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In higher eukaryotes, vitamin A derived metabolites such as 9-cis and
all-trans retinoic acid (RA), are involved in the regulation of several
essential physiological processes. Their pleiotropic physiological effects
are mediated through direct binding to cognate nuclear receptors RXRs
and RARs that act as regulated transcription factors belonging to the
superfamily of nuclear hormone receptors. Hormone binding to the
structurally conserved ligand-binding domain (LBD) of these receptors
triggers a conformational change that principally affects the conserved
C-terminal transactivation helix H12 involved in transcriptional
activation.

We report an extensive biophysical solution study of RARa, RXRa
LBDs and their corresponding RXRa/RARa LBD heterodimers combin-
ing analytical ultracentrifugation (AUC), small-angle X-ray and neutron
scattering (SAXS and SANS) and ab initio three-dimensional shape
reconstruction at low resolution. We show that the crystal structures of
RXRs and RARs LBDs correlate well with the average conformations
observed in solution. Furthermore we demonstrate the effects of
9-cisRA and all-transRA binding on the association properties and con-
formations of RXRa and RARa LBDs in solution.

The present study shows that in solution RARa LBD behaves as a
monomer in both unliganded and liganded forms. It con®rms the
existence in solution of a ligand-induced conformational change
towards a more compact form of the LBD. It also con®rms the stab-
ility of the predicted RXRa/RARa LBD heterodimers in solution. SAS
measurements performed on three different types of RXRa/RARa LBD
heterodimers (apo/apo, apo/holo and holo/holo) with respect to their
ligand-binding site occupancy show the existence of three confor-
mational states depending on the progressive binding of RA stereoi-
somers on RARa and RXRa LBD subunits in the heterodimeric
context. These results suggest that the subunits are structurally inde-
pendent within the heterodimers.

Our study also underlines the particular behaviour of RXRa LBD. In
solution unliganded RXRa LBD is observed as two species that are
unambiguously identi®ed as homotetramers and homodimers. Molecu-
lar modelling combined with SAS data analysis allows us to propose
a structural model for this autorepressed apo-tetramer. In contrast to
the monomeric state observed in the crystal structure, our data
show that in solution active holo-RXRa LBD bound to 9-cisRA is a
ly to the work.
binding domain; NR, nuclear receptor; 9-cisRA, 9-cis-retinoic acid, all-transRA, all-
receptor; RAR, retinoic acid receptor; DBD, DNA-binding domain; SAS, small-
X-ray scattering; SANS, small-angle neutron scattering; AUC, analytical
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homodimer regardless of the protein concentration. This study demon-
strates the crucial role of ligands in the regulation of homodimeric ver-
sus heterodimeric association state of RXR in the NR signalling
pathways.
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Keywords: nuclear receptors; RXR/RAR heterodimers; conformational
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Introduction

Lipophilic hormones including retinoids, ster-
oids, vitamin D3, thyroxin and eicosanoids are
potent regulators of development, cell division and
differentiation, organ physiology and metabolism
and homeostasis. The pleiotropic effects of these
hydrophobic hormones are mediated through
speci®c intracellular proteins belonging to the
nuclear receptor (NR) superfamily1 and whose
principal target for action is in the nucleus. All
members of this superfamily share a common six
functional and structural domain architecture. The
C domain (�70-80 amino acids) is highly con-
served and responsible for speci®c DNA binding
of the receptor to its target DNA sequence and
weak dimerization. The E domain (�250 amino
acid residues) namely the ligand binding domain
(LBD) is moderately conserved in sequence across
members of the family and is responsible for hor-
mone binding and strong dimerization; it carries
the ligand-dependent activation function (AF-2)
which is critical for the regulation of transcription.

Retinoic acid receptors RARs and RXRs mediate
the effects of retinoids, metabolites deriving from
vitamin A (retinol). Whereas RARs bind both
stereoisomers of retinoic acid: 9-cis retinoic acid (9-
cisRA) and all-trans retinoic acid (all-transRA),
RXRs bind only the 9-cis stereoisomer of retinoic
acid.2,3 Although RXRs can form homodimers, they
function as important auxiliary proteins that regu-
late high af®nity DNA-binding and enhance tran-
scriptional activity through heterodimer formation
with other members of the superfamily receptors
such as RAR, TR (thyroid hormone receptor), VDR
(vitamin D3 receptor), PPAR (peroxisome prolifer-
ating activator receptor) and also with orphan
receptors.4,5 The homo and hetero-dimerization
complexes of RXR are targeted to the promoters
they regulate by DNA sequences known as hor-
mone response elements. The correct dimerization
on the DNA is required to recruit the functional set
of coactivators or corepressors to the transcription
complex. Indeed in vitro and in vivo studies in
mouse have shown that the functional units
involved in the transduction of the retinoid signal
are RXR/RAR heterodimers.6,7 It has been shown
that in RXR/RAR heterodimers, both subunits are
fully competent for ligand binding.8,9 Nevertheless,
in such heterodimers, activation by RXR speci®c
retinoids seems to be subordinated to the presence
of an agonist ligand on the RAR subunit.10

Several LBD crystal structures of different nucle-
ar receptors have been solved for RXR,11,12

RAR,13,14 TR,15 PPAR,16 ER,17 PR18,19 and VDR.20

Taken together all the structures con®rm the exist-
ence of a common fold, the so-called helical sand-
wich fold for LBDs21 and show that ligands induce
major structural changes upon binding.22,23 The
existence of a conformational change between an
«open» apo-form and a compact «closed» holo-form
has been highlighted in the direct comparison
between the two X-ray structures of apo-RXRa11

and holo-RXRa bound to 9-cisRA12 showing the
same receptor in its two extreme conformational
states (Figure 1(a) and (b)). Furthermore, the com-
parison of agonist versus antagonist bound LBDs
revealed the existence of two very distinct confor-
mations for the C-terminal transactivation helix
H12 positioned in two conserved hydrophobic
grooves displayed at the NR LBD surface
(Figure 1(a) and (c)). These crystallographic studies
strongly support the notion of a unique holo-
agonist conformation among all NR LBDs.
Furthermore, the crystal structures of two LBD het-
erodimers of RXRa/RARa24 and RXRa/PPARg25

revealed that the heterodimeric interface is similar
to those observed in the apo-RXRa homodimer and
holo-ERa/b homodimers; this latter point allowed
us to generate several heterodimer models in
different liganded states (Figure 1(d), (e) and (f)).

X-ray crystallography provides information at
the atomic level but does not give direct insight on
protein conformation and association state in sol-
ution. Here we describe a biophysical study in
which we characterize the conformational states of
RXRa wild-type (wt) and Phe313Ala mutant (mt)
and RARa wild-type LBD single species and their
heterodimeric associations (RXRa/RARa) in sol-
ution by combining small-angle neutron scattering
SANS, small-angle X-ray scattering (SAXS), ana-
lytical ultracentrifugation (AUC) and analytical gel
®ltration (AGF). This study shows the effects of the
natural ligands (9-cisRA and all-transRA) on recep-
tor conformation and oligomeric association and
provides the ®rst direct evidence for a ligand-
induced conformational change of NR LBDs in sol-
ution. Taking advantage of recent progress in the
calculation of scattering patterns from crystallo-
graphic structures26 or models27 (for a review see



Figure 1. Structural models of RXR and RAR LBDs. Distinct conformations adopted by transactivation helix H12 in
liganded RXRa LBDs. (a) Crystallographic structure of agonist holo-RXRa LBD (wild-type protein) bound to its natu-
ral ligand 9-cisRA,12 the transactivation helix H12 is in agonist conformation and occupies the agonist groove.
(b) Crystallographic structure of apo-RXRa LBD.11 The transactivation helix H12 adopts an extended conformation,
extended towards the solvent. (c) Crystallographic structure of antagonist holo-RXRa LBD (Phe313Ala mutant protein)
bound to oleic acid as observed in a heterodimeric structure,24 the transactivation helix H12 is in antagonist confor-
mation and occupies the antagonist groove. Homo and heterodimeric association modes for RXRa and RARa LBDs.
Homodimeric arrangement of apo-RXRa11 and heterodimeric arrangement of RXRa/RARa.24 RXRa and RARa sub-
units are depicted in blue and green, respectively. Ligands, respectively, 9-cisRA for RXRa and all-transRA for RARa,
are depicted in yellow. (d) Apo-RXRa homodimer. (e) Apo-RXRa/holo-RARa heterodimer with all-transRA. (f) Holo-
RXRa/holo-RARa heterodimer with 9-cisRA. Solvent-accessible surfaces have been calculated with MSMS and are
rendered by transparency with DINO.63 Transactivation helix 12, depicted in red, and the loop region between helices
H11 and H12 have been omitted from surface calculations. The relative orientations are identical and scale bars are
indicated.
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Byron & Gilbert),28 we propose structural models
accounting for our experimental data.

