1991; Satake, Murata, and Yasumoto 1993b), activates sodium channels as well as
blocks potassium currents (Hidalgo et al. 2002; Birinyi-Strachan et al. 2005). Assuming that gam-
bierol is a ciguatera toxin, it could act in both channels depending on the concentration.

10 nM P-CTX-1 showed no difference in sodium currents when applied for 1 minute in cultured
rat myotubes. However, there was a sustained current at longer times of exposure (greater than
10 minutes), indicating that sodium channels remained open during the test pulse (Hidalgo et al.
2002). This pattern of action also occurred at higher toxin concentrations and shorter times of toxin
exposure. However, when low-to-moderate concentrations of P-CTX-1 were applied, the toxin
blocked potassium currents within a membrane potential dependency, which may indicate a voltage
dependency for the inhibitory effect of the toxin. Therefore, in addition to activating sodium chan-
nels, as it does in other excitable tissues, in rat myotubes gambierol also interacts with potassium
channels. This combined effect activates a calcium-release signal-transduction pathway in muscle
cells, mediated by membrane depolarization and IP,.
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Introduction

Neurotoxic shellfish poisoning (NSP) is caused by a group of polyether toxins, called the brevetox-
ins (BTX) produced by the marine dinoflagellate Karenia brevis. K. brevis is an unarmored alga.
When mature, it is about 20-40 um in diameter (Gray et al. 2003). These algae have the ability to
accumulate to high levels in filter-feeding bivalve molluscs. The neurotoxicity of the BTX is caused
by their ability to bind to site 5 of the Na* channels; these channels are fundamental to the optimum
functioning of excitatory tissue (heart, neurons, and muscles). The BTXs act as depolarizers that
open the voltage-gated Na* channels in cell walls, altering the membrane properties of the affected
cells and facilitating the inward flow of Na* ions into the cell, resulting in persistent activation of the
cell, eventually culminating in paralysis of the fatigued cells. The NSP victim, several hours follow-
ing ingestion of the toxin, typically experiences severe gastrointestinal symptoms, hypotension,
arrhythmias, numbness, tingling, and bronchi-constriction. Fortunately, there are no records of
human deaths caused by BTX; however, in animals, progression of the symptoms to seizures, coma,
and cardiac arrest leading to death, has been observed (Kirkpatrick et al. 2004, 2005; van Apeldoorn
et al. 2001). Airborne blooms of K. brevis containing BTX have been demonstrated to induce upper
and lower respiratory tract irritation (Pierce et al. 2005).

Two types of BTX have been characterised, designated type A and type B; type A consists of a
flexible spine of 10-fused polyether rings; type B contains a rigid ladder of 11 rings. Additional ana-
logues have been isolated from shellfish and these are postulated to be bioconversion products, the
result of metabolism in the mollusc. In addition to the BTX, several phosphorous containing mole-
cules were isolated from K. brevis that exhibit high ichthyotoxicity (Koley et al. 1995; Husain et al.
1996; Mazunder et al. 1997).

BTXs were once regarded as endemic to the Gulf of Mexico; however, since the early 1990s BTX
or BTX-like toxins have been found in regions as diverse as the east coast of Florida, North
Carolina, New Zealand, Asia, South Africa, North America, and Europe (Smith, Chang, and
MacKenzie 1993; Hallegraeff 1995; Van der Vyver et al. 2000; van Apeldoorn et al. 2001; Hallegra-
eff and Hara 1995; Viviani 1992; Quilliam 1999; Rademaker et al. 1997, 1995; Khan, Arakawa, and
Onoue 1996a, 1996h, 1997).

Structure of the Brevetoxins
Brevetoxins and Their Analogues

Brevetoxins are methylated cyclic polyether toxins. There are two main types: type A comprised of a
flexible backbone of 10 fused polyether rings, and type B with a rigid backbone of 11 polyether
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rings. Type B is the more prevalent toxin in nature (Rein, Baden, and Gawley 1994; Rein et al. 1994;
Gawley et al. 1995; and Baden et al. 2005). See Fig. 2.1.

Several new BTX analogues have recently been identified. PbTx-13 and PbTx-14 are likely to be arti-
facts of acid-catalysed methanol addition formed during the chemical purification process (see Fig. 2.2)
(Baden et al. 2005; Bourdelais and Baden 2004). PbTx-11, PbTx-12, and PbTx-tbm (PbTx-2 lacking
the side chain tail) are new toxins found both in cultures and in nature. The toxicology of these

HO

A

Brevetoxin A backbone

Brevetoxin A backbone, R=
PbTx-1, CH,C(=CH,)CHO
PbTx-7, CH20(=CH2)CH20H
PbTx-10, CH,CH(CH3)CH,0OH

Brevetoxin B backbone

Brevetoxin B backbone, R=
PbTx-2, CH, C(=CH,)CHO
PbTx-3, CH,C(=CH,)CH,OH
PbTx-5, [PbTx-2], C-37 OAc
PbTx-6, [PbTx-2],H-ring epoxide
PbTx-8*, CH,COCH,CI

PbTx-9, CH,CH(CH3)CH,0OH

Figure 2.1. Brevetoxins are based on two different structural backbones, based on what are perceived to be the two
parent molecules, PbTx-2 (brevetoxin B) and PbTx-1 (brevetoxin A). All other known derivatives are based on alteration
of the R-side chain, epoxidation across the double bond in the H-ring of PbTx-2, or derivatization at the C-37 hydroxyl
in PbTx-2. PbTx-8, the chloromethyl ketone derivative of PbTx-2, is an artifact of chloroform extraction and sub-
sequent phosgene conversion of PbTx-2. Common features include trans-fused polyether ring systems consisting of
five- to nine-membered rings.* denotes likely chemical artifact from extraction (Baden et al. 2005).
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compounds has yet to be studied. What is known is that they competitively bind to site 5 of the Na*
channel (Bourdelais and Baden 2004; Abraham et al. 2005). Brevenal type compounds (see Fig. 2.3)
have been isolated from cultures of K. brevis by Shimizu, Gupta, and Krishna Prasad (1990). These
compounds do not cause antagonistic activity, and it is believed that their co-occurrence in nature may
reduce the adverse effects of BTX containing sea sprays. The BTXs are characterized by four main
regions in their structures: an electrophilic A-ring with a lactone group, the B-G rings comprised of
six fused ether rings commonly referred to as the “spacer” region of the molecule (this region is
slightly flexible), the H-K rings terminal, which is very rigid, and a variable side chain (see Fig. 2.1).

Synthesis studies have demonstrated that alterations that destroy the A-ring lactone or that reduce
the rigidity of the H-K ring region will reduce significantly the toxicity of the molecule.

Synthesis of Brevetoxins
Brevetoxin B: Retrosynthetic Analysis and Strategy

Brevetoxin-B (PbTx-2, 1) is the first member of the marine polycyclic ethers to have been struc-
turally elucidated and one of the most potent neurotoxins (Lin et al. 1989). Its highly complex

GIESER PHTX-13 OCH,
PbTx-12 ) H3CQ
o
PbTx-14 H
PbTx-tom H

Figure 2.2.  Five new brevetoxins, based on the PbTx-2 type backbone, have been purified and characterized: PbTx-
11, a toxin with a shortened side chain; PbTx-12, the only natural ketone brevetoxin known; PbTx-13 and PbTx-14,
which are both believed to be extraction artifacts formed in the presence of methanol reaction with the very active
exomethylene-conjugated aldehyde of PbTx-2; and PbTx-tbm, a brevetoxin PbTx-2 backbone without any side chain,
a form that is prevalent in senescent cultures (Baden et al. 2005).
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H  CHs OH

Figure 2.3. The brevenals are shorter transfused polyether molecules isolated from K. brevis. Consisting of a
6-7-6—7-7 ring motif, these materials bind with high affinity in brevetoxin receptor assays, and effectively act as
inhibitors of brevetoxin binding and activity. Brevenal is the major constituent derived from cultures or the environ-
ment, with smaller amounts of brevenol (brevenal with the aldehyde reduced to the alcohol) (Baden et al. 2005).

molecular architecture is characterized by a novel array of ether oxygen atoms, regularly placed on a
single carbon chain. This remarkable structure includes 11 rings, 23 stereogenic centers, and 3 car-
bon-carbon double bonds. This neurotoxin, whose mechanism of action involves the opening of
sodium channels, exhibits intriguing regularity with regard to its ring fusions, which are all trans;
each ring contains a single ether oxygen, which is separated by a C-C bond. All substituents flanking
the ring oxygens are syn to each other except those on ring K, which are anti. With its complex struc-
ture, BTX B presented a formidable problem to synthetic organic chemistry. Not only did new
methods need to be developed for the construction of the various cyclic ether moieties residing
within its structure but the “right strategy” had to be devised for the global assembly of the molecule.
A brief inspection of structure 1 leads to the idea of polyepoxide 2a or 2b (Scheme 2.1) serving as a
potential precursors via “zip” type reactions (Krishna Prasad and Shimizu 1989; Nakanishi 1985;
Lee et al. 1989; Townsend and Basak 1991). Although these hypothetical biosynthetic pathways bear
a close resemblance to Cane, Celmer, and Westley’s (1983) unified proposal for the biosynthesis of
the polyether ionophores such as monesin, the question as to whether nature employs any of these
productive polycyclization cascades in the biosynthesis of BTX B has not yet been experimentally
answered (Garson 1993). In spite of their appeal, these concerted polycyclizations would be very
difficult to execute in the laboratory. In addition to the difficulties inherent in the stereoselective syn-
thesis of the requisite polyepoxides, there would be no way to enforce the desired regiochemical
course of the individual ring closures.

After several abortive attempts, the synthesis of BTX B (1) was finally achieved after 12 years of
effort, and the total synthesis was reported in 1995 by K.C. Nicolau and co-workers (Nicolaou et al.
19953, 1995h, 1995c). Along with the accomplishment of the total synthesis, this work yielded an
area of new synthetic technologies for the construction of cyclic ethers of various sizes.

Prominent among them are Scheme 2.2: (a) the region-and stereoselective routes to tetrahydrofu-
ran, tetrahydropyran, and oxepane systems employing specifically designed hydroxyl epoxides;
(b) the silver-promoted hydroxyl dithioketal cyclisation to didehydrooxocanes; (c) the radical-medi-
ated bridging of bis(thionolactones) to bicyclic systems; (d) the photo induced coupling of dithio-
noesters to oxepanes; () the silico-induced hydroxy ketone cyclisation to oxepanes; (f) nucleophilic
additions to thiolactones as an entry to medium and large ring ethers; (g) thermal cyclo additions of
dimethyl acetylene dicarboxylate with cyclic enol ethers as an entry to medium size oxocyclic
systems, and (h) the novel and unprecedented chemistry of dithiatopazine.
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2b. hypothetical polyepoxide precursor

Scheme 2.1. Structure of brevetoxin B (1) and hypothetical polyepoxide precursors 2a and 2b.

The Doubly Convergent Approach with Stepwise Formation of the Bis(oxepane)
System: The Third Generation Strategy

Schemes 2.3a—c outline the retro-synthetic production of BTX B (1). The final approach to PbTx-2
involved separate assembly of the ABCDEFG and 1JK ring systems 4 and 5, their coupling, and final
elaboration to the end. The didehydrooxocane ring in BTX B (ring H) was thus designated as the final
ring to be constructed. Retro-synthetic cleavage of the indicated C-O bond in 1 and removal of the ter-
minal electrophilic groupings reveal hydroxy dithioketal 3 as a plausible precursor. Tricyclic aldehyde
4 and heptacyclic phosphonium salt 5 can thus be defined as potential precursors to 3. The reliable
and usually stereoselective Wittig reaction would be employed to accomplish the union of compounds
4 and 5 (Scheme 2.3a). Tricyclic aldehyde 4 was traced retro-synthetically to D-mannose 10.
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Novel chemistry of dithiatopazine
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Scheme 2.2. (Continued)

In contrast with the 1JK system 4, compound 5, Scheme 2.3a poses a much more difficult synthetic
challenge. Keto phosphonate ester 11, revealed by that retro-synthetic disassembly of ring A in 5,
could conceivably participate in an intra molecular Horner-Wadsworth-Emmons (HWE) reaction
(Nicolaou et al. 1989b) on treatment with a suitable base. Deoxygenation of the A-ring lactone and a
sequence of conventional functional group manipulations would then complete the synthesis of 5.
Compound 11 can be dismantled in a productive fashion by cleavage of the indicated C-O bond. In
the synthetic direction, a 6-endo activated hydroxy epoxide cyclization of 12 could accomplish the
construction of pyran ring B. Retro-synthetic disassembly of the C-ring in compound 12 in the man-
ner illustrated in Scheme 2.3b reveals an «,B-unsaturated hydroxy ester 13 as a potential precursor.
The free secondary hydroxyl group attached to ring D in 13 and the electrophilic B-carbon of the
unsaturated ester moiety are in proximity. In such a favorable setting, the alkoxide ion resulting from
deprotonation of the hydroxyl group in 13 would be expected to take part in a conjugate addition reac-
tion to give pyran ring C. Compound 13 can be traced, in a straightforward manner, to aldehyde
14 through a trans-selective Wittig reaction. Compound 14 possesses a stereochemically and archi-
tecturally complex tetraoxacyclic framework consisting of two oxepane and two tetrahydropyran
rings. Compound 14 could be derived from compound 15 in the synthetic direction, a region-and
diastereoselective hydroboration of the enol ether moiety in 15, followed by oxidative workup, could
accomplish the introduction of the adjacent C-10 and C-11 stereo centers in compound 14. A straight-
forward sequence of functional group manipulations would then complete the path from 15 to 14
(Scheme 2.3b). It was found that enol triflates derived from lactones can be coupled easily with alde-
hydes in the presence of chromium (1) chloride and a catalytic amount of nickel (I1) chloride in DMF.
Compound 15 can thus be traced to intermediates 16 and 17 by cleavage of the indicated C-C bond,
and after a simple Barton deoxygenation sequence. Chiral building block 16 could conceivably be
derived from commercially available D-mannitol (18) and enol triflate 17 could be fashioned with
ease from tetracyclic lactone 19 (Scheme 2.3c). In the context of 19, ring D is in the form of a lactone
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Scheme 2.3c. Retrosynthetic analysis of brevetoxin B (1): the third generation approach.
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that can be conveniently dismantled retro-synthetically to give hydroxyl acid 20. The E-ring
substituents in 20, which permit the annulation of ring D, can be removed retro-synthetically to give
compounds 21 and 22 as potential precursors. Enol triflate 22 can be traced to the corresponding lactone
(see 23). In the synthetic direction, enolization of the E-ring lactone in 23 with a strong, non-
nucleophilic base, followed by trapping of the lactone enolate oxygen with N-phenyltrifluoromethane-
sulfonimide (PhNTT,), could give enol triflate 22. Compound 23 could be derived from the FG
bicyclic ring system 24 with intermolecular Wittig and lactonization reactions as key synthetic opera-
tions. Retro-synthetic simplification of 24 reveals epoxy alcohol 25 as a plausible precursor. Com-
pound 25 can be dismantled in a similar fashion, producing epoxy alcohol 26 as a viable precursor.

A chemo- and diastereoselective carbonyl addition reaction and standard manipulations could be
used to fashion compound 26 from ketone 27, a substance that can ultimately be traced retro-
synthetically to enantiomerically pure 2-deoxy-D-ribose (29) (Scheme 2.3c). This doubly conver-
gent approach reduces the synthetic problem to three readily available and enantiomerically pure
building blocks, D-mannose (10), D-mannitol (18), and 2-deoxy-D-ribose (29).

Nicolaou and co-workers synthesized 1 from the simple starting material 2-deoxy-D-ribose in 83
steps. The overall yield of the synthesis was 0.043%, but the average yield for each site was about
91% (Nicolaou and Sorensen 1996).

Other Methodologies Relevant to the Synthesis of Brevetoxin B (1)

A new total synthesis of BTX B (1) was accomplished by Matsuo and co-workers in 2004
via the coupling of 5 and 30 (Scheme 2.4), each ether ring of which was stereoselectively and
efficiently constructed on the basis of Sml,-induced intra-molecular Reformatsky-type reaction

1: brevetoxin B

EiS n Me; OTBS
EtS 2O OTBDPS

(0]

Scheme 2.4. Retrosynthetic plan for brevetoxin B (1).
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(Matsuo et al. 2004). Several kinds of double reactions at the left and right sides were efficiently
used throughout the synthesis. Thus, the total synthesis of BTX-B (1) was efficiently achieved with
high stereoselectivity in 59 steps as the longest linear sequence and in total 90 steps with an average
of 93% yield for each step.

Other total synthesis of BTX B (1) was accomplished by Kadota and co-workers in 2005 in a
highly convergent manner via the assembly of three fragments (Kadota et al. 2005). A brief retro-
synthetic analysis of 1 is illustrated in Scheme 2.5. It is a convergent method for the synthesis of
polycyclic ether frameworks via the intra-molecular allylation of «-acetoxy ethers and subsequent
ring-closing metathesis (Kadota et al. 2002). On the basis of this methodology, the polycyclic ether
framework of 1 was retro-synthetically broken down into the A-G ring segment 31 and the J-K frag-
ment 32. The heptacycle 31 was prepared from 33 and 34 via the same methodology. The longest
linear sequence leading to 1 was 63 steps with 0.28% overall yield, and the number of total steps
was 108.

Brevetoxin A: Retrosynthetic Analysis and Strategy

Within the polluted “red tide” waters there often resides a more powerful neurotoxin, and that is
BTX A (35) (Scheme 2.6). Isolated from the dinoflagellate species K. brevis, PbTx-1 was struc-
turally elucidated in 1986 (Shimizu et al. 1986; Pawlak et al. 1987). With its 10 fused ring structure

OTBDPS

33 34

Scheme 2.5. Retrosynthetic analysis of brevetoxin B (1).
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Scheme 2.6. Molecular structure and strategic bond disconnections (a), and retrosynthetic analysis (b, c) of
brevetoxin A (35). Abbreviations for chemical groups: Me, methyl; Ph, phenyl; Tr, trityl; TBDPS, t-butyldiphenylsilyl;
Et, ethyl; TBS, t-butyldimethylsilyl.

and its 22 stereo centers, BTX A rivals BTX B in complexity, but as a synthetic target it arguably
exceeds the latter in difficulty and challenge because of the presence of the 9-membered ring.
Indeed, with rings ranging in size from 5- to 9-membered, all sizes in between included, BTX A can
be considered as the ultimate challenge to the synthetic chemist as far as medium-sized ring con-
struction is concerned. After a 10-year campaign, K.C. Nicolau and co-workers reported the total
synthesis of PbTx-1 in 1998 (Nicolaou et al. 1998, 1999a, 1999b, 1999c, 1999d).

Scheme 2.6 shows the synthetic strategy for the construction of BTX A (35) (Scheme 2.6a), in
bond disconnection (Scheme 2.6b), and retro-synthetic (Scheme 2.6¢) formats. This strategy led to
the expectation of using D-glucose 38 (Scheme 2.6¢) and D-mannose 10 (Scheme 2.6¢) as starting
materials for the construction of the requisite BCDE 36 (Scheme 2.6b) and GHIJ 37 (Scheme 2.6Db)
advanced intermediates, respectively. The union of 36 and 37 under Horner—Wittig conditions was
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expected to furnish, in a highly convergent manner and after ring closure, the basic ring skeleton of
the target molecule, from which BTX A could be fashioned through de-protections and functional
group manipulations. At the outset of this project, it was also evident that although the 5- and 6-mem-
bered rings of the target molecule could be derived via well-developed synthetic methods (Nicolaou
et al. 1989b), the three larger rings were not easily accessible through conventional techniques. Thus,
to construct the 7-, 8- and 9-membered rings two important reactions were used; namely, the silver-
promoted hydroxydithioketal cyclization reaction (Nicolaou et al. 1989a) (rings F and G) and the pal-
ladium-catalysed functionalisation of lactones via coupling of their cyclic ketene acetal phosphates
(Nicolaou et al. 1997) (rings B, D, and E) were specifically developed for this purpose.

As in the case of BTX B, this program was abundant in new synthetic technologies and strategies,
which emerged as broadly useful spin-offs (Scheme 2.7). Among the most important synthetic tech-
nologies developed during this program was the palladium-catalyzed coupling of cyclic ketene acetal
phosphates generated from lactones with appropriate appendages to afford cyclic enol ether diene
systems (Nicolaou et al. 1997) suitable for a cyclo addition reaction with singlet oxygen. This method
provided the crucial turning point in solving the problems associated with the 7-, 8-, and 9-membered
rings of the target and facilitated the final and successful step to the production of BTX A.

The total synthesis of BTX A (35) became possible only after a long campaign which involved
several unsuccessful strategies and the development of a number of new synthetic technologies.
Particularly useful were the solutions found to the synthetic challenges posed by the 7-, 8- and
9-membered rings of the target molecule and the convergent strategy finally developed to reach the
complex structure of BTX A.

Etiology of Brevetoxins

Toxic red tides have been observed in Florida since the 1840s and have resulted in fish kills and gas-
tric and respiratory illness in human since then (Gray et al. 2003). More recently, prolonged red tides
have forced the closure of shellfish beds from Florida to Mexico (Bossart et al. 1998; Hopkins,
Heber, and Hammond 1997; Trainer and Baden 1999). The BTX as well as lesser quantities of the
haemolytic toxins are produced by the motile form of Karenia brevis (formerly Gymnodium breve
and Ptychodiscus breve) (Fig. 2.4). K. brevis is a non-peridinin-containing dinoflagellate that grows
to around 20-40 pm in diameter. It is positively phototactic and negatively geotactic and is thought
to be a obligate photoautotroph (Aldrich 1962; Geeseyand Tester 1993; Kamykowski, Mulligan, and
Reed 1998; Steidinger and Joyce 1973). The cell wall of K. brevis possess no armor and, thus, is rel-
atively fragile; it is easily ruptured during wave action along beaches spilling its toxin into the water.
However, four BT X analogues have been isolated from shellfish exclusively. These are thought to be
metabolites formed by the bioconversion of some algal-borne BTX in shellfish (Ishida et al. 1995;
Morohashi et al. 1995; Murata and Yasumoto 1995). K. brevis is identified by microscopy, pigment
analysis, or culturing. Gray et al. (2003) have developed a reverse transcription-PCR method target-
ing the rbcL gene for the identification of this organism.

Chattonella antique, Fibrocapsa japonica, Heterosigma akashiwo, and Chattonella marina are
four algal species of the Raphidophyceae class and produce BT X-like neurotoxins (Khan, Arakawa,
and Onoue 1996a, 1996b, 1997; Khan et al. 1995).

K. brevis and related species inhabit the oceanic regions around the Gulf of Mexico, West
Atlantic, Portugal, Spain, Greece, New-Zealand, and Japan (Smith, Chang, and MacKenzie 1993;
Hallegraeff 1995; Van der Vyver et al. 2000; Rademaker et al. 1997, 1995; Khan, Arakawa, and
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Karenia brevis (Davis) G. Hansen et Moestrup
(=Gymnodinium breve Davis)

1-3: Ventral view, Length: 18-40 pm. Width: 15-70 pm
photo: Haruyoshi Takayvama

Figure 2.4. K. brevis progenitor of BTX (Daugbjerg et al. 2000).

Onoue 1996a, 1996b, 1997). K. brevis proliferates on the west coast of Florida mostly during the
autumn; the bloom begins to accumulate offshore during the summer and then is blown toward the
coast when easterly winds intensify during the autumn (Stumpf et al. 1998). Man-made nutrient
runoffs may be responsible for the persistence of blooms. It has also been documented that BTXs are
transported from the Gulf of Mexico to Florida’s east coast (Tibbets 1998).

Research conducted by Maier Brown et al. (2006) on three clones of K. brevis would suggest that
optimum salinity for the growth of the algae ranged between low values of 20-25 psu and high
values of 37.5-45 psu depending on the clone. However, many questions remain unanswered in
regard to the production by dinoflagellates of BTX: Why do these organisms produce toxins? What
stimulates the algae to bloom? With what degree of certainty may imminent blooms be predicted?

Toxicological Studies
Bioactivity of Brevetoxins

Brevetoxins exert their toxic effects by targeting a specific site of the a-subunit of voltage-dependent
sodium channels (VDSC). VDSC form ion-selective, voltage-gated pores through the membranes of
cells. At resting membrane potential, the Na* channels are closed, but upon membrane depolariza-
tion they change their conformation to the open state. Therefore, Na* channels initiate the generation
of action potentials in nerve, cardiac, and muscle tissues. In order to function satisfactorily, the
VDSCs must be able to accomplish, in a timeframe of milliseconds, their state transitions between
resting, open, and fast inactivation states. Any slight perturbation in the gating of the Na* channel
will precipitate very serious consequences for membrane excitability (Wang and Wang 2003). The
series of events typically recorded in animals suffering from BTX poisoning includes hyper-
excitability of excitable tissues, followed by convulsions, paralysis, and death (Baden et al. 2005).
All natural polyether BTXs and synthetically prepared bioactive BTX analogues have certain struc-
tural characteristics in common: an electrophilic A-ring with a lactone group; a “spacer” region of
6 fused ether rings (B-G rings) possessing limited flexibility; a very rigid cylindrically shaped termi-
nal (H-K rings); and a variable side chain (Fig. 2.5).
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Novel stereocontrolled synthesis of the nonacene ring system
of brevetoxin A. Conformational-reactivity effects in nine-membered rings
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Studies have shown that any alteration that compromises the integrity of the A-ring lactone or that
reduces the rigidity of the H-K ring region will reduce or negate the toxicity of the compound
(Jegliltsch et al. 1998; Purkerson, Baden, and Fieber 1999). The synthesis of a BTX analogue miss-
ing only the B-G ring spacer region shows significantly reduced bioactivity (Gawley et al. 1995).

The VDSC is comprised of three proteins: an a-subunit and two 3-subunits (Fig 2.6). The a-subunit
is a single polypeptide with fourfold internal homology-denoted domains I-IV. Each homologous
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Figure 2.5. Key structural regions of the BTX molecule (Baden et al. 2005).
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Figure 2.6. The alpha subunit of the voltage sensitive sodium channel (Baden et al. 2005).

domain has six transmembrane helices, S1-S6. S1-S3 have relatively neutral charges, S4 is highly
positively charged, and S5 and S6 are relatively hydrophobic (Catterall 1992).

Many naturally occurring biotoxins, many of them algal toxins, are Na* channel selective toxins.
To date, six toxin binding sites have been discovered on the Na* channel. Toxins that bind to site 1,
found in the pore of the channel, block the conductance of Na* ions through the channel. These
toxins include tetrodotoxin, STX, and the p-conotoxins. Strictly speaking, while TTX and STX
share a common binding site, the p-conotoxins bind in fact to a site that is located in the pore and
which overlaps the TTX/STX site. The other part of the p-conotoxins binding site is located on the
external part of the 11S5-S6 loop. The five remaining toxin binding sites alter the voltage depend-
ency of channel gating. These sites are located within the membrane: Sites 2 and 5 are on the extra
cellular sites, 3 and 4. The toxins that bind to sites 2 and 5 are lipophilic in character and include the
plant-derived alkaloids veratridine and aconite and the toxin batrachotoxin from the skin of the frog,
Phyllobates aurotaenia. Site 3 binds toxins from some spiders, sea anemones, and scorpions. Site 5
binds the BTX and ciguatoxins (CTX).

Anderson and co-workers go so far as to suggest that algal toxins were involved in the evolution
of voltage-gated Na* channels, citing examples of the resistance to Na* channel specific toxins of
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many eukaryotic organisms, particularly those that are routinely exposed to such toxins (Anderson,
Roberts-Misterly, and Greenberg 2005; Trainer et al. 1996).

Poli, Mende, and Baden (1986) demonstrated that the BTXs bind to a different site than do any
other sodium channel specific neurotoxins. This receptor site was postulated to exist on site 5.

Trainer et al. demonstrated that BTX binds to receptor site 5 with the tail end of the molecule
located near the S5-S6 extracellular loop of domain 5 of the Na* channel «-subunit (Fig. 2.7)
(Baden et al. 2005). The discovery that all BTX derivatives shift the voltage dependence of activa-
tion to more negative potentials implies that the oxygen rich backbone of the BT X interacts with the
channel so as to stabilize the open configuration. The BTX are thus thought to act as helix mimics,
disturbing the normal ion-pairing that holds S4 in a “trigger-ready” conformation awaiting depolar-
ization. This ultimately leads to the shifting of the activation potential to more negative values
(Poli, Mende, and Baden 1986; Poli et al. 2000).

The effects on the Na* channels, as a result of the co-occurrence of BTX with other toxins or
xenobiots, were also investigated. Trainer et al. (1993) demonstrated that the binding of the BTX to
receptor site 5 causes allosteric enhancement of batrachotoxin benzoate binding at site 2 in concert
with the pyrethroid insecticide RU39568. Inoue et al. (2003) demonstrated that gambierol, a poly-
ether from the dinoflagellate, Gambierdiscus toxicus, and gambieric acid A, inhibits the binding of
PBTX-3 to site 5. Le Boydron—Le Garrec et al. (2005) studied the effects of 31 plant extracts tradi-
tionally administered to treat CTX poisoning in the Pacific area and found that 27 of the plant
extracts tested in vivo were found to offer a protective effect against the action of CTX and/or BTX,
making them possible drug targets for the treatment of CTX and BTX poisoning.

Symptoms of Brevetoxins Poisoning
Human Exposure to Neurotoxic Shellfish Poisoning

In humans, depending on the route of exposure, two distinct modes of NSP are possible. First,
on ingestion of raw or cooked BTX-contaminated shellfish, within 30 minutes to 3 hours the following

Figure 2.7. A model depicting the sodium-channel «-subunit three-dimensional structure and hypothesised
orientation of brevetoxin “head-down” between domains Ill and IV (Baden et al. 2005).
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symptoms are typical: nausea, vomiting, diarrhoea, chills, sweats, reversal of temperature, hypoten-
sion, arrhythmias, numbness, tingling of lips, face and extremities, cramps, broncho-constriction,
paralysis, seizures, and coma. These effects can persist for up to a few days (Kirkpatrick et al. 2004;
van Apeldoorn, van Egmond, and Speijers 2001; Tibbets 1998; Cembrella, Milenkovic, and Doucette
1995; Novak 1998; Berman and Murray 1999). No mortalities or chronic symptoms have been
reported in humans, and clinical treatment is primarily supportive (van Apeldoorn, van Egmond, and
Speijers 2001). In general, NSP produces milder toxic effects than paralytic shellfish poisoning (PSP)
toxins or CTX (Kirkpatrick et al. 2004).

The second route of exposure occurs from the inhalation of sea spray containing the K. brevis
organism contaminated with BTX (aerosolised red tide blooms) (Kirkpatrick et al. 2004). The
K. brevis dinoflagellate is relatively fragile because it does not possess a coat of armor. Therefore,
particularly in wave action along beaches, the dinoflagellate is easily broken open, releasing toxins
into the water and creating an onshore aerosol sea spray (Pierce et al. 2005; Kirkpatrick et al. 2004;
Music, Howell, and Brumback 1973; Pierce 1986; Pierce et al. 1989, 1990, 2001, 2003; Backer et al.
2003, 2005). The toxins both in the droplets and attached to salt particles can be carried inland
depending on wind and environmental conditions and can intoxicate humans by inhalation routes.
Symptoms reported from the inhalation of aerosolized red tide toxins include respiratory irritation,
conjunctival irritation, copious catarrhal exudates, rhinorrhea, nonproductive coughing, and
broncho constriction (Music, Howell, and Brumback 1973; Asai et al. 1982, 1984; Kirkpatrick et al.
2004). On leaving the beach area or on entering an air-conditioned area symptoms are alleviated, and
airborne irritation may be avoided by wearing a face mask (Steidinger and Baden 1984; Baden 1983,
Watanabe, Locket, and Krzanowski 1988; Backer et al. 2003; Kirkpatrick et al. 2004). Studies car-
ried out by Asai et al. found that asthma suffers were highly prone to respiratory irritation following
exposure to red tide aerosols, as were nonasthmatic smokers (Asai et al. 1982; Watanabe, Locket,
and Krzanowski 1988).

In a pilot study of aerosolised red tide, Backer et al. (2003) measured the levels of BTX in air and
water samples and conducted personal interviews and pulmonary function tests on people before
and after visiting Florida beaches during K. brevis red tide proliferation. One hundred twenty-nine
people participated in the study, which was conducted during two separate toxic red tide events in
the west and east coasts of Florida. Respiratory symptoms, of varying severity depending on dura-
tion of exposure, were reported in 47% of participants.

BTX-induced broncho spasm in asthmatic sheep and other animal models exposed to aerosolized
red tide toxins can be effectively blocked by the mast cell stabilizing agent cromolyn and the hista-
mine H1 antagonist chlorpheniramine, as well as by the muscarinic blocker atropine, the beta-2-
agonists, the calcium channel blocker verapamil, and the sodium channel blocker tetrodotoxin
(TTX) (Baden and Mende 1982; Trainer and Baden 1991; Singer et al. 1998; Watanabe, Locket, and
Krzanowski 1988). Some of these medications may be useful as prophylactics in those with compro-
mised respiratory function. More worrying are anecdotal reports of chronic lung disease, especially
in susceptible populations such as the elderly, associated with repeated exposures to BTX contami-
nated red tides (Fleming and Baden 1999; Watters 1995).

Kirkpatrick et al. (2005) carried out a study to determine whether there was an increase in respi-
ratory diagnosis emergency room admissions to a Florida hospital, in Sarasota, during the period of
atoxic red tide. The rates of admission were compared for a three-month time period when there was
an onshore red tide in 2001 and during the same three-month period in 2002 when no red tide bloom
occurred. There was no significant increase in the total number of respiratory admissions between
the two time periods. However, there was a 19% increase in the rate of pneumonia cases diagnosed
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during the red tide period compared with the non-red tide period. This study also revealed that the
majority of admissions were patients living close to the coastline.

The drive to develop an antidote for BT X has increased following promising experimental animal
studies on the development of specific monoclonal antibodies and antidotes against BT X (Templeton,
Poli, and Leclaire 1988, 1989). In the meantime, regular monitoring of red tides by regulatory
authorities and allocation of additional resources to hospitals serving those living near affected
coastal areas may be prudent to ensure human safety.

Marine and Other Organisms Susceptible to NSP

Karina brevis has long been associated with large fish kills and intoxication of mammalian species
and aquatic species (Tester, Turner, and Shea 2000; Landsberg 2002). BT Xs have been detected in
tuna and other finfish, in manatees, and Muir birds (Bossart et al. 1998; Quilliam 1999). Under
laboratory conditions, it has been demonstrated that BTX can persist in the food chain from dinofla-
gellate, through copepod grazers, to juvenile fish (Tester, Turner, and Shea 2000).

Bivalve shellfish are the main accumulators of BTXs (Viviani 1992). PbTx-2 and PbTx-3 were
determined in the oyster Crassostrea gigas in New Zealand (Ishida et al. 1996). BTX-B1, BTX-B2,
BTX-B3, and BTX-B4 have been found in cockles (Austrovenus stutchburyi). These analogues were
found only in the shellfish, which may imply that they are metabolites formed by the mollusc in vitro
(Fig. 2.8) (Ishida et al. 2004b; Plakas et al. 2002). These analogues demonstrated, in common with
members of the main BTX group, bioactivity toward the Na* channels, but were not shown to be
ichthyologic (Ishida et al. 1996; Morohashi 1999, 1995). In 1996, clams (Chione cancellata and
Mercenaria spp.) and whelks (Busycon contrarium) from Sarasota Bay, Florida, were demonstrated
to be positive for PbTx-2 and PbTx-3 as well as several metabolites (Poli et al. 2000). In 2004, Ishida
et al. (2004a, 2004b) determined the presence of an array of brevetoxins and shellfish-formed
metabolites in cockles, greenshell mussels, and Pacific oyster that had been implicated in an NSP
episode in New Zealand.

Rodriguez, Escobales, and Maldonado (1994) conducted in vivo toxicity studies using murine
liver slices to examine the effects of PbTx-3 on several parameters related to hepatic metabolism.
The results indicated that PbTx-3 inhibited oxygen consumption and increased the intracellular Na*
levels and also stimulated a K* efflux. The effect of PbTx-3 on the Na* content of liver slices was
negated by the Na* blocker TTX, which also served to reduce the inhibition of oxygen consumption.
TTX, however, did not alter the effects of PbTx-3 on the K* movements, indicating perhaps that two
distinct ion channels were activated by PbTx-3.

In vitro studies have been conducted on laboratory animals. Oral administration of H-labelled
PbTx-3 indicated that the toxin distributed to all organs but accumulated to the greatest degree in the
liver (Poli et al. 1990a, 1990b). Seven days following dosing by oral bolus, 80% of the toxin was
excreted via faeces and urine (Cattet and Geraci 1993).

Poli and co-workers (Poli et al. 1990b; Cattet and Geraci 1993) demonstrated that rats, when
dosed intravenously, showed a rapid clearance of the labelled PbTx-3 toxin from the system. Exami-
nation of the excrement by thin layer chromatography indicated the bioconversion of the toxin to
more polar metabolites. This study corroborated the oral study, indicating that the main site of detox-
ification of the BTXs is the liver.

Benson et al. (1999) conducted an intratracheal study into the effects of aerosol-borne
PbTx-3. Tritium-labelled PbTx-3 was administered by intratracheal instillation to rats. The results of
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Figure 2.8. Shellfish metabolites of PbTx/BTX (A) and plausible metabolic pathway of PbTx-2 in shellfish (B) (Ishida
et al. 2004).

investigation demonstrated that within 30 minutes most of the toxin was cleared from the lungs and
distributed about the body by the blood stream. PbTx-3 was found after this interval to have accu-
mulated to the greatest extent in the skeletal muscle (49%), intestines (32%), and liver (8%). Only
negligible quantities were found in the blood, brain, and fat. After one week, about 20% of the toxin
dose was retained in the tissues, the vast majority of PbTx-3 having been eliminated in the feces and
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urine in the first 48 hours. Extrapolation of these results may indicate the persistence of low levels of
BTXs in toxic-aerosol-exposed humans after the initial respiratory tract irritation has abated.

The application of labelled PbTx-3 in water, methanol, and dimethylsulphoxide (DMSO) to the
skin of humans and guinea pigs was investigated to establish the degree of permeability of the
dermis to the toxin. Results indicated that total penetration of PbTx-3 through human skin was
0.43%, 0.14%, and 1.53% of the dose administered in water, methanol, and DMSO, respectively,
and that penetration through the skin of guinea pigs was faster than through human skin with
methanol and DMSO as solvent vehicles (Kemppainen et al. 1989). Kemppainen et al. (1991) con-
ducted another skin permeability study using pigs. In this study, the 3H-PbTx-3-carrier solvent was
DMSO. Absorption of the toxin through the skin was rapid with a maximum of 9.1% of the toxin
absorbed through the skin after four hours; after 24 hours the amount in the dermis had decreased
to around 2%.

Rodriguez-Rodriguez and Malonado (1996) studied the effects of PbTx-3 on liver cells.
Microscopy studies showed hypertrophy and increased vacuolation of cells. Also observed was
swelling in the smooth endoplasmic reticulum, degranulation of the rough endoplasmic reticulum
and damage to the mitochondria structure. Presence of active lysosomes was also apparent.

Rodgers et al. (1984) demonstrated that PbTx-2 was also a powerful cardiotoxin. These toxico-
logical studies highlight the need for the implementation of a regular and reliable monitoring pro-
gram in regions affected by BTX.

Protection of Human Health

Up to the late 1980s, it was assumed that BTX was restricted to the Gulf of Mexico and the east coast
of Florida. However, the appearance in different regions of K. brevis-like algae and the isolation of
BTX-like toxins have raised fears that this is a worldwide phenomenon.

In 1993, nearly 200 people became ill after eating shellfish in New Zealand with symptoms that
were consistent with NSP. The culprit dinoflagellate was very similar to K. brevis, and it is probable
that the species was always present in the region in low concentrations, but environmental and cli-
matic factors may have contrived to initiate a massive bloom of the algae (Smith, Chang, and
MacKenzie 1993; Hallegraeff 1995). A similar species to K. Brevis was found in Japan in 1992.
BTXs have also been determined in birds originating from the coast of California and in tuna from
Australia. In 1995-1996 in False Bay, South Africa, sea aerosols caused respiratory symptoms con-
ducive with BTX. In fact, this incident and subsequent events in the region have been linked with a
species of algae similar to K. brevis; the incident happened during the autumn and correlated with a
green discoloration of the water. The presence of the raphidophyte, Fibrocapsa japonica, a progeni-
tor of BTX related compounds, has been found in certain locations of Europe, Asia, and North
America (Van der Vyver et al. 2000; Hallegraeff 1995; Rademaker et al. 1995; Smith, Chang, and
MacKenzie 1993; Kan, Arakawa, and Onoue 1996a, 1996b, and 1997).

Some scientists believe a major contributory factor to the spread of BTX may be the transporta-
tion of dinoflagellate cysts in ships’ ballasts or due to the translocation of shellfish stocks (Viviani
1992; Quilliam 1999).

What measures have been taken worldwide to protect human health and the shellfish industry?

In the United States, a level of > 20 MU/100 g in shellfish tissue established by mouse bioassay
will initiate regulatory action by the Food and Drug Administration (FDA) (U.S. FDA 2000;
Dickey et al. 1999). Florida is especially susceptible to BTX incidents, and since the 1970s the
Florida Department of Natural Resources has run a general control program; a cessation of shellfish
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harvesting is imposed when K. brevis concentrations exceed 5,000 cells per liter; 14 days after the
cell counts have dropped below the action level, the mouse bioassay testing of shellfish is carried
out; when levels drop below 20 MU/100 g harvesting is again permitted (Fleming and Baden 1999).
In Europe, algae monitoring is conducted in Denmark and Italy (van Egmond, Speyers, and Van de
Top 1992; Shumway et al. 1995; Viviani 1992). Since the intoxication incident in 1993, New
Zealand has a weekly mouse bioassay-based monitoring program of all shellfish in place; the regula-
tory limit is set at 20 MU/100 g (Trusewich et al. 1996).

In spite of the risk posed to human health by NSP toxins, relatively few countries have regular
testing programs in place. The mouse bioassay testing that is in place in the United States, Italy, and
New Zealand has debatable reliability. The protection of human health would be served much better
by instrumental analysis. The biggest obstacle to the instigation of reliable BTX monitoring pro-
grams is perhaps the worldwide lack of certified reference materials (James et al. 2004).

Conclusion

Karenia brevis is the progenitor of several potent toxic molecules including the BTXs. While a lot is
understood regarding the structure and molecular mechanism of action of BTXs, there is a dearth of
literature or formal epidemiological studies on the effects to human health from these toxins. As a
consequence, NSP is highly underreported and underdiagnosed. There are few existing statistics for
the incidence of NSP poisonings, even in endemic areas, and little research has been conducted on
the possible chronic health effects in humans or on the identification of biomarkers for diagnosis.
The existence of evidence demonstrating that BT Xs can climb the food chain and pose a threat to
higher organisms, including humans, emphasises the urgent need for research into the impacts of
BTX and related toxins in the areas of public health, management of sustainable shellfisheries,
detection of neurotoxins, and determining the impact of those toxins in marine ecosystems.
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3 Chemistry of Maitotoxin

Masayuki Satake

Introduction

Ciguatera is the most famous seafood poisoning prevalent in circumtropical areas (Scheuer 1994).
Its effects to human health and economic impacts are serious problems in those areas. The clinical
symptoms are diverse. Neurological disturbances are prominent; reversal of thermal sensation,
called “dry ice sensation,” is one of the most characteristic symptoms of ciguatera. Other illnesses
include joint pain, miosis, erethism, cyanosis, and prostration.

Gastrointestinal disorders are nausea, vomiting, and diarrhea. Cardiovascular disturbances are
low blood pressure and bradycardia. The poisoning is caused by ingestion of coral reef fish that have
become toxic through diet. The principal toxins are ciguatoxin and its congeners. The other toxin
is maitotoxin (MTX) (Fig. 3.1). Maitotoxin was first detected in the gut of the surgeonfish
Ctenochaetus striatus as one of the causative toxins of ciguatera (YYasumoto, Baginis, and Vernoux
1976). MTX was named after the Tahitian fish maito. Both groups are produced by the epiphytic
dinoflagellate Gambierdiscus toxicus and transfer to herbivorous fish and subsequently to carnivores
through the food chain (Yasumoto et al. 1977). In French Polynesia, the poisoning cause by inges-
tion of herbivorous fish poses a more serious threat to public health than the carnivorous fishes.

Maitotoxin has attracted much attention for the following three reasons: First, it has a molecular
weight of 3422 Da (as the disodium salt), which exceeds that of any other known natural products,
except for biopolymers. Second, it presumably plays a role in diversifying ciguatera symptoms, partic-
ularly in the poisoning caused by herbivorous fish. Finally, it has extremely potent bioactivity. The
lethality against mice (LD, is ca. 50 ng/kg, i.p.), for example, suggests that it might be the most potent
nonproteineceous toxin. It implies that 1 mg of MTX can kill one million mice. Thus, its structural
determination has been regarded as one of the most exciting challenges in natural products chemistry.

Culture of Gambierdiscus toxicus

The dinoflagellate Gambierdiscus toxicus was collected at Gambier Islands in French Polynesia
(Yasumoto et al. 1977). To accumulate enough material for structural elucidation, large-scale cul-
tures have been continued for over 10 years. Laboratory cultures of G. toxicus were carried out in 3 L
Fernbach flasks in a seawater medium enriched with ES-1 nutrients. After inoculated with a seed
culture, cultures were kept for 38 days at 25°C under an 18/6-light/dark photocycle.

Isolation of Maitoxin

Maitotoxin was first isolated from G. toxicus in 1988 by Yasumoto’ group at Tohoku University
(YYokoyama et al. 1988). The harvested cells by filtration were extracted with MeOH twice and 50%
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MeOH twice under reflux. After solvent removal, the residue was partitioned first between 40%
MeOH and CH,CI, and then between water and BuOH. MTX in the BuOH layer was chro-
matographed on a silica gel column. The MTX containing faction was chromatographed on succes-
sive reversed phase columns. Final purification of MTX was done on a Develosil TMS column with
MeCN/H,0 (35:65). MTX was eluted at around 33-35 minutes.

MTX is soluble in aqueous MeOH, aqueous MeCN, or DMSO, and relatively stable in alkaline
but not acidic conditions.

Physicochemical properties of MTA are [«]*®, +16.8 (c 0.36, MeOH-H,0, 1:1) and UV A-max
230 nm (e 9600).

Structural Determination of MTX
FAB MS Analysis of Maitotoxin

Molecular related ions of MTX were obtained with a thioglycerol-glycerol mixture as a matrix in a
negative-ion FAB mode. In the spectrum, the ion peak losing a sulfate group (—SO,Na+H, m/z 102)
was observed, which was characteristic for compounds possessing at least one sulfate in the mole-
cule and an additional anionic functionality where a negative charge remained after loss of sulfate,
thus suggesting that MTX possesses two sulfate esters. In the spectrum, two sets of multiple ion
peaks showed at round m/z 3400 (M-Na)~ and at 3300 (M+H-SO,Na)". On the basis of these data,
the molecular weight of MTX as a disodium salt was suggested to be 3424.5 + 0.5.

NMR Analysis and Chemical Degradation of MTX

A total structure including partial stereochemistry has been proposed for MTX on the basis of exten-
sive spectroscopic analysis (Murata et al. 1992, 1993, 1994). The 2D NMR analysis of MTX led to
the structural elucidation of some partial structures such as the C1-C36 moiety. However, overlap
and poor resolution of 'H and 3C NMR signals hampered the elucidation of the H-'H connectivity,
particularly for the middle part of the molecule. A large number of cross peaks of the middle part
overlapped each other in the 2D spectra due to recurring similar structural units. Several chemical
degradations were attempted to reduce the size of the molecule. MTX gave no small fragments by
ozonolysis because three double bonds reside on both side chains and the rest are present in a ring.
MTX has no carbonyl carbons in the molecule, since no fragments were generated by hydrolysis.
Periodate reaction of MTX resulted in C-C bond cleavage at six vicinal-diol sites and led to three
degradation products (fragments A, B, and C) split at C36-C37 and C135-C-136 (Fig. 3.2).
Multidimensional NMR experiments were applied to these fragments. The structure of fragment A
was elucidated by the conventional 2D NMR experiments. Among them, fragment B was the largest
with the molecular weight of 2328 Da (as sodium salt). The NMR spectra of fragment B was com-
plicated by the presence of 160 protons. Structure assignments from C37 to C78 were mainly
deduced by detailed analyses of interproton 2D NMR spectra. In the C79-C135 portion, 13 quater-
nary carbons interrupted the 'H-'H spin connectivities, and thus interproton 2D data did not provide
much structural information. All of the quaternary carbons were bearing a methyl group. The con-
nectivity around quaternary carbons could be assigned by HMBC. The configurations of the ring
substituents were elucidated by NOEs between angular protons and/or angular methyls, and large
33,4, 11 showed the transfusing of cyclic ethers. All feasible NMR spectra with 2 umol of the material
were measured, but a few parts of the structure remained unassigned.
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CID MS/MS Experiments of Fragment B

Further structural conclusions on MTX were obtained with negative CID MS/MS (collision-induced
dissociation tandem mass spectrometry) experiments. This 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. The sulfate ester resides at the terminus of fragment B. Since a negative
charge is located at this sulfate, bond cleavage occurred from the opposite side of the molecule. A
series of product ions derived from bond cleavage at particular sites of each ether ring were observed
(Fig. 3.3). The acyclic ethers generated by periodate degradation were cleaved at both sides of the
ethereal linkages, which allowed the sequencing of four parts separated by the ether bonds. The
MS/MS experiments supported the validity of the structures deduced by NMR studies. This
exceeded the molecular size of all natural products and biomolecules that had been totally identified
for gross structure by spectroscopic methods without further degradation.

3D NMR Experiments of Maitotoxin

Structural confirmation and complete *C NMR assignments were accomplished by 3D PFG
NOESY-HMQC experiments using a ‘3C-enriched sample (Satake et al. 1995). Although the 3D
NMR technique has become a routine method for studies of protein and nucleotide, applications to
natural products are rare. Unlike proteins, it is very difficult to enrich marine natural products with
more than 90% *3C abundance. Moreover, the structural elucidation of most natural products can be
accomplished by 2D NMR experiments. MTX needed 3D NMR experiments because more than 200
proton signals give rise to over 2000 cross peaks in the 2D NOESY spectra.

To obtain a 3C-enriched sample, G. toxicus was cultured in a medium containing 0.01% of
Na,*CO,. A modified method was applied to isolate *3C-enriched MTX. MTX in the BUOH layer
was purified by successive chromatography on gel permeation and reversed phase columns. The
final purification of MTX was accomplished on Develosil TMS-5 with 10 mM phosphate buffer in
40% MeCN. From 950 L cultured cells, 9 mg of MTX with $3C isotope abundance at around 4% was
isolated. The 3D PFG NOESY-HMQC measurement had been run for one week, and 64 NOESY
planes were obtained. In NOESY planes, no overlapping of cross peaks occurred. With these data,
NOE information led to reconstruction of the bond connection that was cleaved by the periodate
reaction, and the relative configuration of cyclic parts in MTX was established.

Relative Stereochemistry of Acyclic Parts of Maitotoxin

The configuration of the acyclic moieties (C1-C15, C35-C39, C63-C68, and C135-C142) and the
absolute stereochemistry remained unassigned. Relative stereochemistry of both termini was
assigned using the J-based configuration analysis (Matsumori et al. 1996). Measurements of hetero
half-filtered TOCSY (HETLOC) were effective to determine geminal and vicinal C-H coupling
constants (>%J., ;). The **C-enriched MTX prepared for the 3D NMR was used for measurements of
J values. Based on the analysis method, the stereochemistry of asymmetric carbons in C5-C9 and
C134-C138 was deduced. Essential Z’SJc,H values could be determined for both side chains by these
methods because relatively long T,-relaxation times resulted in enhancement of signal intensity,
while heavy overlap and broadening of cross peaks of the polyether part hampered the 2'3Jc,H
measurement. In order to elucidate the configuration of the middle portion, synthetic approaches
were attempted by two synthetic groups (Sasaki et al. 1994, 1995a, 1995b, 1996; Zheng et al. 1996).



‘SIN/SIN dID AQ g 1uswibedy jo suiaiied uoneiuswbely g € aunbig

HO HO HO
19T
' l
. . o [N OH
......... A . . s
" b i " i '
' ' 1
Lo NG AN A
M N
ol e=— — gz 0s£0.
L JHO€zv TS ' HO
pa— 6€Z
" 697
.

\
\ =0, o
\ N
A “— G60T
HO z Ll02 O 1811
o — 15T
(eN-W) soez

52



Chemistry of Maitotoxin 53

Possible diastereomers of MTX were synthesized, and their spectral identity was compared with that
of MTX.

Stereostructures of C1-C15, C35-C39, C63-C68, and C99-C100 were determined by combining
synthetic methods and NMR analyses.

Absolute Configuration of Maitotoxin

The absolute configuration of MTX was determined using fragment C by Tachibana, Yasumoto, and
co-workers (Nonomura et al. 1996). Enantioselective synthesis of the four possible sterecisomers of
fragment C was carried out for chromatographic comparison with fragment C. Four stereoisomers
were synthesized in an enantioselective manner. The 138-139 anti-isomers of fragment C were
synthesized by Sharpless epoxidation, and the 138-139 syn-isomers were prepared by diastereose-
lective Diels-Alder reaction. All the stereoisomers were separated by chiral gas chromatography.
Fragment C was prepared from MTX (50 ug) by treatment with NalO, and then with NaBH,. Frag-
ment C showed a single peak on the chiral gas chromatography at the retention time identical with
that of the 138R, 139S isomer. This result elucidated the absolute configuration of the C135-C142
side chain. The relationship between C134-C136 could be unambiguously assigned by using the
J-based configuration analysis. Thus, complete structural determination of MTX has been accom-
plished. Kishi and co-workers also elucidated the absolute stereostructure of MTX by synthesis
(Zheng et al. 1996).
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4 Biochemistry of Maitotoxin

Laura A. de la Rosa, Emilio Alvarez-Parrilla,
and Alejandro Martinez-Martinez

Introduction

Maitotoxin (MTX) is the most potent (LD, = 0.05 mg/kg, mouse i.p. injection) and largest (3422 D)
nonpeptide marine toxin described (Yasumoto 2000). MTX increases cytosolic free calcium
([Ca®*i) in all cell types tested by activating Ca?* entrance. In contrast, MTX does not release Ca®*
from internal stores (Gutierrez, Diaz de Ledn, and Vaca 1997). It is currently accepted that the first
MTX action is the activation of nonselective cation channels (NSCCs) permeable mainly to Na* and
K*, but also Ca?* and other divalent cations (Table 4.1). NSCC activation induces membrane depo-
larization and a large increase in [Ca®*]i, which trigger numerous downstream events such as secre-
tion (Obara et al. 1999; Verhoef et al. 2004) and activation of protein kinases (Malaguti, Yasumoto,
and Paolo Rossini 1999; Takeda et al. 2004). With few exceptions, all MTX effects in all cell types
tested are dependent on the presence of extracellular Ca?*. Many of MTX effects are also dependent
on a rise in [Ca?*]i and some require a basal [Ca®*]i; however, not all of these effects can be mim-
icked by other [Ca?*]i elevating agents with ionophoretic activity, such as ionomicyn. Several studies
have, through different approaches, almost discarded the idea that MTX acts simply as an
ionophore; on the contrary, a MTX receptor protein with an elevated affinity and highly conserved
among species and tissues is suspected, although to date its identity remains a mystery.

Evidence Against MTX Acting as an lonophore

Classic studies showed that MTX elicited Ca?* entry into a variety of cells but not to artificial phos-
pholipids vesicles (Takahashi et al. 1983; Murata et al. 1992). Red blood cell ghosts are the simplest
system responsive to MTX, although their sensitivity is lower than that of intact cells (Konoki et al.
1999). In other studies, only one or two Na* channels were activated in cardiomyocyte membrane
patches, despite a wide range of experimental conditions (Nishio, Muramatsu, and Yasumoto 1996).
MTX induced opening of NSCC when applied in the outer surface of MDCK epithelial cells and
insulinoma HIT cells, in contrast, when applied in the inner surface of the membrane, MTX showed
no effect (Dietl and V6Ikl 1994; Leech and Habener 1998). Trypsin treatment of human skin fibro-
blasts induced a 90% inhibition of MTX-elicited [Ca?*]i increment, while having no effect on thap-
sigargin or ionomycin-induced [Ca?*]i increment (Gutierrez, Diaz de Ledn, and Vaca 1997).
Intracellular dialysis with trypsin and ditiothreitol (DTT) also blocked MTX-elicited cation currents
in insulinoma HIT cells, arguing for a role of proteins with disulfide bond-containing domains
(Leech and Habener 1998). In this cell line, MTX activation of cation currents is also apparently
dependent on ATP and tyrosine phosphorylation, suggesting an upstream membrane target(s) cou-
pled to second messenger systems that modulate cation currents (Leech and Habener 1997). Finally,
channels with the same conductance as those activated by MTX, with spontaneous activity in resting
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58 Chapter 4

conditions, were found and are likely to play an important role in setting the membrane potential of
insulin-secreting B-cells (Leech and Habener 1998).

MTX-Activated Nonselective Cation Channels

Evidence has accumulated in support of the notion that MTX-activated ion conductance takes place
mainly through NSCCs, discarding the ionophore-like nature of MTX. NSCCs are voltage indepen-
dent channels expressed in both electrically excitable and nonexcitable cells. Their physiological
roles are diverse and, therefore, are not completely characterized; however, NSCCs are involved in
cell proliferation, cell death, contraction, mechanical sensing, among other processes. NSCCs have
received recent attention for being made up by members of the transient receptor potential (TRP)
protein family (reviewed by Plant and Schaefer 2003; Nilius and Voets 2005). Electrophysiological
characterization of the MTX-activated NSCCs has been carried out in several cell types and excel-
lent reviews have been published (Escobar et al. 1998; Estacion 2000).

Excitable Cells

Some of the first electrophysiological studies on the MTX-induced conductance were carried out in
guinea pig cardiac muscle cells (Kobayashi, Ochi, and Ohizumi 1987) in which 0.09 nM MTX pro-
duced a voltage-independent current carried by Ca?* and Ba?* but not Cd?*. In cell-attached patches,
the single-channel conductance was 12 pS in the presence of 50 mM Ba?*. Further studies showed
that 10 nM MTX induced a voltage-insensitive current carried mainly by Na*, not choline*, with a
reversal potential close to 0 mV and a single channel conductance of 16 pS in cell-attached configu-
ration. This current was independent of the presence of Ca?* at both sides of the membrane patch
(Nishio, Muramatsu, and Yasumoto 1996).

In insulin-secreting B-cells (primary mouse B-cells and BTC cell line) MTX concentrations rang-
ing from 1 to 100 pM stimulated a voltage independent, depolarizing current, permeable to several
monovalent cations excluding choline* and NMDG* (N-methyl-D-glucamine), with a slightly nega-
tive reversal potential (—15 to —8 mV), and a very low or even undetectable Ca?* permeability
(Leech and Habener 1997; Worley et al. 1994; Roe et al. 1998). In these studies, the M T X-activated
current also showed little sensitivity to extracellular Ca?* concentrations ([Ca?*]o); it was not inhib-
ited by nominally Ca?*-free extracellular medium but was inhibited by high [Ca?*Jo and intracellular
Ca?* chelation with EGTA (Leech and Habener 1997). The depolarizing action of the cation conduc-
tance opened voltage-dependent, nitrendipine-sensitive Ca?* channels (Worley et al. 1994). The pri-
mary MTX-activated nonselective cation conductance was inhibited by SKF 96365 (40-50 puM),
econazole (10 pum), and genistein (100 uM), (Leech and Habener 1997; Roe et al. 1998). Single-
channel conductance of MTX-activated currents in insulinoma HIT-T15 cells was 25-30 pS in cell-
attached recordings and outside-out patches, with a reversal potential very close to 0 mV. These
channels carried Na* Cs* and K* with the same selectivity, followed by Li*, but were blocked by
NMDG* and long incubations (2 h) in Ca®*-free buffer (outside solution). Currents were also inhib-
ited by dialysis with trypsin, DTT, and ATP-free solutions (inside solution). Considering maximum
current amplitudes and single-channel conductance, more than 5,000 channels were estimated
within the cell membrane (Leech and Habener 1998). MTX-activated currents in B-cells are pro-
posed to be carried through store-operated, nonselective cation channels whose physiological role is
to respond to glucose and cAMP mobilizing agents such as glucagon-like peptide 1 (GLP-1), by
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allowing ion fluxes which produce membrane depolarization and opening of voltage-sensitive Ca?*
channels. However, [Ca?*]i increments are induced by relatively high MTX concentrations (10 nM)
in voltage-clamped cells, suggesting that Ca?* entering through the NSCC may be important in
mediating MTX effects (Leech and Habener 1998).

Non-Electrically Excitable Cells

In MDCK renal epithelial cells and Mouse L-fibroblasts, MTX activated a nonselective cation cur-
rent with single-channel conductance of 40 and 28 pS, respectively (Dietl and oIkl 1994; Estacion,
Nguyen, and Gargus 1996). In both cell types, the current carried Na* and K* and required Ca?* in
the outside surface; however, a Ca?* concentration in the low micromolar range was enough to allow
for the development of the current in L-cells. A Ca?*-dependent K* conductance with a polarizing
effect was also detected in these cells (Estacion, Nguyen, and Gargus 1996). In human skin fibrob-
lasts, 1 nM MTX induced Na* inward and K* outward currents with reversal potential of +7 mV, and
no permeability to NMDG". These channels were predicted to have equal Ca?* and K* permeability.
Approximately 4 minutes after MTX addition, a NMDG* permeable current developed as evidenced
by the shift in reversal potential toward zero. The first cation conductance was suggested to occur
through NSCC, while the NMDG* conductance would be taking place through a large membrane
pore permeable to molecules as big as 715 Da. Both the channel activation and large pore formation
depended on the presence of extracellular Ca?*, although Ba?* and Sr?* could substitute (Schilling,
Sinkins, and Estacion 1999). In another study on human skin fibroblasts, MTX induced cation cur-
rents with a reversal potential of -10 mV, and the current carried Na*, K*, and Ca®* but not NMDG*,
with a selectivity Na* 2 K* > Ca?*. Activation of this current was dependent on the presence of both
extracellular and intracellular Ca?*. As in the previous study, Ba?* could substitute Ca?*. Extracellu-
lar Ca?* was only required for the activation of the current; removal of Ca?* after activation did not
reduce the current carried by other cations (Martinez-Francois, Morales-Tlalpan, and Vaca 2002).

In Xenopus laevis oocytes, evidence of activation of nonselective cation channels was obtained
for the first time by measuring membrane currents activated by 50-1000 pM MTX (EC,, = 250 pM).
This current carried Na* but not NMDG*; had a selectivity range of NH,* > K* > Na* > Li*; showed
a low Ca?* permeability; was inhibited by high [Ca*]o (57.5 mM), 1 mM benzamil, 1 mM
amiloride, and 100 uM SKF96365; and was reduced by Gd®* concentrations as high as 100 uM. The
current was not inhibited by flufenamic acid (Bielfeld-Ackermann, Range, and Korbmacher 1998).
Similar results were obtained by Weber et al. (2000). These authors also found that MTX produced
an increase in membrane area (Fig. 4.1), measured as an increase in membrane capacitance (Cm),
suggesting insertion of new NSCCs from sequestered pools. MTX effects showed a considerable
delay after toxin application (Weber et al. 2000). In another study, 1 nM MTX applied to the extra-
cellular surface of outside-out patches evoked currents with single-channel conductance of 28 pS
and properties virtually identical to those described earlier. The MTX-activated current also shared
properties with a current elicited by exposure of oocytes to DIDS (250 uM) in the inside surface. The
DIDS-activated current was independent of [Ca®']i, suggesting the channel is Ca?* independent
from the cytosolic surface but Ca?* dependent from the outer surface. These authors also found acti-
vation of a second smaller Na* selective conductance in some cells, by both MTX and DIDS
(Diakov et al. 2001).

The main nonselective cation current activated by MTX in Xenopus oocytes is suggested to be
carried through stretch-activated NSCCs (SAC) in these cells. Though these are not very permeable
to Ca?*, the small Ca?* amount entering the cell through the NSCCs may be sufficient to raise [Ca?*]i
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Figure 4.1. Maitotoxin-induced changes in membrane current (), conductance (G_) and capacitance (C) in

Xenopus laevis oocytes. After a short delay, a large inward current was developed, accompanied by an increase in
membrane conductance and surface area (increase in C_). Reproduced with permission from Weber et al. 2000,
© Springer Verlag.

enough to produce other intracellular events, including insertion of new channels (Bielfeld-Ackermann,
Range, and Korbmacher 1998; Weber et al. 2000). At a very hyperpolarized membrane holding
potential (—120 mV), a low MTX concentration (15 pM) exerted a Ca?*-dependent Cl~ current,
which was shown to be secondary to the [Ca?*]i increment and therefore is most probably secondary
to the activation of the Ca®*-permeable NSCC previously described (Martinez et al. 1999).

In rat liver hepatoma cells (H4-11E), 60 pM MTX induced a current carried mainly by Na*, with a
reversal potential of +10 mV and low Ca?* conductance. Current activation was not affected by CI~
and showed a concentration-dependent inhibition by EGTA in the internal solution, indicating a
requirement for low [Ca?*]i. The current had two components: one inhibited by 100 uM Gd3*, which
was impermeable to Tris* and also inhibited by high Ca?* (10-100 mM) in the external solution; and
a second component (probably nonspecific leakage) that was not inhibited by Gd** and could be car-
ried by Tris* (Brereton et al. 2001). Moreover, in cells transfected with the human Transient Recep-
tor Canonical form 1 gene (hnTRPC1), the same MTX concentration activated a larger current that in
nontransfected cells. This current did not appear to be the same as the one in control cells (nontrans-
fected or transfected by an empty vector) since it showed the same permeability for Ca?* and Na*
and was not inactivated by 100 mM Ca?* in the external solution (Brereton et al. 2001). However,
this study gave the first evidence that TRPC proteins might form Ca?* permeable channels respon-
sive to MTX. In Table 4.1, the main features of MTX-activated NSCCs in excitable and nonexcitable
cells are summarized. On average, the MTX-activated NSCC has a reversal potential close to 0
(ranging from —15 to +10 mV), is mainly permeable to Na* and K*, has a low Ca?*, and has no
TRIS*, choline*, or NMDG* permeability. Current activation is blocked by high extracellular Ca?
(40-100 mM) and by extracellular Ca?*-free conditions, although a strong chelator or long preincu-
bation may be needed for the latter effect. A basal intracellular Ca** concentration is probably also
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needed. The current can be inhibited by SKF96365 (40-100 uM) and lanthanides (100 pM) and has
a single-channel conductance close to 30 pS.

MTX-Activated Calcium Influx Pathway
Pharmacological Characterization

The numerous studies showing activation of NSCC as the first event elicited after MTX application
in both excitable and nonexcitable cells strongly indicate that Ca?* enters the cell through these
channels, inducing all the subsequent Ca?*-dependent intracellular processes. However, it is also
clear that the NSCC is not the only Ca?* entry pathway. This is more evident in electrically excitable
cells and tissues, in which opening of the NSCC induces membrane depolarization and opening of
voltage-gated Ca?* selective channels, which carry most of the Ca®* current that elevates [Ca®*]i
(Leech and Habener 1998; Worley et al. 1994; Roe et al. 1998). Nevertheless, the small amount of
Ca?* entering through the NSCC may be sufficient to trigger some of the processes downstream of
MTX binding and channel activation. In neuroendocrine cell line GH,C, (Xi, Dolah, and Ramsdell
1992; Xi Kurtz, and Ramsdell 1996) and in a nonexcitable cell line transfected with L-type voltage-
sensitive Ca?* channels (Cataldi et al. 1999), very low MTX doses (<30 pM) elicited effects on
[Ca?*]i and membrane voltage, which were fully blocked by dyhydropiridines (L-type channel
antagonists). In contrast, the effect of higher MTX concentrations was only partially or not inhibited
by these compounds in the same cells. These MTX concentrations are in the range of those used in
other cells to activate NSCCs. Although these studies suggested MTX might directly activate L-type
voltage-sensitive cation channels and these channels have a higher affinity for MTX than NSCC,
growing evidence has shown that a nonselective cation channel is the main ion conductance stimu-
lated by MTX in both excitable and nonexcitable cells. It seems possible that since MTX-sensitive
NSCCs have a low Ca?* permeability, low MTX doses might not activate Ca?* entry enough to over-
whelm the intracellular Ca?* extrusion mechanisms and, therefore, no [Ca?*]i rise could be observed.
However, this would not explain the lack of depolarization and stimulation of “Ca?* uptake
observed in the GH,C, cell line when stimulated with MTX (Xi, Kurtz, and Ramsdell 1996). There-
fore, it is also possible that dyhydropiridines are low affinity inhibitors of MTX-activated NSCCs,
and consequently, low MTX concentrations are unable to antagonize the blocking effect of dyhy-
dropiridines. In fact, it has been shown that the NSCC is probably formed at least in part by proteins
members of the TRP family (Brereton et al. 2001; Chen and Barritt 2003), and cation channels
formed by TRP proteins have a predicted topology similar to that of voltage-sensitive Ca* channels
(reviewed by Schaefer 2005), which are targets of dihydropiryridines.

Further evidence supporting Ca?* entry through NSCCs in other excitable cells was obtained
from neuroblastoma SH-SY5Y cells. In a study, 10 pM to 1 nM MTX induced a [Ca?*]i increase
dependent on Ca?* entry, inhibited by SKF96365 (50 uM), but not by L-type or N-type inhibitors
such as nifedipine and SNX185 (Wang et al. 1996). One study in rat cerebrocortical synaptosomes
found MTX (0.3 nM) to induce a [Ca?*]i increment in a nominally Ca?*-free medium, suggesting
Ca?* release from intracellular stores. These authors also found Ca?* entry; nevertheless, the path-
way was not inhibited by 30 pM SKF96365 but was inhibited by high nonspecific concentrations of
verapamil (Satoh, Ishii, and Nishimura 2001).

In nonexcitable cells, electrophysiological and pharmacological evidence has shown MTX does
not induce Ca?* entry through the classical store-operated Ca?* channels (SOCs), also named
calcium-release activated calcium channels (CRAC) (reviewed by Parekh and Putney 2005).
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In HL-60 cells, inhibition studies clearly demonstrated MTX-activated calcium entry is not
through SOCs, despite MTX-induced 1P, formation (Daly et al. 1995). In CHO cells, MTX-induced
Ca?* influx (MTX 0.3 nM) was only partially reduced by high doses of SOC inhibitors SKF96365
and CAl, suggesting entrance through more than one pathway or through a channel with less sensi-
tivity to the same inhibitors (Gusovsky et al. 1993). In the same cell line, 0.1-10 nM MTX induced
an immediate [Ca?*]i and [Na*]i increment, with similar kinetics. Both events were completely
dependent on external calcium and independent on external Na*. In fact, low sodium accelerated the
[Ca?*]i increment, suggesting competition for the same nonselective cation channel (Morales-
Tlalpan and Vaca 2002). Similar results were found in C6 glioma cells (MTX 3 nM) in which Ca?*
was also proposed to enter through NSCCs (Obara et al. 1999).

The Ca?* influx pathway activated by MTX in human skin fibroblasts (ED,, = 0.45 pM) is also
different from the store-operated Ca?* entry pathway and partially inhibited by diphenoxylate up to
100 uM (Gutierrez, Diaz de Ledn, and Vaca 1997). In fibroblasts, Ca®* enters mainly through the
NSCC and MTX does not induce Ca?* release from internal stores. MTX effects on this cell model
are dependent on both extracellular and intracellular free calcium (Estacion, Nguyen, and Gargus
1996; Martinez-Francois, Morales-Tlalpan, and Vaca 2002). In a human fibroblast cell line, MTX
also induced Ca?* entry through a NSCC (ED,, = 0.5 nM). Entry was insensitive to blockade by
Gd?** and also occurred through large pores that became evident at incubation times longer than five
minutes (Shilling, Sinkins, and Estacion 1999). Ca?* has also been suggested to enter through nons-
elective cation channels in THP-1 monocytes (ED,, = 10 pM), HEK cells (Schilling et al. 1999), and
bovine aortic endothelial cells (ED,, ~ 0.3 nM), where MTX had no effect in the absence of extra-
cellular Ca?* (Estacion and Schilling 2001).

Further evidence to distinguish between the MTX-activated NSCCs and SOCs was provided by
the use of 2-aminoethyl diphenylborate (2-APB). In primary cultures of rat hepatocytes, 2-APB
inhibited Ca?* entry through SOCs and endoplasmic reticulum store refilling, with no effect on
MTX-sensitive NSCCs (Gregory, Rychkov, and Barritt 2001; Gregory, Sykiotis, and Barritt 2003).
It is noteworthy to mention that compound U73343, inactive analogue of phospholipase-C (PLC)
inhibitor U73122, blocked MTX-induced Ca?* entry with high potency (1D, = 0.66 uM) in bovine
aortic endothelial cells. Therefore, it is suggested that this compound might be considered as a rela-
tively specific blocker of the MTX-activated Ca?* influx pathway (Estacion and Schilling 2002).

MTX Receptor and Mechanism of Ca®* Entry Activation

Despite many efforts, neither the MTX receptor identity nor MTX binding and Ca?* influx activation
mechanisms have been yet clearly understood. Nevertheless, great progress has been made from the
times when L-type Ca?* channels were thought to be MTX targets.

Complete characterization of the MTX structure (Fig. 4.2) has led some authors to propose a two-
step binding model: (1) the MTX hydrophobic tail inserts itself in the plasma membrane in a non-
specific manner, while its hydrophilic part folds like a hairpin; (2) MTX moves through the lipid
bilayer until it binds to its receptor. In binding, both the hydrophilic and hydrophobic parts are nec-
essary (Konoki, Hashimoto, Nonomura et al. 1998; Konoki, Hashimoto, Murata et al. 1999). This
slow binding could be in part responsible for the latency period of MTX actions observed in Fig. 4.1.
MTX insertion or interaction with a receptor is suggested to be ATP dependent in insulin-secreting
cell lines (Leech and Habener 1998). Calcium ions are also supposed to play a role in MTX binding,
since the first detectable MTX action (NSCC activation) is Ca?* sensitive. Several authors have
been able to observe MTX effects when added in a Ca?*-free medium followed by wash out and
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Figure 4.2. Structure of maitotoxin and space-filling model showing hydrophobic and hydrophilic regions.
Hydrophobic region is drawn buried in the lipid bilayer and hydrophilic part folded like a hairpin. Reproduced with per-
mission from Obara 1999, © American Chemical Society.

Ca?* addition, and the authors therefore concluded MTX binding is Ca®* independent (Venant et al.
1995). However, considering the two step binding model, it is possible that MTX insertion into the
membrane is Ca?* independent, while the MTX-receptor binding is Ca?* dependent. Alternatively,
the putative MTX receptor or MTX-sensitive NSCC could be allosterically modulated by calcium.

In erythrocyte ghosts, intact erythrocytes, C6 glioma, and aortic endothelial cells, MTX-induced
Ca?* influx was inhibited by gangliosides, especially GM1 (Konoki et al. 1999; Bressler, Belloni-
Olivi, and Forman 1994). The inhibitory effect of gangliosides is interpreted as their ability to aggre-
gate and form clusters, once inserted into the plasma membrane, and then retain MTX in these
clusters. Also in erythrocyte ghosts and C6 cells, molecules that mimic both the hydrophobic and
hydrophilic portions of MTX were able to inhibit the MTX-induced Ca?* entry and depolarization,
probably by competitively binding to the MTX receptor (Konoki et al. 1998). In contrast, in human
lymphocytes pretreatment with yessotoxin, a marine phycotoxin that resembles the hydrophobic
portion of MTX increased the rate of the MTX-induced [Ca?*]i increment. Yessotoxin has been
shown to inhibit phosphodiesterases, hence elevating cCAMP levels (Alfonso et al. 2003); however,
its effect on the MTX-induced Ca?* entry was suggested to be independent of cAMP elevation (de la
Rosa et al. 2001).

Identity of the putative MTX receptor and MTX-activated NSCC has been suggested by several
authors. In THP-1 monocytes and HEK cells, MTX stimulation of Ca?* entry was not temperature
dependent, suggesting that the MTX receptor is also the nonselevctive cation channel (Schilling et al.
1999). Very rapid effects of the toxin in a number of cell types have also been reported (Gutierrez,
Diaz de Ledn, and Vaca 1997; Schilling, Sinkins, and Estacion 1999; Morales-Tlalpan and Vaca
2002; Schilling et al. 1999). In support of this notion is the fact that red blood cell ghosts, which have
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been emptied of all cytosolic components, respond to MTX (Konoki, Hashimoto, Nonomura et al.
1998; Konoki, Hashimoto, Murata et al. 1999), suggesting that MTX binding and Ca?* entry occur
through the same pathway or at least that all events linking both pathways should be membrane bound.

Several authors have, however, detected a considerable delay between MTX addition and any
detectable [Ca?*]i increment or even stimulation of “°Ca?* influx in several cell types (Dietl and
VOIkl 1994; Weber et al. 2000; Brereton et al. 2001; de la Rosa et al. 2001; Watanabe et al. 1993;
Woods et al. 1999). Although the slow kinetics of the [Ca?*]i rise induced by MTX could be
explained in terms of a slow and irreversible activation of many NSCCs, allowing Ca?* influx to
reach a rate that overwhelms the cell’s homeostasis mechanisms before any [Ca?*]i increment can be
detected (Estacion, Nguyen, and Gargus 1996), it could also reflect activation of enzymatic steps
linking MTX receptor and Ca?*-permeable NSCC at least in some cell types. Insertion of new pro-
teins (Weber et al. 2000; Brereton et al. 2001), tyrosine phosphorylation (Leech and Hebener 1997,
Venant et al. 1994) and phosphatidil inositol 3-kinase activation (de la Rosa et al. 2001) have been
suggested as possible steps linking MTX binding with NSCC opening. Alternatively, most of the
delayed MTX response might be dependent on the opening of an unspecific large membrane pore
involved in cell death (Schilling, Sinkins, and Estacion 1999; Schilling et al. 1999; Estacion and
Schilling 2001), although this seems to be unlikely in liver cells (Brereton et al. 2001).

