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A mutation mimicking ligand-induced
conformational change yields a constitutive RXR
that senses allosteric effects in heterodimers

works. They mediate the pleiotropic effects of retinoidsValerie Vivat, Christina Zechel,
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Mutations of a single residue in the retinoid X receptor and references therein). RXRs not only form homodimeric
α (RXRα) ligand-binding pocket (LBP) generate con- DNA complexes, but can promiscuously heterodimerize
stitutive, ligand-binding-competent mutants with struc- with various nuclear receptors, such as RAR and the
tural and functional characteristics similar to those of thyroid hormone (TR), vitamin D3 (VDR) and orphan
agonist-bound wild-type RXR. Modelling of the mouse receptors (e.g. NGFI-B). The response element repertoires
RXRαF318A LBP suggests that, like agonist binding, of these homodimers and heterodimers are dictated by
the mutation disrupts a cluster of van der Waals dimerization surfaces in the corresponding DNA-binding
interactions that maintains helix H11 in the apo- domains (Gronemeyer and Laudet, 1995; Gronemeyer and
receptor location, thereby shifting the thermodynamic Moras, 1995; and references therein).
equilibrium to the holo form. Heterodimerization with All receptors with known ligands contain two auto-
some apo-receptors (retinoic acid, thyroid hormone nomous activation functions (AFs), one in the N-terminal
and vitamin D3 receptors) results in ‘silencing’ of region, termed AF-1, which is constitutively active whenRXRαF318A constitutive activity, which, on the other taken out of the context of the receptor, and a ligand-hand, efficiently contributes to synergistic transactiv- inducible AF-2 in the ligand-binding domain (LBD). Theation within NGFI-B–RXR heterodimers. RAR

activity of AF-2 in animal cells is entirely dependent onmutants disabled for corepressor binding and/or lack-
the integrity of a sequence in the C-terminal part of theing a functional AF-2 activation domain, do not relieve
LBD, referred to as AF-2 AD core, whose features areRXR ‘silencing’. Not only RAR agonists, but also
conserved among all AF-2-containing receptors (Danielianthe RAR antagonist BMS614 induce conformational
et al., 1992; Saatciogluet al., 1993; Barettinoet al., 1994;changes allowing RXR to exert constitutive
Durand et al., 1994). The AF-2 of the promiscuous(RXRαF318A) or agonist-induced (wild-type RXR)
heterodimerization partner RXR is unique in that, in RARactivity in heterodimers. Interestingly, the RXRαF318A
or TR heterodimers, its activity is controlled not only byconstitutive activity generated within heterodimers in
its own ligand, but also by the nature and ligand status ofthe presence of BMS614 requires the integrity of both
its dimerization partner. For example, in heterodimersRXR and RAR AF-2 domains. These observations
with non-liganded (apo-)RAR or TR, but not with thesuggest that, within RXR–RAR heterodimers, RAR
orphan nuclear receptor NGFI-B, RXR could not activatecan adopt a structure distinct from that of the active
transcription in response to its cognate ligand (Formanholo-RAR, thus allowing RXR to become transcrip-
et al., 1995; Perlmann and Jansson, 1995). Although ittionally responsive to agonists.
was initially concluded that RXR was unable to bind itsKeywords: constitutively transcriptionally active RXR
ligand in heterodimers with apo-RAR (Formanet al.,mutant/ligand-binding pocket/retinoid receptors/
1995; Kurokawaet al., 1994), subsequent studies showedRXR–RAR heterodimers/RXR subordination
very clearly that RXR is fully competent for ligand binding
in such heterodimers (Apfelet al., 1995; Chenet al.,
1996; Kerstenet al., 1996, Liet al., 1997; Z.P.Chen, J.Iyer,
W.Bourguet, P.Held, C.Mioskowski, L.Lebeau, N.Noy,

Introduction
P.Chambon, and H.Gronemeyer, submitted).

Based on transcriptional interference/squelching studies,Retinoic acid receptors (RARs) and retinoid X receptors
we proposed the existence of transcriptional intermediary(RXRs) are members of the nuclear receptor superfamily

and act as ligand-inducible transregulators of gene net- factors (TIFs, mediators) which transduce the activity of

© Oxford University Press 5697



V.Vivat et al.

nuclear receptor AF-2s to the transcriptional machinery 9-cis-RA with 15-fold reduced affinity and mRXRαF443A
exhibited wild-type characteristics (not shown). In con-(Bocquelet al., 1989; Meyeret al., 1989; Tassetet al.,

1990). Several putative TIFs/coactivators have been identi- trast, mRXRαF318A was constitutively transcriptionally
active on a DR1 reporter gene and could also bind 9-cis-fied recently by their ability to interact with nuclear

receptor LBDs in an agonist- and AF-2 integrity-dependent RA with affinity 3-fold lower than wild-type (Figure 1A,
lanes 3 and 4). Increasing the size of the aliphatic sidemanner (for review, see Chambon, 1996; Glasset al.,

1997). Among those, SRC-1 (Onateet al., 1995), TIF-2 chain of residue 318 decreased the constitutive activity,
such that, similarly to wild-type mRXRα, mRXRαF318I(Voegel et al., 1996) and CBP/p300 (Chakravartiet al.,

1996; Kameiet al., 1996; Smithet al., 1996) behave as was transcriptionally active in the presence of 9c-RA only
(Figure 1A, lanes 9 and 10). The constitutive activity ofbona fide coactivators of nuclear receptor AF-2s according

to several criteria (Voegelet al., 1996). CBP/p300 interacts mRXRαF318A was observed in both HeLa and Cos-1
cells with reporter genes harbouring four different pro-not only with nuclear receptors, but also with SRC-1

