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Abstract

Ž .The peroxisome proliferator-activated receptors PPAR form a family of nuclear receptors with a wide variety of biological roles
Ž .from adipogenesis to carcinogenesis. More ligands agonist and antagonist are needed to explore the multiple functions of PPAR,

particularly PPARg. In order to complete such ligand screening, a binding test should be assessed versus the classical transactivation
reporter gene assay. In the present work, the full-length human PPARg protein as well as its ligand binding domain portion were
expressed in Escherichia coli. Bacterial membrane preparations expressing those constructs were characterized using a classical binding

w3 xcompetition assay H rosiglitazone as the radioligand. When the receptor preparations were soluble, binding had to be measured with a
Ž .new alternative method. The systems were assessed using a series of reference PPAR a ,b and g ligands. The full-length human

PPARg fused to glutathione-S-transferase, expressed in E. coli and tested as a bacterial membrane-bound protein led to the most accurate
results when compared to the literature. Furthermore, in an attempt to complete the panel of natural PPARg ligands, 29 commercially
available prostaglandins were screened in the binding assay. Prostaglandins H and H were found to be modest ligands, however as1 2

potent as 15D12y14 prostaglandin J . These results were confirmed in the classical transactivation assay. The fact that these three2

prostaglandins were equally potent, suggests new pathways of PPARg-linked gene activation. q 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The peroxisome proliferator-activated receptor-g
Ž .PPARg is a ligand-dependent nuclear receptor and a

Žmember of the steroid receptor superfamily Issemann and
.Green, 1990; Schoonjans et al., 1997 . PPARg binds to its

cognate DNA-response elements as an heterodimer with at
least one other member of the steroid receptor superfamily,

Ž . Žthe retinoid acid receptor RXRa Kliewer et al., 1992;
.Schulman et al., 1998 . Activation of PPARg has been

Ž .linked to adipocyte differentiation Tontonoz et al., 1994a ,
regulation of glucose homeostasis in rodents and humans
Ž .Spiegelmann, 1998 and enhancement of the insulin sensi-

Ž .tivity in diabetic animals Mukherjee et al., 1997 . PPARg
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Žis expressed at high levels in adipocyte tissue Tontonoz et
.al., 1994b; Chawla et al., 1994 .

Recent evidences also showed that ligands of
PPARg inhibit macrophage and monocyte activation
Ž .Ricote et al., 1998; Jiang et al., 1998 , suppress tumor cell

Žgrowth Elstner et al., 1998; Sarraf et al., 1998; Suh et al.,
. Ž1999 , inhibit angiogenesis in vitro and in vivo Xin et al.,
.1999 and induce terminal differentiation of human li-

Ž .posarcoma cells Tontonoz et al., 1997 .
Ž .PPARg ligands range into two categories: 1 fatty

acid-derived natural compounds, such as eicosanoid
derivatives including prostaglandins, particularly 15-de-

12,14 Žoxy-D yprostaglandin J Yu et al., 1995; Kliewer et2
.al., 1995; Forman et al., 1995 , hydroxyeicosatetraenoic

Ž . Žacid Forman et al., 1997 , fatty acids Vanden Heuvel,
.1999; Krey et al., 1997; Xu et al., 1999 , all presenting

Ž .affinities to PPARg in the micromolar range and 2
synthetic compounds such as thiazolidinediones which are
potent agonists with K in the nanomolar range, such asd
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Ž .pioglitazone Lehmann et al., 1995 , the new ligand
w w w ŽGW7845 3- 3- 1- N-Isopropyl-N-phenyl-carbamoylme-

.thyl -2,4-dioxo-5-phenyl-2,3,4,5-tetrahydro-1H-1,5-benzo-
x x x Ž .diazepin-3-yl ureido benzoic acid Cobb et al., 1998

Ž .or poorer ligands such as NSAIDS Lehmann et al., 1997 .
Classical competition radioreceptor assays were suc-

Žcessfully used to identify PPARg ligands Berger et al.,
1996; Brown et al., 1997; Mais et al., 1997;Young et al.,

.1998; Cobb et al., 1998; Mukherjee et al., 2000 . In
addition, several new techniques were developed for the

Ž .same purpose, such as: 1 a protease protection assay
relying on a ligand-dependent reduced sensitivity of

ŽPPARg to enzymatic proteolytic cleavage Dowell et al.,
. Ž .1997; Leid, 1994 ; 2 a co-activator-dependent receptor

Ž .ligand assay CARLA based on the hypothesis that ligand
binding to PPARg induces interactions of the receptor

Ž . Ž .with transcriptional activators Krey et al., 1997 and 3 a
Ž .scintillation proximity assay Nichols et al., 1998 which

classically takes advantage of the fluorescence of the
streptavidin-modified scintillation proximity beads on
which the biotin-labeled ligand binding domain was immo-
bilized and a fluorescence induced upon binding of
w3 xH rosiglitazone to the ligand binding domain attached to
beads.

Surprisingly, a complete and systematic measurement
of prostaglandin binding on PPARg is still lacking. In-

Ž .deed, the initial description of Kliewer et al. 1995 of the
agonistic effect of a prostaglandin J metabolite on PPARg2

Žwas based on previous observations Gottlicher et al.,¨
.1992; Keller et al., 1993; Banner et al., 1993 that arachi-

donate products could be natural ligands of PPARg,
by analogy to the arachidonic acid-related compound,
5,8,11,14-eicosatetraynoic acid. Systematic screening of
other prostaglandins binding on PPARg has been poorly
reported, while reporter gene assays have been widely used

Žfor this purpose Lehmann et al., 1997; Yu et al., 1995;
.Krey et al., 1997 . These binding studies have been per-

Žformed using different cloned PPARg preparations fused
.to glutathione-S-transferase andror purified andror using

the full-length PPARg or only its ligand binding domain.
They were also carried out with a wide variety of radioac-
tive ligands. The variety of these assays makes accurate
comparison between published data practically impossible.

