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Proteins of nuclear receptor subfamily 4 group A (NR4A),
including NR4A1/NGFI-B, NR4A2/Nurrl, and NR4A3/NOR-1,
are nuclear transcription factors that play important roles in
metabolism, apoptosis, and proliferation. NR4A proteins recog-
nize DNA response elements as monomers or dimers to regulate
the transcription of a variety of genes involved in multiple bio-
logical processes. In this study, we determined two crystal struc-
tures of the NR4A2 DNA-binding domain (NR4A2-DBD) bound
to two Nur-responsive elements: an inverted repeat and an
everted repeat at 2.6 —2.8 A resolution. The structures revealed
that two NR4A2-DBD molecules bind independently to the
everted repeat, whereas two other NR4A2-DBD molecules form
a novel dimer interface on the inverted repeat. Moreover,
substitution of the interfacial residue valine 298 to lysine as
well as mutation of DNA bases involved in the interactions
abolished the dimerization. Overall, our structural, biochem-
ical, and bioinformatics analyses provide a molecular basis
for the binding of the NR4A2 protein dimers to NurREs and
advance our understanding of the dimerization specificity of
nuclear receptors.

The NR4A subfamily, including NR4A1 (NGFI-B), NR4A2
(Nurrl), and NR4A3 (NOR-1), belongs to the nuclear receptor
superfamily (1, 2). Most nuclear receptor members are regu-
lated by small lipophilic ligands such as retinoids and steroids,
whereas NR4A proteins are orphan members for which no
ligand has been identified (3). NR4A proteins function as tran-
scription factors (TFs)? that regulate the expression of many
key genes involved in proliferation (Wnt/f3-catenin) (4), metab-
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olism (peroxisome proliferator-activated receptor 7y coactiva-
tor 1la (PGCla)), apoptosis (Fas-ligand, TNF-related apoptosis-
inducing ligand), inflammation (interleukin-8), DNA repair
(arginase-1) (5), and angiogenesis (vascular endothelial growth
factor) (2). Altered expression of NR4A receptors has been
implicated in a wide variety of cancers, such as melanoma,
colon cancer, and oral squamous cell carcinoma (6 —8). Increas-
ing evidence has shown roles of the NR4A receptors in cancer
immunity. NR4A receptors are expressed at high levels in
CD8+ T cells from humans with cancer or chronic viral infec-
tion and are linked to induction of T cell dysfunction (9-11).
NR4A receptors repress effector gene expression by inhibiting
the function of the TF AP-1 and activate tolerance-related
genes by promoting acetylation of histone 3 at lysine 27 (11).
Treatment of tumor-bearing mice with T cells expressing chi-
meric antigen receptors lacking all three NR4A receptors in
vivo results in tumor regression and prolonged survival (12).

Nuclear receptors engage the hormone response elements of
target genes to regulate transcription. Most nuclear receptors
dimerize on target DNA, which contains two repeats of the
hexamer AGAACA or AGGTCA (13). The two half-sites can be
organized as direct, inverted, or everted repeats with spacers of
varying lengths (14) (Fig. S1). For example, steroid receptors
bind as homodimers to inverted palindromic repeats separated
by a three-nucleotide spacer (IR3). Nonsteroid nuclear recep-
tors, such as retinoic acid receptors, retinoid X receptors
(RXRs), and vitamin D, receptors (VDRs), form homodimers or
heterodimers with RXR on response elements consisting of
direct repeats separated by a one-to-five nucleotide spacer
(DR1-DR5).

