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Nuclear receptor farnesoid X receptor (FXR) functions as the
major bile acid sensor coordinating cholesterol metabolism,
lipid homeostasis, and absorption of dietary fats and vitamins.
Because of its central role in metabolism, FXR represents an
important drug target to manage metabolic and other diseases,
such as primary biliary cirrhosis and nonalcoholic steatohepati-
tis. FXR and nuclear receptor retinoid X receptor � (RXR�)
form a heterodimer that controls the expression of numerous
downstream genes. To date, the structural basis and functional
consequences of the FXR/RXR heterodimer interaction have
remained unclear. Herein, we present the crystal structures of
the heterodimeric complex formed between the ligand-binding
domains of human FXR and RXR�. We show that both FXR and
RXR bind to the transcriptional coregulator steroid receptor
coactivator 1 with higher affinity when they are part of the het-
erodimer complex than when they are in their respective mono-
meric states. Furthermore, structural comparisons of the FXR/
RXR� heterodimers and the FXR monomers bound with
different ligands indicated that both heterodimerization and
ligand binding induce conformational changes in the C termi-
nus of helix 11 in FXR that affect the stability of the coactivator
binding surface and the coactivator binding in FXR. In sum-
mary, our findings shed light on the allosteric signal transduc-
tion in the FXR/RXR heterodimer, which may be utilized for
future drug development targeting FXR.

The farnesoid X receptor (FXR, NR1H4)2 is a member of the
nuclear receptor (NR) superfamily that plays a key role in the

regulation of bile acids, lipid, and glucose metabolisms, as well
as anti-inflammatory response and hepatocarcinogenesis inhi-
bition (1, 2). FXR, which is abundantly expressed in liver, kid-
ney, and intestine, has been identified as the main bile acid
sensor (3). Over the years, FXR has been demonstrated to be an
effective drug target to treat metabolic diseases, because FXR
agonist obeticholic acid (OCA or INT747) has been success-
fully used in primary biliary cirrhosis and nonalcoholic steato-
hepatitis treatment (4).

FXR belongs to the structurally conserved family of nuclear
receptors that function as ligand-regulated transcription fac-
tors. It consists of an N-terminal DNA-binding domain, which
targets the receptor to specific genes, coupled by a flexible
linker to a ligand-binding domain (LBD). The LBD can bind
small lipophilic ligands and then serves as the transcriptional
switch. Like most NRs, regulation of transcription by FXR is a
complex process that relies on the release of corepressors and
the ligand-dependent recruitment of coactivator proteins to a
surface on the LBD. This surface, usually formed by helices 3, 4,
5, and 12 in FXR, is also called the activation function-2 (AF2)
surface. In turn, those coregulatory proteins mediate the inter-
actions with the basal transcriptional machinery, resulting in
repression or activation of transcription (5).

FXR operates as a heterodimer with another nuclear receptor
named retinoid X receptor-� (RXR�, NR2B1) in vivo (6). RXR�
appears to respond to endogenous ligands, such as 9-cis-reti-
noic acid (9cRA) (7). FXR/RXR heterodimer binds to FXR
response element (FXRE), which is mostly a single inverted
repeat (IR1) in the promoter region of the target gene (8). RXRs
also serve as obligate heterodimer partners for many of the
subfamily 1 NRs, including receptors for peroxisome prolifera-
tor activators (PPARs), thyroid hormone (TR), retinoic acid
(RAR), and vitamin D (9, 10). These different RXR het-
erodimers can be divided into three classes: permissive, condi-
tional, and nonpermissive RXR heterodimers, based on their
different response to RXR ligands (11, 12). Generally, RXR het-
erodimers that contain PPAR, LXR, and FXR, which can be

This work was supported by National Key Research and Development Pro-
gram Grant 2017YFA0504104, National Natural Science Foundation of
China Grant 31770817, Guangdong Science and Technology Department
Grant 2015A030312017, Guangdong Provincial Key Laboratory of Biocom-
puting Grant 2016B030301007, and National R&D Infrastructure and Facil-
ity Development Program of China, “Fundamental Science Data Sharing
Platform” Grant DKA2017-12-02-22. The authors declare that they have no
conflicts of interest with the contents of this article.

This article contains Tables S1 and S2 and Figs. S1–S8.
The atomic coordinates and structure factors (codes 6A5W, 6A5X, 6A5Y, 6A5Z,

and 6A60) have been deposited in the Protein Data Bank (http://wwpdb.org/).
1 To whom correspondence should be addressed. Tel.: 86-20-32015317; Fax:

86-20-32015299; E-mail: liu_jinsong@gibh.ac.cn.
2 The abbreviations used are: FXR, farnesoid X receptor; RXR, retinoid X recep-

tor; NR, nuclear receptor; PPAR, peroxisome proliferator activator receptor;

TR, thyroid hormone receptor; RAR, retinoic acid receptor; LBD, ligand-
binding domain; AF2, activation function-2; 9cRA, 9-cis-retinoic acid; FXRE,
FXR response element; IR1, single inverted repeat; SCA, statistic coupling
analysis; SRC1, steroid receptor coactivator 1; PDB, Protein Data Bank; CC,
correlation coefficient.

croARTICLE

18180 J. Biol. Chem. (2018) 293(47) 18180 –18191

© 2018 Wang et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0003-2317-0558
http://www.jbc.org/cgi/content/full/RA118.004652/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=6A5W
http://www.pdb.org/pdb/explore/explore.do?structureId=6A5X
http://www.pdb.org/pdb/explore/explore.do?structureId=6A5Y
http://www.pdb.org/pdb/explore/explore.do?structureId=6A5Z
http://www.pdb.org/pdb/explore/explore.do?structureId=6A60
http://www.pdb.org/
mailto:liu_jinsong@gibh.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.004652&domain=pdf&date_stamp=2018-10-1


activated by ligands for either partner in the dimer, are permis-
sive RXR heterodimers. Heterodimer RXR/RAR demonstrates
conditional permissiveness, because full response to RXR
ligands occurs only in the presence of an RAR agonist. The
nonpermissive RXR heterodimers (e.g. RXR/TR, RXR/vitamin
D receptor) usually do not respond to RXR ligands (12).
Dimerization renders the control of NR function intricate,
because the signal across the heterodimer interface provides an
exquisite degree of combinatorial control of transactivation
(13). Within nuclear receptors, allostery is increasingly recognized
as a common regulatory process initiated by DNA, ligands, and
coregulators (14). Previous studies have defined an energetic cou-
pled network of amino acids that mediates the allosteric regulation
in RXR heterodimers using the statistic coupling analysis (SCA)
method. It identifies a signal pathway within the heterodimer con-
necting the hydrophobic core of the AF2 surface from each recep-
tor, but effects of the mutations in the network vary in different
heterodimers (11). More structural information is needed to delin-
eate the SCA network at the atomic level.