Results and Discussion

Analytical gel filtration analysis and
homogeneity of solutions of RXRaaa and RARaaa
ligand binding domains

As a prerequisite for the AUC and SAS investi-
gations, we carried out an AGF study to character-
ize RXRa, RARa and RXRa/RARa LBD solutions
in terms of polydispersity and oligomeric associ-
ation state of the proteins (Table 1 and Materials
and Methods).
The wild-type RARa LBD (Mr � 27,200 Da)
behaves as a monomeric species. All three species
of RXRa/RARa heterodimers (Mr � 55,600 Da) in
the three different liganded states apo/apo, apo/holo
(all-transRA in RARa subunit) and holo/holo
(9-cisRA on both RXRa and RARa subunits) could
be puri®ed as stable entities with no detectable
aggregation or dissociation. The copuri®cation
procedure we used allowed us to achieve a proper
RXRa versus RARa stoichiometry. Wild-type RXRa
LBD exhibits a more complex solution behaviour.
The wild-type RXRa LBD bound to 9-cisRA forms
a single stable species with no detectable aggrega-
tion or equilibrium. The apparent molecular
weight is similar to that determined for RXRa/
RARa heterodimers and close to that expected for



Table 1. Analytical gel ®ltration results

Gel filtration experiments

Protein Ligand Experimental Mr (Da) Experimental Rh (AÊ )

RARa No ligand 26,600 23.8
RARa All-transRA 26,600 23.8
wta RXRa No ligand 99,700 40.7
wta RXRa No ligand 33,100 26.2
wta RXRa 9-cisRA 50,100 31.3
mtb RXRa No ligand 45,700 30.1
mtb RXRa 9-cisRA 45,700 30.1
RXRa/RARa No ligand/no ligand 50,100 31.3
RXRa/RARa No ligand/all-transRA 50,100 31.3
RXRa/RARa 9-cisRA/9-cisRA 50,100 31.3

a wt, wild-type RXRa LBD.
b mt, mutant F313A RXRa LBD.

560 Solution Structural Studies of RXR and RAR LBDs
holo-homodimers (Mr � 56,800 Da). Note that we
crystallized the holo-RXRa LBD used in this sol-
ution study12 and the crystal structure showed that
the basic molecular entity is a monomer. Unli-
ganded RXRa LBD solutions contained two separ-
able species. The high molecular mass species is
stable while the other is able to reassociate into the
®rst one. At this stage of the study, the identi®-
cation of these two species in terms of oligomeric
state was delicate, but it was reasonable to suppose
the existence of apo-homotetramers and apo-homo-
dimers of RXRa LBDs. In contrast both the unli-
ganded and liganded mutant RXRa LBD elute as a
single stable species of apparent molecular mass
similar to those determined for RXRa/RARa het-
erodimers and holo-wtRXRa homodimers.

Both homogeneity and stability of the samples
used here have been checked by native PAGE
(Figure 2) and con®rmed the accuracy of the esti-
mated oligomeric states observed by AGF. The
experimental values of hydrodynamic radius
obtained for RARa LBD monomeric, RXRa LBD
homodimeric and RXRa/RARa LBD heterodimeric
species are close to the experimental values of
radius of gyration obtained by SAXS and SANS in
H2O buffers (see below).
Table 2. Analytical ultracentrifugation results

Protein Ligand Experime

RXRa/RARa 9-cisRA/9-cisRA 3.9 S/(3.
wta RXRa No ligand 5.4 S/(5
wta RXRa 9-cisRA 3.7 S/(3.
mtb RXRa 9-cisRA -
RARa All-transRA 2.8 S/(2.

Sedimentation coef®cient s units are expressed in Svedberg units
AtoB and HYDRO using crystallographic structures (see Material
between parenthesis.

a wt refers to wild-type RXRa LBD.
b mt, mutant F313A RXRa LBD.
c Values between parenthesis were determined from g(S*) analysis

ond point analyses (see Materials and Methods).
Analytical ultracentrifugation characterization
of shape and oligomer formation

AUC experiments were carried out at protein
concentrations ranging from 0.5 to 1.8 mg/ml
(Materials and Methods) to characterize the associ-
ation state of RXRa and RARa LBD species in sol-
ution as well as their molecular mass, shape and
stability29-31 (Table 2 and Figure 3).

Equilibrium sedimentation experiments

For RXRa/RARa heterodimers, the molecular
mass of Mr � 54,500 Da (Table 2 and Figure 3(c)) is
in excellent agreement with the expected value of
55,600 Da. Least-squares ®tting performed on sedi-
mentation equilibrium pro®les showed that the
best ®t was achieved when assuming a purely het-
erodimeric monodisperse system. Assuming a dis-
sociation equilibrium of heterodimer towards free
monomers of RXRa and RARa did not yield any
improved ®t. This is direct evidence of the extreme
stability of RXRa/RARa heterodimers in solution.
The same conclusions were derived from similar
experiments carried out on holo-RXRa LBDs of
both wild-type and mutant receptor that gave mol-
ecular mass values of 55,400 Da and 56,200 Da,
respectively (Table 2 and Figure 3(b)).
Sedimentation velocity

ntal S Calculated S
Sedimentation equilibrium

experimental Mr (Da)

9 S)c 3.9 S (heterodimer) 54,500 � 550
.7 S) 6.1 S (homotetramer) 108,000 � 2500
9 S)c 3.9 S (homodimer) 56,200 � 1000

3.9 S (homodimer) 55,400 � 620
8 S)c 2.7 S (monomer) -

(S). Calculated sedimentation coef®cients were computed with
s and Methods) and assuming the oligomeric state indicated

, whereas other values were determined from midpoint and sec-



Figure 2. Native polyacrylamide gel (gradient 8-25 %)
showing the homogeneity of protein solutions used in
this biophysical study by SAS and AUC. Lane 1, apo-
RXRa tetramer; lane 2, apo-RXRa dimer and tetramer;
lane 3, mutant apo-RXRa; lane 4, holo-RXRa/9-cisRA;
lane 5, holo-RARa/all-transRA; lane 6, holo/holo-RXRa/
RARa/9-cisRA heterodimer. T, D and M indicate tetra-
meric, dimeric (homo- and hetero-) and monomeric LBD
species, respectively.
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In the case of wild-type apo-RXRa LBD, only the
stable high molecular mass fraction was investi-
gated. The molecular mass of 108,000 Da derived
from data analysis corresponds to an apo-homote-
tramer (Table 2 and Figure 3(a)). Allowing for a
dimer/tetramer equilibrium only yielded a margin-
al improvement of the ®t while no monomer of
RXRa LBD was detected. This result con®rms the
extreme stability of the apo-tetrameric form of
RXRa LBD. Previous studies performed on
solutions of RXRa LBDs, mainly by measuring
the decay of ¯uorescence anisotropy,32-34 lead to
equilibrium dissociation constants of 155 nM and
4.4 nM for the formation of RXRa dimers
from monomers and of tetramers from dimers,
respectively.

Sedimentation velocity measurements

The apparent sedimentation coef®cients of sev-
eral RXRa and RARa LBD species determined
from solutions which had previously been shown
to be monodisperse both by gel ®ltration and equi-
librium sedimentation experiments were compared
to those calculated using their respective crystal
structures. Experimental coef®cients were deter-
mined by three distinct analytical methods
(Materials and Methods) that all yielded similar
values. The experimental and calculated values
essentially show a good agreement (Table 2).

The monomeric RARa LBD exhibits an exper-
imental sedimentation coef®cient of s � 2.8 S, close
to the structure based value (Figure 3(d)). For holo-
RXRa LBDs and RXRa/RARa LBD heterodimers,
the experimental values (s � 3.7 to 4.2 S) are in
good agreement with those calculated assuming
dimers in both cases (Figure 3(e) and (f)). Thus, in
a ®rst approximation, the solution behaviour of
LBDs could be correlated to the available crystal
structures. In the case of the apo-RXRa tetrameric
form, the experimental values (s � 5.4 to 5.7 S)
were compared to those calculated from a model
based on SAS results (see below).

