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Unliganded human thyroid hormone receptor oo (hTRa) can repress transcription by inhibiting the forma-
tion of a functional preinitiation complex (PIC) on promoters bearing thyroid hormone receptor (TR)-binding
elements. Here we demonstrate that hTRa directly contacts the TATA-binding protein (TBP) and that
preincubation of hTRa with TBP completely alleviates TR-mediated repression in vitro. Using stepwise
preassembled PICs, we show that hTR« targets either the TBP/TFIIA or the TBP/TFIIA/TFIIB steps of PIC
assembly for repression. We also show that the repression domain of hTRa maps to the C-terminal ligand-
binding region and that direct TR-TBP interactions can be inhibited by thyroid hormone. Together, these
results suggest a model in which unliganded hTR« contacts promoter-bound TBP and interferes with later

steps in the initiation of transcription.

Transcription initiation on protein-encoding genes involves
the ordered assembly of RNA polymerase II (pol IT) and other
general initiation factors (TFIIA, -B, -D, -E, -F, and -H) to
form a functional preinitiation complex (PIC) on core pro-
moter elements (the TATA and initiator regions) (reviewed in
references 10, 34, and 43). The binding of TFIID to the TATA
element, in a step facilitated by TFIIA, initiates PIC formation
and continues with the ordered assembly of TFIIB, pol 1I/
TFIIF, TFIIE, and TFIIH. Recent studies revealed that TFIID
is a multiprotein complex comprised of a TATA-binding pro-
tein (TBP) and several TBP-associated proteins (references 7,
14, 38, and 44 and references therein). Whereas TBP together
with the other general initiation factors is sufficient for basal-
level transcription, the intact TFIID complex as well as other
soluble factors are required for activated transcription in re-
sponse to gene-specific regulatory transcription factors (7, 14,
30, 38, 44; reviewed in reference 17). Activation or repression
of transcription initiation by gene-specific regulatory factors
involves facilitation (or inhibition) of limiting steps in PIC
formation or function through interactions with one or more of
the general factors.

Thyroid hormone receptors (TRs) are ligand-inducible tran-
scription factors which belong to the nuclear hormone receptor
superfamily (4, 15). A novel feature of TRs (which exist as a
and B isoforms) is their dual ability to either activate or repress
transcription from genes bearing TR-binding elements (TREs)
(42). In general, TRs activate transcription when liganded to
the thyroid hormone (triiodothyronine or T;); in the absence
of hormone, TRs can act as repressors (2, 6, 11, 18, 35).
Although the precise mechanisms of activation and repression
by TR are ill understood, it is generally held that, similar to
other gene-specific regulatory factors, TRs regulate transcrip-
tion by directly or indirectly affecting the assembly or function
of the general initiation factors at the core promoter elements.

We recently demonstrated that unliganded human TRa
(hTRa) can repress transcription in vitro from both natural
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and synthetic TRE-linked promoters by inhibiting the forma-
tion of a functional PIC (16). Two lines of evidence indicated
that h'TRa targets the basal transcription machinery for repres-
sion. First, hTRa repressed transcription more efficiently (and
in some cases completely) from TRE-linked core promoter
constructs than from TRE-linked promoters containing activa-
tor-binding sites. Second, hTRa repressed transcription effi-
ciently from a TRE-linked core promoter in a fractionated
transcription system consisting of only highly purified general
initiation factors that included recombinant TBP in place of
TFIID. Consistent with the notion that hTR«a interacts with
the basal transcription machinery, we and others have shown
that TRs can directly contact TFIIB (1, 16, 19). Indeed, these
observations have led to the hypothesis that TFIIB may be the
target for TR-mediated repression, although an exclusive re-
lationship to activation (19) was not eliminated. Here we show
that hTRa can directly interact with TBP as well as TFIIB.
Preincubation of hTRa with TBP alleviates TR-mediated re-
pression in vitro, whereas preincubation with TFIIB has no
effect. By staging PIC assembly in vitro, we show that hTR«a
can target either the TBP/TFIIA or the TBP/TFIIA/TFIIB
steps of PIC formation for repression. Furthermore, we show
that thyroid hormone can inhibit the interaction between TBP
and the TR repression domain. Taken together, these results
suggest that unliganded hTRa can contact TBP and disrupt
transcription initiation.

