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TI binds to intranuclear thyroid hormone receptors 

(TRs) on target DNA elements and exerts profound 
influences on gene expression by mechanisms not 

yet characterized. We used gel shift assays and 

cross-linking experiments to demonstrate that Ta 

greatly induced the monomeric binding of the hTR/3 
produced in Escherichia co/i to DNA. T3 also in- 

creased the gel mobility of these monomer-DNA 
complexes suggesting they undergo a ligand-in- 

duced conformational change. This effect did not 

depend on the orientation and spacing of the half- 
site motifs within the DNA structure. In contrast, T3 

had diverse effects on the dimeric interaction. T3 

increased the dimeric interaction to the palindrome 
GGTCA.TGACC (an effect lost by spacing the half- 

sites with 3 base pairs) and decreased the dimeric 

interaction to the inverted palindrome containing the 
TGACC. GGTCA motif. Scatchard analyses indicated 

that the T3 enhancement on binding was due to an 
increase in the number of TR with high affinity DNA- 
binding activity and not by increasing the affinity of 

TR that could bind to DNA. The effects of various T3 

analogs were directly related to their affinities for 

the TR. These ligand effects on in vitro TR-DNA 
binding may reflect mechanisms by which T3 regu- 

lates transcription in vivo. (Molecular Endocrinology 

6: 1142-1152,1992) 

In intact cells, the unliganded steroid receptors are 

present in the cytoplasm or in the nucleus free of 

chromatin (7) and are associated with heat-shock pro- 

teins (hsp) including hsp 90 (8). Upon ligand binding, 

the receptors dissociate from hsp90 and adopt their 

DNA-binding properties that were masked by the hsp90 

interaction. Ligand binding to steroid receptors appears 

to promote dimerization (9, lo), thereby enabling the 

receptor subunits to exhibit positive cooperativity in 

their DNA binding to palindromic sites (11, 12). Also, 

ligand binding may affect the gel mobility of steroid 

receptor-DNA complexes (13, 14). 

INTRODUCTION 

Thyroid hormone receptors (TRs) are members of the 

steroid/thyroid superfamily of intracellular receptors (1). 

These proteins consist of an assembly of modular 

structures or domains engaged in diverse but some- 
what overlapping biological functions (2-6). The DNA 

binding domain allows the receptor to recognize re- 
sponsive elements usually localized in the promoter 

region of regulated genes, while the ligand binding 
domain binds specifically and with high affinity the 

cognate ligand. 

0888-8809/92/l 142-l 152$03 00/O 

Molecular Endocrinology 
CopyrIght 0 1992 by The Endocrine Society 

In contrast to steroid receptors, the TRs do not 

associate with hsp90 (15) and are tightly bound to 

chromatin in the absence of hormone (16). These unli- 

ganded TRs can influence gene expression in vivo when 

bound to specific TR-binding sites (TREs) (17). Thus, 

the model has evolved that the major active thyroid 

hormone form, TS, meets the TR already bound to DNA 

and provokes a change in the TR-DNA complex that 

activates its transcriptional regulatory properties (18). 

The molecular mechanisms of TS action are, however, 

largely unknown. Several TR isoforms have been re- 

ported: TRal (19, 20); TR@ (20, 21); TRP2 (22); and 

one isoform, TRa2, that does not bind T3 (23). In vitro 

studies performed with rat liver TR (24) with recombi- 

nant TRal (25-27), and with recombinant TRP (25, 28) 

showed that addition of T3 had no effect on TR binding 

to DNA. However, a T3 inhibitory effect on the binding 

of TRal (29) and TRP (27,29) to DNA has been recently 

reported (27) as well as a T3 disruptive effect on 

receptor homodimer binding to DNA (29). Ts inhibition 

of TR homodimers but not of heterodimers (29) are in 

agreement with recent reports that suggest that het- 

erodimers of TR with retinoid X receptors (RXR a or p) 

are required for effective TR-DNA interaction (30-34). 

However, the diversity of functional TREs that include 

palindromes, inverted palindromes, and direct repeats 

with various spacings and sequence degeneracy within 

the half-sites (28, 3.5) suggest that depending on DNA 

context TR may bind and regulate gene expression as 

monomers, homodimers, or heterodimers. It is also 

possible that different configurations of dimers (head- 
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head, head-tail, and tail-tail) bind different DNA struc- 

tures with different effects. 

We report here that binding of bacterially produced 
human TRP (hTRP) to a variety of TREs is highly 

influenced by TS and analogs of TB. Ligand binding 

markedly augments the maximum amount of TRs that 
bind DNA as monomers. By contrast, T3 may have 
positive or negative effects on the dimeric TR-DNA 

interaction depending on the orientation of the half-sites 
within the DNA structure. In addition, T3 may induce a 

conformational change on the monomeric TR-DNA in- 
teraction as evidenced by an increased gel mobility of 

these complexes. These hormone-induced changes in 
the TR-DNA interaction may influence the way TR 

regulates transcription. 

RESULTS 

Human TR/3 Expressed in Escherichia co/i Binds 
Specifically to a Variety of TREs as Both Monomer 

and Dimer 

We used a gel shift assay to assess the specificity of 

the binding of partially purified hTRP expressed in fsch- 
erichia coli to the DNA-containing TREs shown in Fig. 

1 A. The first oligonucleotide, TREpal, a variant of a rat 

GH TRE (36) contains the palindromic motif GGTCA. 
TGACC and in vivo confers positive regulation by TJ. 

The second oligonucleotide is derived from the natural 

sequence of the estrogen response element in the 
Xenopus vitellogenin A2 gene (-328/-289; vitA2) and 

contains the same palindromic motif except for the 
presence of 3 base pairs at the center of dyad sym- 

metry. The third oligonucleotide is a natural sequence 
from the chicken embryonic myosin gene (-31/-l ; 

EMl) that binds with high affinity the native rat liver TR 

(37); this sequence contains one perfect TGACC half- 
site and a second imperfect one (Fig. 1 A, bracketed). 

The fourth oligonucleotide (EMlpal) is a mutated ver- 

sion of EMl, with two EM1 half-sites in a dyad sym- 
metry but in an opposite orientation (inverted palin- 

drome) to those found in the TREpal and vitA2 oligo- 

nucleotides. The fifth oligonucleotide (glucocorticoid 
response element; GRE), used as a control, is a palin- 

dromic variant of the consensus binding site for the 
glucocorticoid receptor (2). 

Figure 1 B shows that, in the absence of T3, bacterially 

expressed hTRP forms one major and one minor band 

with the [32P]EM1 probe. We interpreted the major 
lower complex as a monomer and the upper minor 

complex as a dimer TR-DNA interaction (see below). 
As indicated, all of the nonlabeled TRE-containing oli- 

gonucleotides competed with the radiolabeled probe 
for the formation of the dimer and monomer complexes, 

whereas an equivalent amount of unlabeled GRE did 
not compete. The DNA structures TREpal and vitA2, 

with two half-sites in the GGTCA.TGACC orientation, 

competed more effectively than EMl, which has only 

one half-site, and EM1 pal, in which the half-sites are in 

the opposite orientation. 

