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ABSTRACT

Prorocentin (1), isolated from an okadaic acid-producing organism, Prorocentrum lima , possessed all-trans trienes, an epoxide, as well as the
6/6/6-trans-fused/spiro-linked polyether ring moieties. The unique structure supports the proposed cyclization mechanism, polyene formation,
epoxidation, and cyclization, of marine polyether toxins. The relative stereostructure was determined on the basis of spectral data.

Marine dinoflagellates of the gen&sorocentrumhave been

to be biosynthesized via an unusual route involving both the

reported to produce novel bioactive secondary metabolitescarbon backbone formati®dand the cyclization mechanisim.

of entirely different skeletons such as linear polyether tdxins This irregularity of the carbon backbone synthesis has also
and macrolide8.Okadaic acid and its analogues are some been reported in other marine dinoflagellate polyketides, e.g.,
of the most attractive substances in marine natural productsbrevetoxins, goniodomin A7 amphidinolides,yessotoxin$,
chemistry? In particular, okadaic acid has been shown to and amphidinol§. Among those, only the okadaic acid

be a highly selective inhibitor of protien phosphatases,
be mainly responsible for diarrhetic shellfish poisortragd

skeleton and brevetoxins went through the cyclization
mechanism to form spiro-linked and/or trans-fused polyether
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rings. The enzyme-mediated epoxidation at the double bonds ||| N

followed by nucleophilic addition upon cyclization, were
suggested as the mechanisms of formation of ether fiffgs.
However, none of the natural products bearing the serial
functional groups of cyclization cascade had been isolated
from dinoflagellates. In our project, searching for new
biologically active substances from marine microalgae, we
isolated prorocentinl) from the okadaic acid-producing
organismProrocentrum limaclone PL02111700% In this
paper, we report the structure elucidation of proroceritjn ( Figure 1. Connectivities established byi—H COSY, HSQC,
HMBC, and NOESY. Heavy lines indicate the connectivities

which possesses the functional groups, all-trans trienes, anassigned on the basis #1—H COSY and HSQC. Arrows denote

epoxide, and the tricyclic ether rings, of the proposed he correlations between protons (tail) and carbons (head) around
cyclization mechanism for marine polyether toxins. In the quaternary carbons observed in the HMBC. The arc (H-15/H-

addition, the possible biosynthesis pathways of its tricyclic 16) denoted the correlation of NOESY.
ether ring moiety are proposed.

The methylene chloride extracts of lab-culturiédlima ) ) o
were fractionated by a series of chromatography and RP-réplacing the NMR solvent with CIOD (originally CDs-
HPLC! Prorocentin {, 3 mg), an amorphous solid had OH), resulyng in the _|dent|f|cat|on of hydroxyl-bearing
[a]Z —12.7 (c 0.2, MeOH), UVhax (MeOH) 274 nm ¢ carbons? Significant shifts (0.030.12 ppm) were o_bseryed
25300), and IRumax (KBr) 3426, 2924, 1438, 1058, 1027 for C1, C16, C20, and C32, while the remaining nine signals
cm L. HR-FTMS and the total number of carbons determined Were superimposed on each other within 0.03 ppm. These
by 3C NMR spectra, measured in CDCind CROD, oxycarbons were arranged to form an epoxide, a furan and
suggested a possible molecule afisOs (observed [M+ threg pyran rings. Therefore, a planar structurel oflas
Na]*, m/z 695.4137; calcd for [M+ NaJ*, m/z 695.4135), elucidated. A summary of the a53|gnment_s of all the protons
which may contain 10 sites of unsaturation. The resonances2nd carbons mentioned above are shown in Table 1 (see also
of seven olefinic methinesd(22.2, 123.9, 128.3, 129.2, Supporting Information Table S1).

129.7, 130.2, 135.4) and three olefinic quateric carbdns (

133.8, 135.4, 137.7) in théC spectrum (CDG) accounted _

for 5 of the 10 sites of unsaturation. The remaining five sites Taple 1. H NMR and3C NMR Data of1 (CDCly)2

of unsaturation had to be accounted for by ring structures.

