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France, 2 Universit é de Strasbourg (Unistra), Strasbourg, France, 3 Institut National de la Sant é et de la Recherche 

M édicale (INSERM) U1258, Illkirch, France, 4 Centre National de la Recherche Scientifique (CNRS) UMR 7104, 
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BSTRACT 

ranscription factors, such as nuclear receptors 

chieve precise transcriptional regulation by means 

f a tight and reciprocal communication with DNA, 
here cooperativity gained by receptor dimerization 

s added to binding site sequence specificity to ex- 
and the range of DNA targ et g ene sequences. To 

nra vel the e volutionary steps in the emer gence 

f DNA selection by steroid receptors (SRs) from 

onomeric to dimeric palindromic binding sites, we 

arried out crystallographic, biophysical and phy- 
ogenetic studies, focusing on the estrogen-related 

eceptors (ERRs, NR3B) that represent closest rel- 
tives of SRs. Our results, showing the structure of 
he ERR DNA-binding domain bound to a palindromic 

esponse element (RE), unveil the molecular mech- 
nisms of ERR dimerization which are imprinted in 

he protein itself with DNA acting as an allosteric 

river by allowing the formation of a novel extended 

symmetric dimerization region (KR-box). Phyloge- 
etic analyses suggest that this dimerization asym- 
etry is an ancestral feature necessary for establish- 

ng a strong overall dimerization interface, which was 

rogressively modified in other SRs in the course of 

volution. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

uclear receptors (NRs) are ligand-dependent transcrip- 
ion factors essential for the proper regulation of the ex- 
ression of genes involved in major de v elopmental, phys- 

ological and metabolic pa thways ( 1 , 2 ). Importantly, d ys- 
egulation in their mode of action is often linked to dis- 
ases including cancer, metabolic syndr ome, repr oducti v e 
ailure etc., thus making NRs promising drug targets ( 3 , 4 ). 
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NRs share a common modular structure composed of a
highl y conserved DN A-binding domain (DBD) and a less
conserved ligand-binding domain (LBD), which give rise
to the ligand-dependency of many, but not all NRs. These
two domains are connected by a hinge region that contains
the C-terminal extension (CTE), which is located right af-
ter the DBD and plays an important role in the recognition
of DNA binding sites. The latter are specific genomic se-
quences, known as response elements (REs), located in the
pr omoter-pr oximal locations or in enhancer-distal regions
of target genes ( 1 , 2 , 5 , 6 ). These regulatory regions are usu-
ally composed of two half-sites of six base pairs each onto
which NRs can bind as homodimers or as heterodimers.
In fact, the dimerization of NRs is functionally advanta-
geous, allowing the specific recognition of a larger di v ersity
of binding sites in the genome. 

The estrogen-r elated r eceptors (ERRs, NR3B) belong
to the steroid receptor (SR) subfamily (NR3), which con-
tains the vertebrate steroid receptors (ER and the o x os-
teroid receptors (o x oSRs) AR, PR, GR and MR) and play
a crucial role in the transcriptional control of cellular en-
ergy metabolism. ERRs are orphan receptors, but they can
bind synthetic ligands and react to various external fac-
tors, when high energy le v els are needed by the organ-
ism ( 7 ). The ERRs are encoded by three paralogous genes
(ERR �/ ESRR1, ERR � and ERR � ) in vertebrates and
only one in the cephalochordate amphioxus and ascidians,
which are the closest living relatives to vertebrates ( 8–10 ).
Furthermor e, the ERRs r epr esent the most ancient subfam-
ily (NR3B1) of the NR3 receptors and are present in all
bilaterians including arthropods, mollusks and vertebrates
( 11 , 12 ). This led to the initial naming of early metazoan
NR3 as ERR which is sometimes retained in the literature
e v en if these NR3 members corresponds to early branches
that are precursors of ERRs, but also of ERs and o x oSRs
( 13–15 ). In fact, the identification of hemichordate NR3s
branching at the base of the NR3A (ER) and NR3C (ox-
oSRs) clade allowed to clearly establish that there was a
late di v ersification of SRs among chordates ( 14 ). The SR
ancestor AncSR1, which was predicted from phylogenetic
tree analysis, was reconstructed and its DBD crystal struc-
ture was solved ( 16 ). 

ERR � was identified based on the high similarity of its
DBD sequence with that of the estrogen receptor (ER �,
ESR1, NR3A1) ( 17 ). Like ER �, ERR � (as well as ERR �
and ERR � ) can bind in vitro to the estrogen response
elements (EREs), which are composed of a palindromic
PuGGTCA DNA motif with a three base-pair spacer (in-
verted repeat RE, IR3 RE) ( 18 ). Howe v er, in a cellular con-
text, genome-wide studies revealed that ERR � and ER �
reco gnize distinct DN A binding sites, ruling out the ini-
tial hypothesis of ERR �/ ER � regulatory cross-talks, where
ERR � would compete with ER � by binding to EREs.
This suggests that ERR � and ER � differ with regards
to transcriptional activity at the genomic, functional, and
mechanistic le v els ( 19 ). In fact, these studies and others
( 19–21 ) clearly established that ERR � pr efer entially r ec-
o gnizes DN A sequences r eferr ed to as ERR r esponse ele-
ments (ERREs) that contain a single half-site of sequence
PuGGTCA extended at its 5 

′ -end by a 3 base pair TNA
sequence, where ‘C’ is the most frequent nucleotide (N)
( 18 , 20 , 22 , 23 ). In addition, it was shown that a small, al-
beit functionally important, fraction of ERR binding sites
contains 18-bp ERRE / ERE hybrid binding motifs com-
posed of the extended ERRE half-site embedded into an
inverted IR3 RE similar to the EREs ( 24 ). These compos-
ite ERR �/ ER � binding sites, called embedded ERRE / IR3
(embERRE / IR3) REs, are found in less than ∼6% of the
promoters / enhancers of target genes of ERR �/ ER �. These
embERRE / IR3 sites are significant to the biology of breast
cancer including the genes located within the ERBB2 am-
plicon and GATA3 ( 19 ). 

Due to the monomeric nature of ERRs binding sites, it
was speculated that the ERRs can function as monomers
( 25 , 26 ), as do other NRs, such as Rev-Erba (NR1D1),
NGFI-B (NR4A1) or LRH-1 (NR5A), by recognizing a
single, extended half-site element of nine base pairs ( 27–
30 ). Howe v er, functional studies hav e clear ly demonstr ated
that ERR acts as a homodimer during cofactor recruit-
ment and transcriptional activation ( 20 , 24 , 26 , 31–33 ). In ad-
dition, structural data show that the ERR � LBD homod-
imerizes in a similar fashion to that of the ER � LBD,
with a stable dimerization interface ( 34 , 35 ). The apparent
contradiction between the existence of ERR � dimeriza-
tion and the monomeric nature of ERREs raises the fun-
damental questions of how the ERR � homodimer recog-
nizes the DNA and the mechanisms that favor homod-
imerization of its DBD on DNA. These questions cannot
be easily answered with the available single NMR struc-
ture that shows a monomer of the ERR � DBD binding to
its consensus ERRE (5 

′ - TCA AGGTCA-3 

′ ) ( 36 ) and also
with other NR DBD structures, in particular those of ER �
( 37 , 38 ), AncSR1, whose sequence was reconstituted from
phylo genetic anal yses ( 39 ) and monomeric NRs, such as
SF1 and FTZ-F1 / LRH-1 ( 28 , 40 ). Indeed, the molecular
mechanism for the stabilization of an ERR DBD homod-
imer on DNA cannot be fully understood from simple
comparison with the existing DBD structures. In partic-
ular, the NMR structure of ERR � DBD is reported on
a short 13 bp DN A fragment, m uch too short to permit
dimerization. 

