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Nuclear hormone receptors are ligand-regulated transcription factors that play critical roles in metazoan
homeostasis, development, and reproduction. Many nuclear hormone receptors exhibit bimodal transcrip-
tional properties and can either repress or activate the expression of a given target gene. Repression appears
to require a physical interaction between a receptor and a corepressor complex containing the SMRT/TRAC
or N-CoR/RIP13 polypeptides. We wished to better elucidate the rules governing the association of receptors
with corepressors. We report here that different receptors interact with different domains in the SMRT and
N-CoR corepressors and that these divergent interactions may therefore contribute to distinct repression
phenotypes. Intriguingly, different isoforms of a single nuclear hormone receptor class also differ markedly in
their interactions with corepressors, indicative of their nonidentical actions in cellular regulation. Finally, we
present evidence that combinatorial interactions between different receptors can, through the formation of
heterodimeric receptors, result in novel receptor-corepressor interactions not observed for homomeric recep-
tors.

Small lipophilic hormones regulate many diverse aspects of
metazoan physiology by providing crucial signals that govern
homeostasis, reproduction, and differentiation. These li-
pophilic hormones are sensed, in turn, by a family of nuclear
hormone receptors that operate as hormone-regulated tran-
scription factors (reviewed in references 3, 6, 26, 31, 36, 37, 39,
and 49). Nuclear receptors include the thyroid hormone re-
ceptors (T3Rs), retinoic acid receptors (RARs), retinoid X
receptors (RXRs), vitamin D3 receptors (VDRs), and peroxi-
some proliferator-activated receptors (PPARs) (37). Each nu-
clear hormone receptor binds both to its cognate hormone and
to specific DNA sequences (denoted hormone-response ele-
ments) and either enhances or inhibits the transcription of
adjacent target genes (3, 6, 14, 26, 31, 36, 37, 39, 40). In this
fashion, a hormonal signal of extracellular origin is converted
into a specific alteration in the pattern of gene expression in
the target cell. More than one gene may encode a particular
receptor class; for example, vertebrate cells possess two genes
that encode T3R isoforms (denoted a and b) and three genes
that encode RAR isoforms (denoted a, b, and g) (3, 6, 26, 31,
36, 37, 39, 40).

Nuclear hormone receptors possess a modular structure
comprised of a centrally located DNA-binding domain linked
to a more C-terminal hormone-binding domain. Additional
receptor domains that serve as sites of interaction with regu-
latory polypeptides and/or with downstream effectors that help
mediate the transcriptional response have been identified (re-
viewed in reference 24). Nuclear hormone receptors are gen-
erally believed to function in cells as protein dimers, although
monomers and oligomers may also operate in some contexts
(7, 17, 20, 29, 30, 34). Notably, different nuclear receptors can
associate to form heterodimers that exhibit nonadditive DNA-

binding and transcriptional properties. RXRs appear to be
particularly accommodating partners in these interactions and
readily form heterodimers with RARs, T3Rs, PPARs, and
VDRs (e.g., 20, 26, 29, 36, 37, 39, 49); heterodimer formation
between T3Rs and VDRs, T3Rs and RARs, and T3Rs and
PPARs may also be of physiological significance (4, 19, 42).

Many nuclear hormone receptors possess bimodal transcrip-
tional properties and are capable of either repressing or acti-
vating target gene transcription, depending on the hormone
status, the promoter, and the nature of the host cell (1, 2, 5, 13,
41). These alternative outcomes are manifested through the
ability of these receptors to physically associate with auxiliary
factors, denoted corepressors and coactivators, that help me-
diate the ultimate transcriptional response (24). We and others
have isolated a clade of corepressor proteins (variously de-
noted SMRT/TRAC and N-CoR/RIP13) (Fig. 1) that appear
to be required for transcriptional repression by nuclear hor-
mone receptors and by a variety of nonreceptor transcription
factors (10, 11, 15, 16, 22, 23, 25, 28, 33, 35, 38, 40, 45–48, 50,
52, 53). We report here that different receptors interact in
markedly distinct ways with the SMRT corepressor. Intrigu-
ingly, even the different isoforms of a single receptor class can
display dramatically different abilities to recruit corepressors.
Furthermore, we demonstrate that receptor heterodimeriza-
tion can produce novel corepressor interactions not observed
in the homomeric context. Our results suggest that transcrip-
tional silencing is a nonadditive combinatorial outcome that
appears to be determined by the receptor class, isoform, and
dimer partners that bind to a given target promoter.

