
Solution behavior of the intrinsically disordered N-terminal 
domain of the Retinoid X Receptor alpha in the context of full-
length protein

Anna Belorusova#1, Judit Osz#1, Maxim V. Petoukhov#2, Carole Peluso-Iltis1, Bruno 
Kieffer1, Dmitri I. Svergun2, and Natacha Rochel1,*

1Department of Integrative Structural Biology, Institut de Génétique et de Biologie Moléculaire et 
Cellulaire (IGBMC), Institut National de la Santé et de la Recherche Médicale (INSERM) U964 / 
Centre National de la Recherche Scientifique (CNRS) UMR 7104 / Université de Strasbourg, 
67404 Illkirch, France

2European Molecular Biology Laboratory, Hamburg Outstation, Notkestrasse 85, 22603 Hamburg, 
Germany

# These authors contributed equally to this work.

Abstract

Retinoid X receptors (RXRs) are transcription factors with important functions in embryonic 

development, metabolic processes, differentiation and apoptosis. A particular feature of RXRs is 

their ability to act as obligatory heterodimerisation partners of class II nuclear receptors. At the 

same time, these receptors are also able to form homodimers that bind to direct repeat (DR1) 

hormone response elements. Since the discovery of RXRs, most of the studies focused on its 

ligand binding and DNA-binding domains, while its N-terminal domain (NTD) harboring a ligand-

independent activation function remained poorly characterized. Here, we investigated the solution 

properties of the NTD domain of RXRα alone and in the context of the full-length receptor using 

small-angle X-ray scattering (SAXS) and nuclear magnetic resonance (NMR) spectroscopy. We 

report the solution structure of the full-length homodimeric RXRα on DNA and show that the 

NTD remains highly flexible within this complex.

Introduction

Retinoid X receptors (RXRs) occupy a crucial place in nuclear receptor (NR) signaling 

network serving as obligatory dimerisation partners for several NRs including itself. RXRs 

are essential factors for many biological processes and consequently they play key roles in 

various diseases, including cancer (reviewed in 1, 2). RXRs comprise three isotypes, RXRα 

(NR2B1), RXRβ (NR2B2) and RXRγ (NR2B3) that are differentially expressed in tissues 

with RXRα being the predominant isotype 3. Numerous isoforms are generated from 

alternative splicing, the predominant one, RXRα1, encodes a 52 kDa protein. Two additional 
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isoforms (α2 and α3) with 28 and 97 amino acid deletions in the N-terminal domain have 

been identified in mouse testis 4.

RXRs share a common domain organization with all other NRs comprising a variable N-

terminal domain (NTD) harboring a ligand-independent activation function, the C-terminal 

ligand-binding domain (LBD), a key regulatory domain containing the ligand binding pocket 

and main dimerization surface, and the conserved DNA binding domain (DBD) which 

interacts with the core motif 5’-RGKTSA-3’ (R = A or G, K = G or T, S = C or G) 5, 6. 

RXR dimers recognize a repetition of the core motif with variable spacer size and relative 

orientation (i.e. Direct Repeat (DR), Inverted Repeat (IR) or Everted Repeat (ER)) that 

define the hormone response element (HRE). The specificity of the receptor binding results 

not only from the DNA sequence of the two half-sites, but also from the HRE geometry, 

since both spacing and relative orientation of the half-sites do influence the receptor binding 

affinity 7.

Our understanding of the NR structure-function relationship has considerably moved 

forward in the two last decades with the determination of the crystal structures of the 

isolated DBD and LBD, as well as the structures of the multi-domain complexes for some of 

them (reviewed in 8–10). However, little information about the NTD is known. The NTD of 

the NRs varies considerably in terms of length and amino acid sequence, and it harbors the 

weakest sequence conservation across the NR superfamily. Moreover, it was found that the 

majority of known NR isoforms differ mostly in their NTD domain 11. The NTD domain of 

most NRs possess an autonomous transcriptional ligand-independent activation function 

(AF-1) which, when linked to a heterologous DBD to form a chimeric fusion, can activate 

transcription in a constitutive manner. The NTD through its activation function AF-1 is 

involved in the modulation of the transcriptional activation of target genes in a cell-specific 

and promoter-dependent manner 12. For the majority of NRs, the NTD is also subjected to 

post-translational modifications, such as phosphorylation and sumoylation, that play 

essential roles in regulating the receptor transcriptional activities 12. Most of the biophysical 

and structural studies of NTDs of NRs have been focused on steroidal NRs 13–17. These 

studies have revealed that the NTDs are largely disordered and highly flexible (reviewed in 

12). In the presence of osmolytes or upon interaction with protein partners, partial folding of 

the NTDs have been shown to occur and numerous proteins that interact with NRs NTDs 

have been identified (reviewed in 11). In addition, several studies have shown folding effects 

of the DNA binding on NTDs of steroidal NRs in the context of the intact protein 16, 18–20.

