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Abstract
Thyroid hormone receptors (TRs) are hormone-regulated transcription factors. TRs are generally
thought to bind to their DNA target sites as homodimers or as TR/retinoid X receptor (RXR)
heterodimers. However, we have shown that certain TR isoforms, such as TRβ0, can bind as trimers
to a subset of naturally-occurring DNA elements. We report here that this trimeric mode of DNA
recognition by TRβ0 also results in an enhanced recruitment of coactivators in vitro and increased
transcriptional activation in cells compared to TRβ0 dimers. At least part of this enhanced coactivator
recruitment reflects a selectively enhanced avidity of the TRβ0 trimer for a specific LXXLL
interaction motif within the p160 coactivators. TRβ0 trimers also recruit certain coactivators at lower
concentrations of T3 hormone and exhibit distinct coactivator stoichiometries than do TRβ0 dimers.
We conclude that trimer formation confers isoform-specific DNA recognition and transcriptional
regulatory properties that are not observed for TR dimers.
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INTRODUCTION
Thyroid hormone receptors (TRs) are members of a large family of hormone-regulated
transcription factors that includes the steroid receptors, vitamin D3 receptors, retinoic acid
receptors, and retinoid X receptors (RXRs) (Apriletti, et al., 1998; Aranda and Pascual,
2001; Zhang and Lazar, 2000). In the classic model of TR-mediated gene regulation, TRs are
proposed to bind as protein dimers to specific recognition sites on DNA, termed thyroid
hormone response elements (TREs). The prototypic TRE consists of two direct repeats of an
AGGTCA “half-site” sequence separated by four nucleotides (a DR4) and can recruit either a
TR/TR homodimer or a RXR/TR heterodimer (Naar, et al., 1991; Perlmann, et al., 1993;
Rastinejad, et al., 1995; Umesono, et al., 1991). TRs bind to these DR4 elements in both the
presence and absence of cognate T3 hormone, but the composition of the receptor/DNA
complex and the subsequent transcriptional outcome depends on the hormone status (Glass
and Rosenfeld, 2000; Moore and Guy, 2005). In the absence of T3, TRs recruit corepressor
proteins that modify the chromatin template and interfere with the transcriptional machinery
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so as to repress target gene transcription (Glass and Rosenfeld, 2000; Privalsky, 2004). Binding
of T3 hormone agonist by TRs induces a conformational change that causes release of
corepressors and recruitment of a series of coactivator proteins, instituting a molecular cascade
culminating in gene activation (Glass and Rosenfeld, 2000; Ribeiro, et al., 1998). In contrast
to the key role of the TR ligand in this process, RXR ligands have relatively little effect on
transcriptional activation by TR/RXR heterodimers, and RXR has been described as a “silent
partner” of TR in this context [e.g.(Aranda and Pascual, 2001; Shulman, et al., 2004)].

Although the essential elements of this proposed mechanism of TR-mediated gene regulation
have been verified, experiments have often revealed considerable diversity in the underlying
machinery and its operation that was not fully appreciated in the original model. For example,
TRs are expressed from two distinct genetic loci and undergo alternative mRNA splicing to
generate a series of interrelated receptor isoforms, including TRβ1, TRβ0 (found primarily in
birds, amphibians, and reptiles), TRβ1 (a TRβ0 homolog found principally in mammals), and
TRβ2 (Zhang and Lazar, 2000). These different isoforms are expressed in distinct tissues and
at different times in development, and they play overlapping, but distinguishable biological
roles (Forrest, et al., 1996; Forrest and Vennstrom, 2000; Fraichard, et al., 1997; Gauthier, et
al., 1999; Mansen, et al., 2001; Wikstrom, et al., 1998). Similarly, many naturally-occurring
TREs depart considerably from the experimentally-optimized, canonical DR4 in the sequence,
spacing, and orientation of the two half-sites that comprise the element (Brent, et al., 1989;
Brent, et al., 1989; Forman, et al., 1992; Forman and Evans, 1995; Furlow and Brown, 1999;
Furlow and Kanamori, 2002; Lazar, et al., 1991; Muscat, et al., 1993; Muscat, et al., 1994;
Norman, et al., 1989; Williams, et al., 1991). Extending this response element diversity still
further, a number of naturally-occurring TREs have been identified that contain three or more
potential half-sites, and we have reported that specific TR isoforms can cooperatively bind to
these trivalent response elements as receptor homotrimers and heterotrimers (Mengeling, et
al., 2005). This trimer mode of DNA recognition permits TR isoforms such as TRβ0 (and to a
lesser extent, TRβ1) to efficiently bind to and regulate TREs that are poorly recognized by
other TR isoforms, such as TRβ2, that more heavily favor a dimeric mode of DNA recognition.

We report here that trimer formation not only increases the ability of TRβ0 to bind to certain
TREs, but also enhances the transcriptional properties of the receptor once bound to the DNA.
This increased transcriptional capacity in vivo is paralleled in vitro as a stronger relative affinity
of TRβ0 trimers for p160 and DRIP205 coactivators compared to the corresponding TRβ0
dimers under the same conditions. The enhanced recruitment of p160 coactivators appears to
reflect a selectively enhanced avidity of the TRβ0 trimer for a specific LXXLL motif in these
coactivators. Further, TRβ0 trimers recruit these coactivators at lower T3 concentrations than
do the analogous TRβ0 dimers. Interestingly, these coactivators can act reciprocally to stabilize
the assembly of certain TRβ0 trimers on appropriate response elements. We conclude that
receptor trimerization not only permits recognition of specific response elements that are poorly
recognized by the classic TR/TR and RXR/TR dimers, but also influences the transcriptional
response of the receptor complex once bound to DNA.

MATERIALS AND METHODS
Cell Culture and Transfections

CV-1 cells were grown in Dulbecco’s modified Eagle medium (DMEM) formulated with high
glucose and L-glutamine (Invitrogen, Carlsbad, CA), and supplemented with 5% heat-
inactivated fetal bovine serum (HI-FBS; Hyclone, Logan, UT). Cells were buffered with a
bicarbonate/5% CO2 system and maintained at 37 °C. Transfections were performed in DMEM
medium containing 5% HI-FBS (hormone-stripped) using 24-well culture plates and Effectene
(QIAGEN, Valencia, CA) per the manufacturer’s instructions. Each transfection employed 3.5
x 104 cells, 100 ng of luciferase reporter carrying a single copy of the specified TRE, the
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indicated amount of pSG5-TRβ0 or pSG5-TRβ2 plasmid (which express the native avian
[Gallus] TRβ proteins) (Mengeling, et al., 2005; Yang and Privalsky, 2001) or the equivalent
empty pSG5 plasmid, 40 ng of pCH110 expressing β-galactosidase as an internal control, plus
sufficient pUC18 to bring the total DNA to 250 ng. Twenty-four hours post transfection, the
medium was replaced with fresh medium containing the specified amount of T3. After a further
24 h, the cells were washed and lysed. Luciferase activity was measured using the Luciferase
Assay System (Promega, Madison, WI) with a Turner Design 20/20 luminometer. β-
galactosidase activity was measured using a chlorophenol-red-β-D-galactopyranoside (CPRG)
substrate (Roche, Indianapolis, IN) and a Molecular Devices SpectraMax 250 microplate
reader.