In the present report, we tested several constructs ex-
pressing in bacteria various portions of the PPARg. When
the whole PPAR protein or the ligand binding domain is
soluble, a classical filtration binding assay cannot be used.
We, therefore, assessed a new technique for binding mea-
surement using an original gel-sizing approach on a 96-well
plate format. Using these tools, a complete binding survey
of classical PPAR ligands was performed as well as a
systematic study of prostaglandin binding. Prostaglandins
H and H were found active in addition to the already1 2

described natural ligand, 15-deoxy-D12,14-prostaglandin J .2

All these observations were confirmed using the cell-based
transactivation assay.

2. Materials and methods

2.1. Compounds

All regular chemicals were obtained at the highest
purity grade available from Sigma. Prostaglandins were

Ž .obtained from Cayman Chemicals SpiBio, France .

2.2. Antibody against ligand binding domain and full-length
PPARg

Rabbit polyclonal antisera were raised against either a
peptide derived from the ligand binding domain
Ž .SDIDQLNPESADLRC or a peptide derived from a non-

Ž .ligand binding domain sequence DSPIDPESDSFTD of
the human PPARg sequence. The first sequence was
checked for its uniqueness in the PPARg protein using

ŽBlast peptide sequence against nucleotide non-redundant
. Ž .database . Rabbit =2 immunisation was performed using

keyhole limpet hemocyanin-coupled peptides, once with
200 mg of antigen injected in Freund complete adjuvant

Ž .followed by three injections days 14, 28 and 42 of
Ž .antigen 200 mg in Freund incomplete adjuvant. Sera

titers evaluated by ELISA with plastic coated peptide were
1r5000 and 1r10,000, respectively. Those antibodies are
referred to in the following text as anti-ligand binding
domain and anti-PPARg antibodies.

2.3. Cloning, expression and production of glutathione-S-
transferase-PPARg ligand binding domain and glu-
tathione-S-transferase-PPARg

ŽcDNA encoding human ligand binding domain from
.amino acid 200 to 506 and full-length PPARg2 were

amplified by polymerase chain reaction using primers cho-
Žsen according to the published sequence Accession num-

.ber U63415 . The resulting PCR products were digested by
BamHI and Sal I for the human PPARg ligand binding
domain and by SalI and NotI for the complete PPARg.
The cDNA were then inserted into the bacterial expression

Ž .vector pGEX-5X1 Pharmacia, Les Ulis, France for ex-
pression as glutathione-S-transferase fusion protein. The

Ž .Escherichia coli strain BL21 DE3 pLysS was transformed
with resulting plasmids and grown overnight at 378C in

Ž .Luria Broth supplemented with ampicillin 100 mgrml
Ž .and chloramphenicol 34 mgrml . The culture was diluted

1:25 in fresh medium and grown at 378C, until it reached a
D.O. of 0.7. Isopropyl-1-thio-b-D-galactopyranoside595
Ž .IPTG was then added to a final concentration of 0.2 mM
and the culture maintained at 248C for 22 h to reach a
D.O. of 8. The cells were harvested by centrifugation595
Ž .5000=g, 48C, 10 min , homogenized with phosphate

Ž .buffer saline 2= containing 10 mM dithiothreitol pH
7.4, frozen in dry ice and stored at y808C until further
use.
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2.4. Purification and cleaÕage of glutathione-S-trans-
ferase-PPARg-ligand binding domain and glutathione-S-
transferase-PPARg

All the procedures were performed at 0–48C. Approxi-
mately 10 g of a frozen bacteria pellet expressing glu-
tathione-S-transferase-ligand binding domain or glu-
tathione-S-transferase-PPARg was thawed in 40 ml of a
20 mM Tris, pH 8.2 buffer containing 500 mM KCl, 2 mM

Ždithiothreitol, a cocktail of protease inhibitors Complete,
. Ž .Boeringher Mannheim, 1 tabletr50 ml and 2% vrv of

Triton X-100. The thawed bacterial suspension was heated
at 378C then frozen down in liquid nitrogen three times.
After the first of these three cycles, the preparation was

Žincubated at 48C for 30 min and centrifuged 50,000=g,
.30 min . For the second and third extractions, the pellets

were suspended in 44 ml of a 10 mM Tris buffer, pH 8.2
Ž .containing 250 mM KCl, 1 mM dithiothreitol, 1% vrv

Triton X-100 and the protease inhibitor cocktail. The final
pellet was adjusted to 4 mgrml of protein. This suspension
was solubilized with 0.2% N-lauroylsarcosine for 1 h at

Ž .48C and centrifuged 100,000=g, 60 min . The super-
natant was diluted four times and dialyzed against 10 l of
10 mM Tris, pH 8.2 buffer containing 50 mM KCl, and 1

Ž .mM dithiothreitol. The supernatant was passed 40 mlrh

Žthrough a glutathione column Pharmacia, 10-ml-packed
.volume , equilibrated in 10 mM Tris, pH 8.2 containing 50

mM KCl and 10 mM dithiothreitol. The column was
washed three times with 40 ml of the same buffer. The
fusion proteins were eluted with 40 ml of 50 mM glu-
tathione in the washing buffer.

The eluted fractions containing glutathione-S-trans-
ferase-ligand binding domain were dialyzed against 10 l of
50 mM Tris, pH 8.0 buffer containing 1 mM dithiothreitol,
150 mM NaCl and 1 mM CaCl , overnight, using Slide-2

Ž .A-Lyser Pierce Chemicals, Interchim, Montluçon, France
to remove free glutathione. The dialyzed sample was then

Ž . Žincubated 48C, 8h with factor Xa Boehringer Mannheim,
.10 Urml final . The fractions were assayed for binding

w3 xand those containing the H rosiglitazone binding capacity
were pooled and stored at y808C. The protein concentra-

Žtion was determined by the Bradford assay Protassay,
.BioRad, Ivry srSeine, France with bovine serum albumin

as standard. The extraction and cleavage of glutathione-S-
transferase-PPARg was the same as above.

