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The nuclear receptor, peroxisome proliferator-activated

receptor c (PPARc), recognizes various synthetic and

endogenous ligands by the ligand-binding domain. Fatty-

acid metabolites reportedly activate PPARc through con-

formational changes of the X loop. Here, we report that

serotonin metabolites act as endogenous agonists for

PPARc to regulate macrophage function and adipogenesis

by directly binding to helix H12. A cyclooxygenase inhi-

bitor, indomethacin, is a mimetic agonist of these metabo-

lites. Crystallographic analyses revealed that an indole

acetate functions as a common moiety for the recognition

by the sub-pocket near helix H12. Intriguingly, a serotonin

metabolite and a fatty-acid metabolite each bind to distinct

sub-pockets, and the PPARc antagonist, T0070907, blocked

the fatty-acid agonism, but not that of the serotonin

metabolites. Mutational analyses on receptor-mediated

transcription and coactivator binding revealed that

each metabolite individually uses coregulator and/or het-

erodimer interfaces in a ligand-type-specific manner.

Furthermore, the inhibition of the serotonin metabolism

reduced the expression of the endogenous PPARc-target

gene. Collectively, these results suggest a novel agonism,

in which PPARc functions as a multiple sensor in response

to distinct metabolites.
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Introduction

The nuclear receptor, peroxisome proliferator-activated

receptor g (PPARg), is a ligand-dependent transcription factor

that coordinates gene expression related to glucose homeo-

stasis and insulin sensitization (Evans et al, 2004; Lehrke and

Lazar, 2005; McKenna et al, 2009). In contrast to the adipo-

cyte-specific expression of the PPARg2 isoform, macrophage

cells express the PPARg1 isoform, which has crucial functions

in lipid metabolism and inflammatory function, such as

cytokine production (Ricote et al, 1998; Huang et al, 1999).

The macrophage-specific deletion of the Pparg gene in mice

causes diet-induced obesity and insulin resistance, indicating

that this receptor regulates glucose and lipid homeostasis and

tissue inflammation (Odegaard et al, 2007).

PPARg is thus a potential therapeutic target for metabolic

syndrome and inflammatory diseases (i.e. type II diabetes and

atherosclerosis) (Walczak and Tontonoz, 2002; Waki et al,

2007). A well-known class of synthetic PPARg agonists, thiazo-

lidine derivatives (TZDs), is used for anti-diabetic and anti-

inflammatory therapies (Ceriello, 2008). Another class of ago-

nists has recently been developed to reduce the side effects of

TZDs, such as weight gain and heart-attack risk (Berger et al,

2005). These synthetic agonists are categorized as ‘full’ and

‘partial’ agonists, depending on their transcriptional activities

in the cell-based reporter assay (Reginato et al, 1998).

To rationally design drugs for PPARg, substantial efforts

have been made to understand the structure–function rela-

tionships of the receptor activation by each agonist. The

direct interaction between a ligand and the C-terminal helix

in the ligand-binding domain (LBD), constituting the activa-

tion function 2 (AF-2), reportedly has a crucial function in the

ligand-induced receptor activation by forming binding inter-

faces with members of the steroid receptor coactivator (SRC)

family, especially with its LXXLL motif (where X denotes any

amino acid) (Li et al, 2003; Nagy and Schwabe, 2004). In fact,

full agonists, such as BRL49653, form a hydrogen bond with

Tyr473 on the AF-2 helix H12 (Nolte et al, 1998), whereas

partial agonists, such as GW0072, do not always interact

with this helix to activate PPARg (Oberfield et al, 1999)

(Figure 1A–C). The formation of this hydrogen bond with

helix H12 is also considered to cause the difference between

the full and partial activities, thus leading to the conclusion

that the direct interaction with helix H12 has a central

function in regulating the ligand-induced PPARg activities.

On the other hand, several polyunsaturated fatty-acid

metabolites, produced through cyclooxygenase (COX)- or

lipoxygenase-mediated pathways, function as potent endo-

genous ligands for this receptor in adipocyes and macro-

phages (Forman et al, 1995; Kliewer et al, 1995; Huang et al,

1999; Schopfer et al, 2005; Shiraki et al, 2005a). Our recent

studies revealed that several oxidized fatty-acid metabolites,

including 15-oxo-eicosatetraenoic acid (15-oxoETE), do not

always require the interaction with helix H12 for receptor

activation (Waku et al, 2009a). Indeed, the type of endogen-

ous ligand that binds to the sub-pocket adjacent to helix H12

(Figure 1C, enclosed area) is still unknown, and thus PPARg

is as a crucial target for structural studies to clarify the

controversial issue of the ligand-dependent activation

mechanism, which is referred to as ‘agonism’.
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Serotonin (5-HT) is an extracellular signalling molecule

that activates its specific receptors on the plasma membrane.

Extracellular 5-HT is subsequently incorporated into the

surrounding cells by its specific transporter SERT and is

metabolized into 5-methoxy-indole acetate (MIA) through

5-hydroxy-indole acetate (HIA) by several enzymes, includ-

ing monoamine oxidase (MAO) (Supplementary Figure S1A).

In addition to the receptor-mediated action, 5-HT also

coordinates fat metabolism and feeding through a receptor-

independent mechanism (Srinivasan et al, 2008). Other

reports described the association between MAO expression

and insulin sensitization (Fontana et al, 2001) and that

between MAO polymorphism and obesity (Fuemmeler et al,

2008). These reports suggested that 5-HT metabolites are

not simply degradation products of 5-HT, but may have

additional functions. A COX inhibitor, indomethacin (IDM),

directly activates PPARg (Lehmann et al, 1997). Notably,

this synthetic compound has an indole acetate, which is

commonly found in several 5-HT metabolites. These findings

tempted us to investigate the possibility of their common

mechanism in PPARg activation.

Here, we performed X-ray crystallographic and biochemical

analyses, and revealed that IDM, HIA, and MIA, which in

common contain an indole acetate, bind to the sub-pocket by

directly interacting with Tyr473 of the PPARg LBD. These indole

acetate-containing ligands activated this receptor, which is

endogenously expressed within macrophage-like cells and

adipogenic fibroblasts. Intriguingly, an indole acetate-contain-

ing ligand and a fatty acid simultaneously occupy distinct

sub-pockets, which are located adjacent to the AF-2 and the

O loop. The covalent modification of Cys285 by the antagonist,

T0070907, inhibited the activation of PPARg by a TZD agonist

or a fatty-acid ligand, whereas it did not affect the activation by

an indole acetate-containing ligand. Mutational analyses sug-

gested that ligand binding to each sub-pocket induces structural

alterations of different sites on the outer LBD surfaces, which

interact with the coregulator and the heterodimer partner,

indicating that the sub-pockets near the AF-2 helix H12 and

the O loop (hereafter referred to as the AF-2 and the O pockets,

respectively) are individually specialized for the recognition

of 5-HT- and fatty acid-metabolites. We further revealed that the

5-HT-induced expression of the PPARg-target gene was inhib-

ited by blocking the endogenous SERT or MAO. Therefore,

these results suggest that PPARg may individually respond to

the two-independent metabolic pathways.

