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Abstract Okadalc acid 1s an extremely mterestmg toxm responsible for dlarrhetlc shellfish polson- 
mg (DSP) This Interest IS due not only to Its fascmatmg structure but also to Its unknown blosyn- 
thetlc orlgm In this paper we report on the full NMR study of this molecule, mcludmg the appro- 
priate 2D homo and heteronuclear NMR expenments, neccesary to camed out its blosynthetlc study 

Prorocentrum lrma 1s one of the dmoflagellates that produce okadalc acid (OA), a toxin re- 

sponsible for food polsonmg occurrmg m the Rias Gallegas (Gahcla, NW Spain) OA and its de- 

rivatives known as dmophyslstoxms (DTXs), a group of llpld soluble toxms responsible for dlarrhetlc 

shellfish polsomng (DSP),’ have attracted considerable dttentlon since their lsolatlon and structural 

elucidation They are characterized by possessing a polyether structure, this structural feature being 

common not only to other groups of dmoflagellate toxins such as the brevetoxms (BTXS)~ and clgua- 

toxm,’ but also to polyether antlblotlcs4 like monensm A, naransm, lasalocld, etc , isolated from ter- 

restrial microorganisms 

Without a doubt, one of the most mtrlgumg problems related with these toxins 1s their blosyn- 

thetlc origin Thus, the biosynthesis of BTXs has only recently been reported.’ showing an unusual 

mvolvement of the citric acid cycle in comparison with the well-established studies of the related 

terrestrial polyether In which the intact mcorporatlon of the precursors has been observed This fact 

has been proposed as the more general difference between terrestrial and marme organisms How- 

ever, the Structures of BTXs rare characterized by the presence of medmm-size ethereal rings trans- 

tused in d Iddder-like manner, while the terrestrial organisms possess either isolated or splro oxane 

and oxol.me ethereal rings Taking this fact mto account and in order to explore the dbove proposrl, 

the blo\ynthetlc study of OA and its derlvatlves has been consldered interesting because, unhke the 

BTXI, their structures resemble those of the terrestrial polyethers 

The tlrst problem to be resolved in any blosynthetlc study IS to assign all proton and carbon 
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NMR chemtcal shifts of the metabohte under study In this paper, we report on the NMR study of 

OA 

Olcadauz acld was obtamed fmm the umalgal cultures of Prorocenmm ha m accordance with 

the chromatographuz process described in the expertmental part. Dunng dus process, we obtamed 

samples of OA complexed to a metallic caaon These samples could not be &stmguuhed from pure 

okada~ acid durmg the chromatography because then chromatographz behavlour under the condmons 

used were xlentml However, the two samples showed sigmficantly &iTerent ‘H-NMR spectra* the 

metalhc complex showed a much poorer resoluhon. undergomg mdtvldual chenucal shtft dffercnces 

(Fig 1) Treatment of this sample with EDTA dtsodmm salt yielded pure free okada~ acid. 

&we 1 Comparison of the ‘H-NMR (a00 MHZ) spectra of Okad;uc Acid (A) and complexed OA (B) In CDCI, 

Proton NMR study of Okadaic Acid 

Configurattonal and conformattonal features of okada~c acid have been denved from scalar and 

&polar coupling connectlvlhes extracted from 2D-NMR expenments, obtamed from the two samples, 

the free acid and its complex with a metallic caaon Thus, COSY,6 DQ-COSY,’ NOESY? ROESY.‘O 

conventional and long range ‘H-W (HMQC)” were run on olcada~ acid, while TOCSY,’ COSY, con- 

vennonal and long range ‘H-W COSY (HMQC) expenments were run on the complex 

For the NMR study, the presence m the molecule of four quaternary centres at C-8, C-19, C-25 

and C-34, conveniently broke It into five separate dm~tly proton-coupled spin systems, thus simple- 

fymg the analysis of the ZD-NMR spectrum Thus, OA was divided into five regions and the proton 

assignments wdl be described m this manner 

only 

2 12 

The proton assignments m region I may be conveniently started from H-4 (6 3 96), which 1s the 

a-methme to an oxygen atom m the molecule coupled to two methylene groups, the H-3s (6 

