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ABSTRACT: In this paper we report the isolation and the
molecular characterization of a new class of PPARy ligands from
the marine environment. Biochemical characterization of a library
of 13 oxygenated polyketides isolated from the marine sponge
Plakinastrella mamillaris allowed the discovery of gracilioether B
and plakilactone C as selective PPARy ligands in transactivation
assays. Both agents covalently bind to the PPARy ligand binding
domain through a Michael addition reaction involving a protein
cysteine residue and the a,f-unsaturated ketone in their side
chains. Additionally, gracilioether C is a noncovalent agonist for
PPARy, and methyl esters 1 and 2 are noncovalent antagonists.
Structural requirements for the interaction of these agents within
the PPARy ligand binding domain were obtained by docking
analysis. Gracilioether B and plakilactone C regulate the expression

of PPARy-dependent genes in the liver and inhibit the generation of inflammatory mediators by macrophages.

B INTRODUCTION

The peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors belonging to the nuclear
receptor superfamily. Three distinct receptor subtypes, PPARq,
PPARy, and PPARS(S), have been identified. While the PPAR
subtypes share a high level of sequence and structural
homology, each subtype has distinct physiological functions
and exhibits a unique tissue expression pattern. PPARy, the
most widely investigated PPAR subtype, is predominately
expressed in the adipose tissue with lower levels in heart, colon,
kidney, spleen, intestine, skeletal muscle, liver, and macro-
phages."> PPARy is generally recognized as a pivotal tran-
scription factor in the regulation of adipocyte gene expression
and differentiation. In addition, PPARy has been shown to be
an important regulator of target genes involved in glucose and
lipid metabolism and is the mainstay of therapy for type 2
diabetes."” Furthermore, PPARy transrepresses the expression
of genes involved in inflammatory responses,® and suppression
of the inflammatory response by PPARy agonists is closely
linked to the antidiabetic and antiatherosclerotic effects of this
receptor. Thus, PPARy agonists have been found effective in
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the treatment of several inflammatory and degenerative
disorders including cancer, atherosclerosis, rheumatoid arthritis,
and inflammatory bowel disease.

The ligand binding domain (LBD) of PPARy allows the
accommodation of a large variety of structurally different
chemicals, including many food-derived substances such as
polyunsaturated fatty acids, flavonoids, terpenoids, and
polyphenols.* Despite the extraordinary chemical diversity
exhibited by marine natural products, only two reports have
identified marine natural products as putative PPARy agonists.
Thus, the screening of 2688 extracts from marine organisms led
to the identification of psammaplin A as the first PPARy agonist
from a marine sponge.’ Similarly, from the screening of a
library of 90 bioactive marine extracts for their ability to
stimulate PPARa and PPARy transcriptional activity, sargaqui-
noic acid and sargahydroquinoic acid were identified as novel

PPARa/y dual agonists from Sargassum yezoense.6
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Figure 1. Known polyketides from Plakinastrella mamillaris.
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Figure 2. New compounds from Plakinastrella mamillaris.
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As part of our search for human nuclear receptor modulators
from marine organisms,” ' we have investigated a library of
oxygenated polyketides from the sponge Plakinastrella
mamillaris, collected at the Fiji Islands, as PPARy modulators.
Marine sponges of the genera Plakortis and Plakinastrella are
known to produce a great variety of oxygenated polyketides,
formed by the combination of acetyl-, propionyl-, and/or
butyryl-CoA units. They include plakortolide, plakinic acid,
plakortic acid, plakortone, or plakortide families.'® Several
activities have been ascribed to the members of this class,
including amtiprolifera.tive,17 antifungal, anti-inflammatory, or
activation of cardiac SR-Ca’*-pumping ATPase. Interestingly,
compounds containing the 1,2-dioxolane system such as
plakortin, plakortides, and gracilioether A exhibit potent
antiprotozoan activity against Plasmodium falciparum and
Leishmania major."5~%%

In this paper we report the isolation and the molecular
characterization of a library of oxygenated polyketides (Figures
1 and 2) as a new class of PPARy ligands from the marine
environment.

B RESULTS

Chemistry. A specimen of P. mamillaris Kirkpatrick, 1900
(Homoscleromorpha) was collected at the Fiji Islands. The
lyophilized sponge (171 g) was extracted with MeOH, and the
combined extracts were fractionated according to the Kupchan
partitioning procedure.”’

The major components of the hexane extract were proved to
be the previously reported methyl esters 1** and 2,%° the y-
lactone 3** (Figure 1), and the new y-lactone 7 (Figure 2),
which we named plakilactone A. A careful analysis of the
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chloroformic extract afforded several more polar derivatives
such as gracilioethers A—C (4—6), previously reported from
the marine sponge Agelas gracilis (Figure 1),*° five new
nonperoxy plakortin derivatives, plakilactones B—F (8—12),
featuring the a,f-unsaturated y-lactone moiety, and graci-
lioether D (13) showing the a,f,y,6-unsaturated methyl ester
moiety (Figure 2).

A molecular formula of C;(H,30,, two mass units more than
the parent y-lactone 3, was deduced for plakilactone A (7),
[a]p® —9.5 (¢ 0.12, MeOH). Inspection of NMR data revealed
the same cyclic core as in 3 and the saturation of the A” double
bond on the side chain.

The stereochemistry at C-6 and C-8 of methyl ester (2) and
at C-4 and C-6 of y-lactone 3 and plakilactone A (7) was
determined as shown in Figure 3. The 6R,8R absolute
stereochemistry of methyl ester 1, [a]p®® —281.8 (¢ 0.40,
CHCL;), has been unambiguously established by chemical
degradation,® enantioselective synthesis,>">* and optical
rotation values.’” As expected by chemical shift and optical
rotation considerations (see Supporting Information for NMR
data), when subjected to reductive ozonolysis, compounds 1
and 3 gave the same aldehyde 14,> thus allowing us to
establish the absolute configuration for y-lactone 3. Mild
hydrogenation of methyl ester 1 afforded the synthetic methyl
ester 2 whose NMR and optical rotation data were identical to
those of the natural sample 2.** Once again reductive
ozonolysis of the methyl ester 2 gave a sample whose NMR
and optical rotation data were identical to those of plakilactone
A (7).%° Therefore the absolute configuration of 7 was
determined as shown in Figure 3.
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Table 2. '*C NMR (125 MHz, CD,0D) Data for

= < 7 o Plakilactones A—F (7—12) and Gracilioether D (13)
(@) O
g (0] compound
Methyl ester 1 \ y-lactone 3 o
C 7 8 9 10 11 12 13
Hy/Pd
L 1.03 1 170.1 175.5 175.6 175.8 175.3 175.3 168.9
= 2.DMS 2 1359 1356 1365 1364 1363 1363  83.8
o~ OHC — 3 150.2 153.4 153.0 152.6 152.4 152.9 173.7
g (0] o) O 4 89.5 90.8 91.1 90.7 90.5 91.1 141.1
Methyl ester 2 \ S 40.9 42.9 43.5 383 384 43.4 141.5
1.0; Aldehyde 14 6 34.2 40.1 413 1380 1379 1381 99.1
2.DMS 7 339 1350 1553 1326 1325 1347 444
- 8 28.8 136.1 131.8 70.4 69.9 69.9 138.2
o o 9 23.0 68.6 203.9 31.0 31.0 31.5 134.0
Plakilactone A (7) 10 14.1 23.5 26.6 9.9 10.0 9.9 70.0
11 18.6 19.3 194 19.3 19.2 19.1 31.3
Figure 3. Stereochemical relationship between compounds 1 and 2, 3, 12 12.0 12.0 12.1 12.1 12.1 12.0 9.9
7. 13 31.0 32.0 31.8 31.1 314 311 19.2
14 7.8 7.7 7.9 7.6 7.7 7.7 12.2
15 27.1 304 29.8 32.0 31.8 252 31.8
. 25 16 10.5 11.5 11.7 129 12.8 13.2 8.0
Plakilactone B (8), [alp® —24.7 (¢ 0.05, CHCL;), was 17 254
analyzed for C;¢H,4,0; by HRESIMS. 'H and *C NMR data 18 135
(Tables 1 and 2) revealed the same nucleus as in 7. The
OCH, 50.8

complete spin system of the side chain was easily inferred by
COSY analysis and recognized as the same found in

9100 MHz, CDCl,.

gracilioether C (6).>° However, a careful comparison of their
NMR chemical shifts evidenced small but not negligible
deviations, thus suggesting an epimeric configuration at C-9.
This hypothesis was confirmed by Mosher’s analysis®® that
revealed an opposite 9R configuration of the secondary alcohol
function.

