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Retinoid X nuclear receptors (RXRs), as well as their insect
orthologue, ultraspiracle protein (USP), play an important role
in the transcription regulation mediated by the nuclear recep-
tors as the common partner of many other nuclear receptors.
Phylogenetic and structural studies have shown that the several
evolutionary shifts have modified the ligand binding ability of
RXRs. To understand the vertebrate-specific character of RXRs,
we have studied the RXR ligand-binding domain of the cepha-
lochordate amphioxus (Branchiostoma floridae), an inverte-
brate chordate that predates the genome duplication that pro-
duced the three vertebrates RXRs («, 3, and y). Here we report
the crystal structure of a novel apotetramer conformation of
the AmphiRXR ligand-binding domain, which shows some
similarity with the structures of the arthropods RXR/USPs.
AmphiRXR adopts an apo antagonist conformation with a
peculiar conformation of helix H11 filling the binding pocket.
In contrast to the arthropods RXR/USPs, which cannot be
activated by any RXR ligands, our functional data show that
AmphiRXR, like the vertebrates/mollusk RXRs, is able to
bind and be activated by RXR ligands but less efficiently than
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vertebrate RXRs. Our data suggest that amphioxus RXR is,
functionally, an intermediate between arthropods RXR/USPs
and vertebrate RXRs.

The nuclear receptor (NR)® superfamily is specific to animals
and performs an abundance of functions, from embryonic
development to metamorphosis and from homeostasis of vari-
ous physiological functions to the control of metabolism (for a
review, see Ref. 1). Nuclear receptors are ligand-activated tran-
scription factors. Many members of the superfamily thus bind
major hormones, such as steroids, thyroid hormones, or reti-
noids. These occupy a special position in gene regulation by
providing a direct link between the ligand, which they bind, and
the target gene, whose expression they regulate. There are also
many nuclear receptors that are not known to bind any ligand
and are thus called “orphan nuclear receptors” (2—4). Some
nuclear receptors which were originally discovered as orphans
have since been shown to bind small hydrophobic molecules,
such as fatty acids, but others appear to be true orphans (4).

Nuclear receptors are composed of several functional
domains. The N-terminal A/B domain is highly variable in
length and sequence and contains a constitutively active trans-
activation function AF-1. Most conserved are domains C and E,
corresponding grossly to the DNA-binding domain and the
ligand-binding domain (LBD), respectively. The LBD contains
the ligand-dependent transactivation function AF-2. The
DNA-binding domain and LBD are connected via a flexible
hinge (domain D). NRs act in vivo and in vitro as ligand-de-
pendent transcriptional transregulators through binding, most
often as heterodimers, to cis-acting response elements present
in cognate target genes. Activation of gene transcription occurs
after binding of ligand, which results in a conformational
change of the LBD, leading to release of corepressor and bind-
ing of coactivator to the LBD (5).

¢ The abbreviations used are: NR, nuclear receptor; RXR, retinoid X nuclear
receptor; AmphiRXR, amphioxus RXR; HsRXR, Homo sapiens RXR; MmRXR,
Mus musculus RXR; Bg, RXR, B. glabrata RXR; LBD, ligand-binding domain;
LBP, ligand-binding pocket; USP, ultraspiracle protein; BtUSP, B. tabaci;
TcUSP, T. castaneum USP; Hx, helix x; RA, retinoic acid; DHA, docohexanoic
acid; ESI, electrospray ionization; MS, mass spectrometry.
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To date, the crystal structures of ~40 different NR LBDs
have been solved, mainly mammalian nuclear receptors. All
structures are very similar, sharing a common fold containing
11-12 helices (6-7). The majority of the LBD crystals were
obtained in the presence of a ligand (holo-LBD) and only a few
without ligand (apo-LBD). Comparison of apo- and holo-LBD
structures led to the so-called “mouse trap model” of the ligand-
dependent conformational switch (8). In apo-LBD, different
positions of the C-terminal helix 12 (H12; also called AF-2
helix) highlight the large flexibility of this region (7, 9). In holo-
LBD, H12 is folded back on the core of the LBD, closing the
LBP. This holo-position of H12 is stabilized by direct or indirect
interactions with the ligand. The tightened position of H12,
together with H3 and H4, results in the formation of a hydro-
phobic groove in which coactivator proteins can bind through a
conserved LXXLL motif, forming an a-helix. The ligand-in-
duced conformational change concomitantly leads to destruc-
tion of the surface that binds the corepressor, resulting in its
release from the LBD.

The conserved domains present in NRs allow relatively easy
identification of nuclear receptors in genomic sequences (10)
and also robust phylogenetic reconstruction on the scale of the
superfamily (11, 12). Such analysis shows that NRs for similar
ligands do not group in the tree but are interspersed with recep-
tors for totally different ligands, whereas orphans are widely
distributed in the tree. This observation has led to the proposal
that the superfamily evolved from an orphan receptor that
gained the capacity of ligand binding several times independ-
ently (13-15). The case of retinoid receptors is interesting in
that respect. Indeed, at least two distinct types of nuclear recep-
tors, the RARs (« (NR1B1), 8 (NR1B2), and y (NR1B3); acti-
vated by all-trans-retinoic acid (RA)) and the RXRs (a« (NR2B1),
B (NR2B2) and y (NR2B3); activated by 9-cis-RA) apparently
transduce the retinoid message (16 —18). It has thus been pro-
posed that the capacity to bind, for example, retinoic acids,
would have been acquired several times by mutation of an
orphan nuclear receptor, allowing the establishment of nuclear
retinoic acid signaling pathways (RARs and RXRs). The case of
RXR and USP, its arthropod homologue, is especially interest-
ing in that context, because this receptor plays a pivotal role
inside the NR superfamily as a ubiquitous heterodimer partner
for class II NRs (19).