and 1 62) and H-5s (6 1 72 and 1 31) The latter protons were coupled with H-6s (6 183 and 
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1 79) and these m turn to H-7 (6 3 34), termmatmg the system of coupled protons in this region with 

the presence of a quaternary centre at C-8. The &astereotoplcmes at carbons C-3, C-5 and C-6 were 

estabhshed by analysmg the observed NOE(ROE) connectlvmes Thus, H-4 showed strong ROE con- 

necnons with the protons H-3 (6 2.12). H-5 (6 1 31) and H-6 (6 179). while It had a weak connec- 

tion with H-3 (6 162) Moreover, a NOE connectlvlty was observed between H-3 (6 2 12) and H-5 

(6 1 31) (Fig 2) The patterns shown by the H-4 signal, two large (9Hz) and two small (3Hz) cou- 

plings, confiied the axial onentabon of the correspondmg bond 

Figure 2 

* 

The pour of olefimc protons H-14 and H-15 was a good startmg pomt for the assignment of re- 

glen II H-15 (6 5 42) was coupled to the allyhc a to oxygen H-16 (6 4 51) Further coupling of H- 

16 to H-17s (6 154 and 2 14) and of H-17s to H-18s (6 1 80 and 2 04) was observed Going to- 

wards the quaternary olefimc carbon C-10. H-14 (6 5 63) was coupled to H-13 (6 2 21), this one to 

H-12 (6 3 35) the latter bemg coupled to the pour H-11s (6 1 91 and 1 87) 

The configurahonal assignments of the acychc moiety of this regon were estabhshed as follows 

Startmg from H-14, three cross-peaks could be labelled with confidence m the NOE(ROE) spectra, 

H-14 / H-12, H-14 / H-16 and H-14 / Me-13 (6 097) Llkewlse, H-15 was shown to be connected 

with H-13 and the methyl group Me-13 In this case, the &astereotoplclty of the methylene protons 

C(ll), C(17) and C(18) was again estabhshed by the observed NOE(ROE) connecuvmes Thus, H-13 

and H-11 (6 1 87) as well as H-16 and H-18 (6 2 04) were shown to be connected Moreover, a high 

mtenslty cross-peak was observed m the ROESY expenment between H-16 and H-17 (6 2 14) estab- 

hshmg that both were on the same face of the molecule (Rg 3) 

The H-12 s~gnai showed two large couplings (9Hz) and one small (4Hz) m agreement with the 

conformauon m Fig 3 Rnally. the H-11s signals and the methyl group (6 1 73) were connected to 

the olefimc proton H-9 by vu-me of the allyhc couplings 
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The connecttvmes for H-24 through H-20 protons began wnh the rdentlficatron of H-24 (6 4 07) 

whrch showed a long-range couphng wtth the protons of the exocychc double bond H-42 (6 5 02 and 

5 39) The connecnvmes towards the quatemary centre at C-19 showed vrcmal couplings between H- 

24 (6 4 07) and H-23 (6 3 35), the latter m turn was coupled to H-22 (6 3 57), followed by the cou- 

pbng of thts proton to H-21s (6 181 and 172) The chemrcal shafts for H-20s could not be clearly 

estabhshed as thetr cross-peaks were close to the dragonal The p-onentanons of protons H-24 and 

H-22 were confirmed by a NOE connecttvtty between them A strong ROE connectlvlty was also ob- 

served between H-21 (6 1 81) and H-22 which solved the assrgnments for H-21s (Rg 4) The ob- 

served couphngs, J, 24 lOHz, J,, lOHz, J,, 22 IOHz (6,, 1 72) and Jr, 22 4Hz (S,, 1 81) were in full 

agreement wnh the stemochenustry of this region, as rllustrated tn Ftg 4 

H H HO H 

Figure 4 
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Here again, the connectlvlttes of this region begin with a long range couplmg between the ole- 

fmic proton H-42 (6 5 02) and H-26 (6 3 90) All the vlcmal and gemmal proton connectlvlues can 

be clearly spotted m the COSY map from H-26 to the pair H-33, thus unambiguously estabhshmg 

then assignments 

The dlastereotoplclty of H-28s was established by the NOE(ROE) connectlvltles observed be- 

tween these protons and H-26 and H-30 Thus, strong intensity cross-peaks were observed between 

the H-28 (6 0 95) and H-30, while the other H-28 (6 1 28) was connected with H-26 Moreover, a 

weak Intensity cross-peak was observed between H-28 (6 0 95) / H-26 and between H-28 (6 1 28) / 