MATERIALS AND METHODS

Plasmid construction. The plasmid encoding the glutathione S-transferase
(GST)-TFIIB fusion protein was created by ligating the Klenow enzyme-blunted
NdeI-BamHI TFIIB cDNA into the Smal site of pGEX-2T (Pharmacia). Plas-
mids encoding GST-TBP, GST-1IEw, and GST-RAP30 (the small subunit of
TFIIF) were created by ligating the Ndel-BamHI fragments containing each
full-length ¢cDNA into pGEX-2TL(+) (12). The GST-IIAa plasmid was de-
scribed previously (12). Plasmids encoding the GST-TFIIB deletion mutants
A4-11, A3-37, A3-103, and A244-316 were created by subcloning the Ndel-BamHI
fragment encompassing each mutant (20) into pGEX-2TL(+). An Ndel-Sspl
restriction fragment spanning TBP amino acids (aa) 1 to 163 was subcloned into
the Ndel-Smal sites of pGEX2TL(+), creating GST-TBP(1-163). An Ndel-
BamHI PCR fragment spanning TBP aa 154 to 335 was cloned into pGEX-
2TL(+), creating GST-TBP(154-335). The bacterial expression vector for full-
length hTRa was described previously (16). An Ndel-BamHI PCR product
spanning aa 1 to 123 of hTRa was cloned into pET11d6His (21), creating
pET-TR«(1-123). Similarly, NcoI-BamHI PCR products spanning hTR« aa 122
to 211 and aa 213 to 410 were cloned into pET11d (37), creating pET-TRa(122-
211) and pET-TRa(213-410), respectively. pET-TRa-COOH (aa 122 to 410) was
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created by cloning the Ncol-BamHI fragment of the hTRa ¢cDNA into pET11d.
The TRE;ML400, wtML200, and 2XSp1-HIV-CAT plasmids used as promoter
templates for in vitro transcription were described previously (16). The template
G5MLI containing five GAL4 binding sites preceding the adenovirus major late
(AdML) core promoter region MLI (13) was obtained from Richard Bernstein.
The GAL4-TRa-NH, expression plasmid was created by cloning a BarnHI-Xbal
PCR product spanning hTRa aa 1 to 123 into pD10GAL4(1-94), obtained from
Craig Rosen (24). The GAL4-TRa-COOH expression plasmid was created by
cloning an SphI-Xbal PCR product spanning GAL4 aa 1 to 98 together with an
Xbal-BamHI fragment from the hTRa ¢cDNA (aa 126 to 410) into the Sphl-
BamHI sites of pD10GAL4(1-94). The FLAG epitope-tagged hTRa plasmid
used for baculovirus expression was constructed by subcloning the full-length
hTRa Ndel-BamHI fragment (16) into pFLAG(s)-7 (8), creating pFLAG-TRa.
The full-length FLAG-TRa fragment was then removed by using the Ncol-
BamHI restriction sites and subcloned into the baculovirus transfer vector
pVL1392 (Pharmingen), creating pVL1392-FLAG-TRa. The promoter template
used for DNase I footprinting was created by PCR amplification of the
TRE;MLA400 promoter region between —95 and +10. The PCR fragment was
then cloned into pCRII (Invitrogen), creating pCRII/TRE1MLA400.