NR4A receptors were initially found to bind as monomers
to a NGFI-B-responsive element (NBRE, AAAGGTCA), an
octanucleotide consisting of the canonical nuclear receptor
binding motif AGGTCA preceded by two adenines (15). In
addition, NR4A1 and NR4A2 (but not NR4A3) can bind as
homodimers or heterodimers to the Nur-responsive element
(NurRE), which consists of two repeats of the NBRE-related
octanucleotides (16). NR4A1 and NR4A2 can also form het-
erodimers with the RXR (17). A large sample analysis of most
human TFs by high-throughput Systematic Evolution of
Ligands by Exponential Enrichment (SELEX) and ChIP
sequencing revealed that NR4A2 can bind to two different
NurRE motifs. One motif, named ERO, consists of two everted,
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Figure 1. Binding ability of NR4A2-DBD with different DNAs. A, DNA
sequences of the response elements for NR4A2. B, binding features of NR4A2-
DBD with different DNAs were determined by EMSA. Lanes 1, 4, and 8 show
free DNA without protein. The primary concentrations of DNA and protein
used were both 45 um. + indicates that the molar ratio of protein to DNA is
1:1,and + + indicates that the molarratio is 2:1. C, quantification of the inten-
sity of dimer/monomer bands. The graph shows the relative density of the
dimer/monomer bands detected by EMSA.

palindromic, 8-nt half-sites with no spacer. The other motif is
IR5, which consists of two inverted 8-nt repeats spaced by five
nucleotides (Fig. 1A) (18). NR4A proteins also bind to the pro-
moter regions of the pituitary proopiomelanocortin gene to
mediate the physiological response of the proopiomelanocortin
gene to corticotropin-releasing hormone (19). Corticotropin-
releasing hormone signals rapidly activate the nuclear DNA
binding activity of NR4A dimers but not monomers (20). In
turn, NR4A dimers synergistically enhance the transcription of
NurRE reporters (16).

The three NR4A receptors all share a common structural
organization with other nuclear receptors. These receptors
share a high degree of sequence homology in their ligand-bind-
ing domains (LBDs) and DNA-binding domains (DBDs) but
exhibit divergent N-terminal regions containing the activation
function 1 (AF1) domain (15). A previously reported three-di-
mensional structure of a rat NR4A1-DBD protein shows the
DNA-binding mode of the NR4A1 monomer (15), whereas the
DNA-binding mode of NR4A receptors as dimers remains
unclear.
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In this study, we report two crystal structures of NR4A2-
DBD bound to ERO and IR5 at 2.5 A and 2.7 A, respectively.
These structures reveal that NR4A2-DBD can bind the two
DNAs in different manners. We further analyzed the roles of
the protein—protein interactions between two NR4A2 mol-
ecules and protein—DNA interactions in the promotion of
formation of the NR4A2-DBD-IR5 complex. Then a bioin-
formatic analysis of the endogenous NR4A-binding motif
identified the existence and ratio of the ERO- and IR5-bind-
ing motifs in vivo. Overall, our structural, biochemical, and
bioinformatics analyses will help elucidate the molecular
basis of the DNA binding specificity of NR4A dimers.

Results
Ability of NR4A2 to bind to different DNAs

As mentioned above, NR4A2 can bind to different response
elements as a monomer or dimer (15, 18). Here we carried out
an Electrophoretic Mobility Shift Assay (EMSA) to analyze the
ability of NR4A2-DBD to bind to three different DNAs in vitro
(Fig. 1A). Purified recombinant NR4A2-DBD protein was incu-
bated with NBRE, ERO, and IR5. Then samples were detected on
a native polyacrylamide gel. As shown in Fig. 1B, NR4A2-DBD
formed a complex band with NBRE (Fig. 1B, lanes 2 and 3). In
contrast, NR4A2-DBD formed two mobility complex bands
when incubated with ERO or IR5 (Fig. 1B, lanes 6 and 10) The
lower band migrated to the same position as the NR4A2-DBD
monomer bound to NBRE. The upper, slowly migrating band
presumably represented the dimeric complex. With the
decrease in free DNA levels upon protein binding, NR4A2-
DBD formed an enhanced dimeric complex with ERO and IR5
when the amount of NR4A2 protein increased (Fig. 1B, lanes 7
and 11). The dimer/monomer ratio was quantified using
Image] (Fig. 1C). For site ERO, the dimer/monomer ratio was
0.17, 0.28, and 0.70 with a 1-, 2- and 3-fold increase in protein
concentration, respectively. For site IR5, the ratio increased to
0.74, 1.62, and 3.09 for the same protein concentrations. These
results indicated that NR4A-DBD could bind as a dimer to the
ERO and IR5 sequences in a cooperative manner and that the
IR5 site was more cooperative and stronger than site ERO.