MATERIALS AND METHODS

Molecular clones. For expression in Escherichia coli, different regions of
SMRT were subcloned into a pGEX-KG vector background (21) with appropri-
ate restriction sites to create the glutathione S-transferase (GST) fusions de-
scribed here. For expression in transiently transfected mammalian cells, different
regions of SMRT, N-CoR, or the receptor C-terminal domains were fused with
either the Saccharomyces cerevisiae GAL4 DNA-binding domain (GAL4DBD)
or the GAL4 activation domain (GAL4AD) and then inserted into a pSG5
expression vector (22, 40). Human RAR (DraIII) chimeras were generated by
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appropriate cleavage and religation of the a and b isoforms at a shared, unique
DraIII site. Human RAR (ClaI/DraIII) chimeras were generated by use of
synthetic oligonucleotides to introduce a ClaI site at codon 138 in the RARa
reading frame; this site was used in combination with a corresponding ClaI site
preexisting in the RARb sequence to create the appropriate chimeric DNA
constructs.

GST fusion proteins and in vitro binding assays. GST fusion proteins were
expressed from the appropriate pGEX-KG recombinant vectors in transformed
E. coli DH5a and were purified by immobilization on a glutathione-agarose
matrix as previously described (21, 22, 35, 40, 51). Radiolabeled receptors were
synthesized by a coupled in vitro transcription-translation protocol (TnT; Pro-
mega) and incubated with the immobilized GST fusion proteins (22, 40, 51).
After extensive washing, the proteins remaining bound to the GST fusion protein
matrix were eluted, resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE), and visualized and quantified by PhosphorImager anal-
ysis (Molecular Dynamics Storm System) (22, 40, 51). Unlabeled T3Rs and
RARs were isolated from nuclear extracts of Sf9 cells infected with a corre-
sponding recombinant baculovirus (9).

Transient transfections. Approximately 2 3 105 CV-1 cells (maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine se-
rum) were transfected by use of a calcium phosphate coprecipitation technique
(8). Mammalian two-hybrid assays typically were done with 500 ng of the pSV-
40-Luc reporter plasmid (composed of a simian virus 40 late promoter linked to
five GAL4 17-mer DNA-binding sites and driving the expression of luciferase),
125 ng of the pSG5 GAL4DBD construct, 500 ng of the pSG5 GAL4AD con-
struct, and 500 ng of a pCH110 vector (Pharmacia) used as an internal standard
(22). Carrier DNA (generally pUC18) was added to bring the total DNA con-
centration per transfection to 5 mg. Eight hours after transfection, the cells were
washed twice and fresh medium containing or lacking a suitable hormone ligand
was added. The cells were harvested 40 h later and lysed in 13 lysis buffer
(Promega), and the luciferase and b-galactosidase activities were determined (22).

RESULTS

Different nuclear hormone receptors interact with different
domains of SMRT. We previously demonstrated that both

T3Rs and RARs bind to the C-terminal portion of SMRT;
dissection of this phenomenon by yeast two-hybrid analysis
(40) suggested that more than one receptor interaction domain
(RID) may exist within this SMRT C terminus. To confirm and
extend this observation, we used an in vitro binding assay.
Defined portions of SMRT were expressed as GST fusions in
E. coli (Fig. 1) and were tested for the ability to bind to
radiolabeled receptors synthesized by transcription-translation
in vitro. Receptor molecules bound to the immobilized GST-
SMRT constructs were subsequently eluted and analyzed by
SDS-PAGE (Fig. 2).

Two distinct domains within the SMRT C terminus were
able to bind to T3R in vitro; these were denoted RID-1
(SMRT codons 1055 to 1291) and RID-2 (SMRT codons 1291
to 1495) (Fig. 1 and 2). In contrast, little or no binding of T3R
was detected with a nonrecombinant GST construct or with
GST fusion proteins representing more N-terminal SMRT do-
mains (Fig. 2 and data not shown). Intriguingly, T3R exhibited
nearly equal interactions with both RID-1 and RID-2 of
SMRT (with a slight preference for RID-2), whereas RAR
preferentially interacted with RID-1 (Fig. 2). T3Rs (and
RARs) repress transcription primarily in the absence of hor-
mone, whereas the addition of hormone causes release of the
corepressor and conversion of the receptor into a transcrip-
tional activator (1, 2, 5, 10, 23, 35, 40, 41, 43). Notably, this
hormone-mediated release of the corepressor was observed
with either the RID-1 or the RID-2 construct, indicating that
the binding of hormone concurrently destabilizes receptor in-
teractions with both RIDs in SMRT (Fig. 2).

