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Abstract — Oscillatoxins (OTXs) are naturally occurring polyketides produced by
some marine cyanobacteria. We have recently reported the total synthesis and in
vitro biological activities of OTX-D, E, and F. Their spiro-ether structure was
synthesized with an intramolecular Mukaiyama aldol reaction as a key step.
Although the desired isomer was stereoselectively obtained, some amount of its C7
epimer was also produced as a byproduct. Using the C7 epimer, we investigated the
effect of stereochemistry at the spiro-center of OTX-E (1) on its antiproliferative
activity against several cancer cell lines. Growth inhibitory activity of 1 and its C7
epimer 2 was not strong, but they showed different efficacy profiles from each other.
This result suggests that our synthetic method for OTXs would contribute to not
only total synthesis of natural products but also to construction of chemical libraries

containing unique biologically active compounds.

Oscillatoxins (OTXs) and aplysiatoxins (ATXs) are polyketide-type natural products isolated from some
cyanobacteria species and the digestive gland of sea hare Stylocheilus longicauda that feeds on them (Figure
1). Several tens of derivatives with diverse carbon skeletons have been isolated so far,%2 and they are
thought to be biosynthesized from a common intermediate.? Their structural diversity seems to be related
to their diverse biological functions. Macrolide-type analogs such as OTX-A, ATX, and neo-ATX-A
activate protein kinase C (PKC) and show potent tumor-promoting and proinflammatory activities.1!
Since PKC, a family of serine/threonine kinases, plays important roles in cellular signal transduction,
simplified ATX analogs have been developed as potential medicinal seed compounds to treat intractable
diseases such as cancer, AIDS, and Alzheimer’s disease.l214 OTX-D was also reported to show anti-
leukemic activity against the L1210 cell line, though the experimental details have not been described.?
Although Toshima et al. achieved the first total synthesis of OTX-D and 30-methyl-OTX-D, they did not
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validate their biological activity. Recently, some derivatives including OTX-D, OTX-E (1), and neo-
debromo-ATX-B were revealed to inhibit potassium channel Kv1.5,2 but the relevance to their cytotoxicity
was not described. In addition, toxicity of OTXs to cancer cells, brine shrimps, and marine diatoms have
been investigated by several groups,22 but their mode of actions have not been revealed.

Considering the unique chemical structures and biological activities of OTXs, collecting these derivatives
from cyanobacteria would expand the chemical space for drug discovery. However, the site and time where
cyanobacteria occur are limited and unpredictable. Moreover, the amount of each isolated OTX derivative
was only several milligrams. Therefore, developing a reliable synthetic method is desired as a way to
address the problem of supply. Inspired by a proposed biosynthetic pathway of OTXs, Nishikawa’s group
initiated a study on the collective synthesis of these natural products from a common intermediate.l® As
part of this research, total synthesis and biological evaluation of OTX-D, 30-methyl-OTX-D, OTX-E (1),
and OTX-F, have recently been reported.l’ Cytotoxic potency of these derivatives toward leukemia and
cancer cell lines were similar, except that OTX-F showed a slightly stronger anti-proliferative activity
against a few cell lines. This result suggested that functional groups linked via ester linkage at position 1
do not have significant effects on their cytotoxicity, and various tags can be introduced there without
affecting their cytotoxic activities.