Pharmacological differentiation between MTX-activated NSCCs and the Ca?* entry pathway has
been observed. In C6 glioma cells, gangliosides inhibited both Ca?* influx and membrane depolar-
ization, while alkylamines inhibited only Ca®* entry and not membrane depolarization, suggesting
that both events may occur through different pathways (Konoki et al. 1999, 1996). In the MDCK
renal cell line, the MTX-activated NSCC was insensitive to SKF96365 and instantaneous and
dependent on extracellular Ca?*; in contrast, MTX-induced [Ca®*]i elevation was inhibited by more
than 50% by SKF96365 and was delayed by more than one minute after MTX application. These
authors concluded that although the NSCC has a low Ca?* permeability and its activation is Ca?
dependent, the main Ca?* entry pathway in these cells is different and downstream from the NSCC
(Dietl and Volkl 1994). In a more recent study, Ca?* was shown to enter the MDCK cell mainly
through a SKF96365-sensitive pathway, while Cd?* entered through an insensitive pathway, namely
the nonselective cation channel (Olivi and Bressler 2000). In summary, although more than one Ca?*
entry mechanism may be activated by MTX in different cell lines, the first and most important Ca?
influx pathway in most cells is probably the NSCC. The identity of the NSCC and MTX receptor is
not completely clear, however. Receptors for many agonists may be upstream regulators of NSCCs,
but their distribution and role is different according to cell and channel type.

Molecular Identity

Studies in the rat liver hepatoma cell line H4-11E have convincingly shown MTX-sensitive NSCCs
may be composed of TRPC proteins. The Ca®* influx pathway was shown to be mainly a NSCC per-
meable to Ca?*, Mn?*, and Na* (with a higher Na* permeability). It was partially inhibited by Gd3*
(ID4, = 1 M), and [Ca®*]i increase showed a delay of approximately four minutes (60 pM MTX).
No toxic effects were observed for as long as 15 minutes with MTX concentration as high as 300
pM. However, these authors also observed a secondary TRIS*-permeable Ca®* influx pathway that
may be a nonselective pore (Brereton et al. 2001). In addition, these authors observed that the MTX
effect on [Ca®*]i was greatly enhanced in cells transfected with the human TRPC-1 protein, which
forms Ca®*-permeable nonselective cation channels (reviewed by Clampham, Runnel, and Striibing
2001; Beech 2005). Gd®* inhibited Ca?* entry in transfected cells to a similar degree as control cells.
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Nevertheless, patch clamp studies showed that the endogenous cation channel activated by MTX in
control or nontransfected H4-11E cells is different from the hTRPC-1 channel formed in transfected
cells. TRP proteins (including hTPRC-1) form channels by inserting themselves in the membrane
probably in homo- or heterotetramers to yield a channel with properties that depend on the individ-
ual polypeptides. It is possible that the endogenous MTX-activated cation channel contains endoge-
nous TRP1 proteins forming heteromers with other polypeptides, and therefore the resulting channel
shows properties different from those of the channels formed in cells overexpressing the hTRPC-1
protein, which are likely to be homotetramers. Another possibility is that a different protein forms
the endogenous channel in H4-11E hepatoma cells (Brereton et al. 2001). In H4-IIE liver cells,
expression of the endogenous TRPCL1 protein was 50% reduced by transfection with a single-strand,
small interfering RNA, and this maneuver led to a similar reduction of MTX-induced Ca?* and Mn?*
influx (Fig. 4.3). Therefore, these authors concluded that the MTX-activated NSCC may be formed
by TRPC1 and another TRPC polypeptide (probably TRPC3). This channel may be also activated by
thapsigargin, although it is different from the highly Ca?*-selective and store-operated CRAC or
SOC channel (Chen and Barritt 2003).

Physiological Role

MTX-activated NSCC is suggested to be involved in regulation of insulin secretion in pancreatic
B-cells (Leech and Habener 1998). In Xenopus oocytes, the MTX activated noselective cation con-
ductance is proposed to be carried through stretch-activated channels (SACs) involved in volume
regulation (Diakov et al. 2001). In other cell types, MTX-activated channels may be involved in cell
proliferation (Estacion, Nguyen, and Gargus 1996). In hepatocytes, MTX-activated channels are
poorly coupled to Ca?* store refilling and therefore must have a different physiological role, probably
volume regulation (Gregory, Sykiotis, and Barritt 2003). In sperm cells, MTX-sensitive channels are
suggested to have a role in acrosome reaction (Trevino et al. 2005). It is now also clear that the
MTX-sensitive NSCCs may have an important role in cell death. In fact, MTX has been recently
used as tool to induce cell death and oxidative stress responses in several cell types (Malaguti,
Yasumoto, and Paolo Rossini 1999; Takeda et al. 2004; Auvin et al. 2004).
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Figure 4.3. Treatment with single stranded RNA targeted against TRPC1 inhibits maitotoxin-induced [Ca?*]i incre-
ment in H4-IIE hepatoma cells. (Reproduced with permission from Chen and Barritt 2003, © the Biochemical Society).
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MTX and Cell Death

A rise in [Ca®]i is one of the earliest detectable events associated with cell death; therefore, MTX has
proven to be a valuable tool in studying cell death processes. Some of the first descriptions of cell
death processes activated by MTX were made in nervous cells, SH-SY5Y neuroblastoma and primary
septo-hippocampal cultures. MTXs induced necrotic cell death through a pathway partially dependent
on calpain activation. Identification of calpain-specific autolysis fragments and o.-spectrin breakdown
products, in combination with use of calpain and caspase inhibitors, indicated activation of the first but
not the latter enzyme by MTX (Wang et al. 1996; Zhao et al. 1999). Despite lack of caspase activation,
cytochrome C was released from mitochondria in SH-SY5Y cells challenged with 0.1 nM MTX;; fur-
thermore, MTX-induced calpain activation produced caspase-3 and caspase-9 hydrolysis; however,
calpain inhibition did not allow for caspase-3 activation indicating that caspase cleavage by calpain is
not the reason for the nonactivation of this apoptotic enzyme. The authors suggested that ATP deple-
tion might have a role in directing MTX-induced cell death toward necrosis instead of apoptosis
(McGinnis et al. 2003). Novel drugs designed with calpain inhibitory action and antioxidant activity
showed a 15%-38% inhibition of MTX-induced cell death in C6 glial cells (Auvin et al. 2004).

MTX also induces necrosis in all nonexcitable cell models tested so far. MTX-induced cell death
has been studied by measuring incorporation of ionic fluorescent dyes that are excluded from
healthy cells and can only cross the plasma membrane via big pores. These assays have been devel-
oped both in cell populations and on a single cell level. Nevertheless, this approach does not reflect
true cell lysis but only major membrane permeability, and therefore, LDH release is the assay most
used to detect final cell death. Using these techniques, MTX has been shown to produce similar pro-
gression of membrane permeability changes in several cell models: human skin fibroblasts
(Schilling, Sinkins, and Estacion 1999), bovine aortic endothelial cells (Estacion and Schilling
2001, 2002; Estacion et al. 2003; Wisnoskey, Estacion, and Schilling 2004) and cell lines of diverse
origins (Verhoef et al. 2004; Schilling et al. 1999).

In all these experimental models, the MTX effect could be divided in three phases: (1) a rapidly
developing Ca?* conductance through NSCC; (2) uptake of vital dyes (ethidium, YO-PRO and POPO-3)
and Fura-2 loss via a cytolitic-oncotic pore (COP); and (3) a secondary phase of vital dye uptake and
Fura loss in which membrane permeability to larger molecules like LDH enzyme occurs. Fig. 4.4
shows permeability changes in a population study of bovine aortic endothelial cells (BAECS) treated
with 0.3 nM MTX. Two phases of ethidium bromide uptake may be observed (steps 2 and 3 of the
death process), the second phase correlating in time with LDH release (step 3 of death process).

In BAECs, the first phase of vital dyes uptake is dependent on MTX concentration, and the
uptake rate is inversely proportional to dye molecular weight, suggesting a fixed COP size. On a
single cell level, the first phase of dye uptake was associated with the formation of membrane blebs
with an average diameter of approximately 4 um, and the secondary dye uptake phase and LDH
release are associated with dramatic bleb growth or dilation, suggesting a massive exocytotic event
during cell lysis and oncotic cell death (Estacion and Schilling 2001).

Only minor differences were apparent in different cells: the range of MTX concentrations used in
all studies was similar, although some cell lines were more sensitive (Schilling et al. 1999); delay
between phases also varied slightly among cell types, and the bleb formation-dilation pattern was
not identical in BAECs and a macrophague cell line (\erhoef et al. 2004).

The fact that the series of events elicited by MTXs, which ultimately led to cell death, are remi-
niscent of those produced by P2XX, receptor stimulation raised the possibility that MTX could be act-
ing through that same protein. P2X receptors are ion channels that open in response to the binding of
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Figure 4.4. Changes in membrane permeability induced by maitotoxin in bovine aortic endothelial cells. Ethidium
(EB) uptake shows a biphasic response where the second phase corresponds with LDH release, indicative of cell lysis.
Reproduced with permission from Estacion and Schilling 2001, © BioMed Central.

extracellular ATP. P2X, channels are homomultimers with a relatively low affinity for ATP and a
high affinity for 2', 3'-(benzoyl-4-benzoyl)ATP (BzATP) (reviewed by North 2002). However, fur-
ther studies clearly showed that this was not the case. MTX responses on Ca?* and ethidium perme-
ability were virtually identical in cells that do not express functional P2X, receptors and in cells
overexpressing them. Bz-ATP, in contrast, induced cell death only in cells stably expressing P2X,
proteins. In a cell line in which P2X, receptors are expressed but are poorly coupled to pore forma-
tion, MTX induced Ca?* but not ethidium permeability. Therefore, these authors concluded that
Ca?*-permeable channels (NSCCs) activated by MTX and Bz-ATP are different, and therefore the
P2X, receptor is not the MTX receptor. On the other hand, the ethidium-permeable pathway
(cytolitic-oncotic pore or COP) is the same for MTX and P2X, agonists. A model is proposed in
which the Ca*"-permeable MTX-activated and P2X, NSCCs compete for an endogenous pore,
which ultimately produces cell death (Fig. 4.5). The opening of the pore is temperature sensitive and
suggested to be inhibited by high [Ca®]i. In contrast, NSCC gating is temperature independent, sug-
gesting its direct activation by MTX binding (Schilling et al. 1999).

In submandibullar acini cells, 1-10 nM MTX (ED,, ~ 5 nM) induced ethidium uptake in a Ca**-
and temperature-dependent fashion. This effect was delayed by the B-antagonist propanolol
(100-300 pM). Propanolol and its inactive optic isomer also inhibited the ethidium uptake induced
by BzATP, suggesting a common entry pathway (COP) activated by both agonists (Alzola et al.
2001). Further evidence of different Ca?* entry pathways, but which still suggests a common COP
activated by P2X, agonists and MTX, was obtained in CHO cells (Lundy et al. 2004). In this study,
several pharmacological differences were noted between MTX- and BzATP-induced cell death:
(1) MTX-induced ethidium uptake was more evident in a physiological saline buffer and was
reduced in an isosmotic sucrose buffer, while the opposite was true for BzATP-induced ethidium
uptake; (2) MTX effects were abolished by preincubation with the calmodulin inhibitor W7 (300
uUM), while BzATP action was insensitive to the drug; (3) BzATP effects were blocked by oxidized
ATP (0ATP), while MTX action was unaffected; and (4) MTX- but not BzATP-induced ethidium
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Figure 4.5. Maitotoxin and P2X, agonists activate different Ca,, permeable nonselective cation channels but share
a common cytolitic-oncotic pore (COP) for which the NSCCs compete in order to induce necrosis. Reproduced with
permission from Schilling et al. 1999, © American Physiological Society.

uptake and cell lysis (LDH release) was very sensitive to extracellular [Ca?*]. Nevertheless, in the
absence of added Ca?*, MTX still induced cell death after a 24-hour exposure, witha LC,; = 2.4 nM
(Lundy et al. 2004). Schilling et al. (1999) showed MTX- and BzATP-induced COP formation by
different pathways in THP1 monocytes primed with LPS (lipopolysaccharide) and IFN~y. Donnelly-
Roberts et al. (2004) observed inhibition of BzATP-induced YO-PRO uptake (through COP) by p38
MAP kinase inhibitors, caspase 1 and 3 inhibitors, and PKC inhibitors. BzZATP also induced IL-13
secretion and this effect was also inhibited by caspase and PKC inhibitors (Donnelly-Roberts et al.
2004). In contrast, MTX-induced pore formation was inhibited by calmidazolium and U73122, both
inhibitors of MTX-induced [Ca?*]i increment (Schilling et al. 1999; Estacion and Schilling 2002)
but was unaffected by the p38, caspase and PKC inhibitors (Donnelly-Roberts et al. 2004).

As previously stated, COP formation, characterized by vital dye uptake (phase 2), does not reflect
true cell lysis; on the contrary, the lytic phase (phase 3) is associated with release of LDH and other
cytosolic proteins such as immature 1L-1B p38 MAP kinase (Verhoef et al. 2004) and green fluores-
cent protein constructs (Estacion et al. 2003). This lytic phase has been studied at the single-cell
level in BAECs (Estacion et al. 2003). In this study, cell lysis and loss of LDH and green fluorescent
protein constructs as big as 162 kDa occurred at the same time as dilation of blebs formed in the cell
surface, and the blebs continued to grow even after proteins were leaving the cytoplasm. Glycine and
L-alanine (EC,, ~ 1 mM) inhibited MTX-induced cell lysis without affecting Ca** entry, COP
formation/permeability, or bleb formation/dilation. These observations suggest MTX-induced cell
lysis is not due to a massive rupture of the plasma membrane but due to formation or activation of an
endogenous channel of large pore size termed a lytic pore or death channel (Estacion et al. 2003). In
addition, 5 mM Gly blocked cytolisis in murine macrophagues without inhibiting other MTX effects
(\Verhoef et al. 2004). Gly-protected cells from MTX induced cell death for at least 48 hours, indicat-
ing long-lasting cytoprotection by this aminoacid.

The MTX-activated death cascade is exquisitely dependent on extracellular calcium. In BAECs
treated with MTX in the absence of extracellular Ca?*, no effect was detected; however, on Ca?*
re-addition, cells showed a response virtually identical to that of cells treated with MTX in the presence
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of extracellular Ca?* (Estacion and Schilling 2001). Intracellular Ca?* loading with ionomycin
mimicked MTX effect, and intracellular BAPTA delayed both phases of cell death, indicating a
[Ca*1]i rise is both necessary and sufficient to trigger the MTX-induced necrotic death cascade. lon
substitution experiments showed Sr?* and Ba®* are permeable through the MTX-activated NSCC and
do not seem to interfere with channel activation by the toxin; however, formation/activation of the
COP and death channel were delayed by Ba%*, which is a poor surrogate for Ca?*, in a number of cel-
lular reactions that involve high affinity Ca?* binding proteins. The fact that Ca?*-binding proteins are
probably required for MTX-induced necrosis and that, during Ca®* overload conditions, Ca?* pumps
(SERCA and PMCA) are expected to work at near-maximum level, exhausting the cell ATP pool,
suggests a role for these Ca?* transporters in MTX-induced necrosis (Wisnoskey, Estacion, and
Schilling 2004). U73343 and to a lesser extent U73122 (inactive analogue and PLC inhibitor, respec-
tively) inhibited MTX-induced Ca?* entry and ethidium uptake into BAECs, inhibiting therefore
necrotic cell death. However, in the presence of an inhibitory concentration of U73343 (10 uM),
MTX induced another pattern of membrane blebbing, denominated zeiosis, which ultimately leads to
apoptotic cell death. No COP formation, membrane blebing, or cell lysis was observed in the majority
of these cells. In contrast, caspase-3 activity was found elevated after 48 hours of MTX + U73343
treatment, indicating apoptosis. Therefore, the authors concluded that a rise in [Ca?*]i is required for
MTX-induced necrosis but not for MTX-induced apoptosis (Estacion and Schilling 2002). Cell death
was also observed after long MTX treatment of CHO cells in nominally Ca?*-free medium (Lundy et
al. 2004). In human fibroblasts, extracellular cations were required to detect MTX effects on
membrane permeability; however, a [Ca®*]i increase was neither sufficient or evidently necessary to
induce the progressive changes characteristic of MTX (Schilling, Sinkins, and Estacion 1999). There-
fore, as for other MTX-dependent processes, the role for Ca?* ions in MTX-induced necrosis is still
not resolved.

Other Effects of MTX
Phospholipid Metabolism

MTX activates phospholipase-A and -C (PLA, PLC) and downstream processes in a number of cells
(Gusovsky et al. 1993, 1990; Venant et al. 1994; Bernard et al. 1988; Nakahata et al. 1999; Nakahata,
Yaginuma, and Ohizumi 1999). In all cases, MTX effects required extracellular Ca?*, but a [Ca®*]i
rise was not always necessary (Venant et al. 1994; Bernard et al. 1988; Gusovsky et al. 1990; Naka-
hata, Naginuma, and Ohizumi 1999). Tyrosine kinase activation has been described as downstream
Ca®* entry and upstream PLC activation (Gusovsky et al. 1993; Nakahata et al. 1999) but also as
upstream Ca?* entry (Leech and Habener 1997; Venant et al. 1994). Nevertheless, no more recent
studies address this issue at this time, and therefore the exact mechanism by which MTX stimulates
PLA or PLC has not been elucidated. Direct activation of PLC by MTX has been discarded
(Gusovsky et al. 1990), so it is most probable that the MTX receptor/NSCC somehow interacts, in a
Ca®*-sensitive manner, with phospholipases.

Activation of Ser/Thr Protein Kinases

Phosphorylation and activation of extracellular signal-regulated MAP kinases (ERK1 and ERK?2)
were observed in MCF-7 breast cancer cells after 15 minutes of exposure to MTX (0.5 nM). Longer
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incubation times triggered loss of both proteins and cell-cell adhesion molecule E-cadherin,
followed by cell death. MTX effects were extracellular calcium dependent (Malaguti, Yasumoto, and
Paolo Rossini 1999). In mouse fibroblasts and He-La cells, MTX stimulated the apoptosis-linked
enzymes ASK1 (apoptosis signal-regulating kinase) and p38. Activation of ASK1 by MTX is depen-
dent on extracellular Ca?* and apparently also on a [Ca?*]i rise and activation of Ca?*/calmodulin-
dependent protein kinase type 1l (CaMKII). These authors concluded that the CaMKII-ASK1-p38
kinase cascade constitutes a novel Ca?* signal involved in cytokine and stress-induced apoptosis
(Takeda et al. 2004). No cell death was induced by MTX under the conditions of this study.

Activation of Tissue Transglutaminase (tTG)

Tissue transglutaminase is a Ca?*-activated enzyme and a signal-transducing, GTP-binding protein
involved in apoptotic cell death, cell cycle progression, axonal growth and regeneration, and cell
adhesion, among other processes. The tTG is activated by MTX in SH-SY5Y neuroblastoma cells
(1-5 nM MTX) and 3T3 fibroblasts (0.5 nM MTX). In neuroblastoma cells, MTX treatment induced
activation of nuclear and cytosolic tTG (Lesort et al. 1998) without loss of cell viability (LDH
release) under the conditions employed (Zhang et al. 1998). In 3T3 fibroblasts, MTX stimulated tTG
7.5- and 3.7-fold in BAPTA-free and BAPTA-loaded cells, respectively (Lee et al. 2003). Reduction
of cytosolic GTP levels reduced the MTX-induced activation of tTG, in a calpain-dependent man-
ner. Therefore, tTG is likely to be a substrate for calpain (also activated by MTX), and GTP presence
is likely to protect the enzyme from calpain-dependent degradation. However, elevating [GTP]i by
microinjection of GTPgS also reduced MTX-dependent tTG activation. LPA also induced activation
of tTGase through a reactive oxygen species (ROS)-mediated mechanism (Lee et al. 2003). Both
tissue transglutaminase and ASK1-p38 are also activated by oxidative stress.

Secretion and Other Cellular Responses

MTX induced extracellular Ca?*-dependent secretion of nerve growth factor in a glioma cell line
(Obara et al. 1999). In murine macrophagues form the BAC1 cell line, MTX induced cytokine pro-
cessing and secretion of the mature form of IL-1b (17 kDa), a process generally assumed to be
dependent on caspase-1 activation. P38 MAPK kinase was also seen to be secreted together with
mature IL-1b. Higher MTX concentrations also induced cell death as judged from membrane per-
meability to vital dyes and release of nonprocessed IL-1b. Both effects, regulated secretion and
cytolyisis, were dependent on the presence of extracellular Ca?* (Verhoef et al. 2004). Activation of
the P2X, receptor with BzATP also leads to both IL-1b secretion and COP formation in a monocytic
cell line (THP1) differentiated with LPS and IFNg (Donnelly-Roberts et al. 2004). However, as
mentioned before, the intracellular cascades activated by MTX and BzATP are different.

Other cellular responses elicited by MTX, among many, are platelet aggregation (Watanabe et al.
1993; Nakahata et al. 1999), cillyary beating of tracheal epithelium (Venant, Dazy, and Dio-
géne 1995; Venant et al. 1994), inhibition of sea urchin eggs fertilization and development (Girard et
al. 1996), and prostaglandin release from bovine endometrial tissue (Burns, Hayes, and Silvia 1998).
In addition, more recently it was described to induce acrosome reaction in murine sperm cells
(Trevino et al. 2005). All events are dependent on extracellular Ca2+. Finally, in cell-free extracts,
MTX directly inhibited GTP/GDP exchange and GTP binding to Ga subunits of Gs, Go, and Gi pro-
teins (Khan et al. 2001).
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Introduction

Palytoxin, a toxic compound initially isolated in 1971 from marine soft corals of the genus Palythoa
(Moore and Scheuer 1971), is the most poisonous nonprotein substance known to date. The gross
structure of palytoxin was elucidated almost 10 years later, in 1981, by two groups independently,
one led by Professor Hirata at Nagoya in Japan (Uemura et al. 1981b) and the other by Professor
Moore at Honolulu in the United States (Moore and Bartolini 1981). Palytoxin is a large, very com-
plex molecule with both lipophilic and hydrophilic areas, and has the longest chain of continuous
carbon atoms known to exist in a natural product. Its chemical formula is C,,4H,,,N,O., with 115 of
the 129 carbons being in a continuous chain. Another unusual structural feature of palytoxin is that it
contains 64 stereogenic centers, which means that palytoxin can have 254 stereogenic isomers. More-
over, there are eight double bonds able to exhibit cis/trans-isomerism, which means that palytoxin
can have more than 10%* (one sextillion) stereoisomers (Patockaa and Stredab 2002). Despite this
huge amount of isomers, in 1989 a group led by Professor Kishi at Harvard University achieved the
monumental task of complete chemical synthesis of the correct isomer of palytoxin in its carboxylic
acid form (Armstrong et al. 1989a).

The present chapter will highlight the most important points regarding the chemistry of this fasci-
nating molecule, palytoxin, together with those of certain naturally occurring palytoxin analogues,
the ostreocins.

Palytoxin
Palytoxin Origin, Biogenesis, and Sequestration

The origin of palytoxin in the Palythoa zoanthids has long been a matter of speculation because its
contents markedly fluctuate both seasonally and regionally. For this reason, a bacterial origin has
been suggested, but this has never been experimentally confirmed (Moore et al. 1982b). In this con-
text, Uemura et al. (1985), after isolation and structural elucidation of at least four minor toxins
coexisting with palytoxin in Palythoa tuberculosa, supported the theory of palytoxin biosynthesis by
symbiotic microorganisms. This was attributed to the location of the structural difference between
palytoxin, homo-palytoxin and bishomo-palytoxin being in the w-aminoalcohol moiety, which is
often observed in natural products produced by microorganisms. Recently, Frolova et al. (2000)
reported that species of the bacterial genera Aeromonas and Vibrio were capable of producing com-
pounds antigenically related to palytoxin.

Other potential producers such as symbiotic algae, which are able to synthesize secondary prod-
ucts similar to palytoxin (Nakamura et al. 1993) and which live in large masses in the mesogloea of
the Zoantharia, have also been considered. In this context, Maeda et al. (1985; cited from Halstead
2002) reported the detection of palytoxin or a closely related compound in the red alga Chondria
crispus. However, the lack of correlation between algae (as expressed by chlorophyll a content) and
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palytoxin content appears to contradict their involvement in toxin synthesis (Gleibs et al. 1995).
Kimuraet al. (1972) reported a correlation between the presence of eggs in Palythoa polyps from the
Pacific and their palytoxin content. However, this was not confirmed in Palythoa species from the
Caribbean Sea. Considerable concentrations of palytoxin were measured even in sterile polyps; on
the other hand, some egg-bearing polyps were entirely free from palytoxin (Gleibs et al. 1995).

Dinoflagellates belonging to the genus Ostreopsis have been proposed as possible biogenetic ori-
gins of palytoxin (Usami et al. 1995; Taniyama et al. 2003). This theory is further supported because
of the implication of Ostreopsis siamensis in a case of clupeotoxism where the causative agent was
found to be palytoxin or one of its analogues (Onuma et al. 1999).

Palytoxin is one of the most potent natural nonprotein compounds exhibiting extreme toxicity in
mammals (i.v. LD, 10-100 ng/kg; Wiles et al. 1974). Its toxic dose in humans has obviously not been
experimentally determined; however, extrapolation of the available animal toxicity data will give a
toxic dose in humans of about 4 pg (Taniyama et al. 2002). Despite its high lethality in terrestrial ani-
mals, palytoxin has also been detected in crabs (Yasumoto et al. 1986; Lau et al. 1995), in various fish
(Hashimoto et al. 1969; Fukui et al. 1987, 1988; Kodama et al. 1989), and in a sea anemone (Mahnir
et al. 1992) without causing any deleterious effects. This resistance of marine animals to palytoxin
enables its sequestration and accumulation in the food chain (Gleibs and Mebs 1999), as these have
been repeatedly implicated in numerous cases of human poisoning and lethality (Gonzalez and Alcala
1977; Alcala 1983; Alcala et al. 1988; Noguchi et al. 1988).

Properties

Palytoxin is a white, amorphous, hydroscopic solid that has not yet been crystallized. It is insoluble in
nonpolar solvents such as chlorophorm, ether, and acetone; sparingly soluble in methanol and ethanol;
and soluble in pyridine, dimethyl sulfoxide, and water. The partition coefficient for the distribution
of palytoxin between 1-butanol and water is 0.21 at 25°C based on comparison of the absorbance at
263 nm for the two layers. In aqueous solutions, palytoxin foams on agitation, like a steroidal saponin,
probably because of its amphipathic nature. The toxin shows no definite melting point and is resistant
to heat but chars at 300°C. It is an optically active compound, having a specific rotation of +26°+2° in
water. The optical rotatory dispersion curve of palytoxin exhibits a positive Cotton effect with [a],,
being +700° and [a],, being +600° (Moore and Scheuer 1971; Tan and Lau 2000).

Structure

Palytoxin is one of the most complicated and largest molecules except for the naturally occurring
polymers. The basic molecule consists of a long, partially unsaturated (with eight double bonds)
aliphatic backbone with spaced cyclic ethers, 64 chiral centers, and 40-42 hydroxyl and 2 amide
groups (Uemura et al. 1985; Tan and Lau 2000). The third nitrogen present as a primary amino group
at the C-115 end of the molecule accounts for the basicity of palytoxin (Moore et al. 1980). Moore
and Bartolini (1981) reported that both molecular weight and molecular formula of palytoxins differ
depending on the species from which they are obtained and that certain species contain mixtures of
different isomers. These subtle differences are attributed to structural differences in the hemiketal
ring. Fragmentation by sodium periodate oxidation and ozonolysis and subsequent ordering of the
fragments, together with the use of mass spectrometry and nuclear magnetic resonance, have been
employed during the determination of the gross structures of palytoxins (Moore et al. 1980; Uemura
etal. 19804, b, 1981a, b; Moore and Bartolini 1981).



Chemistry of Palytoxins and Ostreocins 77

Figure 5.1. Proposed structure of palytoxin from a Tahitian Palythoa sp. (1A). The two palytoxins from Hawaiian
P toxica are the related C-55 hemiketals (partial structures 1B and 1C). Reproduced with permission from Moore and
Bartolini 1981, © American Chemical Society.

Palytoxin from the Tahitian Palythoa has a molecular form of C ,;H,, N.O,, (M, 2659). On the
other hand, palytoxin from P. toxica has a molecular form of C ,,H,,,N,O., (M, 2677), with two pos-
sible structures (Fig. 5.1) that differ from the former in the C-55 hemiketal ring. Palytoxin from the
Hawaiian P. tuberculosa is a mixture of the three palytoxins from the Tahitian Palythoa and P. toxica
(Moore and Bartolini 1981). The two components in palytoxin from the Okinawan P. tuberculosa
(M, 2681; Macfarlane et al. 1980) may be the related C-54 ketal and hemiketal (Moore and Bartolini
1981). The palytoxin from P. caribaoreum has a molecular mass of 2680, while the palytoxin-like
substance isolated from Lophozozymus pictor crab, which showed a very similar positive ion MS
profile, was estimated to possess a molecular mass of 2681.0 Da (Lau et al. 1995).

Four other minor toxins have been found to co-occur with palytoxin in P. tuberculosa, namely
homopalytoxin, bishomopalytoxin, neopalytoxin, and deoxypalytoxin. These have been structurally
characterized as palytoxin analogues, having minor differences from the major palytoxin. For
instance, the structural difference between homo-, bishomo-, and palytoxin is in the proximity of the
C-a proton (Fig. 5.2), while the molecular weight is larger than palytoxin by 14 and 28 mass units for
homo- and bishomopalytoxin, respectively. The same major and minor toxins have been isolated
from another unclassified Palythoa species in Ishigaki Island, but the contents of homo-, bishomo-,
and deoxypalytoxins were higher than that in P. tuberculosa (Uemura et al. 1985).

The absolute stereochemistry of palytoxins from both P. toxica and P. tuberculosa (Fig. 5.2) has
been assigned to all 64 chiral centers (Cha et al. 1982; Moore et al. 1982) by a long series of degra-
dation experiments involving the use of X-ray crystallography, nuclear magnetic resonance (NMR),
and circular dichroic spectroscopy together with organic synthesis (Klein et al. 1982; Ko et al. 1982;
Fujioka et al. 1982).
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Figure 5.2. Complete structure of the major palytoxin from P tuberculosa (1) and of minor palytoxins: (2) homo-
palytoxin, (3) bishomopalytoxin, (4) neopalytoxin, and (5) deoxypalytoxin. Reproduced with permission from Uemura
et al. 1985, © Elsevier.

Mass Spectrometry

Mass spectrometry (MS) data have been very useful for detection of palytoxin’s presence, as well as
determination of molecular weights and elucidation of the structural differences between palytoxins
from various origins. For example, loss of numerous water molecules during MS analysis indicated
that palytoxins possess a large number of hydroxyl and/or ether moieties (Lau et al. 1995; Lenoir
et al. 2004). On the other hand, the presence of a fragment ion at or near m/z = 327 in the bi-valent
and tri-valent positive ion MS/MS spectra is indicative of palytoxin-like substances. This fragment
ion could arise from cleavage between carbons 8 and 9 of palytoxin (Fig. 5.3) and the additional loss
of one water molecule (Uemura et al. 1985; Lenoir et al. 2004). Presence of the m/z = 327 fragment
ion has been confirmed in the palytoxin from P. tuberculosa (Uemura et al. 1985; Penna et al. 2005),
P. caribaoreum (Lau et al. 1995), and P. toxica (Lenoir et al. 2004). The absence of this fragment ion,
however, does not necessarily exclude the possibility of a palytoxin-like compound but could be
attributed to structural differences at this end of the molecule, as in the case of L. pictor toxin or
minor P. tuberculosa toxins (Uemura et al. 1985; Lau et al. 1995).
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Figure 5.3. Planar structure of reference Pacific palytoxin (P-PTX) showing the UV chromophores. Asterisk denotes
carbon eight. Reproduced with permission from Lenoir et al. 2004, © Blackwell Publishing.

Ultraviolet Spectrum

Palytoxin exhibits an ultraviolet (UV) absorprion spectrum with A at 233 (e 47000) and 263 nm
(e 28000) (Hirata et al. 1979), attributed to the presence of respective chromophores (Figs. 5.3 and
5.4). The ratio of UV absorbance between 233 and 263 nmis 1.71 (Moore and Scheuer 1971).

This spectrum is similar for all palytoxins, regardless of subtle differences present in their proton
magnetic resonance (PMR; 'H-NMR) and carbon magnetic resonance (CMR; 3 C-NMR) spectra, as in
the case of palytoxins from P. toxica from Hawaii, P mammilosa from Jamaica, and Palythoa sp. from
Tahiti (Moore et al. 1975; Béress et al. 1983). This characteristic UV absorption profile of palytoxin is
another parameter that could verify the presence of this toxin and its analogues (Tan and Lau 2000).

The 233-nm absorption maximum is reported to occur because of the presence of two chromophores,
a conclusion deduced from the respective value of the extinction coefficient (Uemura et al. 1980a).
'H NMR studies suggest that both these chromophores are conjugated dienes (Moore et al. 1978).

The N 263 chromophore is a N-(3'-hydroxypropyl)-trans-3-amidoacrylamide moiety (Moore
et al. 1975). This moiety accounts for the positive response of palytoxin to the ninhydrin test, while
its destruction is connected to loss of toxicity, accompanied by a negative ninhydrin test (Uemura et
al. 1980a). The 263-nm chromophore is sensitive to methanolic 0.05 M HCI or aqueous 0.05 M
NaOH, disappearing with a half-life of 85 and 55 minutes, respectively. However, neutralization
within 2 minutes regenerates palytoxin with no apparent loss in toxicity (Moore and Scheuer 1971).
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Figure 5.4. Ultraviolet spectrum of reference palytoxin from Palythoa tuberculosa at 25 pug/ml in water.

Exposure of palytoxin to both visible and UV light results in structural changes in both the 263 and
233 chromophores and can reduce its toxicity at least twentyfold in only 5 minutes in UV and 30
minutes in visible light (Hewetson et al. 1990).

Infrared Spectrum

The infrared (IR) spectrum of purified palytoxin or its congener shows a band at 1670 cm~? due to
the presence of an o, B-unsaturated amide carbonyl group (Moore and Scheuer 1971). Similar
IR data have also been obtained for purified palytoxin both from P. caribaeorum (Béress et al. 1983)
and from the xanthid crab Lophozozymus pictor (Tan and Lau 2000).

Nuclear Magnetic Resonance Spectra

Many studies aimed at structural elucidation of palytoxin have included data derived from NMR
determinations on various degradation products from periodate oxidation or ozonolysis (Moore and
Bartolini 1981; Cha et al. 1982; Moore et al. 1982a). The complete chemical shift assignment of
IH and 3C NMR signals of the whole P. tuberculosa palytoxin molecule was reported by Kan et al.
(2001; Table 5.1). A detailed description of NMR spectra is beyond the purpose of this chapter.
However, it is interesting to note that deuterated methanol (CD,0D or CD,OH) gave much sharper



Table 5.1.  'Hand '3C NMR chemical shift data of P tuberculosa palytoxin in CD,0D or CD,OH with one drop

of deuterium oxide

No. 15C (3) Mult.  H () HE) | No. 13C (5) Mult.  H (3) H (3)
1 175.92 s — 60 70.18 d 3.85
2 75.70 d 4.09 61 76.57 d 3.15
3 34.73 d 217 62 73.11 d 3.74
3-Me 13.99 q 0.88 63 36.77 t 1.96 1.70
4 41.73 t 177 1.40 64 7177 d 3.68
5 66.62 d 450 65 72.20 d 3.76
6 131.85 d 5.49 66 37.01 t 2.04 153
7 138.28 s — 67 77.22 d 3.44
7-Me 13.17 q 1.72 68 76.04 d 312
8 80.91 d 3.92 69 79.74 d 3.36
9 72.34 d 3.81 70 75.85 d 3.09
10 29.23 t 212 1.73 7 77.08 d 3.44
11 76.19 d 418 72 4151 t 2.04 1.43
12 73.88 d 3.64 73 64.99 d 4.84
13 75.17 d 3.54 74 133.47 d 5.37
14 71.68 d 3.60 75 130.04 d 6.00
15 72.91 d 3.62 76 128.87 d 6.46
16 71.28 d 4.03 77 133.88 d 5.78
17 71.68 d 4.04 78 38.64 t 2.42
18 73.27 d 3.54 79 71.20 d 3.93
19 71.35 d 3.79 80 76.29 d 3.27
20 7111 d 3.87 81 73.04 d 3.63
21 27.38 t 1.48 1.39 82 34.35 t 2.75 2.39
22 26.93 t 147 1.35 83 130.18 d 5.69
23 35.03 t 1.64 1.55 84 132.64 d 5.95
24 28.44 t 1.36 85 146.73 s —
25 39.72 t 1.26 85 114.86 t 5.07 4.94
26 29.70 d 1.67 86 34.30 t 2.34 2.25
26-Me 19.30 q 0.92 87 33.13 t 1.72 1.59
27 40.78 t 147 091 88 74,19 d 371
28 80.17 d 3.97 89 74,02 d 3.50
29 82.31 s — 90 77.82 d 3.35
29-Me 21.01 q 1.18 91 33.00 d 1.89
30 45.74 t 1.70 1.14 91-Me  15.65 q 0.91
31 25.55 d 2.04 92 27.86 t 221 1.30
31-Me 21.89 q 091 93 74.83 d 4.03
32 43.74 t 1.67 1.09 94 73.04 d 3.65
33 109.23 s — 95 74.73 d 3.61
34 38.64 t 1.60 9 76.01 d 315
35 23.98 t 141 97 69.71 d 432
36 30.98 t 131 98 132.43 d 5.55
37 30.93 t 131 99 135.28 d 571
38 30.81 t 131 100 71.90 d 4.36
39 31.29 t 1.36 101 7177 d 3.68
40 39.20 t 1.48 102 40.21 t 1.58
41 69.26 d 3.80 103 68.39 d 422
42 39.37 t 1.86 144|104 40.53 t 1.74 1.38
43 64.86 d 4.39 105 76.14 d 451
44 73.88 d 3.65 106 36.83 t 1.84 178
45 74.28 d 3.95 107 79.62 d 421
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Table 5.1. (Continued)

No. 13C (d) Mult.  1H (d) 1H@d) | No. 13C (d) Mult.  1H (d) 1H (d)
46 68.25 d 3.67 108 82.74 d 435

47 101.24 s — 109 26.59 t 178 1.67
48 41.95 dy  1.83 110 32.30 t 1.47

49 72.40 d 3.94 111 83.81 d 3.89

50 44.07 d 2.26 112 73.27 d 4.27

50-Me 16.58 q 1.03 113 39.78 t 2.10 1.86
51 134.46 d 5.62 114 75.31 d 4.36

52 134.74 d 551 115 4513 t 2.99 2.87
53 74.06 d 4.05 a 134.82 d 7.79

54 34.93 t 177 1.61 b 106.82 d 5.95

55 27.79 t 1.69 1.46 c 169.66 s —

56 73.11 d 3.74 d 37.42 t 333

57 72.81 d 3.85 e 33.28 t 1.74

58 74.19 d 3.87 f 60.40 t 3.60

59 33.05 t 227 1.66

Source: Reproduced with permission from Kan et al. 2001, © Elsevier

Note: TMS was used as an internal or external chemical shift reference of 0 ppm in proton NMR spectra. The solvent peak
was used as an internal chemical shift reference of 49.00 ppm in carbon-13 NMR spectra. The “mult.” column shows a
number of proton attached to the carbon as a multiplicity of peak (s = singlet, d = doublet, t = triplet, g = quartet). Row nos.
16 and 17 and 36-38 show groups of carbons that are exchangeable with each other.

signals in the *H NMR spectrum than deuterated water (D,0), probably due to a fast averaged con-
formation or a monomer (Kan et al. 2001).

Chemical Synthesis

Despite the huge number of possible stereoisomers, in 1989 Kishi’s group managed to achieve the
total chemical synthesis of a fully protected palytoxin carboxylic acid (Armstrong et al. 1989a),
which subsequently was converted to palytoxin carboxylic acid and palytoxin amide without the use
of protecting groups (Armstrong et al. 1989b). On comparison of biological activity, chromatographic
behavior, and spectroscopic data (MS, 1D and 2D *H NMR, **C NMR), the synthetic products were
found identical to their naturally occurring counterparts (Armstrong et al. 1989b; Kishi 1989). A few
years later this work was completed by conversion of palytoxin carboxylic acid to palytoxin identical
to the natural product from Palythoa tuberculosa (Suh and Kishi 1994), with a yield of 100%. How-
ever, the chemical synthesis of palytoxin involves approximately 65 steps (Li 2005), which makes it
unlikely to be of practical use.

Palytoxin Analogues from Ostreopsis spp. (Ostreocins)

The term “ostreocins” generally describes toxins produced from dinoflagellates belonging to the
genus Ostreopsis (Dinophyceae), although frequently some of the produced toxins are named after
the producing species. Usami and co-workers were the first to establish the palytoxin-like character
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of the major ostreocin from O. siamensis and indicate this species as one of the biogenetic sources of
palytoxin (Usami et al. 1995).

Ostreopsis species are distributed worldwide and are mainly benthic and epiphytic dinoflagel-
lates. They are important components of subtropical and tropical marine coral reef-lagoonal envi-
ronments and are thought to be potential pregenitors of toxins associated with ciguatera fish
poisoning (Nakajima et al. 1981; Tindall et al. 1990; Quod 1994). During the past decade, however,
Ostreopsis sp. have been also isolated, mostly during summertime, in temperate areas of the world.
Presence of potentially toxic Ostreopsis sp. has been reported in the Mediterranean countries Spain,
Italy, Greece, and Tunisia (Vila et al. 2001; Sansoni et al. 2003; Aligizaki et al. 2005; Penna et al.
2005; Turki 2005). In the south of Spain and certain areas of Greece, their presence was accompa-
nied by the incidence of relevant toxicity in shellfish (L.M. Botana, personal communication;
NRLMB Greece, unpublished data). Until today, nine different Ostreopsis species have been
described; five of them—namely, Ostreopsis siamensis, O. ovata, O. mascarenensis, O. lenticularis,
and O. heptagona—are reported as producers of toxic substances (Table 5.2). On the other hand, no
data is available to date with regard to the toxin production ability of the remaining four species—
O. labens, O. marinus, O. belizeanus and O. carribeanus (Faust et al. 1996; Faust 1999).

This section will focus on the available chemical data concerning only toxic substances produced
by Ostreopsis sp., shown to possess palytoxin characteristics. For reasons of convenience, toxins
will be presented according to producing species. Palytoxin-like compounds have been reported for
O. siamensis, O. ovata, and O. mascarenensis. The neurotoxins ostreotoxin-1 and -3 produced by
O. lenticularis have not been to date characterised by use of analytical methods as palytoxin ana-
logues, despite their reported mouse lethality and possible connection to ciguatera (Tindall et al.
1990; Mercado et al. 1994; Meunier et al. 1997). With regard to the last of the toxic species, the only

Table 5.2. Toxic Ostreopsis species and summary of reported data on properties of respective toxins produced

Considered Mouse
Producing Palytoxin Molecular Chemical lethality
species Toxin analogue?  weight formula (LDgyi.p.) Reference
O. siamensis Unnamed Nakajima et al. (1981)
Ostreocin-D  Yes ~2635 Ci/HyoNsO, 0.75pg/kg  Usami etal. (1995);
Ukena et al. (2001, 2002)
O. mascarenensis Unnamed Quod (1994)
Mascareno-  Yes ~2500-2535 n.d. 0.9mg/kg  Turquet et al. (2002)
toxin-A
Mascareno- Lenoir et al. (2004)
toxin-B
O. ovata Unnamed Yes n.d. n.d. n.d. Nakajima et al. (1981)
Penna et al. (2005)
O. lenticularis ~ Ostreotoxin ~ Notknown n.d. n.d. 32.1mg/kg Tindall et al. (1990)
Ostreotoxin 1 Mercado et al. (1994)
Ostreotoxin 3 Meunier et al. (1997)
O. heptagona Unnamed Not known  n.d. n.d. n.d. Norris et al. (1988)

Note: n.d. = not determined
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available information is that methanol extracts of clonal cultures of O. heptagona isolated from
Knight Key, Florida, were weakly toxic to mice (Norris et al. 1985).

Ostreopsis siamensis (Ostreocins)
Origin, Distribution, and Toxin Production

Ostreopsis siamensis was first isolated by Schmidt in the Gulf of Siam, Thailand, in 1901 (Schmidt
1901). This dinoflagellate occurs in many tropical and subtropical areas of the world, mainly as epi-
phytic and less frequently as planktonic, and also in temperate areas during summertime. Until
today, the presence of O. siamensis has been reported in the coastal waters of Japan (Yasumoto et al.
1987), New Zealand (Chang et al. 2000; Rhodes et al. 2000), Tasmania (Pearce et al. 2000), Spain,
Italy (Vila et al. 2001; Penna et al. 2005), Greece (Aligizaki et al. 2005), and Tunisia (Turki 2005).

O. siamensis was first characterized as a toxin producer by Nakajima et al. (1981). Some years
later, Yasumoto et al. (1987) and Holmes et al. (1988) reported the lethality and haemolytic activity
of the O. siamensis toxins. Usami et al. (1995) were the first to elucidate the structure of the major
ostreocin produced by O. siamensis (strain SOA 1 from Aka island, Okinawa, Japan) and point out
its structural and chemical properties’ resemblance to palytoxin. This major constituent was named
ostreocin-D and accounted for 90% of total toxicity of extracts. None of the other (more than 10)
minor ostreocins present in the O. siamensis extracts were identical to palytoxin, as initially indi-
cated by ESI-MS (Ukena et al. 2001, 2002). New Zealand O. siamensis isolates have also been
reported to produce toxins exhibiting strong haemolytic activity and mouse lethality (Rhodes et al.
2000, 2002). Recently, Penna et al. (2005) have reported the presence of toxins with strong delayed
haemolytic activity in Ostreopsis cf. siamensis from the NW Mediterranean Sea. This haemolytic
activity was inhibited by the palytoxin antagonist ouabain, indicating the palytoxin-like nature of
these toxins.

Detailed studies regarding the chemistry of O. siamensis toxins have been reported only for
ostreocin-D to date.

Ostreocin-D: Properties and Structure

Ostreocin-D is a colorless, amorphous solid, positive to ninhydrin. It is an optically active com-
pound, having a specific rotation of +16.6 in water (¢ 0.12, T = 23°C). Its UV absorprion spectrum
exhibits two maxima, at 234 (e 35000) and 263 nm (e 22000). The UV absorptions together with
NMR spectra indicate that ostreocin-D has conjugated diene and ketone functionality analogous
with palytoxin (Usami et al. 1995).

Mass spectrometry and NMR spectra (Table 5.3) were employed for ostreocin-D structure eluci-
dation. In the high mass range of the fast-atom bombardment mass spectrometry (FABMS),
ostreocin-D displayed cluster ions having a centroid at m/z 2636.51. The ion distribution pointed to a
composition of C ,.H,,,N,O,, with the MH" calculated to be 2636.47. This difference in composi-
tion (C,H,0) between palytoxin and ostreocin-D was initially attributed to the substitution of two
methyls and one hydroxyl of the former with protons in the latter. The substitution of methyls is
located at C3 and C26 (Fig. 5.5). Partial structures around methyls and double bonds were identified
by comparison of NMR spectra of palytoxin and ostreocin-D in 0.2% CD,COOD/D,O. However,
severe congestion of the NMR signals required reduction of the molecule size. Degradation of the
molecule by ozonolysis proved useful for dissolving the NMR signals and for clarification of the
entire structure. Finally it was discovered that in ostreocin-D, compared to palytoxin, two hydroxyls



Table 5.3. NMR Assignments of Ostreocin-D in 0.2% CD,COOD/D,0

No. H®) H®) BC(5) No. H®) H®) BC(5)
1 — 175.5 47 — 100.00
2 431 71.2 48 1.85 1.92 405
3 1.69 1.88 29.8 49 3.94 71.0
3-Me — — 50 2.34 423
4 1.59 1.75 31.8 50-Me 1.04 15,4
5 451 67.3 51 5.62 1345
6 5.46 129.9 52 5.56 132.6
7 — 137.9 53 4.14 72.8
7-Me 1.71 121 54 1.62 1.77 331
8 3.96 79.7 55 1.44 1.74 324
9 3.86 70.5 56 3.83 71.0
10 1.72 2.13 27.9 57 4.04 71.7
11 4.23 745 58 3.84 71.9
12 3.72 71.2 59 1.72 2.30 31.8
13 3.64 73.2 60 3.93 68.5
14 3.62 70.1 61 3.21 75.1
15 3.67 72.6 62 3.68 71.4
16 3.62 74.9 63 1.56 2.09 355
17 4.02 68.7 64 3.65 70.3
18 4,01 67.3 65 3.77 70.4
19 1.50 1.80 40.6 66 149 2.09 35.6
20 3.85 68.2 67 3.48 75.9
21 1.52 249 68 351 75.7
22 1.35 29.0 69 3.21 74.0
23 1.35 29.0 70 3.22 74.1
24 1.35 29.0 71 3.49 774
25 1.35 29.0 72 1.55 212 39.2
26 1.35 29.0 73 4.86 63.8
26-Me — — 74 5.43 131.2
27 1.34 31.8 75 6.14 130.1
28 3.95 81.6 76 6.49 127.7
29 — 81.9 77 5.86 1334
29-Me 1.24 19.9 78 242 36.9
30 1.19 1.77 43.8 79 3.94 69.9
31 2.00 23.9 80 341 75.2
31-Me 0.92 20.8 81 3.79 715
32 1.16 1.74 419 82 2.48 2.66 321
33 — 108.5 83 5.69 128.8
34 1.66 36.8 84 6.04 132.1
35 1.40 22.3 85 — 145.1
36 1.35 29.0 CH,= 5.00 5.14 114.4
37 1.35 29.0 86 2.27 2.32 32.7
38 1.35 29.0 87 1.61 1.75 313
39 1.35 29.0 88 3.76 72.6
40 1.50 374 89 3.60 72.9
41 3.72 711 90 3.47 76.1
42 3.40 75.1 91 1.84 317
43 4.39 63.4 91-Me 0.92 14.3
44 1.78 2.05 335 92 1.34 2.16 25.9
45 4.25 68.9 93 4.17 73.6
46 3.51 69.7 94 3.78 71.2
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Table 5.3. (Continued)

No. H (3) IH (3) 15C (3) No. IH (3) 1H (3) 15C (3)
95 3.70 72.6 109 1.52 30.4
96 3.32 74.3 110 1.66 1.76 24.8
97 4.29 68.2 111 3.94 82.3
98 5.62 130.9 112 4.37 71.9
99 5.78 134.8 113 1.98 221 37.9
100 435 70.9 114 4.45 73.4
101 3.66 70.3 115 3.05 3.16 432
102 1.58 1.62 385 a 7.71 1334
103 421 67.4 b 5.95 106.5
104 1.48 1.79 385 c — 168.9
105 4.64 75.1 d 3.34 36.4
106 1.83 1.93 35.3 e 1.79 31.2
107 433 78.4 f 3.68 59.3
108 4.42 816

Source: Reproduced with permission from Ukena et al. 2001, © Japan Society for Bioscience Biotechnology
and Agrochemistry
Note: CH,COOD was used as an internal reference at 2.06 ppm for *H and at 21.0 ppm for 13C

Ri Ry R3 Rs Rs Rs Ry
1 H MeOHMeH OH H
2H H HHOHHH

Figure 5.5. Structures of palytoxin (1) and ostreocin-D (2). Reproduced with permission from Ukena et al. 2002, ©
John Wiley & Sons Limited.
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(positions C19 and C44) are substituted by protons, while an extra hyroxyl is present at C42. Ostre-
ocin-D was therefore deduced to be 42-hydroxy-3,26-didemethyl-19,44-dideoxypalytoxin (Usami
et al. 1995; Ukena et al. 2001), a structure that was also confirmed by using negative ion FABMS
(Ukena et al. 2002). It is noteworthy that the small structural differences between ostreocin-D and
palytoxin barely have an effect on the mouse lethality of the former [LD,, (i.p.): 0.75 and 0.50 pg/kg,
respectively], but cause significant reduction in cytotoxicity and haemolytic potency (Usami et al.
1995; Ukena et al. 2001).

Ostreopsis ovata
Origin, Distribution, and Toxin Production

Ostreopsis ovata is the smallest species in the genus Ostreopsis. Its presence has been reported in
numerous areas of the world such as the Pacific Ocean (Fukuyo 1981; Yasumoto et al. 1987), the
Caribbean Sea (Tindall et al. 1990), the Brazilian coasts in the Atlantic Ocean (Granéli et al. 2002),
and the Mediterranean Sea (Tognetto et al. 1995; Sansoni et al. 2003, Aligizaki et al. 2005; Penna
et al. 2005).

O. ovata from Okinawa, Japan, produced a butanol-soluble compound which was lethal to mice
(Nakajima et al. 1981); this was later confirmed by Yasumoto et al. (1987), who also detected slight
haemolytic activity in the O. ovata cell extracts. On the other hand, crude methanol extracts of
O. ovata from the Virgin Islands were found to be nontoxic to mice (Tindall et al. 1990). Summer
blooms of O. ovata in the Italian coasts have been connected to respiratory problems in swimmers
and sunbathers, most probably through inhalation of toxic aerosols (Sansoni et al. 2003; Simoni
et al. 2003, 2004); such problems could possibly arise from inhalation of a palytoxin-like substance
(Paddle 2003). Finally, extracts of O. ovata from Brazil and the Mediterranean Sea contained sub-
stances exhibiting strong delayed haemolysis, inhibited by ouabain, and mouse lethality with symp-
toms typical of palytoxin (Granéli et al. 2002; Riob0 et al. 2004; Penna et al. 2005).

Properties and Structure of O. ovata toxins

Availability of data regarding the chemistry of O. ovata toxins is rather limited. The extracts from all
tested strains of Ostreopsis ovata from Brazil and the Mediterranean Sea (Italy and Spain) exhibited
strong delayed hemolytic activity, which was neutralized by ouabain (Riob6 et al. 2004; Penna et al.
2005). Subsequent HPLC-UV analysis of the extract from one of the strains (O. ovata OSO06BR)
showed a peak at the same retention time (at minute 9) as the standard palytoxin from Palythoa
tuberculosa. UV spectrum of this peak exhibited two absorbance maxima, at 230 and 263 nm, indi-
cating the palytoxin-like character of the contained compound (Fig. 5.6a). MS spectrum of this char-
acteristic peak from the O. ovata extract was identical to that of the palytoxin standard showing a
positive ion spray with bi-charged ions with m/z 1346.7 and a fragment at m/z 327 from a thermic
fragmentation process (Fig. 5.6b). This m/z 327 fragment is characteristic of thermally fragmented
palytoxin (Uemura et al. 1985) and, combined with the m/z 1346.7 of the molecule, is evidence of
compounds structurally similar to palytoxin (Turquet et al. 2002).

Ostreopsis mascarenensis (Mascarenotoxin-1 and 2)
Origin, Distribution, and Toxin Production

Ostreopsis mascarenensis was first identified in shallow (2-5 m) barrier reef environments and
coral reefs in the Southwest Indian Ocean and is the largest species of the genus (Quod 1994;
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Figure 5.6. (a) Overlapped UV-photodiode array detector chromatograms of palytoxin standard and an extract of Ostre-
opsis ovata IEO-OSO6BR showing peaks at the same retention time (minute 9) with a similar UV spectrum shown in the
upper right window. (b) MS spectrum of palytoxin and an extract of O. ovata IEO-OS06BR showing bi-charged ion m/z
1346.7 and characteristic fragment m/z 327. Reproduced with permission from Penna et al. 2005, © Blackwell Publishing.

Hansen et al. 2001). This species was found in low numbers as an epiphyte on macroalgae (Turbina-
ria sp., Galaxaura sp.) and dead corals and sediments at Mayotte and Reunion Islands and in high
numbers at Rodrigues Island (Turquet et al. 1998). Crude methanol extracts of this species were
toxic to mice (Quod 1994; Turquet et al. 2002). During a monospecific bloom of O. mascarenensis
in 1996 in Rodrigues Island (Mascareignes Archipelago, Southwest Indian Ocean), both crude
methanol extracts (CME) and their polar n-butanol soluble fractions (BSF) were lethal to mice
(LD, ~ 0.9 mg/kg) with symptoms similar to those induced by palytoxin but without diarrhea. Both
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CME and BSF also exhibited the typical of palytoxin delayed haemolytic activity. Most of the mouse
toxicity and haemolytic potency were found in the BSF and subsequent analyses were carried out to
identify the nature of the toxic compounds (Turquet et al. 2002; Lenoir et al. 2004).

Mascarenotoxin-A and -B: Properties and Structure

The BSF was further analysed with HPLC-DAD and compared to reference palytoxin from P. toxica,
by using a mobile phase of water acidified to pH 2.5 with trifluoroacetic acid (solvent A) and pure
acetonitrile (solvent B). A linear gradient was applied from 30% to 70% of solvent B over 45 minutes.
The BSF HPLC screening revealed two distinct peaks, which were eluted at approximately 38%
acetonitrile with retention times very close to that of reference palytoxin. Both peaks also showed two
UV absorption maxima, at 233 and 263 nm, while the ratio between their absorbance (233 versus 263
nm) was identical to that calculated for reference palytoxin. The peaks were collected separately and
the toxic compounds purified from the BSF were called mascarenotoxin-A (McTx-A) and mas-
carenotoxin-B (McTx-B) (Lenoir et al. 2004).

Further analyses of both McTx-A and McTx-B in comparison to reference palytoxin were carried
out by nano-electrospray ionization quadrupole time-of-flight (nano-ESI-Q-TOF) and LC-ESI
MS/MS. McTx-A and McTx-B fragmentation patterns showed a serial dehydration process, indicat-
ing the presence of numerous hydroxyls. Furthermore, the fragment ion m/z = 327.2 was obtained
abundantly for both McTx-A and McTx-B by selecting the bi- and tri-charged ions. The same typical
fragment ion m/z = 327.2 was also detected in reference palytoxin (Lenoir et al. 2004), as described
before for Caribbean palytoxin (Uemura et al. 1985; Lau et al. 1995).

The MS profiles of McTx-A and McTx-B were both very similar to the respective profile of ref-
erence palytoxin, but the estimated molecular masses (between 2500-2535 Da) were lower than that
of reference palytoxin (2680 Da) or other palytoxins and ostreocin-D. Nevertheless, the MS profile
and fragmentation patterns of McTx-A and McTx-B together with mouse bioassay symptomatology
and delayed haemolytic activity confirm the palytoxin-like character of these compounds. Quantita-
tive differences in the hemolytic action and mouse lethality, as well as minor deviations in the MS
spectra and retention times, could be attributed to structural variations between mascarenotoxins and
the reference palytoxin (Lenoir et al. 2004). This is also supported by Usami et al. (1995), who
showed that small changes in the structure of palytoxin analogues can have an impact on mouse tox-
icity, haemolytic potency, and cytotoxicity.

Ostreopsis sp. have been suspected to be a source of palytoxin in cases of clupeotoxism
(Yasumoto 1998; Onuma et al. 1999), and the Southwest Indian Ocean is a known clupeotoxism
endemic zone (Hansen et al. 2001). It is therefore highly possible that O. mascarenensis, which is
largely distributed in the western Indian Ocean, is involved in regional clupeotoxism incidents.

Conclusion

Palytoxin is one of the most potent marine natural products known, and there is evidence that potential
production sources are species of the genus Ostreopsis. The relation between toxic Ostreopsis sp. pres-
ence and palytoxin seafood poisoning is suspected but has not to date been established for certain. Fur-
ther studies will be needed to elucidate the possibility of the Ostreopsis-derived palytoxin analogues to
enter the human food chain. Nevertheless, until this situation is clarified, vigilance is required regard-
ing this dinoflagellate species. Taking into consideration the fact that toxic Ostreopsis sp. are gradually
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starting to appear in large abundances in temperate waters all over the world, possibly due to the global
warming effect, it should be realized that both routine monitoring of these species and regulatory limits
for palytoxin and palytoxin-analogues will be required in susceptible areas.
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Palytoxin Origin

According to an ancient Hawaiian legend, in the Hana district on Maui lived a man who always
seemed to be busy planting and harvesting. Whenever the people in the neighborhood went fishing,
one of the group was missing upon their return. This went on for some time without the people having
any explanation about the disappearances. At last, the fishermen became suspicious of the man who
tended his humble patch. They grabbed him, tore off his clothes and discovered on his back the mouth
of a shark. They killed and burned him and threw the ashes into the sea. At the spot where this hap-
pened, the limu (seaweed) became toxic. The tide pool containing the poisonous limu subsequently
became kapu (sacred) to the Hawaiians. They would cover the limu with stones and were very secre-
tive about its location, believing that disaster would occur if anyone attempted to gather the toxic limu
(later identified as a soft coral, Palythoa toxica). This toxic moss was known as “limu make o Hana”
(deadly seaweed of Hana) and from this material, Professors Moore and. Scheuer, at the University of
Hawaii, extracted by ethanol a new substance they named palytoxin (Patockaa and Stredab 2002).

Moore and colleagues identified the organism producer of palytoxin as an animal of the Zoanthi-
dae family and assigned to the genus Palythoa (Moore and Scheuer 1971). In coral reefs of the
Caribbean Sea (Colombia), palytoxin has also been detected in zoanthid species of the genus Zoan-
thus, space competitors of Palythoa in the coral reefs (Gleibs et al. 1995). However, the origin of
palytoxin is still a matter of controversy. First, a bacterial origin was suggested by Moore et al.
(1982), however this has not yet been corroborated experimentally. Other suggested potential pro-
ducers were symbiotic algae (Nakamura et al. 1993). Recently, the dinoflagellate Ostreopsis sp has
been proposed as one of the biogenetic origins of palytoxin (Usami et al. 1995; Taniyama et al.
2003). Sequestration of palytoxin has been observed in crustaceans (Platypodiella sp.) living in
close association with Palythoa colonies and in polychaete worms (Hermodice carunculata) feeding
on the zoanthids. Resistance of marine animals to the toxin may enable it to enter food chains.

Pharmacological Targets of Palytoxin

The postulated mechanism of action of palytoxin is to bind to the mammalian Na-K-ATPase (or
sodium pump) and convert this enzyme into an open channel. However, the ubiquity of pumps and
channels in the living tissues and the high diversity of preparations used to study the mechanism of
action of palytoxin make it difficult to rule out the possibility that another site may be involved. In
this sense, recent evidences indicate that the Na-K-ATPase may not be the only target of the toxin. It
must be pointed out that the vast majority of work performed to test the mechanism of action of paly-
toxin had relied on the initial experiments indicating palytoxin binding to Na-K-ATPase (Bottinger
and Habermann 1984; Bottinger et al. 1986).
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This section will start with a short review of the functioning of the sodium pump and then examine
the main evidence supporting an action of the toxin in the sodium pump or in other cellular targets.

Mammalian Sodium Pump

The Na-K-ATPase or sodium pump is a transmembrane protein that transports three Na* out of the
cell and two K* in, using ATP hydrolysis as the driving force. The electrochemical gradient, estab-
lished by the Na-K-ATPase, is essential for the maintenance of cell homeostasis. This gradient also
drives many plasma membrane transport processes. The Na-K-ATPase is composed of two subunits:
the catalytic o subunit, which binds translocating cations and ATP; and the B subunit, which modu-
lates cation affinity and is necessary for the proper folding and translocation of the sodium pump to
the plasma membrane (Lingrel and Kuntzweiler 1994). To date, four « and three B isoforms have
been identified that exhibit 85% and 45% of sequence identity, respectively, and that show a tissue-
specific distribution and a developmentally regulated pattern of expression.

Biochemical evidence and transfection studies suggest that « and B isoforms can assemble in
different combinations and potentially form functional pumps. The sodium pump is specifically
inhibited by a series of naturally occurring steroids, such as ouabain (Hansen 1984). Based on their
clinical use, these substances are also referred to as cardiac glycosides or cardioactive steroids.
Cardiac glycoside sensitivity is conferred by the « subunit of the Na-K-ATPase, and this class of
drugs is used to treat congestive heart failure (Scheiner-Bobis and Schneider 1997).

Inhibition of the Na-K-ATPase activity alters the cation homeostasis of the cell. Failure of the
Na-K-ATPase raises intracellular Na*, which in turn increases the intracellular Ca?* concentration.
Recent advances in the understanding of the functioning of the Na-K-ATPase demonstrated that, in
this type of pump, transported ions approach their binding sites from one membrane surface,
become occluded within conformations in which the sites are inaccessible from either side of the
membrane, and are then deoccluded and released to the opposite membrane surface. This describes
an alternating-gate transport mechanism, in which the pump acts like an ion channel with two gates
that open and close alternately. The occluded states ensure that one gate closes before the other can
open, thus preventing ion fluxes that would undo the pump’s electrochemical work (Artigas and
Gadsby 2003).

The ion transport processes by the sodium pump comprise the following steps: In the presence of
ATP and Na*, the enzyme occludes Na* ions. When Na* is released to the extracellular space, K*
binds to extracellular sites. After this step, the enzyme becomes dephosphorilated and K* occluded
within the protein. Finally, high concentrations of ATP lead to deocclusion and release of K* into the
cytosol.

Palytoxin and the Mammalian Sodium Pump

In 1977, Weidmann exposed rabbit and dog muscles to an extract of partially purified palytoxin. He
found a decrease of the membrane potential and an increase of the rise time of the action potential,
while repolarization was shortened. These effects were reversible in a concentration-dependent man-
ner (Weidmann 1977). In 1982, Habermann and Chhatwall described that very low concentrations of
palytoxin (1 pM) raised the potassium permeability of rat, human, and sheep erythrocytes and the
sodium permeability of human erythrocytes. These effects of palytoxin in red blood cells were antago-
nized in a specific manner by the Na-K-ATPAse inhibitor ouabain (Habermann and Chhatwall 1982).
That the Na-K-ATPase is the target for palytoxin action was initially suggested from antagonism of
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palytoxin action by cardiotonic steroids such as ouabain and by K* ions (Habermann 1989). Several
experimental approaches have since confirmed that proposal. The first direct evidence indicating
that the Na-K-ATPase could be necessary for palytoxin action came from the work of Anner and
Moosmayer (1994), who showed that when the enzyme is incorporated into liposomes, ouabain
prevented the palytoxin induced K* efflux when the enzyme was ouabain sensitive (rabbit kidney) but
not when the enzyme was ouabain resistant (rat kidney).

The second approach exploited the fact that yeast cells do not express endogenous Na-K-ATPases
and by expressing both « and B subunits of the mammalian Na-K-ATPase in yeast palytoxin could
elicit ouabain-sensitive cation fluxes; however, palytoxin did not have this effect if the yeast expressed
either subunit alone (Scheiner-Bobis et al. 1994) nor if the 44 aminoacid residues of the carboxi-
terminal of the alpha subunit were deleted (Redondo et al. 1996). Moreover, because binding of
3 H-ouabain to intact yeast cells was inhibited by palytoxin, it was postulated that the truncated Na-K-
ATPase was expressed at the cell surface and could interact with either ligand, and it seemed that paly-
toxin opened a cation pathway within or in the vicinity of the Na-K-ATPase. But the catalytical
activity of the sodium pump was not essential since palytoxin still elicited ouabain-sensitive cation
fluxes in yeast expressing mutant sodium pumps in which the phosphate accepting residue Asp369 of
the « subunit was replaced by Ala (Scheiner-Bobis and Schneider 1997) and palytoxin also caused K*
efflux in yeast cells expressing a chimera in which the catalytic subunit of the sodium-pump was
replaced by that of the endoplasmatic reticulum Ca?*-ATPase (Artigas and Gadshy 2003).

The third approach used mammalian sodium pumps expressing the « 3 and 8 1 subunits synthe-
sized by in vitro translation in a cell-free expression system and then incorporated into a planar
phospholipid bilayer, where exposure to palytoxin elicited single-channel currents that had a con-
ductance of about 10 pS (Hirsh and Wu 1997).

In spite of the experimental evidence, the role of the Na-K-ATPase in the formation of the palytoxin
channel has not been clarified in detail. The recent advances in the understanding of the Na-K-ATPase
function have recently allowed Artigas and Gadsby (2003) to postulate that palytoxin could disrupt the
strict coupling between the pump’s inner and outer gates, allowing them to both be open. Thus, it is not
clear whether the palytoxin-sensitive channel is located within the enzyme and the step(s) in the normal
functioning of the pump(s) that are affected by palytoxin remain to be elucidated.

Possible Interaction of Palytoxin with Other Molecular Targets

Very few molecular targets other than the sodium pump have been evaluated to test palytoxin action,
although different studies indicate that the sodium pump may not be the only target of palytoxin.
A series of alternative sites of action for the toxin were also proposed. At least in excitable cells,
palytoxin induces the activity of a small conductance (9-25 pS), nonselective cationic channel that
then triggers secondary activations of voltage dependent Ca?* channels and of Na*™/Ca?" exchange.
This results in neurotransmitter release by nerve terminals and contractions of striated and smooth
muscle cells. Palytoxin-induced channels are blocked by amiloride derivatives such as 3,4 di-
chlorobenzamil. They are also blocked by ouabain but at concentrations higher than those required
to inhibit the Na-K-ATPase. A second and independent action of palytoxin is to open a membrane
conductive pathway for H* that causes H* influx inside the cells and secondarily activates Na*/H*
exchange activity. A third action of palytoxin in chick cardiomyocytes is to raise [Ca?*]c in a manner
independent of its depolarizing action or of its action on intracellular pH.

All these observations led Frelin and Van Renterghem to suggest that palytoxin probably has
more than one site of action in excitable cells and that it may act as an agonist for a family of
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low-conductance channels that conduct Na*/K*, H™ and Ca?* ions (Frelin and Van Renterghem
1995). The possibility of palytoxin acting as a channel forming cytolisin in mouse neuroblastoma
cells was also taken into consideration. In this preparation, palytoxin-induced channels were perme-
able to sodium and potassium and slightly permeable to calcium, choline, and tetramethylammo-
nium. They did not seem to be highly permeable to chloride or protons. The effect of palytoxin was
decreased when either external sodium was replaced by potassium or in the absence of calcium in
external and/or internal media. These observations led the authors to suggest that palytoxin appeared
to bind to a receptor molecule in the cell surface and the complexes between palytoxin and its recep-
tor could be internalized (Rouzaire-Dubois and Dubois 1990).

Among the other mechanism of action tested it was recently found that palytoxin caused K*
efflux in an hybrid between the Na-K-ATPAse and the H-K-ATPase, converting this enzyme into and
open channel (Farley et al. 2001). Furthermore, palytoxin stimulated a cation-dependent current in
rat distal and proximal colon in a concentration-dependent manner when applied to the mucosal sur-
face of the tissue whose apical membrane does not express Na-K-ATPase. The observation that the
palytoxin-induced current was blocked by vanadate but was resistant to ouabain supported the sug-
gestion that the toxin was able to convert a vanadate-sensitive H-K-ATPase into an electrogenic
cation transporter and, consequently, that the pore-forming action of palytoxin was not restricted to
Na-K-ATPase since it was also observed with the colonic H-K-ATPase (Scheiner-Bobis et al. 2002).
The toxin was also found to interfere with the sarcolemmal Ca?* pump in cardiac myocytes (Kock-
skamper et al. 2004).

Recent studies also found differences between the action of palytoxin and ouabain. Thus, the
toxin was able to produce K* loss in ouabain resistant cells, whereas ouabain inhibited the effect of
palytoxin in ouabain-sensitive cells but not in ouabain resistant cells (Artigas and Gadsby 2003). In
a very recent report, Artigas and Gasdby have described that palytoxin and ouabain can simultane-
ously occupy the same sodium pump, each destabilizing the binding of the other (Artigas and
Gadshy 2004), indicating that palytoxin and ouabain binding sites cannot be identical, but probably
these sites share some structural determinants for binding. Supporting this view and using a resonant
mirror optical biosensor, we have recently found a concentration-dependent binding of ouabain but
not binding of palytoxin to immobilized Na-K-ATPase isolated from porcine cerebral cortex and
dog kidney (Vale et al. 2006).

In conclusion, what seems clear to the moment is that normally low concentrations of palytoxin
are sufficient to produce a massive increase in the permeability of cells to cations. On the basis of
experimental evidence, palytoxin appears to bind to the Na-K-ATPase at the cell membrane, open up
a yet unidentified pathway for cations, and inhibit the sodium pump. Experiments with a truncated
« subunit of the sodium pump that can still bind palytoxin without allowing the formation of a chan-
nel, indicating that the palytoxin-induced channel is not formed between the palytoxin molecule and
the enzyme but rather within the protein of the sodium pump (Redondo et al. 1996). Whether the
high cytotoxicity of palytoxin is merely a consequence of its disruption of the ionic environment of
the cell remains to be elucidated.

Effects of Palytoxin in Primary Neuronal Cultures

The vast majority of work to study the action of palytoxin and its interaction with ouabain and other
inhibitors and agonists comes from work on red cells from diverse species. Red cells have been used
to study the action of palytoxin on cationic permeability since they have a lower number of Na*/H*
and Na*/Ca?* exchangers and of Ca?* activated K™ channels. We have recently started to investigate
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the effects of palytoxin on primary cultures of cerebellar granule cells (CGCs). Primary cultures of
CGCs contain mainly glutamatergic neurons and a small proportion of GABAergic neurons that
express functional ionotropic glutamate receptors and constitute one of the most reliable neuronal
models for the study of neural function and pathology (Schousboe et al. 1985; Sonnewald et al. 2004).
Cell calcium is thought to play a key role in mediating neuronal damage. Cytosolic Ca?* is elevated
during brain insults such us ischemia and exposure to neurotoxins (Nakamura et al. 1999; Berman
etal. 2002). In glutamatergic neurons, the [Ca™?]c is controlled by various transport mechanisms,
which include voltage-dependent calcium channels, Ca?" pumps, and Na*-Ca?* exchanger and cal-
cium influx through glutamate receptors. Although much is known about the cellular mechanisms of
action of palytoxin in several cell types, relatively little is known about how palytoxin affects the cen-
tral nervous system. The results presented in this section, using cultured cerebellar granule cells, were
designated to understand more fully the mechanisms by which palytoxin can alter cultured neurons.

In primary cultures of cerebellar granule cells palytoxin produced a concentration-dependent
depolarization of the cell membrane, as assessed with the membrane potential sensitive probe bis-
oxonol (Fig. 6.1). Significant differences between control and palytoxin-treated cells were found at
palytoxin concentrations equal or higher than 5 nM.

A primary action of palytoxin in excitable cells is to induce the activity of a small conductance,
nonselective cationic channel, which then triggers secondary activations of voltage dependent Ca2?*
channels and of Na*/Ca?* exchange (Frelin and Van Renterghem 1995). In primary cultures of CGC,
palytoxin induced a dose-dependent increase on [Ca?] . Fig. 6.2 shows the effect of 0.1, 1, 10, 25,
and 50 nM palytoxin on cytosolic calcium concentration in primary cultures of CGC. At 0.1 nM,
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Figure 6.1. Palytoxin-depolarized cerebellar granule neurons as assessed with the membrane potential probe
bis-oxonol.
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Figure 6.2. Effect of palytoxin on the cytosolic calcium concentration in cultured cerebellar neurons loaded with the
fluorescent calcium dye Fura 2-AM.

palytoxin did not modify [Ca?*] ; however, a significant increase on [Ca?*]_ was observed at paly-
toxin concentrations of 1 nM (p < 0.01 versus control), and this effect was maximal for palytoxin
concentrations of 10, 25, and 50 nM (p < 0.001 versus control). The effect of palytoxin on [Ca?*],
was immediate after addition of the toxin; palytoxin-induced calcium increase showed a typical
pattern characterized by an initial and fast calcium rise followed by a plateau phase. In the initial
calcium rise, palytoxin increased [Ca?*], from 50 to 700 nM, reaching a value of about 400 nM
[Ca?*]_ in the plateau phase.

Under depolarization, cerebellar neurons release glutamate that can activate calcium-permeable
glutamate receptor. The palytoxin-induced exocytotic synaptic vesicle release was measured in cul-
tured cerebellar granule cells by loading the cells with the fluorescent dye FM1-43 and monitoring
the fluorescence with total internal reflection fluorescence microscopy (TIRFM) imaging. This dye
stains membranes of recycled synaptic vesicles, and it is released during exocytosis increasing the
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fluorescence when synaptic vesicles fuse to the plasma membrane. Figs. 6.3A and 6.3B show
TIRFM images of FM1-43 fluorescence in control cells and in CGC exposed to 10 nM palytoxin.
Each neuronal cell body and neurite had several FM1-43 positive bouton-like spots near the plasma
membrane, which correspond to synaptic vesicles. While in control cells (Fig. 6.3A) the number of
the near-membrane fluorescent spots was constant during the recording, palytoxin increased the
number and fluorescence intensity of the spots near the plasma membrane immediately after its
addition to the cell culture (Fig. 6.3B). The bar graph in Fig. 6.3 shows the mean average fluores-
cence intensities of FM1-43 loaded cells in control and palytoxin-treated CGC. At 10 nM, palytoxin
significantly (p < 0.05) increased the membrane fluorescence intensities of FM1-43 loaded spots
very rapidly after its addition, indicating a strong effect of the toxin on the exocytotic release of neu-
rotransmitter. Released glutamate can exacerbate the cytotoxic effects of the toxin in cultured gluta-
matergic neurons.

