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Farnesoid X receptor (FXR) is a ligand-activated transcription factor known as bile acid receptor (BAR). FXR
plays critical roles in various biological processes, including metabolism, immune inflammation, liver re-
generation and liver carcinogenesis. FXR forms a heterodimer with the retinoid X receptor (RXR) and binds
to diverse FXR response elements (FXREs) to exert its various biological functions. However, the mechanism
by which the FXR/RXR heterodimer binds the DNA elements remains unclear. In this study, we aimed to use
structural, biochemical and bioinformatics analyses to study the mechanism of FXR binding to the typical
FXRE, such as the IR1 site, and the heterodimer interactions in the FXR-DBD/RXR-DBD complex. Further
biochemical assays showed that RAR, THR and NR4A2 do not form heterodimers with RXR when bound to
the IR1 sites, which indicates that IR1 may be a unique binding site for the FXR/RXR heterodimer. Our
studies may provide a further understanding of the dimerization specificity of nuclear receptors.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The farnesoid X receptor (FXR, also named NR1H4) is a ligand-
activated transcription factor and belongs to the nuclear receptor
superfamily [1]. Expressed mainly in the liver, intestine, and kidney,
FXR is an endogenous biosensor for bile acids and is known as the
bile acid receptor (BAR) [2]. FXR affects numerous signaling path-
ways by directly regulating the transcription of several genes, in-
cluding small heterodimer partner (SHP), multidrug resistance
protein 3 (MDR3), organic solute transporter alpha (0OSTea) and in-
testinal bile acid binding protein (IBABP) [3]. FXR plays critical roles
in metabolism, immune inflammation, liver regeneration and liver
carcinogenesis [4,5]. Transcription termination after Arg176 (R176 *)
or inserting a Lys into Tyr139 and Asn140 (Tyr139_Asn140insLys)
may cause a low GGT form of severe progressive familial intrahepatic
cholestasis (PFIC) [6]. Given its importance, FXR has been identified
as an effective drug target to treat related diseases. Obeticholic acid
(OCA), an FXR agonist, has been approved as a treatment for primary
biliary cholangitis (PBC) since 2016 and is under evaluation in
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primary sclerosing cholangitis (PSC) and nonalcoholic steatohepa-
titis (NASH) [7,8]. The decrease in FXR signaling could downregulate
the expression of ACE2, which may protect individuals from SARS-
CoV-2 infection in vivo and in vitro [9].

FXR regulates gene expression in different manners. Upon acti-
vation, FXR can bind diverse FXR response elements (FXREs) with its
heterodimeric partner, retinoid X receptor (RXR), to exert its various
biological functions. The most well-known FXRE motif is IR1, which
consists of two copies of a six-nucleotide sequence (AGGTCA) ar-
ranged as inverted repeats separated by one nucleotide (Fig. 1A) [3].
The FXR/RXR heterodimer also binds other FXREs, such as the IR0
motif, everted repeats with two spacers (ER2) and direct repeats
separated by one nucleotide (DR1) [10,11]. In addition, FXR binds as a
monomer or homodimer to the negative FXREs in the promoter re-
gion of the ApoA1l gene to repress its expression [12].

RXR is known as a heterodimer partner with type Il nuclear re-
ceptors, including retinoic acid receptor (RAR), FXR, thyroid hor-
mone receptor (THR), and NR4A2 [13-16]. RXR heterodimers
promote the transcription of downstream target genes and regulate
diverse biological processes in response to endogenous ligands and
therapeutic drugs [17]. RXR heterodimers generally bind direct re-
peat DNA sites separated by 1-5 nucleotides (DR1-5)[13,18-21]. A
set of crystal structures of RXR-DBD heterodimers bound with direct
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Fig. 1. The binding characteristic of FXR to the IR1 site. A: DNA matrix of the IR1 element. B: Occurrence of the IR1 binding motif in the FXR-binding sites. C: Binding features of
FXR with IR1 in the absence of RXR or in the presence of RXR were determined by EMSA. D: DNA binding affinities of FXR and RXR to IR1 were measured by FPA.