Although T3Rs and RARs exemplify the receptors known to
function as transcriptional repressors, we wished to determine
if SMRT might also participate in the transcriptional functions
of other members of the nuclear hormone receptor family. We
determined that SMRT also interacted with RXRs in vitro
(Fig. 2), consistent with previous observations of an RXR-
SMRT interaction by two-hybrid analysis in yeast (40, 45, 46).
Although this RXR-SMRT interaction was significantly
weaker than that between SMRT and T3R or RAR, it was
highly reproducible and clearly above the background ob-
served with nonrecombinant GST or with GST fusions con-
taining the SMRT N terminus (Fig. 2). Unlike RAR or T3R,
RXR interacted exclusively with RID-2 of SMRT, and an
RXR ligand (9-cis retinoic acid) actually slightly stimulated
rather than inhibited the RXR-SMRT interaction (45) (Fig. 2
and data not shown). Extending these experiments to other
receptors revealed moderate to strong interactions between
PPARg and the RID-2 region of SMRT, whereas no interac-
tion above the background could be detected between any of
our SMRT constructs and VDR or the glucocorticoid receptor
in either the presence or the absence of the cognate hormone
(Fig. 2 and data not shown).

We next used a mammalian two-hybrid assay to determine if
the SMRT-nuclear hormone receptor interactions observed in
vitro extended to a more physiological context in vivo. For this
assay, different portions of SMRT were fused to GAL4DBD
and inserted into a mammalian expression vector, pSG5. In
parallel, relevant portions of the nuclear hormone receptors
were fused to GAL4AD and placed into the same pSG5 vector.
In this fashion, interactions between SMRT and the receptors
should lead to a functional reconstitution of the GAL4 tran-
scriptional activator, assayed as the stimulation of a GAL4
(17-mer)-luciferase reporter, when all three constructs are
cointroduced into mammalian CV-1 cells.

Consistent with our in vitro data, both RARa and T3Ra
strongly interacted with SMRT in our mammalian two-hybrid
assay, whereas no stimulation of the reporter was observed if

FIG. 1. Schematic of the SMRT (A) and N-CoR (B) proteins and the fusions
used in our studies. The SMRT and N-CoR corepressor proteins are depicted
schematically from the N terminus to the C terminus. Indicated are the two
SMRT silencing domains (SD-I and SD-II) and the four N-CoR silencing do-
mains (nSD-I to nSD-IV) thought to be involved in transcriptional repression
and the two RIDs in each corepressor protein (RID-1 and -2 and nRID-1 and -2)
elucidated here. The different SMRT and N-CoR subdomains used in our assays
are illustrated below each schematic.
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either the GAL4DBD-SMRT or the GAL4AD-receptor con-
struct was replaced by an equivalent nonrecombinant GAL4
vector (Fig. 3A and B). RXRa also demonstrated a reproduc-
ible interaction with SMRT in the two-hybrid assay, although,
again, at a much lower level than T3R or RAR (Fig. 3C; note
the change in scale), whereas VDR exhibited no detectable
interaction with SMRT in this assay (Fig. 3D). In vivo, as in
vitro, T3R interacted with both RID-1 and RID-2 (although it
exhibited a preference for RID-2), whereas RAR interacted
almost exclusively with RID-1 and RXR interacted almost
exclusively with RID-2 (Fig. 3). Also paralleling our in vitro
experiments, the two-hybrid interaction between SMRT and
RAR or T3R was virtually abolished by the addition of the
cognate hormone, whereas the interaction between SMRT and

RXR was actually enhanced by 9-cis retinoic acid (Fig. 3). We
conclude that the two RIDs in SMRT are nonequivalent in
their interactions with different members of the nuclear hor-
mone receptor family and that this nonequivalence can be
observed in both in vivo and in vitro assays.

We wished to extend these interaction studies to N-CoR, a
second member of the SMRT corepressor family that exhibits
approximately 50% amino acid relatedness to SMRT over re-
gions of overlap. T3Ra displayed a pattern of interactions with
N-CoR similar to that observed with SMRT, interacting inde-
pendently with two distinct C-terminal domains of N-CoR,
denoted here as nRID-1 and nRID-2, that correspond in gen-
eral location to RID-1 and RID-2 of SMRT, respectively (com-
pare Fig. 4A and 3A). Intriguingly, RARa also interacted with

FIG. 2. Different receptors preferentially interact with different domains of SMRT in an in vitro assay. Different nuclear hormone receptors were synthesized as
radiolabeled proteins by transcription and translation in vitro and were tested for the ability to bind to nonrecombinant GST or to different GST-SMRT fusions
immobilized on a glutathione-agarose matrix (as indicated above the panels). The assays were performed in the presence (1) or absence (2) of 100 nM cognate
hormone. After the matrix was washed, the receptors remaining bound to the immobilized GST fusion proteins were eluted, resolved by SDS-PAGE, and visualized
by PhosphorImager analysis. The amount of a radiolabeled receptor bound to a GST fusion polypeptide was also quantified and is presented numerically below each
panel as a percentage of the total radiolabeled receptor (input) used in each binding reaction. The receptors tested were T3Ra, RARa, RXRa, and VDR. The ability
of VDR to bind to an immobilized GST-RXR construct was also tested as a positive control (first two lanes of the bottom panel) to confirm the functionality of the
in vitro-synthesized receptor. RA, retinoic acid.

