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Retinoic X receptor (RXR) is a master nuclear receptor in the
processes of cell development and homeostasis. Unliganded
RXR exists in an autorepressed tetramer, and agonists can
induce RXR dimerization and coactivator recruitment for acti-
vation. However, the molecular mechanisms involving the core-
pressor recruitment and antagonist-mediated repression of
RXR are still elusive. Here we report the crystal structure of
RXRa ligand-binding domain (LBD) complexed with silencing
mediator for retinoid and thyroid hormone receptors (SMRT)
corepressor motif. As the first structural report on the
unliganded nuclear receptor bound to the corepressor motif,
RXRaLBD-SMRT exhibits a significant structural rearrange-
ment, compared with apoRXRaLBD tetramer. To elucidate fur-
ther the molecular determinants for RXR repression by its
antagonist, we also determine the crystal structure of
RXRaLBD-SMRT complexed with the identified antagonist
rhein. In the structure, two rhein molecules and two SMRT pep-
tides are in the RXRaLBD tetramer, different from the case in
RXRaLBD-SMRT structure, where four SMRT peptides bind to
RXRaLBD tetramer. It seems that rhein induces a displacement
of SMRT motif by activation function 2 (AF-2) motif binding to
the receptor. Combining our current work with the published
results, structural superposition of RXRaLBDs in different
states reveals that RXR uses an overlapped binding site for
coactivator, corepressor, and AF-2 motifs, whereas the AF-2
motif adopts different conformations for agonist or antagonist
interaction and coactivator or corepressor recruitment. Taken
together, we thus propose a molecular model of RXR repression
on the tetramer.

The nuclear receptor retinoic X receptor (RXR)? is a ligand-
regulated transcription factor and is involved in the processes
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of cell patterning, organogenesis, proliferation, and differen-
tiation (1). The functions of many other nuclear receptors
such as retinoid acid receptor, peroxisome proliferator-acti-
vated receptor (PPAR), farnesoid X receptor (FXR), liver X
receptor (LXR), and thyroid hormone receptor are all depen-
dent on RXR by forming heterodimers with this master recep-
tor (2). Considering the central roles of RXR in multiple biolog-
ical processes, the molecular mechanism for RXR regulation,
especially receptor-ligand and receptor-coregulator interac-
tions, will undoubtedly provide insights into the RXR-involved
signaling pathways.

Currently, RXR transcription activation has been character-
ized in some detail (3, 4). Upon agonist binding to the ligand-
binding domain (LBD) of the receptor, the DNA-binding
domain (DBD) recognizes the specific response elements, and
then the activation function 2 (AF-2) motif conducts conforma-
tional changes for recruiting the coactivators to initiate gene
expression (3, 4). Without ligand binding, RXR exists domi-
nantly as an autorepressed homotetramer (4). Previous reports
on the structures of the apoRXRaLBD tetramer revealed that
the AF-2 motif extends from the core structure of the LBD and
makes intermolecular interactions with the coactivator-bind-
ing site of its neighboring monomer (4, 5). Such contacts thus
suggest the molecular mechanism of RXR autorepression and
AF-2-mediated inhibition of coactivator binding. However,
interactions between RXR and the corepressors such as the
nuclear receptor corepressor (N-CoR) and the silencing medi-
ator for retinoid and thyroid hormone receptors (SMRT) were
still elusive.

SMRT has been implicated in resistance to thyroid hormone,
a human genetic disease characterized by an impaired physio-
logical response to thyroid hormone (6, 7). It also links to sev-
eral types of leukemia, including acute promyelocytic leukemia,
acute myeloid leukemia, and pediatric B-cell acute leukemia
(8). In addition, circumstantial evidence associates N-CoR
and/or SMRT expression and subcellular localization with
some cancers like colorectal carcinoma (9) and endometrial
carcinoma (10). Recently, SMRT was reported to promote oxi-
dative phosphorylation in adipose tissue and protect against
diet-induced obesity and insulin resistance (11). Our previous
study based on isothermal titration calorimetry technology
showed that the SMRT corepressor motif peptide (residues

binding domain; LXR, liver X receptor; PPAR, peroxisome proliferator-acti-
vated receptor; rhein, 4,5-dihydroxy-9,10-dioxoanthracene-2-carboxylic
acid; SMRT, silencing mediator for retinoid and thyroid hormone receptors;
SRC, steroid receptor coactivator.
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Structure of RXR Repression on Tetramer

