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ABSTRACT

Retinoic acid receptors (RARs) as a functional het-
erodimer with retinoid X receptors (RXRs), bind a di-
verse series of RA-response elements (RARES) in
regulated genes. Among them, the non-canonical
DRO elements are bound by RXR—-RAR with compa-
rable affinities to DR5 elements but DRO elements
do not act transcriptionally as independent RAREs.
In this work, we present structural insights for the
recognition of DR5 and DRO elements by RXR—RAR
heterodimer using x-ray crystallography, small angle
x-ray scattering, and hydrogen/deuterium exchange
coupled to mass spectrometry. We solved the crys-
tal structures of RXR-RAR DNA-binding domain in
complex with the Rarb2 DR5 and RXR-RXR DNA-
binding domain in complex with Hoxb13 DRO. While
cooperative binding was observed on DR5, the two
molecules bound non-cooperatively on DRO on op-
posite sides of the DNA. In addition, our data un-
veil the structural organization and dynamics of the
multi-domain RXR-RAR DNA complexes providing
evidence for DNA-dependent allosteric communica-
tion between domains. Differential binding modes
between DRO and DR5 were observed leading to dif-
ferences in conformation and structural dynamics of
the multi-domain RXR-RAR DNA complexes. These
results reveal that the topological organization of the
RAR binding element confer regulatory information
by modulating the overall topology and structural dy-
namics of the RXR-RAR heterodimers.

INTRODUCTION

Retinoids (retinoic acid (RA) and synthetic analogs) medi-
ate organismal and cellular effects through activation of the
retinoic acid receptors (RARs), members of the nuclear re-
ceptor (NR) superfamily (1,2). Both experimental and clin-
ical studies have revealed that retinoids regulate a wide vari-
ety of essential biological processes, such as vertebrate em-
bryogenesis and organogenesis, cell growth arrest, differen-
tiation and apoptosis (3). The RARs exist as three paralogs
(RARA, RARB and RARG) that originate from distinct
genes, and function as heterodimers with one of the three
retinoid X receptor paralogs (RXRA, RXRB, RXRG). The
RAR and RXR paralogs have similar, but not identical, se-
quences and structures. They exert overlapping and unique
functions in development and differentiation that cannot be
replaced by the actions of the other paralogs.

RARs and RXRs are modular proteins composed of sev-
eral domains, most notably a DNA-binding domain (DBD)
and a ligand-binding domain (LBD) (4,5). Intensive stud-
ies of NR mediated gene transcription modulation led to
a detailed comprehension of how the ligand, RA, consti-
tutes a regulatory signal leading to communication with
the general transcriptional machinery via conformational
changes that affect the LBD of RARs and initiates a cas-
cade of protein-protein interactions (3). The activity of
RXR-RAR is modulated by distinct combinations of co-
factors, depending on cell type, promoter, DNA-binding
site, and the actions of various signalling pathways/ligands
(6,7). An important, but poorly understood, determinant
of NR-coregulator interaction is the allosteric influence of
specific DNA-binding sites on the recruitment of coactiva-
tor or corepressor proteins. In the case of RXR-RAR het-
erodimers, positive or negative regulation have been shown
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to be strongly influenced by the spacing of the DNA e¢le-
ments to which they bind (8).

When heterodimerized with RXRs, RARs bind to
specific DNA sequences, called RA response elements
(RARES), that are typically composed of two direct repeats
(DR) of a core hexameric motif, (A/G)G(G/T)TCA and
are located in the regulatory sequences of target genes. The
number of spacer nucleotides between the half-sites was ini-
tially defined for various RXR heterodimers in a simpli-
fied manner by the ‘1-5 rule’: RXR-RXR and RAR-RXR
(DR1), RXR-RAR (DR2), RXR-VDR (DR3), RXR-TR
(DR4) and RXR-RAR (DRS5) (9,10). RXR binds on the
upstream half-site of DR elements (in the following, the
first NR DBD named in a dimer defines the 5’ position
within the promoter sequence upstream of the transcription
start site, TSS), with the exception of DR 1 complexes whose
polarity is reversed (8,11,12). Genome-wide chromatin im-
munoprecipitation followed by sequencing (Chip-Seq) data
allowed the characterization of RAR cistromes in differ-
ent cell types (e.g. mESc, mEC, MCF-7, NB4 (13-17)) and
highlighted several underestimated features of RXR-RAR
binding sites (18,19). In addition to sites comprising the
consensus direct repeat DR1, DR2 or DRS elements, nu-
merous sites comprising non-canonical sequences were de-
tected, including DR1, 2 and 5 with non-canonical half-
site sequences and novel spacing topology elements, the
DRO and DRS elements. The non-canonical DRO elements
are observed with high prevalence in undifferentiated cells,
while in differentiated cells the canonical DR S motif domi-
nates (19). Of particular interest are the DRO elements since
complexes of RXR-RAR bound to DROs are not able to
modulate gene expression in a transcriptional reporter as-
say (Supplementary Figure S1B) (18).

Understanding the allosteric effects of the DNA binding
elements requires addressing the structure and organisation
of the RXR-RAR dimer bound to the different DNA bind-
ing sites. Current understanding at the atomic level of DNA
recognition by RXR-RAR is limited to the crystal struc-
tures of the RARA-RXRA DBDs (20) and RARB-RXRA
AAB (21) bound to an idealized DR 1 sequence with iden-
tical half-sites. In the present study, we analyse the struc-
tures of RXRA-RARA complexes on two types of natural
RAREs (DRS5 and DRO) in order to decipher how the bind-
ing of RXR-RAR to these DNA elements controls tran-
scriptional activity.

MATERIALS AND METHODS
DNAs

The non-labelled single strand DNAs were purchased from
Sigma Aldrich and annealed. The TAMRAS/6 labelled
single strand DNAs and complementary non-labelled
strands were purchased from IBA (GmbH, Germany) and
annealed. Each single stranded oligonucleotide was re-
suspended in 10 mM HEPES pH 7.0, 50 mM NacCl, to
1 mM concentration. The complementary strands were
mixed in equimolar ratio, heated in a boiling water bath
and slowly cooled overnight to room temperature. The fi-
nal DNA concentration was measured by absorbance at
260 nm.

Cloning, protein expression and purification

In all experiments except for the crystal structure anal-
ysis, we used MmRXRA and MmRARA proteins trun-
cated of their N-terminal region (Supplementary Figures
S2 and S3). For X-ray structures determination, we used
the HsSRXRA and HsSRARA DBDs that exhibit 100% and
98.7% identity with the mice sequences.

MmRARA AAB (84-462) and MmRARA AABF (84—
421) were cloned into the pET15b vector containing an
N-ter hexahistidine tag. MmRXRA AAB (135-467) was
cloned into pET3a as a non-tagged protein. The recombi-
nant proteins were expressed in the Escherichia coli BL21
(DE3) strain. For multidomain protein purification, a co-
purification strategy was used as described in (22). 6L of
MmRAR and 4L of MmRXR harvested cells were re-
suspended in binding buffer (20 mM Tris pHS8, 500 mM
NaCl, 5 mM Imidazole, 5% (v/v) Glycerol, 2 mM CHAPS,
cOmplete, EDTA-free protease inhibitor cocktail tablet
(Roche Applied Science)), sonicated and centrifuged. The
supernatant was loaded on a 5 ml HisTrap FF crude col-
umn (GE Healthcare). The proteins were eluted at 200 mM
imidazole. 9cis retinoic acid (9cis RA (Sigma)) was added in
a 2-fold excess and the fully liganded heterodimer was fur-
ther purified by size exclusion chromatography (SEC) on
Superdex 200 (16/60, GE Healthcare) column. The final
buffer was 20 mM Tris pH7.5, 75 mM NacCl, 75 mM KCl,
5% (v/v) glycerol, | mM CHAPS, 4 mM MgSO,, 1| mM
TCEP. Protein samples were concentrated using Amicon-
Ultra centrifugal filter units (Millipore). MmRXR AAB-
MmRAR AAB or MmRXR AAB-MmRAR AABF and
DNA response elements were formed by adding a 1.1-fold
molar excess of DNA to the receptor dimer followed by an
additional SEC step.

