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Matract-As the causative agents of a new type of shellfish poisoning, named diarrbetic shellfish poisoning, 
okadaic acid, 35(S)-methyiokadaic acid, 7-O-acyl derivatives of 35(S)-mcthylokadaic acid, two novel poly- 
ether hctoncs named pcctenotoxin-1 and -2 have been isolated and had their structures determined. Three 
pectenotoxin analogucs were rho present. In addition to the previously identified Dinophysis fortii, D. acu- 
minafa was newly suggested as a source of toxins. 

In various parts of the world, normally edible fish and 
shellfish may become toxic as the result of feeding on 
toxic organisms, mostly dittoflagellates, and thus ac- 
cumulating their toxins. The best known example is 
the paralytic shellfish poisoning (PSP) which involves 
highly potent toxins of the saxitoxin family produced 
by Gonyaular (= Protogonyaular) spp.’ or Pyrodin- 
ium bahamense var. compressa.’ Recently Yasumoto 
et al.’ became aware of the folklore in northeastern 
Japan of frequent occurrence of gastroentetitis after 
ingestion of shellfish harvested during late spring to 
summer. The presence of acetone-soluble toxins in the 
digestive glands of the implicated shellfish, together 
with negative results for known pathogenic bacteria, 
continned the gastroenteritis to be an undescribed type 
of shellfish poisoning. The disease was thus named 
diarrhetic shellfish poisoning (DSP) after its predomi- 
nant human symptom.’ Although no red tide was 
sighted during the infestation period, the regional and 
seasonal variation of shellfish toxicity strongly sug- 
gested the planktonic origin of the toxins. This hy- 
pothesis was soon verified by subsequent surveys of 
plankton populations and shellfish toxicity, as well as 
by chemical analyses of dinoflagellate samples col- 
lected with a specially devised screening apparatus. 
The dittoflagellate Dinophysis jbrtii was identified as 
the organism which transmits toxins to sheUfish.4 
Noteworthy is the fact that shellfish may become toxic 
beyond the safety level in the presence of this species 
at a very low cell density of 200 cells per liter, or even 
lower. 

Unlike PSP, DSP does not appear to be fatal, but its 
high morbidity rate and worldwide occurrence have 
become apparent in recent years. The number of 
known DSP cases in Japan exceeds 1300 since 1976 
despite the existence of extensive surveillance; it is 
reported to be So00 in the single year of 1981 in Spain;’ 
and 400 in 1983 in France.6 Sporadic occurrence of DSP 
has also been known in the Netherlands’ and in Chile.’ 
Thus, the magnitude of the impact of DSP on public 
health and on the shellfish industries is no smaller than 
that of PSP, especially when the long duration of in- 
festation period is taken into account. 

The fust toxic component isolated from toxic mus- 
sels, code-named dinophysistoxin-1 (DTX,), was very 
similar in chromatogmphic properties to okadaic acid 
(I), a Cr, polyether fatty acid derivative isolated first 
from sponges by Tachibana et aL9 as a potent cytotoxic 
component, and then from the dinotlagellate Proro- 
centrum lima by us” as a possible secondary toxin in 
ciguateric fish. Comparison of spectral data between 
DTX, and okadaic acid confirmed the structure of 
DTX, as 35(S)-methylokadaic acid (II).” Subsequent 
effort revealed the presence of other okadaic acid de- 
rivatives, named dinophysistoxins @TX), and novel 
polyetber lactones, named pectenotoxins @TX) after 
the generic name of the scallop used for toxin extrac- 
tion. 

We now wish to report the isolation and structural 
determination of dinophysistoxin-3 @TXs, LIT), pec- 
tenotoxin- 1 (PTX, , IV), and pectenotoxin-2 fPTX2, V). 
Isolation of pectenotoxin3, -4, -5 fPTX,_5) and okadaic 
acid from toxic scallops or mussels and the assignment 
of Dinophysis acuminata a~ a new probable source of 
okadaic acid are also described. 

The digestive glands (200 kg) of scallops were ex- 
tracted with acetone at room temperature. After evap- 
oration of acetone, the residue was partitioned between 
diethyl ether and water. Purification of toxins in the 
ether soluble residue was achieved by the following 
procedures: initial treatment on two successive col- 
umns of sihcic acid, gel permeation through Sephadex 
LH-20 column to separate DTX, and PTX from DTXs, 
which has a bulky fatty acid moiety; reversed phase 
chromatography on a Lobar column for processing a 
relatively large quantity; chromatography on a basic 
alumina column to separate DTX,. which has a free 
carboxyl group, from neutral FIX; HPLC on reversed 
phase column; and HPLC on a silicic acid column to 
separate PTX, from PTX, and PTX2 from PTX,. 

