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Transcriptional activation by retinoids is mediated through two families of nuclear receptors, all-trans-reti-
noic acid (RARs) and 9-cis retinoic acid receptors (RXRs). Conformationally restricted retinoids are used to
achieve selective activation of RAR isotype a, 3 or vy, which reduces side effects in therapeutical applications.
Synthetic retinoids mimic some of all-trans retinoic acid biological effects in vivo but interact differently with
the ligand binding domain of RAR«a and induce distinct structural transitions of the receptor. In this report,
we demonstrate that RAR-selective ligands have distinct quantitative activation properties which are reflected
by their abilities to promote interaction of DNA-bound human RXRa (hRXRa)-hRAR«a heterodimers with the
nuclear receptor coactivator (NCoA) SRC-1 in vitro. The hormone response element core motifs spacing de-
fined the relative affinity of liganded heterodimers for two NCoAs, SRC-1 and RIP140. hRXRa activating func-
tion 2 was critical to confer hRAR« full responsiveness but not differential sensitivity of hRAR« to natural or
synthetic retinoids. We also provide evidence showing that lysines located in helices 3 and 4, which define part
of hRARa NCoA binding surface, contribute differently to (i) the transcriptional activity and (ii) the interac-
tion of RXR-RAR heterodimers with SRC-1, when challenged by either natural or RAR-selective retinoids.
Thus, ligand structure, DNA, and RXR exert allosteric regulations on hRAR«a conformation organized as a
DNA-bound heterodimer. We suggest that the use of physically distinct NCoA binding interfaces may be im-

portant in controlling specific genes by conformationally restricted ligands.

Analysis of the mechanisms by which cognate ligands acti-
vates nuclear receptors (NRs) identified structural transitions
occurring in the ligand-bound receptor (holo receptor) com-
pared to the unliganded form (apo receptor). Considerable
progress has been made upon resolution of crystal structures of
the apo form of 9-cis retinoid acid receptor (retinoid X recep-
tor) isotype a (apo-RXRa), the halo form of all-frans-retinoic
acid receptor isotype vy (holo-RARY), thyroid hormone recep-
tor B (T5;R-B), estrogen receptor (ER), and progesterone recep-
tor bound either to natural and synthetic agonists or to antag-
onists (4, 5, 48, 59, 61, 62). The ligand binding domains (LBDs)
of these NRs share a common structural fold defining a ligand
binding pocket (LBP) and functional regions, among which the
activating function 2 (AF-2) activating domain (AF2-AD), lo-
cated in helix 12 of RARs, is the most conserved. Upon ligand
binding, the LBD adopts a more compact structure in which
the AF2-AD is folded against the LBD, creating a new interface
(ligand-dependent AF-2) suitable for NR coactivator (NCoA)
binding (41). Additional structural alterations lead to the dis-
ruption of the nuclear corepressor (SMRT/TRAC, N-CoR/
RIP13) binding site, located at the N terminus of the LBD,
allowing p/CAF binding to the DNA binding domain of RAR
(3). Agonist-bound NRs bind p160 nuclear factors (SRC-1/
NCoAl, p/CIP/AIB1/ACTR/TRAMI1/RAC3, TIF2/GRIP1/
NCoA?2), other unrelated coactivators (CBP [CREB binding
protein]/p300, TIF1, RIP140) and multicomponent complexes
(TRAPs, DRIPs) in vitro and/or in vivo (reviewed in reference
58). Spacing of core consensus sequences LXXLL found in
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pl60-receptor interacting domains is critical for the specific
ligand-dependent interaction of these coactivators with the
AF-2 of distinct NRs (10, 36, 44). p160 coactivators interact in
turn with CBP/p300, generating a large complex with histone
acetyltransferase activity, catalyzing a posttranslational mod-
ification of histone tails which is important for regulating
RXR-RAR heterodimers to nucleosomal DNA (31). Thus, the
assembly of a transcriptionally active multimeric complex sen-
sitive to combinatorial regulation is dependent, at least in part,
on the fit between the receptor AF-2 interaction surface and
coactivator hydrophobic motifs.

How ligand structure specifies the use of a given nuclear
corepressor and coactivator repertoire remains an open ques-
tion. Comparison of crystal structures of RARy LBD bound to
either all-trans retinoic acid (atRA) or 9-cis retinoic acid (9-cis
RA) or a synthetic retinoid highlighted very similar structures,
showing that ligands positioned in the LBP identically and in-
duced similar structural changes in the LBD (19). This finding
suggests that similar structural transitions might confer iden-
tical transcriptional properties to the holo receptor. Converse-
ly, distinct structural arrangements would generate receptors
with distinct activating, and transrepressive, activities. However,
these structural data provide little information on how ligands
with different structures may control the transcriptional activity
of heterodimeric complexes bound to DNA, which is the tran-
scriptionally active conformation of RARs. The dimerization
partners for RAR, RXR, and DNA binding have been indeed
shown to be allosteric effectors which modulate the transcrip-
tional activity of RARs (21, 24).

Using a simple, homogenous system to compare the trans-
activating and transrepressive properties of synthetic and nat-
ural retinoids, we reported recently that mutating amino acids
in the loop between helices 11 and 12 (L box) of human RAR«
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(hRARa) could impinge on receptor function in a ligand struc-
ture-dependent manner (26). We showed that a single muta-
tion in the L box not only led to distinct transactivating and
transrepressive properties in the presence of atRA or CD367,
a synthetic agonist with receptor binding properties similar to
those of atRA, but also to different capacities to interact with
NCoAs and SMRT, a nuclear corepressor (26). Ligand binding
studies also suggested that retinoids were positioned differ-
ently in the LBP (27, 28), leading to the conclusion that reti-
noids could bind to hRARa with similar affinities but gener-
ated holo receptors with different transcriptional properties.
In this report, we were particularly interested in evaluating
this latter possibility, i.e., that retinoid binding to the same
receptor can elicit distinct transcriptional responses, and to
elucidate the molecular basis for these differences. We first
evaluated the relative efficiency and potency of several natural
and synthetic retinoids to activate a simple promoter through
hRXRa-hRAR« heterodimers. While binding to hRARa with
similar affinities, these ligands displayed different abilities to
activate transcription. We compared the ability of DNA-bound
hRXRa-hRARa heterodimers to recruit two transcriptional
coactivators, SRC-1 and RIP140. Both proteins bind to RARs
and RXRs in a ligand-dependent manner but differ in struc-
tural organization (reference 16 and references therein). SRC-
1 contains four LXXLL motifs, whereas RIP140 harbors nine
of these signature sequences required for coactivator binding
to NRs. In addition, spacing between LXXLL motifs located in
receptor interacting domains (RIDs) of these coactivators, as
well as flanking sequences, are different and may therefore
introduce some specificity in binding to receptors. A correla-
tion was found with transcriptional potency and the ability of
ligands to promote recruitment of SRC-1 RID, but not RIP140
RID, to hRXRa-hRARa heterodimers in vitro. Retinoic acid
response elements (RAREs) acted as allosteric modulators
which altered the ability of hRARa to interact with NCoAs
in response to ligand binding. Mutations designed to alter
hRARa AF-2 and thus its interaction with NCoAs had distinct
effects depending on the activating ligand. Finally, we demon-
strate that the hRXRa AF2-AD is required for maximal acti-
vation of hRARa by natural or synthetic retinoids. These re-
sults suggest that RAR transcriptional activity is controlled
through ligand structure and that both DNA and its obligate
dimerization partner RXR act as major allosteric effectors.

