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Tuberatolides, Potent FXR Antagonists from the Korean Marine Tunicate Botryllus tuberatus
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One isoprenoid, tuberatolide A (1), meroterpenoids tuberatolide B (2) and 2’-epi-tuberatolide B (3), and the known
meroterpenoids yezoquinolide (4), (R)-sargachromenol (5), and (S)-sargachromenol (6) were isolated from the Korean
marine tunicate Botryllus tuberatus. The structures of these compounds were elucidated by NMR, MS, and CD
spectroscopic analyses. These terpenoids antagonized the chenodeoxycholic acid (CDCA)-activated human farnesoid X
receptor (hFXR) in a cell-based co-transfection assay with ICsy values as low as 1.5 uM without significant effect on
steroid receptors. Furthermore, they released the co-activator peptide from the CDCA-bound hFXR ligand binding domain

in cell-free surface plasmon resonance experiments.

Farnesoid X receptor (FXR) is a ligand-dependent transcription
factor in the nuclear receptor superfamily that is highly expressed
in the liver and intestine.!*> FXR is a bile acid (BA) sensor and
plays an important role in cholesterol homeostasis in the human
body.** In recent studies, FXR has been reported to be a promising
drug target in the treatment of atherosclerosis. Ligand-activated FXR
prevents the progression of atherosclerotic lesion formation in low-
density lipoprotein receptor knockout (LDLR ") and apolipoprotein
E knockout (apoE™") mice.* FXR agonists decrease plasma
triglyceride levels and increase the synthesis of high-density
lipoprotein (HDL) cholesterol by regulating the expression of
phospholipid transfer proteins and apolipoproteins such as apoli-
poprotein C-I (ApoC-I) and apolipoprotein C-IV (ApoC-1V).’
However, male FXR/LDLR double-knockout mice show a reduced
development of atherosclerosis due to the suppressed expression
of low-density lipoprotein (LDL) scavenger receptors in macroph-
ages and decreased LDL and cholesterol levels in plasma.® Also,
atherosclerosis is greatly decreased in female FXR/ApoE double-
null mice in spite of increased levels of serum cholesterols and
triglycerides.” Thus, the therapeutic effect of FXR in atherosclerosis
is controversial, and the development of a FXR-specific antagonist
is needed to resolve this issue. Since BAs were first reported as
the ligands of FXR, many natural and synthetic FXR ligands have
been developed.® '® Most of the previously reported FXR antago-
nists have a steroid skeleton.®° The well-known steroidal FXR
antagonists guggulsterones also regulate steroid receptors and are
unsuitable as chemical tools for studying FXR physiology.®
Therefore the discovery of nonsteroidal FXR antagonists is
desirable.

As part of our continuing investigation of FXR antagonists from
marine organisms, the isoprenoid tuberatolide A (1) and a pair of
diastereomeric meroterpenoids, tuberatolide B (2) and 2’-epi-
tuberatolide B (3), were isolated from the Korean marine tunicate
Botryllus tuberatus, along with known meroterpenoids (4—6).
Herein, we have described the isolation and structure elucidation
of 1—3, as well as the characterization of their potent FXR
antagonistic effects.

The marine tunicate B. tuberatus, collected by scuba, was
extracted by a mixed organic solvent, and the resulting extract was
fractionated into four fractions based on polarity. The EtOAc-
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soluble layer, which showed potent FXR antagonism in a cell-based
co-transfection assay, was subjected to LH-20 open column
chromatography followed by silica flash chromatography. Further
bioactivity-guided purification by RP HPLC followed by an
enantioselective HPLC gave three novel compounds, tuberatolides
A (1, 2.0 mg) and B (2, 10.5 mg) and 2’-epi-tuberatolide B (3, 10
mg), in addition to yezoquinolide (4, 40 mg), (R)-sargachromenol
(5, 10 mg), and (S)-sargachromenol (6, 10.5 mg)."!