Protein Expression
GST-p160 coactivator constructs were created by joining the glutathione-S-transferase
sequence (GST) in pGEX-MPA to codons 621 to 821 of ACTR, codons 544–767 of GRIP, or
codons 568–891 of SRC-1 (encompassing the internal three LXXLL motifs of each p160
coactivator) (Lee and Privalsky, 2005; Wan, et al., 2005). Mutagenesis of the ACTR LXXLL
motifs to inactive LXXAA sequences was performed using the Quikchange site-directed
mutagenesis protocol (Stratagene, La Jolla, CA). GST-DRIP constructs were created by joining
the GST sequence in pGEX-MPA to codons 486 to 723 of DRIP205 (encompassing the two
internal LXXLL motifs). For protein expression, GST-fusion vectors were transformed into
Escherichia coli strain BL-21 and bacteria acquiring the plasmid were selected with 100 μg/
ml ampicillin. Single colonies were grown overnight under selection, pooled, and then used to
seed larger cultures in LB broth plus ampicillin. Cultures were grown to mid-log phase
(A600 of 0.4–0.6), protein expression was induced with 1 mM IPTG (isopropyl-β-D-
thiogalactopyranoside) (Sigma, St. Louis, MO), and the bacteria were incubated overnight at
16 °C. The bacteria were then harvested and lysed by sonication. GST-fusion proteins were
purified by binding to glutathione-agarose (Sigma, St. Louis, MO) and eluted with 20 mM
glutathione in 100 mM Tris-Cl, pH 8.0. Protein yield was assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie Brilliant Blue or
Sypro Ruby staining following the manufacturer’s protocol (BioRad, Hercules, CA).
Quantifications were performed using a Fluorochem 9600 (Alpha Innotech, San Leandro, CA).
To produce ACTR lacking a GST tag, GST-ACTR was expressed as above, but after binding
to the glutathione-agarose, the immobilized protein was washed 5X with Cleavage Buffer (20
mM Tris-Cl, pH 8.0/150 mM NaCl/2mM CaCl2) and then suspended in Cleavage Buffer at
approximately 2–3 mg/ml. One U of thrombin was added per 100 μg protein, and the mixture
was incubated on ice for 1 h. The glutathione-agarose beads were pelleted by centrifugation
and the supernatant containing the cleaved ACTR was transferred to new tubes and then rotated
overnight at 4 °C with 50 μl glutathione-agarose (50% slurry in Cleavage Buffer) and 20 μl
benzamidine-sepharose 6B (50% slurry in cleavage buffer), followed by pelleting the agarose
beads by centrifugation. The supernatant, containing the cleaved-ACTR, was quantified as
indicated for the GST-fusion proteins and stored at −80 °C.

TRβ0 and RXRα were expressed as native, full-length proteins using recombinant baculovirus
to infect Sf9 cells; virus, cells, and nuclear extracts were prepared as previously described
(Chen, et al., 1993). Protein preparations were resolved by sodium doedcyl sulfate/
polyacrylamide gel electrophoresis (SDS-PAGE) and quantified by staining as noted for the
GST-fusion proteins above.

Electrophoretic Mobility Shift/Supershift Assays (EMSAs)
Commercially-prepared oligonucleotides (MWG Biotech, High Point, NC) representing
various TRE derivatives were annealed to form double-standed DNA and were radiolabeled
by Klenow polymerase fill-in using 32P-α-deoxy-GTP (3000 Ci/mmol) (Perkin Elmer,
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Wellesley, MA) plus the three remaining unlabeled deoxynucleotide triphosphates. For EMSA,
the TR isoform of interest, with or without RXRα, was incubated together with 5 pmol of the
radiolabeled probe and the specified amount of GST-coactivator in binding buffer (20 μl
reaction volume) in the presence or absence of T3 hormone, as previously described
(Mengeling, et al., 2005). The reaction products were then separated by native electrophoresis
in a 5% polyacrylamide gel buffered with 0.5X TBE (45 mM Tris-borate, 1 mM EDTA) at
180 volts for 90 min. Free and bound probe were visualized by Storm phosphorimager analysis
(Amersham Biosciences, Piscataway, NJ). Curve fitting and statistical analysis were performed
using Prism 4 for Macintosh (GraphPad Software Inc., San Diego, CA).

RESULTS
TRβ0 trimers display enhanced transcriptional properties compared to TRβ0 dimers

As previously reported (Mengeling, et al., 2005), TRβ0, and to a lesser extent TRβ1, bound as
receptor trimers on TREs that contain three half-sites, such as are found in the rat growth
hormone (rGH) promoter (Figure 1A) (Mengeling, et al., 2005). Trimer binding was highly
cooperative, and depended on the correct orientation and spacing of the three half-sites that
comprise the rGH TRE (Mengeling, et al., 2005). Both TRβ0 homotrimers and RXRβ/TRβ0
heterotrimers could assemble on a variety of three half-site TREs, whereas TRβ2 formed
homotrimers poorly and failed to form heterotrimers under otherwise identical conditions
[Figure 1B and (Mengeling, et al., 2005)]. In contrast, all four TR isoforms were able to bind
to DR4 elements as homodimers and as heterodimers with RXRs (Mengeling, et al., 2005).
When assayed alone, RXR bound to the DR4 and rGH elements as a homodimer; however
these RXRα homodimers were relatively weak and were not observed in the presence of TRs
[data not shown and (Mengeling, et al., 2005)]. The identities of the TR and RXR/TR
complexes as authentic dimers and trimers were further confirmed by comparisons to non-
recombinant protein preparations, by employing mutated TREs lacking or possessing specific
half-sites, by comparisons to molecular weight standards, and by the use of antibodies to the
corresponding receptors in supershift experiments (Mengeling, et al., 2005). Both dimer
assembly and trimer assembly were highly cooperative by kinetic analysis (Mengeling, et al.,
2005). Paralleling the stronger binding of TRβ0 to trimeric DNA elements in vitro compared
to TRβ2, TRβ0 displayed stronger activation of a trimeric TRE-luciferase reporter in response
to T3 in cell transfections than did TRβ2, whereas the activity of these two isoforms on a
dimeric element was statistically indistinguishable (Figure 1C).

On extending these experiments, we unexpectedly discovered that the ability of TRβ0 to
regulate expression of a trimeric TRE luciferase reporter was much stronger than the ability
of the same isoform to regulate expression of a dimeric TRE-luciferase reporter. This was
observed as an enhanced TRβ0-mediated activation of the trimeric TRE-luciferase reporter in
the presence of T3 compared to the actions of the same TRβ0 isoform on a dimeric TRE-
luciferase reporter (Figure 1C; P value < 0.01 by pairwise Student t-test). The TREs used in
these assays were present as single copies in the reporter plasmid, and a β-galactosidase
expression plasmid was included in each transfection as an internal control for transfection
efficiency. Given that TRβ0 binds to the trimeric element in vitro with equal avidity (comparing
heteromers) or lower avidity (comparing homomers) than to the dimeric element (Figure 1B),
we examined if the stronger transcriptional functionality observed for TRβ0 on the trimeric
TRE in vivo was indicative of a mechanism operating in addition to DNA binding per se.