GST interaction studies. [>>S]methionine-labeled full-length hTRa and
shorter derivatives were transcribed and translated in vitro, using a commercial
kit (TNT; Promega). Glutathione-Sepharose-purified GST or GST fusion pro-
teins (1 pg/20 pl of packed beads) were incubated with 1 pl of 3S-labeled
protein (from a 50-pl reaction) in 300 pl of BC100 (16) containing 0.05%
Nonidet P-40 at 4°C for 30 min. The beads were then washed five times with
BC300 (same as BC100 but containing 300 mM KClI) containing 0.1% Nonidet
P-40. The beads were then suspended in sodium dodecyl sulfate (SDS) sample
buffer, analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), and auto-
radiographed. For experiments containing thyroid hormone (L-T; or TRIAC
from Sigma), reactions were performed at room temperature, and hormone was
added to both the reaction mix and the washes.

For experiments involving recombinant hTRa expressed in Sf9 cells (see
below), 20 ng of purified hTRal protein was incubated with 1 ug of either
GST-IIB or GST-TBP as described above and subsequently analyzed by SDS-
PAGE. Proteins were transferred to a nitrocellulose membrane, blocked with
TBS-T (10 mM Tris, 150 mM NacCl, 0.05% Tween 20) containing 5% milk, and
incubated with an anti-hTRa rabbit polyclonal antiserum (FL-408; Santa Cruz
Biotechnology, Inc.) in TBS-T (1:1,000 dilution). Immunoblots were developed
as described by the manufacturer (ECL system; Amersham).

Purification of transcription factors. RNA pol II was immunopurified from
calf thymus by using monoclonal antibody 8WG16 as previously described (39),
with the following modification. RNA pol II was eluted from the immunoaffinity
column with 40% propylene glycol-0.3 M ammonium sulfate. The fraction con-
taining TFIIE and TFIIH was obtained by fractionating a HeLa nuclear extract
on a phosphocellulose 11 column (30). The 0.5 M KCl elution was then applied
to a DEAE-cellulose (DE-52) column and eluted with 0.3 M KCl. The natural
TFIIA fraction was purified as described previously (30). The recombinant sub-
units of TFIIF, RAP30, and RAP74 were expressed in Escherichia coli and
purified as described previously (41). The recombinant polypeptides TBP,
TFIIB, TFIIE«, TFIIER, and TFIIAa(pS55) were expressed in E. coli and purified
as described previously (12, 16, 32).

Purification of the E. coli-expressed hTRa has been described elsewhere (16).
Purification of the baculovirus-expressed hTRa was carried out as follows. The
baculovirus transfer vector pVL1392-FLAG-TRa was transfected into Sf9 cells
along with linearized baculovirus DNA (BaculoGold; Pharmingen), using cat-
ionic liposomes (Insectin; Invitrogen). The transfection supernatant harboring
recombinant FLAG-TRa-expressing baculovirus was then amplified to increase
the viral titer and used to infect Sf9 cells. Nuclear extract prepared from infected
Sf9 cells was then applied to an anti-FLAG epitope immunoaffinity column
(Anti-FLAG M2 Affinity Gel; Kodak). The FLAG-TRa protein was subse-
quently eluted by using a FLAG peptide (N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-
C). Human retinoid X receptor alpha chain (RXRa) was expressed as a GST
fusion protein in E. coli as described previously (28); RXRa was liberated from
GST by using thrombin (Sigma). GAL4(1-94) and GAL4-TRa fusion proteins
were expressed in E. coli MC1061/PDMI and purified as described previously
(24).

In vitro transcription. Standard in vitro transcription reaction conditions in-
volving the G-less cassette assay (Fig. 4 and 5) and the primer extension assay
(Fig. 7) have been described elsewhere (16). The purified transcription system
(Fig. 4) consisted of recombinant TBP (10 ng), recombinant TFIIB (10 ng),
recombinant TFIIF (5 ng), a natural TFIIA fraction (0.5 pl; 0.5 mg/ml), a natural
TFIE/H fraction (1 pl; 0.85 mg/ml), and natural RNA pol II purified from calf
thymus (1 wl; 0.55 mg/ml).