Z37TNMGLEAIIRKALMGK??%?) bind directly to either apo or
antagonist-bound RXRaLBD (5). To reveal the molecular basis
for the receptor-corepressor interaction, we determine here the
crystal structure of RXRaLBD complexed with the SMRT core-
pressor motif peptide. Structural analysis indicates that four
SMRT peptides bind to the tetrameric RXRaLBD in a con-
served binding pocket (12, 13) whereas SMRT binding unex-
pectedly induces a significant conformational rearrangement of
the receptor compared with apoRXRaLBD structure.

To elucidate further the potential molecular determinants
for RXR repression by the antagonist, we also determine the
crystal structure of RXRaLBD-SMRT complexed with the
identified antagonist rhein. Rhein is one of the major bioactive
components in rhubarb (Dahuang), a famous traditional Chi-
nese medicine derived from the rhizome of Rheum palmatum
and related species. It exhibits anti-tumor, anti-inflammatory
and anti-angiogenic activities (14). Rhein was also proved to be
effective in the treatment of diabetic nephropathy (15, 16),
although no target for rhein had ever been discovered. In our
current work, rhein is identified as a selective RXRa antagonist,
which could repress all of the tested RXRa-involved homo- or
heterodimeric transcription activities. The crystal structure of
RXRaLBD-rhein-SMRT reveals that two rhein molecules and
two SMRT peptides bind to RXRaLBD tetramer, which is dif-
ferent from the case in RXRaLBD-SMRT, where four SMRT
peptides are in RXRaLLBD tetramer. These results thus imply
that rhein results in a displacement of the SMRT motif by the
AF-2 motif at the corepressor-binding pocket. Further struc-
tural superposition of RXRaLBDs in its apo, agonist-, and
antagonist-bound states reveals that the AF-2 motif adopts dif-
ferent conformations catering to agonist or antagonist interac-
tion, as well as coactivator or corepressor recruitment. Based on
all these findings, we thereby propose a potential molecular
model for RXR repression on the tetramer.

EXPERIMENTAL PROCEDURES

Protein Purification and Peptide Synthesis—The coding
sequence of human RXRaLBD (residues 221-458) was cloned
to the vector pET15b, and Escherichia coli strain BL21 (DE3)
was used for protein expression. The protein expression was
induced with 0.5 mM isopropyl 1-thio-B-p-galactopyranoside
at 25 °C for 6 h. His-tagged RXRaL.BD was purified with nickel-
nitrilotriacetic acid resin (Qiagen), and the tag was then
removed by thrombin (Novagen). The protein was further puri-
fied with Superdex 200 (Amersham Biosciences). The SMRT
corepressor motif peptide was commercially synthesized with
the sequence >** TNMGLEAIIRKALMG?3>",

Cocrystallization—All crystallization experiments were per-
formed by hanging-drop method at 20 °C. RXRaLBD was
mixed with the SMRT peptide in a ratio of 1:3. Crystals grew in
the condition of 100 mMm sodium cacodylate, pH 6.5, 15% PEG
4000, 100 mM magnesium acetate. For the RXRaLBD-rhein-
SMRT complex, the ratio of protein to peptide:ligand was 1:3:5.
Crystals grew in the condition of 100 mMm sodium cacodylate,
pH 6.5, 20% PEG 4000, 100 mM magnesium acetate.