5726 WONG AND PRIVALSKY MOL. CELL. BIOL.



both nRID-1 and nRID-2 of N-CoR (Fig. 4B). This result is in
marked contrast to the strong specificity that RARa exhibited
for RID-1 of SMRT (compare Fig. 4B and 3B). It should be
noted that the nRID-2 construct used here is 235 amino acids
long; the RID-2 SMRT construct is 204 amino acids long.
Thus, the precise limits of the N-CoR and SMRT constructs
used in these experiments were similar but not identical. None-
theless, within the limits of our experimental methodology, we
conclude that the RIDs of SMRT and N-CoR possess distin-
guishable, although overlapping, specificities for the different
nuclear hormone receptors.

The three different RAR isoforms diverge in their ability to
interact with SMRT. RARs are encoded by three different loci
in the mammalian genome, resulting in the synthesis of three
major subclasses, or isoforms, of RARs (denoted RARa,
RARb, and RARg; reviewed in references 6 and 26). Al-
though believed to serve distinct, if partially redundant, func-
tions in vivo, these three different RAR isoforms are virtually
indistinguishable in most of their biochemical properties in
vitro. Unexpectedly, RARb exhibited a severely limited ability
to interact with SMRT in the mammalian two-hybrid assay

compared to either the RARa or the RARg isoforms (Fig.
5A); notably, all three GAL4AD-RAR isoform fusions were
nonetheless expressed and exhibited nearly equal abilities to
interact with a GAL4DBD-RXR fusion used in the same assay
as a positive control (data not shown). This relative inability of
the RARb isoform to associate with the SMRT corepressor
could also be observed in analogous two-hybrid experiments
with N-CoR (Fig. 5B) and was also evident in our in vitro
binding assay (Fig. 5C). Analysis of chimeras of RARa and
RARb localized the sequences responsible for this isoform-
specific SMRT interaction to a small region within the central
domain of the receptor, in between the DNA-binding and
hormone-binding domains (Fig. 5C). RAR derivatives that
possess the a sequence in this region bound to SMRT very
strongly in vitro and in vivo, whereas receptor derivatives that
contain the equivalent b sequences exhibited a greatly reduced
ability to interact with SMRT (Fig. 5C). This region contains a
cluster of amino acids that are present in RARa or RARg but
divergent in RARb and that are likely to account for the
different SMRT interaction phenotypes (Fig. 5D). Notably,
this isoform-specific amino acid cluster is adjacent to an N-

FIG. 3. Different receptors preferentially interact with different domains of SMRT in a two-hybrid assay in vivo. pSG5 vectors expressing GAL4DBD (DBD) only
or GAL4DBD fused with different domains of SMRT (as indicated below each panel) were introduced into CV-1 cells together with a GAL4 (17-mer)-luciferase
reporter and a series of pSG5 GAL4AD constructs. The GAL4AD constructs contained GAL4AD only (open or cross-hatched bars) or a GAL4AD-receptor fusion
(closed or hatched bars). The cells were incubated in the absence (open or closed bars) or presence (cross-hatched or hatched bars) of cognate hormone; after 48 h,
the cells were harvested and luciferase activity was determined relative to that of pCH110, used as an internal control (Relative Luc). The results represent the averages
and standard deviations from at least two duplicate experiments. (A) GAL4AD-T3Ra fusion. (B) GAL4AD-RARa fusion. (C) GAL4AD-RXRa fusion. (D)
GAL4AD-VDR fusion.
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CoR box previously proposed to be necessary for the interac-
tion of the receptor with the corepressor (23).

When mapping the determinants of RAR involved in these
isoform-specific SMRT interactions, we observed that dele-
tions of the AF-2 domain at the C terminus of either RARa
(denoted RARa 403-t) or RARb resulted in a modestly en-
hanced interaction of these receptor derivatives with SMRT
(Fig. 6 and data not shown). This enhanced interaction ap-
peared to be mediated, at least in part, by an increased ability
of the receptor to interact with RID-2 of SMRT; notably,
however, the vast majority of the RAR-SMRT interaction re-
mained mediated through RID-1 (Fig. 6). We suggest that
there are cryptic interaction sites for SMRT that, within native
RARs, are obscured by the extreme C terminus of the recep-
tor. Also, as reported previously, removal of the RAR C-
terminal domain renders the receptor-SMRT interaction re-
fractory to hormone (Fig. 6). These results are consistent with
proposals that changes in the conformation of the receptor C
terminus can regulate the association of the receptor with
SMRT (2, 33, 35, 40, 43).