Several investigators have interpreted upper and 
lower bands observed in gel shift assays as corre- 
sponding to monomeric and dimeric TR-DNA interac- 
tions (29, 38-41). Williams er al. (41) argued that only 
the upper band (dimers) showed positive cooperativity 

in their DNA binding, and Lazar et al. (40) showed that 
mixing wild type with an amino-terminally deleted form 

of TRP yields a novel complex (heterodimer) that mi- 
grates between the upper but not between the lower 
bands, therefore indicating that the upper bands were 

due to homodimerization of wild type and of truncated 
TRP. Although these results are consistent with mon- 
omers and dimers, the stoichiometry of these TR-DNA 
complexes has not been established. To address this 

issue, we performed the’gel shift assays in low melting 
agarose and cross-linked the material present in the 
upper and lower TR-DNA complexes in situ by exposing 

the gel to UV irradiation (see Fig. 4, lanes 2, 5, 8, and 
11, to observe the pattern of the upper and lower bands 

formed with the various TREs). Figure 2 shows the 
sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis (SDS-PAGE) analysis of the cross-linked products 
of the various bands. As indicated by the arrows, the 
lower bands using [32P]EM1 [59 kilodaltons (kDa)], 

vitA2 (61 kDa), and TREpal (53 kDa) DNAs resulted 
only in molecular size species corresponding to a TR 
monomer (52 kDa) plus DNA. By contrast, the upper 
bands (from EMlpal and TREpal) revealed approxi- 

mately 114-kDa complexes that correspond to a dimer 
of TR plus DNA. No other bands were revealed by 
overexposing the gels (17 days). 

Although the cross-linking studies demonstrate the 
stoichiometry of upper and lower bands of TR-DNA 

interactions, they did not rule out that the dimer com- 
plexes might merely represent independent binding of 
two monomers. To address more rigorously this issue, 
we examined the pattern of binding by varying the DNA 
concentration. As seen in Fig. 6B (lanes l-7) vast 

excess of EM1 pal DNA (30 half-sites per one TR) could 
not convert upper (dimeric) into lower (monomeric) com- 
plexes. These results are incompatible with independ- 
ent binding of monomers to form the upper band and 

indicate the two TRs do interact to bind DNA. In the 
EMlpal case, the linear Scatchard plot suggests that 
the two TRs bind as a unit (form dimers in solution) 
rather than bind cooperatively to DNA. Similarly, dimeric 

binding to TREpal was enhanced and not abolished 
(see Fig. 6C) by vast excess of DNA, but in this case 
the TR-TR interaction seemed much weaker than with 
EM1 pal. 

These results demonstrate that the bacterially ex- 

pressed hTR/I binds specifically to DNA-containing 
TREs as both monomer and dimer, and that the mon- 
omer formation is favored with the EM1 DNA. 

TB and T3 Analogs Promote the Interaction between 
TR and DNA 

To address whether thyroid hormone ligands that bind 
to the TR influence the pattern of binding of the bacte- 
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A 

EM1 s- AGAC~CACTG~C CTAA [GGTCC] ITITATAGGAGCT -3 

EM1 pal 5’. AAAA TGXC CTATAG GZA GTG -3 

TREpal 5’- ATATTCA GGXATGXC TGAATAT -3’ 

vitA2 5’-TCA GGTA CAG TGXC TGATCAAAGTTAATGTAACCTCAACCTGGA-3 

GRE 5’. AGCTTAGAACATGATGTTCTA -3 

B 
c - COMPETITORS (ng) - 
‘I 
z 
k g 
e e 

EM1 TRE 
EM1 PaI PaI vit A2 GRE ------P 

0 0 5 50 5 50 5 50 5 50 5 50 

si 
1 2 3 4 5 6 7 8 9 10 11 12 

Fig. 1. Specific Binding of the Bacterially Expressed hTRP to a Variety of TR Binding Sites 
A, Sequence of the oligonucleotides used in the assay. The putative monomer binding site is represented in bold type. The 

imperfect half-site of EM1 is bracketed. The arrows represent the orientation of the half-sites. B, Gel shift assay of the TR-DNA 
interactions. Binding assays contained 160 fmol partially purified (7%) hTFiP expressed in E. co/i and 10,000 cpm (1 fmol) [32P]EM1 
probe. For competition experiments the probe was incubated with the receptors in the absence (lane 2) or presence of 5 and 50 
ng unlabeled EM1 (lanes 3, 4), EMlpal (lanes 5, 6), TREpal (lanes 7, 8). vitA2 (lanes 9, lo), and GRE (lanes 11, 12). The so/id 
arrows indicate the specifically bound TR-DNA complexes. 

rially expressed TR to the EM1 DNA, we performed 
binding studies in the absence and in the presence of 
increasing amounts of T3 and T3 analogs (Fig. 3). 

Binding of the unliganded hTR/3 resulted in a predom- 
inant monomer and a faint dimer TR-EM1 complex (Fig. 
3, lane 1). The monomer band is actually two bands 
that are due to the two molecular size species in the 
partially purified preparation used in these studies. A T3 
concentration-dependent (Fig. 3, lanes 2-6) enhance- 
ment in the formation of both monomer TR-DNA bands 
was observed, and the effect appeared to be greater 
on the lower molecular size species, although quanti- 
tative analyses were not performed. Ligand binding also 

completely inhibited the faint dimer complex and in- 
creased slightly the mobility of the stimulated monomer 
complex. Addition of 1 O-‘j M 353’4riiodothyroacetic 
acid (Triac), which binds these receptors more tightly 
than TB [dissociation constant (Kd) -0.12 nM; Apriletti, 
J. W., B. L. West, and J. D. Baxter, in preparation], 
stimulated the formation of the monomer complex to 
an even greater extent than did maximally effective 
concentrations of T3 (Fig. 3, lane 7). Tq, which binds to 
these receptors more weakly than TB (Kd -20 nhn; 
Apriletti, J. W., B. L. West, and J. D. Baxter, in prepa- 
ration), added at 10m5 M also stimulated, albeit less 
effectively (Fig. 3, lane 8), the TR-DNA interaction. 
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92.5 - 

69 - 

46 - 

4 dimer 

1 monomer 

92.5 - ‘:r 4dimer 
: ‘_ 

“,. L 
69- . ..’ .‘., 

1 monomer 

46 - 

Fig. 2. Cross-Linking in Situ of Upper and Lower TR-DNA 

Bands Reveals Monomers and Dimers of TR 

Binding reactions using 200,000 cpm [32P]EM1, 200,000 

cpm [32P]EM1pal, 300,000 cpm TREpal, and 650,000 cpm 

vitA2 were incubated each with 800 fmol bacterially produced 

hTRP purified to greater than 98%. The TR-DNA complexes 

were resolved in a 1.5% low melting agarose gel. The upper 

bands of the TR-EMlpal and of the TR-TREpal complexes 

and the lower bands of the TR-EM1 , TR-TREpal and TR-vitA2 

complexes were UV cross-linked in situ, excised, melted in 

SDS, and subjected to SDS-PAGE analysis. 

Addition of 1 Om5 M reverse T3 (r-T3) which binds weakly 
to these receptors (Kd -300 nM, Apriletti, J. W., B. L. 

West, and J. D. Baxter, in preparation), caused an even 
lesser effect (Fig. 3, lane 9). Thus, under these condi- 
tions, all of the TJ agonists enhance bacterially ex- 
pressed TR binding to DNA, but the magnitude of the 
effect varies according to the ligand, suggesting there 
is a correlation between the affinity of the ligand for 
binding TR and the extent to which the ligand can 
stimulate the TR binding to DNA. 

It is possible that the TB effect could simply be due 
to preventing protein degradation. We ruled out this 
possibility by changing the order of addition of TJ. 
Reactions preincubated without TJ for 10, 1.5, and 18 
min and subsequently exposed to T3 for 10, 5, and 2 
min display similar TS enhancement effects (data not 
shown). 