Results

Indole acetate-containing ligands directly interact with

helix H12

Initially, we searched for the particular chemical moiety of

the ligands specifically recognized by the AF-2 pocket

Figure 1 Configurations of indole acetate-containing ligands and known agonists in the PPARg LBD. (A) Superposition of known agonists in
PPARg LBDs. Full agonists (orange) and partial ones (cyan) are shown within the apo-LBD (2ZK0; Waku et al, 2009a). The Ca atoms of the LBD
are coloured yellow (helix H12), red (O loop), blue (b-sheet), and grey (other region). Full agonists are from PDB 2PRG (Nolte et al, 1998);
1FM9 (Gampe et al, 2000); 1I7I (Cronet et al, 2001); 1K74 (Xu et al, 2001); 2ATH (Mahindroo et al, 2005); 2I4J (Pochetti et al, 2007); 2Q59
(Bruning et al, 2007); and 3B3K (Montanari et al, 2008). Partial agonists are from 4PRG: Oberfield et al, 1999); 2Q5P, 2Q5S, 2Q6R, and
2Q61(Bruning et al, 2007); and 3D6D (Montanari et al, 2008). (B) Close-up view of the full agoinsts. Red arcs indicate hydrogen bonds between
full agonists and Tyr473. (C) Close-up view of the partial agonists. The area enclosed by the black dashed line is the AF-2 pocket. (D) Chemical
structures of IDM, 5-HT, HIA, and MIA. The indole ring and the carboxyl group are coloured red and blue, respectively. (E–H) Crystal structures
of the PPARg LBDs in complex with indole acetate-containing ligands. IDM is coloured cyan (E), HIA is green (F), MIA is yellow (G), and 5-HT
is magenta (H), in close-up views with the omit 2Fo-Fc map (contoured at 1s). The LBD and the hydrogen bonds between each molecule and
Tyr473 are represented as described in (A) and (B).
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(Figure 1C, enclosed area). A Protein Data Bank (PDB) search

revealed that 5-methoxy-indole propionate binds to this sub-

pocket (Artis et al, 2009). As the COX inhibitor IDM, contain-

ing an indole acetate, also activates PPARg (Lehmann et al,

1997), we hypothesized that an indole ring connected to a

carboxyl group may function as the core moieties for binding

to the AF-2 pocket. Among the endogenous metabolites, two

5-HT metabolites, HIA and MIA, contain both the indole ring

and carboxyl group moieties, whereas 5-HT itself contains an

indole ring, but lacks the carboxyl group (Figure 1D). To

examine whether these metabolites can bind to PPARg LBD,

we performed a surface plasmon resonance (SPR) analysis.

The PPARg LBD protein was captured on the sensor chip, on

which each ligand was applied in a series of five concentra-

tions (Supplementary Figure S1B–E). From the SPR signals,

the dissociation constants (Kd) of IDM, HIA, MIA, and 5-HT

were calculated as 9.73, 28.0, 72.8, and 933 mM, respectively.

We then investigated whether these synthetic and endo-

genous molecules occupy the AF-2 pocket by X-ray crystallo-

graphy (see Materials and methods for the description of the

structural figures; Supplementary Figures S2A–D; Table S1).

The atomic structure of the LBD in complex with each

ligand revealed that IDM, HIA, and MIA directly interact

with Tyr473 on helix H12 through a hydrogen bond, although

5-HT, located in the middle between the two sub-pockets,

does not contact this helix (Figure 1E–H; Supplementary

Figure S3). Unexpectedly, another molecule of each ligand

binds to the O pocket. Structural comparisons among the

complexes revealed that the configurations of IDM, HIA,

and MIA are similar in the AF-2 pocket, whereas they differed

in the O pocket (Supplementary Figure S4). Furthermore,

the refinement statistics of these crystal structures of the

ligand/PPARg LBD complexes, produced at a molar ratio of

1:5 (0.1mM ligand: approximately 0.5mM protein), revealed

that the average B-factors of IDM and MIA in the AF-2 pocket

are lower than those in the O pocket (Supplementary Figure

S4B and C). For example, the average B-factors of IDM

molecules in the AF-2 and O pockets are 80.33 and

106.8 Å2, respectively. The IDM/PPARg LBD complex, pro-

duced at a molar ratio of 10:1 (5mM ligand: approximately

0.5mM protein), exhibited the corresponding values of 56.76

and 81.10 Å2, respectively (data not shown), thus suggesting

that the indole acetate, with both the indole ring and carboxyl

group, serves as the core moiety to preferentially bind to the

AF-2 pocket. We hereafter refer to IDM, MIA, and HIA as the

indole acetate-containing ligands.

Indole acetate-containing ligands are AF-2-dependent

agonists

To examine whether the indole acetate-containing ligands

actually activate PPARg, we performed a cell-based reporter

assay using HEK293T cells and Gal4 DNA-binding domain

(DBD)-fused PPARg LBD (Gal4DBD-PPARgLBD). MIA and

IDM, which each directly interact with helix H12, activated

PPARg, whereas 5-HT, which lacks contact with this helix,

did not induce the receptor activation (Figure 2A). Although

HIA is an indole acetate-containing ligand (see above), this

ligand did not activate PPARg (Figure 2A). As the HEK293T

cells were maintained in culture medium containing a large

amount (over 70mM) of L-tryptophan, the precursor of 5-HT,

the 5-HT metabolic status in these cells may cause the

unexpected alteration of the responsiveness to its metabo-

lites, HIA and MIA (Supplementary Figure S1A).

To explore the physiological aspects of 5-HT metabolites

in regulating PPARg activity, we further investigated each

agonistic function of the indole acetate-containing ligands in

phorbol 12-myristate 13-acetate (PMA)-activated THP-1 cells.

This macrophage-like cell endogenously expresses PPARg,

and its cellular function is regulated by the activity of this

receptor (Ricote et al, 1998; Huang et al, 1999; Odegaard et al,

2007). In this cell line, IDM, HIA, and MIA up-regulated

two PPARg-target genes, acyl-CoA oxidase (AOX) and liver

X receptor a (LXRa), similarly to BRL49653 (Marcus et al,

1993; Laffitte et al, 2001) (Figure 2B). We also validated their

activities for the adipogenic differentiation of 3T3-L1 cells,

which is strongly dependent on PPARg (Forman et al, 1995).