repeat DNA sites, including RXR/RAR/DRO (6XWH) [22], RXR/RAR/
DR1 (1DSZ) [23], RXR/VDR/DR3 (1YNW) [24], RXR/THR/DR4 (2NLL)
[25], RXR/RAR/DR5 (6XWG) [22], and some DBD/DNA structures of
multiple-domain nuclear receptors organized on DNA direct repeats
such as PPAR/RXR/DR1 (3DZY) [26], RARB/RXRo/DR1 (5UAN) [27],
HNF4a/DR1 (4IQR) [28] and RXR/LXR/DR4 (4NQA) [29,30] has re-
vealed how RXR and other nuclear receptors bind to their cognate
sites selectively in a head-to-tail orientation. The FXR/RXR hetero-
dimer is known to preferentially target IR1 response elements,
which is distinct from the DNA binding requirements of the RXR
heterodimer described above.

FXR shares a common structural organization with other nuclear
receptors, which share highly conserved DNA-binding domains
(DBDs) and moderately conserved ligand-binding domains (LBDs).
The reported FXR-LBD structure provided key information about
how bile acids and the drug currently being developed for NASH
bind to this pocket [31]. The crystal structure of the FXR-LBD/RXR-
LBD heterodimer showed that dimerization with RXR induced con-
formational changes in FXR, which improved the recruitment of
coactivators and enhanced the transcriptional activity of FXR [32].
However, the mechanism by which the FXR/RXR heterodimer binds
DNA elements remains unclear. In this study, we aimed to use
structural, biochemical and bioinformatics analyses to study the
mechanism of FXR binding to the IR1 site and the heterodimer in-
teractions in the FXR-DBD/RXR-DBD complex.

2. Results
2.1. The IR1 motif is a potent FXR binding site

The matrix of the IR1 site used for subsequent research was
obtained in the footprintDB and generated using ESPript 3.0 [33]
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(Fig. 1A). Our bioinformatic analysis showed that the IR1 motif ac-
counts for 71.4% of the total FXR binding site in the ChIP-seq data-
base GSE133700 [ 10] (Fig. 1B). To further test the potential biological
relevance of this motif, we investigated the occurrences of the IR1
motif in two other FXR ChIP-Seq datasets, GSM1899651 and
GSM1899652 [34]. The frequencies of the IR1 motif were 84.0% and
88.4%, respectively (Fig. 1B). IR1 motifs were found in the promoter
region of some known FXR target genes, including SHP, MDR3 and
TYPM6 [35,36]. These results demonstrated that the IR1 site is an
endogenous and important regulatory element for FXR.

2.2. The binding characteristic of FXR to the IR1 site

We first performed EMSAs to further characterize the binding of
FXR and RXR to the IR1 site (Fig. 1C). In the absence of RXR or FXR,
the other protein formed two mobility complex bands when in-
cubated with the IR1 site (lane 2 and lane 3 in Fig. 1C). The migrated
lower band indicated the monomer band. The upper, slow-migrating
band represented the simultaneous binding of two identical proteins
to DNA, which is called the homologous complex. These results in-
dicated that both FXR and RXR could bind as a homodimer or
monomer to the IR1 sequences. As shown in lane 4 of Fig. 1C, in the
presence of RXR, a mobility complex band was formed upon in-
cubation with FXR and the IR1 element, which migrated in a position
between the FXR homodimer band and the RXR homodimer band.
This band represents one FXR molecule and one RXR molecule si-
multaneously bound to IR1 DNA, i.e., an FXR/RXR heterodimer. These
results showed that FXR could form a heterodimer with RXR when
incubated with the IR1 site at the same time.