An important parameter is the use of dilute sol-
utions for both types of AUC experiments (ranging
from 5 to 70 mM), especially in the case of RARa
(experiments carried out at 70 mM) and holo-RXRa
(experiments carried out at 15 to 20 mM). Under
such conditions, the observed homodimeric species
of holo-RXRa cannot be attributed to concentration
effects, interaction between particles and therefore
non-ideality of the solution. Indeed our AUC
results show unambiguously the homodimeric
nature of RXRa LBD bound to 9-cisRA, its natural
ligand.

Small angle scattering study by SAXS
and SANS

Whereas RAR binds both 9-cis and all-trans
stereoisomers of retinoic acid, RXR only binds the
9-cis stereoisomer. Solutions of RARa and RXRa
LBDs, either unliganded or in speci®c combination
with their ligands, were studied by SAXS and
SANS. No aggregation was detected and all sol-
utions appear to be monodisperse with Guinier
plots linear over an appropriate angular range
(typically 0.3-0.5 < QRG < 1.2-1.8 according to each
speci®c case). The values of the radius of gyration
of the different species are presented in Table 3,
together with the estimate of the molecular mass
derived from the value of the intensity at the origin
which is also in agreement with the value pre-
dicted from the amino-acid sequence (Materials
and Methods). A selection of four Guinier plots is
presented in Figure 4. The distance distribution
function P(r) was also calculated from each scatter-
ing pattern allowing the determination of the maxi-
mal diameter Dmax and of the radius of gyration
(Materials and Methods). Six such representative
curves are shown in Figure 5 while the values of
Dmax and of the radius of gyration derived from
P(r) determination are given in Table 3 for each
LBD species. Calculated scattering curves from
crystallographic or modelled structures were also
®tted to our experimental curves, four representa-
tive ®ts are shown in Figure 6.

From the values reported in Table 3, there is a
good agreement between experimental values of
the radius of gyration obtained from SANS in H2O
buffers and from SAXS. However, signi®cant
differences are observed between the experimental
values for the radius of gyration obtained from
SANS in H2O or 2H2O buffers. This can, in part be
explained by the theory of Stuhrmann35 which pre-
dicts a lower radius of gyration for proteins in



Figure 3. Analytical ultracentrifugation results. Equilibrium sedimentation data results obtained for apo-RXRa (a),
holo-RXRa in presence of 9-cisRA (b) and holo-RXRa/RARa heterodimers in presence of 9-cisRA (c). Concentration
radial distributions along with the ®tted curves are plotted with their corresponding reduced residual deviations
(weighted ®t). In all cases experimental curves were ®tted assuming a single species system. Experimental molecular
masses are indicated. Sedimentation velocity data results obtained for holo-RARa in presence of all-transRA (d), holo-
RXRa in presence of 9-cisRA (e) and holo-RXRa/RARa heterodimer (f). Data are presented in g(S*) format using the
time-derivative method approach. In each case, the experimental g(S*) distributions were ®tted assuming a single
species system. Experimental sedimentation coef®cient values s are indicated.
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Table 3. SAS results

A. SAS results (from Guinier analysis)
RG Neutron (Guinier) (AÊ )

Protein Ligand 100% 2H2O buffer 100% H2O buffer
RG X-rays

(Guinier) (AÊ )
Molecular mass

Mr from I(0) (Da)

RARa No ligand 18.0 � 0.2 22.2 � 0.3 22.3 � 0.3 27,000 � 3000
RARa All-transRA 17.2 � 0.2 21.4 � 0.3 - -
RXRa/RARa No ligand/no ligand 23.2 � 0.2 26.8 � 0.3 26.3 � 0.3 -
RXRa/RARa No ligand/all-transRA 22.4 � 0.2 25.7 � 0.3 25.5 � 0.3 52,500 � 5000
RXRa/RARa 9-cisRA/9-cisRA 21.7 � 0.2 25.0 � 0.3 26.0 � 0.3 -
wta RXRac No ligand 29.2 � 0.2 32.1 � 0.3 32.8 � 0.3 99,000�5000
wtaRXRad No ligand 25.2 � 0.2 28.1 � 0.3 28.0 � 0.3 -
wta RXRa 9-cisRA 23.9 � 0.2 27.1 � 0.3 26.7 � 0.3 48,000 � 5000
mtb RXRa No ligand 25.4 � 0.2 27.0 � 0.3 28.5 � 0.3 51,000 � 5000
mtb RXRa 9-cisRA 25.0 � 0.2 26.8 � 0.3 28.1 � 0.3 -

B. SAS results (from the distance distribution function P(r))
P(r) Neutron analysis (ITP and

GNOM) in 2H2O
P(r) X-rays analysis (GNOM)

(AÊ )

Protein Ligand RG (AÊ ) Dmax (AÊ ) RG Dmax

RARa No ligand 19.5 � 0.3 67 � 3 - -
RARa All-transRA 18.6 � 0.3 60 � 3 - -
RXRa/RARa No ligand/no ligand 24.0 � 0.3 87 � 3 26.3 � 0.3 92�3
RXRa/RARa No ligand/all-transRA 23.2 � 0.3 79 � 3 25.5 � 0.3 85 � 3
RXRa/RARa 9-cisRA/9-cisRA 22.4 � 0.3 71 � 3 26.0 � 0.3 80 � 3
wta RXRac No ligand 29.4 � 0.3 92 � 3 32.6 � 0.3 95�3
wtaRXRad No ligand - - 27.9 � 0.3 92�3
wta RXRa 9-cisRA 23.9 � 0.3 75 � 3 - -
mtb RXRa No ligand 25.4 � 0.3 85 � 3 - -
mtb RXRa 9-cisRA 24.9 � 0.3 73 � 3 - -

RAR concentrations range from 3 to 5 mg/ml. RXR/RAR concentrations range from 2 to 5 mg/ml. RXR concentrations range
from 2 to 10 mg/ml.

a wt, wild-type RXRa LBD.
b mt, mutant F313A RXRa LBD.
c Apo-tetrameric form of wild-type RXRa LBD.
d Apo-dimeric form of wild-type RXRa LBD.
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2H2O than in H2O. This is due to the fact that
hydrophobic amino acids, which are found predo-
minantly at low radius, have the highest contrast
in 2H2O, whereas hydrophilic amino acids which
are found at high radius have the highest contrast
in H2O. It has also been shown by Svergun et al.36

that in order to ®t the extended scattering curve of
a number of proteins such as lysozyme or thiore-
doxin reductase it is necessary to consider the pre-
sence of a hydration shell of density somewhat
greater than that of bulk water. In the case of 2H2O
this shell will have a contrast opposite to that of
the protein thus reducing the radius of gyration
compared with the non-hydrated protein. The
effect in H2O is much smaller as the scattering
length density of the water is very close to zero.
Therefore it appears that the hydration model
inferred in CRYSON and CRYSOL with a
hydration shell of average density of 10-15 % larger
than that of the bulk solvent is in agreement with
our experimental data and allows us to explain
these differences. The values of the radius of
gyration obtained from P(r) region analyses are
similar to those obtained from small-angle
(Guinier) analyses.
Retinoic acid binding induces a
conformational change of RARaaa towards a
more compact form

According to the SAS data, upon retinoic acid
binding (all-transRA) the RARa LBD undergoes
conformational changes from a relaxed apo-form to
a more compact holo-form. The radius of gyration
of the apo-RAR LBD form is about 0.8 to 1.2 AÊ lar-
ger than that of the holo-RAR LBD form, both in
deuterated and non-deuterated buffers, a signi®-
cant difference (Table 3 and Figure 4(a)). For a
spherical object with similar RG, the 0.8 AÊ decrease
in the radius of gyration corresponds to an average
13 % decrease in global volume. As the crystal
structures of RXRa ligand binding domain in both
its apo- and holo forms have been solved,11,12 we
used them to perform volume calculations on the
same LBD under these two conformational states
and found that the decrease in volume was about
10 %, in good agreement with the solution values.