To date, a number of FXR–LBD crystal structures have been
resolved in complex with a range of distinct ligands, which
show that FXR possesses a highly flexible ligand-binding
pocket. However, these structures only contained FXR–LBD;
thus, it remained unclear whether the presence of RXR� would
impact FXR’s structure and function. Further understanding of
FXR regulation requires a more in-depth knowledge of the
interactions between FXR and its binding partner RXR�.
Herein, we present crystal structures of FXR–LBD complexed
with coactivator and two novel FXR ligands and, for the first
time, FXR/RXR�–LBD heterodimer complexes in the presence

of novel FXR ligands and natural RXR ligand. In addition, we
conducted in vitro studies to determine the transcriptional
coactivator steroid receptor coactivator 1 (SRC1) binding affin-
ities for the individual nuclear receptors and receptors in the
heterodimer complex. Structure-guided mutagenesis experi-
ments were further used to investigate the signaling between
the heterodimers.

Results

Structure determination

The hFXR–LBD was crystallized in the presence of FXR ago-
nists (HNC143 and HNC180) and SRC1 (fragment 741–761)
with one LXXLL motif. The purified hFXR/RXR�–LBD het-
erodimer was crystallized in complex with FXR agonists
(HNC143, HNC180, or GW4064), RXR natural ligand 9cRA,
and a synthetic peptide derived from the coactivator SRC1–2
(fragment 685–700, the second LXXLL motif in SRC1) contain-
ing a single LXXLL motif. Purification of the coexpressed
hFXR/RXR�–LBD heterodimer (see “Experimental proce-
dures”) and addition of compounds and SRC1 peptide were
critical for the complex crystallization. FXR–LBD/ligand struc-
tures were solved by the molecular-replacement method using
previously determined FXR–LBD structure as the search
probe. The heterodimer complex structures were also deter-
mined by molecular replacement method with the FXR and
RXR� monomer structures as the searching models in two
steps. Electron density maps showed clear features for the
respective ligands in the structures, the LXXLL motifs of the
SRC1 peptides, and each LBD, except for helix 2 in RXR� and

Table 1
Statistics of crystallographic data and refinement

Complex HNC143–FXR–LBD HNC180 –FXR–LBD
HNC143–FXR/

9cRA–RXR
HNC180 –FXR/

9cRA–RXR
GW4064 –FXR/

9cRA–RXR

Data collection
Space group P212121 F23 P41212 P212121 P43212
Cell dimensions

a (Å) 79.38 160.35 83.38 89.53 102.85
b (Å) 98.77 160.35 83.38 96.13 102.85
c (Å) 119.27 160.35 161.63 114.24 109.46
� � � � � (°) 90 90 90 90 90

Resolution (Å) 2.88 2.60 2.10 2.95 3.05
Rpim 0.086 (0.507)a 0.032 (0.267) 0.024 (0.247) 0.110 (0.338) 0.020 (0.274)
I/� 6.9 (1.6) 17.2 (3.3) 18.9 (3.4) 5.4 (2.0) 19.4 (3.0)
Completeness (%) 99.9 (100) 100 (100) 100 (100) 98 (98.8) 99.8 (99.7)
Redundancy 6.2 (6.4) 10.3 (10.4) 13.1 (13.5) 3.5 (3.6) 13.8 (14.4)

Refinement
No. of unique reflections 20,743 10,107 32,442 19,737 11,002
Rwork/Rfree (%)b 21.1/26.2 19.6/25.1 19.8/24.6 22.1/28.2 22.5/28.8
No. of atoms

Proteins 3954 1982 3860 7384 3638
Ligand/ion 76 64 76 122 58
Water 4 11 81 17 1

Average B-factors
Protein 61.8 68 43 54.9 126.3
ligand 53.504 42.99 37.1 49.5 118.1

RMSDc

Bond lengths (Å) 0.0124 0.0128 0.017 0.009 0.0118
Bond angles (°) 1.5924 1.6142 1.798 1.52 1.7318

Ramachandran plot
Favored (%) 96.4 96.19 96.67 95.57 94.01
Allowed (%) 2.12 2.97 3.33 3.52 5.07
Outliers (%) 1.48 0.85 0 0.91 0.92

a The values in parentheses refer to statistics in the highest resolution bin.
b Rfactor � ��FP � FPcalc�/�FP, where FP and FPcalc are the observed and calculated structure factors, Rfree is calculated from a randomly chosen 5% of reflections that have

never been used in refinement, and Rfactor is calculated for the remaining 95% of the reflections.
c RMSD is the root-mean-square deviation from ideal geometry.
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some regions in FXR. The statistics for data collection and
structure refinement are summarized in Table 1.

Overall structure of the hFXR/RXR� heterodimer

The structures of the hFXR/RXR� LBD heterodimer com-
plexes contain six components: two receptor LBDs, their
respective ligands, and two SRC1 peptides (Fig. 1a). The het-
erodimer complex structure is similar to the previous published
RXR LBD heterodimer complexes (15–20). Both LBDs adopted
the canonical three-layered � helical sandwich fold, with FXR
containing 12 �-helices (H1 to H12) and RXR containing 10
�-helices and 2 �-strands.