Based on the above results, the spiro-ether, attached side chain, or both should be essential for the
cytotoxicity of OTXs. Specifically, the spiro-ether core is a hallmark structure of some OTX derivatives.
In ATX/OTX-A and their analogs, modification of the spiro-acetal structure and functional groups on the
moiety significantly influence their anti-proliferative activity and PKC isozyme-selectivity.1®-2 Hence, we
planned the synthesis of the C7 epimer of 1 (7-epi-OTX-E, 2) to reveal the contribution of OTXs’ spiro-
ether structure to their cytotoxicity. Because we have already obtained 2’ as an undesired isomer during the
total synthesis of OTX-D, E, and F (Scheme 1),2%1Z 2 would be readily provided by deprotection of the
TIPS group of 2°. Our recent study showed that the cytotoxic potency of OTXs partly depends on their
molecular hydrophobicity,?? since the hydrophobic derivatives would be trapped by serum components
such as albumin. On the other hand, we expected that the difference in cytotoxicity of 1 and 2 would
precisely reflect the difference in their affinity for an unknown molecular target responsible for their
biological activities because their hydrophobicity is similar to each other. Moreover, various structures can
be concisely introduced to 1 and 2 by trans-esterification of the pB-keto-ester, enabling them to provide
molecular probes to identify target proteins of OTXs in the future. Thus, in this study, we compared the
antiproliferative activity of 2 with that of 1 to discuss the role of the spiro-structure in OTXs’ biological

activities.
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Figure 1. Structures of oscillatoxins and aplysiatoxins

In our previous synthetic study on OTX-D, E, and F, we found that treating the intermediate A with
BF3-OEt, afforded a mixture of three diastereomers 1°, 2°, and 3” in 59%, 25%, and 6% yield, respectively
(Scheme 1).2817 Since the production ratio of these diastereomers was thermodynamically determined, the
production of some amount of undesired diastereomers was inevitable. Our previous NMR analysis
suggested that the A-ring of 2” is a chair conformation similar to that of 1°, while that of 3’ is an equilibrium
mixture of the chair and twist-boat conformations.t® In addition, 3> would be easily converted to
thermodynamically favored 2” under basic or acidic conditions. Therefore, we utilized 2’ to evaluate the
effect of stereochemistry at the spiro-center on the growth inhibitory activity. Compound 2 was synthesized
by deprotection of the TIPS group of 2° with TBAF in the presence of AcOH.

A 1 2’ :R=TIPS b 3
2:R=H :

Scheme 1. Synthesis of 7-epi-OTX-E (2). (a) BF3-OEt2, MS4A, CH2Cl2, 1°: 59%, 2’: 25%, 3’: 6%. (b)
TBAF, AcOH, THF, 90%.

First, we examined the cytotoxicity of 2 toward the HHUA endometrial cancer cell line because our
previous study showed that OTXs potently inhibited the growth of HHUA cells.22 As shown in Figure 2, 2

showed about three times weaker cytotoxicity than 1. The ICso values of 1 and 2 (and the 95% confidence
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interval) were 3.2 (2.9-3.6) and 9.2 (7.0-12.2) uM, respectively. Accordingly, the stereochemistry at
position 7 is important to inhibit the growth of HHUA cells. Although 1 was reported to show potent
blocking activity against potassium channel Kv1.5,2 our previous result suggested that Kv1.5 was not
involved in its cytotoxicity; OTX-F, a weak Kv1.5 blocker, also showed comparable cytotoxicity in HHUA

cells.22 There should be an unknown target which 1 interacts with better than 2.

100 |
S
= A 7-ep-OTX-E (2)
.c‘g 50 | O OTX-E (1)
o]
o

0

Vehicle 1 5 25

Concentration (uM)

Figure 2. Cytotoxicity of 1 and 2 in HHUA cells. HHUA cells were treated with indicated concentrations
of 1 or 2 for 48 h. Thereafter, cell number was determined using a MTT assay. Cell viability is plotted as a
percentage relative to the vehicle group. The average and standard deviation are presented (n = 3).