DNase I footprint assay. The TRE;ML400 promoter region of pCRII/
TRE,ML400 was removed by digestion with HindIII-Apal and *?P end labeled
by using Klenow enzyme. A typical 25-ul binding reaction mixture contained 2
fmol (25,000 cpm) of the 32P-labeled DNA fragment, 50 ng of poly[d(G-C), 10
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.9), 60
mM KCI, 5 mM B-mercaptoethanol, 0.2 mM EDTA, 4 mM MgCl,, 10% glycerol,
and 0.1 mg of bovine serum albumin (BSA) per ml. The reactions were incubated
at 30°C along with the appropriate amounts of purified proteins as indicated in
the legend to Fig. 6. Reaction mixtures were then treated with 2 wl of DNase I
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(0.4 ng/pl; diluted in 1 mM CaCl,-0.1 mg of BSA per ml-10% glycerol just
before use) for 2 min at room temperature. The reactions were terminated by
addition of 25 pl of stop solution (10 mM EDTA, 0.8% SDS, 0.1 mg of sonicated
salmon sperm DNA per ml, 0.6 M sodium acetate [pH 5.2]). After phenol-
chloroform extraction and ethanol precipitation, the DNA pellet was resus-
pended in 5 pl of loading buffer (98% formamide, 10 mM EDTA, 0.02%
bromophenol blue, 0.02% xylene cyanol) and loaded on an 8% polyacrylamide-7
M urea sequencing gel. The Maxam-Gilbert sequencing method (29) was used to
prepare G/A and C/T footprinting markers.

RESULTS

hTRa can form a specific complex with both TFIIB and
TBP. We previously demonstrated that hTRa can interact with
TFIIB in an immunoprecipitation assay (16). To determine
whether h'TRa interacts with other components of the basal
transcription apparatus, we screened hTRa against a panel of
recombinant general transcription factors. In this experiment,
interactions were monitored by the ability of corresponding
GST fusion proteins to bind [**S]methionine-labeled hTRa.
After immobilization on glutathione-Sepharose beads, the spe-
cific complexes were subject to several stringent washes and
analyzed by SDS-PAGE. As shown in Fig. 1A, hTRa bound
not only to TFIIB but also to TBP. This result contrasts with
our previous inability to detect a TRa-TBP interaction by
immunoprecipitation and suggests that TR-TBP contacts mask
critical epitopes recognized by the anti-TBP sera used in our
earlier studies (16).

To more closely examine the specificity of the hTRa-TBP
and hTR«a-TFIIB interactions, we repeated the GST assay with
purified, recombinant hTRa expressed via a baculovirus vector
in Sf9 cells. Figure 1B shows that recombinant hTRa bound to
both GST-IIB and GST-TBP in the presence of ethidium bro-
mide, ruling out a nonspecific bridging effect by contaminating
DNA. Similarly, specific hTRa-IIB and hTRa-TBP complexes
could be eluted from the glutathione-Sepharose beads by using
reduced glutathione, thus eliminating a nonspecific trapping
effect (Fig. 1B). In addition, the inability of a luciferase protein
control to bind any of the GST fusion proteins further sub-
stantiates the specificity " TRa-TFIIB and hTRa-TBP interac-
tions (Fig. 1A).

To examine which domains of hTRa interact with TFIIB
and TBP, different regions of hTRa were labeled and again
screened for binding to either TFIIB or TBP. As shown in Fig.
1C, a C-terminal region of hTRa (aa 213 to 410) which in-
cludes the ligand-binding domain (LBD) efficiently bound to
both TFIIB and TBP. In contrast, the N-terminal portion of
hTRa (aa 1 to 123), which includes the DNA-binding domain,
bound weakly to only TFIIB. A short hTRa segment which
spans the hinge region of the receptor (aa 122 to 211) failed to
interact with either general factor. These results indicate that
hTRa can specifically interact with both TFIIB and TBP.