(Chakravartiet al., 1996; Kameiet al., 1996; Smithet al., moters (Table I), and did not depend on its activation
function 1 (AF-1; Nagpalet al., 1992, 1993), as GAL4-1996; Yaoet al., 1996) and TIF-2 (J.J.Voegel, M.J.S.Heine,

M.Tini, P.Chambon, and H.Gronemeyer, unpublished) and mRXRα(DE)F318A was also constitutively active on
(17m)35-G-CAT (Figure 1B, lane 3).is assumed to play an ‘integrator’ role for several signalling

pathways (Janknecht and Hunter, 1996; Glasset al., 1997;
and references therein). Corepressors (N-CoR and SMRT)The functional and structural features of

mRXRαF318A are similar to those of wild-typehave also been identified. They efficiently interact with
apo-RAR and apo-TR, and are released in the presenceholo-RXR

Several lines of evidence strongly suggest that the con-of agonists; the ‘silencing’ of cognate promoters by these
apo-receptors appears to result from corepressor binding formation of the F318A mutant LBD is similar to that of

holo-mRXRα: (i) the same mutations [mRXRα(F318A,(Chen and Evans, 1995; Ho¨rlein et al., 1995).
Elucidation of the crystal structures of the apo-LBD of FL/AA) and mRXRα(F318A, ML/AA); see Figure 3B]

in the AF-2 AD core within the activation helix H12RXRα, and of the holo-LBDs of RARγ and TRα (Bourguet
et al., 1995a; Renaudet al., 1995; Wagneret al., 1995), abolish the transcriptional activity of the wild-type (not

shown, see Le Douarinet al., 1995) and mutant mRXRαrevealed that ligand binding induces a major structural
change; the most striking (but not only) difference between (Figure 1B, lanes 9–12); (ii) the mutation mRXRαR307A,

homologous to hRARγK264A which disrupts a salt bridgethe apo and holo structures is a change in conformation
of the ‘activation’ helix H12 which contains the AF-2 AD (illustrated in Figure 3A) important for the interaction

between helices H12 and H4 in the crystal structure ofcore. We have proposed a mechanism for generating active
nuclear receptor AF-2s according to which the change in holo-RARγ (Renaudet al., 1995), similarly decreases the

ligand-induced and constitutive activities of wild-typeconformation of the LBD upon ligand binding creates the
surface(s) for coactivator binding and, for some nuclear RXR and mRXRαF318A, respectively (Figure 1B, lanes

14–16; see discussions in Renaudet al., 1995 and Wurtzreceptors, concomitantly destroys the corepressor–apo-
receptor interface, thus resulting in a transcriptionally et al., 1996); (iii) the RXR pan-antagonists HX531 and

HX711 (our unpublished results) also inhibit the constitu-competent nuclear receptor (Renaudet al., 1995; Wurtz
et al., 1996). It has remained unclear, however, how tive activity of mRXRαF318A, and this inhibition is

relieved by an excess of 9c-RA (Figure 1C); (iv) partialthe ligand induces this change in LBD conformation.
Similarly, the mechanism(s) leading to RXR silencing in proteolysis of purifiedEscherichia coli-expressed LBDs

of mRXRαF318A (Figure 1D, lanes 9–12) and holo-heterodimers with certain apo nuclear receptors, an essen-
tial point to understand the role of RXR ligands in the mRXRα (lanes 5–8) generates indistinguishable peptide

maps which differ significantly from that of the apo-thyroid, vitamin D3 and PPAR ligand signalling pathways,
has remained elusive. mRXRα LBD (lanes 1–4); (v) in the absence or presence

of 9c-RA, the mRXRαF318A LBD (Figure 1E, lanes 5Here we report the identification of constitutively active
RXR mutants, which allow us to (i) propose a sequence and 6) exists exclusively as monomers in solution which

migrate with an electrophoretic mobility distinct from thatof molecular events by which the ligand induces the LBD
transconformation and (ii) study the basis of RXR silencing of the wild-type apo-LBD monomer (lanes 1), but identical

to that of the wild-type holo-LBD monomer (lanes 2 andin certain heterodimers.
4); note that the wild-type apo-mRXRα LBD exists in
solution as a mixture of monomers and dimers (lane 3),Results
and that exposure to 9c-RA causes dissociation of the
LBD dimers (lane 4); (vi) in contrast to mRXRα, theMutations of a single residue in the ligand-binding

pocket (LBP) of RXRα generate a transcriptionally interaction of the mRXRαF318A LBD with TIFs (a
property of the holo-LBD conformation; see Le Douarinconstitutively active receptor homodimer

The crystal structure (Bourguetet al., 1995a) and structure- et al., 1995, 1996; Onateet al., 1995; Voegelet al., 1996;
for reviews see Gronemeyer and Laudet, 1995; Chambon,based nuclear receptor sequence alignments (Renaudet al.,

1995; Wurtz et al., 1996) suggested that three mouse 1996) is ligand-independent (see below); and (vii) the
decreased affinity of mRXRαF318A for 9c-RA is inRXRα phenylalanine residues (mRXRαF318, F442 and

F443) could have critical roles in shaping the LBP and in keeping with a holo-RXR conformation in which the helix
H12 ‘lid’ laid on the entrance of the LBP (Renaudet al.,the change of LBD conformation triggered by ligand

