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Abstract: Okadaic acid 1) is a polyether compound produced by the marine dinoflageRateocentrum

lima. Its biosynthesis attracts considerable attention since the carbon skeleton has been shown to be synthesized
via an unusual route. However, a very limited amount of information is available for the formation of its
ether rings. We applied collision-induced dissociation tandem mass spectrometry (CID MS/MS) to the
elucidation of the'®O-incorporation pattern of okadaic acid. The extensive determinatid®Od¥eO ratios

for each product ion bearing differing numbers of incorpordt&datoms resulted in the complete assignment

of the labeled positions with accurate isotope ratios; the positions labeled from molecular c¥@emwere
0O(1)/0(2), O(3), O(5), O(B), O(8), O(9), O(10), and O(12). Those labeled fi§MyJacetate were O(4),

0(6), O(7), and O(11) (oxygen atoms are numbered beginning with those of carboxylic acid as O(1)/O(2) to
O(13) inring G). These incorporation patterns suggest that the cyclization of ether rings C, D, and E occurs
via a S-epoxide intermediate at C2Z 23, and the carboxylic acid is formed by Baey#illiger oxidation.

Introduction In comparison with conventionafC NMR methods, mass
spectrometry requires far smaller amounts of samples. This
huge reduction in sample size is a great advantage when precious
isotope-labeled chemicals must be used in feeding experiments
or when the organism used in the experiment produces only a
very small amount of the metabolite. We have successfully
applied collision-induced dissociation tandem mass spectrometry
(CID MS/MS) to the structure determination of polyether
compounds$:” In the course of these studies, we became aware
that most of the oxygen atoms present in polyether structures
could be distinguished on the basis of the fragmentation
occurring at particular sites of ether rings (see the inset structure
in Figure 4). In this paper, we report the successful application
of CID MS/MS to the elucidation of the oxygen incorporation

Okadaic acid 1), which was initially isolated from sponges
and later shown to be a metabolite of marine dinoflagellates,
is a well-known natural product because of its usefulness in
biological research as a specific inhibitor of protein phos-
phatases. The biosynthetic routelts markedly different from
those of classic polyethers produced by actinomycetes. The
13C-labeling patterns from [1,%C]acetate have suggested that,
besides the usual,@longation seen in actinomycetous polyketide
synthesis, 3-hydroxy-3-methylglutarate (HMG) and other car-
boxylates generated via the tricarboxylic acid (TCA) cycle are
involved in the biosynthesis df (Figure 1)3# In addition to
the carbon skeleton, the origin of oxygen atoms is of great

interest because the structurelois best characterized by the pattern of okadaic acid (Figure 1), which demonstrates the

presence of 7 ether rings, for which the mechanism of formation usefulness of MS/MS methods for the comprehensive determi-
is yet unknown; no experimental data have been reported as 0 ation of isotope-labeled positions in natural prodécts.
the stereochemistry of a plausible precursor bearing epoxide/

ketone groups. Needham et al. reported the origin of three

oxygen atoms on the basis H0-induced shifts if3C NMR; Experimental Section

0O(4) and O(11) were labeled from [4€ 180,])acetate and O(13) Cultivation of Prorocentrum lima The dinoflagellateProrocen-
from [2-13C 180]glycolate (Figure 1}. trum lima, which is known to produce okadaic adigyas collected in
T The University of Tokyo. (6) (a) Satake, M.; Murata, M.; Yasumoto, T.; Fujita, T.; Naoki, H.
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Figure 1. 80-labeling pattern of okadaic acidl)(elucidated in this study (top) aféC-acetate incorporation pattern from the literature (bottorh).

O denotes an oxygen atom that was significantly labeled ffpa. O* and O** (below and above 30%) were labeled froff(},] acetate. For

a precursor ion (M- H)~ atnmvz 805 that possesses only ol¥® atom,'80-incorporation ratios in each oxygen atom were determined as follows:
from 180,, one of O(1)/0(2) 11%, O(3) 7%, O(5) 15%, O(6) 14%, O(8) 15%, O(9) 19%, O(10) 8%, and O(12) 9%, the ratios for the other sites
were less than 2%; fromt0,]acetate, O(4) 32%, O(6) 13%, O(7) 5%, and O(11) 31%, the ratios for the other sites were less than 3%.

