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The nuclear protein constitutive active/androstane receptor
(CAR or NR1I3) regulates several liver functions such as drug
and energy metabolism and cell growth or death, which are
often involved in the development of diseases such as diabetes
and hepatocellular carcinoma. CAR undergoes a conversion
from inactive homodimers to active heterodimers with retinoid
X receptor & (RXRa), and phosphorylation of the DNA-binding
domain (DBD) at Thr-38 in CAR regulates this conversion.
Here, we uncovered the molecular mechanism by which
this phosphorylation regulates the intramolecular interaction
between CAR’s DBD and ligand-binding domain (LBD), ena-
bling the homodimer—heterodimer conversion. Phosphomi-
metic substitution of Thr-38 with Asp increased co-immuno-
precipitation of the CAR DBD with CAR LBD in Huh-7 cells.
Isothermal titration calorimetry assays also revealed that
recombinant CAR DBD-T38D, but not nonphosphorylated
CAR DBD, bound the CAR LBD peptide. This DBD-LBD
interaction masked CAR’s dimer interface, preventing CAR
homodimer formation. Of note, EGF signaling weakened the
interaction of CAR DBD T38D with CAR LBD, converting CAR
to the homodimer form. The DBD-T38D-LBD interaction also
prevented CAR from forming a heterodimer with RXRa. How-
ever, this interaction opened up a CAR surface, allowing inter-
action with protein phosphatase 2A. Thr-38 dephosphorylation
then dissociated the DBD-LBD interaction, allowing CAR het-
erodimer formation with RXRa. We conclude that the intramo-
lecular interaction of phosphorylated DBD with the LBD
enables CAR to adapt a transient monomer configuration that
can be converted to either the inactive homodimer or the active
heterodimer.

Nuclear receptor constitutive active/androstane receptor
(CAR)? is activated either by endogenous stimuli such as
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growth and stress, or by exposures to exogenous chemicals
including therapeutic drugs and environmental pollutants.
Upon activation, CAR regulates various types of hepatic metab-
olism and cell signaling. Thus, CAR activation can become
either a beneficial or a risk factor in developing various toxici-
ties in response to drug/chemical exposures, drug—drug inter-
actions, and diseases (i.e. diabetes, steatosis, cholestasis, and
hepatocellular carcinoma) (1-6). In this regard, understanding
the activation mechanism should help us to predict and prevent
CAR-mediated adverse outcomes.

In transformed cells, CAR is a constitutively active nuclear
receptor that spontaneously accumulates in cell nuclei, and
forms a heterodimer with RXRe to activate target gene tran-
scription. CAR represses this constitutive activity by phosphor-
ylation of Thr-38 within the DNA-binding domain in both
mouse and human primary hepatocytes and in mouse livers.
Thus, the underlying mechanism that regulates CAR is phos-
phorylation and dephosphorylation of Thr-38 for inactivation
and activation, respectively. Protein phosphatase PP2A and
scaffold protein receptor for activated C kinase (RACK1) are
key factors for dephosphorylation at Thr-38 (7). Epidermal
growth factor (EGF) and insulin repress dephosphorylation at
Thr-38 by activating their downstream kinase such as an extra-
cellular signal-regulated kinase (ERK1/2) and dissociating
PP2A/RACKI from CAR (8, 9). This repression signal stimu-
lates phosphorylated CAR to form a homodimer, which buries
thebindingmotiffor PP2A and RACK1, therebyevading dephos-
phorylation and retaining CAR in an inactive state in the cyto-
plasm (10). Phenobarbital (PB) antagonizes EGF and insulin by
binding their receptors and inhibiting progression of their sig-
nals to induce dephosphorylation of CAR for its indirect acti-
vation (7,9, 11). Moreover, monomerization of phosphorylated
CAR initiates this dephosphorylation (10). On the other hand,
CAR ligands such as 6-(4-chlorophenyl)imidazo[2,1-b][1,3]
thiazole-5-carbaldehyde O-3,4-dichlorobenzyl)oxime (CITCO)
directly bind phosphorylated CAR, which dissociates from
ERK1/2, monomerizing CAR for dephosphorylation and acti-
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vation (10). Although the cell signaling that regulates CAR and
how drugs such as PB utilize it to activate CAR have now
been delineated, the molecular mechanism by which CAR
integrates this cell signaling at the protein level remains
unexplored.

Here, we have investigated interactions between the DNA-
and ligand-binding domains of CAR to probe the molecular
basis by which CAR dephosphorylates at Thr-38 for activation
of transcriptional enhancer functionality. Co-immunoprecipi-
tation assays of tagged proteins in Huh-7 cells and isothermal
titration calorimetry (ITC) assays with bacterially expressed
recombinant proteins were employed to delineate the nature
and regulation of these interactions. We present experimental
data demonstrating that phosphorylation of Thr-38 regulates
the CAR DBD’s interaction with the LBD in response to EGF,
and discuss the hypothesis that the DBD regulates CAR activa-
tion through homodimer-monomer conversion in a phosphor-
ylation-dependent manner.