MATERIALS AND METHODS

Materials. atRA was obtained from Sigma (Saint Quentin Fallavier, France).
Other synthetic retinoids were a gift from U. Reichert, CIRD-Galderma, Val-
bonne, France. [**S]methionine was purchased from Amersham (Les Ulis,
France). Radioinert atRA as well as antiproteases were purchased from Sigma
(St. Louis, Mo.). Acrylamide-bisacrylamide mix (Protogel) was from National
Diagnostics (Atlanta, Ga.). Ampicillin and kanamycin were from Appligene
(Strasbourg, France). Restriction and DNA modification enzymes were from
Promega (Madison, Wis.). Oligonucleotides were purchased from Eurogentec
(Le Sart-Tilman, Belgium). Site-directed mutagenesis reactions were carried out
with the Promega GeneEditor system. Polyethyleneimine (ExGen 500) was from
EuroMedex (Souffelweyersheim, France).

Plasmids. Constructs containing either the wild-type (wt) or mutated hRAR«
and wt hRXRa ¢cDNAs subcloned into pSGS5 (Stratagene) have been described
elsewhere (26, 30, 47). The pGDX-hRARa vector was obtained by subcloning
the hRARa cDNA as an EcoRI fragment into pPGEM3Z. Mutations at K244 and
K262 were generated by using the appropriate oligonucleotide containing the
desired mutation and an additional silent mutation either introducing a new
restriction site or inactivating a restriction site present in the wt sequence. The
mutagenic primers used were K224A (5'-CATTAAGACTGTGGAATTCGCC
GCGCAGCTGCCCGGC-3' [new EcoRI site]) and K262A (5'-GATCACCCT
CCTCGCGGCTGCCTGCCTGG-3' [EcoNI site lost]) (mutations are indicated
in boldface). The pGDX-hRAR« vector was used as a template in these exper-
iments. The AF-2-deleted hRXRa (dnRXR) expression vector was created by
isolating the truncated hRXRa ¢cDNA from cdmRXRaA19C (64) which was
subcloned into the pSG5-hRXRa backbone. Glutathione S-transferase (GST)-
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RIP140 was a kind gift from V. Cavailles and contained a fragment of the human
c¢DNA coding for amino acids 752 to 1158 (6). GST-SRC-1 was obtained from
M. J. Tsai and B. O’Malley and encoded a fusion protein of GST with human
SRC-1 spanning amino acids 382 to 842 (45). GST-CBP was obtained from T.
Kouzarides and encodes a fusion protein of GST to the N-terminal domain of
CBP (amino acids 1 to 1099 [2]). The reporter gene p(TRE,,); Luc was con-
structed by inserting three repeats of the synthetic thyroid response element
AGGTCATGACCT (TREpal motif) upstream of the adenovirus major late
promoter TATA box present in the pTATA Luc vector (26). All sequences were
checked by restriction analysis and automatic sequencing.

Cell culture and transfections. HeLa cells were cultured as monolayers in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
(both from BioWhittaker, Verviers, Belgium). Cells were treated with retinoids
at the indicated concentrations for 16 h. Retinoids were solubilized in dimethyl
sulfoxide (DMSO); vehicle final concentration was 0.1%. Transfections were
carried out by the polyethyleneimine coprecipitation method as described else-
where (26). The luciferase assay was performed with the LucLite system (Pack-
ard Instruments, Rungis, France) according to the manufacturer’s guidelines,
and activity (as relative luciferase units was measured with a LumiCount plate
reader (Packard).

GST pull-down experiments. The protocol used has been published elsewhere
(26). DNA-dependent protein-protein interactions were tested as follows.
hRAR« and **S-labeled hRXRa were synthesized by using a Quick T7 TnT kit
(Promega). The amount of receptors was quantified by trichloroacetic acid pre-
cipitation of labeled samples, and volumes were adjusted to reach identical
concentrations of both receptors in the translation mix. The integrity and the
ability of receptors to form heterodimers were assessed by size exclusion chro-
matography on a Superdex 200 HR 10/30 column (Amersham Pharmacia Bio-
Tech, Les Ulis, France). In a typical binding reaction, 5 to 10 pmol (5 pl) of
hRARa and **S-labeled hRXRa were incubated with vehicle (DMSO) or 1 pM
atRA for 60 min at 4°C in a 150-ul final volume. The binding buffer consisted of
20 mM HEPES (pH 7.4), 150 mM KCl, 5 mM MgCl,, 0.1% Triton X-100, 0.1%
Nonidet P-40, and 0.1% gelatin (Bio-Rad). A 20-mer double-stranded oligonu-
cleotide containing the TREpal response element AGGTCATGACCT was add-
ed to the binding mix to a final concentration of 0.1 uM or was substituted by
other response elements when indicated in the text. Direct repeat response el-
ement sequences were as follows: DR1, cggtagGGTTCAaAGGTCActcg; DR2,
cggtagGGTTCAgaAGGTCActcg; DR3, cggtagGGTTCAcgaAGGTCActcg;
DR4, cggtagGGTTCAcgaaAGGTCActcg; and DRS, cggtagGGTTCAccgaaAG
GTCActcg (half site sequences are indicated in uppercase). The TREpal se-
quence is cggtagAGGTCATGACCTctcg. In these conditions, more than 98% of
receptors formed heterodimers, irrespective of the presence of the ligand (28).
After a 2-h incubation on ice, 40 pl of a Sepharose—glutathione-GST-SRC-1
slurry was added to the mix and agitated slowly on a rotating wheel for 2 h at 4°C.
Unbound material was removed by three successive washes of Sepharose beads
by 10 volumes of ice-cold 1X phosphate-buffered saline-2 mM dithiothreitol.
Resin-bound receptors were then resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) on an 8% gel and detected by autora-
diography or quantified with a PhosphorImager (Molecular Dynamics). Values
were averaged from at least four independent experiments carried out with two
different bacterial extracts.

RESULTS

Retinoids exhibit distinct hRAR«-activating properties. The
retinoids used in this study belong to distinct structural classes,
differ in the ability to activate selectively RAR isotypes (o, B,
and +y [Table 1]), but share a common feature, which is the
ability to bind hRARa with dissociation constants (K,) in the
nanomolar range. The natural derivatives of vitamin A (atRA
and 9-cis RA) and synthetic retinoids CD367 and TTNPB bind
to and activate RARa, -B and -v. 9-cis RA is a panagonist
which activates RARs and RXRs. Replacing the propenyl
linker in the TTNPB structure by a carboxamide yields the
RARa-selective ligand Am580. These synthetic compounds
are characterized, compared to natural retinoids, by the aro-
matization of the polyenic chain, restricting their flexibility.
Chemical structures and biological activities of these retinoids
have been described in detail elsewhere (11, 38; reviewed in
reference 55). CD3106 (AGN 193109) is a C-1-substituted
acetylenic RAR antagonist (20), and CD2425 (AGN 190701) is
an RXR-selective ligand with high affinity for o, B, and vy
isoforms. A luciferase reporter construct carrying the TREpal
response element was cotransfected in HeLa cells together
with hRARa and hRXRa expression vectors. In these condi-
tions, the activity of endogenous receptors was not detected
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TABLE 1. Transcriptional activities of hRARa challenged with natural or synthetic retinoids”