The molecular formula of tuberatolide A (1) was deduced as
C3H60;5 on the basis of the molecular ion peak at m/z 291.1958
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Table 1. NMR Spectroscopic Data (CDCl;) for Tuberatolides A and B and 2’-epi-Tuberatolide B (1—3)
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1¢ 20 3b
position Oc, mult On (J in Hz) COSY HMBC* ¢, mult Oy (J in Hz) COSY HMBC* Oc Oy
1 30.2,CH; 2.14,s 13,1 40.37,CH, 1.66, m 12 11,12, 1, 10 40.36  1.67
2 208.5, C 22.75,CH, 2.17,m 11,13 11,13, 1" 2272 217
3 43.5,CH, 2.49,t(7.5) 12 11,12, 1 128.83, CH 5.24,t(7.1) 12, 16 9,12,13, 16 128.81 5.24
4 22.6,CH, 230,m 11,13 10, 17 129.37,C 129.38
5 127.6, CH 5.21,t(6.8) 12,16  9,13,16 4342,CH, 2.36,m 8 7,8,10,11, 16 4343 237
2.22, m 2.23
6 130.8, C 80.14, CH 496,dt(1.3,6.9) 7,9 6,7,9 80.11 4.96
7 43.7,CH, 2.36,m 8 7,8,10, 11 148.36, CH 6.98,d (1.3) 5,8 5,8, 15 148.33  6.98
2.26, m
8 80.5, CH 4.95,dt(1.4,6.8) 7,9 7,9 133.77,C 133.77
9 148.2, CH 6.98,d (1.4) 8 6,8, 15 25.28,CH, 2.30,t(7.0) 4,7 3,4,6,7,15 2529 230
10 134.3,C 25.72,CH, 2.25,m 3,5 2,3,5,6 2572 224
11 25.6,CH, 232,m 4 3,4,6,7,15 122.74, CH 5.07,1(6.9) 1,4,14  1,4,14 122.75  5.07
12 26.1,CH, 2.25,m 3,5 2,3 132.95,C 132.95
13 123.1,CH 5.05,t(6.9) 4 1,2,4,14 16.57,CH; 1.65,s 9,10, 11 16.57 1.65
14 133.1,C 174.05, C 174.03
15 17.0,CH; 1.70,s 10, 11 17.80,CH;  1.60, s 3 1,2,3 17.80  1.60
16 174.2,C 25.68,CH; 1.68,s 3 2,3 25.69 1.68
17 18.0,CH; 1.61,s 1,2,3 25.89,CH; 1.36,s 11 13,1,2 25.86  1.36
18 259,CH; 1.69,s 2,3, 14 15.52,CH; 2.13,s 7,8,9 15.52  2.14
2 77.62,C 77.63
3 130.40,CH  5.57,d (9.8) 3 13, 1,4, 10 130.46  5.57
4 123.03, CH 6.27,d (9.8) 2 1,4,5,9 12299  6.27
4a 121.17,C 121.18
5 110.23, CH 6.35,d (2.6) 7 3,6,9 11021 6.34
6’ 148.66, C 148.60
7 117.01, CH 6.50, d (2.6) 5 5,6,9,11" 117.00 6.49
8 126.25, C 126.27
8'a 144.59, C 144.64

“ Measured at 500 MHz for '"H NMR and 125 MHz for *C NMR. * Measured at 600 MHz for 'H NMR and 150 MHz for *C NMR. ¢ HMBC
correlations, optimized for 8 Hz, are from proton(s) associated with the indicated carbon.

[M + H]* in the HRFABMS spectrum and the '*C NMR spectrum.
Thus, 1 has six degrees of unsaturation. The IR spectrum of 1
showed characteristic absorption bands at 1755 and 1716 cm™!,
indicating the presence of an o.f-unsaturated y-lactone and a
ketone, respectively. The'3C NMR spectrum of 1, in conjunction
with DEPT experiments, revealed four methyls, five methylenes,
four methines (three olefinic and one bearing oxygen), and five
quaternary carbons. Three spin systems, H,-3/H,-4/H-5, H,-7/H-
8/H-9, and H,-11/H,-12/H-13, were established on the basis of
COSY correlations, and the relative positions of these three partial
structures were assigned using HMBC correlations from three
olefinic methine protons to the adjacent methyl, methylene, and
quaternary carbons. The position of the ketone was inferred from
HMBC correlations that associated Hs-1 with C-2 and C-3, and
H,-3 and H,-4 with C-2. The position of the y-lactone was assigned
using the HMBC correlations from H-9 and H,-11 to C-16 and
further supported by the chemical shift of the oxygen-bearing H-8/
C-8 (O 4.95/0¢ 80.5). The geometry of C-5/C-6 was assigned as
E on the basis of the NOESY correlations of H,-4/H;-15 and H-5/
H,-7. Thus, it was revealed that 1 is an isoprenoid with a y-lactone
and a methyl ketone group. Complete assignment of the NMR data
is given in Table 1.