Results
Phosphorylation strengthens DBD binding to LBD

Interaction between the DBD and LBD was examined by co-
immunoprecipitation assays. For this, either a GFP-tagged
CAR DBD T38D or CAR DBD T38A mutant was ectopically
co-expressed with FLAG-tagged CAR LBD in Huh-7 cells.
Whole cell extracts were then prepared for subsequent immu-
noprecipitations. CAR DBD was precipitated by an anti-GFP
antibody and the resultant precipitates were subjected to West-
ern blot analysis using an anti-FLAG antibody (Fig. 14). The
CAR LBD was far more effectively co-precipitated with CAR
DBD T38D than with CAR DBD T38A. Furthermore, ITC was
performed to examine this DBD—LBD interaction using recom-
binant CAR proteins expressed in and purified from Esche-
richia coli cells. CAR DBD T38D bound CAR LBD with the
dissociation constant (K,) of 3.44 um (Fig. 1B). On the other
hand, no binding was detected between CAR LBD and CAR
DBD WT. In both co-immunoprecipitation and ITC assays,
phosphomimetic mutation of Thr-38 enhanced CAR DBD
binding of CAR LBD. As shown in Fig. 1, FLAG-tagged CAR
LBD and GFP-tagged CAR LBD were co-precipitated, suggest-
ing that two CAR LBDs interacted to form a homodimer. How-
ever, this co-immunoprecipitation was greatly decreased in the
presence of CAR DBD T38D in Huh-7 cells (Fig. 1C, arrow by
LBD). This decrease reciprocated the dramatic increase in
co-precipitation of LBD with DBD (Fig. 1C, arrow by DBD).
Additional co-immunoprecipitation assays were performed to
examine whether the EGF signal regulates CAR DBD T38D
interaction with CAR LBD. EGF treatment effectively ablated
co-immunoprecipitation of DBD with LBD (Fig. 2). The ability
of CAR DBD T38D to limit CAR LBD homodimerization (Fig.
1C) combined with the ability of EGF to inhibit CAR DBD
T38D interactions with CAR LBD suggests homodimerization
of CAR is regulated in a signal-dependent manner by EGF. This
finding became the impetus for the subsequent investigation.

DBD interacts with LBD through D-box

CAR DBD encompasses amino acid residues from 8 to 78,
from which two deletion constructs (residues 8 —41 and 42— 63)
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were generated and tagged with GFP (Fig. 3A). Full-length or
deletion constructs were co-expressed with FLAG-tagged CAR
LBD in Huh-7 cells, from which whole cell extracts were pre-
pared for immunoprecipitation assays using an anti-FLAG
antibody. The 42-63 construct, but not the 8—41 construct,
was co-precipitated with CAR LBD (Fig. 3B). The 42— 63 resi-
dues include the motif called D-box, which constitutes five
amino acids at the N terminus of second zinc finger. The D-box
is known to regulate DBD dimerization and DNA binding,
whereas it does not bind DNA (12-14). Subsequently, the
D-box motif within the 42— 63 construct was highlighted as a
potential target of this DBD—LBD interaction. All these amino
acids, PFAGS, were mutated to arginine within the context of
the 42— 63 construct. The resultant mutant was co-expressed
with FLAG-tagged and GFP-tagged CAR LBDs in Huh-7 cells.
This mutant was not co-precipitated with CAR LBD (Fig. 3C,
arrow by DBD). However, FLAG-tagged CAR LBD and GFP-
tagged CAR LBD were co-precipitated in the presence of this
mutant (Fig. 3C, arrow by LBD). Thus, these results delineated
the interaction site of DBD with LBD to the D-box motif.

LBD interacts with DBD through a loop

CAR LBD has been suggested to form a homodimer through
three loops: loop 1 (residues 142—145), loop 2 (residues 210 —
218), and loop 3 (residues 301-307) (10). Because the DBD—
LBD interaction inhibited CAR LBD to form a homodimer (Fig.
1C), it was expected that one of these loops interact with the
DBD. Peptide competition assays were employed to examine
this expectation. GFP-tagged DBD-(42-63) construct and
FLAG-tagged LBD were co-immunoprecipitated in the pres-
ence or absence of one of these peptides. A glucocorticoid
receptor a (GR) loop peptide was used as a negative control.
Only peptide 3 effectively inhibited co-precipitation of LBD
with DBD (Fig. 3D). To further support the role of loop 3 in this
interaction, residues within the D-box and loop 3 were mutated
to positively charged arginine and negatively charged aspartic
acid, respectively, within the context of CAR T38D. We termed
this resultant mutant T38D construct E-mutant (Fig. 3E).
These mutations should have strengthened the interaction
between the D-box and loop 3. E-mutant was tagged with FLAG
or GFP and ectopically co-expressed in Huh-7 cells, and whole
cell extracts were subjected to co-immunoprecipitation assays
to examine their interactions. Similarly, FLAG-tagged and
GFP-tagged CAR T38D were co-expressed and co-precipitated
as a positive control. As expected, these tagged CAR T38D pro-
teins increased their co-immunoprecipitation in response to
EGF treatment. In contrast, T38D E-mutant was unable to
respond to EGF treatment (Fig. 3E). Thus, these results sup-
ported the notion that D-box and loop 3 mediate the DBD—
LBD interaction and inhibit homodimerization of CAR.

