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Abstract Okadaic acid 1s an extremely interesting toxin responsible for diarrhetic shellfish poison-
ing (DSP) This interest 1s due not only to its fascinating structure but also to 1ts unknown biosyn-
thetic origin In this paper we report on the full NMR study of this molecule, including the appro-
priate 2D homo and heteronuclear NMR experiments, neccesary to carried out 1ts biosynthetic study

Prorocentrum lima 1s one of the dinoflagellates that produce okadaic acid (OA), a toxin re-
sponsible for food poisoning occurring in the Rias Gallegas (Galicia, NW Spain) QA and 1ts de-
nvatives known as dinophysistoxins (DTXs), a group of hipid soluble toxins responsible for diarrhetic
shellfish poisoning (DSP),' have attracted considerable attention since their 1solation and structural
elucidation They are characterized by possessing a polyether structure, this structural feature being
common not only to other groups of dinoflagellate toxins such as the brevetoxins (BTXs)? and cigua-
toxin,® but also to polyether antibiotics* like monensin A, naransin, lasalocid, etc, 1solated from ter-
restrial microorganisms

Without a doubt, one of the most intriguing problems related with these toxins 1s their biosyn-
thetic origin Thus, the biosynthesis of BTXs has only recently been reported,’ showing an unusual
involvement of the citric acid cycle 1n companison with the well-established studies of the related
terrestrial polyether in which the intact incorporation of the precursors has been observed This fact
has been proposed as the more general difference between terrestrial and marine orgamisms How-
ever, the structures of BTXs are charactenized by the presence of medium-size ethereal rings trans-
tused 1n a ladder-like manner, while the terrestrial organisms possess either i1solated or spiro oxane
and oxolane ethereal rings Taking this fact into account and 1n order to explore the above proposal,
the biosynthetic study of OA and 1ts derivatives has been considered interesting because, unlhike the
BTXs, their structures resemble those of the terrestrial polyethers

The tirst problem to be resolved 1n any biosynthetic study 1s to assign all proton and carbon
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NMR chemical shifts of the metabolite under study In this paper, we report on the NMR study of
OA

Okadaic acid was obtammed from the umalgal cultures of Prorocentrum hima n accordance with
the chromatographic process described in the expenmental part. Dunng this process, we obtained
samples of OA complexed to a metallic caton These samples could not be disungwished from pure
okadaic acid duning the chromatography because theiwr chromatographic behaviour under the conditions
used were idenucal However, the two samples showed significantly different 'H-NMR spectra the
metallic complex showed a much poorer resolution, undergomng individual chemucal shift differences
(Fig 1) Treatment of this sample with EDTA disodium salt yielded pure free okadaic acid.
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Figure 1 Companson of the "H-NMR (600 MHz) spectra of Okadaic Acid (A) and complexed OA (B) in CDCY,
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Proton NMR study of Okadaic Acid

Configurational and conformatonal features of okadaic acid have been derived from scalar and
dipolar coupling connectivities extracted from 2D-NMR expenments, obtamned from the two samples,
the free acid and its complex with a metallic canon Thus, COSY,* DQ-COSY,” NOESY,* ROESY,"
conventional and long range 'H-*C (HMQC)!' were run on okadaic acid, while TOCSY,*? COSY, con-
ventional and long range 'H-*C COSY (HMQC) expenments were run on the complex

For the NMR study, the presence in the molecule of four quaternary centres at C-8, C-19, C-25
and C-34, conveniently broke it into five separate directly proton-coupled spin systems, thus simpli-
fying the analysis of the 2D-NMR spectrum Thus, OA was divided into five regions and the proton
assignments will be descnbed 1n this manner

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

only a-methine to an oxygen atom in the molecule coupled to two methylene groups, the H-3s (§
212 and 162) and H-55 (8 172 and 131) The latter protons were coupled with H-6s (8 183 and
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179) and these 1n turn to H-7 (3 3 34), termunating the system of coupled protons in this region with
the presence of a quaternary centre at C-8. The diastereotopicities at carbons C-3, C-5 and C-6 were
established by analysing the observed NOE(ROE) connectiviies Thus, H-4 showed strong ROE con-
necuons with the protons H-3 (8 2.12), H-5 (6 131) and H-6 (8 179), while 1t had a weak connec-
ton with H-3 (8 162) Moreover, a NOE connectivity was observed between H-3 (8 212) and H-5
(8 131) (Fig2) The pattems shown by the H-4 signal, two large (9Hz) and two smaill (3Hz) cou-
plings, confirmed the axial onentation of the corresponding bond.