Scattering patterns calculated from crystallo-
graphic coordinates were ®tted against SANS
experimental curves. For apo and holo-RARa, the
curves calculated using the model of apo-RXRa
yield acceptable ®ts, thereby suggesting that in



Figure 4. Small angle analysis of SAS data. Guinier plots. (a) Guinier analysis results obtained by SANS in 100 %
2H2O buffer for apo (squares) and holo (circles) RARa LBD. Experimental errors bars are shown. (b) Guinier analysis
results obtained by SANS in 100 % 2H2O for apo/apo (squares) and apo/holo (triangles) and holo/holo (circles) RXRa/
RARa LBD heterodimers. Experimental error bars are shown. (c) Guinier analysis results obtained by SANS in 100 %
H2O buffer for apo (squares) and holo (circles) mutant RXRa LBD. Experimental error bars are shown. (d) Guinier
analysis results obtained by SAXS for apo (squares) and holo (circles) wild-type RXRa LBD. apo wild-type RXRa LBD
represents the tetrameric form. Experimental error bars are shown. In all cases effective Q �RG ranges are indicated.
Filled symbols show the experimental points used to determine the RG values.
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solution the monomeric conformation adopted
by RARa LBD is close to that observed in the
crystalline structure (Figure 6(a)).

P(r) functions were calculated from the exper-
imental SANS and calculated scattering patterns
for both species of RARa LBD; the P(r) curve of
apo-RARa is shown in Figure 5(a). The agreement
between the calculated and experimental P(r)
curves is acceptable; however, the slight discre-
pancy observed in the range of long interatomic
vectors might be due to the presence of some oli-
gomers in solution. Experimental Dmax comparison
from SANS data obtained for apo and holo-RARa
LBD shows a 7 AÊ decrease, con®rming the effective
compaction of LBD upon ligand binding. The RG

values recalculated from P(r) functions are slightly
higher than those obtained from the Guinier plots
but the RG difference between unliganded and
liganded RARa LBD is conserved (Table 3). Obser-
vation of the crystal structures of apo and holo
RXRa LBD monomers shows that ligand binding
induces C-terminal helix 12 packing against the



Solution Structural Studies of RXR and RAR LBDs 565
core domain (Figure 1). The general shape of the
core is not spherical but rather elongated with its
longest axis being roughly colinear to a N to C-
terminal axis that will include helix 12 in its more
extended position as observed in the apo-RXRa
crystal structure. Dmax changes therefore directly
re¯ect the position change of helix 12 upon ligand
binding. Although, in solution, helix H12 is likely
to adopt a wide range of positions around the par-
ticular one observed in the crystal structure of apo-
RXRa, the experimentally observed average confor-
mation does appear to be more elongated than its
holo counterpart. Solution studies carried out on
PPARg using NMR spectroscopy37 con®rmed this
hypothesis. Interestingly holo-RARa LBD has been
crystallized bound to several agonist or antagonist
compounds but never under its apo-form; this latter
point probably re¯ects the high conformational
¯exibility of the H12 region of the LBD that, com-
bined to a relative hydrophobicity, precludes its
crystallization.

Effect of specific ligand binding on RXRaaa/
RARaaa heterodimer conformation

As already mentioned, RAR binds both 9-cis and
all-trans stereoisomers of retinoic acid whereas
RXR only binds the 9-cis stereoisomer; in the case
of RXR the dissociation constant is KD

9cis � 1.5 nM
and for RAR the dissociation constants for
9-cis and all-trans isomers are, respectively,
KD

9cis � 0.8 nM and KD
all-trans � 0.2 nM.38,39 Extensive

biochemical data have been published on the
ligand binding properties of each RXR and RAR
subunit within the heterodimer.40,41 Since retinoids
bind with high af®nity on their cognate receptors,
we investigated the effects of all-transRA and 9-
cisRA speci®c and selective binding on RXRa/
RARa LBD heterodimers. The decrease in the RG

value upon ligand binding re¯ects the increase of
compactness of RXRa/RARa LBD heterodimers in
solution. The unliganded (apo/apo) heterodimer is
less compact than the half-liganded (apo/holo) or its
fully liganded counterpart (holo/holo). The total RG

decrease from unliganded to fully liganded state
amounts to 1.5-1.8 AÊ for SANS data and 0.8 AÊ for
SAXS data (Table 3 and Figure 4(b)).

Experimental RXRa/RARa scattering curves
obtained from both SAXS and SANS measure-
ments were ®tted against theoretical curves calcu-
lated using crystallographic structures. The models
were built using RXRa and RARa monomer crystal
structures and assuming the same dimerization
interfaces as those observed in the RXRa LBD
homodimer and in a RXRa/RARa LBD heterodi-
mer (Figure 1). The experimental intensities
obtained with all three heterodimeric complexes
are well ®tted (Figure 6(b)).

P(r) functions were calculated for all three
species of RXRa/RARa LBD heterodimers from
the experimental and calculated scattering patterns.
The resulting curves are shown for SANS data in
Figure 5(d)-(f). The SAXS results are essentially
identical. The general trend towards compaction
upon ligand binding is found again when compar-
ing Dmax values with a global decrease of 12-16 AÊ .
It is also visible in the general shape of the P(r),
which are superimposable up to around 50 AÊ ,
beyond which they show differences according to
the liganded state. The agreement between the cal-
culated and experimental P(r) curves is best for the
apo/holo heterodimer. In the case of the apo/apo het-
erodimer, the two curves are very similar, although
the P(r) value of the crystallographic model shows
slightly higher values on the large distance side.
This might be due to the already mentioned ¯exi-
bility of the H12 helix in solution which might lead
to a decrease of the number of largest distances,
while in the crystal model the helices display their
maximal extension. The slight discrepancy
observed on the holo/holo heterodimer is consist-
ently visible on SANS and SAXS data alike. It
might be due to some minor association in sol-
ution, although the scattering pattern in the small-
angle region shows no trace of it. Alternatively, it
could be associated with the mobile region of
RXRa LBD around helix H2, located at the protein
surface on the left-hand side of the RXRa LBD in
Figure 1(a), which is poorly de®ned in the crystal
electron density map.12 Movements of this region
might increase somewhat the contribution to the
long vector side of the P(r) distribution as com-
pared to that derived from the crystal structure.
Whatever the reason for this minor discrepancy, by
and large, these results support the conclusion that
in solution the subunit arrangement and global
conformation within RXRa/RARa LBD heterodi-
mers are close to those observed in the crystalline
structures. Besides, our study supports the view
that, within an RXRa/RARa LBD heterodimer,
each subunit is capable of structurally independent
ligand binding and is able to undergo the associ-
ated conformational change with an increased
compactness of heterodimerically associated LBDs
upon ligand binding.

In solution RXRaaa bound to 9-cis retinoic acid,
its natural ligand, is a homodimer

The apo and holo form of mutant RXRa LBD as
well as the holo-RXRa LBD displayed character-
istics consistent with a stable dimer in agreement
with gel ®ltration, analytical ultracentrifugation
and native PAGE observations whatever the con-
centration; no tetrameric species was observed. The
RG values determined by both SANS and SAXS
and the molecular mass calculations derived from
I(0) determination are close to those observed for
heterodimers, thus indicating that the mutant
RXRa LBD is essentially a dimeric species in sol-
ution regardless of the ligand (Table 3 and
Figure 4(c)). This observation was made both
in H2O and 2H2O buffers for different protein
preparations.

The absence of any detectable equilibrium for
both apo and holo forms of mtRXRa and for



Figure 5 (legend opposite)
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wild-type holo-RXRa LBD allowed us to con®-
dently consider monodisperse solutions with
only one RXRa LBD species in all cases. Scatter-
ing curve ®tting was therefore performed on
mutant and wild-type from both SAXS and
SANS measurements. The experimental curves
were ®tted using calculated curves computed
assuming homodimer models (Figure 6(c)). The
experimental P(r) function estimated from SAXS
data of apo-RXRa LBD is similar to that calcu-
lated using the homodimeric structure of apo-
RXRa LBD (Figure 5(c) and Table 3).
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As already mentioned, the crystal structure of
liganded RXRa shows a monomeric species. The
discrepancy between the oligomeric state observed
in solution and in the crystal might be due to the
crystallization conditions of holo-RXRa.12 The
mother liquor used for crystallization contained
sodium formate (up to 2 M) and viscous alcohols
such as glycerol (up to 10 %) and propane 1,2 diol
(up to 20 %). AUC experiments carried out in
sodium formate (data not shown) show that this
salt does not promote the destabilization of holo-
RXRa homodimers. Such dissociation might be
due to viscous alcohols, in particular propane diol.
Indeed, in the case of the PPARg LBD crystallized
as a monomer form, it was observed that propane
diol induced homodimer dissociation into mono-
mers. Altogether, the AUC and SAS data clearly
point to the homodimeric state of holo-RXRa LBD
in solution.