The molecular formula C;¢H,,0; assigned to plakilactone C
(9) by HRESIMS, indicated that the compound is a dehydro
derivative of 8. Oxidation of the secondary hydroxy group at C-
9 in 8 to a ketone in 9 was straightforward from the NMR data
(8¢ 203.9, Table 2) and by the complete agreement of the

Table 1. "H NMR Data (500 MHz, CD,0D) for Plakilactones A—F (7—12) and Gracilioether D (13)

compound
H 7 8 9 10 11 12 13
1 —_ —_ _ —_ _ —_ _
2 — - - - - - 4.81s
3 6.83 br t (1.5) 7.07 br t (1.4) 7.07 br t (1.4) 7.17 br t (1.4) 7.18 br t (1.5) 7.15 br t (1.3)
4 - - - _ - _
S 1.58 m 1.82 ovl 1.94 dd (9.9, 149) 247 d (142) 245 d (14.3) 245 d (14.0) 6.50 s
1.81 m 1.93 dd (2.3, 13.8)  2.11 ovl 2.78 d (14.2) 2.89 d (14.3) 2.58 d (14.0)

6 1.13 ovl 1.79 ovl 2.10 ovl - — - —
7 1.13 ovl 5.29 ovl 6.62 dd (94, 16.0) 526 d (9.5) 528 d (9.5) 5.11d (9.0) 2.58 d (144)

244 d (14.4)
8 1.15 ovl 5.31 ovl 5.88 d (16.0) 422 dt (6.5,92) 4204t (6.5,9.1) 4.18 dt (6.7, 8.8) -
9 120 m 420 m - 1.39 m 1.50 m 1.37 m 5.17 d (9.0)

1.54 m 1.52 m

10 0.89 t (6.6) 121d (64) 225's 0.90 t (7.4) 094 t (7.4) 0.85 t (7.5) 4.14 dt (6.6, 9.0)
11 232dq (1.8,7.5) 225m 222 m 225 m 223 q (7.4) 224 q (7.5) 1.35m

148 m
12 1.18 t (7.5) 1.16 t (7.4) L12 t (7.4) 115 t (7.4) 113 t (7.4) 115 t (7.5) 0.82t (7.4)
13 1.74 m 1.77 ovl 1.83 m 1.85 quint (7.4) 1.83 quint (7.1) 1.82 quint (7.5) 2.18 m

1.80 ovl 1.92 quint (7.4) 1.90 quint (7.1) 1.88 quint (7.5)
14 0.84 t (7.4) 0.78 t (7.4) 0.80 t (7.4) 0.82 t (74) 0.82 t (7.4) 0.81t (7.4) 116 t (7.4)
15 1.30 m 127 m 1.38 m 1.99 q (7.6) 1.96 q (7.7) 2.03 m 1.83 quint (7.4)
137 m 1.50 m 212 m 1.88 quint (7.4)

16 0.84 t (7.4) 0.84 t (7.5) 0.86 t (7.4) 098 t (7.4) 098 t (7.4) 0.99 t (7.5) 0.79 t (7.5)
17 195 m

2.13 m
18 0.97 t (7.5)
OCH; 3.66 s
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chemical shift and coupling constant values of the side chain in
9 as compared with those of gracilioether B (5).° The close
match in the chemical shift values and the negative sign of
optical rotation values of plakilactones B and C and y-lactone 3
pointed toward a 4R,6R absolute configuration in 8 and 9.
Plakilactone D (10) was isolated as an optically active glassy
solid, [a]p?® —27.2 (¢ 0.05, CHCl;), and had a formula of
Cy6Hy0; inferred from HRESIMS. 'H and *C NMR data
(Tables 1 and 2) indicated the presence of four ethyl groups,
one methylene, two oxygenated carbons, two trisubstituted
double bonds, and one acyl group. The same 2,4-diethyl-a,3-
unsatured y-lactone substructure as in y-lactone 3** was
deduced by comparison of NMR spectroscopic data and
supported by key HMBC correlations from H-3 to C-2 and C-
4, from H-11 to C-1 and C-2, and from H-13 to C-4 (Figure 4).

10a R=(S}MTPA
10b R= (R)-MTPA

11a R=(S)-MTPA
11b R=(R)-MTPA

Figure 4. COSY connectivities (bold bonds), HMBC (black arrows)
and ROESY (dashed arrows) correlations for plakilactones D (10) and
E (11). ASgp values (ppm) of MTPA esters 10a, 10b and 11a, 11b.

An isolated AB system evidenced in the allylic region of the 'H
NMR spectrum was assigned to a methylene group and
connected to C-4 and C-6 on the basis of HMBC correlations
H-5a and H-5b to C-4, C-6, C-7, and C-135. The substructure
C-6(C-15/C-16)/C-10 was easily deduced from COSY data
(Figure 4). Therefore, the planar structure of 10 was
determined as shown in Figure 4. The Z stereochemistry of
the A double bond was assigned on the basis of the dipolar
couplings H-7/H-15, H-16 and H-5/H-8.

The absolute stereochemistry of the secondary hydroxy
group at C-8 was determined by application of the modified
Mosher’s method.*® Treatment of 10 with R-(=)- and S-
(+)-MTPACI yielded S-(—)- and R-(+)-MTPA esters 10a and

10b, respectively. The A value distribution pattern clearly
indicated the 8R configuration (Figure 4).

Plakilactone E (11), [a]p® +8.9 (c 0.12, CHCL,), possesses
the same molecular formula (C;sH,,0; by HRESIMS) as
plakilactone D (10) and was determined to be its C(8) epimer
from the following considerations. The NMR spectroscopic
data of these compounds were very similar (Tables 1 and 2),
although not identical, and analysis of 2D NMR spectra of 11,
including COSY, HSQC, HMBC, and ROESY experiments,
indicated the same gross structure and the same configuration
of the C-6 double bond as in 10. Mosher’s analysis revealed the
8S configuration (Figure 4); therefore, plakilactone E (11) is
the C-8 epimer of plakilactone D (10).

HRESIMS and 2D NMR data (Tables 1 and 2) indicated
that plakilactone F (12), [a]p® —24.7 (¢ 0.09, CHCI;), was a
stereoisomer of plakilactone E (11). In this case, differences
between the two compounds were found in the dipolar
couplings inferred from the 2D ROESY spectrum, in which
plakilactone F (12) displayed the cross-peaks H-7/H-5a, H-7/
H-Sb, and H-8/H-15, pointing to the E configuration of AS
double bond.

Whereas the NMR data of 10 and 11 were almost
superimposable, the configuration at the C-6 double bond
had a strong influence on the chemical shifts of all nuclei of the
side chain (Tables 1 and 2). Particularly diagnostic were the
BC chemical shifts of C-5 and C-15, which were found
downshifted (5; 43.4 in 12 vs 38.4 in 11) or upshifted (5¢ 25.2
in 12 vs 31.8 in 11), respectively, as consequence of a
differentiated y-gauche interaction with the C-8 hydroxyl group.
Mosher’s analysis revealed the 8S configuration.

Gracilioether D (13), [a]p* —11.7 (¢ 0.11, MeOH), showed
the same molecular formula of gracilioether C (6).° NMR
analysis (Tables 1 and 2) revealed the presence of the a,f)y,5-
unsaturated methyl ester moiety as in 6 and a side chain
identical to that of plakilactone F (12). The complete matching
of NMR data for the side-chain nuclei with those of
plakilactone F (12) allowed us to establish the S configuration
at C-10 carbinol.

