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Transcription regulation by steroid hormones, vitamin derivatives,
and metabolites is mediated by nuclear receptors (NRs), which
play an important role in ligand-dependent gene expression and
human health. NRs function as homodimers or heterodimers and
are involved in a combinatorial, coordinated and sequentially
orchestrated exchange between coregulators (corepressors, coacti-
vators). The architecture of DNA-bound functional dimers positions
the coregulators proteins. We previously demonstrated that reti-
noic acid (RAR-RXR) and vitamin D3 receptors (VDR-RXR) hetero-
dimers recruit only one coactivator molecule asymmetrically with-
out steric hindrance for the binding of a second cofactor. We now
address the problem of homodimers for which the presence of
two identical targets enhances the functional importance of the
mode of binding. Using structural and biophysical methods and
RAR as a model, we could dissect the molecular mechanism of coac-
tivator recruitment to homodimers. Our study reveals an allosteric
mechanism whereby binding of a coactivator promotes formation
of nonsymmetrical RAR homodimers with a 2:1 stoichiometry.
Ligand conformation and the cofactor binding site of the unbound
receptor are affected through the dimer interface. A similar control
mechanism is observed with estrogen receptor (ER) thus validating
the negative cooperativity model for an established functional
homodimer. Correlation with published data on other NRs confirms
the general character of this regulatory pathway.

allostery | structure

he superfamily of nuclear receptors (NRs) comprises ligand-

dependent transcription factors involved in the regulation of
gene expression. They constitute key drug targets for human
diseases such as cancer, osteoporosis, obesity, or type II diabetes
(1-2). NRs share a common structural organization with a vari-
able amino-terminal domain, a conserved DNA-binding domain
(DBD), and a C-terminal ligand-binding domain (LBD) linked by
a flexible hinge peptide. In addition to the ligand-binding pocket,
the LBD comprises dimerization surfaces and the sites for co-
regulator interactions. In the classic mode of action, in absence
of ligand, some NRs are associated with corepressors (NCoRs)
that harbor histone-deacetylase activity to maintain the chroma-
tin in a transcriptionally silent state (3—4). Upon ligand binding,
DNA-bound receptors recruit coactivators like the steroid recep-
tor coactivator 1 (SRC-1), a member of p160 CoA family (5), to
enhance target gene expression. The receptor interaction domain
(RID) of the coactivators is responsible for the interaction with
NRs and contains several copies of the short consensus inter-
action motif LXXLL (6).

The vast majority of NRs functions as dimers. RAR, like the
vitamin D (VDR) and thyroid hormone (TR) receptors, hetero-
dimerizes with rexinoid receptors (RXRs) (7). Their ability to
form homodimers is also documented (8-10). RAR homodimers
have been shown to be functional in yeast using a two-hybrid
system, and their activity is further enhanced by the presence of
SRC-2 coactivator (11). In vivo, the targeted ablation of all RXR
isotypes in mouse Sertoli cells yields a phenotype distinct from
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that observed upon ablation of all RARSs isotypes suggesting that
in Sertoli cells an alternate RXR independent mechanism
accounts for the RAR-mediated biological responses (12). Simi-
larly, knockdown of RXRs by RNAIi impair only a subset of T3
regulated genes (13).

We recently demonstrated that SRC-1 binds to RXR-RAR
dimers via the RAR subunit (14). In absence of steric hindrance
different affinities for RXR and RAR could account for the
observed 2:1 stoichiometry. However, the explanation cannot
apply to homodimers although it has been shown that SRC-1
RID binds to ER dimers with a stoichiometry of one coactivator
interacting domain bound per dimer (15-16). The present study
tackles this problem using RAR as a model case and testing
the observations on ERa, an established functional homodimer.
The rationale behind the choice of RAR lies in the observation
that with the same ligand its LBD could be crystallized as a mono-
mer and a dimer, the latter in presence of a silicon analog of the
ligand and a coactivator peptide (17-18). In contrast with other
NRs we can thus have access to all different structural states,
including RAR-RXR heterodimer, and correlate them to the
binding of the coactivators and/or different ligands. In the present
study we demonstrate that binding of the coactivator to one RAR
subunit exerts an allosteric control over its own interaction with
the second RAR protomer. The molecular mechanism involves
modification of both the ligand-binding and dimerization func-
tions of RAR. Extending our analysis to steroidal homodimers,
estrogen receptor (ER) homodimers, we observe a similar mole-
cular mechanism of control. The crystal structures of ERa LBD
homodimers show an asymmetry consistent with the conclusions
derived from RAR observations. This molecular mechanism
of regulation opens a novel perspective for the design of more
selective ligands.