Apo-RXRaaa forms stable homo-tetramers
in solution

The existence of tetramers for unliganded RXR
LBDs has been reported42-44 but their biological sig-
ni®cance remains a matter of controversy although
it was proposed that such tetramers could rep-
resent a storage form of RXR in the cell. An inter-
esting, although artefactual, tetrameric association
mode has been described in the case of a crystal
structure of ERa LBD.19 In such a model, tetra-
meric association resulted from an intertwining of
two canonical homodimers with an intermolecular
exchange of helix H12, each helix occupying the
antagonist groove of an oppositely positioned
LBD. Two crystal structures of apo-RXRa LBD have
been reported: one corresponding to a dimer11 and
more recently, after this study was completed, a
second corresponding to a tetramer.45

Having recorded the SAXS pro®le for the RXRa
LBD tetramer a systematic ®tting procedure (for a
review see Perkins et al.)46 was carried out with
modelled tetramers using a model based on apo-
RXRa LBD homodimer structure. The building
block used in modelling was the homodimer with
helices 12 occupying the antagonist grooves; the
connection between helices H10 and H12 encom-
Figure 5. High angle analysis of SAS data. P(r) distance
P(r) for apo-RARa. The curve calculated from experimental
curve calculated from monomeric RARa LBD crystallographi
distribution function P(r) calculated from the SAXS data o
from experimental SAXS data (circles) is displayed with erro
mer crystallographic structure is displayed as a continuou
from the SAXS data of wild-type apo-RXRa LBD tetrame
(squares) is displayed with error bars and curve calculated
as a continuous line. (d), (e) and (f) Distance distribution fu
transRA) (triangles), and holo/holo- (bound to 9-cisRA) (circ
from experimental SANS data are displayed with error bars
dimer crystallographic structures are displayed as continuo
were computed with GNOM and CRYSON/CRYSOL. The
values of the radius of gyration obtained from P(r) analysis a
passing the helix H11 and the H11-H12 loop was
omitted (12 amino acid residues). Two such homo-
dimers were intertwined in a head-to-tail arrange-
ment with their 2-fold symmetry axes exactly
superimposed (Figure 7(a)). The distance between
the centres of mass and the relative angle between
the two dimers were then systematically incremen-
ted. The scattering curves from the resulting
models were computed with CRYSOL and used to
®t the experimental SAXS data. The associated w2

values are displayed as a function of both ®tting
parameters in Figure 7(b). The paraboloõÈdal shape
of the surface indicates the existence of a unique
solution corresponding to a translation distance of
t � 41.5 AÊ and a rotation angle of k � 120 �
(Figure 7(b)). The resulting scattering curve
(Figure 6(d)) and distance distribution function
(Figure 5(c)) ®ts to the experimental curves are
quite remarkable with identical radii of gyration
obtained by both Guinier and P(r) analyses; similar
results were obtained from SANS data (Table 3
and Figure 4(d)). The resulting best ®t model does
not display any steric clash between protein mono-
mers; furthermore the distance separating H10 and
H12 C and N termini, respectively, from oppositely
arranged monomers belonging to two distinct
dimers permitted an easy reconstruction of the
missing connection. The modelled tetramer shows
an overall elongated, ¯at and disk-like shape and
displays a relative asymmetry. The sedimentation
coef®cient calculated with AtoB and HYDRO for
this modelled tetramer (s � 6.1 S) is fairly close to
that obtained experimentally (s � 5.4 to 5.7 S) in
the AUC experiments (Table 2).

Our solution model for the tetramer is similar to
the crystal structure that was reported after com-
pletion of this study. In our case, the extended
helices H12 from each dimer span across and
occupy the coactivator binding sites of the adjacent
dimer. In such a con®guration, this physically pre-
cludes the binding of coactivators to RXR; such
model therefore supports the auto-repression
mechanisms involving the AF2 region helix that
has been proposed.47 The tetramerization interface
mediated by the exchange of the four helices H12
(Figure 7(c)) explains the remarkable stability and
distribution functions. (a) Distance distribution function
SANS data (squares) is displayed with error bars and

c structure is displayed as a continuous line. (b) Distance
f wild-type apo-RXRa LBD dimer. The curve calculated
r bars and curve calculated from the RXRa LBD homodi-
s line. (c) Distance distribution function P(r) calculated
r. The curve calculated from experimental SAXS data
from the modelled apo-RXRa LBD tetramer is displayed
nctions P(r) for apo/apo (squares), apo/holo (bound to all-
les) RXRa/RARa LBD heterodimers. Curves calculated
and curves calculated from the RXRa/RARa LBD hetero-
us lines. In all cases distance distribution P(r) functions
arrows stand for the estimated values of Dmax and the
re indicated.



Figure 6. Scattering curves I(Q) ®ts. (a) SANS scattering curve ®tting for apo-RARa LBD. The experimental scatter-
ing curve (squares) was ®tted using CRYSON against the calculated curve shown (continuous line) based on the
crystallographic structure of monomeric RARa LBD. (b) SAXS scattering curves ®tting for RXRa/RARa heterodimers.
The experimental scattering curves corresponding to apo/apo (squares), apo/holo (bound to all-transRA) (triangles) and
holo/holo- (bound to 9-cisRA) (circles) RXRa/RARa heterodimers were ®tted using CRYSOL calculated curves (con-
tinuous lines) based on the crystallographic structure of RXRa/RARa LBD heterodimer. (c) SAXS scattering curves
®tting for wild-type apo-RXRa LBD dimer. The experimental scattering curve (circles) was ®tted using CRYSOL
against the calculated curve (continuous line) based on crystallographic structures of RXRa LBD homodimer.
(d) SAXS scattering curves ®tting for wild-type apo-RXRa LBD tetramer. The experimental scattering curve (squares)
was ®tted using CRYSOL against the calculated curve (continuous lines) based on the modelled apo-RXRa LBD tetra-
mer.

568 Solution Structural Studies of RXR and RAR LBDs
the slow spontaneous dissociation of this compact
tetrameric arrangement of RXRa. Indeed, this
model also demonstrates the role of helix H11 in
the formation and stability of the tetramer. A simi-
lar model for apo-tetrameric arrangement has
already been proposed,42,43 but it was not based on
structural experimental data but only on virtual
docking of two apo-RXRa homodimers. This model
used mutational data affecting the three phenyl-
alanine residues Phe436, Phe437 and Phe439 on
helix H11 of RXRa. This study showed that
mutations in Phe438 and Phe439 completely abol-



Figure 7. Modelling of apo-RXRa LBD tetramer using SAXS data. (a) Schematic model of apo-RXRa tetrameric
arrangement used for the systematic ®tting procedure in CRYSOL. Each RXRa monomer is modelled as a core
domain (labelled A, B, C and D) and its corresponding transactivation helix H12 (labeled a, b, c, and d) in an
extended conformation allowing intertwining of two homodimers to form a homotetramer. (b) Discrepancy w
between the experimental SAXS data and the scattering from tetrameric models as a function of both the translational
distance and the rotational orientation between the two dimers constituting the apo-tetramer model as depicted in (a).
A general view of the total conformational space explored as well as a close-up view of the single minimum region is
displayed. Best-®t model corresponds to a discrepancy of w � 1.687 and is obtained for k � 120 � and t � 41.5 AÊ

(respectively the relative rotation around the 2-fold symmetry axis and the distance between the centers of mass of
the two dimers). Intensities and ®ts were computed with CRYSOL with angular and translational increments of 5 �
and 0.5 AÊ , respectively. (c) Structure of the best-®t modelled apo-RXRa LBD tetramer. The tetramer surface is drawn
with the same colour code as used in (a). The helices H11 and H12 involved in tetramerization have been pointed
out. The interaction surfaces beetween helices H12 and the LBD-cores are coloured in white, they correspond to the
hydrophobic antagonist grooves. A scale bar is indicated.
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ished the ability of RXRa to self-associate into tet-
ramers but did not affect homodimer formation or
DNA-binding functions. These hydrophobic resi-
dues are in close van der Waals contact and con-
centrated in the central region of the tetramer at
the dimer/dimer interface. The comparison of apo
and holo-RXRa LBD crystal structures12,23 showed
the role of helix H11 hydrophobic residues (in par-
ticular Phe437, Phe438 and Phe439) in the solvating
and desolvating processes in the apo to holo tran-
sition. In particular, in the apo-form, the Phe439
residue is exposed to the solvent and therefore