Overall structures of NR4A2-DBD bound to two NurREs

To better characterize the mechanism by which NR4A2
proteins recognize NurRE dimers, we determined the crystal
structures of human NR4A2-DBD bound to ERO and IR5,
respectively. The methods of crystallization and structure
determination are described under “Experimental proce-
dures.” The final refinement statistics are summarized in Table
1. The NR4A2-DBD-IR5 structure was solved at 2.8 A and
crystallized in the P 2, space group with one complex per asym-
metric unit. The NR4A2-DBD—-ERO structure was solved at 2.6
A and crystallized in the P 4, space group with one complex per
asymmetric unit. The initially screened NR4A2-DBD-ERO
crystals were twinned. After multiple rounds of optimization,
the twinning problem was not solved. The best set of diffraction
data for the NR4A2-DBD-ERO crystals was collected, which
was estimated to be 47.8% twinned by phenix.xtriage (21).
Although we applied detwinning during refinement, the R-fac-
tors of the final model remained higher than that expected for
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Table 1
Data collection and refinement statistics
NR4A2-DBD-ERO

NR4A2-DBD-IR5

complex complex
Data collection _
Wavelength (A) 0.97915 0.97915
Space group P4, P2,
a, b, c(A) 35.696, 35.696, 259.273  42.405, 64.315, 60.776
a, B,y () . 90, 90, 90 90, 96.84, 90
Resolution (A) 50-2.601 (2.693-2.601) 50-2.781 (2.88-2.781)
Unique reflections 9915 (990) 8163 (737)
Redundancy 13.8 (13.3) 3.3(3.0)
Completeness (%) 99.95 (100.00) 98.67 (89.99)
Mean I/ol 16.81 (4.42) 6.69 (2.01)
Refinement

Resolution (A) 32.41-2.601 35.23-2.781
Wilson B-factor 47.51 37.19
Ryyord Risee 0.25/0.29 0.22/0.25
Number of non-hydrogen 2172 2205
atoms
Macromolecules 2147 2177
Protein residues 210 211
RMS (bonds) 0.008 0.008
RMS (angles) 1.17 1.12
Ramachandran favored (%) 95 96
Ramachandran outliers (%) 0 0
Clash score 15.47 11.25
Average B-factor 53.10 41.70

Macromolecules 53.20 41.90

Ligands 42.70 31.10

Solvent 39.30 20.50

nontwinned crystals of a siomilar resolution range (R, ,,+/Reer
0.25/0.29; resolution, 2.60 A).

The global conformation of NR4A2-DBD had few structural
variations in these two complex structures, which were com-
posed of two highly conserved a-helical zinc modules (H1 and
H2), an N-terminal loop, a loop linking H1 and H2, and a C-ter-
minal extension (CTE) (Fig. 24). The core DBD comprises two
highly conserved four-cysteine/zinc—nucleated modules. The
CTE includes a T-box and an A-box (Fig. 2C). The structure of
NR4A2-DBD also showed an analogous tertiary structure with
the previously determined rat NR4A1-DBD structure (15), and
the root mean square deviation for the superimposition of Ca
atoms was ~0.334 A.