We then employed a fluorescence polarization assay (FPA) to
measure the binding affinities of protein to DNAs (Fig. 1D and Fig.
S1). The binding affinity (Kd) of FXR binding to IR1 is 95 nM, while
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Fig. 2. Structural analysis of the FXR-DBD/RXR-DBD/IR1 complex. A: Overall structure of the FXR-DBD/RXR-DBD/IR1 complex. The FXR-DBD and RXR-DBD molecules are
colored magenta and chartreuse, respectively. The DNA is colored orange. B: DNA recognition by the FXR-DBD helix H1. C: DNA recognition by the RXR-DBD helix H1. Black dashed

lines are hydrogen bonds.

the Kd value of binding to the half-site of IR1 is 830 nM, indicating
that the presence of two half-sites enhanced the binding ability of
FXR to DNA. In the presence of RXR, the Kd value of FXR binding to
IR1 is approximately 54 nM. The same trend was observed for RXR
binding to DNA. These results indicated that heterodimerization
with RXR enhanced the binding affinity between FXR and the
IR1 site.

2.3. Overall structure of the FXR-DBD/RXR-DBD/IR1 complex

To better characterize the mechanism by which the FXR/RXR
heterodimer recognizes the IR1 site, we determined the crystal
structure of the FXR-DBD/RXR-DBD/IR1 complex (Fig. 2A). After
multiple rounds of screening and optimization, only one crystal was
obtained. The complex structure was finally solved at 3.3A and
crystallized in the P 2,22, space group with two complexes per
asymmetric unit. Each complex contains one FXR molecule (ma-
gentas), one RXR molecule (chartreuse) and a double-stranded IR1
molecule (orange). FXR and RXR occupied the two half-sites of the
IR1 site, and two molecules were arranged in a head-to-head or-
ientation. Table ST summarizes the crystallographic data and re-
finement statistics for the FXR-DBD/RXR-DBD/IR1 complex.

The global structure of FXR-DBD is similar to those structures of
nuclear receptors previously deposited, consisting of an N-terminal
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b-hairpin, two highly conserved o-helical zinc modules (H1 and H2)
and a C-terminal extension (CTE) (Fig. 2A). FXR-CTE includes a T-box
and an A-box (Fig. S2A). The RXR-CTE is constituted by nine residues
at the C-terminus beyond the GM amino acids, which is named the
T-box [37,38] (Fig. S2B). The structure of RXR-DBD shows an analo-
gous tertiary structure with the structure of FXR-DBD, and the root
mean square deviation (RMSD) for the Ca atom superimposition was
approximately 0.44 A. The sequence alignment shows different re-
sidues between FXR and RXR (Fig. S3A). Then we calculated the Fo-Fc
omit map of these residues to help discriminate the two proteins
(Fig. S3B-S3C). Proteins in the one complex has a better-fitted elec-
tron density. The electron density of the proteins in the other
complexes do not fitting well, while the electron density of DNA
matches well. The b factors of chain A (RXR) and chain B (FXR) in the
better-fitted complex are 82.21 and 83.61, respectively. The b factors
of the proteins in the other complex are 154.09 (RXR) and 135.99
(FXR) (Fig. S3D). Therefore, we chose the better-fitted complex to
analyze the DNA-protein and protein-protein interactions.

2.4. Protein—-DNA Interactions

In the FXR-DBD/RXR-DBD/IR1 complex, a total of 3464.2 A® of
solvent-accessible area is buried in DNA binding, 1722.5 A? of which
is derived from the binding of the RXR subunit, and 1741.7 A? from
the binding of the FXR subunit. The N-terminal helix H1 of FXR-DBD
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Fig. 3. Protein—protein interactions in the FXR-DBD/RXR-DBD/IR1 complex. A: Surface representation of the dimerization interface in two molecules. B: Detailed stereo
diagram of the residues (shown as sticks) involved in the heterodimer interface. Black dashed lines represent hydrogen bonds, red dashed lines are salt bridges. C: Binding
properties of FXR variants to the IR1 site using EMSAs. D: DNA binding affinities of FXR variants to IR1 in the absence of RXR or in the presence of RXR were measured by FPA.