Oil red O staining of lipid accumulation within the cells

revealed that the PPARg ligand, 15-deoxy-D12,14-prostaglan-

din J2 (15d-PGJ2), promoted adipogenesis in the cells

(Figure 2C). IDM and MIA also induced a similar effect

(Figure 2C), indicating that the indole acetate-containing

ligands act as PPARg agonists.

To clarify whether the indole acetate-containing ligands

function through the AF-2 pocket, we replaced Tyr473 on the

helix H12 by phenylalanine (Y473F) and examined the influ-

ence of the mutation on the binding of the indole acetate-

containing ligands within the AF-2 pocket. This mutation did

not cause any alterations in the expression and the stability of

the Gal4DBD-PPARgLBD protein in the cells (Figure 2D),

suggesting that the structural integrity of the receptor is

unchanged. However, this mutant PPARg was totally insensi-

tive to IDM or MIA (Figure 2E), indicating that the indole

acetate ligands activate PPARg through the AF-2 pocket. To

clarify the effect of the mutation on the ligand-binding mode,

we determined the Kd values for IDM by isothermal titration

calorimetry (ITC). The WT-LBD showed two Kd values for

IDM (Kd1¼17.24 mM and Kd2¼ 934.5 mM) (Figure 2F,

left panel). In contrast, the Y473F mutant showed reduced

affinity, with only one Kd value for IDM (Kd¼ 980.0 mM)

(Figure 2F, right panel). The disappearance of Kd1 in the

Y473F mutant is consistent with the notion that the indole

acetate-containing ligands preferentially bind to the AF-2

pocket to activate the receptor.

Crystal structures of PPARc LBD complexes containing

two distinct ligands

Two recent papers reported that PPARg recognizes a fatty-acid

ligand, such as 15-oxoETE and 9-(S)-hydroxyoctadecadienoic

acid, by the O pocket (Itoh et al, 2008; Waku et al, 2009a).

Thus, we presumed that fatty acid and indole acetate-contain-

ing ligands could simultaneously bind to the O and AF-2

pockets, respectively.

To address this hypothesis, we determined two crystal

structures of LBD complexes, with the indole acetate-contain-

ing ligand and the fatty-acid ligand (Supplementary Figure

S2E and F; Table S1): one crystal was prepared with a pair of

metabolite ligands, MIA and 15-oxoETE, and the other

with the corresponding synthetic ligands, IDM and nitro-

233, the latter of which was identified as a mimetic agonist

of 15-oxoETE (Waku et al, 2009a). Each indole acetate-

containing ligand, MIA and IDM, occupied the AF-2 pocket,

and directly interacted with Tyr473 on helix H12. In contrast,

the fatty-acid ligands, 15-oxoETE and nitro-233, each bound

PPARc individually responds to serotonin- and fatty acid-metabolites
T Waku et al
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to the O pocket (Figure 3A; Supplementary Figure S5).

Furthermore, the electron densities clearly indicated the

formation of a covalent bond between the a,b-unsaturated

ketone of 15-oxoETE (or the a,b-unsaturated nitro of nitro-

233) and the sulfhydryl group of Cys285 through a Michael

addition (Figure 3A; Supplementary Figure S5, insets), in

agreement with our previous results (Waku et al, 2009a).

Two distinct ligands simultaneously bind different

sub-pockets in solution

To confirm whether two distinct ligands simultaneously

bind to the LBD in solution, we developed a novel ligand-

binding assay based on fluorescent resonance energy transfer

(FRET). As 15-oxoETE lacks intrinsic fluorescence, we used

the fluorescent fatty-acid analogue C8-BODIPY (Figure 3B).

This fatty-acid analogue did not activate PPARg (data not

shown), but non-covalently bound to PPARg in a similar

ligand configuration to 15-oxoETE in the crystal structure

(Supplementary Figures 3C and S2G; Table S1). In the

native PAGE gel, the protein band corresponding to the

PPARg LBD exhibited the fluorescence in the presence of

C8-BODIPY, and this fluorescence disappeared upon the

addition of 15-oxoETE in a dose-dependent manner

(Figure 3D, left panel). In contrast, the fluorescence was

not affected by the addition of IDM or MIA (Figure 3D, middle

and right panels, respectively), suggesting that C8-BODIPY

did not compete with either IDM or MIA. C8-BODIPY, with a

major excitation wavelength at 480 nm, also has a secondary

excitation wavelength at 355 nm, which corresponds to the

emission wavelength of the indole ring in MIA. Accordingly,

FRET should only occur between MIA and C8-BODIPY

when they are simultaneously accommodated within the

LBD (Figure 3E). The LBD lacks a fluorescent tryptophan,

and thus FRET should exclusively provide information about

simultaneous ligand binding. Using this assay, we observed

that the binding of MIA to the LBD did not change the

Figure 2 Characterization of indole acetate-containing ligands as AF-2-mediated agonists for PPARg. (A) Effects of each indole acetate-
containing ligand on the activity of the Gal4DBD-PPARgLBD. The final concentrations of BRL49653 (BRL) and IDM were 1 and 10 mM,
respectively. The concentrations of 5-HT, HIA, and MIA were 100mM. The RLU (Luc/YFP) is shown with þ s.d. (n¼ 4). (B) Effects on the
ligand-induced expression of the endogenous PPARg-target genes AOX and LXRa in PMA-activated macrophage-like THP-1 cells. After
activation by PMA, the cells were treated with 1 mM BLR49653 (BRL), 10 mM IDM, 100mM HIA, and 100 mM MIA, respectively. b-ACTIN and
GAPDH were used as references. (C) Effects on 3T3-L1 adipogenesis. After a pre-treatment with 1mM Dex, 0.5mM IBMX, and 5mg/ml insulin,
the cells were incubated with 10 mM 15d-PGJ2, 10mM IDM, or 100mM MIA, respectively. Oil red O stained cells are shown at the top and are
quantified at the bottom by measurement at the OD550 with ±s.d. The statistical comparison of each ligand with a negative control (DMSO)
was accomplished using the Mann–Whitney U-test. *Po0.05. n¼ 4. (D) Effect of the Y473F mutation on the protein stability of Gal4DBD-
PPARgLBD. The wild type (WT) and the Y473F mutant were transfected into HEK293Tcells. After 1 day, the cells were collected and analysed
by immunoblotting with an anti-Gal4 DBD antibody. Mock-transfected cells (-) were used as a negative control, and tubulin was used as a
reference. (E) Effects of the Y473F mutation on the ligand-induced activity of Gal4DBD-PPARgLBD. Open and closed bars show the ligand-
induced activities of the wild type (WT) and the mutant (Y473F), respectively. BRL49653 (BRL), IDM, and MIA were added at final
concentrations of 1, 10, and 100mM, respectively. The RLU (Luc/YFP) is shown with þ s.d. (n¼ 4). (F) Effects of the Y473F mutation on the
IDM binding to the PPARg LBD. The direct interactions of IDM with the wild type (WT) and the Y473F mutant PPARg LBD were quantitatively
analysed by ITC, as shown in the left and right panels, respectively.