It is noteworthy that structural analysis can provide more
insight into the evolution of a protein domain (e.g. through
the comparative structural analysis of domains from animals
located at critical positions in the evolutionary tree). In that
respect, the study of RXR LBD is important, since RXR is an
ancient gene that was subjected to several functional shifts
during evolution. In addition, the status of RXR as a bona fide
liganded receptor and the identity of its endogenous ligand
are still under discussion (18, 20). Several experiments sug-
gest that there is a very small amount of 9-cis-RA in vivo,
casting doubts on its physiological relevance as an RXR
ligand (21). In addition, it has been suggested, from in vivo
detection of RXR-activating molecules, that docohexaneoic
acid (DHA) could be a ligand for RXR (22). Thus, it may be
possible that 9-cis-RA is only a pharmacological activator of
RXR.
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A large number of homologues of RXR have been identified
in a variety of animals including early metazoans, such as
sponges and cnidarians, but also arthropods, mollusks, and
invertebrate chordates. In cnidarians, RXR was shown to bind
9-cis-RA (23), and it activates transcription” in response to it. In
contrast, in insects, the orthologue of RXR, called USP, is
unable to bind 9-cis-RA and experienced a very high evolution-
ary rate in dipterans and lepidopterans (see Ref. 24 and refer-
ences therein). Detailed comparative structural analysis of
USPs from insects have shown that these can be separated into
two different types of receptors: (i) in basal insects, such as
hemipterans and coleopterans, the USP ligand-binding pocket
is partly filled by residues of unfolded H6 and H11 helices and is
thus likely to be an orphan receptor; (ii) in mecopterida (a ter-
minal group of insects that includes dipteras and lepidopteras
among others), a phospholipid is present as a structural ligand
inside the LBD that may be indicative of the existence of an
endogenous ligand yet to be identified (28). In mollusks, RXR
can be activated by 9-cis-RA and DHA, at least using transient
transfection experiments (25). The case of amphioxus is espe-
cially interesting, since this species is clearly located in the lin-
eage giving rise to vertebrates but before the complete genome
duplications of vertebrates (26) (see Fig. 7 for a phylogenetic
tree). Thus, AmphiRXR is closely related to the three vertebrate
RXR genes but represents a nonduplicated version of these
genes. Consequently, determining the structure of the LBD
encoded by the unique amphioxus AmphiRXR gene and the
comparison of this structure with its vertebrate orthologues
will infer the main structural features of RXR in the common
ancestor of vertebrates (i.e. before gene duplication events).

In this paper, we report the crystal structure of the apo form
AmphiRXR LBD, revealing a stable antagonist conformation
not driven by either a fortuitous or an antagonist ligand. A
detailed analysis of the comparison with previous crystal struc-
tures of HsRXR (29 —34), of nonvertebrate RXR (25) and USPs
(27, 28) in different conformational states allows us to better
understand the evolution and functional dynamics of these
orphan receptors and to identify the structural basis of their
functional differences.

EXPERIMENTAL PROCEDURES

Cloning and Purification—The cDNA coding for the Bran-
chiostoma floridae RXR (accession number AF378829),
AmphiRXR (35) ligand-binding domain (residues 266 —484)
was PCR-amplified from pSG5 vector and cloned by homolo-
gous recombination into the vector pET15b. The residue’s
position number given here corresponds to the AmphiRXR
sequence with the corresponding human sequence numbers
within parentheses, (HsAA-xxx), for some residues. The
recombinant protein was overproduced and purified in two
steps. Briefly, the LBD of AmphiRXR (residues 266 —484) was
cloned in pET15b expression vector to obtain an N-terminal
hexahistidine-tagged fusion protein and was overproduced in
Escherichia coli BL21 (DE3). Cells were grown in LB medium
and subsequently induced for 6 h at 20 °C with 1 mm isopropyl
thio-B-p-galactoside. Protein purification included a metal

7 H. Escriva and V. Lauder, unpublished results.
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affinity chromatography step on a nickel-Hitrap column and a
gel filtration on Superdex 75 16/60. The cell pellets were resus-
pended in binding buffer (20 mm Tris-HCI, pH 8.0, 300 mMm
NaCl, 10% glycerol, 5 mMm imidazole), lysed by sonication, and
clarified by centrifugation. The cleared supernatant was loaded
on a nickel-Hitrap column (GE Healthcare). The protein was
eluted using 150 and 300 mm imidazole, pH 8.0. The protein
was subjected to gel filtration on a Superdex 75 16/60 column
(GE Healthcare) in 20 mMm Tris, pH 8, 200 mm NaCl, and 5 mm
dithiothreitol. The protein was then concentrated to 10 mg/ml
using a 10K Centricon device. The purity and homogeneity of
the protein were assessed by SDS-PAGE and native PAGE and
electrospray ionization mass spectrometry. The protein is in
equilibrium between homotetramer and homodimer according
to analytical gel filtration and native PAGE. The homodimer
dissociates into a monomer when characterized by mass spec-
trometry studies in 50 mM ammonium acetate.

Transient Transfection Assays—293T cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 5%
of charcoal-treated fetal calf serum. The cells were transfected
at 70% confluence in 24-well plates using 4 ul of ExGen 500
(Euromedex) with 1.0 ug of total DNA, including 0.1 ug of
reporter plasmid (17m)x5-tk-luc, and 10 ng of cytomegalovi-
rus-B-galactosidase as an internal control to account for varia-
tions of transfection efficiency. The culture medium was
changed 6 h after transfection, and when appropriate, ligands
dissolved in EtOH were added to different final concentrations
(107° to 10 ° m). Cells were lysed 24 h after transfection and
assayed for luciferase activity. For the test of TIF2 (transcrip-
tional intermediary factor 2) action, 10 —500 ng of TIF2 expres-
sion vector were assessed.

