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ABSTRACT: A new natural product named gambierone (1) was

isolated from the cultured dinoflagellate Gambierdiscus belizeanus.
The structure of this compound features an unprecedented

N
polyether skeleton and an unusual right-hand side chain. Its relative :‘1\ :
configuration was fully determined by interpretation of ROESY iaN ) s0/
experiment and comparison between experimental and theoretical _ ":~li" X HOH Y\ | 9"
NMR data. Although the succession of cycles has no chemical HO.S0 H 0-Y o ‘._ WALO 2 OH
similarity with ciguatoxins, 1 has a molecular formula and biological X o H : 'OH‘. _.""HO H
activity similar to those of CTX-3C, although much lower in HO'"_;' O; - n £
Intensity. / \OH Gambierone (1)

he increased occurrence of harmful algal blooms is now

well documented, and the toxins produced by these
microorganisms represent one of the major marine food safety
risks. Among the species responsible for the production of toxic
substances, the genus Gambierdiscus is often involved, mostly in
the Pacific Ocean, but also in the Caribbean Sea and Indian
Ocean.' ™ Two major groups of toxins are produced by these
ciguatera-causing dinoflagellates: c1guatox1ns (CTX), which are
the largest cause of fish porsomng, and maitotoxins (MTX),

one of the most complex nonpolymeric natural products to nd oH Gambierone (1)
date.® More recently, smaller but still intricate polyether
analogues were identified from some species as exemplified Figure 1. Chemical structure of 1.

: . 7= 1 10,11
by gambierol, a neuroactive compound,”’” gambieric acids,

and gambieroxide,12 with a structure similar to that of
yessotoxins (YTX). These recent findings underscore the still
largely untapped chemical diversity produced by Gambierdiscus
spp. and encourage further chemical characterization of their
specialized metabolome.

Because chemical diversity is undoubtedly linked to
variability in the strains or species cultured, we decided to
focus on the metabolome of the cultivable species G. belizeanus
in the search for original polyether architectures. Guided by the
presence of ciguatoxin-like compounds (through LC-MS), our
chemical study resulted in the isolation and structure
elucidation of a new ladder-shaped toxin named gambierone
(1) (Figure 1). Although the structure is more related to YTX

for its b1010§1cal activity compared with CTX and MTX
bioactivities."

Compound 1 was isolated from cultures of G. belizeanus
(CCMP401) obtained from the Provasoil-Guillard National
Center for Marine Algae and Microbiota. The cells were
cultured and grown in seawater enriched with modified K
medium. The growth was divided in steps, increasing the
volume progressively until 20 L. The methanol extracts were
then purified through several liquid—liquid partitions, solid
phase extractions (SPE), and preparative HPLC coupled to
mass detection (see Supporting Information). Compound 1

than CTX or MTX, it reveals a new polycyclic ether core as Received: March 28, 2015
well as original side chains. This compound was further assayed Published: May 7, 2015
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Table 1. 'H (750 MHz) and '*C NMR Data in ppm for
Gambierone (1) in CD;0D
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Figure 2. Key COSY (bold), H2BC (dotted arrow from H to C), and
HMBC (arrow from H to C) correlations for 1.
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Figure 3. Relative configuration for Gambierone (1): (A) ROESY
(arrows) and (B) DP4 probabilities of the eight diastereoisomers.'”
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Figure 4. Mass spectrum of 1 by LCMS.
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Figure S. Modification of voltage-dependent activation of Na* current
(In,) through Na, 1.6 subunits by gambierone (1). (A) I-V curves in
the presence and absence of 1 when Iy, is calculated for each voltage
step from —100 to 20 mV. (B) Voltage—current relationship in the
presence of 20 nM CTX;,C standard where the first continuous arrow
showed the earlier activation and the second discontinuous arrow
marked the absence of current.

