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Retinoid X receptors (RXRs) act as homodimers or heterodimerisation partners of class II nuclear receptors.
RXR homo- and heterodimers bind direct repeats of the half-site (A/G)G(G/T)TCA separated by 1
nucleotide (DR1). We present a structural characterization of RXR-DNA binding domain (DBD)
homodimers on several natural DR1s and an idealized symmetric DR1. Homodimers displayed asymmetric
binding, with critical high-affinity interactions accounting for the 3’ positioning of RXR in heterodimers on
DR1s. Differing half-site and spacer DNA sequence induce changes in RXR-DBD homodimer
conformation notably in the dimerization interface such that natural DR1s are bound with higher affinity
than an idealized symmetric DR1. Subtle changes in the consensus DR1 DNA sequence therefore specify
binding affinity through altered RXR-DBD-DNA contacts and changes in DBD conformation suggesting a
general model whereby preferential half-site recognition determines polarity of heterodimer binding to
response elements.

homeostasis, reproduction, cell growth, differentiation, and apoptosis)' . NRs act as key components of

gene regulation through binding to hormone response elements, (HREs) in the regulatory sequences of
their target genes. NRs share a common structural organization comprising a variable N-terminal domain (NTD)
harboring a ligand-independent activation function, the conserved DNA binding domain (DBD) and the C-
terminal ligand binding domain (LBD)*. The LBD is a key regulatory domain containing the ligand binding
pocket, multiple interaction surfaces for homo and heterodimerisation and interactions with coregulators. NR
dimerization involves strong interactions between the LBDs of the interacting partners and from the binding of
the two DBDs to neighboring hexanucleotide DNA motifs [half-sites of consensus (A/G)G(G/T)TCA] that make
up the HREs. Specificity results not only from the DNA sequence of the two half-sites, but also from the geometry,
spacing and relative orientation of the half-sites in the HRE®.

Among NR members, the Retinoid X nuclear Receptors (RXRs) possess the unique ability to act as homo-
dimers or through heterodimerisation with other class II NRs in multiple signalling pathways critical for embry-
onic development, metabolic processes, differentiation and apoptosis®®. RXRs comprise three isotypes, RXRa.
(NR2B1), RXRf (NR2B2) and RXRy (NR2B3), that are differentially expressed in tissues and whose expression
profiles are altered in several diseases'’. RXR binds direct repeats of the hexanucleotide half-site separated by 1
nucleotide (DR1), either as a homodimer or heterodimer with RAR or PPAR''. ChIP-seq and protein binding
microarray (PBM) have revealed RXR binding even in the absence of a heterodimeric partner'>~**. RXR hetero-
dimers bind DR1 with a defined polarity with RXR bound to the 3’ half-site™®**. In homodimers, RXR has also
been shown to bind preferentially to asymmetric DR1'**° with a preferential binding to the 3’ half-site'*. The
cellular environment and promoter context play critical roles in determining receptor specificity®*. Few crystal
structures of NR bound to natural REs have been reported®>*. However, the structure of the estrogen receptor
bound to a non-consensus ERE in which a single change of one nucleotide leads to a side chain reorientation,
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alternate base contacts and lower affinity has been described”. For
the ecdysone nuclear receptor (EcR)-ultraspiracle protein (Usp) het-
erodimer, significant differences were observed between a natural
inverted repeat IR1 compared to a consensus IR1*>. No structural
information is available on RXR on natural DR1s and little is known
about the specificity of DNA recognition of natural HREs by the RXR
dimer at the atomic level or how DNA sequence can discriminate
between different RXR dimers.

To elucidate the molecular basis for DNA target specificity of the
RXR dimer and to determine whether and how the DNA sequence
and topological organization of the half-sites in the HRE exert allos-
teric control of RXR homodimer function, we performed a structure-
function analysis of RXRa bound to natural DR1s from target genes.
To analyze the effects of genomic variation in natural DR1 sequences
on RXR binding and their structural impact we used isothermal
titration calorimetry (ITC) to monitor the thermodynamics of
RXR homodimer DBD binding to natural DRI elements from the
calcitonin receptor activity-modifying protein 2 (Ramp2), the NR
subfamily 1, group D, member 1 (Nr1dI) and the glycerophospho-
diester phosphodiesterase 1 (Gdel) genes®, the known natural RXR
HRE (RXRE) from the malic enzyme PPRE gene (MEp)*' and con-
sensus idealized RXREs. The crystal structures of the RXR DBD
complexes with Ramp2, Nrldl, Gdel and an idealized DR1 were
solved. Our data reveal that the differences in half-site sequence of
the natural DR1s affect RXR homodimer binding affinity and con-
formation hence defining the molecular determinants of RXR inter-
actions with natural HREs.