TRβ0 trimer formation enhances p160 coactivator binding in vitro
We explored if the enhanced transcriptional activation properties of TRβ0 on trimeric-TRE
reporter elements in cells might reflect an enhanced coactivator recruitment. We first tested
the p160 coactivators, which are among the earliest coregulators recruited to DNA-bound
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nuclear receptors in response to hormone agonist (Liu, et al., 2006; Sharma and Fondell,
2000, 2002). The p160 family consists of three members, ACTR (Chen, et al., 1997), GRIP1
(Hong, et al., 1997), and SRC1 (Onate, et al., 1995); all three members possess or can recruit
histone acetyltransferase and methyltransferase activities and are believed to confer
transcriptional activation by covalent modification of chromatin and/or other components of
the transcriptional machinery (Moore and Guy, 2005; Rice and Allis, 2001; Rosenfeld and
Glass, 2001; Xu and Li, 2003). We used an electrophoretic mobility shift/supershift
methodology (Goodson, et al., 2005), which measures the ability of the p160 coactivator to
bind to and further reduce (supershift) the electrophoretic mobility of a TR or RXR/TR complex
assembled on a suitable TRE. Use of a range of coactivator concentrations in this assay permits
determination of the relative avidities of the coactivator for the various TR and RXR/TR DNA
complexes.

We began by examining ACTR binding to TRβ0 in the absence of RXR. As anticipated, in the
absence of a coactivator TRβ0 formed homodimers on a DR4 element and homotrimers on a
rGH-derived element (Figures 2A and 2B). Little or no effect was observed by adding a GST-
only construct, or by adding a recombinant ACTR construct in the absence of T3 (Figures 2A
and 2B and data not shown). Adding a recombinant ACTR construct to the binding reaction
in the presence of T3 resulted in a supershift of both TRβ0 homodimer/DNA and TRβ0
homotrimer/DNA complexes to slower electrophoretic mobilities, indicative of a coactivator/
receptor interaction (Figures 2A and 2B). Notably, the ACTR coactivator bound to the TRβ0
homotrimer at reproducibly higher relative affinity than it did to the TRβ0 homodimer. This
was observed as an ability of ACTR to supershift the trimeric receptor/DNA complexes at
lower coactivator concentrations than those required to supershift the dimeric receptor/DNA
complexes (compare electrophoretograms in Figures 2A and 2B). Results were quantified for
multiple experiments and are presented with error bars in Figure 2E (compare homotrimers,
represented by closed triangles, to homodimers, represented by closed diamonds). Analysis of
this data yielded an strong fit to the theoretical kinetics for a binary protein-protein interaction
(r2= 0.905 for homodimers and 0.965 for homotrimers) and indicated an apparent Kd for ACTR
of 4.18 +/− 0.73 for the TRβ0 homotrimer complexes versus 15.9 +/− 3.91 for the TRβ0
homodimer complexes, with no overlap at the 97% confidence interval (Table 1). Comparisons
for each replicate experiment (N=3) indicated that the difference in the homodimer and
homotrimer apparent Kd values was statistically significant (P value= 0.006, paired t-test). The
Bmax, a measure of ACTR bound at saturating coactivator concentrations, was virtually the
same for both forms of TRβ0 complex (314 +/−14 for homotrimers versus 340 +/− 24 for
homodimers). ACTR exhibited no ability to bind to either the dimeric or trimeric DNA probe
in the absence of TRβ0 (data not shown). Based on these results, we conclude that TRβ0
homotrimers have an approximately 2.4 to 5.7 -fold higher relative avidity for ACTR
coactivator than do TRβ0 homodimers.

We repeated this experiment in the presence of RXRα to compare the ability of RXRα/TRβ0
heterodimers and RXRα/TRβ0 heterotrimers to recruit ACTR (Figures 2C and 2D). Once again
little or no supershift was observed using GST-alone or ACTR preparations in the absence of
T3. Introduction of increasing amounts of ACTR in the presence of T3 resulted in a dose-
dependent supershift of both the heterodimer and the heterotrimer complexes to a slower
mobility (Figures 2C and 2D). Substantially less ACTR was required to supershift the
heterotrimer complexes than the heterodimeric complexes (compare Figures 2C and 2D; please
note the differing amounts of ACTR used for the different panels). These results were
quantified for multiple experiments and are presented in Figure 2E and (for an extended range
of ACTR concentrations) in Figure 2F; compare heterotrimers, represented by open triangles,
to heterodimers, represented by open diamonds. Nonlinear regression analysis of this data
yielded a relative Kd for ACTR of 15.2 +/− 2.7 for the RXRα/TRβ0 heterodimers versus 384
+/− 85 for the RXRα/TRβ0 heterodimers, and the apparent Kd values did not overlap at the
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99% confidence level (Table 1). Comparisons for each replicate experiment (N=3) indicated
that the difference in the heterodimer and heterotrimer apparent Kd values was statistically
significant (P= 0.0086, paired t-test). The Bmax for the heterotrimers (152 +/− 7) was slightly
higher than for the heterodimers (103 +/− 6) (Table 1). RXRα alone did not bind to these DNA
probes under the conditions used, and no supershift was seen in the absence of TRβ0 (data not
shown). We conclude that RXRα/TRβ0 heterotrimers recruited ACTR with an approximately
25-fold higher relative avidity than did RXRα/TRβ0 heterodimers, an even greater difference
than that observed between TRβ0 homotrimers and TRβ0 homodimers, above. Notably,
although RXRα/TRβ0 heterodimers bound DNA more strongly than did TRβ0 homodimers,
the former displayed a lower avidity for ACTR coactivator than did the latter (Figure 2B and
Table 1).

To determine if the enhanced ability of trimers to recruit ACTR also applies to other members
of the p160 coactivator family, we tested SRC1 and GRIP1 in the same type of electrophoretic
shift/supershift assay (Figure 3A and Table 2). In common with ACTR, both SRC1 and GRIP1
appeared to be much more strongly recruited by RXRα/TRβ 0 heterotrimers (relative Kd of
12.8 +/− 5.7 for SRC1 and 15.2 +/− 2.7 for GRIP1) than by the corresponding RXRα/TRβ 0
heterodimers (relative Kd of 725 +/−220 for SRC1 and 375 +/− 236 for GRIP1) (Figure 3A
and Table 2). Although the differences in apparent Kd between the heterotrimers and
heterodimers were striking (25 to 50 fold), the overall low affinity of the heterodimers for these
particular p160 coactivators, coupled with technical limitations in our ability to obtain
sufficient SRC1 and GRIP1, limited the overall statistical significance of these differences to
relatively marginal levels (P value = 0.081 and 0.12 for the comparison of heterodimer and
heterodimer binding to SRC1 and to GRIP1, respectively). The relative avidity of TRβ0
homotrimers for GRIP1 overlapped that of TRβ0 homodimers (47.1 +/− 34.2 versus 87.9 +/−
34.2), and no difference was observed in the relative avidity of TRβ 0 homotrimers and
homodimers for SRC-1 (relative Kd of 38.0 +/−7.0 versus 33.5 +/− 5.4, respectively) (Figure
2A and Table 2). We conclude that although heterotrimer formation by RXRα/TRβ0 confers
an enhanced ability to recruit p160 coactivators compared to heterodimer formation, this
phenomenon is much weaker when comparing TRβ0 homotrimers to homodimers and is most
clearly observed with ACTR.

