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Many tropical species of fish when ingested may cause an
intoxication known as ciguatefalhe causative toxins originate
in an epiphytic dinoflagellat&ambierdiscus toxicuand enter
the food chain via herbivorous to carnivorous fish. Toxins labeled
as CTX4A2 CTX4B 3 and CTX3C were isolated fronG. toxicus

and their structures elucidated. These dinoflagellate toxins undergo

changes in the fish, yielding the principal toxin, ciguatoxin
(CTX),%%and a number of congeners. Many of the congeners
remained unidentified because of the extreme difficulty in
obtaining enough material for NMR studies. Recently, 50 toxic
fractions were isolated froi®. toxicusand from three species of
fish collected in French Polynesidespite our best effort, many
of the fractions remained mixtures in microgram amounts. We
undertook structural elucidation with these small and impure
samples by new strategies.
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Figure 1. Structures and characteristic fragments of congeners found in
G. toxicus The mass units indicated are those of Na-adduct ions.

rearrangement of spiroketal rings by liquid chromatography
coupled with mass spectrometry (LC/MB).

In FAB/MS/MS spectra of two known structures, CTX
(CsoHssO19, 1) and CTX3C R) fragment ions were clearly related
to the size and alignment of ether rings, in analogy with charge-
remote fragmentation of charged polyethers (Supporting Informa-

For years we have used fast-atom bombardment tandem masdion). Shifts of ions in the spectrum @fmeasured after replacing

spectrometry (FAB/MS/MS},in combination with NMR, for
structural studies of polyether compounds: e.g., yessofdxin,
maitotoxing® brevetoxins B2 through B#%;%¢and azaspiracié.
An ionic charge located near the termini of the molecules

the hydroxy protons with deuterium verified the proposed
fragmentation mechanism. Fragmentation at C5/01 and C8/C9
in 1 gave rise to a stable molecular species, 3,5,7-heptatriene-
1,2-diol (m/z 163), providing structural information for this

facilitated charge-remote fragmentations induced by high-energy S€gment (Figure 2). lons a'z 1075 and 1073 irl indicated
(8 kV) collision activatior® Though CTX congeners possess no that a hydroxyl group exist at C54 but not at C53. Likewise ions

charge group, we found that their Na-adduct ions could provide
comparable information. When further support for structural
assignment was needed, we prepared 2-sulfobenZ8atesssign

the configuration of spiro carbons, we followed acid-catalyzed

T Japan Food Research Laboratories.

*Institut Territorial de Recherches ‘Mieales Louis Malarde

§ Suntory Institute for Bioorganic Sciences.

(1) Scheuer, P. J.; Takahashi, W.; Tsutsumi, J.; Yoshid&ciencel967,

155 1267-1268.

(2) Satake, M.; Ishibashi, Y.; Legrand,-M.; Yasumoto, T.Biosci.
Biotech. Biochem1997, 60, 2103-2105.

(3) Murata, M.; Legrand, AM.; Ishibashi, Y.; Yasumoto, T1. Am. Chem.
Soc 1989 111, 8929-8931.

(4) Satake, M.; Murata, M.; Yasumoto, Tetrahedron Lett1993 34,
1975-1978.

(5) Satake, M.; Morohashi, A.; Oguri, H.; Oishi, T.; Hirama, M.; Harada,
N.; Yasumoto, TJ. Am. Chem. S0d997 119 11325-11326.

(6) Extracts were prepared from the dinoflagell@etoxicus parrotfish
Scarus gibbusred snappetutjanus hohay and moray eelGymnothorax
jauanictijs To avoid rearrangement of spiro rings, CH@&hd silicic acid were
not used.

(7) Adams, JMass Spectrom. Re199Q 9, 141-186.