The 4R and the 6R configuration is proposed for
plakilactones D—F (10—12) and gracilicether D (13),
respectively, on the basis of the chemical shift values of all
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Figure S. PPARy transactivation assay. HepG2 cells were transiently transfected with a chimeric receptor expressing plasmid pSGSGAL4-
PPARyLBD and with the reporter vector p(UAS)S, TK-Luc. Twenty-four hour post-transfection cells were stimulated for 18 h with (A) 100 nM
rosiglitazone (R) and compounds 1—13, 10 #M. (B) 100 nM Rosiglitazone (R) alone or in combination with compounds 1-13, S0 yM. Data are
the mean + SE of three experiments. *P < 0.05 versus nontreated cells (NT). *P < 0.05 versus rosiglitazone-stimulated cells.
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Figure 6. HepG2 cells were transiently transfected with pSGSGALA-PPARYLBD and p(UAS)S,TK-Luc. Twenty-four hour post-transfection cells
were treated with increasing concentrations of (A) rosiglitazone, (B) gracilioether B (5), (C) gracilioether C (6), (D) plakilactone C (9), and cell
extracts subsequently assayed for luciferase activity. Data are the mean + SE of three experiments.

nuclei of the cyclic core (Tables 1 and 2), almost super-
impgésable with those of plakilactone A (7) and gracilioether C
(6).

Oxygenated Polyketides from Plakinastrella are
Selective PPARy Ligands. PPARy can be activated by a
number of natural lipid metabolites, including oxidized fatty
acids, several cyclooxygenase (COX) and lipoxygenase (LOX)
metabolites, and 1S5-deoxy-A12,14-prostaglandin J2 (15d-
PGJ2), the first endogenous ligand identified. These molecules
act as covalent ligands possessing a common core moiety, an
a,f-unsaturated ketone, able to form a covalent bond with a
cysteine residue in the PPARy—LBD through a Michael
addition.””

Thus, the presence of a Michael acceptor, an @,f-unsaturated
ketone, or alternatively an a,f,y,0-unsaturated methyl ester
moiety in all polyketides isolated from Plakinastrella prompted
us to investigate their capability to transactivate PPARy. As
shown in the Figure 5, several members of this series effectively
transactivated PPARy with compounds $, 6, and 9 being the
most potent agonists. In addition, when incubated in presence
of the synthetic ligand rosiglitazone, methyl esters 1 and 2
attenuated the transactivation induced by this agent, thus acting
as PPARy antagonists.

To further investigate the specificity of these agents, we
tested their ability to transactivate the other members of the
PPAR family. As illustrated in Figures S1 and S2 in the
Supporting Information, none of these agents caused a
significant transactivation of PPARa and PPARp. Thus, it
appears that these agents are selective PPARy modulators.
Analysis of the concentration/response curves for trans-
activation of PPARy in response to rosiglitazione and to
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gracilioether B (§), gracilioether C (6), and plakilactone C (9)
demonstrates that the marine compounds activate PPARy in a
dose-dependent manner with a relative ECs, of =5, 10, and 2
UM for compounds S, 6, and 9, respectively (Figure 6).

Gracilioether B and Plakilactone C Covalently Bind to
PPARy. We then moved to a detailed analysis of the interaction
mechanism at a molecular level, to assess the binding mode of
these agents within PPARy—LBD. First, a liquid chromatog-
raphy-ESI MS (LC-ESI-MS)**~* approach was applied to
detect the potential formation of PPARy—LBD covalent
complexes with gracilioether B (5), gracilioether C (6),
plakilactone C (9), the methyl ester 1, the y-lactone 3, and
plakilactone B (8), in physiologically relevant conditions. After
incubation with PPARy—LBD, a time-course analysis of the
reaction mixtures was performed for each ligand, and the
chromatograms revealed the presence of stable covalent
complexes solely in presence of gracilioether B (5) and
plakilactone C (9). Two species were detected in the LC-MS
runs of gracilioether B (S) and plakilactone C (9) (Figure 7
panel A), that were identified, on the basis of their MW, as the
unmodified PPARy—LBD (MW of 36172.7 + 0.3 Da) and as
the 1:1 PPARy—LBD/gracilioether B (5) or plakilactone C (9)
covalent adducts, the last ones giving mass increments of 320
and 264 Da, respectively, compared to the free protein (Figure
7, panel A, and Table S8 in Supporting Information). These
mass differences supported the hypothesis of a Michael
addition between the natural compounds and PPARy—LBD
(Figure 7 panel C).

Then we moved to the identification of the punctual site of
the covalent modification on PPARy—LBD by gracilioether B
(5) through a combination of classical protein chemistry

dx.doi.org/10.1021/jm300911g | J. Med. Chem. 2012, 55, 8303—8317
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Panel B: mechanism of the covalent modification of PPARy—LBD by Michael addition on the a,f-unsaturated ketone moiety in the side chain of §

(or 9). Panel C: MALDI-MS spectrum of PPARy-LBD/gracilioether B
1318.66.

(5) complex tryptic digestion and MALDI-MS/MS analysis of the ion at m/z
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Figure 8. (A) Mild hydrogenation of gracilioether C and plakilactone
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C (H,/Pt/C, S min, rt). (B) Luciferase reporter assay performed in HepG2

cells transiently transfected with a chimeric receptor expression plasmid pSGSGAL4-PPARYLBD and with the reporter vector p(UAS)S, TK-Luc.
Twenty-four hour post-transfection cells were stimulated for 18 h with 10 yM compounds §, 9, 15, and 16. Data are the mean + SE of three

experiments. *P, 0.0S versus nontreated cells (NT).

protocols, MALDI-MS and MS/MS techniques. The chromato-
graphic fraction containing the covalent complex was subjected
to an extensive proteolysis with trypsin and analyzed by
MALDI-MS. As reported in Figure 7, panel C, and Table S9 in
the Supporting Information, the MALDI spectrum led us to
identify a peak at m/z 1318.66, corresponding to the peptide
281-288 (NH,-IFQGCQFR-COOH) containing the Cys28S
and increased of 320.2 Da in its MW. Finally, MALDI-MS/MS
analysis confirmed the correct peptide identification through
the formation of the daughter ions at m/z 320.92, 446.5S, and
1205.65, attributed to b3, b4, and y7 fragmentations,
respectively. Thus, Cys285 was unequivocally determined as

the protein residue involved in the covalent binding with
gracilioether B (5).

On the basis of structural considerations, the @,f-unsaturated
carbonyl moiety exclusively present in the side chain of
gracilioether B (§) and plakilactone C (9) should act as specific
Michael acceptor (Figure 7, panel B). To demonstrate this
hypothesis, gracilioether B (5) and plakilactone C (9) were
subjected to mild hydrogenation of the side-chain double bond,
giving the derivatives 15 and 16, respectively (Figure 8, panel
A).

Derivatives 15 and 16 were separately incubated with
PPARy—LBD, subjected to LC-ESI-MS analysis (see pre-
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Figure 9. Serum-starved HepG2 cells were stimulated for 18 h with 100 nM of rosiglitazone (R) or gracilioethers B (5) and C (6) and plakilactone
C (9), 10 uM. Total RNA was extracted to perform real-time PCR of (A) CD36, (B) SCD-1, and (C) PEPCK. Values were normalized relatively to
GAPDH mRNA and are expressed relatively to content of these genes in untreated cells, which are arbitrarily set to 1. Analysis was carried out in
triplicate, and the experiment was repeated twice. *P < 0.05 versus nontreated cells.
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Figure 10. Serum-starved THP-1 cells were pretreated for 3 h with 100 nM rosiglitazone (R) or gracilioether C (6), 10 uM, before the
administration of LPS (1 yg/mL) for 18 h. Total RNA was extracted to analyze the relative mRNA expression of (A) IL-6 and (B) MCP-1 by real-
time PCR. Values were normalized with respect to GAPDH mRNA and are expressed with respect to those of the untreated cells, which were
arbitrarily set to 1. The analysis was carried out in triplicate, and the experiment was repeated twice. *P < 0.05 versus nontreated cells. “P < 0.05
versus LPS-treated cells.