The p160 coactivators can operate reciprocally to stabilize receptor binding to DNA
Closer inspection of our EMSA supershift assays demonstrated a second phenomenon
operating in these experiments: addition of the ACTR coactivator significantly increased the
ability of both TRβ0 homodimers and TRβ0 homotrimers to bind to DNA compared to the
same receptor assayed in the absence of the coactivator (Figure 2A). This effect was previously
reported for TR homodimers (Diallo, et al., 2005), and was observed in our hands as a much
greater percentage of the total DNA probe being driven into protein complexes in the presence
of the coactivator than in its absence (approximately a 3-fold increase). This coactivator-
enhanced DNA binding by TRβ0 homotrimers was also observed, if to a somewhat lesser
extent, with the SRC-1 and GRIP1 p160 coactivator constructs, whereas RXRα/TRβ0
heterodimers displayed little or no such effect (Figure 3A, Table 2). Our results therefore
indicate that recruitment of p160 coactivators can further stabilize DNA binding by TRβ0
homotrimers and/or homodimers and can enhance the formation of a coactivator/receptor/DNA
complex.

Binding of the p160 coactivators to TRβ0 is T3 dependent, yet paradoxically TR homodimer
formation on DR4 elements is known to be destabilized by T3 (Diallo, et al., 2005; Wahlstrom,
et al., 1992; Yen, et al., 1992). We therefore examined if the ability of ACTR to enhance DNA
binding by TRβ0 homomeric complexes reflected a reversal of the destabilizing effects of T3.
TRβ0 homodimer formation on the DR4 element was disrupted by addition of T3, as expected
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(Figure 3B, lanes 1 and 2). Notably this effect was reversed by addition of ACTR, such that
the total amount of DNA probe shifted by the ACTR/TRβ0/DNA complex in the presence of
T3 equaled the amount of DNA probe bound by the TRβ0 homodimer complex in the absence
of T3 (Figures 2A and 2B). In contrast, TRβ0/DNA homotrimeric complexes were relatively
resistant to disruption by T3 (Figure 3B, lanes 5 and 6; note that as previously reported, both
TRβ0 homotrimers and homodimers change mobility due to the compacting effects of T3
agonist); therefore the increase in total DNA probe bound by TRβ0 homotrimers in response
to addition of ACTR was unrelated to the destabilizing effects of T3 observed for TRβ0
homodimers. RXRα/TRβ0 heterodimers and RXRα/TRβ0 heterotrimers were not disrupted by
T3 in either the absence or presence of coactivator (Figure 3B, lanes 3 and 4, 7 and 8), and as
noted above, ACTR had only minimal stabilizing effects on DNA binding by these heteromeric
complexes (Figures 2C and 2D). We conclude that recruitment of p160 coactivators can greatly
increase the DNA binding properties of TRβ0 homodimers and homotrimers, and in the case
of the former, compensate for the inherently destabilizing effects of T3 agonist on TRβ0
binding of DNA observed in the absence of coactivator (Diallo, et al., 2005).

TRβ0 trimers can recruit ACTR at lower T3 concentrations than can dimers
We next compared the ability of TRβ0 trimers and dimers to bind ACTR over a range of T3
concentrations using the EMSA supershift technique and saturating amounts of coactivator
(Figure 4A). The amount of coactivator/receptor/DNA complex formed at each T3
concentration was also quantified (Figure 4B). As expected all four species, TRβ0 homodimers,
RXRα/TRβ0 heterodimers, TRβ0 homotrimers, and RXRαTRβ0 heterotrimers displayed little
or no p160 binding in the absence of T3, and at saturating T3 concentrations the TRβ0
homodimers and homotrimers bound more ACTR than did the corresponding heteromeric
complexes (Figure 4). At intermediate T3 concentrations, however, there was also a shift in
the response curve for TR homotrimers and RXR/TR heterotrimers, such that it required
significantly less T3 for these trimers to recruit the ACTR coactivator than for their
corresponding dimers to do so (Figure 4B, compare closed triangles to closed diamonds, and
open triangles to open diamonds). Comparisons for each replicate experiment (N=3) indicated
that the difference in the heterodimer and heterotrimer apparent EC50 values was statistically
significant (P= 0.012, paired t-test). Hillslope measurements for all curves were greater than
1, and the dimer curves had Hillslopes approximately 2-fold greater than those of the trimer
curves, indicating that the change from minimal to maximal ACTR binding occurs over a
shorter range of T3 concentrations for dimers than for trimers. Taken together, these data
indicate that TRβ0 homo- and hetero-trimers are able to bind ACTR at lower T3 concentrations,
and increase the amount of ACTR-TRβ 0 supershifted complex more with each unit increase
in T3 concentration, than do the corresponding dimer forms.

Given the enhanced ability of TRβ0 trimers to bind p160 coactivators at low T3 concentrations
in vitro, we performed a series of transfection studies to determine if TRβ0 also displays an
altered T3 response in activation of a trimeric (rGH) TRE-luciferase reporter compared to a
dimeric (DR4) TRE-luciferase reporter (Figure 5). Confirming the results first presented in
Figure 1, significantly higher levels of activation were observed for the rGH TRE luciferase
reporter compared to the DR4 TRE luciferase reporter (Figure 5). Although the EC50 values
for the trimeric TRE luciferase reporter were shifted to slightly lower T3 concentrations than
those for the dimeric TRE-luciferase reporter, this difference did not reach statistical
significance for the data set obtained (P= 0.13). However, as a consequence of exhibiting an
overall greater transcriptional activity at all concentrations of hormone, the trimeric TRE
reporter also displays a steeper slope over the T3 dose curve than does the dimeric TRE reporter;
that is, a given per unit increase in T3 concentration causes a greater change in transcription
on the trimeric TRE than on the dimeric TRE (Figure 5). These results suggest that trimer
formation not only results in an overall increase in coactivator binding and transcriptional
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activity by TRβ0, but also alters the responsiveness of this receptor to changes in the
concentrations of hormone agonist.

RXR/TR heterotrimers do not gain an enhanced response to RXR agonists
A number of RXR agonist ligands (rexinoids) have been identified, such as 9-cis retinoic acid
(which activates both RARs and RXRs) (Heyman, et al., 1992; Levin, et al., 1992) and the
more RXR-selective LG268 compound (Boehm, et al., 1995). Interestingly, the ability of RXRs
to respond to these ligands depends on their receptor partner, and is influenced by the
positioning of these receptors on their response element (Germain, et al., 2002; Shulman, et
al., 2004; Westin, et al., 1998). TR heterodimers assemble on DR4 elements with an RXR
upstream-TR downstream orientation (Rastinejad, et al., 1995) and are able to recruit
coactivators and activate transcription strongly in response to T3, but weakly, or not at all, in
response to RXR agonists (Shulman, et al., 2004). Given the unique receptor orientations and
spacings associated with an RXR/TR trimer, we examined the ability of these trimeric
complexes to respond to rexinoids. Addition of the RXR agonist LG268 to the EMSA supershift
experiments alone, or together with T3, had relatively modest or no effect on the ability of
either RXRα/TRβ0 heterodimers or heterotrimers to bind to ACTR in vitro (Figure 6A). Similar
results were obtained comparing a range of T3 concentrations plus or minus LG268, with the
RXRα/TRβ0 heterotrimers and RXRα/TRβ0 heterodimers displaying little or no difference in
their response to T3 in the presence of this rexinoid versus in its absence (Figure 6B). We
conclude that RXR retains its previously noted “silent partner” status when incorporated into
RXR/TRβ0 heterotrimers under the conditions studied here.