In the present study, we investigated the solution behavior of the NTD of RXRα and 

characterized its role in the DNA recognition. RXRs harbors NTDs that have been shown to 

be crucial for receptor transcriptional activities and subjected to post-translational 

modifications affecting the transactivation capability 21, 22. The NTD of RXRα is 130 

amino acids long and is characterized by a large proportion of P and G residues, a usual 

feature for intrinsically disordered proteins. HDX experiments showed that RXRα NTD is 

highly accessible to solvent 23 and this domain was not observed in the crystal structure of 

multi-domain RXR heterodimer 24, 25. To further describe the NTD domain of RXRα and 

its potential role in DNA recognition, we used small-angle X-ray scattering (SAXS) and 
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nuclear magnetic resonance (NMR) spectroscopy, two complementary biophysical methods 

that provide insights into intrinsically disordered regions of proteins.

Experimental Procedures

Constructs, expression and purification

The HsRXRαΔNTD (130-462) and HsRXRα NTD-DBD (1-220) were expressed as 

hexahistidine fusion proteins. The HsRXRα DBD (130-212) was expressed in fusion with 

Thioredoxine and hexahistidine tags in E. coli BL21DE3. The full-length HsRXRα (1-462) 

was expressed either in E. coli or in Sf9 insect cells as an N-terminal hexahistidine or Flag 

tagged fusion protein. All proteins were purified by affinity chromatography. Fusion proteins 

were removed by thrombin proteolysis. The cleaved protein was then gel filtrated. 9-cis 
retinoic acid was added in a 2-fold excess to saturate the receptor. The Ramp2 DR1 

oligonucleotide strands (tgAGTTCAaGGGTCAat/acTCAAGTtCCCAGTta) were purchased 

from SIGMA and annealed as described previously 26 and added in a 1.2-fold excess to the 

dimers and the complex was gel-filtrated on a Superdex S200. Proteins were eluted in the 

final buffers (Tris 20 mM pH7.5, NaCl 100 mM, KCl 100 mM, Glycerol 5%, Chaps 2 mM, 

DTT 5 mM for the complexes without DNA and Tris 20 mM pH 7.5, NaCl 50 mM, KCl 50 

mM, Glycerol 5%, Chaps 2 mM, DTT 5 mM for the complexes with DNA).

SAXS experiments

The synchrotron radiation X-ray scattering data were collected at the European Molecular 

Biology Laboratory (EMBL) at the X33 beamline (DESY, Hamburg) 27 using PILATUS 

detector at a sample-detector distance of 2.7 m, covering the range of momentum transfer 

0.01 < q < 0.6 Å-1 (q = 4π sin(θ)/λ where 2θ is the scattering angle and λ = 0.15 nm is the 

X-ray wavelength) in 8 frames (15 seconds each) to check for possible radiation damage. All 

scattering measurements were carried out at 283 K using automated filling 28. The full-

length RXR without DNA was measured on the SWING beamline at SOLEIL Synchrotron 

(Gif-sur-Yvette, France), using a 17×17 cm2 low-noise Aviex CCD detector positioned at a 

distance of 2.107m from the sample. Sample solutions were circulated in a thermostated 

Quartz capillary with a diameter of 1.5mm and 10 μm wall thickness, positioned within a 

vacuum chamber. Fifty frames of 2 s each were collected, normalized to the transmitted 

intensity, and subsequently averaged using the image analysis software Foxtrot (SWING 

beamline at SOLEIL Synchrotron). All complexes studied were measured at several solute 

concentrations in the range from 1 to 5 mg/ml. The data were processed following standard 

procedures using the program PRIMUS 29. The forward scattering I(0) and the radii of 

gyration Rg were evaluated using the Guinier approximation, assuming that at very small 

angles (q < 1.3/Rg), the intensity is represented as I(q) = I(0) exp(-(qRg)2/3). The maximum 

dimensions Dmax were computed using the indirect transform package GNOM 30 which 

also provides the distance distribution functions p(r). Low resolution models of the various 

complexes were constructed using the ab initio program DAMMIF 31 which represents the 

macromolecule by an assembly of densely packed beads and employs simulated annealing 

