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ABSTRACT The biological activities of the retinoids are
mediated by two nuclear hormone receptors: the retinoic acid
receptor (RAR) and the retinoid-X receptor (RXR). RXR (and
its insect homologue ultraspiracle) is a common het-
erodimeric partner for many other nuclear receptors, includ-
ing the insect ecdysone receptor. As part of a continuing
analysis of nuclear receptor function, we noticed that, whereas
RXR can be readily expressed in Escherichia coli to produce
soluble protein, many of its heterodimeric partners cannot.
For example, overexpression of RAR results mostly in inclu-
sion bodies with the residual soluble component unable to
interact with RXR or ligand efficiently. Similar results are
seen with other RXR/ultraspiracle partners. To overcome
these problems, we designed a novel double cistronic vector to
coexpress RXR and its partner ligand-binding domains in the
same bacterial cell. This resulted in a dramatic increase in
production of soluble and apparently stable heterodimer.
Hormone-binding studies using the purified RXR-RAR het-
erodimer reveal increased ligand-binding capacity of both
components of 5- to 10-fold, resulting in virtually complete
functionality. Based on these studies we find that bacterially
expressed receptors can exist in one of three distinct states:
insoluble, soluble but unable to bind ligand, or soluble with
full ligand-binding capacity. These results suggest that coex-
pression may represent a general strategy for biophysical and
structural analysis of receptor complexes.

The lipophilic hormones, including the steroids, retinoids,
thyroxin, and vitamin Ds, are potent regulators of develop-
ment, cell differentiation, and organ physiology. The pleiotro-
pic effects of these hormones are mediated through nuclear
receptors. Based on their hormone-binding, DNA-binding,
and dimerization properties, the nuclear receptors can be
grouped into four classes: steroid receptors, homodimeric
orphan receptors, monomeric receptors, and obligate het-
erodimeric receptors with the retinoid-X receptor (RXR) as a
partner (1). In contrast to the first three classes, the het-
erodimeric receptors have the potential to regulate gene
expression in response to two different hormones. This intro-
duces increased complexity in the signaling pathways.
Retinoic acid receptors (RARs) and RXRs [each of which
has three different mammalian isoforms (2-7)] mediate the
effects of metabolites deriving from vitamin A (retinol) (3,
8-10) and are hence involved in a wide spectrum of biological
activities, including cell proliferation and differentiation, em-
bryonic development, and spermatogenesis (11-14). Similarly,
the insect ecdysone receptor (ECR) has been shown to bind to
and activate target genes by forming a heterodimer with either
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RXR or its Drosophila counterpart ultraspiracle (USP) (15,
16).

Mechanisms of hormone action are unclear but involve
allosteric changes between ligand-bound and free receptor
complexes. Substantial evidence suggests that the het-
erodimeric partners communicate with each other, presumably
through their dimer interface, as well as potentially through
their associated cofactors. To explore the mechanistic basis for
these interactions and their functional relevance, we designed
a novel double cistronic vector that directs expression of the
receptor heterodimer in a single cell. In this paper we describe
the expression and characterization of the RAR and RXR
ligand-binding domains (LBDs). When expressed alone, the
RAR LBD was found to be largely insoluble, and the forma-
tion of heterodimeric complexes was inefficient. However, by
employing a double cistronic expression system, we were able
to express high levels of soluble tightly associated heterodimer.
This suggests that the coexpression of RXR improves the
solubility and perhaps assists correct folding of RAR, and
RXR may thus serve as a molecular chaperone. Furthermore,
bacterial cultures expressing heterodimer yield substantially
more functional protein than those expressing either RXR or
RAR alone. Ligand binding does not affect the stability of the
heterodimer, nor does the binding of one ligand (agonist or
antagonist) significantly influence the binding of another
ligand to the other LBD in the heterodimer. In addition, the
ligand-binding capacity of the singly expressed proteins is only
10-20% of that of the complex, which is close to 100% for both
components of the heterodimer. The power and generality of
this approach is further explored by testing the solubility of the
ecdysone receptors. As with the RAR, production of soluble
ECR is dramatically improved by coexpression with USP,
suggesting that this strategy provides a general approach to the
study of the biophysical and structural properties of the nuclear
receptor complexes.