In the structure of the NR4A2-DBD-ERO complex, two
NR4A2-DBD molecules were bound to the same face of the
dsDNA in a tail-to-tail orientation (Fig. 2B). The two mole-
cules were bound independently to the half-sites. In the
structure of the NR4A2-DBD-IR5 complex, two NR4A2-
DBD molecules were arranged in a head-to-head orienta-
tion. Moreover, the two NR4A2-DBD molecules formed an
interface through the reversely arrayed loop from residues
294-300. The protein—protein interactions might help
NR4A2-DBD homodimers cooperatively bind IR5, and we
will analyze this aspect later. Overall, NR4A2 bound in dif-
ferent manners to the two NurRE sequences. The difference
might result from the relative orientation (inverted or
everted repeats) and number of spacer nucleotides of the
half-sites.

DNA recognition by NR4A2

We analyzed the detailed information of protein-DNA inter-
actions by NUCPLOT (22), as shown in Fig. 3. The interactions
were basically conserved for half-site recognition, and we used
the NR4A2-DBD bound downstream of IR5 as a representative
example. The N-terminal helix H1 of NR4A2-DBD docked into

SASBMB

Structural basis of NR4A2 homodimers

CTE|~

i 1 8 -8 -1 ,
5" -AAAGGTCAAACTGTGACCTAT-3
3’ - TTCCAGTTTGACACTGGATAT-5’

— -
X L Py o

, -8 -11 8 ,
5’ -AGTGACCTTTAAAGGTCACT-3
3’ -TCACTGGAAATTTCCAGTGA-5’

-

Figure 2. Overall structures of NR4A2-DBD-DNA complexes. A, overall
structure of the NR4A2-DBD-IR5 complex. NR4A2-DBD is colored cyan, and
DNA targets are colored light pink. B, overall structure of the NR4A2-DBD-ERO
complex. NR4A2-DBD is colored magenta, and ERO is colored lemon. The
sequences of the DNA duplex used in the structures are listed below, and the
core octanucleotides are colored red. The arrows show the orientation of each
core half-site. Secondary structure elements (H17 and H2) are labeled, and the
region in the box is involved in the protein-DNA interactions. C, amino acid
sequences of NR4A2-DBD. Arrangement of residues 261-348 of NR4A2 shows
the classic nuclear receptor-type zinc-finger motif and a CTE. The red and
orange letters correspond to the P-box and D-box, respectively. The blue and
purple letters correspond to the T-box and A-box, respectively. Solid-line boxes
indicate a-helical segments. The residues in bold and italic are involved in
dimerization.

and predominantly interacted with the major groove. Three
conserved residues, Glu-281, Lys-284, and Arg-289, formed
hydrogen bonds with -5Cyd, -4'Gua, and -7Gua, respectively
(Fig. 3A). The C terminus of NR4A2-DBD formed a second
independent DNA-binding surface to interact with the minor
groove. The conserved Arg-Gly-Arg motif (Arg-342, Gly-343,
and Arg-344) made hydrogen bonds contacts with the flanking
extension bases -3Thy, -3'Ade, and -1Thy, respectively (Fig.
3B).In addition to specific base contacts, the NR4A2-DBD pro-
tein also formed numerous hydrogen bonds and van der Waals
interactions with the phosphate backbone to further stabilize
DNA binding (Fig. 3C).
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Figure 3. Detailed protein-base contacts in the NR4A2-DBD-IRS5 structure. A, stereo diagram of major groove recognition by helix H1 of NR4A2-DBD. B,
stereo diagram of minor groove recognition by the C-terminal extension of NR4A2-DBD. The color is as shown in Fig. 2. All hydrogen bonds are shown as black
dotted lines. C, summary of protein—-DNA interactions between the NR4A2-DBD and the upstream half-site DNA generated by NUCPLOT. Hydrogen bonds are
shown as black dotted lines. van der Waals interactions are shown as red dotted lines. Asterisks indicate residues that are on the plot more than once. W, water

molecule.