H-30 The conformation of the lmear moiety of this region was totally defined by the connectivity 

observed between the H-27 and the methyl group at carbon C-29 Regardmg the heterocycllc mol- 

ety, the connectlvltles observed between H-30 and the H-32 (6 1 96) as well as that observed be- 

tween the H-33 (6 1 34) and the methyl group at C-31, define the dlastereotoplcmes of the methyl- 

ene groups C-32 and C-33 (Fig 5) Observed vicmal couplings, J,, 27 9Hz, J,,,, 1OHz (a,, 1 28). 

J 27 28 (s,, 0 95). J,, 3. m-b and J,, 3, 2Hz, were m full agreement with the above conclusions 

HO HMc H 
^. 

I 
H 5.39 

The starting point for the proton assignments in this region was obviously the methylene group 

a to oxygen H-38s (6 3 62 and 3 53) Both protons were coupled to H-37s (6 1 51 and 1 84) These 

in turn were coupled to the pair H-36s (6 1 61 and 1 39) Unfortunately, ds m the case of H-20s. 

we were unable to find the correlations between these protons and those bonded to C-35 

The NOE(ROE) connectlvltles observed between H-38 (6 3 62) and H-30 as well as with Me- 

29 establlshed the dlastereotoplclty of H-38s protons LIkewIse, ,I strong ROE connectivity was ob- 

\erved between H-38 (6 3 62) and H-37 (6 1 51) establishing that both were on the same face of 

the molecule (Fig 6) Observed couplmgs conflrmed that H-38 (6 3 53) dnd H-38’ (6 3 62) were, 

respectively In equatorial .md dx~al orlentatlons 
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139 16, 

These results defiimvely established that the conformahon of OA m solution 1s ldenhcal with 

that obtamed by X-ray dffiachon for this molecule 111 the sohd state. 

Carbon NMR study of Okadaic Acid. 

After the proton assignments the next step was to assign the carbon resonances to mtividual car- 

bon atoms in OA. The first step was to identiy the mulbpl~ty of each carbon peak Methyl, meth- 

ylene and methme resonances were idenhfied by the DEFT technique Carbon nuclei C-l, C-42 and 

C-38 were readdy idenhfied on the basis of theu multlphclty Thus, C-38 was the only methylene 

next to an oxygen atom, C-42 was the only olefimc carbon with mplet mulhphcity and finally, C-l 

could be recognized by its charactenshc downfield shift 

To extend the carbon assignments further, ‘HJ3C COSY(HMQC) expenment for one bond cou- 

pling was performed (Fig.7) Thus expenment, together with the DEPT, resulted m the unambiguous 

assignment of 33 carbons. The remamder could not be assigned by using the conventional HMQC 

technique, either because the carbons mvolved were quaternary centres or because their correspondmg 

proton chenucal shifts could not be assigned This was the case with the ketahc carbons C-34, C-8, 

C-19, the quatemary olefimc carbons C-10 and C-25, and the quatemary carbon C-2. In order to re- 

solve this point a long-range HMQC expenment was performed to detect ‘H-“C nuclei correlated by 

scalar couplmg through two and three bonds Rg 8 shows this expenment performed on the com- 

plexed OA, giving all the necessary comlauons Thus, both the long-range comlauon between C-8 

and the olefimc proton H-9, and that between C-34 and the H-38’s methylene protons were observed 