Results

Binding affinities of natural DR1s for the RXR DBD homodimer.
We previously identified several DR1 elements as bound by RAR-
RXR in genome-wide analyses**””. Amongst these are DR1s located
around the Ramp2, Nr1d1 and Gdel genes (Fig. 1a). Previous studies
showed that the Ramp2 and NrldI elements efficiently bind RAR-
RXR, whereas the Gdel element, which has perfect consensus half-
sites, but a C/G base pair as spacer, shows almost no bindingzs.
Exchange of the C/G base pair by A/T (GdelSpA), as is present in
the Ramp2 DRI, resulted in strong binding indicating the critical
nature of the spacer nucleotide (Ref. 26 and see Fig. la). To
determine the variability in the DR1 sequence bound by RXR, we
analyzed the sequence motifs from RXR Chip-Seq data*® allowing
one mismatch (Fig. 1b). In the derived consensus element, the second
half-site shows higher conservation with, in particular, high base
preference at positions 2, 4, 5 and 6 (> 1 bit) and almost no C as
spacer with G and A being highly represented.

To understand how sequence variations of the DR1 response ele-
ments modulate the affinity of protein-DNA interactions and the
orientation of RXR dimer, we determined the binding affinities
and thermodynamic parameters of DNA binding of natural DR1s
by RXR DBD homodimers. We assessed the binding of highly puri-
fied recombinant RXR DBD to these elements by quantitative ITC.
Fig. 1c show representative isotherms obtained from ITC measure-
ments, and a detailed analysis of thermodynamic parameters corres-
ponding to the averaged values of a least three independent
experiments is presented (Table 1). RXR DBD does not dimerize
until bound to the DNA where 2 DBDs bind to 1 DNA molecule
in a cooperative manner with binding of the first monomer favoring
binding of the second as previously described for other NR DBDs***.
In agreement with previous studies reporting reduced binding to
monomeric sites by RXR* or steroid receptors®, the RXR-DBD
monomer binds weakly DNA sequences containing a single half-site
(GGGTCA or AGTTCA), thus confirming that the affinity of RXR is
markedly enhanced through dimerization and cooperative binding.
All DR1s, even the weakest, bind the RXR dimer cooperatively. The
binding affinities observed for RXR homodimers vary up to 16 fold,
from 10 nM for the DR1 from the malic enzyme MEp gene, a PPAR

HRE that acts as a RXRE*, to 160 nM for the consensus ‘idealized’
(id)DR1. The binding is driven by a favorable enthalpic contribution
that results from the extensive electrostatic interactions, together
with an entropic penalty resulting from a loss of conformational
freedom compensated by entropy favorable release of water mole-
cules at the DNA/protein and protein/protein interfaces (Table 1).
Replacing the spacer C/G by A/T in Gdel (GdelSpA), as in the
Ramp2 DRI, results in a 2 order of magnitude increase of its binding
affinity. These quantitative data are in agreement with our semi-
quantitative competition EMSA assays using transfected cell extracts
(*® and data not shown). These quantitative data reveal that differ-
ences in half-sites and spacer sequence strongly influence binding
affinity and surprisingly show that RXR-DBD homodimers show the
weakest affinity for the idDRI1.

Crystal structures of the RXR-DBD homodimer bound to various
DR1s. To analyze the effect of the DRI sequences on RXR
conformation, we examined the structures of RXR-DBD
homodimers in complex with natural DRIs from the Ramp2,
Nrldl and GdelSpA loci and with the idDR1 by X-Ray
crystallography. Note that the same RXR DBD construct in
identical buffer and DNA excess were used for the complexes and
that all complexes crystallized in similar conditions. The crystal
structures of the RXR-DBD-Ramp2, RXR-DBD-Nrldl, RXR-
DBD-GdelSpA and RXR-DBD-idDR1 complexes were solved at
2.07A, 2.00 A, 2.35A and 2.34 A, respectively. The RXR-DBD-
Ramp2 and RXR-DBD-Nrldl complexes crystallized in the C2
space group with 1 homodimer-DNA complex per asymmetric
unit and the RXR-DBD-GdelSpA complex in P2,2,2; with 2
homodimer-DNA complexes per asymmetric unit that are
arranged in an anti-parallel fashion with a rotation of
approximately 190° along the helical axis (Supplementary Fig. S1).
For the GdelSpA complex, the two first nucleotides before the first
half-site are distorted and do not form canonical base pairing
interactions as a consequence of crystal packing and the crystal
contacts are formed by mainly non-canonical base interactions.
The RXR-DBD-idDR1 crystallized in the P2,2,2, space group that
differs from the previously published crystal structure® and
contained 2 homodimer-DNA complexes per asymmetric unit
(Supplementary Fig. S1).