and RXR-DBD docked into the two major grooves of the IR1 site.
Three conserved residues, Glu145, Lys148 and Arg153, in helix H1 of
FXR-DBD formed base-specific hydrogen bonds with Cyd14, Gua5’
and Gual2, respectively (Fig. 2B). The corresponding amino acids in
RXR-DBD, Glu153, Lys156 and Arg161, also formed base-specific in-
teractions with the other half-site of IR1 (Fig. 2C). In addition to
these specific base contacts, the two proteins also interact with the
phosphate backbone of DNA through numerous hydrogen bonds and
van der Waals interactions.

2.5. The dimer interfaces

A dimer interface between FXR-DBD and RXR-DBD was identified
in the FXR-DBD/RXR-DBD/IR1 complex (Fig. 3A). From the analysis of
PDBePISA [39], the dimer interface buried a solvent-accessible area
of approximately 535 A2 Two zinc modules in two proteins formed a
dimer interface. Residues from the first zinc module of the RXR-DBD
are positioned upstream of the interface and interact with residues
from the second zinc module of the FXR-DBD. Asp140 from the RXR-
DBD made a hydrogen bond contact with Tyr174 from the FXR-DBD
(Fig. 3B). The other interface is formed between residues Lys181,
Arg182 and Arg186 in the second zinc module of the RXR-DBD and
residues Asp132 and Arg133 in the first zinc module of the FXR-DBD.
A salt bridge contact is formed between Arg186 of the RXR-DBD and
Asp132 of the FXR-DBD (Fig. 3B). Several van der Waals interactions
also formed to stabilize the heterodimer interface (Fig. S4).

To identify the importance of these residues involved in the
heterodimer interface, we mutated residues Asp132 and Tyr174 in
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the FXR-DBD. We first performed EMSA to assess the DNA binding
ability of these structure-guided mutants to IR1. As shown in Fig. 3C,
compared to FXR WT (lane 3), the homodimer band formed by FXR
mutants was decreased when they were incubated with IR1 alone
(lane 5 and 7). The heterodimer band formed by FXR D132R was
disappeared when incubated with RXR/IR1. The two bands in lane 6
indicated by the black arrow represent two homodimers: the upper
band is the FXR D132R homodimer, and the lower band is the RXR
homodimer. The other mutant Y174E still forms heterodimers with
RXR bound to IR1. However, compared to the FXR WT (lane 4), the
unbound free DNA in lane 8 in the EMSA gel also supports that Y174E
decreased the interaction between RXR/FXR and IR1. We also mea-
sured the binding affinities of FXR variants to IR1 in the absence or
presence of RXR using FPA (Fig. 3D and Fig. S5). FXR mutants ex-
hibited a reduced binding affinity for the IR1 site in the absence of
RXR, as well as in the presence of RXR, especially FXR D132R. Then,
we used circular dichroism (CD) to test whether these mutations
affect the secondary structure of FXR-DBD (Fig. SG6A). The overall CD
spectra of FXR WT and two FXR mutants indicate that the Y174E
mutant does not cause a significant change in the secondary struc-
ture of FXR-DBD, while the FXR D132R mutant causes a significant
change in the secondary structure of FXR-DBD.

To further identify the heterodimer interface, we constructed two
RXR mutants: D140R and R186E. First, we used CD to test whether
these mutations affect the secondary structure of RXR-DBD (Fig.
S6B). The overall CD spectra of wild-type and two RXR-DBD mutants
suggest that those mutations do not affect the secondary structure of
RXR-DBD. Then, we performed EMSA to assess the DNA binding
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Fig. 4. The binding characteristic of FXR to other FXRE sites. The binding properties of FXR to other FXRE sites were measured by EMSA. The first panel is same as Fig. 1C.

ability of these RXR mutants to IR1. Two RXR mutants exhibit de-
creased heterodimeric binding to IR1 with FXR. The two bands in
lane 6 and lane 8 indicated by the black arrow represent two RXR
homodimers (Fig. S7). Taken together, these structure-guided mu-
tagenesis assays supported the interfaces defined by the FXR-DBD/
RXR-DBD/IR1 complex structure.