(8) (&) Naoki, H.; Murata, M.; Yasumoto, Rapid Comm. Mass Spectrom
1993 7, 179-182. (b) Murata, M.; Naoki, H.; lwashita, T.; Matsunaga, S.;
Sasaki, M.; Yokoyama, A.; Yasumoto, J.Am. Chem. So2993 115 2060-
2062. (c) Murata, K.; Satake, M.; Naoki, H.; Kaspar, H. F.; Yasumoto, T.
Tetrahedronl998 54, 735-742. (d) Morohashi, A.; Satake, M.; Murata, K.;
Naoki, H.; Kaspar, H. F.; Yasumoto, Tetrahedron Lett1995 36, 8995—
8998. (e) Morohashi, A.; Satake, M.; Naoki, H.; Kaspar, H. F.; Oshima, Y.;
Yasumoto, TNatural Toxins1999 7, 45—-48. (f) Satake, M.; Ofuji, K.; Naoki,
H.; James, K. J.; Furey, A.; MacMahon, T.; Silke, J.; Yasumota].TAm.
Chem. Soc1988 120, 9967-9968.

(9) A IMS-HX110/HX110 mass spectrometer was used for FAB/MS/MS
experiments. A JASCO Gulliver pump coupled to a QUATRO Il mass
spectrometer, a Capcel pakg€olumn (1.5x 150 mm), and MeOH/MeCN/
H,O (8:1:1) were used for LC/MS.

10.1021/ja9944204 CCC: $19.00

atm/z 1003, 1001, and 109 were indicative for spiro rings L/M
in 2 (Figure 1). As structural modifications in the fish had occurred
mainly in the termini of the molecules, structures of most
congeners could be deduced by simply comparing the spectra with
those ofl or 2. Coexistence of toxins in one fraction posed little
difficulty, as they could be analyzed one by one by selecting each
[M + NaJ* ion. Parent ions differing by 2 could be utilized.
Toxins identified inG. toxicusare shown in Figure 1. Three
known toxins, CTX3C 2), CTX4A (6), and CTX4B (52-
epiCTX4A, 7), were confirmed by comparing MS/MS and LC/
MS data with those of reference toxins. A congener eluted ahead
of 2 was shown to be a sterecisomer2by FAB/MS/MS. In
the presence of HCI, both the isomer ghtesulted in the same
equilibrated mixture, implying that rearrangement of the spiro
rings had occurred. The isomer was thus assigned the structure
of 49-epiCTX3C (3). Structures of MsecoCTX3C (@), M-seca
CTX3C methyl acetal), and MsecoeCTX4A (8) were deduced
by FAB/MS/MS. The carbon chain C49C52 in 5 had no
branching, because the FAB/MS/MS spectrum of it<5&ulfo-
benzoate showed no indication of bond cleavage between oxygen-

(10) A mixture of a sample &5 ug), 2-sulfobenzoic anhydride (1 mg),
and pyridine (100uL) was left overnight at room temperature. After
decomposing excess reagent with 2 mL of cold water, the sulfobenzoate was
extracted with 2 mL of CHGI

(11) A sample €1 ug) was dissolved in 9@L of CHCI; and mixed with
10uL of 1 N HCl in dioxane. After 90 min the solution was evaporated under
an N, stream and the residue was dissolved in the HPLC mobile phase. MM2
calculations on spiro rings L/M indicate that®B4SOH configuration inl
is more stable (minimum energy 336.59 kJ/mol) tha®5230H configuration
in 9 (minimum energy 351.88 kJ/mol). The same is true with rings L/N in
(49R, 306.14 kJ/mol) an@® (49S, 321.85 kJ/mol).
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Figure 2. Structures and characteristic fragments of CTX congeners in

fish. CTX4A (6) is not shown. The fragments of the R1 segment ®f

are those of sulfobenzoate. The mass units indicated are those of Na-

adduct ions.

bearing C49 and putative tertiary carbon C50. By analogy-€49
C52in4 and C52-C55 in8 were presumed to be straight chains.
The toxins2 through8 were all detected by LC/MS in extracts
of G. toxicus implying that they are genuine products of the