Motobu, Okinawa, Japan. The organism was isolated as a clonal but @ 803 b 803

not axenic culture. Feeding experiments for the incorporation of
molecular oxygen were carried out in a 100-mL sealed flask containing
the medium with the head space filled with-8O, (4:1), and those
for labeling from acetate under conventional conditfamsre conducted
in the presence of 1 mMO,JAcONa. The medium consisting of 807
seawater supplemented with f/2 enrichnievas inoculated with a seed 805
culture (~3000 cells/mL), and maintained at-227 °C for 30—50 days 809
with an 18 h/6 h light/dark cycle. When the cell density reached about
14000 cells/mL, the cells were harvested by filtration and subjected to
extraction.

Purification of Okadaic Acid for MS Experiments. The harvested 807
cells were extracted with MeOH. The extract was treated with
methanolic 0.2 M NaOH to recovérfrom its conjugated form. Since J\J\/\j\jv MWJW
okadaic acid seemd to be present predominantly as a free acid in the 800 810 820 m/z 800 810 820 m/z
algal cells, most of the oxygen atoms in the C1-carboxyl group remained
unchanged after the hydrolysis; a small portioA8af might be replaced
with 160, but this does not significantly influence the results of this
study. After neutralization with agueous AcOH, the solution was
extracted with EtOAc. The extract was dissolved in Me@iO (6:
4) and passed through a small column of OB®6 mL) with the
same solvent. The final HPLC purification was carried out on a ODS
column (YMC-pack, ODS AM120 AS-5, 1& 250 mm) with MeCN-

805

Figure 2. Molecular-related ions of okadaic acit) (abeled from'éO,
(a) and [®O]acetate I§) on conventional negative ion FAB mass
spectra.

ion peak atm/z 805, the contribution of ions bearing twéC atoms
was subtracted. From the ion peakmatz 807, the contributions of
both ions bearing fout’C atoms and those bearing ol® and two
X . . 13C atoms were deducted. The portions due to naturally occutithg
H20—ACOH (60:40:0.2) at the flow rate (_)f 2 mL/min. -Okadaic acid were subtracted from isotope peaksnaz 805, 807, and 809 in the
was eluted at around 23 min when monitored at 210 nm. ) FAB spectra (Figure 2), which gave the portion'&D-derived ions.
CID MS/MS Spectra. CID MS/MS spectra were measured with @ The sym of these portions due 0 relative to the total ions was
JMS-HX110/HX110 tandem mass spectrometer (JEOL) equipped with regarded as the gross incorporationd in 1.

a variable dispersion array detector (JEOL, MS-ADS11). Okadaic acid Ca|culations of #0-Incorporation Ratios for Each Oxygen Site.

(~1 ug) dissolved in MeOH was mixed with 2:@ithiodiethanol and | the jon peak selected as a precursor, peaks of two isotopomers are

subjected to CID MS/MS measurements in the negative-ion FAB mode. superpositioned. One is f8fO-labeled ions and the other is for ions

Helium was introduced to cause the dissociation at a pressure thatyerived from naturally occurrin§C (e.g., 15% of the ion peak a¥z

reduced the intensity of precursor ions to 30%. . 805 in Figure 2a is due to those bearing t#6 atoms but nd®0).
Calculations of Gross Incorporation Ratios. The incorporation Therefore, to obtain an accurdf®©/:%0 ratio, the portion due t&C-

ratios from 80, and [®OJacetate for the whole molecule were derived ions must be subtracted. The contributior}36f to the ion

calculated by using the molecular related ions in the conventional FAB peak atm/z 805 could be estimated from the peak intensity of i@

spectra (Figure 2) as follows. The theoretical distribution of the free jons at/z803. SinceC atoms are distributed evenly throughout

isotopomers due to naturally occurrifig for the molecular ion (M- the structure ofl, the portion of'®0-derived and*C-derived ions in
H)~ could be calculated on the basis of the peak intensity'éCéree the precursor peak avz 805 could be calculated to be 85% and 15%,
lon appearing am/z 8031° To estimate thé®O-derived pOrthn in the respective|y’ according to a method reported by Biemann.

(9) Guillard, R. R. L.; Ryther, J. HCan J. Microbiol. 1962 8, 229— (10) Biemann, K.Mass Spectrometry, Organic Chemical Application

239. McGraw-Hill Book: New York, 1962; pp 204250.
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Figure 3. Partial product ion spectra 6fO,-labeled (vz 805) and
unlabeled vz 803) okadaic acidl) for m/z 257/255 &) and 367/365
(b). The numbers at the peaks are peak heights in mm.