Data Collection, Processing, Structure Determination, and
Refinement—Diffraction data were collected at BL17U of
Shanghai Synchrotron Radiation Facility in China and inte-
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TABLE 1
Data collection and refinement statistics
RXRaLBD-SMRT RXRaLBD-rhein-SMRT

Statistics

Data collection

Space group P4,2,2 P2,2,2,
Cell dimensions
a,b,c(A) 118.22,118.22, 84.02 85.03,117.58,117.12
o B,y () 90, 90, 90 90, 90, 90
Resolution (A) 44.7-2.9 (3.0-2.9)  42.5-3.0 (3.1-3.0)
Ruyen OF Rinerge 0.092 (0.447) 0.083 (0.542)
/ol 49.2 (7.3) 29.8 (4.1)
Completeness (%) 99.5 (100) 99.0 (100)
Redundancy 7.5(7.5) 3.6 (3.8)
Refinement
Resolution (A) 44.8-2.9 42.5-3.0
No. of reflections 13,219 22,792
Ruyor/ Riveo 0.251/0.292 0.247/0.290
No. of atoms 3,504 6,901
B-factors 65.1 70.1
Root mean square deviations
Bond lengths (A) 0.019 0.017
Bond angles (°) 1.239 1.109
Ramachandran plot (%)
Most favored regions 94.3 93.8

Allowed regions 5.7 6.2
“ Values in parentheses are for highest resolution shell.

grated with HKL2000 (17). Phasing was performed with
Molrep (18). Structure refinement was carried out with Ref-
mac5 (18). Model building was manually performed with
COOT (19). The statistics of the data collection and structure
refinement are summarized in Table 1. Atomic coordinates and
structure factors have been deposited in the Protein Data Bank
under ID codes 3R29 (RXRaLBD-SMRT) and 3R2A
(RXRaLBD-rhein-SMRT).

Luciferase Assay—Mammalian one-hybrid and transactiva-
tion experiments were performed using luciferase assays in
HEK293T cells. Transient transfection was conducted using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s guideline. To evaluate the selectivity of rhein on differ-
ent nuclear receptors, GAL4DBD-RXRalLBD, -PPARyLBD,
-LXRaLBD, or -FXRLBD was cotransfected with UAS-TK-
Luc reporter and Renilla luciferase vector pRL-SV40. For the
transactivation assays, pcDNA3.1-RXRa, -PPARY, -LXRe,
or -FXR was cotransfected with pRL-SV40 plus pGL3-pro-
RXRE-Luc, -PPRE-Luc, -LXRE-Luc, or FXRE-Luc, respec-
tively. Five hours after transfection, cells were incubated
with varied concentrations of rhein and the related positive
agonist for another 24 h. RXRa agonist 9-cis-retinoic acid,
PPARvy agonist rosiglitazone, LXRa agonist TO901317, and
FXR agonist chenodeoxycholic acid were used as positive
agonists. Luciferase activities were then measured using the
Dual Luciferase Assay System kit (Promega). Results were
shown as means = S.E., n = 3. The figures were prepared
with the software Origin.

Surface Plasma Resonance Technology-based Assay—Bind-
ing affinity of rhein toward RXRaLBD was determined with
BIACORE 3000 instrument (BIACORE) based on our previous
report (5). Briefly, RXRaLBD was immobilized onto a CM5
sensor chip according to the standard primary amine-coupling
procedures. Rhein was serially diluted and injected into the
channels at a flow rate of 20 ul/min for 60 s followed by disas-
sociation for 120 s.