DTX,, obtained as colorless solid, showed no ab- 
sorption maximum in UV region above 220 nm. The 
IR spectrum of DTXl was very similar to that of DTX, . 
The structural resemblance between DTXr and JYTX, 
is also evident in the ‘H NMR spectra (Pig. 1). Addi- 
tional signals observed in the spectrum of DTX, are 



1020 

I okadaic acid : Rl=H, R2=H 

II dinophysistoxin-1 : Rl=H, RZ=CH3 

Ill dinophysistoxin-3 : RI =aCyl, RZ=CH3 

40 

N pectenotoxin-1 : R=OH 

V pcctcnotoxin-2 : R=H 

PI, JR, 75, 101, 111. 125, US. YS, 10s. 211. 22S, 2SS. 275. 

22s. 2355. SSR. 26R, 27). US 

attributed to the presence of an unsaturated fatty acid 
moiety on the basis of the following assignment: S 0.88 
(3H, 1, terminal Me), 1.25 (ca 25H, br s, saturated 
mcthylene), 1.98 (ca 2H, m, metbylene adjacent to a 
double bond), 2.15 (2H, t, methylene adjacent to ester), 
2.80 (ca 6H, br dd, methylene between double bonds), 
and 5.35 (co SH, olefinic protons). Subsequent gas 
chromatographic analyses of hydrolysis products con- 
firmed the presence of DTX, and the following fatty 
acids in the hydrolysate: C14:0 (13%), ClsEO (2!9%), Cls:, 
(3%), C,IJ:W (9%), CZO:S,S (23%), and Czz:6r3 (23%). 
The number of protons estimated by the ‘H NMR spec- 
trum of DTX, support a structure of DTXJ as a mixture 
of DTX, derivatives having one of the above fatty acids 
as an ester. Another distinction between DTX, and 
DTX, in the ‘H NMR spectra is that one oxymethine 
proton of DTX, (6 3.40) is deshielded by 1.36 ppm (6 
4.76 ppm) in DTX,. This proton is easily assignable to 
C-7 H because its sharp doublet of doublet (J = I 1.8. 
4.2 Hz) signal coincides with the axial-axial and axial- 
equatorial coupling of C-7 H to C-6 methylene protons. 
From the close structural resemblance between DTX, 
and okadaic acid,9 the signals at 6 4.10 (br d, 10 Hz) 
and 6 4.07 (1, 10 Hz) are assignable to C-24 H and C- 
27 H. respectively. The broadness of C-24 H caused 
by its long-range coupling to oleftnic protons on C-42 
carbon and the triplet shape of C-27 H caused by its 
coupling to C-26 H and C-28 2H also support the as- 
signment. These signals remain unchanged in DTX,, 
although their signal shapes are deformed by the ov- 
erlapping C-4 H slightly shifted downfield from the 
original position of DTX, , excluding the possibility of 
any modification of C-24 OH and C-27 OH. Acylation 

of the C-2 hydroxyl can be excluded because the singlet 
at 8 1.37, which is assignable to the Me on C-2 carbon, 
remains unchanged in DTXS. These results allow us to 
assign the structure of DTX, to JD. 

DTX, is extremely sensitive toward acid, alkali and 
exposure to air. Leaving a dried sample exposed to air 
easily resulted in the loss of toxicity and production of 
multiple spots on TLC. Repurification of one of such 
deteriorated samples led to isolation of a compound 
non-lethal to mice, but indistinguishable from DTX, 
chromatographically. Field desorption mass spectrum 
exhibited (M’ +H) at m/z 1057 for a composition of 
GIHlooOlr, confonningtothat ofpalmitoyl DTX,. Gas 
chromatographic analyses of its hydrolysates proved 
the presence of DTX, and palmitic acid. The ‘H Nh4R 
spectrum had all characteristic features of DTX, except 
that signals arising from olefinic protons of the fatty 
acid moiety were absent in the spectrum of the newly 
isolated compound. These results confii that the 
component is ‘I-0-pahnitoyl DTX, . The lack of signif- 
icant toxicity of this compound (>5mg/kg, ip) indicates 
that toxicity of DTXp is related to the unsaturation of 
the acyl moiety. 