Heterodimer formation by different nuclear hormone recep-
tors can result in novel modes of SMRT interaction. Many
nuclear hormone receptors can form heterodimers with other

receptors, resulting in novel DNA and hormone recognition
properties (6, 12, 18, 26, 27, 31, 32, 36, 37, 39, 42, 44, 49). We
examined whether receptor heterodimerization could also be
manifested as an altered interaction with SMRT. We first
tested RXR heterodimers, given the proposed preeminent role
of RXRs as a partner for RARs and T3Rs. Although radiola-
beled RXR interacted only weakly with immobilized GST-
SMRT, the addition of unlabeled RAR (obtained from recom-
binant baculovirus-infected Sf9 cell extracts) greatly enhanced
the binding of RXR to SMRT: 0.8% of the input RXR bound
to SMRT in the absence of RAR, but 28.4% bound in the
presence of RAR (Fig. 7A; Sf9 1 RARa). In contrast, extracts
of Sf9 cells infected with nonrecombinant baculovirus had no
effect (Fig. 7A; Sf9). The addition of all-trans retinoic acid
greatly reduced the amount of RXR retained by the GST-
SMRT matrix, consistent with the participation of the RAR
partner in tethering radiolabeled RXR to SMRT. The hor-
mone 9-cis retinoic acid is a high-affinity ligand for RARs as
well as for RXRs (6, 36); similar to the effects of all-trans
retinoic acid, the addition of 9-cis retinoic acid led to the
dissociation of the presumptive RXR-RAR heterodimer from
the GST-SMRT matrix.

We also repeated these experiments with constructs of
SMRT limited to the individual RID-1 or RID-2 regions (Fig.
7B and C). The ability of RARa to enhance the binding of
RXRa to SMRT was also clearly observed with these individ-
ual RID constructs, if at a somewhat reduced level compared
to the effects seen when SMRT constructs containing both
RIDs were used (Fig. 7A). Given the specificity, when tested
alone, of RXRa for SMRT RID-2 and of RARa for SMRT
RID-1 (Fig. 2), these results suggest that the presumptive
RAR-RXR heterodimer can be tethered to SMRT by either
receptor moiety in the dimer.

The addition of unlabeled T3Ra was also able to enhance
the binding of RXRa to SMRT; approximately 0.6% of input
RXR bound to SMRT (RID-1 plus RID-2) in the absence of
T3R (Fig. 7D; Sf9), compared to 6.0% in the presence of T3R
(Fig. 7D; Sf9 1 T3Ra). A similar enhancement was observed
when the individual SMRT RIDs were tested separately (Fig.
7E and F). The addition of a T3R ligand, Triac, interfered with
this enhancement when either type of SMRT construct (RID-1
plus RID-2 or RID-1 alone) was used, consistent with the
participation of T3R in the tethering of radiolabeled RXR to
SMRT under these conditions (Fig. 7D and E). In contrast,
Triac did not inhibit the binding of the presumptive RXR-T3R
heterodimer to the SMRT (RID-2) construct (Fig. 7F), per-
haps suggesting that the abstracted SMRT RID-2 interacts
primarily with the RXR moiety under these conditions. In-
triguingly, 9-cis retinoic acid, which stabilized the interactions
of RXR with the corepressor in the absence of T3R (Fig. 3C),
inhibited the binding of the RXR-T3R heterodimer to the
SMRT (RID-1 plus RID-2) and SMRT (RID-1) constructs. A
similar paradoxical effect, suggestive of differences in the ef-
fects of hormone ligands on heterodimers versus homodimers,
was also observed in our two-hybrid studies (see below).

These heterodimeric interactions could be mimicked in the
mammalian two-hybrid assay. As previously noted, the
GAL4AD-RXR fusion by itself exhibited only a weak interac-
tion with GAL4DBD-SMRT (RID-1 plus RID-2) in the two-
hybrid assay, whereas GAL4AD-RAR exhibited a moderate
interaction with GAL4DBD-SMRT (Fig. 8A). The simulta-
neous introduction of both GAL4AD-RAR and GAL4AD-
RXR, however, resulted in a stronger interaction with
GAL4DBD-SMRT that was much greater than the sum of the
interactions of the two receptor constructs introduced sepa-
rately (Fig. 8A). An analogous synergistic interaction of

