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Super-carbon-chain compounds (SCCCs) are marine organic molecules featuring long polyol carbon
chains with numerous stereocenters. Polyol-polyene compounds (PPCs) and ladder-frame polyethers
(LFPs) are two major families. It is highly challenging to establish the absolute configurations of SCCCs.
In this century, few new SCCC families have been reported. Benthol A, an aberrant SCCC, was obtained
from a South China Sea benthic dinoflagellate that should belong to a new taxon. Its planar structure
and absolute configuration, containing thirty-five carbon stereocenters, were unambiguously established
by a combination of extensive NMR spectroscopic investigations, periodate degradation of the 1,2-diol
groups, ozonolysis of the carbon-carbon double bonds, J-based configurational analysis, NOE
interactions, modified Mosher's MTPA ester method, and DFT-NMR *C chemical-shift calculations aided
by DP4+ statistical analysis. Benthol A displayed potent antimalarial activity against Plasmodium
falciparum 3D7 parasites. This new molecule combines extraordinary structural features, particularly

eight scattered ether rings on a C;, backbone chain, which places it within a new SCCC family between
Received 24th May 2021

Accepted 25th June 2021 PPCs and LFPs, herein termed polyol-polyether compounds. This suggestion was strongly supported by

principal component analysis. The discovery of benthol A does not only provide new insights into the
untapped biosynthetic potential of marine dinoflagellates, but also opens up a new window for skeletal
diversity of SCCCs.
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Introduction are long and flexible carbon chains that are highly oxygen-
functionalized."” Representative examples are palytoxin and
maitotoxin with molecular weights of 2680 and 3422 daltons,
respectively. To date, maitotoxin is believed to have the longest
carbon chain in nature, except for biopolymers.'* SCCCs
exhibit remarkable bioactivities, such as activation effects of ion

channels, and antifungal, antitumor, and anti-osteoclastic

Marine dinoflagellates produce massive and diverse super-
carbon-chain compounds (SCCCs), the backbones of which
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activities."® However, the highly time-consuming stereochem-
ical determination of SCCCs retards their potential applications
in biomedicine.

There is no doubt that fragment stereodivergent synthesis
combined with NMR spectroscopic data comparison is an accu-
rate and reliable approach to the stereochemical assignment of

Key Laboratory of Bioactive Substances and Resources Utilization of Chinese Herbal
Medicine, Ministry of Education, Institute of Medicinal Plant Development, Chinese
Academy of Medical Sciences, Peking Union Medical College, Beijing 100193, P. R.
China

1 Electronic supplementary information (ESI) available: Supplemental Fig. S1-S5,
Tables S1-54, and experimental procedures; supplemental Fig. S6-5221, including
copies of HR-ESIMS for compound 1 and fragments 1A, 1B, 1d, 1As/r, 1Bs/r, 1as/r,
1bs/r, and 1cs/r; LR-ESIMS for fragments 1a-1c, 1e, and 1es/r; and 1D and 2D NMR
spectra for compound 1 and fragments 1A, 1B, 1a-1e, 1As/r, 1Bs/r, 1as/r, 1bs/r,
1cs/r, and 1es/r. See DOI: 10.1039/d1sc02810c

i These authors contributed equally to this work.

© 2021 The Author(s). Published by the Royal Society of Chemistry

SCCCs."® However, it normally takes decades to determine the
configuration of a complex SCCC. For example, symbiodinolide,
a SCCC containing a 62-membered lactone and 61 carbon ster-
eocenters, was first identified in 2007 from the symbiotic dino-
flagellate, Symbiodinium sp.® Since then, chemists have constantly
striven to resolve its absolute configuration through fragment
stereodivergent synthesis. Nevertheless, the absolute configura-
tions of the last two fragments on its backbone, viz., C53-C61 and
C75-C79, remain to be determined.>***?
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With the aid of modern molecular biological, algaculture
engineering, chemical, spectroscopic, and computational
techniques, the configurational determination of complex
SCCCs based on natural chemical entity has become feasible,
though it still takes years. For instance, gibbosols A-C were
obtained by our group in 2017 as a new class of SCCCs, i.e.,
polyol-polyol compounds, from the marine pelagic dinoflagel-
late, Amphidinium gibbosum. The planar structures and absolute
configurations of these SCCCs, containing thirty-six or thirty-
seven carbon stereocenters, were successfully established in
2020 by combined use of chemical, spectroscopic, and
computational approaches based on natural products.***