binding. We mutated each of these residues to alanine and 1995; Wurtzet al., 1996) is expected to decrease ligand
association kinetics.characterized the resulting mutants. mRXRαF442A bound
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Fig. 1. Mutation of mRXRα residue F318 generates constitutively active receptors. (A–C) Transcriptional activity of full-length wild-type and
mutant mRXRα, and of a chimera comprising the mRXRα LBD fused to the GAL4 DNA-binding domain [GAL-RXRα(DE)], analysed by transient
transactivation assays in Cos1 cells with the indicated mRXRα (mutant) expression vectors and the DR1-tk-CAT reporter gene (panels A, B and C,
lanes 5–16) or GAL-RXRα(DE) together with the cognate (17m)35-G-CAT reporter (panel B, lanes 1–4). Cells were exposed to the indicated
ligands or vehicle (ethanol) for 24 h. CAT levels were determined by ELISA. Results are expressed as fold induction of basal reporter gene activity
and represent the mean6 SEM of three to six independent experiments. In (A),Kds for 9c-RA were determined by Scatchard analysis; EC50 values
correspond to the ligand concentration giving half-maximal DR1 reporter gene transactivation (for the ligand-dependent activity component); nd, not
determined. (C) The RXR antagonists HX531 and HX711 inhibit the ligand-independent activity of mRXRαF318A (compare lane 1 with lanes 2 and
3). Note that, due to its much higher affinity, 9c-RA can efficiently compete with the HX compounds at equimolar ratios (lanes 4 and 5). (D) Tryptic
partial proteolysis maps of purifiedE.coli-expressed apo (lanes 1–4) and holo wild-type RXRα (lanes 5–8) and apo-RXRαF318A (lanes 9–12)
LBDs. Digestion products were separated by SDS–PAGE and visualized by silver staining. Arrowheads point to major differences between the apo
and holo patterns. (E) Non-denaturing gel electrophoresis revealing that both apo- and holo-mRXRαF318A monomers migrate with a mobility
similar to that of wild-type holo- but not apo- mRXRα LBD monomers. Mobilities were revealed by Coomassie-staining of non-denaturing 6%
polyacrylamide gels loaded with purified apo- (lane 5) and holo- (lane 6) mRXRαF318A monomers, purified wild-type mRXRα apo- (lane 1) and
holo-LBD monomers (lane 2) and a partially purified preparation containing both mRXRα LBD dimers (D) and monomers (M) in the absence (lane
3) and presence (lane 4) of 9-cis-RA. Note that the purified wild-type RXR apo-LBD exists in solution as monomers and dimers which dissociate
into monomers upon ligand exposure (compare lanes 3 and 4), while only monomers, migrating with wild-type mRXRα holo-LBD mobility, were
observed for the mRXRαF318A LBD. D, dimers; M, monomers (open triangles, apo-LBDs; closed triangles, holo-LBDs). The figures in (D) and (E)
are representative of three separate experiments.

Table I. The mRXRαF318A mutant exhibits ligand-independent activity with several RXR-responsive promoters

Receptor Fold induction

DR1-tk CRABPII (TRE)3-tk DR5-tk

– 9-cis-RA SR237 – 9-cis-RA – 9-cis-RA – SR237

RXRα wild-type 1 6 0.1 266 2 26 6 0.5 1 6 0.1 406 3 1 6 0.1 116 1 0.8 6 0.1 136 1.5
RXRαF318A 256 1 28 6 2 43 6 4.5 276 2 28 6 2 7.4 6 1.6 136 2 10 6 0.3 276 2

The transient transactivation assays were performed in Cos1 cells; results are expressed as fold induction of reporter gene basal activity. Data are the
mean6 SEM of three to six independent experiments.

In contrast to wild-type RXR, the constitutively TIF2–RXR LBD interactions in glutathione-S-transferase
(GST) pull-down assays (Figure 2A). Interestingly, bothactive mRXRαF318A interacts with coactivators

also in the absence of ligand TIFs constitutively interacted with the mRXRαF318A
LBD, and the additional mutation R307A weakened thisBoth TIF1α (Le Douarin et al., 1995, 1996) and TIF2

(Voegel et al., 1996) interact with the wild-type RXR interaction as in the case of wild-type mRXRα (Figure
2B). Both the ligand-dependent and ligand-independentLBD in an agonist- and AF-2-integrity-dependent manner

(Figure 2A). As reported for RARγ (Renaud et al., interactions of TIF1α and TIF2 with wild-type mRXRα
and mRXRαF318A, respectively, were also seen with the1995; Wurtzet al., 1996), the equivalent mRXRαR307A

mutation which destabilizes the helix H4–H12 interaction corresponding receptor homodimers bound to the cognate
DR1 response elements in ABCD assays (Figure 2C).(see Figure 3A) that is important for generating an

‘efficient’ AF-2, significantly weakened both TIF1α– and Together the above data suggest that the mRXRαF318A
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Fig. 2. The constitutively active mRXRαF318A interactsin vitro in a ligand-independent manner with the putative transcriptional mediators TIF1α
and TIF2. (A andB), GST pull-down assays:In vitro translated [35S]methionine-labelled TIF1, TIF2 and TIF2.1 were incubated with GST-fused
LBDs of mRXRα wild-type, R307A, F318A and F318A/R307A mutants, in the absence (–) or presence (1) of 1 µM 9c-RA. After elution, bound
proteins were separated on a 10% SDS–polyacrylamide gel and revealed by autoradiography. Note that TIF1α is partially proteolysed. (C) ABCD
assays: purified wild-type and F318A mRXRα∆AB bound to biotinylated DR1-containing oligonucleotides were mixed with purified TIF1 and
TIF2.1 in the absence (–) or presence (1) of 1 µM SR237. The complexes were separated on a 10% SDS–polyacrylamide gel and the coactivators
were revealed by Western blotting. (D) The ligand-sensitive interaction of the corepressor SMRT with RXR–RAR–DNA complexes is not modified
by the F318A mutation as shown by EMSA. Mutant (lane 1) or wild-type (lane 2) RXR–RAR heterodimer bound to32P-labelled DR5G
oligonucleotides were mixed without (–) or with (1) B epitope-tagged SMRT in the absence (–) or presence (1) of 1 µM RA. The complexes,
resolved on 5% polyacrylamide gels, were revealed by autoradiography. The mobility of the ternary RXR–RAR–DR5G complex is indicated by a
filled triangle; the presence of B-SMRT in the quaternary complex (lanes 3 and 6) is revealed by a further supershift (open triangle; lanes 4 and 7)
with anti-B-epitope antibodies. All these figures are representative of at least three independent experiments.