(SA) to build a compact interconnected configuration of beads that fits the experimental 

data. The most typical reconstructions were selected using the program DAMCLUST. The 

quaternary structure of the homodimer RXRαΔNTD in complex with Ramp2 was 
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reconstructed at low resolution by rigid body modelling based on the atomic coordinates of 

its components using the crystal structures of the RXRα DBD-Ramp2 (PDB ID: 4CN2) and 

RXRα LBDs (PDB ID: 2ZY0) 32. The molecular modeling was performed by the program 

CORAL 33. The program employed a simulated annealing protocol performing random 

rigid body movements of LBDs restrained by proximity of the C-termini of DBDs and N-

termini of LBDs for each chain in the homodimer whereby the hinge regions were sampled 

from the library of random loop conformations. For both ab initio and rigid body analysis, 

multiple runs were performed to verify the stability of the solution. The scattering from the 

atomic models was calculated using the program CRYSOL 34 which either predicts 

theoretical scattering patterns or fits the experimental data by adjusting the excluded volume 

and the contrast of the hydration layer. The conformational space of NTD moieties was 

explored using the Ensemble Optimization Method (EOM), which takes flexibility into 

account by allowing for the co-existence of multiple conformations in solution 35. EOM 

selects appropriate ensembles of configurations from large pools of random models of the 

protein (loops) and allows one to assess the range of different conformations, which the 

flexible protein can potentially adopt in solution. The models for the initial pool were 

created by random generation of the N-terminal loops connected to the DBD domains of 

RXRα. The theoretical scattering intensities of the randomized models were calculated 

using the program CRYSOL. The program GAJOE from the EOM package 35 employed a 

genetic algorithm to select from the pool of randomized structures the representative 

ensembles of 3D models whose averaged scattering profile fits the experimental data. 

Multiple runs of EOM enable one to compare the Rg and Dmax distributions of the selected 

structures versus the original random pool and to make a conclusion regarding degrees of 

protein compactness/extension and flexibility/rigidity.

Isothermal titration calorimetry experiments

ITC measurements were performed at 298 K on a MicroCal ITC200 (MicroCal). Purified 

proteins and DNA were dialyzed extensively against the buffer 20 mM Hepes pH 8.0, 100 

mM sodium chloride and 1 mM TCEP. In the case of the NTD-DBD and full-length proteins 

the dialysis buffer additionally contained 2% glycerol. In a typical experiment 2 µl aliquots 

of DNA at 80 to 150 μM were injected into a 10 µM RXR dimer solution (200 μl sample 

cell). The delay between injections was 120 to 180 s to permit a complete relaxation of the 

system 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 ΔG = −RT ln(Ka) and TΔS = ΔH – ΔG, from the Ka and ΔH values 

derived from ITC curve fitting using a single binding site model included in the Origin 

software.

NMR

NMR experiments were conducted at 279 K using a Bruker 700 MHz equipped with a TCI 

cryoprobe. Uniformly 15N, 13C labeled full-length RXR proteins were produced in E. coli 
using standard protocol for expression in minimal medium and were purified as described 

above. NMR samples were prepared as 150 μL aliquots of 40 μM protein in 50 mM 

phosphate buffer at pH 7.0, 50 mM of NaCl mixed with stoichiometric amounts of 9-cis 

retinoic acid in a 3 mm tube. 1H-15N HSQC spectra were recorded using standard pulse 
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sequence and an acquisition time of 3 hours. Methyl correlations were obtained from 1H-13C 

SOFAST HMQC with a relaxation delay of 100 ms and a total acquisition time of 2 hours. 

Spectra of the protein in complex with the Ramp2 DR1 oligonucleotide were recorded after 

addition of stoichiometric amount of the DNA duplex to the protein sample. The interaction 

between the RXR homodimer and the DNA was monitored in the NMR tube by observing 

the imino-protons in the 12-14 ppm region of the proton spectrum.