During the ongoing projects in search of novel SCCCs from
South China Sea dinoflagellates, we turned our attention to new
taxa of these unicellular algae. Comparison of the 18S rDNA
sequence of a benthic dinoflagellate (strain: MDRC-02, Fig. S17)
with those in NCBI nucleotide database using the BLAST algo-
rithm revealed that the closest relative is an uncultured
eukaryote clone (XM.18S_7; percent identity: 99.65%), whereas
the closest dinoflagellate strain is Amphidinium operculatum
(strain: TAK-0; percent identity: 80.95%). Phylogenetic tree
inferred from the 18S rDNA sequence alignment in the NCBI
databases suggested that the monophyly of the benthic strain
MDRC-02 and the uncultured eukaryote clone XM.18S_7
formed a distinct clade, which is not closely related to any other
clades of the dinoflagellate strains (Fig. S2t). Hence, the benthic
dinoflagellate strain MDRC-02 should belong to a new taxon of
dinoflagellate, or at least a new species of the genus Amphidi-
nium. UPLC-MS-guided isolation led to the discovery of an
unprecedented SCCC, named benthol A (1) (Fig. 1A), from the
above benthic strain MDRC-02. Its chain backbone possesses
eight scattered ether rings. Unquestionably, this raises the
enormous opportunity to discover novel SCCCs from new taxa
of dinoflagellates. Herein, we report the isolation, structural
elucidation, and bioactivity of 1. The principal component
analysis score plot of 1 and previously reported 187 SCCCs
strongly supports that 1 belongs to a new SCCC family.

Results and discussion
Planar structure of benthol A

Benthol A (1) was obtained as a colorless solid. The molecular
formula C;5H;,605¢ With thirteen degrees of unsaturation was
established by means of high resolution-electrospray
ionization-mass spectrometry (HR-ESIMS) with a positive ion
at m/z 1529.8234 ([M + Na]', caled 1529.8226) (Fig. S7-S8%).
According to the 'H and C NMR spectroscopic data of 1
(Fig. S9-S22t), five degrees of unsaturation are due to five
carbon-carbon double bonds. Thus, the molecule should
contain eight rings.

The >C NMR spectroscopic data and the DEPT135 experiment
of 1 (Fig. S23-S277), combined with its 2D HSQC and sel-HSQC
spectra (Fig. S28-S33t), revealed the presence of 75 carbon
resonances for two methyl groups, 29 methylene groups (an
olefinic, two oxygenated, and two overlapped signals at 6 41.73),
40 methine groups (six olefinic and 34 oxygenated, including two
overlapped oxymethine signals at d¢ 73.22), and four quaternary
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carbons (three olefinic). After fed with NaH'>COj; in the culture
medium of the dinoflagellate, *C isotope enriched chemical
entity of 1 (4.0 mg) was obtained for the 2D INADEQUATE
experiment (Fig. S34-S367).">'* Consequently, three substruc-
tures, viz., I (from C1 to C40, and C73), II (from C41 to C52, and
C74), and III (from C53 to C72, and C75), were determined by
analysis of 2D INADEQUATE, HSQC, H2BC, HMBC, and HSQC-
TOCSY correlations of 1 (Fig. S28-S417). It is worth mentioning
that, most carbon-carbon connections of the molecule were
established by 2D INADEQUATE correlations (Fig. 1B).

For substructure I, the linear connections of C1 to C18, C19
to C22, and C23 to C38 were revealed by the corresponding
BC-13C correlations observed from the 2D INADEQUATE
spectrum, and the relevant H2BC and HMBC crosspeaks. The
linear connection of C18 and C19 and that of C22 and C23 were
resolved by H2BC correlations between H18/C19 and H22/C23,
respectively, whereas the branched connection of the C10=C73
bond was assigned by the INADEQUATE correlation between
C10/C73. The linear connection of C38 to C40 was deduced from
HSQC-TOCSY correlations between C39/H38 and C40/H39.
Ether bridges between C4/C8, C8/C12, C21/C24, C29/C32, and
C35/C39 were determined by crucial HMBC crosspeaks between
H4/C8, H12/C8, H24/C21, H32/C29, and H39/C35, respectively.
Taken together, the above data gave substructure I, containing
three tetrahydropyran (i.e., rings A, B, and E) and two tetrahy-
drofuran (i.e., rings C and D) moieties, among which rings A
and B (from C4 to C12) constitute a 6,6-spiroketal motif
(Fig. 1B).

For substructure II, the linear connection of C41 to C51 was
established by the corresponding INADEQUATE and H2BC
correlations. The linear connection of C51 and C52 was revealed
by the H2BC crosspeak between H52/C51 and the HSQC-TOCSY
correlation between C51/H52, whereas the branched connec-
tion of Me-74 and C44 was assigned by the INADEQUATE
correlation between C74/C44, the H2BC crosspeak between H;-
74/C44, and HMBC correlations between H;-74/C43 and H;-74/
C45. An ether bridge between C49/C52 was determined by the
crucial HMBC crosspeak between H49/C52. Taken together, the
substructure II, containing a tetrahydrofuran moiety (i.e., ring
F), was elucidated (Fig. 1B).