Her e, we r eport the first crystal structur e of an ERR DBD
homodimer bound to a long DNA fragment (26 bp) con-
taining a natural embERRE / IR3 RE. The structure re v eals
an asymmetric arrangement and shows that the DNA se-
quence and its associated shape features are the key driv-
ing factors in the homodimerization of ERR � on DNA.
Our structure provides a first-hand opportunity to gain in-
sight into the molecular mechanisms of DN A reco gnition
by ERR � which re v eal a nov el une xpected feature associ-
a ted with DBD dimeriza tion on DNA; in particular, the
existence of an extended asymmetric dimerization interface
encompassing not only the D bo x motif , but also the region
upstream of helix H2 which includes a conserved KR-box
motif. Our structural analyses of the ERR � DBD suggest
that the DNA is the allosteric dri v er for the DBD dimer
formation on DN A w hich brings key information about
the oligomerization behavior of the ERR receptor. Thus, it
sheds light on the evolutionary cr ossr oad for a deeper un-
derstanding of SRs homodimerization. 
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ATERIALS AND METHODS 

loning, protein expression, and purification 

he mouse ERR � DBD (70–170 amino acids), whose DBD 

equence is identical to that of human ERR �, was cloned 

nto the in-house expression vector pnEAtH ( 41 ), which 

ontains a His 6 affinity tag coding sequence. The vector was 
ransformed into the E. coli BL21 (DE3) pRARE2 strain. 
ultur es wer e gr own at 37 

◦C and pr otein expression was in-
uced at OD 600 nm 

= 0.6 with 1 mM IPTG for 3 h a t 25 

◦C .
he cell pellet was suspended in binding buffer (20 mM Tris 
H 8.0, 400 mM NaCl, 10% glycerol, 4 mM CHAPS) and 

ysed by sonication. The crude extract was centrifuged at 
5 000 g for 1 h at 4 

◦C. The lysate was loaded on to a Ni
ffinity HisTrap FF crude column (GE Healthcare, Inc.) 
nd the protein was eluted at a concentration of 250 mM 

midazole. The hexa-histidine tag was cleaved overnight us- 
ng thrombin protease. The ERR � DBD was further pu- 
ified on a Heparin column using an increasing salt gradi- 
nt, followed b y size-ex clusion chromato gra phy (Super de x 

75 16 / 60 column, GE Healthcare) using a SEC buffer (50 

M BisTris pH 7.0, 120 mM KCl, 0.5 mM CHAPS, 4 mM 

gCl 2 ). Complex es wer e formed by mixing DNA to the pu- 
ified ERR � DBD to achie v e the desired DNA: protein mo- 
ar ratios and incubated overnight at 4 

◦C before performing 

he crystallization assays. 

NA sequences and annealing 

PLC purified single-stranded DNAs wer e order ed from 

igma-Aldrich, Inc and Euromedex, France. 
The oligonucleotide DNA sequences for crystallization 

nd ITC experiments are: 

embERRE / IR3 (sense): 5 

′ -ATG TCAA GGT CA 

CCG TGACCT TTACG-3 

′ 
and (anti-sense): 5 

′ -TCG TAA A GGT CA CGG TGACCT 

TGACA-3 

′ ; 
tff1 IR3 / ERE (sense): 5 

′ -GGATTAA GGT CA 

GGTTGGAGG AGACT-3 

′ 
and (anti-sense): 5 

′ -CAGTCT CCTCCA ACC TGACCT 

TAATC; 
traERRE (sense): 5 

′ -TTTG TCA A GGT CA CA 

CAGTGAGTTAC-3 

′ and (anti-sense): 5 

′ - 
GTAA CTCA CT GT G TGACCT TGA CAAA 

The oligonucleotide DNA sequences for EMSA experi- 
ents: 

BE24Cons-ERREC: 5 

′ -TT T CAA GGT CA GGTTGGAG 

GAGAC and (anti-sense): 5 

′ -GTCTCCTCCAACCT 

GACCTTGAAA 

BE24Cons-ERRET: 5 

′ -TT TT AA GGT CA GGTTGGAG 

GAGAC and (anti-sense): 5 

′ -GTCTCCTCCAACCT 

GACCTTAAAA 

BE24Cons-ERREG: 5 

′ -TT TGAA GGT CA GGTTGG 

AGGAGAC and (anti-sense): 5 

′ -GTCTCCTCCAAC 

CTGACCTTCAAA 

BE24Cons-ERREA: 5 

′ -TT T AAA GGT CA GGTTGG 

AGGAGAC and (anti-sense): 5 

′ -GTCTCCTCCAAC 
CTGACCTTTAAA t
BE24-ARE (negati v e control): 5 

′ - 
ATGA GA GAA CTggcTGA CCATGGG and (anti- 
sense): 5 

′ -CCCATGGT CAgccAGTT CT CT CAT 

The single-stranded DNA oligonucleotide and its respec- 
i v e anti-sense DNA fragment wer e mix ed in a ratio of
:1 and heated in the DNA annealing buffer (10 mM Tris 
H 8.0, 100 mM NaCl, 1% DMSO, 0.1 mM EDTA) at 95 

◦C 

nd gradually cooled down to 4 

◦C using a BIO-RAD PCR 

hermocycler. Finally, 4 mM MgCl 2 was added to the an- 
ealed DNA sample. 

rystallization and data collection 

he ERR � DBD protein and the embedded DNA were 
ixed in a ratio of 2:1 and the final concentration of 

he complex (5 �g / �l) was adjusted with SEC buffer. 
RR � DBD / DNA complex crystals were obtained by mix- 

ng the complex with the reservoir solution in a ratio 

f 1:1 at 20 

◦C using the screen Morpheus I screen from 

olecular Dimensions ( https://www.moleculardimensions. 
om/products/morpheus ). Crystals appeared within 3 days. 
rystals were cryo-cooled through flash-freezing into liq- 
id nitro gen directl y from the reservoir solution, which is al- 
eady a cryo-protectant. Data were collected at the Proxima 

A microfocus beamline of the SOLEIL synchr otr on (Gif- 
ur-Yvette, France), using an Eiger X 9M detector (Dectris). 

tructure determination and analysis 

he data showed anisotropic diffraction and were there- 
ore processed with the autoPROC suite ( 42 ). The space 
roup of the crystal is P 2 1 2 1 2 ( a = 168.11 Å , b = 70.82 Å ,
 = 94.84 Å , �, �, � = 90 

◦), with two copies of the complex
n the asymmetric unit and an approximate solvent content 
f 57.7%. The structure was determined by molecular re- 
lacement using the ER � DBD / IR3 structure (PDB code 
HCQ) ( 38 ), as an initial model using the Phaser software 
 43 ) in the Phenix suite ( 44 ). A primary search was car-
ied out using the entire DNA / protein model. The structure 
as refined iterati v ely using Phenix software through model 
uilding with COOT ( 45 ) and refined with Buster ( 46 ), 
hich allows considering all reflections for refinement re- 
ardless of the crystal orientation related to the anisotropic 
iffr action. Over all map features were improved using the 
eature-enhance map (FEM) routine of the Phenix software 
 47 ). In addition, a few key residues were refined individu- 
lly with the Polder map from Phenix suite ( 48 ), where the 
older map r epr esents an omit map that excludes the bulk 

olvent around the omitted region and hence allows to vi- 
ualize weak densities close to the bulk solvent. FEM and 

older ma p anal ysis procedur es ar e part of the Phenix suite
 44 ). The DNA geometric parameters were calculated us- 
ng 3DNA ( 49 ). All the structural figures were prepared us- 
ng PyMol (PyMOL Molecular Graphics System, Version 

 2.5.4, Schr ̈odinger, LLC). 

lectromobility shift assay 

ati v e polyacrylamide gels were prepared to a final concen- 
ration of 5% using an Acrylamide:Bisacrylmide solution 

https://www.moleculardimensions.com/products/morpheus
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with 10 mM HEPES-KOH (pH 7.5) and se v er al concentr a-
tions of MgCl 2 . Gels were pre-run at a constant voltage of
120 V for 45–60 min. The different DNA oligonucleotide-
protein complex es wer e r econstituted and incubated for at
least 20 min on ice before running at a constant voltage
of 150 V for 2–3 h, followed by staining with ethidium
bromide. 