The FXR and RXR� ligands occupy their respective ligand-
binding pockets, and both receptors adopt the active configu-
ration, such that the H12 is folded against the main body of the
LBD. This conformation generates a recognition surface (AF2
surface) constituted by mostly hydrophobic residues from H3,
H4, and H12 of FXR and RXR�, which allow one SRC1 peptide
to bind to each receptor. Two coactivator peptides fold as a
two-turn �-helix in the heterodimer complex with the hydro-
phobic side chains (LXXLL) packed against the agonist-in-
duced FXR and RXR� surfaces.

Binding characteristics of HNC compounds to hFXR

HNC compounds (HNC143 and HNC180) are GW4064 ana-
logues (Fig. 2, a– c), sharing the similar hydrophobic head that
can bind in the same position in FXR ligand-binding pocket.
Compared with GW4064 and HNC143, HNC180 has a more
potent EC50 in a coactivator recruitment assay (Fig. 2h) and is
much more active in cell transfection assays (Fig. 2i). Electron
density maps allowed unambiguous placement of HNC143,
HNC180, and GW4064 into the FXR ligand-binding pocket in
the heterodimer structures (Fig. 2, d–f) and monomer struc-
tures (data not shown). Overall, these binding modes are simi-
lar to that adopted by GW4064 in the monomeric FXR–LBD
(21). The nonsteroid ring system of HNC143 or HNC180 is
sandwiched between two hydrophobic layers of residues mainly
contributed from H3, H5, and H11. The large number of hydro-
phobic interactions observed between HNC compounds and

FXR suggests that these interactions are important for the bind-
ing. Structure superposition of HNC143 and HNC180 with
GW4064 in the heterodimer structures (Fig. 2g) shows that the
tail end of compound HNC143 rotated significantly. This posi-
tional difference also exits in the FXR–LBD monomer struc-
tures (data not shown). In both FXR–LBD monomer and het-
erodimer structures with these three ligands, the carboxylate of
HNC143 forms a hydrogen bond with His344, leading to stabi-
lization of the loop between H5 and H6, whereas HNC180 and
GW4064 interact with Arg331 (Fig. S2). For HNC180 and
GW4064-bound structures, the segment between H5 and H6 in
FXR–LBD forms a short helix in the monomer structures,
whereas it is absent in the heterodimer structure because of a
lack of electron density. These results suggest that FXR has
considerable conformation dynamics upon binding with differ-
ent ligands or forming heterodimer with RXR.

Heterodimerization and coactivator recruitment

Given the importance of heterodimerization in nuclear
receptor signal pathway, we addressed the question whether
association of FXR and RXR� modifies the intrinsic ability of
the receptors to interact with coregulators. To this end, we
purified FXR–LBD and RXR�–LBD with or without fused
LXXLL motifs (see “Experimental procedures”) to examine
whether nuclear receptor LBD dimerization can influence the
coactivator binding. The fused SRC1 to one of the two recep-
tors in the heterodimer was designed to assess the binding
of biotin-labeled SRC1 to the nonfused receptor in coactivator
binding assay. To validate this approach, FXR/RXR het-
erodimer fused with two SRC1 peptides was tested in the fluo-
rescence anisotropy assay. The results show that there is no
binding between the two-SRC1–fused heterodimer and fluo-
rescein-labeled peptide (Fig. S1). We then examined the SRC1
binding affinity for FXR and RXR in the context of the het-
erodimer and in response to different ligands (Table S1). The
affinity of SRC1676 –700 LXXLL motifs binding to the FXR–LBD
alone (Kd � 6.60 �M) is lower than binding to the FXR–LBD in
the FXR/RXR–LBD heterodimer complex (Kd � 2.42 �M) (Fig.
3, a and c). A similar effect was found in RXR�–LBD (Fig. 3,

Figure 1. FXR/RXR� heterodimer structure complexed with HNC143, 9cRA, and SRC1 peptides. a, ribbon diagram of the human FXR/RXR� heterodimer
complex with two SRC1 peptides. The SRC1 peptides are in yellow. FXR is cyan, and RXR� is colored magenta. HNC143 in FXR and 9cRA in RXR� are shown in
space-filling representation colored by atom type: oxygen as red, nitrogen as blue, sulfur as yellow, chlorine as green, and carbon as pink. b, heterodimer viewed
from the bottom of H11, 90° rotation of a.

Allosteric signal transduction in FXR/RXR heterodimer

18182 J. Biol. Chem. (2018) 293(47) 18180 –18191

http://www.jbc.org/cgi/content/full/RA118.004652/DC1
http://www.jbc.org/cgi/content/full/RA118.004652/DC1
http://www.jbc.org/cgi/content/full/RA118.004652/DC1


b and d). Therefore, dimerization enhances the binding affinity
of FXR–LBD and RXR–LBD for LXXLL motifs. In addition,
contributing to the overall stability of the receptor, FXR ago-
nists or RXR agonist (9cRA) can enhance the SRC1 binding, and
the addition of 9cRA or FXR agonists will further increase the
binding affinity in FXR/RXR�SRC1 or FXR�SRC1/RXR het-
erodimer (Fig. 3, e and f). We further tested the EC50 of FXR
ligands in coactivator recruitment assay in the context of FXR
monomer or FXR/RXR heterodimer, with or without RXR ago-
nist 9cRA (Table 2). The results show that heterodimerization
with RXR will improve the EC50 of all these ligands. However,
when 9cRA is added, differentiated effects of the FXR com-
pounds were observed. Ligands HNC180 and GW4064 have
better EC50 in FXR/RXR–LBD dimer; on the other hand, EC50

of HNC143, INT747, and ivermectin decrease to FXR mono-
mer level or even lower. This result suggested that the higher-
order nuclear receptor complex structure improves coactivator
binding, and the synergistic effect between the two receptors
ligands may have ligand selectivity.

The asymmetric hFXR–RXR� heterodimer interface

Consistent with other RXR heterodimer structures, FXR and
RXR� interact via the conserved asymmetric dimer interface,
largely comprised of H11 in each monomer, with additional
contacts from H7 and H9, loops L8 –9 and L9 –10. The interac-
tions consist of an intricate network of hydrophobic and polar
interactions (Table S2), with H11 of RXR� and FXR forming a
coiled coil structure as shown in Fig. 4a. During the protein
purification, we found that the isolated FXR–LBD is mostly
monomeric, whereas mixing equivalent FXR and RXR LBDs
yields essentially heterodimer (data not shown).