T3 Enhancement Effect on TR-DNA Binding Is 
Observed with a Variety of DNA Structures 

To examine whether the hormone stimulation on TR- 
DNA interaction was dependent on the nature of the 
DNA, we tested the binding of the bacterially expressed 
hTRP to the other three specific TREs listed in Fig. 1A. 
As shown in Fig. 4, T3 again enhanced formation of the 
monomer TR-EM1 complex and decreased the barely 
perceptible dimer complex (lanes 2 and 3). In contrast, 
in the absence of TS, the TR bound to the EMlpal 
oligonucleotide (inverted palindrome) as a prominent 
dimer and a barely perceptible monomer (Fig. 4, lane 
5). T3 markedly enhanced the monomer and slightly 

123456789 

Fig. 3. T3 and T3 Analogs Promote Binding of Bacterially 

Expressed hTRp to the Chicken Embryonic Myosin (-31/-l) 

Oligonucleotide (EMl) 

Partially purified (7%) hTR@s expressed in E. co/i (90 fmol) 

were incubated with 5,000 cpm [3zP]EM1 (2 fmol) oligonucle- 

otide for 20 min at 22 C. Lane 1 shows the retarded TR-DNA 

complex formed in the absence of TB. Lanes 2-6 show the 

reactions in the presence of increasing concentrations of TB. 

The effect of different TB analogs are shown for Triac (1 PM; 

lane 7), T4 (10 ELM; lane 8). and r-T3 (10 PM; lane 9). So/id 

arrows point to the prominent monomer and to the faint dimer 

TR-DNA complex. Notice that T3 treatment inhibits the dimer 

and enhances the mobility of the monomer band. 

diminished (28% as measured by laser densitometry) 
the dimer band (Fig. 4, lane 6). 

The TREpal and vitA2 structures, both of which 
exhibit the half-sites in the orientation originally pro- 
posed as the consensus TRE (GGTCA.TGACC), gave 
a different pattern of TR-DNA interaction. Both the 
monomer and dimer complexes are readily apparent 
(Fig. 4, lanes 8 and 11). Ts again greatly enhanced the 
monomer bands with both the TREpal and vitA2 
probes, but the effects on the dimer bands differed. T3 
stimulated the formation of the dimer with the TREpal 
probe (Fig. 4, lane 9) but had no major effect (slightly 
inhibitory in most experiments) on the formation of the 
dimer band with the vitA2 probe (Fig. 4, lane 12). 

These results demonstrate that the DNA structure 
influences both the pattern of TR binding to DNA and 
the way that Ts influences the binding. TB increases the 
monomer TR-DNA formation in all cases, and depend- 
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32P-DNA: EM1 EM1 TRE 
pal pal 

vit A2 

Receptor: - + + - + + - + + - + + 
T3 (16%): - - + - - + - - + - - + 

I I I I 

1 2 3 4 5 6 7 8 9 10 11 12 

Fig. 4. T3 Promotes Binding of Bacterially Expressed hTRfl to 
a Variety of DNA Structures 

Gel shift assays of TR-DNA interaction. Binding assays 
contained 80 fmol partially purified (7%) hTR@ expressed in E. 
co/i and 10,000 cpm [32P]EM1 (1.5 fmol). Lanes 1, 4, 7, and 
10 show the unbound probes. Retarded receptor-DNA com- 
plexes formed in the absence of T3 are shown in lanes 2, 5, 8, 
and 11. Retarded receptor-DNA complexes formed in the 
presence of 10 nM T3 are shown in lanes 3, 6, 9, and 12. The 
so/id arrow points to the barely perceptible dimer complex 
present with the EM1 probe in the absence of T3. 

ing on the DNA element, T3 selectively affects the 

proportion of receptors that bind as monomers and 
dimers. 

TI Alters the DNA Binding Pattern of TRs Produced 
in Other Systems 

We next examined whether T3 could also influence DNA 
binding of TRs produced in other systems where the 
presence of auxiliary proteins and/or postranslational 
modifications might alter the DNA-binding properties of 
these receptors. 

Figure 5 shows that binding of the EM1 probe to TR 
translated in reticulocyte lysate, produced in yeast, or 
purified from rat liver is also affected by TB. There was 
a clear and reproducible T3 enhancement on TR-DNA 
interaction using TR from all preparations, although the 
T3 enhancement effect with these TRs was less pro- 
nounced than that observed with the bacterially ex- 
pressed TR. Figure 5 also shows results with [‘251]T3- 
labeled TR that demonstrate the presence of TR pro- 
teins in the retarded complexes. 

In addition to increasing TR-DNA binding, T3 also 
increased slightly, but reproducibly, the mobility of the 

rat in vitro 
bacteria liver translated 

T3 - + E25l] - + [1251] - + b25l] !ey;25,] 
Inn- 

Fig. 5. TB Enhances the Binding of T3 Receptors Produced in 
Eukaryotic Sources to the EM1 Oligonucleotide 

Different receptor preparations were incubated with 5000 
cpm [32P]EMl probe (1 fmol) for 20 min at 22 C in the absence 
or presence of 10 nM TB. The free probe was run off the gel. 
Binding reactions using 90 fmol hTRp expressed in E. co/i are 
shown in lanes l-3. Lane 1 shows the migration of the 
complex formed by unlabeled receptors and [3ZP]EMl in the 
absence (lane 1) or presence (lane 2) of T3. Lane 3 shows the 
complex formed by [‘251]T3-labeled TR and 10 ng nonradioac- 
tive EM1 Binding reactions using the partially purified (1%) rat 
liver receptor (7 fmol) are shown in the absence (lane 4) or 
presence (lane 5) of TS. Lane 6 shows the complex formed by 
[‘251]T3-labeled rat liver TR and 10 ng nonradioactive EM1 . 
Binding reactions using 15 fmol hTR/3, synthesized in reticu- 
locyte lysate, are shown in the absence (lane 7) or presence 
(lane 8) of T3. Lane 9 shows the complex formed by [‘?]T3- 
labeled in vitro synthesized TR and 10 ng nonradioactive EM1 . 
Binding reactions using 10 fmol partially purified (1%) hTRP 
expressed in yeast are shown in the absence (lane 10) or 
presence (lane 11) of TS. Lane 12 shows the complex formed 
by [1251]T3-labeled yeast TR and 10 ng nonradioactive EM1 . 
Arrowheads mark the differences in migration caused by T3 
treatment. 

monomer TR-DNA complexes formed with TR pro- 
duced in bacteria, lysate, and yeast (indicated by the 
arrowheads in Fig. 5). Although this effect is not evident 
in Fig. 5 with the rat liver TR bound to the EM1 probe, 

it was observed in other experiments with the rat liver 
TR bound to the vitA2 DNA (data not shown). 

The migration of TR-DNA complexes varied accord- 
ing to the source of TR. The complexes formed with 
rat liver TR were more retarded than the ones formed 
with the various recombinant hTR@ due to their asso- 
ciation with an uncharacterized nonreceptor protein (40, 
42; data not shown). The recombinant hTR@ produced 
in reticulocyte lysate or yeast formed TR-DNA com- 
plexes with identical gel migration. In contrast, the gel 
migration of monomers with bacterially recombinant 
hTRP was much faster. These differences in gel mobility 
among the various TR-DNA complexes maybe due to 
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the lack of posttranslational modifications on TRs pro- 

duced in bacteria. 