(2.2 mg, 0.012% yield) was purified from the hydrophilic
fraction obtained after C,; SPE.'*

The molecular formula CgH-40,0S was deduced from a
detailed analysis of the HRMS data with a molecular ion at m/z
10254779 ([M + H]J*, caled 1025.4774) and an isotopic
pattern consistent with the presence of one sulfur atom. The
planar structure was elucidated with 1.2 mg of pure substance
(>98% as estimated both by "H NMR and HPLC-MS), mostly
on the basis of 2D NMR data obtained in CD;OD at 750 MHz
(Table 1).

The structure elucidation began with the uncommon right-
hand side chain. Indeed, the presence of a conjugated vinyl end
was easily deduced from the characteristic signals at Jy 5.08
(dd, J = 17.0, 2.0 Hz, H-46a), 4.94 (dd, J = 10.5, 2.0 Hz, H-
46b), and 6.29 (dd, ] = 17.0, 10.5 Hz, H-45). Based on the
chemical shifts of Hy-41 and C-41 and the presence of a signal
at Oc 211.4 we suspected a ketone placed at position C-40. Due
to overlapping of H,-41 and H,-39, a clear conclusion could not
be given by interpretation of *Jj;c HMBC coupling but rather
based on the H,-42 and H-38/C-40 *J;c HMBC correlations
(Figure 2). The linear right-hand side chain ended with a small
second spin coupled system composed of an unusual f-
hydroxyketone system. The signals of the C-51 methyl gave key
HMBC correlations allowing the connection of the side chain
with the polycyclic ring. In addition to the key H;-51/C-38
correlation for the side chain, a second H;-51/C-36 correlation
placed a first AB system on the terminal I ring. As in the case of
the second AB system at C-34, these germinal protons are
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Figure 6. Effects of compounds on Fura-2 ratio in SH-SYSY
neuroblastoma cells. SH-SYSY cells were exposed to (A) 30 nM of
CTX-3C standard and two different concentrations (30 and 200 nM)
of Gambierone (1) or (B) four concentrations of maitotoxin. Mean +
SEM of three experiments.

COSY and HMBC correlated with the signals of an exo double
bond at &y 4.98 (br s, H-50a) and 4.86 (br s, H-50b). Then, a
second methyl singlet at & 1.19 (s, H;-49) was used to connect
the terminal seven-membered ring with the H-ring. A long spin-
coupled system was assigned on the basis of not only COSY
but also TOCSY correlations involving the key relay of the
signals corresponding to the methyl at C-48. Key H2BC and
HMBC correlations allowed us to resolve overlapping of signals
H-21 and H-22 at 8y 3.54. Indeed, *Jyyc coupling observed in
H2BC between these signals and the signals at 5 75.8 (C-22)
and 87.4 (C-21) unambiguously placed the corresponding
protons in an adjacent position. HMBC correlations starting
from H;-47 connected this spin-coupled system to a
subsequent polyether spin-coupled system building the last
A/B/C rings that includes a double bond on the C-ring.
Elucidation of the last A-ring was rendered difficult by the
presence of a quaternary carbon at C-4 and the absence of clear
HMBC correlations from H-S and H-6. The nonassigned signal
at 5¢ 100.8 (C-4) was reminiscent of a ketal or hemiketal and a
gHMBC H,-3/C-4 correlation connecting the left-hand side
chain to this quaternary carbon. The hemiketal was finally
placed at C-4 of the polyether ring to complete the structure.
From comparison with the expected molecular formula, the
lack of 80 amu and a sulfur atom in our structure led us to
assume the presence of a sulfate group substituted on one of
the alcohols of the compound. The strong deshielding observed
for the signals at 5; 4.70 (dd, J = 10.0, 3.0 Hz, H-6) and . 77.8
(C-6) led us to suggest the location of this sulfate at C-6. This
assumption was further confirmed by comparison with the
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signals of known compounds of the YTX family frequently
exhibiting such substitution."®