Hinge regulates DBD-LBD interaction

GFP-tagged CAR T38D and FLAG-tagged CAR T38D, which
were co-expressed in Huh-7 cells, were co-immunoprecipi-
tated in response to EGF treatment (Fig. 48). Reciprocally, EGF
decreased co-immunoprecipitation of FLAG-tagged CAR
T38D with RACK1 (Fig. 4C). These observations confirmed
that CAR T38D forms a homodimer in response to EGF signal
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Figure 1. Regulation of the DBD-LBD interaction by phosphomimetic mutation of Thr-38. A, co-immunoprecipitation assays. FLAG-CAR-LBD and
GFP-CAR-DBD T38A or T38D were co-expressed in Huh-7 cells from which whole extracts were prepared and immunoprecipitated with an anti-GFP antibody
and analyzed by Western blots using given antibodies. B, ITC analysis. CAR-LBD (103-348) and CAR-DBD-WT or -T38D (7-87) (K (binding constantin m™ "),
which is then converted to K, (um), AH (cal/mol), and AS (cal/mol/deg)]. N.D. means not detected. C, co-immunoprecipitation assays. FLAG-CAR-LBD and
GFP-CAR-LBD were co-expressed with or without GFP-DBD-T38D in Huh-7 cells. Cell extracts were immunoprecipitated by an anti-FLAG antibody and
analyzed by Western blots using the antibodies as shown.
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Figure 2. EGF regulation of the DBD-LBD interaction. Huh-7 cells co-expressing FLAG- and GFP-tagged CAR T38D were treated with 10 ng/ml of EGF for 30
min. Cell extracts were prepared and immunoprecipitated by an anti-FLAG or anti-GFP antibody for subsequent Western blots.

and dissociates RACK1 to evade dephosphorylation, as sug-
gested by our previous findings (10). CAR T38DAHinge (here-
after, AHinge) was generated by deleting hinge region residues
89 to 100 within the context of CAR T38D. FLAG-tagged
AHinge was co-expressed with GFP-tagged CAR T38D in
Huh-7 cells. Unlike CAR T38D, AHinge co-precipitated with
CAR T38D in the absence of EGF treatment (Fig. 4B). More-
over, AHinge was not co-precipitated with RACK1 (Fig. 4C),
and did not trans-activate a CYP2B6 promoter in Huh-7 cell-
based reporter assays even after CITCO treatment (Fig. 4D).
Thus, the AHinge appeared to constitutively be maintained as a
homodimer.

DBD regulates CAR-RXRa heterodimer

CAR is known to trans-activate gene promoters by forming a
heterodimer with RXRa (15). Because phosphorylation at
Thr-38 was found to abrogate CAR’s DNA binding (11), we
tested the hypothesis that this interaction also regulated het-
erodimerization with RXRa.. FLAG-tagged CAR LBD and GFP-
tagged RXRa LBD were co-expressed in the presence or
absence of GFP-tagged CAR DBD T38D in Huh-7 cells. CAR
and RXRa co-precipitated in the absence of CAR DBD T38D,
but not in its presence (Fig. 5A, arrow by GFP RXR LBD). Under
these conditions where heterodimerization was suppressed,
CAR LBD increased its interaction with CAR DBD T38D (Fig.
5A, arrow by GFP DBD). To better understand how the CAR
DBD regulates heterodimerization, three mutants were con-
structed using the CAR T38D construct to affect the interac-
tions between the D-box of the DBD and loop 3 of the LBD, as
shown in Fig. 5C. R-, E-, and S-mutants were designed to repel,
tighten, and neutralize these interactions, respectively. Among
them, the E-mutant can be expected to restrict the DBD bind-
ing to the LBD by enforcing the D-box—loop 3 interaction.
Using these three mutants, in vitro pulldown assays were
employed to examine their interactions with RXRa. The E-mu-
tant was found not to pull down RXRa (Fig. 5C). Moreover, the
E-mutant was unable to trans-activate a reporter gene in
cell-based transfection assays (Fig. 5D). These studies suggest
that the DBD-LBD interactions control regulation of CAR
homodimerization and CAR heterodimerization with RXRa.
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CAR T38D weakens DNA binding