viously) and, as expected, were unable to form covalent adducts regulated genes in macrophages, a prototypical target of this
with the PPARy—LBD (Table S8 in the Supporting nuclear receptor. As shown in Figure 10, pretreating of THP-1
Information) and, importantly, to transactivate PPARy (Figure cells with rosiglitazone or gracilioether C (6) counter-regulated
8, panel B). All these data unequivocally revealed that the the induction of both the pro-inflammatory cytokine IL-6
Cys28S targets the a,f-unsaturated carbonyl moiety on the side (interleukine-6) and the MCP-1 (monocyte chemotactic
chain of gracilioether B (5) and plakilactone C (9), moreover protein-1) chemokine caused by LPS administration.
confirming graciliother C (6) and methyl esters 1 and 2 as Docking Studies. To rationalize the binding mode in
noncovalent PPARy ligands. PPARy of the aforementioned compounds, docking calcu-
Gene Expression Regulation by Gracilioethers B and lations and molecular dynamics simulations were performed
C and Plakilactone C. We next examined whether using Autodock-Vina*® and Macromodel 8.5 software packages,
gracilioethers B (5) and C (6) and plakilactone C (9) regulate respectively, taking into account that gracilioether B (5) and
the expression of genes that are known targets of PPARy in plakilactone C (9) are covalent ligands. In this context, it
HepG2, a human hepatocarcinoma cell line, and in THP-1, a should be mentioned that the activation of PPARy by a
human monocytic leukemia cell line. For this purpose, HepG2 covalent ligand depends also on its ability to establish, apart
cells were exposed to rosiglitazone or gracilioethers B (5) and from the covalent bond, additional weak interactions in the
C (6) and plakilactone C (9), and the relative mRNA LBD.?73846
expression of SCD-1 (stearoyl-CoA desaturase-1), CD36 Indeed, Waku et al.* proposed a model, defined “dock and
(cluster of differentiation 36), and PEPCK (phosphoenolpyr- lock”, in which the first step (docking step) involves several
uvate carboxykinase)*** were assessed by quantitative RT- noncovalent interactions of the putative ligand in the LBD,

PCR. As shown in Figure 9, gracilioether B (5), gracilioether C whereas in the second step (locking step) the covalent binding
(6), and plakilactone C (9) exhibited a pattern of to the Cys28S is observed. As the apo and the locked form of

pharmacological activities full compatible with their ability to this protein showed remarkable structural differences, in our
bind and transactivate PPARy. All these agents increased the docking studies on the covalent ligands 5 and 9, two
expression of SCD-1. Furthermore, gracilioether C (6) and crystallographic structures of PPARy were used: the apo-form
plakilactone C (9) increased the expression of CD36, and (PDB code: 2ZKO0) and a covalent complexed form with nitro-
gracilioethers B (S) and C (6) the expression of PEPCK. 233 (PDB code: 2ZK5),” that was removed before the docking

Finally, we measured whether glacilioether C (6), the of our compounds. The docking poses of gracilioether B (5),
noncovalent PPARy agonist, effectively modulated PPAR- gracilioether C (6), and plakilactone C (9), the most active
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components of the library, were compared with the antagonists,
methyl esters 1 and 2, and with the inactive compounds
plakilactone B (8) and gracilioether D (13). Within this
approach, we confirmed that the active covalent ligands are
docked in the apo form in poses compatible with the
positioning of their reactive moieties around the Cys285,
showing at the same time several interactions with key amino
acid residues in the LBD. In the locked form of the receptor, we
first tried to analyze the formation of the covalent bond usin

the recently introduced covalent docking methodologies.*

Unfortunately, using the flexible side-chain method, a restricted
space in the binding site of PPARy was observed, thus
determining steric clashes after the formation of the covalent
bond. On the other hand, using the covalent grid-based
approach, poses compatible with the covalent bond were found
but with unfavorable predicted binding energies. For these
reasons, we concluded that putative models of the covalent
ligands could be better detected by using molecular dynamics
simulations, analyzing their motions in the LBD of PPARy.
Results from these experiments allowed us to identify some
significant poses in which the distances between the reactive
part of these molecules and the sulfur atom on the Cys285 were
compatible with the formation of the C—S covalent bond.

Noncovalent Ligands. The docking model in the apo form
shows that the noncovalent agonist gracilioether C (6) entails a
set of weak interactions, with the OH group in the side chain
determining a favorable accommodation in the LBD of PPARy.
In particular, in the apo form, 6 establishes van der Waals
interactions with the Ile341 and the Met348, and polar
interactions with the Arg288. Three hydrogen bonds stabilize
the compound in the LBD, between the ether oxygen of the
cycle and the NH of the Ser342, between the terminal oxygen
of the ester moiety and the NH of the Glu343, and finally
between the OH at position-11 and the CO group of the Ile267
(Figure 11).

Methyl esters 1 and 2 differ from gracilioether C (6) for the
presence of a fully hydrophobic side chain that causes a
different orientation in the PPARy—LBD, with a flip of the ring
of ~180° on the major axis of the compounds (Figure 12a) and
then with the loss of some essential interactions. Indeed, we
found alternative poses in which the @,f,y,0-unsaturated methyl

Glu343

Figure 11. Gracilioether C (6) (colored by atom types: C orange, O
red, OH hydrogen light gray) in docking with PPARy—LBD of the apo
form. Residues are colored by atom type: C green, H light gray, O red,
N blue, S yellow.

ester moiety of 6, 1, and 2 are well superimposed (Figure 12b),
but also in this case the hydrophobic side chains of 1 and 2 do
not allow any polar interaction as observed for 6, mainly the
hydrogen bond with the Ile267. As demonstrated for 15d-PGJ,,
this residue plays a fundamental role in the activity of a putative
PPARy covalent agonist. Indeed, even if the covalent binding at
the Cys28S is maintained, mutations at this residue abolish the
transcri};tional activation induced by this endogenous PPARy
agonist. ?

Similar considerations could be also applied for gracilioether
D (13). In this case, the superposition with the gracilioether C
(6) shows a similar orientation of the a,f,y,6-unsaturated
methyl ester core but a different accommodation of the side
chain with the OH group at C-10 far from the 1le267 (Figure
12¢). In summary, the inverted configuration at C-10 and the
presence of a A® double bond with respect to the side chain of
gracilioether C (6) could explain the loss of the bioactivity for
13.

Of interest is the case of the inactive plakilactone B (8)
displaying the same lactone moiety of plakilactone C (9) and
the side chain of gracilioether C (6). Its accommodation in the
PPARy—LBD is inverted (Figure 12d), probably due to the
absence of the a,f,y,6-unsaturated methyl ester moiety. As a
consequence, the smaller cyclic a,f-unsaturated lactone moiety
is oriented to form a hydrogen bond with the Ile267, and the
OH in the side chain is able to establish only one hydrogen
bond (Leu340) where 6 generated a wide set of polar
interactions. In summary, 8 shows some potential interesting
points in its chemical structure, but in perfect agreement with
absence of activity toward PPARy, the inability to create a
covalent bond and the presence of a small cyclic part cause an
unstable placement in the LBD.

Covalent Agonists. For gracilioether B (5) a docking pose
in the apo form of PPARy in which the a,f-unsaturated ketone
in the side chain is oriented toward the Cys285 was found, and
this conformation is stabilized by several hydrogen bonds
between the a,f,y,0-unsaturated methyl ester moiety and the
Cys285, showing a strong point of attachment of the
compound in proximity of this residue. Moreover, $ establishes
further polar interactions with the Ile281 and the Arg288, as
well as hydrophobic interactions with Met264, Leu330, and
Tle341 (Figure 13a). Therefore, as previously demonstrated,*
in the “docking step” a putative covalent ligand searches,
through a wide range of weak interactions, the best
conformation favorable to the covalent bond.

In the locked form, a conformation in which the a,f-
unsaturated ketone of § is close to the Cys28S (distance
between the sulfur of Cys28S and the reactive f-carbon of the
a,f-unsaturated ketone of § = 3.439 A) was found. Starting
from this conformation, several fast steps of molecular
dynamics simulations were applied, observing a gradual
reduction of this distance.

When a pose with a distance between these groups
compatible with the C—S covalent bond was found (~1.8 A),
the covalent bond was manually generated and the complex was
processed to a further fast step of molecular dynamics
simulation (Figure 13b). As previously reported, several
alterations in the regions following the helix H2' and a
considerable rearrangement of the helices H3 and H12 could
be observed, comparing the apo form and the locked form of
the receptor (Figure 13c).*

Similarly, the side-chain a,f-unsaturated ketone of plakilac-
tone C (9) is prone to function as a Michael acceptor and, in
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Figure 12. Superimposition between 6 (colored by atom types: C orange, O red, OH hydrogen light gray) and (a) first docking model and (b)
alternative docking model of 1 (colored by atom types: C gray, O red) and 2 (colored by atom types: C purple, O red); (c) gracilioether D (13)
(colored by atom types: C violet, O red, OH hydrogen light gray); (d) plakilactone B (8) (colored by atom types: C green, O red, OH hydrogen
light gray) in docking with PPARy—LBD of the apo form. Residues are colored by atom type: C green, H light gray, O red, N blue, S yellow.