2.5. Membrane-bound PPARg binding assay

w3 x Ž .The association rate of H rosiglitazone 40 nM bind-
ing was determined using parallel sets of tubes in which a

Ž .Fig. 1. Characterization of affinity purified human glutathione-S-transferase-ligand binding domain after N-laurylsarcosine 0.1% extraction from E. coli.
Ž .SDS-polyacrylamide gel electrophoresis was performed on samples from the various stages of the purification process. A The gel was stained by

Ž . Ž . Ž . Ž .Coomassie Blue. 1 Molecular weight markers; 2 total bacteria homogenate; 3 five-fold diluted total homogenate; 4 GSH-agarose column
Ž . Ž . Ž .flow-through; 5 elution by 50 mM GSH; 6 factor Xa cleavage; 7 cleaved glutathione-S-transferase-ligand binding domain. Western blot analyses with

Ž . Ž .either anti-glutathione-S-transferase antibodies B and anti-ligand binding domain antibodies C were performed. Blots were developed using an
Ž .enhanced chemiluminescence kit Amersham .
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Ž .concentration range of membrane preparations 9–800 mg
Žwas incubated for 180 min at 48C in the presence non-

. Ž .specific binding or absence total binding of an excess of
Ž .unlabelled pioglitazone 100 mM in the assay buffer.

Specific binding was defined as the difference between
total and non-specific binding at each time point. Incuba-
tion was terminated by the addition of ice cold 50 mM
TrisrHCl buffer pH 8.0 followed by rapid filtration under
reduced pressure through Whatman GFrC filters. The
filters were washed twice rapidly with 1 ml of ice-cold
buffer, dried and treated with the liquid scintillation cock-
tail for measurement of the radioactive content.

2.6. Solubilized or purified PPARg gel filtration binding
assay

Twenty microliters of assay buffer were mixed with 20
w3 xml of 40 nM H rosiglitazone and 160 ml of 1.25 nM

protein target and incubated in 96-well plates for 3 h at
48C. One-hundred-microliter aliquots of each well was
simultaneously loaded on an equilibrated 96-well gel filtra-

Žtion plate Multiscreen, Millipore, St Quentin en Yveline,
. ŽFrance filled with Sephadex G25 fine Pharmacia-Bio-

.tech previously equilibrated in starting buffer. The separa-
Žtion plate assembled with a collector microtiter plate Opti-

.plate, Packard , was centrifuged at 1250=g for 5 min.
Two hundred microliters of scintillation fluid was added to
each recovery well, and the plates were sealed and allowed
to equilibrate for 20 h before counting in a 96-well filter

Ž .plate counter Topcount-NXT, Packard . Non specific
binding was determined in the presence of 100 mM unla-
beled pioglitazone. Calibration and assessment are de-
scribed in Section 3.

2.7. Saturation and displacement experiments

Ž w3 xSaturation experiments 4–150 nM H rosiglitazone
Žwere performed in parallel sets of tubes each set in

.triplicate in which a fixed amount of membrane was
Ž .incubated in the presence non-specific binding or ab-

Ž .sence total binding of 100 mM unlabeled pioglitazone.
Displacement studies were performed by adding increasing
concentrations of the displacing compound to a set of

Ž . w3 x Ž .tubes in triplicate containing H rosiglitazone 40 nM
and a fixed amount of membrane preparation. Incubations
for saturation and displacement studies were done in a

Žfinal volume of 500 ml for membrane studies classical
.filtration assay and 200 ml for the purified protein prepa-

Ž .ration gel-filtration assay , for 180 min at 48C. The incu-
bation was terminated as described above.

2.8. Analytical electrophoresis

SDS-polyacrylamide gel electrophoresis was performed
Ž .according to Laemmli 1970 followed by Coomassie Blue

staining. Immunoblotting was carried out using standard
procedures and blots were developed using an enhanced

Ž .chemiluminescence kit Amersham with a goat anti-
glutathione-S-transferase polyclonal antibody as described

Ž .by the manufacturer Pharmacia-Biotech .

2.9. TransactiÕation assay

ŽFull-length cDNAs for hPPARg2 and hRXRa , acces-
.sion number X52773 were amplified by polymerase chain

reaction and subcloned into an Okayama and Berg expres-
Ž .sion vector pSR to generate pSRrhPPARg2 and pSRr

hRXRa , respectively. The reporter plasmid, which com-
prises the peroxisome proliferator responsive element, the

Ž .thymine kinase promoter and luciferase PPRE-Tk-Luc
and the Tk-Luc control plasmid were kindly provided by
Dr. Ronald M. Evans. CV1 cells seeded at 15.106 cells per
225-cm2 flasks in Dulbecco’s minimal essential medium
Ž .DMEM were transfected with 1.5 mg per million cells of
an equal mixture of the pSRrhPPARg2, pSRrhRXR and
either PPRE-Tk-Luc or Tk-Luc plasmids using lipofec-

Fig. 2. Assessment of the original binding assay for soluble PPARg or
PPARg-ligand binding domain ligands. The technique is based on gel
filtration in 96-well-column plates filled with Sephadex G25 medium.
The upper panel described the elution volume as a function of centrifuga-
tion speed. Optimal volume recovery was found for 1500 rpm. The lower
panel describes the separation of a low molecular weight dye, methyl red,

Ž .from bovine serum albumin BSA . A minimal percentage of dye is
eluted together with bovine serum albumin in the first fractions.
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Table 1
Binding characterization of different ligand binding domain and full length PPARg preparation

Products GST-LBD GST-LBD LBD GST-PPARg PPARg Reference values
Purified

( )K nMd
ŽRosiglitazone 13"2.4 105"21 156"12 20"0.7 93"7 3–40 Lehmann et al., 1995;

Kliewer et al., 1995;
Young et al., 1998;

.Mais et al., 1997

( )K mMi
Ž .Rosiglitazone 0.47"0.03 0.06"0.02 0.09"0.01 0.043"0.002 0.05"0.005 0.04 Nichols et al., 1998
Ž .Pioglitazone 4.7"1.7 3.1"0.8 0.9"0.0 0.86"0.12 3.2"0.5 4.8 Young et al., 1998