For substructure III, the linear connections of C53 and C54,
and C56 to C72 were deduced by the corresponding INADE-
QUATE and H2BC correlations. The linear connection of C54 to
C56 was resolved by H2BC correlations between H55/C54 and
H55/C56, and HSQC-TOCSY crosspeaks between C54/H55 and
C56/H55, whereas the branched connection of Me-75 and C60
was assigned by the INADEQUATE correlation between C75/C60,
the H2BC crosspeak between H3-75/C60, and HMBC correlations
between H3-75/C59 and H;-75/C61. Ether bridges between C54/
C58 and C68/C72 were determined by crucial HMBC crosspeaks
between H54/C58 and H,-72/C68, respectively. Taken together,
the substructure III, containing two tetrahydropyran moieties
(i.e., rings G and H), was assembled (Fig. 1B).

The presence of five tetrahydropyran and three tetrahydro-
furan rings in 1, including a 6,6-spiroketal motif, was further
confirmed by isotope shift experiments measured in CD;OD and
CD;OH." Fifteen oxygenated carbons, viz., C8 (6 99.76), C49 (6

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
diagnostic NOE interactions of benthol A (1).

86.13), C29 (6 84.69), C21 (6 84.52), C24 (6 79.06), C35 (5 77.77),
C52 (6 76.54), C32 (6 75.39), C68 (6 75.01), C54 (6 74.33), C4 (6
73.54), C39 (6 73.22), C58 (6 70.96), C12 (5 68.65), and C72 (6
62.63), which exhibited no obvious deuterium-induced isotope
shift, are involved in the ether linkages (Fig. S42-5S46%). These
results were in accordance with the aforementioned ether bridges
assigned by the observed HMBC crosspeaks.

Finally, the H2BC correlation between H41/C40 and HMBC
crosspeaks between H39/C41 and H,-42/C40 led to the
connection of substructures I and II through the C40-C41 bond.
Similarly, H2BC correlations between H,-53/C52 and the HSQC-
TOCSY crosspeak between C53/H52 connected substructures II
and III by the C52-C53 bond. NOE interactions between H,-15/
H17, H,-43/H45, H,-59/H61, and H,-63/H65, and the large
values of *Jiy6 117 (15.4 Hz) and *Jueq nes (15.4 Hz) concluded
that the geometries of four carbon-carbon double bonds of 1,
viz., C16=C17, C44=C45, C60=C61, and C64=C65, are all E-
forms. Based on the above results, the planar structure of 1,
containing an exomethylene moiety, two pendant methyl
groups, eight ether rings, and twenty-two hydroxy groups as 1,2-
diol, 1,3-diol, 1,4-diol, and 1,5-diol moieties, was completely
elucidated (Fig. 1B).

Chemical degradation of benthol A

Owing to heavily overlapped 'H and *C NMR signals of 1,
particularly those of oxymethine groups crowded around

© 2021 The Author(s). Published by the Royal Society of Chemistry

(A) Structure and absolute configuration of benthol A (1). (B) Key INADEQUATE, H2BC, HMBC, and HSQC-TOCSY correlations and

73.2 ppm, the determination of the relative configuration of 1
turned out to be a daunting task. To unambiguously establish
the stereochemistry of the whole molecule, degradation reac-
tions were applied to 1. NalO,/NaBH,-mediated cleavage of the
1,2-diol groups of 1 with **C natural abundance afforded two
main products, viz., fragments 1A (from C2 to C40, and Me-73)
and 1B (from C41 to C72, Me-74, and Me-75) (Fig. 2), whereas
O;/NaBH,-mediated cleavage of the carbon-carbon double
bonds of 1 with **C-enriched abundance yielded five products,
viz., fragments 1a (from C1 to C16), 1b (from C17 to C44, and
Me-74), 1c (from C45 to C60, and Me-75), 1d (from C61 to C64),
and 1e (from C65 to C72) (Fig. 2). The planar structures of these
fragments were assigned by ESIMS, NMR spectroscopic data,
and "H-"H COSY, HSQC, HMBC, and NOESY spectra (Fig. $47-
S1447). Most notably, 1b is a pair of epimers at C44.

Relative configuration of benthol A

To establish the relative configurations of the relevant segments
in fragments 1A, 1B, 1a, 1b, 1c, and 1e (Fig. 2), extensive J-based
configurational analysis (J/BCA)'*'** and NOE interactions were
employed. In fact, the relative configurations of four flexible
segments, including C32-C35 in 1A and C46-C49, C52-C54,
and C66-C68 in 1B, were assigned by /BCA referring to the
typical criteria (Table S17), whereas those of eight cyclic ether
moieties (i.e., rings A-H) in the above fragments were deter-
mined by diagnostic NOE interactions. To sum up, the relative

Chem. Sci., 2021, 12, 10197-10206 | 10199
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Fig.2 Structures of seven degradation fragments, viz., 1A, 1B, and 1la—
le. The relative configuration of each segment in blue color was
assigned. Stereocenters at C10, C44, and C60 were generated as
results of chemical degradation. Fragments 1la and 1c are optical
isomers obtained from HPLC chiral separation, whereas 1b is a mixture
of epimers at C44.

configurations of the C32-C35 segment in 1A, and the C46-C49,
C52-C54, and C66-C68 segments in 1B were assigned as (anti/
syn), (antilanti), syn, and syn, respectively, by application of JBCA
(Fig. S37).