Results

Crystal Structures of hRARS LBD Homodimer with SRC-1 Coactivator
Peptide. We determined the crystal structures of the ternary com-
plexes containing the RARB LBD bound to a 25-mer peptide
derived from NR-interaction motif 2 of the SRC-1 coactivator
(SRC-1 NR2) and the agonists TTNPB or 9-cis RA (Table S1).
Both complexes crystallizes into the P2,2,2, space group and
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Fig. 1. Crystal packings of RARB LBD complexes. The asymmetric unit con-
tent is shown in green. (A) The dimeric RARB-TTNPB-SRC-1 NR2 complex.
(B) The RARB-TTNPB monomer (PDB ID code 1XAP).

contain two LBDs in the asymmetric unit, each LBD being bound
to one ligand and one SRC-1 NR2 peptide. The TTNPB and 9-cis
RA complex structures were solved by molecular replacement
and refined to 1.9 A and 2.3 A resolution, respectively. Packing
analysis (Fig. 1) shows that crystals are built from dimeric entities
similar to those observed in the crystal structures of ER (19), ERR
(20), PPAR (21), or LXR (22-23). Both subunits adopt the active
conformation, with the C-terminal activation helix H12 capping the
ligand-binding pocket and the SRC-1 NR2 peptide bound to the
surface formed by residues from helices H3, H4, and H12 (Fig. 24).
In contrast to symmetric homodimers, the overall RAR-RAR
arrangement is asymmetric and reminiscent of that seen in RXR-
RAR heterodimers (24-25) (Fig. 2 B-D). The dimerization inter-

face involves residues from helices H7, H9, and H10 and loops
L8-9 and L9-10 with a pseudo twofold axis relating each monomer.
Compared to the RXRa-RARp heterodimer (PDB ID code
1XDK) (25), more contacts are observed for the RAR-RAR inter-
face at the C-terminal end of H10. Overall, theoburied surface of
each monomer within the homodimer (1,090 A?) is larger than
that of RAR in the heterodimer (930 A%). A remarkable obser-
vation is the asymmetry of the dimer with different ligand confor-
mation in each monomer. See below for a detailed description of
the asymmetry in the RAR-RAR homodimer.

Although the overall intermolecular interaction pattern is con-
served in the homodimer, some important differences with pos-
sible structural/functional implications can be observed. Indeed,
the salt bridge between HsSRARa Arg364 (H9) and MmRXRa
Glu406 (H9) is absent in the homodimer (Fig. 2C). The position
of Glu406 is occupied by Lys360. This difference is likely to ac-
count for a closer contact of RAR H9 with the second subunit in
the heterodimer. Despite the occurrence of more H10-H10 con-
tacts in the homodimer, the absence of this salt bridge can explain
its lower stability relative to that of the heterodimer.