All DR1s are bound asymmetrically by an RXR-DBD homodimer
(Fig. 2a) and show regular B-form DNA structure with similar
degrees of deformation (Fig. 2b) as shown in the minor groove width
plot (Fig. 2c), however differences are observed between the different
DRIs. The conformations of the DBD subunits are conserved in the
different complexes with a root mean square deviation (RMSD) of
the protein backbone Co. atoms of about 0.3 to 0.4 A. Comparison
with the published RXR-DBD homodimer structure on the idDR1
indicates a higher RMSD of 0.7A.

The tertiary structure of the RXR-DBD is similar to those prev-
iously reported and is composed of an N-terminal B-hairpin, two
a-helices followed by a single turn of 3;y-helix, and a C-terminal
extension (Fig. 2a). The N-terminal a-helix (helix I) directly interacts
with the DNA half-site in the major groove. Helix II is perpendicular
to the N-terminal helix I and stabilizes the core of the DBD. For the 5
subunit, a third short o-helix is observed for the Zn-II region. The
DBD monomers lie in a head to tail orientation with non-equivalent
protein-protein interactions from each monomer. Helix I of each
RXR-DBD forms direct and water mediated base contacts that
involve highly conserved residues (Fig. 2d-e for the Ramp2 complex).
Protein-DNA contacts are summarized schematically in Fig. 3a and
Supplementary Fig. S2 for the idDR1, Ramp2, Nrldl and GdelSpA
complexes.

Recognition of natural DR1s. Although, the overall fold of the RXR
homodimer structures is similar and the key specific base contacts
are conserved between the different structures, significant differences
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Figure 1| (a) Natural DRI response element double strand nucleotide (ds) sequences of DNA DRI response elements. Hexanucleotide half-site motifs
are shown in red. (b) RXR binding motif identified by RXR-ChIP sequencing from Ref. 28. (c) Quantification of the interaction between RXR and DR1s
by ITC. Representative ITC isotherms for the binding of the DR1 duplex (Ramp2, Nrldl, MEp, Gdel, GdelSpA and half-site 1) to the RXR-DBD.

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 or half-site to monomer RXR. The solid lines in the
lower panels represent the fit of data to a one-site model using the ORIGIN software. Standard free energies of binding and entropic contributions were
obtained, respectively, as AG = —RT In(Ka) and TAS = AH — AG, from the Ka and AH values derived from ITC curve fitting.

| 5:8216 | DOI: 10.1038/srep08216



Table 1 | Quantification of the interaction between the RXR DBD and DNA by ITC. All data were obtained at 25°C (T = 298°K). Values
represent the means values of 2-4 independent experiments and errors correspond to one standard deviation. N corresponds to the number
of moles of dimer per mole of DNA except for the half-sites where N corresponds to the number of monomer per mole of DNA

DNA KqnM N AHgp, keal X mol ™! ASps cal X mol~! X deg™!
Ramp2-DR1 38x15 1.1 -39+3 -98
Gdel-DR1 140 = 20 1.3 -25=+3 =51
Gde1SpADR1 44 =5 1.3 -29*1 -66
Nrid1-DR1 40=x5 1.1 -38=1 -92

idDR1 155 + 40 1.2 —-26 =1 =55

350%

MEp-DR1 102 1.1 -30=0.3 —64

Half-site 1 980+ 110 1.0 =11 =x1 -9

Halfsite 2 820 = 150 1.0 -6=x1 6

#measured by fluorescence anisotropy in Ref. 33.

are observed between the idDR1 and the natural DR1s which display
additional direct and water-mediated interactions and with
equivalent amino acids generating different interactions. In the
Ramp2 and Nrldl complexes, each half-site makes specific
contacts through 5 of the 6 base pairs (Fig. 3a). For the GdeISpA
complex, less specific contacts are formed with only 3 base-pairs for
the first half-site, but 5 base-pairs for the second half-site. The
structure of RXR-DBD-idDR1 reported here revealed an increased
number of specific interactions in each half-site compared to the
previous RXR DBD idDR1 crystal structure®, however fewer
contacts are observed with the idDR1 compared to the natural
DR1s (Fig. 3a). In the 3 complexes with natural DR1s, both RXR-
DBDs also form extensive contacts with the phosphate backbone
along 12 base pairs for Ramp2, 10 base pairs for Nrldl and
GdelSpA and 8 base pairs for idDR1.