To localize the regions of TFIIB which interact with hTRe,
labeled N- and C-terminal hTRa domains were screened
against a set of TFIIB deletion mutants (Fig. 2A). Figures 2B
and C show that both the N- and C-terminal domains of hTR«
can interact with the C-terminal domain of TFIIB (aa 244 to
316). This mapping was unexpected since it was previously
reported that the N terminus of hTRp interacts with the C
terminus of TFIIB, while the C-terminal LBD of hTRp inter-
acts with the N terminus of TFIIB (1). One possible explana-
tion for this discrepancy is that amino acid sequence differ-
ences between the TRa and TRP isoforms (42) result in
differential interactions with TFIIB. In support of this hypoth-
esis, it has been observed that the C terminus of chicken TR«
interacts exclusively with a C-terminal region of TFIIB (19). To
localize the region of TBP recognized by hTRa, a labeled
C-terminal hTRa domain (aa 213 to 410) was tested for bind-
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FIG. 1. hTRa specifically interacts with TFIIB and TBP. (A) Labeled hTRa interacts specifically with GST-ITB and GST-TBP fusion proteins. In vitro 3°S-labeled
hTRa and luciferase were incubated with a panel of different GST fusion proteins (identified above the lanes). Specific complexes were immobilized on glutathione-
Sepharose beads, and 50% of each reaction mixture was analyzed by SDS-PAGE. (B) Recombinant hTR« interacts specifically with TFIIB and TBP. Recombinant
hTRa (expressed in Sf9 cells) was incubated with either GST-IIB or GST-TBP, and specific complexes were immobilized on glutathione-Sepharose beads; 50% of each
reaction mixture was separated by SDS-PAGE and transferred to a nitrocellulose membrane. Western blot (immunoblot) analysis was then carried out with a rabbit
antiserum against hTRa. EtBr indicates that ethidium bromide was added to the binding reaction mixture at a concentration of 0.5 pg/ml. Glut. elute indicates that
specific complexes were first eluted from the glutathione-Sepharose beads by using 20 mM reduced glutathione prior to SDS-PAGE analysis. (C) N- and C-terminal
domains of hTR« interact differentially with TFIIB and TBP. Various in vitro 3°S-labeled segments of hTRa (diagramed schematically at the bottom) were incubated
with either GST-IIB or GST-TBP. Specific complexes were immobilized, and 50% of each reaction mixture was analyzed by SDS-PAGE. Input indicates 100% of either
the 33S-labeled hTRa (A and C) or recombinant hTR« (B) added to the reaction mixtures. Estimated binding efficiency ranged between 10 and 20%.
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FIG. 2. Both N- and C-terminal domains of hTRa interact with the C ter-
minus of TFIIB. (A) Schematic representation of the TFIIB mutants used in this
study. (B) Interaction of the N-terminal hTRa domain (aa 1 to 123) with
GST-TFIIB deletion mutants. Specific complexes were immobilized and ana-
lyzed by SDS-PAGE. (C) Interaction of the C-terminal hTRa domain (aa 213 to
410) with GST deletion mutants.

ing to TBP deletion mutants (Fig. 3A). Figure 3B shows that
the C-terminal LBD of hTRa interacts specifically with the
highly conserved C-terminal domain of TBP (aa 154 to 335). In
sum, these results show that the C-terminal LBD of hTRa« is
capable of interacting with distinct C-terminal domains of both
TFIIB and TBP, whereas the hTRa N-terminal domain can
weakly interact with only the C terminus of TFIIB.