FIG. 4. Different receptors interact with different domains of N-CoR in a
two-hybrid assay in vivo. pSG5 vectors expressing GAL4DBD only (DBD) or
GAL4DBD fused with the domains of N-CoR indicated below the panels (cor-
responding to the schematic in Fig. 1B) were introduced into CV-1 cells together
with a GAL4 (17-mer)-luciferase reporter and a series of pSG5 GAL4AD con-
structs. The GAL4AD constructs contained GAL4AD only (open or grey bars)
or a GAL4AD-receptor fusion (black or hatched bars). The cells were incubated
in the absence (open or closed bars) or presence (grey or hatched bars) of
cognate hormone; after 48 h, the cells were harvested and luciferase activity was
determined relative to that of pCH110, used as an internal control (Relative
Luc). The results represent the averages and standard deviations from at least
two duplicate experiments. (A) GAL4AD-T3Ra fusion. (B) GAL4AD-RARa
fusion.
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GAL4AD-T3R and GAL4AD-RXR with GAL4DBD-SMRT
was also observed (Fig. 8B). In vivo as in vitro, the combined
interaction of RXR and RAR with SMRT was abolished by
RAR ligands (all-trans or 9-cis retinoic acid), whereas the
combined interaction of RXR and T3R with SMRT was
slightly reduced by the addition of 9-cis retinoic acid and
strongly inhibited by the addition of Triac.

Although VDR did not exhibit an autonomous ability to
associate with SMRT, vitamin D3 signal transduction in vivo is
thought to be primarily mediated by RXR-VDR heterodimers.
We therefore tested if RXR-VDR heterodimers displayed

novel interactions with SMRT not observed when these recep-
tors were tested individually. Indeed, RXRs and VDRs coin-
troduced as GAL4AD fusions exhibited a clear and robust
interaction with GAL4DBD-SMRT, in contrast to the much
weaker, or undetectable, SMRT interaction observed when
either of these receptors was introduced individually (Fig. 8C).
An analogous enhancement of the abilities of VDR and RXR
to interact with SMRT was also observed when these receptors
were tested in combination in vitro (data not shown). Intrigu-
ingly, the addition of either vitamin D3 or 9-cis retinoic acid
destabilized the RXR-VDR two-hybrid interaction with SMRT

FIG. 5. Different RAR isoforms differ in their abilities to interact with SMRT. (A) Interactions of different RAR isoforms with SMRT, as determined with a
mammalian two-hybrid assay in vivo. RARa, RARb, and RARg were expressed as GAL4AD fusions in CV-1 cells and tested for the ability to interact with
GAL4DBD-SMRT (amino acids 751 to 1495) and induce the expression of the GAL4 (17-mer)-luciferase reporter. The cells were incubated in the absence or presence
of cognate hormone; after 48 h, the cells were harvested and luciferase activity was determined relative to that of pCH110, used as an internal control (Relative Luc).
The results represent the averages and standard deviations from at least two duplicate experiments. (B) Interactions of different RAR isoforms with N-CoR, as
determined with a mammalian two-hybrid assay in vivo. The same assay as that in panel A was performed, but with a GAL4DNA–N-CoR construct in place of the
GAL4DBD-SMRT construct. (C) Abilities of RARa, RARb, or RARa-RARb chimeras to bind to GST-SMRT in vitro. The different receptors, depicted schemat-
ically, were synthesized in vitro and tested for their abilities to bind to GST-SMRT (amino acids 751 to 1495) as described in the legend to Fig. 2. The locations of the
DNA-binding and hormone-binding domains are indicated within the RARa schematic. The amount of receptor bound to the immobilized GST-SMRT polypeptide,
relative to the input amount of receptor, is indicated numerically to the right of each protein schematic. The averages and standard deviations of two or more
determinations are presented. (D) Amino acid sequence comparison of the central domains of RARa, RARb, and RARg. The amino acid sequences of the central
domains of the human RAR isoforms are presented beginning with the amino acid indicated parenthetically to the left of each sequence. Amino acids in RARb or
RARg that are identical to those in equivalent positions in RARa are depicted by dashes, whereas amino acids in RARb that are not conserved in either RARa or
RARg are boxed. The location of an N-CoR box is also shown (see the text).
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(Fig. 8C). Thus, it appears that heterodimerization with RXR
can enhance an otherwise cryptic ability of VDR to interact
with SMRT and that attachment of a hormone ligand to either
receptor partner can, at least in vivo, partially disrupt this
interaction. In contrast to these RXR heterodimers, the coin-
troduction of T3R-RAR, T3R-VDR, or T3R-PPAR into the
mammalian two-hybrid system yielded largely additive interac-
tions with SMRT, without any indication of a synergistic or
combinatorial outcome (e.g., Fig. 8D and data not shown). We
conclude that certain receptor heterodimers are capable of
conferring a variety of interactions with corepressors that are
not observed with the parental receptors tested individually
and that the effects of hormones on these interactions differ in
the homodimeric and heterodimeric contexts.