The relative configuration of the 6,6-spiroketal moiety in 1a,
including rings A (from C4 to C8) and B (from C8 to C12), were
assigned by diagnostic NOE interactions and the distinctive
values of *J; i (Fig. 3A). The chair conformation of ring A with
the axial H4, H5, and H6 was revealed by NOE interactions
between H4/H6, H5/H3a, H5/H3b, and H5/H7q, the large values
of *Juaus (9.3 to 9.6 Hz), *Jus ue (9-3 Hz), and *Jye u7 (9.0 Hz),
and the intermediate value of 3]H6,H7B (5.2 Hz). Similarly, the
chair conformation of ring B with the axial H12 and the equa-
torial H10 was supported by NOE interactions between H12/H2,
H12/H4, and H12/H14, the large values of 3]H12,H113 (9.8 Hz) and
*Jua2,m13p (9.9 Hz), and the intermediate values of *Ji0 nop (5.4
Hz) and *Ju10,111p (5.4 Hz). Most notably, the relative configu-
ration of C8 in 1a was unequivocally assigned as S* based on
NOE interactions between H7a/H9a, H7B/H9B, H4/H14, H6/
H14, and H4/H12 (Fig. 3A). Finally, the relative configuration
of the 6,6-spiroketal moiety in l1a was determined to be
(4R* 55* 6R* 85*,125%).

NOE interactions between H29/H32 and H30/H32 of ring D in
1b revealed their cofacial relationship (Fig. 3B). The chair
conformation of ring E in 1b with the axial H37, H38, and H39,
and the equatorial H35 was corroborated by NOE interactions
between H34/36f, H34/H37, H34/H39, H37/H39, and H360,/38, the
large values of 3]H37,H38 (9.6 Hz) and 3]33‘H39 (9.6 Hz), and the small
value of *Juss psep (1.4 Hz) (Fig. 3B). Combined with the afore-
mentioned (anti/syn) relationship of the C32-C35 segment in 1A
(Fig. S3AT), the relative configuration of the C29-C39 moiety in 1b
was concluded to be (29R*,30R*,32R*,345%,355* 37R*,385% 39R*).
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4.31 dddd
(9.9,9.8, 5.0, 2.0 Hz)

374.1d
B (9.6,9.56,2.0Hz)

Fig. 3 (A) The relative configuration of the 6,6-spiroketal moiety in 1a
and (B) those of rings D and E in 1b assigned by diagnostic NOE
interactions and 3JH,H values (the C17 to C27 moiety in 1b is omitted for
clarity).

Additionally, the cofacial relationship of H21, H22, and H24 of
ring C in 1b was deduced from NOE interactions between H21/
H24 and H22/H24 (Fig. S4AY).

The cofacial relationship of H49, H50, and H52 in ring F of
1c was assigned by NOE interactions between H49/H52 and
H50/H52, whereas the chair conformation of ring G in 1c¢ with
the axial H54, H55, and H58, and the equatorial H56 was sup-
ported by those between H54/H58 and H55/H57f, the large
54,155 (9.6 to 9.8 Hz), and the intermediate *Jis5 pse (3.2 Hz)
and 3]H56,H57B (5.8 Hz). Interestingly, the strong NOE interaction
between H52/H54 revealed their same spatial orientation
(Fig. 4A). Combined with the aforementioned (anti/anti)
configuration of the C46-C49 segment (Fig. S3B) and the syn
relationship of the C52-C54 segment observed in 1B (Fig. S3C¥),
the relative configuration of 1c was thereby assigned as
(46R* 48R* A9R* 50R*,52R* 54R* 555% 565* 585%).

Similarly, the chair conformation of ring H in 1e with the
axial H68 and H69, and the equatorial H70 was supported by
NOE interactions between H68/H72a. and H69/H71, the large
® 68,160 (9.6 Hz), and the intermediate *Jyg0 u70 (2.8 to 3.0 Hz)
and *Ju7o,n71p (5.4 to 5.8 Hz) (Fig. 4B).