In our experimental system, the calcium increase caused by palytoxin involved at least three
pathways: Na*-dependent activation of voltage-dependent sodium channels and voltage-dependent
calcium channels, reverse operation of the Na*/Ca?* exchanger and indirect activation of excitatory
amino acid receptors through glutamate release. The neuronal injury produced by the toxin could be
partly mediated by the palytoxin-induced overactivation of glutamate receptors, voltage-dependent
sodium and calcium channels, and the glutamate efflux into the extracellular space (Vale-Gonzalez
etal. 2006).
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Figure 6.3. Palytoxin increases glutamate release in cultured cerebellar neurons loaded with FM1-43. Fluorescence
was monitored with TIRFM imaging.
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During the investigation of the calcium entry pathways activated by palytoxin in cultured neurons,
we observed that the toxin caused a rapid intracellular acidification. Since pH plays a pivotal role in
signal transduction in several cell models, we have examined the effect of palytoxin on intracellular
pH. Previous studies have shown that palytoxin induces cell acidification in embryonic chick ventric-
ular cells (Frelin et al. 1990) and osteoblasts (Monroe and Tashjian 1995). In primary cultures of
CGC, palytoxin from 0.1 to 50 nM induced a dose-dependent intracellular acidification (Fig. 6.4). As
in the case of calcium increase induced by palytoxin, the pH; decrease was significant at palytoxin
concentrations as low as 1 nM (p < 0.01). Maximum intracellular acidification was observed for
palytoxin concentrations of 10, 25, and 50 nM (p < 0.001). At these concentrations, palytoxin
decreased pH; by 0.6 units. The effect of palytoxin on pH; was immediate after addition of the toxin.
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Figure 6.4. Intracellular acidification produced by palytoxin in cultured cerebellar neurons.
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In our experimental model, the palytoxin-induced cellular acidification was completely prevented
by inhibitors of the plasma-membrane calcium ATPase, including orthovanadate, lanthanum and an
extracellular pH of 8.5. Our results therefore indicate that the plasma-membrane calcium ATPase is
involved in the palytoxin-induced intracellular acidification in primary cultures of cerebellar granule
cells. We suggest that the increase in intracellular calcium evoked by palytoxin will activate the cal-
cium extrusion mechanisms through the calcium pump, which, in turn, will decrease intracellular
pH through countertransport of H* ions (Vale-Gonzalez et al. 2007).

Mitogenic Action of Palytoxin

Palytoxin is a potent tumor promoter in the mouse skin carcinogenesis model (Wattenberg et
al. 1989). The biochemical mechanism of action of palytoxin as a tumor promoter differs significantly
from that of the prototypical phorbol esters tumor promoters. In contrast to the skin tumor promoter
12-O-tetradecanoylphorbol-13-acetate (TPA), palytoxin does not activate protein kinase C or increase
ornithine decarboxilase activity in mouse skin (Fujiki et al. 1986). The biochemical mechanisms by
which palytoxin-stimulated signaling contributes to tumor promotion have not been established in
detail and it seems that they could depend on the experimental cellular model. The activation of signal
transduction pathways by palytoxin, at doses as low as 5-80 ng/kg in mice, may be a consequence of
the primary action of palytoxin altering the cation composition of the cells.

Mitogen-activated protein kinases (MAPKS) could play and important role in mediating the
distinct signal transduction pathways stimulated by palytoxin (Kuroki et al. 1996; Li and Wattenberg
1998). MAPKSs are a family of serine/threonine kinases that coordinate the transmission of various
types of signals to the nucleus (Schaeffer and Weber 1999). Once activated, MAPKs translocate from
the cytoplasm to the nucleus, phosphorylate specific transcription factors, and thereby modulate gene
expression (Karin et al. 1997). Extracellular signal/regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38 represent three major members of the MAPK family. Palytoxin predominantly stim-
ulates the activation of the stress-activated MAPKSs, JNK and p38, in cell types commonly used to
study signal transduction, including Swiss 3T3, COS7 and Hela (Kuroki et al. 1996; Li and Watten-
berg 1998). Treatment of Swiss 3T3 fibroblasts with palytoxin at doses as low as 0.1 nM results in
significant activation of JNK; this effect was dependent on extracellular sodium and mimicked by the
sodium ionophore gramicidin, suggesting that the sodium influx may play a key role in the activation
of JNK by palytoxin (Kuroki et al. 1996). Palytoxin potently inhibits protein synthesis in the concen-
tration range (0.1-0.3 nM) that leads to activation of the MAPKSs. This fact places palytoxin among
the most potent translational inhibitors and may account for its potent toxicity. The inhibition of
translation by palytoxin does not result from its direct binding to the translational apparatus.
Moreover, the substitution of Na* by K* in the extracellular media strongly inhibited the ability of
palytoxin both to inhibit protein translation and to activate SAPK/JNK1, whereas the substitution of
Na* by choline* did not. These results led the authors to suggest that palytoxin-induced efflux of
cellular K* mimics ribotoxic stress by provoking both translational inhibition and activation of pro-
tein kinases associated with cellular defense against stress (lordanov and Magun 1998).

Palytoxin Toxicity

In the first attempts to determine palytoxin toxicity, the crude ethanol extracts of the Palythoa toxica
proved to be so toxic that an accurate LD50 was difficult to determine. More recently, the toxicity
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has been determined to be about 50-100 ng/kg i.p. in mice (Patockaa and Stredab 2002). In dogs,
palytoxin at doses below 0.05 pg/kg i.v. caused a sustained rise in arterial pressure; at doses above
0.06 pg/kg i.v. it produced a transient rise in arterial pressure followed by rapid hypotension and
death within five minutes, suggesting that palytoxin exerts its toxic action through intense vaso-
constriction in the whole body, particularly in the coronary and renal vascular beds, and through
depression of the cardiac function (Ito, Urakawa, and Koike 1982). The toxin was equally cytotoxic
for normal human bronchial epithelial cells, a human lung tumor cell line, and human bronchial
epithelial cells immortalized by infection with adenovirus 12-SV40 hybrid virus (BEAS-2B cells).
Palytoxin did not induce a change in the free cytosolic Ca** concentration of BEAS-2B cells. At
doses as low as 1 pM, palytoxin increased the steady-state level of c-myc mMRNA in BEAS-2B cells
as well as the uptake of [*H]thymidine. The cytotoxic effects of palytoxin were also observed in an
ouabain-resistant cell line (Bonnard et al. 1988). Palytoxin toxicity to cultured human epidermal
cells was observed at very low concentrations of palytoxin, with 50% loss of colony-forming effi-
ciency observed at approximately 3 X 10712 M (Gabrielson et al. 1992).

In agreement with previous reports on palytoxin cytotoxicity, we have recently found that in cul-
tured cerebellar granule neurons palytoxin at 10 and 50 nM killed about 40% of cells after five min-
utes exposure of cultured neurons to the toxin as assessed with the MTT assay, while four hours
exposure of neuroblastoma cells to 1 nM palytoxin decreased cell viability by about 100% (Fig. 6.5).

Between October 30 and November 4, 2000, 11 persons were intoxicated due to ingestion of a
serranid fish Epinephelus sp. in Kochi Prefecture, Japan. Their symptoms included severe muscle
pain, low back pain, and discharge of black urine. The causative agent was identified as palytoxin on
the basis of delayed haemolytic activity, which was inhibited by an anti-palytoxin antibody and
ouabain (Taniyama et al. 2002). Although the toxic dose of palytoxin in humans could not be deter-
mined, extrapolation of the data available in animals will give a toxic dose in a human of about 4 pg.
This fact places palytoxin among the most toxic nonproteinic animal toxins known to date
(Taniyama et al. 2002); however, its mechanisms of toxicity remain to be elucidated.

Palytoxin Analogues from Ostreopsis spp.
Introduction

Marine dinoflagellates from Ostreopsis spp. are one of the biogenetic sources of palytoxin and its
potent analogues. These species are known to be widespread around the world and have consistently
been recorded in the tropical and subtropical areas through the Pacific, Atlantic, and Indian Oceans
(Fukuyo 1981; Bagnis et al. 1985; Carlson and Tindall 1985; Ballantine et al. 1988; Tindall et al. 1990;
Quod 1994; Faust 1995; Quod et al. 1995; Faust et al. 1996; Usup et al. 1997; Holmes et al. 1998). This
section provides an overview about origin, distribution, toxicity and pharmacological targets of the
palytoxin analogues produced by marine dinoflagellates belonging to the genus Ostreopsis.

Ostreocins
Origin and Distribution

Ostreopsis siamensis (Schmidt 1901), originally discovered in the Gulf of Siam (Thailand), was the
first species described within the genus Ostreopsis. This group includes mainly benthic and
epiphytic dinoflagellates (Steidinger and Tangen 1996), which were identified a few years ago as
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Figure 6.5. Cytotoxicity of palytoxin in cultured cerebellar mouse neurons and human neuroblastoma cells as
assessed with the MTT test.

producers of highly toxic palytoxin analogues, the ostreocins. In 1995, Usami et al. (1995) isolated
ostreocins from cultures of Ostreopsis siamensis (SOA1 strain) colleted at Aka Island, Okinawa,
Japan. The most important compound purified from these cultures was ostreocin-D which exhibited
an extremely high toxicity in mice when administered intraperitoneally (LD., 0.75 ug/kg). Other
insignificant ostreocins, different from palytoxin, were also detected in the chemical analysis. Fur-
ther work using the same strain of Ostreopsis siamensis allowed researchers to clarify the entire
structure of ostreocin-D (Ukena et al. 2001, 2002).

In New Zealand’s subtropical coastal waters Ostreopsis siamensis is frequently present as
epiphytic on seaweeds and planktonic in some occasions as well (Chang et al. 2000; Rhodes et
al. 2000). Since 1994, restrictions on the harvesting of oyster in Rangaunu Harbour, Northland,
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New Zealand, were imposed for considerable periods due to common occurrence of low levels of
unidentified lipid-soluble toxins. These toxins were detected by biotoxin regulatory tests in shellfish
collected in this very important commercial shellfish harvesting area. Studies on marine microflora
conducted over the period from November 1995 to April 1997 revealed that Ostreopsis spp. (O. sia-
mensis, O. lenticularis, and O. ovata) were the most common and widely distributed epiphytic
dinoflagellate species in northern New Zealand, being clearly Ostreopsis siamensis the dominant
specie in summer (Chang et al. 2000). However, the link between the lipid-soluble toxins detected in
shellfish from Rangaunu Harbour and the presence of Ostreopsis siamensis could not be established.
Further, low levels of a palytoxin-like material have been reported in extracts of oysters from this area.
This Ostreopsis siamensis toxin showed a higher toxicity to mice by intraperitoneal injection than by
oral administration without evident accumulative effect after repetitive sublethal doses (Briggs et al.
1998). It was also observed that acid treatment (PH 3) at 100°C can decrease the toxicity (unpub-
lished observation by Rhodes et al. 2000). Therefore, a reduction in the hazard of intoxication could
be possible by cooking the shellfish before consumption.

Toxicity

Toxicity tests (summarized in Table 6.1) on cultures of Ostreopsis siamensis isolates (Rhodes
et al. 2000), collected from Northland in New Zealand, showed that they were toxic to brine shrimps
(Artemia salina) and Killed mice by intraperitoneal injection. Likewise, cytotoxicity to neuroblas-
toma cells and irreversible suppression of cell firing in hippocampal rat brain slices was also
detected. It has reported that delayed hemolytic activity against mammalian erythrocytes in vitro is
characteristic of palytoxin and its analogues (Habermann et al. 1981; Beress et al. 1983; Mahnir
etal. 1992; Onuma et al. 1999; Lenoir et al. 2004). A sensitive palytoxin-selective assay using
hemolysis of erythrocytes with neutralization of hemolysis by the anti-palytoxin monoclonal anti-
body (method of Bignami 1993) revealed the presence of a biotoxin similar to palytoxin, although
neither this one nor ostreocin could be finally confirmed by high-performance liquid chromatogra-
phy. Based on the fact that this uncharacterized compound binds to the anti-palytoxin monoclonal
antibody, which is thought to react only with palytoxin or closely related compounds (Bignami et
al. 1992), this toxin must be another derivative of palytoxin (Rhodes et al. 2000).

It has been reported that the palytoxin group may cause fatal human intoxications from the inges-
tion of contaminated fish (Onuma et al. 1999; Taniyama et al. 2003). However, only few data are
known about the potential risks for human health through consumption of shellfish contaminated by
Ostreopsis spp. toxins. In 1998, a suspected case of human shellfish poisoning was associated with

Table 6.1. Evaluation of toxicity and toxin analyses conducted on Ostreopsis siamensis cells isolated from
Northland, New Zealand

Type of study Ostreopsis siamensis

Artemia salina assays 50% dead in 24 hours

Mouse bioassay Death 22 minutes (=2.0 X106 cells)

Neuroblastoma assay Cytotoxic (=4.5 X 108 cells)

Hippocampal brain slice assay Suppression of cell firing

Palytoxin hemolysis neutralization assay 0.3 pg cell palytoxin equivalents (isolated from Rangiputa)
HPLC palytoxin/ostreocin Negative

Source: Summarized from Rhodes et al. 2000
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wild mussels collected from Anson’s Bay, Tasmania. The incident led to further investigations show-
ing that Ostreopsis siamensis (which produced = 0.1 pg palytoxin equivalents cell 1) were usually
taken up by wild mussels (Mytilus edulis planulatus) from this place (Pearce et al. 2001). Recently, it
has been observed that Pacific oyster (Crassostrea gigas) and scallops (Pecten novaezealandiae) fed
under laboratory conditions with 8.6 X 10® Ostreopsis siamensis cells from Northland (Rangiputa),
New Zealand, containing 0.3 pg palytoxin equivalents cell 1, accumulated palytoxin-like material in
a different manner (Rhodes et al. 2002). In fact, oysters (from Rabbit Island, Nelson) contained some
amounts of toxin in hepatopancreas, muscle, and roe, while higher concentrations, only in the
hepatopancreas, were present in scallops (from Tasmania Bay). The presence of palytoxin-like com-
pounds in the hepatopancreas of scallops has suggested the extraction of this organ in seafood for
human consumption. It could be a risk that considerable amounts of Ostreopsis siamensis toxins
were accumulated in the hepatopancreas during blooms of this dinoflagellate. Interestingly, the same
study carried out with mussels (Perna canaliculus from farms in Marlborough Sounds) did not
reveal the presence of toxins in any of tested parts (muscle, roe, and hepatopancreas). Two explana-
tions have been suggested for this finding: (1) The shellfish did not incorporate the toxin, or (2) the
toxin was taken up and transformed further in an undetectable compound with or without toxicity.

Although Ostreopsis siamensis is typical of tropical and subtropical environments, its distribu-
tion is not restricted to these areas. It is present in temperate water as well. In this sense, several
works have reported its occurrence in the Mediterranean Sea (Taylor 1979; Mamaén et al. 2000; Vila
etal. 2001a, 2001b). The palytoxin-like activity in Ostreopsis siamensis Mediterranean extracts was
reported for first time by Riobo et al. (2004). Recent characterization of isolates belonging to the
genus Ostreopsis from the western Mediterranean Sea have identified Ostreopsis siamensis as one of
the major clades in this area (Penna et al. 2005). Toxicity tests on several Mediterranean algal
extracts (from Italy and Spain) based on checking the delayed hemolysis of human erythrocytes with
inhibition by ouabain (Habermann and Chhatwal 1982) resulted positive, indicating the presence of
palytoxin-like material in these isolates. Other studies using also Mediterranean strains of Ostreop-
sis siamensis showed toxicity in mouse bioassays, delayed hemolytic activity, and chromatographic
properties with similar characteristics to palytoxin (Riobo et al. 2003). More information is neces-
sary on incidence of Ostreopsis siamensis toxins in the waters of the Mediterranean Sea and on its
magnitude for damaging the human health through seafood.

Pharmacological Targets

Recently, Botana’s group has published the first data about the biological activity of ostreocin-D (Ares
et al. 2005). The effect of ostreocin-D and palytoxin to the cytoskeleton was investigated on isolated
rabbit intestinal cells where the filamentous actin was specifically labeled with a fluorescent marker.
Fluorescence quantification was obtained through laser-scanning cytometry, while confocal
microscopy was using for recording images. Interestingly, using the same concentration in two cases
(75 nM), ostreocin-D showed a behavior very similar to palytoxin. Both toxins decreased the filamen-
tous actin of enterocytes in a way that did not affect the shape of cells (Fig. 6.6). In eukaryotic cells,
the cytoskeleton is closely associated with signal transduction and other regulatory systems (Smith et
al. 1991; Zigmond 1996; Schmidt and Hall 1998; Salmon and Way 1999; Sotiropoulos et al. 1999;
Kamal and Goldstein 2000; Gourlay and Ayscough 2005), which makes this structure an important
target for many toxic agents (Richard et al. 1999; Spector et al. 1999; Leira et al. 2001). Taking into
account the relation reported between Ca?* and the modifications on cytoskeleton (Fifkova 1985;
Yin 1987; Furukawa and Mattson 1995), the role of this second messenger in these effects was also
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Figure 6.6. Visualization with confocal microscopy of actin filaments of rabbit intestinal cells loaded with Oregon
Green Phalloidin. Images show control (left position) and enterocytes incubated for 4 hours with palytoxin (central
position) or ostreocin-D (right position). Reproduced with permission from Ares et al. 2005.

evaluated (Ares et al. 2005). In this sense, the effect of ostreocin-D and palytoxin on actin cytoskele-
ton was partially dependent of Ca?* influx (it was almost half reduced when this cation was not pres-
ent in extracellular medium) (Table 6.2). The comparable outcome of these toxins on actin filaments
has led us to think that ostreocin-D and palytoxin have similar targets in intestinal cells.

Botana and collaborators also evaluated the effect of ostreocin-D and palytoxin in an excitable cel-
lular model (human neuroblastoma cells). Both toxins caused an important loss of filamentous actin
associated to morphological alterations (Fig. 6.7). In neuroblastoma cells, the variation of ion fluxes
caused by ostreocin-D and palytoxin was studied by using the membrane potential sensitive probe
bis-oxonol and the Ca?* sensitive dyes fluo-3 and fura red. Ostreocin-D modifies the membrane
potential, causing depolarization, although more slight than that produced by palytoxin (Fig. 6.8a).



Table 6.2. Percentage of reduction of filamentous actin evoked by ostreocin-D
and palytoxin following 4 hours of incubation

Condition Ostreocin-D Palytoxin
Ca*?-containing medium 47%+6.8% 52%+4.4%
Ca*2-free medium 25%+3.2% 26%+6.3%

Source: Data extracted from Ares et al. 2005
Note: Cellular model was intestinal cells. The actin filaments specific fluorescent marker,

Oregon green phalloidin, detected with laser-scanning cytometry allowed to quantify the
microfilaments in rabbit intestinal cells

Figure 6.7. Transmission images of human neuroblastoma cells obtained with confocal microscopy showing the

morphological alterations induced by palytoxin (center) and ostreocin-D (right) after 4 hours incubation. Normal cells
are at left.
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In addition, it triggered the increasing of cytosolic Ca?* level (Fig. 6.8b) in a not very different way to
palytoxin. Therefore, these data together to those obtained in intestinal cells could indicate that both
toxins share the same targets.

Mascarenotoxins
Origin and Distribution

Two new palytoxin analogues from another species of Ostreopsis, Ostreopsis mascarenensis (Quod
1994), have been identified in the Indian Ocean. The dinoflagellate producer was originally discov-
ered in the Mascareignes Archipelago (Southwest Indian Ocean), where it is widely spread (Quod
1994; Turquet et al. 1998; Hansen et al. 2001). It is commonly associated with shallow barrier reef
environments and coral reefs or as epiphytes on macroalgae. The toxins produced by this species
have been already reported (Quod 1994; Turquet et al. 2002); however, these compounds had not
been well characterized so far.

Toxicity

High quantities of Ostreopsis mascarenensis cells from a monospecific outbreak occurred in
Rodrigues Island (Mascareignes Archipelago, March 1996) were collected and their extracts checked
for detecting potential toxic activity (Turquet et al. 2002; Lenoir et al. 2004). Evaluation of toxicity in
vivo using the mouse bioassay indicated the presence of neurotoxic compounds in the polar
n-butanol-soluble fraction extracted from Ostreopsis mascarenensis. Symptoms such as prostration,
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Figure 6.8. (a) Depolarization registered in neuroblastoma cells loaded with bis-oxonol after 350 seconds of expo-
sition to palytoxin or ostreocin-D. (b) Comparative cytosolic calcium increase induced by palytoxin or
ostreocin-D in neuroblastoma cells at 350 seconds of exposition to the toxins. Ratio of fluorescent dyes Fluo 3 and
Fura red, which bind to Ca?* free, was measured through confocal microscopy.
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paralysis, or dyspnea between others and finally death in a short time (20 minutes) were observed
after intraperitoneal injection in mice. However, this study did not find the diarrhoeic effect associated
to palytoxin, although the most of symptoms were comparable to those reported in previous investiga-
tions (Moore and Scheuer 1971; Vick and Wiles 1975; Habermann et al. 1981).

The toxic compounds purified from the polar n-butanol-soluble fraction were called mascareno-
toxin-A (McTx-A) and mascarenotoxin-B (McTx-B), and the estimation of their masses (around
2500-2535 daltons) showed to be lower than palytoxin isolated from Palythoa toxica or ostreocin-D
from Ostreopsis siamensis, although the implication of this fact is unknown. On the other hand, the
hemolytic potency of McTx-B in the assays for delayed hemolysis (typical of palytoxin and its ana-
logues; Habermann et al. 1981) on mouse erythrocytes was higher than McTx-A. However, both
activities were lower than that for the Pacific palytoxin (obtained from Palythoa toxica) used as the
reference for these assays (Lenoir et al. 2004). Authors suggested that these differences in the
hemolytic action could be attributed to small variations in the structure existing between mascareno-
toxins and the reference palytoxin. In any case, further investigations leading to elucidate the molec-
ular structure of these palytoxin analogues are required. Likewise, information on its capacity for
entry in the food chain as well as on biological targets of mascarenotoxins has not been available.

It is known that clupeotoxism is a form of highly fatal human poisoning associated with clupeoid
fishes contaminated with palytoxin (Onuma et al. 1999). In recent years, palytoxin analogues were
implicated in mortalities associated with ingestion of this type of fishes occurred in southwestern
Indian Ocean (Yasumoto 1998, Hansen et al. 2001), a clupeotoxism endemic area where Ostreopsis
mascarenensis is highly distributed. This fact associated with confirmation of palytoxin analogues
production by this species has suggested to Ostreopsis mascarenensis as a possible origin of paly-
toxin poisoning in this region.

Another Potential Palytoxin Analogues from Ostreopsis ovata
Origin and Distribution

Populations of Ostreopsis ovata (Fukuyo 1981), the smaller of members within of genus Ostreopsis,
are usually found in protected, inshore regions from the tropical Pacific Ocean (Fukuyo 1981;
Yasumoto et al. 1987; Quod 1994), the Caribbean Sea (Carlson and Tindall 1985), and the Tyrrhen-
ian Sea (Tognetto et al. 1995). Unfortunately, only little information was available until now about
the toxic compounds produced by this species, but they are suspected to be related with palytoxins.
Likewise, its poisonous potential for health human is also unknown.

Toxicity

In 1998, alterations on exoskeleton accompanied by high mortality in the marine invertebrate
Equinometra lucunter were registered in southeastern Brazil (coastline of Cabo Frio), coinciding
with an outbreak of a benthic dinoflagellate, which was reported as belonging to Prorocentrum sp.
(Odebrecht 2002). However, in a study on a further bloom in the same area (2001-2002) the dinofla-
gellate responsible was confirmed to be Ostreopsis ovata. Toxicological studies of algal extracts
from this occurrence revealed the existence of molecules with a slow hemolytic activity and that
were fatal to Artemia salina and mice (Table 6.3). Moreover, chemical analyses on chromatographic
properties and UV absorption maxima of a partially purified sample of this dinoflagellate displayed
characteristics that resemble those attributed to the palytoxin group. In sum, all the observations
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Table 6.3. Toxicity test carried out on Ostreopsis ovata extracts collected in southern east Brazil coast

Toxicity Quantity of Ostreopsis ovata cells
Fatal to mouse (80 minutes) 5000
Hemolytic action on rabbit blood cells after 4 hours 100
Death in Artemia salina (100%) 125

Source: From Granéli et al. 2002.

have suggested that toxins produced by Ostreopsis ovata could be ostreocin or palytoxin analogues,
although their structure remains to be determined (Granéli et al. 2002).

During the last few years, blooms of the dinoflagellate Ostreopsis ovata have become a growing
problem in the Mediterranean region. Studies on the reefs of the Tuscany coast (Massa and Livorno),
Italy, have showed that this dinoflagellate rapidly colonizes the macroalgae of the natural and artifi-
cial reefs in late spring and in summer (when temperature rises 20°C-25°C) (Simoni et al. 2003,
2004). In fact, it has been observed that Ostreopsis ovata density increases enormously fast in sum-
mer; however, its reduction and apparent absence in autumn-winter is gradual. This dinoflagellate
could produce resistant forms at lower temperatures, which would activate in summer as occurs with
Ostreopsis siamensis (Pearce et al. 2001). With regard to toxicological analysis, tests conducted on
Artemia salina displayed an important association between mortality occuring in crustaceans after
24 hours and the number of Ostreopsis ovata in extracts of macroalgae from reefs (65%-100%
death in ranges of 542 to 906 of dinoflagellate cells mL~1) (Simoni et al. 2004). Ostreopsis ovata
have also been found on the islands of the Tuscany archipelago such as Elba and Sicily; however, this
species seems to be absent in the northern Adriatic Sea (Simoni et al. 2003).

Within of genus Ostreopsis, Ostreopsis ovata together with Ostreopsis siamensis, constitute the
principal clades in the western Mediterranean Sea. Comparative phylogenetic analyses between
Ostreopsis ovata cells from different localities (Mediterranean Sea, West Atlantic, and Asia) have
showed a high genetic diversity between the western Mediterranean and Asian isolates, which has
led us to think both types developed independently over time. In this study, the existence of palytox-
ins in the Mediterranean (from Italy and Spain) Ostreopsis ovata algal extracts was detected through
assays for delayed hemolytic action with neutralization by ouabain, two criteria associated with the
presence of palytoxin (Penna et al. 2005). Ostreopsis ovata isolates from the western Atlantic
(Brazil) tested in the same investigation were affirmatives in the hemolysis assays; in addition,
mouse bioassay and the liquid chromatography analysis together with mass spectrometry give strong
evidence of palytoxin-like compounds (Riob6 et al., 2003, Rioh6 et al., 2004, Penna et al., 2005).
Likewise, more work carried out with isolates also from the Mediterranean revealed an effect in
mice (by intraperitoneal injection) as well as chromatographic profiles comparable to those obtained
with palytoxin (Riob6 et al. 2003).

From 1998 to 2001, summer blooms of Otreopsis ovata that occurred on the shoreline of Massa-
Carrara (Tuscany, ltaly) led to major consequences in the common biocenosis, causing massive
mortalities between marine invertebrates and macroalgae populations. Likewise, these algal outbreaks
have been also related to human malaises. In 1998, in the region inland from the bloom-affected zone,
a hundred people reported symptoms such as irritation of the upper respiratory tract, coughing,
muscular and articular pains, and even fever in some cases. The symptoms were evident at 2-3 hours
following exposure to the marine aerosol and apparently disappeared in 12 hours, coming back as a
product of new inhalations. The number of cases was lower in blooms of Ostreopsis ovata that occurred
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in 2000-2001. This symptomatology was associated with the breathing of sea spray aerosol, given that
a great percentage of the people affected had not dipped in these waters (Sansoni et al. 2003). Interest-
ingly, human disturbances caused by inhalation of toxic agents through marine aerosols had been only
reported for Gymnodinium breve (Hemmert 1975; Pierce 1986; Pierce et al. 1990; Backer et al. 2005).
Related to this, a study carried out on further blooms of toxic dinoflagellates of genus Ostreopsis that
occurred in the Bari coast (2003—-2004, Italy) indicated a high relationship between this phenomenon
and the human malaises observed (Gallitelli et al. 2005).

In July 2005, the Regional Environmental Protection Agency of Liguria, Italy, detected a new
outbreak of Ostreopsis ovata on the coast of Genoa, which has been linked to human disturbances.
Several kilometers of beach in this area were closed for a time because around 150 people presented
symptoms including nausea and diarrhea, breathing difficulties, and fever. This phenomenon was
evident in both swimmers and sunbathers who did not swim, which has suggested once again that
the poison could be carried in the air.

Pharmacological Data

A sample purified of an Ostreopsis ovata extract was lately assayed on actin cytoskeleton of isolated
rabbit intestinal cells by Botana’s group. The measure of a fluorescent dye bound specifically to actin
filaments (Oregon green 514-phalloidin) showed that Ostreopsis ovata toxin also interfered the
cytoskeleton as occurred in the two previous cases (Table 6.4). In addition, activity on membrane
potential of neuroblastoma cells was studied through the fluorescent probe bis-oxonol. The purified
extract displayed a depolarizing effect (the value of relative fluorescence obtained at 350 seconds for
cells exposed to the sample was 1.49 + 0.12 versus control) also similar to palytoxin and ostreocin-D.
Therefore, although these studies only shed very preliminary information about the toxic compound
produced by Ostreopsis ovata, they appear to point out some link between its cellular targets and
those identified for palytoxin and ostreocin-D in these studies.

Table 6.4. Biological activity of a sample purified of Ostreopsis ovata on actin cytoskeleton of rabbit enterocytes

Parameter Control Sample

% Filamentous actin 100% Reduction of 53%+3.1%

Fluorescence images of filamentous actin

Note: Cellular model was intestinal cells. The techniques employed for actin studies were laser-scanning cytometry and
confocal microscopy
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Introduction

Anatoxin-a is a naturally occurring neurotoxic alkaloid, produced by several strains of cyanobacte-
ria. Originally, the species, Anabaena flos aquae, was the source of the toxin, which was conse-
quently named anatoxin-a. Since its isolation (Devlin et al. 1977) and characterisation as a
(1R,6R)-2-acetyl-9-azabicyclo[4.2.1]nonane (Huber et al. 1972; Koskinen and Rapoport 1985) in
the 1970s, anatoxin-a (1; Fig. 7.1A) has stimulated the scientific community worldwide. While syn-
thetic chemists devised methods for the construction of the novel 9-azabicyclo[4.2.1]nonane ring
system, medicinal chemists were intrigued by its powerful biological activity.

Anatoxin-a mimics the neurotransmitter acetylcholine (Fig. 7.1B), but owing to its resistance to
degradation by the enzyme acetylcholine esterase (Carmichael et al. 1975; Spivak et al. 1980), anatoxin-
a remains available in the organism to overstimulate muscle tissue, resulting in respiratory paralysis and
ultimately death. (+)-Anatoxin-a is approximately 50 times more potent than (—)-nicotine (Fig. 7.1C)
and about 20 times more potent than acetylcholine. This makes it one of the most potent agonist of
nicotinic acetylcholine receptors (NAChRS) (Devlin et al. 1977; Thomas et al. 1993). However, despite
its poisonous nature, anatoxin-a has become a useful pharmacological probe, providing information for
elucidating the mechanism of acetylcholine-mediated neurotransmission and the disease states associ-
ated with abnormalities in this important signalling pathway. As acetylcholine deficiency is implicated
in disease states such as Alzheimer’s, muscular dystrophy, Myastenia gravis, and Parkinson’s, it is hoped
that analogues of anatoxin-a, possessing lower levels of toxicity, may be used as acetylcholine replace-
ments in the treatment of brain disorders (Breining 2004).

Until recently, anatoxin-a was the only naturally occurring alkaloid possessing the 9-azabicy-
clo[4.2.1]nonane ring skeleton, in contrast with the many examples of the similar 8-azabicy-
clo[3.2.1]octane ring systems found in the diverse and widely distributed atropine alkaloids (i.e.,
ferruginine and cocaine). As a result of the combination of its biological potency and its rare structure,

A) B) C)
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Figure 7.1. Structure and stereochemistry of (A) (+)-anatoxin-a, (B) acetylcholine, (C) nicotine (R = CH,) and
nornicotine (R = H).
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it is an attractive synthetic target, leading to numerous racemic and chiral syntheses (Mansell 1996).
Construction of the aforementioned ring system and introduction of the methyl ketone at the correct
oxidation level has proved to be the major challenges in this regard. There are many different
approaches to anatoxin-a synthesis, and most of these can be classified into the synthetic strategies,
named according to the methodology used in a crucial step as outlined below. Other isolated strategies
were developed as well by the Parson (Parson et al. 1995, 1996, 2000; Forr6 et al. 2001), Tufariello
(Tufariello et al. 1984, 1985), and Gallagher (Vernon and Gallagher, 1987; Huby et al. 1991) groups.
A brief explanation of each synthetic approach is presented in approximately chronological order of
development:

 Cyclic expansion of tropanes

 Cyclization of cyclooctenes

Enantioselelective enolisation strategy

Intramolecular cyclization of iminium ions

* Enyne metathesis

Other synthetic approaches to anatoxin-a and analogues

Synthesis of Anatoxin-a via Cyclic Expansion of Tropanes

One synthetic approach to prepare an optically pure molecule is to use a starting material from the
“chiral pool,” a compound that is easily accessible, normally a natural product, with the same stereo-
chemical configuration as the target product.

The first synthesis of anatoxin-a was achieved using (—)-cocaine (2; Scheme 7.1) as the starting
material (Campbell et al. 1977). Cocaine was selected since its absolute configuration is coincident
with anatoxin-a stereochemistry (Hardegger and Ott 1955). To achieve the basic homotropane struc-
ture of anatoxin-a, cocaine was converted into the cyclopropane 3, which was obtained as a mixture
of endo/exo isomers in proportion 65:35, respectively (Zirkle et al. 1962; Corey and Chaykovky,
1962). The ring expansion of the endo-cyclopropane isomer constituted the crucial step of this syn-
thesis (Scheme 7.1) and was achieved by photolytic cleavage to give the «,B-unsaturated ketone 4 in
46% vyield (Pitts and Norman 1954; Winter and Lindauer 1967; Dauben et al. 1969). After N-
demethylation of this ketone using diethyl azodicarboxylate (DEAD) (Smissman and Makriyannis
1973), (+)-anatoxin-a was obtained, but the overall yield was rather low.

A recent improvement in the synthesis starting from (—)-cocaine was reported by Seitz and co-work-
ers (Wegge et al. 2000) (Scheme 7.2). Initially, cocaine was transformed into the (+)-2-tropinone in
two high-yielding steps (Zhang et al. 1997); this was treated with ethyl chloroformate, affording the N-
protected bicyclic ketone 7 in 57% overall yield. A ring enlargement with the incorporation of the meth-
ylene group exclusively at the less hindered side was achieved using trimethylsilyldiazomethane

Me
Me\ d o Mq O
N N a N b,c
NOQCH:% — —_— { — = (#)1
OCOPh
2 3-endo (1R)-4

Scheme 7.1.  Ring expansion of (—)-cocaine. (a) hv, H,0, 46%. (b) DEAD, Benzene, A. (c) dil. HCI, A.
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Scheme 7.2. Ring expansion of (—)-cocaine. (a) TMSCHN,, A(CH,);, 94%. (b) CF,CO,/H,0, 94%. (c) KHMDS,
toluene, —78°C. (d) 2-N\(Tf,)-5-chloro-pyridine, 67%. (e) CH, = CH-OEt, Pd(OAC),, Et;N, DMSO.

(TMSCHN,) and an organoaluminium Lewis acid (Podlech 1998; Yang et al. 1998). The ring expansion
of the tropinone 7 gave the trimethysilyl enol ether 8 in 94% yield (overall yield 53%), the first key step
in this synthesis.

To get the methyl ketone side chain, 6 was transformed into the triflate 8 (Comins and Deghani
1992; Luker et al. 1997), which under Heck conditions (Andersson and Hallberg 1989) gave the
2-ethoxydiene 9. The hydrolysis of 9 afforded the «,B-unsaturated ketone moiety, establishing the
second key step in this synthesis. N-deprotection with iodotrimethylsilane (Me,Sil) in chloroform
generated the natural (+)-anatoxin-a as the free base after treatment with sodium methoxide in
methanol (26% overall yield starting from cocaine).

An important advantage of this approach is that it provides the versatile intermediates ketone 7
and enol triflate 8, which should allow access to various anatoxin analogues (Wright et al. 1997).
This group applied their methodology using confiscated grade (—)-cocaine hydrochloride as the
starting material.

Synthesis of Anatoxin via Cyclization of Cyclooctenes

One of the most popular methods for creating the anatoxin-a skeleton is by transannular cyclization
of a suitably substituted cyclooctene. This approach was used in the first synthesis of racemic ana-
toxin-a (Campbell et al. 1979). They carried out two different methodologies in order to reach the
9-azabicyclo[4.2.1]nonane structure (Scheme 7.3). The 1,5-cyclooctadiene (10) starting compound
was transformed into the methyl amine 11 which was treated with hypobromous acid to produce the
desired bicycle 12 as a mixture of diastereoisomers in 29% overall yield, with some amount of the
azabicyclo[3.2.1] analogue (Bastable et al. 1972).

The aminoalcohol 13 was also used to generate the anatoxin-a skeleton. The cyclization step was
achieved using mercuric (I1) acetate (Barrelle and Apparu, 1976, 1977), followed by reduction with
sodium borohydride in basic media giving the desired bicycle 12 with some traces of the azabi-
cyclico[3.2.1]nonane (33% overall yield). The common intermediate 12 was oxidised to the racemic
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Scheme 7.3. Cydlisation of aminocyclooctenes. (a) 11, NBS, HCIO,, dimethylether, H,0, 82%. (b) 13, Hg(OAc),,
THF. (c) NaBH,, NaOH, H,0, quant. (d) CrO,, H,S0,, acetone, AcOH, 52%. (e) chloroethyl phenyl sulfoxide, LDA, THF,
—78°C, 90%. (f) KOBu, THF, —20°C, 69%. (g) Benzene, A, 41%.
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Scheme 7.4. (a) CrO,, H,SO,, acetone, 49%. (b) ag. MeNH,, TsOH, 100°C, 82%. (C) HBr-Py-Br2, AcOH, 115°C,
56%. (d) NaNH, (Et0), P(O) CH (CH,) CN, THF, 20°C, 64%. (e) LDA, THF/HMPA, O,. (f) Na,SO,, H,0. (g) NaOH, H,0,
43% (Overall the last three steps)

ketone 14. This ketone was transformed into the epoxysulfoxide 15 (Johczyk et al. 1975) and by
thermal rearrangement (Reutrakul and Kanghae 1977) afforded the «,3-ketone 4 as a predominant
product. Eventually, the deprotection of the N-methyl group using oxidation by ethyl azodicarboxy-
late (DEAD) followed by acid hydrolysis provided the (*)-anatoxin-a as its hydrochloride salt in
35% yield (last two steps).

Wiseman and Lee (1986) also reached the ketone 14 by a route involving the cyclization of 1,5-
cyclooctanediol (16; Scheme 7.4). This transformation involved the Jones oxidation of 16 to give
the hemiketal 17, which was transformed into the 9-methyl-9-azabicycle[3.3.1]Jnonan-1-ol 18 by
treatment with methylamine, followed by addition of sulphuric acid (Quinn et al. 1973). This skele-
ton was reconverted into the 9-azabicyclo[4.2.1]nonane by bromination-reorganisation with pyri-
dinium bromide perbromide in hot acetic acid in one direct step (Stjernlof et al. 1989). This
constitutes the key step of this synthesis, affording the ketone 14 in 56% yield.



Chemistry of Cyanobacterial Neurotoxins—Anatoxin-a: Synthetic Approaches 123

The conversion of amino ketone 14 into N-methyl anatoxin (4) was accomplished through the
intermediate enonitrile 19 (D’Incan and Seyden-Penne 1975; Wroble and Watt 1976). N-Demethyla-
tion was achieved before with diethyl azodicarboxylate (Campbell et al. 1979); thus, this completed
the synthesis of racemic anatoxin-a.

Subsequently, alternative methods were developed by Stjernléf and co-workers for introducing the
acyl moiety and different sidechains in the ketone intermediate 14 (Lindgren et al. 1987; Stjernlof
et al. 1989; Ferguson et al. 1995), which was achieved using the Campbell synthesis (Campbell et al.
1979). The resolution of 14 was performed by traditional diastereomeric crystallisation of its (+)- and
(—)-dibenzoyltartaric acid salts from ethanol (Stjernlof et al. 1989). This allowed the syntheses of
both (—)- and (+)-anatoxin-a in 96% ee, respectively, as they could prove later in a different conver-
sion of 14 into anatoxin-a (Ferguson et al. 1995).

Another different approach to derive the anatoxin-a skeleton involved the disrotatory electro-
cyclic dibromocyclopropane cleavage as the key step (Danheiser et al. 1985) (20; Scheme 7.5). The
gem-dibromocyclopropanes are usually implicated in thermal- or silver (1)-promoted electrocyclic
ring-cleavage to give w-allyl cations (Marvell 1980), which can be trapped in an inter- or intra-molecular
fashion (Banwell and Reum, 1991), by different nucleophiles. The intramolecular trapping processes
generate new polycyclic compounds that posses a cycloalkenylbromide moiety (23).

The gem-dibromocyclopropanes are generally readily prepared via addition of dibromocarbene to
the corresponding cycloalkene (Seyferth 1972). In this case, 4-cycloheptenone gave the key intermedi-
ate, dibromobicyclo[5.2.1]octane 20, in 67% yield (Stork and Ladesman 1956; Borch and Ho 1977).
The required azabicyclic structure was achieved in a two-step process. The amine 20 was transformed
into its tosylate salt prior to initiating the electrophylic cleavage with silver tosylate to produce the
trans-cyclooctenes 21. Photoisomerisation of the trans-double bond to cis-conformation (22) and
transannular cyclization in a single operation gave the azabicyclononene 23. The strategy of the last
stage was to reprotect 23 with ‘Boc and to generate the organolithium derivative with tert-butyl lithium
(interchange bromide-lithium), which reacted with N-methoxy-N-methylamide (Nahm and Weinreb
1981), as an acylating agent, to furnish the N-'Boc anatoxin-a. Finally, deprotection with trifluoroacetic
acid and treatment with chlorhydric acid afforded the (*)-anatoxin-a as its hydrochloride salt. This
racemic synthesis of anatoxin-a was achieved in seven steps (17% overall yield) and could be carried
out in a gram scale.

Intramolecular aminocarbonylation (Chiou et al. 2005) was used in the synthesis of anatoxin-a by
the Ham group. The key step involved an intramolecular palladium catalyzed aminocarbonylation
reaction to reach the bicyclic ring skeleton characteristic of anatoxin-a (Oh et al. 1998) (Scheme 7.6).

The key intermediate 25 for the cyclization step was obtained from the ketone 24 in 27% overall
yield (Bastable et al. 1972). The regiochemistry toward azabicyclo[4.2.1]nonane or azabicyclo
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Scheme 7.5. Electrocyclic aperture of cyclopropane affording the 9-azabicyclo[4.2.1]nonane structure. (a) excess
AgOTs, CH,CN, A, 60%. (b) HBr, Benzene, hv. (c) Et;N, CH,CN, A, 32%.
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Scheme 7.6. Cyclization via intramolecular aminocarbonylation. (a) PdCl,, CuCl,, press. CO, MeOH, rt, 61%. (b)
KOH, MeOH, reflux, 98%. (c) HNCH,(OCH,), EDCI, HOBT, CH,Cl,, 87%. (d) MeMgBr, THF, 0°C, 85%.
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Scheme 7.7. Catalytic asymmetric allylic alkylation using the phosphine ligand 30. (a) [Pd(dba),], (S,5)-30, CHCI,,
0°C, 94%, 88% ee. (b) LIOH, H,0, MeOH. (c) (COCI),, CH,Cl,. (d) Me,Al, AICl,, 85%. (¢) Na(Hg), Na,HPO,, 71%.

[3.2.1]nonane of the transannular cyclization was dependent on the nature of N-substituent. The best
way to achieve the required bicyclo[4.2.1]nonane as the main product was with the carbamate 25.
Thus, palladium (1) chloride catalyzed the intramolecular aminocarbonylation of 25, giving mainly
the azabicyclo a-26 (Ham et al. 1997). Treatment of this azabicyclo with potassium hydroxide to fur-
nish the acid and subsequent reaction with the N,O-dimethylhydroxylamine gave the amide 27 (Nahm
and Weinreb 1981). Reaction with methylmagnesium bromide afforded the known ketone 28,
N-acetyl dihydroanatoxin-a, in 72% yield, which was converted into (=)-anatoxin-a following the
Rapoport methodology (Sardina et al. 1989; explained in detail later, Scheme 7.11).

Continuing with palladium chemistry, Trost proposed a new asymmetric synthesis of anatoxin-a
(Trost and Oslob, 1999) and the crucial step was the introduction of chirality by a catalytic process
involving an intramolecular asymmetric allylic alkylation (Trost 2004) of the intermediate (+)-29
affording (+)-31 (Scheme 7.7). This step was catalyzed by palladium in presence of a chiral phos-
phine ligand.

The N-tosyl group was chosen as a result of preliminary studies. Eventually, the cyclization product
was reached with [Pd(dba),] catalyst in the presence of the chiral ligand (S,S)-30, giving the bicycle
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(+)-31. Transformation of the ester moiety into the ketone 32 (Arisawa et al. 1997) and reductive
desulphonylation (Trost et al. 1976; Somfai and Ahman 1992) generated (—)-anatoxin-a in 88% ee. The
natural (+)-enantiomer would be equally accessible simply by switching the chirality of the ligand.

The de novo asymmetric syntheses prior to this were the Simpkins (Newcombe and Simpkins
1995) and the Aggarwal (Aggarwal et al. 1999) approaches, but in those cases stoichiometric
amounts of the chiral base were employed in the enantioselective step.

Synthesis of Anatoxin-a via Enantioselective Enolization Strategy

Simpkins and co-workers were the first to use an asymmetric catalytic process in (—)-anatoxin-a
synthesis (Newcombe and Simpkins, 1995) instead of resorting to the “chiral pool” strategy. Their
total synthesis of (—)-anatoxin-a relied on an enantioselective enolisation reaction of a readily avail-
able (*)-3-tropinone (33), by a chiral lithium amide base (34) (Bunn et al. 1993a, 1993b) and subse-
quent cyclopropanation/ring expansion reaction giving the ketone 37 (Scheme 7.8).

The enantioselective enolisation of the tropinone 33 with the chiral base 34 and quenching the
reaction mixture with Me,SiCl resulted in the formation of the desired enol silane 35 in 84% yield
and 78% ee. The effective ring expansion of the tropane ring was achieved via cyclopropanation
reaction with chloroiodomethane and diethylzinc (36) (Denmark and Edwards 1991). Subsequent
reaction with FeCl, and mild basic conditions (Ito et al. 1976) afforded the homotropane ketone 37
in 71% yield. The purity (% ee) of the enantiomerically enriched ketone 37 was improved to greater
than 99% by induced crystallization using cold storage.

The 1,4-addition of an organocuprate to the «,3-unsaturated ketone 37, followed by a triflimide
reagent, gave the enol triflate derivative 38. Hydrogenolysis of the enol triflate function, and succes-
sive treatment of the crude reaction in acidic conditions in order to hydrolyze the vinyl ether side
chain, afforded the deconjugated system 39. The effective isomerization to the «,3-unsaturated
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Scheme 7.8. (a) 34, THF, Me,SiCl, —100°C, 84%, 78% ee; (b) Et,Zn, ICH,Cl, CICH,CH,Cl, 99%. (c) FeCl,, DMF,
NaOAc, MeOH, 71%. (d) [CH,=C(OEt)],Cu(CN)Li,, THF Et,0. (e) 2-triflimido-5-chloropyridine, 65%. (f)
PA(OAQ),(PPh,),, Bu,N, HCO,H, DMF. (g) HC, MeOH, 64%.
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Scheme 7.9. (a) (R R)-41, "Buli, (Ph0),POCI, THF, —=100°C, 89%, 89% ee. (b) [Pd(PPh,),], CH,=CH(OEt)SnBu,, LiCl,
THF, A, 84%. (c) HBr/AcOH, 95%. (d) Pd/C, H,, MeOH, (‘Boc) ,0O, 89%.

ketone in 80% yield was achieved using RhCl, (Grieco et al. 1976). The total synthesis of unnatural
(—)-anatoxin-a was accomplished by deprotection with Me,Sil (Jung and Lyster 1978). The natural
(+)-anatoxin-a could be available by using the antipode of chiral base 34. They also achieved the
racemic synthesis of anatoxin-a using the simple LDA base with the same procedure.

Aggarwal and co-workers used the same key strategy but with a different Simpkins base (R,R)-41
(Cain et al. 1990) to achieve the rare enantioselective deprotonation of an eight-membered ring
ketone (40, Scheme 7.9) at the low temperature of —100°C to ensure the presence of only one
cyclooctanone conformer and consequently increase the enantioselectivity of the process (Aggarwal
etal. 1999).

Under these conditions they achieved the enantiomerically enriched lithium enolate intermedium,
which was trapped with diphenyl chlorophosphate, affording the enol phosphate 42 in 89% ee and
89% yield. The Stille coupling reaction of 42 (Nicolaou et al. 1997) with ethoxyvinyltributyltin
(CH, = CH(OEt)SnBu,) gave a vinyl ether, which was hydrolyzed in acidic conditions, giving the
masked ketone moiety (intermediate 43). This intermediate undergoes simultaneous deprotection of
the amine group and intramolecular conjugated addition, affording directly in one step the required
azabicyclic structure, and constituting another key step in the synthesis. The change of the benzyl
group for tert-butoxycarbonyl in one step under Rapoport conditions gave the ketone (1R)-44, which
was converted into the (+)-anatoxin-a, using the Rapoport procedure (Sardina et al. 1989), explained
in detail later (Scheme 7.11). Eventually, they obtained the enantiomerically enriched (+)-anatoxin-a
in a 34% overall yield.

Synthesis of Anatoxin-a via Intramolecular Cyclization of Iminium lons

The asymmetric approaches leading to the construction of enantiomerically pure 9-azabicy-
clo[4.2.1]nonane skeleton are mostly concerned with the intramolecular cyclization of a pyrrolidine
iminium ion (46). They differ significantly in the preparation of cis-substituted pyrrolidine (45)
precursors and in overall yield for the construction of this basic skeleton. See Fig. 7.2.



Chemistry of Cyanobacterial Neurotoxins—Anatoxin-a: Synthetic Approaches 127

B)

A)
N N
R R
R*= OR, CO,H
45 46

Figure 7.2. Structures of generic pyrrolidine iminium ion (46) and its pyrrolidine precursor (45).
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Scheme 7.10. Synthesis of the common intermediate 2,5-difunctionalized homotropane 52. (a) 10% Pd/C, H,,
MeOH. (b) BnBr, K,CO,, CH,CN, 93%. (c) AcOH/ i-PrOH/ H,0 1:5.5, 100°C, 89%. (d) Oxalyl chloride, CH,Cl,,
—15°C-3°C. (e) Heating 60°C, Toluene, 91%. (f) (‘Boc) ,0O, Pd/C, H,, MeOH, 98%.

Via Alkyl Iminium Salts

The Rapoport group, using this concept, has made the most significant contributions to the asym-
metric synthesis and generation of structure-activity information on anatoxin-a and its analogues
(Hernandez and Rapoport, 1994; Swanson et al. 1986, 1989, 1991; Wonnacott et al. 1991). After pre-
vious approaches to the racemic anatoxin-a synthesis using this methodology (Bates and Rapoport
1979; Petersen, Toterberg-Kaulen, and Rapoport 1984), Rapoport reported a total synthesis of opti-
cally active (+)-anatoxin-a and its enantiomer starting from D- and L-glutamic acid, respectively
(Petersen, Fels, and Rapoport 1984). Improvements in this synthesis were later published (Koskinen
and Rapoport 1985; Sardina et al. 1989), establishing the basis for an enantiodivergent synthesis of
both enantiomers of anatoxin-a starting from a single chiral material, L-glutamic acid (Sardina et al.
1990). Many of the developed methodologies and synthetic strategies employed by this group have
been used extensively by others in various syntheses of anatoxin-a.

The L-glutamic acid was transformed into the L-benzyl pyroglutamate (47; Scheme 7.10) in two
steps as described (Quitt et al. 1963; Stadler 1978). The alkyl chain introduction on C-5 pyrrolidine
position using a sulphide contraction reaction (Fischli and Eschenmoser 1967; Shiosaki and
Rapoport 1985; Sakurai et al. 1994) was one of the crucial steps in this synthesis, giving the enan-
tiomerically pure vinylogous carbamate 48 as a mixture of diastereomers (Petersen, Fels, and
Rapoport 1984; Koskinen and Rapoport 1985). Highly cis-diastereoselective reduction of the carba-
mate double bond was carried out over Pd/C affording exclusively the 2,5-cis-disubstituted pyrroli-
dine (Petersen, Fels, and Rapoport 1984; Sardina et al. 1989). Rebenzylation of the N-debenzylated
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material and subsequent hydrolysis of the tert-butyl ester gave the N-benzyl amino acid 49 as a 4:1
mixture of epimers at C-6. This is the key product for the cyclization step.

The iminum ion 50 was generated by a decarbonylative cyclization procedure, based on the
known instability of tertiary amino acid chlorides toward decarbonylation (Dean et al. 1976; Wein-
stein and Craig 1976) and the well-stablished electrophilic character of iminium ions (Tramontini
1973; Koskinen and Loushasmaa 1983). Thus, treatment of the aminoacid 49 with oxalyl chloride
gave acyl chloride, which directly generated the imium intermediate 50, and after heating furnished
the product 51, 2,5-difuncionalised homotropane, as a mixture of diastereomers at C-2 and C-5
(Sardina et al. 1989). Conversion of the N-benzyl group to N-tert-butyl carbamate, was reached
directly in one step under neutral hydrogenolysis conditions of the mixture of 51 in methanol and in
presence of di-tert-butyl dicarbonate. This affordied 52 in an overall yield of 43% (all sterecisomers)
(Sardina et al. 1989).

The product 52 is the common intermediate for the synthesis of both enantiomers of anatoxin-a.
Because of the formation of all stereoisomers at C-2 and C-5, their synthetic strategy required trans-
forming all four diastereomers into the desired products. With the aim of obtaining the (+)-
anatoxin-a, deoxygenation of the ketone group (C-5) in the common intermediate 52 and a one
carbon side-chain extension (C-2) formed the pathway to initially reach the ‘Boc-dihydroanatoxin-a
(44; Scheme 7.11) (Petersen, Fels, and Rapoport 1984; Sardina et al. 1989). Conversion of the ‘Boc-
dihydroanatoxin-a into ‘Boc-anatoxin-a 54 was another important transformation in this synthesis
(Petersen, Fels, and Rapoport 1984; Koskinen and Rapoport 1985). The reaction of tert-butyl-
dimethylsylil enol ether 53 with phenylselenenyl chloride (PhSeCl), followed by oxidation with
m-chloroperoxybenzoic acid (MCPBA) afforded (1R)-'Boc-anatoxin-a (54) in 84% yield (Sardina et
al. 1989). Cleavage of the tBoc protecting group with trifluoroacetic acid proceeded quantitatively,
providing the (+)-anatoxin-a as its hydrochloride salt in 18% overall yield.

Unnatural (—)-anatoxin-a has previously been prepared from L-glutamic acid using the same
sequence reactions used for the synthesis of (+)-anatoxin from D-glutamic acid (Petersen, Fels, and
Rapoport 1984; Sardina et al. 1989). However, the intermediate 52 might also serve as a precursor to
(—)-anatoxin-a by removing the C-2 group. The ester moiety was transformed into its chloride acid
and via a reductive radical decarboxylation (Barton et al. 1984, 1987) furnished the (1S)-'Boc-
dihydroanatoxin-a in 82% yield. Double-bond introduction, as shown in the previous Scheme, fol-
lowed by nitrogen deprotection, gave the (—)-anatoxin-a in 30% overall yield (hydrochloride salt).

Via Acyl Iminium and Tosyl Iminium Salts

Speckamp and Hiemstra (1985) proposed a similar approach to anatoxin-a synthesis by applying their
previous work on N-acyliminium chemistry. The use of a carbomethoxy group on the nitrogen, inside
an alkyl group, would enhance the electrophilicity of the iminium ion owing to the electron-attracting
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Scheme 7.11.  Transformation of the ‘Boc-dihydroanatoxin-a 44 into anatoxin-a. (a) NaH, THF; TBMSCI, Et;N, THF,
98%. (b) PhSeCl, THF, —78°C. () MCPBA, THF, 0°C, 84%. (d) TFA, CH,Cl,. (e) HCI, EtOH, 97%.
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properties of the carbonyl group on nitrogen (Maryanoff et al. 2004; Speckamp and Moolenaar
2000). This could be advantageous in the cyclization step and reduce the number of protection-
deprotection steps of nitrogen. In their first published synthesis (Melching et al. 1986), they used an
a,b-unsaturated ketone as a nucleophile in the lateral chain of the pyrrolidine 56 (Scheme 7.12),
which was synthesized starting from the succinimide 55, leading in a more direct way to the desired
unsaturated bicyclic system.

In this cyclization the a-carbon of this «,3-unsaturated ketone formally reacts as the nucleophilic
centre with the N-acyliminium ion, bringing the corresponding N-acyl anatoxin-a (58). To achieve
this cyclization, the compound 56 was treated with HCI in MeOH at —50°C, affording a mixture of
58 and the chloride 57 (11% and 47%, respectively) (Wijnberg and Speckamp 1981). The chlorides
were converted into 58 by refluxing in toluene in the presence of DBN to give the pure enone in 60%
yield. The synthesis of (*)-anatoxin-a was completed through N-deprotection using iodotrimethyl-
silane in refluxing acetonitrile (55% yield). The overall unoptimized yield from succinimide was
between 3% and 4%.

The second proposal by Speckamp and co-workers used an allylsilane as an excellent nucleophile
for an N-acyliminium cyclization reaction (Esch et al. 1987) (Scheme 7.13). The B-effect of the sili-
con atom is a powerful determinant of the regiochemistry of allylsilane reactions with electrophiles,
so the new carbon-carbon bond is formed at the vinyl carbon distal to silicon, that is, at the y-position
(Hiemstra et al. 1984, 1985).

Allylsilane 59 was obtained by initial reaction of the succinimide 55 with the corresponding Grig-
nard alkylsilane and a subsequent simple sequence of reactions. This allylsilane was readily cyclized
in formic acid at room temperature to 60, which was subjected to a Wacker oxidation (Tsuji 1984) to
afford the dihydroanatoxin-a derivative 28. The nitrogen deprotection step with iodotrimethylsilane
(Melching et al. 1986) furnished the (=)-dihydroanatoxin-a, which was reprotected with '‘Boc accord-
ing to the previously discussed Rapoport methodology (Sardina et al. 1989) to furnish the racemic
(*)-anatoxin-a. The overall yield of this synthesis was 7% from the succinimide.

Somfai et al. demonstrated that it is also possible to use N-sulphonyl groups (Somfai and Ahman
1992; Ahman and Somfai 1992; Weinreb 1997) using the same concept for the cyclization step
developed by Speckamp with the allylsilanes (Esch et al. 1987). In this case, the starting product was
the L-pyroglutamic acid, inside the succinimide (Esch et al. 1987), allowing the enantioselective
synthesis of the (+)-anatoxin-a. The key step consisted of an intramolecular cyclization of an
N-tosyl iminium ion, catalysed by a Lewis acid, TiCl,, to set up the desired bicyclic ring system
(Somfai and Ahman 1992).

Somfai et al. also carried out the cyclization involving an «,B-unsaturated ketone and the N-tosyl
iminium ion (Somfai and Ahman 1992) under the same cyclization conditions that were developed

MeO,C
2 N \\ MeOZC o)

/A/_\A\ LIS
0> ko

N
CO,Me

55 56 (*)-58

b

Scheme 7.12. Cyclization of an N-acyliminum ion with an «,B-unsaturated ketone. (a) HCI, MeOH, —50°C-20°C.
(b) DBN, toluene, reflux, 60%.
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Scheme 7.13. Cyclization of an N-acyliminum ion with an allylsilane. (a) Formic acid, rt 73% (exo:endo, 19:1).
(b) PACL,, CuCl, 0,, DMF/H,0, 64%.
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Scheme 7.14. Cyclization of an N-Acyliminum ion with an «,B-unsaturated ketone. (a) HCl, MeOH, —50°C to rt.
(b) DBU, toluene, reflux, 51% overall yield.

previously by Hiemstra and Speckamp (Melching et al. 1986), yielding the N-tosylanatoxin-a and
the corresponding saturated B-chloroketone (see Scheme 7.12). Finally, removal of the N-tosyl
group with sodium amalgam afforded (+)-anatoxin-a. Nonetheless, both Somfai group approaches
have low overall yields (4-8%) due to the long sequence for achieving the key intermediate in the
cyclization step.

Two other approaches using acyl iminium ion intermediates were developed by the Shono (Shono
et al. 1987) and Skrinjar (Skrinjar et al. 1992) groups in a synthesis of racemic and (+)-anatoxin-a,
respectively.

Recently, a new attempt to synthesise (+)-anatoxin-a was published by Tanner and co-workers
(Hjelmgaard et al. 2005). They transformed the L-pyroglutamic acid into the intermediate 61
(Scheme 7.14), performing some improvements for achieving the lateral chain with the «,-
unsaturated ketone compared with the Speckamp (Melching et al. 1986) and Somfai (Somfai and
Ahman 1992) approaches. They carried out the cyclization of 61 under Speckamp and Hiemstra
conditions, also used by Somfai.

The desired bicycle 58 was obtained, but oddly the enantiopurity of the previous intermediate was
lost, and the bicycle was a completely racemic mixture. It was an unexpected result in view of the pre-
vious work by Somfai describing the same reaction leading to enantiopure product from the N-tosyl
analogue (with a methoxy instead ethoxy group in the a-position) (Skrinjar et al. 1992; Somfai and
Ahman 1992). Although there was no logical explanation for these discrepancies, they proposed that
the racemization could go via hydride abstraction by the iminium ion. As a result, a different (*)-
anatoxin-a synthesis was completed by deprotection (TMSI) (Manfré et al. 1992) in 65% yield (9%
overall for nine steps).

The most recent formal asymmetric synthesis of (+)-anatoxin-a was achieved through a highly
diastereoselective [2+2] cycloaddition of dichloroketene with a chiral enol ether (63; Scheme 7.15)
in order to reach the general structure of 2,5-disubstituted pyrrolidine (66) for generating the
acyliminum ion and getting the required bicycle skeleton (67) (Muniz et al. 2005).

The [2+2] cycloaddition of this chiral enol ether 63 with in situ generated dichloroketene pro-
ceeded with a high level of facial discrimination (95:5) to afford dichlorocyclobutanone 64 (Greene
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Scheme 7.15. (a) Zn-Cu, CL,CCOC], diethylether. (b) NH,0S0,CH,(CH,),, CH,Cl,; Al,O,, MeOH. (c) Zn-Cu, NH,Cl,
MeOH, (36% from 62). (d) n-C,HLi, THF; NCCO,CH,, 91%. (e) LIB(C,H.),H, THF, 92%. (f) CH,=CHCH,SI(CH.),, sec-
ond generation Grubbs' catalyst, CH,Cl,, 74%. (g) Formic acid, CH,Cl,, 77%. Ar = 2,4,6-triisopropylphenyl.

and Charbonier 1985). This adduct was submitted to Beckmann ring expansion (Tamura et al. 1977)
and subsequent dechlorination (Johnston et al. 1985) of the resultant «,«-dichlorolactam gave the
lactam 65. This lactam was N-protected, and the formation of the allylsilane was achieved through
cross metathesis using second generation Grubbs’ catalyst (Scholl et al. 1999), obtaining the key inter-
mediate 66, equivalent to the Speckamp 59 (see Scheme 7.13). The cyclization reaction was performed
under the same Speckamp conditions using formic acid to reach the desired bicycle 67 (Esch et al.
1987). The ether group (C-7) was transformed into the alcohol and removed through its transformation
into the iodide and posterior reduction affording the compound (1R)-60, previously obtained as a
racemic mixture. Conversion into the (+)-anatoxin-a was performed using the methodology previ-
ously developed by Speckamp (Esch et al. 1987).

Synthesis of Anatoxin-a via Enyne Metathesis

Although much emphasis has been placed on the importance of alkene metathesis in organic synthe-
sis (Didier 2005), alkyne metathesis is also significant. Metathesis reactions of alkynes with alkenes
and metathesis reactions of alkynes with alkynes have both been carried out efficiently (Storm and
Madsen 2005). Among the various metathesis reactions, the most commonly used is the ring-closing
metathesis (RCM). The large number of cyclic natural products that have been obtained using RCM
as one of the key steps is evidence of the synthetic efficiency of this methodology (Deiters et al.
2004). The utility of the process for the synthesis of functionalized, bridged nitrogen heterocycles
had been established in many cases (Deiters et al. 2004; Randl and Blechert 2003; Martin 2005)
since the seminal discovery by Grubbs and Fu in 1992 that RCM could be applied to the formation
of heterocycles (Grubbs and Fu 1992a, 1992b).

In fact, the enantiospecific syntheses of the two potent anti-Alzheimer’s agents like (+)-ferruginine
(Aggarwal et al. 2004), a tropane ring system, and two enantiospecific syntheses of the anatoxin-a,
were submitted essentially simultaneously at the beginning of 2004 (Mori et al. 2004; Brenneman and
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Scheme 7.16. Ring closing metathesis reaction to obtain N-tosylanatoxin-a. (a) BuLi, TMSCI, 95%. (b) second
generation Grubbs' catalyst 69, CH,Cl,, 85%. (c) Hg(OAQ),. (d) NaBH,, 42%. (e) Dess-Martin oxidation, 86%.

Martin 2004; Brenneman, Machauer, and Martin 2004). In each case, the starting material used was the
inexpensive pyroglutamic acid, and additionally the synthesis depended on Ru-catalyzed alkyne-
alkene metathesis (Grubbs’ catalysts). The first report applying this methodology to anatoxin-a synthe-
sis belongs to the Mori group (Mori et al. 2004). They developed the synthesis of N-tosyl anatoxin-a by
metathesis of an enyne in the substituent on a 2,5-cis-pyrrolidine derivative (68; Scheme 7.16) synthe-
sized from L-pyroglutamic acid.

With this key compound, the metathesis reaction was carried out with the second generation
Grubbs’ catalyst 69 (Scholl et al. 1999), following protection on the alkyne with silyl group. Thus,
they obtained the desired bicycle 70 in 85% yield. The desilylation process occurred during the reac-
tion. In order to achieve the «,3-unsaturated ketone moiety, the oxymercuriation of 70 followed by
treatment with NaBH,, was carried out and then the resultant alcohol was subjected to Dess-Martin
oxidation to afford N-tosylanatoxin-a (32), whose spectral data and [«]?°, value agreed with those
reported in the literature (Somfai and Ahman1992). Since the transformation into anatoxin-a could
be performed with the same procedure developed previously (Somfai and Ahman 1992), they
achieved the total synthesis of (+)-anatoxin-a.

The second reported synthesis was by Martin and co-workers (Brenneman and Martin 2004;
Brenneman, Machauer, and Martin 2004; Martin 2005). Fundamentally, this synthesis differs with
respect to the previous one in the strategy for achieving the synthesis of the cis-2,5-disubstituted
pyrrolidine 71 (Scheme 7.17). The starting product in this case was the D-methyl pyroglutamate.

The reaction of ring closing metathesis was performed with the second generation Grubbs’ cata-
lyst, like in the previous case. The bicyclic compound 72 was obtained with 87% yield. The terminal
alkene in 72 was dihydroxylated affording the diol 73. The diol moiety was cleaved with periodate to
deliver the N-protected anatoxin-a 74, which was deprotected with TMSI affording (+)-1 in near
quantitative yield. They completed the (+)-anatoxin-a in 9-step synthesis with an overall yield of
27% from commercially available D-methyl pyroglutamate.

Other Synthetic Approaches to Anatoxin and Analogues

Many natural azabicyclo derivatives have been reported to exhibit agonist activity for nicotinic recep-
tors, such as (-)-epibatidine (Fig 7.3A) and (+)-ferruginine (Fig. 7.3B), both less potent than (+)-
anatoxin-a. The biological activity of these compounds emerges from their structural similarity with
nicotine. It therefore appeared interesting to design a general access to azabicyclo[n.2.1]alkanes (Fig.
7.3C) that could also be valuable for the synthesis of these alkaloids and some of their analogues.



Chemistry of Cyanobacterial Neurotoxins—Anatoxin-a: Synthetic Approaches 133

MesN NMes

CI
* ol = ogH
PC ChzN
N - e __ b cpen
N S
Chz
71
0 c
) d ChzN
+)-] —-————
\

74

Scheme 7.17. Ring closing metathesis reaction to obtain (+)-anatoxin-a. (a) second generation Grubb'’s catalyst 69,
CH,Cl,, 87%. (b) 0sO,, EtN,, THF, —78°C to rt, then ag. NaHSO,, A, 76%. (c) NalO,, THF/H,0, rt, 95%. (d) TMSI,
CH,CN, —10°C, 99%.
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Figure 7.3. Similar alkaloids to anatoxin-a with agonist activity for nicotinic receptors: (A) (—)-epibatidine,
(B) (+)-ferruginine, and (C) azabicyclo[n.2.1]alkanes.

Recently, some different methodologies were devised in order to synthesise these systems in a
general way. Thus, Pandey studied the [3+2] cycloaddition of cyclic azomethine ylides with suitable
dipolarophiles (Pandey et al. 2002), Royer applied the CN(R,S) strategy (Gillaizeau-Gauthier et al.
2002), and Ateeq and Simpkins explored higher order cycloaddition reactions [6+2] mediated by
chromium (Ateeq 1994; Beckwith et al. 2002). Although they generated some of the azabicycles,
none of them reached anatoxin-a.

Taking into account the potent agonist character of anatoxin-a toward the acetylcholine receptors
and its chiral and semi-rigid skeleton renders anatoxin-a as the perfect substrate for making struc-
tural modifications in order to study the structure-activity relationships. Relevant contributions to
the synthesis of anatoxin-a analogues were by Rapoport (Sardina et al. 1989, 1990; Hernandez and
Rapoport 1994) and Gallagher (Huby et al. 1991; Brough et al. 1992; Wonnacott et al. 1992; Magnus
et al. 1997) groups, as well as structure-activity relationship studies (Swanson et al. 1986, 1989,
1991; Wonnacott et al. 1991; Thomas et al. 1994).

The simple alkyl derivatives such homo-, propyl-, and iso-propylanatoxin-a (Fig. 7.4A) are all
potent nicotinic ligands (Wonnacott et al. 1992). Most of the efforts to determine the precise struc-
tural requirements of the receptor have resulted in the synthesis of conformationally restricted
derivatives (Hernandez and Rapoport 1994; Brough et al. 1992). The first bioisosteric and confor-
mationally constrained variation of (+)-anatoxin-a found to retain much of the potency of the natu-
ral compound was racemic (=*)-pyrido[3,4-bJhomotropane (PHT) (Fig. 7.4B), representing the



134 Chapter 7

A) B)

Figure 7.4. The most active anatoxin-a analogues:(A) homoanatoxin-a (R = C,H,), propylanatoxin-a (R = C;H,), iso-
propylanatoxin-a (R = CH(CHg)z); (B) (x)-pyrido[3,4-b]homotropane (PHT); (C) UB-165.

conceptual combination of anatoxin-a and nornicotine (Kanne and Abood 1988). Novel analogues
of PHT have also been developed (Gundisch et al. 2002).

Another hybrid anatoxin-a/epibatidine, UB-165 (Fig. 7.4C), was synthesized by the Gallagher
group (Wright et al. 1997). It was identified as a potent nicotinic ligand and showed a potency that
was intermediate between anatoxin-a and epibatidine. Different derivatives of this compound have
been synthesized lately (Gohlke et al. 2002; Sutherland et al. 2003; Karig et al. 2003).

Anatoxin-a is a useful core structure for nicotinic drug design. For this reason, synthetic
approaches to anatoxin-a are still active research areas, open to new proposals, and the search for
new analogues that would act like drugs in the treatment of brain disease is still an important task in
medicinal chemistry (Breining 2004).
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Introduction

The synthetic aspects of anatoxin-a (AN) and analogues are discussed in a separate chapter of this
text, and the analytical methods for anatoxins are the subject of a separate review to be published
elsewhere. A number of reviews have demonstrated the importance of understanding toxic
cyanobacteria as potential environmental and health hazards as well as a resource of bioactive mole-
cules (Harada 1999; Skulberg 2000; Briand et al. 2003). AN was one of the first cyanobacterial
toxins to be chemically and functionally characterized and its high neurotoxicity has attracted
extensive research activity.

Discovery of Anatoxins
Anatoxin-a

Anatoxin-a (AN) is produced by various species of cyanobacteria including Anabaena, Planktothrix
(formerly Oscillatoria), Aphanizomenon, Cylindrospermum, and Microcystis spp. This toxin was first
detected in Canada from a bloom of Anabaena flos-aquae in the 1960s (Gorham et al. 1964; Gorham
1964) and due to its potency was originally called very fast death factor (VFDF). Initial studies indi-
cated that the toxin was a low molecular weight amine. Subsequently, the toxin, anatoxin-a, was iso-
lated and determined to be a bicyclic secondary amine, 2-acetyl-9-azabicyclo[4.2.1]non-2-ene
(Fig. 8.1; R = CH,), incorporating an «,3-unsaturated ketone moiety (Devlin et al. 1977). The struc-
ture was later confirmed by X-ray crystallography (Huber 1972).

Homoanatoxin-a

In 1992, a methylene analogue of AN, named homoanatoxin-a (HMAN), was isolated from
Planktothrix (Oscillatoria) formosa in Norway (Skulberg et al. 1992). Interestingly, HMAN

o]
NH R

R

Figure 8.1. Structures of anatoxin-a (R = CH;) and homoanatoxin-a (R = C,H,).
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(Fig. 8.1; R = C,H,) had been synthesized around this time as part of a program to investigate the
structure-activity relationships of AN analogues (Wonnacott et al. 1992). Symptoms of HMAN
poisoning in mice were similar to those observed with AN, such as paralysis, convulsions, and death
due to respiratory arrest. Like AN, HMAN is a potent neuromuscular blocking agent with an LD, of
250 pg/kg (i.p.). Both of these toxins enhance the release of acetylcholine (ACh) from peripheral
cholinergic nerves (Aas et al. 1996; Lilleheil et al. 1997). Reports of HMAN have been less common
than AN, but this toxin has been found in recent years in Ireland and Japan and co-occurs with AN in
Planktothrix (Oscillatoria) and Raphidiopsis cultures (Furey et al. 2003; Namikoshi et al. 2003;
Araoz et al. 2005).

Anatoxin-a(s)

Cyanobacterial blooms, sampled from western Canada in the 1970s, led to the discovery of other
neurotoxins in strains of Anabaena flos-aquae. The toxins were characterized according to signs of
poisoning, survival times and LDy, (i.p.) produced by lyophilized axenic clones (Carmichael and
Gorham 1980). One of these toxins demonstrated similar signs of poisoning as AN but also pro-
duced severe salivation and lachrymation in mice, rats, and chicks and in rats there was also chro-
modacyrorrhea (bloody tears). This new toxin was named anatoxin-a(s), abbreviated AN-a(s), due to
the observed salivation and was structurally elucidated as a unique N-hydroxyguanidine methyl
phosphate ester (Fig. 8.2) (Matsunaga et al. 1989). Although AN and AN-a(s) have some similar tox-
icological symptoms, they are not only chemically unrelated but also have different physiological
modes of action (Mahmood and Carmichael 1986, 1987; Hyde and Carmic xheal 1991). AN-a(s) is
an acetylcholinesterase inhibitor with an LD, of approximately 50 pg/kg (i.p. mouse). By impeding
acetylcholinesterase from breaking down ACh, it ensures that this remains continuously available to
overstimulate muscle cells (Cook et al. 1988, 1989). Unfortunately, the similarity in the names of
these different anatoxins has led to some confusion in the literature and great care should be
exercised in interpreting reports regarding these neurotoxins.

Reports of AN-a(s) are much less common when compared with the extensive worldwide
distribution of AN (Table 8.1). AN-a(s) has been identified in cyanobacteria from lakes in Denmark
and in the stomach contents of poisoned birds (Henriksen et al. 1997). Among the factors that may
have contributed to the low incidence of AN-a(s) reports are the instability of the toxin and difficul-
ties in detection due to a lack of commercially available analytical standard. AN-a(s) readily loses
the methyl phosphate moiety to produce a nontoxic product, and investigations of suspected AN(s)
poisonings should also involve a search for the degradation product.

/CHs

CHs

.
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Figure 8.2. Structures of (A) anatoxin-a(s) and (B) its main degradation product.
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Table 8.1. Distribution of anatoxin-a and analogues and toxic incidents

Predominant Toxin Affected
Country species identified animals Reference
Canada Anabaena flos-aquae AN Cattle, dogs Gorham 1964,
Carmichael et al. 1975
USA Anabaena flos-aquae AN Cattle, dogs Juday et al. 1981
Scotland Microcystis, Anabaena — — Richard et al. 1983
USA Anabaena AN Cattle, dogs Stevens and Krieger
1988
Finland Anabaena sp. AN Cattle Sivonen et al. 1989,
1990
Norway Planktothrix formosa HMAN — Skulberg et al. 1992
Scotland Planktothrix AN Dogs Edwards et al. 1992
USA Anabaena, Planktothrix ~ AN — Kangatharalingam and
Priscu 1993
Japan Anabaena, AN, epoxy-AN — Park et al. 1993
Planktothrix
Italy Anabaena planctonica AN — Bruno et al. 1994
Norway Anabaena, Planktothrix ~ AN — Skulberg et al. 1994
Sweden — AN — Willen and Mattsson
1997
Ireland Anabaena, Planktothrix AN Dogs James et al. 1997
Korea Anabaena, Planktothrix AN Park et al. 1998
Germany Anabaena, Bumke-Vogt et al.
Aphanizomenon AN — 1999
New Zealand Planktothrix Dihydro-AN? Dogs Hamill 2001
Ireland Anabaena, Planktothrix ~ HMAN — Furey et al. 2003
Kenya Benthic species AN Birds Krienitz et al. 2003
Japan Raphidiopsis AN, HMAN — Namikoshi et al. 2003;
mediterranea Wiatanabe et al. 2003
Poland — AN — Mazur and Plinski 2003
China — AN — Zhang et al. 2003
Poland Anabaena AN — Pawlik-Skowronska
etal. 2004
Kenya Anabaena fusiformis AN Birds Ballot et al. 2004, 2005
Italy Planktothrix rubescens AN — Viaggiu et al. 2004
USA Aaabaena sp. AN Dogs Hill 2005
Japan Raphidiopsis AN, HMAN epoxy- — Namikoshi et al.
mediterranea HMAN, hydroxy- 2004
HMAN —
France Phormidium favosum AN Dogs Gugger et al. 2005
Ireland Planktothrix sp. AN, dihydro-AN Dogs James et al. 2005

Isolation of Anatoxins

Anatoxin-a was first isolated from Anabaena flos-aquae in 1976 (Devlin et al. 1977). The isolation
and enrichment of AN from cultured material involved adjustment of the algae suspension to pH 5
prior to lyophilization. The residual material was then extracted with methanol containing dilute
hydrochloric acid. After evaporation the resulting syrup was neutralized and extracted with benzene
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and chloroform and finally purified by thin layer chromatography (TLC). Other methods for the iso-
lation of AN involved a combination of reversed phase liquid chromatography (LC) and TLC (Astra-
chan and Archer 1981; Al-Layl et al. 1988; Himberg 1989). The reversed phase stages were carried
out in basic media (pH 10-11), but this may lead to toxin degradation if not carried out rapidly.
Harada and co-workers explored a number of methods for the isolation of AN, and the most efficient
was the use of a weak cation exchange (WCX) column. This is also used for sample clean-up using
solid phase extraction (SPE) in analytical methods for the determination of AN (Harada et al. 1989;
James et al. 1997).