RARp Forms Dimers in Solution in Presence of Ligand and Coactivator
Peptide. The different oligomerization states in the crystals of the
RARB-TTNPB in absence and in presence of the SRC-1 NR2
peptide raised the question of the oligomeric form of the complex
in solution. We analyzed the solution properties of the RAR
LBD alone and complexed with ligand and NR2 peptide by sev-
eral biophysical methods; namely, analytical ultracentrifugation
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RARP-RARp
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Fig. 2. Crystal structure of RARP LBD-TTNPB-SRC-1 NR2. Overall structures of RARp homodimer (A) and RXR-RAR heterodimer (B) are similar. (A) The crystal
structure of HsRARB homodimer bound to TTNPB and SRC-1 NR2 peptide is shown in green (monomer 1, M1) and light green (monomer 2, M2). (B) Crystal
structure of the heterodimer complex (PDB ID code 1XDK) with MmRXR« (cyan) and HsRARP (green) bound to 9-cis RA and the coactivator peptide (purple).
(C) Superposition of the RARB-RAR (pink) and RXRa-RARp dimerization interface. Helices H9 and H10 are depicted as C* traces. (D) Superposition of the
RARB-RARB (pink) and RXRa-RXRa (PDB ID code 2ZYO0) (blue) dimerization interface.
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in velocity mode, isothermal titration calorimetry (ITC), and size
exclusion chromatography. In the latter, the unliganded RARp
LBD elutes as a monomer with an apparent molecular weight
of 25-30 kDa. Addition of ligands (TTNPB or 9-cis RA) and
SRC-1 NR2 resulted in the appearance of a second peak with an
elution volume (Fig. 34 and Table S2) corresponding to an appar-
ent molecular weight of 60 kDa, thus suggesting formation of RAR
homodimers. Both the homogeneity and stability of the assayed
samples were verified by native PAGE (Fig. S14). Analysis of
the sedimentation velocity profiles by analytical ultracentrifugation
confirms that in absence of ligand, the RARfB LBD appears as a
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Fig. 3. Coactivator bound-RARp LBD forms homodimers in solution. (A) Gel
filtration profile of apo RARp LBD and the TTNPB complexes with SRC-1 NR2
or SRC-1 RID showing that two oligomeric species are observed in presence
of the peptide and only one species in presence of the RID. (Bottom) SDS
gel stained by quantitative Sypro-Ruby of the RARB-SRC-1 RID fraction that
indicates a stoichiometry of 1 RID for 2 RARB. (B) Sedimentation velocity ana-
lysis for RARp LBD apo and its complexes with TTNPB and SRC-1 NR2 peptide
by Lamm equation fits using the Sedfit program. The sedimentation distribu-
tion plots show one sedimentation species for the apo RARB LBD and the
TTNPB complex with a sedimentation coefficient s°,, , of 2.6 4 0.1 Svedberg
units. The calculated molecular mass value is 29 kDa and corresponds to the
monomer. In presence of ligand (TTNPB or 9-cis RA) and SRC-1 NR2 peptide,
two peaks are observed, one corresponding to the monomer (s%, , =
2.7+0.1S; Mw = 31 kDa) and the second to the dimer (s"20 =42 +02S
(Mw = 58 kDa). (C-D) Representative ITC titrations of SRC-1 NR2 peptide (C)
and SRC-2 RID (D) into RARa LBD. RARa LBD binds SRC-1 NR2 with a stoichio-
metry of two peptides per homodimer and a dissociation constant Kd of
1.5 pM, whereas in the case of SRC-1 RID, RARa binds with a stoichiometry
of 1 RID per homodimer and a Kd of 2.5 pM.
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single species with a sedimentation coefficient and a molecular
weight corresponding to that of a monomer (Fig. 3B). Two sedi-
mentation species corresponding to a monomer and a dimer of
RARp LBD are observed upon addition of ligands (TTNPB or
9-cis RA) and 3 molar equivalents of SRC-1 NR2 (Fig. 3B). Under
these conditions, the dimeric species represent approximately 1/3
of the protein content. Similar conclusions could be drawn for the
other RAR, « and y paralogues (Fig. S1 B and C).

A Single SRC-1 RID Domain Binds to RARS LBD Homodimer. The cor-
relation between the binding of a short CoA peptide and the ex-
istence of a dimeric form of the receptor prompted us to evaluate
the effect of interaction with the entire SRC-1 RID (616-779 aa)
containing three LXXLL interaction motifs on the oligomeri-
zation state. Using size exclusion chromatography and native
PAGE, we identified only one species with an apparent molecular
weight corresponding to that of the ternary (RARSLBD), -
TTNPB-SRC-1 RID complex (Fig. 34 and lanes 2 and 3 in
Fig. S14). While the SRC-1 RID is partially unfolded alone as
seen by its gel-filtration profile (Table S2), the protein adopts a
defined fold upon interaction with RARP LBD as observed in the
Kratky plot obtained by small angle X-ray scattering (SAXS)
(Fig. S2). The stoichiometry of the complex suggested by Sypro—
Ruby quantitative staining on the SDS/PAGE gel corresponds
to one RARP LBD homodimer bound to one molecule of coac-
tivator domain (Fig. 34). This result is supported by analytical
ultracentrifugation in equilibrium mode (Fig. S3), a method that
is independent of the shape of the molecules. The observed mo-
lecular mass (76,000 £ 3,000 Da) of the complex is in agreement
with that of a 2: 1 complex (79,000 Da). From these observations,
we conclude that the presence of coactivator peptide favors the
formation of homodimers coexisting with the monomeric form
of RAR in solution and that the crystallization conditions have
selected the dimers.