Absolute configuration and bioactivities of benthol A

To determine the absolute configurations of 1A, 1B, 1a, 1b, 1c,
and 1le, the modified Mosher's a-methoxy-o-trifluoromethyl-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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A
4.13 ddd 156 m
(9.5,7.0,2.4 Hz)
\-L
3.99 ddd
(5.8,32,2.0 Hz)
3.62 ddd 3.24dd 1.84 dddd
B (12.4,5.4,1.5Hz) (9.6,3.0Hz) (12.4,9.8,54,26 Hz)

1.75 dddd
(12.4,56,3.8,20 Hz)

4.00 dd
5.8 .28 Hz

3.73 ddd
(12.4,9.6, 2.4 Hz)

(9.6,9.6, 3.0 Hz)

Fig. 4 (A) The relative configurations of rings F and G in 1c and (B) that
of ring H in le assigned by diagnostic NOE interactions and 3JH,H
values.

phenylacetic acid (MTPA) ester method was employed. The
fragments 1A, 1B, 1b, and 1c were esterified with (R)- and (S)-
MTPACI to produce the corresponding pairs of (S)- and (R)-
MTPA esters (Fig. 5), viz,, 1As/r (Fig. S145-S158f1), 1Bs/r
(Fig. S159-S1727), 1bs/r (Fig. S185-S2007), and 1cs/r (Fig. S201-
S2127), respectively, whereas the fragments 1a and 1e reacted
first with pivaloyl chloride to protect their terminal primary
alcohol groups and then with (R)- and (S)-MTPACI to produce
the corresponding pairs of (S)- and (R)-MTPA esters (Fig. 5), viz.,
1as/r (Fig. S173-5184+) and 1es/r (Fig. S213-S2227), respectively.

Comparison of the A§°F values between 1as/r, the absolute
configurations of C2, C6, C10, and C14 in 1a were assigned as S,
R, R, and S, respectively, by typical Mosher ester analysis*
(Fig. 5). Based on the relative configuration of 1a (Fig. 3A), the
absolute configurations of C4, C5, C8, and C12 in 1la were
concluded to be R, S, S, and R, respectively (Fig. 5). Owing to the
different CIP priority, the stereodescriptor at C5 in 1a is oppo-
site to that of 1as/r. Similarly, the absolute configurations of
C18, C22, and C41 in 1b were determined to be S, R, and S,
respectively, by typical Mosher ester analysis.” It is the same
with 22R in 1A. Most notably, the above assigned 18S and 22R
configurations were consistent with the A6** sign distribution
proposed for the acyclic 1,5-diol systems, as noted by
Riguera,**” viz., a type D syn-1,5-diol for the bis-MTPA esters of
the C14-C18 diol moiety and a type B anti-1,5-diol for that of the
C18-C22 diol moiety in 1A (Fig. 5). Based on the relative
configuration of ring C in 1b (Fig. S4Af), the absolute configu-
rations of C21 and C24 were concluded to be R and S, respec-
tively. The absolute configurations of C34 and C37 in 1b were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thereby assigned as S and R, respectively, by the sign distribu-
tion of A6* values proposed for the 1,4-diol systems, i.e., a type
A syn-1,4-diol in the bis-MTPA esters of the C34-C37 diol moiety
(Fig. 5).2127 Based on the aforementioned
(29R*,30R*,32R*,34S5* 355* 37R*,385*,39R*) configuration of
the C29-C39 segment in 1b (Fig. 3B), the absolute configuration
of this segment was successfully determined to be
(29R,30R,32R,345,355,37R,385,39R). Owing to the different CIP
priority, the stereodescriptor at C38 in 1b is opposite to that of
1bs/r.

The absolute configurations of C46 and C48 in both 1B and
1c were identically assigned as R and R, respectively, by the sign
distribution of A6** values proposed for the 1,3-diol systems,
i.e., a type A anti-1,3-diol for the bis-MTPA esters of the C46-C48
diol moiety in both 1B and 1¢.>** The absolute configuration of
C50 in 1B was established as R by typical Mosher ester analysis
(Fig. 5).>° Based on the relative configuration of ring F in 1c
(Fig. 4A), the absolute configurations of C49 and C52 were
assigned as R and R, respectively. Due to the different CIP
priorities, the stereodescriptors at C49 and C52 in 1c are
opposite to that of 1cs/r. The absolute configurations of C55 and
C56 in 1c were assigned as S and S, respectively, by the sign
distribution of Aé°F values proposed for the 1,2-diol systems,
i.e., a type D anti-1,2-diol in the bis-MTPA esters of the C55-C56
diol moiety in 1c¢ (Fig. 5).>*>” Owing to the different CIP priority,
the stereodescriptor at C55 in 1c is opposite to that of 1cs/r.
Based on the relative configuration of ring G in 1c (Fig. 4A), the
absolute configurations of C54 and C58 were concluded to be R
and S, respectively. The above results were consistent with the
aforementioned relative configuration of 1c.