A single semipreparative reversed phase LC has been employed for the isolation of AN, and also
a similar approach has been used for the analytical separation of AN and HMAN hydrochloride
salts, at pH 3 (Zotou et al. 1993). HMAN was isolated, based on the methods previously developed
for the purification of AN (Harada et al. 1989; Skulberg et al. 1992). Lyophilized cells were
extracted with acidified ethanol, followed by a mixture of butanol, methanol, and acidified water.
The combined supernatant volume was reduced and the aqueous extract was applied to reversed
phase silica SPE cartridge. Elution was performed sequentially with acidified water,
methanol/water, and methanol. HMAN was isolated from a culture of Planktothrix (Oscillatoria)
formosa using a combination of WCX and reversed phase SPE steps (Furey et al. 2003). The final
purification was completed on C , LC using an elution medium of water/acetonitrile (95:5, 0.5
ml/minute), containing trifluoroacetic acid (TFA, 0.05%). A similar approach was used to isolate
AN, HMAN, and degradation products from a culture of the cyanobacterium, Raphidiopsis mediter-
ranea Skuja, obtained from a Japanese lake (Namikoshi et al. 2003). This procedure included (1)
extraction of dried cells with methanol/water (4:1), (2) evaporation of methanol and application of
the aqueous residue to a reversed phase SPE cartridge, (3) washing with water and methanol/water
(2:1), (4) elution of the anatoxins using methanol/water (1:4) containing 0.1% TFA, and (5) LC on a
C, column with elution using methanol/water containing 0.05% TFA.

Toxin Distribution and Toxic Incidents

In Canada, between 1961 and 1975, suspected AN poisoning of cattle and dogs occurred in six loca-
tions. While Anabaena flos-aquae was found to be the predominant bloom in each case, other toxins
were reported to be present in addition to AN, including anatoxin-a(s) (Gorham 1964; Carmichael
et al. 1975; Carmichael and Gorham 1978; Juday et al. 1981). While the earliest confirmation that
AN was implicated in animal poisonings was reported in Canada (Carmichael and Gorham 1978),
the majority of locations where AN was detected, or toxic incidents have occurred, have been in
Europe (Codd et al. 2005).

Anatoxins in Europe

In Scotland, during 1981-1982, cyanobacteria from several lakes were found to be toxic by mouse
bioassay (i.p.) (Richard et al. 1983), but the first case of AN intoxication due to benthic cyanobacte-
ria was reported 10 years later (Edwards et al. 1992). The neurotoxic bloom consisted mainly of
Planktothrix species and was associated with three canine fatalities; AN was identified in the
stomach contents of one of the dogs (Gunn et al. 1992). In Finland, the first survey of cyanobacterial
blooms during 1985-1987 revealed that 13 out of 30 bloom samples contained AN (Sivonen
et al. 1989). Toxin content was in the range 12-4360 ug AN/g lyophilized material. During this
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study, a number of cattle poisonings associated with Anabanea blooms occurred (Sivonen et
al. 1990). The first identification of HMAN was made from a Planktothrix formosa strain from an
eutrophic lake (Skulberg et al. 1992). During 1989-1991, a widespread survey of lakes in Norway
showed that 6 out of 64 samples tested positive for AN (Skulberg et al. 1994).

In Italy, AN was identified in Anabaena planctonica found in three lakes connected to a reservoir
that supplied drinking water in Sardinia during 1987-1990 (Bruno et al. 1994). AN was also found
in a fishing pond in the north of Italy, with an estimated concentration of 12 ug AN/g (Viaggiu et al.
2004). The first identification of AN in Ireland was confirmed following incidents of fatal canine
neurotoxicosis in Caragh Lake, County Kerry. AN was found in Anabaena and a Planktothrix
species in concentrations of 2—-444 ug AN/g of dried cells (James et al. 1997). HMAN was also later
reported in Ireland, and this toxin was identified in 4 out of 20 lakes studied, at concentration levels
1.4-34 uyg HMAN/L (Furey et al. 2003). Recently, AN associated with the rapid deaths of dogs was
also reported in France, in a benthic species, Phormidium favosum. However, due to the presence
of phenylalanine in the stomach contents of the dogs, quantitation of AN was not possible
(Gugger 2005).

A screening program, carried out in Germany (1995-1997), tested 80 water bodies, and 22%
were positive for AN with the highest level of 13 ug AN/L (Bumke-Vogt et al. 1999). In Poland,
nodularin, microcystins, and AN were detected in the coastal waters of the Gulf of Gdansk (Mazur
and Plinski 2003). In 2001-2003, mass occurrence of Anabaena strains producing AN was observed
for the first time in Poland. AN concentration in the reservoir water was positively correlated with
total abundance of three taxa of Anabaena (Pawlik-Skowronska et al. 2004).

Anatoxins in Non-European Countries

Outside Europe, most reports of anatoxins have been in North America. In October 1981, a toxic
Anabaena bloom from Black Lake, Idaho, USA, containing 2500 pug AN/g, resulted in the deaths of
11 cows and 2 dogs (Stevens and Krieger 1988). Anabaena flos-aquae collected in 1991 from
Hebgen Lake in Montana, USA, was found to contain AN producing clones in 2 out of 23 samples
(Kangatharalingam and Priscu 1993). While no intoxications were reported during this study, there
have been previous accounts of cattle and wildlife deaths in the area. Recent investigations of a
series of dog fatalities in northern California led to the identification of AN in the stomach contents
of two dogs (Hill 2005).

In Japan, the first detection of AN and its degradation product, epoxy-AN, have been reported (Park
et al. 1993). This was also the first study to show that Microcystis could produce both AN and
microcystins. The predominant species were Anabanea and Planktothrix with toxin concentrations in
the range 0.4-16 ug AN/g. In addition, AN, HMAN, and a new compound, hydroxy-HMAN, were
isolated from Raphidiopsis mediterranea in Japan (Namikoshi et al. 2003; Watanabe et al. 2003).
AN was also found in four of 26 samples from Korean lakes, collected during 1992-1995 (Park
etal. 1998).

It has been suggested that cyanobacterial mats at hot springs on the shore of an alkaline lake in
Kenya contributed to the death of Lesser Flamingos (Krienitz et al. 2003; Ballot 2004). AN was
present in the algae samples (10-18 AN pg/g) and stomach contents of the birds. AN was also
identified in two alkaline crater lakes in Kenya. This was the first study to show that Arthrospira
fusiformis was a producer of both AN and microcystins (Ballot et al. 2005). Although cyanobacterial
blooms frequently occur in Australia and New Zealand, AN has not been reported. The first report of
suspected AN poisoning in 1998 when dihydro-AN was tentatively identified in New Zealand in
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a benthic Planktothrix sample that was linked to a number of dog deaths (Hamill 2001). Table 8.1
provides a summary of the reported worldwide occurrences of AN and its analogues.

Toxicological Studies
Mechanisms of Toxicity

Anatoxin-a and homoanatoxin-a mimic the neurotransmitter acetylcholine (ACh) by binding to the
nicotinic acetylcholine receptor (NAChR) at the axon terminal at the neuromuscular interface;
unlike ACh, the binding of anatoxin-a to NAChR is irreversible (Carmichael et al. 1975, 1979;
Aronstam and Witkop 1981; Thomas et al. 1993; Aas et al. 1996; Lilleheil et al. 1997). Normal neu-
romuscular action is achieved by the release of acetylcholine which binds to NAChR, activating the
opening of a related sodium channel. The resultant movement of the sodium ion creates a potential
difference across the nerve synapse, causing muscle contraction. Acetylcholine esterase then cleaves
the neurotransmitter, causing the sodium channel to return to the resting state and muscle relaxation.
The anatoxin-NAChR complex cannot be cleaved by the enzyme: the sodium channel is locked
open, becomes overstimulated, fatigued, and eventually paralyzed. The interaction of AN with
NACHR in the respiratory system results in a lack of oxygen to the brain, subsequent convulsions,
and death by suffocation. It has been shown that AN is about 20 times more potent a nicotinic ago-
nist than acetylcholine (Astrachan et al. 1980; Aronstam and Witkop 1981; Feuerstein and Siren
1988; Gordon et al. 1992; Fawell et al. 1999).

AN fits geometric models of nicotinic agonists; existing primarily with the seven-membered ring
in the twist-chair conformation, the s-cis enone conformation is favored 3:1 over the s-trans confor-
mation because of less steric crowding (Fig. 8.3). The s-cis conformer is considered to be the
preferred agonist conformation since the distance between the nitrogen and the carbonyl oxygen is
6.0 A, which compares well with acetylcholine (ACh) where the distance from the nitrogen to the
carbonyl oxygen is 5.9 A (Spivak et al. 1980; Koskinen and Rapoport 1985; Swanson et al. 1986;
Swanson et al. 1990; Thompson et al. 1992).

Since AN binds the nicotinic acetylcholine receptor irreversibly, this toxin is useful for studying
this receptor as well as the mechanisms of neuromuscular action. Analogues of AN have been
used to study the receptor subtypes, and important research goals are the development of new drug

Figure 8.3. Conformations of (A) anatoxin-a and (B) acetylcholine, showing spatial similarities for competitive
receptor binding. Adapted from Swanson et al. 1986.
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targets that have potential in increasing acetylcholine levels to be used for the treatment of
neurodegenerative disorders (Swanson et al. 1990; Nicolotti et al. 2002). Early structure-activity
relationship studies showed that N-methylation of AN destroyed potency, whereas side-chain modi-
fications retained potency (Kofuji et al. 1990; Stevens and Krieger 1990; Wonnacott et al. 1991,
1992). This research into analogues of AN continues to be a major driving force in the development
of new synthetic pathways to AN and analogues (Wonnacott et al. 1992; Swanson et al. 1990;
Brough et al. 1994; Breining 2004) and this is discussed in more detail in chapter 7.

In Vivo Toxicity

Clinical signs of toxicosis in mice, rats, birds, dogs, and calves follow a sequence of muscle fascicu-
lations, decreased movement, collapse, exaggerated abdominal breathing, cyanosis, convulsions,
and death. The LD, mouse (i.p.) is 200-250 ug/kg body weight, with a survival time that is usually
less than 30 minutes. The oral toxicity of AN is such that animals can receive a lethal amount of
toxin by ingesting anything from a few milliliters to several liters of surface. Autopsy examinations
have revealed that there are no specific internal lesions evident in animals poisoned by AN, although
edema of the brain, spinal cord, and meninges may be apparent as well as fluid congestion of
the lungs (Beasley et al. 1989b). There is no chemical antidote for AN intoxication, and the only
support measure that can be taken is water (Carmichael et al. 1977; Carmichael and Gorham 1978).
Cardio-respiratory changes in rats were examined using (+)-AN and a racemic mixture (Siren and
Feuerstein 1990; Adeyemo and Siren 1992). Studies of the sub-acute effects of AN on rats did not
reveal significant biological effects and no changes were observed in food consumption and in body
weight (Jarema and MacPhail 2003). The subacute toxicity and the teratogenicity of AN were also
studied in the mouse. The results confirmed the potent nicotinic agonist action of AN, which can
produce neuromuscular blockade and death by respiratory arrest. Additionally, there was no biologi-
cally significant tolerance to acute AN exposure (Stevens and Krieger 1991a; Stolerman et al. 1992).
Repeated sublethal oral administration over 28 days in the mouse did not produce treatment-related
toxicity, and AN did not appear to be a developmental toxicant in the mouse. It was further con-
cluded that a guideline value for AN in drinking water of 1 ug/l would provide an adequate margin of
safety (Fawell et al. 1999). In another study, time-pregnant mice received 125 or 200 pg kg*
anatoxin-a by intraperitoneal injection on gestation days (GD) 8-12 or 13-17. Although maternal
toxicity (decreased motor activity) was observed at 200 ug kg~ in both treatment periods, there
were no significant treatment-related effects on pup viability, and overall no significant postnatal
neurotoxicity was observed (Rogers et al. 2005).

The effect of nicotine on the motor activity of adult mice that had been exposed prenatally to AN
was also examined. This study showed that nicotine decreased both horizontal and vertical activity
in all mice, regardless of prenatal AN treatment and that there were no enduring effects of prenatal
AN in adult mice following nicotine challenge (MacPhail et al. 2005).

A report suggests that the intravenous administration of a “cell-free extract of Anabaena
flos-aquae (containing anatoxin-a)” produced a transient vasodepressor response followed by a
sustained rise in blood pressure in rats. Prolonged apnoea with attendant bronchoconstriction was
observed, which remained unaltered by atropine. However, the statement by these authors that AN
should be considered as a weapon of mass destruction, mainly due to its lethal anticholinesterase
activity (Dube et al. 1996), raises the possibility of confusion with anatoxin-a(s) since AN is a
nicotinic agonist and not a cholinesterase inhibitor.
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In Vitro Toxicity

The usefulness of AN for the study of nicotinic receptors has been demonstrated, and AN has been
shown to interact with «-4 -2 nicotinic acetylcholine receptors in the human cortex (Durany et al.
1999). AN evoked [H-3] dopamine release from rat stiatial synaptosomes, and this is modulated by
protein kinase C (Soliakov et al. 1995; Soliakov and Wonnacott 2001). A water extract of the alga
Anabaena flos-aquae enhanced substantially the release of [H-3]acetylcholine from cholinergic
nerves of rat bronchi; this was attributed to the presence of AN (Holte et al. 1998). The effect of dif-
ferent nicotinic agonists on the [H-3] norepinephrine release from rat hippocampal slices has also
been examined (Kiss et al. 2001). Using isolated bovine adrenal chromaffin cells, the secretion of
catecholamines stimulated by AN was completely inhibited in a noncompetitive manner by the nico-
tinic antagonist mecamylamine. It was concluded that AN acts as a potent and selective nicotinic
agonist, capable of evoking secretion of endogenous catecholamines from chromaffin cells via their
neuronal-type nicotinic receptor (Molloy et al. 1995; Dar and Zinder 1998).

AN was also used to show that endothelial cells that line blood vessels express functional nAChRs.
Thus, cultured human endothelial cells expressed ion channels that were opened by AN and blocked
by dihydro-beta-erythroidine. These are specific agonist and antagonist, respectively, of neuronal
AChRs of the a-3 subtype. It is also suggested that the toxic effects of nicotine on the vascular system
could be related to this phenomenon (Macklin et al. 1998). It has recently been shown that AN
induced apoptosis in non-neuronal cells, cultured rat thymocytes, and African green monkey kidney
cells. Evidence of AN-induced apoptosis included plasma membrane blebbing, condensed chromatin,
and nuclear fragmentation. It was suggested that AN-induced apoptosis could possibly be mediated
by the generation of reactive oxygen species and caspase activation (Rao et al. 2002a, 2002b).

AN was also shown to have cytotoxic effects on mouse B- and T-lymphocyte subpopulations in
vitro, but these effects were driven by mechanisms different from apoptosis (Teneva et al. 2005). Cellu-
lar systems have also been used to study the comparative potency of nicotinic agonists and the expres-
sion of homomeric nicotinic AchRs «-7, achieved in GH3 rat pituitary cells. This system was used to
show that AN was second only to epibatidine in potency as a nicotinic agonist (Feuerbach et al. 2005).

Environmental Toxicology

One of the interesting aspects of the production of potent toxins by cyanobacteria is the possibility
that it is carried out in order to gain a competitive edge against other organisms in the environment.
The effects of toxic cyanobacteria, or the purified toxins, on a variety of species have been studied in
recent years. Neonate Daphnia pulex were exposed to toxic strains of Anabaena, and to pure AN, at
12°C-25°C. The fecundity and survival of individual animals were assessed under different temper-
ature conditions. The sensitivity of D. pulex to the cyanobacteria and AN, at various temperatures,
was measured by determining the finite population growth rate of D. pulex, and this showed that
there was a statistically significant pattern of increased sensitivity at higher temperatures. The pres-
ence of cyanobacteria affected brood size, brood number, the time to first reproduction, and the
inter-clutch interval (Claska and Gilbert 1998).

The effects of cyanobacterial hepatotoxins and neurotoxins were examined on the embryos of fish
and amphibians up to advanced stages of embryonic development. No acute toxic effects were
observed after exposure to microcystins, but at the highest applied concentration of microcystin-LR
(10 mg/L), morphological effects were detected. AN (400 pg/L) altered the heart rate in zebrafish,
but no chronic effects were observed (Oberemm et al. 1999). The effects of cyanobacterial toxins on
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the survival and egg hatching of estuarine calanoid copepods was studied and this showed that,
although the egg hatching was unaffected, survival was marginally influenced by high concentra-
tions of AN and nodularin (Reinikainen et al. 2002).

The effect of AN was studied on the neurones of two snail species, and it was concluded that
AN affects the neuronal membrane of neurones acting on ACh receptors (Kiss et al. 2002).

Studies have also been conducted to investigate whether toxin production by cyanobacteria may
provide a competitive advantage against algae and aquatic plants. Thus, both AN and microcystin-
LR paralyze the motile green alga Chlamydomonas reinhardtii, representing a novel mechanism for
phytoplankton settling, which may allow the toxin-producing species to flourish (Kearns and Hunter
2001). AN adversely influences some aquatic plants by stimulating an increase in peroxidase and
glutathione S-transferase activity. The free floating aquatic plant Lemna minor and the filamentous
macroalga Chladophora fracta were used as representative organisms. A significant depletion in
photosynthetic oxygen production by L. minor was also observed at concentrations in the range
5-20 ug AN/mL (Mitrovic et al. 2004).

Anatoxin Poisoning: Investigation and Control
Degradation of Anatoxins

Cyanobacterial culture studies and reported observations of natural blooms have shown that
differences in cyanobacterial composition and toxicity are dependent on a number of environmental
factors including, light, temperature, pH, and nutrients and physical factors such as buoyancy of the
algae, prevailing weather conditions, and water currents (Rapala et al. 1993; Gupta et al. 2002).
These variables, along with the age of the cells, their tendency to lyse and release toxins,
decomposition and detoxification mechanisms (Rapala et al. 1994), help to explain why poisonous
cyanobacterial blooms tend to occur in such an erratic and unpredictable fashion (Carmichael and
Gorham 1980).

The stable nontoxic degradation product of AN, dihydro-AN, was first identified from a mature
bloom of Anabaena flos-aquae (Smith and Lewis 1987). A sample analysed shortly after a toxic
incident tested positive for the presence of AN, while a sample that had been frozen and analyzed
later was found to contain only trace amounts of AN and significant quantities of dihydro-AN. Dihy-
dro-AN was found to be nontoxic by mouse bioassay. This investigation concluded that AN tends to
disappear along with the toxicity within a few days of the event to a nontoxic degradation product,
thus complicating diagnosis (Smith and Lewis 1987). Epoxy-AN, another nontoxic metabolite of
AN, has also been identified from various blooms (Harada et al. 1993). A laboratory study showed
that AN degrades readily, especially in sunlight and at high pH, to nontoxic degradation products
(Fig. 8.4). Light and alkaline pH caused rapid degradation of AN, with a half-life of only 1-2 hours
(Stevens and Krieger 1991b), and in natural blooms in eutrophic lakes, the AN half-life is typically
less than 24 hours. Copper sulphate addition to cyanobacterial blooms has been frequently used,
resulting in temporary high surface copper concentrations in the water, lysing of cells and releasing
of toxins (Carmichael and Mahamood 1984; Beasley et al. 1989a). The Stevens study also compared
the detoxification of AN using copper and iron and found that the rate of AN loss was greatest with
Cu?* solutions (Stevens and Krieger 1991b). Rapala et al. (1994) investigated the biodegradability
of microcystins and AN, and concluded that micro-organisms, sediments, light, pH, and high copper
levels played a significant role in the degradation of cyanobacterial toxins in nature. Studies using a
culture of the cyanobacterium Raphidiopsis mediterranea Skuja (Namikoshi et al. 2004) showed
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Figure 8.4. Anatoxin degradation products: (A) dihydro-AN (R = CH,), dihydro-HMAN (R = C,H,); (B) epoxy-AN
(R = CHj), epoxy-HMAN (R = C,H,); (C) 4-hydroxy-HMAN (R = C,H,); (D) 4-keto-HMAN (R = C,H,).

that HMAN was readily transformed into two hydroxy-HMAN isomers (Fig. 8.4C, R = C,H,),
epoxy-HMAN (Fig. 8.4B, R = C,H,), and 4-keto-HMAN (Fig. 8.4D, R = C,H,).

Despite the ease with which AN and HMAN can rapidly degrade, it is surprising that there have
been few reports of the presence of these degradation products, and this may be a consequence of
both the lack of commercially available standards and the fact that most studies of anatoxins relied
on the use of LC with UV detection for analysis. The degradation products are not detectable using
this method as they do not possess the unsaturated ketone chromophore.

Forensic Investigations of Anatoxin-a Poisoning

In many ways, AN is an intriguing poison: it acts quickly with fatal consequences and leaves no sign of
organ damage; residual toxin is rapidly degraded; and the toxin mimics a harmless natural product in
some assays. The reliable determination of anatoxins in environmental and forensic samples presents
an array of difficulties. As discussed previously, AN and HMAN degrade quickly to nontoxic degrada-
tion products, usually dihydro and epoxy analogues, and the degradation is accelerated in sunlight and
at elevated pH (Stevens and Krieger 1991b). Both the mouse bioassay (Skulberg et al. 1994; Bruno et
al. 1994) and LC with UV detection (Astrachan and Archer 1981; Zotou et al. 1993) fail to detect these
degradation products. The mouse bioassay fails because the degradation products are nontoxic and UV
detection fails to detect the dihydro- and epoxy-degradation products (James et al. 1997). In addition,
only AN is commercially available and standard dihydro, and epoxy degradation products must be pre-
pared by synthesis from the parent toxins (James et al. 1997). In view of the above problems, it is
apparent that samples are frequently stored incorrectly, and ideally they should be protected from light
and acidified prior to storage at —20°C, in order to limit degradation of the anatoxins.

In some cases AN has been discounted as the causative agent of suspected animal poisoning
because of the low amount of AN present, a conclusion that is unreliable due to the lability of this
toxin. For example, cyanobacteria have been investigated as a possible cause of the high rate of
alligator mortality in Lake Griffin, Florida, USA. Although AN was found in liver and muscle
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samples, it was concluded that AN could not be responsible due to the low levels detected (Richey
et al. 2001), but this study failed to investigate the degradation products of AN.

Two recent incidents have highlighted the possible confusion that can occur in forensic investiga-
tions of suspected AN poisonings due to the presence of Phe. The death of a young adult in the USA
in July 2002, following exposure to lake water, was ascribed to AN poisoning in the coroner’ report.
This conclusion was based mainly on evidence obtained by using LC-MS with a single quadrupole
MS instrument. This identification has since been shown to be incorrect and was due to confusion
between Phe and AN, which have the same nominal mass and similar chromatographic retention
times (Carmichael and Yuan 2004). In 2003, an investigation into the fatal intoxication of two dogs
in a lake in eastern France identified AN in benthic cyanobacteria, collected along the shoreline.
However, confirmation and quantification of AN in the stomach and intestine contents of these dogs
was not possible because of the large quantity of Phe present (Gugger et al. 2005). Not only is the
single quadrupole MS insufficient to confirm AN, but multiple tandem MS methods must be used
with care as the spectra of AN and Phe reveal a number of similar product ions (Fig. 8.5). A number
of strategies have been proposed to limit the confusion between AN and Phe. These include (1) mul-
tiple tandem MS (MS"), (2) accurate mass measurements using time-of-flight (TOF) MS, (3) methy-
lation of Phe in samples prior to analysis of AN, and (4) derivatisation of AN prior to analysis (Furey
et al. 2005). The high mass accuracy of TOF MS is such that the isobaric precursor ions are partially
resolved because of the small differences in their accurate masses, [M+H]*, AN (m/z 166.1232) and
Phe (m/z 166.0868).

Health Implications and Risk Management

Confirmations of human deaths from cyanotoxins are limited to exposure to microcystins through
renal dialysis in Caruaru, Brazil, in 1996. Issues of human health, safe water practices, management,
prevention, and remediation have been published by the World Health Organization (WHO 1998)
and the potential risk of cyanobacterial toxins to human health has been reviewed (Carmichael
2001). A preliminary 28-day repeat sublethal oral dosing study with mice suggests that a guideline
value of 1 pg AN/L in drinking water would provide a safety margin of about three orders of magni-
tude (Fawell et al. 1999). Key procedures in the risk management of cyanobacterial toxins and cells
have also been reviewed, including derivations of tolerable daily intakes and guideline values with
reference to the toxins in drinking water and guideline levels for toxigenic cyanobacteria in bathing
waters (Codd et al. 2005). A toxicity assessment of cyanobacterial toxin mixtures, based on the deri-
vation of toxicity equivalent factors for these toxins and on the use of a toxicity equivalent method
similar to that used for dioxins, has been proposed. However, it was concluded that more data on
acute and chronic toxicity were required to establish toxicologically validated exposure limit values
for cyanobacterial toxins (Wolf and Frank 2002; Rao et al. 2002a). Since the main risks associated
with anatoxin poisoning involve farm and domestic animals, public information is important to warn
users of potentially toxic water bodies (Fig. 8.6).

The effectiveness of various drinking water treatment processes for the removal of microcystins
and AN has been examined in several studies involving laboratory and pilot-scale experiments using
cyanobacterial blooms and laboratory-grown algal cultures as test materials. Substantial reduction
of toxins, including AN, was achieved by granulated activated carbon filtration and by ozonization
(Keijola et al. 1988; Bruchet et al. 1998; Hitzfeld et al. 2000; Hoeger et al. 2002). The stability and
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"WARNING ACHTUNG ATTENTION

TOXIC ALGAE mayge present on or near
to the foreshore in this area, the levels of
algal toxins present can be dangerous to
both humans and animals.
Water from the Ialaz along this area of

foreshore should not be used for
drinking, cooking, or washing.

Swimming or paddiing is not allowed.
Animals should not be allowed access to the

foreshore as both water, and wet and dry
scum are toxic when algae are present.

KERRY COUﬂTY COUNCIL

Figure 8.6. \Warning sign of toxic algae erected near Caragh Lake, County Kerry, Ireland, following incidents of fatal
canine neurotoxicosis.

persistence of microcystins, when compared with the lability of anatoxins, suggests that the latter
toxins should present a reduced human health hazard.
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Christopher O. Miles

Introduction

Pectenotoxins (PTXs) are lipophilic macrocyclic polyethers (Fig. 9.1), the first examples of which
were isolated from the Japanese scallop (Patinopecten yessoensis) from which the name pectenotoxin
is derived (Yasumoto et al. 1984, 1985). Since the isolation of the first pectenotoxin, pectenotoxin-1
(PTX-1), a number of other PTXs have been isolated or identified in a range of source organisms.
Many of these PTXs are products of metabolism, produced after ingestion of PTX-containing algae.
The co-extractability of PTXs with diarrhetic toxins such as okadaic acid and dinophysistoxins from
shellfish, together with their toxicity to mice in the traditional i.p. mouse bioassay for lipophilic tox-
ins, led to PTXs being included together with okadaic acid analogues (and yessotoxins) in the diar-
rhetic shellfish poisoning (DSP) toxin group. However, this is inappropriate from a toxicological
perspective because PTXs are not strongly diarrhetic and, unlike okadaic acid, some PTXs are hepato-
toxic when administered intraperitoneally (Aune 1997). A reclassification of the shellfish toxin
groups has recently been suggested, and it has been recommended that PTXs be classified together in
their own group on the basis of their chemical and toxicological properties (FAO/IOC/WHO 2004).
Because PTXs were toxic in the traditional mouse bioassay for DSP toxins, their levels have been
regulated in shellfish in some countries. However, recent evidence suggests that PTXs may be much
less of a threat to public health than was originally supposed based on the mouse bioassay results.
PTXs have been reviewed previously, often as part of a wider review of DSP toxins or of shellfish and
algal toxins in general (Aune 1997; Bhakuni 1995; Yasumoto 2001; Yasumoto and Murata 1993,
1990). More focused reviews have been published recently (Draisci, Lucentini, and Mascioni 2000;
Burgess and Shaw 2001), but knowledge about PTXs has advanced at a rapid rate. Historical aspects
and recent findings related to pectenotoxins are reviewed here, including their occurrence, chemistry,
synthesis, and metabolism. Biological activities of PTXs are also summarized but are not critically
evaluated. Analytical methods for PTXs are not covered, but are mentioned where relevant to discus-
sions of other aspects.

Occurrence

Although PTXs were first isolated from filter-feeding shellfish, it quickly became apparent
that PTXs originated from microalgae in the diet of the shellfish. Thus far, only the genus Dinoph-
ysis has been implicated in contamination of shellfish with PTXs. This genus appears to be wide-
spread, and to be widely associated with a variety of toxins in many regions including Europe
(Zingone et al. 2006; Bravo et al. 1995; Della Loggia et al. 1993), Japan (Sato, Koike, and Kodama
1996), the Americas (Cembella 1989; Norris and Berner 1970), and Australasia (Hallegraeff and
Lucas 1988).
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Algae

PTX-1 and -2 were originally isolated from P. yessoensis, but it appeared likely that the PTX-2 in
these shellfish was of algal origin. Dinophysis fortii, which was already known as a source of okadaic
acid analogues, and possibly Dinophysis acuminata, were proposed as the sources of the PTXs in
Japan (Yasumoto et al. 1985). A study of PTXs in Dinophysis spp. using HPLC-UV analysis revealed
PTX-2 in picked cells of Japanese D. fortii, and although PTX-2 was apparently not detected in
D. acuta (Norway and Spain), D. acuminata (France and Japan), D. rotundata (Japan), D. mitra
(Japan), D. tripos (Japan), or D. norvegica (Japan) (Lee et al. 1989), this may have been due to lack of
sufficient sensitivity of the method combined with low abundance of the toxin in these algal samples.
PTX-2 was subsequently detected together with okadaic acid in European D. fortii by LC-MS
(Draisci et al. 1996). The advent of LC-MS methods has greatly facilitated the identification and
quantitation of PTXs in algae and shellfish, and there is now evidence that PTXs are present in many
Dinophysis spp. throughout the world (Tables 9.1 and 9.2). Furthermore, the even more widely docu-
mented presence of PTXs in shellfish (Table 9.3) is indicative of very broad distribution of PTX-
producing algae. Although it often stated that Dinophysis spp. produce PTXs (and okadaic acid
analogues), there is as yet no direct experimental evidence for this. It is clear that numerous species of
Dinophysis contain PTXs, particularly when picked and washed cells have been analyzed for their
toxin content. However, as Dinophysis are heterotrophic or mixotrophic, and may consume prey
species in their natural environment, it is possible that the PTXs in Dinophysis samples harvested
from Nature originate from prey species. This possibility is not unrealistic, given that PTXs have
recently been detected in Protoperidinium spp. that had been observed preying on Dinophysis spp.
(Miles et al. 2004b). It is also possible that bacteria or other micro-organisms may be involved PTX
biosynthesis. The current inability to maintain Dinophysis in culture means that such possibilities
cannot be excluded, and also precludes studies of PTX biosynthesis. However, the ubiquity of PTXs
in Dinophysis spp. from around the world (Tables 9.1 and 9.2) suggests that PTX biosynthesis is prob-
ably a constitutive trait for many species in this genus.

Until recently, it has not been possible to study the occurrence of toxins in small numbers of
picked cells. Many studies of PTXs in algae have therefore relied on relatively large samples of algae
fractionated from mixed blooms, or on analysis of extracts from blooms containing essentially one
species of Dinophysis (Draisci et al. 1996; Daiguji et al. 1998; Suzuki et al. 1998). However,
advances in analytical methods mean that analysis of toxins in picked cells is now possible, some-
times even in single cells. An ELISA method for analyzing both shellfish and plankton samples has
recently been developed (Briggs et al. 2000) and gave similar results to LC-MS analysis for extracts
of plankton from Norway (Briggs et al. 2000) and New Zealand (MacKenzie et al. 2004). ELISA
analysis of picked cells indicated that D. norvegica from Sognefjord, Norway, contained an average
of 11.6 pg/cell PTXs (with a standard deviation for 6 replicates of 20 cells of 3 pg/cell) and that
D. acuminata from Akaroa Harbour, New Zealand, contained 28 pg/cell PTXs (sub-aliquot from
10 cells) (Samdal et al. 2002). With modern LC-MS technology and sample preparation methods it
now possible to determine both the toxin content and profile of very small numbers of picked algal
cells (Quilliam et al. 2003; Puente et al. 2004a, 2004b). This approach has been used to analyze
PTXs in Dinophysis cells (Miles et al. 2004b; Qulliam et al. 2003; Puente et al. 2004a, 2004b;
Fernandez and Reguera 2002); their power is well illustrated by the study of PTXs and okadaic acid
analogues in four Dinophysis species picked from a mixed bloom and in Protoperidinium spp.
observed preying on the Dinophysis (Miles et al. 2004b). Such methods should help advance our
understanding of toxin production and biosynthesis, even in unculturable genera.
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Estimates of the amount of PTXs per cell have been made for a range of species. The most com-
mon method has been to analyze extracts of sea water or net-haul concentrates after determining the
cell density of algal species by microscopy. The alternative approach, analyzing relatively small
numbers of hand-picked cells, is used less often because it requires sensitive analytical methods and
tedious picking and washing of the cells. The published results are summarized in Table 9.2. A sig-
nificant amount of PTXs can be present in cell-free sea water from Dinophysis blooms (Briggs et al.
2000; MacKenzie et al. 2004) due to leakage from cells. This dissolved toxin would be measured in
the bloom-extract procedures, but not in the picked-cell methods, and may account for some of the
variability and higher values determined by the former method. While PTX-2 seco acids (PTX-2
SAs) were detected in Dinophysis in some studies (Pavela-Vrann et al. 2001; Puente et al. 2004a;
Daiguji et al. 1998; James et al. 1999; Draisci et al. 1999; Fernandez et al. 2002), it now appears that
seco acids are not present in significant amounts in healthy intact Dinophysis cells (Puente et al.
2004b; MacKenzie et al. 2005; Vale and Sampayo 2002b; MacKenzie et al. 2002; Miles et al.
2004c). The presence of PTX SAs in algal extracts is thought to result from hydrolysis of PTXs by
enzymes released from damaged cells (MacKenzie et al. 2002; Fernandez et al. 2002).

Shellfish

PTXs have been found in shellfish from most regions of the world, reflecting the world-wide distri-
bution of Dinophysis spp. There is relatively little information on concentrations of PTXs in shellfish
due to the previous scarcity of analytical standards and because monitoring for PTXs by instrumen-
tal methods has until recently not been widespread, but the bulk of the published information is
summarized in Table 9.3. A certified reference material (CRM) for PTX-2 became available from the
Certified Reference Materials Program (CRMP) of the National Research Council of Canada (Insti-
tute for Marine Biosciences, Halifax; http://imb-ibm.nrc-cnrc.gc.ca/crmp/shellfish/index_e.php) in
2003 (Quilliam 2004), and a CRM for PTX-11 is expected in 2006 (M.A. Quilliam, personal
communication). The availability of such standards should result in an increasing amount of reliable
information on the type and concentration of PTXs present in natural samples.

PTXs appear to be concentrated primarily in the hepatopancreas in mussels (MacKenzie et al.
2002), and when PTX-6 was injected into the adductor muscle of the scallop P. yessoensis the toxin was
rapidly transported to the hepatopancreas (Suzuki et al. 2005a). Levels of PTX seco acids in shellfish
can be quite high, with concentrations reportedly as much as 2 mg/kg in Australian and 4.1 mg/kg in
New Zealand shellfish (Burgess 2003), and levels of up to 17 mg/kg of seco acids of PTX-2 and PTX-
12 were measured in Norwegian M. edulis (Miles et al. 2004b). Several studies have shown positive
correlations between concentrations of PTXs in shellfish and Dinophysis cells in sea water from which
the shellfish were collected (Eaglesham et al. 2000a; Vale and Sampayo 2002b; Vale 2004; MacKenzie
et al. 2004; Fernandez et al. 2002; Aune et al. 2002; Holland et al. 2003). The data from the study of
MacKenzie et al. (MacKenzie et al. 2004), using the so-called SPATT method, are particularly convinc-
ing because the authors were able to correlate the toxin content of the mussels, the toxin concentration
in the sea water, and the concentration of the various species of Dinophysis in the water.

Japan

PTXs were originally identified in the Japanese scallop P. yessoensis, and PTX-1-7 were isolated or
identified from this source (PTX-8 and PTX-9 are artifactual, and details of PTX-10 have yet to be
published). Published information on PTX concentrations in Japanese shellfish are limited, although
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high levels of PTX-6 were found in P. yessoensis by HPLC fluorescence (Suzuki et al. 1998) and LC-
MS (Suzuki and Yasumoto 2000), and no PTX-6 was detected in the mussel Mytilus galloprovin-
cialis (Suzuki and Yasumoto 2000). PTX seco acids have not been reported in P. yessoensis,
reflecting the differential metabolism of PTX-2 found in this species. PTX-6 was the dominant PTX
in a recent survey of P. yessoensis, with relatively modest levels of PTX-1 and only low levels of
PTX-2 (Suzuki et al. 2005b), but absolute concentrations were not reported. PTX-3-5 are reported
to be very rare, even in P. yessoensis from Mutsu Bay (Yasumoto et al. 1989). No PTX-6 and only
traces of PTX-1 and PTX-2 (up to 4 pg/kg whole shellfish, T. Suzuki, personal communication of
data from Suzuki et al. 2005b) were occasionally detected in a survey Japanese mussels (M. gallo-
provincialis and Mytilus coruscus), although unspecified amounts of PTX-2 seco acid (PTX-2 SA)
were detected in M. galloprovincialis (Suzuki et al. 2005b).

Europe

PTXs appear to be common in European shellfish, although the first reports are relatively recent
(Daiguiji et al. 1998; James et al. 1999; Draisci et al. 1999). In Norway, PTXs are regularly found in
blue mussels (Mytilus edulis) and cockles (Cerastoderma edule). Among the analogues detected are
“PTX-1" (Aune et al. 2004) (possibly misidentified, see below), PTX-2, PTX-12, PTX-2 SAs, and
what appear to be seco acids of PTX-12 (Miles et al. 2004b). PTX-2 and PTX-12 have also been
detected in mixed Dinophysis blooms in Sweden (Miles et al. 2004c¢), so the presence of these PTXs
and their metabolites in shellfish from elsewhere in Scandinavia is to be expected. PTX-2 SA and
7-epi-PTX-2 SA were found in shellfish on the Adriatic coast of Croatia (Pavela-Vrantit et al. 2001,
2002) by HPLC-fluorescence after blooms of Dinophysis. M. galloprovincialis from Italy’s Adriatic
coast have also been shown to contain PTX-2 SA isomers (Draisci et al. 1999). Modest levels of
PTX-2 SAs have been detected in a wide range of Portuguese shellfish including Donax trunculus,
M. galloprovincialis, and C. edule (Vale and Sampayo 2002a, 2002b; Vale 2004; 2006). PTX-2 SA
was also detected at up to 120 pg/kg in edible parts of the crab Carcinus maenas from Portugal and
was present at the same time in the shellfish the crabs were presumed to be feeding on (Vale and
Sampayo 2002a, 2002b). In Ireland, PTX-2 SA isomers have been reported in M. edulis during
D. acuta blooms (Puente et al. 2004b; Draisci et al. 1999). Low levels of PTX-2 were measured in
M. edulis in England (Morris et al. 2003) and M. galloprovincialis in Spain (Fernandez et al. 2002),
and although PTX-2 SA and 7-epi-PTX-2 SA were also present, concentrations were not reported.
In Scotland, LC-MS analysis revealed PTX-2 and PTX-2 SA in scallops (Pecten maximus) (Stobo
et al. 2004, 2005), PTX-2 in mussels (M. edulis) (Stobo et al. 2004; 64), and PTX-1 in M. edulis
(Stobo et al. 2004). Very recently, PTX-2 and PTX-2 SAs were detected at low levels in mussels
from the White Sea, Russia (\Vershinin et al. 2006).

Australasia

In New Zealand, PTX-2, PTX-11, PTX-13, PTX-2 SA, and a putative PTX-11 seco acid were found
in green-lipped mussels (MacKenzie et al. 2002; Holland et al. 2003) during a D. acuta bloom.
MacKenzie et al. also reported PTX-2 in M. edulis and P. canaliculus during minor blooms of
D. acuminata (MacKenzie et al. 2004) in New Zealand. Low levels of PTX-2 and modest levels of
PTX-2 SAs were found in a range of Australian shellfish species including pipis (Donax deltoides)
implicated in a human poising event (Eaglesham et al. 2000a, 2000b; Takahashi et al. 2003),
although higher levels (2000 pg/kg) have been mentioned (Burgess 2003) in Australian shellfish.
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Very recently, PTX-2 and PTX-2 SA were identified in scallops (Pecten fumatus), oysters
(Crassostrea gigas) and razor fish (Pinna bicolour) from South Australia (Madigan et al. 2006).

The Americas

PTXs have been observed in shellfish from both coasts of North America (M.A. Quilliam, personal
communication), and one of the sources on the east coast has been identified as D. acuminata
(Quilliam et al. 2003). PTX-2 and its seco acids have recently been detected in scallops (Argopecten
purpuratus) and clams (Venus antiqua) from Chile (A. Lopez and B.A. Suarez-Isla, personal
communication).

Other Sources

PTX-2 was isolated from extracts of a two-sponge association (a Poecillastra sp. and a Jaspis sp.) by
brine-shrimp-lethality bioassay guided fractionation (Jung et al. 1995). Okadaic acid analogues have
similarly been isolated from marine sponges (Britton et al. 2003; Tachibana et al. 1981; Schmitz et al.
1981; Sakai and Rinehart 1995). It seems likely that the PTXs and okadaic analogues, which co-occur
in Dinophysis spp., originate in the sponges either through algae living in association with the
sponges, or through filter feeding of the sponges on toxin-containing algae. Copepods feeding on
Dinophysis spp. contained low levels of okadaic acid (Kozlowsky-Suzuki et al. 2006), and it would
not be surprising if PTXs were eventually identified in Copepods.

Structure and Chemistry
Structures

The structures of known PTXs are presented in Fig. 9.1. There are no structures reported for PTX-5 or
PTX-10. The structures of pectenotoxins were initially defined through X-ray crystallography of PTX-
1 (Yasumoto et al. 1985). The X-ray crystal structure defined the solid-phase conformation of PTX-1
and revealed the relative configurations of all its chiral centers. The absolute configuration of PTX-6
was later determined by NMR studies of chiral amide derivatives (Sasaki, Satake, and Yasumoto
1997), thereby establishing the structures of the natural 7R-PTXs (PTX-1, -2, -3, -6, -11, -12, and -13,
and PTX-2 SA) as depicted in Fig. 9.1. The correctness of the assigned absolute stereochemistry
(Sasaki, Satake, and Yasumoto 1997) was confirmed by total synthesis of PTX-4 and comparison of its
optical rotation with that reported for PTX-4 from a natural source (Evans et al. 2002). It should be
noted that the absolute configuration established for PTXs by Sasaki et al. (Sasaki, Satake, and
Yasumoto 1997) is the antipode of that tentatively depicted in the earlier reports. Therefore, because of
the delay between identifying the structures of PTXs and the establishment of their absolute configura-
tions, much of the older literature depicts the incorrect enantiomers of PTX analogues. The chemical
properties of PTXs are summarized in Table 9.4. PTXs-1-7 were isolated by mouse-bioassay— and
TLC—guided fractionation of shellfish extracts (Yasumoto et al. 1984, 1985; Yasumoto et al. 1989;
Sasaki, Satake, and Yasumoto 1997; Murata et al. 1986; Sasaki, Wright, and Yasumoto 1998), while
PTX-8 and PTX-9 were obtained by chemical transformations (Sasaki, Wright, and Yasumoto 1998).
Subsequent isolations of PTXs from shellfish and algae have relied on assessment of fractions by
HPLC-UV, HPLC-fluorescence, and more recently, LC-MS analytical methods developed primarily
for analysis of shellfish (Miles et al. 2004a, 2004b, 2006b; Suzuki et al. 2006; Daiguji et al. 1998).
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A good outline of the methods and strategy for purification of PTXs from shellfish have been pre-
sented (Yasumoto et al. 1989; Goto et al. 1997), and the citations in Table 9.4 contain information on
the purification methods used for isolation of individual PTXs as well as information about struc-
turally informative mass-spectral fragmentations and NMR data. Efficient methods for isolating suffi-
cient quantities of high-purity toxin are essential for chemical identification, production of analytical
standards, and toxicological evaluations of PTXs. Recent work has shown that it is relatively easy to
purify PTXs from algal concentrates harvested from natural blooms (Miles et al. 2004a, 2004b,
2006b; Suzuki et al. 2006) or by in vitro enzymatic conversion of isolated PTX-2 (Miles et al. 2004ab,
2006). Unfortunately, some PTX metabolites are currently only obtainable via shellfish (PTX-1, PTX-
3-9), and blooms of appropriate Dinophysis spp. can be difficult to find and harvest and this genus
cannot yet be grown on a large scale in the laboratory.

PTX-1 and PTX-2 were originally isolated from hepatopancreas of P. yessoensis, and their struc-
tures determined by X-ray crystallography, mass spectrometry and NMR spectroscopy (Yasumoto
etal. 1984, 1985). Formally, PTX-1 is 43-hydroxyPTX-2. As part of the same study, three other ana-
logues (PTX-3-5) were also isolated and partially identified from UV spectra and mass spectrometry,
but their structures were not established (Yasumoto et al. 1984, 1985). Continuation of this work led to
the isolation and identification of PTX-3, a C-43-aldehyde analogue of PTX-1 (Murata et al. 1986).
PTX-6 was the next analogue to be identified, and its structure was determined by mass spectrometry
and comparison of its NMR spectra with those of PTX-3 (Yasumoto et al. 1989). Although mentioned
in passing in earlier reports (Yasumoto et al. 1989; Yasumoto 1988), the structure of PTX-4 was only
reported much later (Sasaki, Wright, and Yasumoto 1998), together with that of PTX-7. As part of this
study, Sasaki et al. (Sasaki, Wright, and Yasumoto 1998) also identified PTX-8 and PTX-9 as artifac-
tual isomers produced via acid-catalyzed isomerization of PTX-1/4 and PTX-6/7, respectively. The
isomerization chemistry of PTXs is discussed in more detail below. An unidentified analogue, PTX-
10, was also mentioned as being present in acidic fractions from P. yessoensis (Sasaki, Wright, and
Yasumoto 1998), but no details appear to have been published.

Two new PTXs were identified in D. acuta from Ireland and mussels (P. canaliculus) from
New Zealand. Isolation of these compounds from the mussels afforded PTX-2 SA and 7-epi-PTX-2
SA (Daiguji et al. 1998), analogues of PTX-2 in which the lactone ring had been hydrolyzed. It
appears that PTX-2 SA is produced by enzymatic hydrolysis of PTX-2, and that 7-epi-PTX-2 SA is
produced by nonenzymatic isomerization of the 7-ketal moiety in PTX-2 SA (see discussion of chem-
istry and metabolism below).

A compound tentatively characterised as a new PTX with the same molecular weight as PTX-1
was detected by LC-MS analyses of P. canaliculus and D. acuta from New Zealand and temporarily
designated as “PTX-1i" (MacKenzie et al. 2002). After further studies this compound was named
PTX-11 (Suzuki et al. 2003), and was isolated from D. acuta and identified by NMR and mass spec-
trometry as 34S-hydroxyPTX-2 (Suzuki et al. 2006) (Fig. 9.1). The same sample of D. acuta also
showed the presence of another compound temporarily designated PTX-11x on the basis of LC-
MS/MS spectra (Suzuki et al. 2003). This was isolated from algal concentrates to afford PTX-13,
identified as 32R-hydroxyPTX-2 (Suzuki et al. 2006; Miles et al. 2006b). A second compound, PTX-
14, was identified as the cyclized 32,36-dehydration product of PTX-13 and may be artifactual in
origin (Miles et al. 2006b).

A pair of peaks attributable to PTXs with a molecular weight of two less than that of PTX-2 were
observed during LC-MS analyses of extracts obtained by solid-phase extraction of a Dinophysis
bloom from the east coast of Norway. The compounds were isolated from a bloom of D. acuta from
the west coast of Norway and identified as PTX-12 (38,47-dehydroPTX-2) as a pair of equilibrating
36-epimers (Miles et al. 2004b).
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Figure 9.1. Pectenotoxins whose structures have

BB %ﬂgﬁSheIIﬁsh been definitively identified. Key: +, reported; —, not
?-epi—PTX:Z gA S : : reported; ?, possible artifact; 2, found only as an acid-

induced artifact (see Figure 9.2).
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Several PTXs have been tentatively identified on the basis of LC-MS or chemical studies. A
compound proposed as PTX-12 SA was observed as a mixture of four equilibrating isomers (7- and
36-epimers) during LC-MS analysis of Norwegian shellfish (Miles et al. 2004b). Similarly, a puta-
tive PTX-11 SA was observed by LC-MS in New Zealand shellfish by LC-MS (MacKenzie et al.
2002). The evidence for these identifications is only circumstantial. In the case of PTX-12 SA, PTX-
12 was present in the shellfish and in the algae present in the water, the putative seco acids were
demonstrated to be carboxylic acids by derivatization with diazomethane, and no other compounds
were observed with the correct molecular weights in shellfish or algae by LC-MS (Miles et al. 2004).
The case for PTX-11 SA is less certain, as there were other PTXs in the algae with the same molec-
ular weight as PTX-11 (Suzuki et al. 2003; Miles et al. 2006). No enzymatic hydrolysis of PTX-11
was observed in vitro with homogenised mussel hepatopancreas (Suzuki et al. 2006), and that it is
possible that mussels could oxidize PTX-2 SA in much the same way as P. yessoensis oxidizes PTX-
2 (see discussion below). An apparent isomer of PTX-2 SA was detected by HPLC-UV (James et al.
1999), HPLC-fluorescence (Nogueiras et al. 2003; James et al. 1999) and LC-MS (Puente et al.
2004a, 2004b; James et al. 1999) in Irish shellfish and phytoplankton. This compound may be an iso-
merization product of PTX-2 SA or 7-epi-PTX-2 SA (see discussion of chemistry below) and does
not yet appear to have been identified in other sources.

Chemistry

All PTXs absorb UV light at ca 235 nm due to the presence of a 1,3-dienyl moiety at C-28-C-31
(Table 9.4), allowing these compounds to be easily detected by HPLC-UV and TLC. During HPLC-
UV monitoring of preparative enzymatic conversions of PTX-2 into PTX-2 SA the UV absorbance
maximum of PTX-2 SA and its 7-epimer consistently occurred at 2 nm longer wavelength than that
of PTX-2, presumably due to release of conformational strain in the dienyl moiety after opening of
the lactone ring (Miles et al. 2004a). It should be noted that while PTX-2 was stable for more than 24
hr between pH 4.5 pH 9.1 (Suzuki et al. 2001b), treatment with strong base destroyed PTXs in shell-
fish extracts (Vale and Sampayo 2002b), and attempts to prepare PTX-2 SA by controlled basic
hydrolysis of the lactone moiety of PTX-2 resulted only in degradation (Miles et al. 2004).

The presence of a hemiketal (C-36) and several ketal centres (C-7 and C-21), along with a ketone
«- to an ether linkage mean that PTXs are susceptible to isomerization, especially by acids (Suzuki
et al. 2003; Evans et al. 2002; Sasaki, Wright, and Yasumoto 1998). The ketal at C-7 is especially sen-
sitive to epimerisation, particularly when carboxylic acid moieties are present in the structure (Sasaki,
Wright, and Yasumoto 1998). So although PTXs isolated from algae appear to be almost exclusively
7R-isomers like PTX-2, PTXs isolated from shellfish sometimes also contain a small amount of the
corresponding 7S-isomers (PTX-4 and PTX-7) (Sasaki, Wright, and Yasumoto 1998). Treatment of
7R- or 7S-PTXs with weak acid leads to an equilibrium mixture of the 7R-, 7S-, and six-membered-B-
ring-isomers (Suzuki et al. 2003; Evans et al. 2002; Sasaki, Wright, and Yasumoto 1998) as illustrated
in Fig. 9.2. PTX-1, PTX-4, and PTX-8 are therefore isomeric forms of each other in the A-B ring sys-
tem, as are PTX-6, PTX-7, and PTX-9. Extended treatment of any one member any trio of compounds
with weak acid leads to an equilibrium mixture of it and its two corresponding isomers. The reaction
seems to be quite general, as similar treatment of PTX-2 and PTX-11 also led to a mixture of three iso-
mers presumed to correspond to those depicted in Fig. 9.2 (Suzuki et al. 2003). Although it is possible
that the 7S-isomers (PTX-4 and PTX-7) in shellfish are produced by isomerization from their corre-
sponding 7R-isomers during isolation procedures, it is also possible that these compounds originate
from the algae, as supported by evidence, presented by Suzuki et al. (2003), of low levels of 7S-PTX-2
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(“PTX-2b”) and 7S-PTX-11 (“PTX-11b”) in extracts of New Zealand D. acuta. PTX-2 SA is particu-
larly labile and has been observed to isomerize to 7-epi-PTX-2 SA in buffers (Miles et al. 2004a) and
during attempted purification (James et al. 1999; Miles et al. 2006). PTX-2 SA is the initial product of
enzymatic hydrolysis of PTX-2 (Miles et al. 2004a; Suzuki et al. 2001a, 2001b), but it steadily iso-
merises in aqueous solution to the thermodynamically more stable 7-epi-PTX-2 SA (Miles et al.
20044, 2006a; Suzuki et al. 2001b) (although it appears to be relatively stable in methanolic solution
(Miles et al. 2004)). Presumably it is this abiotic isomerization that is responsible for the presence of 7-
epi-PTX-2 SA and for the variable ratios of seco acid epimers in shellfish and algal extracts. A third
isomer of PTX-2 SA has been observed by some workers in extracts of shellfish (Puente et al. 2004a,
2004b; Nogueiras et al. 2003; James et al. 1999) which appeared to isomerise during attempted purifi-
cation (James et al. 1999). These characteristics would be consistent with isomerization of PTX-2 SA
in a manner analogous to that depicted in Fig. 9.2, but isomerization in other parts of the structure is
also feasible. PTX-12 was isolated as a rapidly equilibrating pair of 36R,S-isomers, and it was pro-
posed that this results from strain induced in the terminal G-ring by the 38,47-ene group (Miles et al.
2004b). The putative PTX-12 seco acids present in shellfish contaminated with PTX-12 appeared to
partially isomerise on-column during LC-MS, although methylation of the carboxylic acid group with
diazomethane greatly reduced this effect (Miles et al. 2004b). During alumina chromatography, much
of the PTX-12 unexpectedly eluted in the acidic fraction (Miles et al. 2004b), possibly due to interac-
tions of the cis-36,37-dihydroxy moiety of 36R-isomer with the stationary phase.

PTXs slowly exchange deuterium in the 13B-position during extended or delayed NMR analysis
over a period of months if CD,OD is used as solvent (Miles et al. 2004b, 2006b). More prolonged
treatment exchanges deuterium into other positions, but this occurs more slowly (Miles et al.
2006b). Different samples appeared to exchange at different rates (A.L. Wilkins, personal communi-
cation), suggesting that the reaction may be promoted by traces of acid or base in the samples. While
specifically deuterated derivatives provide a means to test proposed mass spectral fragmentation
pathways (Miles et al. 2006b), exchange of tritium into PTXs in the same manner could prove a
valuable source of radiolabelled PTXs for radio-tracer-based assays and for metabolism studies.

PTX-8

Figure 9.2. Acid-catalyzed isomerization of PTX-1 to PTX-4 and PTX-8 (Sasaki, Wright, and Yasumoto 1998). Analo-
gous isomerizations have been observed for PTX-6 (Sasaki, Wright, and Yasumoto 1998), PTX-2, and PTX-11 (Suzuki
et al. 2003).
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Pectenotoxins undergo a number of reactions related to the functional groups they contain. PTX-
3 forms a methoxy hemiacetal of the aldehyde moiety when dissolved in MeOH (Murata et al.
1986). The reactivity of the carboxylic acid group in PTX-6 has been utilised to make amide deriva-
tives for determination of absolute stereochemistry (Sasaki, Satake, and Yasumoto 1997) and fluo-
rescent ester derivatives for HPLC analysis (Suzuki et al. 1998) and for coupling to PTX-6 to protein
for immunoassay development (Briggs et al. 2000; Sasaki 1993). Pectenotoxins contain a 28,30-
dienyl moiety that reacts with dienophiles via the Diels-Alder reaction. This reaction has been used
to derivatise PTXs with the fluorescent dienophile DMEQ-TAD to afford four diasterecisomeric
derivatives (although two of these predominate) for HPLC analysis (Burgess et al. 2003). The car-
boxylic acid group in PTX seco acids reacts rapidly with diazomethane to form the methyl esters
(Miles et al. 20044, 2004b), and with 9-anthryldiazomethane (Daiguji et al. 1998; James et al. 1999),
1-bromoacetylpyrene (James et al. 1999), 3-bromomethyl-6,7-dimethoxy-1-methyl-2(1H)-quinox-
alinone, and 9-chloromethylanthracene (Nogueiras et al. 2003) to form fluorescent derivatives.
These reactions are useful for structural confirmation as well as for HPLC analysis.

Synthesis

Because of their novel biological activities, as well as the complexity of the challenge of construct-
ing the PTX structure, PTXs have in recent years become a target for synthetic chemists. The first
report of the synthesis of a PTX-fragment was of the C-31-C-40 portion (Amano, Fujiwara, and
Murai 1997). At the time, this unit was common to all known pectenotoxins (PTX-1-3), although
several PTXs have since been identified that contain variations in this fragment (PTX-11-14). This
fragment is the antipode of the natural toxins, as the work (Amano, Fujiwara, and Murai 1997) was
undertaken prior to the determination of the absolute stereochemistry of PTX-6 (Sasaki, Satake, and
Yasumoto 1997). The same group reported the synthesis of the C-8—-C-18 unit that is common to all
known PTXs (Awakura et al. 2000). Another group subsequently synthesised of a more extensive
fragment (rings C-E, i.e. C-11-C-26) of PTX-2 (Micalizio and Roush 2001). The AB ring system
(C-1-C-11) of the natural 7R-PTXs (PTX-1, -2, -3, -6, -11-14) has recently been synthesised, as
well as the corresponding 7S-epimer, by a kinetic spiroketalization (Pihko and Aho 2004). The syn-
thesis of PTX-2 is being tackled, and to date the ring A—C and D-E (C-1-C-26) (Bondar et al. 2005)
and F-G (C-29-C-40) (Paquette, Peng, and Bondar 2002; Peng, Bondar, and Paquette 2004) back-
bone substructures have been completed but the units have yet to be correctly joined to complete the
structure. Evans’s group recently reported synthesis of the C-1-C-19 subunit (Evans, Rajapakse, and
Stenkamp 2002) and of the C-20-C-30 and C-31-C-40 subunits, and their assembly to form PTX-4
(Evans et al. 2002). Acid-catalyzed isomerization of the material afforded primarily PTX-8, which
was identical with an authentic specimen, along with a much lower amount of PTX-1 (Evans et al.
2002). This is currently the only reported total synthesis of a PTX, although it should be noted that
PTX-4 is not a major natural metabolite and that PTX-8 is an artifact produced by acid-catalyzed
isomerization of PTX-1. The left-hand half of the PTXs (rings A+E-F, i.e. C-1-C-7 + C-31-C-40)
has been synthesized (Fujiwara et al. 2005). This unit is common to all PTXs with the exception of
the seco acids and PTX-11-14. Very recently, synthesis of the ring A-C fragment (C-1-C-16) of
PTX-7 has been achieved with a view to producing the major naturally occurring (and thermody-
namically less stable) 7S-epimer (PTX-6) (Halim, Brimble, and Merten 2005) by acid-catalyzed
epimerization in a similar manner to that used by Evans et al. (2002). For the time being, there is no
real prospect of synthetic methods replacing natural PTXs as a source for biochemical and other
studies. However, synthetic fragments of PTXs and synthesized non-natural PTXs could provide
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a rich resource for studying the structure—activity relationships within the PTXs. Other potential
uses for synthetic analogues include internal standards for analytical methods and labelled ana-
logues for metabolic studies.

Metabolism
Shellfish

PTXs ingested by shellfish are metabolized by two processes (Fig. 9.3). In the Japanese scallop, P.
yessoensis, PTX-2 absorbed from algae undergoes apparently step-wise oxidation of the methyl
group attached to C-18 (Suzuki et al. 1998; Yasumoto et al. 1989). Thus, this methyl group in PTX-2
is oxidised to an alcohol (PTX-1), aldehyde (PTX-3), and finally a carboxylic acid (PTX-6) group. In
the New Zealand scallop, Pecten novaezelandiae (Suzuki et al. 2001a), and mussels P. canaliculus
and M. galloprovincialis from New Zealand (Suzuki et al. 2001b) and M. edulis from Norway (Miles
et al. 2004a), a different process has been demonstrated whereby the lactone moiety of PTX-2 under-
goes rapid enzymatic hydrolysis to afford PTX-2 SA. In vitro, the hydrolysis can be extremely rapid,
with a half-life of as little as 7 minutes (Miles et al. 2004a). Examination of the metabolite profiles
reported for PTX-contaminated shellfish (Table 9.3) suggests that this is the major metabolic pathway
in all shellfish species tested, apart from P. yessoensis. Although 7-epi-PTX-2 SA is also often found
in shellfish contaminated with PTXs, it appears that this is formed by nonenzymatic isomerization
processes from PTX-2 SA (Miles et al. 2006a). Some PTXs are more resistant to enzymatic hydroly-
sis than PTX-2. PTX-11 was not detectably hydrolyzed in vitro overnight, even though the half-life
for PTX-2 hydrolysis in the same preparation was ca 15 minutes (Suzuki et al. 2006). This phenome-
non was paralleled in vivo, as the ratio of PTX-2 SA:PTX-2 in P. canaliculus was very much higher
than the ratio of the putative PTX-11 SA:PTX-11 (MacKenzie et al. 2002). Analysis of contaminated
mussels similarly suggests that PTX-12 is more resistant to hydrolysis than PTX-2, although not to
the same extent as PTX-11 (Miles et al. 2004b). Presumably, in mussels the rapid hydrolytic reaction
intervenes before oxidation processes can occur to a significant extent. These esterases must be
absent or inoperative in P. yessoensis because, if they were present, some of the PTX-1-3 and PTX-6
would be expected to be rapidly converted to the corresponding seco acids. Identification of PTX-1
by LC-MS was recently reported in M. edulis from Norway (Aune et al. 2004), which would consti-
tute the first identification by of PTX-1 in a species other than P. yessoensis and would be surprising
given the presence of PTX-hydrolysing enzymes in Norwegian M. edulis (Miles et al. 2004a). How-
ever, a subsequent study using different chromatographic conditions showed that the compound in
the mussels did not co-elute with either PTX-1 or PTX-11, suggesting it is a novel hydroxylated PTX
(T. Rundberget, J.A.B. Aasen, and C.O. Miles, unpublished observations). When PTX-6 was injected
into the adductor muscle of P. yessoensis it was rapidly transported to the hepatopancreas (Suzuki et
al. 2005a). Metabolism of other toxins similarly injected appeared to begin immediately and to occur
primarily in the hepatopancreas, although no metabolism of PTX-6 was observed and PTX-2 was not
included in the study (Suzuki et al. 2005a).

Algal toxins taken up by shellfish are eliminated over time by a combination of metabolism and
excretion. There is only limited data on depuration of PTXs from shellfish. Elimination of PTX-2
SAs from the mussel P. canaliculus in New Zealand occurred with a half-lives of 26 days (MacKen-
zie et al. 2002) (although the estimated rate was based on limited data) on the west coast of South
Island, and of 15 days in Akaroa Harbour (McNabb and Holland 2002). Depuration of PTX-2 SA and
7-epi-PTX-2 SA from M. galloprovincialis in Portugal has also been reported (Vale 2004, 2006).
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Mammalian

PTX-2 was rapidly metabolised by rat hepatocytes, with a half-life of 15-30 min (Sandvik et al.
2004). No PTX-2 SA or its isomers was detected by LC-MS as products. Rather, an array of mono-
and di-oxygenated derivatives was formed in the C-18—C-25 moiety, none of which corresponded to
PTX-1. Thus, the metabolic pathway for PTX-2 in mammalian hepatocytes appears to be quite dif-
ferent from those in shellfish. It is possible that rapid metabolism of PTXs contributes to the low tox-
icity of PTXs when administered orally to mice.

Biological Activity
Human Intoxication

There are only two reports implicating PTXs in poisoning of human or animal consumers via shell-
fish Burgess and Shaw 2001. One incident in Australia, in 1997, involved hospitalization of 56
people in New South Wales after consumption of pipis. Symptoms included nausea, vomiting, and
diarrhoea, and the shellfish held to be responsible were found to contain PTX-2 SA and low levels of
PTX-2 (Eaglesham et al. 2000, cited in Burgess and Shaw 2001). In the other incident, an elderly
woman became ill after consuming cooked pipis (Donax delatoides) in Queensland, Australia.
Again, the shellfish contained high levels of PTX-2 SA (Burgess and Shaw 2001; Eaglesham et al.
2000b). The implication of PTX-2 SA in human illness prompted study of the toxicological effects
of PTX-2 SA in vitro and in vivo (below). In view of the maximum levels of seco acids so far
reported in shellfish (Miles et al. 2004b) and the lack of detectable toxicity of pure PTX-2 SAs to
mice by either oral or i.p administration at doses up to 5000 ug/kg (Miles et al. 2004ab 30, 2006), it
has been concluded that acute toxic effects from PTX-2 SAs on humans is most unlikely (Miles et al.
2006a). It now seems likely that the symptoms observed in the human intoxications were due to tox-
ins other than PTXs, possibly the acyl esters of okadaic acid that were subsequently detected in the
pipis (Burgess et al. 2003; Burgess 2003).

Mouse Toxicity

Mice are the only mammals for which there are any reports of administration of PTXs, reflecting the
scarcity of the toxins and also, perhaps, an influence from the historical importance of the mouse
bioassay for DSP toxins. PTXs were first isolated from toxic mussels by mouse-bioassay- and TLC-
guided fractionation (YYasumoto et al. 1984, 1985; Murata et al. 1986; Sasaki, Wright, and Yasumoto
1998), although some of the analogues were not measurably toxic (Table 9.5). Results from these
chemical studies provided the initial indications as to the biological activities of the PTXs. The min-
imum lethal dose to mice by i.p. injection ranges (Table 9.5) from 192-770 pg/kg for the toxic ana-
logues (PTX-1-4, PTX-6, PTX-7, PTX-11), or greater than 5000 pg/kg for the less toxic analogues
(PTX-8, PTX-9, PTX-2 SA, and 7-epi-PTX-2 SA). Many PTXs therefore possess potent biological
activity in vivo, and there is a strong link between structure and this activity. For example, analogues
isomerised so as to contain a 6-membered ring-B (PTX-8 and PTX-9) were more than an order of
magnitude less toxic, and the 7R-epimers (PTX-4 and PTX-7) were significantly less toxic, than
their corresponding 7S-epimers (PTX-1 and PTX-6). Another trend is that oxidation at C-43 leads to
reduced toxicity in the mouse bioassay so that, for example, PTX-6 is half as toxic as PTX-2. PTXs
isolated in recent studies (PTX-2 SA, 7-epi-PTX-2 SA, PTX-11, PTX-12, PTX-13, and PTX-14)
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have relied on instrumental methods to monitor isolations from shellfish and algal samples (Miles
et al. 2004b, 2006a, 2006b; Suzuki et al. 2006; Daiguji et al. 1998), so only limited toxicological
data was initially available for some of these compounds. However, PTX-11 had essentially the same
LD, to mice as PTX-2, indicating that oxidation at C-34 did not significantly affect i.p. toxicity
(Suzuki et al. 2006).

Hamano et al. (Hamano, Kinoshita, and Yasumoto 1986) found no diarrhetic activity when 0.4
“mouse units” (a mouse unit is the amount of toxin killing two of three mice in the standard i.p.
mouse bioassay; a dose of 0.4 MU of PTX-1 would probably correspond to ca 200-250 pg/kg) of
PTX-1 was administered orally to suckling mice. The authors concluded that PTX-1 was probably
not a diarrhetic toxin (Hamano, Kinoshita, and Yasumoto 1986), although the dose rate used in the
study was probably too low to draw a definitive conclusion on this point. In contrast, a subsequent
study involving oral administration of PTX-2 isolated from shellfish at doses of 250-2500 ug/kg
indicated that this compound was not only diarrhetic, but also induced damage to the gastrointestinal
tract and to the liver at higher doses (Ishige, Satoh, and Yasumoto 1988). However, histopathological
examination of suckling mice after i.p. administration revealed that PTX-1 at up to 1000 ug/kg did

Table 9.5. Lethality of pectenotoxins to the mouse by the intraperitoneal (i.p.) and oral routes

i.p. i.p. i.p. Oral Reference
LD50 MLD symptomsa? LD50
PTX-1 250 Not reported (YYasumoto et al. 1984,
1985, 1989)
260 Not reported (Yasumoto et al.
1984, 1985)
ca 200 (Yoon and Kim 1997)
PTX-2 230 Not reported (YYasumoto et al. 1989)
411 400 Ataxia, cyanosis, (YYoon and Kim 1997a)
reduced temperature,
liver damage
219 192 Lethargy, depressed >5000 (Miles et al. 2004a)
respiration
NDP (Ogino, Kumagai, and
Yasumoto 1997)
PTX-3 350 Not reported (Yasumoto et al. 1989;
Murata et al. 1986)
PTX-4 770 Not reported (YYasumoto et al. 1989)
PTX-6 500 Not reported (Yasumoto et al. 1989)
PTX-7 500 Not reported (YYasumoto et al. 1989)
PTX-8¢ >5000 None detected (Sasaki, Wright, and
Yasumoto 1998)
PTX-9¢ >5000 None detected (Sasaki, Wright, and
Yasumoto 1998)
PTX-11 244 250 Lethargy, depressed >5000 (Suzuki et al. 2006)
respiration
PTX-2 SA >5000 None detected >5000 (Miles et al. 2004a)
7-epi-PTX-2 SA >5000 None detected >5000 (Miles et al. 2006a)

2Hepatotoxicity was observed for PTX-1 and PTX-2 in some studies in which lethalities were not determined
bNot Determined (due to lack of dose-response curve). No symptoms reported
“These analogues are artifactual and have not been detected in shellfish or algae
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not cause observable intestinal abnormalities, but at greater than 500 pg/kg characteristic liver dam-
age was observed (Terao et al. 1986). Administration of PTX-2 i.p. to mice was lethal (Table 9.5),
causing ataxia, hypothermia, cyanosis, and liver damage (Yoon and Kim 1997a). The activities of
serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and sorbitol dehydroge-
nase (SDH) were elevated by PTX-2 but that of glucose-6-phosphatase was not. The treatment with
PTX-2 also caused a reduction in hepatic microsomal protein content, and a range of hepatic drug
metabolising enzymes were not induced (Yoon and Kim 1997a). Repeated i.p. administration of sub-
lethal doses of PTX-2 (100 pg/kg/day) to mice for two weeks caused increased granularity in the
liver, but no changes in ALT, AST, SDH, blood urea nitrogen, or measured drug metabolising
enzymes (Yoon and Kim 1997). Nevertheless, significant alterations to the i.p. toxicity of PTX-2
were found when mice were treated with a range of metabolic inducers and inhibitors (Yoon and
Kim 1997). In another study, when PTX-2 was administered orally to mice a proportion of the ani-
mals died at dose rates similar to that of the i.p. LD, (Ogino, Kumagai, and Yasumoto 1997). How-
ever, the death rates and death times were not dose related, so the proposition that the oral toxicity of
PTX-2 is similar to that of its i.p. toxicity (Ogino, Kumagai, and Yasumoto 1997) should be treated
with caution (Miles et al. 2004a).

In contrast to the findings of Ishige, Satoh, and Yasumoto (1988) and Ogino, Kumagai, and
Yasumoto (1997) with PTX-2, recent studies involving oral administration of much higher doses
(5000 pg/kg) of PTX-2 (Miles et al. 2004a) and PTX-11 (Suzuki et al. 2006) to mice failed to elicit
diarrhetic or other toxic effects, and demonstrate that PTXs are much less toxic and diarrhetic by the
oral route than DSP toxins such as okadaic acid and its analogues. Nevertheless, both PTX-2 and
PTX-11 were highly toxic (Table 9.5) when administered i.p. to mice (Miles et al. 2004a; Suzuki
et al. 2006) in the same manner as many of the PTXs in Table 9.5. Symptoms of i.p. injection of toxic
PTXs into mice include hepatotoxicity (Yoon and Kim 1997a; Terao et al. 1986), ataxia, cyanosis,
reduced temperature (Yoon and Kim 1997a), lethargy, and depressed respiration (Miles et al. 20044;
Suzuki et al. 2006). At lethal doses, death usually occurred within 4-15 hours (Miles et al. 2004a;
Suzuki et al. 2006). These findings, together with the lack of inhibition of protein phosphatase exhib-
ited by PTXs (below), indicate that PTXs should not be regarded as DSP toxins.

The suspected involvement of PTX-2 SAs in human intoxications (see above) led to investigation
of their in vitro and in vivo toxicology. Preliminary in vivo studies included oral dosing of a 35:65
mixture of PTX-2 SA and 7-epi-PTX-2 SA at up to 875 pg/kg (Burgess et al. 2002) and showed a
range of toxicological and pathological effects in the mice including necrosis and haemorrhage in
the duodenum and stomach at higher dose levels, although no diarrhoea was observed. Subsequent
batches of toxin did not show these effects, and it was suggested that other toxic contaminants from
shellfish were responsible for the earlier observations (Burgess 2003). PTX-2 SAs were found in the
liver and Gl tract after oral or i.p. dosing, with as much as 34% excreted via the faeces, and there
were changes to the basal lamina of cells in the villi of the duodenum (Burgess 2003). In contrast,
recent studies with highly purified PTX-2 SA (Miles et al. 2004a, 2006a) and 7-epi-PTX-2 SA
(Miles et al. 2006a) isolated from algae showed these compounds to be non-toxic to mice by the oral
and i.p. routes at 5000 pg/kg, with no observable diarrhoea, behavioural or pathological changes.

Although there can be no doubt that some PTXs are toxic to mice by i.p. administration, the ques-
tion of whether these compounds are orally toxic, or cause diarrhoea when administered orally, is more
controversial. There have been relatively few oral dosing studies, due to the scarcity of high-purity
PTXs, and the results have not been consistent. However, recent evidence suggests that PTXs are
weakly diarrhetic at most and are of relatively low oral toxicity. Based on their toxicity by the i.p. route
in the mouse bioassay, PTX-1 and PTX-2 are currently regulated in shellfish together with okadaic acid
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and dinophysistoxins by the European Union at a level of 160 ug/kg of “okadaic acid equivalents”
(European Union 2002). The data reviewed here clearly show that PTXs are chemically and toxicolog-
ically different to okadaic acid and dinophysistoxins, and do not act via inhibition of protein phos-
phatases, so the regulation of PTXs in terms of “okadaic acid equivalents” is not appropriate.

In Vitro Studies

It should be pointed out that in vitro studies involving incubations of PTXs with cells and cell
extracts need to be interpreted with caution because of the rapid of metabolism of PTX-2 observed
in rat hepatocytes (Sandvik et al. 2004) and in cell-free extracts of shellfish tissue (Miles et al.
2004a, 2006a; Suzuki et al. 2001a, 2001b).

Because many PTXs are hepatotoxic to mice by i.p. injection, several studies have focussed on
the in vitro effects of PTXs on liver cells. When rat hepatocytes were incubated for 2 hours with
PTX-1 at 7.5-50 pg/mL, cells retained their spherical shape and did not display blebs, in contrast to
cells treated with okadaic acid, but dose-dependent vacuolisation was observed and the cells were
devoid of microvilli at doses above 5 pg/mL (Aune, Yasumoto, and Engeland 1991). Apparent holes
were observed in the cells, but lack of enzyme leakage suggested that these were associated with
invagination rather than disrupted membranes. Zhou et al. (1994) found that treatment of chick liver
cells with PTX-1 at 0.05-50 pug/mL caused time- and dose-dependent loss and rearrangement of
microtubules, disruption of stress fibres, accumulation of actin at the cellular periphery, and cell
shrinkage. Cells transferred to a PTX-free culture medium after 4 hours recovered relatively normal
morphology within 24 hours (Zhou et al. 1994). The effects of several apoptogenic algal toxins,
including PTX-1, were compared in suspension cultures of rat and salmon hepatocytes (Fladmark
etal. 1998). PTX-1 induced rapid apoptosis, detectable by microscopy, which could be counteracted
by caspase and kinase inhibitors, and cell shrinkage. In addition, PTX-1 did not inhibit PP2A (Flad-
mark et al. 1998). The rat and salmon hepatocytes were equally sensitive to PTX-1 but not to most of
the other toxins in the study, and it was suggested that a test for apoptogenic toxins in food could be
based on a hepatocyte bioassay.