TRβ0 trimers exhibit a selective increase in avidity for the LXXLL#2 motif in ACTR
The p160 coactivator constructs tested here each contain three LXXLL receptor interaction
motifs (Darimont, et al., 1998; Heery, et al., 1997; McInerney, et al., 1998; Savkur and Burris,
2004; Takeshita, et al., 1998), any one of which could potentially interact with a single nuclear
receptor moiety. Hypothetically, the high affinity of these coactivators for TRβ0 trimers might
reflect the binding of the three LXXLL motifs within a single coactivator to the three receptors
in the trimer. To test this hypothesis, we made a series of single or multiple mutations in the
LXXLL motifs in ACTR, converting them in each case to inactive LXXAA sequences.
Disruption of either LXXLL#1 or LXXLL#3 in ACTR (denoted mL1 and mL3, respectively)
had little or no effect on the apparent Kd of this coactivator for TRβ0 homotrimers and
homodimers, whereas disruption of LXXLL#2 (denoted mL2) resulted in an approximately 3-
fold decrease in avidity for either type of TRβ0 homomeric complex (Table 3 and Figure 7A,
upper panel). A mL1/mL2 double ACTR mutation still further decreased the avidity of ACTR
for TRβ0, with this inhibitory effect being particularly dramatic for the TRβ0 homotrimer Table
3 and Figure 7A, lower panel). In fact, both the mL1/mL2 and the mL2/mL3 double mutants
(which both lack LXXLL#2) abolished the preferential avidity of ACTR for TRβ0 homotrimers
relative to TRβ0 homodimers (Table 3 and Figure 7A, lower panel). In contrast, ACTR
constructs that retained LXXLL#2 retained the higher avidity for TRβ0 homotrimers compared
to TRβ0 homodimers (Table 3 and Figure 7A). Notably LXXLL#2 also played an important
role in the ability of p160 coactivator to stabilize DNA binding by TRβ0 homotrimers and
homodimers; ACTR mutants lacking LXXLL#2 were unable to further increase DNA binding
by TRβ-homodimers or homotrimers beyond that seen in the absence of coactivator (Figure
7A and Table 3). We conclude that the enhanced interaction of ACTR with TRβ0 homotrimers
versus TRβ0 homodimers is mediated primarily by the central LXXLL#2 motif in the
coactivator.

An even stronger dependence on LXXLL#2 was evident in examining RXRα/TRβ0
heterotrimers and heterodimers, with mutations in this central motif abrogating the avidity of
ACTR for either complex. Single mutations in LXXLL#1 or LXXLL#3, in contrast, had no
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effect on the ACTR avidity for heterotrimers, but did significantly impair the ACTR avidity
for heterodimers (compare Table 1, Table 3 and Figure 7B, upper panel; it should be noted that
the very low avidity of these ACTR mutants for the heterodimer made determination of accurate
binding constants difficult). Conversely, an ACTR mutant retaining only the central LXXLL#2
motif (i.e. mL1/mL3) displayed nearly wild-type ACTR interactions with most of the receptor
complexes analyzed here, and mimicked the wild-type ACTR ability to interact with RXR/TR
homo- and heterotrimers with higher relative avidity than with the corresponding dimers (Table
3 and Figure 7B, lower panel). As expected, simultaneous mutation of all three LXXLL motifs
completely abrogated the ability of ACTR to bind to either TRβ0 dimers or trimers (data not
shown). These results indicate that the enhanced avidity of TRβ0 trimers for ACTR compared
to TRβ0 dimers is not due to the presence of three LXXLL motifs in this coactivator; instead,
the preferential recruitment of ACTR by TRβ0 homo- and heterotrimers appears to be mediated
primarily through an enhanced avidity of the trimers for the ACTR LXXLL#2 motif, and was
substantially attenuated or reversed by ACTR mutations that disrupt this central interaction
sequence.

TRβ0 homotrimers and RXRα/TRβ0 heterotrimers recruit p160 coactivators with distinct
stoichiometries

The requirement of only a single LXXLL motif for efficient ACTR binding opened the
reciprocal possibility that more than one ACTR molecule might be able to bind to a given
TRβ0 trimer or dimer. To investigate this possibility, we performed an admixture EMSA
supershift experiment employing two ACTR constructs possessing distinctive electrophoretic
mobilities: ACTR with or without a GST tag. As expected, the TRβ0/DNA complexes in our
EMSA were shifted to different apparent mobilities when incubated with the smaller ACTR
construct versus the larger GST-ACTR construct (Figure 8A). When the TRβ0 homotrimers
were incubated with mixtures of both the ACTR and GST-ACTR constructs, no evidence of
intermediate electrophoretic complexes was observed (Figure 8A). This suggests that the
homotrimers can either bind ACTR or GST-ACTR, but not both simultaneously, indicating
that one receptor trimer binds a total of one ACTR molecule in this assay. Similar results were
obtained with TRβ0 homodimers and with RXRα/TRβ0 heterodimers: i.e. only a single
coactivator molecule was recruited to each receptor dimer/DNA complex (data not shown).

We repeated the admixture experiment using RXRα/TRβ0 heterotrimers (Figure 8B). Once
again the ACTR and GST-ACTR supershifts could be readily distinguished by their
electrophoretic mobility, but in this case a clear, single intermediate complex was detected in
mixtures of ACTR and GST-ACTR (Figure 8B). The presence of this single intermediate
complex, and its position, indicates that one heterotrimer complex can recruit two ACTR
molecules under these conditions. We conclude that heterotrimerization can change the
stoichiometry of coactivator binding from one p160 molecule per receptor trimer to two p160
molecules per receptor trimer.

TRβ0 trimers also bind the DRIP205/Mediator coactivator subunit with greater relative affinity
than do the corresponding TRβ0 dimers

Different coactivators operate through different mechanisms. The DRIP/TRAP/Mediator
complex functions as a coactivator by binding to both the nuclear receptor (through two
LXXLL motifs in the DRIP205 subunit) and to the general transcriptional machinery, thereby
helping to assemble a preinitiation complex on the target promoter (Ren, et al., 2000; Sharma
and Fondell, 2000, 2002; Yuan, et al., 1998). Given its distinct mechanism of action from that
of the p160 family, we examined whether DRIP205 also preferentially interacted with TRβ0
trimers relative to dimers using the EMSA supershift methodology. Paralleling our results with
the p160 coactivators, DRIP205 binding stabilized the DNA binding abilities of both the
TRβ0 homodimers and homotrimers (Figure 9A, and quantified in Figure 9B). Also similar to
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all three of the p160 coactivators, DRIP205 displayed a significantly stronger (6-fold) apparent
avidity for the RXRα/TRβ0 heterotrimer than for the RXRα/TRβ0 heterodimer, although in
common with GRIP1, the DRIP205 bound to homotrimers and to homodimers with near equal
apparent avidities (Figure 9). Unlike the p160 coactivators, however, DRIP205 was able to
bind to the RXRα/TRβ0 heterodimers and heterotrimers in the absence of T3; addition of T3
further increased binding by about 3-fold (Figure 9A). This agonist-independent DRIP205
binding was not observed for the corresponding homodimers and homotrimers (Figure 9A).
We conclude trimer formation can enhance the ability of TRβ0 to recruit more that one type
of coactivator, although the detailed behavior and characteristics of this enhancement differs
in comparisons of different coactivators.