The purity and homogeneity of the protein were assessed
by SDS-PAGE (Supplementary Figure S4).

DBD purification, crystallization and structure resolution

The HsRXRA DBD (130-212) and HsSRARA DBD (82—
167) (Supplementary Figures S2 and S3) were expressed in
fusion with thioredoxine and hexahistidine tags. The pro-
teins were produced and purified as described in (23,24).
Fusion tags were removed by thrombin proteolysis and the
cleaved proteins were then purified by SEC on a Superdex
75 (16/60, GE Healthcare) in 10 mM HEPES pH §, 50 mM
NaCl, 5 mM MgCl,, | mM TCEP.

All crystallization experiments were carried out by sitting
drop vapor diffusion at 293 K using a Mosquito Crystal
nanolitre dispensing robot (SPT Labtech) in 96-well 2-drop
MRC crystallization plates (Molecular Dimensions), and
screening against commercially available (JCSG+, Mor-
pheus (Molecular Dimensions), Nucleix, PACT, ProCom-
plex, The PEGs (Qiagen)) and in-house crystallization
screens.

For the complex with the Hoxbl3 DRO, the HsSRXR
DBD, HsRAR DBD and DNA were mixed in an equimo-
lar ratio and concentrated to a final concentration of 7 mg
ml~!. Initial crystals of Hoxhl3 complex obtained in 20%
PEG 10 000, 0.1 M MES pH 6.5 were used as seeds. 0.4
w1 of the complex were mixed with 0.35 .l of reservoir so-
lution and 0.05 wl of seeds and equilibrated against 50 .l
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of reservoir solution. A single crystal was grown by seeding
in condition 80 of the JCSG+ screen (20% PEG 3350, 0.15
M di-sodium DL-malonate). The crystal appeared after one
day, reaching its maximum size (250 x 50 x 30 wm) after 5
days. The seed preparation was made using the “seed-bead’
kit from Hampton Research, as described by Luft and De-
Titta (25).

For the Rarb2 DR5 complex, the HSRXR DBD, HsSRAR
DBD and DNA were mixed in a ratio 1:1:0.9 and concen-
trated to a final concentration of 8 mg ml~!. Equal volumes
(0.1 pl) of protein-DNA complex and reservoir solution
were mixed and equilibrated against 50 pl of reservoir so-
lution. A single crystal appeared after 5 days in an in-house
screen (25% PEG 3350, 0.2 M L;2SO4, 0.1 M bis—tris pH
6.5) reaching its full size (130 x 60 x 60 wm) after 5 weeks.

Crystals of the Hoxbl3 DRO complex were cryo-
protected with Parabar 10312 (Hampton Research) before
being flash cooled in liquid nitrogen. Data were collected on
a Pilatus 6M Hybrid Pixel Detector (Dectris) at the Proxima
1 beamline of the synchrotron SOLEIL. 180° of data were
collected using 0.1° rotation and 0.1 s exposure per image
(50% transmission).

Crystals of the Rarb2 DRS complex were transferred to
35% PEG 3350, 0.2 M Li;SOy4, 0.1 M bis-tris pH 6.5 be-
fore flash cooling in liquid nitrogen. Data were collected on
a Pilatus 6M Hybrid Pixel Detector at the ID23-1 beam-
line of the ESRF using the MxCuBE software (26). 180° of
data were collected using 0.1° and 0.037s exposure per im-
age (46% transmission).

All data were indexed, integrated and scaled using
XDS (27) before performing anisotropic truncation and
correction with the STARANISO server (http://staraniso.
globalphasing.org). The crystals of the complex with the
Hoxbi3 DRO diffracted anisotropically to 2.1 A (2.7 A in
the worst direction) and belonged to the primitive mono-
clinic space group P21, with unit cell dimensions a =45.7 A,
b=62.5A,c=53.6 A, B=104.84°. The crystals of the com-
plex with the Rarb2 DR diffracted anisotropically to 2.4 A
(3.1 A in the worst direction) and belonged to the primitive
tetragonal space group P4;212 or P432,2, with unit cell di-
mensions a = b =56.7 A, c =238.4 A.

Both structures were solved by molecular replacement us-
ing PHASER (28) in the PHENIX suite (29). A monomer
of the RXRA DBD bound to 6 bp of DNA from the struc-
ture of complex with the human Nrldl response element
(PDB ID: 4CNS5 (23)) was used as a search model. For the
Hoxbl13 complex, two copies of the RXR DBD plus 6 bp
were found, showing that there is one copy of the RXR
DBD homodimer complex in the asymmetric unit, with a
Matthews’ coefficient (30) of 2.43 A3 Da~! (53.47% sol-
vent). For the Rarb2 complex, two copies of the RXR DBD
were found, but an examination of the electron density re-
vealed that one copy was in fact RAR, showing that there
is one heterodimer complex in the asymmetric unit, with a
Matthews’ coefficient of 2.82 A3 Da~" (59.94% solvent). Re-
finement was performed using PHENIX (29) and BUSTER
(31) followed by iterative model building in COOT (32). The
quality of the final refined model was assessed using MOL-
PROBITY (33). Data collection and refinement statistics
are given in Table S1. Structural figures were prepared using
PyMOL (www.pymol.org). The coordinates and structure
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factors are deposited in the Protein Data Bank under the ac-
cession codes 6XWG (RXR-RAR DBD-Rarb2 DRS5) and
6XWH (RXR DBD-RXR DBD-Hoxh13 DRO).

Small angle X-ray scattering

Synchrotron SAXS data were measured from samples of
MmRXRA AAB-MmRARA AABF -FiIr DRS5 and -
Hoxbi13 DRO utilising split-flow in-line SEC-SAXS cou-
pled to a right-angle laser light scattering (RALLS), UV
absorption spectroscopy and refractive index (RI) triple-
detector array (Malvern Instruments Viscotek TDA 305)
on the EMBL bioSAXS-P12 beam line (A = 0.124 nm, 10
keV) at the PETRA I1II storage ring, Hamburg, Germany
(34) employing BEQUEREL SEC-SAXS control software
(35). Samples of RXR-RAR-FI1r DR5 and RAR-RXR-
Hoxb13 DRO were made to an approximate injection con-
centrations of 4.8 and 5.5 mg/ml, respectively, in 20 mM
Tris, 75 mM NaCl, 75 mM KCl, 5% (v/v) glycerol, ] mM
CHAPS, 4 mM MgSOy4, 1 mM TCEP, pH 8 and 100 pl of
each sample were successively injected onto a GE Health-
care Superdex 200 10/300 column (equilibrated in the same
buffer) at a flow rate of 0.5 ml min~!. The SAXS data were
collected every 1 s for a total of 2900 s for each sample
elution profile. Data were processed using the SASFLOW
pipeline (36) that included the identification of an appropri-
ate solute-free blank for buffer subtraction purposes. Struc-
tural parameters and additional evaluations of the SAXS
data were performed using the 4TSAS 2.8 software pack-
age (37).The R, was determined from the Guinier approx-
imation (38) (In I(s) versus s2, for sR; < 1.3) and from the
p(r) profiles that were calculated using GNOM (39) which
also provided estimates of Dy,,x. In all instances, PRIMUS
(40) was used to manually evaluate the appropriate Guinier
range and to calculate the R, (Supplementary Figure 8)
while the consistency of R, of the individual SAXS data
frames through the SEC-elution peaks for either complex
were automatically determined using AUTORG (41). Those
data frames with a consistent R, through the SEC-peaks
(Supplementary Figure 8) were scaled, checked for simi-
larity using CorMap using a significance threshold of 0.01
(42) and then averaged to generate the final SAXS profiles.
The SAXS profiles shown in Figure SA correspond to the
scaled and averaged SAXS data for both complexes. Ad-
ditional data analysis steps included evaluating the num-
ber of Shannon channels (SHANUM (43)) from which the
maximum working s and the final working sy — Smax data
range were determined taking into account the variance
in the scattering intensities and the level of oversampling.
The data were classified into shape categories (DATCLASS
(44)) while the ambiguity of the SAXS profiles, with re-
spect to 3D-shape reconstructions, were determined using
AMBIMETER (45). The molecular mass of the complexes
were evaluated from the TDA measurements — calibrated
relative to monomeric bovine serum albumin — using the
Malvern Omnisec software where the refractive index incre-
ment, dn/dc, was set to 0.185 mL g~! (Supplementary Fig-
ure 8). Concentration-independent MW estimates extracted
directly from the SAXS data were evaluated using Bayesian
inference (46). The modelling program CORAL (47) was
used to rigid-body refine the structures of the RXR-RAR-
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FI11r DR5 and RAR-RXR-Hoxb13 DRO complexes. The
resulting models were constructed by combining the high-
resolution models of the LDBs and DBDs (PDB 6XWG,
6XWH, 1XDK and 3A9E) with the respective response el-
ement and connecting the domains with appropriate length
linkers, modeled as a string of dummy amino acids, and al-
lowing the domains and linkers to refine their spatial po-
sition(s) against the SAXS data (47). The CORAL rigid-
body modelling routines were run several times to assess
the stability of the results in context of the ambiguity of
the SAXS patterns (Table 1). The final fits of the model
scattering to the experimental data were computed using
CRYSOL (48) and the model/data similarity evaluated us-
ing the reduced x?2 test and CorMap P values. All data and
models have been deposited to the SASBDB (SASBDB;
www.sasbdb.org; (49)) with the accession codes SASDFTS
and SASDFUS, including the unsubstracted SEC-SAXS
data frames, the RALLS/RI MW analysis and all CORAL
models that fit the SAXS data.