Figure 8. Ab initio 3D shape restoration retrieval
attempts by simulated annealing minimization of
dummy atom model with DAMMIN. Protein envelopes
are described using spherical harmonics expansion (lim-
ited to L � 5) in the same way as used to calculate the
scattering patterns in CRYSOL and CRYSON and are
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available for interdimer stabilizing interactions
whereas it is buried and in contact with the ligand
9-cisRA in the holo-form. Indeed we and others do
observe that the binding of 9-cisRA induces dis-
sociation of tetramers towards homodimers. The
extreme stability of this tetramer might be the
result of two cooperative mechanisms: (i) H12/
protein core exchange; and (ii) dimer/dimer
hydrophobic interface association. Furthermore,
site-directed mutagenesis carried out on polar resi-
dues involved in ionic interactions stabilizing the
tetrameric arrangement at the level of the interface
also supports this model.

Ab initio low resolution three-dimensional
shape reconstruction of retinoic acid receptor
ligand binding domains

We investigated the low resolution structure of
some of the molecular species using the ab initio
simulated annealing procedure implemented in the
program DAMMIN27 (Materials and Methods). We
used this complementary approach to assess inde-
pendently the global solution structures of retinoid
receptor LBDs. Several three-dimensional shape
calculations were performed on apo-RXRa LBD tet-
ramer, holo-RARa LBD monomer, apo/apo RXRa/
RARa LBD heterodimer and holo-RXRa LBD
homodimer (Figure 8). In the case of RXRa LBD
apo-tetramer (Figure 8(a)), for which no structural
crystallographic information was available when
we performed this solution study, the ab initio
reconstructed particle obtained is remarkably close
to that obtained by a systematic, molecular model-
ling procedure. In particular, the reconstructed
shape shows that the elongated model of two inter-
twined homodimers along the 2-fold symmetry
axis is clearly favoured rather than a shorter and
more compact and isometric model based on paral-
lel or antiparallel packed homodimers. Note that
ab initio shape reconstruction retrieved quite faith-
fully the overall discoidal and ¯at shape of the apo-
RXRa LBD tetramer as it is seen in the crystal
structure.

For RARa LBD monomer (Figure 8(b)) and for
RXRa/RARa LBD heterodimer (Figures 8(c)), the
ab initio reconstructed shapes were close to the
crystallographically derived envelopes. In particu-
lar the reconstructed shapes of the RXRa/RARa
rendered using ASSA.64 Retrieved particles rendered as
transparent envelopes (magenta) are shown with the
corresponding crystallographic structures (cyan) after
optimal superimposition along the inertia axes using the
program SUPCOMB. Scale bars are indicated. (a) Apo-
RXRa LBD tetramer reconstruction (from SAXS data,
®nal w � 1.848 at the end of minimization). (b) Holo-
RARa LBD monomer reconstruction (from SANS data,
®nal w � 1.976 at the end of minimization). (c) Apo/apo-
RXRa/RARa LBD heterodimer reconstruction (from
SAXS data, ®nal w � 1.406 at the end of minimization).
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LBD heterodimer and of the RXRa LBD homodi-
mer (data not shown) are in good agreement with
the dimeric association mode and clearly show the
characteristic bilobed shape of dimers, and validate
both the relative orientation of subunits and geo-
metry of dimeric arrangements of NR LBDs. Note
that no symmetry constraints were imposed during
ab initio envelope calculations with DAMMIN.

Conclusion and Perspectives

RXR the ubiquitous heterodimerization partner
of both ligand-activated NRs and orphan receptors
occupies a central position in NR signalling. The
present solution study shows unambiguously the
homodimeric structure of RXRa LBD liganded to
its natural agonist 9-cis retinoic acid. Although the
biological relevance of RXRa homodimers is still
under discussion, almost all available structural
data con®rm their existence. The structural conser-
vation of dimerization interfaces among NRs has
been analysed24,25 and the smaller interface
observed in homo- or hetero-dimers involving RXR
compared to those of ER and PPAR was tentatively
associated with a weaker association that could be
related to the ubiquitous character of RXR; differ-
ential stability of homo versus hetero dimeric
association modes could account for the switch
between the multiple NR partners available for
RXR. Whether the observed tetramers have any
biological relevance also remains to be elucidated.
Despite their low resolution, solution data can
complement high resolution structural crystallo-
graphic data. The present study underlines the
peculiar and complex solution behaviour of
RXR and emphasizes the crucial role of ligands
in the subtle regulation of homodimeric versus
heterodimeric association states of RXR in the NR
signalling pathways.

Solution studies of the RXRa/RARa heterodi-
mer, the functional entity in vivo, allowed us to
highlight its structural stability and demonstrated
a general agreement between the solution confor-
mation and the model derived from crystal struc-
tures whatever the liganded state. Our SANS data
showed that speci®c ligand binding induces a
global compaction of the heterodimer assembly
(�RG � 1.5-1.8 AÊ ). Preliminary solution studies
performed on VDR LBD and RXRa/VDR LBD het-
erodimers using the same combination of AUC
and SAS techniques48 have revealed similar sol-
ution properties for VDR when compared to RAR.
Using SANS, we showed that the exclusively
monomeric RARa LBD undergoes a conformation-
al change (�RG � 0.8 AÊ ) towards a more compact
shape upon speci®c ligand binding; the observed
conformations and rearrangements are in agree-
ment with the mechanism inferred from crystal
structures.

The only structural information (from X-ray
crystallography and NMR spectroscopy) available
for NRs to date concerns the isolated functional
and structural domain DBDs and LBDs. No struc-
tural information, not even at low resolution, is
available either for the full-length receptors or for
the receptor/coregulator or receptor/corepressor
complexes. Further structural characterization of
the retinoid receptors RXR and RAR will imply the
crystallization of the full-length receptors com-
plexed to DNA harbouring their cognate target
sequences. Solution small-angle scattering low res-
olution studies of RXR homodimers and RXR/
RAR heterodimer complexes with cognate DNA
might give precious information concerning the
overall shape and size of such complexes, while
the combination of SAS and of the available crystal
structures might allow us to determine the relative
orientation and position of the various domains
building up these transcriptional factors.

Materials and Methods

Biochemistry sample preparation

Expression of human LBDs (wtRXRa, mtRXRa and
wtRAR LBDs)

For isolated LBDs, each LBD was expressed in Escheri-
chia coli BL21(DE3) cells harbouring a pET15b plasmid
encoding for a N-terminal hexa-histidine tagged-LBD
fusion protein; RXRa and RARa LBDs encompass
residues Thr223 to Thr462 and Glu176 to Asp421,
respectively. Freshly transformed cells were grown in
2 � LB-ampicillin medium at 37 �C until A600 nm reached
0.6-0.8 and were then allowed to grow for another four
to ®ve hours at 25 �C after induction with 0.8 mM IPTG
(isopropyl b thiogalactoside). For heterodimers, RXRa
LBD was expressed in E. coli BL21(DE3) plysS cells har-
bouring a pET3a plasmid encoding for a ligand binding
domain without the N-terminal hexa-histidine tag.
Freshly transformed cells were grown in 2 � LB-ampicil-
lin/chloramphenicol medium as described above. Cells
were harvested by centrifugation, washed and then
lysed by sonication.

Purification of isolated LBDs

Isolated LBDs were puri®ed in three chromatographic
steps. Proteins were ®rst puri®ed by metal chelating af®-
nity chromatography on a cobalt-chelating column
(Talon Clontech) with elution by imidazole steps. Protein
fractions were then chromatographed on a Superdex
S75-HR 26/60 gel ®ltration (Pharmacia). At this stage of
the puri®cation each protein behaved differently. Follow-
ing the ®rst step proteins were reconcentrated on Micro-
con-30 devices (Amicon-Grace) and treated with plasma
bovine thrombin (1 unit per mg of protein at 4 �C during
48 hours in presence of 5 mM CaCl2) in order to remove
the hexa-histidine tag. To inactivate ef®ciently thrombin,
Pefabloc (Boehringer-Manheim) was added to the con-
centrated protein pools at a ®nal concentration of 5 mM.
The last gel ®ltration chromatographic step was
performed on an analytical Superdex S200-HR 10/30
(Pharmacia).