12,14 Ž .15D Prosta- 13.03"0.4 3.7"1.4 11.6"0.1 4.05"0.55 12.3"2.7 2.5 Kliewer et al., 1995
glandin J2

Ž .Bezafibrate )100 )100 )100 )100 )100 PPARa ligand
Ž .Linolenic acid 19.2"1.1 3.7"1.3 99.9"6.8 )100 53.7"35.8 1.7–17 Kliewer et al., 1997

Ž .Indomethacin 53"4.1 34"1.9 42"1.7 38"3.2 37"4.5 50 Lehmann et al., 1997

w3 x Ž .4–150 nM H rosiglitazone were performed in parallel sets of tube each set in triplicate in which a fixed amount of membrane or receptors was
Ž . Ž . Ž .incubated in the presence non-specific binding or absence total binding of various concentrations of the unlabeled non specific ligand pioglitazone .

Incubation for saturation and displacement studies were done in a final volume of 500 ml for membrane studies and 200 ml for purified preparation,
respectively, for a period of 180 min at 48C.

Ž .tamine plus Life Technologies as described by the manu-
facturer. Twenty-four hours after the beginning of the
transfection, the cells were detached using trypsinrEDTA,
resuspended in DMEM phenol red free medium supple-
mented with 2% fetal calf serum and seeded as 50-ml

aliquots into white 96-well tissue culture plates containing
the drugs previously distributed at 50 mlrwell in the same
medium. After a 20-h incubation period at 378C in a 5%

Ž .CO atmosphere, 100 ml of luclite buffer Packard were2

added to each well for 30 min in the dark at room

Table 2
Binding characterization of different ligand binding domain and full length PPARg preparation

Products GST-LBD GST-LBD Purified GST-PPARg Reference values

( )K nMd
ŽRosiglitazone 13"2.4 105"21 20"0.7 14–40 Lehmann et al., 1995;

Kliewer et al., 1995;
Young et al., 1998;

.Mais et al., 1997

( )K mMi
Ž .Rosiglitazone 0.47"0.031 0.060"0.018 0.043"0.002 0.04 Nichols et al., 1998
Ž .Pioglitazone 4.7"1.7 3.1"0.8 0.86"0.12 4.8 Young et al., 1998

Ciglitazone 15"3 12"0.6 8"0.3 ?
Ž .WY 14643 47"7 28.1"8.7 25"3.1 100 Lehmann et al., 1997
Ž .Prostaglandin J 30.9"9.0 35.2"3 37"3.3 40 Kliewer et al., 19952
Ž .15DProstaglandin J 13.03"0.4 3.7"1.4 4.05"0.55 2.5 Kliewer et al., 19952

w x8- " -HETE 32.6"9.0 1.8"0.4 1.9"0.5 ?
Ž .all trans-retinoic acid 52.0"12.3 97.0"0.0 )100 )100 Kliewer et al., 1992

Bezafibrate )100 )100 )100 ?
Clofibrate )100 )100 )100 ?

Ž .Linoleic acid 21.2"1.7 4.9"2.1 15.1"2 1.7–17 Kliewer et al., 1997
Ž .Linolenic acid 19.2"1.1 3.7"1.3 )100 1.7–17 Kliewer et al., 1997

Ž .Indomethacin 53"4.1 34"1.9 38"3.2 50 Lehmann et al., 1997
Ž .ETYA 26.4"7 3"0.5 12"0.5 2.4 Young et al., 1998

w3 x Ž .4–150 nM H rosiglitazone were performed in parallel sets of tube each set in triplicate in which a fixed amount of membrane or receptors was
Ž . Ž . Ž .incubated in the presence non-specific binding or absence total binding of various concentrations of the unlabeled non specific ligand pioglitazone .

Incubation for saturation and displacement studies were done in a final volume of 500 ml for membrane studies and 200 ml for purified preparation,
respectively, for a period of 180 min at 48C.
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temperature and the luciferase activity was read in a
Packard Topcount.

3. Results

3.1. Production, purification and cleaÕage of glutathione-
S-transferase-ligand binding domain

The expression of the glutathione-S-transferase-ligand
binding domain encoding gene in E. coli resulted in the
production of active, poorly soluble glutathione-S-trans-

Ž .ferase-ligand binding domain )10 mgrl of culture . As a
first step towards purification, two types of extraction
Ž .sonication or heat shock were tested. Heat shock was

Žselected because less proteins were obtained 187 mg
. Žversus 477 mg with higher specific binding B : 50500max

.versus 30400 fmolrmg proteins using sonicated extracts
and similar K : 54 versus 57 nM. As a second stepD

towards purification, the solubilization of glutathione-S-
transferase-ligand binding domain was attempted with 14

Ždifferent detergents deoxycholate, N-laurylsarcosine,
sodium dodecylsulfate, Triton X-114, Triton 770, Triton
X-405, Tween-20 and -85, octyl-b-glucoside, Brij 35,

Ž wŽ .Lubrol, Igepal, CHAPS 3- 3-cholamidopropyl dimethyl-
x . .ammonio -1 propane-sulfonate and Nonidet P40 at two

concentrations of 1% and 0.1%. The amount of proteins
solubilized during those experiments was evaluated by
electrophoresis on SDS-polyacrylamide gel electrophoresis

Žand Coomassie Blue staining. Two anionic detergents Tri-
.ton 770 and N-laurylsarcosine were selected for their

capacity to solubilize glutathione-S-transferase-ligand
binding domain. The binding of the resulting solubilized

Ž .membranes to affinity glutathione chromatography was
tested. Only the solubilization with N-laurylsarcosine led
to a fused protein recognizing glutathione agarose in affin-
ity chromatography after extensive dialysis and dilution.