MATERIALS AND METHODS

Preparation of Expression Constructs. The human RXRa,
RXRp, and RARB LBDs were first cloned into the BamHI site
of pGEX-KT (17) and the Ndel site of pET-15b (Novagen)
vectors. Following this, DNA sequences encoding the RXR
and RAR LBDs along with bacterial ribosome-binding sites
were obtained from the pET-15b-receptor constructs using
PCR techniques with the following primers: GGA TCC CCG
GGA ATT CAG ATCTCG ATC CCG CGA AATTAATAC
and GTC AGT CAC GAT GAATTCTTT GTT AGC AGC
CGG ATC CTC GAG for the RXR LBD; CAT ATG CTC
GAG GAT CCCCTCTAG AAATAATTT TGT TTA ACT
T and CGG GCT TTG TTA GCA GCC GGA TCC for the
RAR LBD. The PCR products were then cloned into the

Abbreviations: RXR, retinoid-X receptor; RA, retinoic acid; t-RA,
all-trans-retinoic acid; RAR, retinoic acid receptor; ECR, ecdysone
receptor; USP, ultraspiracle; LBD, ligand-binding domain; H6, six
histidine residues; GST, glutathione S-transferase; NTA, nitrilotriace-
tate; DMSO, dimethyl sulfoxide.
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EcoRI site of pGEX-KT-RXR LBD or the BamHI site of
pET-15b-RAR LBD using the exonuclease-mediated subclon-
ing technique (18, 19). The ECR and USP LBDs were cloned
in the same way using these primers: GGT TCC GCG TGG
ATC CCA AGA CTT TGT TAA GAA GGA GAT T and
GAA TTC CCG GGG ATC CCT AGG CAT GAA CG CCC
AGA TCT CCT C for the ECR LBD; GCG CGG CAG CCA
TAT GAC CAA TAG CGT GTC CAG GGA T and GGA
TCC TCG AGC ATA TGC TAC TCC AGT TTC ATC GC
AGG CC for the USP LBD. All constructs were confirmed by
DNA sequencing.

Protein Expression and Purification. The expression con-
structs were transformed into either DH5« or BL21(DE3)
cells. Cultures were grown at 37°C in Luria—Bertani medium
containing ampicillin. These cultures were induced at an
optical density (at 595 nm) of 0.5-1.0 using 0.4 mM isopropyl
B-D-thiogalactopyranoside and grown for a further 3 h before
harvesting by centrifugation. The cell pellet was frozen and
then resuspended in HKE buffer (20 mM Hepes, pH 7.5/100
mM KCI/1 mM EDTA) for purifying glutathione S-
transferase (GST) fusion proteins or HKI buffer (20 mM
Hepes, pH 8.0/100 mM KCl/20 mM imidazole) for purifying
histidine-tagged and coexpressed proteins. The cells were
lysed by sonication in the buffer containing 0.4 mM freshly
added protease inhibitor 4-(2-aminoethyl)benzolsulfonyl
fluoride hydrochloride (AEBSF; Boehringer Mannheim).
Cleared lysates were prepared by centrifugation and mixed at
4°C with either glutathione agarose or Ni?>* nitrilotriacetate
acid (NTA) agarose beads. The agarose beads were washed
five times with either HKE or HKI buffer. The proteins were
eluted from the beads in HKE buffer containing 15 mM
glutathione or in HKI buffer containing 250 mM imidazole.