PPARc individually responds to serotonin- and fatty acid-metabolites
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intrinsic fluorescent intensities of the ligand at 355 nm

(Figure 3G, magenta dashed line with squares). Upon the

addition of the LBD protein to the mixture of MIA and C8-

BODIPY, the fluorescent intensity peak of MIA at 355 nm was

reduced (Figure 3F, arrow), whereas the 515 nm fluorescence

of C8-BODIPY increased with red shifts in a dose-dependent

manner (Figure 3F, arrowhead and inset; Figure 3G, red solid

line with triangles). In the control experiments, we obser-

ved that the fluorescent intensity of C8-BODIPY alone was

reduced by the addition of the LBD protein (Figure 3G, orange

solid line with diamonds), probably because the hydrophobic

environment around the BODIPY fluorophore was changed

by the ligand binding to the O pocket. These FRET data allow

us to conclude that MIA and C8-BODIPY simultaneously

occupy the pockets (Figure 3E). We also found that HIA

exhibits the similar FRET (Figure 3H, top panel; Figure 3I,

green solid line with triangles), in contrast to 5-HT, which

does not show FRET (Figure 3H, bottom panel; Figure 3I,

black solid line with triangles). Taken together with the above

structural data, these results strongly suggest that the O and

AF-2 pockets of PPARg simultaneously, but individually,

recognize fatty acid and indole acetate-containing ligands.

Indole acetate-containing ligands activate PPARc

in the presence of the antagonist, T0070907

To confirm whether PPARg functionally recognizes distinct

ligands through two sub-pockets, we examined the effect

of the PPARg antagonist T0070907, which covalently modi-

fies Cys285 on the ligand-dependent receptor activation.

This antagonist reportedly inhibits the receptor activation

by both synthetic agonists and fatty-acid ligands (Lee et al,

2002; Shiraki et al, 2005a). In fact, the EC50 value of

Figure 3 Crystallographic and biochemical analyses of simultaneous ligand binding. (A) Crystal structure of the PPARg LBD with two
metabolites, MIA (cyan) and 15-oxoETE (green). The side chains that interact with ligands are shown (light yellow). A red sphere represents a
water molecule. Black dashed lines indicate hydrogen bonds between the ligand and the side chains or the water molecule. In the inset, the
omit 2Fo-Fc map is shown (contoured at 1s) with a red arrowhead, indicating the covalent bond between 15-oxoETE and Cys285. (B) Chemical
structures of 15-oxoETE and C8-BODIPY. (C) Structural alignment of C8-BODIPY (orange) and 15-oxoETE (PDB 2ZK5 in grey: Waku et al,
2009a) in the PPARg LBD complex. The inset displays the omit 2Fo-Fc map of C8-BODIPY (contoured at 1s). (D) Ligand-binding assay using
native PAGE. 15-oxoETE was added simultaneously with 0.1mM C8-BODIPY, at concentrations of 0.001, 0.01, 0.1, 1.0, 10, and 30 mM. Similarly,
IDM was added at concentrations of 0.1, 1.0, 10, and 100mM, and MIA was added at concentrations of 0.1, 1.0, 10, 100, and 300mM.
(E) Structural representation of the simultaneous ligand-binding assay, based on FRET. This model was made by superimposing the MIA in the
AF-2 pocket onto the C8-BODIPY/LBD structure. (F) LBD-dependent change of FRET spectra between C8-BODIPY and MIA. The LBD protein
was added to the mixture of C8-BODIPY with MIA, at final concentrations of 0 (blue line), 0.34 (magenta), 0.66 (yellow), 0.93 (cyan), 1.16
(dark purple), 1.34 (brown), and 1.47 mM (dark green). The arrow indicates the FRET-dependent decrease of the MIA fluorescence, and the
inset shows a close-up view of the FRET-dependent increase of C8-BODIPY fluorescence, ranging from 500 nm to 540nm. (G) Plot of MIA and
C8-BODIPY fluorescence in response to the addition of the LBD protein. Symbols represent the 355nm fluorescence of MIA in the presence of
C8-BODIPY (dashed line with triangles), the 515nm fluorescence of C8-BODIPY in the presence of MIA (solid line with triangles), MIA alone
(square with magenta dashed line at 355 nm or solid line at 515 nm) and C8-BODIPY alone (diamonds with orange dashed line at 355nm or
solid line at 515 nm). (H) FRET-dependent spectral changes of C8-BODIPY in the presence of HIA and 5-HT (top and bottom panels,
respectively). (I) Plot of FRET intensity in response to the addition of the LBD protein. Symbols represent C8-BODIPY fluorescence at 515 nm in
the presence of HIA (blue), MIA (red), or 5-HT (black).
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15-oxoETE, which binds to the O pocket through the covalent

modification of Cys285, was 2.89 mM in the absence of

T0070907, whereas the addition of this antagonist almost

completely inhibited its receptor activation (Figure 4A).

Similarly, this antagonist also increased the EC50 value of

BRL49653 from 0.17 to 12 mM (Figure 4B). This is consistent

with the fact that the full agonist occupies both the AF-2 and

O pockets to a higher extent (Figure 1B). However, the EC50

values for IDM, which binds to the AF-2 pocket, were not

substantially affected by T0070907 (the EC50 values of IDM in

the presence and absence of T0070907 are 28.1 and 45.7 mM,

respectively; Figure 4C). Another indole acetate-containing

ligand, MIA, showed an EC50 value of 180.3 mM in the

absence of T0070907, whereas T0070907 did not antagonize

the PPARg activation by MIA, as shown with IDM, but in a

different manner from that by 15-oxoETE (Figure 4D). The

EC50 values of MIA could not be determined in the presence

of the antagonist, because cellular damage was observed

upon the addition of MIA at concentrations 4100 mM.

These results suggest that indole acetate-containing ligands

induce a distinct activation of PPARg from that induced by

fatty-acid ligands and that the former ligands are resistant to

the PPARg antagonist. Thus, we conclude that PPARg re-

sponds differently to the two distinct ligands recognized by

the AF-2 and O pockets.

Two ligands individually use different sites

on the LBD surface to activate PPARc

Ligand binding to the ligand-binding pocket (LBP) transmits

conformational changes to the LBD surfaces, which contact

the transcriptional coregulators and the heterodimer partner,

thereby modulating PPARg activity (Steinmetz et al, 2001).