. 0. Oc(mult) Jy(mult. Jin Hz) No. 8¢ (mult.) 8y (mult. Jin Hz)
Since HSQC and DEPTs data showed that 56 of the 601 20 360 oa M om 176
hydrogen atoms were attached to carbons (5 methyl groups, 36‘6 (t) 2'33 N 64) g;q 96'2 205 (d,143,3.4)
11 methylenes, 19 methines), there should be 4 hydroxyls  150aca) ses 2 A 5276

roups inl. 4 1297(d) 644(dd15.1,111) 24 1377(s)

I o - daq 5 1292(d) 5.96(d 111 B 350 L79m)

The proton connectivities were elucidated by detailed 2(d 596(d, 111 25, 20 197 (m)
analysis of two-dimensional NMR experiments, including $ gzig 6.10(d. 15.5) W O Etd)) ‘1‘:%((‘““1))
IH—1H COSY, HSQC, HMBC, and NOESY. Long-range 8  1283(d) 5.56(m) 28 79.5(d)  4.06 (m)
43,_n couplings via spcarbons such as H-5489, H-23/ 9  203@®  225(m) gg*; BEW | es Eﬁ;
H.-25, H-23/H-37, H-33/H-35, and H-33/H-36 were 10 3220 162 m) I g5 134

: : 0, % 1.81 (m)

clearly indicated by cross-peaks. Four partial structures (I, ;; 574 @ 2720d56.21) 31 855() 393 (dL7.0,84)
C1-Ce6; Ill, C7—C15; lll, C16-C21; IV, C23-C36) were 12 632(d) 246(dd,7.0,2.1) 32  721(d)  4.10(dd, 7.0, 8.9)

obtained as shown in Figure 1. The absence of coupling}3 322@  1.62(m) 3 1239(d) 502(4,89)
Wy 5o 142 34 1354(s)

between H-15 ¢3.55) and H-16 ¢3.80) was caused by a 14, 1.65 (m) :

dihedral angle near 90The connectivity between C15 and }zw 8 Eg; S Eﬁ; » B ﬁg; Lo

C16 was further deduced from the NOESY cross-peak. The 17 3944, 14 1(m) 37 28 171G

terminal quaternary carbons (C6, C22, C24, and C34) were};:‘: 70.9 (d) §g? gm B8 175(@  092(d6.4)

linked to the fragments via HMBC correlations (Figure 1). 19« 76.1(d) 3.00(dd,2.9,93) 39  128(q) 181(y
According to the data above, the whole carbon backbone 20y 664(d)  4.02(m)

was able to be assembled, leaving the position of hydroxyl 2Reference to residual solvent CRGignals aidy 7.24 anddi%; 77.0
groups and ether linkages to be determined. The deuterium-and measured at 25C, 500 MHz for *H, and 125 MHz for'*C. *C
induced upfield 13C chemical shift was observed upon multiplicities were assigned from DEPT experiments.

(10) DinoflagellateP. limaPL021117001 was isolated from the northern .
coast of Taiwan in 2002 and cultured in seawater enriched with K nutrient The proposed structure was further Supported by positive

at 25°C with an 8/16 dark/light photoperoid cycle for 4 weeks. ion ESI Q-TOF tandem mass studies (Supporting Informa-

(11) Algal cells (8.3x 10° cells), harvested from 450 L of the cultures,  jon). An electron spray ionization MS/MS experiment was
were extracted exhaustively with methanol. Purification of the,Clk
solubles by successive chromatography with the silica gel 60 (9:CGH
MeOH), Sephdex LH-20 (MeOH), and HPLC (Biosil Pro-ODS 5U, 55% (12) Pfeffer, P. E.; Valentine, K. M.; Parrish, F. \@.. Am. Chem. Soc.
CH3CN/H,0) gave 3 mg of pure prorocentin. 1979 101, 1265-1274.
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carried out using ions with positive charge (cations), and and NOEs, H-31/H33, H-334-36, H-32/H-3Q, and H-32/

[M + NaJ* ion (m/z 695.5) was chosen as a precursor ion.
The prominent product ions atvz 497, 301, and 221
confirmed the structure of 6/6/6-trans-fused/spiro-linked
tricyclic etherst®

The relative stereochemistry of the tricyclic ether rings
(C15-C26) and the tetrahydrofuran ring (C2831) were
deduced from NOESY correlations afdl—'H coupling
constants as shown in Figure 2. The typical axetial

CH,
1.
H3 5o~ 383168

Figure 2. Relative stereochemistry of substructures A (EC26)
and B (C28-C36) in1. The arc shows NOESY correlations.