Ligand Biological activity K, (RAR; nM) (R AR/};?(():EI%; M) ?;}3&7;;??;%
atRA RARa, -B, and -y agonist 3.3 10.80 100
9-cis RA Panagonist 7.1 18.80 187.8
TTNPB RARa, -B, and -y agonist 2.2 1.05 90.2
CD367 RARa, -B, and -y agonist 4.0 0.91 55.0
Am580 RAR« agonist 8.1 0.74 72.5
CD3106 RARGa, -B, and -y antagonist 20.0 ND 0
CD2425 RXRa, -B, and -y agonist >10,000 10 15

“ The main features of each ligand (biological activity in transient transfection assays and selectivity; K, for hRARa) are indicated. In all cases but one, K, values
were obtained as described in reference 27; data for CD3106 were taken from reference 20. HeLa cells were transfected with hRARa and hRXRa expression vectors
and the TREpal-TATA Luc reporter gene. The TREpal sequence is cggtagAGGTCATGACCTctcg (26). ECs, and relative potency values were deduced from
dose-response curves in which the y axis represented the average luciferase activity (expressed as the percentage of the response observed in the presence of 1 uM atRA;
n = 6 from eight independent experiments), and the x axis represented concentrations of ligand. Relative potency values represent the maximal luciferase activity
observed with the tested ligand relative to that observed in the presence of 1 uM atRA. ECsys represent the ligand concentration yielding half-maximal luciferase
activity. Standard errors never exceeded 8%. Chemical names of retinoids: CD367, 4-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-anthracenyl)-benzoic acid; TTNPB,
(E)-4[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthyl)propen-1-y1]benzoic acid; Am580, 4-[(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)carboxamido-
Jbenzoic acid; CD2425 (AGN 190701), ((E)-2-[2-(5,6,7,8-tetrahydro-3,5,5,8,8-pentamethyl-2-naphthyl)propen-1-yl]-4-thiophenecarboxylic acid. ND, not determined.

(29), whereas all other reporter genes containing a direct re-
peat RARE were found to be sensitive to endogenous receptor
activity. We note that the TREpal response element is acti-
vable by both RXR homodimers and RAR-RXR heterodimers
(65). CD2425, an RXR-specific retinoid, induced reporter gene
activity only weakly, and simultaneous treatment of target cells
with CD2425 and Am580 led to a reporter gene activity equiv-
alent to that observed in the presence of 9-cis RA (29). The
residual activity detected in the presence of CD2425 may be
attributed to RXR homodimerization, since RXR-RAR het-
erodimers are not responsive to RXR ligands. We conclude
that our system reflects hRXRa-hRARa dimer transcriptional
activity and that the TREpal response element provides allo-
steric regulations similar to those observed with DR2 and DRS
response elements. Dose-response curves carried out with se-
lected retinoids from a concentration of 107'° to 107° M
demonstrated that no correlation could be established between
the affinity of the ligand for hRAR« and its ability to activate
transcription from this minimal promoter, containing the
TREpal response element and a TATA box. As shown in
Table 1, ligand concentrations required for half-maximal acti-
vation of the reporter gene by the wt hRXRa-hRARa pair
(50% eftective concentration [ECs]) varied for each retinoid
compared to atRA, which was chosen throughout this study as
the reference ligand. Remarkably, synthetic agonists binding
with a high affinity for hARARa (TTNPB, CD367, and Am580)
were the most efficient at reaching 50% maximal activation,
whereas atRA and 9-cis RA displayed ECsys one order of
magnitude higher than those of synthetic retinoids. In contrast,
these two natural stereoisomers induced higher maximal levels
of reporter gene activity at 1 wM. The highest rate of activation
in the presence of synthetic agonists varied from 44 to 90%
compared to atRA, suggesting that maximal occupancy of
hRARa by these ligands still reveals different abilities of reti-
noids to promote transcriptional activation. Increasing further
retinoid concentrations in some cases led to a slightly higher
level of reporter gene activity (10 to 15% for CD367) but in
other cases inhibited cell proliferation and triggered cell death
in variable ratio, resulting in an apparently decreased reporter
gene activity (atRA and other synthetic retinoids). In conclu-
sion, no clear correlation between K, and ECs, or between
EC;, and relative potency can be established. These observa-
tions showing that a given retinoid exhibits distinct quantitative
activating properties (compared to other RAR-selective li-
gands binding to the receptor with a similar affinity) suggest

that each ligand could modulate differently one or several
receptor functions. Ligand binding can potentially modify mul-
tiple protein-protein interaction interfaces. First, the dimeriza-
tion interface can be altered, and thus ligands might display
distinct abilities to promote hRARa binding to hRXRa. Al-
though we observed, using quantitative in vitro (GST pull-
down) assays and in vivo protein-protein interaction assays
(two-hybrid assay in mammalian cells), that ligand binding
triggers dimerization of both partners in a DNA-independent
manner, these assays did not provide evidence for a regulation
at this level (11a). Second, either corepressor displacement
from or coactivator recruitment to hRXRa-hRARa hetero-
dimers bound to DNA could be altered, and we thus compared
the ligands for the ability to modulate these interactions.

RAR-selective agonists are equally efficient with respect to
triggering SMRT release from monomeric or DNA-bound het-
erodimeric hRARa. We used a quantitative protein-protein
interaction assay to test retinoids for the ability to promote
either SRC-1 or RIP140 binding to, or SMRT release from,
RXR-RAR heterodimers synthesized by coupled in vitro tran-
scription-translation. For this purpose, we used conditions in
which the hRXRa-to-hRARa and DNA-to-receptor ratios
yielded 98 to 100% heterodimeric complexes bound to DNA,
as demonstrated by size exclusion chromatography and elec-
trophoretic mobility shift assay (29). Importantly, no receptor
monomer could be detected in these conditions. Thus, we gen-
erated affinity matrices with SMRT, RIP140 or SRC-1 RIDs
fused to GST, which were incubated with either monomeric
hRARa when indicated or performed hRXRa-hRARa dimers
bound to the TREpal RARE. In preliminary experiments, the
formation of heterodimers was monitored by using labeled
hRARa and hRXRa (29). Note that in experiments presented
below, receptor complexes in which only hRXRa was labeled
were incubated with 10 pM retinoid for 2 h before adsorption
to GST fusion proteins.