To explain how thé®O-incorporation ratio was calculated for each
oxygen site from product ion spectra, we take ion peaksa257/
255 originating from the precursor ofz 805 as an example (see Figure
3a). The'®O-contributing portion to the ion peak a¥z 257 (Ig2s7)
can be obtained by subtracting tH€-contributing portion (I@s7) from
the total ions (ks7). In the ion peak atwz 255, in addition to the
product ions generated by a loss of'&D atom, there are the ions that
originated from*3C,-derived precursor ionsr{z 805) and shifted to
mvz 255 due to the loss of tw&C atoms during fragmentation. The
contribution of the ions that lostO during fragmentation can be
determined by subtracting the contribution of thé¥e-related ions
from the ion peak atvz 255. The following calculations give the
8O/*%0 ratio for the m/z 257/255 pair (their compositions are
C13H14'%04180 and GaH14'%Os, respectively).

Theoretical percentages &1C-derived ions appearing avz 257,
256, and 255 ar€(31,2)C(44,2)= 8.3%, (C(13,1) x C(31,1))(44,2)
= 42.6%, andC(13,2)[C(44,2) = 49.1%, respectively, wher€(n,m)
is the number of combinations ofthings takenm at a time: C(n,m)
= ni/mi(n — m)!, C(31,2)[C(44,2) and (C(13,1) x C(31,1))[C(44,2)
correspond to the respective cases in which two and'&heatom is
present in the lost fragments (thus, no and &eatom resides in the
product ions), and€(13,2)[C(44,2) corresponds to the case where two
13C atoms remain in the product ions. The total height for the ion
peaks atm/z 257, 256, and 255 is 52 mm. The sum of the portion
attributable to'3C-derived ions should be 7.8 mm=%2 mm x 15%;
the portion of'®C-derived ions in the precursor is 15%), and therefore
those form/z 257 and 255 are 0.67.8 x 8.3%) and 3.8 mm=7.8
x 49.1%), respectively.

Since the relative peak intensities f§0-bearing product ions are
approximately the same as thosef@®-bearing product ions throughout
the MS/MS spectra, the probability of breaking a0 bond seems
to be equal to that for a €'%0 bond. Thus, the percentage 6O
incorporation for the product ion can be obtained as follows.

1801 10457 = | 257~ ICos7y= 15— 0.6=14.4 mm
1%0: 10455 = | (255~ IC(os5)= 33 — 3.8=29.2 mm
Therefore %0 incorporation in the ion peak at'z 257 is 14.4/(29.2

+ 14.4)= 33%.
By similar calculations, thé&O-incorporation ratio for the ion peaks
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with the lighter mass overlaps that of the unlabeled ions with the heavier
mass. Inthese cases, we selected other product ions for the calculation
of the incorporation ratios such as those corresponding2&63 for
745,m/z 477 for 423, andn/z 464 for 421. The MS/MS spectra used

for the determination of the incorporation ratios are presented in the
Supporting Information.

Results and Discussion

The dinoflagellatdProrocentrum limawas cultured for 36
50 days in a flask with the head space filled with,N80,
(4:1) or with a medium containing 1 mM{O,JAcONa. From
the harvested cells that were cultured in 70 mL of the medium,
approximately 5ug of okadaic acid 1, Cs4HggO13, MW 804)
was obtained, which was sufficient for several runs of the MS/
MS experiments. On the basis of the isotope distribution in
the conventional FAB spectra (Figure 2), we estimated the gross
incorporation ratio of0 in 1 from molecular oxygenfO,)
to be 14% and that fromt§O,]acetate to be 6%. The product
ion spectra of'®0-labeled1 (Figure 5) were measured for a
series of precursor ions correspondingnz 803, 805, 807,
and 809. As seen in Figure 4, all the oxygen sites could be
distinguished by CID MS/MS experimeritand€0-incorpora-
tion ratios from180, and [®O,]acetate were determined for
virtually all oxygen sites (Figure 1).

The180-labeling pattern disclosed several intriguing features
in the biosynthesis of. Two oxygen sites, one each of O(1)/
0O(2) and O(13), were labeled from neith®0, nor [180,]-
acetate. The high incorporation ratios at O(4) and O(11) from
[180O;]acetate are also consistent with the results reported by
Needham et &l. However, for the sites with a low incorporation
ratio, such as O(6) and O(7), the MS/MS method seems to be
better than the conventional NMR methods since the weak
relative intensity ofl80-bearing!3C signals, in addition to a
very minute shift induced by th&0 isotope, often hampers
the separation of these signals frdf®-bearing ones.