apo-LBD adopts a structure very similar, if not identical, 1992), which in contrast to 9c-RA further stimulates the
constitutive activity of mRXRαF318A homodimers (Tableto the ligand-induced wild-type RXR holo-LBD, including

the cognate interaction surfaces for at least two distinct I and Figure 4A, lanes 1 and 2), could not efficiently
relieve the silencing effect exerted by these apo-receptorsTIFs.
on the constitutive activity of mRXRαF318A (Figure 4A,
lane 8). The RAR-specific agonist Am80 strongly activatedThe constitutively active AF-2 of mRXRαF318A is

silenced in heterodimers with apo-RAR, TR and the mRXRαF318A–RAR heterodimer (Figure 4A, lane 9)
in an RAR AF-2 AD integrity-dependent manner, as noVDR

The availability of a constitutively active RXR offers a activity was observed with RARα∆408–416 in which the
AF-2 AD core is deleted (Figure 4A, lane 23; for aunique opportunity to investigate the contribution of the

RXR partner to the transcriptional activity exerted by description of the mutant see Figure 3B and Durandet al.,
1994). Mutating the mRXRαF318A AF-2 AD core (inheterodimers in the absence of an RXR ligand (for which

it is difficult to rule out the possibility that it could also mutant mRXRαF318A, ML/AA; see Figure 3B) reduced
the Am80-induced heterodimer activity (lanes 9 and 19)interact with RAR within an RXR–RAR heterodimer).

Heterodimerization with apo-RARα decreased the con- to levels seen in the presence of the RXR antagonist
HX531 (lane 10) or with the wild-type RXR–RAR hetero-stitutive mRXRαF318A homodimer activity seen with

DR5 (~10-fold activation) and DR1 (~30-fold activation) dimer (lane 14), and abrogated the additional stimulation
seen in the presence of the RXR agonist SR237 (comparereporter genes by a factor of 5 and 15, respectively (Figure

4A, compare lanes 1 and 7; DR1 data not shown). lanes 11 and 20).
‘Silencing’ of the constitutive mRXRαF318A AF-2 bySimilarly, very little mRXRαF318A constitutive activity

was seen when it was associated with either apo-TR on apo-RAR did not require the formation of a DNA-bound
RXR–RAR heterodimer, since GAL-mRXRαF318ADR4 or apo-VDR on DR3 elements (not shown). The

RXR-specific ligand SR237 (SR11237 in Lehmannet al., activity (Figure 4B, lane 1) was impaired by coexpressed
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stitutive activities of isolated NGFI-B and mRXRαF318A
(2- and 3-fold induction, respectively; Figure 5, lanes 1
and 6) strongly synergized within heterodimers to yield a
33-fold activation of an RARβ2 promoter-based reporter
(lane 8). The activity of the mRXRαF318A–NGFI-B
heterodimer was similar to that seen with the wild-type
RXR–NGFI-B heterodimer in the presence of the RXR
ligand (lane 5) and could be further enhanced with the
RXR ligand SR237 (lane 9) or 9c-RA (not shown).
The RXR antagonist HX531 decreased mRXRαF318A–
NGFI-B transactivation, indicating the contribution of
mRXRαF318A AF-2 to this activity (compare lanes 8
and 10). Thus, the ability of the constitutive RXRαF318A
mutant to activate transcription in various heterodimeric
complexes parallels that reported for holo-RXRα (Forman
et al., 1995; Perlmann and Jansson, 1995).

The silencing of constitutive RXR activity by

unliganded RAR is not relieved by preventing

corepressor binding to RAR and is not caused by

the apo conformation of RAR helix H12 per se

The ‘silencing’ of the constitutive AF-2 of mRXRαF318A
(and of the wild-type holo-RXR) in heterodimers could
result from an inhibition by apo-RAR-bound transcrip-
tional corepressors, such as N-CoR (Ho¨rlein et al., 1995)
or SMRT (Chen and Evans, 1995). Electrophoretic
mobility shift assays (EMSAs) showed that the
mRXRαF318A–RAR–DR5 complex efficiently formedFig. 3. Illustration of helix H4, corepressor box (Co-R box) and AF-2
quaternary complexes with SMRTin vitro (Figure 2D,AD box mutants in the LBD of RAR and RXR. (A) Topological
compare lane 6 with lane 3; similar results were obtainedrepresentation of the general fold of nuclear receptor holo-LBDs

(Renaudet al., 1995; Wurtzet al., 1996), illustrating the salt bridge with DR1, DR2 and IR0 response elements, data not
observed for RARγ (Renaudet al., 1995) between K264 (helix 4) and shown), and exposure to RA quantitatively dissociated the
E414 and E417 in the AF-2 AD core-containing helix 12. Note that

corepressor (lane 8), as in the case of wild-type hetero-mRXRαR307 corresponds to hRARγK264. (B) Schematic
dimers (lane 5), concomitantly inducing coactivator associ-representation of the modular structure of nuclear receptors, detailing

the corepressor box and AF-2 AD core wild-type and mutant ation (see above; and data not shown). However, an RAR
sequences. AF-2 AD corresponds to the amphipathicα-helix triple mutant [hRARα(A194G,H195A,T198A), termed
conserved in all transcriptionally active nuclear receptors and which RARα(AHTM); see Figure 3B], incapable of efficientwas defined as critical for the AF-2 function. Mutations in the