The partial purification of the glutathione-S-trans-
ferase-ligand binding domain solubilized by N-lauryl-
sarcosine was achieved with a glutathione affinity chro-

Žmatography developed under standard conditions 50 mM
.glutathione for elution . A 58-kDa band was identified by

SDS-polyacrylamide gel electrophoresis and Western blot
Ž .Fig. 1 as pure glutathione-S-transferase-ligand binding
domain fused protein. This glutathione-S-transferase-ligand
binding domain protein was cleaved by factor Xa to give

Ž .both a double band 30 and 32 kDa corresponding to the
ligand binding domain and a 26-kDa band for glutathione-

Ž .S-transferase Fig. 1A . The light double band correspond-
ing to the ligand binding domain was probably due to a
minimal proteolytic process. Western blot analysis of pure
and cleaved glutathione-S-transferase-ligand binding do-

Ž .main with anti-glutathione-S-transferase Fig. 1B and
Ž .anti-PPARg antibodies Fig. 1C confirmed those identi-

ties. Purity was superior to 90% as determined by densito-
metric scanning of the 10% SDS-polyacrylamide gel elec-
trophoresis stained with Coomassie blue.

3.2. Binding assays for the different ligand binding domain
preparations

Two analytical methods were tested: a classic filtration
for glutathione-S-transferase-ligand binding domain em-
bedded in bacterial membranes and an original 96 well
plate method for solubilized or purified proteins. For the

Ž .latter, a dry Sephadex G25 Pharmacia gel filtration

Fig. 3. Scatchard plot analysis of glutathione-S-transferase-ligand binding
w3 xdomain at various stages of the purification protocol using H rosiglita-

Ž . Žzone as radioligand. A bacterial membranes K s13 nM, B sd max
. Ž .30,000 fmolrmg ; B glutathione-S-transferase-ligand binding domain

Ž . Ž .K s105 nM, B s97,000 fmolrmg ; C cleaved pure ligand bind-d max
Ž .ing domain K s156 nM, B s40,000 fmolrmg . Inserts: x-axis:d max

Ž . Ž .bound fmolrmg ; y-axis: Boundrfree fmolrmgrnM .
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Fig. 4. Extraction procedure for the solubilization of glutathione-S-trans-
ferase-PPARg expressed in E. coli. SDS-polyacrylamide gel elec-
trophoresis was performed on samples from the various stages of the

Ž .purification process. The gel was stained by Coomassie Blue. 1 molecu-
Ž . Ž .lar weight markers; 2 total homogenate of the bacteria pellet; 3

Ž . Ž .supernatant after 1st extraction with Triton X-100 0.1% ; 4 pellet after
Ž . Ž .the first extraction with Triton X-100 0.1% ; 5 supernatant after the

Ž . Ž .second extraction with Triton X-100 0.1% ; 6 Pellet after the second
Ž . Ž .extraction with Triton X-100 0.1% ; 7 supernatant after the 3rd extrac-

Ž . Ž .tion with Triton X-100 0.1% ; 8 Pellet after the third extraction with
Ž .Triton X-100 0.1% .

medium was loaded, hydrated and equilibrated in a 96-well
plate. To calibrate the centrifugation speed, a mixture of

Ž .100 ml of bovine serum albumin 67 kDa and methyl red
Ž .0.3 kDa was applied on the 100-ml column top. Follow-
ing the application of 100 ml of the mixture onto the
columns, a collecting plate was attached to the column
block and centrifuged. A maximal recovery was observed

Žfor the ideal centrifugation speed of 1500 rpm see left
.panel of Fig. 2 . The experiment was repeated until all the

dye applied initially on the column was recovered. The
protein with a minor contaminant from the dye was in the

Ž .first fraction as shown on the right panel of Fig. 2 while
the dye was totally eluted from the column between the
13th to 16th fractions. This method made possible the
measurement of binding affinities using different prepara-

Žtions of receptor in solution purified glutathione-S-trans-
ferase-ligand binding domain, pure ligand binding domain

.and pure PPARg while for the other membrane-associated
preparations, a standard filtration assay was used. The
methodology implies a single centrifugation during which

w3 xthe proteins labeled with the radioligand H rosiglitazone
are excluded. As shown on Tables 1 and 2, the results

Ž . Ž .Fig. 5. Characterization of affinity purified human glutathione-S-transferase-PPARg after N-laurylsarcosine pellet solubilisation 0.1% from E. coli. A
Ž . Ž .After separation by SDS-polyacrylamide gel electrophoresis , the gel was stained by Coomassie Blue. 1 molecular weight markers; 2 third extraction

Ž . Ž . Ž . Ž . Ž .Triton X-100, solubilized by N-lauroylsarcosine see Fig. 4 ; 3 five-fold diluted homogenate; 4 flow-through; 5 elution by GSH 50 mM; 6 factor Xa
Ž .cleavage; 7 cleaved glutathione-S-transferase-ligand binding domain. Then, after transfer, Western blot analyses with either anti-glutathione-S-transferase
Ž . Ž . Ž .antibodies B , anti-ligand binding domain antibodies C , anti-PPARg D were performed. Blots were developed using an enhanced chemiluminescence

Ž .kit Amersham .
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obtained with this method compared well with those of the
classical binding assay and with the available literature,
despite a 10-fold shift of K , which seems to be due to thei

use of the soluble forms of the receptors.

3.3. Ligand binding on the different forms of ligand bind-
ing domain

An optimal concentration of proteins was evaluated for
the three preparations, membrane-bound glutathione-S-
transferase-ligand binding domain, purified glutathione-S-
transferase-ligand binding domain and purified ligand
binding domain proteins: 70, 70, and 80 mgrml, respec-
tively. In all of these preparations, the detergent concentra-
tions were far less than the critical micellar concentrations.
Therefore, no interference with detergent micelles could be
implicated in these measurements. Kinetic data revealed a

Žplateau at 30 min which remained stable for 24 h not
.shown . All the experiments were performed with 40 nM

w3 xof H rosiglitazone for 1 h. The concentration of cold
pioglitazone was 100 mM. The characterization of these
preparations was by Scatchard plots revealed a 13 nM Kd

and a B of 30 pmolrmg of proteins for the glutathione-max

S-transferase-ligand binding domain in bacterial mem-
Ž .branes Fig. 3A , a 105 nM K and a B of 97d max

pmolrmg protein for the purified glutathione-S-trans-
Ž .ferase-ligand binding domain Fig. 3B and a 156 nM Kd

and a B of 40 pmolrmg proteins for the ligand bindingmax
Ž .domain Fig. 3C . As a control, pure glutathione S-trans-

Ž . w3 xferase Pharmacia was used in the H rosiglitazone-bind-
ing assay. No binding could be recorded using the pure
enzyme, ruling out a possible interference in the
w3 xH rosiglitazone binding measurement.