The absolute configurations of C62 and C66 in 1B were
determined to be R and S, respectively, by the Ad°® sign distri-
bution proposed for the acyclic 1,5-diol systems, i.e., a type A
anti-1,5-diol for the bis-MTPA esters of the C62-C66 diol moiety
in 1B (Fig. 5).**” According to the syn relationship of the C66-
C68 segment in 1B (Fig. S3DT), the absolute configuration of
C68 was thereby assigned as R. Based on the relative configu-
ration of ring H in 1e (Fig. 4B), the absolute configurations of
C69 and C70 in 1e were determined to be S and S, respectively
(Fig. 5). Most notably, the 62R configuration was reconfirmed
based on the positive specific rotation ([a]f’ = + 8 (c = 0.02,
methanol)) of fragment 1d (Fig. 2),2**° whereas the 665 config-
uration was further supported by the positive A¢°X sign values of
H,-65 and methyl protons of the terminal pivaloyl ester in 1e
(Fig. 5). In addition, these results were corroborated by a type D
anti-1,2-diol in the bis-MTPA esters of the C69-C70 diol moiety
in 1€, though minor disturbance from the MTPA esters of
C66 could be observed in the A§°® value of H69. Owing to the
different CIP priority, the stereodescriptor at C69 in 1e is
opposite to that of 1es/r (Fig. 5).

Thus far, the absolute configuration of C40 remained to be
established. Due to its overlapped proton and carbon signals in
1b, JBCA could not be applied. To tackle this problem, DFT-
NMR "*C chemical-shift calculations and DP4+ statistical anal-
ysis were employed.**** A model compound 1b’ representing the
C34-C41 region of 1b was chosen for the calculation. The Merck
Molecular Force Field (MMFF) conformational search was
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Fig. 5 A&°F values obtained for fragments 1A, 1B, 1a, 1b, 1c, and le. Due to the different Cahn—Ingold—Prelog (CIP) priorities, the stereo-
descriptors at C49 and C52 of 1B, C5 of 1a, C38 of 1b, C49, C52, and C55 of 1c, and C69 of le, are opposite to those of 1Bs/r, 1las/r, 1bs/r, 1cs/r,

and les/r, respectively. Owing to the epimeric C44 in 1bs/r, A5°F

las/r and 1cs/r are 10R and 60S isomers, respectively.

carried out on two possible C-40 viz.,
(348,35S,37R,38S,39R,40R,415)-1b/ and
(348,35S,37R,38S,39R,405,415)-1b’ (Fig. S4Bf), producing 97
and 83 conformers, respectively, in a 21 k] mol ' energy
window.?*** The B3LYP/6-31+G(d,p) re-optimization of these
conformers resulted in eight and twelve low-energy geometries
with Boltzmann population above 1%. '*C NMR chemical-shift
calculations were performed at the mPW1PW91/6-311+G(2d,p)
level (Table S2t).** The carbon chemical-shift differences and
the corrected mean average error value* showed a clear pref-
erence for the 40R epimer. The most characteristic chemical-
shift difference could be observed at C41, adjacent to C40,
with a Ad value of 0.01 ppm for the 40R isomer versus that of
3.76 ppm for the 40S one (Table S31). The DP4+ statistical

epimers,

10202 | Chem. Sci., 2021, 12, 10197-10206

values of the C38-C44 segment and the Me-74 group are in pairs. However,

analysis resulted in 99.93% confidence for the 40R epimer.
Additionally, 3.41 Hz was computed for the 3]H39,H40 value of the
40R epimer, whereas 6.75 Hz was obtained for that of the 40S
epimer. Evidently, the experimental *Js0 mao (1.2 Hz) further
supported the absolute configuration of 40R in 1b.

Considering all the assignments of the absolute configura-
tions for thirty-five carbon stereocenters in seven degradation
products, viz., 1A, 1B, and la-1e, we may conclude that the
absolute configuration of benthol A (1) is (2S,4R,5S,
6R,8S5,125,145,185,21R,22R,24S5,29R,30R,32R,345,35S,37R,38S,
39R,40R,41S,46R,48R,49R,50R,52R,54R,555,56S,58S,62R,66S,
68R,695,70S) (Fig. 1A).

Nowadays, malaria is still one of the most deadly infectious
diseases in the world, particularly in Africa and Asia. Due to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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rapid spread of resistant Plasmodium parasites, it is in urgent
need to discover the next generation of potent antimalarial
drugs with new chemical entities. Thus, benthol A (1) was
assayed in vitro against the drug sensitive 3D7 strain of P. fal-
ciparum.®® As a consequence, it exhibited antiplasmodial activity
with an ECs, value of 60.80 nM. Dihydroartemisinin was used as
a positive control with an ECs, value of 4.12 nM. In addition, in
vitro anti-HIV-1 assay®*”*® revealed that 1 showed an inhibition
rate of 57.1% at the concentration of 100.0 uM and 16.5% at the
concentration of 20.0 uM, respectively. Efavirenz was used as
a positive control with 90.2% inhibition at the concentration of
100.0 uM and 88.5% at the concentration of 20.0 uM,
respectively.

Principal component analysis

To date, 187 SCCCs with molecular weights of greater than 1000
daltons have been isolated from marine dinoflagellates of eight
genera, viz., Amphidinium, Gambierdiscus, Karenia, Karlodinium,
Ostreopsis, Prorocentrum, Protoceratium, and Symbiodinium
(Table S4t). Among them, polyol-polyene compounds (PPCs)
and ladder-frame polyethers (LFPs), including 60 and 90
members, respectively, are two major families and occupy
79.8% of the total SCCCs.