These results indicate that T3 enhances the overall 

DNA binding of TR produced in several different sys- 
tems and provokes conformational changes on TR- 

DNA complexes, and suggest that the presence of 
factors or of posttranslational modifications in eukary- 
otic preparations may induce TRs to have some TJ- 

independent DNA-binding activity not seen in bacterial 

TR. 

T3 Increases the Number of TRs That Can Bind 

DNA 

The marked TB enhancement on the binding of bacte- 
rially expressed TR to various DNA structures (Fig. 6) 

could result from a change in the affinity of the receptor 
for DNA or from a change in the number of receptors 

able to bind DNA. To address this issue, saturation 

experiments similar to the ones described by Fawell et 

a/. (43) were conducted in which the amount of TR- 

DNA binding was measured with increasing DNA con- 
centrations. 

The results of these experiments employing a con- 
stant amount of hTRP expressed in Escherichia co/i 

and 32P-labeled DNAs are shown in Fig. 6. To achieve 
high concentrations of DNA, we diluted a fixed amount 

of the particular radioactive probe with increasing 

amounts of unlabeled DNA and corrected accordingly 
the specific activity in calculations (43). Bound and free 

complexes were quantified directly using storage phos- 
phor technology. The advantages of storage phosphor 

over film autoradiography are a linear dynamic range 

covering five orders of magnitude and a sensitivity up 
to 250 times that of film (see Ref. 57). The data for 

monomer and dimer interactions were analyzed sepa- 
rately. The TR-DNA binding increased with increasing 

concentrations of DNA and approached saturation at 

the highest DNA concentrations used with EM1 pal (Fig. 
6B), TREpal (Fig. 6C), and vit A2 (Fig. 6D), but not with 

the EM1 (Fig. 6A) DNA. 

Scatchard plots with the EMlpal and vitA2 probes 

could be interpreted as a straight line and a single 
bimolecular reaction, but the plots with the EM1 and 

TREpal probes did not conform to a single straight line, 
suggesting two classes of receptor-DNA interaction. 

Nonetheless, the extrapolated values from the Scat- 
chard plots indicate that, independent of DNA structure, 

T3 markedly augmented the number of receptors that 

bind DNA as monomers without changing the slopes of 
the plots. On the other hand, T3 had DNA-dependent 

effects on the dimer interaction. T3 decreased the total 
number of TR that formed dimers with the EMlpal 

probe and had no major effect on the slope of the plot. 
Note that the quantified T3 effect on EM1 pal dimers is 

modest but reproducible and cannot be appreciated by 

visual inspection of the exposure shown in Fig. 6B. T3 
increased the total number of TRs that formed dimers 

with the TREpal probe and again had no major effect 

on the slope of the plot. The slopes of the dimer 

interaction with the EM1 and vitA2 probes and of the 

monomer interaction in the absence of T3 with the 
EM1 pal probe could not be determined, because there 

was either no TR-DNA binding (EM1 pal monomer in the 

absence of T3) or the binding could not be detected 
when increasing DNA concentration. The loss of binding 

at higher DNA concentrations imply that these dimer 
interactions (EM1 and vitA2) are not stable or might 

merely represent independent binding of two mono- 

mers. Similar results, although quantitatively less pro- 
nounced, were obtained in identical studies that ana- 

lyzed the T3 effects on saturation binding of in vitro 
translated hTR/3 to these various oligonucleotides (data 

not shown). Altogether, these results indicate that the 

dominant effect of T3 is to influence the number of TRs 
that bind as monomers or dimers rather than to change 

their affinity for the various DNAs. 
The data also imply that there is heterogeneity in the 

receptor preparations. This possibility is suggested by 
the nonlinear Scatchard plots with the EM1 and TREpal 

probes and by the great difference in the maximal 
receptor binding to the various DNAs (compare maxi- 

mum binding in Fig. 6, A-D). The greatest binding (5.4 
nM) is achieved by dimers on EM1 pal, whereas binding 

of dimers to TREpal is much lower (0.2 nM). The mon- 
omer binding (0.1-l .I nM range) is also widely diverse 

among the various DNAs and is lowest for the EM1 

that did not appear to saturate the receptor binding 
capacity at the highest DNA concentration used. Thus, 

there appears to be a larger population of TR in these 

preparations that can bind to the EM1 pal structure than 
to the other DNA structures, and the most prominent 

T3 influence is to increase the number of receptors that 

can bind as monomers. 
In summary, T3 had no major effect on the affinity of 

bacterial TR for DNA. T3 increased the maximal amount 

of TRs that form monomers with all tested DNA struc- 

tures, increased the maximal binding of dimers to DNA 
with the GGTCA.TGACC orientation and unspaced 

half-sites, and decreased the maximal binding of dimers 

to DNA with the half-sites in the inverted orientation. 

DISCUSSION 

The results of this study demonstrate that T3 can greatly 

influence the way TR recognizes DNA in vitro. T3 bind- 

ing to partially purified bacterially expressed hTR/I in- 
creased the monomeric TR-DNA interaction, had varied 

effects on the dimeric interaction, and increased the 

mobility of the monomer TR-DNA complexes. 
The T,-enhancement effect on DNA binding was dose 

dependent, reaching maximal stimulation around 1 O-a 
M T3. Interestingly, Triac, which has a higher affinity 

than T3 for TR, produced an even greater stimulation 
than the maximally effective concentrations of T3. By 

contrast, Tar which binds to the TR with about 5% of 

the affinity of T3, was at saturating concentrations less 
effective than T3, and r-T,, the ligand with weakest 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/6
/7

/1
1
4
2
/2

7
1
4
6
5
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



MOL ENDO. 1992 
1148 

Vol6 No. 7 

4dimer 

. mOnOm.?r 

C vehicle TQ  (lo-* M) 

“g TRE pal: O 0.6 1.2 2.5 5 10 M 0 0.6 1.2 2.5 5 IO 20 

4 dimer 

- 4 monomer 

4 free 

D 
vehicle TJ (lOa M) 

vit 42: 0 1.2 2.5 5 10 20 40 0 1.2 2.5 5 10 20 40 

4 dimer 

4 monomer 

4 free 

1.5 
I 

~~:~~~.--.“\;[illl:, G$-q , $!K 

0 10 20 30 40 50 0.0 0.5 1.0 1.5 0 20 40 60 80 0.0 0.1 0.2 0.3 0.4 
mEpal FREE (“M) mEpal BOUND (ml) YilA2 FREE (“M) vi112 BOUND (“M) 

Fig. 6. T3 Augments the Maximum Amount of Bacterially Expressed hTRfl Bound to DNA as Monomers and Depending on the 
DNA Structure Selectively Alters the Formation of Dimer TR-DNA Complexes 