Hydrogen bonds are displayed with green spheres.

Figure 13. Docking and covalent models of gracilioether B (5) (colored by atom types: C sky blue, O red) in docking with PPARy—LBD of (a) the
apo form and (b) the locked form after molecular dynamics simulations. Residues are colored by atom type: C green, H light gray, O red, N blue, S
yellow. (c) Superimposition between the apo form of PPARy (secondary structure represented in red) and the locked form complexed with
gracilioether B (5) (secondary structure represented in blue; § is in CPK representation and colored by atom types: C sky blue, O red).

Figure 144, a pose in the apo form in which this moiety is near
to Cys28S is shown. A hydrogen bond was observed between
the carbonyl oxygen of the @,f-unsaturated lactone moiety and
the NH of Ile267 (Figure 14a)* as well as further polar
interactions are established between the cyclic core and Arg288
and His266.

In the locked form of PPARy, the docking results confirmed
the nearness of the a,f-unsaturated ketone in the side chain of
9 to Cys285 (distance between the sulfur of Cys285 and the
reactive f-carbon of the a,f-unsaturated ketone of 9 = 3.918
A). As for §, this complex (Figure 14b) was processed through
molecular dynamics simulations, observing also in this case the
rearrangement of the helices H3, H12, and H2’ (Figure 14c).
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B DISCUSSION AND CONCLUSION

In the present study we report the isolation and pharmaco-
logical characterization of a family of oxygenated polyketides
from the Plakinastrella mamillaris sponge. The detailed analysis
of pharmacological properties of these agents allowed us to
demonstrate that members of this library are robust and
selective ligands of the nuclear receptor PPARy. PPARy is a
well validated pharmacological target. Thiazolidinedione,
rosiglitazone, and pioglitazone are potent PPARy agonists and
insulin-sensitizers and have been extensively used in the
treatment of type 2 diabetes. Thiazolidinediones induce the
transcription of PPARy responsive genes and control lipid
synthesis and storage in adipose tissue, the liver, and many
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Figure 14. Docking and covalent models of plakilactone C (9) (colored by atom types: C light yellow, O red) in docking with PPARy—LBD of (a)
the apo form and (b) the locked form after molecular dynamics simulations. Residues are colored by atom type: C green, H light gray, O red, N blue,
S yellow. Hydrogen bonds are displayed with green spheres. (c) Superimposition between the apo form of PPARy (secondary structure represented
in red) and the locked form complexed with plakilactone C (9) (secondary structure represented in blue; 9 is in CPK representation and colored by

atom types: C light yellow, O red).

other tissues; however, their use is associated with side effects
including weight gain, fluid retention, and increased risk of
heart failure. Rosiglitazone was withdrawn from the market in
2011, and pioglitazone is contraindicated in patients with New
York Heart Association (NYHA) Class III or IV heart failure in
the USA, while in Europe is contraindicated in patients with
any stage of heart failure.***®™% Despite the fact that
pioglitazone does not increase the risk of myocardial infarction
and its use is associated with a reduction in all-cause mortality,
there is an urgent need for development of novel PPARy
agonists or modulators.

Previous studies from our group have led to the
demonstration that marine organisms are a rich source of
ligands for nuclear receptors. Thus, we have identified ligands
for two major targets, the farnesoid-X-receptor (FXR) and the
pregnane-X-receptor (PXR).* Furthermore, the marine envi-
ronment, mainly sponge organisms, has been reported as the
source of nuclear receptor antagonists,'>>* which are currently
being developed for their biomedical potential.

Members of this oxygenated polyketides library showed the
ability to activate PPARy in a transactivation assay in HepG2
cells transfected with a viral vector containing the LBD of the
receptor whereas others reversed the effect of the synthetic
ligand rosiglitazone, thus acting as PPARy antagonists. Results
from these studies demonstrated that gracilioether B (§),
gracilioether C (6), and plakilactone C (9) activate the receptor
with an ECs, ranging from 2 to 9 uM and are therefore 20—90
fold less potent than rosiglitazone whose ECs; is ~#100 nM in
this assay. Despite their reduced potency, the efficacy of
gracilioether B (5), gracilioether C (6), and plakilactone C (9)
in term of receptor transactivation was very similar to that of
rosiglitazone (~80%), and in addition, all three compounds
effectively triggered the transcription of PPARy-regulated
genes, although with a difference in the relative potency
(Figure 9). Using HepG2 cells, we have shown that
gracilioether C (6) and plakilactone (9) induce the expression
of CD36, a scavenger receptor involved in the hepatic uptake of
oxidized lipoprotein, a typical effect of PPARy ligands in the
liver. Interestingly, gracilioether B (S) fails to increase the
expression of this gene in HepG2. This finding might be of
relevance because increased expression of CD36 caused by
PPARy ligands is thought to mediate lipid accumulation in
macrophages and the liver. Thus, the fact that gracilioether B
(5) causes a different pattern of gene expression in comparison
to rosiglitazone, might be associated with a specific
pharmacological profile in vivo. In addition, we also
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demonstrated that gracilioether B (§), gracilioether C (6),
and plakilactone C (9) increase the expression of SCD-1 in
liver cells. SCD-1 catalyzes the rate-limiting reaction of
monounsaturated fatty acid synthesis and plays an important
role in the development of a fatty liver. Finally, we
demonstrated that gracilioether B (S) and gracilioether C (6)
but not plakilactone C (9) up-regulate the expression of
PEPCK. PEPCK is a rate-limiting enzyme involved in
gluconeogenesis and glyceroneogenesis pathways, and its
expression is tightly regulated at the transcriptional level by
hormones controlling glucose homeostasis with glucagon and
glucocorticoids having a strong gluconeogenic action while
insulin inhibits hepatic %luconeogenesis by repressing the
expression of this gene.® The expression of PEPCK is
positively regulated by different transcription factors and
coactivators including hepatic nuclear factor 4a (HNF4a),
Forkhead box O1 (Foxol), and PPARy, while the PPARy
coactivator 1 alpha (PGC1-a) has been shown to cooperate in
regulating the expression of this gene in the fasting state.
Induction of PEPCK in HepG2 cells by rosiglitazone and
gracilioethers B (§) and C (6) is therefore of interest. Indeed,
because HepG2 cells are grown in a low glucose medium,
induction of PEPCK expression drives cell metabolism to
glycerogenesis rather that gluconeogenesis and might be
involved in development of lipid accumulation in hepatocytes,
a common side effect in the rosiglitazone therapy.>® All
together these data suggest the possibility to develop novel
PPARy modulators.

Because gracilioether C (6) activates PPARy in a non-
covalent fashion, we have then investigated whether this agent
still exerts the same range of effects as that of rosiglitazone.
Using THP-1, a monocytic cell line, we demonstrated that
gracilioether C (6) effectively modulates the expression of two
inflammatory mediators, IL-6 and MCP-1. Thus, similarly to
rosiglitazone, gracilioether C (6) causes a robust attenuation of
the expression of IL-6 and MCP-1 triggered by LPS. Because
the inhibition of proinflammatory mediators is a common
theme in the pharmacology of PPARy ligands, present data
provide a robust evidence that gracilioether C (6) might be a
potential agent in the treatment of inflammatory disorders.*®*”

At molecular level we demonstrated that gracilioether B (5)
and plakilactone C (9) covalently bind to a cysteine residue in
the PPARy—LBD through a Michael addition reaction to the
a,f-unsaturated ketone in their side chains. Such findings were
also supported by an integrated analysis of docking and
molecular dynamics simulations. Besides the fact that Cys28S5 is
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conserved in all three PPAR subtypes, gracilioether B (5) and
plakilactone C (9) showed a significant specificity toward
PPARy. This finding indicates, as previously reported for
several selective covalent PPARy ligands,sg’59 that other amino
acid residues confer specificity in the recognition process to
PPARy—LBD and moreover points toward the importance of
the docking step in which the putative covalent ligand
establishes several noncovalent interactions.