Pull-down Assays—DNAs of TIF2.1 and TIF2.1m123, kindly
provided by Hinrich Gronemeyer (36), were both transcribed
and translated in vitro using the TNT T7-coupled reticulocyte
lysate system (Promega) following the instructions of the man-
ufacturer. Batches of 50 um Ni* " -nitrilotriacetic acid-agarose
gel (Qiagen) washed and equilibrated in buffer A (50 mm Tris-
HCI (pH 8.0), 100 mm NaCl, 10 mm MgCl,, 5 mm imidazole,
10% glycerol, and 0.1% Nonidet P-40) were loaded with 2 ug of
E. coli-purified His-tagged LBDs (HsRXRa or AmphiRXR).
Incubation with TIF2.1 or TIF2.1m123 was done in a final vol-
ume of 50 ul of buffer A containing 2 ul of in vitro translated
protein and 10 ug of bovine serum albumin and in the presence
of 2 uM ligand or 1% of ethanol. After incubation for 1 h at4 °C
and three washing steps in buffer A, bound proteins were recov-
ered with SDS sample buffer and revealed by autoradiography
of 12% SDS-polyacrylamide gels.

Electrospray Ionization Mass Spectrometry—Before mass
analysis, amphioxus and human RXR LBDs purification buffers
were exchanged against 50 mM ammonium acetate on two suc-
cessive gel filtration columns (NAP-10; GE Healthcare) and
then concentrated on Centricon 10-kDa devices. ESI-MS meas-
urements were performed on an electrospray time-of-flight
mass spectrometer (LCT; Waters, Manchester, UK). The mass
measurements of the noncovalent complexes were performed
in ammonium acetate (50 mMm, pH 6.8). Samples were diluted to
20 um and continuously infused into the ESIion source at a flow
rate of 6 pl/min through a Harvard syringe pump. Titration
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experiments were done by adding 2.5 mol eq of ligands to
HsRXR or AmphiRXR, followed by a 15-min incubation at 4 °C.
Competition experiments were performed by adding an
equimolar mixture of two ligands (each in a 2.5-fold molar
excess) to the protein, followed by a 15-min incubation. A 2.5-
fold molar excess of ligand was used as a standard in our mass
spectrometry experiments for two reasons: (i) to be able to
detect ligands even with poor affinities (50-100 um) and (ii) to
assess the specificity of the binding (with a 2.5-fold molar
excess, nonspecific binding would also lead to the appearance
of bis-adducts, which could not be seen with only a 1:1 ratio).
The ligands tested were synthetic (BMS649 and CD3254) or
natural (DHA, 9-cis-RA, and oleic acid) agonist ligands of
HsRXR. 9-cis-RA, all-trans-RA, oleic acid, and DHA were
diluted in 10 mm EtOH. BMS649 and CD3254 were diluted in
10 mm EtOH/DMSO (90:10, v/v). To prevent dissociation in the
gas phase during the ionization and desorption process, the
cone voltage was optimized to 5 V. Mass data were acquired in
the positive ion mode on the m/z 1000 -5000 mass range. Cal-
ibration of the instrument was performed using the multiply
charged ions produced by a separate injection of horse heart
myoglobin diluted to 2 uM in 1:1 water/acetonitrile (v/v) acid-
ified with 1% (v/v) formic acid. The relative abundance of the
different species present on ESI mass spectra were measured
from their respective peak heights (37). All experiments were
reproduced at least three times.

An important feature concerning the noncovalent MS
approach is whether ESI mass spectra obtained in nondenatur-
ing conditions in the gas phase of the mass spectrometer faith-
fully reflect direct in solution binding. Several control experi-
ments were performed in order to argue in favor of structurally
specific interactions. A series of “successive in solution compe-
titions” strongly argue in favor of site-specific interactions.
Instead of the simultaneous addition of a mixture of two
ligands, as realized in the direct in solution competitions, suc-
cessive ligand addition was achieved; a first ligand, L1, is bound
to the protein (formation of a 1:1 RXR-L1 complex), and a sec-
ond one, L2, serves to displace the equilibrium toward the for-
mation of the RXR-L2 complex. Such experiments allow us to
unambiguously assess that both ligands compete for the same
binding site and that ESI-MS-observed interactions do not
result from any artifactual gas phase aggregation. Finally,
experiments with different binding partners (either different
ligands or human versus amphioxus proteins) were also per-
formed, leading to subsequent changes on ESI mass spectra.

Structure Determination—The homodimeric protein frac-
tions were used for crystallization trials. The purified protein
conditioned in 20 mm Tris, pH 8.0, 200 mm NaCl, 5 mm dithi-
othreitol and concentrated to 5 mg/ml. Crystals were grown by
the hanging drop diffusion method and appeared in 4 days at
17 °C. The initial drop contained 5 mg/ml protein, 1.5 M sodium
acetate, 50 mM N-(2-acetamido)iminodiacetic acid, pH 6.5, and
was equilibrated versus a reservoir containing 1.8 M sodium
acetate, 100 mm N-(2-acetamido)iminodiacetic acid, pH 6.5.
Two different crystals forms, hexagonal and orthorhombic,
were obtained in the same crystallization conditions. Only the
orthorhombic form resulted in being suitable for structural
determination. The solvent content of the crystals is 52.2% with
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two LBD dimers (homotetramer) per asymmetric unit. Thus,
the homodimeric protein may reassociate with time and salt
concentration of the precipitant agent. Crystals were flash
cooled in ethane after cryoprotection in a solution containing
the reservoir solution plus 25% glycerol. A 2.7 A resolution data
set was obtained merging high and low resolution data sets
from only one crystal at the BM29 Synchrotron line of the Euro-
pean Synchrotron Radiation Facility facility in Grenoble. Data
were integrated and scaled using the DENZO-SCALEPACK
package (38). The program CNS-SOLVE was used throughout
the structure determination and refinement calculations (39).
An initial phase estimate was obtained by molecular replace-
ment using a partial structure of HsRXR dimer. After a rigid
body refinement, the solution resulted in R, of 34% and R,
of 35%. The model obtained was used to determine the NCS
matrix of the four monomer molecules in the asymmetric unit
in order to include averaging and solvent flattening procedure
of density modification to calculate a first electron density map.
The map unequivocally showed the missing parts of the model
and allowed the complete manual building of the structure. The
phase bias of the initial model was reduced by torsion angle
molecular dynamics simulated annealing refinement. Subse-
quent refinement cycles alternated least square minimization
and model building using the program O (40). The NCS was
constrained in the first round of refinement and subsequently
restrained and released. B factors were refined using two groups
per residue. In the last cycle, 27 water molecules were located
from a difference Fourier map. The loop between H1 and H3
(residues 281-289) and the lateral chains of the residues at posi-
tions 271-274, 299, 478, and 482— 484 could not be constructed
because of poor electron density. The quality of the final model
quality was assessed with Procheck. Because of the absence of
electron density for the loop between H1 and H3, the integrity
of the protein in the crystals was checked by SDS-PAGE (data
not shown). For the structure comparison, Ca traces of the
models were superimposed using the /sq commands of O and
default parameters. The figures were generated with Pymol.
Crystallographic data and refinement statistics are summa-
rized in supplemental Table 1. The chemical structures of all
of the ligands described in this paper are shown in supple-
mental Fig. 1.