Saturation experiments using the gel shift mobility assay to estimate binding parameters of TRs to a variety of DNA structures. 
Partially purified (7%) TRs expressed in E. co/i (90 fmol) were analyzed for DNA binding activity in the absence or presence of 10 
nM TB over the range of DNA concentrations indicated. Increasing amounts of DNA were achieved by diluting the labeled probe 
with unlabeled oligonucleotide and correcting accordingly the specific activity in calculations (43). Radioactivity associated with free 
DNA and with receptor-DNA complexes was then quantified directly by placing the dried gels on phosphostimulable storage 
phosphor-imaging plates. After exposure at room temperature, the imaging plates were scanned with a 10 milliwatt helium-neon 
laser by means of a galvanometer-controlled mirror. The resulting digital image was then viewed on a video monitor and analyzed 
using Molecular Dynamics (Sunnyvale, CA) ImageQuant software (57). Quantified bound and free complexes were corrected 
according to the diluted specific activity, and saturation binding analyses were performed using a nonlinear iterative curve fitting 
program prepared to be used with IGOR (Wavemetrics, Lake Oswego, Oregon). The curves and Scatchard plots generated from 
the analysis of the monomer and dimer TR-DNA binding are shown immediately below the x-ray film autoradiography of the 
correspondent gel shift assay. The estimates of the maximum bound (Bmax) and of the affinity (&) are shown in the insets of the 
Scatchard plots. A, Saturation experiment using the [32P]EM1 oligonucleotide (12,000 cpm, -2.4 fmol) and increasing amounts of 
unlabeled EM1 B, Saturation experiment using the [32P]EM1 pal oligonucleotide (6,100 cpm, -1.6 fmol) and increasing amounts of 
unlabeled EM1 pal. C, Saturation experiment using the [3’P]TREpal oligonucleotide (14,000 cpm, -2.2 fmol) and increasing amounts 
of unlabeled TREpal. D, Saturation experiment using the [32P]vitA2 oligonucleotide (15,000 cpm, -2.9 fmol) and increasing amounts 
of unlabeled vitA2. 
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affinity for TR, was at saturating concentrations the 

least effective of all tested ligands. These results could 
imply that in addition to their affinities, these ligands 

also differ in their intrinsic abilities to provoke DNA- 
binding activity. I f  these results are confirmed by func- 

tional studies, they would imply that the major active 
thyroid hormone, TS, is a partial and not a full agonist. 

In this regard, there are indications in the literature that 

these compounds may differ in their intrinsic agonistic 

activities (44). 

The most pronounced effects of T3 were with TR 
produced in bacteria. T3 did augment DNA binding of 

TR produced in reticulocyte lysate, expressed in yeast, 

and extracted from rat liver. However, the magnitude 
of the stimulation was lower than that observed with 

bacterially synthesized TR, and this may account for 

the fact that such stimulation was not previously re- 

ported. It is possible that mammalian/eukaryotic factors 
that associate with or modify the TR, to promote a 

tighter TR-DNA interaction, might be absent in the 

bacterial preparations. Several investigators have de- 

scribed auxiliary proteins that promote TR-DNA binding 

in a T,-independent manner (25, 45, 46) and most 
recently several groups have identified the RXRs as 

one group of these proteins (30-34). The RXRs heter- 

odimerize with TR and both enhance in vitro TR binding 
to TREs and increase T,-induced transcriptional activity 

on TRE-containing promoters (30-34). It is interesting 

to note that binding of bacterial TR to the EMl-DNA 

was enhanced by its heterodimerization with the rat 

liver auxiliary protein, and addition of T3 could further 

stimulate this heterodimer formation (data not shown). 
Furthermore, the native rat liver receptors employed in 

the experiment shown in Fig. 5, also appears to be a 
heterodimer of TR and a nuclear factor (data not shown) 

and this heterodimer was stimulated by T3. In summary, 

these findings suggest that auxiliary proteins and/or 

posttranslational modifications within the eukaryotic 
preparations may alter the DNA-binding properties of 

TR and explain the diminished T3 stimulation observed 

in this study on the binding of endogenous rat liver, 

reticulocyte lysate, and yeast TRs to DNA. 

Our saturation studies suggest that the stimulation 
was due to an increase in the number of receptors that 

bind to DNA rather than an increase in the affinity of 

the TR. Therefore, in the starting mixture, there are at 
least two functionally distinct classes of receptors, ac- 

tivated receptors that bind specifically to DNA, and 

nonactivated receptors that do not bind DNA in the 

absence of TB. Apparently, the bacterial preparation 

contains a population of TRs capable to bind T3 but not 

DNA (nonactivated), and after binding TS these TRs 
adopt a DNA-binding conformation (activated). This 

model assumes that some portion of the receptors in 

the starting preparation was in the activated state by 

T,-independent mechanisms. One could envision an 
allosteric equilibrium between the activated and non- 

activated TRs and that TS and possibly other factors 

shift the equilibrium toward the activated form. 
The T3 enhancement effect on monomers was ac- 

companied by an increment in the gel mobility of these 

complexes, whereas the mobility of dimers was unal- 
tered by TB. These findings suggest that ligand occu- 

pation modifies the conformation of monomers and that 

the increased mobility of these complexes is not a 

fortuitous effect caused by the presence of TJ. Similar 
ligand-induced increased mobility was recently reported 

for the interaction between the vitamin D receptor, 

another member of the nuclear receptor superfamily, 

and its DNA-responsive element (47). 
The use of different DNA structures revealed that the 

presence of palindromic motifs and the orientation and 

spacing of their half-sites influences the nature of the 
TR-DNA interactions, and that addition of T3 alters the 

pattern of such interactions. These core motif-depend- 

ent differences in monomer vs. dimer formation may 
reflect the fact that switching the orientation of TR on 

the DNA exposes novel dimerization interfaces that 

differ in their ability to self-associate, and our results 

indicate that TB may exert a differential influence on the 
formation of these interfaces. The only nonpalindromic 

DNA (EMI) showed prominent monomer and weak 

dimer bands, whereas its palindromic version (EM1 pal) 

showed exactly the opposite composition of TR-DNA 

bands. Addition of T3 decreased dimer formation and 
promoted the monomer interaction. These results are 

also in agreement with those of Yen et al. (29) which 

also showed that T3 inhibited binding of TR homodimers 

to DNAs with the TGACC. GGTCA configuration of half- 

sites. 
With DNAs containing the GGTCA.TGACC orienta- 

tion, both the monomer and dimer complexes are read- 

ily apparent. T3 also enhanced the binding of monomers 

to these structures, but unlike the DNA with the half- 
sites in the inverted orientation, T3 enhanced the dimer 

TREpal complex and had minor effects on the dimer 
vitA2 complex. The importance of the orientation and 

spacing of half-sites has been recently emphasized as 

a means of selecting transcriptional response to TS, 

retinoic acid, and vitamin D (28, 35). Our findings that 

the T3 effect is largely dependent on the architecture of 

the half-sites suggest a potential hormone-mediated 
mechanism through which distinct DNA structures 

might give rise to unique transcriptional responses. 

In view of the findings with estrogen and progester- 
one receptors that ligand-binding induces dimerization, 

the finding that T3 predominantly enhances the forma- 

tion of monomers is surprising and fundamentally dif- 

ferent from the mode of action of steroid receptor 

ligands. It is noteworthy that unlike many of the binding 

sites for steroid receptors, the known naturally occur- 
ring TREs such as those in the rat GH (48) human 

chorionic somatomammotropin (49) and malic enzyme 

(50) genes correspond more to nonpalindromic motifs. 

Recently, direct repeats of half-sites have been identi- 
fied in naturally occurring genes (28, 35) and it would 

be interesting to investigate TREs containing direct 

repeats with a variety of spacings. 
Monomerization may constitute an interesting alter- 

native for gene regulation. It was recently reported that 
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ligand binding to AraC protein derepresses transcription 
by breaking dimeric bonds between two AraC proteins. 

These proteins now reassociate using new dimerization 
interfaces and occupy a previously unoccupied half-site 

on DNA (51). It would be plausible to find similar mech- 
anisms controlling T,-responsive genes. We hypothe- 

size that T3, depending on promoter/cell context, can 
generate transcriptionally active monomers or, alterna- 

tively, can generate monomers that readily adopt novel 

homodimer configurations or establish heterodimers 

such as the ones described with accessory proteins 

(25, 40, 45, 46) retinoic acid receptor (52) and other 
members of the nuclear receptor superfamily (30-34). 