3.4. Extraction and purification of the full-length glu-
tathione-S-transferase-PPARg

E. coli transfected with glutathione-S-transferase-
PPARg produced a protein that was extracted from the
bacterial homogenate after 3 heat shocks in the presence of

Ž . Ž .2% first extraction and 1% second extraction of Triton
X-100. This solubilization step was very powerful in terms
of protein extraction. Indeed, as can be seen from Fig. 4,
the pellet obtained after solubilization contained mainly
the fused protein. Glutathione-S-transferase-PPARg solu-
bilization from this pellet was obtained in the presence of
0.2% of N-lauroylsarcosine. Nevertheless, after dilution
and dialysis, part of the protein precipitated while the
remaining solubilized proteins were not retained on glu-
tathione affinity chromatography probably due to the an-

Ž .ionic nature of this detergent data not shown . Dilution
and dialysis after solubilization permitted to decrease the
detergent concentration but proteins then precipitated mak-

Ž .ing purification impossible data not shown . Surprisingly,
though, the diluted N-laurylsarcosine solubilization super-
natant of these bacteria showed a clean preparation of

Žglutathione-S-transferase-PPARg ;90% pure, Fig. 5A,
.lane 7 . Glutathione-S-transferase-PPARg was then

cleaved by factor Xa to give the 58 kDa PPARg and 26
Ž .kDa glutathione-S-transferase bands Fig. 5A . Western

blot analyses of soluble and cleaved glutathione-S-trans-
ferase-PPARg with anti-glutathione-S-transferase, anti-

Žligand binding domain and anti-PPARg antibodies Fig.
. Ž5B, C and D revealed a band at 89 kDa glutathione-S-

. Žtransferase-PPARg and another at 26 kDa glutathione-S-
.transferase for the first antibodies, ligand binding domain

Ž .and PPARg bands 89 and 58 kDa, respectively for the
second and third antibodies with minor contaminants re-
vealed by the anti-PPARg antibody.

3.5. Binding assay for membrane-bound glutathione-S-
transferase-PPARg and purified PPARg

An optimal concentration of protein was evaluated for
membrane-bound glutathione-S-transferase-PPARg or
cleaved PPARg, and the concentration chosen were 100
and 300 mgrml, respectively. The kinetic behavior was
similar to that obtained with the ligand binding domain

Fig. 6. Scatchard plot analysis of glutathione-S-transferase-PPARg at
w3 xvarious stages of the purification protocol using H rosiglitazone as

Ž . Žradioligand. A bacterial membranes K s20 nM, B s44500d max
. Ž . Ž .fmolrmg ; B cleaved PPARg K s93 nM, B s7800 fmolrmg .d max

Ž . Ž .Inserts: x-axis: bound fmolrmg ; y-axis: Boundrfree fmolrmgrnM .
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Table 3
Displacement experiments with prostaglandin derivatives for glutathione-
S-transferase-PPARg embedded in bacterial membrane preparations
Experimental conditions are described in the legend of Table 2.
Experiments were conducted at least three times for each compounds.

Ž .Ligands K mM "S.E.M.i

Pioglitazone 0.86"0.12
Rosiglitazone 0.043"0.002
Prostaglandin A )10001

Prostaglandin A )10002

Prostaglandin A 187.83"3.13

Prostaglandin B 26.28"8.71

Prostaglandin B 77.00"37.72

Prostaglandin B )10003

Prostaglandin D 57.50"9.21

Prostaglandin D 51.83"3.22
12y1415-deoxy-D -

Prostaglandin D 26.50"3.72

Prostaglandin D )10003

Prostaglandin E 36.30"1.31

Prostaglandin E 81.20"362

Prostaglandin E )10003

Prostaglandin F )10001a

Prostaglandin F )10002a

Prostaglandin F 36.20"0.52b

Prostaglandin F )10003a

Prostaglandin G 15.19"0.92

Prostaglandin H 4.54"0.11

Prostaglandin H 3.43"0.042

6b-Prostaglandin I )10001

Prostaglandin I 39.50"1.82

Prostaglandin I )10003

Prostaglandin J 37.00"3.32
12,1415-deoxy-D y

Prostaglandin J 4.05"0.42

Prostaglandin K )10001

Prostaglandin K )10002

Misoprostol )1000
U46619 )1000

preparations. All the experiments were performed as previ-
w3 xously with 40 nM of H rosiglitazone and 100 mM of cold

rosiglitazone. Scatchard plots revealed a K of 20 nM andd

a B of 44.5 pmolrmg of protein for glutathione-S-max
Ž .transferase-PPARg in bacterial membrane Fig. 6A , a 93

nM K and a B of 7.8 pmolrmg for the cleavedd max
Ž .PPARg Fig. 6B . As stated above, glutathione-S-trans-

w3 xferase is not able to bind H rosiglitazone, therefore al-
lowing the use of the fused protein as the source of
biological material.