CAR WT (residues 1-348) or its T38D mutant were
expressed as SUMO conjugates in E. coli cells. After purifica-
tion and removal of SUMO, these recombinant CARs were ana-
lyzed by size exclusion chromatography. Based on comparison
to M, standards, CAR WT preferentially eluted as a monomer,
with about 10% being dimer (Fig. 6A4). On the other hand, at
least 50% of CAR T38D eluted as a dimer (Fig. 64). The purity
and content of the peaks was verified by SDS-PAGE (Fig. 6B)
and mass spectrometry (data not shown). Utilizing these pure
CAR constructs, fluorescence polarization was employed to
examine binding of CAR to its enhancer DNA (DR4) from the
CYP2B6 promoter in the presence or absence of RXRa. Neither
elicited polarization in the absence of RXRe. In the presence of
RXRea, CAR WT bound DNA with the dissociation constant
(K,) of 169 = 31 nm (Fig. 6C). CAR T38D exhibited weak bind-
ing with a K, value of 1,231 = 323 nm (Fig. 6C). These results
suggest that phosphorylation of the DBD at Thr-38 not only
regulates CAR homodimerization, but also heterodimerization
with RXRa, thereby regulating the ability of CAR to bind DNA.

Discussion

CAR undergoes homodimer—heterodimer conversion to
control its activity for regulatory activation. This conversion is
regulated by phosphorylation of Thr-38 within the DBD. Phos-
phorylation strengthens an intramolecular interaction of the
DBD with LBD, enabling phosphorylated CAR to be a mono-
mer. Upon dephosphorylation of Thr-38 by PP2A and RACK1,
the DBD dissociates from the LBD, allowing dephosphorylated
CAR to form a heterodimer with RXRa for activation. Con-
versely, this phosphorylated CAR monomer can also be con-
verted to a phosphorylated homodimer, suppressing its consti-
tutive activity. This homodimerization is regulated by EGF
signaling, which weakens the interaction of phosphorylated
LBD with the DBD. Based on these observations of protein—
protein interactions in solution, the regulatory process of CAR
is schematically depicted in Fig. 7. The intramolecular DBD—
LBD interaction is the underlying mechanism by which CAR
regulates its conversions, and the phosphorylated CAR mono-
mer is positioned such that it can be converted to an inactive
homodimer or to an active heterodimer with RXRa. In our
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Figure 3. Characterization of the interface between DBD and LBD. A, map of the human CAR DBD. Single letter codes for amino acids are used. P-box and
D-box are circled by broken lines. B, whole lysates from Huh-7 cells overexpressed with FLAG-CAR-LBD and GFP-CAR-DBD constructs (residues 8-76,8-41, or
42-64) were subjected to co-immunoprecipitation by an anti-FLAG antibody or subsequent Western blots. C, FLAG-CAR-LBD and GFP-CAR-LBD were
co-expressed in Huh-7 cells with GFP-CAR-DBD deletion mutant (residues 42-64) or GFP-CAR-DBD Rmut in which five amino acids within the D-box were
mutated to arginine within the context of GFP-CAR-DBD deletion mutant (residues 42-64). The maps of the mutants are shown on the /eft. Cell extracts
were subjected to a co-immunoprecipitation assay by an anti-FLAG antibody for subsequent Western blots. D, cell lysates from Huh-7 cells expressed with
FLAG-CAR-LBD and GFP-CAR-DBD deletion mutants (residues 42— 64) were incubated with LBD peptides (100 um) and subjected to co-immunoprecipitation
assay. Peptides 1 and 3 are residues 138-147, PAHLFIHHQP, and 299-308, QQRRPRDRFL of CAR, respectively. NC is one loop of GR (541-557; PEVLY-
AGYDSSVPDSTW) as a negative control. £, Huh-7 cells were overexpressed with FLAG- and GFP-tagged CAR T38D or FLAG- and GFP-tagged CAR T38D-Emut
and treated with EGF for 30 min. Cell lysates were subjected to co-immunoprecipitation assays with an anti-FLAG antibody. The amino acid sequences and
E-mutations are depicted on the left. Band intensities of each data were quantified and are shown in Fig. S1.

previous studies, phosphorylation at Thr-38 was found to reg- Our model of CAR dimerization conversions supports a role
ulate CAR activation (i.e. nuclear translocation, DNA binding  of the hinge to create separation between the DBD and LBD
as a trans-activation) and confirmed in mouse livers as well as  such that these two domains are not interacting in an inactive
with mouse primary hepatocytes or in vitro binding assays (7, homodimer (Fig. 7A). In this model, the hinge acts as a spring
10, 16). Given these findings, this phosphorylation-mediated connecting the DBD and LBD to regulate their interactions.
interaction between the DBD and LBD should also be the molec- CAR would then stretch this spring to form its homodimer or
ular basis for endogenous CAR activation in an in vivo set up. bend it to remain a monomer. When the hinge was deleted,
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Figure 4. Regulation by the hinge region of the DBD-LBD interaction. A, the map of human CAR and CAR AHinge in which residues from 89 to 100 were
deleted. Band C, Huh-7 cells were overexpressed with FLAG- and GFP-tagged CAR T38D and CAR T38DAHinge, and treated with 10 ng/ml of EGF for 30 min.
Cell lysates were subjected to a co-immunoprecipitation assay by anti-GFP antibody (B) or by anti-RACK1 antibody (C) for subsequent Western blots. D,
Luc-reporter assays. Huh-7 cells were transfected with 5x(NR1)-TK-pGL3, phRL-TK, and expression plasmids for wild-type CAR or CAR AHinge and were treated
with 0.1% DMSO (DM) or CITCO (CIT, 1 um) for 24 h. Reporter activities were measured. Values are the mean = S.D. (n = 4).