N-CoR (Hörlein et al., 1995) and SMRT (Schulmanet al.,corepressor and AF-2 AD boxes are in bold.
1997, and our unpublished data) binding, also silenced
the constitutive activity of mRXRαF318A in the corres-RAR (lane 5). That this is a consequence of heterodimer-
ponding heterodimer (Figure 6; compare lanes 1 and 3,ization between RAR and the ligand-binding domain
and lanes 2 and 4), as well as that of GAL-mRXRαF318Aof GAL-mRXRαF318A is apparent from the efficient
(data not shown), thus arguing against corepressor bindingstimulation of the 17m-tk-CAT GAL4 reporter by the
to the apo-RAR–mRXRαF318A complex as the sole causeRAR-specific retinoid Am80 (lane 7). In the presence of
of mRXRαF318A silencing.RAR, the Am80-induced transactivation seen with the

To investigate whether the presence/positioning in theconstitutive GAL-mRXRαF318A was greater than that
apo conformation of RAR helix H12, which encompassesseen with its wild-type homologue (compare lanes 7 and
the AF-2 AD core (Renaudet al., 1995), could be12), and could not be further stimulated by the RXR
responsible for RXR silencing, the activity of mRXRα-agonist SR237 (lane 9), whereas it was reduced (lanes 7
F318A was studied in heterodimers containing the RARand 8), unlike that of the wild-type homologue (lanes 12
mutant RARα∆408–416 which lacks H12 (see Figure 3Aand 13), by the RXR-selective antagonists HX531. In
and B). No ligand-independent activity could be detectedcontrast, the RXR-selective agonist SR237 and the RAR-
(Figure 4A, lane 21), thus excluding the possibility thatselective agonist Am80 synergistically activated the wild-
the apo conformation of RAR helix H12per se couldtype heterodimer (lane 14). These results demonstrate that
impair the activity of the constitutive RXR. Furthermore,agonist binding to RAR not only relieves the silencing on
mRXRαF318A silencing was not relieved in heterodimersRXR, but also that the AF-2 activation function of RXR
containing RAR mutants [RARα(AHTM, ∆408–416); illus-contributes to transactivation by RXR–RAR heterodimers.
trated in Figure 3B] lacking both the AF-2 AD core and
the ability to interact with corepressors in the absence orIn contrast to apo-RAR, TR and VDR, the orphan

receptor NGFI-B synergizes with the activity of the presence of SR237 (Figure 6, lanes 17 and 18), thus
excluding a direct implication of the apo-RAR H12constitutive mRXRαF318A

The ‘silencing’ of the constitutive activity of mRXRα- conformation in RXR silencing, even in the absence of
bound corepressor. This conclusion was further supportedF318A was dimerization partner-specific, since the con-
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Fig. 4. The constitutive activity of RXRαF318A is silenced upon heterodimerization with RAR and can be relieved by RAR agonists.
Transcriptional activity of either wild-type or mutant RXR–RAR (A) and GAL-RXR–RAR (B) heterodimers on DR5- and 17m-based reporter genes,
respectively, cotransfected in Cos1 cells. After transfection, cells were treated for 24 h with ethanol or the indicated ligand [note that the key to
shading of the bars in (A) applies also to (B)]. CAT levels were quantified by ELISA, normalized according toβ-galactosidase coexpressed from the
internal control vector. Results are expressed as fold induction of the basal reporter gene activity. Data represent the mean6 SEM of at least three
independent experiments. A cartoon illustrating the experimental design is shown at the top of each figure.

by the observation that the constitutive GAL-mRXRα- significant contribution of the constitutive RXR AF-2 to
the heterodimer activity (see above; note that RARα∆408–F318A and SR237-induced GAL-RXRα activity were

completely silenced, even in the presence of RAR agonists, 416 still binds RA; Durandet al., 1994, and data not
shown). The absence of activity was not due to a stabiliz-when RAR mutants lacking the AF-2 AD core or double

mutants bearing in addition the AHTM mutation were ation of RAR–corepressor interaction upon H12 deletion
(Chen and Evans, 1995), since essentially identical resultsco-overexpressed to generate LBD heterodimers (data

not shown). were obtained with RARα(AHTM, ∆408–416) (Figure 6,
lanes 17–24). Thus, RXR requires the presence of an
intact RAR helix H12 to exert its activity in a heterodimer.The integrity of the RAR AF-2 AD is essential for

agonist-induced activity of an RXR–RAR In keeping with the above results, the constitutive activity
of GAL-mRXRαF318A (or the SR237-induced activityheterodimer, while heterodimers lacking a

functional RXR AF-2 AD are activated by RAR of wild-type GAL-RXR) remained silenced when the
AF-2-disabled RAR was co-overexpressed, even whenagonists

As discussed above, mutation of the mRXRαF318A AF-2 Am80 was present, irrespective of whether RAR could or
could not (AHTM mutant) interact with corepressors (dataAD core decreased, but did not abrogate, the Am80-

induced activity of the corresponding heterodimer with not shown).
RAR (Figure 4A, lane 19), indicating that RAR agonists
can autonomously activate their cognate receptors in aAn agonist- or antagonist-induced structural

change of the RAR LBD is required to relieve RXRheterodimeric setting. In contrast, RXR lost its autonomy
in RAR heterodimers, since a deletion of the RAR AF-2 silencing in RXR–RAR heterodimers

Using a panel of synthetic retinoids, we studied theAD core fully abrogated the Am80-induced transactivation
originating from the mRXRαF318A–RAR heterodimer characteristics of RAR ligands which could relieve RXR

silencing by apo-RAR. Interestingly, not only RAR(Figure 4A, lane 23), as well as that seen in the case of
wild-type RXR in the presence of Am80 and SR237 (lane agonists but also the RARα antagonist BMS614 (Chen

et al., 1996) relieved the mRXRαF318A silencing (Figure28), even though the RXR antagonist data indicate a

5702



Transcriptionally constitutively active RXR mutant

Fig. 5. NGFI-B and RXRαF318A synergistically activate the RARβ2
promoter. The figure shows the transcriptional activity in the presence
of the indicated ligands of wild-type and mutant RXR–NGFI-B
heterodimers transiently expressed in Cos1 cells together with an
RARβ2–CAT reporter gene. Presentation of the results and illustration
of the experimental design are analogous to those in Figure 4.