Protein-protein interactions in the NR4A2-DBD-IR5 complex

In the structure of the NR4A2-DBD-IR5 complex, a
dimerization interface between two NR4A2-DBD molecules
was identified. This interface involves the same region of the
two NR4A2 molecules (amino acids 294 —300) in an antiparallel
manner (Fig. 44). From an analysis of PBDePISA (23), the
dimer interface buried a solvent-accessible area of ~419 A2,
The dimerization contacts involved residues Asn-294, Val-298,
and Leu-300 of the upstream subunit and residues Asn-294,
Lys-296, Val-298, and Leu-300 of the downstream subunit
(Fig. 4B).

To identify the role of the dimer interface, we mutated the
key hydrophobic residue Val-298 to a charged lysine. Then, the
effect of mutant V298K on DNA binding ability was measured
using EMSA. Compared with WT NR4A2-DBD, the dimeric
complex was hardly detected when the mutant V298K was
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incubated with IR5 (Fig. 4C). The results indicate that Val-298
is crucial for NR4A2 dimerization on IR5 and that cooperative
assembly is inhibited without the dimer interaction.

We also investigated the effect of the IR5 sequence on the
DNA binding properties of NR4A2. The three bases (-7Gua,
-5Cyd, and -3Thy) in the downstream half-site involved in the
specific protein— base interactions were mutated to other bases.
As shown in Fig. 4D, the dimeric complexes were abolished
when WT NR4A2-DBD was incubated with these IR5 variants,
apart from a -7Gua-to-Ade mutant. The results indicate the
crucial roles of these bases for NR4A2 dimerization. Taken
together, these results suggest that the protein—protein
interactions between two NR4A2 molecules as well as the
specific protein—base interactions, play similar important
roles in favoring cooperative formation of the NR4A2-DBD—
IR5 complex.
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Figure 4. Importance of protein-protein interactions and protein-DNA
interactions in the NR4A2-DBD-IRS5 structure. A, surface representation of
the dimerization interface in two NR4A2-DBD molecules. B, detailed stereo
diagram of the residues (sticks) involved in the dimer interface. C, the DNA
binding ability of the WT and V298K variant of NR4A2-DBD was measured by
EMSA. The concentration of the DNA and proteins used here was 45 um. D,
binding features of NR4A2-DBD with different IR5 DNA variants. The core
sequences of the IR5 DNA duplex used are listed. The arrows show the orien-
tation of each core half-site. The bases in red and bold are involved in the
base—-protein interaction and are mutated in the EMSA. The concentration of
DNA used here were 45 um, and the proteins were used at 90 um.

Analysis of the NR4A2 and RXR heterodimer

To investigate whether NR4A2 can heterodimerize with
RXR on the IR5 response element, we modeled the NR4A2—
RXR heterodimer bound to IR5 by superposition of one NR4A2
molecule with an RXR structure (PDB code 4CN2) (Fig. 5A).
Given the sequence similarities and high homology, the RXR
exhibited a good fit and showed no obvious clashes. Then we
carried out an EMSA to analyze the heterodimeric abilities of
NR4A2 and RXR bound to IR5 response elements (Fig. 5B).
NR4A2 or RXR alone could form a monomer band with IR5
(Fig. 5B, lanes 2 and 3). When IR5 was incubated with NR4A2
and RXR at the same time, a higher complex band was
observed (Fig. 5B, lane 4). The results suggested that NR4A2
could form a heterodimer with RXR on the IR5 response
element in vitro.

Identification of the endogenous NR4A-binding motifs ERO
and IR5

To identify whether the NR4A protein binds ERO and IR5
in vivo, we analyzed the occurrence of these motifs in endoge-
nous NR4A-binding sites. We first obtained the ERO and IR5
matrixes from the footprintDB database (Fig. 6, A and B) (46).
Then we searched for the motif IR5 or ERO in the NR4A ChIP-
seq database (GSE123629) using these two matrixes. For motif
ERO, 9178 peaks were found, accounting for 9.2% of the total
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Figure 5. Analysis of the NR4A2-RXR heterodimer. A, model of the NR4A2-
RXR heterodimer on IR5. The RXR structure was obtained from a previously
reported RXR-DR1 structure (PDB code 4CN2) and superimposed onto our
NR4A2-IR5 complex structure. The RXR and NR4A2 structures were aligned to
create the NR4A2-RXR-DNA structural model. C, DNA binding ability of the
NR4A2-RXR heterodimer bound to DNAs.