Results

RXRα binding to DR1

Homodimeric RXRs bind direct repeats of the hexanucleotide half-site separated by 1 

nucleotide (DR1) 3. We have previously characterized the effects of genomic variation in 

natural DR1 sequences on RXR binding and their structural impact on the RXR homodimer 

DBD structure 36. The largest cooperative binding and dimerization surface was observed 

for the RXR homodimer complex with Ramp2 DR1 36. Such DNA-driven regulation of 

DBD positioning may propagate to other domains of the receptor, including the NTD. To 

further investigate the underlying principles of this allosteric control, we determined the 

binding affinities and thermodynamic parameters of DNA binding by the full-length RXRα 

homodimer and by its truncated form lacking the NTD (RXRαΔNTD). Figure 1A-C show 

representative isotherms obtained from ITC measurements, and a detailed analysis of 

thermodynamic parameters corresponding to the averaged values of at least three 

independent experiments is presented in Table 1. RXRα binds to the Ramp2 DR1 with an 

affinity in the nM range. The presence of the NTD leads to a slight but consistent loss of 

affinity by a factor of two that results from both slightly less favorable enthalpic and entropic 

contributions to the DR1 binding energy.

Overall architecture of RXRα-DNA complexes in solution

To characterize the architecture of the RXRα homodimer in solution, we used Small Angle 

X-ray Scattering (SAXS). Scattering data were obtained for the isolated domains either in 

the DNA-free or DNA-bound form (LBD dimer, DBD-DNA) and for multi-domain 

complexes (ΔNTD-DNA, NTD-DBD-DNA), as well as for the full-length RXRα protein 

DNA-free and in complex with Ramp2 DR1 (Figure 2 and Table 2). All studied samples 

were homogeneous with linear Guinier plots. Several independent scattering data sets 

provided consistent results and clearly established the stoichiometry of the dimers. A 

reasonable fit was found between the experimental SAXS data for the folded domains (LBD, 

DBD-DNA) and the scattering curves calculated from the X-ray crystal structures (Table 2). 

These complexes showed a symmetrical distance distribution function (Figure 2B). In 

contrast, for the multi-domain RXRα complexes the radii of gyration (Rg) and the maximum 

size (Dmax) values suggested an extended shape (Table 2). Low resolution models were 

reconstructed ab initio from the corresponding experimental scattering patterns using the 

program DAMMIF 31. A series of reconstructions yielded superimposable results. The 

typical ab initio model of RXRαΔNTD-DR1 (presented in Figure 2C) revealed an elongated 

shape and provided a good fit to the experimental data. A more detailed modeling was 

performed using the available high resolution models of the individual domains and 

adjustment of the relative position of the domains by rigid-body refinement against the 
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scattering data using CORAL 33. The model obtained by rigid body refinement agrees well 

with the ab initio models as seen from the superposition in Figure 2C. Importantly, the 

RXRα LBD dimer is asymmetrically positioned with respect to the two-half-sites of the 

DR1, (Figure 2D), an asymmetry that has already been observed for heterodimers harboring 

RXR 37–39. The refined model of RXRαΔNTD-Ramp2 DR1 also suggests a potential 

interaction between the DBD of the monomer bound at the 5' side of the DR1 and the hinge 

and or the LBD of the second monomer. For the constructs containing the NTD, (NTD-

DBD-DNA, full-length, full-length-DNA), the e measured SAXS parameters (Table 2) 

indicate that, the NTD is rather extended as shown by a significant increase of the Dmax 

parameter, consistent with the disordered state of this domain.

Characterization of the N-terminal domain of RXRα

The analysis of the primary sequence of the NTD of RXRα is presented in Figure S1. A 

consensus of the prediction methods indicates that the NTD is disordered. The overall 

charge and hydrophobicity values calculated with PONDR (www.pondr.com) are <R> = 

0.004 and <H> = 0.466, respectively, and consensus prediction of secondary structure 

indicates a disordered random coil. The NTD of RXRα is characterized by a large 

proportion of P and G residues, a usual feature for intrinsically disordered proteins. However 

some amino acids, less frequently found in disordered regions, such as F, H and M are also 

present all along the NTD, indicating that some structuring may occur, either transiently or 

upon interaction with partners.

Experimental evidence of the disordered state of the RXRα NTD was provided by liquid 

state NMR. The full-length RXRα was produced in E. coli and labeled with 13C 

and 15N. 1H-15N and 1H-13C HSQC spectra were recorded at 279K. At this temperature, no 

signal from the folded parts of the protein is expected due to very fast transverse relaxation 

times resulting from the slow tumbling correlation time of the large RXRα homodimer. 