DISCUSSION
TRβ0 trimers possess enhanced transcriptional regulatory properties compared to TRβ0
dimers

We previously reported that TRβ0, and to a lesser extent TRβ1, differ from TRβ1 in the ability
to form TR homotrimers and RXR/TR heterotrimers on suitably reiterated half-sites, such as
are found in the rGH TRE (Mengeling, et al., 2005). These complexes assemble with high
cooperativity, display the characteristics anticipated for an authentic receptor trimer, and can
be distinguished from a simple co-occupancy of a DNA site by a dimer plus a non-interactive
monomer (Mengeling, et al., 2005). We report here that the assembly of TRβ0 trimers on these
DNA response elements not only permits recognition of target sequences that are poorly
recognized by receptor dimers, but also confers distinct transcriptional properties on TRβ0,
resulting in stronger T3-mediated transcriptional activation in cells and an enhanced ability to
bind to certain coactivators in vitro. The greatest difference in coactivator avidity was observed
in comparisons of RXRα/TRβ0 heterotrimers to RXRα/TRβ0 heterodimers, and was detected
both for the p205 subunit of the DRIP/TRAP/Mediator complex and for all three members of
the p160 coactivator family (SRC1, ACTR, and GRIP1). A less dramatic, but still reproducible
difference in coactivator binding was observed in comparisons of TRβ0 homotrimers to
TRβ0 homodimers, and of the coactivators tested, this effect was limited to ACTR and SRC1.
Interestingly, TRβ0 trimerization not only could increase the apparent avidity of the receptor
for these coactivators, but also could alter the EC50 values, such that significantly less T3 was
required to recruit ACTR coactivator by TRβ0 homo- or heterotrimers than by the
corresponding TRβ0 dimers. Taken together, these data suggest that the trimer complex is not
simply the addition of another TRβ molecule to a receptor dimer, but instead represents a
structurally distinct complex that can interact with coactivators in a unique fashion. Our results
indicate that non-classical half-site iterations, as observed in the rGH promoter, not only create
response elements that preferentially recruit a subset of TRβ0 isoforms, but also help determine
the transcriptional properties of these receptors once tethered to the DNA.

Reciprocally, coactivator recruitment can stabilize TRβ0 trimer binding to DNA
We also report here that DNA binding of both TRβ0 homotrimers and TRβ0 homodimers is
enhanced by interaction with either the ACTR or the DRIP205 coactivator protein. As a
consequence, substantially more agonist-bound TRβ0 homotrimer or homodimer assembles
on DNA in the presence of these coactivators than in their absence. For TRβ0 homodimers,
the effect of coactivator on DNA binding counteracted the disruptive effects T3 has on DNA
binding in the absence of coactivator, whereas for TRβ0 homotrimers, coactivator recruitment
enhanced DNA binding distinct from any inherent effects of T3 on DNA recognition. In
contrast, coactivators had little or no stabilizing effect on RXRα/TRβ0 heterotrimers or
heterodimers. Our results suggest that both TRβ0 homotrimers and homodimers may
participate in transcriptional activation in response to T3, a role previously attributed to
RXRα/TRβ0 heterotrimers and heterodimers. This conclusion is further supported by recent
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studies that demonstrate different TR binding sites and different TR target genes vary in their
requirement for an RXR partner, strongly indicating TR homomers function as physiologically-
relevant transcriptional activators (Diallo, et al., 2005; Diallo, et al., 2007).

A single LXXLL motif is sufficient to mediate enhanced recruitment of p160 coactivator to
TRβ0 trimers, suggesting an allosteric rather than an additive binding mechanism is involved

The p160 coactivators tested here contain three LXXLL motifs clustered within an internal
domain, and all three coactivators displayed an enhanced ability to bind to TRβ0 trimers versus
the corresponding dimers. Each LXXLL motif has the potential to interact with a single receptor
moiety, so we therefore first explored if the enhanced ability of these coactivators to bind to
TRβ0 trimers reflected an ability of the three LXXLL motifs in each coactivator to interact
with the corresponding three docking surfaces provided by the receptor trimer. Disproving this
three motif/three receptor hypothesis, p160 mutants possessing only one or two LXXLL motifs
retained a preferential ability to interact with TRβ0 trimers relative to TRβ0 dimers; this
preferential recruitment was mediated primarily by, and was dependent upon, the presence of
ACTR LXXLL motif #2. The observation that a single LXXLL motif can preferentially bind
to a TR trimer versus a TR dimer implies that the individual receptor molecules in the trimer
complex must have an inherently higher affinity for this motif than do the same receptors in
the dimeric complex. We propose that assembly into a trimer results in an allosteric change in
TRβ0 that alters its coactivator docking surface to further increase the affinity of this surface
for a specific subset of the LXXLL motifs that mediate interaction with TRβ0 dimers.

A number of additional pieces of evidence support this proposal. Substitution of all three
LXXLL motifs with inactive LXXAA sequences eliminated the interaction of the ACTR
coactivator with both receptor trimers and receptor dimers, confirming that the LXXLL motifs
serve as the primary sites of contact of these coactivators with TRβ0 in both contexts. Our
allosteric model predicts by the principles of mass action that if trimer formation favors a
receptor conformation that enhances coactivator binding, then coactivator binding should favor
trimer formation, a phenomenon we actually observe in our studies. The shift in the T3 dose
curves noted in our studies is also consistent with the concept that trimer formation imposes a
distinct conformation on the TR molecule compared to dimer formation. A web of allosteric
interactions has already been identified in nuclear receptor dimers by which DNA binding,
receptor-receptor contacts, hormone binding, and coregulator binding can all influence one
another in mediating receptor function (Aranda and Pascual, 2001; Germain, et al., 2002;
O’Malley, 2007; Shang, et al., 2000; Shulman, et al., 2004; Westin, et al., 1998). Our own
experiments serve to extend these observations to the trimeric complexes under study here.

If, as described above, a single LXXLL motif is sufficient to recruit a p160 coactivator to the
TRβ0 trimer, then each receptor trimer, possessing in toto three LXXLL docking surfaces,
might be able to recruit up to three separate coactivator molecules. Instead, use of mixtures of
coactivator constructs of different sizes in our EMSA supershift experiments demonstrated that
only a single ACTR construct was bound by each TRβ0 homotrimer. Similarly, we did not
find evidence for a concomitant binding of DRIP205 and p160 to the TRβ0 homotrimer
complexes, nor were we able to detect simultaneous co-occupancy of the receptor homotrimer
by two different members of the p160 family (unpublished results). It is possible that the
homotrimer assembles on the DNA such that only one of the three receptors is oriented with
an accessible coactivator docking surface, or alternatively, that all three docking surfaces are
accessible, but that the binding of one ACTR sterically interferes with the subsequent binding
of any additional coactivators. TRβ0 homodimers and RXRα/TRβ0 heterodimers also
displayed the same stoichiometry of one coactivator to one (dimeric) receptor/DNA complex.