7A; compare lanes 4 and 5, and lanes 13 and 14).
Moreover, the constitutive activity of GAL-mRXRα-

Fig. 6. Corepressor binding to apo-RAR is not the cause of RXRF318A, but not the wild-type GAL-RXRα, was efficiently
silencing. Transcriptional activity in the presence of the indicated‘derepressed’ when BMS614 was bound to co-over-
ligands of either wild-type or mutant RXR–RAR heterodimers on

expressed RAR (Figure 7B, compare lanes 3 and 4 with DR5-based reporter gene. Transient transactivation in Cos1 cells of the
lanes 6 and 7). Note that BMS614 acted efficiently as an DR5G-tk-CAT reporter by wild-type mRXRα or mRXRαF318A,

coexpressed with RARα(AHTM) or RARα(AHTM, ∆408–416).RAR antagonist also in the context of the RXRα–RARα
Presentation of the results and illustration of the experimental designheterodimer (Figure 7A, lane 8, and data not shown).
are analogous to those in Figure 4.Thus, it appears that BMS614 induces a change in RARα

conformation which is insufficient to form an ‘active’ holo-
RARα AF-2, but allows the constitutive mRXRαF318A to the heterodimer, implying that, in contrast to the RAR

subunit which responds autonomously to its ligand, theexert its activity in the context of the heterodimer. In
keeping with this notion, mutation of the mRXRαF318A RXR activity depends critically on RAR, since it requires

an RAR ligand-induced structural change of the hetero-AF-2 AD core inhibited the BMS614-relieved activity
(mutant F318A, ML/AA in Figure 7A; compare lanes 5 dimer, which necessitates an intact RAR helix 12, but not

the transconformation which generates the transcrip-and 11 and lanes 14 and 20). Moreover, if this BMS614-
induced activity were due to a relief of RXR silencing tionally active AF-2 of holo-RAR.
upon BMS614 binding to RAR, the RXR-selective ligand
SR237 should also activate the wild-type RXR–RAR in Discussion
the presence of this retinoid, which was indeed the case
(Figure 7A, lanes 9 and 18; Figure 7B, lane 8). Modelling of the ligand-binding pocket of the

constitutively active RXR suggests how the ligandDeletion of the AF-2 AD core of RAR (mutant
RARα∆408–416; Figure 3B) also abrogated the BMS614- triggers the LBD transconformation

In the crystal structure of the apo-hRXRα LBD (Bourguetrelieved activity of the constitutive mRXRαF318A and
GAL-mRXRαF318A, as well as the BMS6141SR237- et al., 1995a), residue F313 of H5 (homologue of

mRXRαF318) anchors a cluster of van der Waals inter-induced activity of the wild-type RXR–RAR heterodimer
(Figure 7A, lanes 22–27, and data not shown). Thus, the actions with H5, H7, theβ-turn and H11 residues, thus

generating a strongly hydrophobic environment and main-integrity of both the RAR and RXR AF-2 AD cores (helix
12) is requisite for signalling through the RXR partner of taining the position of H11 relative to the conserved LBD
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Fig. 7. RXR silencing in RXR–RAR heterodimers is relieved by the RARα-selective antagonist BMS614. Transcriptional activity in the presence of
the indicated ligands of wild-type or mutant RXR–RAR (A) or GAL-RXR–RAR (B) heterodimers, transiently transfected in Cos1 cells, on DR5G-
or 17m-tk-CAT as reporter genes. Presentation of the results and illustration of the experimental design are analogous to those in Figure 4 [note that
the key to shading of the bars in (A) applies also to (B)].

core (Wurtz et al., 1996) (Figure 8A). A disruption the thermodynamic equilibrium to the holo form by
destabilizing the apo form, thus increasing the lifetime ofof these interactions by mutating the anchor residue
the alternative H11–H12 conformation.(hRXRαF313) or by ligand binding to wild-type RXR

(Figure 8B and C shows the ligand in the mutant LBP)
Implications for ligand-independent activity ofreleases H11. Note that for clarity not all interactions
other nuclear receptorsconstituting this network are depicted in Figure 8 and that
Mouse RXRαF318 (F313 in hRXRα) is not conserved inresidues other than F313 are not necessarily critical for
other nuclear receptors, and neither mutation of homo-maintaining the integrity of the network, as, for example,
logous residues nor mutations disrupting clusters of inter-the mutation F438A generates a mutant with wild-type
actions similar to those in the apo-RXR LBP generateligand binding and transactivation characteristics (see
constitutively active RAR, PR or oestrogen receptorResults; F438 corresponds to F443 in the mouse homo-
mutants (details available on request). Different and/orlogue). As previously proposed (Renaudet al., 1995;
additional interactions may stabilize the apo (and holo)Wurtz et al., 1996), it is reasonable to assume that the
form of these receptors. Interestingly, the generation ofrelease of H11 results in a disruption of the contacts of
constitutively active retinoid X and oestrogen (Weiset al.,loop 11–12 and H12 with H3, such that H11 and H12 can
1996; Whiteet al., 1997) receptors by single amino acidrearrange according to an equilibrium which is determined
residue mutations within and outside of their LBPs,by novel interactions including an important salt bridge respectively, suggests that post-translational modificationsapparently established between H4 and H12 in both of nuclear receptor LBD residues (e.g. by phosphorylation)

mRXRF318A (this report) and the holo-RXRα (Renaud could also shift the equilibrium between the apo and holo
et al., 1995; Wurtzet al., 1996). In addition, solvation nuclear receptor LBD structures in the absence of ligand
forces imposed on the modified surfaces of H11 and H12 (see discussion in Weiset al., 1996; Whiteet al., 1997),
will contribute to this new equilibrium, as, for example, or alter this equilibrium in the presence of agonistic or
the buried apo-hRXR H11 residues F437 and F438 are onantagonistic ligands. In this way, signals from other
the exterior in the holoreceptor, while exterior residues of pathways could be transduced through nuclear receptors
the apo form (e.g. hRXR F439) become part of the in the absence of cognate ligands or alter the activity of
hydrophobic pocket in the holoreceptor. ligand-bound nuclear receptors.