VOLUME 286+NUMBER 28-JULY 15,2011



Structure of RXR Repression on Tetramer

RXRaLBD-SMRT

apo RXRaLBD

—

V280 - .
E281 H Antagonist Agonist
K284 | Helix 3 / \ / \

RXR-AF2 DTP
SMRT2 MG

DTFLIMEML| E
EAl || |RKA|L| M
m AF-2 (neighboring) SRC1 HKI L HRL L Q

FIGURE 1. Structure of RKRaLBD-SMRT. A, overall architecture of RXRaLBD-SMRT. Each RXRaLBD monomer and SMRT peptide is shown in a distinct color.
B, RXRaLBD monomer indicating the key secondary structures for activation. wheat, conserved RXRaLBD core structure; green, N-terminal helix 3; yellow, helix
11; cyan, C-terminal AF-2 motif; blue, neighboring AF-2 motif; red, SMRT. Ligand-binding pockets are also indicated in the gray cycle. C, comparison of the
tetramer rotations between the RXRaLBD-SMRT on the left and apoRXRaLBD on the right. Rotations are shown in both ribbon (upper) and model (lower)
configurations. D, lle**? and Thr*** forming two hydrogen bonds with Arg>*® and Arg>°? of the two neighboring monomers, respectively. £, Phe**” and Phe**®
in the four monomers making hydrophobic interactions with each other in a hand-in-hand manner. Leu**' of each monomer extends itself inward to further
stabilize helix 11 hydrophobically. F, structural superposition among apoRXRaLBD (blue), SMRT-bound RXRaLBD (red), and agonist-activated RXRaLBD (cyan)
structures revealing different conformations of helix 3 and AF-2. The conserved core structure of the LBD is shown as surface; coactivator SRC-1 is in green,
corepressor SMRT in yellow, and the AF-2 motif of the neighboring monomer in magenta. G, interactions between the SMRT motif (cylinder) and RXRaLBD
(boxed residues, helix 3 in blue, helix 5 in green, and the AF-2 motif of the neighboring monomer in red). H, structure-based sequence alignment of the AF-2
motif, corepressor SMRT, and coactivator SRC1 on the overlapped binding pocket. The key residues are shown in red boxes and are indicated for the agonist or
antagonist binding.
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RESULTS ligand-binding pocket are shown in Fig. 1B. Compared with the

SMRT Binding Induces a Significant Structural Rearrange-
ment of RXR Tetramer—Our determined crystal structure of
RXRaLBD-SMRT shows a tetrameric RXRaLBD conforma-
tion with one SMRT peptide bound to each receptor (Fig. 1A).
The key secondary structures involving RXR activation and

pCEVEN
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previously reported apoRXRaLBD tetramer, SMRT binding
induces a significant rearrangement of the tetramer (4, 5). The
two symmetry dimers in the tetramer rotate about 30° along the
tetrameric axis from the position in its apo form (Fig. 1C). As a
result, the atom O of Ile**? and OG1 of Thr***in the C terminus
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FIGURE 2. Rhein as a selective RXRa antagonist. A, chemical structures of rhein. B, rhein repressing the 9-cis-retinoic acid-induced transcription of GAL4DBD-
RXRaLBD by mammalian one hybrid. However, rhein exhibits no activities on the transcription of GAL4ADBD-PPARyLBD, GAL4DBD-FXRLBD, and GAL4DBD-
LXRalLBD. C, transactivation assays indicating that rhein represses all RXRa-involved dimeric transcription, including RXRE, PPRE, FXRE, and LXRE, mediated by
RXRa/RXRa homodimer, RXRa/PPARy, RXRa/FXR, and RXRa/LXRa heterodimers, respectively.

of helix 10 forms two hydrogen bonds with NH1 of Arg®*® in
helix 7 and NH2 of Arg®®” in helix 4 from its two neighboring
monomers, respectively (Fig. 1D). Remarkably, the two adja-
cent phenylalanine residues Phe**” and Phe®*® in helix 11 from
each monomer of the tetramer form hydrophobic interactions
in a hand-in-hand manner (Fig. 1E). Such interactions among
the four helices 11 are believed to play a critical role for the
tetramer stabilization. Additionally, Leu**! from each helix 11
extends itself inward to further stabilize these four helices
hydrophobically (Fig. 1E). As a consequence of the tetrameric
rearrangement, SMRT binding results in a much larger
tetramer interface (2179.8 A%) compared with the tetramer of
apoRXRaLBD (1475.8 A?) (5). These findings thus suggest that
SMRT-bound RXRaLBD may be a more stable tetramer than
apoRXRaLBD tetramer.

Structural superposition of RXRaLBD monomers from
tetramers in the presence or absence of SMRT indicates a con-
served core structure of LBD, but different helix 3 and AF-2
motif conformations (Fig. 1F). When SMRTs bind to
RXRaLBD, the N terminus of helix 3 bends toward the ligand-
binding pocket as in the active state upon agonist binding (20)
(Fig. 1F). In addition, the AF-2 motif positions itself into the
neighboring monomer and is fixed by helices 3’,4’,and 10’ (Fig.
1A). Due to the rotation along the tetrameric axis, the AF-2
motif thus exhibits different conformations in apo and SMRT-
bound RXRaLBD structures.