2.6. The binding affinity of FXR to other FXRE sites

Recent studies have shown that FXR also binds to other FXRE
sites, including IR0, DR1 and ER2 [10,11]. To understand the binding
affinity of FXR to these FXRE sites, we first carried out EMSA to
analyze the heterodimeric abilities of FXR-DBD/RXR-DBD bound to
these elements. As shown in Fig. 4, FXR also formed a heterodimer
with RXR when recognizing the IRO site, while FXR did not form a
heterodimeric band with RXR when recognizing the DR1 or ER2 site
in the EMSA gels. The upper band represents the FXR homodimer,
and the lower band indicates the RXR homodimer. These results
suggest that in addition to IR1, FXR-DBD and RXR-DBD also bind
heterodimers to the IRO site.

Then, we measured the binding abilities of FXR-DBD/RXR-DBD to
IR0, DR1 and ER2 by FPA (Fig. S8A). In the absence of RXR, the Kd
value of FXR to IR0 is 170 nM, and in the presence of RXR, the Kd
value shows a 2-fold (80 nM) increase. The binding affinity of FXR to
ER2 is similar in the absence (140 nM) or presence (136 nM) of RXR.
The binding affinity of FXR/RXR to the DR1 element is similar to that
of FXR to DR1. Then we investigated the occurrence of the IRO and
DR1 motifs in the FXR ChIP-seq dataset (GSE133700). The IR0 and
DR1 sites accounted for 9.7% and 8.6% of the total FXR binding sites,
respectively (Fig. S8B). These results suggest that FXR binds to IRO,
DR1 and ER2 sites and the FXR/RXR heterodimer prefers to IR1 or IRO
sites. However, the proteins used in these experiments are DBDs, so
we are unbale to exclude the full-length proteins of FXR and RXR
binding as heterodimers to DR1 and ER2 sites in vivo.

2.7. The binding characteristic of other nuclear receptors to the IR1 site

To test whether other nuclear receptors could form a hetero-
dimer with RXR binding to the IR1 site, we studied the IR1 binding
features of four other nuclear receptor proteins. Three other type II
nuclear receptors, RAR, THR, and NR4A2, did not seem to form a
heterodimeric band with RXR bound to IR1 (Fig. 5A), which sug-
gested that IR1 might be a unique binding site for FXR. The Droso-
phila ecdysteroid hormone receptor (EcR) binds to the IR1 element
as a heterodimer with RXR (Fig. 5A). We first analyzed the sequences
of FXR and EcR, which showed more than 80% similarity (Fig. S9A).
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The structural comparison with the previously published EcR-DBD/
RXR-DBD/IR1 structure (PDB: 1RON) [40] with an RMSD of 0.38
showed that EcR formed a similar dimer interface with RXR through
two zinc modules on the IR1 element. To further compare the dimer
interfaces between the two complexes, we analyzed the details of
the interactions in the ECR-DBD/RXR-DBD/IR1 structure (Fig. S9B-
S9C). The hydrogen bonds and salt bridge contacts are also existed in
the EcR-DBD/RXR-DBD/IR1 structure. Several van der Waals inter-
actions existed in our structure are not found in the interface of the
EcR-DBD/RXR-DBD/IR1 structure (Fig. S9D-SOE).