We further examined the antiproliferative activity of 2 using a panel of 39 human cancer cell lines
established by Yamori and colleagues.?® The efficacy profile is useful for predicting the mode of action of
natural products since compounds that have the same growth-inhibitory mechanism would show similar
cell line selectivity. The database of standard compounds, including anticancer agents and inhibitors of
cellular signal transduction, is available as a reference. The profiles of 1 and 2 are shown in Figure 3, and
the Glso value (the concentration required to inhibit cell growth by 50%) measured against each cell line is
listed in Supporting Information. The mean-graph midpoints (MG-MID, average of log Glso for each cell
line) of 1 and 2 were quite similar, but there were some differences in their cell line selectivity. While 1
showed relatively stronger cytotoxicity toward MKN74 and MKN-B stomach cell lines (1.6 and 1.5 times
the average for 39 cell lines), 2 did not have a marked preference for them. The inversion of stereochemistry
at the spiro-center attenuated the cytotoxicity to these cell lines, similar to the case of HHUA. On the other
hand, 2 exhibited a modest selectivity to some other cell lines such as DMS114 and BSY-1 (1.5 and 1.2
times the average for 39 cell lines). DMS114 is relatively sensitive to not only 2 but also 1 and other
OTXs,1 suggesting that their common structures, including a B-ring and the side chain, could be important
for growth inhibition against this cell line. On the contrary, 1 did not show a preference for the BSY-1 cell
line, unlike 2. Overall, the Pearson’s correlation coefficient between log Glso fingerprints of 1 and 2 was

relatively low (r = 0.55).2% Their profiles are also not correlated to those of other standard compounds and
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debromo-ATX, a potent PKC activator. These results suggest that 1 and 2 may have novel and distinct
antiproliferative mechanisms.

We performed molecular modeling to demonstrate the difference between 1 and 2 in three-dimensional
structure. Their side-chains at position 11 were replaced to an isopropy! group to simplify the calculation.
As shown in Figure 4, the stereoinversion at the spiro-center alters the spatial arrangement of functional
groups and heteroatoms on the spiro-ether moiety. Therefore, 1 and 2 may occupy different portions of

chemical apace and interact with distinct target molecules.

OTX-E (1) 7-epOTX-E (2)
(MG-MID) (~4.80) (-4.77)

B 'r BSY-1
i
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1
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L

-0.5 -0.25 0 025 05 -0.5 -0.25 0.25 0.5

MG-MID — log Glg,

Figure 3. Fingerprints against human cancer cell lines. Difference between log Gls, for each cell line and
MG-MID (mean-graph midpoint). Data for the following 39 cell lines are listed in top-to-bottom order:
breast (HBC-4, BSY-1, HBC-5, MCF-7, MDA-MB-231); CNS (U251, SF-268, SF-295, SF-539, SNB-75,
SNB-78); colon (HCC2998, KM-12, HT-29, HCT-15, HCT-116); lung (NCI-H23, NCI-H226, NCI-H522,
NCI-460, A549, DMS273, DMS 114); melanoma (LOX-IMVI); ovarian (OVCAR-3, OVCAR-4, OVCAR-
5, OVCAR-8, SK-OV-3); renal (RXF-631L, ACHN); stomach (St-4, MKN1, MKN-B, MKN-A, MKN45,
MKN74); and prostate (DU-145, PC-3). Data for 1 was cited from our previous report.L?

OTX-E (1) 7-epi-OTX-E (2)

Figure 4. Three-dimensional structure of spiro-ether core of 1 and 2
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In this study, we synthesized the C7 epimer of 1 (2) and compared its antiproliferative activity with that of
1. Interestingly, their efficacy profiles were partly different from each other. However, the observed
difference in the Glso values was small, probably due to the fact that the basic cytotoxicities of 1 and 2 were
not strong. The next step should be to develop more potent analogs and precisely determine which structural
factors of OTXs contribute to the selectivity of each cell line. Such analogs will also be useful for providing
molecular probes to identify the target proteins responsible for the unique antiproliferative activity of OTXs.
Moreover, it is remarkable that we efficiently obtained a set of unique compounds that showed distinct cell
line selectivity in short steps from a common intermediate. Recently, chemical libraries containing sp>-rich
natural products and their analogs have been highly valued in medicinal chemistry.2 Traditional chemical
libraries contain a large number of compounds but show planar and aromatic characteristics because they
have been constructed using easy reactions like sp?-sp? cross-coupling.2® These numerous but localized
compounds cannot fully occupy druggable chemical space, resulting in a low hit rate. On the other hand,
OTX is a family of sp®-rich natural products and exhibited different efficacy profiles depending on a small
structural modification. Therefore, OTXs and related analogs might have multiple and unique cytotoxic
mechanisms and enable access to a wider chemical space. We have already achieved total synthesis of some
OTXs from a common intermediate,*®” and synthetic study toward the collective synthesis of newly
isolated derivatives is currently in progress. Further studies on the chemistry and biology of OTXs using
our synthetic method could help increase the diversity and quality of chemical libraries in the future.