The second hexanucleotide half-site shows two variations between
Ramp2 (GGGTCA) and GdelSpA or Nridl (AGTTCA). The first
nucleotide differs (G in Ramp2 and an A in GdelSpA and NridI), but
a rearrangement of the Arg209 side chain maintains similar water-
mediated interactions. The second variation in the second half-site is
at the third nucleotide position which isa G/C pair in Ramp2and a'T/
A pair in GdelSpA and Nr1d1. The introduction of a thymine residue
at this position and the presence of a methyl group prevent a water-
mediated interaction with Lys160 which adopts an alternative
conformation to minimize its contact with the methyl group.
Importantly however, several specific interactions are observed only
in the complexes with the natural DR1s such as the interactions
mediated by the first base pair of the 5’ half-site with Arg209 or
the first base pair of the 3’ half-site with Lys156. In addition, the
half-site spacer A/T base pair forms specific water mediated contacts
with Arg209 of the T-box of the 3" RXR-DBD in the Ramp2 and
GdelspA complexes, but not in the idDR1 (Fig. 3b-c). The spacer in
Nrld1 is a G/C pair that forms interactions similar to the A/T pair of
Ramp2. However, the small size of the thymine base compared to
guanine allows a water molecule to be trapped at the DNA surface
and to mediate specific interactions in the minor groove. Modeling a
replacement of the A/T spacer by a C/G pair indicates that the spe-
cific water mediated contact with Arg209 will not be formed thus
lowering the binding affinity, in agreement with our quantitative ITC
data. The T-box makes additional specific interactions in the minor
groove with the first half-site involving Arg209 and GIn206 of the 5’
DBD and phosphate interactions for the 3" DBD (Fig. 3a).

Differences between the 2 DBDs reflect the different modes of
recognition between the 5" and 3 half-sites. Unexpectedly, in each
case, the 3" half-site contributes more interactions than the 5" half-
site. The comparison of the 2 DBDs of the Ramp2 complex reveals
several differences that reflect specific interactions with the half-site
DNA and dimer interactions. The downstream DBD extends its
interactions upstream of the 3’ half-site to reach the backbone sugar

of the last nucleotide of the 5 site (Fig. 3b) and contributes to
enhanced RXR homodimerization. Analysis of the average temper-
ature factor on the overall structure reveals a stabilization of the
dimerization interface and of the 5’ bound RXR in the Ramp2 com-
plex compared to the idDR1 complex (Supplementary Fig. S3a) that
hold true for the 2 dimers seen in the asymmetric unit.

Half-site DNA sequence specifies DBD orientation and
dimerization. The DR1 sequences dictate specific interactions
with the RXR-DBDs, but also impact on the RXR homodimer
conformation as shown in Figure 4. Together with DNA curvature,
the RXR-DBD adjusts its conformation to changes in the DRI
sequence and the tight interactions between the monomers leads
to increased cooperativity. The complexes of RXR-DBD with
Ramp2 and Nrldl show similar positioning (Fig. 4a). Interestingly
due to weaker interactions for the idDRI1, the RXR-DBD
conformation and the relative position of the upstream DBD
differs significantly between the structures of RXR-DBD-Ramp2
and the RXR-DBD-idDR1 when the 3" DBDs are superimposed
(Fig. 4c). Helix I and Helix II of the 5" DBD are shifted by 1 A
while the D-box region is shifted by 2 A. The quality of the
electron density maps for this loop in the Ramp2 and idDR1
structures are shown in Supplementary Fig. S4. The two
homodimers present in the asymmetric unit of the RXR-DBD-
idDR1 show similar deviations compared to RXR-Ramp2 complex,
these conformational changes are thus independent of the crystal
environment. This difference in 5'RXR positioning between RXR-
DBD-Ramp2 and RXR-DBD-idDRI is also observed in the
previously published RXR-idDR1 structure with even larger
differences (Supplementary Fig. S5a).

The RXR-DBD-GdelSpA complex shows an intermediate con-
formation (Fig. 4b). While the overall fold of the receptors and their
placement on the half-sites are very similar, notable differences can
be attributed to the dimerization contacts and specific DNA inter-
actions (Fig. 4e—f). These conformational changes induced by the
DRI sequence should also impact on the position of the RXR hinge
domain. Tighter RXR homodimer complexes are observed on the
natural Ramp2 or Nr1d1 DR1s compared to the symmetric idDR1, but
also compared to the crystal structures of RAR-RXR DBD (Fig. 4d) or
full-length PPAR-RXR with idealized DR1 (Supplementary Fig. S5b).