3.6. Displacement experiments with reference ligands

A selected series of compounds was tested on the
various forms of PPARg produced during this study. The

w3 xresults are gathered in Table 1. K for H rosiglitazoned

ranges from 13 to 156 nM while the literature gives figures
between 14 and 40 nM. No clear explanation was found
for some of the discrepancies. The K obtained withi

rosiglitazone clearly showed that all the biological materi-

als were equivalent. None of the compounds presented a
dramatically different affinity for one among all the nu-
clear receptor forms. The thiazolidinediones were clearly
the best ligands of PPARg in any biological form, purified
or not, in agreement with the literature. The preparation
was not contaminated by any PPARa-related binding sites,
since clofibrate was not a ligand in this system. Linolenic
acid also showed affinity for this binding site of ;100
mM. The prostaglandin data also fitted the available re-
ports although affinities in the 1–10 mM range seem
modest for natural, short-life ligands such as those com-
pounds. Furthermore, a more complete description of the
molecular pharmacology of three out of the five ‘con-
structs’ of PPARg is presented in Table 2. There are some
major discrepancies between the data recorded with these

Žthree preparations glutathione-S-transferase-ligand bind-
ing domain or glutathione-S-transferase-PPARg associated
with the membranes or purified glutathione-S-transferase-

.ligand binding domain . Fourteen compounds described in
Ž .the literature as ligands of PPAR isoforms a , brd or g

were checked in this system showing in most cases, a fair
agreement of the binding data with the literature.

3.7. Prostaglandins as ligands of the PPARg

A series of commercially available prostaglandins was
w3 xtested in the binding assay, using H rosiglitazone as a

radioligand and the crude bacterial membrane preparation
as source of PPARg. The results are presented in Table 3.
While most of these prostaglandins showed a moderate
affinity for the receptor, and the standard so-called ‘natural

Fig. 7. Transactivation assay with the standard ligands for PPAR. The
HEK293-based cellular system is described in Materials and Methods.
The various compounds were added to cells at various concentrations,
and the luciferase assay was run 24 h later. Rosiglitazone, a PPARg

Ž .specific ligand close squares led to an EC of 7.8 nM; GW1929,50
Ž .another PPARg-specific ligand close triangles presents an EC of 8.7850

Ž .nM; bezafibrate, a PPARb-specific ligand close diamonds and WY
Ž .14643, a PPARa-specific ligand close circles are not active in this

Ž .system, and pioglitazone, a third PPARg-specific ligand open squares
has an EC of 0.2 mM. Results are expressed in luminescence units,50

counts per second.
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Table 4
EC of some prostaglandins in a PPARg-related transactivation assay.50

Comparison with pioglitazone
Experiments were conducted as described in Materials and Methods.
Results are the mean"S.E.M. of at least three independent determina-
tions, conducted in triplicate.

Ž .Products EC mM"S.E.M.50

Pioglitazone 1"0.055
Prostaglandin D 27"102

Prostaglandin D )1003

Prostaglandin H 5.5"2.51

Prostaglandin H 9.9"1.52
12 – 1415-deoxy-D - 9.1"5.4

Prostaglandin J2

ligand’ of PPARg was a relatively good ligand, two ‘new’
Ž .prostaglandins never reported so far showed significant

affinity at this receptor: prostaglandin H and H . Their1 2

affinities were close to the affinity of 15-deoxy-D12,14-
prostaglandin J , in the 1–10 mM range. The stable analog2

wŽ .of endoperoxide prostaglandin, U-46619 15S -Hydroxy-
Ž . x11a ,9a- epoxymethano prosta-5Z,13 E-dienoic acid ,

showed no affinity for this binding site.

3.8. TransactiÕation assay

The widely described transactivation assay was stan-
dardized in our laboratory and compared with published
data using a series of known ligands of PPARg, as shown

Žwwin Fig. 7, including rosiglitazone, WY 14643 4-chloro-6-
wŽ . x x x2,3-dimethylphenyl amino -2-pyrimidinyl thio -acetic

. w Ž . wacid , bezafibrate and GW1929 N- 2-benzoyphenyl -O- 2-
w Ž . x x xN-methyl-N- 2-pyridinyl amino ethyl -L-tyrosine . Part of
this standardization comprised control transfections with
luciferase alone. No transactivation could be observed
under those conditions. The compounds behaved as re-
ported in the literature, namely: the bezafibrate and
WY14643 were not active on this PPARg-mediated assay
and rosiglitazone, GW1929 and pioglitazone were as ex-
pected powerful agonists, with EC ;0.2 mM, as re-50

ported in the literature. Furthermore, we found prosta-
glandin J and its derivative to behave as activators as2

Ž .previously shown Kliewer et al., 1995 . Two other prosta-
glandins, namely, H and H were found in the present1 2

work to be as potent as the prostaglandin J derivative in2
Ž .the mM range Table 4 . Some other prostaglandin deriva-

tives were also active in this transactivation assay, but with
potencies beyond the 10 mM range.

4. Discussion

A number of publications have pointed out the impor-
tance of the nuclear receptor PPARg in several types of

Žpathological situations see reviews by Spiegelmann, 1998;
Sorensen et al., 1998; Rocchi and Auwerx, 1999; Lowell,

1999; Desvergne and Wahli, 1999; Giguere, 1999; Vamecq`
.and Latruffe, 1999; Willson et al., 2000 . Recent evidences

have demonstrated the central role of PPARs, particularly
Žof PPARg, in obesity and related diseases Kubota et al.,

1999; Barak et al., 1999; Rosen et al., 1999; Mukherjee et
.al., 2000 and, preliminarily, in some colon cancers models

ŽLefebvre et al., 1998; Saez et al., 1998; Sarraf et al.,
.1998 . PPARg has been used in screening tests throughout

Ž .the literature either as fused PPARg Kliewer et al., 1997 ,
Ž .fused ligand binding domain Krey et al., 1997 , pure

Ž .PPARg Mukherjee et al., 1997 or as pure ligand binding
Ž .domain Kliewer et al., 1995 . We engineered these vari-

ous constructions and overproduced them in bacteria. In
order to compare the numerous data obtained from funda-
mentally different model systems, we measured the K ofi

a series of reference compounds on these biological mate-
rials. We also compared the different possible techniques
to obtain a biological material suitable for biological test-
ing. It is clear that a robust system can be obtained by

Ž .transfecting bacteria E. coli with a construct encoding
the full-length PPARg protein under the control of appro-
priate regulation sequences. A rapid preparation of the
plasma membrane by standard centrifugation led to an
efficient and robust binding system. This system was
compared with glutathione-S-transferase-ligand binding
domain obtained under the same conditions, and with
glutathione-S-transferase-PPARg prepared from bacterial
expression, followed by solubilization, purification and
cleavage. This latter system led to results similar to those
obtained with the simpler procedure but it required inten-
sive biochemical work.