EXPERIMENTAL

General remarks

Optical rotations were measured with a P-1010 digital polarimeter (JASCO, Tokyo, Japan). *H and 3C
NMR were recorded on a JINM-ECZ500R (JEOL, Tokyo, Japan). Chemical shifts are reported in ppm
relative to the residual solvent (*H NMR: CDCls as ¢ = 7.26, 3C NMR: CDCl; as 6 = 77.2). High-resolution
electrospray ionization mass spectra (HR-ESI-gTOF-MS) were recorded on a micrOTOF Il (Bruker
Daltonics, Billerica, MA, USA). Wakogel® C-300 (silica gel, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) was used for column chromatography. All other chemicals and regents were purchased from
chemical companies and used without further purification.

Synthesis of 2

Compound 2°. Compound 2” was synthesized as reported previously.” 'H NMR: (500 MHz, CDCls, 0.036
M): 6 0.81 (3H, d, J = 7.4 Hz), 0.87 (3H, d, J = 6.9 Hz), 0.90 (3H, s), 0.98 (3H, d, J = 6.3 Hz), 1.09 (18H,
d, J = 7.5 Hz), 1.21 (3H, s), 1.23-1.34 (5H, m), 1.47 (1H, dd, J = 13.2, 6.3 Hz), 1.55-1.65 (2H, m), 1.74
(1H,t, J =13.5 Hz), 1.81 (1H, m), 2.27 (1H, m), 2.41 (1H, m), 3.17 (3H, s), 3.20 (1H, d, J = 9.7 Hz), 3.60
(3H, s), 3.72 (1H, s), 3.98 (1H, t, J = 6.6 Hz), 5.64 (1H, dd, J = 10.3, 2.8 Hz), 5.77 (1H, d, J = 10.3 Hz),
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6.76-6.81 (3H, m), 7.15 (1H, t, J = 7.7 Hz) ppm; 13C NMR: (125 MHz, CDCl3, 0.036 M): 6 12.8 (3C), 12.8,
14.5,17.1, 18.1 (6C), 24.7, 26.7, 29.3, 30.8, 34.6, 36.5, 40.7, 41.2, 45.2, 51.2, 56.6, 62.7, 80.3, 83.5, 84 .4,
118.2, 119.3, 120.0, 124.0, 129.2, 136.6, 144.0, 156.4, 168.0, 205.1 ppm; HR-ESI-qTOF-MS: m/z
651.4067 ([M + Na]*). Calcd. for Ca7Hes0OsSiNa 651.4051; [e]p: +67 (c 1.4, MeOH, 22.1 °C).
7-epi-Oscillatoxin E (2). To spiro-ether 2° (26.5 mg, 42.2 umol) was added the solution of TBAF (16.6
mg, 63.3 umol) in AcOH (4.8 uL, 84.4 umol) and THF (1.5 mL) at 4 °C. The mixture was allowed to warm
to room temperature and stirred for 45 min. The mixture was diluted with H2O (3 mL). The organic layer
was separated and the aqueous layer was extracted with EtOAc (3 mL x 3). The combined organic layer
was washed with brine, dried over Na>SOyg, filtered, and concentrated under reduced pressure. The residue
was purified by column chromatography (silica gel 2 g, EtOAc/hexane = 1/10 to 1/3) to afford 7-epi-OTX-
E (2) (18.0 mg, 38.1 umol, 90%) as a colorless oil. *H NMR: (500 MHz, CDCls, 0.031 M): 6 0.81 (3H, d,
J =7.4 Hz, H3-23), 0.86 (3H, d, J = 6.9 Hz, H3-22), 0.89 (3H, s, H3-24), 0.97 (3H, d, J = 6.3 Hz, H3-26),
1.21 (3H, s, H3-25), 1.23-1.33 (2H, m, H2-13), 1.44 (1H, dd, J = 13.9, 6.6 Hz, Heq-5), 1.55-1.64 (2H, m, H-
12, H-14a), 1.68 (1H, t, J = 12.9 Hz, Hax-5), 1.82 (1H, m, H-14b), 2.27 (1H, m, H-10), 2.41 (1H, m, H-4),
3.21 (3H, s, -OCHj3), 3.21 (1H, m, H-11), 3.60 (3H, s, -COOCH3), 3.72 (1H, s, H-2), 4.02 (1H, t,J =6.9
Hz, H-15), 5.64 (1H, dd, J = 10.3, 2.3 Hz, H-8), 5.77 (1H, d, J = 10.3 Hz, H-9), 6.72-6.81 (3H, m, H-17,
H-19, H-21), 7.17 (1H, t, J = 7.8 Hz, H-18) ppm; 3C NMR: (125 MHz, CDCl3, 0.031 M): § 13.0, 14.5,
17.1, 24.7, 26.7, 29.3, 30.5, 34.8, 36.4, 40.7, 41.3, 45.2, 51.3, 56.7, 62.7, 80.2, 83.6, 84.4, 113.4, 114.7,
119.5, 123.9, 129.6, 136.6, 144.3, 156.1, 168.0, 205.4 ppm; HR-ESI-qTOF-MS: m/z 495.2697 ([M + Na]").
Calcd. for CogH400sNa 495.2717; [a]p: +80 (c 0.31, MeOH, 21.6 °C).