The above changes in DBD orientation have important effects on
DBD-dimerization. The dimerization interface faces the minor
groove and is formed by the C-terminal T-box of the 3’ DBD with
the Zn-II region of the 5 DBD which forms a short o-helix.
Dimerization in the RXR-DBD-Ramp2, RXR-DBD-Nrldl and
RXR-DBD-GdelSpA complexes involves numerous Van der Waals
interactions and hydrogen bonds. For the Ramp2 complex, which
shows the largest dimerization interface, numerous Van der Waals
interactions (36 at a cutoff of 4A) and H-bonds are observed between
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Figure 2| (a) Overall structure of RXR DBD-Ramp2. The upstream RXR (in light cyan) and downstream RXR (in cyan) bound to their hexanucleotide
motifs shown in red. The spheres indicate the Zn molecules. (b) Comparison of DNA bending of the DR1 elements. The ds oligonucleotides used in
the crystallographic structures of RXR-DBD homodimers complexed with DR1, show similar deformation. (c) Plot of the minor groove widths

of the DR1 ds oligonucleotides. The values were derived using the 3DNA software. The solid black line represents standard values for B-DNA. (d-e) RXR
homodimers exhibit specific interactions and polarity on natural DR1s. Ramp2 DNA sequence recognition by the upstream RXR subunit (d). View along
the DNA-recognition helix (a1) of RXR showing residues Glu153, Lys156, Argl61 and Arg209 and their direct and water-mediated base contacts.
Hydrogen-bonds and water molecules are shown as dotted blue lines and dark spheres, respectively. The interspacer nucleotide is highlighted in grey. The
corresponding view of Ramp2 DNA sequence recognition by the downstream RXR subunit (e).

Glu207 (3’ DBD) and Argl82 (5" DBD) and between GIn210 (3’ increase in the dimer buried surface area is observed in the RXR
DBD) and Argl186 (5' DBD) (Fig. 4e). In contrast, the structure of complexes with natural DR1s (340 A? for Ramp2, 300 A? for
RXR with the idDR1 shows only one H-bond and few hydrophobic ~ Nr1dl, 310 A* for GdeISpA and 190 A* for idDR1 (140 A for the
interactions in the dimer interface (Fig. 4f). Consequently, a marked  previous structure)) (Supplementary Fig. S6). Overall, increased
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Figure 3 | Polarity of the bound RXR homodimers revealed by asymmetric DNA recognition of natural DR1s. The RXR-DBDs establish unique
interactions to recognize natural asymmetric DR1s that are more numerous than in the complex with symmetric idDR1 as revealed by the schematic view
of the protein/DNA contacts calculated with NUCPLOT with a 3.9 A distance cutoff (a). Note that all crystal structures have comparable resolution
(between 2 A and 2.35 A). For the three natural DR1s studied, the 3’ half-site is more tightly bound with more observed interactions with RXR. Bridging
water molecules are shown as black circles. The residues forming hydrogen-bond interactions with the 5’ subunit and 3’subunit are highlighted in light
grey and cyan, respectively. The first hexanucleotide is shown in salmon, the second one in blue and the interspacer nucleotide in grey. The gray circles
indicate the DNA phosphates and the labeled residues their contacts with RXR. (b-c) Comparison of the interactions around the interspacer nucleotides
of the natural Ramp2 and the idealized DR1 complexes. The interspacer is highlighted in grey and the surrounding base pairs in orange. Only the RXR
DBD complex with natural DR1 forms specific H-bonds with the interspacer nucleotide. For Ramp2, the downstream DBD extends its interactions
upstream of the 3’ half-site to reach the backbone sugar of the last nucleotide of the 5’ site. H-bonds are shown by dashed lines and the water molecules as

dark spheres for Ramp2 and red sphere for the idDR1.
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GdelSpA

Figure 4 | Structural changes of RXR-DBDs induced by the half-site sequence. Significant differences in RXR-DBD positioning and in the dimerization
interface are observed for the natural DR1s. (a—c) Superimposed crystal structures of RXR-DBD-Ramp2 (cyan) with RXR-DBD-Nr1d1 (a; orange), RXR-
DBD-GdelSpA (b; green) and RXR-DBD-1dDRI (c; blue). Superposition was performed on the 3’ bound RXR-DBD. The largest differences are observed
for the idDR1 as indicated by red arrows. Differences are also observed for the complex with the natural GdelSpA DR1. (d) Superimposed crystal

structures of RXR DBD-Ramp2 (cyan) with RAR-RXR DBD-idDR1 (PDB ID: 1XDK, red). Superposition was performed on the 3’ bound RXR-DBD.
(e—f) Dimerization interface that involves the DNA minor groove, hydrogen-bonding between atoms of the 2 subunits (residues highlighted) and Van der

Waals interactions for RXR-DBD-Ramp2 (e) and RXR-DBD-idDRI (f).

binding affinity for the different DR1 elements therefore correlates
with the enhanced protein-protein and base specific interactions
observed in the crystal structures revealing a higher specificity for
the natural DR1s compared to the idDRI.