Isothermal titration calorimetry 

The purified DBD and the annealed DNA fragment were
dial yzed separatel y overnight a gainst the SEC b uffer using
a dialysis unit (Thermo Fisher Scientific) with a 10 kDa cut-
off membrane. Samples were diluted to the working con-
centration and degassed prior to the experiments. ITC data
were obtained on a Malvern Panalytical PEAQ-ITC mi-
crocalorimeter. Measur ements wer e performed by titrating
the protein (cell) with DNA (syringe). The heat of dilu-
tion for the protein and DNA were obtained by titrating
them separately against the buffer. Experiments were per-
formed at 10, 15, 20, 25 and 30 

◦C for the embERRE / IR3
DNA in order to evaluate the temperature-dependency of
the protein / DNA interaction. Data were processed with
the MicroCal PEAQ-ITC Analysis software and with the
AFFINImeter v 1.2.3 software using a two binding site
model ( 50 ). IT C data wer e also collected for the binding of
the ERR � DBD to IR3 / ERE DNA and to the ERRE ex-
tended half-site DNA (at 15 and 20 

◦C, respecti v ely, in or der
to optimize the signal / noise ratio for these DNA sequence)
and to the ERRE extended half-site DNA (at 20 

◦C). 

Sequence and evolutionary analysis 

The ERR DBD sequence was used to perform a blast
search against the protein data bank. Multiple sequence
alignment was carried out using the MAFFT program. Se-
quence alignments were checked and manually edited us-
ing Jalview. Final figur es wer e pr epar ed using ESPript. Col-
lected NR sequences were aligned using Clustal Omega
( 51 ). Alignments were checked manually and edited with
Seaview ( 52 ). Phylogenetic tr ees wer e built using PHYML
( 53 ) using the LG model ( 54 ) with a gamma law. The re-
liability of the nodes was assessed by the likelihood-ratio
test ( 55 ). Ancestral character reconstruction and stochastic
mapping ( 56 ) were performed under R version 4.1.2 ( 57 ) us-
ing the make.simmap function as implemented in the phy-
tools package version 1.0-1 ( 58 ). Character evolution was
inferred using a model of symmetrical transition rates be-
tween the character states (SYM). 10000-character histories
were sampled to allow the incorporation of the uncertainty
associated with the transition between dif ferent sta tes. In-
ferred state frequencies for ancestral nodes were plotted us-
ing the describe.simmap function. 

RESULTS 

Over all ar chitectur e of ERR � DBD / DNA crystal structur e 

To gain insight into the molecular mechanisms of DNA
recognition by the ERR � DBD homodimer, we reconsti-
tuted, characteriz ed, and crystalliz ed the complex between
the protein (mmERRa-70-170, Figure 1 A and B) and a 26
base-pair DNA containing an embERRE / IR3 RE (Fig-
ure 1 C) which had been shown to stabilize the homod-
imeric form of the ERR � DBD ( 59 ). The asymmetric unit
contains two equivalent DNA-protein complexes (RMSD
0.83 Å ) arranged opposite to each other, with the subunits
DBD1 and DBD2, forming a head-to-head homodimer on
the DNA. An additional subunit (DBD3) is seen on the op-
posite side of the DNA due to crystal packing, but this does
not affect the homodimer (Figure S1A and B and Table S1).
The structure of one of the two DNA complexes found in
the asymmetric unit is shown in Figure 1 D, and the main
protein-DNA interactions depicted in Supplementary Fig-
ure S1C. DBD1 is bound to the TCA 5 

′ -extended half-site
and DBD2 is bound to the second 5 

′ -TAA extended half-
site on the complementary DNA strand (i.e. located at the
3 

′ -end of the RE). These two different sequences offer the
possibility to compare the role of different 5 

′ -extensions in
the same complex (Figure 1 C). 

Asymmetry of the dimerization interface 

The DNA sequence is key for the stabilization of the ERR �
DBD homodimer. The embERRE / IR3 RE is composed of
two palindromic half-sites which are flanked by two dif-
fer ent 5 

′ -extensions (Figur e 1 C). Howe v er, since two half-
sites are symmetric, we asked whether the protein dimer
is arranged in a symmetric or asymmetric manner. At first
look, the ERR � subunits DBD1 and DBD2 are organized
in a similar manner to the homodimers of SRs bound to
their respecti v e IR3 REs (ER, GR, AR, PR and MR)
( 37 , 38 , 60–64 ). The two DBDs contact each other through
their D-box motif (Pro116 to Glu120 in Figure 1 B) via
a classical ‘hand-shake’ mode of interaction (Figure 2 A).
The dimerization interface comprising the two D-boxes is
formed b y hy drophobic packing between the methyl groups
of Ala117 in each DBD and from the van der Waals con-
tacts of the Pro116 pyrrole ring which underlies the Ala117
methyl group (Figure 2 A). Besides this, polar contacts are
also formed with the Pro116 backbone carbonyl group of
DBD1 establishing a hydrogen bond with the amide group
of Glu122 of DBD2 and vice versa , with relati v ely symmet-
ric bonding schemes and equivalent interaction distances
(3.1 and 2.9 Å , Figure 2 A). 

Howe v er, a clear conformational asymmetry is seen at the
interface of the two DBDs, in the region following the D-
box and prior to helix H2 (Glu122-Ala130 in Figure 1 B).
In DBD1, this region comprises a loop between Glu122-
Thr124 and a 3 10 helix formed by residues of the KRRRK
motif from L ys125-L ys129 (hereafter referred to as ‘KR-
box’; Figures 1 B, D and 2B) with a topology similar to other
DBD structur es, e.g . the NMR structur e of ERR �/ ERRE
(PDB ID: 1LO1 ( 36 ), and the crystal structures of the ER �
DBD (PDB ID : 1HCQ ( 38 ), and AncSR1 DBD (PDB ID:
4OLN ( 16 , 39 ). In stark contrast, in DBD2 a conforma-
tional difference is observed in the KR-box region, which
folds as a loop, thereby extending the dimerization region.
The DBD arrangement ther efor e becomes asymmetric (Fig-
ure 2 B). The KR-box residues are strictly conserved for
all the three ERR subtypes highlighting the functional im-
portance of this structur e (Figur e 2 C and Supplementary
Figure S2A). 
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Figure 1. ( A ) Domain organization of ERR �. ( B ) ERR � DBD protein sequence and schematic secondary structur e r epr esentation. ( C ) Sequence of the 
26 bp DNA fragment, embERRE / IR3, used for crystallization where the two binding sites for DBD1 and DBD1 are outlined with blue and orange boxes, 
respecti v ely. ( D ) Cartoon representation of the homodimer of ERR � DBD bound to the embERRE / IR3 response element, with DBD1 in light blue and 
DBD2 in orange color. The KR-box indicated in (B) is highlighted on the structure, in lemon green for DBD1 and teal for DBD2. 
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The asymmetric dimerization interface of the ERR �
BD results in an increased dimerization area which arises 

rom the interactions between residues of the KR box mo- 
if of DBD2 and DBD1 (ASA: 486 Å 