Together, the above considerations lead to a dynamic
model for the LBD structure which, upon ligand binding Multiple ligand-controlled allosteric events are
and dissociation, would preferentially adopt the holo and required to relieve RXR ‘silencing’ in heterodimers
apo conformations, respectively, interconversion of which with some apo nuclear receptors
follows a defined path of structural alterations. According The recognition of RXR as a promiscuous dimerization

partner for receptors mediating non-retinoid signals such asto this model, the mRXRαF318A mutation would shift
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Fig. 8. Comparison of the apo-RXRα (A) and modelled
9c-RA-bound (B andC) hRXRαF313A LBPs. Human receptor
residues are shown for comparison with previous reports (Bourguet
et al., 1995a; Wurtzet al., 1996; F313 corresponds to F318 in the
mouse homologue). Helices are represented as barrels; H11 and H12
are in green. (A) Note the cluster of van der Waals interactions in the
apo-RXR between F313, I310 (H5), V349 (H7), I324 (β-turn) and the
H11 residues F438 and L441. Lines indicate distances below 4 Å. (B
and C) Alternative views [omitting H12 (B) and the C-terminal region
of H3 (C)] of the modelled (Wurtzet al., 1996) 9c-RA-bound
RXRαF313A LBP, illustrating the positions of the residues shown in
(A) as well as the H4 (R302) and H12 (E453, E456) residues that
form a salt bridge stabilizing H12 in the holo position (see Figure 3A;
Renaudet al., 1995; Wurtzet al., 1996). Note that the apo-LBP
residues F438 and L441 point to the exterior in RXRαF318A LBP.

thyroid hormone (T3) or vitamin D3 created a conundrum, tionally active within an RAR–RXR heterodimer provided
the RAR partner is adequately liganded, all of thesesince retinoids were not known to affect these signalling

pathwaysin vivo and RA-deprived animals do not exhibit observations rule out the initial concept that RXR isa
priori a transcriptionally ‘silent’ partner in RAR–RXRabnormalities that could be readily related to impaired

thyroid hormone or vitamin D3 signalling. Moreover, heterodimers (Formanet al., 1995; Kurokawaet al., 1994).
Rather, RAR apparently ‘controls’ the activity of RXR–RXR-selective ligands on their own could not trigger

RXR–RAR heterodimer-mediated RA-induced events in RAR heterodimers in two ways: it induces transcription
in response to its own ligand and it silences RXR activityvarious cell systems (Royet al., 1995; Chenet al., 1996;

Clifford et al., 1996; Tanejaet al., 1996; Chibaet al., in the absence of an RAR ligand. Consequently, the only
way for RXR to affect transactivation in response to its1997). This is, however, not due to an inability of the

RXR partner to bind its cognate ligand in DNA-bound ligand in RXR–RAR heterodimers is through synergy with
RAR ligands. This concept of RXR silencing may notheterodimers, as has been previously suggested (Kurokawa

et al., 1994), because RXR ligand binding has been apply to all nuclear receptor partners, as the ligand-
induced RXR activity was fully permissive in heterodimersdemonstrated to occur in such complexes in several studies

in vitro, and synergistic transactivation induced by RAR- with NGFI-B, leading even to a synergistic response
(Figure 5; Formanet al., 1995; Perlmann and Jansson,and RXR-selective ligands has been observedin vivo

(Apfel et al., 1995; Royet al., 1995; Chenet al., 1996, 1995). However, neither the existence of an endogenous
NGFI-B ligand nor a weak constitutive activity of the1997; Clifford et al., 1996; Kerstenet al., 1996; Taneja

et al., 1996; Chibaet al., 1997; Li et al., 1997; Minucci NGFI-B AF-2 can be excluded; both of these scenarios
would readily explain RXR activity and NGFI-B-RXRet al., 1997). Together with our present results, which

further support the conclusion that RXR can be transcrip- synergy due to the absence of RXR silencing. Note that
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the same argument would apply to the seemingly RXR of the RAR ligand then induces an allosteric change in
conformation allowing the generation of an ‘active’ RXRligand-induced activity of RXR–PPAR heterodimers

(Mukherjeeet al., 1997). AF-2 interaction surface for coactivators (see Renaud
et al., 1995; Wurtzet al., 1996). (ii) The ‘RAR AF-2The observation that the characteristics of mRXRα-

F318A are similar to those of holo-RXR provides us with only’ model implies that the ligand-induced transcriptional
activity of RXR AF-2 is exerted entirely through the AF-2an excellent tool for investigating the molecular basis for

RXR silencing in RXR–RAR heterodimers without the function of the RAR partner whose activity is controlled
negatively by corepressors and positively by coactivators.need to use a ligand in order to induce RXR activity. In

this respect, note that, throughout this study, we did not The function of agonist-bound RXR would be limited to
an allosteric increase of the affinity of coactivators for theobserve any systematic differences between the constitu-

tive activity of mRXRαF318A and the RXR-agonist- RAR AF-2 interaction surface, thus accounting for the
synergistic effects of RAR and RXR agonists. This ‘RARinduced activity of the wild-type RXR in heterodimers

with RAR, TR or VDR. Our results can be summarized AF2 only’ model is based mainly on that recently proposed
for RXR–LXR heterodimers (Willy and Mangelsdorf,as follows: (i) LBD heterodimerization is sufficient, and

apo-RAR-mediated silencing of the constitutive RXR 1997) and a particular RXR ligand (Schulmanet al.,
1997), in which the integrity of the AF-2 of the partnerAF-2 activity does not require binding of both heterodimer

subunits to DNA, since apo-RAR can inhibit the (constitu- (LXR, RAR) is requisite for RXR ligand-mediated activity
(Schulmanet al., 1997; Willy and Mangelsdorf, 1997),tive or RXR agonist-induced) GAL-RXR activity on a