Discussion

Here we describe for the first time at the atomic level how variations
in the consensus half-site sequence of DRI elements regulate DNA
binding by the RXR-DBD. All of the DR1s investigated in this study
comprise variants of the recognized consensus RGKTCA half-site
sequence, yet these elements show large differences of up to one order
of magnitude in their ability to bind RXR-DBD homodimers in vitro.
The natural DR1s used here were identified in chromatin immuno-
precipitation and EMSA assays as binding RAR-RXR*. Our ITC and

structural data shows that these DR1s are bound with high affinity by
RXR-DBD homodimers. Our data reveal that precise receptor-DNA
contacts can vary with modest changes in orientation and conforma-
tion of the receptor, in agreement with previous data>**.

The polarity and strength of the dimer is imposed not only by the
half-site spacing, but also by the nature of the half-site sequences
whose contacts with the DBD modulate DBD geometry and the
interactions between the two DBDs. In all three complexes with
the natural DR1s, the 3’ half-site shows a larger number of specific
interactions and the 3’ RXR-DBD extends its interaction to the last
nucleotide of the 5’ half-site. The tighter interactions with the 3" half-
site suggest that this site is occupied first, favoring the cooperative
formation of the homodimer-DR1 complex. These observations are
in agreement with the observed polarity of the RAR-RXR and PPAR-
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RXR heterodimer-DR1 complexes, where RXR occupies the 3" half-
site of DR1'®. Notably, the RXR-DBD contacts with the 3’ half-site
are also stronger than those of the RAR-DBD or PPAR-DBD with the
5’ half-site seen in the corresponding heterodimer structures'>'®. The
tight interaction of the RXR-DBD with the 3’ half-site revealed by
our structures therefore provides an explanation for this preferred
polarity.

The differences in affinity can be explained not only by the differ-
ential recognition of the half-sites by the RXR-DBD, but we also
highlight the important role played by the spacer base pair.
Previous EMSA studies and the quantitative ITC performed here
show that the C/G base pair in the Gdel element hinders binding
of both full-length RAR-RXR and RXR-DBD homodimers.
Examination of the crystal structure indicates that the RXR-DBD
cannot form a specific hydrogen bond with the C/G pair that is seen
with the A/T pair in the Ramp2 and GdelSpA complexes. Moreover,
the Nrldl and MEp DR1s share identical half-sites, but the Nr1d1l
element has a significantly lower affinity, that may be explained by
the presence of a G/C spacer that prevents specific interactions in the
minor groove seen with the A/T spacer in MEp. It is interesting to
note that analysis of RXR and indeed RAR ChIP-seq data reveal that
G/Cand A/T are strongly enriched in the consensus DR1 whereas C/
G is not represented. Our structures thus provide a molecular
explanation for this preference for the spacer base pair. Similarly,
we previously found that the sequence 5'-AG-3' is strongly preferred
as spacer in DR2 elements® suggesting that critical contacts between
the RAR-RXR-DBDs and the spacer also play an important role in
DR2 recognition.

As the RXR DBDs do not dimerise in absence of DNA binding, our
data suggest a model in which the RXR-DBD first binds to the 3" half-
site of the DR1 response elements. The conformation imparted to
this DBD by the sequence through the DBD-DNA contacts then
promotes binding of the second DBD to the 5" half-site. This mode
of recognition is however specific to the isolated DBDs, as full-length
RXRs recognize the DR1 as preformed heterodimers. Nevertheless,
tighter binding of the RXR-DBD to the 3’ half-site likely determines
the orientation of the heterodimers on the DR1. In this respect it is
interesting to note that the consensus DRI sequence derived from
PPAR ChIP-seq experiments displays a higher conservation in the 3’
half-site consistent with the idea tight RXR binding to this site is
critical in determining heterodimer orientation'>*. However, the
extended DNA contacts that PPAR makes 5’ to the first half-site
likely also contribute to the polarity. The example of RXR may reflect
a more general mode of recognition in which preferential binding of
a DBD to one of the two half-sites promotes heterodimer orientation
on other types of DR and IR elements. Further structural studies will
be required to determine whether it is preferential recognition by the
RXR-DBD that is critical or whether it is the DBD of the heterodi-
merisation partner that plays the determining role.