2 versus 468 Å 

2 , for 
he KR-box of DBD1 and DBD2 respecti v ely). The side 
hains of Arg128 and Lys129 of DBD1 interact with the 
NA phosphate backbone and Arg127 makes a contact 
ith Ser114 of DBD2 (Figure 2 D and F). In DBD2, the 
rg128 side chain participates in pr otein-pr otein interac- 
ions with DBD1 by forming an extended-loop with the 
elp of Lys129 that in turn makes an intra-hydrogen bond 

ith Ala130 (DBD2), a conserved residue unique to the 
RR � sequences. This interaction is not possible for Ala130 

f DBD1, due to the dissimilar conformations of the KR 

oxes. Thus, it contributes to the asymmetry of the inter- 
ace and to the asymmetric distribution of electrostatic po- 
ential in the ‘KR-box’ r egions. Furthermor e, Arg127 of 
BD2 makes additional contacts with Ser114 and Pro116 
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Figure 2. The asymmetry of the dimerization interface involves a conserved KR-box motif. ( A ) Enlarged view of the residues belonging to two D-boxes 
(DBD1 and DBD2) that form the canonical dimerization interface. ( B ) Cartoon r epr esentation of the KR-box region (lemon green for DBD1 and teal for 
DBD2) for the subunits superimposed, with DBD1 in light blue and DBD2 in orange color. ( C) Multiple sequence alignment of the human ERR DBD 

sequences with those of the other steroid NRs (NR3 subfamily (AncSR1, ER, AncSR2, AR, GR, MR, PR) and NRs of the subgroups NR1 (TR, RAR, 
PPAR, ROR, VDR), NR2 (RXR and HNF4), NR4 (NGF-IB, SF1), sho wing KR bo x conservation. The sequence numbering corresponds to the human 
ERR � sequence and the colors relate to the percentage of sequence identity. The top panel represents the secondary structure elements of ERR �. The KR 

box region of the ERRs is highlighted in gr een. ( D ) Stick r epr esentation of the interactions between the KR box residues Arg128 and Lys129 of DBD1 
with the DNA phosphate backbone of G17 of the complementary strand (chain B). (E, F) Enlarged view of the dimerization interface interactions between 
DBD1 and DBD2 looking at the region of the KR-box of ( E ) DBD2 and ( F ) DBD1. Residues are shown with a stick r epr esentation, with carbon atom in 
light blue for DBD1 and orange for DBD2, red for oxygen, blue for nitrogen and yellow for sulfur atom. 
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(Figure 2 E and Supplementary Figure S2B–D). Altogether,
the structure of the ERR � DBD homodimer shows that the
conforma tional adapta tions of the DBD2 D-box and KR-
box regions lead to an asymmetric arrangement on the al-
most symmetric DNA resulting in stabilization of the dimer
on its cognate DNA RE. 

Evolution of the KR box in the NR3 subfamily 

To better understand the evolutionary forces acting on the
KR box, we performed a phylo genetic anal ysis within the
NR3 family. We categorized 8 main types of possible KR
boxes with the upstream T124 residue which are shown in
Supplementary Figure S2E-F, allowing substitutions only
with amino acid residues having equivalent physicochem-
ical properties: (i) the relati v el y weakl y constrained motif
that contains two positions able to vary and which is found
as DKQRRK in the NR3F sequences of the early di v erging
eumetazoan Trichoplax , as DRQ / NRRK in some annelid
NR3Ds, and as DK / RNRRK motif in chordate ERs; (ii)
the r elax ed DK / RMSRK motif found in the cnidarian spe-
cific NR3Es ( 13 ); (iii) a NKMSRK variant specific to the
NR3E from Hydra; (iv) the highly conserved ERR KR box
with the motif KRRRK that is present in all ERRs of al-
most all bilaterians; (v) a SKQRRK variant specific to ERR
from Priapulus caudatus ; (vi) the DKHRRK motif, which
is the most abundant in bilateria before the di v ergence of
chorda tes a t the AncSR1 node and (v) the DKI / FRRK mo-
tif from vertebrate SRs and; (vi) the unique DRRLKK mo-
tif found in the amphioxus SR. 
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We then mapped the occurrence of these 8 types on a sim- 
lified version of the updated phylogeny as shown in Sup- 
lementary Figure S2F, which is fully consistent in its topol- 
gy with previous publications based on a similar dataset 
 14 ). The ancestral state reconstruction for e v ery node of 
he phylogeny illustrates successi v e changes in constraints 
ith a basal DKQRRK motif found in the early di v erging 

umetazoan Trichoplax, followed by an episode of high di- 
ergence in Cnidarians, leading to loss of the ancestral NR3 

n some species (anthozoans) and retention of a di v erg- 
ng DK / RMSRK motif in medusozoan cnidarian NR3Es, 
here the otherwise almost uni v ersally conserv ed R in the 

hird position is switched to an S, and a further derived 

otif in Hydra, where the D at first position in the mo- 
if switched to N. From the observations that the ances- 
ral DK / RxRRK motif (in blue in Supplementary Figure 
2F) is present in two distant parts of the tree (SRs / NR3Ds, 
nd Trichoplax NR3F), we conclude that it must have been 

he one present at the basal nodes, including AncSR1, but 
e cannot formally exclude a convergent appearance of the 
K / RxRRK in those two branches. Howe v er, e v en remov-

ng the basal Trichoplax sequences does not change the 
nference of the ancestral state, gi v en the long branch in 

nidarian NR3Es. The ERR type (T / NKRRRK) appears 
hen as a specific subtype of the ancestral DK / RxRRK mo- 
if that has remained remar kab ly well constrained during bi- 
aterian e volution. Ov erall, our e volutionary analysis high- 
ights the structural and functional importance of the ERR 

R box and suggests that it is a constrained subtype of the 
ncestral motif DK / RxRRK present in vertebrate steroid 

eceptors. 

iffer ential inter actions of DBD1 and DBD2 on ERRE half 
ites 

 strong asymmetry in the extended DBD dimerization re- 
ion is observed even though the sequence of the two half- 
ites is identical. Thus, we question whether the interac- 
ions seen between the core of the DBDs and the DNA ma- 
or grooves composing the half-sites are similar. For this, 
e superimposed the DBD2-ERRE on the DBD1-ERRE 

nd compared these also to other NR DBD structures. The 
ecognition helix (H1) of ERR � interacts with the DNA 

ajor groove half-site via base-specific interactions with 

ts residues Glu97, Lys100, Lys104 and Arg105 (Figure 
 A). These interactions are conserved in ER � and other 
uGGTCA-binding NRs, such as RXR, RAR or VDR ( 6 ). 
n particular, Glu97 has a key role in discriminating be- 
ween AGGTCA from AGAACA half-site sequences which 

r e also r ecognized by o x oSRs ( 1 , 5 ). A similar binding pat-
ern is observed in the two DBD sub units, b ut with some im-
ortant qualitati v e differences in the electron density maps 
f the residues interacting with the bases in the DNA ma- 

or grooves. For DBD1, clear H-bond interactions are ob- 
erved between the side-chains of Glu97, L ys100, L ys104, 
nd Arg105 and DNA bases of the major groove (Figure 
 A and Supplementary Figure S3A). Instead, in DBD2, the 
ide chains of Glu97 and Arg105 (clearly defined in the elec- 
ron density map) are oriented towards C19 and G17 in 

hain A (Figure 3 B), but Lys100 and Lys104 could not be 
efined from the weak electron density map and appear dis- 
rder ed (Supplementary Figur e S3B). This shows that the 
tabilization of DBD2 on the DNA is not strong compared 

o DBD1. In accordance with this notion, the experimen- 
al temperature factor of these residues, which is a measure 
f the disorder of each atom position, is higher in DBD2 

han in DBD1, demonstrating a slightly more fle xib le con- 
 ormation f or DBD2. Likewise, the core of the ERR � DBD 

s inherently stabilized by a patch of hydrophobic residues 
rom helix H1 and H2 and this unique feature is absent in 