Figure 2

Region II

The parr of olefinic protons H-14 and H-15 was a good starung pomnt for the assignment of re-
gion I H-15 (3 542) was coupled to the allylic o to oxygen H-16 (8 451) Further couphng of H-
16 to H-17s (8 154 and 2 14) and of H-17s to H-18s (8 180 and 204) was observed Going to-
wards the quaternary olefimc carbon C-10, H-14 (8 563) was coupled to H-13 (8 221), this one to
H-12 (8 3 35) the latter being coupled to the pawr H-11s (8 191 and 187)

The configurational assignments of the acyclic moiety of this region were established as follows
Starting from H-14, three cross-peaks could be labelled with confidence in the NOE(ROE) spectra,
H-14 / H-12, H-14 / H-16 and H-14 / Me-13 (8 097) Likewise, H-15 was shown to be connected
with H-13 and the methyl group Me-13 In this case, the diastereotopicity of the methylene protons
C(11), C(17) and C(18) was again estabhished by the observed NOE(ROE) connectivities Thus, H-13
and H-11 (8 187) as well as H-16 and H-18 (8 2 04) were shown to be connected Moreover, a high
ntensity cross-peak was observed in the ROESY experiment between H-16 and H-17 (8 2 14) estab-
Iishing that both were on the same face of the molecule (Fig 3)

The H-12 signal showed two large couplings (9Hz) and one small (4Hz) in agreement with the
conformation 1n Fig 3 Finally, the H-11s signals and the methyl group (8 173) were connected to
the olefinic proton H-9 by virtue of the allyhc couplings
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The connectivities for H-24 through H-20 protons began with the idenuficaton of H-24 (3 4 07)
which showed a long-range coupling with the protons of the exocyclic double bond H-42 (8 502 and
539) The connectivities towards the quaternary centre at C-19 showed vicinal couplings between H-
24 (8 407) and H-23 (8 3 35), the latter 1n turn was coupled to H-22 (§ 3 57), followed by the cou-
pling of this proton to H-21s (6§ 181 and 172) The chemucal shifts for H-20s could not be clearly
established as thewr cross-peaks were close to the diagonal The [B-omentatons of protons H-24 and
H-22 were confirmed by a NOE connecuvity between them A strong ROE connectivity was also ob-
served between H-21 (8 181) and H-22 which solved the assignments for H-21s (Fig 4) The ob-
served couplings, J,,,, 10Hz, J,,,. 10Hz, J, ,, 10Hz (5, 172) and J, ,, 4Hz (5, 181) were n full
agreement with the stereochemustry of this region, as illustrated n Fig 4

181 172

Figure 4
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Region IV

Here again, the connectivities of this region begin with a long range coupling between the ole-
finic proton H-42 (8 502) and H-26 (8 3 90) All the vicinal and geminal proton connectivities can
be clearly spotted in the COSY map from H-26 to the pairr H-33, thus unambiguously estabhishing
their assignments

The diastereotopicity of H-28s was established by the NOE(ROE) connectivities observed be-
tween these protons and H-26 and H-30 Thus, strong intensity cross-peaks were observed between
the H-28 (8 0 95) and H-30, while the other H-28 (3 128) was connected with H-26 Moreover, a
weak 1ntensity cross-peak was observed between H-28 (8 0 95) / H-26 and between H-28 (3 1 28) /
H-30 The conformation of the linear moiety of this region was totally defined by the connectivity
observed between the H-27 and the methyl group at carbon C-29 Regarding the heterocyclic mot-
ety, the connectivities observed between H-30 and the H-32 (& 196) as well as that observed be-
tween the H-33 (8 1 34) and the methyl group at C-31, define the diastereotopicities of the methyl-
ene groups C-32 and C-33 (Fig 5) Observed vicinal couphings, I, ,, 9Hz, J. . 10Hz (5,, 128),

R S (828 095), J,5, 10Hz and J, , 2Hz, were 1n full agreement with the above conclusions

Region V
The starting pornt for the proton assignments 1n this region was obviously the methylene group

o to oxygen H-38s (8 3 62 and 3 53) Both protons were coupled to H-37s (8 151 and 1 84) These
in turn were coupled to the parr H-36s (8 1 61 and 139) Unfortunately, as in the case of H-20s,
we were unable to find the correlations between these protons and those bonded to C-35

The NOE(ROE) connectivities observed between H-38 (8 3 62) and H-30 as well as with Me-
29 established the diastereotopicity of H-38s protons Likewise, a strong ROE connecuvity was ob-
served between H-38 (8 3 62) and H-37 (8 151) establishing that both were on the same face of
the molecule (Fig 6) Observed couplings confirmed that H-38 (& 3 53) and H-38' (8 3 62) were,

respectively 1n equatorial and axial orientations
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These results definitively establhished that the conformation of OA 1in solution 1s identical with
that obtamned by X-ray diffraction for this molecule in the solid state.