The determination of the relative configuration around the
polycyclic core was mainly based on the ROESY spectrum
(Figure 3A). A full trans-fused ring system was evidenced and
confirmed by some coupling constant values of fused protons.
The configuration of the C-48 methyl at C-25 was also deduced
from a strong H;-48/H-27 NOE. Three undetermined
asymmetric centers remained at C-2, C-4, and C-38. Because
of the low quantity of compound available we were unable to
obtain the relative configurations through chemical derivation.
We then turned to *C NMR modeling of the eight possible
diastereoisomers,'® and more specifically to the application of a
well established calculation of the DP4 probability.'” After
structure optimization of the different diastereoisomers (1a—1h
see Supporting Information), a probability was assigned to each
most stable conformer. Diastereoisomer lc was clearly
identified as the most probable, as it was assigned a 91.2%
confidence (Figure 3B). Therefore, we are able to propose the
following relative configurations: 2R*, 4R*, and 38S* for the
remaining asymmetric centers. Unfortunately, no clear
conclusion could be obtained from the electronic circular
dichroism spectra due to the absence of a clear asymmetric
chromophore, thus the absolute configuration remains
unsolved.

In order to confirm the molecular weight of 1, an ultrafast
liquid chromatography-ion trap/time-of-flight mass spectrom-
etry UPLC-IT-TOF analysis of the pure compound was
performed in the positive mode. Compound 1 was shown to
follow the typical pattern of ion formation for polyether
derivatives, which includes ammonium adducts, water and
sulfate losses.'® Indeed, five characteristic ions were formed at
m/z 10254849 [M + HJ*, 1007.4689 [M — H,0 + HJ*,
945.5331 [M + H — SO5]%, 927.5140 [M + H — SO; — H,0]*,
and 1042.9632 [M + NH,]* (Figure 4). Therefore, compound
1 has a molecular weight of 1024.5 and a mass pattern similar
to CTXs.

Since gambierone (1) was isolated from a hydrophilic
fraction, typical of MTX, we wanted to determine whether the
molecule was active in sodium channels (CTX-like effect) or
would open calcium pores (MTX-like effect). The biological
activity of 1 was tested by electrophysiological measurements in
Na, 1.6 expressing cells and by checking the effect on cytosolic
calcium (Ca®*) levels in neuroblastoma cells (SH-SYSY cell
line). Since CTX has proved to cause a hyperpolarizing shift in
the voltage dependence of Na* channels activation,'® different
concentrations of this new compound were added to the
extracellular solution to study its effect over the voltage—
current relationship (I—V curve). As shown in Figure SA,
compound 1 induces a left shift of the voltage-dependent
activation curve at 100 uM. Control cells showed a maximum
peak amplitude at —40 mV, and after addition of compound 1,
the peak was shifted negatively to —55 mV. Likewise, CTX-3C
also produced a marked hyperpolarization with the correspond-
ing shift of the curve at nanomolar concentrations (Figure SB).
These results demonstrate that 1 promotes the appearance of
sodium currents at hyperpolarized potentials in a similar
fashion as CTX-3C, although with much less potency.

A small cytosolic Ca®* increase has been described in the
presence of P-CTX-1 in neuroblastoma and ganglion
neurons.”® This effect was sodium-dependent and was not
observed with other CTX analogues. The same effect was
observed in IB4-positive neurons.” When compound 1 was
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added at 30 and 200 nM to SH-SYSY cells, a slight cytosolic
Ca® increase was observed (Figure 6A). The same effect was
produced when the CTX-3C standard was used at 50 nM. In
both cases the effect was not dose dependent. However, when
MTX was added in the medium, a fast cytosolic Ca** increase
was observed (Figure 6B) in a dose dependent manner.
Therefore, 1 mimics the effect of CTX-3C on cytosolic Ca**
currents and does not show any MTX-like effect in calcium
levels, hence excluding the possible functional relationship with
MTX or analogs.””

The biosynthetic pathways of ladder-shape polyethers have
been found to imply complex polyketide synthases.”> While
incorporation studies have led to some propositions for
brevetoxins and yessotoxins, no experimental data have been
reported for CTX or MTX.** Comparing the structures of 1
with CTX and MTX did not evidence a clear metabolic link
between all these compounds; however, the positions of
branched methyls or methylene suggest the involvement of
propionate units (see Supporting Information).
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Detailed experimental procedures; NMR, MS, and ECD data;
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esis. The Supporting Information is available free of charge on
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