R � (Figure 3 C). 
Taken together, the analysis of the interactions between 

RR-specific residues and the DNA major grooves are con- 
erved, but DBD1 and DBD2, have stronger interface in- 
olvement to their cognate half-site. It further emphasizes a 

nique asymmetry not only at the le v el of the dimer inter- 
ace, but also for the mode of interaction of the two individ- 
al subunits with the DNA major groove of each respective 
alf-site. 

he 5 

′ DN A e xtension as a k ey determinant of the A-box con-
ormation 

ur structure offers a unique opportunity to study in 

tomic details the interactions between the DBD and a 

haracteristic 5 

′ TCA (for DBD1 and DBD3) or a less fre- 
uent 5 

′ TAA (for DBD2), extended half-site. The CTE 

egion contains the T- and A-boxes (Figure 1 B), which 

re visible in the electron density until the main chain 

f Arg158 for DBD1 and DBD2. The T-box consists of 
ne-turn of a 3 10 helix (Lys146-Gly148) with Val149 pack- 

ng against Phe103 and Ile107 of helix H1 before crossing 

he phosphate backbone and making a �-turn formed by 

esidues Arg150 to Arg153 (Figure 4 A), similar to the NMR 

tructure of the ERR � DBD monomer on ERRE ( 36 ). 
he A-box region (Arg155–Lys162) comprises an AT-hook 

Arg155, Gl y156, Gl y157 and Arg158) and r epr esents the 
ain motif for the interaction with the 5 

′ DNA extension 

y insertion of this loop into the minor groove. The inter- 
ction pattern of the AT-hook motif is similar to that seen 

n the monomeric ERR � DBD, with two glycine residues 
cti v ely participating in the interactions with the 5 

′ TCA 

xtension (Figure 4 B). Since the electron density of the side 
hain of Arg158 was rather w eak, w e performed a polder 
omit) map analysis to improve the local electron density, 
hich excludes bulk solvent around the omitted region ( 48 ). 
his analysis suggests that Arg158 is inserted into the minor 
roove which forms an H-bond with the O4 atom of the ri- 
ose of C25 on the complementary strand (Supplementary 

igure S4A and B). On the other hand, compared to the 
RR � DBD solution structure, additional specific interac- 

ions that stabilize the AT-hook motif are seen for DBD1. In 

articular, salt bridge interactions between the side chains 
f two residues of the T-bo x, Ar g150 and Asp152 help main- 
ain a stable conformation of the AT-hook which interacts 
ith the DNA backbone (Figure 4 A). These observations 

ontrast with those seen for DBD2 and DBD3, where the 
ide chain of Arg150 interacts with the carbonyl moieties of 
al154, Gly156 (A-box) and Gly157 (Figure 4 C). In stark 

ontrast, in DBD2, the AT hook gl ycine residues Gl y156 

nd Gly157 do not interact with the minor groove of the 5 

′ 
AA extension, leading to loss of specific interactions with 
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Figure 3. Major groove interactions in DBD1 and DBD2. (A, B) The residues Glu97, Lys100, Lys104 and Arg105 in H1 interact with the major groove 
half-site via base-specific interactions, in a similar manner for DBD1 ( A ) and DBD2 ( B ), but the interaction network is much stronger in DBD1 than in 
DBD2, as indicated by the structural water molecules seen in the electron density of DBD1, but not of DBD2. In addition, the side chains of residues 
L ys100 and L ys104 are only well defined in DBD1, but not in DBD2 (see Supplementary Figure S3A and B). ( C ) Enlarged view of the superimposition 
of one subunit of ERR � DBD (DBD1 in light blue) with the corresponding ER � DBD in the region encompassing H1 and H2. The core of ERR �
DBD is stabilized by a pocket of hydrophobic residues. In ER �, Phe136, Leu140 and Thr106 are replaced by Ile, Tyr, and Ser, respecti v ely, weakening the 
contribution of hydrophobic contacts. The Phe136 residue in ERR �, replaced by Leu in ER �, further strengthens the core interactions through an intricate 
network of �- � stacking interactions. 
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the second base (Figure 4 C). Improvement of the electron
density with the polder ma p anal ysis for Arg158 suggests an
H-bond with the N3 position of A5 in chain B (Supplemen-
tary Figure S4B). Consistently, the strong H-bonds seen
in the TCA 5 

′ -extension are lost in the TAA 5 

′ extension.
These observations unravel for the first time the molecular
details of the role played by the 5 

′ extension in the stabiliza-
tion of the first DBD on DNA, highlighting the importance
of the central base C / G in the TN A 5 

′ -extension. Lastl y, our
structure clarifies the functional role of the Tyr161 residue
of the A-box. In fact, this residue does not directly stabilize
the core of the protein as reported in the solution structure
( 36 ), but, instead, plays a key role in the stabilization of the
CTE through interaction with the phosphate backbone of
the 5 

′ -extension (Supplementary Figure S4D). 
Our structural observations of the T CA / TAA differ en-

tial interactions are supported by electrophoretic migra-
tion shift assays (EMSA) of the full-length ERR � bound
to ERRE response elements containing different types of 5 

′
extensions, including TCA, TTA, TGA and TAA (Figure
4 D). In EMSA, the concentration of MgCl 2 was progres-
si v ely increased in order to determine the conditions for the
best binding specificity. Sim ultaneousl y, we examined the
binding of ERR � to a negati v e control DNA sequence for
increasing MgCl 2 concentration. Above 50 �M MgCl 2 , we
lose the non-specific binding of the protein to the negati v e
control sequence. At higher concentration of MgCl 2 (100
�M MgCl 2 (gel III) and 250 �M MgCl 2 (gel IV)), the bind-
ing of ERR � to the TTA (lane 4) and TAA (lane 6) con-
taining ERREs is progressi v ely lost, in contrast to the TCA
(lane 3) and TGA (lane 5) containing ERREs. This suggests
that the binding to the TCA / TGA 5 

′ extensions is stronger
than to a TT A / T AA extension. Together with the structural
analysis, our data unveil the molecular mechanisms for the
pr efer ential binding of the ERR � CTE to TCA and TGA
5 

′ extended half-sites. 
Asymmetry in the positioning of the ERR � DBD homodimer
on DNA as compared to related NRs 

To gain a global understanding of the binding mode of
the ERR � DBD homodimer on DNA, we compared the
structure of ERR � DBD with ER � DBD ( 37 , 38 ) and the
DBD of the reconstructed ancestral steroid receptor An-
cSR1 ( 16 ). The superimposition of the ERR � DBD homod-
imer with that of the ER � DBD (DBD1 subunit as a refer-
ence) shows that the corresponding second subunit (DBD2)
is not placed in the same manner (Figure 5 A). In fact, the
ERR � DBD2 is rotated counter-clockwise when looking
down the DNA axis from the 3 

′ -end compared to the sym-
metrical ER � DBD (Figure 5 B). This movement impacts
the position of the two major helices, H1 and H2, and af-
fects the positioning of the D-box loops and the extended
dimerization region including the KR-box. When the dimer
interface is visualized along the pseudo-symmetry axis, the
entir e dimerization r egion of the second subunit is strongly
displaced (Figure 5 B). 