Unlike homotrimers, the RXRα//TRβ0 heterotrimers were able to bind to two coactivator
constructs simultaneously, indicating that the accessibility of the coactivator docking surfaces
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on homotrimers and heterotrimers differs. We do not know the precise orientation or relative
locations of the receptors in the heterotrimer (e.g. which half-sites are occupied by RXR versus
those occupied by TRs), making it difficult to speculate as to the structural basis for the differing
stoichiometry of homo- and heterotrimers (Mengeling, et al., 2005). We have previously
suggested that trimers may assemble through combinations of the multiple receptor-receptor
interaction surfaces already identified in receptor dimers (Mengeling, et al., 2005). It is possible
that the receptor-receptor interaction surfaces utilized in the assembly of heterotrimers make
available a second coactivator docking surface occluded by the interaction surfaces employed
in the assembly of homotrimers. However, we note that in common with the RXRα/TRβ0
heterodimer, the RXRα/TRβ0 heterotrimer is relatively nonresponsive to rexinoids. Therefore,
whatever mechanism permits the heterotrimer to recruit two coactivator molecules does not
alter the “silent partner” status of the RXR moiety. It should also be mentioned that due to size
limitations imposed by the recombinant protein expression and EMSA supershift techniques,
these assays were performed with constructs representing the central domain of ACTR
containing the three LXXLL motifs. This coactivator domain contains all the interaction
surfaces known to bind to TRβ0, but it is possible that coactivator-coactivator interactions
mediated by the full-length proteins might further modify the stoichiometries reported here.
We note, however, that use of a larger SRC1 construct extending to the C-terminus yielded
analogous results as those presented here for constructs limited to the central p160 domain
(unpublished results).

Does the elevated coactivator binding observed for TRβ0 trimers in vitro account for the
enhanced transcriptional properties of these complexes in cells?

The enhanced coactivator binding and stability of the trimeric TRβ0 complexes observed in
vitro parallels the enhanced ability of TRβ0 to activate a trimeric TRE-reporter in transfected
cells. Several features support that this is a causal relationship. Unlike TRβ0, TRβ2 forms only
heterodimers in vitro and does not exhibit enhanced activation on the trimeric TRE-reporter,
displaying instead a nearly equal ability to activate through dimeric and trimeric response
elements (Mengeling, et al., 2005). In contrast, despite the greater transcriptional activity of
TRβ0 on the trimeric elements in vivo, the ability of TRβ0 to bind to a trimeric element in
vitro (either alone or together with RXRβ) was equal to or less than its ability to bind to the
DR4 dimeric element under the same conditions. We conclude that the enhanced transcriptional
activity of TRβ0 on trimeric response elements in cells reflects, at least in part, the enhanced
coactivator recruitment properties of the TRβ0 trimeric complex in vitro.

Recently, great strides have been made in identifying and characterizing the in vivo chromatin
binding sites of the various nuclear receptors. The Brown lab in particular has been very
successful in the wide-scale mapping of chromatin binding sites for the estrogen receptor,
ERα (Carroll, et al., 2005; Carroll, et al., 2006). Notably, these authenticated in vivo ERα
binding sites often diverge considerably from the prototypic two-half-site topology anticipated
from use of artificially-optimized response elements in vitro. Although these differences
undoubtedly reflect contributions of the chromatin context and interactions with other DNA-
binding proteins in vivo, it is likely that recruitment of coactivators and corepressors may also
help stabilize ERα binding to non-prototypic DNA sequences, much as seen here for TRs. We
suggest that the naturally-occurring response elements for a variety of nuclear receptors will
prove to diverge significantly from the model sequences first proposed, and that the panel of
coregulators expressed in a given cell type serves not only to influence the transcriptional
response per se, but also to influence the ability of specific receptors to bind to specific response
elements.
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Figure 1.
The ability of TRβ0 to form trimers on DNA response elements correlates with enhanced
transcriptional activity in cells. A. The nucleotide sequences of the DR4 and rGH TREs used
in this study are shown; arrows indicate the location and orientation of the half-sites. B. EMSAs
were used to compare the ability of TRβ0 and TRβ2, alone or together with RXRα, to bind to
a DR4 or to a consensus rGH response element. All reactions contained 4 pmol of 32P-labeled
oligonucleotide probe and a twofold dilution series of the indicated receptors. The resulting
receptor/DNA complexes were resolved by native acrylamide gel electrophoresis and were
visualized by phosphorimager analysis. The identities of the various complexes are indicated
by symbols, as explained in the key; the bottom of the electrophoretogram, containing free
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probe, has been omitted for conciseness. C. The ability of TRβ0 and TRβ2 to activate
transcription through a dimeric DR4 or a trimeric rGH TRE was determined. CV-1 cells were
transfected with a luciferase reporter gene bearing a single copy of either a DR4 or the wt-rGH
TRE, together with increasing amounts of a pSG5 vector expressing either TRβ0 or TRβ2, as
indicated. Sufficient pSG5 empty construct was added to each sample to maintain the same
total DNA concentration. All samples were treated with 100 nM T3 between 24 and 48 hrs
after transfection and the cells were then harvested; luciferase activity was measured and
normalized to the expression of a co-introduced β-galactosidase vector internal control. Fold
activation was calculated relative to that seen in the absence of an ectopic TR allele. The mean
of four independent experiments are shown. Error bars depict the standard error.
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Figure 2.
TRβ0 trimer formation enhances recruitment of the p160 coactivator ACTR. TRβ0 alone, or
together with RXRα, was incubated with 4 pmol of a 32P-radiolabeled DNA probe (containing
a DR4 dimeric TRE or the trimeric c-rGH TRE) and with increasing amounts of an ACTR
construct, as indicated above each panel. All samples also included 1 μM T3 except the first
lane in each panel (indicated as - T3). The resulting protein/DNA complexes were resolved by
EMSA and were visualized by phosphorimager analysis (panels A to D). The identities of the
various receptor/DNA complexes in the absence of coactivator are indicated by symbols, as
denoted in the key. The position of the receptor/DNA complexes supershifted by interaction
with the p160 coactivator is indicated. The bottom of the gel, containing the free probe, has
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been omitted for conciseness. These experiments were repeated, quantified, and are plotted in
panel E and, in an expanded version, in panel F. The means of at least 3 replicates are presented.
Error bars depict the standard deviation. Curves were fitted using GraphPad Prism 4.0 software
employing a single-binding site hyperbolic binding curve equation of Y=Bmax•X/(Kapp+X) +
NS.
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Figure 3.
TRβ0 trimer formation also enhances recruitment of the p160 coactivators GRIP and SRC-1.
A. The ability of TRβ0 homotrimers, TRβ0 homodimers, RXRα/TRβ0 heterotrimers, and
RXRα/TRβ0 heterodimers to bind to, and be supershifted by a GRIP or SRC1 coactivator
construct was analyzed using the EMSA supershift protocol detailed in Figure 2. The resulting
phosphorimager scans were quantified for GRIP (upper panel) and for SRC1 (lower panel).
The means of at least 3 replicates are presented. Error bars depict the standard deviation. Curve
fitting was done as in Figure 2. B. The affect of T3 hormone on DNA binding by TRβ0
homodimers, RXRα/TRβ0 heterodimers, TRβ0 homotrimers, and RXRα/TRβ0 heterotrimers
was determined using an EMSA procedure. Each sample contained 4 pmol of 32P-labeled
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oligonucleotide probe representing the indicated TRE (a DR4 or a consensus rGH sequence),
TRβ0 (alone or together with RXRα), and either no hormone or 1 μM T3, as indicated. The
amount of receptor/DNA complex formed in the presence of T3 was quantified relative to the
amount of the same complex formed in the absence of T3, as indicated below the panel.