As RXR also shows a strong tendency to form homodimers or
heterodimers on IR1, we investigated the occurrence of the IR1 motif
in several RXR ChIP-seq datasets (GSM2797617, GSM1299600 and
GSE127603) [41]. The IR1 site accounted for more than 40% of the
total RXR binding sites in these three datasets (Fig. 5B). Super-
imposition RXR on the structure of FXR/RXR/IR1 shows the potential
for RXR binding to IR1 (Fig. 5C). These results suggest that the dif-
ferent binding characteristics of other nuclear receptors to the IR1
site and IR1 are also important binding sites for RXR.

2.8. Comparison with other RXR heterodimer complexes

The nuclear receptors DBD recognized the consensus half-sites in
an identical manner, forming unique protein-protein dimerization
contacts by binding the bipartite response element. The protein-DNA
interactions were reinforced by these dimerization interactions. We
analyzed the recently reported structures of RXR dimers (Fig. 6). No
dimer interactions were observed in the structures of RXR/RXR/DRO
[22] and VDR/RXR/DR3 [24] (Figs. 6A and 6D). The CTE of RXR
formed a dimer interaction with the second zinc modules of the RAR
molecule in the structure of the RAR/RXR/DR1 [23]| complex
(Fig. 6B), similar to the REV-ERB/REV-ERB/DR2 complex [38]
(Fig. 6C). The second zinc modules of the RXR molecule form a dimer
interface with the other molecules in the THR/RXR/DR4 [25] com-
plex and RAR/RXR/DR5 [22] complex (Figs. 6E and 6F). In our
structure of the FXR/RXR/IR1 complex and EcR/RXR/IR1 (Fig. 6G), the
two zinc modules were involved in the heterodimer interface, which
buried a larger surface than previously studied RXR-DBD homo and
heterodimers. Two GR molecules formed a dimer interface on the
IR3 element through the two second zinc modules [42] (Fig. 6H).
Two NR4A2 molecules formed a dimer interface through the reverse
arrayed loop on the IR5 element [43] (Fig. 6I). These analyses sug-
gested that the adaptable surfaces of nuclear receptor DBDs are
susceptible to structural rearrangements that help to accommodate
their association with dimeric partners and differently oriented and
spaced response elements [18,44].
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3. Discussion

FXR is highly expressed in the liver and intestine and plays im-
portant roles in bile acid homeostasis and the development of he-
patitis, hepatic fibrosis, and even hepatocellular carcinoma [4,5]. As
a transcription factor, FXR binds to various FXREs to regulate the
expression of multiple genes involved in bile acids, lipid, and glucose
metabolism. The preferred DNA-binding site for FXR within its target
promoters is typically the IR1 motif. ChIP-Seq analysis showed that
IR1 accounts for more than seventy percent of these FXRE sites
(Fig. 1). Our results also suggest that FXR and RXR bind to the IR1
sites with higher affinity when they are part of a heterodimeric
complex than when they are bound individually (Fig. 1). Therefore,
elucidating the structural mechanism of FXR/RXR/IR1 hetero-
dimerization is important for understanding the functional regula-
tion of FXR in various biological processes. Here, we present the first
crystal structure of the FXR-DBD/RXR-DBD/IR1 complex, and we
comprehensively analyze how FXR recognizes DNA and the dimer
interface between FXR-DBD and RXR-DBD (Figs. 2 and 3). Given the
importance of FXR in the metabolism of bile acids and many other
materials in vivo, it is important to understand these interactions
and to know how the structure of FXR affects its function.

Our EMSAs suggested that in addition to IR1, FXR-DBD also forms
a heterodimer with RXR-DBD on the IR0 response element (Fig. 4).
The IRO site was found to be existed in the FXR binding sites (Fig. S8).
However, we were unable to exclude the possibility that FXR and
RXR form heterodimers in vivo to recognize these DNAs. Although
the structure of full-length FXR receptors has not been determined,
the previously published crystal structures of the FXR-LBD/RXR-LBD
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heterodimer reveal that both heterodimerization and ligand binding
induce conformational changes in FXR-LBD, which affect the stabi-
lity of FXR and its binding to coactivators [30,45]. In addition, the
FXR-LBD, together with the DBDs, might help to stabilize the com-
plex on the DNA and fine-tune gene regulation [46].