Also for gracilioether C (6), a detailed docking analysis was
performed to rationalize the structural requirements for its
noncovalent interaction in the receptor’s LBD, and insights
were gained to explain its peculiar mode of action. The analysis
of the docking poses in comparison with the antagonists methyl
esters 1 and 2 and several nonactive members of this series
clarified the chemical requirements for the PPARy agonistic
activity and could be useful for the future de novo design and
for the prediction of the bioactivity of a set of new ligands.

Also the discovery that methyl esters 1 and 2 are PPARy
antagonist560 that counteract the receptor transactivation
caused by rosiglitazone is noteworthy. Because PPARy
antagonists are of pharmacological and therapeutic relevance,
we are currently elaborating on these structures to gain further
insights on their pharmacological profiles.

In conclusion, this study discloses a new class of marine
PPARy ligands structurally unrelated to all synthetic and natural
ligands so far reported and reaffirms the extraordinary
chemodiversity and therapeutic potential of marine natural
compounds.

B EXPERIMENTAL SECTION

General Procedures. Specific rotations were measured on a
Perkin-Elmer 243 B polarimeter. All ESI-MS spectra and LC-ESI-MS
analyses were performed on a Waters Q-ToF Premiere spectrometer
equipped with a Waters 2695 HPLC System and ESI source and LTQ_
XL ThermoScientific. MALDI spectra were recorded on a MALDI
micro-MX (Waters, Co., Milford, MA). NMR spectra were obtained
on Varian Inova 500 NMR spectrometer ("H at 500 MHz, '*C at 125
MHz, respectively) and Varian Inova 400 MHz spectrometer (*C
NMR at 100 MHz) equipped with Sun hardware, 5 (ppm), J in hertz,
spectra referred to CD;0D (8y 3.31, 5 49.0) and CDCl, (6 7.27, 8¢
77.0) as internal standards. HPLC was performed using a Waters
Model 510 pump equipped with a Waters Rheodine injector and a
differential refractometer, model 401. Through-space 'H connectivities
were evidenced using a ROESY experiment with mixing times of 200
and 500 ms, respectively. Silica gel (200—400 mesh) from Macherey-
Nagel Company was used for flash chromatography. The purities of
compounds were determined to be greater than 95% by HPLC.

Sponge Material and Separation of Individual Compounds.
Plakinastrella mamillaris Kirkpatrick, 1900 (order Homosclerophorida,
family Plakinidae) was collected at the Fiji Islands, in May 2007. The
samples were frozen and lyophilized to yield 171 g of dry mass. The
sponge was identified by Dr. John Hooper, Queensland Museum,
Brisbane, Australia, where a voucher specimen is deposited under the
accessing number G322695. The lyophilized material (171 g) was
extracted with methanol (3 X 1.5 L) at room temperature, and the
crude methanol extract (40 g) was subjected to a modified Kupchan’s
partitioning procedure. The methanol extract was dissolved in a
mixture of MeOH/H,O containing 10% H,O and partitioned against
n-hexane to give 17.3 g of the crude extract. The water content (% v/
v) of the MeOH extract was adjusted to 30% and partitioned against
CHCI; to give 16.6 g of the crude extract. The aqueous phase was
concentrated to remove MeOH and then extracted with n-BuOH (2.4
g of crude extract).

The CHCl; extract (1.0 g) was chromatographed by silica gel
MPLC using a solvent gradient system from CH,CI, to
CH,Cl,:MeOH 1:1. Fractions eluted with CH,CL,:MeOH 99:1 (604
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mg) were further purified by HPLC on a Nucleodur 100-5 C18 (S ym;
10 mm i.d. X 250 mm) with 70% MeOH:H,O as eluent (flow rate 3.5
mL/min) to give 0.7 mg of plakilactone C (9) (tg = 22.5 min), 2.5 mg
of plakilactone F (12) (tg = 23.5 min), 2.8 mg of plakilactone E (11)
(tz = 28.0 min), 2.6 mg of plakilactone D (10) (fz = 31.0 min), 2.9 mg
of plakilactone B (8) (g = 34.5 min), 5.0 mg of gracilioether A (4) (tx
= 36.5 min), 8.0 mg of gracilioether B (5) (tz = 45.0 min), 1.9 mg of
gracilioether D (13) (t = $9.0 min), and 4.2 mg of gracilioether C (6)
(tg = 70.0 min).

The n-hexane extract (8 g) was fractionated by silica gel MPLC
using a solvent gradient system from n-hexane to EtOAc. The fraction
eluted with hexane:EtOAc 98:2 (995 mg) was further purified by
HPLC on a Nucleodur 100-5 C18 (5 gm; 10 mm i.d. X 250 mm) with
90% MeOH:H,O as eluent (flow rate S mL/min) to give 12.5 mg of y-
lactone 3 (t = 5.4 min), 2.5 mg of plakilactone A (7) (t; = 6.4 min),
3.5 mg of methyl ester 2 (f; = 8.6 min). The fraction eluted with
hexane:EtOAc 96:4 (2.35 g) was purified on a Nucleodur 100-S C18
(5 pm; 10 mm i.d. X 250 mm) with 90% MeOH:H,O as eluent (flow
rate 3.5 mL/min) to give 1.9 g of methyl ester 1 (f; = 10.8 min).

Characteristic Data for Each Compounds. Methyl Ester 1. pale
yellow oil; [a]p* —281.8 (c 0.40, CHCl;); "H NMR data in CD,0D
given in Supporting Information; ESI-MS: m/z 329.2 [M + Na]".

Methyl ester 2. pale yellow oil; [a]p* —69.2 (¢ 0.20, CHCL,); 'H
NMR data in CD;0D given in Supporting Information; ESI-MS: m/z
3312 [M + Na]".

y-Lactone 3. pale yellow oil; [a]p® —11.4 (¢ 0.10, MeOH); 'H
NMR data in CD;0D given in Supporting Information; ESI-MS: m/z
2732 [M + Na]".

Gracilioether A (4). colorless solid; [a]p® +7.5 (¢ 0.19, MeOH).

Gracilioether B (5). colorless solid; [a]p™ —77.2 (c 0.08, CHCI,).

Gracilioether C (6). colorless solid; [a]p* —54.5 (¢ 0.12, CHCL,).

Plakilactone A (7). pale yellow oil; [a]p®™® —9.5 (¢ 0.12, MeOH);
'"H CD,0D and "*C NMR data in CDCl, given in Tables 1 and 2;
ESI-MS: m/z 275.2 [M + Na]*. HRMS (ESI): calcd for C,¢H,sNaO,:
275.1987; found 275.1980 [M + Na]*.

Plakilactone B (8). colorless solid; [a]p™ —24.7 (¢ 0.05, CHCL,);
'H and *C NMR data in CD,0D given in Tables 1 and 2; ESI-MS:
m/z 2892 [M + Na]®. HRMS (ESI): caled for C;H,¢NaO;:
289.1780; found 289.1768 [M + Na]*.

Plakilactone C (9). colorless solid; [a]p* —63.7 (¢ 0.11, CHCL,);
'H and *C NMR data in CD,0D given in Tables 1 and 2; ESI-MS:
m/z 2872 [M + Na]®. HRMS (ESI): caled for C;H,,NaO;:
287.1623; found 287.1615 [M + Na]*.

Plakilactone D (10). colorless solid; [a]p> —27.2 (¢ 0.05, CHCL,);
'H and *C NMR data in CD;0D given in Tables 1 and 2; ESI-MS:
m/z 2892 [M + Na]®. HRMS (ESI): caled for C;sH,¢NaOs;:
289.1780; found 289. 1778 [M + Na]*.

Plakilactone E (11). colorless solid; [a]p® +8.9 (c 0.12, CHCL,);
'H and *C NMR data in CD;0D given in Tables 1 and 2; ESI-MS:
m/z 2892 [M + Na]®. HRMS (ESI): caled for C;sH,cNaO;:
289.1780; found 289.1775 [M + Na]*.