Comparing the structurally available RXR heterodimers with
RXR homodimer, RXR partners differ in the degree of bending
and orientation of H11, even though they share similar electro-
static and polar contacts in the heterodimer interface. In the
nonpermissive TR/RXR heterodimer, TR� H11 has a marked
shift, resulting in a rotation of H11 and H5 in RXR� and then
disruption of the active conformation of RXR� (20). Although
the backbone of the N terminus of H11 in the permissive RXR

Figure 2. Chemical structure of the compounds and their interactions with FXR. a– c, the two-dimensional structures of HNC143, HNC180, and GW4064.
d–f, ligand interactions with FXR–LBD in FXR/RXR heterodimer. The initial electron density maps calculated with �A-weighted Fo � Fc coefficients, before the
placement of ligands, are contoured at 3�, 3�, and 2�, respectively. The proteins are represented as cartoons. The side chains of ligand-contacting residues
(yellow for carbon, red for oxygen, blue for nitrogen, and green for sulfur) and the ligands (cyan for HNC143, magenta for HNC180, and slate for GW4064) are
represented by sticks. Residues lining the binding pocket located within 4 Å of the ligands are shown. g, alignment of the three ligands in the heterodimer
structures. h, dose-response curves of the FXR–LBD binding with SRC1 motif in the presence of HNC143, HNC180 and GW4064 as measured by
AlphaScreen assays. RLU, relative light units. i, transcriptional activation assay of FXR–LBD with HNC143, HNC180, and GW4064. (EC50: HNC143, 0.306 �M;
HNC180, 0.016 �M; GW4064, 0.159 �M.) 293T cells were transiently transfected with pCMV–GAL4 –DBD– hFXR–LBD, PGL5, Renilla luciferase reporter
plasmids. Relative activity was defined as pGL5–luciferase activity/Renilla luciferase activity. The data are shown as means � S.D. All experiments were
repeated at least three times.
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partners superimpose well with the RXR homodimer, noticea-
ble shifts exist in the C terminus of H11 (Fig. 4b). The differ-
ences in the heterodimer interface (especially H11) between the
permissive and nonpermissive RXR heterodimer suggest that
receptor/ligand-specific bending of H11 also contributes to the
cross-dimer signaling.

Role of helix 11 in cross-dimer signaling

Previous studies have shown that an electrostatic tethering
across the dimer interface exists in most RXR heterodimers in
the plane of ligand, suggesting a conduit for structural informa-
tion from the ligand to the partner receptor (22). In our FXR/
RXR heterodimer structures, residue Glu434 in RXR� can form

a hydrogen bond across the dimer interface with His445 in FXR
(Fig. 5d). We then tested several RXR–LBD Glu434 mutations
(E434N, E434Q, E434K, and E434A) with WT FXR–LBD in the
coactivator binding assay, using RXR� agonist 9cRA and FXR
agonist GW4064. The results showed that RXR mutants could
affect the signal transduction between the heterodimer (Fig.
5a). When Glu434 in RXR was mutated to Ala, the FXR agonist
could hardly increase the ability of RXR to recruit SRC1. Using
FXR and RXR mutants, cell-based transfection assay demon-
strated that both full-length FXR H445A and RXR E434A
mutations decreased the synergistic effect of 9cRA and
GW4064 (Fig. 5b). These results indicated that the interaction
between the RXR Glu434 and FXR His445 in the heterodimer

Figure 3. Characterization of the interaction between coactivator and FXR–LBD, RXR–LBD, and FXR/RXR–LBD. a and b, binding curve of SRC1676 –700
peptide to FXR–LBD, RXR–LBD monomer without ligands, measured by fluorescence anisotropy. c and d, binding curve of SRC1676 –700 peptide to FXR/RXR–
LBD�SRC1 and FXR–LBD�SRC1/RXR–LBD without ligands. The heterodimeric LBD complex consists of FXR–LBD and RXR–LBD fused with SRC1 or vice versa. This
allows for the free biotinylated SRC1 peptide to bind only the unfused LBD. e and f, dissociation constants of the SRC1676 –700 and FXR–LBD/RXR–LBD�SRC1
complexes (e) and FXR–LBD�SRC1/RXR–LBD (f), obtained from fluorescence anisotropy-based titrations. The experiments were carried out in the presence of
FXR agonists (HNC143, HNC180, and GW4064), with or without RXR agonist (9cRA). The values are means � S.D. of three independent experiments.

Table 2
EC50 of ligands in the coactivator recruitment assay with monomeric or heterodimeric FXR–LBD
The data are shown as the mean values � S.D. (n � 3).

EC50

Receptor HNC143 HNC180 GW4064 INT747 Ivermectin

�M

FXR–LBD 0.228 � 0.015 0.043 � 0.002 0.131 � 0.033 0.521 � 0.027 0.468 � 0.049
FXR/RXR-LBD 0.086 � 0.005 0.032 � 0.001 0.036 � 0.012 0.359 � 0.008 0.396 � 0.036
FXR/RXR–LBD�9cRA 0.211 � 0.030 0.049 � 0.021 0.050 � 0.004 0.843 � 0.159 0.726 � 0.035
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interface is essential for the synergistic effect. We then looked
at whether His445 in FXR is conserved in other RXR partners.
Structure-based sequence alignment showed that the presence
of basic amino acid (His) at this particular position is unique for
FXR. In other nuclear receptors, the residue that forms the
electrostatic tethering with Glu434 in RXR corresponds to the
position one turn following the His445 in H11 of FXR (Fig. S3).