CAR lost this flexibility to position the DBD relative to LBD and
remained a homodimer, unable to convert to either a monomer
or heterodimer (Fig. 4) and unable to translocate to nucleus
(17). In contrast, deletion of the hinge region in GR and proges-
terone receptor inhibited homodimer formation (18, 19).

In the X-ray crystal structure of DNA-bound hepatocyte
nuclear factor 4o (HNF4«), a homodimer is observed that uti-
lizes helices 10 and 11 to form the dimer interface, which was
located opposite from the surface that constitutes the CARs
homodimer region without DNA present (CAR only binds
DNA as an RXRa heterodimer). In this HNF4«a homodimer, the
DBD of one monomer is interacting with the LBD of the other
monomer, in which, serine 78 of the DBD (corresponds to
Thr-38 of CAR) interacts with the loop that corresponds to
loop 3 of CAR. The authors suggested a scenario that phosphor-
ylation of serine 78 disrupts this interaction, dissociating the
intermolecular interaction between DBD and LBD and inacti-

338 J Biol. Chem. (2018) 293(1) 333-344

vating HNF4«. This scenario is different from our hypothesis of
the CAR activation mechanism depicted in Fig. 7. In our pres-
ent CAR studies, phosphorylation of Thr-38 strengthened the
intra-molecular interaction between the D-box and loop 3 (Fig.
7, B and C). Thr-38 resides in the helix between the two zinc
fingers. Our dynamic computer simulation study had previ-
ously suggested that phosphorylation of Thr-38 causes a con-
formational alteration from this helix toward the second finger
where the D-box is located (11). Taking these simulations into
consideration, phosphorylated Thr-38 may not necessarily
interact with loop 3 directly, but phosphorylation-initiated
conformational changes may help the D-box interact with loop
3, strengthening the DBD-LBD interaction. This would be con-
sistent with our hypothesis that the DBD and LBD dissociate
when CAR forms either an inactive homodimer or an active
heterodimer with RXRa. This dissociation is also observed with
thyroid hormone receptor that dissociates its DBD-LBD inter-
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Figure 5. The DBD-LBD interaction regulates CAR heterodimerization with RXRa. A, Huh-7 cells were transfected with FLAG-CAR-LBD and GFP-RXRa-
LBDin the presence or absence of GFP-DBD-T38D. Cell extracts were immunoprecipitated by an anti-FLAG for subsequent Western blots. B, the maps of amino
acid sequences and R-, E-, and S-mutations are shown. C, pulldown assays. Recombinant HIS-SUMO-tagged RXRa was purified from E. coli and immobilized
onto Ni-NTA beads and incubated with in vitro translated FLAG-tagged CAR-WT, -R mutant (Rmut), -E mutant (Emut), or -S mutant (Smut). Pulled down proteins
were subjected to Western blot analysis. D, Luc-reporter assays. Huh-7 cells were transfected with 5x(NR1)-TK-pGL3, phRL-TK, and expression plasmids for
CAR-WT, -Rmut, -Emut, or -Smut and treated with 0.1% DMSO (DM) or CITCO (I, 1 um) for 24 h. Reporter activities were measured. Values are the mean = S.D.
(n = 4).* p < 0.05 (Tukey-Kramer test (GraphPad Prism 6.0 (GraphPad Software)).

action in the presence of DNA oligomers of binding motif
TRE (20).