Thus, the remaining ketahc carbon must be C-19 Ldcewise, a long-range correlation was observed 

between carbon C-10 and the only vmyhc methyl group present m the molecule, rllld thenfore the 

remammg quatemaxy olefimc carbon must be C-25 

The stdl unassigned methylene carbon signals centred at 6 25 4 and 26 4, must correspond to 

carbons C-20 and C-35 The long-range correlation observed between the signal at 6 25 4 and the 

proton H-36 defines not only the assignments of the carbon nuclei but also those of the bonded pro- 

tons 
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Figure 7 2D-COSY(HMQC) of Okadauz Aad m CDCG (200 MHz) 
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Figure 8 I_& :angc 2D-&XiY(HI&) of cdmplexed AA (500 MHz. J=lO Hz) 
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Figure 9 Comparison of selected regions m the 2D-F 
and complexed OA (B) 

W HMQC spectra of Okadiuc AC (A) 

A smguk.u sltuauon was observed for carbons C-7, C-12 and C-23 because theu proton signals 

in the free OA sample were overlapped, and It was thus lmposslble to assign their carbon chermcal 

stifts However, m the proton NMR spectrum of the complex, their chenucal shifts were drstmgtush- 

able and were resolved m the smgle bond HMQC expenment as shown m the Fig 9 These expen- 

ments provuled the basis for assigrung a 6 value of 76.5 ppm to the C-23 carbon m the free acid, 

while those for C-7 and C-12 must be centred at 6 71 5 Table I gwes the full proton and carbon as- 

signments for OA The comparison of these chenucal shift values with those obtamed for its complex 

with a metalhc cation (see expenmental part) showed that the more hkely poslhon for the canon to 

be attached was around the C-14, C-15 double bond 

Table I “C and ‘H-NMR (CDCI,) of Okadmc Acld 

c 6 H 6 c 6 Ii 6 c 6 H S 

I 176 7 17 306 17 2 14 32 266 32 196 
2 77 2 17’ 1 54 32’ 1 86 
3 -126 3 2 12 18 37 3 18 I 80 33 303 33 1 52 

3’ I 62 18’ 2 04 33’ 1 34 
4 693 4 3 96 19 105 7 34 95 6 
5 316 5 1 72 20 264 20 I 32 35 254 35 131 

5’ I31 20’ I 47 35’ I 48 
6 328 6 I 79 21 27 1 21 I81 36 35 9 36 1 39 

6’ 1 x3 21’ I 72 36’ 161 
7 715 7 3 34 22 69 7 22 3 57 37 187 37 1 84 
x 96 5 23 765 23 3 35 37’ 151 
9 1215 9 5 29 24 711 24 4 07 38 60 3 38 3 62 
10 1394 25 1447 38’ 3 53 
II 33 2 I1 187 26 849 26 3 90 3#Me-2) 27 3 39 I 36 

11’ 191 27 64 7 27 404 4O(Me-10) 23 1 40 I 73 
I2 715 I2 3 35 28 35 3 28 095 41(Me-13) 159 Jl 0 97 
13 42 2 I3 221 28’ 1 28 42 1125 42 5 39 
14 1363 14 563 29 311 29 I 91 42’ 5 02 
IS 131 4 15 542 30 75 0 30 3 25 43(Me-29) 162 43 101 
16 79 1 16 451 31 274 31 I 75 WMe-31) 107 44 0 88 
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EXPERIMENTAL PART 

Culture, extraction and isolation procedures. 

A typical culture expenment mvolved moculatlon of 20 L of a Gulllard K medmm ~th 10 L 

of Prorocenmun lrma culture This culture was allowed to grow m a 40 L tank, with constant white 

fluorescent Ilhunmation at 25*C for three weeks After a penod of culture, the P frma cells were 

harvested by contmuous cenmfugatton at 7 000 r.p.m. The cells were somcated and extracted with 

&ethyl ether and chloroform-methanol (1 1) The combmed orgamc soluhons were washed with water 

and the solvent evaporated The resultant orgamc extract was chromatographed by gel filhatlon 

(Sephadex LH-20 column), flash chromatography on a slhca gel 60 column, reverse phase meduun 

pressure chromatography on a Llchroprep RP-8 column and the final punficabon was acheved by p- 

bondapack HPLC chromatography All the chromatographles were followed by tic 

Okadaic Acid: [a],“=+16 8” (c 0 083. CHCl,) All the physlcal and spectroscop~cal data were m 
agreement with those pubhshed for ok&c acid’ 