Regarding the mechanism of ether-ring formation, the MS/
MS experiments provided valuable information. The incorpora-
tion pattern for O(7) and O(8) indicates that the cyclization of
rings C, D, and E occurs viaaxepoxide intermediate (Scheme
1), which partly mimics the cyclization mechanism reported for
actinomycetous polyethets. However, this is the first example,
among dinoflagellate polyethers, of assigning the stereochem-
istry of the epoxide precursor and the direction of nucleophilic

atm/z 367/365 was determined to be 47%. Since there is one oxygen additions upon cyclization. At the terminal carboxylic acid, only

atom between the cleavage sites foilz 367/365 andm/z 257/255

one of two oxygen atoms O(1)/0O(2) was labeled frombDt

(Figure 4), the difference between these two ratios should correspondnot from [8O;]acetate (Figure 6). This observation and the fact

to 180 incorporation (14%) at O(6).

When the difference between two vicinal ion peaks was two mass

units, as seem farvz 745/747 and 421/423, their relevant incorporation
ratios were not directly calculated since the peakéf-bearing ions

that C1 originates from a methyl carbon of acetateggest that

(11) Cane, D. E.; Celmer, W. D.; Westley, J. W.Am Chem Soc
1983 105, 3594-3600.
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Figure 4. CID MS/MS product ion spectra dfO.-labeled (wWz 805) and unlabeledr{z 803) okadaic acidl) with its fragmentation pattern.
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Figure 6. Partial product ion spectra of okadaic acld kabeled from
180, and [180;]acetate fomvz 89/87 and 115/113a andb, product
ion spectra of precursor ions af/z 807, 805, and 803 labeled from
180,; ¢ andd, product ion spectra of precursor ions mfz 805 and
803 labeled fromfO,]acetate. The incorporation &0 from 0, in
0(1)/0(2) and/or O(3) was supported by the weak but significant peak
atm/z 89 ina (805) while the absence of a peaknalz 89 inc revealed
the lack of incorporation in O(1)/0(2) or O(3) frort¥D,]acetate. Note
the absence of an ion peakmatz 117 inb (807) this suggests that
only one of O(1)/0O(2) was labeled frotf0,. The prominent ion peak
atm/z 115 ind (805) and the absence of an ion peakrét 89 inc
(805) clearly indicate thatfO,]acetate is incorporated in O(4) but not
in O(1/2) or O(3).

Figure 5. Partial product ion spectra of okadaic acl) kabeled from

180, for precursor ions corresponding 'z 809, 807, 805, and 803.
The product ions appearing as singlet peaksnat 665 for an 805
precursor,m/z 667 for an 807 precursor, antv/z 669 for an 809
precursor are generated by double bond cleavage at-C30 and
C34-0(12) (Figure 4), and possess oxygen atoms from O(1) to O(12)
but not O(13). These observations show that a loss of O(13) does not
result in the deprivation of th€0 isotope, which indicates that O(13)

is not labeled front®0,. In contrast, the product ions due to 675 and
703 fragmentations, both of which lose O(12) and O(13), are ac-
companied by two mass-unit lighter ions (*) with their intensity
increasing as the mass of the precursor ion increasesrfy¥ar805 to

809. These observations reveal that the lighter ions (*) are generated

by a loss of80 and thus O(12) is labeled fro#0,. dehydrogenase-catalyzed oxidation (one of the possible routes
is illustrated in Scheme 2).

the carboxylic acid ol is formed by Baeyert Villiger oxidation, The mechanism by which O(6) was significantly labeled from

as has been proposed for an ester group of D¥X4lhe both 180, and [:%0,]acetate remains unclear. This unusual

incorporation of an oxygen atom fromy@ could be caused by |apeling behavior might be explained by competitive incorpora-

(12) Wright, J. L. C.; Hu, T.; McLachlan, J. L.; Needham, J.; Walter, J. tion from acetate and indirectly from molecular oxygen via
A. J. Am Chem Soc 1986 118 8757-8758. oxidative formation of a building block. Another possible
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Scheme 2 assigning multiple sites for isotope incorporations. Further
labeling experiments with other oxygen sources using CID MS/

o]
./\/U\/Z_ (C2) ‘/\/I(J)\ c1 (H20) MS are currently underway.
5 oG
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Applications of MS to biosynthetic studies, especially to the
origin of oxygen atoms, have been reported by Serhan &t al.
The present study also indicates the usefulness of MS for
labeling experiments with heteroatoms. Furthermore, CID MS/
MS is proven to be a powerful tool for natural products with a
limited sample size, and particularly useful for simultaneously JA971547P

Supporting Information Available: Product ion spectra of
CID MS/MS experiments with80,- and [O,]acetate-labeled
okadaic acid (6 pages). See any current masthead page for
ordering and Internet access instructions.