Indeed, the 1H-15N HSQC correlation spectrum displays about 90 sharp peaks with amide 

proton frequencies characteristic of unfolded state (between 7.8 and 8.3 ppm) (Figure 3). 

The number of correlation peaks (111) is rather close to the number of correlations expected 

from the sequence composition of the RXRα NTD (133). The missing resonances may be 

due to cis-trans isomerization of the numerous proline residues (21) that are present in the 

RXRα NTD. Furthermore, 13 high intensity peaks could be identified in the region of 

the 1H-15N HSQC that corresponds to glycine 15N chemical shifts (107-112 ppm), a number 

that correlates well with the 14 glycines present in the RXRα NTD. These observations 

suggest that RXRα NTD is disordered in solution. Upon addition of the Ramp2 DR1, most 

of the amide resonances are unaffected with only 7 correlation peaks displaying slight 

chemical shift perturbations. Overall, these experiments indicate that the NTD of RXRα in 

context of the full-length protein is mostly disordered, and its state is only marginally 

affected upon binding to DNA.

To further characterize the RXRα NTD, we analyzed the ensemble of conformations 

populated by the RXRα NTD in the context of the full-length RXRα and compared it to the 

ensemble explored by the NTD-DBD construct using the Ensemble Optimization Method 

(EOM) 35. In the EOM approach, a genetic algorithm is used to select a representative 
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ensemble of NTD conformations from a large pool of randomly generated models to 

minimize the discrepancy between the experimental SAXS profile and the ensemble-

averaged scattering profile.

For the NTD-DBD-DNA complex, the representative ensemble shown in Figure 4E is in 

agreement with NMR data indicating a highly disordered and flexible domain. The selected 

ensemble neatly fits the corresponding scattering profile (Figure 4A and Table 2) and 

suggests rather extended NTD conformations in both monomers. The extended NTD 

conformation is also supported by the distribution of Dmax and especially Rg values which is 

noticeably larger than the average of the random pool (Figure 4A and 4B). EOM analysis 

performed on the complex with the full-length RXRα produced in insect cells yields a rather 

good fit to the SAXS profile (Figure 2A and Table 2). Surprisingly, EOM results for the full-

length RXRα-DNA complex clearly indicate a more compact conformational ensemble 

compared to the NTD-DBD/DNA construct (Figure 4F). This finding is also supported by 

the similar Rg values observed for the full length RXRα and RXRα NTD-DBD complexes, 

as defined by Guinier approximation (Table 2, and Rg and Dmax distributions in Figure 4C 

and 4D). The EOM results obtained for the RXRfull-length without DNA (data not shown) 

could not be compared to the ensemble of conformers of the NTD in context of the DNA 

bound complex because of the flexibility of the DBDs and the absence of dimerization of the 

DBDs in absence of DNA. Overall, these data demonstrate a high degree of flexibility of the 

NTDs that is restrained by the space occupied by the hinge and LBD dimer in the context of 

the full-length DNA bound protein. The lower number of extended conformations of the 

NTD in context of the full-length protein may also be explained by possible transient 

interactions between the NTD and the folded domains as was previously shown for steroidal 

NRs 40, 41.

Discussion

The integrity of the nuclear receptor protein is required for its full transcriptional activity in 

the cell. In particular, the NTD of NR is essential for the modulation of the transactivation 

potential of the receptor in a cell-, promoter- and/or ligand-dependent manner. Structural 

studies reported up to now have mainly focused on the two isolated globular receptor 

domains, the DBD and the LBD, preventing a complete understanding of the molecular 

mechanisms underlying the allosteric regulations achieved by NR.