NR4A-binding sites. For motif IR5, 33,780 peaks were found,
accounting for 33.9% of the total NR4A-binding sites (Fig. 6C).
The ERO motif was identified in the promoters of genes such as
Mmp9, Foxol, Wnt2b, Hdac7, and FgfI (Fig. 6D). The IR5 motif
was identified in the promoters of genes such as Cyp17al, Bcl6,
Nfkb1, Bach2, and Gata3 (Fig. 6D). These data suggest that
NR4A proteins can indeed bind ERO or IR5 motifs in vivo.

Discussion

In this paper, we first report the cocrystal structures of
NR4A2-DBD bound to two different NurREs. Both structures
demonstrate that NR4A2 makes similar base interactions with
half-sites as those seen in the structure of rat NR4A1 bound to
NBRE (15). The highly conserved helix H1 forms specific con-
tacts with the identity elements of the major groove (Fig. 3). The
C-terminal residues form a unique substructure to interact
extensively with the minor groove, in particular with the char-
acteristic 5'-flanking extended A-T base pair of the canonical
nuclear receptor binding motif AGGTCA (Fig. 3).

In addition to exhibiting similar base recognition, NR4A2
subunits were bound to these two NurREs in distinct modes:
the everted repeats mode, in which two molecules bind inde-
pendently to each half-site of DNA in a tail-to-tail orientation
(Fig. 2B), and the inverted repeats mode, in which the two mol-
ecules form a dimerization interface and synergistically bind to
each half-site of DNA in a head-to-head orientation (Fig. 2A4).
The primary association across the interface is via van der
Waals contacts. Val-298 contributes to the hydrophobic
character of the interface, and substitution of the hydropho-
bic valine with a charged lysine is likely to strongly inhibit
homodimer formation (Fig. 4). In addition to the dimer inter-
face, the presence of two inverted DNA-binding sites also plays
important roles in driving formation of the dimer on DNA (Fig.
4). Moreover, bioinformatics analysis of ChIP-seq data revealed
that 33.9% and 9.2% of the total NR4A -binding sites contain IR5
and ERO sites, respectively (Fig. 6). These results suggest that
NR4A proteins can bind these sites in vivo.

Previous study reported that NR4A2 can heterodimerize
with RXRa or RXRy in midbrain dopaminergic neurons (24).
The important role of the NR4A2—-RXR heterodimer iz vivo has

J. Biol. Chem. (2019) 294(51) 19795-19803 19799
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Figure 6. Occurrence of the IR5 and ERO binding motifs in NR4A-binding sites in human cells. A, analysis of the ratio of motifs IR5 and ERO in the NR4A
ChlIP-seq data. B, representative gene promoters near NR4A-binding sites containing motif IR5.