PPCs are mainly produced by dinoflagellates of the genera
Amphidinium,**-*  Karlodinium,**° Ostreopsis,”*’* and Pro-
rocentrum.””* These SCCCs are characterized by the presence of
both a polyol and a polyene chain, connected by a central core
containing two tetrahydropyran rings. Due to numerous ster-
eocenters on flexible acyclic carbon chains of PPCs, only the
absolute configurations of three molecules, ie., AM3,°"%
KmTx2,°* and ostreol B,”* have hitherto been completely
established. LFPs, featuring trans-fused polycyclic ether scaf-
folds, are generated by marine dinoflagellates of the genera
Gambierdiscus,”*”® Karenia,"”””’° and Protoceratium.’>* Marine

2]
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toxins, such as ciguatoxins, brevetoxins, maitotoxin, and yes-
sotoxins, are the representative examples.”*® Owing to the
universality of NOE interactions and ECD cotton effects for the
stereochemical assignment of LFPs, the absolute configurations
of these marine toxins have been determined.

Principal component analysis (PCA) is a widely used
statistical technique for exploratory data analysis.*” It can
reduce the dimensionality of complex data sets with the aim to
achieve visualization loading in two- or three-dimensional
plots.?* To categorize the SCCCs reported to date, PCA was
applied to 188 SCCCs, including 1 and previously explored 187
SCCCs (Fig. 6). Eight parameters were considered, including
molecular weight, and carbon numbers, ring numbers,
hydroxy numbers, carbon-carbon double bond numbers,
chiral carbon numbers, and spiroketal carbon numbers of the
backbone chain, and the ratio of backbone carbons to ether
rings. The model obtained by PCA showed a good fitting
degree (R*X = 0.996) and a strong predictive ability [Q*(cum) =
0.882] (Fig. S51). The PCA score plot revealed that PPCs and
LFPs are the two largest independent groups. Except for PPCs,
the other SCCCs from dinoflagellates of the genus Amphidi-
nium are dispersively distributed. Most notably, 1 is distinctly
separated from all the other SCCCs. It cannot be grouped with
any other SCCCs from dinoflagellates of the genus Amphidi-
nium (Fig. 6). The nearest neighbors of 1 are dinophysistoxin-4
(DTX-4, 131), DTX-5a (132), DTX-5b (133), DTX-5c (134), and
prorocentroic acid (137) (Fig. 6 and Séft), all of which were
obtained from dinoflagellates of the genus Prorocentrum. The
above four DTX analogs are the derivatives of okadaic acid,
containing three spiroketal moieties within the Cz3 backbone
chain, whereas prorocentroic acid comprises a 6,8-dioxabicy-
clo[3.2.1]Joctane motif and two tetrahydropyran rings within
the C¢o backbone chain. The molecule of 1, however, contains
eight scattered ether rings within the C,, backbone chain.

W Amphidinium
Gambierdiscus
Karenia

B Karlodinium
Ostreopsis

B Prorocentrum
Protoceratium

M Symbiodinium

H1

-15 T

T T

-20 0 20 40
t[1]

-40

T T

60 80 100

Fig.6 PCA score plot of 188 SCCCs. Benthol A is designated as the number 1 (The red dot) and previously reported 187 SCCCs as numbers 2 to
188 in the graph. R2X = 0.996, Q*(cum) = 0.882, ellipse: Hotelling's T2 (95%).
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Accordingly, 1 should be classified as the first member of
a new SCCC family situated between PPCs and LFPs.

Obviously, SCCCs from dinoflagellates of three genera, viz.,
Amphidinium, Ostreopsis, and Prorocentrum, are dispersively
distributed, whereas those from the genera Karenia and Sym-
biodinium could be categorized into two main groups. SCCCs
from the other three genera, viz., Karlodinium, Gambierdiscus,
and Protoceratium, are concentrated. Maitotoxin (82), however,
is isolated, mainly due to its huge molecular weight (Fig. 6). It
may be concluded that dinoflagellates of the genera Amphidi-
nium, Ostreopsis, and Prorocentrum harbor SCCCs with the
richest structural diversity.

In fact, the first member of most SCCC families was reported
in the last century. As aforementioned, symbiodinolide (184)
was identified with a 62-membered lactone in 2007.° However,
its analog zooxanthellatoxin-A (186) was reported in 1995."> The
above two SCCCs are grouped with the inseparable isomeric
mixture zooxanthellamides C;-Cs (185)** to form a distinct
SCCC family, termed super macrolides (Fig. 6).

It is worth mentioning that, amdigenols A (2) and D (3),
containing three tetrahydropyran rings within the Cqg backbone
chain and four tetrahydropyran moieties within the C,,, back-
bone chain, respectively, were obtained as dimeric AM analogs
from the Okinawan dinoflagellate Amphidinium sp. in 2012 and
2020, respectively. The two SCCCs are grouped to form an
independent SCCC family in the PCA score plot (Fig. 6).