RESULTS

Residues That Contact 9-cis-Retinoic Acid Are All Conserved
between AmphiRXR and HsRXR—Previous phylogenetical
analysis clearly shows that, as expected, the amphioxus RXR
sequence is positioned before the duplications giving rise to the
three vertebrate genes (35) (supplemental Fig. 2). In addition,
amphioxus RXR was shown to heterodimerize with amphioxus
retinoic acid nuclear recepter or thyroid nuclear receptor and
to bind to the relevant direct repeat sequence (41, 42).

To determine the crystal structure of the ligand-binding
domain we selected a region that encompasses residues 266 —
484, leaving out the last 30 amino acid of the molecule that form
an F-domain with no sequence identity with other NRs. Fig. 1
represents the structure-based sequence alignment of RXR
LBDs from different organisms. The alignment reveals a high
degree of sequence identity except for the length and composi-

JANUARY 16, 2009 +VOLUME 284+NUMBER 3

Amphioxus RXR LBD Structure

tion of the loop between H1 and H3. Based on the structure of
human RXRe, the residues that contact the 9-cis-RA are all
conserved. The ability to bind this ligand seems thus to be
preserved, and this is supported by mass spectrometry stud-
ies as well as by transient transfection assays (see below). The
same degree of conservation is encountered also in the resi-
dues that form the hydrophobic groove in contact with the
LXXLL motif activator helix (43). The only exception is a Val
residue that in amphioxus RXR substitutes at position 306 a
Phe, forming Van der Waals contacts with the coactivator
helix. The amino acids of the dimerization interface are
strictly conserved (19).

AmphiRXR Is Activated by 9-cis-RA in Cultured Cells but at
Higher Concentrations than Vertebrate RXRs—Since the main
residues implicated in ligand binding are conserved between
AmphiRXR and vertebrates RXRs, we tested whether 9-cis-RA
and DHA were able to activate AmphiRXR in transient tranfec-
tion assays in mammalian cells. To avoid any interference with
endogenous RXR expressed in 293T cells, we used fusions
between the Gal4 DNA-binding domain and RXR-LBD. As
shown in Fig. 24, both 9-cis-RA and all-trans-RA activate 2—4-
fold Gal4-MmRXRa and Gal4-AmphiRXR. The effect of all-
trans-RA at the concentration we used can be explained by its
isomerization in 9-cis-RA (46). Nevertheless, in the experimen-
tal condition we used, we did not observe any reproducible
effect of DHA (lanes 4 and 8). Of note, using strictly the same
conditions as those described in the original paper (22), we
observed that DHA activates MmRXRa but not AmphiRXR
(not shown). Dose response experiments (Fig. 2B) show that
9-cis-RA activates AmphiRXR in a dose-dependent manner but
with a range of concentration higher than mouse RXR. A weak
activation by 9-cis-RA is also observed for the mollusk
Biomphalaria glabrata RXR (45). Given that amphioxus is
located at the base of chordates in phylogenetical tree, we can
conclude from these data that the ability of RXR to bind and to
be activated by 9-cis-RA is thus conserved in all chordates. This
isin accordance with the conservation in amphioxus RXR of the
amino acid residues implicated in ligand binding in vertebrate
RXRs.

We thus explored the interaction between RXR and coacti-
vators, such as TIF2. The activity of both Gal4-MmRXRa and
Gal4-AmphiRXR was potentiated by the cotransfection of a
human TIF2 expression vector (Fig. 2B). These findings were
confirmed by pull-down assays (Fig. 2C) showing that in vitro
amphioxus RXR, like human RXRq, can interact with TIF2 in a
ligand-dependent manner. Interestingly, specific rexinoids,
such as BMS649, induce the recruitment of TIF2, but not its
mutant TIF2.1m123, mutated in the domain known to interact
with NRs. Rexinoids are ligands that selectively bind and acti-
vate RXRs but not RARs in contrast to retinoids. This is in
accordance with our observation that the recently sequenced
amphioxus genome contains a unique homologue of the p160
co-activators (51). All of these observations suggest that (i) the
mechanisms by which RXR activates transcription are con-
served between amphioxus and mammals and (ii) the binding
interface between AmphiRXR and TIF2 is functionally
conserved.
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FIGURE 1. Structure-based sequence alignment of the LBD domain of AmphiRXR. The sequence of the AmphiRXR LBD is compared with those of human
RXRa, RXRB, and RXRy as well as the USP from B. tabaci, B. glabatra, and T. castaneum. The residues in the blue box are unique to AmphiRXR. The secondary
structure of the AmphiRXR and that of 9-cis-RA HsRXR« are reported on the top (in gray) and bottom (in orange) lines, respectively. Helix 6, helix 11, and loop
11-12 and helix 12 of AmphiRXR are shown in green, blue, and red, respectively. The residues forming the pocket in HsRXR« are indicated by the orange dots.
The residues of AmphiRXR involved in the tetramer interface are shown in purple.