Using SCA, Ranganathan and co-workers (11) identified a
network of 27 coevolved amino acids that are energetically cou-
pled and mediate allosteric signaling in the RXR heterodimers.
The mutagenesis study showed that FXR E326A and the corre-
sponding mutations in other permissive partners LXR, PPAR,
and Nurr1 exhibit different transcriptional activity in RXR het-
erodimer. In our GW4064 –FXR/9cRA–RXR structure, residue
Glu326 in FXR forms salt bridges with and stabilizes Arg441 and
Arg436, which participate in the formation of heterodimer
interface (Fig. 5d). The E326A mutation would disrupt the
interaction network and hinder the allosteric signal transduc-
tion from RXR, thereby decreasing the transcriptional activity
of FXR. Furthermore, we generated other FXR mutations
(R441A and R455S) that belong to the SCA network; each of
them decreased the synergistic effect of the two receptor ago-
nists in the cell transactivation assay (Fig. 5c). Taken together,
these findings are directly in line with previous findings found
in other RXR heterodimers: there are two patches of comple-
mentary clustered residues for signal transduction through
H11 in FXR–RXR heterodimer. One is through the physically
connected AF2 hydrophobic core of the receptor across the
dimer interface in the SCA network. The other one connects
the dimer interface via an electrostatic tethering across H11 at
the plane of the ligands (Fig. S4).

Ligand effect in the heterodimer interface and helix 11
conformation

We then addressed the question of whether the dimerization
interface could be altered depending on the type of bound
ligands, thereby providing a structure basis for the allosteric
communication between RXR heterodimers and diverse gene
activation profiles (23). In our three FXR–RXR heterodimer
structures, all RXR� agonists are 9cRA (Fig. S5). Structure
superposition of these complexes showed that the RXR parts
superpose well (Fig. 6a), with root-mean-square deviations
being 0.460 Å (GW4064 –FXR/9cRA–RXR versus HNC143–
FXR/9cRA–RXR) and 0.457 Å (HNC180–FXR/9cRA–RXR ver-
sus HNC143–FXR/9cRA–RXR) over RXR� C� atoms. One
significant difference is observed in the C terminus of H11 of
RXR in HNC143–FXR/9cRA–RXR heterodimer, among which
movement of residues (Cys432, His435, Leu436, and Phe439)
induce positional change of the ligand 9cRA correspondingly
(Fig. 6b). The most significant difference is located in the C
terminus of H11 of FXR, with the notable structural change
starting from Asn444 and His445. Compared with HNC143
bound heterodimer, the main chain hydrogen bonds formed by
Asn444–Glu448 and His445–Glu449 are lost in HNC180- and
GW4064-bound heterodimers (Fig. S6). These two pairs of
hydrogen bonds are necessary for maintaining a stable helix
structure; thus, losing those bonds will trigger the C terminus of
helix 11 to turn into a loop. Furthermore, residues His447,
Leu451, Trp454, Leu465, and Trp469 shift toward the bound com-
pounds HNC180 or GW4064 (Fig. 6c), leading to a closer
ligand/receptor interaction. The change from helix conforma-
tion to loop also orientates residue Leu441 to the hydrophobic
core, and hydrophilic residue His459 becomes solvent-exposed.

Figure 4. The FXR/RXR� heterodimer interface. a, intermolecular interactions mediated by the helices 11 of RXR� and FXR. Interacting residues on the
heterodimer interface are labeled. b, alignment of different RXR� heterodimers and conformational variations of RXR� partner. Several NRs (colored as
indicated) (TR/RXR: PDB code 4ZO1; PPAR/RXR: PDB code 1FM6; and LXR/RXR: PDB code 1UHL) were superimposed over the highly conserved N-terminal
portion of helix 11 in RXR–LBD homodimer (PDB code 1MZN), corresponding to residues 413– 427 in RXR�. TR and FXR H11 shifts are showed by red arrows.
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It is also worth mentioning that the position of Arg455 changed
significantly in the C terminus of H11 in these heterodimeric
structures with different FXR agonists bound. As shown in Fig.
6d, Arg455 in HNC143-bound FXR pushed against the C termi-
nus of H12, potentially rendering the H12 unstable in
HNC143–FXR/9cRA–RXR heterodimer. Thus, it may explain
why the coactivator recruitment ability of HNC143 is lower
than that of HNC180, because a stable AF2 surface is necessary
for coactivator recruitment. In addition, five more residues of
coactivator SRC1 were identified in HNC180 –FXR/9cRA–
RXR than in HNC143- or GW4064-bound heterodimer, result-
ing in more interactions between FXR (His313 in H4 and Asp470

in H12) and SRC1 in HNC180 –FXR/9cRA–RXR complex (Fig.
6e).

Interestingly, H11 is almost identical in the monomeric FXR
structures with different ligands (HNC143, HNC180, and
GW4064) bound. Compared with the monomer structures, the
C terminus of H11 in FXR in the heterodimer changed signifi-
cantly in the HNC180- and GW4064-bound FXR/RXR het-
erodimers, but not in HNC143-bound heterodimer (Fig. 7,
a– d, Fig. S7). Further analysis of these six structures revealed
changes in a network of residues. In HNC180 –FXR monomer
structure, His445 forms a hydrogen bond with Glu449, but when

heterodimerized with RXR, this interaction within FXR is
replaced by a hydrogen bond between FXR His445 and RXR
Glu434, and at the same time FXR Arg441 forms a hydrogen
bond with RXR Ser427. These changes induce significant move-
ment of FXR residues Arg441, Asn444, and His445, disrupting the
hydrogen-bond network (Asn444–Glu448 and His445–Glu449)
within FXR. Similar scenario is also presented in the GW4064 –
FXR/9cRA–RXR structure. However, in the HNC143–FXR
monomer structure, His445 does not interact with Glu449,
whereas in heterodimeric structure with RXR, no significant
changes are observed for residues Asn444 and His445 in FXR and
overall H11. Interestingly, the superposition of these three
ligand-bound FXR–LBD monomer structures reveals only sub-
tle changes induced by the different ligands, with the most
notable change occurred in the side chain of His445 (Fig. 7e).