The molecular formula of tuberatolide B (2) was deduced as
C»H340,4 on the basis of the molecular ion peak at m/z 422.2454
[M]* in the HREIMS spectrum and the '*C NMR data. The
molecular formula of 2 indicated 11 degrees of unsaturation. The
IR spectrum of 2 showed characteristic absorption bands at 3370
and 1754 cm™, indicating the presence of a hydroxy moiety and
an a,S-unsaturated y-lactone moiety, respectively. The *C NMR
spectrum of 2 in conjunction with DEPT experiments revealed five
methyls, five methylenes, eight methines (seven olefinic and one
bearing an oxygen), and nine quaternary carbons. The 'H and '*C
NMR spectra of 2 were similar to those of 1 with the exception
that the methyl ketone group was not observed in 2. Additionally,
two pairs of coupled protons (H-3"/H-4" and H-5"/H-7"), two singlet
methyl protons (H3-17 and H3-18), and five quaternary carbons (C-

2, C-4’a, C-6’, C-8’, and C-8’a) were observed in 2. The HMBC
spectrum of 2 showed correlations from H;-17 to C-1, C-2’, and
C-3’; from Hs-18 to C-7’, C-8’, and C-8"a; from H-4" to C-2", C-4’a,
C-5’, and C-8"a; and from H-5" to C-4’, C-6’, and C-8'a, suggesting
the presence of a chromene group in place of the methyl ketone
group of 1. Therefore, it was revealed that 2 is a meroterpenoid
that contains chromene and y-lactone groups. Complete assignment
of the NMR data is given in Table 1.

2’-epi-Tuberatolide B (3) eluted in a single peak with tuberatolide
B (2) on RP HPLC. The LREIMS spectrum for 3 was the same as
that for 2, and their NMR spectra were nearly identical except for
slight chemical shift differences at C-3’, C-4’, C-6’, and C-8’a in
the 3C NMR spectra. Ultimately, 3 was purified from 2 by an
enantioselective HPLC (see Supporting Information S7).

Together with 1—3, three previously reported meroterpenoids,
yezoquinolide (4), (R)-sargachromenol (5), and (S)-sargachromenol
(6), were also isolated.""

The absolute configurations at the C-8 position in tuberatolide
A (1) and the C-9 position in yezoquinolide (4) were determined
to be R on the basis of negative Cotton effects of the w—m*
transition, which were observed at 220 and 219 nm, respectively
(Figure 1).'? The absolute configuration of the C-2’ position in (R)-
sargachromenol (5) was also determined to be R because the
configuration of C-2’ induces negative exciton coupling.'* The CD
spectrum of (S)-sargachromenol (6) was found to be inverted
relative to that of 5; therefore, the absolute configuration of the
C-2/ position in 6 was determined to be S."* In the enantioselective
HPLC chromatograms, the peak areas of tuberatolide B (2) and
2’-epi-tuberatolide B (3) were nearly equal. A CD spectrum of a
mixed sample containing 2 and 3 before chiral separation showed
negative Cotton effects at 218 nm, which is similar to those of 1
and 4; therefore, the absolute configuration of C-6 in 2 and 3 was
also determined to be R. Finally, when compared to those of 5§ and
6, CD measurements of 2 and 3 after the chiral separation showed
that the absolute configurations at the C-2” positions were S and R,
respectively.'?
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Figure 1. CD spectra of 1—6 in MeOH (A), correlation of the butenolide Cotton effects with absolute configuration (B), and exciton
coupling on CD spectroscopy associated with the absolute configuration at C-2” of chromene (C).

The structure of 4, which contains a 1,4-quinone group, together
with the co-isolation of an equivalent amount of 2 and 3 that have
diasteromeric chromenes, suggests that 2 and 3 may have originated
from 4 not by enzyme-guided biosynthesis but as isolation artifacts
by a thermal electrocyclic reaction in which a highly conjugated
(and, thus, energetically favorable) keto—enol form of 4 participates
as the reaction intermediate (see Supporting Information S17).'*

Yezoquinolide and sargachromenol were originally reported to
be from marine brown algae such as Sargassum sagamianum var.
yezoense and Sargassum serratifolium.'" However, tuberatolides
yezoquinolide and sargachromenol have now also been found in
the Korean marine tunicate Botryllus tuberatus. Therefore, it is
possible that these terpenoids are synthesized by symbiotic marine
microorganisms in brown algae and tunicates. Alternatively, it is
also possible that the source organisms may have similar biosyn-
thetic genes that dictate the biosynthesis of yezoquinolide and
sargaquinoic acid, the precursor of sargachromenol.

In a cell-based co-transfection assay, 1—6 showed potent
inhibition of hFXR transactivation without significant cytotoxicity
(Table 2) and without activation of steroid receptors in the
transactivation experiments (see Supporting Information S18). In
cell-free surface plasmon resonance (SPR) experiments using a
BIAcore system, 1—6 also decreased the binding affinity of the
co-activator peptide SRC-1 to hFXR LBD (Figure 2). It was thus
revealed that 1—6 are nonsteroidal FXR antagonists. In particular,
tuberatolide A (1) antagonized chenodeoxycholic acid (CDCA)-
dependent hFXR activation in both bioassay systems at low
concentrations without any cytotoxicity.