We first compared natural and synthetic retinoids for the
ability to release SMRT RID fused to GST from monomeric
hRARa (Fig. 1A), from hRXRa-hRARa dimers (Fig. 1B), or
from heterodimers bound to the TREpal response element
(Fig. 1C). As previously reported (7, 26), the monomeric, wt
hRARa bound strongly to SMRT in the absence of ligand, and
all retinoids induced SMRT release with similar efficiencies
except CD2425, an RXR-selective retinoid. Interestingly, we
note that CD3106, an RAR antagonist, was able to displace
SMRT from hRARa as efficiently as agonist compounds. On
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FIG. 1. Retinoids display similar efficiencies with respect to displacing SMRT from monomeric hRARa and DNA-bound hRXRa-hRARa heterodimers. (A)
35S-labeled hRAR« or hRXRa was incubated in the presence of the GST-SMRT (982-1495) fusion protein for 2 h and then challenged with the indicated retinoids.
SMRT-receptor complexes were isolated by adsorption of the SMRT moiety on agarose-coupled glutathione. After the beads were washed, complexes were analyzed
by SDS-PAGE (8% gel), and receptor content was assayed by autoradiography. (B) 3*S-labeled hRXRa« and unlabeled hRARa were incubated for 2 h with GST-SMRT
and then for an additional 2 h in the presence of the indicated ligand. Complexes were treated and analyzed as described above. (C) TREpal-bound heterodimers were
bound to GST-SMRT and further activated by the indicated retinoids. Complexes bound to SMRT were isolated and analyzed by adsorption to agarose-linked
glutathione SDS-PAGE (8% gel), and autoradiography as described above. The TREpal sequence is cggtagAGGTCATGACCTctcg. Numbers below gel lanes indicate
the amount of radiolabeled receptor bound to SMRT in the presence of the indicated ligand relative to that measured in the presence of vehicle (DMSO), defined as
100%. Values represent mean data from four independent experiments carried out with two different bacterial extracts. ND, not determined. Standard errors never

exceeded 8.7%. Representative autoradiograms are shown.

the opposite, hARXRa interaction with this corepressor was not
detectable. When SMRT was complexed to hRXRa-hRAR«
heterodimeric complexes, the ability of these ligands, except
for CD2425, to mediate SMRT release was unaffected (Fig.
1B). The RXR-specific ligand was in this configuration able to
promote SMRT release, suggesting that liganded RXR exerts
allosteric regulation on hRARa-SMRT binding interface. The
interaction of TREpal-bound heterodimers with SMRT was
modulated in a manner similar to that observed with hetero-
dimeric receptors when synthetic RAR agonists are involved
(Fig. 1C). Remarkably, the RXR-selective ligand and to a
lesser extent the RAR antagonist displayed decreased abilities
to induce SMRT release, showing that DNA binding clearly
exerts allosteric regulation on RAR nuclear corepressor bind-
ing surface. Since similar results were obtained for DR1, DR2,
and DR5 RARE:s (29), we conclude that whatever their struc-
ture, retinoids have similar SMRT binding interface remodel-
ling properties and that no significant allosteric regulation can
be detected in the presence of DNA and hRXRa.

DNA binding modulates the ability of structurally distinct
retinoids to promote SRC-1 or RIP140 recruitment by hRXRa:-
hRARa heterodimers. In view of the lack of difference in the
abilities of natural and synthetic retinoids to promote SMRT

release from hRARa, we analyzed their effects on the ligand-
induced recruitment of several NCoA, in the context both of
the monomeric receptor and of the DNA-bound hRXRa-
hRARa heterodimer (Fig. 2). As expected, monomeric hRAR«
complexed to atRA recruited SRC-1 very efficiently. Similar ac-
tivities were observed for its natural stereoisomer, 9-cis RA,
and all RAR-selective ligands (TTNPB, CD367, and Am580).
On the contrary, neither the RAR antagonist CD3106 (AGN
193109) nor the RXR-selective ligand CD2425 (AGN 190701)
was able to induce SRC-1 binding to hRARa (Fig. 2A). When
RIP140 RID was used as a bait, identical results were ob-
tained, although it appeared clearly that this putative coacti-
vator bound to hRAR« with a lower affinity than SRC-1 (Fig.
2B). When similar assays were carried out with preassembled
hRXRa-hRARa heterodimers on the TREpal RARE, several
observations could be made. First, heterodimer binding to DNA
induced a strong modulation of the capacity of ligands to bind
to SRC-1 and RIP140 (Fig. 2C and D). atRA was twofold less
efficient than 9-cis RA at promoting NCoA binding to DNA-
bound heterodimers. 9-cis RA turned out to be the most effi-
cient ligand, whereas synthetic RAR agonists had a clearly
lower efficiency. CD3106 was unable to promote SRC-1 recruit-
ment, in keeping with its antagonistic properties, whereas the
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FIG. 2. Assembly of hRAR« into a DNA-bound heterodimer induces ligand-selective recruitment of SRC-1 and RIP140. (A) Interaction of hRARa or hRXRa
with SRC-1 in the presence of various retinoids. 3°S-labeled hRAR« or hRXRa was incubated with the indicated activating ligand (10 uM) or vehicle (DMSO) for
2 h and then with the fusion protein GST-SRC1(382-842). Complexes were precipitated with glutathione-Sepharose beads and extensively washed. Samples were
analyzed by SDS-PAGE (8% gel), and receptors were detected by autoradiography. (B) Interaction of hRAR« or hRXRa with RIP140. Receptors were synthesized
in vitro as described in the text and incubated in the presence of retinoids and a GST-RIP140(752-1158) fusion protein. Following washing, proteins were resolved by
SDS-PAGE and revealed by autoradiography. In input lanes, 1/10 of the input from in vitro-coupled transcription-translation mix was analyzed in parallel. (C)
Interaction of DNA-bound hRXRa-hRAR« heterodimers with SRC-1. 3°S-labeled hRXRa, hRAR«, and the DNA probe TREpal were incubated as described in
Materials and Methods to ensure >95% heterodimer formation. These complexes were then incubated in the presence of the activating ligand for 2 h (10 uM) and
then with the GST-SRC-1 fusion protein for an additional 2 h. Complexes were precipitated and analyzed as described above. (D) Interaction of DNA-bound
hRXRa-hRARa heterodimers with RIP140. The procedure was similar to that described for panel C except that SRC-1 was substituted for RIP140. The TREpal
sequence is cggtagAGGTCATGACCTctcg. Numbers below gel lanes indicate the amount of radiolabeled receptor bound to SRC-1 or RIP140 in the presence of the
indicated ligand relative to that measured in the presence of 9-cis RA, defined as 100%. Values represent mean data from four independent experiments carried out
with two different bacterial extracts. ND, not determined. Standard errors never exceeded 5.3%. Representative autoradiograms are shown.

RXR-specific ligand CD2425 enhanced only weakly SRC-1
binding to the complex. When RIP140 was used in this assay,
similar results were obtained (Fig. 2D). However, we consis-
tently observed that the RAR antagonist was in this context
able to promote detectable binding of the heterodimer to
RIP140, thereby excluding this protein as a potential coactiva-
tor in our system. Thus, DNA binding introduced dramatic
changes in ligand capacity to promote SRC-1 recruitment,
establishing a semiquantitative correlation between DNA-de-
pendent protein-protein interaction assays and transcriptional
activities in which natural retinoids were the most efficient
ligands. Indeed, the 2-fold higher activity of 9-cis RA in trans-
activation assay is clearly correlated to its ~2-fold higher abil-
ity to promote SRC-1 recruitment. This may obviously relate to
its ability to activate both components of the dimer and thus
allow binding of SRC-1 to both receptor AF-2 domains.
Direct repeats of the PuGG/TTCA motifs are recognition
sequences for RXR-RAR heterodimers present in a number of
natural promoters. They define a consensus response element
to which RAR heterodimers bind strongly. Direct repeats of
the PuGGTCA motifs separated by a spacer of variable length
ranging from one to five nucleotides allow high-affinity binding
of RXR-RAR heterodimers (37). DR1, DR2, and DRS are the
most commonly described natural RAREs, but DR3 and DR4,
which mediate vitamin D3 and thyroid hormone responses,
have been shown to behave as RAR-responsive elements de-
pending on the promoter context (50). In addition, RAREs
containing the AGGTCA motif as the second half site dis-