J. Am. Chem. Soc., Vol. 122, No. 20, 20889

e

Figure 3. Structures and characteristic fragments of CTX3C congeners
in fish. 49epiCTX3C (3) is not shown. The mass units of ions are those
of Na-adduct ions.

deoxy-50-hydroxyCTX 15) based on a characteristic ionratz
1019 generated by bond cleavage between oxygen-bearing C50
and tertiary carbon C51. An alternative structure with oxepane
ring L was possible, as shown in parentheses, but was ruled out
because none of the precursor toxins has an oxepane ring L.
CTX3C and its congeners found in fish are shown in Figure
3. 49epiCTX3C (3) detected inG. toxicusalso occurred in fish.
51-HydroxyCTX3C {6) was confirmed by FAB/MS/MS and LC/
MS comparison with a reference toXihThe position of extra
oxygen atoms in 2,3-dihydro-2-hydroxyCTX3@7 and 2,3-
dihydro-51-hydroxy-2-oxoCTX3Clg) was deduced from the Na-
adduct ion corresponding to ethane-1,2-dinlA83) or ethylene-

organism and are precursors of other congeners present in fish,2-diol (wz 81) produced by cleavages at C2/C3 and C6/01.
Figure 2 shows congeners identified in fish with the same 2,3-Dihydro-2,3-dihyroxyCTX3C 19) was confirmed by com-

backbone ag. CTX4A (6) found inG. toxicuswas also identified
in fish. A congener eluting aftet was assigned the structure of
52-epiCTX (9), because it was indistinguishable frdnby FAB/
MS/MS and was changed fioby HCI. Two congeners codezh
and9ob, respectively, differed from bothand9 in retention times
but were identical withl. and9 by FAB/MS/MS. When treated
with HCI, 9b was changed t@a but not tol. Thus,9a and9b
should be 54-epimers of and 9, respectivelyt! 52-epi54-
DeoxyCTX (L0) deduced from the spectrum was confirmed by
comparison with a reference toxih.54-DeoxyCTX (1) was
identified, because it was identical witld by FAB/MS/MS and
was converted td0 by HCI. The spectrum of 7-oxoCTXLR)

paring the spectral and LC/MS data with those of a reference
toxin.®* The FAB/MS/MS spectrum of 2,3-dihydro-2,3,51-
trihydroxyCTX3C @0) could not eliminate the possibility of
a 2,4-diol structure. In the spectrum ofsulfobenzoate of
20, ions generated by bond cleavage at C2/C3 supported a 2,3-
vicinal diol structure. The spectrum of gece2,3-dihydro-51-
hydroxyCTX3C @1) clearly showed the presence of 51-OH, but
did not provide information for the side-chain €C4. As none
of the precursor toxins has branching between C1 and C4, a
straight chain was assumed.

Working with samples of only a few micrograms and of
insufficient purity, we successfully identified 7 known and 16

did not reveal whether an extra oxygen atom was in a keto, epoxy, new congeners. FAB/MS/MS of [M- NaJ" ions was a very
or hydroxy function. It was also not clear whether the oxygen informative technique because fragmentations that were charge-

resided in the side-chain or ring A. In the spectrum oD-1-
sulfobenzoate ofl2, ions arising from stable 3-ene-5-onev%
299) and 3,5-dienenf/z 297) species pointed to a 7-oxo structure.
The position of 7-OH in 7-hydroxyCTX1@) was inferred from

remote from both termini could be observed. Two nearby oxygen
atoms facilitated formation of Na-adduct ions. Wide applicability
of the method to natural products is expected.
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O in 4-hydroxy-7-oxoCTX 14) were inferred from the spectrum
of its [M + Na]" ion and were further confirmed by the spectrum

of its 1-O-sulfobenzoate. Bond cleavages facilitated by 4-OH and

7-C=0 were more clearly observed. A regioisomer lofvas

indicated by FAB/MS/MS and was assigned the structure of 54-

(12) Lewis, R. J.; Norton, R. S.; Brereton, I. M.; Eccles, C.Tbxicon
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laboratory was used.
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