PTX-2 SA was not toxic to KB cells even at 1.8 ug/mL, whereas PTX-2 was cytotoxic at 0.05
pg/mL, suggesting that an intact lactone ring is necessary for cytotoxicity (Daiguji et al. 1998). In a
cytotoxicity assay with a human liver cell line (HepG,), the LC,, for PTX-2 SAs was 2.2 ug/mL at
24 hours and 0.92 pug/mL at 96 hours (Burgess 2003). There was an effect on cell-cycle distribution,
but no apotosis was seen (Burgess et al. 2003). Up- and down-regulation of a number of genes was
observed in these cells by cDNA microarray, including down-regulation of genes involved in lipid
metabolism (Burgess 2003).

Studies have been conducted to elucidate the mechanism of the in vitro biochemical effects of
PTXs. PTX-2 inhibited actin polymerization in a concentration-dependent manner (IC, 0.3 ug/mL),
inhibited contractions induced by KCI or phenyrephrine in the isolated rat aorta (1C,, 0.3 ug/mL),
and formed a 1:4 complex with G-actin (Hori et al. 1999; Karaki et al. 1999). PTX-2 sequestered
purified actin with a K of 17 pg/mL without causing severing or endcapping, and disrupted the
organisation of actin in several cell types in a time- and concentration-dependent manner and details
of the microscopic cellular changes have been described (Spector et al. 1999). PTX-6 caused time-
and dose-dependent depolymerization of F-actin in neuroblastoma cells, with a 24-hour EC; of 0.7
pg/mL (Leira et al. 2002). No other major effects were seen in any cell signal transduction pathways
or in cell survival, and PTX-6 did not affect cytosolic calcium levels in human lymphocytes. How-
ever, when capacitative calcium influx was activated before toxin addition, PTX-6 reduced calcium
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influx but only modified cAMP levels under calcium-free conditions. No effects on cell attachment
or apoptosis were observed, leading the authors to propose F-actin cytoskeletal disruption as a key
mechanism for PTX-6 toxicity to eukaryotic cells (Leira et al. 2002). Incubation of enterocytes from
rabbit duodenum—jejunum with PTX-6 (0.9 ug/mL) for 4 hr damaged the F-actin microfilament net-
work, but did not alter the cellular morphology (Ares et al. 2005). This result suggests the cytoskele-
ton of intestinal cells as a potential target for ingested PTXs. An assay for okadaic acid based on
F-actin polymerisation has recently been demonstrated (Leira et al. 2003) and might be useful for
studying PTXs.

PTX-2 inhibited cytokinesis in mammalian ovulated oocytes and induced apoptosis in p53-
deficient tumours both in vivo and in vitro (Chae et al. 2005). The authors found that treatment with
PTX-2 influenced proteins involved in apoptosis in p53-deficient cells. PTX-2 displayed potent
cytotoxity, with LC,, values as low as 6.7 pg/mL, to a wide range of human cancer cell lines in
vitro (Jung et al. 1995). The authors also presented evidence that PTX-2 did not block
oxidation—reduction processes in the membrane or block DNA synthesis in vitro.

Nonmammalian Species

PTX-1 did not show any activity against the fungi Aspergillus niger, Candida rugosa or Penicillium
funiculosum, or the bacterium Bacillus megaterium (Nagai, Satake, and Yasumoto 1990). PTX-2
was lethal to brine shrimps (LC,; < 0.1 ug/mL) during a search for bioactive natural products in
sponges (Jung et al. 1995). Injection of PTX-6 into the scallop P. yessoensis caused some mortalities
but no other visible symptoms, and was markedly less toxic than okadaic acid and yessotoxin
(Suzuki et al. 2005a).

Summary

PTXs are widely distributed in shellfish from most parts of the world, and are closely associated with
the presence of Dinophysis spp. in the water. Some PTXs are rapidly metabolised in shellfish, so that
metabolites are the major components present. There are no documented cases of human poisonings
reliably attributable to PTXs, even though many PTXs are toxic by i.p injection into mice and are
regulated in some countries because of this. However, there is growing evidence that PTXs are much
less toxic to mice orally than they are by the i.p. route, and PTXs may therefore be of less concern to
human health than was previously supposed. Because the chemistry and toxicology of the PTXs are
distinctly different from those of okadaic acid analogues, PTXs should not be considered to be mem-
bers of the DSP toxin group. PTXs also display a range of interesting biological activities in vitro
that could make them useful tools in the biosciences. More research is required to understand the
toxicology, mechanism of action, and metabolism in shellfish and mammals, of PTXs. Studies of
PTX biosynthesis are currently hindered by the difficulty of holding Dinophysis spp. in culture.
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10 Chemistry, Origins, and Distribution
of Yessotoxin and Its Analogues

Philipp Hess and John A. B. Aasen

Introduction

Yessotoxin (YTX) is a ladder shaped disulphated polycyclic ether toxin that was first isolated from the
digestive glands of scallops Patinopecten yessoensis in Japan (Murata et al. 1987). Because of its dis-
covery through the mouse bioassay (MBA) originally developed by Yasumoto et al. (1978), for the
detection of diarrhetic shellfish toxins, and due to its frequent co-occurrence with truly diarrhetic tox-
ins, YTX was initially misclassified as one of the diarrhetic shellfish poisoning (DSP) toxins. Later it
was shown that YTX causes no diarrhetic effects when administered orally to mice (Aune et al. 2002,
Tubaro et al. 2003 and 2004). Yessotoxin and its analogues are produced by the dinoflagellate algae
Protoceratium reticulatum (Ciminiello et al. 2003; Samdal et al. 2004b; Satake et al. 1997a; Satake
et al. 1999), Lingulodinium polyedrum (Draisci et al. 1999) and recently reported to also be produced
in Gonyaulax spinifera (Rhodes et al. 2006). Since the initial discovery of YTX, several more ana-
logues of YTXs have been discovered in many parts of the world including Japan, Norway, Italy, Scot-
land, and Chile (Draisci et al. 2000). Over the last years, this toxin group has been shown to contain a
large number of analogues including 45-hydroxyYTX, carboxyYTX, 1-desulfoYTX, homoYTX,
45-hydroxyhomoYTX, carboxyhomoYTX, heptanor-41-oxoYTX, heptanor-41-oxohomoYTX,
trinorYTX, adriatoxin, (44-R,S)-44,55-dihydroxyY TX. 9-methylYTXs (Finch et al. 2005), In a paper
by Miles et al. (2005a), numerous analogues of YTX in P. reticulatum are described.

Updating previous reviews by Draisci et al. (2000) and FAO (2004), this chapter describes the
biogenetic origin of YTX, the structures and physicochemical properties of 32 analogues, the distri-
bution, profiles and levels found, as well as recent findings in the synthesis of the base structure of
YTX. The different approaches in determining the comparative bioactivities of different YTX ana-
logues are reviewed and difficulties for analytical methodology outlined.

Biogenetic Origin of Yessotoxins

From the initial discovery of YTX as a bioactive compound accumulated in the Japanese scallop
Patinopecten yessoensis (Murata et al. 1987), it had taken another 10 years before P. reticulatum was
identified unequivocally as one of the causative organisms of YTXs (Satake et al. 1997a). The
authors showed production of YTX in cultured P. reticulatum (3 pg/cell), isolated from a bloom in
New Zealand in 1996.

Even though YTX was discovered in blue mussels in 1988 in Norway (Lee et al. 1988), for many
years the biogenetic origin of YTX in Norway remained a mystery due to low cell numbers of
P. reticulatum in seawater. However, a recent study (Samdal et al. 2004a) showed that the content of
YTX per cell from Norwegian strains (18-79 pg/cell) can be much larger than the originally
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reported content (3 pg/cell). The authors analyzed both picked cells from net hauls and picked cells
from non-axenic uni-algal cultures of P. reticulatum. Additionally, P. reticulatum cells in culture tend
to excrete YTX and its analogues into the culture medium (Konishi et al. 2004; Samdal et al. 2004a).
The fact that YTX and its analogues are exotoxins together with the comparatively high water solu-
bility of the compounds, contributing to substantial losses of toxin in harsher filtration regimes
(C. Miles, personal communication), resulted probably in an underestimation of the toxin content
per cell in the initial studies. These high toxin contents per cell, also confirmed in cultured P. reticu-
latum from Norway, in combination with a close relationship observed between P. reticulatum cells
in seawater and YTX in shellfish (Aasen et al. 2005), result in wide acceptance of P. reticulatum as
the main biogenetic origin of YTXs in Norway.

The occurrence of YTX in Italy was first observed in 1996 for shellfish harvested on the Adriatic
coast (Ciminiello et al. 1997; Satake et al. 1997b). At the same time, a bloom of Lingulodinium polye-
drum (formerly Gonyaulax polyedra) had been observed (> 16,000,000 cells/L) in the same area, sug-
gesting that this organism produced the YTX and its analogues observed in shellfish and phytoplankton
(Tubaro et al. 1998). In addition, complex YTX profiles have also been reported from P. reticulatum
isolated and cultured from the Adriatic Sea (Ciminiello et al. 2003), thereby confirming that at least
two causative organisms are associated with the production of YTX and its analogues in these waters.

Similarly, the study by Konishi et al. 2004, on the YTX production of a number of P. reticulatum
strains from Japan, leaves very little doubt that this alga is the main causative organism of YTXs in
Japan.

P. reticulatum from the East coast of the United Kingdom (North Sea) and Canada have been iso-
lated, cultured and shown to produce YTXs, although relatively low concentrations of 0.3 pg/cell
(Stobo et al, 2002). This study also showed a very low toxin production of L. polyedrum compared to
P. reticulatum, thus possibly explaining the relatively low concentrations of YTXs found in U.K. and
Canadian shellfish to date (Stobo et al. 2004 and 2005, van de Riet et al. 2004).

More recently, Rhodes et al. 2006, reported that YTXs had been found in shellfish from the Marl-
borough Sounds (New Zealand) without any P. reticulatum present in the surrounding seawater, even
though a monitoring programme including this species had been implemented. Gonyaulax spinifera
may have been the causative organism in this event, since cultures of this species produced YTX as
detected by ELISA. However, further confirmation may be required since the same alga isolated
from the North Sea did not produce YTXSs in culture (Stobo et al. 2002).

It is likely that the above-mentioned algae are producing YTXs relatively independently of their
bacterial flora, since a study by Seamer (2001) found that apparently axenic cultures of P. reticula-
tum also produced YTXs. However, P. reticulatum has been reported to produce significantly differ-
ent profiles of YTXs in different countries (Ciminiello et al. 2003; Konichi et al. 2004; Miles et al.
2005a and b, Souto et al. 2005), and further studies are required to clarify whether these differences
in profiles are due to environmental conditions, subspecies differences in the genome of the algae,
associated bacterial contamination or a combination of these factors. In summary, we can conclude
that Protoceratium reticulatum, Lingulodinium polyedrum and Gonyaulax spinifera have been very
strongly linked with the production of YTX or its analogues in Japan, Europe, North and South
America, and New Zealand.

Chemical Structures of Yessotoxin and Its Analogues

YTXs (Figs. 10.1 and 10.2) are disulphated polyethers and the structure of YTX is related to those
of brevetoxins (BTXs) and ciguatoxins as YTXs have 10 or 11 contiguously transfused ether
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rings and an unsaturated side chain. Compared to brevetoxin, YTX has a longer backbone of
47 carbons.

YTX was first isolated by Murata et al. (1987), and its planar structure was determined using
NMR techniques. The structure was also confirmed using FAB-MS (Naoki et al. 1993). The relative
configuration was later reported by Satake et al. (1996), while the absolute configuration was pro-
vided by Takahashi et al. (1996). Desulphated YTX (dsY TX) was then produced by solvolysis of the
precursor YTX, for the determination of the sulphate ester positions by comparison between the
NMR spectra. Morohashi et al. (2000) reported the absolute configuration at C45 in 45-hydroxy
YTX. To this point, a number of YTXs have been identified in shellfish and algae, more than 90 ana-
logues have been postulated by LC-MS? and neutral loss LC-MS/MS, although structures for most
of them have not yet been confirmed (Miles et al. 2005a).

Some of the analogues described for YTX are 1la-homo-YTX (previously homoYTX) with an extra
methylene in the chain in 1 position, 41a-homoYTX with an extra methylene group in the side chain
and 9-Methyl-41a-homoYTX with an additional methyl group at 9 position (Miles et al. 2004b).
Adriatoxin lacks the K ring and has an additional sulphonic acid group (Ciminiello et al. 1998), the nor-
ring-A-YTX, and ketone analogues of this compound lack the A ring (Miles et al. 2004b). Heptanor-41-
oxoYTX (Ciminiello et al. 2002) and heptanor-41-oxohomoYTX (Ciminiello et al. 2001) both are
missing the side chain at the K ring. The 1,3enone isomer of heptanor-41-oxoYTX has been isolated by
Miles et al. (2004b), while 45,46,47-trinorYTX was found by Satake et al. (1996), and 1-desulfoYTX by
Daiguji et al. (1998).

Polyhydroxylated amide analogues of YTX were reported very recently by Miles et al. (2005b),
and 44,55-dihydroxyYTX by Finch et al. (2005). Mono-, di- and tri-arabinosides of YTX and
la-homoYTX have also been identified (Konishi et al. 2004; Miles et al. 2006b; Satake et al. 2002)

Metabolites found in shellfish include YTX and 1a-homoYTX oxidised to 45-hydroxy derivatives
(Satake et al. 1997b), other compounds are 55-carboxylated derivatives of YTX and 1la-homoYTX
(Ciminiello et al. 2000a and b), and a 55-carboxylated derivative of 45-hydroxyYTX has been tenta-
tively shown with LC-MS/MS data (Aasen et al. 2005).

Physico-Chemical Properties of Yessotoxin and Analogues

Following the first isolation of YTX by Murata et al. (1987), characterization was carried out by NMR
as well as other techniques, and the purified toxin was found as an amorphous solid, [a]?; +3.01°
(c 0.45, CH,OH), maximum absorption in UV spectra was found to be 230 nm (in CH,OH)
(e 10600). The same authors found absorption bands in IR (KBr) at 3400, 1240, 1220, 1070 and
820 cm™1, and this is the only YTX this has been reported for. Later additions to the YTX family have
mainly been characterised by NMR and (LC-)MS/MS, UV absorption data being reported for some.

Until now, most of the recently reported analogues have only been characterized using LC-MS/MS,
where scanning of neutral losses during collision-induced fragmentation can be used to identify tenta-
tive YTXs in algae (Miles et al. 2005a). The theoretical fragmentation pattern of YTX is shown in
Fig. 10.3, and has been confirmed by acquiring a mass spectrum of YTX from a contaminated shellfish
sample (Norway 2002; Fig. 10.4). This pattern of fragmentation of the main ring is common for YTXs,
and the change in mass of fragments can be used to identify substituents in different positions on the
base frame of YTXs. In Table 10.1, all YTXs have been reported giving their molecular formulae and
weights, structure and reference to first publication (also for NMR). YTXs have traditionally been
reported as the sodium salt of the sulphonic acid but in Table 10.1 and Figs. 10.1 and 10.2 we chose to
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Figure 10.3. Fragmentation of the [M-SO,]~ of YTX with the m/z values and the fragmentation shown.
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Figure 10.4. Spectra of YTX obtained by LC-MS/MS (QqQ) from a contaminated blue mussel sample from Norway
(2002).
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report the molecular mass of the protonated form (e.g., 1142 amu for YTX) to facilitate reference to
mass spectral identification.

The persistence of YTX under light and dark conditions has been reported by Mitrovic et al.
(2005). The report shows that YTX concentrations in a culture of Protoceratium reticulatum Killed
by cooling decreased to 10% of the initial concentration within 3 days, and depleted to near zero
within a week in light treatment (14-hour light, 10-hour dark routine), while for the same sample in a
dark environment, the concentration decreased at a slower rate, and was reduced to approximately
10% of the initial concentration only after 18 days.

YTXs are relatively persistent in shellfish tissue (Ramstad et al. 2001; Mackenzie et al. 2002;
Aasen et al. 2005; Samdal et al. 2005) and are, at least initially, concentrated in the digestive gland
(Yasumoto and Takizawa 1997). Most of the compounds found in algae have also been found in con-
taminated shellfish tissue (Murata et al. 1987; Lee et al. 1988; Satake et al. 1997a; Draisci et al. 1999;
Ciminiello et al. 1997, 1998, 2000a, 2000b, 2001, 2002, 2003; Finch et al. 2005; Aasen et al. 2005;
and Samdal et al. 2005). Although 45-hydroxyYTX and carboxyYTX have been reported in algae by
Ciminiello et al. 2003, it is also suggested to be metabolised from YTX in shellfish: Aasen et al.
(2005) report significant amounts of 45-hydroxy and carboxyYTX in the mussels with YTX only
appearing as the dominating toxin at the peak of the algal bloom, then decreasing rapidly.

YTX appears more water-soluble than the other lipophilic toxins as it predominantly extracts to the
aqueous methanolic phase in partitioning with dichloromethane or to the aqueous phase when parti-
tioned with ethyl acetate (T. Yasumoto 2001 and authors’ observations), which may be explained by
the sulphate groups giving YTXs a more polar behavior. This behaviour in partitioning has also posed
a problem for the extraction of shellfish samples for determination by MBA where YTX has shown
irreproducible recovery in the partitioning with diethyl ether. A revised protocol was proposed by
Yasumoto in 2001, allowing for separation of YTXs from other, more lipophilic toxins such as
okadaic acid or azaspiracids.

Global Distribution, Levels, and Profiles of Yessotoxin Analogues

Yessotoxins have been reported initially in Japan in 1987 (Murata et al. 1987), rapidly followed by
their discovery in Norway (Lee et al. 1988) and a few years later in New Zealand (Satake et al.
1997b) and Italy (Ciminiello et al. 1997; Satake et al. 1997c; Tubaro et al. 1998). Since then, YTXs
have also been reported to occur in shellfish from Chile (Yasumoto and Tazikawa, 1997), U.K.
(Stobo et al. 2005), and Canada (Finch et al. 2005, van de Riet 2006), while the production of yesso-
toxin or its analogues was reported from phytoplankton organisms originating from a number of
countries, including Spain and the USA (Paz et al. 2004). Therefore, we can assume a global distri-
bution of the causative organism and the toxin. However, locally the distribution of the organism can
vary greatly; e.g., in Japan YTXs have mainly been found in the north of the main island, whereas
Norway and Italy have been more affected than other parts of Europe. Some analogues have only
been reported in very localized areas, such as adriatoxin from the Adriatic Sea, Italy (Ciminiello et
al. 1998). However, this may well be related to the lack of widely available specific analytical
methods, in particular LC-MS (Draisci et al. 2000).

Accurate quantitation of YTXs has proven rather difficult due to the lack of calibration standards
and the application of different methods, each of which measures different parameters. Ciminiello
etal. (1997) and Draisci et al. (1998) reported levels of 0.3 mg/kg whole flesh and 0.15 mg/kg whole
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flesh equivalent for Italian samples of M. galloprovincialis sampled in 1995 and 1997, respectively.
Higher levels of ca. 1.5 mg/kg whole flesh equivalent were reported by Draisci et al. (1999), using
LC-MS. Up to ca. 3 mg/kg whole flesh equivalent were measured in Italian mussels, applying a
functional assay based on the effect of YTX on E-cadherin (Pierroti et al. 2003). In New Zealand
(P. caniculus), levels of YTX have been found up to 2 mg/kg (McKenzie et al. 2002, 2004). Aasen et
al. (2005) and Samdal et al. (2005) reported levels up to 3 mg/kg whole flesh found in M. edulis from
Norway when using LC-MS for the analysis of the sum of YTX, 45-hydroxy YTX, carboxy YTX and
hydroxycarboxy YTX, while they found a four-fold value of 12 mg/kg when using the ELISA assay.
The antibody used in this ELISA, initially developed by Briggs et al. (2004), shows different cross-
reactivity to different analogues, some of which are unfortunately opposite to the relative toxicity of
the compound as determined by intraperitoneal injection into mice.

As outlined under the section on structures, most analogues of YTX have been identified in cul-
tured algae, mainly P. reticulatum, which seems to produce higher levels than L. polyedrum (Stobo
et al. 2002; Paz et al. 2004). However, the formation of a number of analogues appears specifically
accelerated in shellfish, in particular the oxidation of YTX and homo-YTX to the hydroxylated and
carboxylated analogues (Fig. 10.5).

Chemical Synthesis of Yessotoxins and Analogues

Synthesis of marine polycyclic ethers has attracted attention of numerous synthetic organic chemists
during the last years, and Matsuo et al. (2000) reported the efficient convergent synthesis of a trans-
fused 6-6-6-6-membered tetracyclic ether ring system with Brevetoxin as example. This transfused
ether ring system is also part of the base structure of YTX. Synthesis of partial structures of YTX has
since been developed by several groups in parallel, and Mori and Hayashi (2002) reported a convergent
synthetic route to the BCDE system, where the key features were the alkylation of acetylene with the
B and E units. Later, Suzuki and Nakata (2002) reported the convergent synthesis of the ABCDEF-ring
system of YTX and adriatoxin, performed on the basis of the coupling of the acetylide of the A-ring
and the triflate of the DEF-ring, oxidation of the alkyne to diketone, intramolecular diacetalization, and
stereoselective reduction of the diacetal with Et,SiH-TMSOTT. The same ABCDEF-ring system was
also reported as an iterative synthesis in a stereo controlled linear synthesis by Mori et al. (2003).
Another approach was taken by Kadota et al. 2003, who performed a convergent synthesis of the ring
segment via intramolecular allylation of an alfa-chloroacetoxy ether and subsequent ring-closing
metathesis. An overview of synthetic strategies of marine polycyclic ethers via intramolecular allyla-
tions with respect to linear and convergent approaches is given by Kadota and Yamamoto (2005). This
group also report the further application of this technology to the synthesis of the FGHI ring segment
of YTX (Kadota et al. 2006), and that further studies towards the total synthesis of YTX are in progress
in their laboratories. No total synthesis of adriatoxin or YTX has yet been reported.

Structure-Activity Relationships

Usually, structure-activity relationships rely heavily on synthetic chemistry producing large amounts of
numerous structurally different but related analogues. Since complete synthesis of YTX or its ana-
logues has not been achieved yet, progress in the area of toxicology of YTX has mostly been based on
the limited amounts produced from isolation of YTX from naturally contaminated shellfish or algal
cultures. Nevertheless, some basic structure-activity relationships can be derived from studies on
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Figure 10.5. Metabolites of YTX found in blue mussels in Norway, including the tentative 45-hydroxycarboxyYTX,
with minor modifications from Aasen et al. (2005).
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the toxicity of individual analogues when injected intraperitoneally into mice (Satake et al. 1996;
Miles et al. 2004a, 2005b; and Ciminiello et al. 2000a, 2000b; Tubaro et al. 2003). Although different
toxicities have been reported for YTX itself when using different mouse strains (e.g. Murata et al. 1987,
and Aune et al. 2002), crude estimates of relative toxicities can be obtained when using the same strain
of mice for comparison of analogues, preferably in parallel. In this way, it is clear that YTX and homo-
YTX have approximately the same toxicity (Satake et al. 1997), and that all other analogues have lesser
toxicity than YTX, with hydroxyl and carboxy derivatives being approximately 5 times less toxic than
the parent compounds. Some derivatives such as the trinydroxylated amides of 41-a-homo YTX and
1,3-enone isomer of heptanor-41-oxo YTX have not shown any toxicity by intraperitoneal injection
into mice at levels greater than 5000 pg/kg bodyweight (Miles et al. 2004a, 2005b).

Another major pharmacological phenomenon directly related to the chemical structure is the
large difference observed between toxicity of YTX in mice injected intraperitoneally and those
orally exposed to YTX (Aune et al. 2002). This study showed that two out of three mice died when
injected with a dose of 0.75 mg YTX/kg bodyweight and three of three mice injected with a dose of
1 mg YTX/kg bodyweight, while all mice survived when exposed orally to a dose of 10 mg/kg. Sim-
ilar observations were made by Munday and co-workers (FAO/IOC/WHO 2006). It is highly likely
that this difference is at least partly related to the comparatively high solubility of YTX in water. The
large differences in toxicity between YTX, and its oxidized analogues 45-hydroxy-YTX and
carboxy-YTX are likely to be related to the further increase in water solubility. A different approach
on determining the relationship between structure and activity was taken by Ferrari et al. (2004),
where different YTX analogues were dosed onto cultured cells. The authors obtained different toxic
equivalence factors with the 45-hydroxy and the 55-carboxy analogues being ca. 20-50 times less
toxic. These differences could be related to the more complex toxicology in live animals or to differ-
ences in the standards used.

Consequences for Methods of Analysis and Regulation of YTXs

The chemical diversity and complexity described above poses particular challenges for any method
of detection, be it for specific methods such as HPLC-FLD or —-MS, ELISAs, functional or live ani-
mal assays. The challenge for compound-specific, analytical methods is twofold: first, the poor avail-
ability of purified calibration standards for analogues renders accurate quantification next to
impossible, and second, the lack of data on the toxicity of some analogues makes it difficult to judge
the relevance of compounds necessary to determine quantitatively. This situation has been slightly
improved for regulatory purposes through the acceptance of the structure activity relationships
described above, and the lack of calibration standards is currently being addressed in a number of
European Union (EU) and internationally funded projects. Antibody-based assays face the challenge
of the poor correlation between antibody binding capacity and relative toxicity of individual ana-
logues, thereby leaving the assay with a multitude of unknowns. However, one ELISA has been
extensively validated and is commercially available in kit-format, has a very good sensitivity and
can be used for screening purposes. Functional assays lack the understanding of the interactivity of
the various analogues and require significant efforts in terms of standardization before they can be
used in a routine context. Animal assays are difficult to interpret due to their totally unspecific
response, which does neither allow for identification of toxin groups nor quantification of the overall
toxicity as soon as several groups of toxins are present. This means that any method applied to the
determination of yessotoxins in the context of food safety needs to be empirically benchmarked
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against observed effects in humans. However, the lack of data on any toxicity of yessotoxin and its
analogues to humans renders this approach difficult, and the relevance of studies on this compound
is questionable for public health. Current EU regulations for YTX are under review and should take
into account the more recent findings on toxicology of YTXs.

The interest in this compound group over the last 20 years can only be understood from the discov-
ery of the strong bioactivity of YTX displayed in the DSP mouse bioassay. Although the pharmacology
of YTX in humans has never been studied, due to the high intraperitoneal toxicity observed in mice, the
potential uptake through the intestinal barrier should be studied in the presence of other toxins interfer-
ing with this barrier, such as okadaic acid and azaspiracids. Also, due to the low oral toxicity, this com-
pound may have desirable medicinal characteristics that should be investigated. Finally, the abundance
of analogues identified in combination with the cultivability of the causative organism may allow for
investigating the distinction of primary and secondary metabolites for this toxin group, which, in turn,
could help clarifying the biosynthetic pathway and thus the genes implicated in the production of lad-
der-shaped polyether compounds, some of which have clearly shown human health implications.
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Mechanism of Action and Toxicity

Yessotoxin (YTX) was first postulated as a causative agent of severe clinical signs and symptoms of
diarrhetic shellfish poisoning (DSP) (Terao et al. 1990). However, no diarrhogenic properties of this
toxin have been reported (Draisci et al. 2000). The mechanism of action of YTX is not completely
clarified even though several studies in this sense have been done.

Since YTX was first considered as DSP toxin, and this group inhibits protein phosphatases, this
was the first intracellular target checked to study its mechanism of action. Okadaic acid (OA), the
main DSP toxin, is a potent and specific inhibitor of serine/threonine protein phosphatases PP1 and
PP2A (Bialojan and Takai 1988), which play a critical role in the phosphorylation/dephosphoryla-
tion process within eukaryotic cells. The concentration of YTX required to reduce PP2A activity was
by 4 orders of magnitude higher than OA (Ogino et al. 1997); therefore, it was concluded that YTX’s
effect is not due to PP2A inhibition.

Intracellular calcium and the cyclic nucleotides adenosine 3’,5’-cyclic monophosphate (CAMP)
and guanosine 3’,5’-cyclic monophosphate (cGMP) are three second messengers related with early
activation pathways in cellular signaling. Several toxins, like maitotoxin, saxitoxin and azaspiracids,
and some with similar structure of YTX, like brevetoxins and ciguatoxin, modify ion currents in dif-
ferent cellular models. YTX has slightly activated noncapacitative calcium influx and inhibited
capacitative calcium entry in human lymphocytes (De la Rosa et al. 2001b). The increase in calcium
influx was not affected by OA, and it was inhibited by nifedipine, which blocks L-type voltage-gated
calcium channels in excitable cells, and by SKF 96365, an imidazole-based compound that inhibits
different calcium currents (De la Rosa et al. 2001b). In addition, calcium influx induced by maito-
toxin in human lymphocytes was increased in the presence of YTX by a mechanism different from
calcium entry through a SKF-sensitive pathway (De la Rosa et al. 2001a). From these results YTX
can be considered as a modulator of calcium fluxes. On the other hand, since YTX has some struc-
tural similarities with ciguatoxins and brevetoxins, the effect over site 5 of sodium channel was
checked and no result was reported (Inoue et al. 2003).

Cellular cyclic nucleotide levels are regulated by a balance between adenylyl or guanylyl cyclases,
synthesis, and phosphodiesterases (PDES), hydrolysis. The cAMP is a signal often modulated by
lipophilic marine toxins and therefore a good candidate to study YTX mechanism of action. In human
lymphocytes CAMP levels were decreased in the presence of YTX. This effect is calcium dependent.
The toxin also increased interleukin-2 production in the same cellular model, which indirectly con-
firms cCAMP decrease (Alfonso et al. 2003). By checking toxin effect over cAMP levels in the presence
of several drugs that modulate different steps in this pathway, YTX has been postulated as a PDEs acti-
vator by a calcium dependent mechanism (Alfonso et al. 2003). Later on the effect of YTX over cGMP
levels was also checked in human lymphocytes, since PDEs hydrolyze either cAMP and/or cGMP. In
these cells, an important decrease in cGMP levels was observed after YTX addition, more than 50% in
conditions where the second messenger levels were increased (unpublished results).
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By using a resonant mirror biosensor, the binding between YTX and PDEs from bovine brain was
studied. The enzymes were immobilized over an aminosilae surface and the association curves after
the addition of several YTX concentrations were checked. These curves follow a typical association
profile that fit a pseudo-first-order kinetic equation. From these results the kinetic equilibrium disso-
ciation constant (K) for the PDE-YTX association was calculated. This value is 3.74 uM YTX
(Pazos et al. 2004). K, is dependent on YTX structure since it increases when 44 or 45 carbons (at
C9 chain) group. A higher K value, 7 uM OH-YTX or 23 uM carboxy-YTX, indicates a lower
affinity of YTXs analogues by PDEs.

In addition to biosensor experiments, the interaction YTXs-PDEs was also confirmed by check-
ing the variations in the fluorescence polarization (FP) of PDEs labeled with carboxy-fluorescein.
FP units change when the molecule is bound to the toxin. With this technique, a good relationship of
toxin concentration to FP units can be observed (Alfonso et al. 2005), which again confirms PDEs-
YTXs binding.

Either biosensor or FP experiments were done with cyclic PDEs and with exonucleases, enzymes
that catalyze the hydrolysis of phosphodiester bounds. The affinity of YTX by cyclic PDEs and
exonuclease | was the same; both hydrolyze 3’-5"phosphodiester bounds in cyclic molecules, and it
was lower in the case of exonuclease 11, which does not act over cyclic molecules. These results are
very important since they point to a big enzymes family as the YTX target.

The cAMP, calcium, and YTX cross-talks were also studied in mussel immunocytes. But only
some indirect evidence of a relationship between these three parameters can be pointed to since
direct levels of calcium or cAMP were not measured. In addition, it is necessary to bear in mind, in
order to know YTX mechanism of action, that these are not mammalian cells (Malagoli et al. 2003,
Malagoli and Ottaviani 2004).

YTX’s effect was also checked studying different biochemical markers of apoptosis in neuroblas-
toma cells. After 12 or 48 hours of BE(2)-M17 cell incubation in the presence of YTX, low changes
in mitochondrial membrane potential were observed at concentrations between 10 and 1000 nM. In
these conditions, a decrease in nucleic acids content was observed after 12 hours incubation with
1000 nM toxin, or after 48 hours incubation with 10 nM YTX (Leira et al. 2002). The caspase-3
activity was increased in the presence of YTX. This effect was delayed when compared with OA
effect, since 1000 nM and 48 hours incubation are necessary to induce the same effect than 1 nM OA
for 12 hours. From these results, some apoptotic effect of YTX was suggest (Leira et al. 2002). The
effect of YTX over caspase activity was also reported in He-La cells, even though in this case the
effective concentration was 0.25 nM YTX (Malaguti et al. 2002). Therefore, when the effect is com-
pared with OA, YTX is more potent but needs more time; it seems that the caspase pathway is not as
important in case of YTX or it is more extensively affected in case of OA. OA has a powerful tumor
promoting activity (Fujiki et al. 1990); it seems to induce apoptosis through the caspase activation.
In this sense, no effect as tumor promoter is described in case of YTX; on the contrary, an important
inhibition of cellular growth (80%) was observed in the presence of 10 uM YTX in several tumor
cellular lines, like the human cervix carcinoma cell line (HeLa-229), the human ovarian adenocarci-
noma cell line A2780 and the human hepatocellular carcinoma cell line (Hep-G2). In these cases
ED50 for YTX was also in the nanomolar range. In addition YTX shows a higher potency than cis-
platin, a known cytostatic agent, even in cisplatin-resistent cells (unpublished results). That is, YTX
is a powerful citotoxic agent and since the caspases pathway is slightly activated in the presence of
the toxin, maybe this effect is not only due to apoptosis and also to other kind of cellular death that
can be PDEs mediated. In this sense, exonucleases that hydrolyze phosphodiester bounds are
involved in DNA repair.
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YTX induces accumulation of a 100 kDa fragment of E-cadherin (Pierotti et al. 2003); while it
does not modify intact E-cadherine on the first day (Ferrari et al. 2004), even after 2-5 days a collapse
of the E-cadherin system was detected (Ronzitti et al. 2004). E-cadherin is a glycoprotein related with
adherent junctions in epithelial cells. This protein also mediates intracellular signaling and plays an
important role in cell survival in some models of tumor cells. The effect over the 100 kDa fragment of
E-cadherin depends on YTX structure; in particular, it is essential to the presence of C9 chain (Ferrari
etal. 2004). This structure-activity relationship was also described after studying the kinetic constants
of PDEs-YTX binding in the presence of different YTX analogues (Pazos et al. 2005). In both cases,
the activity of YTX was higher than the activity of analogues with different groups in the C9 chain.
This coincidence can point to different steps of the same cellular pathway. In addition, lower toxicity
was showed when the polarity of the side chain was increased (Satake et al. 1996).

One important question about YTX is if the toxin enters the cellular cytosol. This matter is impor-
tant to clarify where the toxin induce the effect. In a set of experiments done with YTX labeled with
9-anthryldiazomethane (ADAM), the entry of YTX either in lymphocytes and enterocytes has been
studied. The toxin is going inside both cellular models even the kinetic uptake was higher and faster
in enterocytes (unpublished results).

An effect of YTX as activator of the permeability transition pores of the inner mitochondrial
membrane has been described. These experiments were done over isolated mitochondria in the pres-
ence of high calcium concentrations, also in hepatoma cells. These mitochondrial pores are related
with caspases and apoptosis (Bianchi et al. 2004). An interaction between YTX and some hydropho-
bic derivatives and the glycopholin A, a membrane-integral alfa-helix peptide, has been described
(Mori et al. 2005).

Finally, a relationship between intraperitoneal (i.p.) administration and the damages in Purkinje
cells through intracellular calcium-binding proteins was recently reported (Franchinia et al. 2005).
However, it is not easy to establish a direct relationship between mechanism of action and i.p.
administration, since no data about YTX bioavailability is reported and the route has high variability
in the doses administrated and in the effect reported (see below).

On the other hand, YTX and desulfated YTX have an important antifungal activity (Nagai et al.
1990). In this sense, a decrease in CAMP levels is related with the antifungal activity of several
drugs, which again confirms the effect of YTX over cyclic nucleotides pathway.

Conclusion

In summary, the mechanism of action of YTX is a cross-talk between several intracellular pathways.
It is necessary to bear in mind that YTX is effective in a range of concentrations from 1071°to 10~°
M. The effects reported at high concentrations are from early steps in the transduction pathways, and
probably these high concentrations are necessary to have a fast response, since it is reported after
less than 10 minutes. The effects observed at low concentrations are checked after at least 12 hours
of incubation. This time difference could also imply a different pathway or receptor as has been pro-
posed (Ferrari et al. 2004). However, the same YTX target can be activated both at low or high toxin
concentrations. The target activation at low concentrations can imply no evident or measurable
effects, while after some hours the final effect is shown. The hypothesis here proposed is an early
activation related to PDEs and calcium and the final step probably apoptosis, cytotoxicity, or maybe
changes in E-cadherin pathway. To explain the different range of concentrations, in addition to
different incubation time, is also important to know the origin of the YTX used, algal cultures, or
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mussel meat and also the purity of samples since phthalates, lipids, and fatty acids are also extracted
with the toxin. This also can explain the variability of results found when YTX toxicity is studied.

No toxic episodes attributable to YTX have been reported in humans; only toxicity in animals has
been studied. After mice oral administration of YTX, the lowest observable effect level (LOEL) is
2.5 mg/kg body weight (b.w.), and no observable effect level (NOEL) is 1 mg/kg b.w. (Aune et al.
2002). YTX does not kill mice by oral administration even at high concentration (10 times the i.p.
lethal dose). In this case, no sign of intoxication was observed. In cases of dinophysistoxin 1 (DTX1)
or pectenotoxin 2 (PTX2), oral toxicities were comparable with their i.p. toxicities (Ogino et al.
1997). However, after i.p. administration YTX has showed high mouse lethality at doses of 80-100
ra/kg b.w. (Murata et al. 1987; Ogino et al. 1997)]. After YTX-injection, for the first hours, mice
show normal behavior and then die after sudden dyspnea (Terao et al. 1990). In this way, YTX can be
distinguished from OA and DTX1, which even at low doses cause death after 24 hours, and from the
fast-acting imine toxins found in shellfish such as gymmnodimine and spirolides because the sur-
vival times for these toxins are reported shorter than 20 minutes. In addition, YTX does not induce
fluid accumulation (Ogino et al. 1997), one effect of DSP toxins.

The target organ for YTX, after 3 hours i.p. injection, was the heart and those of the latter were the
liver and pancreas. In contrast, desulfated yessotoxin at the same dose (300 wg/kg b.w.) caused
within 24 hours of i.p. injection severe fatty degeneration and intracellular necrosis in the liver and
pancreas but not in the heart (Terao et al. 1990). Alterations in the inflammatory system and thymus
were observed after i.p. administration of 420 wg YTX/kg b.w. (Franchini et al. 2004b). The same
concentration also induced damage to the Purkinje cells with some changes in intracellular calcium
dependent proteins (Franchini et al. 2004a). However, no toxic effect in these organs was found in
another study where a dose of 1000 pg YTX/kg b.w. was used (Aune et al. 2002). Some toxic effect
in these organs was also reported after oral administration of YTX combined with OA to Swiss mice
(Franchinia et al. 2005).

In an extensive study (Aune et al. 2002), oral and i.p. effects of YTX were compared, by mice
administration of 1-10 mg of YTX/kg b. w. in the first case and 0.1-1 mg of YTX/kg b.w. in the sec-
ond case. YTX was more than 10 times less toxic to mice via oral route. Death of mice occurred at
750 wg YTX per kg and higher after i.p. administration, while no death was observed after oral
administration. Subtle changes were found in the myocardium after i.p. injections of high YTX con-
centrations. By oral route, only the highest YTX concentrations showed some toxic effects in cardiac
cells (Ogino et al. 1997, Aune et al. 2002). But even at doses as high as 54 mg/kg b.w., YTX was not
lethal (Tubaro et al. 2004).

When acute toxicity of YTX, homoYTX and 45-OH-homoYTX was checked, some differences
were observed. After i.p. administration LD50 for YTX was 0.5 mg/kg and 0.4 mg/Kg for homo-
YTX, while 0.75 mg 45-OH-homoY TX/kg did not cause death. After oral administration either 1 or
2 mg/kg of YTX or 1 mg/kg of derivatives did not induce any symptom, except some ultrastructural
myocardiocyte alterations. After these studies, the conclusion was that YTX and derivatives are less
toxic than OA after acute oral and i.p. treatments (Tubaro et al. 2003).

From all these data, YTX is not toxic after oral administration even at high doses; however, it could
induce cumulative toxic effects after chronic administration. In this sense, YTX toxicity after seven
days treatment was also checked. The study included 2 mg YTX/kg b.w./day, 1 mg homoYTX/kg
b.w./day, and 1 mg 45-OH-homoY TX /kg b.w./day, administrated by oral route. No signs of cumulative
effects were found; only some structural changes in cardiac cells were reported (Tubaro et al. 2004).

In summary, after i.p. administration YTXs can cause death at doses between 100 and 1000 w.g/kg,
while after oral administration of any YTX analogue, no death was observed even at very high



Pharmacology of Yessotoxin 207

100-KDa E-cadherin

E-cadherin

—  MEMBRANE
% g

CYTOSOL

) Apoptosis
"

/ exonucleases Cﬁostati c
GTP Y ]
e Cytotoxicity NUCLEOUS

Figure 11.1. Summary of YTX effects. Dotted arrows indicate possible YTX effects. Adc = adenylyl cyclase;
Gnc = guanylyl cyclase.

concentrations or after several days exposure. The variations in the toxic dose after i.p. injection are
probably due to mice sex or age, but the origin and purity of YTX used are also important.

After i.p. administration, modifications in Purkinje cells suggest that YTX may be involved in
neurological disorders. In this sense, convulsions and jumping before dying are symptoms induced
by YTX that resemble those typical of neurotoxins (Franchini et al. 2004a).

In summary, YTX is not toxic either for humans or for mice after oral administration, while it is
toxic in mice after i.p. injection. The question is which of the symptoms reported after i.p. adminis-
tration induce death. In this sense, further experiments need to be done to know the relationship
between the effects reported after i.p. administration and the mechanism of action here proposed.
See Fig. 11.1 for a summary of YTX effects.
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Poisoning Toxins
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Parent DSP Toxins

The syndrome diarrhetic shellfish poisoning (DSP) was first recognized following food poisonings
resulting from eating mussels and scallops harvested in northern Japan in 1976 and 1977. The symp-
toms of the victims were mainly gastrointestinal disorders such as diarrhea, nausea, vomiting, and
abdominal pain. The onset of symptoms after consumption of the shellfish ranged from 30 minutes
to a few hours. No pathogenic bacteria could be detected in the excreta of victims or leftover meals.
The victims recovered after three days irrespective of medical treatment (Yasumoto et al. 1978).
Extracts obtained by hot methanol extraction and separated into the diethyl ether, 1-butanol, and
water-soluble fractions were tested by intraperitonial (i.p.) injection into mice. As the toxin was
found to be fat-soluble, extraction with acetone proved as efficient as hot methanol, with the advan-
tage of extraction at room temperature. The anatomical distribution of the toxin in the mussels indi-
cated that the hepatopancreas was the most toxic organ (Yasumoto et al. 1978). The acetone
extraction of the hepatopancreas was later to be employed worldwide to monitor for the presence of
DSP toxins (van Egmond et al. 1992).

The periodic occurrence of the phenomena in the summer pointed to the presence of toxic plank-
ton in the shellfish diet, but no red tides or fish kills were recorded (Yasumoto et al. 1978). In 1979,
plankton samples were sieved with various mesh sizes and toxicity was detected only in the 40-95 pm
fraction. The dinoflagellate Dinophysis fortii, not only was concentrated exclusively in this fraction,
but its abundance was proportional to the toxicity levels of different plankton samples. Regular phy-
toplankton monitoring also revealed the occurrence of this microalgae was parallel in time and
quantity with mussel toxicity. The plankton toxin showed the same elution pattern both in gel perme-
ation chromatography and partition chromatography (Yasumoto et al. 1980). The major toxin
involved in DSP was named dinophysistoxin-1 (DTX1) (Fig. 12.1). It is a polyether derivative of a
C,, fatty acid with the composition C,.H,,O,, (Murata et al. 1982). Separate groups searching for
antitumor agents in marine organisms had previously discovered compounds with a similar struc-
ture: okadaic acid (OA) (Fig. 12.1) was isolated from a Japanese black sponge, Halichondria
okadaic, and from H. melanodocia, collected in the Florida Keys (Tachibana et al. 1981), and acan-
thifolicin, an episulfide derivative of OA, was isolated from the sponge Pandaros acanthifolium from
the U.S. Virgin Islands (Schmitz et al. 1981). Simultaneously, OA was found to be one of the toxic
components from the benthic dinoflagellate Prorocentrum lima, as a possible secondary toxin
involved in ciguatera fish poisoning (Murakami et al. 1982). Dinophysistoxin-1 was confirmed to be
35(S)-methyl okadaic acid (Murata et al. 1982).

The severity of illness was related to the number of mussels eaten. It was concluded that ingestion of
12 mouse-units (the minimum dose of toxin to kill a mouse in 48 hours) of this toxin was sufficient to
cause a mild form of illness to an adult. With the discovery of DTXZ, this level translates to just 32 g
of toxin per person (Yasumoto et al. 1985). The lack of a proper method for detecting toxins in the
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past, made it difficult to diagnose the suspected gastroenteritis. However, legends of a poisoning sea-
son for mussels already existed in Japanese folklore (Yasumoto et al. 1978). In Europe, a similar type
of mussel poisoning not attributable to the presence of pathogenic bacteria, and also distinguishable
from PSP poisoning, had already been described in the precedent decades. However, the first sus-
pected microalgae were Prorocentrum spp. (Kat 1979). As scientists became aware of DSP, the num-
ber of reported cases in Japan and Europe increased rapidly to several thousand cases (Yasumoto et al.
1985), leading to the gradual introduction of monitoring programs.

The development of a fluorescent HPLC method (HPLC-FLU) based on esterification with
9-anthryl-diazomethane (ADAM) allowed the vulgarization of analysis of toxin profiles in plankton
and shellfish (Lee et al. 1987). The inability to cultivate Dinophysis spp. under laboratory conditions
and their low population densities in the sea make confirmations of their toxigenicity relatively diffi-
cult. Recurring to unialgal samples purified under a microscope, it was possible to confirm the
presence of either OA or DTX1, or both, in D. fortii, D. mitra, D. rotundata, D. tripos, D. acuta,
D. norvegica and D. acuminata, collected in Japan and in some European countries (Lee et al. 1989)
(Fig. 12.2). Shellfish in many European countries were contaminated mainly by OA, while some
Norwegian shellfish samples resembled Japanese shellfish, due to the predominance of DTX1
(Kumagai et al. 1986; Lee et al. 1988).

Analysis of Irish mussels by the method of Lee et al. (1987) revealed the presence of a compound
eluting between OA and DTX1. A newly developed ion spray liquid chromatography coupled to mass
spectrometry (LC-MS) method for DSP toxins (Pleasence et al. 1990) also indicated this compound
to be an isomer of OA. Upon NMR spectroscopic analysis of the isolated compound, its structure
corresponded to 31-demethyl-35-methyl OA, or dinophysistoxin-2 (DTX2) (Fig. 12.3) (Hu et al.
1992). The minor presence of isomers of DTX2 has also been reported (James et al. 1997b; Draisci
et al. 1998; Vale 2004). While OA and/or DTX1 have been reported, as the main parent toxins found
worldwide, DTX2 has been reported to be a major parent toxin only in Ireland, Spain, and Portugal
(Carmody et al. 1996; Gago-Martinez et al. 1996; Vale and Sampayo, 1999), and limited data show its
presence in Morocco and Norway (Taleb 2005; Miles et al. 2004). The unavailability of a commercial

Figure 12.2. Dinophysis spp. specimens from (A) D. acuta and (B) D. acuminata from Portugal (photos courtesy of
M.A. Sampayo); (C) D. fortii from Japan (photo courtesy of T. Kamiyama); and (D) D. norvegica from Norway (photo
courtesy of E. Dahl).
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Figure 12.3. LC-MS chromatogram for OA group toxins in mussel hepatopancreas. o = acyl-OA; d = acyl-CTX2;
x = interfering signal from isotype peak of lower molecular weight compound; ? = unknown compound. (Source:
Quilliam et al. 2003.)

standard for DTX2 does not allow easily its confirmation in other parts of the world, and probably its
dissemination might be wider than currently known. The only microalgae associated so far with
DTX2 production has been D. acuta (James et al. 1997a). In most world areas, contamination by
DSP toxins has been associated only with Dinophysis spp. Rarely contamination has been associated
to Prorocentrum spp. In the Atlantic coast of Canada, the contamination of mussels that caused an
outbreak of gastroenteritis was explained by isolating a strain of P. lima that produced toxins in cul-
ture. Being a benthic algae, it does not appear in high numbers during phytoplankton counting’s, but
has been found on the byssal fibers and shells of contaminated mussels (Jackson et al. 1993).

Esters of DSP in Shellfish

Since the early Japanese studies on DSP, the toxins in mussels and scallops were suspected to be dif-
ferent. The main diarrhetic toxin found in scallops was found to be a mixture of 7-O-acylderivatives
of dinophysistoxin-1 (DTX-1), ranging from tetradecanoic acid (C14:0) to docosahexaenoic acid
(C22:6w3), and designated as dinophysistoxin-3 (DTX-3) (Yasumoto et al. 1985). These acylated
forms have never been found in marine microalgae, and so it was presumed that they originated in
the bivalve by acylation (Lee et al. 1989). Direct evidence of this biotransformation by shellfish was
obtained by artificially feeding scallops with D. fortii collected from the sea (Suzuki et al. 1999).

When analyzing Irish mussels, it was demonstrated that also OA and DTX2 may be acylated to
produce “DTX-3" (Marr et al. 1992). The presence of esters of OA and DTX2 was later reported in
Spanish and Portuguese mussels (Férnandez et al. 1996; Vale and Sampayo, 1999).

The fact that DTX1, and not its acyl esters, was reported to be the main toxin in mussels, and due
to the large importance of mussels for aquaculture, might explain why the main attention worldwide
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has been mostly focused on OA, DTX1 and DTX2, but not on their respective acyl esters. The pres-
ence of acyl esters makes toxicity assays more complicated for scallops than for mussels, requiring an
extra step of hydrolyzing these to DTX1 prior to HPLC assays. Because of their high molecular
weight and lipophilicity, acyl esters cannot be directly detected by the fluorometric procedure of Lee
et al. (1987), but a hot alkaline hydrolysis reaction with sodium hydroxide releases fatty acids from
the parent toxins and can give an indirect estimation of their abundance (Yasumoto et al. 1989). Their
direct detection by LC-LC after fluorescence labeling has been proposed by Akasaka et al. (1996) but
involves a more complicated LC system and needs standards for all of the toxins involved. A recent
multi-toxin LC-MS method, allowing simultaneous detection of several lipophylic marine toxins
(Quilliam et al. 2001), can separate several acyl derivatives, but also does not allow their quantifica-
tion due to the unavailability of commercial standards (Quilliam et al. 2003).

Aside Japanese scallops, the dominance of DSP esters was first recognized in Portuguese clams
(Donax trunculus) implicated in human poisonings, by using ADAM derivatization after hydrolysis
(Vale and Sampayo 1999). These data was further extended to other species of clams, razor clams,
common cockles and oysters, by using LC-MS analysis (Vale and Sampayo 2002; Vale 2004). In
highly contaminated Portuguese shellfish, it was demonstrated that acylated OA might account for
98-99% of the total OA recovered after hydrolysis. Other studies are also demonstrating esters have
quite a high relevance to total DSP toxicity worldwide (Table 12.1). In the blue mussel, the percent-
age of esters found is quite variable. Other shellfish species from the same geographical area may
contain higher percentages of esters than the blue mussel. An outbreak of human poisonings in
Australia with pipis was initially attributed to the newly discovered seco acids of pectenotoxin-2
(currently no oral toxicity is known in these compounds); these were later confirmed to contain DSP
esters in sufficient amount to justify the poisonings (Eagleshman, unpublished).

When feeding Dinophysis fortii, containing DTX1 but no DTX3, to non-toxic blue mussels,
Suzuki et al. (2001) found after 5 days only 25% of the total DTX1 accumulated in mussels was
DTX3. The same experiment performed with scallops showed after 5 days, 80%-100% of the total
DTX1 accumulated in scallops was DTX3 (Suzuki et al. 2001). The ratio at which shellfish transform
the parent DSP toxins into esters might be species-specific and toxin-specific. In bivalve mollusks, at
least these two distinct metabolism types have been found concerning the biotransformation of DSP.
The first one seems to be characteristic of blue mussel, which may contain an extremely wide range of
ester contents, either of OA or of DTX2. (Figs. 12.4A and 12.4B exemplify the range found in the
Portuguese blue mussel.) When contamination increases, OA esters typically range between 20% and
90% of total toxin recovered after hydrolysis, while DTX2 ranges only between 0 and 40%. The sec-
ond metabolism type is illustrated in Figs. 12.4E and 12.4F by the common cockle from Portugal, and
might also be commonplace among many other bivalves such as razor clams, clams, and oysters:
either OA or DTX2 are only found esterified, the parent toxins are always at trace levels (Vale and
Sampayo 2002a, 2002b). The first type of metabolism has also been demonstrated in the blue mussel
from Denmark and Norway, and the second one in surf clams from Denmark and cockles from Nor-
way (Jorgensen et al. 2005; Miles et al. 2004). An additional third type of metabolism has been recog-
nized in Portuguese shellfish, in Donax trunculus, where a wide range of esters is found for lower
levels of contamination. When contamination surpasses a certain baseline level, the great majority of
both naturally occurring parent toxins (OA and DTX2) are found esterified, being OA commonly
more easily esterified to higher ratios than DTX2 (Figs. 12.4C and 12.4D).

Some lipophylic toxins, such as NSP, present a great challenge for analysis, because several
analogues are generated in different shellfish species. In the case of DSP, although one or two complex
mixtures of 7-O-acyl derivatives are formed (typically depending on simultaneous contamination by
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Figure 12.4. Percentages of esters found in Portuguese shellfish shown as a function of the total content of DSP
equivalents: (a) and (b) Mytilus galloprovincialis; (c) and (d) Cerastoderma edule, (e) and (f) Donax trunculus. Data
were reported in Vale (2004) and Vale (unpublished) and cover the years 2002-2005 for mussel and cockles and
2003-2005 for donax clams. For OA, the scale was truncated at 2000, and for DTX2 at 1000 pg/kg, in order to show
details at lower concentrations. Only data where total DSP was found above the limit of qualification are presented.

one or two parent toxins), these derivatives can be turned back to the major parent toxins after a simple
alkaline hydrolysis step, which in turn can be detected by common methods such as HPLC-FLU, LC-
MS, phosphatase inhibition assays or immunoassays (ELISA).

The esters are eliminated faster than nonesterified OA or DTX2. In the blue mussel and donax
clams that contain nonesterified OA and DT X2, these forms reside longer than the respective esters,
rendering the retention of DSP longer than in clams, razor clams, or cockles that contain only traces
of nonesterified toxins (Vale 2004, 2006).

Human episodes of gastroenteritis have been linked only to bivalve mollusks. So far, only one
major outbreak, comprising more than 200 persons, has been linked to brown crabs in the summer of
2002 in Norway (Torgersen et al. 2005). When fed artificially with toxic mussels, the DSP toxins
accumulated in the digestive organs in the crabs (Castberg et al. 2004). DSP toxins have also been
detected in green crabs harvested in Portugal after being suspected of causing one single episode of
gastroenteritis (Vale and Sampayo 2002). In both cases, the toxins found in crabs were comprised
mainly of DSP esters (Table 12.1).
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Esters of DSP in Plankton

While the conditions for growing in vitro the planktonic Dinophysis spp. are not yet understood, the
benthic Prorocentrum spp. are easily grown in vitro. P. lima was discovered to contain a different type
of esters, where the esterification occurs at the carboxylic group (C1) to form allylic diol esters
(YYasumoto et al. 1989). Variants with different unsatured C7 to C9 diols were found in P. maculosum
from the Caribbean sea and in P. lima from east Canada (Hu et al. 1992) and others in P. lima from
Spain (Norte et al. 1994). More complex water-soluble esters with a trisulfated chain were later iso-
lated from P. lima and designated as DTX4 (Hu et al. 1995b). Two similar water-soluble variants con-
taining nitrogen were isolated from P. maculosum and designated as DTX5a and DTX5b (Hu et al.
1995a). By boiling the microalgae previous to toxin extraction, it was discovered the cells store most
of the toxins as DTX4 (Quilliam et al. 1996a, 1996b). When cells are ruptured, DTX4 is quickly
enzymatically hydrolyzed to the diol ester, and slowly the diol ester is hydrolyzed to OA (Fig. 12.5)
(Quilliam and Ross 1996). More recently, the diol family was extended to C10 diols after cultures of
P. belizeanum (Suérez-Gomez et al. 2005).

In plankton samples reach in Dinophysis acuta, the presence of a diol ester with a C8 chain was
demonstrated in a sample from New Zealand (Suzuki et al. 2004). However, the alkaline hydrolysis
methodology, which had led previously to suspecting the presence of esters in the New Zealand
samples, did not show the presence of esters in D. fortii samples from Japan (Suzuki et al. 1999). In
boiled samples of D. acuminata and D. acuta harvested in Portugal, and D. acuminata harvested in

HQ

Figure. 12.5. Biotransformation of DSP toxins: diol esters from Dinophysis are enzymatically hydrolyzed by the
algae esterase and later acylated in shellfish digestive glands.
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Spain, the presence of esters was also suspected following the alkaline hydrolysis’ treatment (Vale
and Sampayo 2002; Vale 2004; Morofio et al. 2003).

Structure-Affinity Relationship between DSP Analogues

The effects of OA on smooth muscle contractility led Takai et al. (1987) to deduce that it was an
inhibitor of protein phosphatase-1 (PP1) and protein phosphatase-2A (PP2A), two of the major
protein phosphatases in the cytosol of mammalian cells that dephosforylate serine and threonine
residues (Cohen 1989). Because of the strong and specific inhibitor effect on PP1 and PP2A, the
relationship between the structure of OA and its affinity toward these enzymes arouse a lot of inter-
est. The activities of several OA derivatives obtained from natural sources or by chemical processes
were assessed (Takai et al. 1992). Derivatives with minor modifications such as DT X1, with an extra
methyl group, or acanthifolicin with an episulfide bridge at C9-C10, presented dissociation con-
stants of the same magnitude; whereas major modifications such as the presence of an acyl group at
C7 increased the dissociation constants by three orders of magnitude. The esterification of the car-
boxyl group at C1, as in methyl okadaate, essentially abolished the affinity for protein phosphatases.
The removal of the carboxyl group (2-Oxo-decarboxyl OA), or the C15-C38 OA fragment that did
not contain the carboxyl moiety, also did not possess affinity for protein phosphatases (Takai et al.
1992). Diol esters also do not inhibit in vitro PP1 or PP2A (Hu et al. 1992), as well as sulphate esters
(DTX4) (Hu et al. 1995b). It has been shown by NMR spectroscopy and X-ray analysis that one end
(C1-C24) of the OA molecule assumes a circular conformation (Tachibana et al. 1981; Schmitz
et al. 1981). The enzyme inhbition assays with diferent OA derivatives sugest this conformation is
extremely important for its activity and is only possible with the carboxilic group non esterified.
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13 The Molecular and Integrative Basis to
Domoic Acid Toxicity

John S. Ramsdell

Introduction

Domoic acid, a relatively unknown tricarboxcylic acid isolated from macroalgae in 1966, was
identified as an environmental neurotoxin after a 1987 poisoning of 145 individuals in the Quebec
area after consumption of Prince Edward Island mussels. This event triggered rapidly paced investi-
gations of domoic acid toxicity, without any further evidence of human intoxication. The presence of
domoic acid in seabirds and shellfish on the west coast of the United States in 1991, along with
nearly annual sea lion epizootics attributed to domoic acid accumulation in planktivorous fish,
firmly established domoic acid as a prominent environmental neurotoxin by 1998. Yet, domoic acid
is not a highly potent toxin, as toxicokinetics limit its oral effectiveness to well over parts per thou-
sand levels of exposure. It is poorly absorbed by the gut, poorly penetrates the central nervous sys-
tem, and has a very short half life in most tissue compartments. At the level of the receptor, domoic
acid binds to kainate subtypes of ionotropic glutamate receptors with high affinity (parts per billion)
but is only a partial agonist. The unique molecular interactions with the receptor, which induce par-
tial ion conductivity, prevent normal inactivation of channel opening resulting in ion conduction
well beyond that achieved by natural glutamatergic transmitters. A level of excitotoxicity is reached
from an integrative action on both sides of the synapse. Domoic acid activates presynaptic kainate
receptors leading to depolarization and release of glutamate into the synapse. It also activates post-
synaptic kainate receptors leading to depolarization that acts in coincidence with released glutamate
to activate NMDA ionotropic receptors. The huge concentration of kainic acid receptors in the CA3
region of the hippocampus thus targets domoic acid, where its action overrides a signaling pathway
normally propagated through closed loop, seizure-prone circuitry in the medial temporal lobe of the
brain. Excitotoxicity in CA3 leads to cellular and ultrastructural damage to pathways responsible for
the learning and recall of sequences underlying spatial memory and the restraint of seizure circuitry
that kindles temporal lobe epilepsy. The molecular and integrative basis to mammalian domoic acid
toxicity is the focus of this chapter, which reviews the primary biochemical, physiological, and toxi-
cological literature relevant to domoic acid from 1965 to 2005. An additional valuable source is a
collection of papers from the 1989 symposium on domoic acid toxicity that summarizes multiple
facets of the human exposure to domoic acid, several of which did not ultimately reach the primary
literature (Hynie and Todd 1990). Updated publications on toxicology of domoic acid are main-
tained on the Domoic Acid and Pseudo-nitzschia Reference Database (Bates 2003).

Domoic Acid

A water-soluble tricarboxylic acid with a unique large carboxylic side chain.
Red macroalgae (Rhodophyta) have been reported as folk medicines with efficacy for the treat-
ment of round worm disease as early as the ninth century. Kainic acid was isolated as the
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anthelmintic principal from Digenea simplex (Murakami 1953). Another red macroalgae (Chondria
armata) known as doumoi was utilized on the Japanese island of Tokunoshima for ring worm dis-
ease and the neighboring island of Yakushima to control flies. Domoic acid was isolated as the
anthelmintic principal from C. armata (Takemoto and Daigo 1958; Daigo 1959a, 1959b) and later
analyzed for its insecticidal properties (Maeda et al. 1984; Maeda et al. 1987a). Complete character-
ization of domoic acid was very much limited by the scarcity and depletion of its known biological
source at that time. Following an unusual human shellfish poisoning in 1987, high concentrations
(exceeding 10 ppt) were found in blue mussels (Mytilus edulis), in which the domoic acid was deter-
mined to have originated from the diatom Pseudo-nitzschia pungens (Wright et al. 1989) and since
been found in several different species of Pseudo-nitzschia. This cosmopolitan diatom serves to dis-
tribute domoic acid broadly through the benthic and pelagic marine food web (Lefebvre et al. 2002).

Domoic acid is a crystalline water-soluble acidic amino acid with three carboxylic acids origi-
nally described by Takemoto (Takemoto and Daigo 1958) (Fig. 13.1). Because of the limited amount
of natural sample available, a total synthesis of domoic acid was completed for further analysis
(Ohfune and Tomita 1982) and X-ray crystallography confirmed the stereochemistry of the large
carboxylic side chain that extends from position 4 on the pyrrolidine ring (Nomoto et al. 1992). Ini-
tial analysis of domoic acid and the kainic acid analoges indicated that the 1 electron group with
appropriate cis-planar orientation versus the C2-carboxyl group is essential for high affinity binding
to the receptor (Slevin et al. 1983). The imizadole nitrogen and carboxylic oxygens originating from
positions 2 and 3 of the pyrrolidine ring have subsequently been modeled as essential to bind to all
classes of ionotropic glutamatergic receptors (Nanao et al. 2005). However, the carboxyclic acid of
the side chain confers subtype specificity to domoic acid action. The carboxyl groups have pKa’s of
2.10, 3.72, 4.97, and the amino group 9.82, leading to five potential charge states of the molecule
(Walter et al. 1992). At physiological pH the predominant species of domoic acid is deprotonated at
all three carboxyl groups and protonated at the amino group leading to a net charge of negative 2
(Fig. 13.2). The degree of protonation of domoic acid affects its toxicity to animals with the CO,
charged species found at physiological pH being most potent by intraparenteal administration. How-
ever, this in vivo approach may more reflective of absorption of toxin rather than intrinsic action at
the level of the receptor (Nijjar and Madhyastha 1997). Eleven isomers of domoic acid (isodomoic
acids A-G; domoilactone A & B and 5’-epidomoic acid) have been isolated in trace amounts from
various sources (Maeda et al. 1986, 1987b; Wright et al. 1990; Walter et al. 1994; Zaman et al. 1997,
Holland et al. 2005). The domoic acid isomers A-G are of substantially lower potency than domoic
acid and at least some of the isomers appear to be products of photo-isomerism (Hampson et al.
1992). The domoic acid lactones are inactive and the 5-epidomoic acid is reported near equipotent
to domoic acid.

Disposition: Poorly absorbed by the gut, poorly penetrates the brain and rapidly eliminated.

Domoic acid exposure to mammals occurs orally in a matrix of shellfish to human consumers,
planktivorous fish and benthic invertebrates to marine mammals, and perhaps zooplankton and
chained diatoms to whales. Analysis of the consumed mussels from the 1987 exposure indicated that
1 mg/kg was sufficient to induce gastrointestinal symptoms and 4.5 mg/kg could induce neurologi-
cal effects in humans (Perl et al. 1990). Experimental studies in monkeys, rats and mice have utilized
oral gavage, intraparenteal, and intravenous exposure routes and determined that oral gavage is
about ten times less effective that the other routes of exposure (lverson et al. 1990). Humans appear
much more sensitive than either monkeys or rats, which when dosed orally have no observable
adverse effect levels (NOAEL) at 5 and 28 mg/kg, respectively. Experimental animals have permit-
ted evaluation of different dose scenarios. A daily NOAEL oral gavage of domoic acid to rats for
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Figure 13.1. Structure of glutamate, kainic acid and domoic acid.

Figure 13.2. (A) Predicted predominant charge form of domoic acid at physiological pH. (B) Minimized structure.
Reprinted with permission of from S. Pilesky, Cranfield University, © 2005.

64 days or to monkeys for 32 days showed no observable symptoms or neuropathological effects
(Truelove et al. 1996, 1997). Likewise an independent repeated dose scenario using NOAEL, lowest
observable adverse effect level (LOAEL) and highest tolerable nonlethal dose indicated that mice
show no additional acute symptomatic toxicity, persistent effects on memory nor neurodegeneration
with up to four consequetive doses (Peng et al. 1997; Clayton et al. 1999).

The low pKa of domoic favors its rapid absorption as a neutral acid in the stomach; however,
overall oral absorption of domoic acid is very low with nearly the entire oral dose eliminated from
rats and mice in the feces (Iverson et al. 1989). A subsequent study indicated that approximately 2%
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of an oral dose is eliminated in the urine in rats (Truelove et al. 1996); whereas 4%-7% of the oral
dose is eliminated in the urine of monkeys (Truelove and Iverson 1994). It is noted that effectiveness
of oral exposure is quite variable, even with consideration given to the presence or absence of food
extract in the administered bolus or the degree of preadministration food restriction. Hence gut
absorption represents a potential mechanism of predisposition, in which gastric lesions represent
one preexisting factor.

Domoic acid poorly penetrates the brain, where the endothelial cells of brain capillaries restrict
the entry of all but the smallest of ions from blood through tight junctions, lack of pinocytosis and
active efflux pumps. Domoic acid initially enters the brain slowly via pinocytosis at the level of cap-
illaries, with a transfer constant of 12 ug/kg for a low level exposure to radiotracer domoic acid
(Preston and Hynie 1991). This experimental data has been used to generate a physiologically-based
pharmacokinetic model for low dose domoic acid uptake into the brain (Kim et al. 1998) with con-
straints on the brain compartment for membrane-limited entry across capillary endothelial cells and
elimination into the cerebral spinal fluid via organic anion pumps in the choroid plexus. This model
determined domoic acid enters several brain regions without selectivity, reaching near equilibrium
tissue levels of 50-75 pg/g by one hour. Effective levels were re-estimated up to seven times higher
based upon restriction of the toxin to the extracellular fluid space, reaching nearly receptor active
concentrations of 0.5 ng/ml. Beyond the design of this study are the circumventricular regions of the
brain that have capillaries lacking the restrictive mechanisms of this barrier. One such region is the
area postrema, which is responsible for the emetic response, the most sensitive neurological
response to domoic acid in primates (Tryphonas et al. 1990a). Additionally, higher excitotoxic doses
can enhance blood-brain permeability of domoic acid through the onset of seizures, which are docu-
mented to enhance capillary endothelial cell pinocytosis (Petito et al. 1977). This effect is also
observed for excitotoxins like kainic acid, which can feedback and exasperate this effect in regions
of the limbic system (Nitsch et al. 1986). Such a mechanism is likely to promote the steep dose
response curve for domoic acid.

Domoic acid is eliminated rapidly by renal filtration. Clearance studies following intraparental
administration to rats indicate that domoic acid remains largely intact and is cleared rapidly by the
kidneys with a renal clearance of 10 ml/minute/kg (Suzuki and Hierlihy 1993). By contrast, mon-
keys have a clearance rate about ten times less than that of rats (Truelove and lverson 1994). The
clearance of domoic acid in the kidneys is resistant to probenecid, an inhibitor of reabsorption of
organic acids in renal tubules, indicating that domoic acid is cleared largely by glomerular filtration
(Suzuki and Hierlihy 1993) An earlier study indicated probenecid increased both the plasma levels
of domoic acid and neuroexcitation (Robertson et al. 1992); however, the strength of evidence from
the Suzuki and Hierlihy study is substantial. It is possible that probenecid in the earlier study may
have inhibited the efflux of domoic acid from the brain compartment by inhibition of the organic
anion pump in the choroid plexus.

Receptor Interaction

High affinity, non-deactivating partial agonist of kainate subtype receptors.

The structural similarity of kainic acid with glutamate lead Shinozaki and Konishi to identify an
excitatory action of kainic acid on the mammalian central nervous system (Shinozaki and Konishi
1970). Olney’s laboratory four years later identified kainic acid as a glutamatergic neurotoxin in rats
(Grimmelt et al. 1990) sparking intense investigation of kainic acid and its use as a pharmacologic
tool in the mammalian central nervous system. Shinozaki’s laboratory subsequently characterized
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kainic acid and domoic acid as a glutamatergic agonist in crayfish motorneurons (Shinozaki and
Ishida 1976; Shinozaki and Shibuya 1976). Kainic acid and domoic acid were independely identi-
fied by Biscoe’s laboratory as excitatory amino acids on frog and rat motor neurons (Biscoe et al.
1975, 1976). Application of a radiolabeled kainic acid receptor assay provided the first evidence that
domoic binds a kainate receptor site that mediates its neurotoxic effects (Slevin et al. 1983). Subse-
quently, Hampson characterized the binding of domoic acid to kainate and AMPA binding sites in rat
brain and determined that domoic acid, unlike kainic acid, binds a subpopulation of AMPA sites with
low nanomolar affinity (Hampson et al. 1992). The contribution of AMPA receptors to domoic acid
toxicity still remains to be determined.

The discovery of a superfamily of glutamate receptor genes coding for ionic channels led to
greater discrimination of the actions of domoic acid on glutamate receptors. Originally distin-
guished by selectivity of the synthetic analog NMDA, two classes of receptors (NMDA and non-
NMDA) were found having approximately 30% homology. Within the non-NMDA receptors, one
family of receptors is selective for AMPA (GIuR1-4) and two families are selective for kainic acid
(GIuR5-7 and KA 1&2) (Fig. 13.3). Seeburg’s and Heinemann’s laboratories used domoic acid
to characterize the cloned receptor subunits expressed as homomeric receptors. Domoic acid
was found to be less potent than kainic acid at the KA 1&2 homomeric receptors (Lothman and
Collins 1981) and more potent at the homomeric GIuR 5-7 (Lomeli et al. 1992; Sommer et al. 1992)
(Fig. 13.4). Formation of an ionotropic receptor requires assembly of homomers into two pairs of
dimers yielding a tetrameric structure. Functional channels in the brain are usually a mixture of two
different homomers, with the KA1 and KA2 subunits requiring association with members of the
GIuR5-7 family.

The resolution of the topology of the GIuRG6 receptor has provided insight into the molecular
interaction with the binding pocket of the receptor. lonotropic gluatamergic receptors share a com-
mon structure which is comprised of two cytoplasmic domains (S1 and S2) and four membrane
domains (M1-4), the second of which is not transmembrane but rather re-enters the cytoplasm
(Fig. 13.5). Insight into the domoic acid binding site on the GIuR6 has been obtained by first devel-
oping a fusion product of the S1 and S2 domains, then utilizing molecular modeling with existing
data for the GIuR4 and GIuR2 receptors (Nanao et al. 2005). This binding pocket for domoic acid
requires hydrophilic contacts with both S1 and S2 and sits between a cleft amid an upper and lower
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Figure 13.3. Homology of non-NMDA ionotropic glutamatergic receptors.
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Figure 13.5. Schematic of ionotropic gluataminergic receptor.

lobe of the extracellular domain of the receptor (Fig. 13.6). Conductance studies indicate that both
kainic acid and domoic acid are partial agonists. Structural analysis of the binding to the GIuR6
receptor demonstrates that domoic acid has an intermediate effect between glutamate, which opens
the binding cleft between the top and bottom lobes of the receptor, and the antagonist DNQX, which
closes the binding cleft (Nanao et al. 2005). This process is believed to cause conformational
changes leading to the varying degree of channel pore opening by kainic acid and domoic acid.
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Figure 13.6. Minimized structure of GIuR6 $1-S2 fusion protein with bound domoic acid. Reprinted with permission
from Nanao et al. (2005), © National Academy of Sciences, USA.

Domoic acid has high efficacy at ionotropic receptors, causing only partial opening of the
ion-conducting pore that fails to deactivate. AMPA and kainate receptors are noted for their rapid
desensitization after activation by glutamate, which limits the open time of the channel to a few
milliseconds and effectively closes the channel. AMPA receptors upon binding glutamate form a pair
of dimers within their tetrameric structure and the stability of this conformational change keeps the
channel in an open configuration. However, the conformation associated with the open pore is
believed to in turn disrupt the agonist binding pocket leading to a new configuration of the dimer and
a desensitized closed channel (Bowie and Lange 2002). Partial agonists such as domoic and kainic
acids are believed to resist this new arrangement of the dimer, preventing the desensitized state. The
precise desensitization mechanism for the GIURG6 receptor is presently unresolved. The GIUR6 recep-
tor does not share the same molecular contacts between the dimer interface (Nanao et al. 2005).
Nonetheless, point mutations in the GIURG receptor away from the binding pocket increase desensiti-
zation after domoic acid exposure (Swanson et al. 1997). Kainate receptors differ from AMPA recep-
tors by having a four- versus a two-phase desensitization (Bowie and Lange 2002). This suggests that
the domoic acid nondesensitizing action on GIUR6 receptors does result from its efficacy to resist
conformational changes in the extracellular domain of the receptor after partial opening of the pore.
Hence, the efficacy of domoic acid as a partial agonist on pore opening is substantially overcome by
preventing the channel from rapid desensitization.

Signal Transduction

Integrative action on both sides of the synapse.

The neurotoxicity of domoic acid is due to more than its high affinity for the binding site of the
ionotropic receptor and its efficacy as result of nondesensitization of the channel. The mechanisms
of domoic toxicity have been determined to involve synergy with endogenous excitatory amino
acids such as glutamate. Glutamate is the key factor in the excitotoxin hypotheses. Glutamate was
originally recognized as a neurotoxicant by Olney (1969) and its toxic action, in some instances, was
later determined to be mediated by NMDA receptors (Choi 1994). Olney also determined that kainic
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acid acts as an excitotoxin by initiating glutamate excitotoxicity (Olney et al. 1979). Based upon
structural similarity to kainic acid and the seizure behavior associated with amnesic shellfish poison-
ing, a number of investigators quickly surmised that domoic also causes an excitotoxic syndrome
(Glavin et al. 1989a, 1989b; Stewart et al. 1990; Auer 1991).

Debonnel’s laboratory provided the first experimental evidence that domoic acid is neurotoxic
(Debonnel et al. 1989a). They determined that domoic acid was three times more potent than kainic
acid and was most potent on the CA3 field, a region with high concentrations of kainate receptors
(Fig. 13.7). A lesion of glutamatergic dentate granule cell axons (mossy fibers) that project to the
CAZ3 pyramidal cells largely eliminates both kainate receptors in the CA3 area (Represa et al. 1987)
and the excitatory response to domoic acid (Debonnel et al. 1989b). Domoic acid was shortly after-
wards determined to release glutamate from synaptosomes of mossy fibers (Terrian et al. 1991) pro-
viding an initial basis for domoic acid as a glutamatergic excitotoxin.

Novelli’s laboratory determined that the neurotoxic effect of domoic acid on cultured cerebellar
granule cells was potentiated by glutamate (Novelli et al. 1992a). Additionally a shellfish extract
containing domoic acid and naturally occurring excitatory amino acids showed tenfold greater
toxicity relative to domoic acid concentration, and this extract was fully neutralized by NMDA
receptor antagonists (Novelli et al. 1992b). The following year Nijjar provided the anticipated link
between domoic acid neurotoxicity and calcium, demonstrating that domoic acid increased
the uptake of neurotoxic levels of calcium by an ATP dependent mechanism in brain tissue slices
(Nijjar 1993).