When superposing the three FXR/RXR heterodimers via
RXR, we observed that different orientations of the ligand tails
in FXR ligand-binding pocket induce a shift in H2, H3, and H11
and then affect the location of AF2, potentially influencing the
affinity for the coactivator binding to the heterodimer (Fig. 7f).
Therefore, the change of side chain His445 in these compound-
bound complexes, combined with distinct conformation of
FXR ligands, results in different conformations for H11 of

Figure 5. The role of helix 11 in modulating the allosteric signal. a, FXR–LBD�SRC1/RXR–LBD (WT RXR–LBD and Glu434 mutants) proteins were used in
coactivator recruitment assay, and FXR agonist GW4064 (1 �M) and RXR agonist 9cRA (1 �M) were added. RLU, relative light units. b and c, 293T cells were
cotransfected with full-length WT FXR or FXR mutant expression plasmids, WT RXR or RXR mutant expression plasmids, FXR-responsive luciferase reporter
(pGL3-IR1), and Renilla reporter plasmids. The cells were treated with DMSO, RXR agonist 9cRA (1 �M), and FXR agonist GW4064 (1 �M) for 24 h. Relative activity
was defined as pGL3-luciferase activity/Renilla activity. The values are means � S.D. of three independent experiments. **, p � 0.001; ***, p � 0.0001 (Student’s
t test). d, signal transduction pathway from the FXR/RXR heterodimer interface. H11 of FXR and RXR in GW4064-bound heterodimer are shown in cartoon;
interacting residues on the heterodimer interface are shown in sticks.
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FXR in the heterodimer. Taken together, these structural
evidences demonstrated that different FXR ligands can exert
unique influence on H11 and then affect the stability of H11
and H12 of FXR when dimerized with RXR, thereby modu-
lating the recruitment of coactivator and transactivation of
target genes.

Discussion

The liver is a vital organ with critical functions in metabo-
lism. FXR is an important transcriptional regulator in liver.
Except for regulating bile acid cholesterol and lipid and glucose
metabolism, recent studies found that FXR has much broader
role in liver regeneration, energy balance, and postnatal liver
maturation (24 –26). These functions indicate that FXR is an
attractive therapeutic target for liver diseases. Structural infor-
mation of FXR will greatly contribute to the rational drug
design.

In this study, we provide a structural and biochemical char-
acterization of farnesoid X receptor in complex with its obligate
heterodimer partner RXR�. In agreement with previous stud-
ies, especially a recent FXR/RXR heterodimer structure with
known FXR ligand WAY-362450 (27), we observed that FXR/
RXR heterodimer has the similar heterodimer interface with
other RXR heterodimers. Our structural data provide an allos-
teric mechanism in which communications across the dimer
interface, together with the two respective agonists, enhance
the affinity of FXR and RXR for binding to individual LXXLL
motifs. The increase in binding affinity for coactivators in
nuclear receptor complexes versus individual receptors has also
previously been noted for RAR, CAR (constitutive androstane
receptor), and PXR (19, 28, 29).

It has previously been predicted that receptors whose C ter-
mini lie at the same position as PPAR� should be permissive for

activation by RXR ligands, because Lys431 in RXR will form a
salt bridge with the C terminus of the AF2 in the partner recep-
tor (15). FXR, having one residue shorter than PPAR� at the C
terminus, is a RXR permissive partner. However, in our struc-
tures, the RXR did not shift to accommodate this one residue
difference as was predicted. Therefore, the permissiveness for
activation by RXR ligands is not solely determined by the posi-
tion of partner’s C terminus. There should be other mecha-
nisms to determine the permissiveness or nonpermissiveness.
When superposing RXR heterodimer structures using the con-
served RXR H11 as the reference, we found that the orientation
of H11 in heterodimer partner varies by receptors, and the per-
missive partner have more bending than nonpermissive part-
ners. This can allow permissive heterodimers to sense both
receptor ligands, whereas nonpermissive heterodimers only
respond to partner ligands.

Previous studies have shown that the C terminus of helix 11
could be differentially positioned by distinct ligands, thereby
controlling the packing of helix 12 in the agonist conformer in
NR monomer, especially in PPAR� (30). In our structures,
we first identified that the C terminus of the H11 in FXR can
have different conformation when dimerized with RXR, and the
change is ligand-specific. The C terminus of H11 of FXR in the
HNC180/GW4064 heterodimer becomes a loop, instead of
�-helix, and brings a closer interaction with ligand. This change
has not been found in other RXR heterodimers. We speculate
that this is a new regulation mechanism in RXR heterodimers.
Through the conformational change in H11 of FXR, the syner-
gistic effect of the two receptor ligands can be modulated.

Here, we also demonstrated that heterodimerization can
improve the EC50 of FXR agonists in the coactivator recruit-
ment assay. However, the synergic effect only exists in specific

Figure 6. The ligand-induced structural change in the C terminus of helix 11. a, alignment of the three FXR/RXR heterodimers. Cyan, heterodimer with
HNC143; magenta, heterodimer with HNC180; slate, heterodimer with GW4064; pale cyan, SRC1 in HNC143 complex; red, SRC1 in HNC180 complex; yellow,
SRC1 in GW4064 complex. b, shift in C terminus of H11 in RXR induced by heterodimerization with FXR and corresponding change in the position of RXR ligands
9cRA. c and d, the details of the difference on H11 and H12 with different ligands in FXR. e, coactivator binding interface (AF2 surface) of FXR in three
heterodimers.
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ligand pairs. This is due to the diverse effect different ligands
could exert on the heterodimer interface. Drug screening
efforts have identified small-molecule receptor modulators
using only individual LBDs, usually not considering that allos-
terically acting ligands could be identified if the entire receptor
complex is used in the screening. Although the structure for
the ligand–receptor complexes are well studied, it is still impos-
sible to precisely predict the correlation between ligand struc-
ture and physiological function. Recently, Gabler et al. (31) have
developed imatinib and its optimized derivatives as first-in-
class allosteric FXR modulators without RXR activity. This
allosteric FXR modulation could open a new avenue to gene-
selective FXR modulators. Our study presents a very intri-
cate regulation mechanism in ligand-induced FXR/RXR het-
erodimer signaling.