AmphiRXR Binds Retinoid Ligands in Vitro—To comple-
ment transfection assays, direct evidence for ligand binding to
AmphiRXR was given by ESI-MS performed in nondenaturing
conditions. Indeed, this particular MS application has proven
its efficiency for the characterization of protein-ligand com-
plexes in general and NR LBDs-ligand complexes especially
(46 —49). No fortuitous ligand was copurified with AmphiRXR.
In order to evaluate relative affinities of 9-cis-RA, DHA,
BMS649, oleic acid, and CD3254 (supplemental Fig. 1) for
AmphiRXR LBD in solution titration and competition experi-
ments were monitored by ESI-MS. After fine tuning of the
instrumental set-up (see “Experimental Procedures”) in order
to avoid dissociation of weak/hydrophobic AmphiRXR/ligand
assemblies, titration experiments involving increasing ligand
concentrations revealed that all previously mentioned mole-
cules bind to AmphiRXR LBD. Fig. 3 depicts the ESI mass spec-
tra obtained after the addition of a 2.5-fold molar excess (50
um) of oleic acid (B) 9-cis-RA (C) or BMS649 (D) to AmphiRXR
LBD (20 um). Peak heights of the different species observed on
the ESI mass spectra were considered in order to evaluate rela-
tive bound/free protein ratios (37) (see Fig. 3E). In strictly iden-
tical experimental and instrumental conditions, only 30% of the
AmphiRXR-9-cis-RA complexes were detected, whereas up to

1942 JOURNAL OF BIOLOGICAL CHEMISTRY

80% of the AmphiRXR-ligand complexes were observed for
BMS649 and CD3254. Increasing the incubation time from 15
min to 24 h does not change the relative abundances. In the
presence of all-trans-RA, no ligand binding was observed (data
not shown). These results indicate that the synthetic rexinoids
CD3254 and BMS649 have higher affinities for AmphiRXR
than 9-cis-RA or oleic acid or DHA, and a relative affinity rank-
ing can be deduced (Fig. 3E). For comparison, similar experi-
ments were performed with HsRXRa LBD, leading always to
higher bound/free protein ratios (Fig. 3E). The fact that
9-cis-RA presents a higher affinity than DHA for HsRXRa is in
agreement with the observations of Lengqvist et al. (48, 50).
Affinity rankings established by titration experiments for both
RXR homologues were further confirmed by direct in solution
competition experiments involving a mixture of equimolar
amounts of ligands (10 um each) and 10 um RXR (data not
shown). Altogether, these data demonstrate that retinoid
ligands that bind to HsRXR also bind to AmphiRXR but with a
lower affinity, which is also a proof of the plasticity of the ligand
binding property during evolution. The weakest ESI-MS-de-
rived affinity for the tested ligands for AmphiRXR corresponds
also to the weakest activation observed in in vitro activity
assays, which suggests that those ligands are not the natural
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FIGURE 2. AmphiRXR s activated by 9-cis-RA in cultured cells. A, cells were
transfected with Gal4-MmRXRa or Gal4-AmphiRXR along with 17m5-tk-luc
reporter plasmid and induced with ligands. B, cells were cotransfected with
Gal4-MmRXRa or Gal4-AmphiRXR and increasing amounts of hTIF2 (10, 100,
250, and 500 ng), along with the 17m5-tk-luc reporter plasmid, and induced
with increasing amounts of ligands (1072, 1078, and 10~7 m for MmRXRe;
10781077, and 10~° m for AmphiRXR). C, purified His-HsRXRa or His-Am-
phiRXR was incubated in the presence of 2 um BMS649 or 2 um 9-cis-RA and
with in vitro translated [**SImethionine TIF2.1 or TIF2.1m123, as indicated.
Input corresponds to 100% of the TIF2 used in the assays.

ligand, if any, for AmphiRXR. No explanation of the difference
in the affinity between amphioxus and human RXR can be
found by looking at the residues forming the ligand-binding
pocket.

Oligomeric Structure—The asymmetric unit contains two
dimers related by a nearly perfect noncrystallographic 2-fold
axis (Fig. 4). Within each dimer, the classical dimerization
interface (Fig. 4B) is identical to that observed in homodimeric
structures of the apo- and holo-HsRXRs (29 -34) or USPs (27,
28). It involves helix 10 and, to a lesser extent, helix 9 and the
loop between helices 7 and 8 of each monomer. The buried
surface of each monomer is 1162 A2 in comparison with 1147
A?for HsRXR. The tetramer is stabilized by a bottom to bottom
organization of dimers reminiscent of the previously reported
crystal structures of unliganded RXR (32) but without the inter-
molecular exchange of helices 12. In the apo-HsRXR (32) and in
the apo ascidian RXR tetramer (Protein Data Bank code 2Q60),
in addition to the canonical dimer interface, the tetramer inter-
face involves interaction between H3-H3, H11-H11, and H12
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FIGURE 3. AmphiRXR LBD binds retinoid ligands. ESI mass spectra of
AmphiRXR LBD protein (A) apo and after incubation with a 2.5-fold molar
excess of oleic acid (B), of 9-cis-RA (C), and of BMS649 (D). Deconvulated mass
spectra are presented for each ligand as an inset. E, distribution plot of the
relative proportion of bound/free protein for AmphiRXR and HsRXRe. Specific
binding of both ligands to AmphiRXR is observed with higher affinities for the
synthetic ligands CD3254 and BMS649.