Solubility Analysis. Cell pellets were resuspended in the
appropriate buffer, sonicated as above, and then centrifuged at
3,000 X g for 10 min to remove intact cells and cell debris. The
supernatants were then further centrifuged at 10,000 X g for
10 min to pellet the insoluble protein. Soluble proteins were
purified from the supernatant using the appropriate affinity
resin.

Ligand Binding. All-frans-[*H]retinoic acid (t-[*H]RA) (50
mCi/mmol; 1 Ci = 37 GBq) and cold t-RA were purchased
from Dupont/NEN and Sigma, respectively. 9-cis-[PH]R A (58
mCi/mmol), [PH]LG100069 (58 mCi/mmol), 9-cis-RA,
LG100069, LG100268, LG100754, LG100550, and LG100629
were supplied by Ligand Pharmaceuticals.

The receptor proteins were purified to greater than 90%
homogeneity. The protein was quantitated using the Bio-Rad
protein assay as well as Coomassie staining on SDS/PAGE
gels. In both cases BSA was used as a standard.

For the saturation binding assays, 50 nM protein (bound to
affinity resin) was incubated with radiolabeled ligand in
HKBGC buffer (20 mM Hepes, pH 7.5/100 mM KCl/1 mM
2-mercaptoethanol/8% glycerol/10 mM 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate) at room temper-
ature for 4 h or overnight with continuous mixing. The resin
was then transferred to 4°C and mixed for a further 30 min. The
agarose beads were pelleted by centrifugation at 4,000 rpm for
3 min at 4°C and subsequently washed two times using the same
buffer. The supernatants, washes, and beads were transferred
to scintillation vials containing 5 ml of Ecolume solution
(ICN), and tritium counts per minute were measured on a
Beckman scintillation counter. For competition binding anal-
ysis, 50 nM protein (bound to affinity resin) was incubated with
10 nM radioactive ligand and 1,000 nM unlabeled ligand. The
buffer and experimental procedures were the same as de-
scribed above. To protect the ligands from light-induced
isomerization, all operations were carried out under dim
yellow light (Sylvania F40G0) or in the dark. The ligands were
dissolved in dimethyl sulfoxide (DMSO) and added to protein
so that the final concentration of DMSO did not exceed 4%.
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Nonspecific binding to the affinity resin was assessed using a
100-fold excess of unlabeled ligand.

RESULTS

Double Cistronic Plasmid Construction. The LBDs of
RXR, RAR, and USP were cloned into a pET expression
vector to produce receptors tagged N terminally by six histidine
residues (H6). The RXR LBD (RXRL) and ECR LBD
(ECRL) were cloned into a pGEX expression vector so as to
express a GST-tagged protein. The single cistronic expression
constructs are shown in Fig. 1a. The double cistronic expres-
sion vectors were constructed with the idea that the two
cistrons should be driven by a single regulated promoter. A lac
operator binding site was placed downstream of the promoter
with a ribosome-binding site preceding each cistron, as illus-
trated in Fig. 1. In the first double cistronic construct, the RXR
LBD is fused with GST and the RAR LBD is tagged with six
histidine residues. Both of the two cDNAs are driven by a Tac
promoter under the control of the lac operator. The GST RXR
LBD is upstream of the H6 RAR LBD (Fig. 1b). In the second
construct, both RXR and RAR LBDs are tagged with six
histidine residues, and they are driven by a T7 promoter under

(a). Single expression constructs:

Tac T7
—
rbs tbs
[ GST [ RXRLBD ] 1o RXR LBD
Lac Op Lac Op
Tac T7
—
bs rbs
[ GST | ECRLBD | 1o Hé[ RARLBD
Lac Op Lac Op
T7

rbs

O USP LBD
Lac Op

(b). Co-expression constructs:
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—»
rbs rbs
[F6] RXRLBD |
110 H6| RARLBD O— Hé| RXRLBD
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Tac