played significant affinities for RXR-RAR heterodimers in
vitro, and cooperative bindings of RXR-RAR heterodimers to
these RARESs involve distinct dimerization interfaces (37).
Since DNA has been shown to be a major allosteric effector for
a variety of transcription factors and NRs (reviewed in refer-
ence 32), we therefore evaluated the possible influence of
various spacer lengths (and therefore of various dimerization
interfaces) on the ability of retinoids to promote SRC-1 re-
cruitment to hRXRa-hRARa heterodimers (Fig. 3). In the
absence of DNA, binding of heterodimers to SRC-1 was barely
detectable in the presence of RAR-specific ligands, whereas
control experiments showed again a very efficient recruitment
of this coactivator by monomeric hRAR« (Fig. 3A). This find-
ing confirms the specificity of our assay for receptor hetero-
dimers. Note that only 9-cis RA was able to trigger significant
SRC-1 binding, a property that could be related to its ability to
bind both receptors, since coincubation of dimers with the
RARa-specific ligand Am580 and the RXR-specific ligand
CD2425 yielded identical results (29). hRXRa-hRARa het-
erodimers were then assembled on a DR1 response element on
which heterodimers have a binding polarity opposite that ob-
served with other direct repeat response elements; i.e., RAR is
the 5'-bound receptor. In this configuration, SRC-1 recruit-
ment was observed in the presence of atRA and was two- to
threefold more pronounced with 9-cis RA. The RXR-specific
ligand CD2425 was as efficient as atRA, whereas RAR-specific
ligands displayed no activity in this system (Fig. 3B). Addi-
tional control experiments showed that heterodimers formed
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hRARa hRXRa DR4 DR5

FIG. 3. The spacing between the two direct repeats of RAREs modulates
ligand ability to promote SRC-1 recruitment to heterodimerized hRARa. (A)
3S-labeled hRXRa and hRAR« produced by coupled in vitro transcription-
translation were incubated in the presence of the indicated retinoids at 10 pM
(final concentration), and complexes were bound to a GST-SRC-1 fusion pro-
tein. After a 2-h incubation, complexes were isolated by adsorption on a gluta-
thione-linked agarose matrix and analyzed by SDS-PAGE (8% gel). (B to F)
hRXRa-hRARa heterodimers associated to the indicated DRng RARE were
analyzed for the ability to interact with SRC-1 in the presence of natural or
synthetic retinoids as described above. The nature of the response element is
indicated below each panel. Numbers below gel lanes indicate the amount of
radiolabeled receptor bound to SRC-1 in the presence of the indicated ligand
relative to that measured in the presence of 9-cis RA, defined as 100%. Values
represent mean data from four independent experiments carried out with two
different bacterial extracts. Standard errors never exceeded 4.3%. Representa-
tive autoradiograms are shown.

in these conditions, and therefore we conclude that apo-
hRXRa formed, when bound to the 3’ half motif from the
DR1 RARE, a high-affinity binding interface for SRC-1. We
observed, however, that in experiments carried out with
labeled RXR or RAR, and with labeled RAR and RXR, that
the SRC-1-bound material appeared to be a mixed population
consisting of about 60% RXR homodimers and 40% RXR-
RAR heterodimers in the presence of CD2425 (n = 3) (29). In
the presence of DR2 RARE, atRA- and 9-cis RA-complexed
heterodimers bound avidly to SRC-1, and RAR-specific li-
gands also induced the recruitment of this coactivator, albeit
with a lower efficiency (Fig. 3C). Increasing the spacer length
to four nucleotides allowed stronger binding of SRC-1 to
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hRARa complexed to synthetic retinoids (Fig. 3E), and use of
the high-affinity DR5 RARE yielded complexes that bound
SRC-1 avidly (Fig. 3F). Although remaining weaker than in the
presence of natural retinoids, binding of DR5-bound hetero-
dimers to SRC-1 was the most efficient and revealed variations
between ligands. Am580 turned out to be the least efficient in
this configuration, whereas it was the strongest inducer in the
presence of the DR2 RARE. Finally, we note that the RAR
antagonist CD3106 prevented, in all configurations tested, het-
erodimer binding to SRC-1. This inhibition was also observed
in competition experiments (29) in which heterodimers were
challenged by atRA (100 nM) and CD3106 (1 uM).

In summary, ligand capacity to promote SRC-1 recruitment
in vitro was found to be dramatically modulated by the re-
sponse element structure to which receptor heterodimers are
bound. The strongest binding always occurred with 9-cis RA
and atRA, and we noted that triggering hRXRa AF-2 remod-
elling with CD2425 also induced SRC-1 recruitment for some
response elements. This is in agreement with the weak but
constant agonist activity of CD2425 detected in transient trans-
fection assays using TREpal (Table 1) DR2 or DR5-driven tk
Luc reporter genes (29). The DR5 RARE appeared to be the
most efficient DNA template in that it favored a strong binding
of SRC-1 to heterodimers that could relate to its higher induc-
ibility in transcriptional activation assays.

We then extended this DNA-dependent protein-protein in-
teraction assay to RIP140 (Fig. 4), for which we have observed
distinct requirement for binding to heterodimeric complexes
compared to SRC-1 (see below). Such differences were also
reported for the estrogen receptor (17). The lower affinity of
RIP140 for hARXRa-hRARa dimers was again noted in these
experiments, and receptor complexes exhibited the highest af-
finity for RIP140 when bound to atRA and 9-cis RA. More
strikingly, the DR2 response element was the DNA template
that allowed the most efficient binding of RIP140: atRA effi-
ciently promoted SRC-1 recruitment to heterodimers bound to
either the DR5, DR4, or DR1 probe (Fig. 3), whereas RIP140
bound more efficiently to atRA-complexed dimers associated
to the DR2 or DR3 RARE. For other retinoids displayed, as
observed for SRC-1, the ability to recruit RIP140 depended on
the nature of the response element, with TTNPB being the
most active synthetic ligand in most configurations. Note that
CD2425 did not promote RIP140 binding to heterodimers
associated with DR3 and DR5 RARESs. For other data, it is
also clear that activation of both components by 9-cis RA led
to a threefold potentiation of RIP140 binding on DR4 and
DRS5 RARE:s, in opposition to SRC-1 recruitment, for which
the synergy was only additive (compare Fig. 3E and F to Fig.
4E and F). Finally, we note that the antagonist CD3106 is the
most efficient ligand in inducing RIP140 recruitment to hetero-
dimers in the absence of DNA. This property may be related to
the recently described repressive activity of RIP140 (25).

Thus, we conclude that the strength of protein-protein in-
teraction may differ, for a given ligand and response element,
from one coactivator to another, suggesting that transcrip-
tional activation could be mediated by distinct NCoAs accord-
ing to the type of RARE tethering hRXRa-hRARa dimers to
retinoid-regulated promoters.