that protrudes from one monomer into the coactivator binding
site of an adjacent monomer. In the holotetramer structure of
the mollusk BgRXR (25), within each dimer, one monomer is in
open conformation and one is in a closed holo conformation.
The open monomers show a swapping of H12 as observed in
the apo-HsRXR tetramer, and additional tetramer interfaces
are formed between H11 of each closed monomer and H6 of the
open monomer in the adjacent canonical dimer (32). In
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FIGURE 4. Structure of the AmphiRXRLBDs. A, structure of the tetramer with
one dimer shown in orange and the other one in gray. Within each canonical
dimer, one monomer is shown in a surface representation, and in the other
one, the helices and the B-sheet are represented by cylinders and arrows,
respectively. Helix 6 is shown in green, helix 11 and loop 11-12 are in blue, and
helix 12 is in red. The same color code is used in all figures. B, the AmphiRXR
homodimer H12 (red) is positioned in the coactivator binding cleft. The miss-
ing loop connecting H1 to H3 not visible in the electron density map is shown
by stars.

AmphiRXR tetramer, the tetrameric interface formed between
the two dimers is constituted by residues spanning between
helix 10 and helix 12 of one dimer interacting with residues H11
and of H6 of the other. This interface involves mainly Van der
Waals contacts and one hydrogen bond between Asp-473 and
Lys-468 in the loop H11-H12 of another monomer (Fig. 4). It
buries 653 A of the surface of each monomer, in contrast to
1215 A2 per monomer for HsRXR, suggesting that the tetramer
might actually not be very stable in solution.

AmphiRXR Is in an Inactive Conformation—Interestingly,
the LBD of AmphiRXR exhibits an antagonist-like conforma-
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tion with a distorted H12 bound in the coactivator groove. Mass
spectrometry showed that AmphiRXR does not copurify with
any bound ligand. The crystal structure confirms this result,
showing no density for a putative small molecule bound. The
LBP, as observed in holo-HsRXR, is filled with the partially
unfolded H11 (Fig. 5B). As a consequence of the conformation
of H11, the N-terminal part of H3 is released from its contact to
H11. This relaxed structure results in a more flexible H1-H3
connection that translates in a local disorder and explains the
absence of clear density for this connection.

Comparison with Mammalian RXRs—The superimposition
of the crystal structures of apo- and holo-HsRXRa and
AmphiRXR LBDs (Fig. 5, A and B) highlights the unfolding and
the reposition of H11 that occupies most of the LBP. In apo-
HsRXRe, H11 results from a kink at position 434 (HsGlu-434 in
HsRXRe) inducing an 80° twist of the C terminus with respect
to the H10 helical axis. As a consequence of this movement,
HsLeu-441, HsPhe-437, and HsPhe-438 fill the fraction of the
LBP cavity normally occupied by the B-ionone ring of the
9-cis-RA ligand (30). In the case of AmphiRXR, H11 is partially
unfolded and occupies a larger section of the same pocket (Figs.
5B and 6). The main differences between the two structures are
a consequence of the new position of the shorter H11, which in
AmphiRXR begins at position Glu-463 (HsGlu-434). The first 6
or 7 residues are not too far in space and present similar orien-
tations of their side chains with Phe-466, Phe-467, Leu-470, and
Ile-471, pointing toward the inside core of the protein (Fig. 5).
In AmphiRXR, Leu-470 carbonyl forms a hydrogen bond with
GIn-304 at the C terminus of H3. The Ile-471 side chain con-
tacts GIn-304 and H5. These interactions are stabilized by a
network of hydrogen bonds involving main chain carbonyl and
amino groups in a pseudohelical conformation (Leu-465—Phe-
468, Phe-466 —Lys-469, and Phe-467-Leu-470). The C-termi-
nal ends of H11 and H12 have lost their helical conformation to
reach the coactivator binding cleft between H3 and H4. As a
result, the stabilizing interaction formed with the N-terminal
part of H3 disappears. The first 10 residues of H3 and the con-
nection H1-H3 are not visible in the electron density map. This
could be the consequence of a static disorder in the crystal, due
to a higher flexibility of these fragments and/or a partial unfold-
ing of H3.

A comparison with the holo form of HsRXRa bound to
9-cis-RA (Fig. 5B) underlines some conformational changes
that may be associated with an eventual ligand binding. In the
liganded HsRXRg, five residues of H5 contact the ligand; all of
these residues are conserved in AmphiRXR. Three of these res-
idues keep the same conformation in the absence of the ligand
(Asn-335 (HsAsn-306), Leu-338 (HsLeu-309), and Phe-342
(HsPhe-313)) when Trp-334 (HsTrp-305) and Arg-345
(HsArg-316) point in the opposite direction with respect to the
pocket (Fig. 6). Arg-345 (HsArg-316) that in holo-HsRXR«a
forms ionic interactions with the carboxylate group of ligands
now points to the solvent. The repositioned lateral chain of
Trp-334 is part of a network of interactions that involves Ile-
471 of H11, Asp-473 peptidic chain, and Thr-474. These two
side chains would easily reorient toward the “bound ligand”
pocket.
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FIGURE 5. Stable apo antagonist conformation of AmphiRXR. Shown is the
superimposition of AmphiRXR (in gray) over apo-HsRXR« (in dark gray) (A),
holo-HsRXR« (in dark gray) (B), and TcUSP (in dark gray) (C), showing the close
three-dimensional similarity of AmphiRXR and TcUSP, notably the conforma-
tions of H11 and H12, the open monomer BgRXR (in dark gray) (D), HsHXRB-
LG100268 (Protein Data Bank code 1H9V) (in dark gray) (E), and HsRXRy (Pro-
tein Data Bank code 2GL8) (in dark gray) (F). The missing loop 1-3 of
AmphiRXRis shown by stars. Helices 11 and 12 of AmphiRXR are shown in blue
and red, respectively. Helices H12 of HsRXRa, TcUSP, BgRXR, and HsRXRB and
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FIGURE 6. Ligand binding cavity of HsRXRa. Shown is a stereoview of the
residues filling the AmphiRXR pocket superposed to 9-cis-RA (in orange), as
observed in the holo-HsRXRa crystal structure.