FT toxins are readily distinguishable from DT toxins 
by their strong UV absorption at 235 nm. On basic 
alumina column they were easily separable from 
DTX,, which was fvmly retained on the column due 
to the presence of the free carboxyl group. The pres- 
ence of five PTX were recogmzd. FTXr was obtained 
as a colorless crystalline solid. The IR bands at 3400, 
1760, 1740, !K’O cm-‘, and the UV A, at 235 nm (e 
12,400 methanol) indicated hydroxyl, five-membered 
ring ketone, ester and conjugated diene groups. The 
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Fii. 1. Gnnpahn of PKR specna between dinophysistoxin-t and dinophysistoxin-3. 

‘H NMR spectrum exhibited 6 methyls (3 doublets, 3 
singlets) and 3 oletinic protons of a zmts-frutu cm- 

jugated diene. The 13C NMR spectrum indicated 47 car- 
bons: 1 ketone singlet at 6 213.6; 1 carbonyi singlet at 
173.3; 4 01efInic carbons at 140.5 (d), 135.6 (d), 130.7 
(s) and 120.6 (d) ppm; 3 ketal or hemiketal singlets at 
108.8, 107.6,97.2; IS oxycarbons (3 singlets, 10 doub 
lets, and 2 triplets) between 855 and 61.3 ppm. The 
remaining 23 high field signals ranged from SO.3 to 12.7 
ppm and included 3 methines and 6 methyls. A sec- 
ondary ionization mass spectrum gave an fn/r 875 (M + 
+ H), indicating a formula of GrHm0r~. The relative 
stereostruct.ure of FTX, was secured by single crystal 
X-ray di!Eaction techniques. A computer generated 
perspective drawing of the X-ray model is given in Fii. 
2. This structure (IV) is completely consistent with the 
spectral data and an essentially complete assignment 

of the proton signals was achieved by J-correlated two- 
dimensional decoupling measurements (Fig. 3). 

The mass spectrum of PTX2 gave an m/z 859 (M’ 
+ H), suggesting that it was a deoxy FTX, . Compari- 
son of ‘H NMR spectra of PTXr and FTXl proved the 
absence of C-43 protons (8 3.56, 3.61 ppm) and ap- 
pearance of a new methyl signal at 1.33 ppm iu the 
spectrum of FTX2. A triplet at 65.8 ppm observed in 
the ‘Ic NMR spectrum of FTXt was transformed into 
aq~t~s~to~.O~~~es~~~ 
FE& Upfield shift of the resonance of a quatemazy 
carbon at 83.7-80.7 ppm in the spectrum of PTX2 is 
explainable by the removal of desbielding effect of C- 
43OHonC-18.ThcdownfieldshiftsofsignalsofITXl 
at 27.0(t) and 31.5(t) ppm to 33.8(t) and 36.2(t) ppm in 
the spectrum of FTXz are accounted for by the loss of 
a y&feet of the C-43 OH on C-17 and C-19 (C-17 and 
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Fii. 2. Stenoview of pectenotoxin-1. 

C-19 interchangeable). With all these evidences, PTXI 
was assigned to 43-deoxy PTXt 0. 

PTXo, PTX., and PTX5 were obtained in pure form 
but in small amounts. Both PTXl and PTX., are indis- 
tinguishable from PTX, in UV and mass spectra but 
are distinguishable by optical rotation, suggesting that 
they are stereoisomers of PTXt. The mass spectrum 
of PTX5 gave a (M’ +H) ion at m/z 877, suggesting 
that this compound is a dihydro derivative of either of 
PTX, , PTXl and PTX,. The IR spectrum of PTX5 con- 
firmed the absence of the absorption at 1760 cm-’ due 
to C-14 ketone. 

After our report of DSP and subsequent identitica- 
tion of D. forrii as the causative organism, extensive 

l.lZ(d. 7) 

surveys of planktons and shellfish toxicity have been 
conducted by prefectural institutes. Occasionally it 
was noticed that mussels become toxic, though at a 
low level and for a brief period, in the early spring when 
D. forrii was scxce in the sea. Instead, a significant 
number of a related species, Dinophysis acuminata, 
were present in the sea. In order to see whether D. 
acuminara was toxic and its toxins were the same as 
those of D. forfii, a mussel specimen collected in April 
was extracted and the toxin was purified in a similar 
manner employed for purification of DTX, . Gas chro- 
matographic analysis of the toxic principle of the mus- 
sel proved that it was indistinguishable from okadaic 
acid, but clearly different from DTX, in retention time. 