DISCUSSION

Nuclear hormone receptors differ in their abilities to inter-
act with the SMRT corepressor. Nuclear hormone receptors
are key signal transducers through which extracellular hor-
mones invoke changes in target cell gene expression. The abil-
ity of many of these receptors to not only activate but also
repress gene transcription is a crucial component of the rep-
ertoire by which the nuclear hormone receptors regulate phys-
iology and development (6, 26, 31, 36, 37, 39, 49). Transcrip-
tional repression by T3Rs and RARs appears to depend on the
ability of these receptors to recruit a corepressor complex
composed, in part, of the SMRT/TRAC and/or N-CoR/RIP13
corepressor proteins (10, 11, 23, 28, 33, 35, 40, 46, 51, 52, 53).
In this study, we have sought to better elucidate the rules
governing receptor-SMRT interactions.

Our results indicate that SMRT contains within its C-termi-
nal region at least two subdomains, denoted RID-1 and RID-2,
that are independently able to confer physical and functional
interactions with a defined subset of the nuclear hormone
receptor family. Intriguingly, there is no extensive amino acid
relatedness between RID-1 and RID-2, and different receptors

display different abilities to interact with these two SMRT
subdomains. T3Ra interacts with both SMRT RID-1 and
RID-2 in vitro and in two-hybrid assays in vivo in both yeast
(40) and mammalian cells. T3Ra also interacts with both of the
analogous RIDs of N-CoR; these interaction domains of N-
CoR are related but are not identical in sequence to the cor-
responding interaction domains of SMRT. Perhaps reflecting
this nonidentity of the SMRT and N-CoR RIDs, RARa inter-
acts almost exclusively with RID-1 of SMRT but interacts
moderately well with both RID-1 and RID-2 of N-CoR. Thus,
different receptors make different patterns of contact with the
SMRT and N-CoR corepressors, and these distinct patterns of
contact may potentially be manifested as differences in tran-
scriptional regulation.

Unexpectedly, not all isoforms within a given receptor family
interact equally well with a corepressor; specifically, RARb
interacts very poorly with SMRT and N-CoR, whereas RARa
and RARg interact quite well with both corepressors. These
different RAR isoforms are thought to perform distinct func-

FIG. 6. Deletion of the RAR C terminus enhances binding to SMRT. Full-
length wild-type RARa (wt-RAR) or a C-terminal truncation (RAR-403t) were
synthesized as radiolabeled proteins by transcription and translation in vitro and
were tested for the ability to bind to nonrecombinant GST, to GST-SMRT
RID-1 (SMRT amino acids 1055 to 1291), or to GST-SMRT RID-2 (SMRT
amino acids 1291 to 1495) as described in the legend to Fig. 2. The assays were
performed in the presence (1) or absence (2) of 1 mM all-trans retinoic acid.
After washing was done, the receptors remaining bound to the immobilized GST
fusion proteins were eluted, resolved by SDS-PAGE, and visualized and quan-
tified by PhosphorImager analysis. The amount of a radiolabeled receptor bound
to a GST fusion polypeptide is presented as a percentage of the total radiola-
beled receptor (input) used in each binding reaction. The averages and standard
deviations of at least two experiments are presented.

FIG. 7. Enhancement of the RXR-SMRT interaction by the addition of
RAR or T3R in vitro. Radiolabeled RXRa was synthesized by transcription and
translation in vitro and tested for the ability to bind to a GST-SMRT (RID-1 plus
RID-2) polypeptide (A and D), a GST-SMRT (RID-1) polypeptide (B and E),
or a GST-SMRT (RID-2) polypeptide (C and F), each immobilized on glutathi-
one-agarose. The incubations were performed in the presence (1) or absence
(2) of various combinations of hormone, as indicated above each panel, and
without further additions (None), in the presence of lysates of Sf9 cells infected
with a nonrecombinant baculovirus (Sf-9), or in the presence of lysates of Sf9
cells infected with a baculovirus expressing high levels of either RARa (Sf-9 1
RARa) (A to C) or T3Ra (Sf-9 1 T3R) (D to F). The amount of radiolabeled
RXR bound to a GST fusion polypeptide was visualized and quantified by
PhosphorImager analysis and is presented numerically below each panel as a
percentage of the total radiolabeled RXR (input) used in each binding reaction.
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tions in development and differentiation (reviewed in refer-
ence 6); our determination that they possess distinct corepres-
sor interaction properties suggests at least one biochemical
basis for their nonidentical physiological roles. The divergent
corepressor association properties of the RARb isoform map
to a small cluster of amino acids within the D domain of the
receptor that differ from the equivalent sequences in RARa
and RARg. Our preliminary analysis suggests that changing
individual nonconserved amino acids from the RARb se-
quence to that of RARa (such as an A175P or a T181I sub-
stitution) fails to confer strong corepressor association (50a);
apparently more subtle, or multiple, amino acid divergences
within this small cluster contribute to the isoform specificity.
Notably, this amino acid cluster is proximal to the N-CoR box,
a domain previously implicated in corepressor binding by
RARs and T3Rs (10, 23, 40). Recently, it was proposed that
the N-CoR box may itself play only an indirect role in the
receptor-corepressor interaction, perhaps by stabilizing the
conformation of the receptor rather than by providing the
actual amino acid contacts involved in the binding of the core-
pressor. Consistent with this view, conservation of the N-CoR
box itself is not necessary for corepressor binding; COUP-TF,