Plakilactone F (12). colorless solid; [a]p>® —24.7 (¢ 0.09, CHCL,);
'H and *C NMR data in CD,0D given in Tables 1 and 2; ESI-MS:
m/z 2892 [M + Na]®. HRMS (ESI): caled for C;H,cNaO;:
289.1780; found 289.1769 [M + Na]*.

Gracilioether D (13). colorless solid; [a]p* —11.7 (c 0.11, MeOH);
'H and *C NMR data in CD,0D given in Tables 1 and 2; ESI-MS:
m/z 3452 [M + Na]®. HRMS (ESI): caled for C;oH;oNaO,:
345.2042; found 3452036 [M + Na]*.

Preparation of MTPA Esters 8a,b, 10a,b, 11a,b, 12a,b. A 0.5—
1.0 mg sample was dissolved in freshly distilled CH,Cl, and treated
with triethylamine (10 pL), (—)- or (+)-a-methoxy-a-
(trifluoromethyl)phenylacetyl chloride (MTPA-Cl) (S uL), and a
catalytic amount of 4-(dimethylamino)pyridine. The mixture was left
to stand at room temperature for 12 h, with the resulting mixture
purified by silica gel column.

[(S)-MTPA ester of 8a]. selected 'H NMR (500 MHz, CD;0D) §
(ppm): 7.00 (s, H-3), 5.53 (m, H-9), 5.39 (dd, ] = 8.5, 15.4 Hz, H-8),

a
a
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523 (dd, ] = 6.8, 15.4 Hz, H-7), 1.40 (d, ] = 6.5 Hz, H,-10), 1.13 (t, ]
= 7.5 Hz, H;-12).

[(R)-MTPA ester of 8b]. selected '"H NMR (500 MHz, CD;0D) §
(ppm): 7.00 (s, H-3), 5.53 (m, H-9), 5.53 (dd, ] = 8.8, 15.4, H-8), 5.36
(dd, ] =72, 15.4 Hz, H-7), 1.33 (d, ] = 6.5 Hz, H,-10), 112 (t, ] = 7.5
Hz, H,-12).

[(S)-MTPA ester of 10a]. selected "H NMR (500 MHz, CD,0D) §
(ppm): 7.22 (br t, J = 1.4 Hz, H-3), 5.53 (m, H-8), 5.18 (d, ] = 9.8 Hz,
H-7), 2.63—2.96 (d, ] = 14.4 Hz, H,-5), 2.26 (m, H,-11), 2.07 (m, H,-
15), 1.88 (m, H,-13), 1.63—1.69 (m, H,-9), 1.16 (t, ] = 7.4 Hz, H;-12),
0.99 (t, ] = 7.4 Hz, H;-10), 0.97 (t, ] = 7.4 Hz, H;-16), 0.80 (t, J = 7.4
Hz, H;-14).

[(R)-MTPA ester of 10b]. selected '"H NMR (500 MHz, CD,0D) §
(ppm): 7.21 (br t, J = 1.4 Hz, H-3), 5.59 (m, H-8), 5.37 (d, ] = 9.9 Hg,
H-7), 2.65—2.94 (d, ] = 14.3 Hz, H,-5), 2.25 (m, H,-11), 2.12 (m, H,-
15), 1.88 (m, H,-13), 1.35—1.65 (m, H,-9), 1.17 (t, ] = 7.4 Hz, H;-12),
1.01 (t, J = 7.4 Hz, Hy-16), 0.86 (t, ] = 7.4 Hz, H;-10), 0.79 (t, ] = 7.4
Hz, H;-14).

[(S)-MTPA ester of 11a]. selected '"H NMR (500 MHz, CD,0D) §
(ppm): 7.22 (br t, J = 1.3 Hz, H-3), 5.62 (m, H-8), 5.33 (d, ] = 10.1
Hz, H-7), 2.41-3.38 (d, ] = 14.4 Hz, H,-5), 2.22 (m, H,-11), 1.96 (m,
H,-15), 1.92 (m, H,-13), 1.70 (m, H,-9), 1.11 (t, ] = 7.4 Hz, H;-12),
0.97 (t, ] = 7.3 Hz, H;-16), 0.87 (t, ] = 7.4 Hz, H;-14), 0.85 (t, ] = 7.3
Hz, H,-10).

[(R)-MTPA ester of 11b]. selected '"H NMR (500 MHz, CD,0D) §
(ppm): 7.22 (br t, J = 1.3 Hz, H-3), 5.55 (m, H-8), 5.13 (d, ] = 10.0
Hz, H-7), 2.42—3.40 (d, ] = 14.2 Hz, H,-5), 2.22 (m, H,-11), 1.94 (m,
H,-13), 1.93 (m, H,-15), 1.74 (m, H,-9), 1.13 (t, ] = 7.4 Hz, H;-12),
1.01 (t, J = 7.3 Hz, H;-10), 0.94 (t, ] = 7.3 Hz, H;-16), 0.89 (t, J = 7.4
Hz, H;-14).

[(S)-MTPA ester of 12a]. selected "H NMR (500 MHz, CD,0D) §
(ppm): 7.12 (br t, J = 1.3 Hz, H-3), 5.59 (m, H-8), 5.22 (d, ] = 10.1
Hz, H-7), 2.48—2.60 (d, ] = 14.4 Hz, H,-5), 2.25 (m, H,-11), 2.23 (m,
H,-15), 1.81 (m, H,-13), 1.51-1.63 (m, H,-9), 1.14 (t, ] = 7.4 Hz, H;-
12), 1.01 (t, J = 7.3 Hz, H;-16), 0.79 (t, ] = 7.3 Hz, H;-10), 0.77 (t, ] =
7.4 Hz, Hy-14).

[(R)-MTPA ester of 12b]. selected '"H NMR (500 MHz, CD,0D) §
(ppm): 7.10 (br t, ] = 1.4 Hz, H-3), 5.60 (m, H-8), 5.08 (d, ] = 9.9 Hz,
H-7), 2.43-2.58 (d, ] = 14.4 Hz, H,-5), 2.30 (m, H,-11), 2.21 (m, H,-
15), 1.79 (m, H,-13), 1.60—1.73-(m, H,-9), 1.12 (t, J = 7.5 Hz, Hy-
12), 1.02 (t, ] = 7.5 Hz, H;-16), 0.90 (t, J = 7.5 Hz, H;-10), 0.75 (t, ] =
7.4 Hz, H;-14).

Preparation of Compound 15. An oven-dried 10 mL flask was
charged with 10% platinum on carbon (2 mg) and gracilioether B (5)
(1.7 mg, 0.0053 mmol). Absolute methanol (1 mL) and dry THF (1
mL) were added, and the flask was evacuated and flushed with argon
and then with hydrogen. The reaction was stirred at room temperature
under H, (1 atm) for S min. The mixture was filtered through Celite,
and the recovered filtrate was concentrated. The residue was purified
by HPLC on a Nucleodur 100-3 C18 (3 ym; 4.6 mm i.d. X 250 mm)
with 75% MeOH:H,O as eluent (flow rate 1 mL/min) to give 1.3 mg
of 15 (tz 20.4 min).

Compound 15. colorless solid; [a]p>* —15.2 (c 0.04, MeOH); ESI-
MS: m/z 3452042 [M + Na]*. HRMS (ESI): calcd for
CoH3oNa0,:345.2042; found 345.2034 [M + Nal*.

Preparation of Compound 16. Plakilactone C (9) (2.6 mg,
0.0098 mmol) was subjected to hydrogenation as described for
compound 15. The residue was purified by HPLC on a Nucleodur
100-3 C18 (3 pm; 4.6 mm i.d. X 250 mm) with 75% MeOH:H,O as
eluent (flow rate 1 mL/min) to give 2.3 mg of compound 16 (t; 15.0
min).

Compound 16. colorless solid; [a]p>® —19.8 (¢ 0.07, MeOH); ESI-
MS: m/z 289.2 [M + Nal]®. HRMS (ESI): calcd for
C,6H,4Na0,:289.1780; found 289.1775 [M + Nal".