Because recombinant CAR T38D, but not CAR WT,
expressed in and purified from E. coli cells as its homodimer,
phosphorylated CAR’s inherent nature may be to homo-
dimerize. However, CART38D s primarily expressed asamono-
mer in Huh-7 cells and homodimerized in response to the EGF
signal (10). Thus, there should be a cell signal-mediated regu-
latory mechanism by which phosphorylated CAR controls this
inherent nature. The DBD-LBD interaction takes place
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between the D-box of the DBD and loop 3 of the LBD as mod-
eled in Fig. 7, Band C. Loop 3 resides near a previously defined
peptide motif (residues from 313 to 319) by the C terminus of
CARLBD, the so-called xenochemical response signal (or XRS)
(11). XRS was first defined as a signal peptide that regulates
drug-induced nuclear accumulation of CAR in mouse livers (6).
Subsequently, XRS was identified as the ERK1/2-binding site of
CAR. ERK1/2 was found to bind XRS in response to the EGF
signal, homodimerizing phosphorylated CAR to remain inac-
tive (10). Once the EGF signal is repressed by drugs such as PB,
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Figure 6. Phosphomimetic mutation at Thr-38 alters oligomerization state and DNA-binding affinity of CAR. A, purification and analysis of recombinant
human CAR and CAR T38D. CAR proteins were expressed and purified as described under “Experimental procedures.” Purified proteins (40 nmol) were
subjected to size exclusion chromatography using a Superdex 200 10/300 GL column to assess their molecular sizes. D, peaked at 13.9 ml, was considered as
CAR dimer (80 kDa); M, peaked at 15.2 ml, was considered as a CAR monomer (40 kDa). Elutions of known M, standards (Gel Filtration Standards (Bio-Rad,
number 151-1901) are marked on the plot with gray; a, thyroglobulin (bovine), 670 kDa, 9.21 ml; b, y-globulin (bovine), 158 kDa, 12.34 ml; ¢, ovalbumin
(chicken), 44 kDa, 15.19 ml; d, myoglobin (horse), 17 kDa, 16.9 ml; e, vitamin B12, 13.5 kDa, 20.1 ml. B, fractions indicated by arrows in Fig. 5A were subjected to
SDS-PAGE and stained by Coomassie Brilliant Blue (G-250). Marker indicates the protein marker (PageRuler Plus Prestained Protein Ladder (Thermo Fisher
Scientific, number 26619)). Load indicates the original sample that was loaded into gel filtration. C, fluorescent polarization assays. A FAM-labeled NR1 from
human Cyp2b6 promoter was incubated with recombinant CAR WT or CAR T38D with RXRa. After obtaining the data with mP, each mP number was divided
with the maximum mP numbers of each protein to calculate the percent of DNA bound relative to the maximum binding of a given protein, and these are
shown in the vertical axis. Milliporarization (mP) changes over 80 mP in both samples. The horizontal axis shows concentrations of CAR proteins. The K, values
were calculated by Kaleidagraph software.

CAR dissociates ERK1/2 and converts to a monomer (3).
Therefore, this XRS—ERK1/2 binding may elicit a sort of allo-
steric effect to CAR extending the hinge, releasing the interac-
tion between D-box and loop 3 interaction, and enabling CAR
to form its homodimer.

erodimer with RXRa to form. Upon dephosphorylation of Thr-
38, CAR’s DBD dissociates from the LBD, extending the hinge
to form a heterodimer with RXRa. This CAR-RXRa het-
erodimer model resembles the recently reported three-dimen-
sional structures of DNA-bound RXRa heterodimers with per-

Our model of CAR conversion also depicts that the hinge
extends and the DBD and LBD dissociate allowing active het-

340 J Biol. Chem. (2018) 293(1) 333-344

oxisome proliferator-activated receptor y (PPARvy), RAR, and
VDR in solution (21-23). In these solution structures, the hinge

SASBMB
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Figure 7. The proposed mode of CAR dimerization. A, EGF signal proscribes the DBD interacting with LBD, promoting homodimerization of the phosphor-
ylated CAR monomer. CAR activators such as PB and CITCO dissociate this homodimer back to the monomer, forming a complex with PP2A and RACK1 for
dephosphorylation. This dephosphorylated CAR dissociates the DBD from LBD, enabling CAR to heterodimerize with RXRe. B, a 3D structure of full-length
human CAR. 3D structural model of full-length human CAR was modeled as described under “Experimental procedures” of our previous paper (11). G, in this
model, the DBD and LBD interact through the D-box of DBD and loop 3 of the LBD.

extends to separate the DBD from LBD so that they do not
interact, opening a surface for dimerization. X-ray crystal struc-
tures of RXRa heterodimers provide us with a different picture
of what a heterodimer should look like (24, 25). In these crystal
structures (the DNA-bound PPARy-RXRa and liver X receptor
B (LXRB)-RXRa heterodimers), the hinge, DBD, and LBD
are tightly packed with DNAs in the crystal lattice, in which
the DBD interacts with the LBD. Given the caveat that these
shrinking hinges and DBD-LBD interactions could force-
fully be created during crystallization, the functional signif-
icance of these crystal structures remains a critical target of
discussion.

CAR homodimerization is regulated through phosphoryla-
tion of Thr-38. X-ray crystal structures of the LBD homodimers
of GR and androgen receptor revealed that they form
homodimers in the absence of DNA utilizing a similar config-
uration to what we observed with the CAR homodimer (26, 27).
The question remains as to how nuclear steroid hormone
receptors such as GR and androgen receptor regulate their
homodimerization because they do not contain the conserved
phosphorylation motif with their DBDs. Although steroid hor-
mone nuclear receptors lack the conserved phosphorylation
site within their DBDs, they do contain a long N-terminal
domain (NTD) of up to 600 amino acid residues. NTDs of
non-steroid nuclear receptors are much shorter in length
(e.g. only 10 residues for CAR), but they contain conserved
phosphorylation sites. It is known that NTDs regulate
homodimerization of steroid hormone receptors (14, 19). A
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role in activation by several potential phosphorylation sites
in this region has been proposed (28 —30). Despite the differ-
ences between these two groups of receptors, both groups
appear to utilize the DBD-LBD interaction or the NTD-
domains interaction (14, 31, 32) as an underlying structural
basis to form homodimers.