been well studied, and several synthetic ligands that bind to the
RXR-binding pocket are thought to be potential therapeutic
agents that act by activating NR4A2-RXR heterodimers (25).
Based on our structure of the NR4A2 homodimer, we modeled
the structures of the NR4A2—-RXR heterodimer bound to the
IR5 motif (Fig. 5). It will help explain the molecular mechanism
by which the NR4A2-RXR heterodimer binds to DNA. More-
over, our EMSA results verified that NR4A2 could het-
erodimerize with RXR on the IR5 response element (Fig. 5).
Nuclear receptors form dimers on their target DNAs via
highly cooperative assembly of their DBDs. With highly con-
served core DBDs and similar response elements, nuclear
receptors can recognize and differentiate between specific
DNAs. This specificity can be partly attributed to the ability of
nuclear receptors to make distinct protein—protein contacts to
reinforce their protein—DNA contacts, as observed for the glu-
cocorticoid receptor (GR), RXR, and VDR (Fig. S2). GR forms
the largest dimerization interface on IR3 (PDB code 3G6P) (26).
Salt bridges, numerous hydrogen bonds, and van der Waals
forces contribute to the dimer interactions (Fig. S2A4). In the
structure of the RXR-DR1 complex (PDB code 4CN2) (27),
Glu-207 of the downstream subunit makes hydrogen bond
interactions with Arg-182 of the upstream subunit, and Gln-
210 of the downstream subunit makes contacts with residues
Arg-172 and Arg-186 of the upstream subunit (Fig. S2B). VDR
binds to DR3 with a dimerization interface involving the side
chains of Pro-61, Phe-62, and His-75 of the upstream subunit
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and residues Asn-37, Glu-92, and Phe-93 of the downstream
subunit (Fig. S2C) (28). In the NR4A2-IR5 structure, the
hydrophobic residue Val-298 plays a key role in the dimeriza-
tion interaction, as well as numerous surrounding van der
Waals contacts (Fig. S2D). Compared with these previously
published nuclear receptor dimer structures, the NR4A2-DBD
homodimer utilizes a different region to form a compact and
nonpolar dimer interface.

The polarity and strength of dimers are modulated by the
spacing and relative orientation of the half-sites. DNAs with
direct repeats, inverted repeats, and everted repeats exhibit
nuclear receptor binding as head-to-tail, head-to-head, and
tail-to-tail dimers, respectively. For example, RXR (27), Rev-
Erb (29), and VDR (28) engage with DR1, DR2, and DR3,
respectively, as head-to-tail homodimers (Fig. S3, A—C). The
structure was similar in the case of DR4 sequences recognized
by a RXR-Thyroid hormone receptor heterodimer (30) (Fig.
S3D). A dimer interface was formed between the CTE sequence
of the downstream subunit and the second zinc finger of the
upstream subunit in all of these structures. The 1- to 4-bp spac-
ers between two half-sites diversified the relative displacement
of the two protein subunits on the DNAs. For inverted repeats,
steroid receptors such as GR (26) and NR4A2 bind to IR3 and
IR5 sites as head-to-head homodimers, respectively. The differ-
ent spacers drove the participation of varying residues in the
dimer interaction. Two GR subunits form an extensive dimer
interface through residues along with the zinc ions in the sec-
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ond zinc-binding motif (Fig. S3E), whereas two NR4A2 sub-
units engaged with the IR5 sequence form a narrow interface
involving N-terminal residues close to the second zinc-bind-
ing motif (Fig. 2A). For everted repeats, the structure of
NR4A2-ERO determined here demonstrated that two
NR4A?2 molecules formed a tail-to-tail orientation (Fig. 2B).
Overall, the relative orientation and diverse spacers of the
two half-sites dictated the different displacements and dimer
interfaces of nuclear receptor homodimers.

In addition to DNA recognition by DBDs of nuclear recep-
tors, LBDs can also affect the DNA binding properties of these
receptors (31). Classic LBD-mediated dimerization interac-
tions have been observed in the structure of the full-length
PPARy-RXRa heterodimer bound to DR1 (PDB code 3DZY)
(31). The LBD of PPARYy not only forms contacts with the LBD
of RXRa through helices 7, 9, and 10 of each receptor but also
interacts with the DBD CTE region of RXRa. These dimeriza-
tion interfaces contribute to stabilizing DR1 binding. Although
the structure of full-length NR4A receptors has not been deter-
mined, the sequences that share homology with other nuclear
receptors indicate that the LBDs might also help in defining the
preferred dimerization to bring the full-length proteins in close
proximity to DNA.

In summary, we determined two crystal structures of
NR4A2-DBD-DNA complexes and provided the molecular
basis for DNA recognition by NR4A dimers. We revealed a new
mode of nuclear receptor binding as a dimer to IR5. The two
DBDs formed a novel dimer interface, primarily via van der
Waals contacts between residues formed by the loop preced-
ing the second zinc-finger motif of each subunit. The dimer
interface and protein-DNA interactions both play impor-
tant roles in favoring cooperative dimer formation. Our
structural, biochemical, and bioinformatics analyses may
provide a better understanding of the dimerization specific-
ity of nuclear receptors.