Purification of LBD heterodimers

Heterodimers of LBDs were also puri®ed in three
chromatographic steps. In order to ensure a perfect
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RXR/RAR stoichiometry, heterodimers were obtained
by copuri®cation between N-terminal tagged RARa LBD
and untagged RXRa LBD. An excess of tagged RARa
LBD was used which could easily be removed from the
heterodimer by gel ®ltration. Proteins were ®rst puri®ed
by metal chelating af®nity chromatography on a cobalt-
chelating column using imidazole steps. After concen-
tration on Centriprep-30 devices, protein fractions were
then chromatographed on a Superdex S75-HR 26/60 gel
®ltration. Proteins were then reconcentrated on Micro-
con-30 devices, treated with bovine thrombin and ®nally
gel ®ltrated as described above.

Hormone saturation of protein preparations

For puri®cation made in the presence of the hormones
9-cisRA or all-transRA, hormones were added to the
crude extracts during lysis as a saturated ethanol sol-
ution (0.5 % of the total sample volume) and allowed to
incubate for one hour at 4 �C prior to the ®rst af®nity
chromatographic step. This did not cause any detectable
aggregation and was enough to saturate all receptor
sites. Hormone was also added after the af®nity chroma-
tography step and in the elution buffers at 1 mM in the
®rst gel ®ltration. All these puri®cation steps and sub-
sequent scattering measurements were performed under
dimmed light to avoid photolysis of the photosensitive
ligands.

Quality control of proteins

Protein purity was assessed using overloaded SDS-
PAGE gels with Coomassie blue staining. Protein integ-
rity was characterized by native-PAGE with Coomassie
blue staining (Figure 2). In addition, the stoichiometry of
the heterodimers was also observed by electro-spray
mass spectrometry under non-denaturing conditions,
which underlines the stability of the isolated species.
Protein concentrations were determined spectrophotome-
trically from molar extinction coef®cients at l � 280 nm
calculated from the amino acid compositions
(eRAR � 0.41 with Mr � 27,200 Da and eRXR � 0.58 with
Mr � 28,400 Da) and by the Bradford assay using bovine
serum albumin as standard. The presence of the
hormones was checked using their characteristic maxi-
mum absorption wavelength (l9-cisRA

max � 343 nm and
lall-transRA

max � 351 nm). In each case, to avoid aggregation
problems, only the top of the elution peak of the ®nal gel
®ltration was used, without any further concentration
step, in scattering measurements for Guinier analysis.
Proteins were only reconcentrated for recording the
weak intensities at high Q values, for which the mono-
dispersity requirement is less stringent.

Analytical gel filtration

Analytical gel ®ltration experiments were performed
on puri®ed species concentrated on Centricon-30 devices
by using a Superdex 200 pg HR 10/30 column (Pharma-
cia) at 4 �C with a ¯ow rate of 0.5 ml minÿ1 and an injec-
tion volume of 0.5 ml. The chromatography buffer was
10 mM Tris (pH 8.0), 500 mM NaCl and 1 mM EDTA.
Globular proteins with known hydrodynamic radii Rh

were used as molecular weight standards to calibrate the
column: bovine serum albumin (Mr � 67,000 Da,
Rh � 35.5 AÊ ), ovalbumin (Mr � 43,000 Da, Rh � 30.5 AÊ ),
chymotrypsinogen (Mr � 25,000 Da, Rh � 20.9 AÊ ) and
RNase (Mr � 13,700 Da, Rh � 16.4 AÊ ). Molecular mass
calculations and hydrodynamic Stokes radii were deter-
mined form plots of ÿlogKav versus Mr and

�������������������ÿ log Kav
2
p

versus Rh respectively, with:

Kav � Vr ÿ Ve

Vt ÿ Ve

where Vr is the retention volume of the protein, Ve is the
void or exclusion volume of the column (here
Ve � 8.0 ml) and Vt is the total ef®cient volume of the
column (here Vt � 28.0 ml).

Analytical ultracentrifugation and
hydrodynamic modelling

Analytical ultracentrifugation

The experimental buffer (gel ®ltration) was 20 mM
Tris (pH 8.0), 250 mM KCl and 1 mM EDTA. Sedimen-
tation velocity and sedimentation equilibrium exper-
iments were performed at a temperature of 20.1 �C using
a Beckman Optima XL-A analytical ultracentrifuge
(Beckman Instruments Inc. Palo Alto, CA) with absor-
bance monitoring. Protein concentrations were in the
range of 0.5 to 1.8 mg/ml, corresponding to molar con-
centrations of 5 to 70 mM.

Sedimentation velocity

For sedimentation velocity experiments, samples were
spun at 50,000 rpm and 55,000 rpm, respectively, for
RARa and RXRa or RXRa/RARa samples. Consecutive
scans were automatically recorded at regular intervals.
The net sedimentation behaviour of macromolecules in
a centrifugal ®eld is described by the Svedberg equa-
tion.29,30 The experimental sedimentation coef®cients s
were determined from the in¯ection points using the
classical equation describing the motion of a solvent-
solution boundary. Practically they were determined by
the classical midpoint and the second moment point
methods.29,30 A third method was also used to determine
the apparent sedimentation coef®cients at the boundary
using their distribution g(s*) calculated using the time
derivative analysis method.31,49 The experimental g(s*)
pro®les were ®tted with a normal Gaussian distribution.
This allowed different experimental determination of
sedimentation coef®cients.

Equilibrium sedimentation

For sedimentation equilibrium experiments, samples
were spun at 12,000 rpm and systems were ®rst allowed
to equilibrate for 12 hours before absorbance pro®les
were compared at different times to ensure that system
had reached equilibrium. Using non-linear least-squares
analysis, these data sets were ®tted using single com-
ponent model and several equilibrium models including
monomer/dimer, monomer/dimer/tetramer and dimer/
tetramer.

Modelling of hydrodynamic properties

The hydrodynamic properties of macromolecules in
solution were modelled with the program HYDRO50

using hydrodynamic bead models based on crystallo-
graphic structures generated by the program AtoB51 that
uses the sequence and the tabulated speci®c volume of
amino acid constituents. HYDRO allows the calculation
of sedimentation and translational and rotational diffu-
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sion coef®cients of macromolecules of arbitrary shape.
For an accurate description of the hydrodynamic proper-
ties of the molecules the number of beads was set as
high as possible taking into account the supermatrix
inversion calculation done in HYDRO.

Small angle scattering

SANS measurements and data processing

The experimental buffer (gel ®ltration) was 10 mM
Tris (pH 8.0), 500 mM NaCl, 1 mM EDTA, 14 mM
b-mercaptoethanol, 0.1 mM DIFP, 1 mM Chaps and
0.05 mM C12M. Measurements were made in 100 % H2O
buffers and 100 % 2H2O buffers. SANS data were
recorded at 4.8 �C at different concentrations of LBDs in
H2O and 2H2O buffers on the SANS instrument D1152,53

at the high neutron ¯ux reactor at ILL (Grenoble,
France). Sample solutions were contained in quartz cells
(Hellma, France) with a path length of 1 mm for H2O
measurements and 2 mm for 2H2O measurements. The
cold neutron beam was monochromated using a helical
slot velocity selector producing a wavelength spread
�l/l of 9 % (FWHM) at any incident wavelength l.
Smallest angle measurements were made at a sample-to-
detector distance of 2.5 m with a collimation of 2.5 m
and l � 10 AÊ . This gives a useful Q-range of 0.015 AÊ ÿ1

to 0.092 AÊ ÿ1. Higher angle data were measured with a
sample-detector distance of 1.2 m and a wavelength of
6 AÊ , giving a Q-range of 0.05 AÊ to 0.3 AÊ . The two-dimen-
sional detector is a multi-wire chamber ®lled with BF3,
the size of detector is 64 cm � 64 cm2 with 1 cm2 spatial
resolution.52,53 The data were corrected for transmission,
buffer and cell scattering and detector response function
before being radially averaged to yield scattering curves
of I(Q). Guinier analyses and molecular mass calcu-
lations were performed on these fully processed data.
All primary data reduction and Guinier analyses were
carried out using standard ILL software (RNILS,
XPOLLY, RGUIM and RPLOT).54 In order to obtain suf-
®cient statistical precision and to correct for the high
incoherent scattering background of the H2O solvent,
extensive counting was performed on each sample and
buffers. Typically each sample or buffer was sequentially
counted three to ®ve times one hour and, prior to global
summation of all equivalent runs and correction for the
solvent background, each measurement was processed
independently to check for the absence of aggregation of
the sample during data collection. Data in H2O buffers
could only be reliably measured in the lowest angle
range (0.015 AÊ ÿ1 to 0.092 AÊ ÿ1). The average counting
time in 2H2O buffer was only 30 minutes due to the
much better signal-to-noise ratio arising from the low
background of 2H2O buffers. As these data had a much
greater statistical accuracy it was possible to measure
them over the complete Q-range of 0.015 to 0.3 AÊ ÿ1

covered by the two different instrumental con®gur-
ations.