The structural data rationalized the differences observed in the
thermodynamic parameters with additional H-Bonds accounting
for favorable enthalpy and for entropy, a balance between favorable
entropy of dehydration and less favorable entropy of the bridging
water molecules to fulfill specific interactions. Increased DBD-DNA
contacts made in a sequence- dependent manner with each half-site
in turn strongly influence the orientation of the two DBDs and the
DBD-DBD interactions at the dimerization interface and correlate
with the highest overall DNA binding affinity. In this way, half-site
sequence controls the cooperativity that results from the protein-
protein contacts that the DBDs form within the spacer minor groove.
The structure of RXR-DBD-Ramp?2 illustrates the structural adapt-
ability of the DBD to accommodate its association with specific
response elements and to optimize cooperative binding. Notable
differences are observed mainly in the second zinc motif and the
D-box that form the dimerization interface. This region has been
shown to be significantly different between the DNA-free state seen

in the NMR structure and in complex with DNA®. The differing
affinities of natural DR1s therefore result from differential DBD-
DNA interactions and their effects on DBD-DBD interactions. The
DNA sequence-dependent regulation of RXR-DBD-DBD interac-
tions on the DR1 described here are reminiscent of those described
for GR where the GR DBD bound to a series of natural GREs was
shown to exhibit distinct conformation in the loop connecting H1
and the D-box, identified as the lever arm®*. These subtle structural
changes upon DNA binding have been shown to allosterically affect
the recruitment of coactivators and GR transcriptional activity***.
Allosteric control of coactivator recruitment by the DNA sequence
has also been observed in case of the RAR-RXR heterodimer*” and
the RXR homodimer®'. More recent studies have revealed that the
dimerization interactions and positive or negative cooperativity are
major determinants in transcriptional activation or repression by
GR32’36.

The DR1 configuration is also a promiscuous HRE for the RAR-
RXR and PPAR-RXR heterodimers. As for RXR homodimers, the
RXR subunit in the heterodimer uses its T-box to mediate DBD
dimer interactions. It is probable that interactions of the RXR-
DBD with its heterodimerization partners will also be allosterically
regulated by the half-sitt DNA sequence analogous to what is
observed for the RXR-DBD homodimers. Our study therefore pro-
vides a molecular model for how half-site sequence in general and the
sequence of the 3’ half-site in particular of DR1s may exert an allos-
teric regulation on DBD homo and heterodimers through changes in
contacts at the dimerization interface. This allosteric regulation of
DBD positioning may propagate to other domains of the receptor
and hence contribute to the fine-tuning of transcription.

Methods

Constructs, expression and purification. The HsSRXRa-DBD (130-212) was
expressed in fusion with Thioredoxine and hexahistidine tags. Fusion proteins were
removed by thrombin proteolysis. The cleaved protein was then purified by gel
filtration. The oligonucleotide strands were purchased from SIGMA and annealed as
described previously®, added in a 1.2 fold excess to the dimers, and the complex was
gel-filtrated on a Superdex S200.