By promoting different monomeric, homodimeric, or 
heterodimeric configurations, T3 can greatly expand the 

combinatorial possibilities of regulating gene expres- 
sion. 

MATERIALS AND METHODS 

T3 was purchased from Aldrich (Milwaukee, WI); r-T3, Ta, and 
Triac were obtained from Sigma (St. Louis, MO). 

In Vitro Transcription and Translation 

An expression plasmid, pT7T319U (Pharmacia, Piscataway, 
NJ), containing the cDNA encoding the hTRp was linearized 
at a downstream-engineered C/al site, and capped RNA was 
synthesized (Promega Riboprobe System, Madison, WI) using 
T7 RNA polymerase. RNA (l-2 pg) was translated in a rabbit 
reticulocyte lysate (Promega) containing 40 PM ZnCI,, a me- 
thionine-free amino acid mixture (Promega), and 20 PM cold 
methionine. The size of the translated protein was determined 
by performing parallel reactions in the presence of ?S-labeled 
methionine and checking the products by SDS-PAGE. 

Rat Liver TRs 

Partially purified TRs from rat liver (1%) were prepared as 
described previously (53). 

TR Expressed in Bacteria 

The hTRp was expressed in E. co/i using a T7 promoter and 
isopropyl-thiogalactopyranoside induction and purified as de- 
scribed elsewhere (Apriletti, J. W., B. L. West, and J. D. Baxter, 
in preparation). Briefly, TRs were solubilized from the bacteria 
by lysozyme treatment followed by sonication and partially 
purified by polyethyleneimine and ammonium sulfate precipi- 
tation steps. Approximately 30 mg soluble receptor at 0.2% 

purity was obtained from a 50-liter fermentor run. Four major 
T3 binding species were obtained from the bacteria. The full 
length receptor (52 kDa) and a 47-kDa fragment (missing 4-5 
kDa from the amino-terminal end) comprise the two DNA- 
binding forms, whereas two smaller fragments (33 and 35 kDa) 
are missing the entire DNA-binding domain and bind to heparin 
weakly. The relative proportions in crude extract were approx- 
imately: 52 kDa, 50-70%; 47 kDa, 5-l 5%; 35 kDa, 15-30%; 
and 33 kDa, 5-l 5%. The receptor was loaded onto a phenyl- 
Toyopearl hydrophobic interaction column at 0.5 M ammonium 
sulfate and eluted with a descending linear gradient from 0.5- 
0 M ammonium sulfate. The receptor peak was diluted P-fold 
with water, loaded onto a TSK-Heparin HPLC column 
(TosoHaas, Philadelphia, PA), and eluted with a 50-400 mM 

NaCl gradient. The full length receptor and the 47-kDa frag- 
ment eluted at 0.28 M NaCl and was approximately 7% pure, 
whereas the two smaller non-DNA-binding fragments eluted 
at 0.15 M NaCI. These receptors bind T3 with an affinity of 
0.35-l .4 nM (Apriletti, J. W., B. L. West, and J. D. Baxter, in 
preparation) that is similar to the one reported for the human 
placental TRP (54). 

TR Expressed in Yeast 

The hTR@ was expressed in Saccharomyces cerevisiae using 
the YEPE2 expression vector and the BJ3505 yeast strain as 
recently described for the production of the estrogen receptor 
(55). TRs were solubilized from the yeast by vortexing with 
glass beads and partially purified by polyethyleneimine treat- 
ment and ammonium sulfate precipitation. The final extract 
was approximately 1% pure. 

T3 Binding Assay 

Receptor concentration was determined as previously de- 
scribed (53). The binding assay contained the receptor sample 
to be assaved, 1.5 nrv Pz511Ta 50 ualml core histones. 5 ual 
ml for each-of the four protease inh&ors (antipain, leupepti’;‘, 
pepstatin and chymostatin), and Buffer A (20 mM potassium 
phosphate, pH 7.6, 0.4 M KCI, 1 mrv MgCI,, 0.5 mM EDTA, 
10% glycerol, and 0.1% monothioglycerol) in a 0.25-ml vol 
reaction. Nonspecific binding was measured by adding 1 OOO- 
fold excess of unlabeled TS. After overnight incubation at 4 C, 
200 ~1 of the reaction was loaded on a Quick-Sep Sephadex 
G-25 column equilibrated with Buffer A. The excluded peak of 
protein-bound [‘251]T3 was eluted with 1 ml Buffer A, collected 
in a test tube, and counted. Specific T3 binding was calculated 
by subtracting nonspecific binding from total binding. 

Gel Shift Binding Assay 

TR binding to DNA was assayed by gel retardation analysis 
(24). The TR-DNA complex was visualized either by labeling 
DNA with 32P usina polvnucleotide kinase or bv usina TRs 
bound with [‘251]T3.-Fbr i’251]T3 labeling, TRs weie in&bated 
with 0.75-1.5 nM radioactive T3 for 60-120 min at 4 C. The 
same incubation procedure was used to expose various con- 
centrations of unlabeled T3 and TS analogs to TRs in order to 
study the effect of hormone on TR-DNA interaction. TRs were 
mixed with various DNA concentrations, typically l-5 fmol for 
[3’P]DNA or 20-1300 fmol for unlabeled DNA, and 2 yq polv 
dl-dC (Pharmacia LKB) in a 20-~1 vol reaction. The .b&fing 
buffer contained 10 mM NaP04 1 mM MaCI?. 0.5 mrv EDTA. 
20 mM NaCI, 5% glycerol, 0.1% monothioglycerol, and 5 pgj 
ml of each of the protease inhibitors. After 20 min at 24 C, the 
mixture was loaded onto a 5% nondenaturing polyacrylamide 
gel that was previously run for 30 min at 200 V. To separate 
the TR-DNA complexes, the gel was run at 4 C for 126-240 
min at 240 V using a running buffer containing 6.7 mM Tris- 
base (pH 7.5 for a 10x stock at room temperature), 1 mM 
EDTA. and 3.3 mM Na acetate. 

TR-DNA Cross-Linking Assay 

We slightly modified a protocol (56) in which the cross-linking 
procedure is performed after resolving the TR-DNA complexes 
in a gel shift assay. This method allows individual protein- 
nucleic acid complexes to be cross-linked in situ, visualized by 
autoradiography, excised, and analyzed by SDS-PAGE. 
Briefly, we incubated 200,000-650,000 cpm 32P-labeled DNA 
and 800 fmol of a preparation of hTRP purified to near homo- 
geneity (>98% as judged by silver staining; Apriletti, J. W., B. 
L. West, and J. D. Baxter, in preparation) as described in the 
gel shift binding assay, in a 13-15 ~1 vol reaction. To obtain 
such a high degree of purification, chromatography of the 
receptor saturated with T3 was used in the final step of 
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purification, and this procedure rendered these TRs unsuitable 
for studies evaluating the TS effects on their DNA binding. 
After 20 min at 24 C, the reactions were loaded onto a 0.5- 
cm-thick horizontal 1.5% low melting agarose gel in 6.7 mM 
Tris-base (pH 7.5 for a 1 Ox stock at room temperature), 1 mM 
EDTA, and 3.3 mM Na acetate and run at 4 C for 2.513 h at 
120 V. The TR-DNA bindina patterns were identical to the 
ones observed in polyacrylamide gels. After running, the gel 
was placed over Saran Wrap on the filter surface of a 310-nm 
UV transilluminator at 4 C, irradiated for 10 min, and then 
autoradiographed for 20 min. The upper and lower bands were 

excised and weighed. To each 50 & melted gel slice we added 
aoaroximatelv 15 UI of a mixture of 0.3 M Tris-HCI. DH 6.8. 