Binding affinities were measured by ITC for the SRC-1 NR2
peptide and SRC-2 RID (Fig. 3 C-D and Table S3). The SRC-1
NR2 peptide binds to RARP LBD with a stoichiometry of 2 (2
NR2 peptides per homodimer) and a mean Kd of 1.5 pM. In con-
trast only one SRC-2 RID binds to RAR dimer LBD with a mean
Kd of 2.5 pM, suggesting a larger induced conformational change
at the second binding site. These observations are in agreement
with the crystallographic and biophysical data. A similar stoichio-
metry of one coactivator RID per dimer is observed for the het-
erodimer RXR-RAR Interestingly the affinity of SRC-2 RID is
higher for RXR-RAR than for the RAR homodimer.

Asymmetry of the RARf Homodimer Complex and Suggested Mechan-
ism. In contrast to the twofold symmetry of the RXR LBD homo-
dimers (26), the RARP homodimers like the RXRa-RARp
heterodimer are asymmetric (Fig. 44). A marked tilt of the dimer
interface brings helix H7 of monomer (M1) closer to loop L8-9 of
its partner (M2). Further asymmetric interactions involving resi-
dues of loop L8-9 are observed between the two monomers, as for
example the salt-bridge interaction of Asp338 (loop L8-9) with
Lys380 (H10). When the two monomers are superimposed, the
C? atoms of the two subunits M1 and M2 have an rmsd of 0.65 A
over 233 residues (Fig. 4B). Large differences are observed for
loop L8-9 (rmsd of 0.94 A), the C-terminal end of the proteins
(rmsd of 1.13 A on the C* atoms of the last 24 residues from H11
to H12), and the SRC-1 NR2 peptide (rmsd of 1.4 A). Similar
values were obtained for the RARp-9-cis RA-SRC-1 NR2 com-
plex. This difference is not a consequence of the crystal packing
because the coactivator peptide and the C-terminal part of M2
are not involved in crystal packing interactions. The structural
superposition of the crystal structure of monomeric RARp-
TTNPB LBD (PDB ID code 1XAP) onto M1 and M2 subunits
of the homodimer indicates that monomer M1 is much closer to
the monomeric conformer (rmsd 0.46 A versus 0.65 A for M2).
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Fig.4. Asymmetry in the RARB homodimer. (A) View along the pseudo-twofold axis of the homodimer LBD of hRARB. Red arrows highlight the dissymmetrical
distances between RARp's helix H7 and loop L8-9. The closest residues (C* atoms) are at 5.7 A and 8.9 A, respectively. (B) Superimposition of monomer M1
(green) on monomer M2 (light green) showing the large differences at the C-terminal end with a tilt of H11 and a shift of H12 (rmsd of 1.1 AonC%anda larger
shift of the CoA peptide (rmsd of 1.4 A). (C) Stereoview of the class Il specific salt bridge in the superimposed monomers. Amino acids of M1 monomer are
in green; those of the M2 that exhibit a different conformation are represented in orange. One of the conserved salt bridges (Asp267—Arg385) is disrupted in
M2. (D) Close-up view of the two conformations adopted by the TTNPB ligand in each monomer of the homodimeric hRARp LBD superimposition was done on
the protein C* atoms. The TTNPB molecules of M1 and M2 are shown in red and dark blue, respectively.

The comparison of RARB M1 and M2 of the homodimer with the
RARS of the heterodimer (PDB ID code 1XDK) indicates that
the monomer M1 is also the closest to the RARp in the hetero-
dimer. Furthermore, M1 is the monomer with the more tightly
bound CoA peptide according to the observed contacts (Fig. 4B).
Thus, M1 can be considered as the initial conformation and the
CoA target and the conformational changes observed in M2 are
most likely the result of an allosteric transfer through the dimer
interface.

We then examined some key residues that define the signature
motif of heterodimers and compared their position to that identi-
fied in the RXR-RAR complex (7). The intramolecular salt bridge
between Glu325 of H8 and Arg367 of loop L9-10 is similar in both
monomers (Fig. 4C). In contrast, the residues forming the second
specific intramolecular salt bridge (Asp267 of H5 and Arg339 of
loop L8-9) have different orientations in M1 and M2. In MI,
Asp267 interacts with Arg385, whereas in M2 Asp267 interacts
with Arg339. A similar asymmetry of the monomers was observed
in RARp complexes with both TTNPB and 9-cis RA.