Carbon NMR study of Okadaic Acid.

After the proton assignments the next step was to assign the carbon resonances to individual car-
bon atoms 1n OA. The first step was to idenufy the multplicity of each carbon peak Methyl, meth-
ylene and methine resonances were wdenufied by the DEPT techmique Carbon nucler C-1, C-42 and
C-38 were readily identfied on the basis of theirr multiplicity Thus, C-38 was the only methylene
next to an oxygen atom, C-42 was the only olefinic carbon with tnplet multiphcity and finally, C-1
could be recogmized by 1its charactenstic downfield shift

To extend the carbon assignments further, 'H-'’C COSY(HMQC) experiment for one bond cou-
phng was performed (Fig.7) This expenment, together with the DEPT, resuited in the unambiguous
assignment of 33 carbons. The remainder could not be assigned by using the conventonal HMQC
techmque, either because the carbons involved were quaternary centres or because their corresponding
proton chemucal shifts could not be assigned This was the case with the ketalic carbons C-34, C-8,
C-19, the quaternary olefinic carbons C-10 and C-25, and the quaternary carbon C-2. In order to re-
solve this pont a long-range HMQC expeniment was performed to detect 'H-’C nucler correlated by
scalar couphing through two and three bonds Fig 8 shows this expenment performed on the com-
plexed OA, giving all the necessary comrelations Thus, both the long-range correlation between C-8
and the olefinic proton H-9, and that between C-34 and the H-38's methylene protons were observed
Thus, the remamng ketalic carbon must be C-19 Likewise, a long-range correlation was observed
between carbon C-10 and the only vinylic methyl group present in the molecule, and therefore the
remaining quaternary olefimc carbon must be C-25

The sull unassigned methylene carbon signals centred at & 254 and 26 4, must correspond to
carbons C-20 and C-35 The long-range correlanon observed between the signal at & 254 and the
proton H-36 defines not only the assignments of the carbon nucler but also those of the bonded pro-

tons



Okadaic acid 7443

é -—
e

p—
clo —

cis

Figure 7 2D-COSY(HMQC) of Okadaic Acid in CDCI, (200 MHz)
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Figure 8 Long range 2D-COSY(HMQC) of complexed OA (500 MHz, =10 Hz)
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Figure 9 Comparison of selected regtons in the 2D-NMR HMQC spectra of Okadaic Acid (A)
and complexed OA (B)

A singular situation was observed for carbons C-7, C-12 and C-23 because thewr proton signals
n the free OA sample were overlapped, and 1t was thus impossible to assign thewr carbon chemucal
shifts However, in the proton NMR spectrum of the complex, thewr chemucal shifts were distnguish-
able and were resolved in the single bond HMQC expenment as shown in the Fig 9 These expen-
ments provided the basis for assigning a & value of 76.5 ppm to the C-23 carbon in the free acid,
while those for C-7 and C-12 must be centred at § 715 Table I gives the full proton and carbon as-
signments for OA The companson of these chemucal shift values with those obtained for its complex
with a metallic cation (see expenmental part) showed that the more hkely position for the cation to
be attached was around the C-14, C-15 double bond

Table I *C and '"H-NMR (CDCL,) of Okadaic Acid

C () H [ C [ H 3 C 8 H )
1 1767 17 306 17 214 32 266 32 196
2 772 17" 154 32 186
3 426 3 2212 18 373 18 180 33 303 33 152
3 o162 18 204 33 134
4 693 4 39 19 1057 34 956
5 316 5 17N 20 264 20 132 35 254 35 131
5 13t 200 1\ 47 35 148
6 328 6 179 21 271 21 181 36 359 36 139
6 1383 21' 172 36’ 161
7 75 7 334 22 697 22 357 37 187 37 184
8 96 5 23 765 23 335 7 151
9 1215 9 529 24 711 24 407 38 603 38 362
10 1394 25 1447 38 353
11 332 11 137 26 849 26 390 39(Me-2) 273 39 136
11' 191 27 6417 27 404 40(Me-10) 23 1 40 173
12 715 12 335 28 353 8 095 41(Me-13) 159 41 097
13 22 13 221 28 128 42 1125 42 539
14 1363 14 563 29 311 29 191 42' 502
15 1314 15 542 30 750 30 325 43(Me-29) 162 43 101

16 791 16 451 31 274 31 175 $4(Me-31) 107 44 088
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EXPERIMENTAL PART

Culture, extraction and isolation procedures.