Subsequently, several studies have provided more detailed information on domoic acid action as
an excitotoxin. The presynaptic action of domoic acid to induce glutamate release was extended to
include other excitatory and inhibitory neurotransmitters and linked to the entry of calcium through
voltage operated calcium channels, suggesting that domoic acid toxicity may involve multiple trans-
mitters (Brown and Nijjar 1995; Duran et al. 1995a; Malva et al. 1996). Domoic acid effects on
intracellular calcium were next characterized by FURA-2 imaging of the hilar region of individual

Figure 13.7. Autoradiogram of kainic acid binding sites in hippocampus. Reprinted with permission from Monaghan
and Cotman (1982), © Elsevier.
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hippocampal cells (Xi and Ramsdell 1996), indicating that domoic acid induced entry of calcium
was mediated by type-L voltage dependent calcium channels and not by NMDA receptors. Research
by Murray’s laboratory carefully optimized conditions to re-investigate glutamate toxicity in cul-
tured cerebellar granule cells and determined that domoic acid induced cytotoxicity is primarily
mediated by the release of glutamate and glutamate activation of NMDA receptors (Berman and
Murray 1996; Berman and Murray 1997). Subsequent analysis of domoic acid induced calcium
entry in cerebellar granule cells demonstrated that calcium entry was by multiple mechanisms,
which include NMDA receptors, reversed operation of the Na*/Ca** exchanger and voltage depen-
dent calcium channels (Berman et al. 2002). Taken together, one mechanism of domoic acid toxicity,
at least for cerebellar granule cells, involves a coordination of pre- and post- synaptic receptors and a
coincidence detection mechanism involving glutamate and voltage-dependent activation of NMDA
receptors, all leading to sustained elevation of intracellular calcium (Fig. 13.8). However, domoic
excitotoxicity in other in vitro systems, such as hippocampal cell culture and chick retina, involves a
different mechanism (Olney 1990) with a stronger contribution from voltage dependent calcium
channels, release of intracellular stores of calcium and Na*/Ca*™* exchanger (Nijjar and Nijjar
2000). Yet overall, the case for involvement of NMDA receptors in domoic acid neurotoxicity in vivo
is compelling as discussed later in this chapter.
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Figure 13.8. Schematic of pre- and post-synaptic actions of domoic acid.
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Extention of in vitro signal transduction studies to intact animal models has supported a role for
NMDA receptors and induction of genes consistent with glutamatergic excitation. Tasker’s labora-
tory has evaluated the role of NMDA receptors on domoic acid induced observable symptoms. The
first study revealed some of the complexities with extending in vitro to in vivo studies, as only one
(3-(2-carboxypiperazine-4-yl)propyl-1-phosphonic-CCP) of five NMDA antagonists caused a sig-
nificant, yet small (<20%) inhibition of domoic acid toxicity (Tasker et al. 1996). A subsequent
study with the same experimental model demonstrated clear synergy between domoic acid and the
agonist NMDA and a complete inhibition of this synergy with CCP (Tasker and Strain 1998). Sev-
eral steps downstream of calcium entry is a rapid and transient induction of the immediate early
reponse gene c-fos in mouse brain, an effect clearly localized to the dentate granule cells and hip-
pocampal pyramidal cells (Peng et al. 1994). The induction of c-fos occurs at or below doses at the
lowest observable effect level, indicating that this response is more likely the result of its action to
elevate calcium rather than from extensive seizure activity (Peng and Ramsdell 1996). The induction
of c-fos in rats is blocked by the NMDA antagonist AP-5, consistent with the involvement on
NMDA receptors (Xi et al. 1997). Mouse brain mRNA microarray analysis, after acute exposure to
domoic acid, has identified several panels of acute response genes based on temporal expression pro-
files (Ryan et al. 2005). Of prominence are the AP-1 transcription factors (primarily c-fos and jun-B
and to a lesser extent fos-B and c-jun), Nxf, a novel seizure responsive gene in mice, and the early
growth response (EGR) family of transcription factors. The inducible form of cyclooxygenase
(COX-2), the key enzyme that converts arachidonic acid (AA) to prostaglandins (PGs), is rapidly
and strongly induced by domoic acid. This enzyme has important roles to augment NMDA-
mediated actions in the hippocampus, thus promoting formation of long term potentiation (LTP),
and also participates in the inflammatory response to injury of the central nervous system. Another
notable inducible gene was serum and glucocorticoid inducible kinase 1 (Sgkl), implicated in the
consolidation of memory. The panel of genes showing differential expression in response to domoic
acid is highly conserved with those expressed during glutamatergic excitotoxicity and those induced
by other neurotoxic events such as ischemia.

Neuroexcitation

Overides a signaling pathway designed for strong activation of spatially defined signals that
propagate through a closed loop, seizure-prone circuitry.

The adverse effects of domoic acid were readily apparent after the 1987 human exposure. From
an overall perspective, Teitlebaum et al. described the neurological effects as an acute neuroexcita-
tory phase followed by a loss of function in those regions susceptible to excitotoxoic degeneration
(Teitelbaum et al. 1990). Subsequently, more thorough characterization of domoic acid toxicity has
relied upon primate and rodent studies guided by existing knowledge of kainic acid, as well as
repeated annual domoic acid poisonings of sea lions in California. These investigations include
analysis of seizure behaviors, electroencephalography, and induction of the immediate early
response gene c-fos, ultimately revealing a preference of domoic acid for the glutamatergic excita-
tory pathways in the seizure prone circuitry of the limbic system.

Seizure behavior and observable convulsions were described in victims of the 1987 exposure and
were characterized in fourteen of the more severely affected patients. Behaviors of purposeless
chewing and grimacing were common. These behaviors, along with observable seizures and convul-
sions, developed from several days to more than a week after exposure. The seizures ranged from
generalized myoclonus to partial complex (psychomotor) and generalized seizures, developing into
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partial status epilepticus and, in several cases, coma (Teitelbaum et al. 1990). Three laboratories
characterized both toxic shellfish extracts and purified domoic acid in rodents by describing a set of
seizure behavioral responses (Iverson et al. 1989; Grimmelt et al. 1990; Tryphonas and Iverson
1990; Tryphonas et al. 1990a; Tasker et al. 1991). Rodents display a characteristic set of pre-ictal
signs after domoic acid exposure similar to those described for kainic acid (Lothman and Collins
1981). They begin with a period of quinnessence followed by purposeless exploratory behavior, star-
ing spells, and a hallmark stereotypic behavior of repeated bilateral scratching sessions of skin
below the ear with the ipislateral hind paw. This leads to the onset of an ictal phase of limbic seizure
behaviors, including head nodding, mastigation, salivation, paw clasping (Figs. 13.9A-13.9D) and
fine generalized tremors. More severe limbic seizures progress to status epilipticus with characteris-
tic postural behaviors, culminating in ataxia, falling status and extreme rigidity leading to a “crab

Figure 13.9. Domoic acid induced seizure behavior in rats. Reprinted from Tryphonas and Iverson (1990), © 1990 with
permission from Toxicology Pathology.
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like walking” (Figs. 13.9E and 13.9F). Muscular effects include forelimb and generalized tremors.
Parallel studies in cynomolgus monkeys were conducted using purified domoic acid extracts
and toxic mussel extracts, which both produced intense early effects of gagging and vomiting
(Tryphonas et al. 1990a; Scallet et al. 1993). Seizure behaviors included lip smacking and mastica-
tion, scratching, ataxia, and loss of balance. Muscular effects included generalized fine tremors and
rigidity of movements. The sea lion epizootic of 1998 documented clinical signs of ataxia, head
weaving, tremors and coma, as well as the characteristic scratching behavior (Gulland et al. 2002).
A prolonged post-ictal phase of seizure behavior in the sea lions included noticeable unresponsive-
ness in addition to rolling and back rubbing behavior.

Electroencephalographic analysis has defined the development and localization of seizure activity in
response to domoic acid. Limited electrocephalograms of seven human patients within the first week of
exposure showed a generalized slowing of background activity and one patient (discussed further in
section on epilepsy) showed periodic lateralized epileptiform discharges in the frontotemporal region
(Teitelbaum et al. 1990; Cendes et al. 1995). A subsequent study in rats thoroughly characterized
domoic acid induction of seizures and EEG activity (Fujita et al. 1996). At a LOAEL of 1.0 mg/kg, an
initial locus of reoccurring eliptiform EEF activity appears in the hippocampus within 1 hour, which
spreads to the sensiomotor cortex regions by 2 hours, subsides at 6 hours and reaches normal activity by
24 hours. At a lethal (8—10 hour time of death) dose (5 mg/kg), the initial locus of hippocampal activity
appears sooner with longer chains of reoccurring (every 5-10 minutes) activity (Fig. 13.10, top panel).
The animals progressed to limbic seizure status with sensorimotor cortex activity at 2 hours with the
prototypical rodent seizure behavior (Fig. 13.10, middle panel and refer to Fig. 13.9 for behavior). By
4 hours, the animals progress to generalized status epilepticus and tonic seizures (Fig. 13.10, bottom
panel). Histological analysis was used to correlate these effects with specific regions. At the LOAEL
only mild shrinkage of pyramidal cell nuclei in the CA3 region was observed, whereas at the lethal dose
of 5 mg/ml more severe effects were observed in the CA3 and CAL. A higher dose of 10 mg/kg led to
more rapid progression of seizure activity and histological damage that extended into the CA4 and cere-
bral cortex. These results indicate that seizure activity likely results from neuroexcitation in the CA3
and spreads to the sensorimotor cortex as a function of time and dose.

Curran’s laboratory discovered that the immediate response gene c-fos can be used to map
seizure activity in the brain (Morgan et al. 1987). The rapid kinetics of c-fos and the localization of
its translation product Fos to the nucleus provided an optimal means for histochemical localization
of neuroexcitatory events within specific brain regions. These principals were applied to develop Fos
histochemistry in the brain and characterize Fos localization after kindling induced seizures, ulti-
mately determining that domoic acid and kainic acid induced similar localized patterns of expres-
sion (Dragunow et al. 1987; Dragunow and Robertson 1987; Robertson et al. 1992). Of particular
note is the strong neuroexcitatory effect of domoic acid on dentate granule cells, which show a two
stage degree of staining intensity relative to dose (Peng and Ramsdell 1996) (Fig. 13.11). Strong Fos
immunoreactivity in response to domoic acid is also observed in the hippocampal pyramidal cells,
lateral septum, and the granule cell layer of the olfactory bulb (Peng et al. 1994; Scallet et al. 2004).
These studies have also utilized Fos immunohistochemistry in parallel with cupric silver histochem-
istry to distinquish neuroexcitatory and neurodegenerative effects of domoic acid, which also
revealed several prominent targets of domoic acid neuroexcitation that are protected from necrotic
damage (Scallet et al. 1993; Peng et al. 1994; Peng and Ramsdell 1996; Scallet et al. 2004, 2005).
For example, the dentate granule cells, which are likely the initial target for domoic acid, are sel-
domly lost to necrosis. This is likely the result of recurrent or lateral GABA inhibition on the cells.
A similar mechanism also likely occurs in mitral cells of the olfactory bulb.
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Figure 13.10. Domoic acid effects on EEG activity in rats. Reprinted with permission from Fujita et al. (1996), © Elsevier.
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Figure 13.11. Domoic acid induction of Fos in the hippocampus.

Central to domoic acid excitation of the limbic system damage is the CA3 region of the
hippocampus, known to have one of the highest concentrations of kainate receptors in the brain
(Monaghan and Cotman 1982). Kainate receptors are found at multiple sites and serve complex
roles in the CA3 region as described below. The pyramidal cells of the CA3 receive both a direct and
indirect presynaptic input from entorhinal cell layers Il and IV via the perforant path (Fig. 13.12).
The indirect perforant input is mediated by dentate granule cells whose mossy fibers containing high
densities of kainate receptors project to the CA3 pyramidal cells. Debonnel et al. demonstrated
that the mossy fiber-CA3 synapses were unique within the hippocampus in showing a high degree
(20-fold) of selectivity for domoic acid over kainic acid (Debonnel et al. 1989a).

The dentate granule cells are a primary target for domoic acid and show a strong induction of Fos.
Careful time course studies using the pilocarpine seizure model shows Fos immunoreactivity within
15 minutes throughout the dentate granule cell layer, clearly preceding expression in other regions of
the hippocampal formation (Peng and Houser 2005). Furthermore, expression of Fos in dentate
granule cells precedes seizures after systemic administration of kainic acid (Willoughby et al. 1997).
The induction of Fos, which is restricted to the soma, is generally considered the result of repetitive
granule cell firing rather than terminal depolarization. The dentate granule cells are powerful exciti-
tatory neurons that have giant presynaptic terminals filled with glutamate. Activation of the dentate
granule cells by domoic acid is likely to release massive amounts of glutamate, which in turn is toxic
to the pyramidal cells. Indeed, pyramidal cells are the first reported to show morphological damage
in response to systemic domoic acid (Strain and Tasker 1991). The release of glutamate is accom-
plished by presynaptic action of domoic acid on GIUR6/KA2 heteromeric channels which provide a
direct depolarization of both the axon itself and “autoreceptors,” which independently facilitate glu-
tamate release via a CAMP-dependent protein kinase A pathway (Schmitz et al. 2001; Contractor
et al. 2003; Rodriguez-Moreno and Sihra 2004). Glutamate release leads to a potentially damaging
positive feedback loop of glutamate promoting its own release and hyperstimulation of the pyrami-
dal cells. The importance of the GIUR6 subunit in the process of neuroexcitation is evident in the
absence of systemically induced kainic acid seizures, expression of Fos related antigen genes and
damage in the CA3 region in GIuR6 knockout mice (Mulle et al. 1998).

Beyond the CA3 region, many other regions of the hippocampal formation are activated in large
part by links in the hippocampal circuitry. The CA4/dentate hilus mossy cells (distinct from the
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Figure 13.12. Afferent and efferent pathways of the hippocampus. Reprinted with permission of MRC Centre for
Synaptic Plasticity, University of Bristol, © 2005.

mossy fibers of granule cells) receive projections from the dentate granule cells in a manner similar to
the CA3 pyramidal cells. Additionally, the CA4/dentate hilus mossy cells are believed to integrate fir-
ing of the CA3 pyramidal cells. These CA3 pyramidal cells send Schaffer collaterals to pyramidal
cells in the CAL region, which also receive a perforate pathway from the entorhinal Il layer (again
refer to Fig. 13.12). The CA1 pyramidal cells project a commissural pathway to the cigulate pyrami-
dal cells and the cingulum sends input back to the entorhinal cortex to close the loop. Furthermore,
the cingulum sends input to the septal nucleus and olfactory bulb extrahippocampal areas that project
back to the entorhinal cortex and amygdala, each of which respond to domoic acid with induction of
Fos followed by neurodegeneration (Scallet et al. 1993; Peng et al. 1994; Scallet et al. 2004; Colman
et al. 2005). Generally, excitation of these pathaways is believed to result from activation of neurons
proximal in the circuitry and enhanced by the returning excitatory input. However, neuroexcitation in
these regions by domoic acid may also involve direct synaptic action of domoic acid to varying
degrees. For example, a dose response study indicated that domoic acid induced Fos in the olfactory
bulb at concentrations below those that induced Fos in the dentate granule cells (Scallet et al. 2004).

Fos histochemistry and degeneration analysis of domoic acid action in the olfactory bulb identi-
fies granule cells of the olfactory bulb as targets of degeneration (Peng et al. 1994). The granule cells
are interneurons with cell bodies just below the mitral cell layer, and dendritic trees extend through
this layer to make dendrodendritic contacts (Fig. 13.13). Interestingly, granule cells are excited by
release of glutamate from mitral cells (Wellis and Kauer 1993). Release of glutamate at these
synapses activates postsynaptic receptors on the dendritic spines of granule cells, as well as presy-
naptic autoreceptors in the mitral cell membrane using a GABA mediated lateral inhibition for pro-
cessing of odor discrimination (Montague and Greer 1999; Sassoe-Pognetto and Ottersen 2000;
Isaacson 2001). In these respects, the interaction between glutamatergic mitral cells and granule
cells of the olfactory bulb has similarities to the interaction between granule cells and CA3 pyrami-
dal cells of the hipppocampus. Accordingly, the mitral cells may represent an independent target for
domoic acid excitation that involves autoreceptors for release of glutamate with a facilitating toxic
action on the olfactory granule cells. The suggestion that DA action on the olfactory bulb may facil-
itate damage to the hippocampus is supported by the recent finding that bulbectomy actually reduces
kainic acid induced damage to the hippocampus (Gary et al. 2002).
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Figure 13.13. Domoic acid damage to olfactory bulb assessed by cupric-silver histochemistry.

Structural Damage

Permanent damage to the targets of glutamatergic neurons forming closed-loop circuits in the
limbic system.

Extensive structural damage to the hippocampus and limbic structures is a hallmark finding of high
dose domoic acid toxicity. Damage to the central nervous system corresponds more closely to the dis-
tribution of NMDA rather than kainate receptor subtypes and is more reflective of observable seizure
behavior rather than a given dosage of domoic acid (Appel et al. 1997a). Several reports indicate that
the downstream action of domoic acid, like that of other excitotoxins, activates biochemical pathways
associated with apoptosis, but ultimately results in necrotic neuronal cell death. Ultrastructural analysis
of degenerated neurons indicates swollen morphology along with shrunken electron-dense cells char-
acteristic of necrotic neurons (Strain and Tasker 1991; Ananth et al. 2001). Analyses of caspase-3, an
enzyme used as a functional marker of apoptosis, by immunohistochemistry or enzymatic activity,
have failed to show induction of apoptosis by domoic acid in the hippocampus or in cultured hip-
pocampal cells (Ananth et al. 2001; Roy and Sapolsky 2003); however, caspase-3 activity has been
reported to be enhanced in a hippocampal slice preparation (Erin and Billingsley 2004). Interestingly,
the study on hippocampal cells indicates that two caspase inhibitors reduce cytotoxic effects of domoic
acid and lower mitochondrial membrane potential and ATP levels (Roy and Sapolsky 2003). Another
apoptotic marker named Bcl-2, a pore forming protein that shuttles to mitochondria and endoplasm
reticulum to deplete internal stores of calcium (Schendel et al. 1997), is induced early on by domoic
acid but is later down regulated, corresponding with necrosis (Ananth et al. 2001; Erin and Billingsley
2004) . Domoic also leads to rapid and strong activation of astrocytes, which has been well docu-
mented by immunohistochemistry of glial fibrillary acidic proteins (Stewart et al. 1990; Strain and
Tasker, 1991; Appel et al. 1997a; Ananth et al. 2003a; Scallet et al. 2005) and benzodiazepine receptor
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expression (Kuhlmann and Guilarte 1997). The astrocytes normally show an extensive response
because of their syncytial network. This network serves to protect neurons through glutamate uptake,
K™ buffering, and elimination of free radicals; all functions that are susceptible to excitotoxic damage
and one that can turn toxic through release of glutamate and production of free radicals (Ananth,
Gopalakrishnakone, and Kaur 2003). Domoic toxicity also leads to an inflammatory response of
microglia cells, which has been documented by lectin histochemistry, as well as immunohistochem-
istry of CR3 phagocytic receptors and MHC |1 antigens (Appel et al. 1997a; Ananth et al. 2001). These
effects appear subsequent to neuronal damage and relate to the processing of neuronal antigens and
phagocytosis of damaged neuronal debris.

Post mortem analyses of four subjects from the 1987 exposure identified consistent damage in all
hippocampal fields, other than the CA2 equivalent, as well as damage to the amygdala, septum, sec-
ondary olfactory areas, claustrum, and nucleus acumbens. Three of the patients had damage to the
dentate granule cells and insular and subfrontal cortex while two had damage in the dorsal medial
thalamus (Teitelbaum et al. 1990). Expanded analysis was reported of a fifth patient three years after
the event. This patient, who recovered and then exhibited temporal lobe epilepsy one year later, was
found to have “a complete neuronal loss in CA1 and CA3 with near total loss in CA4 and moderate
loss in CA2. Dentate cells were focally diminished in numbers. The amygdala showed patch neu-
ronal loss in medial and basal portions with neuronal loss and gliosis in the overlying coretex. Mild
to moderate neuronal loss and gliosis were seen in the dorsal and ventral septal nuclei, the secondary
olfactory areas and the nucleus accumbens” (Cendes et al. 1995). Histopathological analysis of the
1998 sea lion epizootic showed many similarities to the human study, with major damage to the hip-
pocampus, dentate gyrus, amygdala and limbic regions, including the olfactory bulb (Silvagni et al.
2005). The pathology of human and marine mammal exposures has been largely consistent with
more detailed analyses in laboratory animals (Stewart et al. 1990; Tryphonas et al. 1990a, 1990b;
Bruni et al. 1991; Strain and Tasker 1991; Scallet et al. 1993; Peng et al. 1994; Schmued et al. 1995;
Appel et al. 1997b); however, some differences are observed due to the steep dose threshold,
response time post-exposure for analysis and differential effects on various brain cell types, neurons,
astrocytes and microglia (Peng et al. 1994; Schmued et al. 1995; Appel et al. 1997a).

Fine resolution of neuronal damage in response to domoic acid has been characterized with the
DeQOlmaos cupric-silver method (DeOlmos and Ingram 1971) in mice (Peng et al. 1994), rats (Appel
etal. 1997a), and cynomolgus monkeys (Scallet et al. 1993; Schmued et al. 1995). These studies led
to the clarification of brain regions showing neuronal damage and provided discrimination of dam-
aged cell bodies, axons and dendritic fields. Scallet noted widespread damage to pyramidal neurons
and axon terminals of CA4, CA3, CA2, CAL, and subiculum subfields of the monkey hippocampus
(Scallet et al. 1993). A more extensive analysis of these samples indicated neuronal damage to a sub-
set of subicular targets including hippocampus, septum, dorsal lateral nucleus of the thalamus and
the piriform and entorhinal cortex (Schmued et al. 1995). A similar study in mice reported extensive
domoic acid damage to the hippocampus, septum and secondary olfactory regions (Peng et al.
1994). An extensive analysis involving the mapping of cupric silver impregnated cells, axons, and
dendritic fields has been performed and these data were reconstructed into a three deminensional
image of the mouse brain (Colman et al. 2005).

Functional Effects

Outcome of damage to pathways responsible for controlling generalized seizures and the learning
and recall of spatial memory.
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The loss of neurological function after domoic acid exposure may manifest in the development of
epilepsy and in deficits of learning and memaory. Although structural damage to hippocampal pyram-
idal cells and many of their projections in the limbic circuit is an obvious factor in loss of function,
much attention is also directed to the dentate granule cells themselves, a primary target of domoic
acid neuroexcitation which are largely resistant to overt structural damage.

A one year followup of a patient from the 1987 poisoning indicated reoccurence of seizures and
the development of epilepsy (Cendes et al. 1995). This patient initially showed generalized convul-
sions, complex partial status epilepticus and epileptiform discharges developing to slow wave abnor-
malities over the frontotemporal regions. One year later, after EEG activity had been normal for
several months, complex partial seizures reoccured, with bilateral EEG activity over temporal lobes
and a MRI indicative of bilateral atrophy of the hippocampus, which was confirmed postmortem as
hippocampal sclerosis. This case report provides rare evidence of toxin induced epilepsy in humans
and is well supported by the rat kainic acid epilepsy model (Ben-Ari 1985).

Dentate cells are not only at the heart of the acute action of domoic acid to induce seizures but are
also implicated in the sustained effect of temporal lobe epilepsy development. In this capacity, the
dentate has been viewed as a restrictive gate or control point preventing excitation of other hip-
pocampal regions (Heinemann et al. 1992; Lothman et al. 1992). Although dentate granule cells are
strongly excitatory to many target cells, they follow Eccles hypothesis of lateral inhibition, yielding
focused excitation well delineated by GABAergic inhibition via collaterals and interneurons.
Indeed, these cells show a strong domoic acid induced excitatory response but rarely show signs of
degeneration (Scallet et al. 1993; Peng et al. 1994), with the unusual exception noted in sea lions
(Silvagni et al. 2005).

Hippocampal sclerosis is regularly accompanied by extensive neurodegeneration in the CA4
region, also known as at the dentate hilus. The cells affected are known as mossy cells. Like the CA3
pyramidal cells, the mossy cells of CA4 receive a branch of large glutamatergic excitatory mossy
fibers originating from the dentate granule cells. Hence, the mossy cells are highly vulnerable to
dentate granule cell excitation in much the same way as the CA3 pyramidal cells. The mossy cells
project back to the dentate molecular layer to excite GABAergic interneurons that inhibit granule
cells and do so in a way that projects laterally to inhibit beyond their lamellar plane. One causal the-
ory of temporal lobe epilepsy is that degeneration of mossy cells will cause disinhibition of wide
tracks of dentate granule cells, leading to synchronous multilaminar discharges in response to corti-
cal stimuli (Sloviter 1994). This theory has been challenged by findings that mossy cell lesions failed
to induce an epileptic state. An alternative theory is that several days to weeks after excitation, den-
tate granule cells undergo new axonal sprouting, changing GABAergic inhibitory connections to
excitatory connections between granule cells (Buckmaster et al. 2002). Regardless of the mecha-
nism, domoic acid does lead to damaged cells in the CA4 region and extensive loss of terminals in
the molecular layer of the dentate gyrus (Colman et al. 2005), both of which may provide a basis for
the toxin induced epilepsy.

Domoic acid induced damage to the hippocampal formation is strongly correlated to memory
deficits in humans and experimental animals. The predominant neurological manifestation from the
human amnesic shellfish poisoning event is anterograde memory loss (Teitelbaum et al. 1990;
Zatorre 1990). The effects observed in humans revealed a substantial degree of selectivity. Language
function (assessed by an Object Naming test), verbal comprehension (assessed by the Token test)
and concept formation (assessed with the Wisconsin Card Sorting test) were within normal range.
Verbal (Wechsler Memory Scale) and visuospatial (Rey complex figure test) memory were both
impaired, but only for delayed recall and not immediate recall (Teitelbaum et al. 1990). Hence, the
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memory deficit appeared to involve retention and/or retrieval of new information after the subject
had passed out of consciousness (Zatorre 1990). Experimental studies using rats and mice have also
assessed memory loss following domoic acid exposure. Several studies have been conducted on
domoic acid’s effects on visuospatial memory, and have reported deficits using both radial arm maze
and Morris water maze tests (Sutherland et al. 1990; Nakajima and Potvin 1992; Petrie et al. 1992;
Kuhlmann and Guilarte 1997). Domoic acid has also been reported to impair a delayed matching-to-
sample working memory water maze task, another type of memory test based upon the ability to uti-
lize mental representation for goal-directed behaviors (Clayton et al. 1999). This test depended on
intact hippocampal formation as well as its connections with the prefrontal cortex.

Domoic acid targets neuronal pathways and synaptic mechanisms along with biochemical mecha-
nisms known to mediate memory and learning. The hippocampus and the temporal lobe, so strongly
implicated in seizure formation, were also discovered to play an essential role in short term declara-
tive memory, as evident in the anterograde amnesia that developed after surgical ablation of this
region in the noted epileptic patient H.M. (Scoville and Miller 1957). It appears that the key role of
the hippocampus in spatial learning is the synthesis of the configuration of spatial cues, a process
requiring the integrity of connections between the hippocampus, subiculum, and cortical areas. The
discovery of long term potentiation (LTP) in the dentate granule cells after perforant path stimulation
identified a mechanism for synaptic strengthening that is consistent with ultrastructural changes for
memory formation (Bliss and Collingridge 1993). The critical event initiating the LTP is the entry of
calcium into the postsynaptic spine, an event that often involves the coincident activation of the
NMDA receptor by glutamate and membrane depolarization. The calcium influx through NMDA is
detected by calcium-calmodulin dependent protein kinase 1l, which translocates from the cytoplasm
to bind the NMDA receptor, where it undergoes autophosphorylation generating an “intramolecular
memory.” Calcium-calmodulin-activated adenlyate cyclase is an additional detector for NMDA
mediated calcium entry and leads to activation of the cAMP-dependent protein kKinase A pathways.
An important result of activation of these kinase pathways is the “AMPAfication” of the postsynaptic
density, which occurs from enhancement of AMPA receptor conductance via phosphorylation medi-
ated changes in conductance and increased biosysnthesis and/or recruitment to the postsyantaptic
membrane (Shi 2001). Increased AMPA conductance is key to strengthening transmission across
defined synapses.

The biochemical mechanism by which domoic acid causes memory deficits is not clear. One obvi-
ous mechanism would be due to cell loss resulting from excitotoxic damage to the pathways needed
for memory formation. However, studies of aging (Rapp and Gallagher 1996) and observation of
domoic acid memory impairment without evidence of damage to cells or terminals in the hippocam-
pus (Rapp and Gallagher 1996; Clayton et al. 1999) indicates that neurodegeneration is not a prereg-
uisite to memory deficit. Alternatively, the adverse effects on memory may involve ultrastructural
reorganization of dendritic connections within the dentate gyrus that follows excitation of granule
cells as described for the etiology of epilepsy. In this regard, the reciprocal circuitry between the den-
tate granule cells, mossy cells, and the CA3 pyramidal cells is essential for auto and hetereoassocia-
tive memories that underlie both the learning and recall of sequences believed critical for visual
spatial memory (Lisman et al.). Effects on the synaptic plasticity of these dentate-CA3 circuits,
impairing AMPAfication, would disrupt the generation of delayed spatial memory. Beyond terminal
damage and resprouting of excitatory, in place of inhibitory, contacts, changes in physical characteris-
tics of the postsynaptic membrane may result from acute inflammatory responses to domoic acid.
Neuronal COX-2 is rapidly induced by domoic acid (Ryan et al. 2005). This enzyme is regulated by
neuronal activity, is expressed at its highest levels in dentate granule cells and associated with the
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development of LTP (Yamagata et al. 1993). COX-2 expression potentiates kainic acid excitotoxicity
and age-induced deficits in spatial learning, as evidenced in mice in a Morris water maze (Kelley et al.
1999; Andreasson et al. 2001). The production of prostaglandins by COX-2 and production of
cytokines during inflammation are likely to impair enhancement of plasticity at both sides of the
synapse, thus decreasing glutamate content in mossy fibers or altering AMPAfication of the pyramidal
cell terminals.

Toxicity to Other Regions of the Nervous System

Excitotoxic effects on the gut, heart and spinal motorneurons.

The human ASP exposure of 1987 identified gastrointestinal and neurological effects of domoic
acid. The gastrointestinal effects included severe vomiting, nausea, abdominal cramping, and diar-
rhea. These symptoms were the most commonly reported and occurred at lower levels of intoxica-
tion (Perl et al. 1990). Likewise, studies with primates show a gagging and vomiting response which
is associated with cell swelling and damage to the emetic center, the area postrema (Tryphonas et al.
1990a). A subsequent study utilizing Fos histochemistry determined that domoic acid induced Fos in
both the area postrema as well as in the adjacent nucleus solitarius without neuronal damage, as
assessed by degeneration specific cupric silver histochemistry (Peng et al. 1994). The effect of
domoic acid on Fos in the nucleus solitarius was restricted to the medial division subnucleus. This
subnucleus area regulates general visceral function and is proposed to mediate gastrointestinal
symptoms of domoic acid such as abdominal cramping. The human exposure also reported gastroin-
testinal bleeding, and studies in mice have also shown evidence of gastric and duodenal lesions and
bleeding (Glavin et al. 1990).

The human exposure of 1987 also identified cardiac instability and arrhythmias as symptoms of
amnesic shellfish poisoning (Perl et al. 1990). Although this response might be attributed to effects
on the brainstem, domoic acid does induce c-fos in the heart of mice (Peng et al. 1994). Subse-
quently, Pulido’s laboratory has characterized glutamate receptors in the conduction system of the
rat and monkey heart and provided evidence of GIuR5/6/7 and NMDARL1 subtypes that can mediate
a neurotoxic action of domoic acid (Gill et al. 2000; Mueller et al. 2003). Evidence for lesions to the
myocardium and myocarditis has been reported in sea lions exposed to domoic acid (Gulland et al.
2002), while domoic acid has also been proposed as a risk factor for myocarditis and dilated car-
diomyopathy in sea otters (Kreuder et al. 2005).

Domoic acid is well recognized to target spinal cord motorneurons (Biscoe et al. 1975, 1976).
Domoic acid effects on ventral horn motorneurons have been characterized by perfusion in isolated
spinal cord (Ishida and Shinozaki 1988). This is consistent with muscle weakness observed in several
patients from the 1987 exposure and is manifest as hemiparesis (Teitelbaum et al. 1990). Additionally,
domoic acid activates dorsal horn sensory C fibers and their dorsal root ganglion cells with greater
potency than observed in the central nervous system (Huettner 1990; Ishida and Shinozaki 1991).
Here the effects show evidence of different glutamate receptors. Agonist rank order of potency and
efficacy of conduction as a full agonist with high currents which desensitize may reflect an action on
AMPA receptors. Neurotoxic action of domoic acid at the anterior horn or dorsal root ganglion is con-
sistent with electromyographic and concentric needle examination results from patients from the
1987 exposure. Up to four months post exposure, these tests showed degenerative changes suggestive
of spinal column effects at the level of the anterior horn or dorsal root (Teitelbaum et al. 1990).
Domoic acid has reported to have neurotoxic action on both dendritic structures in the dorsal horn
and ventral motorneurons based upon perfusion studies with isolated cord (Stewart et al. 1991).
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A systemic exposure of neonatal rats identified damaged neurons were largely in the ventral and inter-
mediate gray matter (Wang et al. 2000). Accordingly, domoic acid can cause excitation and damage to
sensory and motorneurons in the spinal cord.

The eye is also a target for domoic acid toxicity. Indeed the seminal observation for the gluata-
mate excitoxicity hypothesis originated in observations of glutamate damage to the inner retinal
layer in newborn mice (Lucas and Newhouse 1957). Domoic acid has been demonstrated to cause
swelling of outer plexiform and inner plexiform layers and cellular damage to the inner nuclear layer
of the retina, both in chick retinal explants and after systemic administration of domoic acid in mice
(Stewart et al. 1990; Tryphonas et al. 1990b). The effects of domoic acid on cultured chick retinal
cells are consistent with calcium mediated effects of neuroexcitation (Alfonso et al. 1994; Duran
et al. 1995b); however, evidence exists that at least some of the actions of domoic acid in the retina
are mediated by AMPA receptors (Ferreira et al. 1998; Szikra and Witkovsky 2001). Muscle weak-
ness was observed in several patients from the 1987 exposure, manifested as ophthaloplegia, and
therefore consistent with domoic acid causing excitation and damage to motor neurons innervating
the eye (Teitelbaum et al. 1990).

Age- and Sex-Related Toxicity

Risk to domoic acid poisoning may also reflect status of neuroprotective mechanisms.

The most severe cases of human amnesic shellfish poisoning occurred in males of advanced age,
which originally suggested that age and sex are predisposing factors (Perl et al. 1990). However, the
age-related predisposition is, at least in part, the result of renal impairment (Teitelbaum et al. 1990)
and is supported by several experimental studies (Suzuki and Hierlihy 1993; Truelove and Iverson
1994; Xi et al. 1997). Nonetheless, advanced age may enhance susceptibility in other ways to
domoic acid. Electric field potential analysis of hippocampal slices determined that aged rats dif-
fered from younger rats in that they did not exhibit preconditioned tolerance to domoic acid (Kerr
etal. 2002). This was interpreted that the older rats may be deficient in neuroprotective mechanisms.

The sea lion epizootic revealed substantial domoic reproductive toxicity manifest in spontantanous
abortion (Gulland et al. 2002). Part of this is likely the result of uterine excitation, as evident in lesions
and protrusions to the uterine wall, and might represent a synergy between domoic acid and oxytocin.
On the other hand, a rat neonatal study of daily in utero domoic acid exposure between gestational
days 7-16 failed to show a consistant decrease in litter size, even in surviving dams given a LD50
dose (Khera et al. 1994). However, in utero exposure of rats to subsymptomatic doses of domoic acid
has been demonstrated to reduce seizure threshold to postnatal domoic acid exposure. This is associ-
ated with delayed damage at postnatal day (PND) 14 to the CA3 and dentate gyrus, damage at PND
20 to the CA4 and decreased brain GABA/increased glutamate levels (Dakshinamurti et al. 1993).
The alteration in brain GABA/glutamate levels is consistent with the change from GABA to gluta-
mineric regulation of dentate granule cells which is suggested to result from damage to CA4 mossy
cells in the proposed etiology of epilepsy. Intrauterine exposure to domoic acid also increases suscep-
tibility of rats grown to adults to the amnesic effects of the muscarinic acetylcholine scopolamine,
suggesting that early life exposure to domoic acid reduces functional reserve with which to solve
memory tasks (Levin et al. 2005). Additionally, these animals lacked the normal sex difference in spa-
tial learning, suggesting that domoic acid disrupts an early hormone imprinting of differences in the
hippocampus that manifest later in life.

Neonatal rats are substantially more susceptible to domoic acid than adults, showing signs of seizure
behavior that progressively matures to the characteristic patterns observed in adults (Xi et al. 1997;
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Doucette et al. 2000). At lower doses neonates show delayed effects on eye opening and olfactory
conditioned place preference (Doucette et al. 2003). The latter supports the high sensitivity of the
mitral-granule cells to domoic acid as described earlier. Evidence indicates that the sensitivity of
the neonates results from insufficient renal clearance of toxin, allowing increased bioavailability in the
blood (Xi et al. 1997). Domoic acid has been detected in the blood of neonates, transmitted via milk
from lactating mother rats previously exposed to domoic acid, but at levels appearing to be well below
symptomatic doses (Maucher and Ramsdell 2005).

Differential age- and sex-related sensitivity to domoic acid may also involve mechanisms
that limit damage after toxin exposure. Possible protective pathways may counteract domoic acid
induced release of glutamate and nitric oxide from neurons or microglia, such as those pathways
sensitive to pyridoxine and the antioxidant neurohormone melatonin (Ananth, Gopalakrishnakone,
and Kaur 2003; Dakshinamurti et al. 2003). Perhaps most intriguing of all is the neuroprotective role
of estrogen. Using castrated mice, aromatase knockout mice, and the aromatase inhibitor fadrozole,
Azcoitia et al. (2001) convincingly demonstrated that manipulations which reduce brain estrogens
greatly enhance sensitivity to domoic acid induced damage to the hippocampus. Hence, the integrity
of neuroprotective mechanisms may play an important role in defining susceptibility to domoic acid
at both the level of brain regions and individual characteristics such as age and sex.

Disclaimer

This chapter does not constitute an endorsement of any commercial product or intend to be an opin-
ion beyond scientific or other results obtained by the National Oceanic and Atmospheric Administra-
tion (NOAA). No reference shall be made to NOAA, or this publication furnished by NOAA, to any
advertising or sales promotion which would indicate or imply that NOAA recommends or endorses
any proprietary product mentioned herein, or which has as its purpose an interest to cause the adver-
tised product to be used or purchased because of this publication.
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Hepatotoxic Cyanobacteria
Introduction

The incidence of toxic episodes in freshwaters due to the presence of toxic cyanobacteria has
considerably increased over the last few years. There is also increasing evidence that low levels of
exposure may have chronic effects in humans and therefore strict and reliable control of these
toxins should be carried out in order to prevent serious public health problems. It is known that
cyanobacteria have been implicated in a number of episodes of human illnesses worldwide (Falconer
1983; Tisdale 1931a, 1931b; Veldee 1931; Dillenberg and Dehnel 1960; Lippy and Erb 1976;
Billings 1981; Turner 1990; Zilberg 1966). It was also an important toxic event in Brazil in which
dialysis patients died from water contaminated with cyanotoxins (Jochimsen 1998; Azevedo 2002).
Also a possible link between cyanobacteria and cancer has been considered as a result of epidemio-
logical evidence from China (Yu 1994; Ueno 1996). A further exposure route may be through the
consumption of contaminated foods such as freshwater mussels (Vasconcelos 1995), fish (Carbis
1997), abd edible plants (Codd 1999), cyanobacteria produce several toxins, including the neurotox-
ins, (anatoxins and saxitoxins), hepatotoxins, cylindrospermopsin, and lipopolysaccharide (LPS)
endotoxins (Carmichael and Falconer 1993; Carmichael 1997). A summary of the toxins produced
by the various species of cyanobacteria is given by Sivonen and Jones (1999).

Among the cyanobacterial toxins, the hepatotoxic Microcystis have been the most extensively
studied and reported recently. These toxins present a large number of variants but despite this and the
lack of standards a large number of methods have been developed for their evaluation in different
matrices such as water, cells, tissues, etc. The toxicological studies carried out for these toxins have
led the WHO to set guidelines for the control of these toxins establishing a regulatory level of 1 ug
per litre in drinking waters. The methods currently developed for microcystins are also suitable for
some other hepatotoxic toxins such as nodularins, although these toxins are more commonly present
in brackish waters. Microcystis and Nodularins enter hepatocytes through the bile acid transport
mechanism. The molecular basis of the toxicity of these toxins is by inhibition of protein phos-
phatases 1 and 2A in a manner similar to okadaic acid and have a tumour promoting activity on rat
liver. The intoxication routes of concern for human health include intraperitoneal, intravenous, and
oral exposition. These aspects will be later discussed. These intoxications not only involve drinking
waters containing cyanobacterial toxins but also the consumption of toxin-containing animal or
plant tissues. Dietary supplements made from cyanobacteria have been also reported as a possible
source for the mentioned cyanobacterial toxins. Low level chronic exposure is probably more impor-
tant than the rare acute lethal poisonings.

An extensive work has been developed for the control of microcystins but not much effort has
been made for the development of methods for the detection of other cyanobacterial toxins such as
anatoxins or cylindrospermopsins despite their important acute toxicity as occurs in the case of the
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neurotoxic anatoxin, nevertheless interest in the method of development for these toxins has been
considerably increased in the last few years.

This chapter focuses on hepatotoxic cyanobateria, including microcystins, nodularins, and cylin-
drospermopsins. General aspects of these toxins as well as the analytical methods for their detection
will be discussed, taking into account the increased interest on the development of biochemical
approaches.

Peptide Hepatotoxins (Microcystins and Nodularin)

The most extensively studied group of cyanobacterial toxins are the hepatotoxic cyclic peptides,
which include the microcystins and nodularins, microcystins being the most frequently encountered.
These toxins are commonly produced by Microcystis aeruginosa but also by other species of Micro-
cystis and other genera such as Planktothrix (Oscillatoria), Anabaena, Nostoc, Anabaenopsis, and
Hapalosiphon (Sivonen and Jones 1999). Another similar cyclic pentapeptide is the nodularin,
whose toxicity is similar to the most toxic microcystins (Rinehart 1988) and is usually produced by
Nodularia spumigena, a brackish water cyanobacteria. The cyclic peptides are comparatively large
natural products, molecular weight (m.w.) ranging from 800 to 1,000, although small compared with
many other cell oligopeptides and polypeptides (proteins) (m.w. > 10,000). They contain either five
(nodularins) or seven (microcystins) amino acids, with the two terminal amino acids of the linear
peptide being condensed to form a cyclic compound. They are water soluble and most of them are
unable to penetrate directly the lipide membranes of animal, plant, and bacterial cells. In aquatic
environments, these toxins usually remain contained within the cyanobacterial cells and are only
released in substantial amounts on cell lysis. Along with their high chemical stability and their water
solubility, this containment has important implications for their environmental persistence and
exposure to humans in surface water bodies. The first chemical structures of cyanobacterial cyclic
peptide toxins were identified in the early 1980s and the number of fully characterized toxin variants
has greatly increased during 1990s.

Microcystins

The microcystins are a group of over 70 structurally related monocyclic heptapeptides containing
seven peptide-linked aminoacids with the general structure of Cyclo-(D-alanine’™-X?-D-MeAsp3-
Y4-Adda®-D-glutamate®- Mdha’), in which X and Y are variable L aminoacids, D-MeAsp? is D-
erytro-f- methylaspartic acid and Mdha is N-methyldehydroalanine (Fig. 14.1).

One of the invariant amino acids is a unique -amino acid called Adda (2S,3S,8S,9S)-3; amino-9
methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid is the most unusual structure in this group
of cyanobacterial cyclic peptide toxins). A two-letter suffix (XY) is ascribed to each individual toxin
to denote the two variant amino acids (Carmichael 1988). X is commonly leucine, arginine, or tyro-
sine. Y is arginine, alanine, or methionine. Variants of all the “invariant” amino acids have now been
reported, e.g., desmethyl amino acids and/or replacement of the 9-methoxy group of Adda by an
acetyl moiety. Currently there are in excess of 60 variants of microcystin that have been characterized
(Rinehart 1994; Sivonen and Jones 1999). Of these 60 compounds, microcystin-LR would appear to
be the microcystin most commonly found in cyanobacteria. It is also common for more than one
microcystin to be found in a particular strain of cyanobacterium (Namikoshi 1992; Lawton 1995).
The microcystin variants may also differ in toxicity (Carmichael 1993). The literature indicates that
hepatotoxic blooms of M. aeruginosa containing microcystins occur commonly worldwide.
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Microcystin—LR MC-LR CH, Leu Arg CH, H
Microcystin-RR MC-RR CH, Arg Arg CH, H
Microcystin-YR MC-YR CH, Tyr Arg CH, H
Microcystin—LA MC-LA CH, Leu Ala CH, H
Microcystin-LW MC-LW CH, Leu Trp CH, H
Microcystin-LF MC-LF CH, Leu Phe CH, H
Microcystin-WR MC-WR CH, Trp Arg CH, H
Microcystin-LY MC-LY CH, Leu Tyr CH, H
3-Demethylmicrocystin-LR [D-AspMC-LR H Leu Arg CH, H
3-Demethylmicrocystin-RR [D-Asp’]MC-LR H Arg Arg CH, H
3-Demethylmicrocystin—HTyrR [D-Asp ]MC-HTyrR H homoTyr Arg CH, H
3-Demethyl-7-dehydrobutyrine-microcystin-RR [D-Asp3,Dhb7]MC—RR H Arg Arg H CH,

Figure 14.1. Structures of microcystins and their derivatives.

Nodularin

This cyclic pentapeptide acts identical to microcystins, as they are structurally very similar. The
chemical structure of Nodularin is cyclo-(D-MeAsp!-L-arginine?-Adda3-D-glutamate*-Mdhb?), in
which Mdhb is 2-(methylamino)2-dehydrobutyric acid (Fig. 14.2). Nodularin contains amino acids
similar or identical to those found in microcystins, namely arginine, glutamic acid, B-methylaspartic
acid, N-methyldehydrobutyrine, and also Adda (Rinehart 1988). A few naturally occurring variations
of nodularins have been found, two demethylated variants, one with D-Asp? instead of D-MeAsp?, the
other with DMAdda3 instead of Adda®, and the nontoxic nodularin, which has the 6Z-stereocisomer
of Adda® (Namikoshi 1994). The equivalent 6Z- Adda® stereoisomer of mycrocistins is also nontoxic.
In the marine sponge Theonella swinhoei, a nodularin analogue called motuporin has been found; in
its structure it has arginine replaced by valine (de Silva 1992). In [L-Har2]-nodularin, arginine is
replaced by homoarginine (Beattie 2000; Saito 2001).

Cylindrospermopsin

This hepatotoxin first appeared in tropical and subtropical waters of Australia, resulting in an alkaloid
hepatotoxin with a completely different mechanism of toxicity. The possible incidence of this
cyanobacteria toxin was first reported by Byth (1980). An outbreak of hepatoenteritis occurred in 1979
at Palm Island, Queensland, Australia, when the population was supplied with drinking water from a
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Figure 14.2. Structure of nodularin.

dam that had been treated with copper sulphate to kill a heavy bloom of algae. Subsequent research on
Cylindrospermopsis raciborskii from this source showed it to produce toxicological effects in animals
consistent with the symptoms observed at Palm Island. On this basis, it was subsequently suggested
that the 1979 outbreak was caused by toxic C. raciborskii. This species has also been responsible for
cattle deaths in Queensland (Saker 1999). C. raciborskii is predominantly a tropical and subtropical
species which has been increasingly encountered also in temperate regions (Fastner 2003).

The toxin isolated from C. raciborskii was a hepatotoxic cyclic guanidine alkaloid named cylin-
drospermopsin (Ohtani 1992) with a molecular weight of 415. In pure form, cylindrospermopsin
mainly affects the liver, although crude extracts of C. raciborskii injected or given orally to mice also
induce pathological symptoms in the kidneys, spleen, thymus, and heart. Recently new structural
variants of cylindrospermopsin have been isolated from an Australian strain of C. raciborskii, with
one being identified as demethoxy-cylindrospermopsin (Chiswell 2001).

The same toxin has been subsequently isolated from the cyanobacterium Umezakia natans in
Japan (Harada 1994) and Aphanizomenon ovalisporum in both Australia (Shaw 1999) and Israel
(Banker 1997). An analogue of cylindrospermopsin such as 7-epicylindrospermopsin has been
recently characterized as a toxic minor component of a strain of Aph. ovalisporum from Israel
(Banker 2000). See Fig. 14.3.

Toxicology and Pharmacology of Hepatotoxins

The safe levels of hepatotoxins in food and drinking waters have been evaluated in terms of tolerable
daily intake (TDI). This value should be ideally taken as a result of human studies, but often such stud-
ies are inadequate or nonexistent. Alternatively, they are often obtained after animal studies, although
the variability in sensitivity between animals and humans that makes necessary the establishment of
safety factors to deal with this uncertainty should be taken into account.

A common problem with animal studies is related to the routes of exposure. Many toxins are
more toxic when they are administered intravenously (i.v.) or intraperitoneally (i.p.) than by the oral
route. This difference is evident when LD, values are examined for various routes of exposure. The
toxicological studies using i.v. or i.p. routes of administration require much less toxin and in addition
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Figure 14.3. Structure of cylindrospermopsin.

can give information about the mechanism of toxicity, but for some natural toxins like cyanotoxins it
is not always easy to find pure compounds to carry out controlled experiments; therefore, most of the
studies are made using contaminated algal extracts rather than pure toxins. An advantage of this is
that in this case the extract more closely mimics the real environmental situation, but the disadvan-
tage is that some other toxins can be present in these extracts, affecting the reliability of the results.
The experiments carried out to date revealed that there is no sufficient information for the calcula-
tion of TDI for most cyanotoxins. While for MC-LR more data exist and consequently a provisional
value could be derived, not enough data are available for the calculation of TDI for other MCs. The
toxicology and pharmacology of hepatotoxins have been extensively reviewed in Toxic Cyanobacte-
ria in Water (Chorus and Bartram 1999).

Microcystins and Nodularins

There have been no pharmacokinetic studies with orally administered microcystins. After i.v. or i.p.
injection of subletal doses of various microcystins in mice and rats, about 70% of the toxin was rapidly
localized in the liver (Falconer 1983), and it is evident than the liver plays a large role in the detoxifica-
tion of microcystins.

Microcystin-LR does not readily cross cell membranes and hence does not enter most tissues. After
oral uptake, it is transported across the ileum into the bloodstream through a bile acid type transporter
present in hepatocytes and cells lining the small intestine. Some other microcystins congeners are more
hydrophobic than microcystin-LR and may cross cell membranes by other mechanisms.

Regarding to the acute toxicity, MC-LR is highly toxic (LD, 25-50 ug kg~* by i.p. route); the
oral LD, is 5000 pg Kg~* in mice. Yoshida (1997) has indicated that even by the oral route, micro-
cystin-LR displays acute toxicity in rodents. There is no evidence of hydrolysis of microcystins by
peptidases in the stomach, and it is apparent that a significant amount of microcystin-LR passes the
intestinal barrier and is absorbed. The i.p. LD, of several of the common occurring microcystins
(MC-LA,-YR,-YM) are similar to that of MC-LR but for MC-RR is tenfold higher; however,
because of differences in lipophilicity and polarity between the different microcystins, it cannot be
presumed that the i.p LD, will predict toxicity after oral administration.

Microcystins are primarily hepatotoxins, after acute exposure severe liver damage is caused.
Other organs affected are the kidneys and lungs and the intestines (Falconer 1999).

To assess the possible chronic effects in humans, several studies with repeated oral administration
of pure microcystins to mice at various dose levels were carried out, and the results obtained showed
chronic liver injury in most cases.

Carcinogenesis has been also evaluated through experiments with mice. The results obtained for
MC-LR after i.p. injection in mice demonstrated the presence of neoplastic liver nodules (Ito 1997).
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The same study shows that mice orally administered microcystin-LR at higher dose showed no
evidence of liver injury or nodule formation.

Microcystin-LR was found to be a potent inhibitor of eukaryotic protein serine/threonine protein
phosphatases 1 and 2A both in vitro (Honkanen 1994; MacKintosh 1990) and in vivo, which can
induce hepatocyte necrosis and hemorrhage (Bhattacharya 1997; Kuiper-Goodman 1999). This pro-
tein phosphatase inhibition effect has become the basis of one of the bioassays to detect its presence.
Nodularin acts in a similar way, inducing hepatocyte necrosis and hemorraghic diathesis and inhibit-
ing protein phosphatases 1 and 2A with the same potency as microcystin-LR. From the several toxi-
cological studies carried out with nodularin, it can be concluded that its toxicity is similar to
microcystin-LR; therefore, it may be appropriate to consider nodularin in a similar state of micro-
cystins in terms of human health risk assessment. In any case, the protein phosphatases serve an
important regulatory role to maintain homeostasis in the cell and results in the balance toward higher
phosphorylation of target proteins, such as tumour suppresser proteins.

Recent studies have been carried out to a deeper evaluation of the toxicology and pharmacology
of hepatotoxins. The oral exposure to Microcystis and its effects on the liver were evaluated
(Li 2005). Lipid peroxidation and the antioxidant enzymes superoxide dismutase, catalase, and glu-
tathione peroxidase, were evaluated in the liver of loach (Misgurnus mizolepis) that were orally
exposed to a low dose of microcystis through dietary supplementation with bloom scum. Antioxi-
dant enzymatic activity and lipid peroxidation were measured after termination of exposure. The
activities of antioxidant enzyme were significantly increased in the livers of toxin-exposed loach
after 28 days of exposure, as compared to control fish. However, lipid peroxidation remained stable
in both groups. These results suggest that antioxidant enzymes were able to eliminate oxidative
stress induced by low concentrations of microcystins and to prevent increased lipid peroxidation in
the liver of loach (Lankoff 2001). The activity of cathepsins D and L, arginine aminopeptidase,
dipeptidase 1, and dipeptidase IV was determined in the lysosomal, microsomal, and cytoplasmatic
fractions and in the complete homogenate of the mouse hepatocytes following injection of micro-
cystin-YR and nodularin. The effect of both toxins depended on the time of action and on the frac-
tion of cell cytoplasm. Microcystin-YR inhibited the synthesis of the studied proteases and caused a
labialization of lysosomal membranes, whereas nodularin induced the synthesis of the enzymes and
destabilised the reticulum endoplasmatic membranes. Chen (2005) investigated the immunomodu-
lation by MC-LR of BALB/c mice peritoneal macrophages. This study has been carried out in vitro
on mRNA levels of induced nitric oxide synthase and multiple cytokines by reverse-transcription
polymerase chain reaction (RT-PCR). The results showed that expression of mMRNA decreased sig-
nificantly compared to the positive control (LPS only). These results have suggested the need for the
establishment of a survey of the immunotoxicity of microcystins. An evaluation of the biological
activities of several cyanobacteria including 21 anabaena, calothrix, nodularia, nostoc, and phormid-
ium strains isolated from benthic littoral habitats of the Baltic Sea was carried out (Surakka 2005).
This study showed whether benthic cyanobacterial extracts caused cytotoxicity by necrosis or
induced apoptosis in two mammalian cell lines, a human leukemia cell line (HL-60,) and a mouse
fibroblast cell line(3T3 Swiss), and examined potential hepatotoxin (microcystin and nodularin)
production. Neither the microcystin synthetase E (mcyE) nor the nodularin synthetase F (ndaF) gene
was amplified by PCR, and no microcystins or nodularins were detected by the protein phosphatase
inhibition assay from the cyanobacterial strains included in this study. This indicates that benthic
Baltic cyanobacteria contain potentially harmful cytotoxic compounds even though they do not pro-
duce microcystins or nodularins. These cytotoxic compounds remain to be characterized, and the
mechanisms of cytotoxicity need to be studied further.
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Chemoprotectant studies have indicated that membraneactive antioxidants such as vitamin E may
offer protection against microcystin toxicity.

The effect of vitamin E supplementation on microcystin toxicity in the mouse liver was investigated
by Gehringer et al. (2003). Groups of mice were fed vitamin E supplements (8.33 or 33.3
U/mouse/day) for 4 weeks, with intraperitoneal doses of MC-LR extract (70% LD50) every 3 days
from day 8. The potential benefits of vitamin E were evaluated based on lipid peroxidation, alanine
transaminase (ALT), and glutathione S-transferase (GST) levels. Vitamin E supplementation offered
some protection against lipid peroxidation induced by repeated exposure to MC-LR extract and limited
both the toxin-induced increase in ALT leakage and decrease in GST activity. Increased vitamin E
supplementation significantly increased the time to death and reduced the increase in liver percentage
body weight induced in mice given a lethal dose challenge of MC-LR extract. Therefore, vitamin E,
taken as a dietary supplement, may have a protective effect against chronic exposure to MC-LR.

Cylindrospermopsin

The toxicological studies carried out by i.p. injection of the lysed organism (Cilyndrospermopsis raci-
borskii) to mice resulted in a progressive tissue injury with cell necrosis in the liver, kidneys, adrenals,
lung, heart, spleen, and thymus (Hawkins 1997). In mice, the i.p.LD., at 24 hours was equivalent to
300 pg kg~ * whereas after seven days the LD, was reduced to 180 ug kg~*. In vitro studies with pure
cylindrospermopsin have shown its potential to inhibit glutathione synthesis and protein synthesis in
general (Runnegar 1995; Terao 1994). In mouse liver after i.p. administration, major changes were
observed in the hepatocytes. No data on the oral toxicity of cylindrospermopsin are available.

Cylindrospermopsin resulted in a hepatotoxic alkaloid that is capable of inhibiting protein
synthesis, and it appears to have a progressive effect on several other vital organs such as the kidney
in addition to the liver (Terao 1994; Falconer 1999). Cylindrospermopsin was shown to be a potent
inhibitor of protein synthesis. The same studies described the liver as the main target of this phyco-
toxin, with four consecutive phases of the pathological changes in the liver: protein synthesis inhibi-
tion, membrane proliferation, fat droplet accumulation, and cell death.

Chemical and Biochemical Considerations for
Detection of Hepatotoxins

The harmful effects of the cyanobacteria toxins for human health after the consumption of water in
which they are present have made necessary the establishment of some drinking waters guidelines
(WHO 1998; NHMRC/ARMCANZ 2001), and a limit of 1 pg of microcystin—-LR per liter has been
recommended. To ensure the compliance of these guidelines as well as to control the amounts of tox-
ins present in the contaminated water, minimizing the risk to human health through exposure to
microcystins, reliable and accurate quantitative analytical methods are required. These methods range
from biological based screening to more sophisticated analytical techniques.

The mouse bioassay, which is still the official method used for some natural toxins present in the
marine environment, has been used as a routine screening method for a few years, but this method
has been recently replaced in many laboratories worldwide with a more sensitive method such as an
enzyme-linked-immunosorbent assay (Nagata 1995). Protein phosphatase assays (Metcalf 2001)
have been also used but more details on these methods will be discussed later.

An exhaustive work has been carried out in the development of instrumental methods mostly using
reversed-phase high-performance liquid chromatography (HPLC) combined with UV detection and
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the potential of mass spectrometry for identification and confirmation has made this technique the
most powerful approach for the analysis of these toxins especially when they are present in complex
matrices, often affected by the presence of interferent compounds, which may compromise the relia-
bility of the results obtained. Mass spectrometry is also useful because of the lack of standard and ref-
erence materials for these toxins, which makes the use of these confirmation techniques highly
recommended. Alternative separation techniques such as high-performance capillary electrophoresis
have been also used with UV or MS detection. The complexity of the matrix also plays an important
role in the efficiency of the analytical methods as well as in the reliability of the results obtained espe-
cially when no further confirmation is carried out. Tedious and time-consuming sample pretreatment
protocols must therefore be used for this purpose, and the efficiency of the different steps involved in
such protocols also plays an important role in the mentioned reliability, which is mostly compromised
by inefficient and nonselective extraction and clean-up procedures, responsible for false identifica-
tions leading to the strict need of futher confirmation by mass spectrometry. Several extraction and
clean-up procedures have arisen, mostly involving solid phase extraction using different solid sup-
ports, which in addition to the interferences removal have also preconcentration aims, being particu-
larly useful when toxins are present at trace levels. A novel SPE approach using immunoaffinity
chromatography will be also discussed in this chapter. The selectivity and in some cases specificity of
the antigen-antibody interaction makes this solid-phase extraction procedure highly promising and
efficient and even in some cases make unnecessary the further use of sophisticated and expensive
confirmatory techniques, such as MS, being considered as useful sample pre-tretament approaches
for efficient and reliable analysis in routine.

Different analytical methods will be discussed in this chapter and updated information about the
most recent analytical developments and improvements will be provided also.

Biological Method’s

Toxicity tests and bioassays usually offer a rapid and simple screening of samples based on the over-
all toxic effects. The biological methods that have been reported for microcystins can be classified in
three different categories: whole organism bioassays, biochemical assays, and immunological
assays. These methods have been recently reviewed by McElhiney and Lawton (2005). Before dis-
cussing the different biological methods, it would be important to consider that minor differences in
the structure of these toxins can lead to big differences in toxicity (Meriluoto 2005). Examples of
this are reported for demethylmicrocystin-RR (LD, 180-250 pg kg~?) and microcystin -RR (LD,
600 pg kg~?), while the LD, for demethylmicrocystin-LR (LD, 90-300 ug kg ) is less toxic than
microcystin-LR (LD, ug kg™1). These structural variations in the toxicological activity have been
evaluated using naturally occurring toxin variants or by introducing modifications at different sites
of the toxins. Toxicity variations due to saturation or removal of the ADDA structure on Mc-LR
resulted in a loss of toxicity of the derivative and other structural-related issues such as the need of
the presence of a free carboxilyc acid group in the D-Glu unit for toxicity and also the cyclic struc-
ture of the toxins being crucial for toxicity.

Bioassays

Mouse bioassays have been used in most laboratories to analyse microcystins in samples. The main
drawbacks associated with these bioassays are related with the lack of sensitivity and specificity as
well as a high variability on the results (Falconer 1993). Mouse bioassay has been used primarily to
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determine the toxicity of bloom material, and from the toxic response the identity of the class of
toxin can be inferred. It has generally been used in a qualitative manner to determine a bloom as
“toxic” or “nontoxic.” However, as dose determines the toxic effect, a cut-off point in terms of toxic-
ity should be defined. Everything is toxic if the dose is sufficient, even the salts that may be present
in a sample highly concentrated by evaporation. In terms of symptoms, the peptide hepatotoxins
(microcystins and nodularin) generally cause death within 4 hours with symptoms of a liver
engorged with blood. This assay, although it can potentially be calibrated against a specific toxin
such as microcystin-LR, and therefore produce a result in terms of microcystin-LR toxicity equiva-
lents, does not have the sensitivity or precision to be applicable to water samples. It is not practicable
to use for water samples with concentrations around 1-2 pg/L, the approximate range of the guide-
line for microcystins, as a significant concentration factor is required. For microcystin-LR with an
LD, of 50 pg/kg, the lethal dose is around 1 ug for a 20 g mouse, which requires a 1 L sample to be
concentrated to 1 ml for intraperitoneal injection to produce a lethal response.

It is also impracticable and unacceptable from the point of view of number of mice required to
obtain a quantitative result when a number of samples require analysis.

The ethics of animal toxicity testing, together with the practical issues associated with the mouse
bioassay, has led to toxicity assays with other organisms. These assays may be toxin specific, and are
discussed under the specific toxins. Hiripi (1998) reported an assay using the African locust. All classes
of toxins elicited a toxic response. As it was not possible to discriminate between the classes of toxins,
this assay could not then be used as a monitoring tool for specific toxins. The use of several inverte-
brates, including Dapnia melanogaster and mosquitoe larvae, have been recently investigated for their
ability to detect the presence of microcystins, nevertheless these assays have not been fully validated
for routine monitoring. A simple and inexpensive alternative to the mouse bioassay has been developed
using brine shrimp (Kiviranta 1991). This assay is a useful and simple toxicity screen. The shrimp lar-
vae are exposed to different concentrations of test samples and the toxicity is expressed as the LC,.
The main problem of this assay is the lack of specificity for microcystins and also that it can be heavily
influenced by sample matrix effects. However, in general it would appear that these assays are also nei-
ther sufficiently sensitive nor specific to be applicable for measuring toxins at low levels in water.

Other bioassays reported in the literature using rat (Aune and Berg 1986; Heinze 1996; Fladmark
1998) or salmon (Fladmark 1998) hepatocytes have been proposed as a monitoring tool for the
peptide hepatotoxins. However, operational difficulties in water testing laboratories (e.g., prepara-
tion of cell suspensions) and limitations of sensitivity in the case of rat hepatocytes preclude their
use on a routine basis for water samples. Responses in these systems may well correlate with mam-
malian toxicity, thereby producing a measure of toxicity in microcystin-LR toxicity equivalents if
microcystin-LR were used for calibration. They may, therefore, be an attractive option in the future
with further development.

Biochemical Assays

The use of biochemical assays for microcystins and some other cyanobacterial toxins has been
considerably increased in the last few years. These assays are based on the exploitation of the bio-
chemical properties.

Assays based on the ability of these toxins to inhibit protein phosphatases are a good example of
this and are particularly useful since they can provide an indication of the biochemical activity of
these toxins. These assays are rapid and sensitive and involve the measuring of the inhibitory effect
of microcystins on the release of phosphate from phosphorylated protein substrates (Bell 1994).
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Different assays have been developed using both PP1 and PP2, although the reaction of microcystin
with PP1 is almost 50 times less sensitive than with PP2A (Honkanen 1994). Protein phosphatase
assays are sufficiently sensitive to detect microcystins below the WHO guidelines without additional
preconcentartion strategies, and the assay is also useful for a large variety of matrices (Rapala 2002;
Heresztyn 2001). The use of radiometric assays provided a higher sensitivity; nevertheless, these
assays are not feasible in many laboratories due to the restrictions tu use radioactive materials. The
colorimetric protein phosphatase assay is simple to use, and the results obtained correlate well with
the ones obtained by HPL.C in water and cyanobacterial samples (Rapala 2002). An alternative assay
using the fluorogenic substrates 4-methylumbelliferyl-phosphate (MUP) and 6,8-difluoro-4-
methylumbelliferylphosphate (DiFMUP) has been recently developed by Bouaicha (2002). In this
assay, the activity of the enzyme PP2A is indicated by the formation of of flurescent derivatives from
MUP and DiFMUP. This substrate provides increased sensitivity and reproducibility. The main prob-
lem encountered with the protein phosphatase assay is the variability of response in terms of sensi-
tivity for the different microcystins variants. Furthermore, the reaction is not selective for
microcystins when other environmental protein phosphatase inhibitors are present. However, the
ability of the assay to indicate overall toxicity makes it a useful approach for a pre-screening prior to
the application of physicochemical techniques (Rivasseau 1999).

A combination of PPIA and microcystin immunoassay was proposed by Carmichael et al. (1999)
to indicate the potential toxicity of a bloom sample and the concentration of the microcystins. A
combined assay, consistent with this principle, was developed by Metcalf et al. (2001); this includes
preexposure of the sample to microcystin antibodies, to make microcystins/nodularins that are pres-
ent biounavailable to the subsequent addition of protein phosphatase enzyme, before assaying for
protein phosphatase inhibitory activity. The resulting assay, termed the colorimetric immunoprotein
phosphatase inhibition assay (CIPPIA), was found to be specific for microcystins and nodularins
since the microcystin antibodies protect the protein phosphatase from inhibition by the toxins. Com-
plete protection from inhibition of protein phosphatase by the antibodies indicates that the inhibition
of the protein phosphatase in the sample was due to the cyanobacterial toxins. These colorimetric
assays showed a good correlation with the HPLC analysis of extracts cyanobacteria. Immunoassays
can also be combined with physicochemical methods such as HPLC (Zeck 2001b). In this case, the
HPLC method separates the microcystins according to their hydrophobicity and the resulting frac-
tions are analyzed by immunoassay.

A highly sensitive bioassay relying on the specific inhibition of the human protein phosphatase
2A was developed by Robillot and Hennion (2004) and applied to the quantification of microcystins.
A systematic approach based on the rational testing of seven purified mcyst variants as well as char-
acterized environmental samples pointed out the limits and experimental bias associated with this
assay. All the seven microcystin variants known as microcystins RR, YR, LR, LY, LA, LW, and LF
strongly inhibited the enzyme with 1C50 ranging between 0.29 + 0.02 nM and 0.84 + 0.07 nM for
microcystins LW and YR, respectively. Using the model system of Microcystis aeruginosa PCC7820
axenic cultures and within the 1-year study of a Planktothrix agardhii bloom, the PP2A assay was
shown to be strongly correlated to high-performance liquid chromatography (HPLC) coupled to UV
diode array detection. However, the slope of the linear regression was significantly influenced by the
sample composition, as confirmed by HPLC coupled to electrospray ionization mass spectrometry.
A model based on pure additivity of mcyst effects was established to describe PP2A inhibition by
standard mcyst mixtures, and fully agreed with experimental observations.

The results obtained with a protein phosphatase assay and a HPLC/UV/MS method are compared
with the results obtained with a bioluminescence assay, which is successfully introduced here for
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nodularin determination (Dahlmanna 2001). A statistical evaluation of the three applied methods
revealed a good comparability with the detected toxin content. The methods were evaluated, taking
into consideration the parameters handling, efficiency, sensitivit,y and selectivity. The detection
limit in the protein phosphatase assay is highest (0.05 ng nodularin) and lowest (250 ng nodularin) in
the bioluminescence assay; it was determined with 5 ng (MS) and 25 ng (UV) for the HPLC/UV/MS
methods. The different selectivities and sensitivities are critically discussed, and an analytical path-
way for the determination of the biotoxin nodularin from nodularia samples is proposed.

Immunological Assays

Immunoassays

The immunoasays are finding increasing application for the analysis of a wide range of contaminants.
These methods are currently the most promising screening methods that are based in the use of anti-
bodies. An application of these immunoassays has been developed for cyanobacteria. Immunoasaaays
are usually more sensitive than any other analytical methods. However, several additional perfor-
mance criteria are required to be examined in the assessment of antibodies and immunomethods for
the detection of cyanobacteria. An extensive review on immunoassays for cyanobacteria toxins has
been reported by Metcalf and Codd (2003). The pioneering work described by Kfir (1985, 1986)
resulted in the production of monoclonal antibodies against microcystin-LA using an immunoconju-
gate produced by a carbodiimide conjugation protocol at pH 5. The subsequent immunoassay was
developed and tested with seven purified microcystins, all of which were found to cross-react with
equal affinity and, of the clones produced, 15 out of 220 were found to produce antibodies specific for
microcystin-LA. Unfortunately, this promising lead was not developed. Further monoclonal antibod-
ies were produced using carbodiimide conjugation (Brooks 1988; Chu 1989; Nagata 1995) that iden-
tified clone-producing monoclonal antibodies, which resulted in a specific sensitive ELISA.
McDermott (1995) immunized chickens using a similar conjugate and isolated antibodies from the
yolks of layed eggs, removing the need to harvest blood and cause animal distress. Other monoclonal
antibodies produced against microcystin-LR and nodularin have used conjugation methods directed
through the methyldehydroalanine moiety of these toxins (Mikhailov 2001). This approach has
yielded clones with antibodies directed against other epitopes of microcystin and nodularin than had
previously been developed using the carbodiimide methods first reported (Kfir 1996). Monoclonal
antibodies specific for 4-R microcystins have been developed using the carrier molecule SATP (suc-
cinimidyl acetylthiopropionate) reacting through the methyldehydroalanine unit of microcystin-LR.
Other monoclonal antibodies to microcystins have been produced specifically for analytical detection
and as potential vaccines. These have included the use of both anti-idiotype and anti-anti-idiotype
antibodies and the production of antibodies against an immune complex of microcystin plus anti-
microcystin antibodies (Nagata 1999). More recently, monoclonal antibodies have been produced
against specific regions of the microcystin molecule, in particular the conserved Adda moiety using
synthesized immunogens (Fischer 2001) and modified Adda (Zeck 2001c).

To improve the specific response against microcystin immunoconjugates, synthetic lipopeptides
were used as adjuvants and were found to invoke a greater immune response than the use of classical
adjuvants such as Freunds adjuvant. However, an ELISA for the detection of free microcystin was
not developed using these antibodies. Cross-reactivities of various microcystin variants and nodu-
larin with monoclonal antibodies have been found affecting to the specificity of these antibodies
for the recognition of the mentioned toxins. The number of purified microcystin variants that have
been tested by ELISA using monoclonal antibodies shows marked differences between methods,
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although, with the exception of the nodularins, the majority of these variants possess either
L-leucine or L-arginine at the variable amino acid positions. Although microcystin-LR was the
immunizing microcystin variant in the majority of cases, microcystin-LR is generally not the variant
with the highest affinity for the produced antibodies, and this was found in only one case for mono-
clonal antibodies (Nagata 1995).

Furthermore, as for the polyclonal antibodies generated specifically against Adda, the mono-
clonal antibodies used in ELISA were not tested with 6Z-Adda—containing microcystin variants
(Fischer 2001; Zeck 2001c), and these antibodies were hypothesized as being potentially suitable for
the analysis of linearized microcystin. Carmichael (1999) recommended that for microcystin analy-
sis, a combination of PPIA and microcystin immunoassay was preferable, to indicate the potential
toxicity of a bloom sample and the concentration of the microcystins contained within. A combined
assay, consistent with this principle, was developed (Metcalf 2003). This includes preexposure of the
sample to microcystin antibodies, to make microcystins/nodularins that are protein phosphatase
enzyme, before assaying for protein phosphatase inhibitory activity. Control assays are run without
preexposure to microcystin antibodies to provide a microcystin/nodularin-based toxicity assessment
of the sample. The resulting assay, termed the colorimetric immunoprotein phosphatase inhibition
assay (CIPPIA), was found to be specific for microcystins and nodularins since the microcystin anti-
bodies protect the protein phosphatase from inhibition by the toxins. Complete protection from inhi-
bition of protein phosphatase by the antibodies (defined as a protective index, PI, approaching a
value of 1) indicates that the inhibition of the protein phosphatase in the sample was due to the
cyanobacterial toxins. Assessment of CIPPIA with seven purified microcystins and nodularin gave
Pls of 0.8 or greater, as compared to Pls for the protein phosphatase inhibitors, calyculin A, tauto-
mycin, and okadaic acid, of 0.18 or less.

A novel conjugation method was developed by Metcalf and Codd (2003) by linking the hapten,
the cyanobacterial hepatotoxin microcystin-LR, via 2-mercaptoethylamine to keyhole limpet
haemocyanin. Polyclonal antisera were raiaed against this conjugate and an indirect competitive
immunoassay (ELISA) developed that can detect purified microcystin-LR and the toxin in extracts
of cyanobacteria from fresh, brackish, and marine waters. The cross-reactivity of the microcystin-
LR antibodies was investigated with a range of purified microcystin variants (-LR, -LA, -LY, -LW,
LF, -D-Asp3-RR, and -Asp3(Z)-Dhb7-HtyR) and nodularin. The antibodies cross-reacted well with
all microcystin and nodularin variants. The microcystin-LA was the most readily detectable, fol-
lowed by microcystins-LR, -LF, -LW, -D-Asp3-RR, -LY, nodularin, and microcystin-Asp3(Z)-Dhb7-
HtyR. Extracts from several genera of cyanobacteria were investigated by the ELISA, and the results
compared to high-performance liquid chromatography with diode array detection (HPLC/DAD).
Analysis of microcystin-LR equivalents by ELISA and HPLC/DAD showed good correlation.

Pyo (2005) reported on the development of a new competitive enzyme-linked immunosorbent
assay (ELISA) based on monoclonal antibodies. New monoclonal antibodies against the microcystin
leucine-arginine variant (MCLR) were prepared from cloned hybridoma cell lines. They usesd key-
hole limpet hemocyanin (KLH)-conjugated MCLR as an immunogen for the production of mouse
monoclonal antibody. The immunization, cell fusion, and screening of hybridoma cells producing
anti-MCLR antibody were conducted. In the ELISA test, a microtiter plate coated with MCLR-bovine
serum albumin conjugate was incubated with standard microcystin samples. The amount of antibody
bound was determined by the reaction of peroxidase-labeled anti-mouse 1gG with its substrate,
3,3V,5,5V-tetramethyl benzidine (TMB). Since the ELISA test was highly sensitive, the newly devel-
oped ELISA can be suitable for the trace analysis of cyanobacterial hepatotoxins and microcystins in
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water. The linear responses of monoclonal antibodies with different concentrations of microcystin LR
were established between 30 and 1,600 pg/mL.

Immunoassays can also be combined with physicochemical methods such as HPLC, whereby the
HPLC method separates the microcystins according to their hydrophobicity and the resulting frac-
tions are analyzed by immunoassay. Immunoaffinity columns containing microcystin antibodies
(Rivasseau 1999a) can also be used to confer specificity to the PPIA for the analysis of the cyanobac-
terial toxins. Lin and Chu (1994) reported that polyclonal antibodies raised against microcystin-LR
could successfully be used to protect PP2A from the action of microcystin in vitro.

The main problems associated with the immunoassays are caused by insufficient sensitivity,
unfavourable cross-reactivities and difficult availability. The most favorable immunoassay would be
one of broad reactivity toward all microcystins, allowing a global measurement of the concentration
of the toxins involved, which would be very useful for regulatory purposes (Weller 2001).

The production and characterization of a monoclonal antibody (clone (MC10E7)) with extraordi-
nary sensitivity and high selectivity for [4-arginine]microcystins is described by (Zeck 2001a). The
immunogen used for the production of the antibody was synthesized using a novel coupling chem-
istry to bind microcystin-LR(MC-LR) via dehydroalanine to the carrier protein. High sensitivity has
been achieved, being the detection limit for MC-LR 6 ng/L. All [4-arginine]microcystins show simi-
lar 1C50 values and detection limits, whereas other MCs such as MC-LA are not recognized. The
cross-reactivities of MC variants containing another amino acid than arginine in position 4 of the
cyclic peptide ring are at least three orders of magnitude lower. Nodularin contains an arginine next
to the amino acid Adda and shows an intermediate cross-reactivity. The amino acid residues at posi-
tion 2 of the MCs seem to be much less important to the binding by the antibody, concluding that the
new monoclonal antibody is highly selective for those MCs containing arginine at position 4 and
showing very high affinity constants for these MCs.