The mutation RARa Glu393Gln (Fig. S4) has been shown to
induce weaker transcriptional activity and to be important in the
allosteric communication between ligand and the dimerization
interface (27). In the context of our work, we characterized the
ability of this mutant to form homodimers and to recruit coacti-
vator. The analysis of the sedimentation velocity profiles by ana-
lytical ultracentrifugation of RARa Glu393GIn in absence of
ligand and in complex with TTNPB and SRC-1 NR2 reveals that
this mutant still allows the formation of dimer induced by the
peptide (Fig. S4B). Binding affinities were measured using ITC
for the SRC-1 NR2 peptide and SRC-2 RID (Table S3). The
SRC-1 NR2 peptide binds to RARa Glu393GIn LBD with a low-
er affinity than the wild type (Kd of 7 pM instead of 1.5 pM).
Analyzing the data with a sequential binding, the binding affi-
nities for the first and second peptides are 3 and 16 pM, respec-
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tively. The data show that the mutation affects mainly the binding
of the second peptide as a consequence of the role in allosteric
communication of this residue.

Ligand Binding and Coactivator Recruitment. The asymmetry is also
observed in the ligand-binding pocket with different confor-
mations of the aromatic part of the TTNPB molecules in each
monomer (Fig. 4D). In the M1 monomer, the TTNPB ligand ex-
hibits the same conformation as in the RARB monomer and
forms similar interactions with residues of the ligand-binding
pocket. Differences between the two monomers are observed
for the positions of the 5,6,7,8-tetrahydronaphthalene skeleton
(Fig. 4D). Some contacts are affected, such as fewer weak inter-
actions involving TTNPB in M1 [e.g., contact with Ile410 (H12)
of 43 A instead of 3.7 A in M2 and with Leud14 (H12) of 4.1 A
instead of 3.8 A in M2] (Fig. S5). The lower resolution of the
structure and the more symmetrical shape of 9-cis RA do not
allow the detection of a similar conformational change with this
ligand. Both SRC-1 NR2 peptides form an amphipathic a-helix
that interacts with the hydrophobic cleft that is generated by
the C-terminal part of H3, the loop L3-4, H4, and H12. These
interactions are similar to those described for other NRs. In
particular, in both monomers, Lys244 from H3 and Glu412 from
H12 form a charge clamp by forming hydrogen bonds with the
main-chain peptide bond of the LXXLL motif. The hydrophobic
interactions formed by the leucine residues of the peptide are si-
milar in the two monomers, but marked differences are observed
in the N-terminal ﬂanking residues of the LHRLL motif that has
different orientations in the two monomers. An interaction be-
tween His687 at position —3 of the motif with Lys262 (2.8 A)
is present in M1 and absent in M2. An rmsd of 1.4 A is observed
for the coactivator peptide in the superlmposed M1-M2 (Fig. 4B).
The interatomic distances are longer in the M2-CoA contacts
such as for example Val240 with Leu694 (4.0 A in M2 instead
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of 3.8 A in M1), Met413 with Leu690 (4.0 A in M2 instead of
3.8 Ain M1) thereby explaining the weaker binding.

ERx Homodimers Are Asymmetric in Presence of SRC-1 NR2 Peptide.
To investigate the possibility that the observations could apply to
other NRs known to function as homodimers, we analyzed the
crystal structure of the ternary complex formed by ERa LBD
bound to SRC-1 NR2 peptide and the synthetic estrogen ligand,
RU100132. The complex crystallizes into the P2, space group and
contains one homodimer in the asymmetric unit, each LBD being
bound to one ligand and one SRC-1 NR2 peptide. The structure
was solved by molecular replacement and refined to 2.3-A reso-
lution (Table S1). Both subunits adopt the active agonist confor-
mation and the SRC-1 NR2 peptide bound to the surface formed
by residues from helices H3, H4, and H12 (Fig. S64). The dimer-
ization interface involves residues from helices H7, H9 and H10
and loops L8-9 and L9-10 as previously described (19, 28) with a
tilt of the dimer interface (Fig. S6B). A detailed analysis reveals
an asymmetry within the dimer. Superimposition of the two
monomers M1 and M2 leads to rmsd of only 0.52 A over the
C* atoms of 243 residues but large variation are observed for loop
L1-3, and more importantly significant differences affect the C-
terminal end of the proteins (last 24 residues from H11 to H12).