Steady-state and time-resolved fluorescence spectroscopy

For the fluorescence experiments, MmRARA AAB-
MmRXRA AAB was labelled through labelling the
polyHis Nterminal tag of RAR with OG488-TrisNTA (50).
SEC on Superdex 200 (16/60, GE Healthcare) column was
performed to remove the free label. The molar extinction
coefficients of the protein (ERAR-RXR N = 280 nm =
40 000 M~! cm™") and of the dye (eOG488 N = 490 nm
= 87000 M~!' cm~') were used to estimate the protein
concentration and labeling efficiency, respectively. The
DNA sequences labeled at the 5’ end with tetramethylrho-
damine 5/6-isomer (TAMRAS/6) were purchased from
IBA GmbH (DE) and annealed.

Fluorescence emission spectra were recorded with a Flu-
orolog or a Fluoromax-3 spectrophotometer (Horiba Jobin
Yvon). Excitation and emission band widths were 2 nm.
Spectra were recorded with an excitation wavelength of 470
nm (to limit the direct excitation of TAMRAS/6) at 20°C
and corrected for lamp fluctuations as well as for wave-
length dependence of the emission pathway. Experiments
were performed in quartz cuvettes of 2 mm path length
(115F — Micro cells, Hellma GmbH). Typically, the work-
ing concentration of OG488-labelled protein was 1 uM and
titrations were performed by adding increasing quantities
of TAMRAS/6-labeled DNA. In practice, successive addi-
tions of DNA stock solutions in the same cuvette allowed
to reach [DNA]/[Protein] ratios of respectively 0, 1, 3, 5 and
10. Formation of the protein/DNA complexes led to a de-
crease of the donor emission at A\ = 520 nm from which the
FRET efficiency E was calculated using: £ = | — Ipa/Ip,
where Ip and Ipa correspond to the fluorescence intensity
of the donor (OG488) in the absence and in the presence of
the acceptor (TAMRAS/6), respectively. Control titrations
of OG488-labelled protein with unlabeled DNAs were per-
formed to check that no significant change in the fluores-
cence quantum yield and lifetime of OG488 was associated
to the binding of the unlabeled DNAs (data not shown).

The changes in the transfer efficiency observed on titra-
tion of the OG488-labelled protein by TAMRAS5/6-1abelled
DNA were fitted by the following rewritten Scatchard equa-

tion, assuming a unique binding site per DNA:

E =Eg* ((kq+[Protein]+[DNA])
7(((kd+[Protein]+[DNA])274*[Protein]*[DNA])1/2)> (1)
/(2x[Protein])

where Eg,y is the FRET efficiency at saturation when all
proteins are bound to their DNA target, kq is the dissoci-
ation constant, [Protein] and [DNA] are the concentrations
of protein and DNA, respectively.

From the Eg, value, an average interchromophore dis-
tance R between the donor and acceptor dyes was calcu-
lated using: R = Ro(1/Eg — 1)"/°, where Ry is the Forster
critical distance calculated by:

Ro= (8.8 x 1073k%1n~* O Jap)'/6

where 7 is the refractive index of the medium (n = 1.33), Op
is the quantum yield of the donor and Jap is the overlap
integral between the emission spectrum of the donor and
the absorption spectrum of the acceptor. Since both OG488
and TAMRAS5/6 dyes are covalently bound through flexible
linkers to the termini of the DNA strand and the protein,
both dyes likely undergo a complete dynamic isotropic ori-
entational averaging, and thus a value of 2/3 can be taken
for the orientation factor k2.

Time-resolved fluorescence intensity measurements were
performed using the time-correlated single-photon count-
ing technique (TCSPC). Excitation pulses at 470 nm
with a repetition rate of 4 MHz were generated by a
pulse-picked frequency-doubled Titanium:Sapphire laser
(Tsunami, Spectra Physics) pumped by a Millenia X
laser (Spectra Physics). The instrumental response func-
tion (IRF) was recorded using a polished aluminum reflec-
tor, and its full-width at half-maximum was ~30 ps. Flu-
orescence emission was recorded at 520 nm through a 4
nm band-pass monochromator (HORIBA Jobin-Yvon) on
a micro-channel plate photomultiplier (Hamamatsu) cou-
pled to a pulse pre-amplifier HFAC (Becker-Hickl GmbH).
The single-photon events were recorded on a time corre-
lated single photon counting board SPC-130 (Becker-Hickl
GmbH). The software SPCM 9.75 (Becker-Hickl GmbH)
was used to record the data and build the photon distribu-
tion over time.

Fluorescence decays were deconvoluted from the IRF
and fitted by the maximum entropy method using the Pulse
5 software (51,52) to retrieve the most probable lifetime dis-
tributions. In all cases, the x? values were close to 1 and
the weighted residuals, as well as the autocorrelation of the
residuals were randomly distributed around zero, indicating
an optimal fit.

Hydrogen deuterium exchange mass spectrometry experi-
ments

Liganded MmRXRA AAB-MmRARA AAB, MmRXRA
AAB-MmRARA AAB-Rarb2 DR5 and MmRXRA AAB-
MmRARA AAB-Hoxbi3 DRO complexes were prepared
in 20 mM Tris, 75 mM NaCl, 75 mM KCl, 2 mM CHAPS,
4 mM MgSO,4, 1 mM TCEP, pH 8 buffer at a final con-
centration of 32 wM. Preparation and injection of the sam-
ples were automatically conducted using a LEAP HDX
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Table 1. SAXS data evaluation summary. *(34). **The final working s-range was evaluated from the predicted Dpyax and subsequent number of Shannon
channels calculated using SHANUM. SIFT (indirect Fourier Transform) software, (39). ¥ Bayesian MW estimate and credibility interval (35). ***DAT-
CLASS (44). tAMBIMETER (45). ¥ CORAL (47). #: CRYSOL (48). 1 The reduced x2 assessments of the reciprocal-space p(r) and model fits to the data
are higher than anticipated likely due to the underestimation of errors on the I(s), however CorMap P values are well above a 0.01 significance threshold

42)

RAR-RXR-Hoxb13 DRO

RXR-RAR-FI1r DR5

EMBL-P12 bioSAXS beam line*

X-ray wavelength, nm (energy, keV)
Information content and working s-range
Measured s-range (nm~!)