We introduced mutations into the outer LBD surface and

examined their effects on receptor activation by the indole

acetate-containing ligand, the fatty-acid ligand, or both of

these ligands (Figure 5A). The K301A and E471A mutants are

located at the canonical coactivator-binding interface in AF-2

(Nolte et al, 1998). The F287A mutation is in the putative

secondary coactivator-binding interface, which is mainly

formed by the O loop (Shiraki et al, 2005b; Waku et al,

2009a). The F347A mutation resides in the heterodimer

interface with the DBD of the retinoid X receptor a (RXRa)

(Chandra et al, 2008). Immunoblot analyses of the cell lysates

revealed that the expression and stability of each mutant

were similar to those of the wild type (Figure 5B), suggesting

that the mutations did not affect the structural integrity of the

protein. Furthermore, we examined the covalent-binding

ability of each mutant to 15d-PGJ2 through a Michael addi-

tion, which shifted the absorption spectra of the fatty-acid

ligand to shorter wavelength. As expected, each mutant

showed the similar binding ability to 15d-PGJ2 (Figure 5C).

We then performed the cell-based reporter assay using

the native promoter of the functional PPARg-target gene,

fatty-acid-binding protein 4 (FABP4) (Tontonoz et al, 1994;

Fujimoto et al, 2010) (Figure 5D). The BRL49653-induced

activation was retained in the F287A mutant, although it was

totally abolished by the F347A, K301A, and E471A mutations.

The activation by the O pocket-specific ligands, such as 15-

oxoETE and nitro-233, was somewhat sensitive, but not

completely impaired by all of the mutations. In contrast,

the AF-2 pocket-specific ligands, such as MIA and IDM,

were resistant to the F287A and F347A mutations, but

were sensitive to the K301A and E471A mutations. Thus, it

is likely that the binding of ligands to the two sub-pockets

individually modulates the coregulator binding and the

heterodimerization through the alteration of distinct LBD

surfaces, depending upon the ligand type. Notably, the

combination of the two types of ligands strongly activated

the wild-type receptor, in comparison with the case of a

single ligand (Figure 5D, 15-oxoETEþMIA). The receptor

Figure 4 Effect of T0070907 on the dose-responsive transcriptional activity of Gal4DBD-PPARgLBD to various ligands. Closed and open circles
represent PPARg activities in the presence and absence of 1 mM T0070907, respectively; 15-oxoETE (A), BRL49653 (B), IDM (C), and MIA (D)
were added at the final concentration indicated in each figure. The RLU (Luc/YFP) is shown with ±s.d. (n¼ 4).
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Figure 5 Requirement of the outer LBD surface in the ligand-type-specific manner for PPARg activation. (A) Mapping of mutational sites on
the MIA/15-oxoETE/PPARg complex structure. The surfaces of Phe287, Phe347, Lys301, and Glu471 are coloured red, blue, yellow, and
magenta, respectively. MIA and 15-oxoETE in the LBD are shown as sphere models in cyan and green, respectively. The coactivator peptide
(CoA pep.), PDB code 2PARG, is superimposed and represented as an orange ribbon. (B) Effects of each mutation on the protein expression of
flag-tagged full-length PPARg. The wild type (WT) and each mutant were transfected into HEK293T cells. After 1 day, the cells were collected
and analysed by immunoblotting with the anti-flag antibody. Mock-transfected cells (-) were used as a negative control, and tubulin was used
as a reference. (C) Effects of each mutation on the binding ability to 15d-PGJ2. 20mM 15d-PGJ2 was mixed with 20mM wild type (WT, black
line), F287A (red line), F347A (blue), K301A (yellow), or E471A LBD (magenta), respectively. The UV absorption spectra of the ligand alone
(broken line) and the mixture were measured, ranging from 290 to 340nm. (D) Effects of each mutation on the transcriptional activation of the
FABP4 promoter gene by full-length PPARg. Each bar is coloured as described in (A). The final concentrations of BRL49653 and nitro-233 were
1 mM, 15-oxoETE and IDM were 10 mM, and MIAwas 100mM.‘15-oxoETEþMIA’ and ‘nitro-233þ IDM’ indicate the pairs of those ligands. In the
top panel, the RLU (Luc/YFP) is shown with þ s.d. (n¼ 4). (E) Ligand-dependent interaction between PPARg and SRC1 in the yeast two-hybrid
assay. The PPARg LBD was fused to the GAL4 DBD, and the SRC1 fragment (aa 485–1441) was fused to the GAL4 AD. IDM (green), HIA (black),
and MIA (red) were added at the final concentrations indicated in the figure. The lacZ activity (LacZ/cells) is shown with ±s.d. (n¼ 3)
(HIA and MIA). The IDM-induced lacZ activity in each point was measured as a positive control (n¼ 1). The EC50 values of IDM, HIA, and MIA
are 4.49, 358, and 71.3mM, respectively. (F, G) Effects of various combinations of ligands on the coactivator binding to PPARg. (F) Schematic
model of the SPR measurement. The GST-fused SRC1 fragment containing two LXXLL motifs (aa 605–721) was captured on the sensor chip
through the anti-GST antibody, and the PPARg LBD was injected on the sensor chip with the indicated ligand combination. (G) Quantitative
presentation of the dissociation constants (Kd) between the SRC1 fragment and the apo-PPARg LBD or ligand/LBD complexes. The Kd values
were calculated from each sensorgram by using the kinetics tool. (H) Gel-filtration analyses of the PPARg/SRC1 complex without ligands. The
PPAR LBD and the SRC1 fragment (aa 605–721) were separately subjected to gel filtration (left panel, solid lines) and then the proteins within
each fraction were visualized on SDS–PAGE (left panel, solid boxes). Each colour represents WT-PPARg (red), K301A mutant (blue), or SRC1
(magenta). Dashed lines in the left panel and dashed boxes in the right panel show the PPARg/SRC1 complex. (I) Gel-filtration analyses of the
PPARg/SRC1 complex with ligands. Each colour represents the WT-PPARg/SRC1 complex (red) or the K301A-PPARg/SRC1 complex (blue).
Lines indicate the presence of both IDM and nitro-233 (solid lines), or IDM alone (dashed lines).
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activation itself was sensitive to each mutation, but the

inhibition patterns seemed to be dependent upon the combi-

nation of ligands. For example, the combination of nitro-233

and IDM additionally activates PPARg, in comparison with

IDM or nitro-233 alone. This cooperative activation was

abolished by all four mutations, the O pocket-specific muta-

tions (F287A and F347A) and the AF-2 pocket-specific ones

(K301A and E471A) (Figure 5D, nitro-233þ IDM). As we did

not observe any interactions between the ligands themselves

within the IDM/nitro-233/PPARgLBD complex (Figure 3A;

Supplementary Figure S5), this cooperative activation should

be induced by coregulator binding.