Crystallization and structure determination. The crystallization experiments were
carried out by sitting drop vapor diffusion at 290 K using a Cartesian nanoliter
dispensing robot and mixing equal volumes (0.1 pl) of protein-DNA complex and
reservoir solution. RXRa-DBD, RARa—DBD and DNA were mixed in an equimolar
ratio in 25mM Tris pH 8, 50mM NaCl, 5mM MgCI2, ImM TCEP and concentrated to
a final concentration of 9.6 mg ml™"' for the Ramp2 DR1 complex, 9.9 mgml ™' for the
Nrldl complex, 14.6 mg ml™* for the GdelSpA complex and 10.0 mg ml ™" for the
idDRI complex. Although RAR and RXR DBDs were mixed together with the DNA
in the crystallization experiments, only crystals of RXR homodimer-DNA were
obtained. Crystals of Ramp2 complex were grown in 20% PEG 3350, 0.2 M NH,CI,
0.1 M MgCl,, 0.1 M MES pH 6, crystals of Nrl1dl in 20% PEG 3350, 0.2 M KNOs,
crystals of GdeISpA complex appeared in 20% PEG 3350, 0.2 M NH,Cl and crystals
of the idDR1 complex appeared in 20 % PEG 3350, 0.3M NH,CI, 0.1M MgCl,, 0.1M
sodium citrate pH 5.0. The crystals of the Ramp2 complex and the GdelSpA complex
were transferred to artificial mother liquor containing 20% PEG 400 and flash cooled
in liquid nitrogen. The crystals of the Nr1dI complex and the idDR1 complex were
transferred to artificial mother liquor containing 35 % PEG 3350 before flash cooling.
For the Ramp2 DR1 complex, data were collected at the zinc edge (1.2825A) on a
Quantum 315r CCD detector (ADSC) at the ID23-1 beamline of the ESRF. A total of
180° of data were collected using 0.5° rotation and 0.5s exposure per image (50%
attenuated beam). For the Nr1d1 DR1 complex, data were also collected at the zinc
edge (1.2833A) on a Quantum 315r CCD detector at the BM30A beamline of the
ESREF. A total of 180° of data were collected using 1° rotation and 4s exposure per
image (unattenuated beam). For the GdeISpA DRI complex and the idDR1 complex,
data were collected at 0.873A on a MX-225 CCD detector (Marresearch) on the ID23-
2 beamline of the ESRF. For the GdeISpA complex a total of 180° of data were
collected using 0.3° rotation and 5s exposure per image (unattenuated beam). For the
idDRI complex a total of 111° of data were collected using 0.2° rotation and 0.91s
exposure per image (unattenuated beam). The data for the Ramp2 and GdelSpA
complexes were indexed, integrated, and scaled using HKL2000*. The data for the
Nrl1dI and the idDRI complexes were indexed and integrated using XDS** and scaled
using AIMLESS*~**. The crystals of the Ramp2 complex belonged to space group C2
with unit cell parameters a = 113.2A, b = 44.0A, c = 63.3A, B = 106.016°. The
structure was solved by molecular replacement in PHASER* using the structures of
the RAR and RXR DBDs bound to 6 base pairs of DNA' as search models. The
asymmetric unit contains one copy of the homodimer of RXR bound to the Ramp2
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DRI response element, with a corresponding Matthews’ coefficient' of 2.45 A*/Da
and a solvent content of 55.3%. The crystals of the Nr1d1 complex also belonged to
space group C2, with slightly smaller unit cell dimensions a = 103.3A,b = 44.3A,c =
63.9A, B = 98.95°. The structure was solved in PHASER as above and the asymmetric
unit contains one copy of the homodimer of RXR bound to the Nr1dI DR1 response
element, with a corresponding Matthews’ coefficient of 2.33 A%Da and a solvent
content of 52.9%. The crystals of the GdeISpA complex belonged to space group
P2,2,2, with unit cell parameters a = 53.1A, b = 69.5A, ¢ = 139.1A. The structure
was solved by molecular replacement in MOLREP* using the RAR- and RXR-DBDs
from the structure 1DSZ as probes. The asymmetric unit contains two copies of the
homodimer of RXR bound to the GdelSpA DR1 response element, with a corres-
ponding Matthews’ coefficient of 2.04 A*/Da and a solvent content of 46.1%. The
crystals of the idDR1 complex belonged to space group P2,2,2,, with unit cell
dimensions a = 37.63A, b = 65.35A, ¢ = 209.12A. The structure was solved in
PHASER as above and the asymmetric unit contains two copies of the homodimer of
RXR bound to the idDR1 response element, with a corresponding Matthews’ coef-
ficient of 2.33 A*/Da and a solvent content of 52.9%. Refinement of all structures was
performed using PHENIX*” and BUSTER* followed by iterative model building in
COOT™. The quality of the refined model was assessed using MOLPROBITY* and
PROCHECK?®". Data collection and refinement statistics are given in Supplementary
Table S1. Structural figures were prepared using PyMOL (www.pymol.org/).

Isothermal titration calorimetry experiments. ITC measurements were performed
at 25°C on a MicroCal ITC200 (MicroCal). Purified proteins and DNA were dialyzed
extensively against the buffer 25 mM Hepes pH 8.0, 50 mM sodium chloride and

1 mM TCEP for the DBDs. In a typical experiment 2 pl aliquots of DNA at 80 to
150 uM were injected into a 10 pM RXR dimer solution (200 pl sample cell). The ¢
values (¢ = K*M*n) were in the optimal limits (10 = ¢ = 500). The delay between
injections was 120 to 180 s to permit the signal to return to baseline before the next
injection. To extract various thermodynamic parameters, the binding isotherms were
iteratively fit to an one-site model by non-linear least squares regression analysis
using the software Origin 7.0 (OriginLab) as described®. Standard free energies of
binding and entropic contributions were obtained, respectively, as AG = —RT In(Ka)
and TAS = AH — AG, from the Ka and AH values derived from ITC curve fitting.

Accession numbers. The coordinates and structure factors are deposited in the
Protein Data Bank under the accession codes 4CN2 (RXR-DBD-Ramp2), 4CN3
(RXR-DBD-GdelSpA), 4CN5 (RXR-DBD-Nrldl) and 4CN7 (RXR-DBD-idDR1).
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