Predicted Dyax (nm)

#Shannon channels

Final working s-range (Syin — Smax)s (nm~ 1) **
Guinier analysis

R, Guinier (nm)

SR, range/(points used)

Linear correlation, R?
p(r) analysis

Rp(r) (nm)

Dmax’ (nm)

Vo (nm?)

reciprocal-space fit to data (x2, CorMap P)}
IFT software$

MW analysis

Calculated MW, from amino acid and DNA sequence, 1:1 complex
Average MW from RALLS/RI, kDa (range)
MW from SAXS, kDa (Bayesian inference)$$
MW from SAXS credibility Interval (kDa)
Shape classification and ambiguity
Classification/(predicted Dpax, nm)***
Ambimeter score(sRy ™)1

#shape topologies

Uniqueness

Atomistic modelling

Method#?

Final model fit evaluation#*

Model Ry (nm)

Model fit to data (x2, CorMap P)f

Small angle scattering biological data bank
Accession code

0.124 (10) 0.124 (10)
0.02-4.5 0.02-4.5
13.2 13.1
10 10
0.07-2.5 0.08-2.5
3.78 £ 0.05 3.96 +0.06
0.28-1.3 (22-124) 0.29-1.3 (21-117)
0.994 0.990
3.96 £+ 0.02 4.05+£0.02
14.5 13.5
132 130
1.2,0.55 1.8,0.79
GNOM 4.6 GNOM 4.6
88.3 91.4
103 (87-114) 105 (95-112)
90 86
84-92 81-93
Flat/modular (14.1) Flat/modular (13.3)
2.5(4) 29(4)

330 853
Highly ambiguous Highly ambiguous
CORAL CORAL
CRYSOL CRYSOL
3.8 4.0
1.2,0.03-0.13 1.8, 0.36-0.59
SASDFTS SASDFUS

Automation Manager (Waters), while chromatography was
carried out on Acquity UPLC system with HDX technol-
ogy (Waters, Manchester, UK). Samples were incubated at
20°C for five deuteration timepoints including 0.5, 2, 10,
30 and 60 minutes in 95% of 20 mM Tris, 75 mM Nad(l,
75 mM KCl, 2 mM CHAPS, 4 mM MgSO,4, 1 mM TCEP,
pD 8 deuterated buffer. The labelling reaction was then
stopped by adding 1:1 (v/v) 2 M guanidine-HCI, 100 mM
glycine, 100 mM TCEP, pH 2.5 quench buffer at 1°C dur-
ing 0.5 min. Samples were then digested (40 pmol injections)
through a pepsin-immobilized cartridge (Enzymate pepsin
column, 300 A, 5 wm, 2.1 x 30 mm, Waters, Manchester,
UK) in 0.1% aqueous formic acid solution and generated
peptides were trapped on UPLC pre-column (ACQUITY
UPLC BEH C18 VanGuard pre-column, 2.1 mm [.D. x
Smm, 1.7 wM particle diameter, Waters, Manchester, UK)
at 200 wl min~!. Digested peptides were then separated on a
UPLC column (ACQUITY UPLC BEH C18, 1.0mm L.D.
x 100mm, 1.7 wM particle diameter, Waters) at 0.1 °C with
a gradient elution of solvent A (0.1% formic acid aqueous)
and solvent B (acetonitrile with 0.1% formic acid) [2-40%
B (7 min), 40-85% B (0.5 min), and 85% B (1 min)] at a
flow rate of 40 wl min~!. MS/MS analyses were acquired
on a Synapt G2SI HDMS (Waters, Wilmslow, UK) in the

positive ion mode using the resolution mode calibrated
with glufibrinogen peptide and using a lock-mass correc-
tion (glufibrinogen). Data were acquired in MSF acquisi-
tion mode with the following parameters: capillary volt-
age, 3 kV; sampling cone voltage, 40 V; source tempera-
ture, 80°C; desolvation gas, 150°C and 600 1h~!; acquisition
range, 50—2000 m/z; scan time, 0.3 s; trap collision energy,
1540 eV. Data were processed using Waters ProteinLynx
Global Server 2.5.3 (Waters) with a home-made protein se-
quence library containing MmRAR, MmRXR and pepsin
sequences, where peptide and fragment tolerances were au-
tomatically adjusted by PLGS, and oxidized methionine
was set as variable modification. Data were then filtered
with DynamX 3.0 (Waters) as follows: each experiment was
carried out in triplicate and only peptides identified in all
replicates were kept with a minimum fragment of 0.2 per
amino acid with a minimum intensity at 10, a length be-
tween 5 and 30 residues and a file threshold of 3. Deuterium
uptakes for all identified peptides were manually checked
and validated without correction for back-exchange, repre-
sented as relative. HDX-MS results were statistically vali-
dated using MEMHDX software (53) with a P value set
to 0.01. HDX results were exported on RXR-RAR struc-
tures using PyYMOL (www.pymol.org). The mass spectrom-
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etry proteomics data (including HDX uptake plots) have
been deposited to the ProteomeXchange Consortium via
the PRIDE (54) partner repository with the dataset iden-
tifier PXDO018172.

SwitchSense experiments

The DNA sequences used are listed below; bold bases rep-
resent the RARE sequence and bases in italics represent
the complementary sequence to nanolever NL-B48 immo-
bilized on the chip surface:

Rarb2: 5-TA GTG AAC TTT CGG TGA ACC CTG
ATCAGCGTTCGATGCTTCCGA CTA ATC AGC CAT
ATC AGC TTA CGA CTA-3

Hoxb13: 5-TCT TGG CCT TGA CCT TCG ATC AGC
GTTCGATGCTTCCGA CTAATCAGC CAT ATC AGC
TTA CGA CTA-3

All experiments were performed on a DRX24000 instru-
ment (Dynamic Biosensors GmbH, Martinsried, DE) on
standard multipurpose switchSENSE chips (MPC2-48-2-
GI1R1-S) using the static measurement mode (55). Mm-
RXRA AAB-MmRARA AAB was dialyzed against 10
mM HEPES pH 7.5, 75 mM KCl, 4 mM MgCl, and 0.05%
tween 20 buffer. In the association measurement, 250 wl of
RXR-RAR (concentrations of 75, 150 and 300 nM) were
injected with a flowrate of 50 wl min~! for a 3 min asso-
ciation phase. Dissociation was measured only for RXR-
RAR at 300 nM concentration for 15 min by rinsing with
a flowrate of 50 pl min~! over the chip. All measurements
were performed at 25°C. Analysis was performed with
the switch-ANALYSIS software from Dynamic Biosensors.
Normalized Dynamic Response values were obtained by
subtracting the signal measured upon injection of a vol-
ume of buffer corresponding to injections performed in
each titration measurement. The association and dissocia-
tion rate constants (k,, and ko) of the RXR-RAR interac-
tion with DNAs were derived from a single-exponential fit
model. Measurements were performed in duplicate, and val-
ues reported represent the mean ko, and ko of the datasets,
leading to an average Kp by: Kp = kofrave/Kon,ave

RESULTS
Crystal structures of DBDs dimer on DR5 and DRO elements

To characterize the structural features of the RXR-RAR
dimer bound to DR5 and DRO elements, we selected the
classical Rarb2 DRS5 sequence (11,12,18) and the DRO se-
quence from Hoxb13 (18) mouse gene (Supplementary Fig-
ure STA). We attempted to crystalize the RXR-RAR DBD
heterodimer assembled on these two distinct elements, but
crystals of the heterodimer could only be obtained in com-
plex with Rarb2 DRS. For Hoxbl13 DRO, crystals of the
RXR-RXR DBD homodimer were only obtained. The dif-
ficulty to crystalize the heterodimer on DRO is explained
by the sample heterogeneity when mixing RAR and RXR
DBDs, and DRO, with the presence of RAR and RXR
monomer, homodimer and heterodimer DNA complexes
observed by native mass spectrometry (56).