rbs rbs
[H6[ USPLBD 1
L0 GST ECR LBD __( JHe] USPLBD
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Tac
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F1G. 1. Schematic diagram of expression constructs. (@) The single
cistronic expression constructs. (b) The double cistronic expression
constructs. Bacterial (Tac) or phage (T7) promoters are indicated by
arrows. Repressor binding sites are represented by open boxes. E. coli
ribosome-binding sites are represented by open circles. In the first
construct, RXR and RAR LBDs are fused at their N termini to GST
and H6, respectively. In the second construct, both receptor LBDs are
fused to H6. The order of transcription of RXR and RAR in the two
constructs is reversed. The third and fourth constructs are similar to
the first one except that the receptors are ECR/USP and ECR/RXR,
respectively.
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the control of the lac operator. The third and fourth constructs
are similar to the first one, but contain ECR USP and ECR
RXR, respectively.

Protein Expression. The RXR LBD was found to be soluble
and expressed at a high level using both single expression
constructs (Fig. 2a, lanes 9-12). In contrast, whereas the H6
RAR LBD is also well expressed, the majority of this protein
was found to be insoluble (Fig. 2a, lanes 1-4). Nevertheless,
about 500 ug of protein could be purified from the soluble
fraction of a 1-liter culture. However, this protein cannot be
effectively pulled down by GST RXR LBD on glutathione
agarose beads (Fig. 2b, lane 1). Neither could it effectively pull
down GST RXR LBD while bound to Ni>™ NTA agarose (Fig.
2b, lane 2).

In contrast, the double cistronic vectors gave high yields of
both soluble proteins (about 10 mg/liter of bacterial culture;
Fig. 2a, lanes 5-8). For the mixed tagged construct both
proteins could be purified using Ni>* NTA agarose (Fig. 2b,
lane 3). Under the same condition singly expressed GST RXR
LBD could not be purified efficiently based on its association
with RAR LBD (Fig. 2b, lane 2). In the case of the double
Hé6-tagged construct, following purification using Ni?* NTA
agarose in the protein was shown to elute as a single peak
(molecular mass 50-60 kDa) from a gel filtration column at an
estimated molecular mass of 56 kDa (Fig. 2c). Furthermore,
the soluble fraction consists almost entirely of a 1:1 ratio of
RXR to RAR, indicating that coexpression dramatically in-
creases the solubility of the RAR LBD and promotes the
dimerization of both RAR and RXR (Fig. 2a, compare lane 6
with lane 2; also Fig. 2 b and c¢). Remarkably, more than 95%
of the expressed protein was in the form of a tight heterodimer
(Fig. 2¢). Interestingly, this dimer was found to be extremely
stable under many different conditions and could only be
dissociated by denaturation (data not shown).

Analysis of Ligand Binding. Currently the natural ligands
for RAR and RXR are believed to be t-RA and 9-cis-RA.
9-cis-RA activates both receptors (20-22), whereas t-RA is
specific for the RAR (22-24). In addition, many synthetic
ligands have been shown to have a range of different activities.
LG100550 (19) and RO-41253 (20) are specific agonists and
antagonists of RAR, respectively. LG100069 and LG100268
(25, 26) are specific agonists of RXR. LG100754 (27) binds
specifically to RXR and serves as an antagonist in the absence
of RAR. However, in the RXR-RAR heterodimer LG100754
appears to act as an agonist (28).