In fact, the indole acetate-containing ligands, IDM, HIA,

and MIA, induced the interaction between the SRC1 fragment

containing four LXXLL motifs (aa 485–1441) and the PPARg

LBD in a dose-dependent manner, as shown in the yeast two-

hybrid system (Figure 5E). We also confirmed, using various

deletion mutants of SRC1, that the central region containing

three LXXLL motifs (L1–3; aa 544–897) mainly functions in

the interaction with the PPARg LBD (Supplementary Figure

S6). Thus, we performed SPR measurements to examine

the dissociation constant of coactivator binding (Figure 5F).

The SPR signals showed slow binding and dissociation,

even in the absence of ligands (Supplementary Figure S7),

and the dissociation constant was calculated to be 34.2 mM

(Figure 5G, lane 1). In the presence of IDM, the dissociation

became slower and the Kd value changed to 0.96 mM (lane 2).

Unexpectedly, nitro-233 induced faster dissociation of the

complex (Kd¼ 82.7 mM, lane 3), and the addition of IDM to

nitro-233 seemed to mix their effects (Kd¼ 14.1 mM, lane 4),

indicating that the cooperation between two ligands cannot

be simply explained by the strength of the coactivator bind-

ing. Although this study has not provided information about

the factors targeting for the Phe287 surface, it is likely that

this residue discriminates the coregulator binding specifically

for fatty-acid ligands (Figure 5D).

Activation mechanism of PPARc by two ligands

To examine the ligand-type-specific effects on the conforma-

tional alteration of the coactivator/PPARg LBD complex, we

performed gel-filtration analyses of the PPARg LBD/SRC1

complex and visualized the proteins within each fraction by

SDS–PAGE. We observed that the WT-LBD mixed with the

SRC1 fragment (aa 605–721) migrated slower than the LBD

alone, even in the absence of ligands (Figure 5H, red dashed

box), indicating that they interact with each other in a ligand-

independent manner, as described previously (Molnár et al,

2005). This is consistent with the data from the SPR experi-

ment (Supplementary Figure S7; Figure 5G), showing that the

apo-form of the WT-LBD binds to the SRC1 fragment in a

two-state reaction model, rather than a 1:1 binding model.

The addition of IDM to the WT-LBD/SRC1 caused slower

migration, as observed by their elution volume (Figure 5I, red

dashed line). It is generally accepted that the migration

speeds of proteins in gel filtration depend upon their mole-

cular shapes (Stokes radius) in addition to their sizes

(Erickson, 2009), suggesting that IDM binding induces

conformational alterations of the WT-LBD/SRC1 complex.

Similarly to the wild type, the K301A mutant also formed

the complex with SRC1 in the absence of ligands (Figure 5H,

blue dashed box). However, the elution volume was different

from that of the WT-LBD/SRC1 complex (Figure 5H, dashed

lines), implying that the complex molecule adopt a distinct

shape. Meanwhile, the migration speed of the K301A/SRC1

complex was not altered by the addition of IDM (Figure 5I,

blue lines), suggesting that the K301A mutation blocks

the structural alteration of the complex by the indole acet-

ate-containing ligand. Notably, the elution volume of the

WT-LBD/SRC1/IDM complex was significantly different

from that of the K301A/SRC1/IDM complex (Figure 5I,

dashed lines), suggesting that they have distinct conforma-

tions. Intriguingly, nitro-233 did not induce any alterations in

the complex (Figure 5I, solid lines). These results allowed us

to presume that the binding of the O pocket-specific ligands

may affect other coregulators than SRC1 (aa 605–721) to

activate PPARg. Thus, the cooperativity of the two ligands has

not been completely explained by the coactivator binding

alone. At the moment, we assume that the two ligands

individually regulate coactivation and/or anti-repression to

activate PPARg (see Discussion for details).

Considerable evidence exists to support the specific recep-

tor-independent action of 5-HT (Srinivasan et al, 2008), and

hence we examined whether the 5-HT metabolites might be

mediators of this function. Immunoblot analyses revealed

that MAO proteins were expressed in PMA-activated THP-1

cells (Figure 6A, lane 1) and were not affected by the SERT

inhibitor, Citalopram, or the MAO inhibitor, Harmine

(Figure 6A, lanes 3 and 4). We found that the endogenous

FABP4 protein was up-regulated by the application of 5-HT

to PMA-treated THP-1 cells (Figure 6B, lanes 1 and 2). In

contrast, this effect was completely inhibited by Citalopram

(Figure 6B, lanes 3 and 4) and by Harmine (Figure 6B, lanes 7

and 8). 5-HT did not activate PPARg in HEK293T cells,

because they lack any MAO isoforms (Figure 6A, lane 5),

consistent with the previous report (Vindis et al, 2001).

These results suggest that the 5-HT-induced FABP4 expres-

sion is dependent on the 5-HT uptake and catabolism. Thus,

PPARg may function as a multiple sensor for both 5-HT and

fatty-acid metabolism in cells (Figure 6C).

Discussion

Structural insights into the integration of PPARc

agonisms by synthetic and endogenous ligands

Through continuous efforts to develop more effective drugs,

selective PPARg modulators were designed as partial ago-

nists, which induced weaker activation of the receptor than

the full agonists, through the non-AF-2-mediated agonism.

Meanwhile, we previously reported that fatty-acid ligands

display a distinct type of agonism through the covalent

modification with Cys285 and the conformational alteration

of the O loop (Shiraki et al, 2005a; Waku et al, 2009a, b).

Thus, the PPARg agonism is a quite interesting issue with

many open questions (Moras, 2008). This work is the first to

identify 5-HT metabolites as endogenous PPARg ligands

interacting with AF-2, and we have proposed a novel agon-

ism, in which 5-HT and/or fatty-acid metabolites specifically

bind to two sub-pockets partitioned by Cys285 and Met364

(Figure 6C, see the figure legend for details).

Our crystal structures of the complexes with the ligands

validated the ligand-binding mode in the Y-shaped LBP.

Intriguingly, both MIA and 15oxoETE adopt various config-

urations among the MIA, 15-oxoETE, and MIA/15-oxoETE

complexes (Supplementary Figure S8A); MIA interacts with

PPARc individually responds to serotonin- and fatty acid-metabolites
T Waku et al

The EMBO Journal VOL 29 | NO 19 | 2010 &2010 European Molecular Biology Organization3402



Tyr473 through its carboxyl group in the MIA complex

(magenta), whereas Tyr473 forms a direct interaction through

the nitrogen in the MIA/15-oxoETE complexes (cyan).

In contrast, few differences in the ligand configurations

were observed in the complexes with the mimetic agonists

(Supplementary Figure S8B). This finding indicates that the

configurations of the endogenous ligands are versatile,

whereas those of the synthetic agonists are relatively invar-

iant within the specialized sub-pockets. On the other hand,

mutagenesis experiments revealed that the MIA-dependent

activation requires the AF-2 interface, modulated by the

direct interaction between the ligand and Tyr473, in the

presence or absence of 15-oxoETE (Figure 5D). Although

this study has not clarified the effects of the different inter-

actions between MIA and Tyr473 on the PPARg activation,

these results suggest that the interactions between the

endogenous ligands and AF-2 are at least adaptable, regard-

less of the ligand binding in the O pocket and are essential

for the ligand-dependent activation of PPARg.