Transcriptional activation of hRAR« by synthetic retinoids
is compromised by mutations in helix 3 or helix 4. Previous
work has established that the LBD of NRs undergoes struc-
tural transitions upon ligand binding. A lysine residue (K264)
from helix 3 has been shown to establish salt bridges with
glutamic acid side chains in the AF2-AD region of the mono-
meric holo-RARy LBD (48) which are essential for transcrip-
tional activation by this receptor (Fig. 5A). The proposed sta-
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FIG. 4. The nature of the RARE determines the relative affinity of liganded
heterodimers for nuclear coactivators. (A) *>S-labeled hRXRa and hRAR«
produced by coupled in vitro transcription-translation were incubated in the
presence of the indicated retinoids at 10 uM (final concentration), and com-
plexes were bound to a GST-RIP140 fusion protein. After a 2-h incubation,
complexes were isolated by adsorption on a glutathione-linked agarose matrix
and analyzed by SDS-PAGE (8% gel). (B to F) hRXRa-hRAR« heterodimers
associated with the indicated DRng RARE were analyzed for the ability to
interact with RIP140 in the presence of natural or synthetic retinoids as de-
scribed above. The nature of the response element is indicated below each panel.
Numbers below gel lanes indicate the amount of radiolabeled receptor bound to
RIP140 in the presence of the indicated ligand relative to that measured in the
presence of 9-cis RA, defined as 100%. Values represent mean data from four
independent experiments carried out with two different bacterial extracts. Stan-
dard errors never exceeded 6.2%. Representative autoradiograms are shown.

bilization of the active structure may, however, not be a feature
common to all NRs, and could reflect the need for a hydro-
philic region to which coactivators could bind. Such a role has
been proposed for the highly conserved K366 of ER (17) and
K288 of TR-B1 (14), equivalent to K244 of hRARa. Alterna-
tively, it may also provide an alternative anchoring point for
AF2-AD acidic residues (Fig. 5A). Whatever their actual role
may be, we reasoned that mutations at K262 or K244 of
hRARa could impinge differently on hRAR« function accord-
ing to the ligand used and therefore reflect a different archi-
tecture of the holo-HBD. We thus mutated K244 or K262 in
hRARa and evaluated first the impact of these mutations on
the transcriptional activity of hRXRa-hRARa heterodimers
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stimulated by natural and synthetic retinoids. When stimulated
with atRA, both mutants displayed a diminished response to
this ligand (60% of the wt hRARa activity). In the presence of
9-cis RA, the reporter gene activity was decreased to 50% of wt
hRARa activity. More surprisingly, responsiveness to RAR-
selective retinoids was abolished for the K244 A receptor, where-
as a lower but significant responsiveness was still observed for
the K262A derivative (Fig. 5B). Thus, these amino acids, which
define part of the AF-2 region of hRAR«, are necessary to
confer full responsiveness of hRARa to retinoids but are dif-
ferently required for responsiveness to synthetic RAR-selec-
tive ligands, which displayed a strict requirement for K244.
Mutation of K244 or K262 abrogates SRC-1 recruitment in
vitro to hRARa complexed to synthetic retinoids. Assessing
the effects of these mutations on various receptor functions, we
found that both hRAR«a mutants displayed wt affinities for
retinoids, were able to dimerize with hRXRa, and could bind
as heterodimers to DNA in vitro. Furthermore, structural tran-
sitions upon ligand binding probed by limited proteolysis were
identical to those observed with wt hRAR«, and abilities of
mutants to release SMRT were unaffected (29). Since our
prediction was that these mutations could prevent NCoA re-
cruitment, we tested first the capacity of monomeric RAR
mutants to interact with RIP140, SRC-1, and CBP. Both mu-
tations abolished RIP140 recruitment upon binding to atRA,
whereas the K244A mutation selectively impaired SRC-1 bind-
ing. Interaction with the N-terminal portion of CBP was de-
creased by 50% for both mutants (Fig. 6A). As shown in Fig.
6B, hRXRa-hRARa dimers strongly interacted with SRC-1
in presence of natural or synthetic retinoids, whereas the
hRXRa-K244A heterodimer did not recruit this coactivator
regardless of the ligand used. hRXRa-K262A heterodimers
recruited SRC-1 with a moderate affinity in the presence of
RAR agonists, with no significant variation among ligands
(Fig. 6B). Since we noted that the monomeric configuration
did not reflect the transcriptional activity of receptors, we
tested these mutants in the DNA-dependent protein-protein
interaction assay described above, using SRC-1 as a bait (Fig.
6C). DNA-bound hRXRa-K244A as well as the hRXRa-
K262A dimers interacted with SRC-1 when complexed to ei-
ther atRA or 9-cis RA, as expected from transient transfec-
tions experiments (Fig. 5B). Note that the K262A derivative
displayed a higher affinity for SRC-1 than did K244A. In the
presence of synthetic ligands, SRC-1 did not bind to the
K244A-containing heterodimer, whereas a fair level of activity
was still detected with the K262A-containing heterodimers.
Thus, in vitro protein-protein interaction assays established a
correlation between transcriptional responsiveness and ability
to recruit SRC-1. We conclude that K244 is an amino acid crit-
ical for synthetic retinoid-induced SRC-1 recruitment to hRARa.
The RXR AF2-AD is required for full responsiveness of
hRAR« to RAR-selective ligands. Although initially described
as a silent partner whose sole function is to increase the DNA
binding affinity of RARs (21, 22), RXRs appeared to act syn-
ergistically with RARs (8, 12, 40). This synergy is dependent on
the RXR AF-2 (T.) region (8), but its contribution varies
according to the structure of the response element (12, 13, 24).
We were interested in testing whether the hRXRa AF-2 re-
gion participates differentially to hRARa activation by RAR-
specific ligands. We therefore examined the ability of wt
hRARa to activate the TREpal reporter gene in the presence
of dnRXR. This hRXRa mutant, with a deletion of the 19
C-terminal amino acids (448 to 462), has been shown to bind
DNA as either a homodimer or a heterodimer in vitro (65) but
to display reduced transcriptional activity. The 9-cis RA-in-
duced transcriptional activity of the wt hRARa-dnRXR was
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FIG. 5. Alteration of the nuclear coactivator binding interface inactivates selectively hRARa responsiveness to synthetic retinoids. (A) Three-dimensional
modelling of the hRARa LBD showing the backbone of the polypeptide, helices 3, 4, and 12, and lysyl residues mentioned in the text (space-filling mode). The computer
graphic was prepared with RasMol software. (B) Transcriptional activity of hRARa mutants K244A and K262A in the presence of natural and synthetic retinoids. HeLa
cells were transfected with appropriate hRARa and hRXRa expression vectors and the TREpal-TATA Luc reporter gene (23) and stimulated with 1 wM retinoid.
Luciferase activities represent induction values over the observed basal level (~5,000 relative luciferase units in our conditions). Results represent the average values
of six measurements *+ standard error of the mean. Each assay was carried out six times.
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FIG. 6. Lysine 244 and lysine 262 are differentially involved in NCoA binding by liganded hRARa. (A) Interaction of monomeric hRARa and of K244A and K262A
derivatives with RIP140, SRC-1, and CBP(1-1099). GST fusion proteins corresponding to the indicated coactivator were incubated in the presence of 3°S-labeled,
atRA-bound receptors. Complexes were isolated by adsorption on a glutathione-linked agarose beads and analyzed by SDS-PAGE (8% gel) as described for Fig. 1.
(B) Interaction of monomeric wt and receptor mutants with SRC-1 in the presence of natural and synthetic retinoids. *>S-labeled hRAR« derivatives were incubated
with or without 10 pM ligand, and SRC-1-associated receptors were isolated and analyzed as described above. (C) Mutation of K244 disrupts synthetic retinoid-induced
SRC-1 recruitment by DNA-bound heterodimers. The ability of each hRARa derivative to bind to SRC-1 when incorporated into a TREpal-bound heterodimer was
assessed as described for Fig. 1 in the presence of the indicated ligand. In the control lanes, 1/10 of the coupled transcription-translation mix used to produce radioinert
hRARa« was used to assess the efficiency of synthesis by label incorporation. Products were analyzed in parallel with other samples containing labeled hRXRa. Numbers
below gel lanes indicate the amount of radiolabeled receptor bound to the indicated coactivator RID in the presence of the indicated ligand relative to total labeled
receptor input, defined as 100%. Values represent mean data from four independent experiments carried out with two different bacterial extracts. Standard errors never
exceeded 7.2%. Representative autoradiograms are shown.