It is reported that PPCs, such as AM3 and KmTx8, featuring
both a hydrophilic polyol and a hydrophobic polyene chain,
exhibited remarkable antifungal and antitumor activities.*®>%”
These pore-forming agents, taking a hairpin conformation in
the lipid bilayer membrane, can specifically bind to membrane
sterols and then perforate the membranes without altering the
membrane integrity.®*®” It was demonstrated that AM3 directly
interacts with the membrane cholesterol or ergosterol through
the strict molecular recognition of the 33-OH group,®® whereas
KmTx8 was proposed to exhibit a cytotoxic mode-of-action
against cancer cells through cholesterol and other membrane
binding interactions.”” Structure-activity relationship investi-
gations of AM3 analogs revealed that the proper length of the
polyol chains in these PPCs plays an important role in their
membrane-disrupting activities. When the length of the polyol
chains exceeds 35 carbons, the membrane-disrupting activity of
the AM3 analog decreases significantly.” LFPs, such as cigua-
toxins, brevetoxins, and maitotoxin, are activators of Na* or Ca**
channels in mammalian cell membranes.*”*”® Although the
target proteins and mode-of-action of maitotoxin remain
unknown, its potent Ca>" influx activity could be attributed to
both hydrophilic and hydrophobic regions of this molecule. The
trans-fused polycyclic ether feature of LFPs might be respon-
sible for the toxicity of these marine toxins.®

The structure of benthol A (1), containing eight scattered
ether rings on a C;, backbone chain, is totally different from
those of PPCs and LFPs. It cannot be divided into two separated
hydrophilic and hydrophobic regions. In fact, our preliminary
bioassays revealed that benthol A did not show either obvious
antifungal activity against the model fungal species Aspergillus
niger or significant cytotoxicity against eight human cancer cell

10204 | Chem. Sci, 2021, 12, 10197-10206

View Article Online

Edge Article

lines, viz., A375, AGS, A549, A2780, A2780/T, HCT-8, HCT-8/T,
and MDA-MB-231, at the concentration of 100.0 uM.
Evidently, the bioactivity profile of benthol A might be
completely different from those of PPCs and LFPs. Most
notably, in-depth mechanistic investigations of the potent
antiplasmodial activity of benthol A are warranted.

Marine dinoflagellates are exclusively focused on the gener-
ation of polyketides. From the standpoint of biosynthesis,
SCCCs are unique and huge polyketides.® It is well known that
small molecule polyketides, accounting for the majority of all
the metabolites in bacteria, fungi, phytoplankton, plants, and
invertebrates, are believed to be mainly synthesized by polyke-
tide synthases. With the aid of modern techniques, the molec-
ular bases of various polyketide synthases in bacteria and fungi
have been thoroughly elucidated.’”®® However, large and
complex genomes of dinoflagellates, and their limited genetic
data have been hampering the molecular studies of SCCC
biosynthesis. To date, the biosynthetic knowledge of SCCCs has
been accessed only by means of biochemical labeling
studies.®*® The biosynthetic investigation of SCCCs through
genome mining is still in the early stages.

Conclusions

In summary, an unprecedented SCCC, named benthol A, was
isolated from the unexplored benthic dinoflagellate collected in
the South China Sea. Its planar structure, containing a 6,6-spi-
roketal motif, three tetrahydrofuran rings, three tetrahy-
dropyran moieties, and twenty-two hydroxy groups, was
elucidated by means of extensive NMR spectroscopic investi-
gations, particularly the 2D-INADEQUATE spectrum, acquired
with *C-enriched chemical entity. The absolute configurations
of thirty-five carbon stereocenters were unambiguously estab-
lished by a combination of periodate degradation of the 1,2-diol
groups, ozonolysis of the carbon-carbon double bonds, JBCA,
NOE interactions, modified Mosher's MTPA ester method, and
DFT-NMR '*C chemical-shift calculations aided by DP4+
statistical analysis. Additionally, benthol A displayed potent
antimalarial activity against Plasmodium falciparum 3D7 para-
sites. The fascinating structural features of benthol A place it as
the first member of a new SCCC family located between PPCs
and LFPs, herein termed polyol-polyether compounds. This
suggestion was strongly supported by the PCA score plot of 188
SCCCs reported to date. To our knowledge, this is the first
report of a SCCC containing eight scattered ether rings. The
discovery of benthol A does not only provide new insights into
underexplored chemical space of SCCCs, but also opens up
a new window for skeletal diversity of SCCCs. This work
demonstrates that new taxa of dinoflagellates harbor unique
biosynthetic machineries for the production of novel SCCC
families with signature features.

Data availability

All experimental procedures, spectroscopic and computational
data are provided as the ESI.
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