The two other isotypes of HsSRXR have also been crystallized,
HsRXRB as a homodimer in complex with the rexinoid
LG100268 (33) (Fig. 5E) or a heterodimer with LXR« and in
complex with methoprene acid and coactivator peptide (34)
and HsRXRyas an apotetramer (Protein Data Bank code 2GL8)
(Fig. 5F). In the homodimer HsRXRp structure, the C-terminal
activation helix H12 does not adopt the agonist active confor-
mation and protrudes outside the core of the LBD stabilized by
contacts with another dimer in the crystal packing, whereas the
rest of the structure is similar to the holo agonist HsSRXR«a
structure. The apo-HsRXRy tetramer shows an unfolding of
H11 and H12 and as a consequence a released N-terminal H3
and absence of density of H1-H3 and the beginning of H3 sim-
ilar to AmphiRXR. The variability in the position of H12 under-
lines its flexibility and the lack of a stable “functional” confor-
mation in absence of ligands or cofactors.

Comparison with Invertebrates RXRs—Another invertebrate
RXR, the RXR from the mollusk B. glabrata has been crystal-
lized in complex with 9-cis-retinoic acid and coactivator pep-
tide as a tetramer. In the BgRXR tetramer, within each dimer,
one monomer is in open conformation, and one is in a closed
holo conformation (25). Both monomers interact similarly with
9-cis-RA and coactivator peptide. The open monomers show a
swapping of H12, as observed in the apo-HsRXRa tetramer.
Although the closed conformation of BgRXR monomer is sim-
ilar to that of the holo-HsRXRe structure, in the open confor-
mation of BgRXR, the end of H11 and H12 protrudes outside of
the core of the LBD despite the presence of ligand and coacti-
vator peptide (Fig. 5C). The main differences with the apo-
AmphiRXR structure are the position of the C-terminal H11
and H12 and also the position of H3, which in BgRXR contacts
the 9-cis-retinoic acid and closes the ligand-binding pocket.

The superimposition of AmphiRXR on USPs from Bemisia
tabaci (BtUSP) (27) and from Tribolium castaneum (TcUSP)
(28) emphasizes some striking similarities with these two mol-
ecules. In all cases, H11 occupies part of the LBP (Fig. 5D). The
main differences concern H6 and H11. In BtUSP and TcUSP,
H6 occupies most of the pocket, whereas in AmphiRXR, the
LBP is partially occupied by H11. Initially, the absence of H1
and the N terminus of H3 due to proteolysis in BtUSP (27) could
provide an explanation for the observed conformational
changes of H11 and H12. However, the structure of TcUSP (28)

loop 11-12 of HsRXRy are colored in pink. The ligands in holo-HsRXRq,
-BgRXR, and -HsRXRf are shown by orange surface, and yellow and blue
spheres, respectively. The coactivator peptide in BJRXR is shown in green.
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and the present structure clearly establish the functional rele-
vance and the more general character of this apo structure.

DISCUSSION

Although RXR is an early component of the mechanism of
regulation of metazoans, the retinoid signaling though RXR is
still enigmatic (18, 20). The existence and the necessity of spe-
cific endogenous ligands that activate RXR are still controver-
sial (18, 20, 21, 22, 28). Several crystal structures of mammalian
RXRs and invertebrate RXRs have revealed an inherent flexibil-
ity of H12. Natural retinoid ligands have been shown to be inef-
ficient to reposition H12 in HsRXRp or BgRXR (25, 33, 34).
Thus, H12 is only weakly recruited to the canonical active posi-
tion upon binding of ligands. To learn more about this receptor
and to understand the vertebrate-specific character of RXRs,
we have studied the RXR ligand-binding domain of the cepha-
lochordate amphioxus, an invertebrate chordate evolutionarily
close to vertebrates. Here we report the crystal structure of a
novel apotetramer conformation of AmphiRXR LBD. This
structure shows some similarities with the crystal structures of
the arthropod RXR/USPs that were not observed in mamma-
lian RXR structures. Our functional data demonstrate that
AmphiRXR shows weak binding and activation by retinoid
ligands. Like the invertebrate BgRXR, AmphiRXR is not acti-
vated by retinoids at physiological concentrations. These
observations support the proposal of a functional role of this
stable apo conformation of AmphiRXR. It is of interest that an
AmphiRXR-like conformation is present in insect USPs in
functional heterodimers with the ecdysone nuclear receptor
(BtEcR/BtUSP and TcEcR/TcUSP) in the agonist conformation
and the activation RXR helix in the coactivator binding cleft
(antagonist conformation) underlying a silent role of RXR. The
capability of AmphiRXR to bind with low affinity retinoids and
coactivators, a capability observed for the other invertebrate
BgRXR and not observed for TcUSP or BtUSP, may reflect the
possibility of a sensor role of the retinoid ligand in the molecu-
lar activation of the heterodimeric partner. In that respect,
AmphiRXR is similar to BgRXR, and given the current knowl-
edge of the metazoan phylogeny, this may suggest that this cor-
responds to an ancestral function of RXR (that should be found,
for example, in Tripedalia) that has been modified in verte-
brates and insects (Fig. 7). The role of RXR-specific signaling
thus needs to be addressed in further studies. Of note, the
amphioxus is a particularly suitable model system for such a
study, since it allows treatments with specific agonist or antag-
onist compounds that will allow dissecting the in vivo func-
tional role of this receptor (26). In addition, in amphioxus, sev-
eral partners of RXR, such as retinoic acid nuclear receptor or
thyroid nuclear receptor, have been characterized both in terms
of in vivo function and in terms of pharmacology (35, 42).
Finally the amphioxus genome contains only one gene for each
type of receptor (i.e. only one RXR, one retinoic acid nuclear
receptor, and one thyroid nuclear receptor), thus providing a
much simpler system than vertebrates in which genetic redun-
dancy and paralogue-specific sequence divergence impede the
understanding of the basal function of a given receptor type
(51). Thus, it should be possible using amphioxus to study in
more detail the molecular dialogue that may exist between
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FIGURE 7. Schematized tree of RXRs highlighting the evolutionary and
structural plasticity of the ligand-binding domain. Vertebrate RXRs are
depicted with an empty binding pocket (yellow) and can readily be activated
by low doses of ligands. For AmphiRXR (this study) and mollusk RXR
(Biomphalaria; see Ref. 25), the ligand-binding pocket is partially filled with
H11 residues, but the receptor can still be able to bind a ligand at high doses.
A loss of this ligand binding ability occurred at the base of insects (28), giving
rise to non-Mecopterida USPs (in Bemisia and Tribolium) that do not bind
ligand. A further evolutionary change in Mecopterida (Drosophila and
Heliothis) linked to rapid sequence divergence produced receptors exhibiting
a large binding pocket filled with a phospholipid. We propose that the situa-
tion found in amphioxus and Biomphalaria will also be found in cnidarian RXR
(Tripedalia; see Ref. 23), but this remains to be shown. Colored symbols indi-
cate functional shifts. Black square, early event of gain of ligand binding (15).
Blue cross, loss of ligand binding at the base of insects (28) (note that we still
ignore precisely when this event occurred). Red star, gain of a structural ligand
in Mecopterida (28). Yellow triangle, shift of H11 and acquisition of high affinity
ligand binding in vertebrates (this study). 3D, the available crystal structure of
LBDs.