We further noticed that the AncSR1 DBD homodimer
bound to IR3 / ERE also presents an asymmetric conforma-
tion that has not been originally highlighted (Figure 5 C and
D). The KR-box of one AncSR1 DBD subunit is folded
as a 3 10 helix with the last two residues interacting non-
specifically with the DNA, while the KR-box of the other
subunit unfolds and adopts a loop conformation and in-
teracts with the neighboring subunit. Howe v er, the loop of
AncSR1 is kinked inward and forms a tiny dimerization in-
terface. In stark contrast, in the ERR � DBD dimer, the KR
box loop extends outwards forming a larger interface which
contributes to an increased dimerization surface (Figure 5 C
and D). The similarity between ERR � and AncSR1 sug-
gests that the asymmetry of the dimerization interface is
an ancestral feature of receptor homodimerization which is
necessary for establishing strong contacts between the two
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Figure 4. TCA and TAA 5 ′ extensions are key in the conformation of the A-box. ( A ) In DBD1, the conformation of the T-box (residues 145–154) adjacent 
to the A-box (residues 155–161) is well defined and helps the A-box loop to penetrate into the minor groove of the 5 ′ extension. ( B ) Interaction pattern 
of the CTE residues of DBD1 with the TCA 5 ′ extension. ( C ) Interaction pattern of the CTE residues of DBD2 with the TAA 5 ′ e xtension. Only a fe w 

H-bond interactions are observed, demonstrating the weak interaction at TAA 5 ′ extension. ( D ) EMSA analyses show the significant role of 5 ′ - extension 
TNA nucleotides. EMSA gel for different concentration of MgCl 2 25, 50 100, 250 �M (gels I to IV); lane 1: marker, lane 2; free DNA control; lane 3 TCA 

ERRE; lane 4: TTA ERRE; lane 5: TGA ERRE; lane 6: TAA ERRE and lane 7: ARE (Androgen receptor RE) DNA as a control DNA sequence (see 
Materials and Methods for sequences). 
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-box regions and the extended dimerization region and 

hus increasing the overall dimerization interface. 

NA is the allosteric driver for cooperative ERR � DBD 

imerization 

sothermal titration calorimetry (ITC) was used to gain 

iophysical insights into the dimerization mechanism of 
he ERR � DBD on an embERRE / IR3. Our previous 
ork showed that the ERR � DBD could behave as a 

onomer on different types of DNA REs (such as the tra 

RRE and the tff1 IR3 / ERE, but not on embERRE / IR3) 
 59 ). The analysis of the ITC data indicates that a dimer 
f the ERR � DBD binds to the embERRE / IR3 DNA 

stoichiometry n = 0.5) in the nanomolar range ( K d = 4–25 

M) (Supplementary Figure S5A–E and Table S2). The 
 v ent is strongly enthalpy dri v en in the 10–30 

◦C range
ith a large unfavorable binding entrop y. Temperatur e- 
ependence analysis shows that the heat capacity change 
 Cp for embERRE DNA binding is highly negati v e 

 � Cp = –0.473 kcal / mol / K, Supplementary Figure S5F), 
hich is indicati v e of a significant local folding coupled 

o site-specific DNA binding ( 65 ). An initial non-specific 
inding e v ent is observ ed a t lower molar ra tios, when the
rotein is in excess over DNA, with unfavorable binding 

nthalpy and positi v e entropic contribution. These un- 
pecific electrostatic interactions can be attributed to the 
vidity of the DBD for DNA at high protein concentration 

 66–68 ). In contrast, ITC data show that only one monomer 
f the ERR � DBD binds specifically to the tra ERRE 

Supplementary Figure S5G) and to the tff1 IR3 / ERE 

Supplementary Figure S5H) in agreement with our 
revious biophysical results ( 59 ). Howe v er, the ITC data 

nal ysis indicates significantl y dif ferent thermod ynamic 
rofiles for these two types of REs. Regarding the tff1 

R3 / ERE, one monomer binds specifically (stoichiometry 

 = 1.0) in the low nanomolar range ( K d = 28.2 nM) and
his interaction is highly enthalpy-dri v en ( � H 1 = –11.7 

cal / mol) with an unfavorable entropic component (– 

 � S 1 = 1.7 kcal / mol) (Supplementary Figure S5H and 

able S2). A second unspecific binding event, likely of 
 second monomer ( n = 0.7), is observed on this DNA 
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Figure 5. The KR-box motif is an ancestral feature crucial for the asymmetric organization of ERR � DBD on DNA compared to ER � DBD and AncSR1 
DBD. ( A, B ) Superimposition of ERR � DBD and ER � DBD on DNA (2 orientations, with a 90 ◦ rotation between them). (C, D) Superimposition of 
ERR � DBD and AncSR1 DBD on DNA, with ( C ) a global view and ( D ) an enlarged view in the KR-box region of DBD2. ERR � DBD1 is colored in 
light blue, ERR � DBD2 in orange, ER � DBDs in green, and AncSR1 in magenta. The views of the superimposition along the DNA axis (in B and in D, 
for ER � and AncSR1, respecti v ely) emphasize the shift of ERR � DBD2 positioning on DNA. 
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sequence and results from a strongly entropy-dri v en
interaction ( � H 2 = 0.9 kcal / mol, – T � S 2 = –12.3
kcal / mol), which is a common feature of unspecific bind-
ing e v ents (Pri valov et al. , 2010). Regar ding the binding
of the ERR � DBD to the tra ERRE extended half-site, a
monomer binds in the low nanomolar range (stoichiometry
n = 0.9, K d = 26.8 nM) with an enthalpy-dri v en interaction
( � H 1 = –17.5 kcal / mol, – T � S 1 = 7.3 kcal / mol), as well
as a second, likely unspecific binding of dimer ( n = 0.53),
with a rather similar binding profile ( n = 1.3, K d = 29.7
nM, � H 2 = –16.1 kcal / mol, – T � S 2 = 6.0 kcal / mol).
The ITC data are furthermore consistent with nati v e gel
electrophoresis analysis of the protein / DNA complexes,
where a first monomer and then a dimer are seen for the
embERRE / IR3 RE (Supplementary Figure S5I), but
only a monomer is observed for the tff1 IR3 / ERE DNA
(Supplementary Figure S5J). 