GAL4 reporter, apparently through the formation of LBD while the RXR AF-2 AD is not required. Note, however,
that the integrity of RXR AF2 is indispensible for theheterodimers; (ii) this silencing occurs independently of

corepressor interaction with apo-RAR, since mutants present RXR constitutive activity in RAR-liganded hetero-
dimers, which necessarily implies different allostericunable to bind corepressors efficiently still repress the

constitutive AF-2 of RXR and (iii) it is not the apo transitions.
According to the ‘subordination’ model, the silencingconformation of RAR helix H12 which could account for

the silencing effect, either on its own or in combination of the constitutive (or ligand-bound) RXR in heterodimers
with some apo nuclear receptors would correspond towith corepressor binding. Thus, the inactivity of the

constitutive RXR AF-2 is probably linked to a structural partner-specific RXR AF-2 subordination, while the ‘RAR
AF-2 only’ model would explain this silencing as theconstraint within the LBD heterodimer which is incom-

patible with the formation of an ‘active’ surface for inability of RXR AF-2 to act through apo nuclear receptors
which form ‘non-permissive’ heterodimers. The observ-transcriptional coactivator interaction. In this respect, we

have recently hypothesized that ligand-induced activation ation that an RAR antagonist induces a structure which is
insufficient for RAR AF-2 activity within the heterodimer,of RXR–RAR heterodimers may comprise two events,

one of which is characterized by the ability of RAR while relieving the silencing of RXR AF-2 activity,
indicates that the ‘permissive’ RAR structure is notantagonists, which themselves do not induce activity, to

generate a structure that allows RXR agonists to generate necessarily the same as that required for RAR AF-2
activity, as would be predicted from the ‘RAR AF-2 only’a transcriptionally active RXR within the heterodimer,

while the second event corresponds to the generation of model; thus, we currently favour the RXR ‘subordination’
model. Two experimental approaches will ultimately allowan ‘active’ RAR AF-2 in response to RAR agonist binding

(Chenet al., 1996). Indeed, we show here that BMS614, the two models to be distinguished: (i) the experimentally
demanding demonstration that RXR can or cannot associ-an RARα-specific antagonist which does not interact with

RARβ or RARγ (Chen et al., 1996; M.Gehin, V.Vivat, ate with coactivators in liganded heterodimers and/or
(ii) the crystallization of mRXRαF318A–RAR hetero-J.M.Würtz, D.Moras, H.Gronemeyer and P.Chambon,

unpublished and data not shown), generates such a ‘per- dimers in the absence or presence of BMS614 and an
RAR agonist, which should also reveal the structuralmissive’ heterodimer structure in which the silencing of

RXR by RAR is relieved. Taken together, and in view of events underlying the multiple allosteric phenomena that
govern heterodimer activity.the fact that all conclusions drawn from experiments with

the constitutive RXR apply also to agonist-bound wild-
type RXR, our results establish RXR silencing as a

Materials and methodsmechanism through which a heterodimer-mediated signal-
ling cascade has to be initiated in target cells by the

Ligands
binding of the signalling ligand, while the efficiency of All- trans-RA was from Sigma and 9-cis-RA was a gift of Michael
the response can be modulated by ligand binding to the Sporn. The RXR antagonists used were HX531: 4-[5H-2,3-(2,5-dimethyl-

2,5-hexano)-5-methyl-8-nitrodibenzo-[b,e][1,4]diazepin-11-yl]benzoicpromiscuous RXR heterodimerization partner.
acid and HX711: 4-[5H-10,11-dihydro-5,10-dimethyl-2,3-(2,5-dimethyl-
2,5-hexano)-dibenzo[b,e][1,4]diazepin-11-yl]benzoic acid; their syn-

A mechanistic view of allosteric events governing thesis and characterization will be reported separately.
RXR–RAR heterodimer activity

At least two mechanisms may in principle account for Mutant expression vectors
RXR ‘silencing’ in RXR–RAR heterodimers. (i) The Mutants were constructed by PCR-assisted site-directed mutagenesis,

using Deep Vent DNA polymerase (Biolabs) and the following plasmids‘subordination’ model implies that the structure of apo-
as templates: pSG5-mRXRα (Nagpal et al., 1993) for substitution ofRAR–RXR heterodimers is incompatible with the exist-
F318 by A, V, L or I; pSG5-mRXRαF318A for additional R307A,ence of an ‘active’ RXR AF-2 interaction surface for F455A/L456A or M459A/L460A mutations; pSG5-mRARα (Durand

coactivators. This ‘subordination’ is intraheterodimeric et al., 1994) for the∆408–416 deletion; pSG5-hRARα for mutations of
A194, H195 and T198 to G, A and A respectively [called RARα(AHTM)]and occurs independently of corepressor binding. Binding
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and pSG5-RARα(AHTM) for the additional deletion of amino acid et al., 1993) in front of SMRT residues 982–1495 [corresponding to
residues 408–416 yielding pSG5-RARα(AHTM, ∆408–416). GAL- C-SMRT (Chen and Evans, 1995)].
mRXRαF318A was obtained by subcloning theBamHI–BglII fragment
(containing the F318A mutation) from pSG5-mRXRαF318A into the
BamHI and BglII sites of pG4MpolyII-mRXRα(DE). Sequences of the
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