Furthermore, we observed that two ligands jointly induce

the PPARg activation more strongly than each ligand alone in

the cell-based reporter assay. This cooperative activation was

not observed in the adipogenesis experiment of 3T3-L1 cells

(Supplementary Figure S9A; IDM/nitro-233). This could

be explained by the following model (Supplementary

Figure S9B): the covalent binding with 15-oxoETE induces

anti-repression, which is coupled with a local structural

change around Phe287. In response to indole acetate-contain-

ing ligands, the receptor uses the charge clamp (Lys301 and

Glu471) to induce conformational changes of the coactiva-

tors, thereby leading to full activation. When the charge

clamp is impaired, the coactivators can no longer bind

to the AF-2 interface of PPARg LBD, and hence the activation

is blocked. As the coactivators themselves may induce

anti-repression independently of the covalent binding of

ligands in the O pocket, certain types of cells, such as

adipocytes, would be insensitive to partial agonists. In fact,

we found that IDM induces adipocyte differentiation,

whereas nitro-233 does not (Supplementary Figure S9A),

implying that this model might address the tissue-specific

action of partial agonists. Our current knowledge cannot fully

explain the relationships between the PPARg activity in cells

and the coactivator binding (Figure 5). Thus, a complete

understanding of the cooperative action of two ligands

will await future studies focusing on the mechanism of

coregulator bindings coupled with the PPARg agonism.

Physiological aspects and pharmacological impacts

of PPARc as a multiple sensor for 5-HT and fatty-acid

metabolites

5-HT is present at high levels within the gastrointestinal (GI)

tract, as well as the central nervous system (Gershon and

Tack, 2007). Within the GI tract, 5-HT is synthesized and

released to the plasma at a micromolar concentration per

minute (Dunlop et al, 2005). Our data suggest that the plasma

5-HT within the GI tract may be incorporated into macro-

phages by the SERT, and then its MAO-mediated metabolites

act on PPARg (Figure 6B). Treatments with PPARg agonists

improve experimental colitis (Auwerx, 2002; Bull, 2003),

and abnormal 5-HT metabolism causes GI pathology, such

as irritable bowel disease and colorectal polyposis (Costedio

et al, 2007). Accordingly, the data presented in this work

imply that the 5-HT-PPARg pathway may illuminate the

causes of these diseases, thereby leading to appropriate

drug treatments. In addition to its physiological functions

within the GI tract, plasma 5-HTalso regulates the bone mass

and cardiac function (Dempsie and MacLean, 2008; Fligny

et al, 2008; Yadav et al, 2010), which are both reported as the

pharmacological effects of full PPARg agonists (Nissen and

Wolski, 2007; Grey, 2009). Thus, our findings of crosstalk

between 5-HT metabolism and PPARg will extend beyond the

physiological function of PPARg in obesity.

Furthermore, our results that 5-HT metabolites acts on

PPARg may provide three possible impacts on the drug

Figure 6 Possible crosstalk between 5-HT metabolism and PPARg activation. (A) Effects of the SERT and the MAO inhibitors on MAO
expression in PMA-activated THP-1 cells. Cells were treated with PMA, and subsequently with the indicated inhibitors. The concentration of
each drug was 0.1mM. HEK293Tcells were used as the negative control for the immunoblot. Tubulin was used as a reference. (B) Effects of the
SERT or MAO inhibitor on FABP4 expression in PMA-activated THP-1 cells. After the activation by PMA, the cells were treated with (þ ) or
without (�) 500mM 5-HT, combined with Citalopram (Cit.), Paroxetine (Par.), or Harmine (Har.) at a final concentration of 0.1mM. ACTIN was
used as a reference. (C) Schematic model of the PPARg activation mechanism dependent upon either serotonin metabolism or fatty-acid
metabolism. PPARg possesses a Y-shaped LBP (the area enclosed by the black solid line), which is divided into two sub-pockets by Cys285 and
Met364. Extracellular 5-HT is incorporated into cells by the SERT (black dashed line), and then catabolized to MIA (the left box). The 5-HT
metabolite binds to the AF-2 pocket (yellow area), and modulates the AF-2-mediated coregulator binding through the charge clamp (Lys301 on
helix H3 and Glu471 on helix H12) (yellow and purple solid arrows). On the other hand, fatty-acid metabolites, bound to the O pocket
(red area), modulate the coregulator binding through the O loop (red dashed arrow), and the heterodimerization with RXRa through the
b-sheet (blue dashed arrows). MIA and 15-oxoETE are schematically shown as representatives of serotonin and fatty-acid metabolites,
respectively. The covalent modification of Cys285 with 15-oxoETE is shown as a purple solid line.
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development, such as (i) structural discrimination of the

two main effects of an non-steroidal anti-inflammatory

drugs (NSAIDs) on COX inhibition and PPARg activation,

(ii) novel serotonergic signalling, and (iii) reconsideration of

antagonist effects and indirect modulation of PPARg. (i) The

COX inhibitor IDM is clinically used as an NSAID (Mitchell

et al, 1994; Shiff and Rigas, 1999). It was reported that the

pharmacological efficiencies of IDM could be attributed to its

ability to adopt a range of different conformers, defined by

the torsion angle (f) of the imido bond between the chlor-

obenzene and indole rings (Hori et al, 2006). In our structure,

IDM functionally binds to the AF-2 pockets at f¼ 751

(Figure 1E), in contrast to f¼�591 in COX-2 (PDB 4COX:

Kurumbail et al, 1996). This structural data may represent a

milestone in the development of an NSAID that discriminates

between COX inhibition and PPARg activation. In fact, IDM

analogues with different f angles reduced the COX activity

and the cell toxicity, but induced the PPARg-dependent

adipogenesis (Felts et al, 2007). (ii) Imbalances in the 5-HT

levels within the GI tract have been observed in patients with

chronic inflammatory bowel syndrome-like symptoms, such

as ulcerative colitis and Crohn’s disease (Costedio et al,

2007). Some symptoms can be explained by 5-HT receptors,

but the peripheral effects of 5-HT uptake inhibitors

have remained obscure. For example, SERT inhibitors are

effective in the treatment of insulin sensitivity in obese

patients in addition to anxiety (Lustman and Clouse, 2005),

but the pathways regulated by 5-HT signalling have not been

defined (Costedio et al, 2007). Interestingly, a mutation in

SERT (mod-5) in Caenorhabditis elegans affected insulin and

nuclear receptor signalling independently of serotonergic

receptors, resulting in the dysregulation of fat metabolism

(Liang et al, 2006; Srinivasan et al, 2008). Our results suggest

that 5-HT metabolites may mediate the above novel functions

through PPARg. As obesity is a major public health problem,

this possibility should be experimentally clarified in the

future. (iii) Unlike the classical agonists, the indole acetate-

containing ligands activate PPARg even in the presence of the

PPARg antagonist, T0070907 (Figure 4), thus suggesting a

need to reconsider the pharmacologically and genetically

controversial issues of PPARg-mediated and non-mediated

phenomena, such as neuroprotection from Ab (Sagi et al,

2003) and GI polyp formation (Lefebvre et al, 1998; Saez

et al, 1998; Sarraf et al, 1998; Niho et al, 2003).