SAXS measurements and data processing

The experimental buffer (gel ®ltration ) was 10 mM
Tris (pH 8.0), 250 mM NaCl, 1 mM EDTA, 10 mM DTT,
0.1 mM DIFP, 1 mM Chaps and 0.05 mM C12M. DTT, an
ef®cient radical scavenger, was added to minimise radi-
ation damage. SAXS data were recorded on the SAXS
instrument D2455 at the synchrotron facility LURE-DCI
(Orsay, France). The data acquisition system has been
described.56 The wavelength of the X-rays was
l � 1.488 AÊ (K-edge of Ni) and the sample-to-detector
distance was 1582 mm yielding a Q increment per
channel of �Q � 0,0012 AÊ .ÿ1 channelÿ1. The linear
position-sensitive detector is a 512 channel gas chamber
®lled with a two-bar mixture of Xe2/C2H6 (90 %/10 %).
The effective Q-range extended from 0.01 AÊ ÿ1 to 0.3 AÊ ÿ1.
For the small-angle analysis, data were analysed in the Q
region extending from 0.01 AÊ ÿ1 to 0.08 AÊ ÿ1. 70 ml of
sample were injected into a quartz capillary under
vacuum57 kept at a constant temperature of 5 �C and
were recovered after the measurement. Nine or 18
frames of 200 seconds each were recorded depending on
the sample concentration. Frames were visually
inspected to check for X-ray damage; none was found.
All data were scaled to the transmitted intensity, before
computing the average and standard deviation of each
measurement and subtracting the scattering from the
corresponding buffer.

SAS data analysis

Guinier analysis

The data in the lowest angle range when plotted as
lnI(Q) versus Q2 give the RG value and I(0) the forward
scattering intensity extrapolated at zero angle58 with:

ln I�Q� � ln I�0� ÿQ2

3
R2

G with Q � 4p sin y
l

where Q is the scattering vector for a scattering angle of
2y and a wavelength of l. For a sphere, this expression
is valid in a QRG range up to 1.3 which can be extended
up to 2.0 in some cases, the most conservative limit
being in the range of QRG � 1. The value of I(0) allows
calculation of an apparent molecular mass Mr of the par-
ticle in solution as far as the concentration c of the
sample has been determined accurately.59

Distance distribution function P(r)

Indirect transformation of the scattering data I(Q) in
the reciprocal space into that in real space P(r) were car-
ried out using the ITP60 and GNOM61,62 programs for
SANS data and GNOM program for SAXS data. Calcu-
lations by either of the two programs include an estimate
of the Dmax. As P(r) corresponds to the distribution of
distances r between any two volume elements within
one particle, it offers an alternative calculation of I(0) its
zeroth moment, RG its second moment and gives also
the chord Dmax the maximum dimension of the macro-
molecule:

P�r� � 1

2p2

Z 1
0

I�Q� � r � sin�Q � r�dQ

and

R2
G �

r2P�r�dr

2P�r�dr

Dmax was determined from the value of r when P(r)
became zero at larger r values; a range of maximum
chords Dmax was systematically tested for integration
and the ®nal choice of Dmax was based on four essential
criteria:(i) the restriction P(r � 0) � 0 (this constraint was
®rst released for the ®rst estimation of P(r) and was then
applied for the ®nal estimation); (ii) P(r) should exhibit
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positive values; (iii) the RG from GNOM or ITP should
agree with the RG from Guinier analysis; and (iv) the P(r)
curve should be stable as Dmax is increased beyond the
estimated macromolecular length. Geometrical correc-
tions were performed for experimental curves only in
the case of neutrons data.

Scattering curve calculation and fitting

The scattering intensity I(Q) from particles in a solvent
with scattering length density r0 can be evaluated as:

I�Q� � hjAa� ~Q� ÿ r0Ae� ~Q� � drAhs� ~Q�j2i
 with Q � �Q;
�
The particle has a scattering density ra and is sur-
rounded by a solvent with an average scattering density
ro; the hydration shell is depicted by a border layer of
effective thickness � and density rb different from r0.
Here Aa(Q), Ae(Q) and Ahs(Q) are the amplitudes from
the particle in vacuo, the excluded volume and the
hydration shell, respectively. 
 is the solid angle in
reciprocal space. I(Q) is an average over all orientations
particles in solution. The particle shape is described by
an angular envelope function. The scattering from the
hydration shell is simulated by surrounding the envel-
ope function with a layer of thickness � � 3 AÊ and den-
sity rb. Experimental scattering curves Iexp(Q) are ®tted
against calculated scattering curves Icalc(Q) using two
parameters, the total excluded volume V and the
contrast of the border layer dr � rb-ro to minimize the
discrepancy w de®ned as:

w2 � 1

N ÿ 1

XN

i�1

Iexp�Qi� ÿ Icalc�Qi�
s�Qi�

� �2

where N is the number of experimental points and s(Qi)
the associated standard deviations. In practice, theoreti-
cal scattering curves and RG were calculated using
CRYSOL26 and CRYSON36 programs and automatically
®tted against experimental curves. In the case of neutron
data, a 100 % 2H2O content of buffer and 10 % rate of
non-exchanged labile hydrogen atoms were assumed.
Smearing corrections were performed for experimental
curves only in the case of neutrons data. The resulting
®tting parameters adjusted in CRYSOL and CRYSON
corresponded to a reasonable description of the
hydration properties of the particles in solution.

Receptor modelling

Crystallographic structures of LBDs were used to gen-
erate all the models used in calculations. At the time of
this study ®ve structures of retinoic acid receptor LBDs
were available: the apo-homodimer of wtRXRa LBD
(PDB entry: 1LBD), the holo-monomer wtRXRa LBD
(PDB entry: 1FBY) bound to 9-cisRA, the holo wtRARa
LBDs complexed to either all-transRA (PDB entry 2LBD)
and 9-cisRA and a heterodimer wtRARa/mutRXRa
(PDB entry: 1DKF). The apo-wtRARa LBD model was
generated using the crystallographic model of wtRXRa
apo-LBD as a template for modelling using MODELLER.
Using the crystallographic structure of the heterodimer
and assuming the same dimerization interface several
heterodimer models were then generated: apo/apo, apo/
holo and holo/holo wtRXRa/wtRARa. A holo-homodimer
of RXRa LBD was also generated assuming the same
dimerization interface as this observed in the apo-RXRa
LBD homodimer structure. The coordinates of apo-RXRa
LBD tetramer were kindly provided by Dr E. Xu.

Ab initio three-dimensional reconstruction of
molecular shapes

Low-resolution model retrieving from one-dimen-
sional small angle X-ray scattering data in solution was
performed using the program DAMMIN.27 A DAM
(Dummy Atom Model) is randomly generated and is
composed of an array of given contrast spheres densely
packed on a hexagonal face-centred cubic lattice with a
given lattice constant. The scattering intensity from a
given DAM is calculated by global summation over all
dummy atoms using spherical harmonics expansion to
represent partial amplitudes. Ab initio reconstruction con-
sists in ®nding a DAM con®guration corresponding to a
minimal value of a goal energy function and minimizing
the discrepancy between experimental and DAM calcu-
lated scattering curves. Compactness, connectivity and
looseness of the DAM are described by functions that
are taken into account during this global minimization
procedure that uses simulated annealing. The algorithm
proceeds iteratively through a single dummy atom
move. SAXS and SANS pro®les were subjected to several
independent reconstructions runs.
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