The ligand-binding activities of both the individually ex-
pressed RXR and RAR LBDs and the coexpressed het-
erodimer were assessed using a pull-down assay with radiola-
beled ligands (see Materials and Methods). The expressed
proteins demonstrated the expected specificity for the three
ligands: 9-cis-retinoic acid is bound by both RAR and RXR;
all-trans-retinoic acid is bound only by RAR; and LG69 is
specific for RXR (Fig. 3a). The amount of protein and ligand
in these assays was very carefully controlled; nevertheless, the
heterodimer was able to bind significantly higher amounts of
ligand than either individually expressed RXR or RAR LBDs
(Fig. 3a). To address the reason for these observations, we
performed Scatchard analyses (29) of saturation binding data
(Fig. 3 b-d). In each case the heterodimer binds between 5 and
10 times more ligand than the individually expressed LBDs.
However, the ligand-binding affinity of the single LBDs is
similar to that of the heterodimer, i.e., the K4 for t-[’H]RA of
the RAR LBD and heterodimer is the same (8 nM) (Fig. 3b).
The K4 of RXR LBD and the heterodimer for [*H]LG69 is 9
nM (Fig. 3c). The K4 values of RXR and RAR LBDs for
9-cis-[*H]RA are 17 and 10 nM, respectively (Fig. 3d). The
RXR LBD has a slightly higher maximal binding than the
RAR LBD. On the other hand, RAR LBD has higher affinity.
Since both RXR and RAR in the heterodimer can bind
9-cis-RA, the radioactivities generated from binding of 9-cis-
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FiG. 2. Coexpression increases the solubility of RAR LBD and
promotes RXR and RAR heterodimer formation. (a) Solubility
analysis of individually expressed RAR and RXR LBDs and coex-
pressed RAR and RXR LBDs. All the RAR and RXR LBDs are
tagged with six histidine residues at their N termini. The total cell
lysates (Total), the soluble (Soluble) and insoluble (Insoluble) frac-
tions, and the purified protein bound on the Ni*?* NTA beads (Bound)
are indicated above each lane. (b) Heterodimer formation of individ-
ually or coexpressed RAR and RXR LBDs. Lane 1, the individually
expressed H6 RAR LBD purified by interacting with GST RXR LBD
on glutathione agarose beads; lane 2, the individually expressed GST
RXR LBD was purified by interacting with the H6 RAR LBD on Ni?*+
NTA agarose beads; lane 3, the coexpressed GST RXR LBD and H6
RAR LBD were purified by Ni?* NTA agarose beads. (c) The
coexpressed RXR and RAR LBDs are heterodimers. The coexpressed
H6 RAR and RXR LBDs were passed through a gel filtration column.
A single peak was observed at around the 56-kDa position. The
proteins in the peak fraction were run on SDS/PAGE.

[*H]RA to RXR, RAR, or both cannot be distinguished in this
assay (RXR, RAR, and both receptors of the heterodimer bind
ligand). There are potentially four binding equilibria that
would display complex kinetics, so a meaningful K4 value
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Fic. 3. Ligand-binding studies of individually and coexpressed
RXR and RAR LBDs. (a) Coexpressed RXR-RAR LBDs compared
with individually expressed RXR and RAR LBD on binding to
RXR-specific/RAR-specific ligand t-RA, ligand LG69, and pan-
agonist 9-cis-RA. The concentration of the ligands is 10 nM. (b)
Saturation binding analysis of t-RA with coexpresssd RXR-RAR
LBDs and individually expressed RAR LBD. (c) Saturation binding
analysis of LG69 with coexpressed RXR-RAR LBDs and individually
expressed RXR LBD. (d) Saturation binding analysis of 9-cis-R A with
coexpressed RXR-RAR LBDs and individually expressed RXR and
RAR LBDs.

cannot be calculated from these data. These results suggest
that the majority of the individually expressed LBDs are
unable to bind ligand. At the same time this indicates a
dramatic benefit of coexpressing heterodimeric partners. It
also suggests the existence of two distinct folding states of
soluble LBD that correspond to either no or wild-type binding
and dimerization.