Type Il nuclear receptors form heterodimers with RXR to regulate
gene transcription. Recent studies have shown that the relative or-
ientations and spacing between the two half-sites play an important
role in the DNA binding specificity of nuclear receptors [43]. Nuclear
receptor/RXR heterodimers usually have their own preferences
when recognizing DNA sites. For example, RAR/RXR dimers prefer
binding to DR elements, whereas THR/RXR dimers prefer DR4 ele-
ments [22,25]. FXR/RXR dimers prefer IR1 elements. We compared
the dimer interfaces of the published crystal structures of nuclear
receptor dimers with our structure (Fig. 6). These studies support the
opinion that extensible and adjustable dimerization surfaces in
DBDs are responsible for their cooperation on various response
elements [38,47]. In addition, EcR also forms heterodimers with RXR
and binds to IR1 sites [40,47]|. The EMSA results suggest that FXR and
EcR recognize the IR1 motif with RXR in a similar manner (Fig. 5).
Sequence alignment and structural comparison showed that EcR
formed a similar dimer interface with RXR through two zinc mod-
ules on the IR1 element (Fig. S9).

In summary, we determined a crystal structure of FXR-DBD/RXR-
DBD/IR1 complexes and provided the molecular basis for DNA re-
cognition by the FXR/RXR heterodimer. Our structural and bio-
chemical studies provide evidence that FXR and RXR bind the IR1
site as a heterodimer and that heterodimerization enhances the
binding affinity for DNA. Our structural, biochemical, and
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Fig. 6. Comparison with other RXR heterodimer complexes. A: RXR/RXR/DRO (PDB code: 6XWH). B: RAR/RXR/DR1 (PDB code: 1DSZ). C: REV-ERB/REV-ERB/DR2 (PDB code:
1GA5). D: VDR/RXR/DR3 (PDB code: 1TYNW). E: THR/RXR/DR4 (PDB code: 2NLL). F: RAR/RXR/DR5 (PDB code: 6XWG). G: EcCR/RXR/IR1 (PDB code: 1RON). H: GR/GR/IR3 (PDB code:

3G6P). I: NR4A2/NR4A2/IR5 (PDB code: 6L6L).

bioinformatics analyses not only provide the molecular basis of DNA
recognition by the FXR/RXR heterodimer but also provide a better
understanding of the dimerization specificity of nuclear receptors.

4. Materials and methods
4.1. Plasmid construction

The gene fragments encoding human FXR-DBD (residues
117-217) and human RXR-DBD (residues 130-212) were cloned into
the expression vector pGEX6P1 using homologous recombination.
Site-directed mutagenesis of FXR-DBD and RXR-DBD was performed
according to the manufacturer’s instructions for the ClonExpress II
One Step Cloning Kit (Vazyme) using the recombinant plasmids
above as the template. All these plasmids were validated by DNA
sequencing at Tsingke Changsha, China.

4.2. Protein expression and purification

The recombinant proteins were purified as previously described
[40]. Briefly, the vectors were transformed into Escherichia coli Ro-
setta BL21 (DE3) cells. After induced with 0.5 mM isopropyl-D-1-
thiogalactopyranoside for 12 h at 25 °C, the cells were harvested by
centrifugation. After homogenization (PhD Technology LLC), the
supernatant was loaded onto a GST affinity column. After PreScission
protease digestion, the cleaved proteins were further purified by
cation exchange column and size exclusion chromatography Su-
perdex75. The proteins were identified by SDS—PAGE and con-
centrated to 15 mg/ml in storage buffer containing 20 mM HEPES pH

3155

7.5, 200mM NaCl and 1 mM TCEP. The mutants were purified as
wild-type proteins.