Compared with other SMRT-bound nuclear receptors, the
SMRT corepressor motif in the current structure binds into a
conserved corepressor-binding site (12, 13). The key residues
Leu**, 1le****, and Leu®**® make hydrophobic interactions
with Lys*®**in helix 3; Leu®**, Asp>®®, GIn**?, Val**%, Leu®’!, and
Trp®°® in helix 5; Thr**?, Leu**', and Met**? in the neighboring
AF-2 motif (Fig. 1G). Additionally, Ile**** also interacts with
Asp?”® and Leu®’® in helix 3 and Met***> and Met*** in the
neighboring AF-2 motif. Interactions between SMRT and the N
terminus of the AF-2 motif indicate that the AF-2 motif stabi-
lized SMRT binding to the receptor. The C terminus of the
AF-2 motif in our RXRaLBD-SMRT structure, however, shows
no clear electron density due to its flexibility induced by SMRT/
AF-2 competitive binding to the receptor (21).

Structure-based sequence alignment of steroid receptor
coactivator 1 (SRC-1) coactivator motif, SMRT corepressor
motif, and AF-2 motif reveals conserved binding interactions
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(Fig. 1H). The three critical residues Ile**”, Leu*!, and Leu®*” of
the AF-2 motif bound to a similar binding site to Leu®**,
le****, and Leu®**® of SMRT, making SMRT/AF-2 competitive
binding to the receptor (21). On the other side, **' LMEML*** of
the AF-2 motif mimicked the LXXLL motif of coactivator
SRC-1 for the AF-2-mediated inhibition against coactivator
binding (4, 5). Therefore, it is suggested that RXR uses an over-
lapped coregulator-binding pocket for coactivator SRC-1, core-
pressor SMRT and AF-2 motifs, whereas coactivator, corepres-
sor, and AF-2 motifs have to compete with each other for
binding into this pocket.

Rhein Is Identified as a Selective RXR Antagonist—In our pre-
vious study, danthron from the traditional Chinese medicine
rhubarb was found to be a specific antagonist against RXRa (5).
Rhein (Fig. 2A) is another major component of rhubarb
extracts. Compared with danthron, rhein has an additional car-
boxyl group at the C3 site of danthron. Mammalian one-hy-
brid-based assays are subsequently employed to evaluate the
effects of rhein on RXRa transcriptional activities. As shown in
Fig. 2B, rhein inhibits the known agonist 9-cis-retinoic acid-
induced RXRa transactivation by IC,, value of 0.75 um. How-
ever, this compound exhibits no activities against all other
tested nuclear receptors, including PPARy, FXR, and LXR«
(Fig. 2B). Further transactivation assays demonstrate that rhein
represses not only the transcription of RXRE mediated by
RXRa/RXRa homodimer, but also several kinds of RXRa-in-
volved heterodimers, including PPRE, FXRE, and LXRE, which
are mediated by RXRa/PPARY, RXRa/FXR, and RXRa/LXRa
heterodimers, respectively (Fig. 2C). These results thus suggest
that rhein exerts its trans-repression activities on RXRa
homodimer and RXRea-involved heterodimers by binding
RXRa as a good selective target over other nuclear receptors.