Materials and methods

Protein preparation and X-ray crystallography
of the ligand/LBD complex
The human PPARg LBD (aa 203–477) was purified as described
previously (Waku et al, 2009a). To avoid confusion because of
differences in crystal packing, all crystals were prepared through co-
crystallization with the relevant ligand under the same conditions.
A 2ml aliquot of protein solution (15mg/ml in 20mM Tris, pH 8.0,
150mM NaCl) was mixed with an equal volume of 0.1mM ligand
solution (0.8M sodium citrate, 100mM HEPES, pH 7.5, 1% DMSO),
and then the ligand/protein mixture was co-crystallized without co-
purification, by the hanging drop vapour diffusion method at 293K.
All complex crystals were flash cooled in a liquid nitrogen stream,
after briefly soaking them in cryoprotection buffer (1.1M sodium
citrate, 100mM HEPES, pH 7.5, and 25% (v/v) glycerol). Diffraction
data were collected at BL38B1 in SPring-8 (Harima, Japan). All
data were processed using HKL2000 (Otwinowski and Minor, 1997).
All structures were solved by the molecular replacement method,
using the previously published structure of the apo-hPPARg LBD

(PDB 1PRG) as a search model (Nolte et al, 1998). The correctly
positioned molecules were refined with CNS (Brünger et al, 1998)
and O (Jones et al, 1991). The crystallographic data and refinement
statistics are summarized in Table S1.

Discrimination of structural figures
All crystals determined in this study display the symmetry of the
space group C2, and contain two LBD molecules, chains A and B,
within the asymmetric unit (Supplementary Figure S2). In the LBD
structures in complex with IDM, HIA, MIA, or 5-HT alone, the O
loop in chain A was not built, because of disordered structures
(Supplementary Figure S2A–D). In several cases, ligands were
observed in chain B (Supplementary Figure S2H–M). However, their
helix H12 and AF-2 pocket were frequently disoriented, depending
upon the crystal packing (Waku et al, 2009a). Accordingly, we
omitted chain B and the ligands from the figures for structural
comparison. As for the average B-factors of IDM and MIA, the
molecules in the AF-2 pocket within chain A exhibit the lowest
B-factors among chains A and B (Supplementary Figures S2H–J,
S3B and C), in good agreement with the conclusion in the text.

Cell-based reporter assay
Relevant plasmids were introduced into HEK293T cells, using
a CellPhect Transfection kit (GE Healthcare) according to the
manufacturer’s instructions. After 24 h, various ligands were added
to the cells at the indicated concentrations. The yellow fluorescence
protein (YFP) intensity and the Luciferase (Luc) activity were
then analysed after 24 h using Fusion a (Packard Bioscience). The
relative luminescence unit (RLU) represents the Luc value normal-
ized to the YFP intensity (Luc/YFP) and the error bar is the s.d.

SPR analysis
SPR measurements were performed using a Biacore X100 at 241C.
For SPR experiments to determine the dissociation constant
between the PPARg LBD and IDM or 5-HT metabolites (Supple-
mentary Figure S1B–E), the his-PPARg LBD proteins were
immobilized on the Sensor chip NTA (GE Healthcare) bound with
nickel. Experiments were performed by injecting each ligand, at a
flow rate of 30ml/min. Binding was measured in the following
order: the blank and the his-PPARg LBD. Between experiments for
each ligand, the sensor chip was regenerated by using EDTA and
NaOH. For SPR experiments to determine the dissociation constant
between the PPARg LBD and the coactivator SRC1 (Figure 5G), we
used an anti-GST antibody immobilized onto the Sensor chip CM5
(GE Healthcare). The SRC1 fragment (aa 605–721) was expressed
using pGEX-4T vector (GE Healthcare) into Escherichia coli BL21
(DE3) and was purified by chromatography on GSTrap (5ml CV)
and Q HP (5ml CV) columns (GE Healthcare). The GST-fused SRC1
fragment (aa 605–721) was captured by the chip, and the PPARg
LBD was injected with or without ligands (Figure 5F). Between
experiments for each assay, the sensor chip was regenerated by
using 10mM glycine pH 2.0. Data were collected in the single-
kinetics mode and dissociation constants were analysed by the
kinetics tool.

FRET-based ligand-binding assay
C8-BODIPY (final concentration, 1mM) was mixed with MIA (final
concentration, 2mM). A small aliquot of the LBD protein was then
added to the cuvette to achieve the indicated final concentrations,
as described in the legend to Figure 3F–I. The fluorescence
spectrum of each mixture was measured with an excitation
wavelength of 290 nm at 201C, by using a HITACHI fluorescent
spectrometer F-4500. Emission spectra from 300 to 540nm were
recorded. The excitation and emission slits were set to 2.5 and
1.0mm, respectively. When the fluorescent spectra of C8-BODIPY
alone were measured as a control for FRET, the excitation
wavelength was changed to 480nm.

Gel-filtration experiment
The SRC1 fragment (aa 605–721) was expressed using the pGEX-4T
vector (GE Healthcare) in E. coli BL21 (DE3) and was purified by
chromatography on GSTrap (5ml CV) and Q HP (5ml CV) columns
(GE Healthcare). For gel filtration, the GST tag was digested and
removed from the SRC1 fragment. To prepare the complex sample,
0.1mM PPARg LBD and 0.1mM SRC1 (aa 605–721) fragment were
incubated with 10mM IDM and 2mM nitro-233 on ice for 30min,
and then 40 ml samples were injected into a Superdex 75 PC 3.2/30
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column (GE Healthcare) mounted on a SMARTsystem (Pharmacia).
The absorbance at 280nm was recorded.

Accession codes
The atomic coordinates have been deposited in the PDB, with the
accession codes 3ADS (IDM bound), 3ADT (HIA bound), 3ADU
(MIA bound), 3ADV (5-HT bound), 3ADW (MIA/15-oxoETE
bound), 3ADX (IDM/nitro-233 bound), and 2ZK6 (C8-BODIPY
bound).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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