4.3. Crystallization

The IR1 sequences for crystallization were 5-CCGAGGTCAATGAC
CTCG-3 and 5-CCGAGGTCATTGACCTCG-3, which were synthesized
by GenScript (Suzhou, China) at an annealed concentration of
1.35mM. The FXR-DBD/RXR-DBD/IR1 complex was prepared by
mixing purified FXR-DBD, RXR-DBD and IR1 at a 1:1:1.2 molar ratio.
Crystals of the FXR-DBD/RXR-DBD/IR1 complex were grown under
the conditions of 100 mM BTP pH 6.7, 10 mM MgCl,, 50 mM MgSO,,
50 mM Li,SO4, 5 mM DTT, and 16% PEG3350. Crystals were harvested
with cryoprotectant containing the corresponding crystallization
reservoir plus 10% glycerol, flash frozen and stored in liquid nitrogen
for further data collection.

4.4. Data collection and structure determination

The best data were collected in the Beamline BL17U1 of Shanghai
Synchrotron Radiation Facility (SSRF) and reduced by AutoPX [48].
The structure of the FXR-DBD/RXR-DBD/IR1 complex was solved by
molecular replacement (MR) using phaser from the PHENIX package
using the ecdysone receptor (EcR)/ultraspiracle (USP)/IR1 (PDB ID:
1RON) as a search model [49]. The structures were then refined with
XYZ positional refinement, NCS refinement and TLS refinement in
PHENIX [50]. Zinc ions were added to the model. The statistics of the
final refined structure are presented in Table S1. Figures were gen-
erated using PyMol [51].
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4.5. Electrophoretic mobility shift assay (EMSA)

EMSAs were performed as previously described [52]. The binding
reactions were performed in a total mixture volume of 6-8 uL and
incubated at room temperature for 10-20 min. The EMSA buffer used
here consisted of 20 mM HEPES pH 7.0, 200 mM NaCl, and 10 mM
MgCl,. The proteins and DNAs were all diluted to an initial con-
centration of 45 pM for use. The mixtures were then loaded onto 8%
(w/v) native polyacrylamide gels to separate free DNA and protein/
DNA complexes.

4.6. Fluorescence polarization assay (FPA)

FPA was performed as previously described [53]. 5'- 5FAM- CCG
AGGTCAATGACCTCG and the unlabeled reverse complementary DNA
strand were purchased from Tsingke (Changsha, China) and an-
nealed to duplex DNA. Proteins at diluted concentrations (ranging
from 10 uM to 1 nM) in 0.5 x PBS were incubated with 5FAM-labeled
DNAs (20 nM) in 96-well plates at room temperature for 10-15 min.
The fluorescence was measured on an Envision multilabel reader
(Perkin Elmer) with ex =480 nm and em= 535 nm. All assays were
performed in triplicate, and Kd values were determined from a
nonlinear dose—response curve in GraphPad Prism 7.0.

4.7. Circular dichroism (CD)

CD was performed as previously described|[54]. Briefly, CD
spectra in the far UV region (190-260 nm) were performed on a
Jasco ]-815CD spectrometers using a 0.1 cm cell at room tempera-
ture. The proteins (wild-type and six mutants) were prepared in
20 mM sodium phosphate (pH7.5) at the concentration of 0.1 mg/ml.
Each spectrum was obtained by averaging 3 scans at 1-nm incre-
ments.

4.8. Bioinformatics analysis

The bed files of the ChIP-seq data for FXR and RXR were down-
loaded from the GEO datasets. The peaks were annotated, and se-
quences were fetched using the R package ChIPpeakAnno [55]. The
matrix of the IR1 sequence was obtained from the footprintDB da-
tabase [56]. The matrix was searched against the ChIP-seq peak
sequences using the R package TFBSTools [57].

Data availability

The FXR-DBD/RXR-DBD/IR1 structure has been deposited with
the Protein Data Bank under accession code SHBM.
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