The ITC analyses indicate the dimerization of the ERR �
DBD on the embERRE / IR3 is dri v en by the DNA. It is
well established that in addition to the base-specific recog-
nition mechanism, the DN A sha pe plays a key role in the
specific recognition of DNA by proteins. The DNA shape
parameters refer to the geometrical and physical properties
of DNA, such as minor and major groove widths, twist and
roll parameters, and can be predicted based on the DNA
sequence { DN Asha pe software ( 69 , 70 ) } . When applied to
the various ERR binding sequences, the analysis suggests
that the sequence-dependent DN A sha pe is a key structural
component promoting dimer formation ( 59 ). Our crystal
structure thus gave us the possibility to calculate the exper-
imental DNA structural parameters and to discuss them
in light of our initial hypotheses ( 49 ) (Figure 6 A–D). The
minor groove width (MGW) in the experimental structure
shows two strong minima in the middle of each half-site
(Figur e 6 A) as pr edicted from the sequence, confirming our
hypothesis that the second DBD r equir es a narrow minor
groove for dimerization ( 59 ). However, the minima of the
experimental and predicted MGW profiles are not identi-
cal. In the prediction, the two minima are located at po-
sition ±6 (corresponding to the second nucleotide of the
half-site). This is true for the first minimum of the experi-
mental MGW profile (Figure 6 A), but not for the second
one, which is found at position +5, and thus displaced by
one nucleotide with respect to the predicted symmetrical
value. Hence, the experimental MGW profile is asymmetric
despite an equivalent half-site composition. This suggests
that the binding of the dimer is conditioned by a narrow
DNA MGW, but it affects reciprocally the DNA shape in
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Figur e 6. (A–D) DN A geometrical parameters of the embERRE / IR3 DNA bound by ERR �, showing the ( A ) minor groove width, ( B ) major groove 
width, ( C ) roll, and ( D ) twist parameters. (E–H) DNA geometrical parameters of the ERE-IR3 bound by ER � DBD homodimer (PDB code 1HCQ, ( 38 )), 
showing the ( E ) minor groove width, ( F ) major groove width, ( G ) roll and ( H ) twist parameters. 
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the second half-site. An asymmetry can also be seen for the
e xperimental major groov e width and roll parameter (Fig-
ure 6 B and C). In particular, the width of the major groove
at position +2 (T / A) in the second half-site adopts a strong
minimum, displaced compared to its position in the first
half-site, leading to a strong asymmetry. This observation
can be rationalized in terms of local base-pair deforma-
tion, in particular visible from the alternation of positi v e
and negati v e roll values along with the spacer and the sec-
ond half-site sequence. The detailed analysis suggests that
Lys100 in H1 can interact with two consecuti v e G nu-
cleotides (at positions +5 and +6), leading to local DNA
deforma tion. These observa tions strongly contrast with the
experimental DN A sha pe parameters of the ERE / IR3 as
calculated from the structure of the ER � DBD on this cog-
nate sequence ( 37 , 38 ) (Figure 6 E–H). In the latter case,
the two half-sites are perfectly symmetrical with respect to
the central base pair (position 0), both in composition and
DN A sha pe. The formation of these molecular interactions
may be triggered by differences in the dimerization interface
of the DBD domain, consistent with the observed asym-
metric DBD interface. This is not observed for the roll val-
ues of ER � binding to ERE / IR3 which are always positive.
Similarly, in the structure of AncSR1 bound to ERE / IR3,
no major variations of the MGW, roll and twist parame-
ters are observed along the DNA sequence (Supplementary
Figure S6A–D). 

Altogether, our observations suggest that the binding of
the second ERR � DBD subunit to its cognate DNA is
favored by a narrow minor groov e. Howe v er, the binding
of the protein leads concomitantly to significant deforma-
tion of the DN A sha pe for adequate positioning of the two
DBD subunits. Hence, the observed conformation of the
ERR � DBD dimer differs from that of the ER � DBD or
the AncSR1 bound to palindromic ERE / IR3 sequences,
highlighting the singularity of the molecular mechanisms
that lead to the asymmetric homodimerization of the ERR �
DBD on DNA. 

DISCUSSION 

Cooperati v e homo- or heterodimerization is a mechanism
used by NRs to strengthen their binding to their respec-
ti v e REs and also increase their DNA binding site reper-
toire in the genome. Howe v er, the ERRs clearly con-
trast with this general view, because most of their DNA
targets are single extended half-site elements, suggesting
at first that the ERRs act as monomers ( 22 ). Howe v er,
this view is challenged by a large set of functional data
which proved that the ERRs are obligate homodimers
for the binding of coactivators and transcriptional activa-
tion ( 20 , 24 , 26 , 31 , 32 ). To resolve this apparent contradic-
tion, we focused on embERRE / IR3 RE that are natural
ERR � binding sites found in the human genome and shown
to carry important biological functions in the etiology of
breast cancer ( 20 ). Our previous analysis of the isolated
ERR � DBD bound to embERRE / IR3 RE re v ealed that
the ERR � DBD forms a stable dimer ( 59 ). Based on this,
we hypothesized that the sequence-dependent DN A sha pe
of the ERR � binding sites could be pivotal for the coopera-
ti v e binding of the ERR � homodimer to DNA. To address
this in detail, we now determined the crystal structure of the
ERR � DBD dimer on a natural embERRE / IR3 RE and
unveiled the molecular determinants for the stabilization of
the ERR � DBD homodimer which is asymmetrically orga-
nized on DNA. 

The ERR � DBD homodimer is globally organized in a
similar manner to other steroids NRs in which a strong co-
operati v e homodimerization is observed on their cognate
IR3 REs ( 5 , 6 , 37 , 38 , 60 , 61 , 71 ). Furthermor e, the r ecognition
of the core half-site sequence by each DBD subunit is identi-
cal to that which is observed for the ER � DBD and the An-
cSR1 DBD. In fact, the base-specific interactions between
residues of the recognition helix H1 and the AGGTCA half-
site nucleotides of the major groove are preserved (Figure
4 A), suggesting evolutionary conserved recognition mech-
anisms. In the case of the o x oSRs, the molecular determi-
nants of DN A reco gnition e volv ed through permissi v e sub-
stitutions into a different type of binding, both in terms of
protein residues and DNA half-site sequence (AGAACA),
which remained identical for the ER and ERR subfamilies
( 72 ). 

The ERR � DBD homodimer differs from the DBD
structures of SR and related receptors, considering that it
forms an asymmetric assembly. The asymmetric dimeriza-
tion region covers the interface formed by the D-box of
each subunit and a unique extended dimerization interface
formed between the KR-box of DBD2 and the N-terminal
part of the D-box of DBD1 (Figure 2 E). In fact, the KR
box of DBD1 features a 3 10 helix that interacts with the
DN A (Figure 2 D), w hereas the KR-box of DBD2 forms an
extended loop and makes additional interactions with the
adjacent DBD1, leading to an increased dimerization sur-
face area and e v entually the stabilization of the dimer (Fig-
ure 2 B and E). This asymmetric dimerization interface in a
homodimer complex was unexpected considering the sym-
metry of the DNA REs and the prevalent symmetry of ER
homodimer and other steroid NRs. It highlights the flexi-
bility and adaptability of the ERR DBD ar chitectur e. The
crucial role of the KR-box in the dimerization process may
e xplain pre vious biochemical data reporting the role played
by Thr124 on the ERR dimerization ( 25 ). In fact, mutating
this residue, that is located right before the KR-box motif,
to alanine, was shown to disrupt the ERR dimer ( 25 ). In
our structure, weak electrostatic interactions are observed
between Thr124 and the neighbouring residues of the KR-
box. Mutating Thr124 to alanine may indeed destabilize the
overall KR box, and consequently affect the dimerization
capacity of ERR. 