The RXR-RAR DBD-Rarb2 DRS5 complex crystallized
in the P432,2 space group, with 1 dimer-DNA complex per
asymmetric unit. Anisotropic data were collected to 2.4 A

resolution (3.1 A in the worst direction, Supplementary Ta-
ble S1). The DBD monomers lie in a head to tail orientation
with non-equivalent protein-protein interactions from each
monomer and with the expected polarity with RXR bound
to the 5* half-site and RAR bound to the 3’ half-site (Figure
1 and Supplementary Figure SSA). The tertiary structures
of RAR and RXR DBDs are similar to previously solved
DBD structures (20) and are composed of an N-terminal
B-hairpin, two a-helices (helix I and II) followed by a sin-
gle turn of 3j( helix, and a C-terminal extension that con-
tains the T-box subdomain (Supplementary Figures S2 and
S3). The N-terminal helix I directly interacts with the DNA
half-site in the major groove, and helix II is perpendicular
to helix I stabilizing the core of the DBD. Each DBD forms
sequence-specific direct and water mediated base contacts
that involve highly conserved residues: Glul53, Lys156 and
Argl6l for RXR, and Glul06 and Lys109, for RAR (Figure
1C and D). Interestingly, in the heterodimer complex, RAR
forms additional interaction with the backbone sugar of the
second nucleotide of the 3’ half-site, and RXR Argl72 in-
teracts with the phosphate backbone of the last nucleotide
of the spacer. The dimerization of RXR-RAR (Figure 1E
and Supplementary Figure S5B) with a buried surface of
190 A2, involves residues from the second Zn module of the
RXR DBD and the N-terminal region of RAR which was
defined as the pre-finger region (11). Indeed, RXR Argl72
forms a stacking interaction with RAR Tyr98, as well as a
hydrogen bond with RAR Lys86. In addition RXR Argl86
interacts with RAR Arg83.

The RXR-RXR-Hoxbl3 DRO crystallized in the P2,
space group, with 1 dimer-DNA complex per asymmetric
unit and anisotropic data were collected to 2.1 A (2.7 A
in the worst direction, Supplementary Table S1). The two
RXR DBDs are bound to opposite sides of the DNA in
a head-to-tail fashion (Figure 2 and Supplementary Fig-
ure S5C). Each half-site makes specific contacts through 4
base pairs for the first half-site and 3 bp for the second half-
site (Figure 2B-C and Supplementary Figure S5D). Both
RXR DBDs also form extensive contacts with the phos-
phate backbone along 9 bp. Residues of the T-box make
backbone interactions with the two first bases of the first
half-site and the first base of the second half-site (Figure
2D). No interaction between the RXR monomers is ob-
served, consistent with the binding to Hoxb13 DRO as two
monomers at equivalent sites. This is in agreement with the
analysis of the free-energy gains calculated by the PISA
server for the interaction of each monomer with its half site,
which indicates similar values; AG of —9 kcal mol~! for the
first 5 motif and AG of —8 kcal mol~! for the 3’ motif.

Polarity of RXR-RAR on DRO response elements

To determine the polarity of the DBDs of RXR-RAR
dimer bound to DRO response elements, we performed flu-
orescence resonance energy transfer (FRET) experiments
using a TAMRAS/6-labeled DNA and an acceptor-labeled
polyHis-N-ter-RAR with OG488-TriNTA (50). We used
the purified multi-domain proteins that form a homoge-
neous heterodimer (Supplementary Figure S4). Due to in-
stability of the NTDs of RAR and RXR, which are eas-
ily prone to degradation, we choose to work with pro-
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Rarb2 DR5

_  —

5’7 AGGGTTCAccgaaAGTTCACT 3’
3’ TCCCAAGTggcttTCAAGTGA 57

RAR

Tyr147
Argl64
GanOg
Q

Arg161 Arg184§|n161 Glu106 Arg137 Argl14

Asn185 Asn138 GIn141
Argl91 Arglaq

Figure 1. Crystal structure of RXR-RAR DBDs-Rarb2 DRS. (A) Overall structure. The spheres indicate the Zn atoms. RXR is shown in blue and RAR in
purple. (B) Sequence of Rarb2 DRS. (C) Specific interactions of RXR and RAR DBDs to Rarb2 DRS. Left: View along the DNA-recognition helix of RXR
showing residues Glul53, Lys156, Argl61 and their direct base contacts. Right: corresponding view of Rarb2 DRS5 recognition by RAR DBD showing
residues Glul06, Argl09 and Argl13. Hydrogen-bonds and water molecules are shown as red dotted lines and red spheres, respectively. (D) Schematic
view of the RXR-RAR DBDs-Rarb2 DRS contacts calculated with NUCPLOT with a 3.9 A distance cutoff. Bridging water molecules are shown as red
circles. (E) Dimerization interface that involves residues from the second Zn module of RXR and the pre-finger region of RAR. Hydrogen bond and Van
der Waals interactions are shown by red and grey dashed lines, respectively. Right: Electrostatic surface representation of the complex (red, negative; blue,
positive; light gray, neutral).
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Hoxb13 DRO

_

5’ GAAGGTCAAGGCCAAG 3’
3’ CTTCCAGTTCCGGTTC 5’

5’'RXR 3’RXR

Hisl4e V1147
Tyr147  Lys160
2

O
ly154 X
| Glu153 | | Argl6l | Arglgs GIn18s Argl84 Argl61
Asn185 Asn185 GIn188
Arg191 Arg191

Figure 2. Crystal structure of RXR-RXR DBDs-Hoxbh13 DRO. (A) Overall structure of RXR-RXR-DNA complex. The spheres indicate the Zn atoms.
(B) Sequence of Hoxb13 DRO. (C) Specific interactions of RXR homodimer DBDs to Hoxb13 DRO. Left: View along the DNA-recognition helix of 5’
RXR. Right: The corresponding view of 3’ RXR. Hydrogen-bonds and water molecules are shown as red dotted lines and red spheres, respectively. (D)
Schematic view of the RXR-RXR DBDs-Hoxb13 DRO contacts calculated with NUCPLOT with a 3.9 A distance cutoff. Bridging water molecules are

shown as red circles.
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teins truncated of their NTDs (57). The RXR-RAR AAB
heterodimer was co-purified using a histidine-tagged RAR
AAB and a non-tagged RXR AAB. We used two different
DRO sequences from Socs3 and Hoxb13 mouse genes (Sup-
plementary Figure S1) and Rarb2 DRS5 and Ramp2 DR1
as controls, for which the polarities are known (11,12). All
studied DRs are well characterized RAREs (18). Titrations
of RXR-RAR by the TAMRAS/6-labeled DNA sequences
are gathered in Figure 3. Upon addition of increasing con-
centrations of DNA, the strong decrease of the fluorescence
of the donor at 520 nm together with the strong increase of
the of TAMRAS/6 band at 585 nm clearly show the FRET
between OG488 and TAMRAS/6. As seen in the insets of
Figure 3, the dependence of the FRET efficiency on the
DNA concentration can be well fitted by Equation (1), as-
suming a single binding site per DNA. The protein showed
a similar affinity for the Ramp2 DR1 (kg = 0.5 puM) and
Rarb2 DRS (kg = 0.8 wM) sequences, whereas a signifi-
cantly lower affinity was measured for the Hoxb13 DRO (kq
= 1.8 wM) and the Socs3 DRO (kg = 2.7 pM). Concern-
ing the FRET efficiency at saturation, the high value ob-
tained for Ramp2 DR1 and Hoxbi13 DRO (Eg, ~ 0.8) sug-
gests a binding mode that favors a close proximity between
the donor and acceptor dyes. In contrast, experiments with
Rarb2 DRS5 gave a significantly lower value (Eg, = 0.46) in-
dicating that on the average the distance between the two
dyes is longer, in line with a different binding mode as com-
pared to Ramp2 DR1 and Hoxbi3 DRO sequences. Inter-
estingly, an intermediate Eg, value (0.61) was obtained for
Socs3 DRO.