As discussed earlier, since the nuclear receptors act as
heterodimers there is a potential for cross talks between
different ligand pathways. Indeed, it has been shown that the
synthetic ligand LG754 binds to the RXR yet activates through
the RAR (30). We wished to determine whether the binding
of ligands (agonists or antagonists) to one-half of the dimer
influences either the dimerization state or the binding of ligand
to the other receptor. Five hundred nanomolar concentrations
of seven different ligands were incubated with 50 nM of the
GST RXR-H6 RAR LBD heterodimer (bound to Ni?* NTA
agarose) at room temperature overnight. If the heterodimer is
dissociated we would expect the GST-tagged receptor to be
lost during subsequent wash steps. Fig. 4a indicates that none
of the ligands caused heterodimer dissociation. Fig. 4 b and ¢
illustrates the results of competition assays in which we dem-
onstrate that RXR agonists or antagonists do not significantly
influence the ability of RAR to bind all-frans-retinoic acid.
Similarly, RAR ligands do not significantly affect the ability of
RXR to bind its specific ligand LG69.

Coexpression Increases Solubility and Heterodimer Forma-
tion of Other Nuclear Receptors. To explore the generality of
these observations we wished to determine whether coexpres-
sion of other receptor combinations would result in more
efficient heterodimer formation. Of particular interest was the
Drosophila ecdysone receptor LBD, which as seen in Fig. 5a is
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FiG. 4. Analysis of ligand cross talk. The effects of ligand binding
to heterodimer and binding of one ligand to one receptor to the
binding of another ligand to another receptor in the coexpressed RXR
and RAR heterodimer system. (a) The ligands do not dissociate the
RXR-RAR heterodimer. (Lanes 1-8) DMSO, 9-cis-RA, t-RA,
LG550, LG628, LG69, LG268, and LG754. (b) Binding of RXR-
specific agonists or antagonist to RXR LBD would not significantly
affect the binding of RAR-specific ligand t-RA to RAR LBD. (c¢)
Binding of R AR-specific agonists or antagonist would not significantly
affect the binding of RXR-specific ligand LG69 to RXR LBD.

completely insoluble when expressed in Escherichia coli as a
GST fusion protein. Accordingly, two double cistronic vectors
were constructed (Fig. 1b) in which the ECR LBD was
coexpressed with either ECR’s natural partner USP LBD
(H-USPL) or USP’s mammalian homologue RXR LBD (H-
RXRL) (Fig. 5 a and b). Remarkably, coexpression with USP
led to the first efficient production of soluble ECR LBD
(G-ECRL; Fig. 5a, lanes 5-8). Interestingly, this effect is
specific for USP since coexpression with RXRL failed to
produce significant amounts of soluble ECR LBD (Fig. 5b). In
contrast to the singly expressed ECR LBD, which is completely
insoluble (Fig. 5a, lane 4), coexpression of ECR LBD with
RXR LBD slightly increased the solubility of ECR LBD (Fig.
5b, lane 4). Thus, coexpression seems to be a required feature
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Fic. 5. Solubility analysis and purification of singly and coex-
pressed ECRL and USPL (a) and coexpressed ECRL and RXRL (b).
ECRL was fused with GST. USPL and RXRL were tagged with
histidine. The total cell lysates (Total), the soluble (Soluble) and
insoluble (Insoluble) fractions, and the purified protein bound on the
Ni>* NTA beads (Bound) are indicated above each lane.

for ECR LBD production, although not all heterodimer part-
ners are equally efficient in this process.