Our evolutionary analysis suggests that the role of the
KR-box in the dimerization process has been o verlook ed
for other SRs. The residues of the KR-box (KRRRK) are
highly conserved in all ERR sequences which r epr esents a
constrained version of the box found in ERs (KNRRK)
and o x oSRs (KF / IRRK) as well as in the reconstituted an-
cestral receptor AncSR1 (KHRRK) (Figure 2 C). In fact, a
single amino acid change separates the ERR KR box from
other the o x oSRs bo x (K / RxRRK) motifs (Figure 2 C). The
ER � DBD bound to its corresponding IR3 REs shows no
significant change in the conformation of its KR box, de-
spite a slight asymmetry of the distances involved in the
interaction network formed by the KR-box residues (Fig-
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Figure 7. A r epr esentation of the ERR � DBD / ERRE complex, sum- 
marizing our main structural observations. The dimerization interface of 
ERR � DBD homodimer is made by interactions between the D box of 
each subunit. Furthermore, it is reinforced by the presence of an extended 
interaction area arising from the KR-box region of DBD2 that unfolds as 
a loop and interacts with the dimerization region of DBD1, as indicated by 
yello w arro ws. The dimeriza tion interface is asymmetric with dif ferent KR- 
box conformations for the two subunits (highlighted by the lemon green 
and teal colours) and it is r equir ed for proper stabilization of the DBD 

homodimer on DNA (as suggested by the red arrows), suggesting the im- 
portance of the DNA, which acts as allosteric dri v er in accommodating 
the receptor in a fully functional state suitable for gene expression regula- 
tion. The subunit bound to the extended half-site, DBD1, is shown in blue 
colour and DBD2 is shown in orange colour. 
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re 5 ). In contrast, the DBD of the ancestral steroid recep- 
or AncSR1, binds to an AGGTCA IR3 RE in an asym- 
etric manner. Howe v er, since the sequence of AncSR1 was 

redicted from phylo genetical anal ysis ( 16 ), it cannot be 
onsidered as a real receptor isolated from a living organ- 
sm. Besides, the conformational change of the KR box mo- 
if to a loop for the second subunit leads to no additional 
nteractions, a negligible increase of the dimerization inter- 
ace and consequently no further stabilization of the dimer. 
long with these observations is a minor deformation seen 

or the IR3 DNA fragment bound by the AncSR1 DBD 

imer (Supplementary Figure S6A). In contrast, in the case 
f the ERR � DBD, the DN A sha pe of the embERRE / IR3 

characterized by physical properties such as minor and ma- 
or groove widths, twist and roll parameters) suggests that 
he binding of the protein leads to the deformation of the 
N A to adequatel y position the ERR � DBD dimer. This 
NA def ormation reinf orces the over all inter action net- 
ork and the stabilization of the dimeric complex. Hence, 

he DNA sequence is the allosteric dri v er for the formation 

f the asymmetric dimerization of the ERR � DBD. The ob- 
erved asymmetric binding of the ERR � DBD homodimer 
 epr esents a remar kab le case of adaptation in the binding 

f two, sequence identical, protein subunits to a relati v ely 

ymmetrical IR3 binding site. 
Notab ly, the e xperimental values of the DNA geomet- 

ical parameters obtained from our crystal structure are 
ully consistent with the ones we previously predicted ( 59 ) 
ased on the DN A sequence ( 69 , 70 ). The anal ysis demon-
tra tes tha t the sequence-dependent DN A sha pe is crucial 
n the initial recognition process by the receptor, especially 

 narrow minor groove in the flanking region of the sec- 
nd half-site. In fact, the DN A sha pe favors the positioning 

f the dimer on the DNA, e v en in the case when the sec-
nd DBD does not make the most appropriate interactions 
ith DNA. This observation is supported by the weak elec- 

ron density of some protein side chains of DBD2 that make 
ase-specific interactions and by the corresponding higher 
 -factors. But this appears to be largely compensated by the 
onformational asymmetry of the protein interface, which 

s a key element in the stabilization of the dimer on DNA. 
Our structure sheds further important light on crucial 
olecular determinants for the binding of the ERR � DBD 

o two different 5 

′ -extended half-sites. DBD1 binds to a 

 CA extended half-site, wher eas DBD2 binds to a TAA 

xtended half-site, the latter is a less favorable extension 

n terms of stability and transcriptional activation ( 24 , 25 ). 
ur structure emphasizes the strong intricate H-bond net- 
ork formed between the DBD CTE and the minor groove 
 CA extension, wher eas interactions are much fewer for the 
AA extension. These observations agree with our EMSA 

ssays and functional data. We further clarified the struc- 
ural role of the functionally important residue Tyr161, 
he last residue of the A-box, in the stabilization of the 
RR-DNA complex, through interactions with the DNA 

ackbone (Supplementary Figure S4D), rather than with 

he hydr ophobic pr otein core as suggested by the solution 

tructure ( 36 ) 
In our work, we considered the special case of the 

mbERRE / IR3 binding site, whereas most of the ERR 

inding sites encompass a 3 

′ DNA sequence with no par- 
icular consensus for the binding of the second ERR sub- 
nit, gi v en that the ERRs function as dimers. Howe v er, all
RR binding sites feature a 5 

′ extended half-site of the type 
NAAGGT CA ( 19 , 20 , 22 ). Our structur e ther efor e high-

ights structural principles allowing the binding of the ERR 

omodimer to DNA (Figure 7 ). Specifically, it suggests that 
he DNA acts as an allosteric dri v er for the formation of a
unctional ERR homodimer. This is consistent with previ- 
us data showed that the sequence of the 5 

′ TNA exten- 
ion in the ERRE con veys inf orma tion tha t is transferred 

o the bound ERR, altering its conformation and establish- 
ng whether the coactivator PGC-1 � will form a producti v e 
nteraction with the ERR ( 25 ). Our w ork pro vides further 
emar kab le insight into the ERR dimerization mechanisms 
n DNA that involve the extended asymmetric dimeriza- 
ion interface made of different KR-box conformations. We 
ropose that gi v en the imprinted asymmetric behavior, the 
esulting ERR homodimer will be in an appropriate confor- 
ation for the binding of cor egulators, r esulting in its sta- 

ilization onto DNA and the formation of a complex fully 

unctional for gene regulation processes. 
Finally, our results provide insights and ne w perspecti v es 

nto the evolution of DN A reco gnition and binding speci- 
city by the steroid nuclear receptors. The ERRs r epr esent 
ne of the most ancient and extant groups of SRs with 

 remar kab le sequence conservation throughout e volution 

 11 , 12 ). We hypothesize that such a sequence conservation 

s linked to the preservation of the biological functions of 
RRs and may be related to the crucial and most ancestral 
rocesses in the regulation of energy metabolism. Indeed, 

n Drosophila it was shown that ERR is instrumental in 
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the metabolic program that coordinates the conversion of
nutrients into biomass to support larval growth by upregu-
lating the transcription of metabolic genes involved in gly-
colysis, the pentose phosphate pathway and lactate produc-
tion ( 12 , 73 ). Similarly, in mammals, when viewed in the light
of tumor growth, ERR � directs the transcriptional switch
that supports oxidati v e metabolic pathways, matching what
is observed in Drosophila ( 18 ). This suggests that the co-
ordination between growth and maturation, a feature often
neglected, but central for the metazoan life cycle, may be the
ancestral function of ERRs. 

This ancestral function may be a critical functional el-
ement for the e volutionary conserv ed DN A reco gnition
mechanisms by the ERRs. Our crystal structure of the
ERR � DBD suggests that asymmetry is used for function,
allowing a better stabilization of a functional dimer on
the cognate DNA sequence in the presence of coactivators.
Gi v en the ancestral character of the ERRs, the ancestor of
the ER / ERR / SR clade may function in a similar manner.
Evolutionary di v ersifica tion in bila terians further led to the
emergence of the common ancestor of the ERRs and the
common ancestor of the bilaterian NR3 group containing
the steroid receptors, which may have been an AncSR1-like
molecule. The comparati v e analysis of our structure with
AncSR1 DBD suggests that the asymmetry still remained
in AncSR1 as a structural remnant of the ancestral asym-
metrical and functional feature seen in the ERR � DBD, but
it is likely not used for the homodimer stabilization of SRs
and hence for its function. Ther efor e, our crystal structure
could serve as a useful model for the understanding of the
structural evolution in the DN A binding reco gnition by the
steroid NR family that are of utmost medical and therapeu-
tic importance. 

DA T A A V AILABILITY 

Protein Data Bank accession numbe r: The crystal structure
of the ERR � DBD / embERRE / IR3 complex has been de-
posited to the Protein data Bank ( www.pdb.org ) under the
accession number PDB ID 8CEF . 
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