In summary, our results provide structure insights into the
FXR/RXR heterodimer with different combination of ligands.
Particularly, the modulation through the conformational
change in helix 11 of FXR in the heterodimer will greatly extent
our understanding on the RXR heterodimer signal transduc-
tion. Importantly, further analysis of allosteric effects on differ-
ent gene transcription profiles, combined with structural infor-
mation of nuclear receptor/ligand interactions, will provide a
unique opportunity for rational drug design.

Experimental procedures

Compounds

HNC143 and HNC180 were synthesized based on the pub-
lished patent WO2017118294. 1H NMR spectra and mass spec-
tra data (Fig. S8) confirm the structure correctness and purity of
the compounds. GW4064 was purchased from Selleck. INT747
was purchased from MedChem Express. Ivermectin and 9cRA
were purchased from sigma.

Protein expression and purification

The RXR–LBD (residues 225– 462) was expressed from the
expression vector pET21a (Novagen) without a His tag or from
vector pET28a (Novagen) with an N-terminal His6 tag, and the
FXR–LBD (225-472) was expressed as a N-terminal His6
fusion protein from the expression vector pET24a (Novagen).
For FXR–RXR�–LBD heterodimer protein production,
Rosetta 2 cells transformed with two expression plasmids
(RXR-pET21a and FXR-pET24a) were grown in LB broth at
37 °C to an A600 of �1.0 and induced with 0.1 mM isopropyl
�-D-thiogalactopyranoside for 16 h when cooled down at 16 °C.
The cells were harvested, resuspended in 80 ml of extraction
buffer A (20 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, 1 mM

tris-(2-carboxyethyl) phosphine hydrochloride) per 1 liter of

Figure 7. Ligand effect on the heterodimer interface and helix 11 conformation. a– c, overlay of FXR–LBD and FXR/RXR–LBD. Helix 10/11 is shown in pale
cyan for HNC143–FXR–LBD and in cyan for HNC143–FXR/9cRA–RXR (a), in pink for HNC180 –FXR–LBD and in magenta for HNC180 –FXR/9cRA–RXR (b), and in
yellow for GW4064 –FXR–LBD and in slate for GW4064 –FXR/9cRA–RXR(c). d, alignment of the three ligand-bound FXR–LBD monomer structures show the
conserved C terminus of FXR H11. e, ligand-induced side-chain difference in H11 within three different ligand-bound monomeric FXR–LBD. f, the conformation
change induced by the tail of FXR ligands. Alignment of three different FXR ligand-bound FXR/RXR heterodimers via superposition on RXR and colored as in
a– c. Arrows show the shifts of H2, H3, H11, H12, and SRC1 in FXR.
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cells, and passed three times through a French press with pres-
sure set at 1000 pa. The lysate was centrifuged at 12,000 rpm for
40 min, and the supernatant was loaded on a source Q column.
The column was equilibrated with buffer B (20 mM Tris, pH 8.0,
5 mM NaCl, 10% glycerol, 1 mM tris-(2-carboxyethyl) phosphine
hydrochloride), and protein samples were eluted with 100 ml of
buffer C (20 mM Tris, pH 8.0, 1 M NaCl, 10% glycerol, 1 mM

tris-(2-carboxyethyl) phosphine hydrochloride) using gradient.
The FXR/RXR�–LBD heterodimer was further purified by a
Superdex 200 column in buffer D (25 mM Tris, pH7.2, 150 mM

NaCl, 5 mM DTT, 0.5 mM EDTA). To prepare the protein–
ligand– coactivator complex, we added a 4-fold molar excess of
SRC1–2 (685–700) peptide; 4-fold molar excess of HNC143,
HNC180, or GW4064; and 4-fold molar excess of 9cRA to the
purified heterodimer, followed by filter concentration to 8.8
mg/ml.

For coactivator recruitment assays, RXR�–LBD�SRC1 (RXR
residue 225– 462) and FXR–LBD�SRC1 (FXR residue 225– 472)
fusion proteins were designed as a human SRC1 coactivator
fragment (residue 678 –700, SSHSSLTERHKILHRLLQEGSPS)
fused in the C terminus of the two receptors, using a 5-residue
glycine–serine linker (GGSGG). The purification procedure
was the same as described above. The SRC1 fused plasmids
were produced by PCR. The primer sequences used are listed
are as follows: pET24a–FXR–LBD�SRC1 sense, 5�-TAAGAA-
GGAGATATACATATGAAAATTGGTCATCATCATCAT-
CATCAT-3�, and antisense, 5�-TGGTGGTGCTCGAGTGC-
GGCCGCCTATGAGGGGCTACCCTCCTGTAAGAGCCG-
GTGTAGAATTTTATGCCGTTCTGTCAATGAGCTATG-
AGAAGATCCTCCAGATCCACCCTGCACGTCCCAGAT-
TTC-3�; and pET21a–RXR�–LBD�SRC1 sense, 5�-TAAGAA-
GGAGATATACATATGAGCGCCAACGAGGACATG-3�, and
antisense, 5�-ACGGAGCTCGAATTCGGATCCCTATGAG-
GGGCTACCCTCCTGTAAGAGCCGGTGTAGAATTTTA-
TGCCGTTCTGTCAATGAGCTATGAGAAGATCCTCCA-
GATCCACCAGTCATTTGGTGCGGCGC-3�. The reverse
complementary sequences of the coding sequence of linker
(GGSGG) and SRC1 peptide (residue 678 –700, SSHSSLTER-
HKILHRLLQEGSPS) in the antisense primer are underlined.

Crystallization and data collection

The HNC143–9cRA FXR/RXR heterodimer crystals were
grown in hanging drops that contained 1 �l of the protein-
ligand complex and 1 �l of well buffer that contained 25% PEG
4K, 200 mM ammonium sulfate, and 0.1 M trisodium citrate, pH
5.6, at 20 °C. HNC180/GW4064 –9cRA FXR/RXR heterodimer
crystals were grown in 0.1 M sodium acetate trihydrate, pH 7.0,
12% PEG3350 at 4 °C. Crystals grew to �100 –500 �m in
dimension in 2–3 weeks and diffracted to in the range between
2.1 and 3.05 Å resolution. The crystals were frozen with liquid
nitrogen prior to data collection.