Experimental procedures
Expression and purification

Human NR4A2-DBD (residues 259 —34:8) was cloned into a
modified pMAL-C5X vector (32). The NR4A2 plasmid was
transformed into Escherichia coli Rosetta (DE3) cells. After
purification by an amylose resin column (BioLabs), the N-ter-
minal maltose-binding protein tag was removed by PreScission
protease at 4 °C overnight. The cleaved protein was further
purified by a Mono S cation exchange column and a Superdex
75 column (33). The final protein was concentrated to ~20
mg/ml in 20 mm HEPES (pH 7.5), 200 mm NaCl, and 0.5 mm
tris(2-carboxyethyl)phosphine (34). DNA was synthesized by
Genewiz (Nanjing, China) and purified as described previously
(35). Human RXR-DBD was cloned into the pGEX-6P1 vector
and purified as described previously (27).

Crystallization and data collection

Protein and DNA complexes were prepared by mixing pro-
tein and DNA at a 5:3 molar ratio. Crystals of NR4A2-DBD—
ERO were grown at 18 °C by the hanging drop method with a
reservoir buffer containing 150 mm NaCl, 50 mm MES (pH
5.93), 10 mm MgCl,, 5 mm CaCl,, and 10%—-12% PEG4K (w/v).
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Crystals of NR4A2-DBD-IR5 were grown at 18 °C with a res-
ervoir buffer containing 50 mm Na acetate (pH 4.7), 200 mm
NacCl, 10 mm MgCl,, 5 mm Li,SO,, 5 mm DTT, and 15%—19%
PEG4K (w/v). Then crystals were transferred into a well solu-
tion containing an additional 20% glycerol (v/v) and flash-fro-
zen in liquid nitrogen. Data were collected at the BL17U1
beamline and BL19U1 beamline of the Shanghai Synchrotron
Radiation Facility.

Structure determination

Data were reduced using HKL2000 (36). The structures
were solved by molecular replacement using Phaser from the
PHENIX package (37). A previously solved rat NR4A1 struc-
ture (PDB code 1CIT) (15) was used as an initial search model.
Further refinements were performed using Phenix and CCP4
(38, 39). Graphical representations of structures were gener-
ated using PyMOL (40). The statistics of the crystallographic
analysis are presented in Table 1. Schematics of protein—DNA
interactions were generated by NUCPLOT (22). The figures
were generated using PyMOL (41).

Site-directed mutagenesis

Site-directed mutagenesis of NR4A2-DBD was performed
according to the manufacturer’s instructions for the Clon-
Express II One Step Cloning Kit (Vazyme) using the pMAL-
C5X-NR4A2 plasmid as the template (42). These mutants
were verified by DNA sequencing (Tsingke, Changsha,
China). Mutant NR4A2 proteins were expressed and puri-
fied as WT protein.

EMSA

Protein and DNA samples were prepared at a concentration
of 45 uM. DNA was incubated with protein in a total volume of
6 ul in a buffer containing 20 mm HEPES (pH 7.5), 10 mMm
MgCl,, 200 mm NaCl, and 0.01% Triton X-100 for 20 min at
room temperature. A native 8% (w/v) PAGE in 0.5X Tris
borate-EDTA buffer was used to separate the free DNA from
the protein—-DNA complex (43). The gel was visualized after
staining with GoldView.

Bioinformatics analysis

The bed files of the ChIP-seq data (GSE123629) were down-
loaded (12). The peaks were annotated, and the sequences were
fetched using the R package ChIPpeakAnno (44). The core
sequences ERO and IR5 were searched against the ChIP-seq
peak sequences using the R package TFBSTools (45).
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