RXR, its heterodimeric partners, and the transcriptional
coactivators.

In this paper, we show that the amphioxus RXR LBD exhibits
a striking organization, since it adopts an apo antagonist con-
formation with a peculiar conformation of helix H11 filling the
ligand-binding pocket and shows some similarities with the
non-Mecopterida insect RXRs in which unfolded H6 and H11
fill the ligand-binding pocket. In addition, our functional data
show that AmphiRXR, like the vertebrates and mollusk RXRs, is
able to bind and be activated by RXR ligands but less efficiently
than vertebrate RXRs. The AmphiRXR LBD is thus structurally
similar to the insect USP LBDs, whereas it is functionally
related to vertebrate RXRs, since it can be regulated by the same
ligands, although with a weaker efficiency. Thus, our data sug-
gest that amphioxus RXR is, functionally, an intermediate
between arthropod RXR/USPs and vertebrate RXRs. We pro-
pose that in most metazoans, RXR is similar to the situation
found in amphioxus or mollusk, and from this situation, two
different types of RXR evolved: (i) the ligand-independent form
in non-Mecopterida insects (further modified later in Mecop-
terida) and (ii) the vertebrate receptors that reinforced their
ability to be regulated by ligand binding (yellow star in Fig. 7).
Such an event is likely to have occurred before the whole
genome duplication events that produced the three paralogous
receptors in vertebrates, RXRe, -B, and -7, since the three
paralogous receptors have identical ligand-binding pockets and
exhibit the same ligand binding activities (Fig. 7). Nevertheless,
it has to be emphasized that almost no functional data are avail-
able from RXRs in nonmammalian vertebrates, such as fishes,
or even early vertebrates, such as lamprey and hagfishes. It is
only through careful structural and functional analysis of these
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receptors that a precise model of ligand binding evolution of
chordate RXRs will be determined.

According to the strong conservation of the residues lining
the putative canonical LBP, one would predict that all RXR-like
LBD, including those from insects, such as the hemipteran
Bemisia (BtUSP) or the coleopteran Tribolium (TcUSP), would
bind most of the known ligands of HsRXR. This contrasts with
the experimental observations in Tribolium USP, which does
not bind and is not activated by any RXR ligands (25). Of note,
these observations have been reinforced by an evolutionary
analysis of the pattern of substitution rate in the ligand-binding
domains of RXRs and USPs from a wide variety of metazoans
(25). Indeed, these data indicate that in TcUSP or BtUSP, resi-
dues that would belong to a potential RXR-like LBP exhibit high
evolutionary rates, suggesting a relaxation of the evolutionary
pressure in this region that may be related to a loss in ligand
binding capability. AmphiRXR appears to be in a paradoxical
situation when compared with the receptors from insects, since
it adopts a similar apo conformation (with H12 in an antagonist
position and the ligand-binding pocket filled by H11 residues),
whereas it is able to bind to RXR-specific ligands, such as 9-cis-
retinoic acid, BMS649, or oleic acid. Of note, in silico modeling
analysis cannot provide a simple steric explanation of this
observation, since a homology model that would accommodate
ligands like 9-cis-RA or fatty acids can easily be built for both
the insect receptors and AmphiRXR. Additional experiments
are necessary to elucidate the mechanism of ligand binding and
more generally the question of the necessity of a ligand for this
orphan receptor. RXR provides a very clear example showing
that sequence conservation is a necessary prerequisite for the
prediction of functional properties, such as ligand binding, but
is not sufficient alone to reach a conclusion.

Taken together, the data available on RXRs illustrate the
remarkable evolutionary plasticity of this LBD that can adapt to
different functional shifts, such as changes in the ligand binding
abilities, together with a conservation of other functions, such
as heterodimerization. This certainly calls for other compara-
tive structural and functional studies of this receptor that will
serve to illustrate basic concepts in NR function, such as the
role of ligand regulation, the definition of endogenous ligands,
or the structural basis of ligand affinity.
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