The asymmetry is also observed in the ligand-binding pocket
with differences in the position of the ligands and in their contacts
within the LBP of each monomer (Fig. S7). The interactions
mediated by the SRC-1 NR2 peptides are similar to those de-
scribed (17). In particular, in both monomers, Lys362 from H3
and Glu542 from H12 form a charge clamp by forming hydrogen
bonds with the main-chain peptide bond of the LXXLL motif.
The hydrophobic interactions formed by the Leucine residues of
the peptide are similar in the two monomers, but an overall shift
of 1.7 A for the backbone M2 bound peptide suggests different
binding strengths (Fig. 5).

One Molecule of SRC-1 RID Binds to ER Dimer. Previous studies
(15-16) have shown that SRC-1 RID bind to ER dimers with a
stoichiometry of one coactivator interacting domain bound to the
ER dimer. A twofold stabilizing effect in the affinity was also re-
ported in case of SRC-1 RID compared to SRC-1 NR2 peptide
binding to ERa (29). We performed ITC experiments on ERa
complexes (Table S3). The SRC-2 RID binds to liganded ERa
LBD dimers with a stoichiometry of 1 coactivator per homodimer
and a Kd of 0.65 pM. Analytical ultracentrifugation experiments

CoA

Fig. 5. Asymmetry of the ERa LBD-SRC-1 complex. Superimposition of
monomer M1 (orange) on monomer M2 (light orange) showing the differ-
ences of the CoA peptides (violet and pink) and of their interactions with
each monomer. Small but significant differences are observed in the interac-
tomic distances that are longer in the M2-CoA contacts such as for example
lle358 with Leu693 (3.6 A in M2 instead of 3.3 A in M1), Val376 with His691
(4.0 A in M2 instead of 3.5 A in M1).
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were also performed on ERp dimer in complex with SRC-1
RID. Analysis of the sedimentation velocity profiles confirms the
stoichiometry of one SRC-1 RID bound to ERf homodimer. The
ERp LBD-estradiol-SRC-2 RID (623-722) appears as a single
species with a sedimentation coefficient and a molecular weight
of 84500 Da in agreement with a 2:1 stoichiometry (Fig. S8).
In case of an ER mutant (ERa Glu523GlIn) in H11 at the dimer
interface that is involved in allosteric communication between
ligand and the dimerization interface and has been shown to af-
fect transcription activity (27), the binding affinity for the SRC-2
RID is slightly lower than in the case of the non mutated ERa
(Table S3).

Solution Structure of RARAAB-DNA Homodimers. To extend our
observation of the asymmetry of SRC-1 bound RAR LBD homo-
dimer to the full-length receptor, we looked at the ability of RAR-
aAAB to form homodimers in presence of DNA response
elements and SRC-1. By fluorescence anisotropy we measured
the affinity of RARaAAB for a DR2 response element fluores-
cently labeled in absence and presence of the 25-mer SRC-1
NR?2 peptide (Fig. S9). SRC-1 NR2 peptide stabilizes the DNA
binding of RAR homodimer (Kd = 25+ 2 nM). These results
are consistent with the observed enhanced DNA binding of TR
homodimers in presence of SRC-1 (13). SAXS was used to obtain
structural information on the dimers bound to SRC RID. Mono-
disperse concentrated solutions of RARaAAB in complex with
DNA and SRC RID were analyzed (Fig. S10). The structural
parameters including the radius of gyration (R,) and the maxi-
mum particle dimension (D,,,) computed from the experimental
scattering patterns are given in Table S4. Two natural DRs were
used, DRS5 from the mRARf2 and DR2 from the HoxalO pro-
moters. The large differences between the R, and Dy, values
suggest an elongated shape for the RARaAAB-DNA homodimer
complexes similar to those of the heterodimer (Fig. S10C). We
have previously shown that the structure of RXR-RAR-DRS5
complex shows an asymmetric conformation with distinct DBD
and LBD modules with the LBDs positioned at the 5’ end of
target DNA (14). The scattering pattern of the complex between
RARaAAB-DNA and SRC-2 RID is very similar to those ob-
tained for SRC-2 RID complex to RXRaAAB-RARaAAB-DNA
using a RXR binding cleft mutant that is unable to bind CoA (14).
The SAXS data are consistent with a structural model in which
SRC RID is asymmetrically bound to NR dimers in contrast to
a tethered binding of the coregulators to the dimers as suggested
by the PPARy-SRC-1 crystal structure (21). This asymmetry was
also described by Margeat et al. (15) for ERa homodimer bound
to SRC-1 RID.