A typical culture experiment involved mnoculation of 20 L of a Gullard K medium with 10 L
of Prorocentrum lima culture This culture was allowed to grow in a 40 L tank, with constant white
fluorescent illurminanon at 25°C for three weeks After a period of culture, the P lima cells were
harvested by contnuous centrifugation at 7 000 r.p.m. The cells were sonicated and extracted with
diethyl ether and chloroform'methanol (1 1) The combined orgamic solutions were washed with water
and the solvent evaporated The resultant organic extract was chromatographed by gel filtranon
(Sephadex LH-20 column), flash chromatography on a sihica gel 60 column, reverse phase medium
pressure chromatography on a Lichroprep RP-8 column and the final punfication was achieved by u-
bondapack HPLC chromatography All the chromatographies were followed by tlc

Okadaic Acd: [a] ®=+168° (c 0083, CHCl) All the physical and spectroscopical data were 1n
agreement with those published for okadaic acid!

Complexed Okadaic Acid: NMR(CDCL) 'H (3) 5.74 (1H), 538 (2H), 528 (1H), 503 (1H), 452
(1H), 407 (1H), 401 (1H), 398 (1H), 391 (1H), 3.65 (1H), 3.58 (1H), 353 (1H), 347 (1H), 340
(1H), 332 (1H), 328 (1H), 217 (1H), 208 (1H), 206 (1H), 205 (1H), 198 (1H), 195 (1H), 1.91
(1H), 185 (1H), 184 (1H), 183 (2H), 182 (1H), 180 (1H), 179 (1H), 1.78 (1H), 176 (1H), 174
(3H), 172 (1H), 161 (1H), 156 (1H), 155 (1H), 154 (1H), 153 (1H), 149 (2H), 141 (1H), 137
(1H), 136 (2H), 134 (1H), 127 (4H), 103 (3H), 093 (4H), 089 (3H) C (§) 176.7 (s), 1457 (s),
1394 (s), 1387 (d), 1310 (d), 1228 (d), 1132 (1), 1065 (s), 969 (s), 96.3 (s), 853 (d), 802 (d),
772 (s), 766 (d), 758 (d), 72.5 (d), 71.8 (d), 716 (d), 706 (d), 699 (d), 657 (d), 610 (1), 445
(t), 433 (d), 380 (1), 366 (1), 36.0 (1), 340 (v), 337 (), 325 (v), 317 (d), 313 (1), 310 (), 290
(@, 281 (), 281 (d), 270 (1) 270 (1), 261 (1), 239 (g), 194 (1), 169 (), 167 (g), 113 (¢

Sample and spectra

Samples for NMR studies were prepared by dissolving OA mn 99 98% (CDCL) Sample concen-
traton was 60 mM and TMS was used as internal reference NMR spectra were acquired using
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 'H-"C (HMQC) data, tuned to direct and long range couphings, were obtained.

COSY spectra were recorded 1n the phase-sensiive mode using the time-proportional phase n-
crementation mode. The camer frequency was placed in the centres of the spectrum Data sets con-
sisung of 512 t, ncrements, a vanable number of scans/t, and 2048 data points in t, were collected
Prior to Founer wansformation, the 2D data matnx was muluplied in both dimensions with an un-
shufted sine bell window function and zero-filled up to 2K and 4K in the f, and f, dimensions, re-
specuvely Quadrature detecuon and a relaxaton delay of 1s were used in all cases All homonuclear
2D expenments were acquured under simular conditions TOCSY spectra were recorded with a spin

E‘

un
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lock penod of 20 ms The mixing time 1n the NOESY spectra was 300 ms For the ROESY expen-
ment, the muxing time and the radiofrequency field strength were 300 ms and 6 KHz, respectively
Two-dimensional 'H-'*C (HMOC) experiments were carmed out using polarization transfer from
'H to ®C wvia J (direct coupling and long-range) on samples with '*C natural abundance. The delays
were selected so as to match the respective single bond couphng 125 Hz and long range 10 Hz for
one and the other expenment. Broad band decouphing was camied out dunng acqmsition. The offset
along the carbon axis was set at the centre such that the spectral width was 200 ppm. ¢t was incre-
mented 512 tmes at regular intervals The time domamn data points were 2048 along the t, axis.
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