6% SDS, 15% glycerol, and 70 mM dithiothreitol, and boiled 
the samples for 3 min. The warm melted samples were loaded 
on 1.5-mm-thick empty wells and the complexes separated by 
(4% stacking-8% resolving) SDS-PAGE. 

Acknowledgments 

We are grateful to Shiro Horita for expert technical assistance, 
Drs. Dale Leitman for reviewing the manuscript, Herbert Sam- 
uels for the GRE oligonucleotide, Donald McDonnell for the 
yeast expression vector and the BJ3505 yeast strain, James 
Roberts for assistance with the curve fitting program, and 
Stephen Hardy for assistance with the Molecular Dynamics 
Phosphorlmager technology. 

Received March 13,1992. Revision received April 24, 1992. 
Accepted May 8, 1992. 

Address requests for reprints to: Dr. Ralff C. J. Ribeiro, 
Metabolic Research Unit, HSE 685, University of California, 
San Francisco, California 94143-0540 

This work was supported by NIH Grant DK-41842 (to J.D.B.) 
* Supported by a postdoctoral fellowship from the Brazilian 

Research Council (CNPq). 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Evans RM 1988 The steroid and thyroid hormone receptor 
superfamily. Science 240:889-895 
Green S, Chambon P 1988 Nuclear receptors enhance 
our understanding of transcription regulation. Trends Ge- 
net 4:309-314 
Beato M 1989 Gene regulation by steroid hormones. Cell 
561335-344 
Godowski PJ, Picard D 1989 How to be both a receptor 
and a transcription factor. Biochem Pharmacol 38:3135- 
3143 
Parker MG 1991 Mechanisms of action of steroid recep- 
tors in the regulation of gene transcription. J Reprod Fertil 
88:717-720 

Wahli W, Martinez E 1991 Superfamily of steroid nuclear 
receptors: positive and negative regulators of gene 
expression. FASEB J 5:2243-2249 
Renoir JM, Radanyi C, Jung-Testas I, Faber LE, Baulieu 

EE 1990 The nonactivated progesterone receptor is a 
nuclear heterooligomer. J Biol Chem 265:14402-l 4406 

Pratt WB 1990 Interaction of hsp90 with steroid receptors: 
organizing some diverse observations and presenting the 
newest concepts. Mol Cell Endocrinol 74:C69-C75 
Kumar V, Chambon P 1988 The estrogen receptor binds 
tightly to its responsive element as a ligand-induced hom- 
odimer. Cell 55:145-l 56 
Guiochon-Mantel A, Loosfelt H, Lescop P, Sar S, Atger 
M, Perrot-Aoolanat M. Milarom E 1989 Mechanisms of 
nuclear localization of the progesterone receptor: evi- 
dence for interaction between monomers. Cell 57:1147- 
1154 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21 

22 

23. 

24 

25 

26 

27. 

28. 

29. 

1151 

Tsai SY, Carlstedt-Duke J, Weigel NL, Dahlman K, Gus- 
tafsson J-A, Tsai M-J, O’Mallev BW 1988 Molecular in- 
teractions of steroid hormone receptor with its enhancer 
element: evidence for receptor dimer formation. Cell 
55:361-369 
Schmid W, Strahle U, Schutz G, Schmitt J, Stunnenberg 
H 1989 Glucocorticoid receptor binds cooperatively to 
adjacent recognition sites. EMBO J 8:2257-2263 
Fawell SE, White R, Hoare S, Sydenham M, Page M, 
Parker MG 1990 Inhibition of estrogen receptor-DNA bind- 
ing by the “pure” antiestrogen ICI 164,384 appears to be 
mediated by impaired receptor dimerization. Proc Natl 
Acad Sci USA 87:6883-6887 
Sabbah M, Gouilleux F, Sola B, Redeuilh G, Baulieu EE 
1991 Structural differences between the hormone and 
antihormone estrogen receptor complexes bound to the 
hormone response element. Proc Natl Acad Sci USA 
88:390-394 
Dalman FC, Koenig RJ, Perdew GH, Massa E, Pratt WB 
1990 In contrast to the qlucocorticoid receotor. the thvroid 
hormone receptor is translated in the DNA binding state 
and is not associated with hsp90. J Biol Chem 265:3615- 
361 8 
Spindler BJ, MacLeod KM, Ring J, Baxter JD 1975 Thy- 
roid hormone receptors: binding characteristics and lack 
of hormonal dependency for nuclear localization. J Biol 
Chem 250:4113-4119 
Damm K, Thompson CC, Evans RM 1989 Protein en- 
coded by verbA functions as a thyroid-hormone receptor 
antagonist. Nature 339:593-597 
Lazar MA, Chin WW 1990 Nuclear thyroid hormone re- 

ceptors. J Clin Invest 86:1777-l 782 
Sap J, Damm K, Goldberg Y, Ghysdael J, Leutz A, Beuq 
H, Vennstrom B 1986 Thee-erb-A protein is a high-affinity 
receptor for thvroid hormone. Nature 324:635-640 
Murray MB, Zilz ND, McCreary NL, MacDonald MJ, Towle 
HC 1988 Isolation and characterization of rat cDNA clones 

for two distinct thyroid hormone receptors. J Biol Chem 
263:12770-l 2777 

Weinberger C, Thompson CC, Ong ES, Lebo R, Gruol 
DJ, Evans RM 1986 The c-erb-A gene encodes a thyroid 
hormone receptor. Nature 324:641-646 
Hodin RA, Lazar MA, Wintman BI, Darling DS, Koenig RJ, 
Larsen PR, Moore DD, Chin WW 1989 Identification of a 
thyroid hormone receptor that is pituitary-specific. Science 
244:76-79 
Lazar MA, Hodin RA, Darling DS, Chin WW 1988 Identi- 
fication of a rat c-erb-Aa-related protein which binds de- 
oxyribonucleic acid but does not bind thyroid hormone. 
Mol Endocrinol 2:893-901 
Lavin TN, Baxter JD, Horita S 1988 The thyroid hormone 
receptor binds to multiple domains of the rat growth 
hormone 5’-flanking sequence. J Biol Chem 263:9418- 
9426 
Murray MB, Towle HC 1989 Identification of nuclear fac- 
tors that enhance binding of the thyroid hormone receptor 
to a thyroid hormone response element. Mol Endocrinol 
311434-l 442 
Lazar MA, Berrodin TJ 1990 Thyroid hormone receptors 
form distinct nuclear protein-dependent and independent 
complexes with a thyroid hormone response element. Mol 
Endocrinol 4:1627-l 635 
Zhang X-h, Wills KN, Graupner G, Tzukerman M, Her- 

mann T, Pfahl M 1991 Ligand-binding domain of thyroid 
hormone receptors modulates DNA-binding and deter- 
mines their bifunctional roles. New Biol 3:169-l 81 
Umesomo K, Murakami KK, Thompson CC, Evans RM 
1991 Direct repeats as selective response elements for 
the thyroid hormone, retinoic acid, and vitamin D3 recep- 
tors. Cell 65:1255-l 266 
Yen PM, Darling DS, Carter RL, Forgione M, Umeda PK, 
Chin WW 1992 Triiodothyronine (T3) decreases binding to 
DNA by T,-receptor homodimers but not receptor-auxil- 
iary protein heterodimers. J Biol Chem 267:3565-3568 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/6
/7

/1
1
4
2
/2

7
1
4
6
5
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



MOL END0.1992 

1152 

Vol6 No. 7 

30. 