In order to gain more insight into the binding modes of
the different DNAs by RXR-RAR, we measured and ana-
lyzed the fluorescence decays of the proteins in the absence
and in the presence of saturating concentrations of DNA.
Supplementary Table 2 revealed that the decay of RXR-
RAR labeled at the N-terminus of RAR by OG488 is char-
acterized by three lifetime components (0.31, 1.43 and 3.31
ns) of nearly equal amplitude, giving an average lifetime of
1.69 ns. Since the three lifetimes are shorter than the sin-
gle lifetime value (4.09 ns, (58)) of the free OG488 dye, it is
likely that the flexible linker attaching the dye to the pro-
tein N-terminus allows dynamic quenching of the dye by
the protein side chains and backbone. The appearance of
multiple lifetimes as a result of conformation- and context-
dependent quenching of fluorescent probes in proteins is a
common feature that has notably be well illustrated for in-
trinsic tryptophan residues (59).

Upon addition of a saturating concentration of Ramp2-
TAMRAS5/6, we observed the disappearance of the long-
lived lifetime as well as a strong decrease of the popula-
tion associated with the 1.43 ns component mainly to the
benefit of dark species (ay ~ 0.51). The dark species are
endowed with lifetimes shorter than the time resolution of
our set-up (20 ps) and are deduced from the comparison
of the quantum yields and mean lifetime values. Moreover,
addition of Ramp2-TAMRAS5/6 was found to decrease the
lifetime of the short-lived component from 0.31 ns to 0.18
ns and to induce the appearance of a new short-lived (0.59
ns) component. Altogether the sub-nanosecond species rep-
resented 90% of the overall species in solution. This dra-
matic increase in the population of short-lived lifetimes is
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clearly not associated to a quenching of the OG488 fluo-
rescence by the DNA backbone or bases, since addition of
unlabeled DNA to RXR-0OG488-labeled RAR had no im-
pact on the fluorescence quantum yield or lifetime (data not
shown). Therefore, the short-lived lifetimes are obviously
the consequence of a high FRET efficiency between OG488
and TAMRAS5/6. As the population of the two long-lived
components (1.47 and 3.28 ns) decreased from 63% to 10%,
it can be reasonably deduced that the major part of the
sub-nanosecond species observed in the presence of the la-
beled DNA originate from FRET with these components.
Assuming an upper lifetime value of 20 ps for the dark
species and a Forster distance Ry of 56 A, then the observed
FRET is associated with inter-chromophore distances rang-
ing from 24 to 48 A. These values are in line with the short
distance between the FRET pairs (~20 A) calculated from
the structural data of the RAR-RXR-DRI1 structure (20)
and for a binding orientation of the protein on the DNA
sequence with RAR bound to the 5 site and RXR bound
to the 3’ site. For the Hoxb13-TAMRAS/6 sequence, the
observed changes were very similar to those with Ramp2-
TAMRAS/6, strongly suggesting that RAR-RXR adopts
the same binding mode on the two sequences.

A very different behavior was observed for the binding of
Rarb2-TAMRAS/6. The values of both long-lived lifetimes
were observed to drop by 12-15%, suggesting a FRET with
a distance of ~75 A between the dyes. A similar drop may
also occur for the short-lived lifetime, but is probably ob-
scured by the accuracy of the measurements at these low
values. From this limited FRET, it may be concluded that
RXR-RAR proteins binds with an opposite polarity on
Rarb2 DRS5 as compared to Ramp2 DR1 and Hoxb13 DRO.
In addition, the amplitude of the long-lived lifetime was ob-
served to decrease (from 0.31 to 0.09) and redistribute into
the two other lifetimes as well as into the dark species (ag
~ 0.15), indicating that a limited population of complexes
with high FRET and thus, with a binding polarity similar
to Ramp2 DR1 or Hoxb13 DRO also form.

For the sequence Socs3-TAMRAS/6, the changes in
the time-resolved fluorescence parameters are similar but
less pronounced than those observed with Ramp2 DR1 or
Hoxb13 DRO. For instance, the summed amplitudes of the
long-lived lifetimes decreased only by 2-fold (from 0.63 to
0.30), while the amplitude of the dark species reached only
0.4 (as compared to 0.51 for Ramp2 DR1 or Hoxb13 DRO).
Moreover, no change in the value of the short-lived life-
time as well as no additional sub-ns component were ob-
served. This suggests that only part of the RAR-RXR pro-
teins bind to Socs3 DRO in the same orientation as Ramp?2
DR1 or Hoxb13 DRO.

Altogether these data indicate that the polarity of the
RAR-RXR bound to DRO is rather complex, most proba-
bly due to the non-cooperative binding of the dimer to DRO.
‘While it is clear that on Hoxb13 DR0, RAR DBD binds to
the 5" half site and RXR DBD to the 3’half site similarly
to DR1 elements, for Socs3 DRO only a part of the het-
erodimer binds with this polarity (Figure 3). Note that the
dissociation constants obtained in the FRET titrations are
weaker than in our previous measurements performed by
isothermal titration calorimetry (18), due to differences in
buffer and experimental conditions. However, lower affini-
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Figure 3. Polarity of DNA bound RXR-RAR complexes. Fluorescence spectra of OG488-RARA AAB-RXRA AAB in the absence (black curve) and
in the presence of increasing concentrations of DNA-TAMRAS/6 (red, green, blue and cyan curves correspond respectively to DNA /protein ratios of 1,
3, 5 and 10). In each panel, the inset represents the evolution of the FRET efficiency as a function of DNA concentration. The FRET efficiency (square
marks) was deduced from the decrease of the donor emission. The red curve represents the best fit to Equation (1). (A) [RAR-RXR] = 0.73 uM titrated
by Ramp2 DRI (kq = 0.5 pM, Esat = 0.75), (B) [RAR-RXR] = 0.81 uM titrated by Rarb2 DRS5 (kg = 0.8 uM, Esat = 0.46), (C) [RAR-RXR] = 0.78
M titrated by Hoxb13 DRO (kg = 1.8 uM, Esat = 0.81) and (D) [RAR-RXR] = 0.78 pM titrated by Socs3 DRO (kq = 2.7 .M, Esat = 0.61).

ties for DRO compared to DR5 and DR1 were obtained by
both methods.

We also investigated the binding kinetics of RXR-RAR
to Rarb2 DRS and Hoxb13 DRO using switchSENSE tech-
nology (55) as illustrated in Figure 4. The switching speed
of the association phase was recorded for different pro-
tein concentrations while the dissociation measurement was
assessed only for the highest protein concentration. For
the Hoxb13 DRO the association and dissociation rates are
slower and faster, respectively, compared to the Rarb2 DRS,
thus leading to an apparent higher dissociation constant for
the DRO response element.

Architecture of multi-domain RXR-RAR-DRS5 and RAR-
RXR-DRO0 complexes

To characterize the in solution architecture of the mul-
tidomain RXR-RAR-DRS5 and -DR0 complexes, we per-
formed size-exclusion chromatography small-angle X-ray
scattering (SEC-SAXS) coupled to a triple detector array
(TDA) (36) using the RARA and RXRA proteins truncated
of their NTDs and of the disordered F domain for RAR,
RXR AAB-RAR AABF (Supplementary Figures S2-S3).
We have previously characterized the solution structures
of the RXRA AAB-RARA AAB and RXRAAB-RARA
AABF complexes with the Rarb2 DRS (60) and have shown
that the presence of the RARA F domain leads to an in-

crease in structural parameters indicating an extended non-
interacting F domain. We now have selected another DRS5
element from the FI/r gene (Supplementary Figure S1)
which has been identified as a regulated RARE (13,61) and
which exhibits similar binding as the Rarb2 DRS5 (56) and
Hoxb13 DRO for which the polarity is defined as unique.
The use of the coupled SEC-SAXS-TDA and the measure-
ment of their subsequent SAXS intensity profiles (measured
as I(s) versus s, where s = 4sin 6/\, 26 is the scattering
angle) and the validation of the corresponding molecular
weights (MWs) from the TDA that were compared to the
MWs obtained directly from the SAXS data (Supplemen-
tary Figure S6). The experimentally determined MWs of the
two complexes are consistent with those calculated from the
protein and DNA sequences of RXR-RAR heterodimers
bound to either one FIIr DRS5 or one Hoxbhi3 DRO re-
sponse elements (Table 1). The SAXS profiles are shown in
Figure SA. The structural parameters of the complexes in-
cluding the radius of gyration, R,, the maximum particle
dimension, Dp,y, and the Porod volume, V), are reported
in Table 1 and are in agreement with those parameters pre-
viously determined for the related RXR-RAR—-Rarb2 DR5
complex (60). The probable distribution of real-space scat-
tering pair distances, or p(r) profiles, are shown in Figure 5B.
The two complexes are generally comparable with respect
to their R, (ca. 4 nm), Dyax (13.5-14.5 nm) and V}, (ca. 130

nm?®). However, the p(r) profiles indicate that structural re-
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Figure 4. Kinetic analysis of RXRA AAB-RARA AAB interacting with (A) Rarb2 DRS and (B) Hoxb13 DRO using the switchSENSE technology. The
raw data are superimposed by global exponential fits. The koy, kofr and Kp values are indicated.