Discussion

A combination of structural and thermodynamic data provides
the structural basis for an allosteric mechanism controlling the
binding of coactivators. A molecular pathway can be inferred
from the observed deviations from symmetry. The binding of
an SRC-1 peptide to the RAR LBD promotes its dimerization
through residues in the N-terminal region of the LXXLL in con-
tact with loop L8-9. An asymmetry is then propagated to the
other monomer through H10, which in turn induces a conforma-
tional change at the C-terminal end (H11-H12) of the second
monomer destabilizing the binding of the second peptide (Fig. 6).
The ligand conformation of the second unit is also affected, open-
ing new perspectives for drug design. H11 has previously been
identified as a ligand sensor acting on the activation helix with
a conformational change from a beta-strand-to-alpha-helix tran-
sition upon corepressor-coactivator exchange (30). The choice of
RAR as a model system to dissect the molecular mechanism of
allostery was essential because in absence of RXR and cofactors
the LBD is a monomer in solution. It allowed us to unambigu-
ously detect the origin of the conformational changes. Whether
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Fig. 6. Proposed mechanism for the allosteric control by coactivator binding
to nuclear hormone receptors. (4) Binding of the NR interacting domain RID
to NR monomer M1 triggers the formation of dimers with an induced con-
formational change of the C-terminal end of monomer M2 and its ligand.
Consequently, the binding of the CoA on M2 is affected. (B) Molecular level
representation of our proposed mechanism of allosteric regulation.

RAR homodimers may play a role in the regulation of specific
target genes acting as additional modulators of physiological
response to retinoic acid is not fully admitted, but some results
support the possibility (11-12, 31). The formation of such homo-
dimers is contingent upon either the nature of the coactivator in-
teracting with RAR or the promoter context of target genes (11,
13). Other NR LBDs that are known to function as heterodimers
with RXR such as PPAR (21), LXRa (22) or LXRp (23) have also
been crystallized as homodimers, with the same interface as
RAR, in presence of coactivator peptides. For PPARy-SRC-1
(PDB ID code 2PRG), while an rmsd of 0.65 A on the overall
C structure is observed between the two monomers, the C-term-
inal region (H11-H12) shows a significant difference with an rmsd
value of 1.18 A. In the LXR} structure, different conformations
of the ligand were also observed. A recent study of RXR complex
to 9-cis retinoic acid and SRC-1 NR2 revealed a difference in the
conformation of the 9-cis RA in the coactivator bound RXR (32).

In the complex with a larger domain of SRC-1, the asymmetry
is even more pronounced with a single domain bound asymme-
trically on one side of RAR or ER homodimer, even in presence
of a large excess of CoA domain. Our results suggest that the
N-terminal flanking residues of the LXXLL motif that join the
dimer interface are the most effective in the control mechanism.
An allosteric communication involving the N-terminal end of
PGC-1a peptide and ERRa homodimer via the loop 8-9 has been
characterized (20). The functional implications of asymmetry
were illustrated in the case of the RXR-RAR heterodimer bound
to the response element of RARP2 gene promoter (14). The
architecture of DNA-bound functional dimers positions the cor-
egulators proteins. The asymmetric structure orients unambigu-
ously the bound coactivator toward its target. In the case of
homodimers the selection of the primary target (M1 of Fig. 6)
determines the position of the coactivator and the final architec-
ture. DNA and/or additional transcription factors may play a role
in this preselection process. DNA may also play a role in the
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allosteric control of coactivator binding and dimerization as sug-
gested for TR where the binding of the SRC-1 RID is influenced
by the nature of the DNA response elements (10, 33). An allos-
teric communication between SRC-1 and DNA was reported for
RXR-TR (34) and RXR-VDR (35). The influence of natural
RARB response elements was also shown to trigger the formation
of RARa homodimers (8).

In the present study we show that the mechanism controling
coactivator binding can be extended to others NRs homodimers
such as ERs. In addition, the crystal structure of ERRa bound to
a PGC-1a fragment exhibits a similar asymmetry in the coactiva-
tor peptide binding mode and confirms the general character of
the model (20). The structural explanation of the negative coop-
erativity is that the conformational changes in the second mono-
mer affect the binding surface and thus the affinity for the same
CoA domain. It is also possible that the allosterically induced
structural differences would favor the recruitment of other coac-
tivators. The close structural similarity between RAR homodi-
mers and RXR-RAR heterodimers further suggests that this
allosteric mechanism could also apply to heterodimers. The bind-
ing of coactivators to RAR would thus regulate their binding
to RXR.