indeed much lower than that of the wt hRARa-wt hRXRaq, lower activity. However, we noted that EC5,s were not affect-
reflecting the contribution of the liganded hRXRa to the tran- ed, suggesting that this domain of RXR potentiates RAR AF2
scriptional activity of the promoter. More surprisingly, hRXRa activity without altering its sensitivity to retinoids.

AF-2 deletion affected differentially the transcriptional activity Deletion of the hRXRa AF2-AD equalizes the capacity of
induced by atRA or RAR-selective synthetic retinoids (Table retinoids to recruit SRC-1 by DNA-bound heterodimers. The
2). Indeed, atRA- and TTNPB-induced activities were the most ability of dnRXR-hRAR« heterodimers to recruit SRC-1 was
severely affected by this mutation (—40% and —56%, respec- characterized in different configurations. In the absence of
tively), whereas CD367 and Am580 displayed an 20 to 25% DNA, heterodimer—SRC-1 interaction was weak and demon-

TABLE 2. The RXR AF-2 is necessary for full responsiveness of hRAR« to natural and synthetic retinoids”

Ligand Biological activity K, (RAR; nM) (RAR/d]IEI%-)(()R; M) (}}QQZI}?/KE 1%;;:?2; )
atRA RARGa, -B, and -y agonist 33 8.70 46.0
9-cis RA Panagonist 7.1 12.60 55.4
TTNPB RARGa, -B, and -y agonist 22 0.74 34.0
CD367 RARaq, -B, and -y agonist 4.0 0.75 35.0
Am580 RAR« agonist 8.1 0.50 46.0
CD3106 RARaq, -B, and -y antagonist 20.0 NA NA
CD2425 RXRa, -B, and -y agonist >10,000 ND ND

“ Features of retinoids are indicated as in Table 1. HeLa cells were transfected with hRARa and dnRXR expression vectors and the TREpal-TATA Luc reporter
gene (26). ECsos and potency values were calculated as for Table 1 and deduced from dose-response curves as described above. NA, not detectable; ND, not
determined.
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FIG. 7. Deletion of RXR AF-2 abolishes selective retinoid-induced SRC-1
binding to hRXRa-hRARa heterodimers. (A) **S-labeled dnRXRa and ra-
dioinert hRARa produced by coupled in vitro transcription-translation were
incubated in the presence of the indicated retinoids at 10 wM (final concentra-
tion), and complexes were bound to a GST-SRC-1 fusion protein. After a 2-h
incubation, complexes were isolated by adsorption on a glutathione-linked aga-
rose matrix and analyzed by SDS-PAGE (8% gel). (B to E) dnRXRa-hRAR«
heterodimers associated to the indicated RARE were analyzed for the ability to
interact with SRC-1 in the presence of natural or synthetic retinoids as described
above. The nature of the response element is indicated below each panel. Num-
bers below gel lanes indicate the amount of radiolabeled receptor bound to
SRC-1 in the presence of the indicated ligand relative to that measured in the
presence of 9-cis RA, defined as 100%. Values represent mean data from four
independent experiments carried out with two different bacterial extracts. Stan-
dard errors never exceeded 4.1%. Representative autoradiograms are shown.

strated no evidence of differences between retinoids (Fig. 7A),
as shown for the wt hRXRa (Fig. 3). 9-cis RA lost its higher
efficiency in this assay, as expected from the deletion of the
hRXRa AF2-AD region. Upon assembly on a DR1 RARE, in
contrast to its wt counterpart (Fig. 3), the dnRXR-hRAR«
dimer became able to recruit SRC-1 in the presence of RAR-
specific retinoids. Again, no difference in the affinity for SRC-1
was noted with different retinoids, and as was also observed in
the presence of DR2 (Fig. 7C), DRS (Fig. 7D), TREpal (Fig.
7E), and DR3 and DR4 (29). This establishes a correlation
between transcriptional responsiveness of dnRXR-hRAR«
heterodimers and their abilities to recruit SRC-1 in vitro, and
so we conclude that the hRXRa AF-2 region is required for
maximal activation of hRARa.
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DISCUSSION

Due to the highly pleiotropic effects of natural retinoids,
which govern many important biological processes such as
morphogenesis and cell growth, proliferation, differentiation,
and death, much efforts have been devoted to the development
of synthetic retinoids with the aim of improving the therapeutic
properties of such compounds. The identification of RAR iso-
types allowed the design of isotype-specific retinoids with im-
proved clinical potential, and indeed targeting RAR isotypes
hold great promises in the treatment of skin diseases (53, 54),
and cancer chemoprevention and chemotherapy (35). Impor-
tantly, these conformationally restricted retinoids greatly facil-
itated the study of molecular mechanisms by which these li-
gands activate transcription through their cognate receptors
(23, 46, 51). Transcriptional regulation by retinoid receptors is
thought to be largely dependent on the ligand-dependent (AF-
2), which undergoes major structural alterations upon ligand
binding (reviewed in reference 41). Several lines of evidence
demonstrated that these transitions are required to permit the
interaction of the liganded receptor with nuclear coactivators
(58). Yet, despite intense investigations, it remains unclear
how ligand binding triggers these structural transitions and,
importantly, whether these changes are affected by the shape
of the ligand.

In this study, we demonstrated that natural and synthetic
retinoids differ in the ability to activate a simple promoter,
despite similar receptor binding properties. These results
showed that ligands belonging to structurally distinct classes
contribute differently to RAR-mediated transcription. These
observations extend our previous conclusions drawn from the
use of mutants of hRARa and synthetic retinoids (26), for
which mutating amino acids in the helix 11-helix 12 loop had a
different impact on the structure and transcriptional activity of
hRARa according to the ligand used. Moreover, we (27, 28)
and others (23, 56, 57) showed that structural requirements for
agonist and antagonist binding to RARa were different and
thus that LBPs for each ligand overlap but are not totally
coincident. This body of data led us to speculate that different
agonists could induce significantly different structural transi-
tions that in turn would affect protein-protein interaction sur-
faces. While we observed no significant effect of the ligand
structure on either heterodimerization properties or corepres-
sor binding to hRAR«, dramatic alterations of the ability of
the receptor to bind to coactivators were noted. Data from
transcriptional assays and DNA-dependent protein-protein in-
teraction assays led us to several important conclusions.