In the present study, we have characterized the solution behavior of the RXRα NTD in 

context of the intact RXR homodimer either free or bound to the Ramp2 DR1 DNA. The 

Ramp2 DR1 has been shown to modulate the conformation of the RXR DBD-DNA allowing 

a strong homodimerization and increased binding affinity 36. SAXS studies of the functional 

RXRα homodimer bound to Ramp2 DR1 revealed the asymmetry of the NR dimer that is 

induced by the non-symmetric DNA target, positioning both LBDs at the 5’end of the target 

DNA. This observation is reminiscent to the solution and cryo-EM structures of 

heterodimeric NRs, such as RXR-RAR or RXR-VDR, bound to their cognate direct repeat 

HREs 37, 38. It highlights the critical role played by the DNA together with the hinge region 

linking the DBD to the LBD in promoting proper inter-domain interactions that stabilize a 

dominant receptor topology. Indeed, RXR heterodimers are able to recognize highly diverse 
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HREs (DR0-8 and IR) through adapting different conformations. While the in vivo relevance 

of RXR homodimer remains to be proven, deep sequencing data have revealed that 

regulatory DNA binding sites are very often pre-bound by RXR in absence of ligand 

stimulation suggesting a possible role of RXR homodimer as a pre-existing DNA-bound 

inhibitor of transcription that readily exchanges its dimeric partner in a ligand-driven way 

42, 43. A role of RXR homodimer in transcriptional regulation in macrophages has also 

been recently described 44, 45.

Using SAXS and NMR, we were able to provide insights on the hydrodynamic behavior of 

the RXR NTD region in the context of the full-length protein. NMR indicates that the NTD 

is mostly disordered and remains flexible upon binding to Ramp2 DR1. The slight decrease 

of binding affinity induced by the presence of the disordered NTD observed by ITC 

experiments may be explained by local interactions between NTD residues and the DNA as 

suggested by the few chemical shift perturbations observed upon DNA binding. SAXS data 

provided further evidence about the disordered state of NTD in DNA-bound proteins, in 

agreement with HDX experiments 23. Similarly to the RXRα NTD, the NTDs of steroidal 

NRs and of the ecdysone receptor have been shown to be intrinsically disordered, adopting a 

premolten globule-like state 46, 47. However, the NTDs of steroidal NRs are known to 

undergo folding into secondary/tertiary structure upon interaction with multiple proteins and 

DNA 48. Such DNA-induced folding of the steroidal NRs NTDs contrasts with the weak 

perturbations of chemical shifts observed for the RXRα NTD upon DNA binding. The 

difference between the displayed properties of the NTDs of RXRα and other steroidal NRs 

in the DNA-bound form may be related to their distinct primary sequence organization. In 

steroidal NRs, the NTD itself is often highly modular and it comprises multiple regions 

contributing to receptor-dependent gene regulation 12 while the NTD of RXRα does not 

display such distinct regulatory areas.

The NTD of RXR, like the NTDs of steroidal NRs containing the major transactivation 

function AF1, is naturally intrinsically disordered, and this structural plasticity is 

functionally important for NR activity. Folding of the AF1/NTD domain upon interaction 

with protein partners is likely to contribute to cell-specific receptor actions. The RXR-NTD 

exists as an ensemble of conformers with a different degree of local order, which prime this 

region of the receptor to rapidly respond to changes in the intracellular environment through 

hormone binding and post-translation modifications 49, 50. For RXRα, several proteins have 

been shown to potentiate the transcriptional activity of the AF1 domain of RXR, such as 

Bcl3 51. It would be of high interest to investigate how the conformational ensemble of the 

RXRα NTD is modulated upon interactions with protein partners.

Associated Content
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Abbreviations

NR nuclear receptor

RXR retinoid X receptor

DBD DNA binding domain

LBD ligand binding domain

NTD N-terminal domain

AF activation function

DR direct repeat

DR1 direct repeat separated by one nucleotide

IR inverted repeat

ER everted repeat

HRE hormone response element

ITC isothermal titration calorimetry

SAXS small angle X-ray scattering

NMR nuclear magnetic resonance

Cryo-EM cryo electron microscopy

HDX hydrogen-deuterium exchange

Kd dissociation constant

Rg gyration radius

Dmax maximal dimension
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Figure 1. Quantification of the interaction between RXR and Ramp2 DR1 by ITC.
Representative ITC isotherms for the binding of the Ramp2 DR1 duplex to the (A) RXRα 

NTD-DBD, (B) to the RXRα ΔNTD and (C) to the full-length RXRα. The top panels show 

the raw ITC data expressed as the change in thermal power with respect to time over the 

period of titration. Lower panels: change in molar heat is expressed as a function of molar 

ratio of corresponding DR1 to dimer-equivalent RXR. The solid lines in the lower panels 

represent the fit of data to a one-site model using the ORIGIN software.
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Figure 2. SAXS of RXRα homodimeric complexes.
(A) Scattering profiles of RXRα DBD-Ramp2 DR1 (1, red), RXRα LBD (2, green), 