Structurally, 1—6 differ from farnesol (a weak agonist of mouse
FXR)'® by the presence of y-lactones or carboxylic acids at the
C-15 position, suggesting that the carbonyl group at C-15 may
enhance the hFXR antagonistic effects of 1—6. Despite the
possibility that 2, 3, 5, and 6 may be artifacts, they directly bind to
hFXR and strongly inhibit its transactivation. Thus, 1—6 may help
to unravel the controversial function of FXR in atherosclerosis.

Table 2. Inhibition of hFXR Transactivation and Cytotoxicity
of 1-6

ICs0, uM*
inhibition of hFXR cytotoxicity to
compound transactivation CV-1 cell line”
1 39 >100
2 1.5 31
3 2.5 30
4 59 50
5 9.0 45
6 17 56
(E)-guggulsterone 44 not determined

“ Each experiment was repeated more than three times.  Cytotoxicity
was measured using the MTT method.

Experimental Section

General Experimental Procedures. Optical rotations were measured
in MeOH using a 1.0 cm cell on a Rudolph Research Autopol III,
#A7214. UV spectra were also recorded in MeOH on a Scinco UVS-
2100. CD spectra were taken in MeOH using a JASCO J-715. IR spectra
were recorded on KBr plates with a Thermo Nicolet 570. All NMR
spectra were recorded on a Bruker Avance DPX-500 or DPX-600
spectrometer using CDCl; as the solvent. Mass spectrometric data were
obtained on JEOL JMS-AXS505WA and JMS-600W instruments.

Animal Material. A species of brown encrusting marine tunicate
was collected by scuba near Tong-Yong City in the South Sea of Korea.
The sample for extraction was frozen immediately after collection.
Voucher specimens (CMDD20080028) were anesthetized with 5%
menthol in sterilized seawater for 2 h and stored in 10% formalin in
sterilized seawater. The animal was taxonomically identified by Dr.
B. J. Rho from Ewha Womans University. The voucher was deposited
at the Ewha Womans University Natural History Museum in Korea
and at the Center for Marine Natural Products and Drug Discovery,
Seoul National University, Korea. The tunicate was identified as
Botryllus tuberatus.

Extraction and Isolation. The frozen animal (1.2 kg, wet wt.) was
lyophilized, and the dried specimen (0.4 kg) was extracted thrice with
50% MeOH in DCM. The extracts (18 g) were dried under vacuum.
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Figure 2. Direct inhibition of the CDCA-induced recruitment of
the coactivator peptide to hFXR by compounds 1—6.

The dried residues were dissolved in MeOH and then washed three
times with hexanes. After removal of the solvent, the MeOH-soluble
fraction (16.5 g) was resuspended in H,O and partitioned three times
with EtOAc. The EtOAc-soluble fraction (1.5 g) inhibited FXR
transactivation by over 90% at a concentration of 100 ug/mL. The
EtOAc-soluble fraction was further separated into 28 fractions by LH-
20 open column chromatography using 100% MeOH. The fractions
that displayed activity (over 95% inhibition at 50 ug/mL) against FXR
were combined and further fractionated by silica flash chromatography
using a stepped gradient elution of hexanes and EtOAc. The fractions
eluting with 20—40% EtOAc in MeOH showed potent activity (over
99% inhibition at 50 ug/mL) against FXR, and they were further
separated using RP HPLC (Phenomenex PolarRP, 250 x 10 mm, 4
um, 80 A, UV = 210 nm), using a mobile phase of 60% CH;CN in
H,O0, to afford tuberatolide A (1, 2.0 mg, 1.7 x 107%%), yezoquinolide
(4, 40 mg, 3.3 x 107%%), and mixtures of 2/3 (21 mg) and 5/6 (22
mg) as yellow oils. The mixtures were subjected to an enantioselective
HPLC (Chiralpak AD-H, 250 x 10 mm, 5 um, 100 A, UV = 210
nm). They were then eluted with 75% n-hexane in 2-propanol. Four
pure compounds, namely, tuberatolide B (2, 10.5 mg, 8.8 x 107%%),
2’-epi-tuberatolide B (3, 10 mg, 8.3 x 107%%), (R)-sargachromenol
(5, 10 mg, 8.3 x 107*%), and (S)-sargachromenol (6, 10.5 mg, 8.8 x
107*%), were finally obtained.