Rhein Binding Results in a Displacement of SMRT for AF-2
Motif—Our previous isothermal titration calorimetry results
on danthron binding to RXRaLBD showed that this antagonist
bound to the receptor with a stoichiometric ratio of 1:2, and
such a binding changed SMRT recruiting ratio from 1:1 to 1:2
(5). Our current crystal structure of RXRaLBD-rhein-SMRT
reveals the structural basis behind these biophysical results. In
this structure, two rhein molecules and two SMRT peptides are
bound in RXRaLBD tetramer (Fig. 3A4), different from the case
in RXRaLBD-SMRT structure, where four SMRT peptides
bind to RXRaLBD tetramer (Fig. 14). Rhein binds into the
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FIGURE 3. Structure of RXRaLBD-rhein-SMRT. A, overall architecture of RXRaLBD-rhein-SMRT with the electron density of rhein (omit map contoured at 1.00
level). B, surface of RKRaLBD-rhein-SMRT showing that the AF-2 motif of the neighboring monomer covers the ligand-binding pocket and displaces SMRT from
the coregulator-binding site. The electron density map contoured at 1.00 level shows an unambiguous positioning of the AF-2 motif (in green sticks) and SMRT

corepressor motif (in red sticks).

hydrophobic ligand-binding pocket with the hydrogen bonds
between OAC and OAF of rhein and O of Cys**? in the C ter-
minus of helix 10.

As indicated, the most significant conformational changes
upon rhein binding are observed in helix 3 and the AF-2 motif,
both of which are crucial for RXR activation. The N terminus of
helix 3 (**VTNICQAADKQLF?®) shifts outward to adapt itself
for ligand binding. Notably, rhein binding redirects the neigh-
boring AF-2 into the SMRT binding site (Fig. 3B). The electron
density map shows an unambiguous positioning of SMRT core-
pressor motif and the C terminus of the AF-2 motif (Fig. 3B).
This observation of rhein-induced displacement of SMRT by
the AF-2 motif thus confirms the competitive binding of
SMRT/AEF-2 to the receptor (21). Moreover, such a displace-
ment will undoubtedly contribute to the stabilization of RXR
tetramerization by an enlarged tetramer interface. Addition-
ally, by interacting with Ile**” and Leu®®' of the neighboring
AF-2 motif (Fig. 3A), rhein catches this motif to stabilize the
inactive tetramer further, thus totally repressing the RXR-in-
volved transactivation (Fig. 2D).

Multiple Functions of AF-2 Motif—Interestingly, the AF-2
motif adopts different conformations for agonist, antagonist,
and coregulator bindings (Fig. 4). In our previous crystal struc-
ture of bigelovin-activated RXRaLBD, the AF-2 motif over-
turned to seal off the ligand-binding pocket, in which Leu***
and Leu®® of the AF-2 motif played essential roles by interact-
ing with the agonist (20). AF-2 overturning also made this motif
interact directly with SRC-1 coactivator motif for RXR activa-
tion. In the autorepressed apoRXRaLBD tetramer structure,
these two leucine residues (Leu®*®! and Leu®®®) of the AF-2
motif positioned themselves into the coregulator-binding
pocket of the neighboring monomer to resemble the LXXLL
motif of coactivator SRC-1 for RXR autorepression (4, 5) (Fig.
1H). While in the presence of corepressor SMRT, the AF-2
motif competes with SMRT for binding to the receptor. More-
over, SMRT-induced tetrameric rearrangement makes the N
terminus of AF-2 interact with SMRT, but the C terminus of the
AF-2 motif becomes flexible. Upon antagonist binding, Ile**”
and Leu®" of the neighboring AF-2 motif interact with the
antagonist, followed by a displacement of SMRT by AF-2 bind-
ing into the coregulator-binding site (Fig. 2B). Thus, the AF-2

ACEEVCN
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FIGURE 4. Multiple functions of AF-2 motif. AF-2 exhibits different confor-
mations in apo (orange), SMRT-bound (green), antagonist-bound (blue), and
agonist-bound (red) structures. Surface of the receptor is shown in wheat,
surface of the neighboring monomer shown in light blue is from the SMRT-
bound tetramer, and the coregulator is shown in rainbow.

motif allocates different residues for agonist or antagonist
interaction in the active or repressive state. It is also indicated
that the AF-2 motif competes with both the coactivator and
corepressor for RXR binding. As reported, removing of the
AF-2 motif converted RXR to a potent transcriptional repressor
(22), which might be attributed to the multiple functions of the
AF-2 motif on both coregulator competition and recruitment.
Therefore, it is concluded that the multifunctional AF-2 motif
adopts different conformations to interact with agonist or
antagonist and mediates the recruitment of both coactivator
and corepressor.