In conclusion, the underlying molecular mechanism
that regulates CAR activation is its homodimer—monomer—
heterodimerconversion;themonomerandhomodimerarephos-
phorylated at Thr-38 and inactive, whereas dephosphorylated
CAR can heterodimerize with RXRa to become active. It has
now been demonstrated that an intramolecular domain inter-
action between the DBD and LBD is the determinant regulating
this monomer—dimer interaction. Phosphorylation/dephos-
phorylation of Thr-38 provides CAR with the structural basis
thatenables CARto convertbetween eitheraninactive mono-
mer or homodimer to a heterodimer with RXRa. In response
to the EGF signal, phosphorylated CAR becomes an inactive
homodimer. Upon dephosphorylation, the DBD no longer
associates with the LBD, allowing the dephosphorylated
CAR to form a heterodimer with RXRa. Similar DBD-LBD
interactions as those proposed here for CAR are observed in
homodimers and heterodimers of various nuclear receptors
complexes. Thus, the concept of the DBD-LBD interaction
as the underlying principle for CAR activation should be
applicable to numerous other nuclear receptors beyond
CAR.
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Experimental procedures
Reagents

EGF was purchased from Calbiochem; clotrimazole from
Selleckchem (Houston, TX); CITCO, anti-FLAG M2 affinity
gel (A2220), and horseradish peroxidase (HRP)-conjugated
anti-FLAG M2 (S8592) from Sigma; Protein L-agarose (sc-
2336), HRP-conjugated antibodies against rabbit IgG (sc-2004),
and mouse IgM (sc-2064) from Santa Cruz Biotechnology (Dal-
las, TX); and antibodies against RACK1 (61078) from BD
Biosciences (San Jose, CA); an antibody against GFP (HRP-con-
jugated) (ab6663) from Abcam (Cambridge, MA); and Ni-
NTA-agarose from Qiagen (Valencia, CA).

Plasmids

Human CAR (hCAR) cDNA was previously cloned into
pEGFP-c1 (Clontech Laboratories, Palo Alto, CA) (GFP-CAR)
(33), was tagged with FLAG at the 5’ end of CAR and cloned
into pCR3 (FLAG-CAR) (8). CAR LBD (residues 103-348),
CAR DBD (residues 8 -76, 8 —41, or 42— 64), and RXRa LBD
(residues 225-462) were cloned into pEGFP-c1 (GFP-CAR
LBD, GFP-CAR DBD, and GFP-RXRa LBD, respectively). CAR
LBD (residues 103—348) was tagged with FLAG at the N termi-
nus and cloned into pCR3 (FLAG-CAR LBD). 5x(NR1)-TK-
pGL3 was previously constructed (34). phRL-TK Control Vec-
tor was obtained from Promega. All plasmid constructs and
mutations were confirmed by sequencing using PrimeSTAR
Max DNA Polymerase (Clontech Laboratories) and proper
primers.

Cell cultures

Huh-7 cells were cultured in minimum essential medium
(Invitrogen) supplemented with 10% FBS, 2 mM L-glutamine,
and 100 units/ml of penicillin/streptomycin. Twenty-four
hours after seeding, culture medium was replaced with pre-
warmed minimum essential medium without FBS and plasmids
were transfected with Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. Twenty-four hours after
transfection, cells were harvested for subsequent studies.

Co-immunoprecipitations

Co-immunoprecipitation was performed as described previ-
ously (10). Whole cell extracts were incubated with FLAG
M2-agarose or anti-GFP-agarose at 4 °C overnight. For peptide
competition assays, 100 um peptides of loop 1 (138-147;
PAHLFIHHQP), loop 3 (299 -308; QQRRPRDRFL) of CAR, or
a loop of glucocorticoid receptor (541-557; PEVLYAGYDS-
SVPDSTW) were incubated with whole cell extracts and anti-
FLAG M2 affinity gel overnight. Resultant immune complexes
were eluted with SDS-PAGE sample buffer and subjected to
Western blot analysis by an antibody as indicated.

SDS-PAGE and Western blot analysis

Protein samples were reduced by 10% B-mercaptoethanol
and separated on a 10% SDS-PAGE. Separated proteins were
transferred to a polyvinylidene difluoride membrane, which
was blocked with TBS containing 5% skim milk and 0.2% Tween
20 and subsequently incubated overnight at 4 °C with primary
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antibody. After incubating with secondary antibody, proteins were
detected by an enhanced chemiluminescence reagent Western
Bright ECL (GE Healthcare, Piscataway, NJ). PageRuler Plus
Prestained Protein Ladder (Thermo Fisher Scientific, number
26619) was run as a molecular weight marker.