Compl=ed Gkadmc Acid: NMR(CDCl,) IH (8) 5.74 (lH), 5 38 (2H). 5 28 (IH), 5 03 (H-J), 4 52 

(lH), 407 (1H). 401 UH), 3 98 (H-V, 3 91 (lH), 3.65 (H-I). 3.58 (IH), 3 53 (lH), 3 47 (lH), 3 40 

(1H), 3 32 (1H). 3 28 (1H), 2 17 W), 208 (lH), 206 (1H). 205 (lH), 198 (H-I), 195 (IH). 1.91 

(lH), 185 (1H). 184 (lH), 183 (2H). 182 (lH), 180 (1H). 179 (1H). 1.78 (lH), 176 (lH), 174 

(3H). 172 (1H). 161 (1H), 156 (H-U, 155 (1H). 154 (lH), 153 (H-I). 149 (2H). 141 (lH), 137 

(1H), 136 (2H), 134 UH), 127 (4H). 103 (3H), 0 93 (4H). 0 89 (3H) “c (IS) 176.7 (s), 145 7 (s), 

139 4 (s), 138 7 (d). 131 0 (d), 122 8 (d). 113 2 (t), 106 5 (s). 96 9 (s). 96.3 (s), 85 3 (d), 80 2 (d), 

77 2 (s), 76 6 (d), 75 8 (d). 72.5 (d), 71.8 (d). 71 6 (d). 70 6 (d), 69 9 (d), 65 7 (d), 61 0 (t), 44 5 

(t). 43 3 (d), 38 0 (t). 36 6 (t), 36.0 (t). 34 0 (t), 33 7 (t), 32 5 (t). 31 7 (d), 31 3 (t), 31 0 (t), 29 0 

(9). 28 l (t). 28 1 (d), 27 0 (t) 27 0 (0, 26 1 (t), 23 9 (9). 19 4 (t). 16 9 (q), 16 7 (q), 11.3 (q) 

Sample and spectra 

Samples for NMR stu&es were prepared by lssolvmg OA m 99 98% (CDCl,) Sample concen- 

trauon was 60 mM and TMS was used as internal reference NMR spectra were acqmred usmg 

Bruker WP-200 SY (200 MHz), WM-360 (360 MHz), AMX-500 (500 MHz) and AMX-600 (600 

MHz) spectrometers Homonuclear COSY. DQF-COSY, TOCSY. NOESY and ROESY and 

heteronuclear lHJ3C (HMQC) data, tuned to &ct and long range couphngs. were obtamed. 

COSY spectra were recorded m the phase-sensmve mode using the time-propomonal phase m- 

crementatlon mode. The earner frequency was placed m the centres of the spectrum Data sets con- 

suung of 512 t, mcnments, a vanable number of scans/t, and 2048 data pomts m 5 wert collected 

Pnor to Founer tmnsformaaon, the 2D data mamx was multlphed m both dlmenslons with an un- 

shifted sine bell window function and zero-filled up to 2K and 4K m the f, and f, dunenslons, rc- 

spectlvely Quadrature detecuon and a relaxanon delay of 1s were used in all cases All homonuclear 

2D expemnents were acqmred under smular condmons TOCSY spectra were recorded with a spin 
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lock penod of 20 ms The muung tune m the NOESY spectra was 300 ms For the ROESY expen- 

mew, the mtxmg ume and the radtofrequency field strength were 300 ms and 6 KHz, nspecuvely 

Two&mensronal iH-i3C (HMGC) expenments were carried out using polanzauon transfer from 

‘H to 13C vta J (direct coupltng and long-range) on samples with 13C natural abundance. The delays 

were selected so as to match the respectwe smgle bond couplmg 125 Hz and long range 10 Hz for 

one and the other expenment. Broad band decoupbng was camed out dunng aqtusition. The offset 

along the carbon axrs was set at the centre such that the spectral wtdth was 200 ppm. t, was mcre- 

mented 512 tunes at regular mtetvals The ume domain data potnts were 2048 along the tz axts. 
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