Tuberatolide A (1): yellow oil; [a]*p —10 (¢ 0.1, CHCl;); UV
(MeOH) Apay (log €) 216 (2.91) nm; CD (¢ 2.4 x 107 M, MeOH)
Amax (A€), 220 nm (—4.68); IR (KBT) Vypax 2922, 1755, 1716 cm™'; 'H,
13C, and 2D NMR data, Table 1; LRFABMS m/z 291 [M + H]";
HRFABMS m/z 291.1958 [M + H]" (calcd for CigHy;03, 291.1960).

Tuberatolide B (2): yellow oil; [a]*p +43 (¢ 1.0, CHCl;); UV
(MeOH) Ay (log €) 209 (3.10), 212 (3.12), 278 (2.57), 310 (2.50)
nm; CD (c 3.4 x 107* M, MeOH) A (A€), 205 nm (—10.81), 220
(2.43), 267 (3.55), 273 (4.00), 335 (1.12); IR (KBr) Vpay 3370, 2922,
1754, 1733, 1464, 1203 cm™'; 'H, *C, and 2D NMR data, Table 1;
LREIMS m/z 422 [M]"; HREIMS 422.2454 [M]* (calcd for Co7H3404,
422.2457).

2’-epi-Tuberatolide B (3): yellow oil; [a]*p —76 (c 1.0, CHCl,);
UV (MeOH) A« (log €) 209 (3.10), 212 (3.12), 278 (2.57), 310 (2.50)
nm; CD (¢ 3.4 x 107 M, MeOH) A (Ag), 195 nm (12.73), 220
(—11.82), 265 (—4.48), 274 (—4.25), 339 (—0.98); IR (KBr) ¥.x 3370,
2922, 1754, 1733, 1464, 1203 cm™!; 'H, *C, and 2D NMR data, Table
1; LREIMS m/z 422 [M]*; HREIMS 422.2453 [M]" (calcd for
Cy7H3404, 422.2457).

Yezoquinolide (4): yellow oil; [a]*p —22 (¢ 1.0, CHCl3); CD (c
3.4 x 107 M, MeOH) Apa, (Ag), 219 nm (—4.39).

(R)-Sargachromenol (5): yellow oil; [a]*p —68 (¢ 1.0, CHCly);
CD (c 3.4 x 1074 M, MeOH) Ay (Ag), 199 nm (—8.08), 221 (6.78),
264 (4.19), 2.74 (4.16), 334 (1.05); 'H, '*C, and 2D NMR data, see
Supporting Information; HREIMS 424.2612 [M]* (calcd for C57H3604,
424.2613).

(S)-Sargachromenol (6): yellow oil; [a]*p +88 (c 1.0, CHCly);
CD (c 3.4 x 1074 M, MeOH) Ay (A€), 202 nm (7.34), 220 (—5.18),
264 (—3.35), 274 (—3.49), 338 (—0.97); 'H, *C, and 2D NMR data,
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see Supporting Information; HREIMS 424.2609 [M]* (calcd for
Cy7H3604, 424.2613).

Cell-Based Co-transfection Assay. CV-1 cells were seeded in 96-
well plates with Dulbecco’s modified Eagle’s medium (GIBCO)
supplemented with 10% resin-charcoal-stripped fetal bovine serum and
then incubated in humidified air containing 5% CO, at 37 °C for 24 h.
Transient co-transfection with pCMX-hFXR, CMX (-GAL, and Tk-
(EcRE)¢-LUC was carried out using SuperFect (Qiagen), according to
the manufacturer’s instructions. After incubation for 24 h, co-transfected
cells were treated with either a control vehicle (DMSO) or the indicated
compounds for hFXR agonist testing. The ligands were co-treated with
50 uM chenodeoxycholic acid (CDCA) to test for hFXR antagonist
activity. Cells were harvested at 24 h, and luciferase activities were
assayed as described previously.! Luciferase activities were normalized
to the S-galactosidase activity expressed from the control plasmid CMX-
B-GAL. Each transfection was performed in triplicate.

Surface Plasmon Resonance (SPR) Spectroscopy. Direct binding
of 1—6 to the ligand binding domain (LBD) of hFXR was monitored
by SPR spectroscopy using a BIAcore system.'® hFXR LBD (4 uM)
was preincubated for 1 h with either (E)-guggulsterone or 1—6 in the
presence of 50 uM CDCA and was injected over the sensor chip surface
on which a co-activator peptide (SRC-1) was immobilized. Ligand-
induced association of the hFXR LBD with the SRC-1 peptide was
monitored by a change in resonance units (RUs).
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