Reporter assays

Huh-7 cells were seeded in a 96-well microplate (Corning
Inc., Corning, NY). Twenty-four hours after seeding, cells were
transfected with 5x(NR1)-TK-pGL3, phRL-TK, and CAR
mutant using Lipofectamine 2000 (Life Technologies) and
treated with CITCO (1 um). Twenty-four hours after transfec-
tion, cell lysates were subjected to a Dual Luciferase Assay Sys-
tem (Promega). Firefly luciferase activity was normalized to
Renilla luciferase activity.

Preparation of recombinant proteins

CAR WT (residues 1-348), CAR T38D (residues 1-348),
CAR DBD WT (residues 7—87), CAR DBD T38D (residues
7—-87), CAR LBD (residues 103-348), and RXRa (residues
1-462) were expressed as a His,-SUMO fusion protein. The
fusion proteins contain His, tag at the N terminus and a ULP-1
cutting site between SUMO and CAR. BL21-CodonPlus (DE3)-
RIL (Agilent Technologies, Santa Clara, CA) cells transformed
with SUMO-CAR DBD WT/T38D and SUMO-RXRe, and
Rosseta2 (DE3) (Novagen, Madison, WI) cells transformed
with SUMO-CAR WT/T38D and SUMO-CAR LBD expression
plasmids were grown in Terrific broth containing 50 um clo-
trimazole at 37 °C to an A, of 0.5-0.7 and induced with 0.2
mM isopropyl 1-thio-B-p-galactopyranoside at 10 °C for 16 h.
Cells were collected and resuspended in lysis buffer (25 mm
Tris-HCI (pH 7.5), 500 mm NaCl, 1 mwm dithiothreitol, 0.35%
CHAPS, 100 mm arginine, 100 mMm glutamate, 0.1 mm ZnCl,,
and 5 puM clotrimazole) and sonicated. The lysate was centri-
fuged at 38,000 rpm for 45 min, and supernatant was loaded on
to a Ni-NTA-agarose column (Qiagen). The column was
washed with lysis buffer and eluted with lysis buffer containing
400 mM imidazole. Eluted proteins were cleaved with ULP-1
protease during overnight dialysis with 1000-fold lysis buffer at
4°C. The His-SUMO and ULP-1 protease was removed by
passing through a Ni-NTA-agarose column. The proteins were
further purified by gel filtration with Superdex 200 10/300 GL
column (GE healthcare) equilibrated with lysis buffer.

Fluorescence polarization assay

Fluorescence polarization experiments were conducted with
Polarstar Omega plate reader (BMG Labtech, Durham, NC)
using 480 nm excitation and 520 nm emission filters. 20 nm
FAM-fluoresceinated NR1 double strands from CYP2B6 pro-
moter (sense, 5'-FAM labeled, CTGTACTTTCCTGACCCT
and antisense, AGGGTCAGGAAAGTACAG) (35) (Integrated
DNA Technologies) were mixed with recombinant RXRa and
CAR or CAR T38D proteins at various concentrations in a
96-well black polystyrene plate that contains 25 mm Tris-HCl
(pH 7.5) buffer containing 100 mm NaCl. The reaction mixture
was incubated in 96-well black flat bottom plate (Corning Inc.)
for 15 min on ice and data were collected at room temperature.
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Calculation of K, was carried out in Kaleidagraph (Synergy
Software, Reading, PA).

In vitro pulldown assays

Recombinant His—SUMO-RXRa was expressed in and puri-
fied from BL21-CodonPlus (DE3)-RIL cells and FLAG-CAR
mutants were in vitro translated using TNT® Quick-coupled
Transcription/Translation Systems (Promega). FLAG-CAR
mutants were translated by His—-SUMO-RXRa and a given
CAR mutant was incubated in 25 mm Tris-HCI (pH 7.5) buffer
containing 100 mm NaCl, 1 mwm dithiothreitol, and Ni-NTA-
agarose at 4 °C overnight. After incubation, the Ni-NTA-aga-
rose was washed with the above-mentioned buffer three times,
from which pulldown complexes were eluted with SDS-PAGE
sample buffer and subjected to Western blot analysis by an anti-
body as indicated.

Isothermal titration calorimetry

ITC measurements were carried out with SUMO-CAR DBD
WT/T38D and CAR LBD in 25 mm Tris-HCI (pH 7.5) buffer
containing 100 mm NaCl, 1 mwm dithiothreitol, 0.35% CHAPS,
100 mm arginine, 100 mm glutamate, and 5 uM clotrimazole
using an iTC,,, MicroCalorimeter (GE Healthcare) at 25 °C.
Substrate solutions containing SUMO-CAR DBD WT/T38D
(250 um) were injected into a reaction cell containing 45 um
CAR LBD. Data acquisition and analysis were performed using
the MicroCal Origin software package (Microcal Software,
Northhampton, MA). Data analysis was performed by generat-
ing a binding isotherm and best fit using the following fitting
parameters: n (number of sites), AH (cal/mol), AS (cal/mol/
deg), and K (binding constant in M~ ') and the standard Leven-
berg-Marquardt methods (36). After data analysis, K (M ') was
then converted to K, (um).
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