First, the DNA-dependent protein-protein interaction assay
established a clear correlation between transcriptional activity
and binding of SRC-1 to DNA-bound heterodimers. Impor-
tantly, the hormone response element (HRE) was found to be
critical (i) for establishing differential NCoA recruitment in
response to ligand binding and (ii) according to the spacing
between the two core motifs of the RARE, for modulating the
relative affinity of heterodimers for NCoAs. Thus, the nature
of the HRE to which hRXRa-hRARa dimers are bound,
which has been shown to modulate the activity of the AF-2s of
both partners (12, 24, 42), affects the capacity of RAR AF-2 to
bind to coactivators and modify the relative affinity of RAR-
containing heterodimers for these nuclear proteins. These ob-
servations may be of importance since we observed that puta-
tive or bona fide coactivators (RIP140, SRC-1, SRC-2, and
SRC-3 [see reference 34 for nomenclature]) are coexpressed in
a single cell type (29). These data also lead to the prediction
that distinct direct repeat response elements would respond
differently to retinoids. This hypothesis is currently under in-
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vestigation but requires an experimental system in which no
contribution of endogenous receptors to transcriptional acti-
vation is detectable. We indeed observed that DR1, DR2, and
DRS5 RARE-driven reporter genes are sensitive to endogenous
receptors activity (29, 30), and all cell lines that we have tested
so far coexpress several RAR and RXR isotypes (29). RAR
coexpression implies that the transcriptional activity detected
in response to high concentrations of retinoids (above 10~7 M)
would reflect the contribution of several receptor isoforms in
varying ratio, since ligands are selective only in a defined con-
centration range. However, we note that such differences were
also described for CD367 and TTNPB in other systems using
different receptor combinations and other reporter genes (1,
43, 63). Moreover, we and others also observed this differential
response to natural and synthetic retinoids when studying the
expression of endogenous genes driven either by a DR5 RARE
(RARPB [29, 49]) or a DR2 RARE (CRABPII [49]). These
observations strengthen the view that the phenomenon re-
ported here is of general significance and can be extended to
the expression of endogenous RA-responsive genes. However,
it should be kept in mind that additional factors play a role in
defining the ability of the receptor to elicit a transcriptional
response: the actual sequence of the RARE alters the RXR-
RAR DNA binding repertoire (37), and the relative ratio of
corepressors, coactivators, and receptors may induce a differ-
ential response to RAR- and RXR-restricted ligands (50).
We consistently observed that SRC-1 bound more avidly to
heterodimers than RIP140 and that synergistic binding trig-
gered by the panagonist 9-cis RA was more than additive for
the latter polypeptide compared to atRA-induced recruitment
on DR1, DR4, and DR5 RAREs. While the molecular basis
for these differences is not clear yet, we note that the SRC-1
RID used in these assays (amino acids 382 to 842) contains
three LXXLL motifs separated by a 49-amino-acid spacer,
while the RIP140 RID (amino acids 752 to 1158) contains only
two LXXLL motifs with a spacer of 107 amino acids. In light
of the recently reported three-dimensional structure of apo-
peroxisome proliferator-activated receptor y LBD complexed
to a region of SRC-1 from amino acids 623 to 710 containing
two LXXLL motifs (44) and of the proposed model of inter-
action of these two motifs with RXR-RAR heterodimers (60),
one possible explanation could be that the RIP140 RAR-in-
teracting LXXLL motif has a very low affinity for apo-RAR
AF-2, whereas the RXR binding motif has a high affinity for
RXR AF-2. In contrast, SRC-1 motifs would bind to both
receptors with similar affinities, leading only to the observed
additive effect on 9 cis-RA binding to both receptors. It is
worth noting that the 9-cis RA-induced potentiation of RIP140
recruitment is not observed when heterodimers are assembled
on DR2 and DR3 RARE:g, arguing for an allosteric regulation
through RARE half-site spacing. Finally, note that such a po-
tentiation was observed in most cases when 9-cis RA was com-
pared to synthetic retinoid-induced RIP140 and SRC-1 recruit-
ment, strengthening our view that the apo-RAR structure is
different in the presence of natural or synthetic agonists.
Second, the hRXRa AF2-AD appeared to be critical for
maximal activation of RAR AF-2 by retinoids. The depen-
dency of hRAR« activity on the hRXRa AF2-AD was reflect-
ed by a decreased interaction of dnRXR-hRARa dimers with
SRC-1, which suggests that AF2s of both partners, liganded or
not, do not function autonomously. Allosteric regulation im-
posed by dimerization with hRXRa is thus likely to alter the
structure of the RAR coactivator binding interface. Alternative-
ly, it may suggest that liganded RAR activates RXR AF-2, in
analogy with the reported allosteric regulation of the RAR
AF-2 region by the RXR homodimer antagonist LG100754
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(52). Such a dependency of the RAR signalling pathway on the
RXR AF-2 has been documented in vivo (15), and our data
therefore demonstrate a direct role for RXR AF-2 in RAR-
mediated recruitment of nuclear coactivators.

Third, synthetic RAR-selective retinoids displayed differing
abilities to recruit SRC-1 in vitro to DNA-bound heterodimers.
The relative ability of a given ligand to recruit a coactivator
could be altered by the nature of the HRE. This is indicative of
the modulation of the NCoA binding interface in a ligand
structure-dependent manner, a hypothesis consistent with the
absolute requirement for K244 to observe synthetic retinoid-
induced transcriptional activity. The K244 A mutation also im-
paired SRC-1 recruitment, in contrast to the K262A mutant,
which was found to impinge moderately and nonselectively on
receptor transactivating properties. These mutations were also
found to discriminate between different coactivators, showing
that their interaction interfaces are not identical, as already
reported for ER (17). We note that the K262A mutation in
RARYy yielded an inactive receptor derivative (46), while mu-
tating the corresponding lysine in hRARa (K262 [our results])
and TR-B1 (14) showed residual activities (~50 and 30%,
respectively, of wt receptor activity). While the reason(s) for
this discrepancy is not clear, the use of distinct RARs and
RXRs isotypes, as well as different cellular backgrounds (sim-
ian versus human) might account for these differences.

Previous studies have demonstrated that synthetic retinoids
can not only be isotype selective but also display a certain
degree of selectivity toward defined receptor-RARE combina-
tions (24). The role of the ligand structure is emphasized by
our observations, which suggest that further refinement in gene
selectivity could be achieved by altering NCoA interaction
surfaces. Selective recruitment of p300 or CBP has indeed
been shown to be required for selective activation of the gene
encoding p21<"P! and p27%"P', respectively (18). Since tran-
scriptional activation is the end result of multiple interactions
between the receptor, its dimerization partner, DNA, and li-
gand, one may speculate that conformationally restricted reti-
noids with highly selective biological activities can be designed
(24). Beside the tremendous interest for therapeutical applica-
tions, this raises the possibility that such retinoids display dis-
tinctive abilities to activate endogenous target genes, a hypoth-
esis currently under investigation in our laboratory.
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