RXRs, and PPARs, for example, all lack a detectable N-CoR
box but, nonetheless, tether SMRT and N-CoR (40, 45–47).
However, our own results indicate that, whether by direct or
indirect means, the amino acids within and immediately flank-
ing the N-CoR box play a critical role in defining the ability of
RARs and T3Rs to associate with corepressors.

Whatever the precise sites of corepressor interaction, it is
intriguing that the addition of a cognate hormone destabilizes
the association between the corepressor and T3Rs or RARs
but not between the corepressor and RXRs. We recently im-
plicated a conformational change in the C termini of these
receptors as participating in this hormone-mediated release of
the corepressor, and we attributed a divergence between the C
termini of RXRs and T3Rs or RARs as being potentially
responsible for the different responses of these different recep-
tor classes (35). The results presented here extend this work by
demonstrating that excision of the C terminus of RARs can, in
fact, further enhance the interaction of these receptors with
SMRT, even in the absence of hormone. Thus, the C terminus
of these receptors may play a general role in defining the
access of the receptor to the corepressor, and changes in the
nature and folding of the receptor C terminus, perhaps influ-

FIG. 8. Combinatorial interactions of receptors with SMRT in a two-hybrid analysis in vivo. A mammalian two-hybrid protocol similar to that in Fig. 3 was used,
but with a pSG5 GAL4DBD-SMRT (amino acids 751 to 1495) construct in all cases and with one or more nuclear hormone receptors being introduced simultaneously
as GAL4AD fusions. The cells were incubated in the absence or presence of cognate hormones, as indicated below each panel; the cells were harvested after 48 h, and
luciferase activity was determined relative to that of pCH110, used as an internal control (Relative Luc). The results represent the averages and standard deviations
from at least two duplicate experiments. (A) Introduction of GAL4AD fusions of RXRa, RARa, or both. (B) Introduction of GAL4AD fusions of RXRa, T3Ra, or
both. (C) Introduction of GAL4AD fusions of VDR, RXRa, or both. (D) Introduction of GAL4AD fusions of VDR, T3Ra, or both.
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enced by different agonists and antagonists, may be important
in modulating this phenomenon.

Heterodimer formation can lead to combinatorial effects on
corepressor recruitment. T3Rs, RARs, and VDRs are believed
to exist in most cells primarily in the form of heterodimers with
RXRs, although homodimers and alternative heterodimeric
interactions between these receptors have also been observed
and may be of physiological significance (e.g., 4, 19, 36, 42). We
therefore examined if heterodimer formation could influence
the ability of these different receptor classes to interact with
the SMRT corepressor. T3R-RXR and RAR-RXR hetero-
dimers were indeed able to strongly interact with SMRT both
in vivo and in vitro, indicating that heterodimer formation with
RXRs did not inhibit and in fact may well have enhanced the
ability of T3Rs and RARs to recruit the corepressor. This work
is consistent with the results of Zamir et al. (52), Zhang et al.
(53), and Li et al. (33), demonstrating that N-CoR and SMRT
may preferentially bind to receptor dimers rather than recep-
tor monomers. In our experiments, this ability of heterodimer
formation to influence corepressor recruitment was particu-
larly evident for the VDRs, which failed to interact detectably
with the corepressor when expressed independently but which
exhibited a robust interaction with SMRT when coexpressed
with RXRs. In contrast, coexpression of T3Rs and RARs or of
T3Rs and VDRs yielded no greater interaction with SMRT
than did a simple sum of the interactions of individual recep-
tors analyzed independently. We suggest, therefore, that the
combinatorial interactions of different receptors may play an
important role in determining the transcriptional repression
properties of the resulting heterodimer. These combinatorial
effects may also help reconcile the apparent contradiction be-
tween the observations that RXRs, PPARs, and VDRs can
associate with corepressors yet have not been reported to func-
tion as transcriptional repressors; it appears likely that these
receptors may well be able to confer repression, but only in the
correct heterodimer and promoter context.
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