The diffraction data were collected in BL17U1, BL18U1, and
BL19U1 Beamlines at Shanghai Synchrotron Radiation Facility
of China. The diffraction data were indexed, reduced, merged,
and scaled with MOSFLM (32) and AIMLESS (33, 34) from the
CCP4 suite of programs (35).

Structure determination and refinement

The FXR monomer structures were determined by molecu-
lar replacement with the MOLREP software from CCP4 pack-
age (35), using the apo FXR structure (PDB code 3DCT) as the
initial search model. For HNC143–FXR–LBD structure, the
molecular replacement solution was obtained with a correla-
tion coefficient (CC) of 0.44 and an R factor of 0.81, with the
second unrelated peak having a CC of 0.31 and an R factor of
0.87. For HNC180 –FXR–LBD, the solution was obtained with
a CC of 0.78 and an R factor of 0.36, with the second unrelated
peak having a CC of 0.42 and an R factor of 0.58. The FXR/RXR
heterodimer structures were determined by molecular replace-
ment with MOLREP in two steps. The apo FXR structure (PDB
code 3DCT) was used as the search model in the first step. After
obtaining the correct solution for FXR, the apo RXR structure
(PDB code 1FBY) was used to locate the position of RXR,
whereas FXR was fixed. For HNC143–FXR/9cRA–RXR, in the
first step, we obtained top solution with a CC of 0.46 and an R
factor of 0.55 in the searching for FXR, with the second unre-
lated peak having a CC of 0.37 and an R factor of 0.60. In the
second step searching for RXR, the top solution has a CC of 0.65
and an R factor of 0.45, with the second unrelated peak having
a CC of 0.39 and an R factor of 0.58. The other two het-
erodimer structures were determined by molecular replace-
ment using the HNC143–FXR/9cRA–RXR as search model.
For HNC180 –FXR/9cRA–RXR, the solution was obtained
with a CC of 0.68 and an R factor of 0.38, and the second unre-
lated peak had a CC of 0.36 and an R factor of 0.56. For
GW4064 –FXR/9cRA–RXR, the solution was obtained with a
CC of 0.65 and an R factor of 0.50, and the second unrelated
peak had a CC of 0.41 and an R factor of 0.66. Model building
and refinement was progressed with REFMAC (36) and
COOT (37). For HNC143 heterodimer complex structure,
the model refinement was optimized using PDB-REDO (38).
The statistics of the structure refinement are summarized in
Table 1.

Fluorescence anisotropy assay

A fluorescence anisotropy assay was conducted based on
fluorescence signal differences between free and protein-bound
fluorescein-labeled peptide. A fluorescein-labeled SRC1 pep-
tide (5-FAM-CPSSHSSLTERHKILHRLLQEGSPS), residues
676 –700, was synthesized. The reaction system was composed
of 50 nM FAM-SRC1 peptide, assay buffer (25 mM HEPES, pH
7.5, 100 mM NaCl, 5% glycerol, and 1 mM DTT), and various
concentrations of protein. Ligands were added at the concen-
trations 3– 6-fold of the receptors. The mixture was incubated
for 1 h at room temperature and then examined by 2104 Envi-
sion multilabel reader (PerkinElmer Life Sciences) using FITC
FP dual module with an excitation filter of FITC FP 480 and an
emission filter of FITC FP P-pol535 and S-pol535. Curve fitting
was carried out using Prism 5.0 (GraphPad). Dissociation con-
stants (Kd) were calculated by fitting to a nonlinear regression,
one-site saturation binding model.

Coactivator recruitment assay

The binding affinity of the compound to FXR–LBD was
determined by AlphaScreen assays using a hexahistidine detec-
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tion kit from PerkinElmer Life Sciences. The experiments were
conducted with 100 nM receptor LBD and 50 –200 nM biotiny-
lated SRC1–2 peptides in the presence of 10 �g/ml donor and
acceptor beads in a buffer containing 50 mM MOPS, 50 mM

NaF, 0.05 mM CHAPS, and 0.1 mg/ml BSA, all adjusted to pH
7.4. Protein, peptide, ligand, and beads were added together in
the buffer, followed by incubation for 2 h in the dark. The sig-
nals were measured on a plate reader (PerkinElmer Life Sci-
ences). Statistical analyses were performed with GraphPad
Prism.

The peptide with an N-terminal biotinylation is listed below

SRC1–2 (SRC1 residue 676 – 699; SPSSHSSLTERHKIL-
HRLLQEGSP), FXR, and RXR mutant expression plasmids
were generated by site-mutation PCR (from Guangzhou IGE
Biotech) and verified by DNA sequencing. Statistical analyses
were performed with GraphPad Prism.

Cell culture and Luciferase reporter assay

HEK 293T cell lines were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen), supplemented with 10% fetal
bovine serum (Gibco), and cultured at 37 °C in 5% CO2 atmo-
sphere. The cells were plated in 96-well plates at 1.5 	 104/well,
25 ng/well pCMV–GAL4 —DBD– hFXR–LBD expression vec-
tor, 25 ng/well PGL5 luciferase, and 5 ng/well Renilla luciferase
reporter plasmids were transiently transfected into cells using
0.17 �l/well Lipofectamine 2000 (Invitrogen). 8 h after trans-
fection, the cells were treated with FXR agonists in fresh Dul-
becco’s modified Eagle’s medium. Compounds were dissolved
in DMSO and added in the concentrations indicated. Lucifer-
ase activities were measured after additional 24 h using a Dual-
Luciferase reporter assay system (Promega). Relative activity
was defined as pGL5–luciferase activity/Renilla luciferase
activity. All experiments were repeated at least three times. Sta-
tistical analyses were performed with GraphPad Prism.

For the full-length receptor cotransfection assay, 293T
cells were transfected with an IR1 (pGL3–FXRE–luc) lucif-
erase reporter plasmid, expression plasmids for FXR, RXR�
(pCDNA3.1– hFXR and pCDNA3.1– hRXR�), and Renilla
using Lipofectamine 2000. The other procedures were the
same as mentioned above.
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