4.34(ddd.1.7.10) 
f 
1.96(d.16) 

1 4.01(6. 1) / 2.92(d. 16) 
3.48(ddd,2.9.12) I I . n... / _ 

4.27(ddd, 2.4.12) 

4.73(ddd.2.3.4) 

4.50(dd. 6.11) 
l.Ol(d.7) 

{3.61(ddd.1.5.11) 
t 3.95(ddd.3.11.14) 

Fii. 3. Assignment ofproton signals of ptctcnototi-I. 
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The results strongly suggest the implication of okadaic 
acid in DSP and the production of okadaic acid by D. 
acuminata. 

DLSClJS3lON 

Although DSP was first confihmed in Japan, its oc- 
curmu has been shown to be more frequent and 
widespread than suspected earlier. The absence of past 
records may be explained by the fact that patients often 
hesitate to report to health officials because the symg 
toms are relatively mild, or they tend to attribute the 
illness to other causes, especially to bacterial contam- 
ination. From health personnel point of view, lack of 
a proper method for detecting toxins in the past made 
it diEcult to diagnose the suspected gastroenteritis. As 
the amount of toxin that induces illness in man by oral 
intake is very sntah, equivalent to 32 c(g of DTX, , as- 
saying the toxins was not an easy task. 

The present work adds to a current topic of pro- 
duction of bioactive polyether compounds by dinoflag- 
ellates and their involvement in fish and shelhish poi- 
soning. Ciguatoxin, the principal toxin of ciguatera fish 
poisoning, is shown by Yasumoto et a1.l2 to be a prod- 
uct of a benthic dittoflagellate, Gambicrdiscus toxicvs, 
and the polyether nature of the toxin has been con- 
tinned by Scheuer and his colleagues on the basis of 
spectral analysis of a crystalline specimen.1’ Another 
benthic dinotlagehate, Prorocmtrum lima, produces 
okadaic acid and its involvement in ciguatera, though 
in a limited extent, is also ~uspected.‘~ Brevetoxins 
produced by Ptychodiscus brevis’c’6 not only cause 
massive fish kiJls but also cause neurotoxic shellfish 
poisoning.” Goniodomin, an antifur@ substance iso 
lat.4 from Goniodbma sp. has been also reported to 
be a polyether. to From a chemical point of view, it is 
notable that PT toxins are substantially different from 
previously described dittoflagellate toxins. Specift- 
c.aJly, they differ ftom others in having a longer carbon 
backbone (C,), a C,, lactone r& rather than an acydor 
structure, and a novel dioxabicyclo moiety. The large 
oxygen rich intermu cavity is grossly similar to the cav- 
ities found in the polyether ionophores from terrestrial 
microorganisms. Coexistence of compounds of such 
different skeletons raises an interesting question about 
the biosynthesis of polyether compounds in dinoflag- 
ehates. The occurrenu of okadaic acid in Japanese 
mussels exposed to D. acuminuta coincides with the 
ouumnu of this compound in Dutch mussels col- 
lected from an area where the same species was abun- 
dant (M. Kat and T. Yasumoto, unpublished data). The 
incidence ofgastroenteritis caused by ingestion ofmus- 
aels in Chile was associated with the occurrenu of 
Dinophysis actua,’ though details are not available. 
Further study seems necessary to determine produc- 
tion of polyether toxins by other Dinophysis spp. 

TLC was allied out on pleuwed silica gel 60 plates 
(Merck) with the solvent system benzene-acetone-MeOH- 
6NAcOH(150:80:19:1).ToxinsweredctectedbvheatJn~tbe 
plates after spraying with 50% HISO,. NMR &ctn~ were 
measured with FX-100. FX400 (JEOL) and NT-360 R(icokt) 
insmmlcnta, mass spcctla wiul‘e Hitichi M-so m&s spec: 
trometcr, JR spectra with a J&Z0 A-202 spectrometer, W 

spectra with a Hitachi 124 spcctropbotometcr. and optical ro 
tation with a JASCO ORDIUV-I5 model. 

Ga.r chromatography (GLC). GLC analyses were con- 
ducted on a Hitachi 163 instrument equipped with hydrogen 
flame ionization detectors. Okadaic acid and DTXt were tri- 
methylsilyfated with Tri-Sil “2” either intact or after dcri- 
vatiration with diazomethane to methyl esters. A glass column 
(3 x 800 mm) packed with 2% OV-101 on 6&7Ul mesh Uniport 
HP was used for analysis of okadaic acid and DTXI. The 
column temp was maintained at 315” and NI flow at 30 ml/ 
min. For fatty acid amdyses a glass column (3 x 200 mm) 
packed with 10% DEGS on Chromosotb WAW DMCS 60030 
mesh was used. Column temp was kept at lw and the NZ 
flow rate at 30 ml/mitt. The reference fatty acids were pur- 
chased from Wako Pure Chemicals. 