Cell Culture. HepG2 cells were maintained at 37 °C in E-MEM
containing 10% fetal bovine serum (FBS), 1% L-glutamine, and 1%
penicillin/streptomycin. Serum-starved HepG2 cells were stimulated
for 18 h with 100 nM of rosiglitazone, 10 uM gracilioethers B (5) and
C (6) or plakilactone C (9), and relative mRNA levels of PEPCK,
SCD-1, and CD36 were analyzed by real-time PCR.
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THP-1 cells were maintained at 37 °C in RPM-I containing 10%
FBS, 1% L-glutamine, and 1% penicillin/streptomycin. Serum-starved
THP-1 cells were pretreated with 100 nM of rosiglitazone or
glacilioether C (9) for 3 h before the addition of 1 pg/mL LPS.
After 18 h stimulation, total RNA was extracted to assess the relative
mRNA levels of IL-6 and MCP-1 by real-time PCR.

Luciferase Assay. HepG2 cells were transiently transfected with
the reporter vector p(UAS)sxTK-Luc, with pGL4.70hRluc as internal
control to normalize relative luciferase units, and with a vector
containing the ligand binding domain of PPARy fused with the DBD
of GAL4 (pSGSGALAPPARyLBD). Forty eight hours post-trans-
fection, cells were stimulated for 18 h with 100 nM rosiglitazone and
10 uM compounds 1—13, or with the combination of 100 nM
rosiglitazone and 50 uM compounds 1—13. In another experimental
setting, cells were treated with increasing concentrations of § (1, 10,
and 50 uM), 6 (1, 10, and SO uM), 9 (1, 10, and S0 uM), or
rosiglitazone (10, 100, and 500 nM).

To investigate the PPARa-mediated transactivation, HepG2 cells
were transiently transfected with the reporter vector p(UAS)TK-
Luc, with pRFN26REN as internal control to normalize relative
luciferase units, and with a vector containing the ligand binding
domain of PPAR« fused with the DBD of GAL4 (pSGSGAL4PPAR-
aLBD). Forty eight hours post-transfection, cells were stimulated for
18 h with 10 uM of gemfibrozil or compounds 1—-13.

To investigate the PPARS-mediated transactivation, HepG2 cells
were transiently transfected with the reporter vector p(UAS)TK-
Luc, with pRFN26REN as internal control to normalize relative
luciferase units, and with a vector containing the ligand binding
domain of PPARf fused with the DBD of GAL4 (pSGSGALA4P-
PARPLBD). Forty eight hours post-transfection, cells were stimulated
for 18 h with 10 uM of arachidonic acid or compounds 1—13.

Real-Time PCR. Total RNA was extracted using TRIzol reagent
(Invitrogen), purified from the genomic DNA by DNAase I treatment
(Invitrogen) and random reverse-transcribed with Superscript II
(Invitrogen). A 50 ng template was amplified using the following
reagents: 0.2 uM of each primer and 12.5 uL of 2X SYBR Green qPCR
master mix (Invitrogen). All reactions were performed in triplicate,
and the thermal cycling conditions were as follows: 2 min at 95 °C,
followed by 40 cycles of 95 °C for 20 s, 55 °C for 20 s, and 72 °C for
30 s in an iCycler iQ instrument (Biorad). The relative mRNA
expression was calculated and expressed as 2729, Primers used for
qRT-PCR were as follows. hGAPDH: GAAGGTGAAGGTCGGAGT
and CATGGGTGGAATCATATTGGAA; hPEPCK: TCCTGGAA-
GAATAAGGAGTGGA and ATAATGCCTTCAATGGGAACAC;
hSCD-1: GCAGAATGGAGGAGATAAGT and AATCAAAGT-
GATCCCATACA; hCD36: TTTCTGTATGCAAGTCCTGAT and
ATTAAGCCAAAGAATAGGCAC; hIL-6: AGGA-
GACTTGCCTGGTGAAA and CAGGGGTGGTTATTGCATCT;
hMCP-1: CCCCAGTCACCTGCTGTTAT and TCCTGAACC-
CACTTCTGCTT.

Analysis of PPARy—LBD/Agonist Covalent Complex by MS.
PPARy—LBD was purchased from Bertin-Pharma. It consists of the
region 195—477 of PPARy with a hexahistidine tag at N-terminal and
an unknown 24 amino acid linker region between the His tag and the
sequence. For peptide identification, we used the sequence and
numeration of the entire PPARy.

PPARy—LBD (1 yM) was separately incubated with methyl ester 1,
y-lactone 3, gracilioether B (5), gracilioether C (6), plakilactone B (8),
plakilactone C (9), 15, and 16 (each at 20 M) in PBS buffer at pH
7.5 and 37 °C for 60 and 180 min. Aliquots of the mixtures were
analyzed by RP-LC-MS, loading the sample on a Jupiter C4 column
(50 mm X 2 mm) at 0.15 mL/min and eluting by means of a linear
gradient from 20% to 70% aqueous acetonitrile containing TFA
(0.05%) and formic acid (1%) over 25 min. Mass spectra were
collected in an m/z range of 1500—3000.

Identification of PPARy—LBD Modification Site by MALDI-
MS and MALDI-MSMS. Twenty microliters of PPARy—LBD/
gracilioether B (5) complex were subjected to extensive proteolysis
by trypsin using a E:S ratio of 1:100 for 1 h at 37 °C. The mixture was
loaded on a C18 ZIP-TIP and eluted as reported by manufactures.
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One microliter of eluted sample was analyzed by MALDI-MS in
reflectron positive ion mode by using a-cyano-4-hydroxycinnamic acid
(10 mg/mL) dissolved in H,0/CH;CN (50:50, v/v) TFA (0.1%) as
matrix, in a m/z range of 700—5000. The same spot was analyzed
using the MALDI source on a Q-ToF Premier spectrometer. The
signal at m/z 1308.66 was selected and fragmented using MALDI laser
energy of 380.0, a trigger threshold of 700, a signal threshold of 80, V¢
of 5523.00, MALDI extraction of 10.0, ion energy of 1.0, and collision
energy of 25.0.

Computational Details. Chemical Structures Preparation. The
chemical structures of the compounds were built and processed with
Macromodel 8.5 (Schrodinger, LLC, New York, 2003). Molecular
mechanics/dynamics calculations were performed on a 4 X AMD
Opteron SixCore 2.4 GHz using Macromodel 8.5 and the OPLS force
field. The Monte Carlo multiple minimum (MCMM) method (5000
steps) was used to allow a full exploration of the conformational space.
Molecular dynamics simulations were performed at 600 K and with a
simulation time of 10 ns. A constant dielectric term, mimicking the
presence of the solvent, was used to reduce artifacts. Finally, the
optimization (conjugate gradient, 0.0S A convergence threshold) of
the structures was applied to identify the three-dimensional starting
models for the subsequent steps of docking calculations.

Docking Calculations. Docking calculations were performed using
the Autodock-Vina software. In the configuration files of the two
crystallographic structures of PPARy we specified only the
exhaustiveness value to 64 and the coordinate values for the targets,
focusing the grid on the site of presumable pharmacological interest. In
particular a grid box size of 22 X 22 X 30 and centered at 17.464 (),
64.919 (y), and 19.625 (z) was used for the PPARy receptor (apo
form), and of 20 X 20 X 20 and centered at 17.654 (x), 64.696 (y),
and 11.136 (z) (locked form), with spacing of 1.0 A between the grid
points. For all the investigated compounds, all open-chain bonds were
treated as active torsional bonds. Docking results were analyzed with
Autodock Tools 1.4.5.

Molecular Dynamics Simulations. Molecular dynamics simulations
steps were performed for the compounds S and 9 to observe their
contacts with the reactive counterpart of PPARy, using Macromodel
8.5. In each step, the distances between the sulfur of Cys285 and the
reactive ff-carbon of the a,f-unsaturated ketone parts of § and 9 were
constrained to reduce the distance at 0.5 A. The obtained structures
were reprocessed until a distance and an orientation of the reactive
moieties compatible with the C—S bond were found. In all these steps,
for the equilibration phase, an equilibration time of 10 ps was
considered. Molecular dynamics simulations were performed at 300 K,
with a time step of 4.0 fs and a simulation time of 0.1 ns. Then the
covalent bond between the reactive points was manually built, and the
two covalent complexes (5 or 9 with PPARy) were subjected to a
further fast molecular dynamics simulation to eliminate eventual steric
clashes. In all the simulations, a constant dielectric term, mimicking the
presence of the solvent, was used in to reduce artifacts. Illustrations of
the 3D models were generated using the Python software.®'
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