RXRαΔNTD-Ramp2 DR1 (3, blue), RXRα NTD-DBD-Ramp2 DR1 (4, pink), and RXRα-

Ramp2 DR1 (5, cyan). Experimental data are denoted by black dots, the corresponding fits 

are given as solid lines. Fits are computed from the crystal structures of RXRα LBD (PDB: 

2ZY0) and of RXRα DBD-Ramp2 DR1 (PDB: 4CN2) or from refined SAXS refined 

models. The profiles are arbitrary displaced in logarithmic scale for better visualization. (B) 
Distance distribution functions computed from the X-ray scattering patterns using the 

program GNOM. (C) Molecular envelope of the complex RXRαΔNTD-Ramp2 shown as 

grey spheres together with the pseudo-atomic refined structure of RXRαΔNTD-Ramp2 
DR1. (D) Pseudo-atomic model RXRαΔNTD-Ramp2 DR1 is asymmetric with the LBD 
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dimer positioned at the 5’end of the DNA. The blue dotted lines indicate the hinge domain 

connecting the DBD to LBD.
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Figure 3. Superimposition of the 15N HSQC spectrum of full length RXRα at 279K before (in 
blue) and after (in red) addition of Ramp2 DR1.
The 15N HSQC spectrum of RXRα full-length (in blue) displays 91 sharp peaks. About 111 

peaks were expected from the 133 residues of the NTD (that contains 21 prolines). Upon 

addition of Ramp2 DR1 (in red), most of the resonances are unaffected with only 7 peaks 

displaying slight chemical shift perturbations. The missing resonances may be due to cis-

trans proline isomerization. The region corresponding to Glycine residues is shown in a box.
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Figure 4. Ensemble of conformations of the intrinsically unfolded N-terminal domain of RXRα.
(A-D) Size and shape distributions: Rg (A and C) and Dmax (B and D) for RXRα NTD-

DBD-Ramp2 DR1 (A and B) and RXRα-Ramp2 DR1 (C and D). Distributions are 

computed from selected structures (colored red) and compared to random pools generated 

by EOM (blue dashed lines). (E) Ensemble of conformers of the NTDs of RXRα in RXRα 

NTD-DBD-Ramp2 DR1. The DNA is not represented for sake of clarity. (F) Ensemble of 

conformers of the NTDs of RXRα in the full-length complex.
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Table 1
Thermodynamic parameters obtained from ITC measurements for the binding of RXRα 

homodimer to DR1 response elements.

Dimer Kd (nM) N ΔHobs kcal.mol−1 ΔSobs cal x mol-1 x deg-1

RXRα DBD

38 ± 15 1.1 -39 ± 3 -98              Ramp2 DR1

RXRα NTD-DBD

93 ± 15 1.01 -28 ± 0.7 -63              Ramp2 DR1

RXRα ΔNTD

47 ± 4 1.08 -28 ± 1 -58              Ramp2 DR1

RXRα full-length

79 ± 15 1.0 -24 ± 2 -49              Ramp2 DR1

Errors were calculated from 3 independent measurements performed at 298 K. All uncertainties are given to one standard deviation. N corresponds 
to the number of moles of dimer per mole of DNA. Concentrations were measured by UV spectrophometry.
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Table 2
Small Angle X-ray parameters.

Complexes Rg, Å Dmax, Å χ

RXRα DBD-Ramp2 DR1 18.5 ± 0.7 67 ± 5 1.18

RXRα LBD 24.5 ± 0.5 80 ± 5 1.41

RXRα NTD-DBD-Ramp2 DR1 43 ± 2 160 ± 20 1.50

RXRα ΔNTD-Ramp2 DR1 36 ± 0.5 125 ± 7 1.08

RXRα full-length 41 ± 3 150 ± 20 0.90

RXRα full-length-Ramp2 DR1 44 ± 2 160 ± 20 0.93

Rg, and Dmax, are the radius of gyration and maximum size, calculated from the scattering data. χ is the discrepancy between the experimental 

data and the predicted scattering curves. The predicted scattering curves were obtained from the appropriate crystal structures in case of RXR LBD 
and RXR DBD-Ramp2 DR1, from the rigid body model for RXR ΔNTD-Ramp2 DR1 and from EOM ensembles for the two constructs containing 
NTD.
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