Isolation oftoxins. l”be digestive glands (200 kg) of the scal- 
lop Patinopcctcn yessoensis cdected in July 1982. at Mutsu 
Bay, Japan, were extracted with acetone at room temp. After 
removal of the organic solvent, the aqueous suspension was 
extracted with diethyl ether. The ether soluble materiaJ was 
chromatograpbtd on a silicic acid column (Wakopl C-100, 
Wako Pure Cbcmicals) with benxene-McOH (35: I) and (9: I). 
The toxic residue in the last eluatc was rechromatogr&hed 
over the same adsorbent with dictbyl ether-MeOH (40: 1) and 
(1: 1) to obtain toxins in the second eluate. To avoid the de- 
composition of DTX, by contaminant acid, the silicic acid 
used for the column was neutmlixed by dilute NaOH aq prior 
to activation at 110”. Subsquent gel permeation through 
Sephadex LH-2U column (2.8 x 120 cm) with benzene-MeOH 
(I : I) resolved toxins into two fractions. DTX, was eluted be- 
tween 240 and 270 ml and DTXl and PTX between 280 and 
320 ml. DTX, was successively purified on a Lobar column 
(LiChroprep RP-8. sire B) and a LiChroprep RP-8 column (0.5 
x 100 cm) with MeOH-water (20: 1). The iinaJ purification 
was perfoimed on a @o&p& C,C column c0.j x 50 cm) 
with McOH-water (97:3). The mixture of DTX, and PTX was 
chromatographed first on a Lobar column (LiChroprep RP-8, 
sixe B) with McOH-water (17 : 3) and next on an ahunina col- 
umn (Woelm, basic, activity HJ) by stepwise increasing 
McOH concenttation in CHCI,. PTX were cluted from the 
alumina column with CHCI, and CHCI,-MeOH (9: I). DTX, 
was Brmly adsorbed to the column and was not ehtted until 
the column was washed with 50% aqueous McOH containing 
0.1% ammonia. The PTX mixture was then chromatographed 
oo a LiChroprep RP-8 column (0.5 x 100 cm) with MeOH- 
water (8:2). PTX, , Fl’X, and F’& were clutcd in fractions 
# 5-8 (5 ml each) and PTX2 and PI& in fractions # 12-16. 
ThemixhlreofpTx,,pTx,andpTx~thusobtainedwasfur- 
ther purified twice on the same column using acetonitrile- 
MeOH-water (2:2:3). Subsequent chromatography on Toy- - _ 
opal HW-IO column (Toy0 Soda, I x 50 cm) by using MeOH 
as the cluent separated pTxs from PTXt and PI?+. Further 
separation of PTXt and PlXr was achieved on a DevelosiJ 
silicic acid column (Nommn Kagaku, 0.6 x 25 cm) by cl&on 
with CH,Cl,-MeOH (98:2). The mixture of PI-X, and PTX. 
was sep&a& on a &a gel 60 column (0.5 x-50 cm) by 
elution with CH2Cls-MeOH (98:2). Separation of toxins was 
monitored with a UV spectromonitor with the wavelength set 
at 220 MI for DTX and at 235 mn for PTX. TLC and mouse 
assay were also employed for monitoring. 

Dbwphysistoxin3. Five milbgmms of DTXs judged pme by 
HPLC and TLC was obtained as a colorless amorphous solid: 
no UV maximum above 220 nm; JR 3400 (OH), 1740 (COOH). 
1705 (COOR). 1600 (M). 1240 (COOR): minimum lethal 
dose to mouse uw) &kg (ip); Rf k TLC 6157. Toxicity was 
easily lost by trcatmcnt with dilute HCl or NaOH solns. Leav- 
ing a dried sample exposed to air also resulted in the loss of 
toxicity and production of multiple spots in TLC. ‘H NMR 
spectrum was very similar to that of DTX, but showed the 
following additionaJ signals: 6 0.88 (3H. 1). 1.25 (co 25H, br 
s), I.98 (ca 2H. m), 2.15 (2H. t). 2.80 (co 6H. br dd). and 5.35 
(co SH, m) ppm. Two proton signals of DTXt were shifted 
downfield from 8 3.99to4.oOand from 3.35 to4.76ppm. DTX, 
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mussel toxin derivative was identical with that of okadaic acid 
derivative (7’54”) but clearly differed from that of DTX’ de- 
rivative (8’47”). 
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