Enzyme-Linked Immunosorbent Assays (ELISA)

Analytical techniques based on enzyme linked immunosorbent assays (ELISA) show high sensitivity;
however, the cross-reactivity of the various microcystins and nodularin depends upon the similarity in
chemical structure to the microcystin against which antibodies have been raised (generally microcystin-
LR) and not toxicity. Therefore, an issue to be considered in the application of these antibodies to a
sample with an unknown or complex mixture of microcystins is the potential for poor reaction with
some components. Depending on both the cross-reactivity and the toxicity of a microcystin, ELISAS can
over- or underestimate the toxin concentration in terms of microcystin-LR toxicity equivalents. In cases
where the mixture of toxins is well characterized (e.g., given a water body with ongoing or regular con-
tamination with toxic Microcystis with a consistent toxin profile) the use of ELISA for ongoing monitor-
ing is quite acceptable. However, as ELISA techniques can greatly over- or underestimate the
concentration with some variants, they cannot be relied on as quantitative assays. They are however, use-
ful screening tools.

To date, four commercially available kits have been developed. Two ELISAs, the SDI EnviroGard
ELISA (Strategic Diagnostics Ltd., Hampshire, U.K.) and the EnviroLogix ELISA (Crop Enhance-
ment Systems Ltd., Norfolk, U.K.), are based on the polyclonal antibodies used by Chu (1989). The
Mitsubishi ELISA kit, produced by Wako Chemicals, Japan (Wako Chemicals, Neuss, Germany),
incorporates monoclonal antibodies (Nagata 1995). Most recently, an immunoassay kit for micro-
cystins based on Adda antibodies has been developed by Abraxis LLC (Pennsylvania, USA), and
a monoclonal antibody generated against 4-R-microcystins is also commercially available (Alexis
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Biochemicals, Nottingham, U.K.). All are advocated by the manufacturers for the analysis of micro-
cystins in water, and several microcystin variants have been tested using these systems.

An ELISA test using monoclonal antibodies against microcystin-LR has been used by Ueno
(1996b) to analyze the microcystin concentration in environmental samples from ponds, lakes,
reservoirs, and rivers in Japan, Thailand, Germany, and Portugal. Although microcystins are mainly
associated with freshwater cyanobacteria, these results are relevant to the analysis of microcystins
and particularly nodularins in brackish water environments.

ELISA for microcystins was used to analyze water samples from Haimen City, Jiansu Province, and
Fusui County, Guangxi Province, China. Over two years, a high incidence of microcystins in ponds,
ditches, and rivers was found although water from shallow and deep wells showed relatively little
microcystin contamination (Ueno 1996a). Another ELISA test has been developed using antibodies
specific for 4-R microcystins. This ELISA has been used to analyze microcystins in water and does not
detect microcystins that lack arginine at position 4 (e.g., microcystin-LA); nevertheless, a sensitive
response was obtained in water samples spiked with microcystin-LR, and the antibodies were found to
be stable to the action of humic acids, pH, salt, surfactants, and organic solvents (Zeck 2001b).

Antibodies produced against a synthetic 6E-Adda moiety were also used to develop an ELISA
method, with good detection limits and good immunocross-reactivities for the microcystin variants
tested (LR, RR; YR; LW; LF; desmethyl RR, nodularin, microcystin desmethyl-LR (Fischer 2001).

Chromatographic Methods

Thin-Layer Chromatography (TLC)

TLC procedures for the separation of microcystins have been reported in the literature (Poon 1987,
Ojanpera 1995; Pelander 1996, 1998) using different detection systems. UV detection has been used
to identify the separated components. From their characteristic UV spectra, microcystins can be
identified in a similar way as it is detected in HPLC with diode array detection (DAD). This has been
considered a screening procedure, and quantitative results are not yet provided. More development
is still required.

Gas Chromatography

A gas chromatographic (GC) method has been described in the literature. GC is based on the oxida-
tion of microcystins which splits the Adda side chain to produce 3-methoxy-2-methyl-4-phenylbu-
tyric acid (MMPB), which is then determined, either by GC or GC/MS (as its methyl ester) (Sano
1992; Kaya and Sano 1999) or by HPLC/fluorescence detection (after conversion to a fluorescent
derivative) (Sano 1992). GC/MS has been used to monitor microcystins in Japanese lakes (Tanaka
1993) and in sediments (Tsuji 2001). A similar method was developed by Harada (1996), but in this
case the MMPB was determined directly without derivatization using GC/MS or LC/MS. The results
of this approach are given in terms of total toxin concentration, which then can be expressed in terms
of microcystin-LR. However, individual toxins are not determined and consequently it is not pos-
sible to produce a result in terms of microcystin-LR toxicity equivalents. This procedure cannot
therefore be used to monitor water samples in relation to the proposed guideline.

High-Performance Liquid Chromatography

Several HPLC methods coupled with different detection modes have been used for the determina-
tion of hepatotoxins. An intensive review of these method has been carried out by Harada (1996) and
Meriluoto (1996, 1997).



Hepatotoxic Cyanobacteria 265

The HPLC method most widely used has been a reversed phase chromatography, with diode
array detection enabling the detection of all microcystins bases in their UV spectra (Lawton 1994).
This method offers a good separation of microcystins under the gradient elution conditions; never-
theless, the lack of standards and certified reference materials makes necessary that the quantitation
of these toxins had to be carried out based on purified MC-LR to give MC-LR equivalence.

The improvement of sample pretreatment protocols plays an important role in the improvement of
the sensitivity, selectivity, and efficiency of these HPLC methods. Efficient extraction and sample
clean-up procedures are therefore critical for such analytical improvements. These concentration and
clean-up procedures have been usually carried out using C18 solid phase extraction cartridges. The
hydrophobicity of the individual toxins can affect their recoveries and on the other hand these recov-
eries can be also affected by the type of C18 cartridge and this makes the evaluation of the cartridges
strictly necessary to ensure their efficiency. Solid-phase extraction based on immunoaffinity chro-
matography (IAC) has been also proposed as an alternative for a selective/specific extraction and
clean-up. These approaches provide a selective/specific interference removal thanks to the specifi-
city of the antigen-antibody interactions, which are the basis of the IAC principle. An SPE/IAC
method has been proposed (Lawrence 2001) and this method was applied for the clean-up of differ-
ent matrices contaminated with microcystins, resulting in a very promising alternative to concentrate
samples and selectively remove interferences contributing to a significant increase of the sensitivity
and selectivity of the HPLC method; nevertheless, some limitations especially regarding to binding
capacity, cross reactivity, and volumes load still need to be overcome. An exhaustive evaluation and
optimization on the application of these IAC/SPE clean-up has been carried out (Leao 2006).
The immunoaffinity columns used in this study have been manufactured by Abkem lIberia S.L.
(Spain) using monoclonal antibodies clone (MC10E7) developed by (Zeck 2001a), which show
extraordinary sensitivity and high selectivity for [4-arginine]microcystins. The main features of these
antibodies have been described in the section on immunological methods in this chapter. As it was
already mentioned, the main drawback of using these antibodies is the lack of specificity for MCs
such as MC-LA, and the cross-reactivities have been also described in this section; nevertheless, the
effectivity and efficiency of these columns for the specific removal of compounds interfering [4-argi-
nine]microcystins under the optimized conditions are clearly shown in this work.

The most common detection mode used in HPLC is by UV absorbance. Most microcystins and
nodularin have a UV absorption maximum at 238 nm (Lawton 1994, 1995). However, those with
aromatic amino acid constituents such as microcystin-LW, which contains tryptophan, have
absorbance maxima at lower wavelengths, 222 nm. HPLC with diode array detection has been also
used and provided very useful information through the characteristic spectra.

Fluorescence has been also selected as a detection mode for an improved sensitivity and selectiv-
ity in the HPLC determination of microcystins and nodularin (James and James 1991). This method
uses a post-column system, whereby the arginine residue of microcystin-LR was derivatized with a
fluorescent reagent. This approach obviously limits the application to toxins containing arginine,
e.g., microcystin-LR, and toxins such as microcystin-LA.

Harada (1997) reported derivatization of microcystins with a fluorescent dienophile, DMEQ-
TAD. These products were also separated by HPLC and detected by fluorescence with a high degree
of sensitivity. Other detection methods include electrochemical detection but the sensitivity with
microcystins not containing arginine, tryptophan, or tyrosine is likely to be very poor (Meriluoto
1998). Thus, microcystin-LA again will not be detected.

HPLC has been also widely used for the analysis of cylindrospermopsin using different chro-
matographic conditions.



266 Chapter 14

The effect of organic solvents on the high-performance liquid chromatography (HPLC) analysis
of cylindrospermopsin using photodiode array detection was examined by Metcalf (2002). Increas-
ing concentrations of methanol resulted in an increase in the UV absorbance of purified cylindros-
permopsin according to spectrometry, but a marked decrease during HPLC analysis when the
concentration of this solvent was greater than 50% methanol, or when acetonitrile concentrations
exceeded 30% (v/v). Precipitation of cylindrospermopsin at these high concentrations of organic
solvents was not observed. Solid-phase extraction methods were developed to recover the toxin from
spent extracellular growth medium after laboratory culture of Cylindrospermopsis raciborskii strain
CR3 as an aid to toxin purification and from spiked environmental water samples.

Improvements in the selectivity of the separation of microcystins and nodularin have been
achieved by selecting the most efficient stationary phase, with this aim (Spoof 2002) compared a
monolithic C-bonded silica rod column (Merck Chromolith) to particle-based C and amide C 18 18
16 sorbents in the HPLC separation of eight microcystins and nodularin-R. Two gradient mobile
phases of aqueous trifluoroacetic acid modified with acetonitrile or methanol, different flow-rates,
and different gradient lengths were tested. The performance of the Chromolith column measured
the resolution of some microcystin pairs. The selectivity, efficiency (peak width), and peak asymme-
try equalled, or exceeded, the performance of traditional particle-based columns. The Chromolith 21
column allowed a shortening of the total analysis time to 4.3 minutes with a flow rate of 4 ml/minute.

Welkera (2002) developed an HPLC method to analyze environmental samples for their content of
cylindrospermopsin (CYL) based on HPLC with photo diode array detection as an alternative to
costly LC-MS approaches. A gradient from 0% to 50% aqueous methanol(+0.05% trifluoroacetic
acid) in 20 minutes proved to be highly reproducible with respect to peak height, peak area, and reten-
tion time of purified CYL. Good linearity of peak area response was found for 1-300 ng CYL on col-
umn. For a good performance, the duration of equilibration prior to individual runs was crucial.
Extraction from cell material (culture and bloom) was efficiently done with pure water in one extrac-
tion step, and CYL contents determined matched well with results previously obtained by LC-MS.

The data presented show a limitation of HPLC-PDA analysis for trace amounts of CYL in envi-
ronmental samples but also underline the potential of an inexpensive and fast analysis for various
purposes.

Cylindrospermopsin can be directly determined in water samples using LC/MS/MS with a detec-
tion limit of around 1ug/L. This is the method of choice as it has not been demonstrated that conven-
tional HPLC with UV or PDA detection has the specificity to be applied to water samples containing
low levels of cylindrospermopsin.

The results obtained after an interlaboratory study of HPLC methods to evaluate the amount of
cylindrospermopsin in lyophilized cyanobacterial cells were reported (Térékné 2004). The HPLC
methods were satisfactory on the basis of statistical evaluation. Further comparison of all the
extraction methods allowed researchers to obtain the best conditions for an efficient extraction from
interferences.

Mass spectrometry as a detection method following HPLC separation provides a much better
solution to the problem of unequivocally identifying microcystins, as microcystins produce charac-
teristic ions in their mass spectra (Namikoshi 1992; Kondo 1992; Rinehart 1994; Lawton 1995; Yuan
1998, 1999).

LC/MS with various interfaces and different ionization modes has been reported for the determi-
nation of microcystins (Poon 1993; Lawton 1995; Kondo 1992, 1995; Bateman 1995). Derivatiza-
tion of microcystins prior to LC/MS analysis has also been reported as a technique to assist in
identifying microcystins (Sherlock 1997).
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A microcystin can be identified according to its mass spectrum, as long as a standard is available.
In MS/MS, the fragmentation pattern can be used to greatly assist in determining the identities of
unknown microcystins (Bateman 1995; Lawton 1995; Yuan 1998, 1999). However, the problem of
the lack of standards is still present as with any other analytical procedure since standards are neces-
sary for accurate quantification. In addition toxicity data are required in order that toxicity equiva-
lents can be calculated.

This will be a limitation with any method that determines the concentration of individual toxins.
While LC/MS systems are not yet particularly common in routine analytical laboratories, they are
now increasingly available from a number of manufactures and appear sufficiently robust and rela-
tively cheap to be used for the routine determination of these toxins.

In MS, the total ion current depends markedly on the particular microcystin. Thus concentrations
of unknown microcystins, or microcystins for which standards are not available, cannot be reliably
estimated with this method.

A simple, specific, and sensitive procedure for determining microcystins RR,LR, YR, LA, and
LW and nodularin, in fish muscle tissue has been proposed (Bogialli 2005). This method is based on
the matrix solid-phase dispersion with heated water as extractant followed by liquid chromatography
tandem mass spectrometry, equipped with an electrospray ion source. On the basis of a signal-to-
noise ratio of 10, limits of quantification were estimated to range between 1.6 and 4.0 ng/g. The
effects of temperature and volume of the extractant on the analyte recovery were studied (Maizels
2004). The cyanobacteria toxins anatoxin-a, microcystin-LR, microcystin- RR, microcystin-YR, and
nodularin were separated in less than 30 minutes on several reversed-phase liquid chromatography
columns, and their electrospray mass spectra were measured using injections of 50 ng or less with a
benchtop time-of-flight (TOF) mass spectrometer. New data from this work include the impact of
acetic acid concentrations in the methanol-water mobile phase on measured ion abundances; the per-
formance of the electrospray-TOF mass spectrometer as an LC detector; the accuracy and precision
of exact m/z measurements after LC separation with a routinely used mass spectrometer resolving
power of 5,000; and recoveries of the five toxins from reagent water, river waters, and sewage treat-
ment plant effluent samples extracted with C-18 silica particles enmeshed in thin Teflon membrane
filter disks. This technique has the potential of providing a relatively simple and reasonable-cost
sample preparation and LC/MS method that provides the sensitivity, selectivity, reliability, and infor-
mation content needed for source and drinking water occurrence and human exposure studies.

High-Performance Capillary Electrophoresis

Other separation techniques such as capillary electrophoresis (CE) must be also considered for the
separation and quantification of the peptide hepatotoxins using different CE modes (Boland 1993;
Onyewuenyi and Hawkins 1996; Bouaicha 1996; Bateman 1995; John 1997; Siren 1999). One of the
main disadvantadges of using CE is its poor sensitivity compared with HPLC due to the lower
sample volumes injected, and this has been the main limitation for its use for routine monitoring of
microcystins when they are present in very low levels. Further improvements of this technique by
using either preconcentration strategies or optimized alternative electrophoretic modes, such as
micellar electrokinetic chromatography have been carried out with the aim of improving the sensi-
tivity and selectivity and the results obtained are presented (Aguete 2001, 2003). These improve-
ments make this technique very promising for a simple and fast analysis of microcystins at the
required regulatory levels without further development. CE might also not yet be considered to be
sufficiently robust for use in a routine analytical laboratory. Sensitivity has been also increased by



268 Chapter 14

CE separation of fluorescently derivatised microcystins and detection using a laser-induced fluores-
cent detector (Li 1999); however, an evaluation of this method is still required.
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15 Polycavernosides

Leo A. Paquette and Mari Yotsu-Yamashita

Discovery of the Polycavernosides
Isolation

Fatal human intoxication resulting from the ingestion of the edible red alga Gracilaria edulis
(Polycavernoside tsudai) occurred in Guam in late April 1991. Three people out of thirteen patients
were killed by this incident. Polycavernoside A (PA, 1) (0.4 mg) and polycavernoside B (PB)
(0.2 mg) (Fig. 15.1) were isolated by Yasumoto and his colleagues (Yotsu-Yamashita, Haddock, and
Yasumoto 1993) as the causative toxins from G. edulis (2.6 kg) collected on June 4, 1991, at
Tanguisson Beach, Guam, where the causative alga had previously been collected. Other minor
analogues such as polycavernoside A2 (PA2) (0.1 mg), A3 (PA3) (0.4 mg), and B2 (PB2) (0.1 mg),
together with PA (0.4 mg), were isolated from the same alga collected at the same beach on June 11,
1992 (Yotsu-Yamashita et al. 1995). These toxins were extracted from the alga with acetone or
CH,CI,-MeOH (2:1), and the extract was partitioned between 80% aqueous MeOH and hexane

Ry R, Ry UV Amac(nm) MNa* MNa*-fucose MNa*-fucosyl-xylose
CH,
PA M/\)\CH OCH, OH 250,269,280 847 673(a) 513 (c), 497 (d)
3
CHj
PA2 OH OH 259,269,280 833 657 (-2H)(a) 513 (c)
N CH,

pAsM/\)‘TS OCH; OCH; 259,269,280 861 685 (+MeOH-H,0-2H) (a) 513, 495 (-H,0) (c)
CHy 673 (a), 675 (b) 497 (d)
CHs

PB2 /\/\)\CH3 OH OCH, 231 821 633 (a) 483 (-2H) (c)

Figure 15.1. The structures, UV \__ wave lengths, MNa* ions, and the prominent fragmentations by ESI-MS/MS
of polycavernosides (PA, PA2, PA3 and PB2).
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(toxins in the aqueous phase), and then between CH,CI, and H,O (toxins in the organic phase). PA
and PB present in the organic phase were separated by chromatography on silica gel with
CH,CI/MeCH [1:0, 99:1 (PB), and 9:1 (PA)], and further purified by successive reverse phase
chromatography on ODS-Q3 and Develosil ODS-7 with CH,CN/H,O 85:15, and on Cosmosil
5C18-AR with CH,CN/H,O 4:1. PA, PA2, PA3 and PB2 were isolated by chromatography on
ODS-Q3 with CH,CN/H,0 [3:1 (PA, PA2, PB2), and 9:1 (PA3)], and on Develosil ODS-5 with
CH,CN/H,0 [65:35-100:0 gradient].

Structures

The planar structure of PA and the relative configurations of its tetrahydrofuran and tetrahydropyran
rings, as well as those of the sugar moieties were determined by HR-FABMS, IR, UV, and NMR
(COSY, TOCSY, HMQC, HMBC, 3C, NOESY, ROESY, NOE difference) data (Yotsu-Yamashita,
Haddock, and Yasumoto 1993). The polycavernosides are characterized by the presence of a
macrolide structure possessing side chains containing a conjugated diene or triene moiety, and an
O-methylated or O-acetylated fucosyl-xylose. Fujiwara and Murai determined the relative configu-
ration of the sequence of the L-fucosyl-D-xylose and bottom half of the macrolactone synthetically
(Fujiwara, Amano, and Murai 1995a, 1995b). Paquette and co-workers also synthesized the corre-
sponding disaccharide (Johnston and Paquette 1995). Finally, the total synthesis of (-)-PA (1)
was achieved by Murai and Fujiwara et al. in 1998 (Fujiwara et al. 1998), Paquette et al. in 1999
(Paquette, Barriault, and Pissarnitski 1999), and White et al. in 2001 (White et al. 2001; Blakemore
et al. 2005). The CD spectrum of the synthesized (—)-PA agreed well with that of the natural PA,
thereby completely establishing its absolute configuration (Fujiwara et al. 1998). Further, LD,
(240-360 pg/kg) in mice by intraperitoneal injection (i.p.) of the synthesized PA was almost compa-
rable to that of natural PA (200-400 pg/kg), strongly supporting the notion that PA was the causative
agent of the human intoxication. The structures of PA2, PA3, PB, and PB2 were deduced as shown in
Fig. 15.1 by comparison of FABMS, UV spectra, and *H-'H COSY among these analogues and PA
(Yotsu-Yamashita et al. 1995). PA2 and PA3 were suggested to share the common aglycone with PA,
whereas PB and PB2 were suggested to possess isopropyl substituted conjugated dienes (E,E) in the
C15 side chains. The presence of fucosyl-xylose moieties was suggested in all four analogs. The
position of the methylated or acetylated hydroxyl groups in the sugars were determined by compari-
son of the chemical shifts of the 'H NMR signals and the fragmentation patterns shown on the
FAB/MS/MS spectra of these congeners.

Analytical Methods

Polycavernoside poisoning had not been reported for 11 years since the outbreak in Guam in 1991.
However, during 2002-2003, three fatal poisonings occurred by ingestion of G. edulis and another
edible red alga, Acanthophora specifera, in the Philippines. In these three events, 8 victims died
from among 38 patients. Analytical methods were developed for polycavernosides, and PA was iden-
tified from the causative G. edulis collected on December 2, 2002, at the beach in Luna, La Union,
Philippines (Yotsu-Yamashita et al. 2004).

The semipurified toxic fraction obtained from this alga and selected on the basis of a mouse
bioassay was applied to LC-diode array detection (LC-DAD) and LC/electrospray-MS (LC/ESI-
MS) analysis. The UV absorption \ .. at 259, 269, and 280 nm due to the conjugated triene of PA,
PA2, and PA3, and A, at 231 nm due to the conjugated diene of PB2 were used to detect them by
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LC-DAD (Fig. 15.2). To separate these congeners, LC was performed using a column of 0.2 cm x 15 cm
Mightysil RP-18 GP (5 um, Kanto Chemical, Tokyo, Japan) with an aqueous solution containing
80% MeCN as the mobile phase at a flow rate of 0.2 mL/min at 26°C. Both LC-DAD (Fig. 15.2) and
LC/MS chromatograms (Fig. 15.3) of this toxic fraction suggested the presence of PA by compari-
son with authentic PA. The amount of PA in the alga was estimated as 84 and 72 nmol/kg wet alga by
using the standard calibration curves for LC-DAD and for LC/ESI-MS in the single ion monitoring
(SIM) mode, respectively. Other polycavernoside congeners such as PA2, PA3, and PB2 were below
the detection limit (2 nmol/kg wet alga). In ESI-MS/MS, authentic polycavernosides showed the
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Figure 15.2. LC-DAD 3D chromatograms are shown with the sliced chromatograms at 269 nm (above), and UV
spectra for the peaks at 9.60 minutes (A) and 9.51 minutes (B) (left). (A) A volume of 10 pl of the polycavernosides
standard mixture containing 25 pmol of PA, 25 pmol of PA2, 75 pmol of PA3, and 125 pmol of PB2. (B) An aliquot of the
semi-purified toxic fraction obtained from the causative G. edulis collected in Luna, Philippines, on December 2, 2002. The
chromatographic conditions: 0.2 X 15 cm Mightysil RP-18GP 5 pm, agueous MeCN 8%, 0.2 ml/minutes, 26°C.
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Figure 15.3. LC/ESI-MS SIM chromatograms of polycavernosides at m/z 821 (PB2), 833 (PA2), 847 (PA), and 861
(PA3) and a reconstructed ion current (RIC). (A) A volume of 10 pl of the standard mixture containing 50 pmol of PA,
25 pmol of PA2, and 75 pmol of PA3 and 125 pmol of PB2. (B) A volume of 10 pl of the semi-purified toxic fraction
(total 0.6 ml) eluted from a Cosmosil 5C18-AR-Il column, obtained from the G. edulis. The ion intensity of the base
peak 100% relative intensity was indicated in each mass chromatogram. The chromatographic condition was the
same as that in Figure 15.2.

daughter ions corresponding to the sequential loss of fucosyl-xylose residues (Fig. 15.1). These
fragmentations were applied to LC/ESI-MS/MS in the selective reaction monitoring (SRM) mode.
Where SRM mass chromatograms are concerned, the toxic fraction from the alga showed the peaks
corresponding to PA, supporting the identification of PA as the cause of poisoning by G. edulis
on this occasion (Fig. 15.4). The detection limit of PA by LC/DAD, LC/ESI-MS (SIM), and
LC/ESI-MS/MS (SRM) were 0.4 pmol, 2 pmol, and 10 pmol, respectively (s/n = 2).

Biological Activity

PA and PB caused diarrhea, hypersalivation, lachrymatory effects, muscle spasm, and cyanosis in
mice ('Yotsu-Yamashita, Haddock, and Yasumoto, 1993). These symptoms were comparable to those
observed in the patients involved in the Guam case according to Dr. R. Roos at the Guam Memorial
Hospital (Haddock and Cruz 1991). LD, values in mice (i.p.) were determined to be 0.2-0.4 mg/kg
for both PA and PB (Yotsu-Yamashita, Haddock, and Yasumoto 1993). Further pharmacological
studies on polycavernosides were severely hampered by the lack of materials. However, Murai
and Fujiwara (Fujiwara et al. 1998) and Paquette et al. (Paquette, Barriault, and Pissarnitski 1999)
have independently completed total syntheses of the natural levorotatory enantiomer, thereby
making available additional quantities of PA for more extensive investigation. Further, Paquette and
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Figure 15.4. LC/ESI-MS/MS SRM chromatograms of authentic polycavernosides and the semi-purified toxic fraction
from G. edulis. (A) A volume of 10 pl of the standard mixture containing 120 pmol of PA, 60 pmol of PA2, and 180
pmol of PA3 and 300 pmol of PB2 (m/z 821-483, 833-513, 847-513, 861-513). (B) An aliquot of the semi-purified
toxic fraction obtained from the causative G. edulis (m/z 847-513, 847-673 for PA). The ion intensity of the base peak
(100% relative intensity) was indicated in each mass chromatogram. The chromatographic condition was the same as
that in Figure 15.2.

co-workers (Barriault et al. 1999) synthesized the four derivatives 3-6 of PA (Fig. 15.5), which
possess different structures, including B-styrenyl (3), isopropyl diene (4), isopropyl substituted
enyne (5), and cyclohexyl diene (6) in the C-15 side chain instead of the isopropyl triene of PA. In
addition, vinyl iodide 7 and PA aglycone 8 synthesized by Murai and Fujiwara were also subjected to
bioassay in mice. The toxicities of these analogs to male mice (ddY strain, 12-15 g body weight)
were determined by i.p. injection and the mice were observed 24 hours after injection. The minimal
lethal dose values are shown in Fig. 15.5. The analogues 3, 6, and 7 showed significantly lower activ-
ities compared to other analogues, and the aglycone of PA (8) still retained reduced activity. How-
ever, the symptoms caused in mice by 8 were rather different from those of PA, suggesting that the
macrocyclic core and triene side chain are required for toxicity. The analogues that possess an iso-
propy! group in the side chain (4, 5, and 8) showed high levels of toxicity. The closely related struc-
tures 4 and PB share the same aglycone including the C15 side chain. The differences in the toxicity
levels of 4 and PB may arise because of the availability of a free hydroxyl substituent in the sugar
component of 4.

We have also determined the cytotoxicities of natural PA and the synthetic analogues 36 in the
mouse neuroblastoma cells, Neuro-2a. Due to the limitation of availability of the compounds, the
cytotoxicities were tested only at 12 uM by counting the viable cells treated with toxins for 24 h. We
observed that 5 and 6 elicited more than 90% death responses, whereas PA elicited only 20% death
responses, and 3 and 4 did not show cytotoxicity at this level, suggesting this cytotoxicity not to be
comparable to that in mice. We proved that 5 induced apoptosis in Neuro-2a at 12 uM within
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Figure 15.5. The structures of synthesized analogues (3-8), PA and PB, and their minimal lethal dose values in mice
expressed as mg/kg (11).

24 hours following treatments to activate caspase-3/7, nucleosomal DNA fragmentation, and
TUNEL (TdT-mediated dUTP-biotin nick end labeling) staining (Gavrieli, Sherman, Ben-Sasson
1992). Further pharmacological study of PA is highly demanded to develop the method for the pur-
pose of curing the patients of the poisoning.

Comparison with Other Seaweed Toxins

Outbreaks of seaweed poisoning are rather rare and widely spread over the Pacific area. In the Hawaii
case of 1994, Nagai and co-workers identified the potent tumor promoters, aplysiatoxin and debro-
moapolysiatoxin from G. coronopifolia as the causative agents (Nagai, Yasumoto, and Hokama
1996). Further, prostagrandins were identified from G. vercossa and G. chorda by Fusetani and
Hashimoto (1984) and by Noguchi et al. (1994) as viable candidates for the causative agents of fatal
human intoxication resulting from consumption of these algae that occurred in 1980, 1982, and 1993
in Japan. One person was killed in each incident. All of these algae are commonly eaten species.

The microbial origin of polycavernosides has been speculated on the basis of the sudden and tran-
sient occurrence of poisonous algae, as well as their structural features. Some structurally similar
glycosidic macrolides possessing methylated sugars have been isolated from marine cyanobacteria;
for example, lynglouiloside from Lyngbya bouillonii by Gerwick and co-worker (Tan Marquez and
Gerwick 2002) and lyngbyaloside and lyngaloside B (Lueschet al. 2002) from Lyngbya sp. by
Moore and Paul.
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Synthesis of Polycavernoside A

As delineated above, the isolation and characterization of polycavernoside A (1) was undertaken in
urgent response to the appreciable human toxicity discovered following the ingestion of the red alga
Polycavernosa tsudai (Yotsu-Yamashita, Haddock and Yasumoto 1993). Although several analogues
of PA were subsequently identified (Yotsu-Yamashita et al. 1995), the A factor was soon targeted for
synthesis because of its confirmed lethality and very limited availability. On the basis of detailed 'H
and 3C NMR studies, the Sendai group succeeded in deducing the molecular structure of the A fac-
tor to be constituted of a novel macrolide disaccharide. Since the production of these toxins is
seasonal and they are expressed in vanishingly small quantities, only a planar representation could
be originally defined. Therefore there remained the companion need to unravel the absolute
configuration of the numerous stereogenic centers including those residing in the disaccharide unit.

The key structural information provided by Yasumoto indicated the 3,5,7,13,15-pentahydroxy-
9,10-dioxotricosanoic acid backbone of 1 to be unprecedented. On the other hand, the smaller
trioxatridecane ring has features similar to those found in the aplysiatoxins (Kato and Scheuer
1974). The absence of unsaturation within the macrolide ring is quite atypical, as is the polyene
appendage whose role is presumably to serve as a “lipophilic anchor” to cell membranes. The exten-
sive degree of O-methylation of the disaccharide component is indicative of the algal origin of this
metabolite.

Deduction of the absolute stereochemistry of 1 awaited the independent synthesis of several
building blocks. Ultimately, three successful enantioselective routes have been completed to the
present time by the Murai, Paquette, and White research groups. In order to facilitate comparison of
the tactical design elements unique to each accomplishment, the construction of each structural sec-
tor is dealt with individually.

Routes to the Tetrahydrofuran Subunit

Murai’s pioneering effort to deduce the stereochemistry along C10-C16 of the target began with the
twofold homologation of diol 9 to the symmetrical bisallylic alcohol 10 (Scheme 15.1) (Hayashi et
al. 1994). The exhaustive Sharpless epoxidation of this substrate proved to be notably efficient in
delivering 11 (91% vyield, >98% ee), thereby setting the stage for convenient arrival at the regio-
reversed diol 12. The C,-symmetric nature of this intermediate was broken as in 14 by sequential
reductive cleavage of the p-methoxybenzylidene acetal and regioselective dihydroxylation of only
one olefinic terminus. At this point, the primary hydroxyl group was protected with TBDPSCI in a
maneuver designed to allow for removal of the neighboring OH group. The transformation of 15 into
16 was effected by formation of the monotosylate and reductive cleavage with LiAIH,. The homolo-
gation of 1,3-diol 16 to aldehyde 17 was brought about by S 2 displacement involving the tosylate
with cyanide ion in advance of reduction with Dibal-H. Oxidation to the carboxylic acid level and
introduction of the enantiopure oxazolidinone moiety as in 18 made possible installation of the last
methyl substituent on the way to 21.

The Paquette team proceeded ahead in the expectation that aldehyde 31 would outperform other
chiral C10-C17 subunits (Paquette, Pissarnitski, and Barriault 1998). Their routing began with
oxirane 22, which is readily available from (R)-(-)-pantolactone (Scheme 15.2). After O-silylation,
23 was reacted with dilithioacetate in dimethoxyethane to induce nucleophilic ring cleavage with
follow-up cyclization. The resulting lactone 24 could be successfully monomethylated under closely
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a DMSO, (COCl)g, CHQC'Q, -78 oC, 1 h, then EtaN, 20 c)C, 30 min; Ph3P:CHCOOCH3, CBHG!
reflux, 2.5 days (56%); Dibal-H, CH,Cl,, -78 °C, 3.5 h (84%). ° (+)-DET, Ti(Oi-Pr),, +BuOOH,
MS 4A, CH,Cl,, -20 °C, 2 days (91%). € PhgP, l,, imid, THF, 20 °C, then sat. Na,S,04/H,0,

20 °C (83%). 9 p-Methoxybenzaldehyde, PPTS, CgHg, A (93%). € Dibal-H, CH,Cl,, -20 °C
(100%). "0s04, NMO,1:3 dioxane-H,0, 20 °C (75%). 9 TBDPSCI, imid, DMF, 20 °C (96%);
MsCl, EtgN, CH,Cly, 0 °C; LiAIH,, THF, 20 °C (54%). " TsCl, EtsN, DMAP, CH,Cl,, 0 °C (98%);
TBSOT, 2,6-lutidine, CH,Cl,, 0 °C; KCN, DMSQ, 20 °C (92%); Dibal-H, CH,Cl,, -78 °C;
Rochelle's salt, HoO (96%). fNaCIOg, NaH,POy, 2-Me-2-butene, +BuOH, H,O, 0 °C; PvCl, Et3N,
Et,0, 0 °C, then lithio-(4 R)-4-isopropyl-2-oxazolidinone, THF, -78 °C (100%). /LDA, CHjsl, THF,
25 °C (69%). ¥ LiAlH,, THF, 0 °C (100%). ' Swern oxid (90%).

Scheme 15.1.

monitored conditions. This step proceeds with high B-selectivity. The same inherent steric bias can
be relied upon to invert configuration at this center as in 26 by protonating the enolate anion of 25
with NH,CI. The desired stereodisposition of the two chiral centers in 26 was thereby achieved.

The reduction of 26 with lithium borohydride provided a diol whose monoesterification
with pivaloyl chloride materialized at the site of the primary hydroxyl (Paquette, Barriault and
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Scheme 15.2.

Pissarnitski 1999; Paquette, Barriault, Pissarnitski and Johnson 2000). The application of
trichloroacetimidate technology to 27 was instrumental in making possible appropriate chain
extension of the derived nonepimerizable aldehyde 28. This structural feature minimized the level of
care and attention to detail that was required during deployment of the Wittig olefination. Reagent-
controlled dihydroxylation with (DHQ),PYR provided diol 29, the stereochemical assignment to
which was confirmed indirectly by oxidative cyclization of an independently prepared diastereomer
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to a 1,3-dioxolane, and detailed NOE analysis of its all-equatorial (and therefore non-dynamic)
conformation. Regioselective introduction of two different silyl protecting groups as in 30, reductive
cleavage of the pivaloyl group with Dibal-H, and ultimate perruthenate oxidation gave rise to the
fully elaborated aldehyde 31.

The White approach to construction of the C10-C16 fragment began with the conversion of
(S)-pantolactone (32) to acetal 33 via a four-step, previously reported sequence (Scheme 15.3)
(White et al. 2001; Blakemore et al. 2005). Reduction of 34 with Dibal-H proceeded with
anticipated regioselectivity to afford a lone PMP ether, and from that point the aldehyde 35 by Swern
oxidation. The securing of 35 was followed by Julia coupling to the S enantiomer of sulfone 36 via
its lithio anion. The interim goal of arriving at 37 was realized by sequential oxidation to a pair of
keto sulfones with the Dess-Martin periodinane and desulfonylation with samarium diiodide.
Removal of the PMB ether from 37 gave rise to a -hydroxy ketone whose reduction with tetram-
ethylammonium triacetoxyborohydride proceeded with high stereoselectivity to make available the
anti 1,3-diol 38. Once the acetonide was generated, the siloxy group was unmasked, and the primary
hydroxyl so exposed in 39 was oxidized straightforwardly to make aldehyde 40 available.
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@ LiAIH,, THF, 0 °C; PMPCH(OCH3),, CSA, CH,Cly, 1t (92%). b swern; PhsP=CH,,
THF (86%). © Dibal-H, CHyCl,, -78 °C — rt (100%); Swern oxid (96%).
d(S)-TBDPSOCHZCH(CH3)CH2802Ph (36), n-BuLi, THF, - 50 °C; Dess-Martin
periodinane, CH,Cly, rt; Sml,, THF, -78 °C (90%). € Me4NBH(OAc)3, HOAc/
CH3CN (1:1), -20 °C; Me,C(OMe),, (PPTS), CHoCly, rt (76%). "TBAF, THF, rt
(94%). 9 Dess-Martin periodinane, CHxCly, 1t (76%).

Scheme 15.3.



Polycavernosides 285

Elaboration of the Tetrahydropyran Sector

In the Murai laboratories, the thrust to fashion a route to the lower C1-C8 half of the polycavernoside
macrolactone began with the silylation of (R)-(+)-glycidol with TBSCI to give 41 (Scheme 15.4)
(Fujiwara et al. 1994). Coupling of 41 to the lithiated tetrahydropyrany! ether of propargyl alcohol in
the presence of boron trifluoride etherate occurred in good yield to furnish 42. This step allowed par-
tial reduction in Lindlar fashion and Sharpless epoxidation of the resulting dihydro product in the
presence of (—)-diethyl tartrate to be carried out. The resulting 2,3-epoxy alcohol underwent subse-
quent regiodirected oxirane cleavage in the presence of lithium dimethylcuprate. A three-step
sequence was necessary to transform 42 to the monobenzylated derivative 45. The role of 45 was to
serve as a precursor to the aldehyde, which was immediately subjected to homologation under
Wadsworth-Emmons conditions to afford predominantly 46 (Z:E = 5:1). The Z isomer was chro-
matographically purified, its acetonide protecting group was removed with PPTS, and cyclization
studies involving 47 were undertaken. This step proved initially to be highly problematic. In the final
analysis, the desired intramolecular ring closure could be brought about with potassium tert-
butoxide in THF at 30°C within minutes. The co-formation of dimer 48 proved not to be a serious
drawback since its conversion to the targeted tetrahydropyran could be implemented on demand
under closely comparable conditions.

CH
o 3 CHy

2 a H3C b H,C
‘ e MO~ b, Mo o e,
o Z O\~ _oH
OTBS

41 42 43

4 HC=CCH,OTHP, n-BuLi, BF53*OEt,, THF, -78 °C; TsOH+H,0, MeOH, A; 2,2-dimethoxypropane,
TsOH+H,0O, CHyClo—MeOH (4:1), 20 °C (71%). b Ho, Lindlar catalyst, quinoline, CoH,OH; (-)-DET,
Ti(OiPr),, BuOOH, MS 4A, CH,Cly, -20 °C. ° CHglLi, Cul, THF-ether (2.3:1), -20 °C; NalO,,
THF-H,0O (2:1), 69%. ? TBSCI, DMAP, EtzN, CHxCly, 0 °C (91%); KOt-Bu, BnBr, TBAI, THF,

0 °C (95%); TBAF, THF, 20 °C (79%). ¢ Swern oxid; (MeQ),POCH,COOMe, KH, 18-cr-6, THF, 0 °C
(78% Z-olefin). "KO#Bu (8 mol %), THF, -20 °C (92%). 9 KOtBu (1 eq), MeOH, 25 °C (91%).

Scheme 15.4.
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Paquette’s early attempts to arrive at a suitably functionalized pyran focused on gaining access to
the dithiane 53 whose role it was to provide a nucleophilic site at C9. The substructure of 53 was
recognized to correspond well from the functionality and stereochemistry standpoints to the pattern
resident in Fukui’s lactone (49), which is readily available from L-malic acid. To enable proper
structural modification, the hydroxyl group in 49 was first masked as the PMB ether by implementa-
tion of the trichoroacetimidate process (Scheme 15.5).
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e c
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2 PMBOC(=NH)CCls, (TfOH), ether (77%). b Dibal-H, CH,Cl,, -78 °C; Ag,0, CHgl,
reflux (62%). € TBAF, THF (97%); CH3SO,ClI, EtzN, CH,Cl,, -10 °C (95%);
(n-Bu)4N* I, CgHg, reflux (95%). 9 1,3-dithiane, n-BuLi/KO#Bu (1:1), 2:1 THF-
hexane, -78 °C. € CH,=CHCH,MgBr, THF, -78 °C; Et3SiH, SnCl,, CH,Cls,
-78 °C — -30 °C (71%). 'NaH, BnBr, Nal, THF, A (87%); TBAF, THF (98%).
9 PhgP, I, imid, CgHg (94%). h LIiCH,SOoPh, THF, HMPA, rt (69%).

Scheme 15.5.
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Conversion to methyl glycoside 51 was effected by sequential Dibal-H reduction and reaction
with silver(l) oxide and methyl iodide (Paquette, Pissarnitski and Barriault 1998). Side chain
functionalization was next entertained. Following the desilylation of 51, the preferred means for
generating iodide 52 proved to involve S, 2 displacement by iodide ion of the sulfonate ester in the
mesylate. The intermediacy of 52 was valued since its condensation with lithio 1,3-dithiane as
promoted by Schlosser’s base proceeded well to deliver 53. However, it was soon recognized that
attempts to bring about the union of 53 with lactone 26 could not be realized without the onset of
degradation. An alternative tactical means for merging these chiral segments was therefore
given consideration.

As matters unfolded, use was made of the same disconnection and the role of 49 as a key building
block was left unchanged. As seen in Scheme 15.5, its hydroxyl group could be left unprotected
during condensation with an excess of allylmagnesium bromide at —78°C (Paquette, Barriault and
Pissarnitski 1999; Paquette et al. 2000). Although the resulting hemiacetal proved expectedly to be
sensitive, its direct ionic reduction with triethylsilane and stannic chloride served well to orient the
allyl substituent in 54 equatorially. There followed a very efficient series of transformations to provide
iodide 56. As with 52, the response of 56 to nucleophilic displacement was enhanced as reflected in
the conversion to 57 (68%) stemming from alkylation with lithiated methyl phenyl sulfone.

White’s retrosynthesis of the C1-C9 subunit of 1 led back to aldehyde 58 (Scheme 15.6). Sub-
jection of this starting material to Brown asymmetric allylation in the presence of (-)-diisopinyl-
camphenylmethoxyborane delivered the (S)-homoallylic alcohol whose hydroxyl group was
silylated prior to ozonolytic cleavage of the terminal n-bond (White et al. 2001; Blakemore et al.
2005). Following arrival at 59 in this manner, the chain extension process was continued by aldol
reaction with the di-n-butylboron enolate of (R)-4-benzyl-3-propionyloxazolidin-2-one. The labile
60 was directly transformed into its Weinreb amide, silylated with triisopropylsilyl triflate, and
reduced with Dibal-H to generate 61. The o,B-unsaturated ester 62 became the next interim goal.
This advanced intermediate was reached by application of the Gennari-Still phosphonate coupling.
Once the TBS protecting groups present in 62 were removed, cyclization to tetrahydropyran 63
could be realized cleanly in the presence of methanolic potassium carbonate. The chain extension
that ensued involved sequential oxidation with the Dess-Martin periodinane, alkyne generation
with the Ohira reagent, and final treatment with 9-bromo-9-borabicyclo[3.3.1]nonane. As dis-
cussed below, vinyl bromide 65 so formed proved to be fully serviceable as a building block for
macrolactone construction.

Enantioselective Acquisition of the Disaccharide Component

Confirmation was now needed of the working premise that the glycosidic residue in 1 was consti-
tuted of a 2,3-di-O-methyl-o-L-fucopyranose linked “1 to 3” to a 2,4-di-O-methyl-a-D-xylopyra-
nose. An enantioselective synthesis of disaccharide 82 and its close relatives would provide proper
verification of the absolute configuration of polycavernoside A. Murai and co-workers accepted the
challenge of carrying natural L-fucose (66), unnatural D-fucose (67), and natural D-xylose (68)
through independent routes to 69 and 70 (Scheme 15.7) (Fujiwara, Amano, and Murai 1995). Direct
'H NMR comparison of these two disaccharides with 1 revealed the chemical shifts and splitting
patterns of the manifold signals in 69 to be very closely matched. This was not the situation with 70.
On this basis, the conclusion was reached “that the diaccharide moiety of 1 might consist of a
combination of D-xylose and L-fucose or their enantiomers.” The conclusion that the natural form
of these sugars was indeed involved did indeed prove to be correct.
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Of the options explored by Paquette, those outlined in Schemes 15.8 and 15.9 were demonstrated
to be entirely workable (Johnston and Paquette 1995). Two routes were developed to approach the
acceptor glycoside 75, with that originating from commercially available 71 proving to be the more
efficient. Benzyl protection of the more hindered secondary hydroxyl in this diol was realized via a
three-step sequence involving highly regioselective O-tritylation in advance of reaction with sodium

HoﬁOXCHS _a,  H ;SI ><CH3 HO Q

CH CH BnO

o Cfs 3 or“OH
HO

73
/
AcO AcO
S % <~ 68

2TrCl, EtzN, (DMAP), DMF; BnBr, NaH, BuyN* I”, DMF; (TsOH), CH3OH, ether, H,O (81%).
550% aq HOAc, 100 °C. € Ac,0, DMAP (85%); H,, Pd/C, EtOAC (96%). ¢ PhSSiMes, SnCl,,
CgHg (60%). € Acy0, py, -35 °C (21%).

Scheme 15.8.
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Scheme 15.9.
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hydride and benzyl bromide followed by detritylation. The ensuing deacetalization of 72 allowed for
equilibration to the pyranose form 73, the direct acylation of which furnished 74 after hydrogenoly-
sis. Exposure of 74 to phenylthiotrimethylsilane and SnCl, in dry benzene allowed for smooth
conversion to 75.

The alternative route to 74 took advantage of a previously recognized ability to perform the
controlled acetylation of D-xylose (68). However, under conditions that came to be regarded as
optimized, the yield of 74 from this direction was only 21%.

The first step designed to access the glycosyl donor 79 from L-fucose (66) took advantage of the
ease with which peracetylated L-fucose responds to site-selective exchange with thiophenol at the
anomeric center. Subsequent saponification provided 76 efficiently. The time had now been reached
when advantage was taken of the capability of the O-stannylacetal to experience equatorial
O-methylation selectively. Arrival at 78 was preceded by acetonide formation within 76 to guide
regiocontrolled introduction of the first methoxy group. The subsequent conversion to 78 was
uneventful. The remaining axial alcohol was next protected as the TBS ether, thus making possible
the formation of fluoride 79 with diethylaminosulfur trifluoride and N-bromosuccinimide.

Admixing 79 with 75 under Mukaiyama conditions resulted in conversion to disaccharide 80,
which proved to be the only isomer produced. Once the final methoxyl group was installed as in 81,
the OTBS substituent was replaced by OPMB to skirt potential problems with later desilylation that
was revealed during the course of ensuing probe experiments.

The disaccharide employed by White was the corresponding benzyl ether of 82. This reactant is
the anomer of the compound earlier deployed by the Murai team (structure 83).

Definition of Absolute Configuration and Completion of the Total Syntheses
The Murai Route

The successful development of a steroselective protocol for the construction of 1 that was
undertaken in Japan began with a seven-step conversion of hydroxy ester 47 to the dithioacetal
monoxide 85 (Scheme 15.10) (Fujiwara et al. 1998). This sequence of steps began with a Swern oxi-
dation, Wittig olefination to provide an enol ether, and mild acidic hydrolysis to generate the alde-
hyde 84. The further developments involved application of the Evans thioacetalization protocol and
reduction of the methyl ester to the alcohol in advance of TBS protection. Oxidation with MCPBA
afforded monosulfoxide 85 in a move designed to allow regioselective deprotonation at C9. Addition
of aldehyde 21 to this anion gave rise to 86 as a mixture of stereoisomers and vinyl sulfide 87 as a
single isomer. Since both of these intermediates were convertible predominantly to 88 by hydrolysis
with p-tolueneslfonic acid, it proved possible to bring about direct acyclic acetal formation in a
single laboratory maneuver. Compound 88 was oxidized under Swern conditions and freed of its
PMB group, thereby generating 91.

The synthesis progressed by way of seco acid 90 and lactonization with generation of a 12-mem-
bered ring as in 91 by application of the modified Yamaguchi method. At this point, considerable
thought and experimentation were devoted to selecting the proper sequence of steps. The conclusion
was reached that the trans vinyl iodide moiety had best be elaborated at this stage. To this end, the
olefinic bond in 91 was dihydroxylated and the resulting diol cleaved with sodium periodate. Next to
be faced was the replacement of benzyl by TBS, and ultimately Takai iodovinylation. With 93 now
available, equilibration of its 6-membered cyclic acetal to the desired 5-membered isomer 94 was
implemented under mild conditions. Covalent bonding of 94 to disaccharide 83 was accomplished
by the Nicolaou method.
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Scheme 15.10.
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In the final phase of the synthesis, it was necessary to effect debenzylation and to isolate 95 in
advance of exposing this vinyl iodide to 96 and the palladium dichloride bis(acetonitrile) complex in
cold THF. The synthetic polycavernoside A obtained in this manner was identical in all respects to
the natural material.

The Paquette Pathway

The alternative end-game scenario played out at Ohio State began with the coupling of sulfone 57 to
aldehyde 31 (Scheme 15.11) (Paquette, Barriault, and Pissarnitski 1999; Paquette et al. 2000). Once
the hydroxyl group introduced in this manner was oxidized to a ketone functionality as in 97, it was
time to bring about chemoselective desilylation under acidic conditions and crafting of an acetalde-
hyde side chain from the pendant allyl functionality. Following the chemoselective oxidation of 98 to
the carboxylic acid level with sodium chlorite, the opportunity to achieve macrolactonization was
grasped to generate 99 in good yield. This key intermediate lent itself well to introduction of a vinyl
iodide segment by one-carbon homologation. As before, recourse to the Takai reagent functioned
reliably without evidence of detectable epimerization. Equally dependable was the oxidative desul-
fonylation that transformed 100 to the o-diketone. The lability of this product dictated that its
OPMB substituent be immediately removed to produce 101 as a single diastereomer.

There ensued an NBS-promoted glycosidation with the activated disaccharide 82 to deliver
exclusively the B-anomer 102. This step and a subsequent Stille coupling involving dienylstannane
104 proved particularly conducive to the delivery of 1, which exhibited a negative optical rotation of
—34.5, a value closely comparable to that recorded for the natural marine toxin.

White’s Successful Strategy

In the case at hand, it proved feasible to couple 40 to 65 with CrCl, in the presence of catalytic NiCl,
under Nozaki-Hiyama-Kishi conditions. This process gave rise to 105 as a 1:1 mixture of epimers.
Fortunately, these alcohols were chromatographically separable, thereby allowing the less polar
[B-isomer to be carried forward to 106 and beyond. Notwithstanding the elevated level of functional-
ization resident in trihydroxycarboxylic acid 106, recourse to the Yamaguchi macrolactonization
protocol was rewarded by the exclusive involvement of the C15 carbinol. This high level of selectiv-
ity was in agreement with molecular modeling calculations that indicated the formation of nine- and
twelve-membered lactones to involve higher energy reaction trajectories. Protection as the bis-
triethylsilyl ether 107 followed (Scheme 15.12).

The stage was now set for ozonolytic cleavage to reach the keto aldehyde 108, which served
conveniently as a precursor to the homologated vinyl iodide. The C10 hydroxyl group in this
intermediate was next unmasked selectively with acidic methanol to provide 109. The latter was
treated with the hydrogen fluoride-pyridine complex, these conditions resulting in twofold desilyla-
tion and cyclization to form hemiketal 101. This substance proved to be identical in all respects to
the late-stage intermediate independently generated in the earlier two syntheses. The formality of
completing the end game with arrival at 1 was executed via 103 under entirely similar conditions.

Synthesis of Analogs of the Toxin

The final step in two of the synthetic approaches to polycavernoside A (1) involved a notably clean
palladium-catalyzed cross-coupling of vinyl iodide 103 to the dienylstannane reagent 104. This
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Scheme 15.11.

positive characteristic and the diversity of available vinyl-, aryl-, and alkynylstannanes placed
second-generation analogues of 1 well within reach (Barriault et al. 1999). By this route, 3-6 were
made available. It will be recognized that the length and extent of conjugation in the C15 side
chain has been systematically varied. The minimal lethal doses in mice exhibited by these macro-
cyclic lactones suggest that terminal isopropyl group on this appendage provides for maximum
lethality.
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16 Structural Assignment and Total Synthesis
of Azaspiracid-1

Michael O. Frederick, Kevin P. Cole, Goran Petrovic,
Eriketi Loizidou, and K. C. Nicolaou

Introduction

In 1995, a report of human illness with diarrhetic shellfish poisoning (DSP)-like symptoms in the
Netherlands was eventually found to result from the consumption of poisoned mussels (Mytilus
edulis) harvested from Killary Harbour, Ireland (McMahon 1996). Yasumoto, Satake, and co-workers
eventually isolated and proposed a structure for the causative agent of this condition: azaspiracid-1
(1a, Fig. 16.1). The unique polyether structure of azaspiracid-1 (1a) is characterized by several spiro-
cyclic systems, including an azaspiro ring fused to a 2,9-dioxabicyclo[3.3.1]nonane system and a
terminal carboxylic acid. In total, there are nine rings and twenty stereogenic centers within the
structure proposed by Yasumoto and co-workers in 1998 (Satake 1998). This structure was based
primarily on NMR spectroscopic data and did not include absolute stereochemistry, nor did it specify
relative stereochemistry between the ABCDE and FGHI domains.

Since the isolation of azaspiracid-1, several other related compounds have been isolated and
structurally assigned based on extensive NMR and mass spectrometric analysis (James 2003, Ofuji
1999, Ofuji 2001). Thus, structures were proposed for azaspiracids-2 to -11 (2a—11a, Table 16.1) by
analogy to the proposed structure of azaspiracid-1 (1a). Our group synthesized the proposed
structure of azaspiracid-1 (1a) in 2003 and proved that it was not correct (Nicolaou 2003a). Through
a subsequent collaborative effort between us and the Satake group, the correct structure of
azaspiracid-1 (1) was determined, and thence constructed in our laboratory in 2004 (Nicolaou
20044a, 2004b). In this chapter, we summarize the major synthetic pursuits toward the structural
determination and total synthesis of azaspiracid-1.

1a: one of four originally proposed structures for azaspiracid-1 1: corrected structure of azaspiracid-1

Figure 16.1. Originally proposed structure of azaspiracid-1 (1a, relative stereochemistry between ABCDE and FGHI
domains and absolute stereochemistry unknown) and the corrected structure of azaspiracid-1 (1).
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Table 16.1. Molecular structures of azaspiracids-2 to -11

Originally proposed structures® Revised structures®

R2
(5 )5
580
HO\ﬁ/.\:/ 0
o R e H

0

Me e M 3
1 i;j:é_ Ofe N

Me H "

R’ R’ R* R
2a: azaspiracid-2 H Me Me H 2: azaspiracid-2 H Me Me H
3a: azaspiracid-3 H H H H 3: azaspiracid-3 H H H H
4a: azaspiracid-4 OH H H H 4: azaspiracid-4 OH H H H
5a: azaspiracid-5 H H H OH 5: azaspiracid-5 H H H OH
Ga: azaspiracid-6 H Me H H 6: azaspiracid-6 H Me H
Ta: azaspiracid-7 OH H Me H 7: azaspiracid-7 OH H Me H
8a: azaspiracid-8 H H Me OH 8: azaspiracid-8 H H Me OH
9a: azaspiracid-9 OH Me H H 9: azaspiracid-9 OH Me H H
10a: azaspiracid-10 H Me H OH 10: azaspiracid-10 H Me H OH
11a: azaspiracid-11 COH Me Me H 11: azaspiracid-11 OH Me Me H

“See: James 2003, Ofuji 1999, Ofuji 2001. "See: Nicolaou 2004b.

Synthetic Studies Toward the ABCD Domain of Azaspiracid-1

The proposed structure of azaspiracid-1 (1a) is composed of three main structural motifs: the
ABCD, the E, and the FGHI domains, as shown in Fig. 16.1. Two logical disconnections, those
between the ABCD and the E rings, and the E and FGHI rings served well to disassemble the mole-
cule retrosynthetically, generating three key building blocks, the ABCD, the E, and the FGHI
domains as suitable starting points for a projected total synthesis.

The first pursuit of the ABCD domain of azaspiracid-1 was reported by Forsyth and co-workers
(Dounay 2001). A key feature of their synthesis was the initial construction of the D-ring, a task
accomplished by first treating racemic diene 12 with AD-mix-«, resulting in tetraol 13 as a
separable 1.5:1 mixture of C-19 epimers (Scheme 16.1). Treatment of tetraol 13 with KHMDS and
N-triisopropylsulfonylimidazole (N-TrisIM) formed the primary sulfonate, which was converted to
epoxide 14 by base-induced intramolecular displacement of the sulfonate group. This epoxide (14)
was found to be short-lived, as the C-16 hydroxyl group initiated an intramolecular attack that
resulted in the formation of the desired D-ring furan system 15 as a single diastereomer and in 50%
overall yield. Further elaboration of this intermediate (15) afforded the C.~C, fragment 16, setting
the stage for the next key reaction in the sequence leading to the ABCD ring fragment, namely an
acid-catalyzed deprotection-ring closure. Treatment of advanced intermediate 16 with TMSOTT in
CH,CN at —40°C resulted in the formation of the A and B rings, giving rise to ABCD tetracycle 17
in 85% vyield, as a single stereoisomer. Unfortunately, the stereochemistry at the C-13 spirocenter
was opposite to that reported in the originally proposed structure of azaspiracid-1. Furthermore,
treatment with various Lewis or protic acids failed to provide the desired stereochemistry through
epimerization. The difficulty in obtaining the desired stereochemistry of the proposed ABC bis-
spiroacetal ring juncture had been suspected from the outset. Examination of the inset in
Scheme 16.1 reveals that the obtained product (17) benefits nicely from a double anomeric effect in
the ABC ring junction, while the desired product, C-13-epi-17, does not enjoy such stabilization,
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Scheme 16.1. Construction of the ABCD backbone, providing an undesired diastereomer (17) instead of the
desired isomer C-13-epi-17 (Dounay 2001).

making it a higher energy intermediate. A new approach had to be devised in order to counteract this
thermodynamic instability.

The Carter group would be the next to report their synthetic forays into the ABCD domain of
azaspiracid-1 (Carter 2001). In their efforts (shown in Scheme 16.2), deprotonation of A-ring
sulfone 18 with LDA allowed its smooth addition to the D-ring aldehyde 19, affording C -C o
secondary alcohol 20 (99% yield). TPAP oxidation of secondary alcohol 20, followed by Na/Hg-
mediated reductive removal of the sulfonyl group resulted in the formation of ketone 21 in 71%
yield over the two steps, setting the stage for their key deprotection-polycyclization cascade. Treat-
ment of the latter compound (21) with various Lewis and protic acids afforded the ABCD tetracyclic
product 22 as a single isomer, but with the wrong stereochemistry at C-13, which could not be
epimerized to the desired product, just as was encountered by the Forsyth group.

Confronted with this failure to produce the desired C-13 stereocenter, the Carter group resorted
to other tactics (Scheme 16.3). They reasoned that by retaining the sulfone moiety on their previ-
ously synthesized C,—C,, fragment 23, they could possibly direct the cyclization event providing at
least some of the desired C-13 epimer. Unfortunately, treatment of this compound (23) with TBAF
and AcOH, and subsequent exposure to CSA in CH,CN resulted in the formation of tetracycle 24
once again with the undesired C-13 stereochemistry, which could not be equilibrated to the desired
product. Treatment of the latter compound (24) with n-BuL.i resulted in opening of the C ring, yield-
ing vinyl sulfone 25 in 83% yield. Subsequent treatment of the latter compound (25) with CSA in
toluene effected the formation of two tetracyclic products. One of these products was the C-13
epimeric compound 24 (obtained in 49% yield) and the other was a new product, 26 (obtained in
43% yield), which now had the correct stereochemistry at C-13, but the wrong stereochemistry at
C-10, which could not be equilibrated to the desired configuration.
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H =~ OMe
18 LDA, THF, 78 °C 1
TESO, (99%) OTBDPS . g OMe
Me Me e
D 20 il H
H o i OMe
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Scheme 16.2.  Construction of the undesired C1-C19 azaspiracid-1 backbone (22, ABCD ring system) (Carter 2001).
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Scheme 16.3. Attempts to construct the ABCD backbone of azaspiracid-1 (1a), resulting in the undesired diastere-
omer (26)(Carter 2001).

In order to avoid the thermodynamic trap of the C-13 stereocenter, we opted for a different strat-
egy than those of previous workers in the field. Inspired by the reports of Williams (1982), we rea-
soned that the placement of a chiral sulfoxide on C-9 would bias the proposed ring closure,
providing the desired ABCD diastereomer with the correct stereochemistry at C-13 (Scheme 16.4)
(Nicolaou 2001b). To test this hypothesis, we reacted lithiated chiral sulfoxide 28 with lactone 27,
affording, after Dess-Martin periodinane (DMP) oxidation, C.~C, diketone 29 in 80% yield over
the two steps. Treatment of the latter compound (29) with TMSOTf in CH,CI, at —30°C resulted in
the formation of tetracycle 30 (62%) as a 1:1 mixture of sulfoxide diastereomers, whose stereo-
chemical details were not determined at this point. Proceeding forward, protection of the primary
alcohol as the benzoate (BzCl, pyridine), followed by thermolysis of the sulfoxide moiety, afforded
alkene 31 (43% over two steps) as a single isomer. Much to our disappointment, however, this com-
pound (31) was proven to possess the wrong C-13 stereochemistry, and as in the case of the previous
investigations by Forsyth and Carter, could not be isomerized to the desired sterecisomer.

We then set out to attempt a more daring approach to forge the desired ABCD tetracycle.
Inspection of manual molecular models, and as seen in the inset in Scheme 16.5, a hydroxyl group at
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C-9 could potentially improvise for a hydrogen bond with both the B and C ring ether oxygen atoms.
It was hoped that such hydrogen bonding would override the double anomeric effect present within
36, and could, in principle, lead to the desired product 37 stabilized by the hydrogen bonds and the
single anomeric effect as shown (Scheme 16.5). In order to construct the appropriate substrate to test
this hypothesis, we added the lithium anion of dithiane 33 to aldehyde 32, affording, after DMP oxi-
dation, the C~C,, cyclization precursor 34 (74% for the two steps). Treatment of the latter
compound (34) with TMSOTTf in CH,CI, at —40°C resulted in tetracycle 35 with the undesired
stereochemistry at C-13 as expected. The desired C-9 alcohol (36) was then synthesized by a three-
step sequence: first pivaloate protection (PivCl, pyridine, 4-DMAP) of the primary alcohol, followed
by oxidative dithiane removal (NBS, 2,6-lutidine) and reduction of the resultant ketone (NaBH,,
80% over the three steps). Exposure of this compound (36) to TFA delightfully yielded a 56:44
separable mixture in favor of the desired tetracyclic product 37, now possessing the correct
stereochemistry at C-13. The latter compound (37) was then smoothly elaborated to the complete
C,-C,, domain of the originally proposed structure of azaspiracid-1 (1a).

Synthetic Efforts Toward the FGHI Domain of Azaspiracid-1

The Forsyth group reported the first route to the FGHI segment (Scheme 16.6) (Forsyth 2001).
Using relatively straightforward chemistry, they were able to procure the C,,-C,, straight-chained
fragment 39. Treatment of 39 with TBAF resulted in the cleavage of both silicon protecting groups
from the molecule, furnishing the corresponding acetylenic diol, which, upon treatment with
catalytic amounts of PPTS in MeOH, afforded methyl acetal 40 (82% yield, two steps) through
cyclization to form ring H. Because the alcohol at C-34 was of the wrong stereochemistry, inversion
through a Mitsunobu reaction (Ph,P, DEAD, BzOH) was necessary, resulting in the corresponding
inverted benzoate. Staudinger reaction (n-Bu,P), followed by in situ trapping of the primary amine
as the corresponding Boc carbamate, set the stage for the Yb(OTf),-mediated spiroaminal (I ring)
forming reaction, providing bicycle 41 (37% yield over three steps). The latter compound (41) was
then elaborated into ynone 42, a species primed for a double intramolecular hetero-Michael addition
to form the intramolecular bridged ketal (FG ring system). Treatment of this compound (42) with
TBAF removed the TBS groups at C-32 and C-34 allowing the resulting hydroxyl groups to add into
the ynone, affording the desired FGHI tetracycle (43) in 85% vyield, as a single stereoisomer.

Our route to the FGHI domain of azaspiracid-1 is shown in Scheme 16.7 (Nicolaou 2001a).
Treatment of key intermediate 44 (with the F and H rings formed) with Nd(OTf), resulted in
spiroaminal formation, providing FHI tricycle 45 in 81% yield. This compound (45) was then elabo-
rated into vinyl triflate 46, a key compound that was employed in two different ways. The first pur-
pose was as a model system for the G ring formation, a task accomplished by first converting vinyl
triflate 46 into diene 47 (allyl(n-Bu),Sn, TFP, LiCl, Pd,dba,, 95% yield). The G ring was then suc-
cessfully formed by first treating the latter compound (47) with HFpy to reveal the C-34 alcohol.
Treatment of the resulting secondary alcohol with NIS and NaHCO, formed the G ring through an
iodoetherification reaction, leaving behind an extraneous iodide residue, which was then reductively
removed with n-Bu,SnH and Et,B providing tetracycle 48 (71% over three steps). Intermediate 46
was also converted into vinyl stannane 49 [(Me,Sn),, TFP, LiCl, Pd,dba,, 98% yield, Scheme 16.7],
a substance that was intended for our total synthesis of azaspiracid-1, through a Stille coupling
reaction.
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Scheme 16.6. Construction of the FGHI rings of azaspiracid-1 using a double intramolecular hetero-Michael
addition (Forsyth 2001).
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Scheme 16.7. Construction of the FGHI model system 48 and coupling partner 49 (Nicolaou 2001a).

Synthesis of the Originally Proposed Structure of Azaspiracid-1

With the key ABCD and FGHI fragments synthesized in our laboratories, the next step was to
join them and complete the synthesis of azaspiracid-1 (1a) (Nicolaou 2003a, 2003b). To
complete the total synthesis of azaspiracid-1, there were two key bond-forming reactions to be
accomplished, specifically, the C,~C,, bond between the ABCD and E ring domains, and the
C,,—C,¢ bond between the E and FGHI domains. To form the C,—~C,, bond, a dithiane coupling was
employed. Lithiation of dithiane 51 with n-BuLi-n-Bu,Mg at 25°C, followed by the addition of
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pentafluorophenol (PFP) ester 50 to the solution at —90°C, resulted in the formation of C,-C,,
ketone 52 in 63% yield. Elaboration of ketone 52 into triacetate 53 set the stage for the next key
bond forming reaction, a Stille coupling. Addition of vinyl stannane 47 to a solution of triacetate 53,
in the presence of Pd,dba,, AsPh,, LiCl, and i-Pr,NEt resulted in the formation of C —-C,, fragment
54 (52% yield). With the carbon backbone of azaspiracid-1 in place, all that was left to arrive at one
of the originally proposed structures of azaspiracid-1 (1a) were a few functional group manipula-
tions. Unfortunately, synthesis of originally proposed azaspiracid-1 (1a) led to disappointment, as it
was not identical to the natural sample of azaspiracid-1 (R, and *H NMR). Because the relative stere-
ochemistry between the ABCDE and FGHI domains was not assigned, we also targeted 55 (Scheme
16.8), the FGHI diastereomer of 1a. Unfortunately, synthesis of 55 proved that this was also not the
structure of azaspiracid-1.

(63%)

51 Teoc OTES
N
e O. SnMe;
Me™ 3 o |
Me .
7 e

47, Pd.dbas, AsPh,, LiCl,
ProNEt, THF, NMP, 40 °C
(52%)

steps

56: FGHI-epi-azaspiracid-1

Scheme 16.8. Strategies toward the originally proposed structures of azaspiracid-1 (1a) and FGHI-epi-azaspiracid-1
(55) (Nicolaou 2003a, 2003b).
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Degradation and Match-up Studies

Unsure of how to proceed along the lines of total synthesis, we resorted to new tactics in order to
discover the true structure of azaspiracid-1 (Nicolaou 2004a, 2004b). It was requested that the
Satake group attempt a chemical degradation of natural azaspiracid-1, a task that was admirably
carried out as shown in Scheme 16.9, to produce 56-61. The Satake group then obtained *H NMR
spectra of these compounds (58, 59, 57, and 61) and we set out to synthesize them in order to con-
firm their structures.

Our synthesis of the originally proposed FGHI carboxylic acid 61 is summarized in Scheme
16.10. Thus, terminal alkene 49 was converted to the corresponding carboxylic acid through a three-
step procedure (OsO,-mediated dihydroxylation, NalO, cleavage to the aldehyde, and NaClO,
oxidation to the carboxylic acid) from which the Teoc protecting group was removed with TBAF to

1a: natural azaspiracid-1
[one of originally proposed structures (incorrect)]

1. TMSCHN,, MeOH, 25 °C
2. NalQy4, MeOH:H,0 (4:1), 25 °C
(100%, 2 steps)

S\ BLO H
A ) }
d o] ¢ [ b X n Me
MeO,C S o ]
H Me H o

1. 04, Me,S, MeOH 78 °C

2. NaOH, MeOH, H,0, 25 °C

3. TMSCHN,, MeOH, 25 °C Me
(90%, 3 steps) {

Me
l H,, 5% Pd/C, MeOH, 25 °C (30%) NalO,, MeOH, H,0, 25 °C (90%) l
H H OH
A B o] H Me | [\\]H Ee)
d ojc|Db H Gy e}
MeO,C z O o F

H  Me H OH Me H

59 Me

Scheme 16.9. Degradation of natural azaspiracid-1 (Nicolaou 2004a).
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1. OsOy4, NMO. acetone:H,0 (3:1), 25 °C
2. NalOy4, MeOH:pH 7 buffer (2.5:1), 25 °C Me:.
3. NaClO,, NaH,PO,, 2-methyl-2-butene.

-BUOH:H,0 (4:1), 25 °C
4. TBAF. THF, 25 °C (60%. 4 steps)

61
[synthetic: [u]3’ = +49.6 (¢ = 0.4, MeOH)]
[natural: [¢]5 = -59 (c = 0.016, MeOH)]

ent-47 Me
H
Pdadbag, AsPhs. 1o NH ~5 -0
LiCl, i-Pr,NEt, 1 H]Go
THF, NMP, 45 °C o F
(55%) Me H
Me
fo) 57
Me absolute stereochemistry of C,;-C45 domain
o7 "
H,] E
AcQO Y
Me

62

Scheme 16.10.  Proof of the relative and absolute stereochemistries of the EFGHI fragment of azaspiracid-1 through
comparison of synthetic and naturally derived materials (Nicolaou 2004b).

provide the desired FGHI carboxylic acid fragment (61). This synthetic material matched the degra-
dation product by 'H NMR spectroscopy, but its optical rotation was of the opposite sign to that found
by Satake with the natural material [synthetic: [a], = +49.6 (¢ = 0.4, MeOH); natural: [a], = —59
(c =0.016, MeOH)]. This observation meant that the absolute stereochemistry of the FGHI segment
was opposite to that depicted by 61.

The next goal was to determine the absolute stereochemistry of the EFGHI domain 57. Stille
coupling between vinyl stannane ent-47 and E ring allylic acetate 62 (Pd,dba,, AsPh,, LiCl,
i-Pr,NEt) afforded C,,—-C,, fragment 63, which was elaborated into EFGHI lactone 57. Fortunately,
lactone 57 was identical by *H NMR spectroscopy to the naturally derived material (Scheme 16.10).
These studies proved that the original assignments by Yasumoto and co-workers (Satake 1998) for
the EFGHI domain of azaspiracid-1 were correct, and that the errors were in the ABCD domain of
the structure.

Deciphering the structure of the ABCD domain required the synthesis of several structures (see Fig.
16.2). The first synthesis was of the originally proposed ABCD domain 58, which, as expected, did not
match the originally proposed structure by *H NMR spectroscopy. Key differences in the *H NMR
spectra revolved around the A-ring. And when comparing these chemical shifts to those of another nat-
ural product, lissoketal (64) (Hopman 1997), we found striking similarities. These similarities, which
extended over to nOe correlations, suggested that the double bond in azaspiracid-1 was in the wrong
location within ring A. We then proceeded to synthesize the structure 65, with the double bond shifted
by one position. Although the spectra were more in agreement, in particular with regards to A-ring, this
compound (65) was still not identical to the naturally derived material. Still troubled by the thermody-
namic instability of the ABC bis-spiroacetal ring system, we reasoned that the stereochemistries
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Figure 16.2. Molecular structures of azaspiracids-2 to -11.

assigned for the ring junctures were incorrect. At this point, it was speculated that the actual structure
would, in fact, take advantage of the double anomeric effect within the ABC ring framework and mani-
fest itself in the natural product. Keeping the rest of the stereochemistry the same, this would lead to
either structure 66 or 67 as the correct isomer. While we determined that the third proposed structure
(66) was incorrect, the synthesis of the ABCD structure 67 confirmed its identity to the naturally-
derived material by *H NMR spectroscopy. With this accomplishment the relative stereochemistry of
the ABCD domain was now known, but because of the small quantities of natural material obtained, a
measurement of optical rotation was not possible and, therefore, its absolute stereochemistry remained
in question. This deficiency meant that both ABCD diastereomers of azaspiracid-1 would have to be
synthesized in order to determine its true structure.

Scheme 16.11 shows the completion of the total synthesis of azaspiracid-1, which followed, with
slight modifications, the synthesis of the originally proposed structure of azaspiracid-1 (1a). This
chemistry was also carried out with the corresponding ABCD enantiomer in similar yields. Thus,
lithiation of dithiane 51 (n-BuLi—n-Bu,Mg) followed by addition into pentafluorophenol ester 68
resulted in C,—C,, ketone 69 (50% yield). Ketone 69 was then elaborated into diacetate 70, this time
as the TBS ether at C-25, as this protecting group was easier to remove than the acetate used in the
earlier work directed toward the original structure (see Scheme 16.8). Stille coupling of this allylic
acetate (70) then proceeded smoothly, as before, affording the complete C,~C,, backbone 71, which
was successfully elaborated to the correct structure of azaspiracid-1 (1), identical in all measured
physical properties (*H NMR, **C NMR, Rf, [«],,) to the natural material.
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Scheme 16.11. The completion of the total synthesis of azaspiracid-1 (Nicolaou 2004a).

Conclusions

The isolation of azaspiracid-1 from poisonous mussels (Mytilus edulis) by Yasumoto and Satake was
an admirable and Herculian accomplishment. Its originally proposed structure by these investigators
stimulated considerable efforts to synthesize it in the laboratory. The efforts in our laboratory led
first to the demise of the originally proposed structures and subsequently to the proposal and total
synthesis of the correct structure of this fascinating natural product.

Acknowledgments

Financial support for this work was provided by The Skaggs Institute for Chemical Biology and
a predoctoral fellowship from the National Science Foundation (to M. O. F.). A general acknowl-
edgement is given to the National Institutes of Health (USA) for their support over the years.



Structural Assignment and Total Synthesis of Azaspiracid-1 309

References

Carter, R.G., and Graves, D.E. 2001. Studies directed toward the total synthesis of azaspiracid. Construction of the C,-C
carbon backbone and synthesis of the C,,, C,, nonnatural transoidal bisspirocyclic ring system. Tetrahedron Lett
42(35):6035-6039.

Dounay, A.B., and Forsyth, C.J. 2001. Synthetic studies toward the C5-C20 domain of the azaspiracids. Org Lett
3(7):975-978.

Forsyth, C.J., Hao, J.L., and Aiguade, J. 2001. Synthesis of the (+)-C26—C40 domain of the azaspiracids by a novel double
intramolecular hetero-Michael addition strategy. Angew Chem Int Ed 40(19):3663-3667.

Hopman, C., and Faulkner, D.J. 1997. Lissoketal, a spiroketal from the Palauan ascidian Lissoclinum voeltzkowi. Tetrahedron
Lett 38(2):169-170.

James, K.J., Diaz Sierra, M., Lehane, M., Magdalena, A.B., and Furey, A. 2003. Detection of five new hydroxyl analogues of
azaspiracids in shellfish using multiple tandem mass spectrometry. Toxicon 41:277-283.

McMahon, T., and Silke, J. 1996. Winter toxicity of unknown aetiology in mussels. Harmful Algae News 14:2.

Nicolaou, K.C., Chen, David Y.-K., Li, Y.W, Qian, W.Y., Ling, T.T., Vyskocil, S., Koftis, T.\V,, Govindasamy, M., and
Uesaka, N. 2003a. Total synthesis of the proposed azaspiracid-1 structure, part 2: Coupling of the C1-C20, C21-C27,
and C28-C40 fragments and completion of the synthesis. Angew Chem Int Ed 42(31):3649-3653.

Nicolaou, K.C., Koftis, T.V,, Vyskocil, S., Petrovic, G., Ling, T.T., Yamada, Y.M.A., Tang, W.J., and Frederick, M.O. 2004a.
Structural revision and total synthesis of azaspiracid-1, part 2: definition of the ABCD domain and total synthesis.
Angew Chem Int Ed 43(33):4318-4324.

Nicolaou, K.C., Li, Y.W, Uesaka, N., Koftis, T.V, Vyskocil, S., Ling, T.T., Govindasamy, M., Qian, W.Y., Bernal, F,, and
Chen, D.Y.-K. 2003b. Total synthesis of the proposed azaspiracid-1 structure, part 1: construction of the
enantiomerically pure C1-C20, C21-C27, and C28-C40 fragments. Angew Chem Int Ed 42(31):3643-3648.

Nicolaou, K.C., Pihko, P.M., Diedrichs, N., Zou, N., and Bernal, F. 2001a. Synthesis of the FGHI ring system of azaspiracid.
Angew Chem Int Ed 40(7):1262-1265.

Nicolaou, K.C., Qian, W.Y., Bernal, F.,, Uesaka, N., Pihko, P.M., and Hinrichs, J. 2001b. Synthesis of the ABCD ring system of
azaspiracid. Angew Chem Int Ed 40(21):4068-4071.

Nicolaou, K.C., Vyskocil, S., Koftis, T.\,, Yamada, Y.M.A,, Ling, T.T., Chen, D.Y.-K., Tang, W.J., Petrovic, G., Frederick,
M.O,, Li, Y.W, and Satake, M. 2004b. Structural revision and total synthesis of azaspiracid-1, part 1: intelligence gath-
ering and tentative proposal. Angew Chem Int Ed 43(33):4312-4318.