coupling constant of 9.3 Hz between Hzl&nd H-19,*
and NOEs, H-15/H-16sq, H-154/H-17, H-19/H-15,,
H-19,/H-174, H-19/H-20sq, H-19,/H-21,,, demonstrated

that the B/C rings were both chair conformations and trans-
fused. In addition, the small coupling constants observed

between H-1§/H-15.c and between H-29H-19, indicated
axial orientations for both 16-OH and 20-OH. The NOESY
spectrum gave strong NOE cross-peaks for H/H26,«
and H-21,/H-23 defined the relative configuration at the
spiroketal carbon (C22). The cross-peaks ¢f38/H-12, H-
38/H-15, H-12/H-15, and H}/H15 in NOESY contributed

to the relative configuration of the C12 to C15 carbon chain
(Figure 2A). The lack of NOE between H-28/H-31 was
indicative of the anti arrangement for H-28 to H-31 in the
tetrahydrofuran ring. This anti-oriented configuration was
further proved by the clear NOE cross-peaks of H-28/H-
29,, H-28/H-3Q, H-31/H-29, and H-31/H-3@. The coupling
constants of H-31/H-32 (7.0 Hz) and H-32/H-33 (8.9 Hz),

(13) These bond cleavages at the sites characteristic of ether rings were

reported on dinoflagellate toxins of ciguatoxins (Yasumoto, T.; Igarashi,
T.; Legrand, A.-M.; Cruchet, P.; Chinain, M.; Fuijita, T.; Naoki, H.Am.
Chem. Soc200Q 122 4988-4989), yessotoxin (Naoki, H.; Murata, M.;
Yasumoto, T.Rapid Comm. Mass Spectrorh993 7, 179-182), and
amphidinol (Satake, M.; Murata, M.; Fujita, T.; Naoki, H.; Yasumoto, T.
J. Am. Chem. S0d.991, 113 9859-9861).

Hs-35, indicated rotational constraints along the E€132
and C32-C33 bhonds, allowing us to interrelate the relative
configuration of C31 to C36 (Figure 2B). The epoxide ring
at C11-C12 was elucidated as trans by protgroton
coupling constant); 1= 2.1 Hz)!®* The A34 A5® andA78
olefins were indicated to have altf-geometries on the basis
of NOESY data (H2/H-4, H-4/H-39, H-8/H:-39, H-3/H-

5, and H-5/H-7) and théH—'H coupling constantsl§ 4 =
15.1 Hz, and); s = 15.5 Hz). All the data above allowed us
to assign the relative stereostructurelof

Prorocentin, a C35 polyketide chain with four pendant
methyl groups, possessed an all-trans triene moiety, an
epoxide, a furan ring, and the 6/6/6-trans-fused/spiro-linked
tricyclic ether rings. This new marine dinoflagellate polyketide
supported the proposed cyclization mechanism, polyene
formation, epoxidation, and cyclization, of marine polyether
toxins such as okadaic acid and brevetoxins. Bbtand
okadaic acid found in the PL021117001 strainRoflima
suggested that they might share part of their biosynthetic
pathway. The fact that both spiro-linked ethers (C/D rings)
of 1 and okadaic acid (A/B rings) shared the same backbone
might be explained by a plausible biosynthetic pathway as
shown in Scheme 1A. An alternative route (Scheme 1B) was

Scheme 1

proposed according to the conjugated dienes moiety. in
Toward further disclosure of this polyketide biosynthesis,
labeling experiments are currently under the way. Prorocentin
(1) exhibited inhibitory activity against human colon adeno-
carcinoma DLD-1 and human malignant melanoma RP-
MI7951 with 1Cso values of 16.7 and 83.6g/mL, respec-
tively. The antimicrobial activity againsbtaphylococcus
aureusBRBC 12154 was negative at a dose of 1@@mL.

(15) (a) Kobayashi, J.; Kubota, T.; Takahashi, M.; Ishibashi, M.; Tsuda
M.; Naoki H. J. Org. Chem.1999 64, 1478-1482. (b) Kobayashi, J.;
Ishibashi, M.; Nakamura H.; Ohizumi, Y.; Yamasu, T.; Sasaki, T.; Hirata,
Y. Tetrahedron Lett1986 27, 5755-5758.

(16) The high incorporation ratio at O(4), the oxygen atom of the A
ring in okadaic acid, from1fO,]acetate has been reported: Murata, M.;

(14) Coupling constants of anguar protons in the case of brevetoxins Izumikawa, M.; Tachibana, K.; Fujita, T.; Naoki, H. Am. Chem. Soc.

and ciguatoxin (Murata, M.; Legarand, A. M.; Ishibashi, Y.; Fukui, M.;
Yasumoto, T.J. Am. Chem. Sod.99Q 112 4380-4386) were ca. 9 Hz.
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