hTRa inhibits an early step in PIC assembly. By using a
fractionated transcription system containing highly purified
general initiation factors, we previously showed that unligan-
ded hTRa« interferes with the formation or function of a PIC
(16). In the course of these studies, we defined the minimal
basal factor components necessary for repression in vitro and
found that only TBP, not the entire TFIID complex, was ab-
solutely required. Since a preformed PIC was resistant to the
inhibitory effects of hTR«, we reasoned that TR« might inhibit
or block one or more of the discernible ordered steps of PIC
assembly. To examine this possibility, the ordered steps were
staged by preincubating subsets of purified general initiation
factors and pol II with a TRE-linked AML promoter (Fig.
4A). The preformed PICs were then challenged with unligan-
ded hTRa (expressed in E. coli) and, with concomitant addi-
tion of other general transcription factors, tested for transcrip-
tional inhibition in vitro. Figure 4B shows that promoter
templates containing preformed TBP/IIA or TBP/IIA/IIB
complexes were efficiently repressed upon the addition of
hTRa and remaining general factors (lanes 3 and 4). Con-
versely, the subsequent steps of PIC formation, generating
TBP/ITIA/IIB/polll/IF  and TBP/IA/IIB/polll/IIF/IE/ITH
complexes, were resistant to hTRa repression (Fig. 4B, lanes 5
and 6). Identical experiments using unrelated recombinant
proteins (E. coli-expressed human USF and GAL4-AH [17])
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FIG. 3. The C-terminal domain of hTR« interacts with the core domain of TBP. (A) Schematic representation of the TBP deletion mutants used in this study. (B)
Interaction of the C-terminal hTRa domain (aa 213 to 410) with GST-TBP deletion mutants. Specific complexes were immobilized and analyzed by SDS-PAGE.

had no effect on transcription (data not shown). These results
suggest that hTRa can target TBP, and possibly TFIIB, for
repression during PIC assembly. The role of TFIIA as a po-
tential target for repression is unlikely since hTRa can effi-
ciently repress transcription in fractionated assays lacking
TFIIA (data not shown). The inability of hTRa to repress the
more completely formed PICs suggests that assembly of the
additional factors renders TBP and/or TFIIB inaccessible to
the inhibitory effects of hTRa.

Preincubation of hTRa with TBP alleviates repression. If
hTRa directly targets TBP and/or TFIIB for repression, it is
conceivable that preincubation of unliganded hTRa with ei-
ther general initiation factor might block or mask the hTRa
repression domain and alleviate hTRa-mediated repression.
To test this hypothesis, unliganded hTRa (expressed via bac-
ulovirus in Sf9 cells) was first preincubated with a series of
different general initiation factors together with template be-
fore addition to complete in vitro transcription reactions. As
shown in Fig. 5 (lane 3), preincubation of hTRa with TBP
resulted in complete alleviation of repression. Conversely, pre-
incubation of hTRa with either TFIIB (lane 4) or the large
subunit of TFIIA (lane 7) had no effect. Similar results were
obtained when preincubation was performed in the absence of

A ~—— Preformed PICs——

-15 0 +60
| |
| I

~
-~

template TRa
+ GTF subset + remaining GTFs
+ NTPs
B WEH
polll/F pollVF | preformed
B 1B 1B Preinitiation
WA 1A 1A A Complexes

TBP TBP TBP TBP
TR - + + + + +

TRE{ML400—

1 2 3 4 5 6

FIG. 4. hTRa inhibits an early step in PIC assembly. (A) Experimental
scheme for preformed PIC assay. (B) The TRE;ML400 promoter template was
preincubated with different subsets of general initiation factors (indicated above
the lanes) for 15 min, allowing different steps of PIC formation to assemble. No
factors were preincubated in lanes 1 and 2. E. coli-expressed hTRa (100 ng) was
then added as indicated together with ribonucleotide triphosphates (NTPs) and
the remainder of the general transcription factors (GTFs). The reaction was
allowed to proceed for 60 min, and transcripts were analyzed by using the G-less
cassette assay.