Ofuji, K., Satake, M., McMahon, T., James, K.J., Naoki, H., Oshima, Y., and Yasumoto, T. 2001. Structures of azaspiracid
analogs, azaspiracid-4 and azaspiracid-5, causative toxins of azaspiracid poisoning in Europe. Biosci Biotechnol
Biochem 65(3):740-742.

Ofuji, K., Satake, M., McMahon, T., Silke, J., James, K.J., Naoki, H., Oshima, Y., and Yasumoto, T. 1999. Two analogs of
azaspiracid isolated from mussels, Mytilus edulis, involved in human intoxication in Ireland. Nat Toxins 7(3):99-102.

Satake, M., Ofuji, K., Naoki, H., James, K.J., Furey, A., McMahon, T., Silke, J., and Yasumoto, T. 1998. Azaspiracid, a new
marine toxin having unique spiro ring assemblies, isolated from Irish mussels, Mytilus edulis. J Am Chem Soc
120(38):9967-9968.

Williams, D.R., Barner, B.A., Nishitani, K., and Phillips, J.G. 1982. Total synthesis of miloemycin 8,. J Am Chem Soc
104(17):4708-4710.

10"



Phycotoxins: Chemistry and Biochemistry
Edited by Luis M. Botana
Copyright © 2007 by Blackwell Publishing

17 Biochemistry of Azaspiracid Poisoning Toxins

Natalia Vilarino

Introduction

The occurrence of toxic algal blooms has increased in the last decades. Not only the number of toxic
blooms has multiplied and their geographical distribution has spread all over the world, but also new
toxins and new toxic algae species have been described. Azaspiracids are the most recently identified
class of marine toxins present in shellfish. Only known since 1997, azaspiracid and its analogues
have awakened both public health concern and scientific interest.

Azaspiracid Toxic Blooms and Accumulation in Shellfish

The first reported azaspiracid toxic episodes occurred in 1995 in the Netherlands due to ingestion of
mussels from Killary Harbor, Ireland (McMahon et al. 1996, Satake et al. 1998a) and in 1997 in
Arranmore Island, Ireland (McMahon et al. 1998, Ofuji et al. 1999a). Since then, several outbursts
of azaspiracid toxic molluscs have been described in shellfish cultivated in Ireland, England, Norway
(James et al. 2002a), France, and Spain (Magdalena et al. 2003a).

The main toxin present in the mussels that originated the first toxic episode was isolated in 1997 by
Satake et al. (1998a) and named azaspiracid-1 (Fig. 16.1, Chapter 16). As discussed previously in this
book, the initial chemical structure proposed in that first publication for azaspiracid-1 has been
revised (Nicolaou et al. 2003a, 2003b), and 11 different analogues have been described as present in
natural samples since then (azaspiracids 1-11) (Fig. 16.2, Chapter 16) (James et al. 2003b; Ofuji et al.
2001; Ofuji et al. 1999a; Satake et al. 1998a; Volmer et al. 2002).

A source of azaspiracid toxins has been recently identified as the dinoflagellate species
Protoperidinium crassipes (Fig. 17.1) (James et al. 2003a), which is part of the trophic chain of
many shellfish species. Most likely other species of this genus—more than 60 have been described
(Jeong et al. 1994; Latz et al. 1996)—are also able to contain the toxin. However, it is not completely
clear yet if this species synthesizes the toxin itself. Due to its predator habits, it would be possible
that it acquired the toxin feeding from other plankton species. The toxins detected in Protoperidium
cell extracts were azaspiracids-1, -2, and -3 (James et al. 2003a). It has been suggested that some of
the analogues described to date may be a product of modification of these three compounds by shell-
fish metabolism, for example, azaspiracid-4 and -5 being a product of azaspiracid-3 oxidation (FAQ,
2004). However, there is no experimental evidence to support this hypothesis yet.

After an azaspiracid toxic bloom, toxicity of shellfish is thought to last for months (James et al.
2000; Ofuji et al. 1999b). Although all the toxic episodes reported in humans were related to mussel
(Mytilus edulis) consumption, azaspiracids have been recently detected in comparable levels in oys-
ters (Crassostrea gigas) (Furey et al. 2003; Magdalena et al. 2003b). Clams (Tapes phillipinarium),
scallops (Pecten maximum) cockles (Cardium edule), razor fish (Ensis siliqua), and another species
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Figure 17.1. Protoperidinium crassipes. Average dimensions 0.1 X 0.12 mm. Reprinted from James et al. 2003,
with permission from Elsevier.

of mussel (Mytilus galloprovincialis) also accumulate the toxin; however, the amounts detected in
these species were lower than in mussels (Furey et al. 2003; Hess et al. 2001; Magdalena et al.
2003a). Very recently a European Union rapid alert was released in week 47, year 2005 after Norway
notified that azaspiracid toxins had been found in crabs (Cancer pagurus) (RASFF 2005).

The distribution of toxins in shellfish tissues and culture areas should be considered when sam-
pling shellfish for toxin detection. Although previous studies suggested that the distribution of aza-
spiracids in mussel body differed from other lipophilic shellfish toxins, with only 0%-40% of
azaspiracids being located to the hepatopancreas and the rest being located to other parts of the
shellfish body (James et al. 2002b), more recent studies suggest otherwise. In a 2005 study the
amount of toxin/g of tissue was fivefold higher in mussel hepatopancreas than in the whole body
both in fresh and cooked samples (Hess et al. 2005). Considering that around 18% of the mussel
body weight is hepatopancreas, the results strongly suggest that the toxin is almost exclusively
located to the hepatopancreas. Another report on the distribution of toxin in scallops showed that
about 85% of the toxin concentrates in the hepatopancreas in this species (Magdalena et al. 2003b).
The apparent toxin distribution to other tissues in the initial report could be the result of sample
manipulation preceding extraction, where maneuvres such as freezing or dissection, may be respon-
sible for the contamination of adjacent shellfish tissues. It could be argued also that seasonal varia-
tions such as time of sample collection after the onset of the toxic bloom affected toxin distribution
to other shellfish tissues. However, this unusual distribution was not observed over three seasons in
the recent Hess et al. study. It is important to note for sampling purposes that there is a high variabil-
ity of toxin content among sites within a culture area and among mussel individuals within the same
sample (James et al. 2002b).

Another common feature with other shellfish toxins is that heat does not destroy azaspiracids
either (EU/SANCO 2001; Hess et al. 2005). Therefore, cooking does not eliminate the toxicity of
shellfish due to an azaspiracid toxic bloom. Overall, these compounds seem to be quite stable during
storage (EU/SANCO 2001), although there are some concerns about their stability in certain organic
solvents and alkaline conditions (James et al. 2002b; Satake et al. 1998b).
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Azaspiracid Poisoning Syndrome

The clinical symptoms caused by azaspiracid poisoning in humans are similar to diarrhetic shellfish
poisoning and to bacterial enterotoxin poisoning. Because of the similarity of the gastrointestinal
symptoms induced by this new toxin and the well characterized DSP (diarrheic shellfish poisoning)
toxins in humans, azaspiracids have been classified at times in the diarrheic toxin group. However,
when the chemical structure of this new toxin was identified as a completely different molecule from
DSP toxins, this toxic syndrome was named azaspiracid poisoning (AZP).

Azaspiracid poisoning symptoms in humans include nausea, vomiting, diarrhea, stomach cramps,
and headache. The symptoms appear 3 to 18 hours after eating contaminated shellfish, and the recov-
ery is complete within 2 to 5 days (James et al. 2004; McMahon et al. 1996).

Diagnosis of AZP in humans relies on identification of the symptoms, since there are no available
laboratory tests. The only way to achieve a specific diagnosis is, if possible, to test the suspected con-
taminated seafood. In any case, the specific diagnosis is not necessary for treatment since no anti-
dote is known for shellfish toxins. The therapy is symptomatic, supported by monitoring of fluid and
electrolyte levels in cases of severe intoxication.

Azaspiracid Toxicity to Experimental Animals and Humans

The minimum lethal dose to mice by oral administration that has been reported is 0.25 mg/kg; how-
ever, lethality fluctuates depending on individuals and age (Ito et al. 2002). Interestingly, the intraperi-
toneal and oral lethal doses in mice are fairly close for azaspiracid-1, which is not the case for other
groups of marine toxins (Ito et al. 2002; Ito et al. 2000). The relative toxic potency for different ana-
logues is only known for azaspirazids-1 to -5, and the comparison is based in mouse lethal doses by
intraperitoneal injection. Azaspiracids-1, -2, and -3 are the more toxic forms, with mouse lethal doses
of 0.2 mg/kg, 0.11 mg/kg, and 0.14 mg/kg, respectively (Ofuji et al. 1999a; Satake et al. 1998a), fol-
lowed by azaspiracid-4 (0.47 mg/kg) and the less toxic azaspiracid-5 (approximately 1.0 mg/kg)
(Ofuji et al. 2001).

Toxicity to humans was initially estimated to be 15 pg/person (mean value) based on the toxin
content of the mussels from the blooms that originated the first two toxic episodes, 0.6 pg/g of meat
(Killary Harbour) and 1.36 pg/g of meat (Arranmore) (equivalent to 0.15 and 0.4 mouse units/g,
respectively) (Ofuji et al. 1999b; Satake et al. 1998a, 1998b). However, recent data showed that aza-
spiracid concentration is not reduced by heat (EU/SANCO 2001; Hess et al. 2005), which had been
a parameter for initial calculations. Therefore, the lowest observed adverse effect level (LOEL) has
been re-estimated to be within the range of 23 to 86 pg/person, with a mean value of 51.7 pg/person
(EU/SANCO 2001; FAO 2004). The non-observable adverse effect level (NOEL) was consequently
calculated to be 80 pg/kg of shellfish meat, considering a safety factor of 3, which should account for
individual variations, a maximum intake of 100 g per person and the lowest value in the LOEL
range.

European regulations set the limit for azaspiracid toxins content in shellfish that is to be des-
tined to human consumption in 160 pg of azaspiracid equivalents/kg in the whole body or any
part edible separately (EU 2002). This limit has a higher value than the NOEL to allow for detection
by mouse bioassay, the most commonly used method due to the lack of standards for chemical
analysis.
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Pathology

Since there have not been any human casualties due to AZP, the existing pathology data has been
collected from experimental animals.

Toxicity studies performed in mice showed several organs affected by azaspiracid poisoning. By p.o.
administration, acute lesions to the small intestine consisted of small accumulation of fluid, vac-
uolization, and degeneration of epithelial cells, atrophic lamina propria that becomes spatially sepa-
rated from the epithelium (Fig. 17.2) and shortening and erosion of villi (Ito et al. 2000). The first
significant pathological signs in the small intestine were detected 4 hours after the administration of
300 pg/kg azaspiracid-1. Lesions to the intestine progressed in intensity up to 8 hours, at doses of
600-700 pg/kg and the recovery was not complete after 24 hours (Ito et al. 2000). When severe
damage to the intestine was induced by azaspiracid administration, lesions persisted for 3 months (Ito
et al. 2002). Interestingly, a comparative study of okadaic acid-induced lesions to the intestine

Figure 17.2. Vertical section of villi 4 hours after p.o. administration of azaspiracid at 300 pg/kg. Vacuole degener-
ation of epithelial cells (circle) and atrophy of lamina propria (LP) are shown. Spaces (*) are left between epithelial cells
(E) and lamina propria. Reprinted from Ito et al. 2000, with permission from Elsevier.



Biochemistry of Azaspiracid Poisoning Toxins 315

showed a fast accumulation of liquid in the gut (30 minutes). Lesions consisted in erosion and short-
ening of villi with a peak around 2 hours, and recovery was already prominent by 4-8 hours depend-
ing on the dose (Ito et al. 2000).

The liver is also typically affected after acute azaspiracid intoxication, showing accumulation of fat
droplets in a microscopic analysis at 1 hour after p.o. administration. Fatty liver was observed macro-
scopically after 4 hours, inducing the typical change in liver color (Ito et al. 2000). After severe lesions
to the liver, recovery lasted for 20 days (Ito et al. 2002).

Lymphoid organs, including spleen, thymus, and Peyer’s patches showed necrosis of T and B lym-
phocytes, the onset of lesions depending on the dose (Ito et al. 2000). Again, recovery of severe
injuries to lymphoid organs was slow taking a period of 10 days (lto et al. 2002).

When administered by intraperitoneal injection, azaspiracid caused similar lesions to those reported
for oral administration. Besides fatty liver and necrosis of lymphoid tissues, i.p. administration to mice
induced neurologic symptoms that included spasm and paralysis of the limbs (Ito et al. 1998).

Data related to chronic effects of natural toxins are extremely relevant in order to evaluate
possible health risks for consumers. Chronic p.o. administration of low doses of azaspiracid-1
(1-50 pg/kg, twice a week for 145 days) induced shortened small intestinal villi, interstitial pneumo-
nia, and appearance of lung tumour in 20% of the animals (Ito et al. 2002). These last data suggest
that azaspiracid might be a tumour inducer raising serious concerns of public health due to the possi-
bility of co-occurrence in toxic blooms with okadaic acid (James et al. 2002a; McMahon et al.
1996), a well-known tumour promoter (Fujiki et al. 1994, 1990).

Toxicologic Mechanism

The toxicologic mechanism of azaspiracid toxins is not known yet. However, there is enough
evidence accumulated that suggests that the mechanism of action of azaspiracid differs from that of
the well characterized DSP toxins, okadaic acid, and dinophysistoxin. The first data that pointed to a
different mechanism were the symptoms observed during mouse bioassay tests. After intraperitoneal
injection in mice, azaspiracid containing extracts caused not only accumulation of fluid in the intes-
tine but also neurological symptoms, the latter not appearing during DSP bioassay (Ito et al. 2000;
Ito et al. 1998). More evidence suggesting a different mechanism at the molecular level was pub-
lished recently showing that azaspiracid-1 does not inhibit protein phosphatase 2A (PP2A) activity,
which is potently inhibited by DSP toxins (Twiner et al. 2005).

In vitro studies on the effect of azaspiracids on different cellular types have revealed some
aspects of cellular biology affected by azaspiracids. However, the mechanism of action of this toxin
remains elusive.

Azaspiracid-1 has been shown to be cytotoxic to several cell lines at doses in the nanomolar range
and long incubation times (48 hours) (Twiner et al. 2005). Interestingly, Jurkat cells, a T lymphocyte
cell line, were especially sensitive to azaspiracid induced cytotoxicity, in agreement with the patho-
logic findings in mouse toxicity assays where damage to lymphocytes was prominent. Likely, the
mechanism of cytotoxicity is not apoptosis, since concentrations as high as 10 uM did not induce
any change in mitochondrial membrane voltage, a sign of apoptotic death (Roman et al. 2002).

In human lymphocytes azaspiracid-1 has been shown to have an effect on the intracellular calcium
signal by inducing a small, but gradual and steady, increase in the intracellular calcium concentration
(Roman et al. 2002). Azaspiracid-2 and -3 also increased the intracellular calcium concentration,
azaspiracid-3 by itself, similarly to azaspiracid-1, and azaspiracid-2 enhancing the intracellular
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calcium rise induced by pharmacologic means (Roman et al. 2004). Opposite to azaspiracids-1, -2
and -3 that had a positive effect on the calcium signal, azaspiracid-4 diminished the calcium increase
induced by an external stimulus (Alfonso et al. 2005; Roman et al. 2004). Intracellular pH does not
seem to be affected by the presence of the toxin. This toxin group has also been shown to increase
intracellular cCAMP levels in lymphocytes (Roman et al. 2002; Roman et al. 2004). The mechanism
and relevance to toxicology of both signaling effects is still unknown.

Several studies suggest an involvement of azaspiracid-1 in the regulation of microfilament
cytoskeleton. In Jurkat T cells azaspiracid treatment induced a reduction in the number of pseudopodia
(plasmatic membrane protrusions) per cell (Twiner et al. 2005). Additionally, high doses of
azaspiracid-1 seemed to reduce the amount of polymerized actin in neuroblastoma cells (Roman et al.
2002). Very recent results obtained in our lab have shown that lower doses of azaspiracid-1 (10-50 nM)
induced a reduction in the number of neurites (cell projections) in neuroblastoma cells (Fig. 17.3) and
adisorganization of the basal actin cytoskeleton in caco-2 cells (an enterocyte cell line), without affect-
ing the amount of polymerized actin (Vilarifio et al. 2006).

Another effect of azaspiracid-1 that has been recently reported is the teratogenicity to finfish
embryos (Colman et al. 2005). Microinyection of azaspiracid-1, a technique that has been used to
mimic the effects of maternally transferred toxins (Colman et al. 2004; Kimm-Brinson et al. 2001)
induced development retardation and death or hatching failure. Although the presence of aza-
spiracids in finfish tissues has not been described, these results suggest that azaspiracids might be
toxic to fish population affecting embryo development and changing the balance of species in the
environment, even though these toxins might not have a toxic effect on adult fish.

Summary

A great effort has been made by the scientific community during the last 10 years to increase the
available knowledge regarding azaspiracid toxins. The results of this effort have allowed the detection

Figure 17.3. Neuroblastoma cells (BE(2)-M17 cell line) treated with azaspiracid-1 (50 nM) for 48 hours show a
rearrangement of their microfilament cytoskeleton and adopt a round morphology compared to the more flattened
controls. (A) Carrier control (DMSO). (B) Azaspiracid-1. Microfilaments (F-actin) were labelled with Oregon Green
Phalloidin (Molecular Probes) and pictures were taken using a Nikon Eclipse TE2000-E confocal microscope.
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and localization of azaspiracid toxic blooms, the identification of a dinoflagellate species that contains
the toxin and the characterization of toxin distribution in shellfish body and culture areas, informa-
tion extremely useful in the protection of consumer health. Toxicologic studies have helped in the
estimation of the azaspiracid NOEL and in the awareness of possible pathologic consequences of
azaspiracid intoxication that causes injuries with very slow recovery compared to other marine tox-
ins and may be potentially tumorigenic. In vitro studies have focussed on the elucidation of aza-
spiracid toxicity mechanism and the identification of its molecular target, which is still unknown.
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18 Cyclic Imines: An Insight into this Emerging
Group of Bioactive Marine Toxins

Jordi Molgd, Emmanuelle Girard, and Evelyne Benoit

Introduction

Poisoning by toxins of marine origin is a substantial worldwide hazard that may occur by the
ingestion of contaminated finfish and shellfish, and through water or aerosol exposure (Molgo et al.
1999; Van Dolah 2000; Whittle and Gallaher 2000). The main source of these toxins is confirmed or
believed to be marine micro-organisms, including phytoplankton species of unicellular algae. Under
a favorable environment, these unicellular algae proliferate during certain periods of the year or in
certain geographical areas, and produce these non-proteinaceous compounds. The genetic and envi-
ronmental factors that favour the occurrence of toxic phytoplankton species and production of toxins
are yet to be fully understood. Several environmental and climatic factors have been implicated in
explaining the apparent increase in harmful algal blooms worldwide (Garthwaite 2000; Cembella
2003). Shellfish constitute a worldwide rich food resource that may be contaminated by toxins pro-
duced by harmful microalgae upon which filter-feeding bivalve molluscs (such as clams, mussels,
oysters, or scallops) feed. Shellfish can concentrate these phycotoxins in their edible tissues and act
as vectors for transferring these toxic chemical compounds to fish, crabs, birds and humans. The
increased frequency and wide distribution of toxic algal blooms has become a major environmental
and economic problem that menaces wildlife and human health.

This brief chapter is intended to review an emerging group of novel marine toxins, the cyclic
imines, all of which share a functional imine group as a part of a cyclic ring system within their
molecular framework, and to detail, when available, their pharmacological activity and toxicity. As
the result of their significant and specific biological effects, some of the cyclic imines are often use-
ful as drugs or biological probes for physiological studies.

Gymnodimines: Nicotinic Acetylcholine Receptor Ligands

In 1994 along the east coast of the South Island of New Zealand, dredge oysters (Tiostrea chilensis)
displayed neurotoxic shellfish poisoning (NSP) features in a mouse bioassay for detecting lipid-
soluble marine biotoxins. The unusual NSP-type of toxicity was related to a new marine toxin,
named gymnodimine, of unprecedented structure isolated from both New Zealand oysters and a
gymnodinoid dinoflagellates, within the Gymnodinium mikimotoi/nagasakiense species complex,
collected during this outbreak (Seki et al. 1995, 1996; MacKenzie et al. 1995). The toxicity was also
noted in many other species of shellfish widespread around the New Zealand coastline including
greenshell mussel (Perna canaliculus), blue mussel (Mytilus galloprovincialis), scallops (Pecten
novaezelandiae), Pacific oyster (Crassostrea gigas), cockle (littleneck clam, Austrovenus stutch-
buryi, and a surfclam, Paphies subthangulata), and New Zealand abalone (Haliotis iris) (MacKenzie
et al. 1996; Stirling 2001). Gymnodimine has been reported to persist in oysters for several years
after the initial contamination events indicating that it is not readily depurated, and for months in
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other shellfish like P. canaliculus, where it concentrates in tissues outside the digestive gland
(MacKenzie et al. 2002). Although published reports on the presence of gymnodimine in shellfish
were initially restricted to New Zealand, subsequent studies revealed its presence in clams harvested
in Tunisia (Biré et al. 2002; Biré 2004), and it has been unequivocally detected in shellfish from
European and North American coasts.

Gymnodimine is produced by the planktonic dinoflagellate Karenia selliformis (formerly named
Gymnodinium selliforme), a new species from the genus Karenia (Dinophyceae) (Haywood et al.
2004). Distinguishing morphological characters for the genus Karenia include a smooth theca and a
linear apical groove. Molecular analyses of rDNA sequence alignments revealed that the new
species is phylogenetically distinct, but closely related to K. mikimotoi and K. brevis.

The chemical structure of gymnodimine was initially elucidated by NMR spectroscopy (Seki
et al. 1995) and later confirmed by X-ray crystallographic analysis of its pbromobenzamide deriva-
tive, which revealed its absolute stereochemistry (Stewart et al. 1997). As shown in Fig. 18.1,
gymnodimine and analogues exhibit unusual structural features, including a spirocyclic imine ring
system and a trisubstituted tetrahydrofuran embedded within a 16-membered macrocycle. The pres-
ence of the spirocyclic imine places this marine toxin in the same family with the spirolides, pinna-
toxins, pteriatoxins, and prorocentrolides (see below). Two new analogues, gymnodimine B and
gymnodimine C (Fig. 18.1), have been isolated from extracts of cell cultures of the dinoflagellate
K. selliformis (Miles et al. 2000, 2003). Gymnodimine B is similar in structure to gymnodimine, but
contains an exocyclic methylene at C17 and an allylic hydroxyl group at C18, while gymnodimine C
is oxidized analogue of gymnodimine and was found to be isomeric with gymnodimine B at C18.

Several studies have been carried out for the synthesis of gymnodimine-components (Ahn et al.
2001; White et al. 2003; Johannes et al. 2005; Kong et al. 2005), but the total synthesis has yet to be
achieved. The synthesis and production of intermediate components of gymnodimine appears essen-
tial for providing immunogens that will help its toxic monitoring in shellfish by methods other than
the mouse bioassay.

Gymnodimine elicits highly toxic effects when administered either by intraperitoneal (Biré et al.
2002; Munday et al. 2004), subcutaneous or intracerebroventricular injection to mice (Kharrat et al.
2006). Symptoms after intraperitoneal injection included hyperactivity, jumping, curled tail, paralysis
of the hind legs, severe dyspnea, followed by rapid death within 615 minute of injection. The mean
LD, after intraperitoneal of highly purified gymnodimine was found to be 96 pg kg~ (Munday et al.
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Figure 18.1. Chemical structures of gymnodimine (a) and gymnodimine B and C (b).
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2004) and 80 mg kg™t, while after intracerebroventricular injection it was 3 mg kgt (Kharrat et al.
2006). Thus, gymnodimine appears to be about 30 times more potent when administered by intracere-
broventricular than by intraperitoneal injection indicating that it acts on the central nervous system
(Kharrat et al. 2006). Interestingly, gymnodimine was less toxic when administered orally by gavage
to mice (Munday et al. 2004).

Some of the symptoms observed after the intraperitoneal injection of gymnodimine resemble those
produced by tubocurarine, a competitive inhibitor of nicotinic acetylcholine receptors in skeletal
muscles. Interestingly, pre-treatment of mice with acetylcholinesterase inhibitors (neostigmine or
physostigmine) was found to protect against gymnodimine toxicity (Munday et al. 2004). This can be
explained by the fact that acetylcholinesterase inhibitors increase the concentration of acetylcholine in
the synaptic cleft and displace the competitive binding of tubocurarine to nicotinic acetylcholine recep-
tors (Nguyen et al. 2005). Therefore, it was hypothesized by Munday et al. (2004) that gymnodimine
exerts its toxic effects via blockade of nicotinic acetylcholine receptors at the neuromuscular junction.

Direct evidence that gymnodimine produced a concentration- and time-dependent blockade of
twitch responses evoked by nerve stimulation, without affecting directly evoked twitches, has been
obtained in amphibian and mammalian isolated neuromuscular preparations (Kharrat et al. 2006). In
addition, the neuromuscular blockade produced by gymnodimine was completely reversed by
4-aminopyridine and 3,4-diaminopyridine, well-known potassium channel blockers (Molgé et al.
1977, 1980) that enhance acetylcholine release from motor nerve terminals. Furthermore, the phy-
cotoxin was found to block the current responses evoked by constant and brief iontophoretical
acetylcholine pulses applied to the surface of skeletal muscle cells. These data support the view that
gymnodimine blocks muscle nicotinic acetylcholine receptors of the neuromuscular junction. How-
ever, these data cannot explain the high toxicity of gymnodimine when applied directly to the central
nervous system by intracerebroventricular injection. Competition-binding assays revealed that
gymnodimine is a powerful ligand interacting with subnanomolar affinities not only with muscular,
but also homopentameric and heteropentameric neuronal nicotinic acetylcholine receptors of vari-
ous animal species (Kharrat et al. 2006). Therefore, it can be concluded that gymnodimine broadly
targets nicotinic acetylcholine receptors. Further appropriate toxicological studies must be devel-
oped in order to assess the risk of gymnodimine to human health.

Spirolides: Muscarinic and/or Nicotinic Acetylcholine Receptor Ligands?

Novel seafood toxins were discovered in 1991, during routine toxin monitoring of bivalve mollusks
at aquaculture sites along the eastern shore of Nova Scotia, in Canada. These toxins, called
spirolides, are macrocyclic compounds that exist in various toxic groups. Spirolides B and D were
first isolated from the digestive glands of mussels (Mytilus edulis) and scallops (Pacopecten magel-
lanicus) harvested from aquaculture sites (Hu et al. 1995; Cembella et al. 2000). Further investiga-
tions afforded spirolides A, C, 13-desmethyl-C (Hu et al. 2001) and the biologically inactive
spirolides E and F (Hu et al. 1996a). Spirolides A-D contain an unusual 5,5,6-bis-spirocetal moiety
together with a 6,7-spirocyclic imine (Fig. 18.2). Spirolides E and F are keto amine hydrolysis deriv-
atives resulting from the ring opening of the cyclic imine. The spirolide group of toxins has grown
over the years to include several isomers and compounds with slightly modified structures like
spirolide 13,19-didesmethyl-C, spirolide G and spirolide 20,methyl-G (Fig. 18.2; Aasen et al.
2005).The relative and absolute stereochemistry of these molecules has not been established to date,
but a tentative assignment based on NMR studies has been reported (Falk et al. 2001). Synthesis of
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R,(C31) R,(C13) R4(C19) R,(C31) R,(C13) R,(C19)
Spirolide A (S isomer) H CH; CH;,3 Spirolide E (S isomer) H CH; CH,
Spirolide B (R isomer) H CHa CHa Spirolide F (R isomer) H CHs CH,
Spirolide C (S isomer) CH, CH, CH,3
Spirolide D (R isomer) CH;3 CH; CH;,3
Spirolide 13-desMe-C CH, H CH,
Spirofide 13,19-didesMe-C CH, H H
R(C20)
Spirolide G H
Spirolide 20-Me-G CHj,

Figure 18.2. Chemical structures of spirolides.

the spirocentres of spirolides B and D has been reported (Brimble and Furkert 2004). All spirolide
compounds display “fast-acting” toxicity in the traditional mouse bioassay used for monitoring
shellfish, and this is related to the presence of a cyclic imine function in all these compounds. Those
spirolides containing a vicinal dimethyl group in the seven-membered ring are resistant to oxalic
acid hydrolysis, whereas those that do not are readily hydrolyzed. These observations suggest that
the extra methyl group on the seven-membered imine ring blocks the process of imine hydrolysis,
perhaps by stereochemical interference.

The causative micro-organism producing spirolide toxins has been unequivocally identified as
the dinoflagellate Alexandrium ostenfeldii (Cembella et al. 1998, 1999, 2000, 2001) a species that is
widely distributed (Balech and Tangen 1985; Moestrup and Hansen 1988; McKenzie et al. 1996;
Aasen et al. 2005). A. ostenfeldii can form temporary cysts, which may function to resist unfavorable
short-term environmental conditions, but available for germination and bloom initiations (McKenzie
et al. 1996; Toth et al. 2004). Important differences in spirolides content and profiles have been
reported for dinoflagellate strains from different coastal regions (Cembella et al. 2000). Spirolide
production by toxic strains of the dinoflagellate A. ostenfeldi has been suggested to be governed by
light-dependent events during the cell division cycle (John et al. 2000).

The identification of the toxic dinoflagellate A. ostenfeldi is currently done by microscopic exam-
ination (Fig. 18.3), which requires a broad taxonomic knowledge, expensive equipment (electron
scanning microscope), and is very time consuming. The co-occurrence of the toxic dinoflagellate
Alexandrium tamarense, a known producer of potent neurotoxins associated with paralytic shellfish
poisoning, and A. ostenfeldii in Scottish coastal waters has been reported (John et al. 2003). In mixed
phytoplankton assemblages, these two Alexandrium species are difficult to discriminate accurately
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Figure 18.3. Alexandrium ostenfeldii dinoflagellate obtained from a phytoplankton sample collected in France
(bouchot de Loire, May 28, 2004) by Elisabeth Nezan (Ifremer, Nantes). Whole cell (a), and after dissection (b).

by conventional light microscopy. New techniques are being used with species-specific rRNA
probes based upon 18S and 28S ribosomal DNA sequences for A. ostenfeldii and tested by dot-blot
and fluorescence in situ hybridization (FISH) techniques (John et al. 2003). Recently, to facilitate A.
ostenfeldii identification, an inexpensive and easy-to-handle DNA-biosensor has been developed
and detailed (Metfies et al. 2005).

Spirolides induce a fast lethal toxic effect when administered by intraperitoneal injection to both
mice and rats, and are less toxic by oral administration. Mice administered with lethal doses of
desmethyl spirolide C became lethargic, with decreased movements and exploratory behavior, exhib-
ited piloerection, and displayed uncoordinated movements and jerky locomotion progressing from
generalized tremors to rapid violent flexion with extension of the hind limbs in splayed fashion.
Moderate exophthalmia, with lachrymaton were also evident. Abdominal breathing was characteris-
tic, indicating respiratory distress, followed by mouth breathing and tremors that involved the whole
body resembling a seizure, just before the respiratory arrest (Richard et al. 2001; Gill et al. 2003).
Usually, mice receiving lethal doses of spirolide died between 3 and 20 minutes after intraperitoneal
injection. The time to death was reported to be accelerated when atropine and other acetylcholine
muscarinic receptor antagonists were used (Richard et al. 2001; Gill et al. 2003). Neither macro-
scopic nor histological changes have been detected in the retina, skeletal muscle, peripheral nerves,
heart, liver, kidney, spleen, lungs, adrenals, or gastrointestinal tract of mice receiving lethal doses of
desmethyl spirolide C (Pulido et al. 2001; Gill et al. 2003). Interestingly, no histological changes
were observed in the brains of rats that received spirolides. However, widespread neuronal damage
was seen in mouse brains, particularly in the brain stem and hippocampus and a clear relationship
was observed between the dose and the severity of the lesions (Pulido et al. 2001; Gill et al. 2003).
Early injury markers such as c-jun and HSP-72 both showed a twofold increase in spirolide-treated
animals when compared to controls (Gill et al. 2003). Furthermore, transcriptional analysis revealed
that muscarinic receptor subtypes (MAChR1, mAChR4 and mAChR5) and nicotinic receptors
(nAChRa 2 and nAChRp 4) showed an upregulation of gene expression (Gill et al. 2003). This sug-
gested that the muscarinic and nicotinic receptors may be the targets for spirolides. In contrast, the
glutamate receptors (KA2 and NMDARL), which are known to be involved in excitoxicity (Gill and
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Pulido 2001), appeared not to be involved since there were no transcriptional differences between
controls and spirolide-treated animals (Gill et al. 2003). It is clear that further studies are needed to
define the molecular targets for this growing number of phycotoxins.

Pinnatoxins and Pteriatoxins: Ca?* Channel Activators?

Shellfish of the genus Pinna live mainly in shallow waters of the temperate and tropical zones of the
Indian and Pacific Oceans (Rosewater 1961). The adductor muscle of this bivalve is eaten in Japan
and China, and this particularly tasty morsel has been the culprit of a frequently occurring sea-food
poisoning, characterized mainly by gastrointestinal disorders (Zheng et al. 1990). Indeed, several
outbreaks of poisoning were reported in Japan between 1975 and 1991 after the consumption of
P. pectinata (Chou et al. 1996b), and toxicity from P. attenuata was recorded in China in 1980 and
1989 (Uemura et al. 1995). Although toxic compounds referred to as pinnatoxins, pinnaic acids and
pinnamine were isolated from Pinna sp., solid evidence for human intoxication by these compounds
(i.e., the association between toxicity of shellfish and the presence of toxins) therein has not, how-
ever, been established. In addition, the fact that extracts from the digestive glands of several Pinna sp.
(including P. muricata, P. attenuata and P. atropupurea) produced the same symptoms of poisoning
in mice, strongly suggests that Pinna shellfish obtain their toxins from feeding on toxic organisms
such as dinoflagellates (for a review, see Kuramoto et al. 2004).

Four pinnatoxins (A-D) have been isolated and purified from the Okinawan bivalve Pinna muri-
cata, and their structures solved by NMR experiments and positive ion ESI MS/MS spectra (Uemura
et al. 1995; Chou et al. 1996a, 1996b; Takada et al. 2001a). More recently, three pteriatoxins (A-C)
have been isolated and characterized from another Okinawan bivalve, Pteria penguin, (Takada et al.
2001b). Structurally, pinnatoxins and pteriatoxins consist of a 27-membered carbocyclic backbone
composed of a [6,7]-spiro-linked imine moiety (AG ring), a [5,6]-bicycloketal (EF ring) and a
[6,5,6]-dispiroketal (BCD ring), and represent variations in the substitution pattern at C21, C22,
C28, and C33 (Fig. 18.4). It is worth noting a homologous 6,7-spirocyclic imine ring system is also
present in the related macrocyclic toxins, the spirolides A-D (see above). This unusual backbone
poses a significant challenge for synthesis of pinnatoxins and pteriatoxins. Indeed, since the pioneer-
ing total synthesis of pinnatoxin A achieved by McCauley et al. in 1998, a number of insightful stud-
ies directed toward a new approach to the total synthesis of pinnatoxins and pteriatoxins have been
undergone, leading to an efficient, highly stereoselective synthesis of the molecules (Suthers et al.
1998; Nagasawa 2000; Ishihara et al. 2002; Nakamura et al. 2002; Sakamoto et al. 2004; Pelc and
Zakarian 2005).

Although an early study has reported that a toxic extract from Pinna attenuata, referred to as
pinnatoxin, is a Ca?* channel activator (Zheng et al. 1990), there is, at present, no information on the
mechanism(s) of action of pinnatoxins and pteriatoxins and on the specific molecular sites targeted
by these marine iminium alkaloids (but see Kita and Uemura 2005). In contrast, the acute toxicity of
intraperitoneal administration of pinnatoxins and pteriatoxins to mice has been systematically
addressed, although the symptoms of intoxication were not reported. The data, summarised in
Table 18.1, show that natural (+)-pinnatoxin A exhibited potent acute toxicity against mice whereas
synthetic (-)-pinnatoxin A had no toxicity at a dose of 5,000 pg/kg (Uemura et al. 1995; McCauley
et al. 1998; Kuramoto et al. 2004). Similarly, pteriatoxin A exhibits significant acute toxicity against
mice (Takada et al. 2001b). Moreover, these data permit some comment on structure-activity rela-
tionships among pinnatoxins A-C, on one hand, and pteriatoxins A-C, on the other hand, since these
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R,(C33) R,(C28) R,(C22) R4(C21)
Pinnatoxin A [el0]e) OH OH H
Pinnatoxin B (C34 S isomer) CH(NH;")-COO OH OH H
Pinnatoxin C (C34 R isomer) CH(NH;")-COO" OH OH H
Pinnatoxin D CO-CH,-CH, COO” H H CH,3
Pteriatoxin A CH(OH)-CH,-S-CH,-CH(NH;")}-COO" OH OH H
Pteriatoxin B (S isomer) CH(CH,0H)-S-CH,-CH(NH3")-COO" OH OH H
Pteriatoxin C (R isomer) CH(CH,0H)-S-CH,-CH(NH;")-COO" OH OH H

Figure 18.4. Chemical structures of pinnatoxins and pteriatoxins.

Table 18.1.  Acute toxicity of pinnatoxins and pteriatoxins by intraperitoneal administration to mice
LDy, (Hg/kg)* References LD, (ug/MU)! References
180 Uemura et al. 1995
(+)-Pinnatoxin A 135 McCauley etal. 1998 2.70 Kuramoto et al. 2004
(-)-Pinnatoxin A >5,000 McCauley et al. 1998

Pinnatoxins B and C? 22
Pinnatoxin D 400
Pteriatoxin A 100
Pteriatoxins Band C?2 8

Takada et al. 2001a 0.99
Chou et al. 1996a >10.00
Takada et al. 2001b

Takada et al. 2001b

Kuramoto et al. 2004
Kuramoto et al. 2004

LDy, (ug/kg body weight) and LD, (ug/mouse unit) are doses of toxins that produced lethality of 99% and 50%

of animals, respectively. 21:1 mixture of toxins B and C (stereoisomers)
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molecules differ only in the nature of the substitute at position C33 (see Fig. 18.4). Hence, a 1:1 mix-
ture of pinnatoxins B and C, which are stereoisomers and have a glycine residue at C33, was between
3 to 8 times more toxic to mice than (+)-pinnatoxin A, which has a carboxyl group at this site (Takada
et al. 2001a; Kuramoto et al. 2004). The situation with pteriatoxins is even more remarkable.
These compounds are derivatives of 3-(2-hydroxyethylthio)-2-aminopropanoic acid [i.e.,
HOCH,CH,SCH,CH(NH,)COOH], in which the macrocycle is attached at positions 2 and 1 of the
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hydroxyethylthio moiety for pteriatoxin A and pteriatoxins B-C, respectively. As a consequence, a
1:1 mixture of pteriatoxins B and C was 12.5 times more toxic to mice than pteriatoxin A (Takada
etal. 2001b). It is worth noting that the potency of pinnatoxins B-C and pteriatoxins B-C is compara-
ble to that of tetrodotoxin, well-known to be responsible for pufferfish toxicity. Finally, the acute tox-
icity of pinnatoxin D to mice was weaker than that of the other pinnatoxins and pteriatoxins, although
it showed the strongest cytotoxicity against the murine leukaemia cell line P388 (Chou et al. 1996g;
Kuramoto et al. 2004).

Pinnaic Acids and Halichlorine: Anti-inflammatory Agents

In 1996, Uemura’s research group reported the isolation and purification of three novel spirocyclic
marine alkaloids: pinnaic acid and tauropinnaic acid from the viscera of the Okinawan bivalve Pinna
muricata (Tong et al. 1996), and halichlorine from the Japanese black marine sponge Halichondria
okadai Kadota (Kuramoto et al. 1996). The gross structure of halichlorine was determined by using
MS, IR, and NMR methods (Kuramoto et al. 1996), and its absolute configuration was elucidated by
synthesis of an oxidative degradation product (Arimoto et al. 1998). It consists of a sterically hin-
dered 15-membered lactone, an azabicyclo [4.4.0] ring and a [5.6]-spiro ring moiety (Fig. 18.5A).
The structures of pinnaic acids, although incompletely established with NMR methods (Tong et al.
1996), reveals that both products are closely related to halichlorine since they share in common a
characteristic and highly functionalized 6-azaspiro[4.5]decane ring system (Fig. 18.5B). It is thus
likely that these marine natural compounds are produced by symbiotic micro-organisms.

The molecular complexities of these architecturally novel alkaloids have prompted intense stud-
ies to elaborate new and efficient methods and strategies for the synthesis of these products. Hence,
several stereocontrol approaches have been developed to successfully construct the azaspirocyclic
core of pinnaic acids and halichlorine, providing access to the formal total synthesis and highly
stereoselectivity of these molecules (Christie et al. 2004; Zhang et al. 2005; Andrade and Martin
2005; Clive et al. 2005; and references cited therein). In particular, Danishefsky’s research group has
reported the first total synthesis of halichlorine (Trauner et al. 1999), supporting the previous con-
clusions regarding the structure of this alkaloid (Kuramoto et al. 1996; Arimoto et al. 1998), and has

Pinnaic acid R=0O
cl OH Tauropinnaic acid R = NH-CH»-CH»-SO4y

Figure 18.5. Chemical structures of halichlorine (a) and pinnaic acids (b).
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achieved the total synthesis of pinnaic acids (Carson et al. 2001), leading to revision of the structures
originally proposed (Tong et al. 1996) and unambiguously establishing the relative and absolute con-
figurations of the molecules at C14 and C17, respectively.

Pinnaic acids and halichlorine are considered as potential drugs for the treatment of some inflam-
matory diseases, although they exhibit different biological activities (for a review, see Kuramoto et al.
2004). On one hand, both pinnaic acid and tauropinnaic acid have been reported to inhibit in vitro
the activity of cytosolic 85-kDa phospholipase A2 (cPLA2), a phospholipase that preferentially
cleaves arachidonic acid-containing phospholipids (Kramer and Sharp 1997), the former being
about two times less potent than the latter (Tong et al. 1996). On the other hand, halichlorine was
shown to selectively inhibit the expression of the vascular cell adhesion molecule 1 (VCAM-1), a
cytokine-induced endothelial protein that binds to lymphocytes (Osborn et al. 1989), in cultured
human endothelial cells (Kuramoto et al. 1996; Trauner et al. 1999). Interestingly and unexpectedly,
some of the bicyclic and tricyclic compounds with the azaspiro core structure, prepared from a
key intermediate used in synthetic studies on halichlorine, have been found to exhibit cytotoxic
activity towards a cultured human monocytic leukaemia cell line, involving apoptotic phenomena
such as induction of chromatin condensation and caspase activation (Itoh et al. 2002).

Pinnamine: Nicotinic Acetylcholine Receptor Ligand

A seventh novel alkaloidal toxin, pinnamine, was isolated and purified from the viscera of the
Okinawan bivalve Pinna muricata (Takada et al. 2000). Its gross structure, clarified by a detailed
analysis of NMR and CD spectra, includes a 9-azabicyclo[4.2.1]nonane pharmacophoric element
(Fig. 18.6A). Further synthetic studies have not only confirmed the absolute stereochemistry of the
molecule, but have also allowed stereocontrolled access to a non-natural congener, 5-epi-pinnamine,
of the natural product (Kigoshi et al. 2001; Hjelmgaard et al. 2005).

Pinnamine has been shown to exhibit significant acute toxicity against mice, producing characteristic
excitability symptoms, such as scurrying around, before death of animals (Takada et al. 2000). Interest-
ingly, these toxic symptoms, as well as the structure of pinnamine, resemble those of the agonists of
nicotinic acetylcholine receptors (NAChR) discovered from natural sources and including anatoxin-a
(Fig. 18.6B; Hjelmgaard et al. 2005), a freshwater cyanobacterial (blue-green algal) alkaloidal toxin (for
a recent review, see Daly 2005). Indeed, replacement of the 9 azabicyclo[4.2.1]nonane element of
pinnamine by the 8-azabicyclo[3.2.1]octane moiety of ferruginine, an alkaloidal toxin from arboreal
Darlingia species, resulted in distinctly lower nAChR [(«4),(B2), and o7 subtypes] affinities than pin-
namine and ferruginine (Schwarz et al. 2003).

Figure 18.6. Chemical structures of pinnamine (a) and anatoxin-a (b).
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Prorocentrolides and Spiro-prorocentrimine: Fast-Acting Toxins with
Unknown Molecular Targets

Various species of benthic marine dinoflagellates belonging to the genus Prorocentrum sp. are well
known to be producers of diarrhetic shellfish poison (DSP) toxins, a group of lipid-soluble poly-
ethers including okadaic acid and dinophysistoxins (for a review, see Vale et al. in the present book).
In addition, two more polar lipid-soluble compounds, prorocentrolide and prorocentrolide B, have
also been reported to be present in BuOH-soluble fractions of MeOH extracts from a strain of
P. lima, common in sandy benthic sediments in British Columbia, and from the tropical dinoflagel-
late P maculosum (originally referred to as P. concavum), respectively (Torigoe et al. 1988; Hu et al.
1996b). Interestingly, neither prorocentrolides nor related compounds could be identified in two
DSP toxin-producing strains of P. lima obtained from various localities in eastern Canada (Hu et al.
1996b). This may indicate that cold water strains of Prorocentrum species, in contrast to those from
warm-water, do not produce any of these toxins. More recently, a third novel polar lipid-soluble
compound, spiro-prorocentrimine, was isolated and purified from a culture of an unknown benthic
Prorocentrum species obtained from epiphytes of coral reef seaweeds in Taiwan (Lu et al. 2001). It is
worth noting that although the involvement of DSP toxins in human intoxication has been largely
documented, there is no evidence that any of the three polar compounds found in Prorocentrum sp.
have been responsible for adverse effects in humans.

NMR and MS methods, as well as X-ray crystallography, have been used to achieve the structure
elucidation of prorocentrolide, prorocentrolide B, and spiro-prorocentrimine, and to establish stereo-
chemical details regarding some ring systems present within the structures (Torigoe et al. 1988; Hu et
al. 1996b; Kusuoku et al. 1998; Lu et al. 2001). The data obtained reveal that these marine toxins all
are closely related nitrogenous polyether macrocycles containing two similar macrocyclic rings,
although spiro-prorocentrimine has a smaller macrolide moiety than the prorocentrolides (Fig. 18.7).
The unique feature of spiro-prorocentrimine is the spiro-linked cyclic imine with an ortho, para-
disubstituted cyclohexene, a distinctive functional group similar to the azaspiro[5.5]undecadiene sub-
unit found in gymnodimines (see above). In contrast, both prorocentrolide and prorocentrolide B are
characterized by a hexahydroisoquinoline ring system, sharing thus a common pharmacophore with
the spirolides (see above and Wright et al. 1997). However, a sulfonyl substitution is present within

Figure 18.7. Chemical structures of prorocentrolide (a), prorocentrolide B (b), and spiro-prorocentrimine (c).
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the structures of spiro-prorocentrimine and prorocentrolide B, on the 6-membered ether ring of the
former and on the 5-membered cyclic ether within the macrolide moiety of the latter.

Prorocentrolide, prorocentrolide B and spiro-prorocentrimine have been shown to produce an
acute toxicity by intraperitoneal administration to mice, spiro-prorocentrimine (LD,, of 2,500
ug/kg) being about 6 times less toxic than the prorocentrolides (Torigoe et al. 1988; Hu et al. 1996b;
Lu et al. 2001). Although no information on the symptoms of intoxication with spiro-procentrimine
has been found, prorocentrolide and prorocentrolide B were reported to cause the characteristic
“fast-acting” symptoms in the mouse bioassay. Hence, these polar toxins produce a rapid toxic
response within a few minutes after their administration to mice, with death occurring shortly there-
after. Furthermore, these polar toxins display an “all or none” effect, since there are critical doses
below which the animals recover completely. Interestingly, an earlier study has reported that the
Et20- and BuOH-soluble fractions of MeOH extracts, from the Caribbean P. concavum, cause dif-
ferent toxic responses in the mouse bioassay: the Et20-soluble fraction killed mice in hours,
whereas the more polar BuOH-soluble fraction induced a much more rapid animal death, i.e., within
minutes (Tindall et al. 1984). It is likely that these two types of toxicity are accounted for by DSP
toxins and prorocentrolides or related derivatives, respectively. Finally, prorocentrolide was shown
to be toxic, in vitro, to the murine leukemia cell line L1210 but not to the fungus Aspergillus niger,
the yeast Candida rugosa, or the bacterium Staphylococcus aureus (Torigoe et al. 1988). Although
the toxicological and pharmacological effects of these fast-acting toxins are not yet understood, it is
worth noting that they are not phosphatase inhibitors (Hu et al. 1996b), unlike their co-metabolites,
the DSP toxins.

Symbioimines: Inhibitors of Osteoclast Differentiation and Cyclooxygenase
Activity

The symbiotic marine dinoflagellate Symbiodinium sp., which is a type of zooxanthellae found in a
wide range of marine invertebrates (Rowan and Powers 1991), is known to produce a number of
super-carbon-chain compounds, such as zooxanthellatoxins (Nakamura et al. 1995), zooxanthel-
lamides (Onodera et al. 2004) and symbiodinolide (Washida et al. 2004). It is likely that these com-
pounds in the symbiotic dinoflagellate may serve as a defence material which prevents digestion of
their host animal. In addition, two marine iminium alkaloids, symbioimine and its congener neosym-
bioimine, were purified from a culture of Symbiodinium sp. isolated from the Okinawan marine acoel
atworm Amphiscolops sp., and characterized (Kita et al. 2004 2005; Kita and Uemura 2005). Their
structure and relative stereochemistry, deduced by spectroscopic and X-ray crystallographic analysis,
show that these compounds are novel amphoteric cyclic iminium metabolites with an unique [6,6,6]-
tricyclic iminium ring structure and an aryl sulfate moiety (Fig. 18.8). It is obvious, from a very recent
synthetic study regarding (+/—)-deoxysymbioimine (Snider and Che 2006), that the formal synthesis
and absolute stereochemistry of symbioimine and neosymbioimine molecules are in progress.
Studies related to the biological activity of symbioimine have been performed. They reveal that
micromolar concentrations of this alkaloidal compound, while being not cytotoxic, exhibit potent and
valuable pharmacological effects (Kita et al. 2004 2005; Kita and Uemura 2005). Indeed, symbioimine
significantly inhibits the differentiation of murine monocytic cells (line RAW264) into osteoclasts,
probably by neutralizing the receptor activator of nuclear factor-kB ligand. Thus, this effect makes
symbioimine a potential antiresorptive agent for the prevention and treatment of osteoporosis in post-
menopausal women. It is worth noting that other marine iminium alkaloids, the norzoanthamine and its
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Figure 18.8. Chemical structures of symbioimines.

homologues isolated from the colonial zoanthid Zoanthus sp., were also notified to be good candidates
for antiosteoporotic drugs (for reviews, see Kuramoto et al. 2004; Kita and Uemura 2005). Interest-
ingly, on the basis of structural similarities between the molecules, a plausible precursor for these zoan-
thid alkaloids has been briefly reported to be zooxanthellamine, an iminium alkaloid purified from
Symbiodinium sp. (Nakamura et al. 1998), which strongly suggests an algal origin for norzoanthamine
and its homologues. Symbioimine has also been shown to inhibit, with moderate subtype specificity,
the activity of cyclooxygenases (COX-1 and COX-2), the over expression of which has been linked to
carcinogenesis and angiogenesis (Kita et al. 2004 2005; Kita and Uemura 2005). Thus, symbioimine
may also be useful for the development of new anti-inflammatory drugs to treat COX-associated dis-
eases, such as inflammatory diseases and cancer.

Other Marine Cyclic Imines: Source of Potential Drugs and/or Biological
Probes for Physiological Studies

The distinguishing feature of the compounds described above, i.e., the presence of a cyclic imine
moiety within their molecular framework, has also been found in various toxins that occur naturally
in other marine organisms, such as bacteria and sponges. Indeed, a non exhaustive list of these
toxins, together with their origin and their biological activity, is given in Table 18.2. As the result of
their significant and specific biological activity, most of them are often considered useful as potential
drugs and/or biological probes for physiological studies.

Conclusion

The monitoring of cyclic imines in areas where shellfish are gathered or commercially harvested
appears essential for ensuring consumer’s safety and confidence. To further enhance the safety of
consumers, it is imperative to elucidate the mechanisms of action of a number of cyclic imines and
to improve our knowledge of their metabolism, as well as their toxicological properties. Data pre-
sented in this review support this prospective approach, and this is particularly important since there
is a global expansion of shellfish culture. Understanding the toxicology and pharmacology of phyco-
toxins containing cyclic imines will also permit identifying the risk, implement preventive mea-
sures, develop appropriate treatment strategies, and set the basis for regulation and policies.
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Table 18.2. A nonexhaustive list of marine iminium alkaloids isolated from bacteria, sponges or
ascidia, together with their biological activity

Alkaloid

Species

Behavior

A58365A and A58365B
Aburatubolactams

Amphotericin B
Jenamidines A-C

Salinosporamides

Tetrapetalones
Anchinopeptolides A-D

Batzelladines A-E

Crambescidins
Dysiherbaine

Ircinamine
Manzamines

Nakadomarin A
Phloeodictines A-A1-A2

Ptilomycalin A

Pyrinodemins A-B
Sarains

Cylindricines A-K

Streptomyces chromofuscus
Streptomyces sp.

Streptomyces nodosus
Streptomyces sp.

Salinispora tropica

Streptomyces sp.
Anchinoe tenacior

Batzella sp.

Crambe crambe
Dysidea herbacea

Ircinia sp.
Haplosclerida sp./other
sponges

Amphimedon sp.
Phloeodictyon sp.

Ptilocaulis Spiculifer

Ptilocaulis / Hemimycale sp.

Amphimedon sp.
Haplosclerida sp.

Clavelina cylindrica

Inhibitors of angiotensin

converting enzyme

Inhibitors of superoxide

anion generation

Antifungal activity

Inhibitors of proliferation of
myeloid leukemia cell line K-562
Inhibitors of proteasome function
and cytotoxic activity (tumor cells)
Inhibitors of lipoxygenase

Ligands of somatostatin, bradykinin
and neuropeptide Y receptors
Inhibitors of the binding of

HIV gp-120 to CDA

Antiviral and cytotoxic activities
Agonist for non-NMDA type
glutamate receptors

Activity is expected based on the
reactivity of the thioester moiety
Antiinflammatory, antifungal and
anti-HIV-1 activities

Cytotoxic and antimicrobial activities
Antibacterial and cytotoxic
activities (KB cells)

Inhibitor of Na*, K*-, or Ca?*- ATPase
Cytotoxic, antifungal, antimicrobial,
and antiviral activities

Cytotoxic activity (murine leukemia and
KB epidermoid carcinoma cells)
Anticancer, antibacterial, and
insecticidal activities

Cytotoxic activity
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321, 327
Adda, ((2S,3S,8S,9S,)-3 amino-9 methoxy-2,6,
8-trimethyl-10-phenyldeca-4,6-dienoic acid),
252, 253, 258, 261-264
Alcohol, 2-9, 131, 132, 175, 290, 292, 302
allylic, 9
amino, 75, 121
axial, 290
bisallylic, 281
epoxy, 29, 285
homoallylic, 287
primary, 3, 5, 300, 302
propargyl, 285
secondary, 299, 302
tertiary, 3
Alexandrium,
ostenfeldi, 322, 323
tamarense, 322
Alkoxyallylstannane, 4
Aminoalcohol, 75, 121
Aminotransferase, 179
Anabaena, 141-149, 252, 256
Analysis,
calcium entry, 231
chemical, 105, 313
electric potential, 243
ELISA, 160, 261-264
histological, 234, 237-239, 315
HPLC, 89, 112, 150, 160, 174, 213, 260, 265, 266
Instrumental, 42
J-based configuration, 51, 53
mass spectrometry and,
anatoxin, 151
azaspiracid, 297
maitotoxin, 51
microcystin, 258
okadaic acid, 211
palytoxin, 78
pectenotoxin, 166, 167, 170
polycavernoside, 276

NOE, 284

phosphatase, 263

pigment, 32

retrosynthetic, 21, 30

structural, 228

toxicological, 112

transcriptional, 323

X-Ray, 219, 224, 320
9-anthryldiazomethane (ADAM), 205, 213, 215
Aphanizomenon, 141, 254
Apoptosis, and

anatoxin, 148

azaspiracid, 315

domoic acid, 238

maitotoxin, 66, 69, 70

pectenotoxin, 180, 181

polycavernoside, 279

yessotoxin, 204, 205
Argopecten, 167
Artemia, 106, 111, 112
Aspergillus, 181, 329
Austrovenus, 39, 319
Azabycicle, 122, 133
Azaspiracid, 195, 199, 297-307, 311-317
Azaspiro, 297, 326, 327, 328
2,2’-azobisisobutyronitrile (AIBN), 3

Biosynthesis, 22, 75, 160, 181
Bis-triethylsilyl ether, 292
Bis(trimethylsilyl)amide, 3
Bond,

carbamate double, 127

C-C, 22, 25, 49, 129, 303, 304

cleavage, 51

C-0, 23,25

covalent, 290

disconnection, 31
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Bond (continued) excitable, 15, 33, 58-61, 66, 97, 99, 203

disulfide, 55 fibroblasts, 57, 62, 256

double, 3,9, 22, 49, 75, 76, 84, 128, 306 Gambierdiscus, 1, 47

ether, 51 ganglion, 242

hydrogen, 302 glioma, 62-64, 70

olefinic, 290 HEK, 62, 63

reaction, 303 Hela, 204

reconstruction, 51 hippocampal, 231-234, 238, 240

terminal, 287 homeostasis, 96

trans-double, 123 hybridoma, 262
9-borabicyclo[3.2.1]nonane (9-BBN), 2, 287 insulin secreting, 58, 62, 65
Butanol, 76, 87, 110, 111, 144, 211 insulinoma HIT, 55, 58

intestinal, 107-110, 113, 181, 255
Jurkat, 315, 316

C Karenia brevis, 19, 32, 42
kidney, 148
Calmidazolium, 68 leukaemia, 326, 327
Calothrix, 256 leukaemia HL-60, 62, 256
Calpain, 66, 70 leukaemia P388, 326
Candida, 181, 329 liver hepatoma, 60, 65
Cardium, 311 liver HepG2, 180, 204, 205
Caspase, 66, 148, 180, 204, 205, 327 liver KB, 180
caspase-1, 70 liver, 41, 64
caspase-3, 66, 69, 204, 280 lymphocyte, 203, 315
caspase-9, 66 lyophilized, 144, 145
Catalyst, 4, 5, 124 macrophague BAC-1, 66, 70
Grubbs, 7, 131-132 mast cell, 38
Cell, membrane, 58
acidification, 102 microglia, 239
adhesion molecule, 327 mitral granule, 234, 244
adhesion, 70 monocyte, 70
adrenal chromaffin, 148 mossy, 236, 237, 240, 241
breast MCF-7, 69 mouse taste, 15, 16
bronchial epithelial, 104 muscle, 16, 97, 142
caco-2, 316 necrosis, 257
cardiac muscle, 58, 206 neuroblastoma, 13-15, 61, 70, 98, 104-108, 113,
cerebellar granule (CGC), 99-103, 230, 231 180, 204, 279, 316
CHO, 62, 67, 69 neuroendocrine GHC, 61
cis-platin resistant, 204 non-excitable, 58, 60, 61, 66
cyanobacterial, 266 Ostreopsis mascarenensis, 110
death, 58, 64-70, 238, 257 Ostreopsis ovata, 87, 111, 112
dentate granule, 230-243 Ostreopsis siamensis, 104-107
dinoflagellate, 112 ouabain resistant, 98, 104
Dinophysis, 160, 162, 218 ovarian adenocarcinoma, 204
endothelial bovine aorthic, 62, 63, 66 p-53 deficient, 181
endothelial, 148, 226 proliferation, 58, 65
entorhinal, 236 Protoceratium, 187, 188
epidermal, 104 Protoperidium 311
epithelial, 205, 314 Purkinje, 205-207

eukaryotic, 107, 181 pyramidal CA3, 230, 236-242
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rat pituitary GH3, 148 maitotoxin, 53
red blood, 55, 63, 96, 98 pectenotoxin, 167
renal epithelial MDCK, 55, 59, 64 polycavernoside, 276, 281, 287, 290
retinal, 243 yessotoxin, 191
skeletal muscle, 321 cell-attached, 58
sperm, 65, 70 J-based, 51, 53
structure, 11 open, 37, 229
submandibular acini, 67 relative, 167, 191, 276
transfected, 60, 64 stereochemical, 120
type, 55, 58, 64, 180 Congestion, 11, 84, 147
villi, 179 Coupling, 3-6, 22-32, 51, 97, 174, 196, 263, 285
voltage-clamped, 59 allosteric, 14
wall, 19, 32 dithiane, 303
Xenopus oocytes, 59 Gennari-Still, 287
yeast, 97 Julia, 284
Center, 1, 282, 290, 297, 300 photoinduced, 22
Channel, 229 Stille, 2-6, 126, 292, 303-308
calcium, 38, 63-68, 97-101, 203, 230, 231, 324 Suzuki-Miyaura, 2, 4
cation, 55, 58, 62, 96, 99, 148, 227 Crassostrea, 39, 107, 167, 311, 319
heteromeric, 236 Cyclization, 121-131
low-conductance, 98 1,5 cyclooctanediol, 122
open, 13, 95, 223, 228 cyclooctene, 120, 121
potassium, 12, 15, 16, 321 epoxide, 25
sodium, 1, 12, 16, 22, 37, 38, 55, 101, 146, 203 hydroxydithioketal, 32
stretch-activated, 65 iminium ion, 120, 126, 129
voltage, 12 ketone, 22, 123
Chiral, 25, 127 transannular, 121, 123
amide, 125 Cyclooctanone, 126
base, 125 Cyclooctene, 120, 121, 123
center, 76, 77, 167, 282 Cyclooctanediol, 122
ether, 130 Cyclooxygenase, 232, 241, 329, 330
gas chromatography, 53 Cylindrospermopsin, 251-254, 257, 265, 266
ligand, 124 Cylindrospermum, 141
pool, 120, 125 Cytoskeleton, 107, 108, 113, 181, 316

segment, 287
skeleton, 133

subunit, 281 D
sulfoxide, 300
syntheses, 120 Darlingia, 327
Chirality, 124 Dehydrogenase, 179
Chlorotrimethylsilane, 3 Derivatization, 1, 215
Choline, 58, 60, 98, 103 Desilylation, 132, 287, 290, 292
Chondria, 75, 224 Diarrhea, 10, 47, 88, 211, 242, 278, 313
Chromatin, 148, 327 Diastereoisomer, see isomer
Chromium, 25, 133 Diastereomer, see isomer
Configuration, 49, 51, 53, 241, 282, 300 1,1-dibromoethane, 7
absolute and, Dibromoolefin, 4
anatoxin, 120 Diene, 5, 302
cyclic imines, 326, 327 1,5-cycloocta, 121

gambierol, 1, 4 2-ethoxy, 121
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Diene (continued)
azaspiro[5.5]undeca, 328
conjugate, 79, 84, 276
cyclohexyl, 279
isopropyl, 279
racemic, 298
system and,
Z2,2),1
cyclic enol ether, 22, 32
6,8-difluoro-4-methylumbelliferylphosphate
(DIFMUP), 260
Difluorotrimethylsilicate, 4
Digenea, 224
Dihydroanatoxin, 129
Diisobutylaluminum, 4
Dimethylsulphoxide (DMSO), 4, 6, 41, 49
Dinophysis, 162, 166
acuminata, 160
acuta, 218
fortii, 160, 211, 215
spp, 160, 167, 168, 181, 213, 214, 218
Dinophysistoxin, 159, 180, 206, 211-214, 315, 328
Dioxirane, 7
Ditiothreitol, 55, 58
Duodenum, 179, 181

E

ELISA, 160, 188, 196, 198, 217, 261-264
Enantiomer, 124, 126-128, 167, 278, 284, 287, 307
Enantioselective, 53, 120, 124, 125, 129, 281, 287
Ensis, 311
Enzyme,
acetylcholinesterase, 119, 142, 146, 321
aminotransferase, 179
ASK, 70
calpain, 70
caspase, 66, 238
dehydrogenase, 66, 179
drug metabolism, 179
exonuclease, 204
NA-K ATPase, 95-98, 103
pectenotoxin hydrolysis, 162, 175
protease, 256
superoxide dismutase, 256
transglutaminase, 70
Edema, 11, 147
7-epicylindrospermopsin, 254
Exoskeleton, 111
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F

Fluo-3, 108
Fura-2, 15, 66, 230
Fura red, 108
Furan, 298

G

Gambierdiscus, 1, 37, 47

Gambierol, 1-16, 37

Glutamate, 226-230, 236, 242, 243
efflux, 101
excitotoxicity, 230
receptor, 99-101, 223, 227, 230, 241, 242, 323
release, 100, 101, 223, 230, 236-239, 244
toxicity, 231
uptake, 239

Glycoside, 6, 96, 287, 289

H

Halichlorine, 326, 327
Halichondria, 211, 326

Haliotis, 319

Hapaloshiphon, 252

Headache, 10, 313

Hermodice, 95
Hexamethyldisilazane, 4
Homoanatoxin, 141, 146
Homotropane, 120, 125, 127, 133
Hypertensién, 10

lleum, 255
lodoolefin, 5
lodotrimethylsilane, 4, 121, 129
Isomer, 6, 7, 76
acid-catalysed, 168, 174
anatoxin, 125, 128, 150
anti, 53
azaspiracid, 298, 300, 302, 307
cis/trans, 75
diastereoisomer, 121, 174
diastereomer, 4, 8, 298, 300, 304
dinophysistoxin, 213
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domoic acid, 224 anatoxin, 142
endo/exo, 120 cylindrospermopsin, 257
gymnodimine, 320 domoic acid, 234
microcystin, 253 gymnodimine, 320, 323
okadaic acid, 213 hepatotoxin, 257
optic, 67 homoanatoxin, 141
pectenotoxin, 166-177 maitotoxin, 47, 55
photoisomer, 123 mascarenotoxin, 87
pinnatoxin, 325 microcystin, 255-259
polycavernoside, 285, 290, 292 ostreocin, 84, 105
spirolide, 321 palytoxin, 76
stereoisomer, 3, 53, 75, 82, 128, 253, 290, 298 pectenotoxin, 178, 179
syn, 53 polycavernoside, 276, 278
yessotoxin, 191, 198 spiro-prorocentrimine, 329
Iso-propylanatoxin, 133 yessotoxin, 206
Itching, 10 minimal dose, 1, 9, 177-179, 279, 293, 313

nonlethal, 225
oral dose, 313

J sublethal, 106, 147, 151
Jejunum, 181
M
K Mascarenotoxin, 87-89, 104, 110, 111
Metathesis, see also reaction
Karenia, 19, 32, 320 alkene, 131
Kinase, cross, 131
ASK, 70 enol-ether, 7
calmodulin-dependent protein, 70 enyne, 120, 131
ERK MAP, 69, 103 ring-closing, 4, 30, 131, 196
glucocorticoid inducible, 232 Methanol, and
inhibitor, 180 anatoxin, 121, 128, 143, 144
inositol-3, 64 brevetoxin, 20, 40, 41
JNK MAP, 103 cylindrospermopsin, 266
MAPK, 103 deuterated, 80
p38 MAPK, 68, 70 microcystin, 267
PKA, 224 225 ostreocin, 84, 87
PKC, 103, 148 palytoxin, 76
protein kinase 11, 241 pectenotoxin, 173, 195, 211
protein, 55, 103 polycavernoside, 292
Ser-Thr protein, 69, 103 Method,
tyrosine, 69 Ateeq and Simpkins, 133
Bignami, 106
biological, 258
L carbodiimide, 261
conjugation, 261, 262
Lactate dehydrogenase (LDH), 66, 68, 70 DeOlmos, 239
Lethal, 147, 179, 181 detection, 160, 211, 251, 252, 257, 314, 320
activity, 147 ELISA, 160, 261-264

dose and, extraction, 266
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Method (continued)
gas chromatography (GC), 264
HPLC, 213, 217, 257, 260-268
isolation, 51, 144, 178
LC-MS, 151, 160, 162, 195, 213, 215, 266
Mori, 131
Nicolaou, 290
NMR, 51, 326
Pandey, 133
PCR, 32
purification, 168
Rapoport, 124, 129
Royer, 133
Rychnovsky, 4
sample preparation, 160
screening, 257, 261
SPATT, 162
Speckamp, 131
spectroscopic, 51
Stjernlof, 122
synthesis, 5, 22, 29-32, 53, 119, 121, 174, 326
thin layer chromatography (TLC), 264
toxicity, 151
Yamaguchi, 7, 290
Methoxy-a-trifluoromethylphenylacetic acid
(MTPA), 1
Methylmagnesium, 3, 124
Microcystis, 141, 145, 251, 252, 256, 260, 263
Motuporin, 253
Mytilus,
coruscus, 166
edulis, 107, 297, 308, 311, 321
galloprovincialis, 166, 312, 319

N

Nausea, 10, 37, 47, 113, 177, 211, 242, 313
Necrosis, 66, 69, 179, 206, 234, 238, 256, 257, 315
Nickel, 25

N-methylmorpholine N-oxide (NMO), 2
Nodularia, 252, 256, 261

Nodularin, 145, 149, 251-267

Nostoc, 252, 256

N-tosylanatoxin, 129-132

O

Oscillatoria, see Planktothrix
O-silylation, 281
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Ostreocin, 75, 82, 84, 87, 89, 95, 104-113
Ostreopsis, 76
heptagona, 83, 84
lenticularis, 83, 106
mascarenensis, 83, 87, 88, 89, 110, 111
ovata, 83, 87,111, 112
siamensis, 83, 84, 104-107, 111
spp., 82, 83, 89, 104, 106, 113
Ouabain, 84, 87, 96-98, 104, 107, 112
Ovatatoxin, 87
Oxazolidinone, 281
Oxepane, 22, 23, 25
Oxonium, 5
Oxonol, 13, 99, 108, 113

P

Pacopecten, 321
Palladium, 3, 32, 123, 124, 292
Palythoa, 75-77, 95
sp, 79
toxica, 95, 103, 111
tuberculosa, 75, 82, 87
Pandaros, 211
Paphies, 319
Paralysis, 10, 19, 33, 38, 111, 142, 315, 320
Patinopecten, 159, 187
Pecten,
fumatus, 167
maximus, 166, 311
novaezelandiae, 107, 175, 319
Penicillium, 181
Perna, 107, 319
Pinna, 167, 324, 326, 327
Phormidium, 256
Phosphatase, 179-180, 203, 217, 219, 251,
256-262, 315, 329
glucose-6, 179
Phosphodiesterase, 63, 203
Pinnaic acid, 324, 326, 327
Pinnamine, 324, 327
5-epi-, 327
Pinnatoxin, 320, 324-326
Piridinium, 5, 122
Planktothrix, 142, 144-146, 252, 260
Platypodiella, 95
Polycyclization, 22
Pteria, 324
Pteriatoxin, 320, 324-326
Pyroglutamate, 127, 132
p-methoxybenzyl, 2



p-methoxybenzylidene, 281
Polycavernoside, 275, 276-292
Polycyclic,
backbone, 13
compound, 123
ether, 1, 4,6, 9, 21, 30, 187, 196
Polyether, 12, 13, 19, 37, 211, 297, 328
disulphated, 188
ionophore, 22
ladder-shaped, 199
macrocyclic, 159
natural, 33
octacyclic, 1, 3,5, 9
Prorocentrolide, 320, 328, 329
Prorocentrum, 111, 211, 213, 214,
218, 328
Protocol, see also method, see also reaction.
carbodiimide conjugation, 261
Ito-Saegusa, 3
Murai, 290
Takai-Utimoto, 7
Uenishi, 4
Yamaguchi, 292
Yamamoto, 8
Yasumoto, 195
Protoperidinium,
crassipes, 311
spp, 160
Pseudo-nitzschia, 223, 224
Pyran, 25, 286
Pyranose, 287, 290
Pyridine, 4, 76, 292, 300, 301
4-amino, 321
3,4-diamino, 321

R

Racemic, 120-126, 129, 130, 131, 133,
147, 298
Reaction, 4, 7,9, 32, 125, 130, 173-174, 260-263,
298, see also method
acrosome, 65, 70
addition, 25, 29, 32
aldol, 287
allylsilane, 129
aminocarbonylation, 123
bond-forming 303, 304, see also
Stille reaction
cell, 69
contraction, 127
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Corey-Fuchs, 3

cyclization, 32, 129, 130

cyclopropanation, 125

Diels-Alder, 53, 174

double, 30

energy, 292

enozilation, 125

expansion, 125

Horner-Wadsworth-Emmons (HWE), 25

hydrolysis, 175

iodoetherification, 302

lactonization, 29

metathesis, 4, 5, 131, 132

Mitsunobu, 302

monitoring, 278

neurosensory, 10

periodate, 49, 51

peroxidase, 262

polymerase chan (PCR), 256,
see also method

Reformatsky, 29

sequence, 128, 129

silver, 287

sodium hydride, 289

spiroaminal, 302

Staudinger, 302

Stille, see coupling

Suzuki-Miyaura, see coupling

Wittig, 23, 25

zip type, 22

Receptor,

acetylcholine, 119, 133, 146-149,
319, 321

AMPA, 227, 229, 241-243

autoreceptor, 236, 237

benzodiazepine, 238

domoic acid, 223, 226

glutamate, 99-101, 223, 227-229, 242

ionotropic, 223, 229

kainate, 223, 226-230, 236, 238

maitotoxin, 55, 62—-70

muscarinic, 323

nicotinic, 132, 148, 327

NMDA, 227, 230-232, 241

nuclear factor-kB, 329

palytoxin, 98

phagocytic, 239

postsynaptic, 237

sodium channel, 12, 37

transient, 58, 60

YTX, 205
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S spirolide, 321
) spiroprorocentrimine, 328, 329

Saponin, 7_6 yessotoxin, 187-191, 196, 204, 205
Scopolamine, 243 dendritic, 242
Silylation, 285, 287 limbic, 238
Silyl, 4,132, 284 mitochondria, 41
Skeleton, 121-123, 126 polyether, 12

bicycle, 130 tetrameric, 227, 229

p_olyether, 1 Submucosa, 11

ring, 32, 119, 123 Symbioimine, 329, 330

semi-rigid, 133 Symbiodinium, 329, 330

Spirolide, 206, 320-328

_ Synthesis,
Spirocenter, 298 adriatoxin, 196
Spiro-prorocentrimine, 328, 329 anatoxin, 120-133, 142, 150, and
Staphylococcus, 329 Campbell, 123
Stereocenter, 300 Gallagher, 134
Steroid, 96, 97 Ham, 123
Stereoisomer, see isomer Martin, 132
Stereoselectivity, 5, 284, 326 Rapoport, 126
Struct_ur_e, Simpkins, 125
-activity, and Trost, 124
anatoxin, 126, 133, 142, 147 azaspiracid, 297-308
breveFOXin, 203 brevetoxin, 21, 22, 25, 29, 32, 35, and
gambierol, 9 Kadota, 30
pectenotoxin, 175, 177 Matsuo, 29
yessotoxin, 196, 198, 205 Nicolaou, 22, 31
cell, 1_1 polycyclic ether, 30
chemical, and cAMP, 203
ADDA, see Adda disaccharide, 287
anatoxin, 119-126, 130, 134, 141 DNA, 181

azaspiracid, 297-308

domoic acid, 224
brevetoxin, 19-22, 30-32

gambierol, 1, 2, 4, and

gambierol, 1, 4,9, 13 ABCD-ring, 8,9
gymnodimine, 319, 320 diverted, 9

halichlorine, 326 Mori, 8

maitotoxin, 49-53, 62 octacycle, 3
mascarenotoxin, 89, 111 Rainier, 6, 8
microcystin, 252, 258, 263 Sasaki, 2, 5

motuporin, 253 Yamamoto-Kadoka, 4, 8
nodulz?mn, _253 glutathione, 257

okadaic acid, 211, 213, 219

. gymnodimine, 320, 321
ostreocin, 84, 87, 105, 107, 112 halichlorine. 326

ovatatoxin, 87
palytoxin, 75-77, 89
pt'ecter)otm_(in, 167-174 maitotoxin, 53
p!nnalc_aud, 326, 327 microcystin, 256
pinnamine, 327 palytoxin, 75-77, and
pinnatoxin, 3_24 Kishi, 75, 82
polycavernoside, 276, 279, 281, 286 protein, 103

prorocentrolide, 328, 329 pectenotoxin, 159, 160, 167, 174

ionophore, 22
learning, 241



pinnaic acid, 326, 327

pinnatoxin, 324

polycavernoside, 276, 281, 290, 292
polyepoxides, 22

protein, 257

yessotoxin, 187, 196

T

Tapes, 311
Tachycardia, 10
Tauropinnaic acid, 326, 327
Tert-butyldimethylsilyl (TBDMS), 4
Tetrahydrofuran, 22, 276, 281, 320
Tetrahydropyran, 25, 276, 285, 287
Tetramethylammonium, 98, 284
Tetra-n-butylammonium fluoride (TBAF), 4
Tetra-n-propylammonium perruthenate (TPAP), 2
Tiostrea, 319
Titanium, 7
Triene,

conjugate, 276

isopropyl, 279

moiety, 276

side chain, 1, 2, 4,5, 8,9
Triethylsilane, 9, 287
Triflate, 8, 121, 196

enol, 27, 31, 121, 125

triisopropylsilyl, 287
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vinyl, 302

zinc, 2
Triisopropylsilyl, 287
Trimethylsilyldiazomethane (TMSCHN,), 120
Trimethysilyl enol ether, 121
Tropane, 120, 125, 131
Trypsin, 55

Vv

Venus, 167
Vinyl,
bromide, 4, 287
carbamate, 127
carbon, 129
ether, 125, 126
ethoxy-tributyltin, 126
iodide, 8, 279, 290, 292
stannane, 4, 5, 293, 302, 304, 306
sulfide, 290
sulfone, 299
triflate, 302
\Vomiting, 10, 38, 47, 177, 211, 234, 242, 313

Z
Zoanthus, 95, 330