DISCUSSION

Nuclear receptors comprise a superfamily of transcription
factors regulating complex networks in the processes of cell
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development and metabolism (23). The LBDs of nuclear recep-
tors possess similarities in sequence and structure as well as
mechanisms for activation. However, they adopt different con-
formations for antagonist and corepressor bindings. It was
reported that the PPARa AF-2 motif packed loosely against
helix 3 (12), and the estrogen-related receptor-y AF-2 motif
extended from the LBD (13), both of which exhibited no effects
on SMRT and antagonist binding. In our current crystal struc-
tures of RXRaLBD-SMRT and RXRaLBD-rhein-SMRT, RXR
adopts alternative ways for the repression, in which AF-2 medi-
ates both SMRT and antagonist binding to their pockets. Addi-
tionally, SMRT-repressed and antagonist-repressed RXRs are
both in tetramer, different from the dimeric forms for the other
nuclear receptors.

Structure-based sequence alignment for the motifs of coacti-
vator, corepressor, and AF-2 shows that RXR employs an over-
lapped pocket for their bindings (Fig. 1F). In apoRXRaLBD, the
AF-2 motif sterically masks this binding site to inhibit the
coactivator recruitment. While in the presence of RXR agonist,
AF-2 turns to interact with the agonist, leaving the coregulator-
binding site for coactivator SRC-1 recruitment (20). Interest-
ingly, our current work indicates that the RXR antagonist is not
required for corepressor SMRT recruitment. SMRT bound to
the tetrameric RXR in the absence of the antagonist, and
SMRT-induced RXR rearrangement further stabilizes the inac-
tive tetramer. Moreover, the RXR antagonist displaces SMRT
for AF-2 binding instead of helping SMRT recruitment. Such a
displacement benefits the stabilization of the inactive RXR
tetramer by enlarged tetrameric interface.

As shown in Fig. 1E, helix 11 plays a critical role in the
tetramer stabilization of SMRT-induced RXR rearrangement.
Although helix 11 (***LFFFKL**') was reported to help the
corepressor SMRT binding to RXR (24), both of our current
structures indicated that this helix is too far from the coregula-
tor-binding site to make direct contacts with the corepressor
motif.

Another significant discovery from our current structures is
about the multiple functions of the AF-2 motif. This motif
occupies the coregulator-binding site in the autorepressed RXR
structure and plays either a positive role in transcriptional acti-
vation by recruiting the coactivator SRC-1 or a negative role in
transcriptional repression by recruiting the corepressor SMRT.
Previous studies indicated that the AF-2 motif inhibited the
coactivator SRC-1 binding (4), whereas the competitive binding
of the AF-2 motif and corepressor SMRT to the receptor is also
observed in both of our current structures. Additionally, we
find that the N terminus of the AF-2 motif helps SMRT binding
to the receptor by direct interactions. Structural superposition
between agonist- and antagonist-bound RXR structures reveals
different residues of the AF-2 motif responsible for agonist or
antagonist binding (Fig. 1H). lle**” and Leu**" are for the antag-
onist, whereas Leu®®! and Leu®®® are for the agonist.

Therefore, based on all of these findings, we propose a poten-
tial model of RXR repression on the tetramer (Fig. 5). In the
absence of ligand, RXRs exist in equilibrium of the autore-
pressed tetramers and SMRT-repressed tetramers, with the
competitive binding of the AF-2 motif and SMRT corepressor
motif to the coregulator-binding site. The RXR antagonist
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Auto-repressed SMRT-repressed

FIGURE 5. Proposed model of RXR repression on the tetramer.

mediates the SMRT/AF-2 motif exchange with an enlarged
tetramer interface. In whatever tetrameric conformations,
RXRs have no transcriptional activities until the agonist-in-
duced RXR dimerization and coactivator recruitment happen.
Therefore, ligand-dependent exchange of coactivator, core-
pressor, and AF-2 motifs should be the fundamental regulator
for RXR functioning.
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