Since most of the knowledge on PPARg ligands has
been built upon data obtained with transactivation assays,
it seemed important to develop the molecular tools neces-
sary for binding studies. Indeed, direct binding and trans-
activation studies are both equally important tools for
mechanistic studies and complete each other. The binding
profiles were compared using the various biological mate-
rials either in a standard filtration assay or in a newly
developed 96-well-plate-based gel filtration assay for solu-

w3 xble receptors with H rosiglitazone as ligand. In all cases,
the data were compared with the standard transactivation
assay, which makes use of the luciferase under the control

Ž .of PPAR-responsive elements Mukherjee et al., 1997 .
The data obtained were comparable with the two assays,

Žthe latter taking into account the cellular penetration and
.possible metabolism of the compounds before their action

at the nuclear receptor level. Our results also compared
well with those published in the literature as shown in

ŽTable 1 where reference values are reported far right
.column . This methodology can be easily applied as pri-

Ž .mary screening binding in the search for new com-
pounds, with a medium rate throughput. In this prospect,
the gel-filtration-based assay also compared well with
other assays developed for PPARg ligand screening, such

Ž .as CARLA Krey et al., 1997 or scintillation proximity
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Ž .assay Mais et al., 1997; Nichols et al., 1998 . The direct
binding technique has also the advantage over the transac-
tivation assay to be a ‘pure’ PPARg assay, while the

Ž .cellular-based transactivation assay involved 1 the
PPARgrRXRa heterodimers in which RXRa ligands are

Ž .active as well as 2 the cellular penetration capacity of the
tested compounds. This method is also more straightfor-
ward than the hydroxyapatite column separation used by

Ž .others Mais et al., 1997; Mukherjee et al., 2000 .
Furthermore, we investigated a series of commercially

available prostaglandins as possible binders of the PPARg.
Surprisingly, beside the naturally occurring, already de-
scribed, ligand of PPARg, 15-deoxy-D12,14-prostaglandin
J , we found two other PPAR ligands: prostaglandin H2 1

and prostaglandin H , with an affinity close to that of2
12,14 Ž .15-deoxy-D -prostaglandin J ;5 mM . This result2

was confirmed in the transactivation assay where the three
Žprostaglandins including the ‘reference’ 15-deoxy-

.D12,14-prostaglandin J behaved in a similar manner2
Ž .with an EC in the mM range . Such ‘high’ concentra-50

Ž .tions i.e., mM range are often reported in the literature
whenever prostaglandins are concerned, for instance, for
angiogenesis inhibition in which concentrations of 1, 10
and 100 mM were used with prostaglandins of the A, B

Ž .and J types Xin et al., 1999 , but also in various circula-
Žtory models for the prostaglandin H and analogues Morita1

.et al., 1979 , in apoptosis induction in endothelial cells
Ž .Ikai et al., 1998 or for anti-inflammatory properties
Ž . Ž .Rossi et al., 2000 . The acellular binding and cellular
Ž .transactivation experiments led to similar results for the
two endoperoxide cyclopentane prostaglandins H and H ,1 2

as well as for the prostaglandin J derivative, strongly2

suggesting that those compounds are also ‘natural’ ligands
of PPARg. The biosynthesis pathway of prostaglandin J2

from arachidonic acid involves the synthesis of prosta-
glandin G catalyzed by cyclooxygenases. Prostaglandin2

G then leads to prostaglandin H , which in turn is2 2
Ž .transformed into prostaglandin D Taketo, 1998 , to give2

both in vitro or in vivo the prostaglandins of the J series
Ž .Fukushima, 1992 . All these steps are catalyzed by differ-
ent enzymes. Prostaglandin D proved to be only2

Ž .marginally active Tables 3 and 4 in both PPARg systems
Ž .acellular and cellular , suggesting that the effects ob-

Ž . wserved with its parent compound s prostaglandins H and1
xH are not due to metabolism leading via prostaglandin2

D to prostaglandin J in our assays. Furthermore, recent2 2

evidence has shown that cyclooxygenase-2, one of the core
enzyme in the prostaglandin synthesis, is regulated by a

Žnegative feedback loop mediated by PPARg Inoue et al.,
.2000 . Prostaglandins H or G were neither tested in the

Ž .few binding experiments reported by Kliewer et al. 1995 ,
nor in the transactivation assay reported by Yu et al.
Ž .1995 . Due to the importance of the finding that 15-de-
oxy-D12,14-prostaglandin J was a natural ligand of PPARg,2

and the subsequent experiments that strengthened this ob-
Žservation Chinery et al., 1999; Keelan et al., 1999;

.Bishop-Bailey and Hla, 1999; Marvin et al., 2000 , we
believe that the finding of new natural ligands of PPARg

may suggest new investigation routes in the understanding
of PPAR pharmacology.

In summary, a novel 96-well plate binding assay with
the human ligand binding domain fused with glutathione-
S-transferase was developed in order to discover new
ligands to the nuclear receptor PPARg. Using this assay on
glutathione-S-transferase-PPARg, we found the affinity of
reference PPARg ligands to be similar to those reported in
the literature although these figures varied according to the
nature of the biological material used. The partially auto-
mated set-up described in the present work, has throughput
capacity and may serve for the screening of large numbers
of potential PPARg ligands. Furthermore, we pointed out

Ž .that a series of structurally related endoperoxides prosta-
glandins H and H are in vivo ligands and may also be1 2

‘natural ligands’ of the PPARg nuclear receptor, in addi-
tion to the prostaglandin J and its metabolites.2
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