arrangements occur when the RAR-RXR heterodimer in-
teracts with its corresponding response element. Changes
in the overall conformation for RXR-RAR-F//r DRS are
evidenced by the increased frequency of mid-to-long range
distances and the development of ‘humps’ in the p(r) profile
between 7 and 10 nm that are characteristic of more-defined
separated regions of mass within the modular complex (on
average) as compared to RAR-RXR-HoxbI3 DRO.
Rigid-body refined atomistic model representations of
the RXR-RAR-FI1r DR5 and RAR-RXR-Hoxb13 DRO
complexes are shown in Figure 5C and D. The fits of
the computed model scattering patterns by CRYSOL (48)
to the experimental data (Figure 5A) are in good agree-
ment, falling in the x2 range of 1.2-1.8 and with Corre-
lation Map (CorMap) P values between 0.03 and 0.6 (42).
The RXR-RAR LBD dimer appears asymmetrically posi-
tioned with respect to the two-half-sites while the linkers
connecting the LBDs to the DBDs are likely adaptable al-
lowing for spatial reorientation(s) of the LDBs relative to
DBDs. A comparison between the RXR-RAR-FI/r DRS5
and RAR-RXR-Hoxbhi3 DRO models indicates that the

DRO response element is reoriented and tilted more toward
the LBDs compared to DR5 and occupies different spatial
position(s). These differences are consistent with the p(r)
profiles. The computed models of RXR-RAR-FI/r DR5
fit with good agreement (x> range of 1.7-1.8 as computed
with CRYSOL) the experimental SAXS curves of RXR-—
RAR-Rarb2 DRS5 (not shown) indicating similar structures
on both DR5 elements. Taken together, the SAXS data and
models suggest that the linkers connecting the LDBs to the
DBDs must be sufficiently flexible to allow for the alterna-
tive positioning and engagement of the DBDs onto the dis-
tinct response elements with different topology and polar-
ity of the bound proteins. Ultimately this flexibility results
in global changes of conformation in the respective RXR—
RAR heterodimer complexes.

Effect of DNA binding on the conformational dynamics of
RXR-RAR complexes

The characterization of local in solution dynamics of the
RXR-RAR complexes on the two types of DNA elements
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Figure 5. Solution structure models of multi-domain RXR-RAR-DNA complexes. (A) The final averaged SEC-SAXS data and the computed model fits
to the data for RXRA AAB-RARA AABF-FI/Ir DR5 and RARA AABF-RXRA AAB-Hoxbi3 DRO. (B) The p(r) profiles calculated from the SAXS
data showing changes in the distribution of real-space distances on comparing the DRS5 or DR0 complexes. (C, D) Refined rigid-body models of RXR—
RAR-FI/1r DR5 and RAR-RXR-HoxbI3 DRO heterodimers showing changes in the position and tilt of the DR5 or DRO response elements bound to the
RAR-RXR DNA binding domains relative to the ligand binding domains. For each complex, three representative refined rigid-body models are shown in
different colors (blue, pink and yellow for RXR-RAR-F11r DR5 and cyan, purple and green for RAR-RXR-Hoxb13 DRO). In all models, helices H12

of RXR and RAR are colored in red.

was then investigated using hydrogen/deuterium exchange
coupled with mass spectrometry (HDX-MS). Here, two dif-
ferential HDX-MS experiments were carried out to charac-
terize the effect of Rarb2 DRS and Hoxb13 DRO binding to
the RXR-RAR heterodimer. We used proteins truncated of
their NTDs, RXRA AAB-RARA AAB.

Firstly, we investigated the impact of Rarb2 DRS5 bind-
ing to the RXR-RAR complex by comparing the deu-
terium incorporation of RXR-RAR heterodimer and the
heterodimer bound to Rarb2 DRS. Interestingly, a major
protection effect upon DRS binding was observed for re-
gions 80-142 and 146-153 of RAR, which span the DBD
of the NR and includes helices HI and HII (Figure 6 and
Supplementary Figure S7). In addition, residues 456462 of
the C-terminal region of the RAR (part of the F domain)
was strongly deprotected in the presence of Rarb2 DRS.
Concerning RXR, identified peptides covering regions 141—
194 and 201-225 of RXR presented strong protection from
H/D exchange upon Rarb2 DR5 binding. These regions en-
compass the entire DBD as well as the C-terminal DBD
extension of RXR and the C-terminal part of the linker re-
gion. Interestingly, several regions of the LBD of RXR were
also affected upon ternary complex formation. Indeed, de-
protection was observed for regions 276-284, 325-335 and
436-454 of the LBD, corresponding to the N-terminal part
of helix H3, the B sheet and helix H11, respectively.

We next characterized the binding of the Hoxb13 DRO
to RXR-RAR by comparing the deuterium incorporation
of RXR-RAR heterodimer and the heterodimer bound
to Hoxbl3 DRO (Figure 6 and Supplementary Figure
S8). Firstly, similar regions of RAR were impacted upon
Hoxb13 binding compared to Rarb2 DR5 binding: a ma-
jor effect was observed for peptides spanning the DBD of
RAR, which showed protection upon Hoxbi3 DRO bind-
ing. The additional 456462 C-terminal region of the RAR
construct (part of the F domain) was also deprotected upon
Hoxb13 DRO binding. Concerning RXR, only two peptides
covering helix HI of the DBD (region 151-168) exhibited
protection upon Hoxb13 DRO binding, and particularly the
151-159 region. Moreover, the 271-279 region in the LBD
of RXR, encompassing the N-terminal part of helix H3 was
observed as deprotected upon Hoxb13 DRO binding.

HDX-MS allowed to highlight a differential allosteric ef-
fect of Rarb2 DRS5 and HoxbI3 DRO binding to RXR-
RAR heterodimer. Indeed, a similar protection effect on
the RAR-DBD upon DNA binding was observed for Rarb2
DRS5 and Hoxb13 DRO. The RAR-DBD impacted region
involves the highly conserved residues Glul06 and Lys109,
which form direct and water mediated base contacts with
Rarb2 DRS as described in the crystal structure (Figure 1).
Furthermore, for both DR5 and DRO binding, the first Zn
domain of RAR was protected from H/D exchange upon
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Figure 6. Conformational dynamics of RXR-RAR upon DNA binding. Export of RFU differences on RXRA AAB-RARA AAB heterodimer structure
upon Rarb2 DRS5 (A) and Hoxb13 DRO (B) bindings determined by HDX-MS. Export is performed for 0.5 min deuteration experiments. RFU differences
are color scaled from red (deprotection) to blue (protection) upon DNA binding (-20% to 20% range of RFU difference), while white regions are non-
affected or non-covered. Secondary structures exhibiting statistically validated differences for the magnitude are indicated in green for RAR and in purple
for RXR. (C) Deuterium uptake of selected perturbed peptides upon DR0O and DR5 binding plotted as a function of deuteration time. Blue, red and orange
curves correspond to RXR-RAR, RAR-RXR-HoxbI13 DRO and RXR-RAR-Rarb2 DRS states respectively. The corresponding secondary structures
are indicated for each plot.
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DNA binding, in agreement with its known involvement in
DNA recognition of DR5 and DRO complexes as well as in
the heterodimerization interface of DBDs with DRS. How-
ever, in the case of RXR, the second Zn module involved in
the dimerization in DR5 complex showed protection only
upon DRS binding. For the dimerization interface between
RXR and RAR LBDs, helix 11 of RXR that is part of the
interface was deprotected in complex with DRS, not with
DRO. While no effect for helix 12 was observed, part of the
F domain of RARA was deprotected upon binding to DRO
or DRS5, suggesting a strong allosteric effect for the F do-
main upon DNA binding by liganded RXR-RAR.
Finally, we observed a reduced effect in RXR in presence
of Hoxbl3 DRO compared to Rarb2 DRS. While Hoxb13
DRO binding only impacted helix HI of the DBD and the
C-terminal part of helix H3 of the LBD, the entire DBD
of RXR, the C-terminal part of the linker region H3, the B
sheet and H11 of the RXR LBD were affected upon Rarb2
DRS5 binding. Altogether, these HDX-MS data show that
RXR-RAR binding to DRS directly influences the confor-
mation of RXR LBD whereas binding to DR0 does not.