31. 

32. 

33. 

34. 

35 

36 

37 

38. 

39. 

40. 

41. 

42. 

Yu VC, Delsert C, Andersen B, Holloway JM, Devary OV, 
Naar AM, Kim SY, Boutin JM, Glass CK, Rosenfeld MG 
1991 RXRP: a coregulator that enhances binding of reti- 
noic acid, thyroid hormone, and vitamin D receptors to 
their cognate response elements. Cell 67:1251-l 266 
Leid M, Kastner P, Lyons R, Nakshatri H, Saunders M, 
Zacharewski T, Chen J-Y, Staub A, Garnier J-M, Mader 
S, Chambon P 1992 Purification, cloning, and RXR iden- 
tity of the HeLa cell factor with which RAR or TR hetero- 
dimerizes to bind target sequences efficiently. Cell 
68:377-395 
Zhana X-h, Hoffmann B, Tran PB-V, Graupner G, Pfahl M 
1992‘ketinoid X receptor is an auxiliary protein for thyroid 
hormone and retinoic acid receptors. Nature 355:441- 
446 
Kliewer SA, Umesomo K, Mangelsdorf DJ, Evans RM 
1992 Retinoid X receptor interacts with nuclear receptors 
in retinoic acid, thyroid hormone and vitamin D3 signalling. 
Nature 355:446-449 
Marks MS, Hallenbeck PL, Nagata T, Segars JH, Appella 
E, Nikodem VM, Ozato K 1992 H-2RIIBP (RXRP) hetero- 
dimerization provides a mechanism for combinatorial di- 
versity in the regulation of retinoic acid and thyroid hor- 
mone responsive genes. EMBO J, 11 :1419-l 435 
Naar AM, Boutin JM, Lipkin SM, Yu VC, Holloway JM, 
Glass CK, Rosenfeld MG 1991 The orientation and spac- 
ing of core DNA-binding motifs dictate selective transcrip- 
tional responses to three nuclear receptors. Cell 65:1267- 
1279 
Glass CK, Holloway JM, Devary OV, Rosenfeld MG 1988 
The thyroid hormone receptor binds with opposite tran- 
scriptional effects to a common sequence motif in thyroid 
hormone and estrogen response elements. Cell 54:313- 

323 
Lavin TN, Norman MF, Eberhardt N, Baxter JD 1989 
Thyroid hormone receptor interactions with DNA. In: Car- 

Istedt-Duke J, Gustafsson JA, Eriksson H (eds) The Ste- 
roid/Thyroid Hormone Receptor Family and Gene Regu- 
lation Birkhauser Verlag, Basel, pp 69-81 
Zhang X-h, Tran PB-V, Pfahl M 1991 DNA binding and 
dimerization determinants for thyroid receptor O( and its 
interaction with a nuclear protein. Mol Endocrinol5:1909- 
1920 
Brent GA, Williams GR, Harney JW, Forman BM, Samuels 
HH, Moore DD, Larsen PR 1991 Effects of varying the 
position of thyroid hormone response elements within the 
rat growth hormone promoter: implications for positive 
and negative regulation by 3,5,3’-triiodothyronine. Mol 
Endocrinol 5:542-548 
Lazar MA, Berrodin TJ, Harding HP 1991 Differential DNA 
binding by monomeric, homodimeric, and potentially het- 
erodimeric forms of the thyroid hormone receptor. Mol 
Cell Biol 11:5005-5015 
Williams GR, Harney JW, Forman BM, Samuels HH, Brent 
GA 1991 Oligomeric binding of T3 receptor is required for 
maximal T3 response. J Biol Chem 266:19636-l 9644 

Ribeiro RCJ, Lavin TN, A nuclear factor reversibly regu- 
lates thyroid but not estrogen receptor or c-erb-alpha 2 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50 

51 

52. 

53. 

54. 

55. 

56. 

57. 

binding to DNA. Program of the 72nd Annual Meeting of 

The Endocrine Society, Atlanta, GA, 1990, p 357 (Ab- 
stract) 
Fawell SE, Lees JA, White R, Parker MG 1990 Charac- 
terization and colocalization of steroid binding and dimer- 
ization activities in the mouse estrogen receptor. Cell 
60:953-962 
Privalsky ML, Sharif M, Yamamoto KR 1990 The viral 
er6A oncogene protein, a constitutive repressor in animal 
cells, is a hormone-regulated activator in yeast. Cell 
63:1277-l 286 
Burnside J, Darling DS, Chin WW 1990 A nuclear factor 
that enhances binding of thyroid hormone receptors to 
thyroid hormone response elements. J Biol Chem 
265:2500-2504 
Darling DS, Beebe JS, Burnside J, Winslow ER, Chin WW 
1991 3,5,3’-Triiodothyronine (T3) receptor-auxiliary pro- 
tein (TRAP) binds DNA and forms heterodimers with the 
TB receptor. Mol Endocrinol 5:73-84 
MacDonald PN, Haussler CA, Terpening CM, Galligan MA, 
Reeder MC, Whitfield GK, Haussler MR 1991 Baculovirus- 
mediated expression of the human vitamin D receptor. J 
Biol Chem 266:18808-l 8813 
Norman MF, Lavin TN, Baxter JD, West BL 1989 The rat 

growth hormone gene contains multiple thyroid response 
elements. J Biol Chem 264:12063-l 2073 

Leidig F, Shepard AR, Zhang W, Stelter A, Cattini PA, 
Baxter JD, Eberhardt NL 1992 Thyroid hormone respon- 

siveness in human growth hormone-related genes. J Biol 
Chem 267:913-921 
Desvergne B, Petty KJ, Nikodem VM 1991 Functional 
characterization and receptor binding studies of the malic 
enzyme thyroid hormone response element. J Biol Chem 
266:1008-1013 
Lobell RB, Schleif RF 1990 DNA looping and unlooping 
by araC protein. Science 250:528-532 
Glass CK, Lipkin SM, Devary OV, Rosenfeld MG 1989 
Positive and negative regulation of gene transcription by 
a retinoic acid-thyroid hormone receptor heterodimer. Cell 
59:697-708 
Apriletti JW, Baxter JD, Lavin TN 1988 Large scale puri- 
fication of the nuclear thyroid hormone receptor from rat 
liver and sequence-specific binding of the receptor to 
DNA. J Biol Chem 263:9409-9417 
Lin K-H, Fukuda T, Cheng S-y 1990 Hormone and DNA 
binding activity of a purified human thyroid hormone nu- 
clear receptor expressed in Escherichia co/i. J Biol Chem 
2655161-5165 

McDonnell DP, Nawaz Z, Densmore C, Weigel NL, Pham 
TA, Clark JH, O’Mallev BW 1991 Hiqh level expression of 

biologically active estrogen receptor in Saccharomyces 
cerevisiae. J Steroid Biochem Mol Biol 39:291-297 
Wu C, Wilson S, Walker B, Dawid I, Paisley T, Zimarino 
V, Ueda H 1987 Purification and properties of Drosophila 
heat shock activator protein. Science 238:1247-1253 
Johnston RF, Pickett SC, Barker DL 1990 Autoradiogra- 
phy using storage phosphor technology. Electrophoresis 
11:355-360 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/6
/7

/1
1
4
2
/2

7
1
4
6
5
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