DISCUSSION

We described the development of a novel dual protein expres-
sion system that facilitates efficient production of a pure and
functional RXR-RAR heterodimer. When expressed singly,
the RXR LBD is soluble and the RAR LBD is largely
insoluble. Surprisingly, our results show that the singly ex-
pressed RAR LBD exists in one of three physical states:
insoluble, soluble but unable to bind ligand, and soluble with
wild-type ligand-binding capacity. We find no evidence of
intermediate states. Furthermore, simple mixing of singly
expressed RAR and RXR LBDs is inefficient in promoting
heterodimer formation. Our results also show that both of the
singly expressed receptors are much less active in ligand
binding. In contrast, the bacterially produced heterodimer is
highly soluble, not easily dissociated, and fully functional in
terms of ligand binding. This seems to suggest that the singly
expressed soluble LBDs are in some way defective in proper
folding. It is clear that the coexpression with the RXR LBD
dramatically increases the solubility of the RAR LBD as well
as its appropriate folding. This might be because the RXR
masks a hydrophobic patch that otherwise causes the RAR
LBD to aggregate and precipitate. However, this would not
explain why a portion of the soluble RAR fails to dimerize or
bind ligand. It is also possible that the RXR LBD may serve
as a form of molecular chaperone assisting the folding of the
RAR LBD. All these data imply that the heterodimer forms
a true integral unit, whereas single receptors are rather
unstable or improperly folded. Interestingly, this situation is
also seen for the Drosophila USP-ECR heterodimer. The ECR
LBD is totally insoluble in the absence of USP LBD, whereas
in the coexpression system substantial amounts of the ECR
LBD can be purified in the form of a soluble heterodimer (Fig.
Sa). Surprisingly, and for reasons that are not clear, RXR is
much less effective than USP in promoting ECR solubility.
Taken together, these data strongly suggest that the hormone
receptor partners play an important role in the solubility,
stability, and function of their partners.

The dissociation constants measured for the bacterially
expressed receptors are in the same range of Ky values as
reported by others using different assays (20-23, 31, 32). Since
our assays involve moving away from equilibrium at the time
of measurement (washing unbound ligand away from the
receptor), it is likely that the true K4 values are somewhat
lower. Equilibrium techniques such as fluorescence quenching
are likely to yield more accurate values. Our ligand-binding
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assays show that the bacterially expressed heterodimeric LBDs
bind hormone efficiently and independently. However, it has
been reported previously that the RXR-RAR heterodimer
binds LG69 much more weakly than RXR alone (33, 34).
Other studies suggest that ligand binding by RXR is essentially
the same as monomer or dimer, with or without DNA (35, 36).
Although the reason for these differences is not clear, our
studies suggest that in the heterodimer of LBDs the two
partners can bind ligands independently and with similar
affinity to their monomeric counterparts. The question re-
mains why LG69 acts as a “silent” ligand in the RXR-RAR
heterodimer (26, 33, 34). With the recent studies of nuclear
coactivator and corepressor (37-41), it is possible that some
ligands (such as LG69) are not efficient in releasing repressor
and recruiting activator. Alternatively, based on transcripton-
activation studies, a requirement for the activation domain of
RAR (42) may make an RXR ligand a poor activator in a
heterodimer complex. A key issue remaining is how the
formation of the heterodimer leads to the formation of new
functional properties of the individual receptors. Based on
these studies at least one important role of RXR is to increase
the solubility and stability of its partner. Reciprocally, we find
that the partner, in this case RAR, dramatically enhances
RXR ligand-binding function, indicating a mutually beneficial
or cooperative effect from heterodimer formation. Composi-
tion analysis of the coexpressed receptor indicates a 1:1
correspondence. The absence of a significant level of free
RXR or RAR monomer suggests that the heterodimer prob-
ably represents the lowest free energy state, which supports
previous conclusions regarding how and why heterodimers
might represent the preferential complexes in mammalian cells
as well. The most dramatic effects and benefit of coexpression
are found in production of the soluble ecdysone receptor LBD,
which appears to be almost entirely dependent on the presence
of USP. We speculate that RXR serves as a less effective
partner probably because of reduced compatibility, even
though this heterodimer is functional in mammalian expres-
sion systems. Perhaps the presence of heat shock proteins or
other chaperones not present in E. coli promotes this process
in mammalian cell lines.

In summary, we have successfully coexpressed and purified
the RXR-RAR LBD and ECR-USP LBD heterodimers in E.
coli. The coexpressed receptors are substantially more soluble
than the individually expressed receptors, and thus should be
useful for future biological and structural analyses. We suggest
that this may represent a general approach to high level
expression of nuclear receptor heterodimers and may be useful
as well for other classes of heterodimeric protein partners.
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