DISCUSSION

RXR-RAR heterodimer binds to a large repertoire of sites
with diverse spacing and topology of the DNA binding ele-
ments that are composed of two direct repeats separated by
0 to 8 nucleotides spacer or of inverted repeat IR0 (3,18).
DRO element is an important motif in NR-associated with
pluripotent cell decision processes (19). Several NRs that
bind to DRO are either involved in pro-differentiation such
as GCNF, COUP-TFI or COUP-TFII or in the mainte-
nance of undifferentiated pluripotent state such as ESRRB
or LRH1 (62). RXR-RAR has been shown to be bound
to DRO elements in undifferentiated pluripotent cells and
during the early phase of RA-induced differentiation (19).
A drastic reorganization of RXR-RAR binding repertoire
occurs during RA-induced differentiation with a relocation
from DRO prevalent sites to DRS elements (19). Functional
data showed that RXR-RAR bound to DROs are not able
to modulate gene expression in a transcriptional reporter
assay (18). The complementary approaches reported here
provide important information for understanding the struc-
tural basis of DNA recognition of DR5 and DRO elements
and the allosteric control of RXR-RAR activity.

In this study, we determined the crystal structures of the
RXR-RAR DBDs with Rarb2 DRS5 and of the RXR-RXR
DBDs with Hoxb13 DRO response elements. The only pre-
viously reported structures of RXR-RAR DNA complex
was obtained with the idealized DR1 element (20,21). In the
DRS5 complex reported here, although most of the residues
involved in DNA binding are conserved, additional spe-
cific contacts are observed. More importantly, binding to
the Rarb2 DRS induces a DNA curvature that allows the
two DBDs to interact. The dimerization differs from the
previously reported structure and involves the second Zn
module of RXR and the N-terminal region preceding the
first Zn module of RAR. These interactions explain the
highly cooperative heterodimer formed on the DRS ele-
ment. A cooperative effect, although involving other re-
gions of the proteins, was also observed for RXR-RAR

binding to DR1 compared to the RXR homodimer (20).
With Hoxb13 DRO, due to heterogeneity of DNA-DBD
complexes, only crystals of the RXR DBD homodimer were
obtained. The structure reveals that the two DBDs bind on
opposite sides of the DNA, and form a non-cooperative
dimer with no protein-protein interactions. The determined
polarity of the heterodimer on DRO by FRET, indicates
that on the HoxbI3 DR0O, RAR binds to the 5’half-site
and RXR to the 3’half-site which is a reverse polarity com-
pared to the Rarb2 DRS5. The situation is more complex
on the Socs3 DRO, showing both populations with a sim-
ilar polarity and a reversed polarity. Modelling of RAR-
RXR on the Hoxbhl3 DRO indicates a similar to RXR-
RXR, non-cooperative dimer (Supplementary Figure S9A).
Some of the NRs that bind DRO elements have also been
crystallized, LRH-1 has been shown to bind as a monomer
(63,64) whereas GCNF binds as a homodimer (64) in a sim-
ilar way as the present structure of RXR with the Hoxb13
DRO (Supplementary Figure S9B). Non-cooperative bind-
ing was also demonstrated with GR on negative GRE
(nGRE), where GR binds DNA in a conformation that
prevents DNA-mediated dimerization, which has been sug-
gested to explain the repressed activity of GR on nGRE
(65). The FRET and switchSENSE data demonstrate that
RXR-RAR binds to DR0O non-cooperatively with faster
kinetics compared to the cooperative and slower kinetics
of the binding to DRS, suggesting that the binding mode
and dynamics of RXR-RAR are crucial parameters of the
allosteric regulation. The importance of the kinetics and
cooperative binding properties to modulate the transcrip-
tional output have been demonstrated for other transcrip-
tion factors, such as Msn2 (66) or NF-kB (67).

We also characterized the architecture in solution and
the structural dynamics of RXR-RAR multidomain pro-
teins with DRS5 and DRO elements. RXR-RAR adopts an
asymmetric elongated conformation when bound to DRS
elements in agreement with our previous solution structural
study (60). The architecture of the RXR-RAR complex
with DRO is also elongated, but as a consequence of a non-
cooperative DBD dimer on the DRO element, the DNA
bound complex shows larger structural variability and flex-
ibility. The hinge domains connecting the DBDs to the
LBDs play an essential role in establishing and maintaining
the integrity of the functional structures. This is particularly
true for the RXR-RAR heterodimer that bind with high
affinity to diverse DRs with different polarities and less de-
fined preferential spacing compared to other heterodimers
(68). The high flexibility of the hinges of RAR and RXR
facilitates heterodimer formation with various RAREs, al-
lowing the LBD dimer to rotate around both the pseudo
two-fold axis and DNA. They control the relative spatial
position of the domains and hence the orientation of the
cofactors.

Our HDX-MS data show significant differences in the
protection of structural elements between the multi-domain
RXR-RAR complex bound either to DRS or DRO ele-
ments. RXR-RAR binding to DRS directly influences the
conformation of the RXR LBD whereas binding to DRO
does not. These differences may lead to differential coreg-
ulator interactions as suggested by pull-down assays show-
ing that various natural and synthetic RAREs defined the
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Figure 7. Differences in the binding mode of the RXR-RAR to DRS5 or DRO response elements.

relative affinity of liganded RXR-RAR for the coactivators
(69,70). Allosteric role of DNA sequence has been described
for the heterodimers RXR-VDR (71,72) and PPAR-RXR
(73). Interestingly, a strong deprotection was observed for
the F domain of liganded RARA upon DNA binding. The
F domain is known to enhance the repression of RARA in
absence of hormone (74,75) by stabilizing helix H12. The
HDX data suggest a strong allosteric effect for the F do-
main upon binding of liganded RXR-RAR to both DR0
and DRS5 elements, while no such effect was observed for
helix 12.

The protein constructs used in this study were lacking
the A/B domains that are very variable in length and se-
quence (76). The intrinsic disorder state of this N-terminal
domain (77,78) prevents a proper description of its role.
As it may modulate transcriptional function in a promoter-
specific context (79), its role in transcriptional modulation
on DRO elements remains to be determined.

In summary, our work reveal differences in cooperativity
and kinetics of DNA binding between DRS and DRO by
RXR-RAR leading to difference in flexibility and dynam-
ics of the multidomain RXR-RAR complexes (Figure 7).
Alternative conformations and dynamics driven by DNA
binding could be expected to lead to large differences in
coregulator binding and controlled transcriptional output,
explaining the inability of the RAR heterodimer to activate
transcription when bound to DRO compared to DR5. How-
ever, additional factors such as increased corepressor asso-
ciation or cooperation with neighboring DNA-bound tran-
scription factors that are often bound in proximity to RXR—
RAR-heterodimer bound to DRO sequences (19), may also
be involved in the inactive state of RXR-RAR bound to
DRO. These new structural insights contribute to our un-
derstanding of the structural role of the DNA in allosteric
control of NR activation profile.
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