Mengeling et al. Page 22

Mol Cell Endocrinol. Author manuscript; available in PMC 2009 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
TRβ0 trimers recruit ACTR at lower T3 concentrations than do dimers. A. The EMSA
supershift procedure described in Figure 2 was performed over a range of T3 concentrations
in the presence of saturating amounts of ACTR. B. The experiments shown in panel A were
repeated and quantified. Symbols represent the means of 3 replicates; error bars depicted the
standard deviations. Curves were fitted using the sigmoidal dose response equation of variable
slope from GraphPad Prism 4.0.
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Figure 5.
TRβ0 response to T3 when using a reporter containing a trimeric response element versus a
reporter containing a dimeric response element. TRβ0 expression vector and the TRE luciferase
reporter constructs were introduced into CV-1 cells by transfection as in Figure 1C, but using
a fixed amount of pSG5-TRβ0 (5 ng). The cells were subsequently treated with a range of T3
concentrations, and harvested and analyzed as before. The means of three independent
experiments are presented; error bars depict the standard deviation. Curves were fitted using
the sigmoidal dose response equation of variable slope from GraphPad Prism 4.0.
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Figure 6.
RXR agonists do not enhance coactivator recruitment by RXRα/TRβ0 heterotrimers. A. The
ability of LG268 to enhance ACTR binding to TRβ0 heterodimers or RXRα/TRβ0
heterotrimers was tested in the absence or presence of T3, using an EMSA supershift protocol
similar to that described in Figure 2. The percentage of receptor/DNA complex bound by ACTR
(supershifted) was determined under the conditions indicated below the panel. The means of
three replicates are presented; error bars depict standard deviations. B. The ability of an ACTR
construct to bind to (supershift) TRβ0 heterodimers or heterotrimers in response to LG268 was
tested over a range of T3 concentrations, using an EMSA supershift protocol as in panel A.
Symbols indicate the means of 3 replicates; error bars depict standard deviations. Curves were
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fitted using the sigmoidal dose response equation of variable slope from GraphPad Prism 4.0.
No statistically significant difference was found between the curves in the presence or absence
of LG268 for either heterodimers or heterotrimers.
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Figure 7.
TRβ0 trimers and dimers interact with the different LXXLL motifs in ACTR with distinct
avidities. ACTR constructs bearing mutations in different LXXLL motifs were tested for the
ability to interact with (supershift) TRβ0 homodimers, TRβ0 homotrimers, RXRα/TRβ0
heterodimers, or RXRα/TRβ0 heterotrimers using an EMSA supershift protocol as in Figure
2. Either the wild-type ACTR construct, or ACTR constructs bearing mutations in one or more
LXXLL motifs (denoted mL1, mL2, etc.) were tested. The DNA probe was either a DR4 (left
panels) or a consensus rGH TRE (right panels). The symbols represent the means of at least 3
replicates; error bars depict the standard deviation. Curves were fitted using GraphPad Prism
4.0 software using a single-binding site hyperbolic binding curve equation of Y=Bmax•X/
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(Kapp+X)+NS. A. TRβ0 homomers were assayed for ACTR binding using single (upper panel)
or double (lower panel) LXXLL motif mutants. B. RXRα/TRβ0 heteromers were assayed for
ACTR binding using single (upper panel) or double (lower panel) LXXLL motif mutants.
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Figure 8.
RXRα homotrimers bind only one ACTR molecule, whereas RXRα/TRβ0 heterotrimers can
bind two ACTR molecules. The EMSA protocol of Figure 2 was repeated using the consensus
rGH 32P-labeled oligonucleotide probe, TRβ0 plus or minus RXRα, 1 μM T3, and varying
amounts of either a GST-ACTR construct or the same ACTR construct with the GST moiety
proteolytically removed. A. TRβ0 homotrimers form a complex with either GST-ACTR or
cleaved ACTR, but not with both proteins at the same time. B. RXRα/TRβ0 heterotrimers can
form a complex of intermediate electrophoretic mobility indicative of binding to both the GST-
ACTR and the cleaved ACTR constructs simultaneously.
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Figure 9.
TRβ0 trimer formation enhances recruitment of the Mediator/DRIP205 coactivator. TRβ0
alone, or together with RXRα, was incubated with 4 pmol of a 32P-radiolabeled DNA probe
(containing a dimeric DR4 TRE or a trimeric c-rGH TRE) and with increasing amounts of a
DRIP205 construct, as indicated above each panel. T3 was omitted from the right two lanes of
each electrophoretogram; otherwise all samples included 1 μM T3. A. The resulting protein/
DNA complexes were resolved by EMSA and were visualized by phosphorimager analysis.
The identities of the various receptor/DNA complexes in the absence of coactivator are
indicated by symbols, as denoted in the key. The position of the receptor/DNA complexes
supershifted by interaction with the DRIP205 coactivator is indicated. * indicates the position
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of a non-specific complex. The bottom of the gel, containing the free probe, has been omitted
for conciseness. B. The EMSA supershift experiments were repeated, quantified, and plotted.
Symbols represent the means of 3 replicates; error bars are the standard deviations. Curves
were fitted using GraphPad Prism 4.0 software using a single-binding site hyperbolic binding
curve equation of Y=Bmax•X/(Kapp+X)+NS.
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Table 1
Kinetic Constants of ACTR Binding TRβ0-DNA Complexes
Apparent Kd and Bmax values for ACTR binding to TRβ0 complexes on the DR4 (dimers) and consensus rGH (trimers)
TREs. Results were obtained as described in Experimental Procedures and for Figure 2. The results of 3 or more assays
are shown. Apparent Kd values are in ng coactivator/20 μl reaction and apparent Bmax values are expressed as the
percent of the original TR/DNA complex supershifted by the coactivator.

apparent Kd ± S.D. apparent Bmax ± S.D.

Homodimers 15.9 ± 3.91 340 ± 24.1
Homotrimers 4.18 ± 0.73 314 ± 13.0
Heterodimers 384 ± 84.9 103 ± 6.05
Heterotrimers 15.2 ± 2.67 152 ± 6.67
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Table 2
Kinetic Constants of GRIP1 and SRC-1 Binding to TRβ0-DNA Complexes
Apparent Kd and Bmax values for GRIP and SRC-1 binding to TRβ0 complexes on the DR4 (dimers) and consensus
rGH (trimers) TREs. Results were obtained as described in Experimental Procedures and for Figure 3A. The results
of 3 or more assays are shown. Apparent Kd values are in ng coactivator/20 μl reaction and apparent Bmax values are
expressed as the percent of the original TR/DNA complex supershifted by the coactivator.

Apparent Kd ± S.D. Apparent Bmax ± S.D.

GRIP1 Homodimers 87.9 ± 34.2 116 ± 16.4
Homotrimers 47.1 ± 5.52 171 ± 6.14
Heterodimers 271 ± 112 101 ± 21.4
Heterotrimers 28.9 ± 7.23 113 ± 7.73

SRC-1 Homodimers 33.5 ± 5.34 139 ± 5.09
Homotrimers 38.0 ± 6.98 209 ± 9.04
Heterodimers 324 ± 44.6 95.8 ± 5.25
Heterotrimers 31.0 ± 6.14 127 ± 5.69
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