Cell culture

The human endometrial cancer cell line, HHUA (RCB0658), was provided by RIKEN BRC through the
National Bio-Resource Project of the MEXT/AMED (Tsukuba, Japan). The cells were cultured in Ham’s
F-12 medium with 10% heat-inactivated FBS, 1 mM L-glutamine, 100 1U/mL penicillin, and 100 pg/mL
streptomycin in a 5% CO2 humidified incubator maintained at 37 °C.

Cytotoxicity assay toward HHUA cell line

HHUA cells were seeded in 96-well plates at a density of 5,000 cells/well in 200 uL of medium and were
allowed to adhere overnight. A test compound in 0.5 pL of DMSO was added to each well, and the cells
were incubated for 48 h. A solution of MTT (100 ng) in PBS buffer (20 pL) was then added to each well,
and the plate was incubated for an additional 4 h. The medium was removed by aspiration, the generated
formazan was dissolved in 150 uL of DMSO, and the absorbance was measured at 570 nm using a
Multiskan FC microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). The cell viability (%) in

the presence of each concentration of test compound was plotted as a percentage relative to the vehicle



2360 HETEROCYCLES, Vol. 102, No. 12, 2021

group, and ICso and 95% confidence interval were determined by nonlinear regression to complementary
error function using the R software version 4.1.0.

Measurement of cell proliferation inhibition against 39 human cancer cell lines

We employed a panel of 39 human cancer cell lines established by Yamori and colleagues according to the
NCI method with modification, and measured cell proliferation inhibition as reported previously.2
Molecular modeling study

Side-chains at position 11 of 1 and 2 were replaced with an isopropyl group to simplify the calculation.
Initial geometric optimization was performed with the MMFF94 force field using the Avogadro (version
1.2.0) software.2 Final geometric optimization and frequency analysis were conducted at the ®B97X-D/6-
311+G(d,p) level of theory using the Gaussian 16 (Revision C.01) program package.2®
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