Methods

Ligands and Peptides. 9-cis RA, TTNPB and estradiol were purchased from
BioMol. All ligands were dissolved in ethanol. The SRC-1 NR2 (676-
CPSSHSSLTERHKILHRLLQEGSPS-700) and (686-RHKILHRLLQEGSPS-700) pep-
tides were synthesized by Pascal Eberling (IGBMC peptide synthesis common
facility).

Expression and Purification. The HsRARa LBD ( 176-421 aa), HsRARp LBD (169-
414 aa) and HsRARy LBD (178-423 aa), HsSRARaxAAB (82-462), HsSRC-1 RID
(616-779), HsSRC-2 RID (622-828 and 632-772) HsERa LBD (305-552), HsER«
C530A LBD (305-552), and HSERp LBD (255-509) were expressed and purified
as described in refs. 14, 36, and 37. Ligands were added in a twofold excess
to saturate the receptors. For the RAR LBD-CoA, ER LBD-CoA and RARAAB-
DNA-CoA complexes, the coactivator peptides were added in threefold molar
excess or two equivalent of purified RID. The complexes were characterized
by Native-PAGE and biochemical methods. Sypro-Ruby dye (Bio-Rad) was
used to quantify the amount of proteins in the complex.

Resolution of the Crystal Structures. Crystallization of RARp complexes were
obtained as described (36). Both RAR structures were refined using the
known hRARP LBD-TTNPB structure (PDB ID code 1XAP) as a starting model.
The resolution was 2.3 A and 1.9 A for the 9-cis RA and TTNPB complexes.
ERa structures were refined to 2.3 using published ERa LBD structure as
starting model (PDB ID code 3ERD). Model building and refinement using
restrained refinement and individual B-factor refinements and were done
as described (17).

Analytical Ultracentrifugation. Sedimentation velocity and sedimentation
equilibrium experiments were performed at a temperature of 4 °C using a
Beckman Optima XL-A analytical ultracentrifuge with absorbance monitor-
ing in a buffer containing 20 mM Tris (pH 8.0), 200 mM NacCl. Protein concen-
trations were in the range of 0.8 to 2 mg/mL. For sedimentation equilibrium
experiments, samples were spun at 15,000 and 20,000 rpm, and systems were
first allowed to equilibrate for 12 h before absorbance profiles were com-
pared at different times to ensure that system had reached equilibrium.
Using nonlinear least-squares analysis with Sedphat program, these datasets
were fitted using single component model and several equilibrium models.
For sedimentation velocity, samples were spun at 50,000 rpm. Consecutive
scans were automatically recorded at regular intervals and analyzed with
the software Sedfit which directly models boundary profiles in terms of a con-
tinuous distribution of discrete and noninteracting species.

Isothermal Titration Calorimetry (ITC). ITC measurements were performed at
30°C on a MicroCal ITCyy (MicroCal). Purified proteins and peptides were
dialyzed extensively against the same buffer used in the ITC experiments.
The buffer contained 20 mM Tris pH 8.0, 200 mM sodium chloride and 1 mM
TCEP. In a typical experiment 2 pl aliquots of SRC-1 NR2 peptide (676-
CPSSHSSLTERHKILHRLLQEGSPS-700) at 1.3 mM or SRC-2 RID at 350-700 uM
were injected into a 20-50 pM RAR« LBD-TTNPB or ERa LBD-estradiol solution
(200 pl sample cell). The delay between injections was 120 to 180 s to permit
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the signal to return to baseline before the next injection. ITC titration curves
were analyzed using the software Origin 7.0 (OriginLab). Standard free
energies of binding and entropic contributions were obtained, respectively,
as AG = —RTIn(K,) and TAS = AH — AG, from the K, and AH values derived
from ITC curve fitting.

SAXS Experiments and Data Processing. The synchrotron radiation X-ray
scattering data were collected at the storage ring DORIS Il of the Deutsches
Elektronen Synchrotron (DESY). All studied complexes were measured for at
least three protein concentrations ranging from 2 to 5 mg/mL. The data
were collected and processed using standard procedures as described (14).
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