template (data not shown). As expected, preincubation with
thyroid hormone (TRIAC; lane 10) also alleviated TRa re-
pression, again suggesting that ligand either blocks the hTRa
repression domain or induces a conformational change which
alleviates repression (16). Addition of human RXRa (lane 11)
had no effect on hTRa-mediated repression, indicating that
unliganded hTRa can inhibit transcription as either a ho-
modimer or heterodimer. These findings strengthen our sup-
position that unliganded hTRa can target TBP for transcrip-
tional repression.

hTRa does not prevent binding of TBP to the core promoter.
The results of Fig. 4 and 5 suggest that one mechanism by
which hTRa might act to repress transcription is to prevent
TBP and/or TBP-containing complexes (TBP/IIA or TBP/IIA/
IIB) from binding at the TATA region of the core promoter.
To address this question, DNase I footprinting assays were
performed on the promoter region of the TRE;ML400 tem-
plate (—95 to +10). Figure 6 shows that preincubation of the
TRE,ML400 promoter with hTR«, under conditions where
TRE sites are fully occupied, did not alter the ability of a
TBP/IIA/IIB complex to assemble over the TATA region.
Thus, these results indicate that hTRa does not act to displace
or compete with TBP for binding at the core promoter; rather,
these results suggest hTRa might actively impinge on or mask
promoter-bound TBP and interfere with subsequent steps in
PIC formation or function.

The hTRa repression domain maps to the C terminus. In an
effort to localize the domain of hTRa which is responsible for
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FIG. 5. Preincubation of hTRa with TBP alleviates repression. hTRa (90 ng,
baculovirus expressed) was preincubated with the TRE;ML400 template (50 ng)
along with 150 fmol of each general initiation factor indicated above lanes 3 to
8. In lane 9, BSA was used as a negative control. In lane 10, hTRa was prein-
cubated with 20 pM TRIAC. In lane 11, hTRa was preincubated with E. coli-
expressed RXRa (100 ng). The preincubated factors (plus templates) were then
added to a reaction mixture containing 25 ng of wtML200 (as an internal control)
together with 50 pg of HeLa nuclear extract under standard conditions. Tran-
scripts were analyzed by using the G-less cassette assay.
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FIG. 6. hTRa does not prevent TBP binding to the promoter. DNase I
footprinting analysis of a TBP/IIA/IIB complex over the TATA region of the
TRE;MLA400 promoter (—95 to +10) in the presence or absence of unliganded
hTRa (E. coli). In lanes 4 to 6 and 8 to 10, TBP (10 ng), TFIIA (0.5 ul; 0.5
mg/ml), and TFIIB (10 ng) were incubated with the TRE;ML400 promoter for
5, 15, or 30 min as indicated. In lanes 8 to 10, the TRE;MLA400 promoter was
preincubated with E. coli-expressed hTRa (50 ng) for 30 min prior to the
addition of TBP/IIA/IIB. In lane 2, the TRE;ML400 template was incubated
with hTRa alone. Lanes 12 and 13 contain G/A and C/T footprinting markers,
respectively (see Materials and Methods).

transcriptional repression, we fused either the N terminus (aa
2 to 123) or the C terminus (aa 126 to 410) of hTRa to the
DNA-binding domain of the yeast transcription factor GAL4
(Fig. 7A). The GAL4-TR fusions were then tested for the
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FIG. 7. hTRa repression domain maps to the C terminus. (A) Schematic
diagram of GAL4-TRa fusion proteins. (B) Increasingly equimolar amounts of
GALA4, GAL4-TR-NH, and GAL4-TR-COOH (0.1, 0.25, 0.5, and 1 pM) were
added to transcription reactions containing 75 g of HeLa nuclear extract and 50
ng of the G5MLI template under standard conditions; 10 ng of the template
2XSp1-HIV-CAT (lacking GALA4 binding sites) was added as an internal control.
Transcription was analyzed by using a primer extension assay.
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FIG. 8. Thyroid hormone reduces the efficiency of the C-terminal hTRa
domain binding to TBP. (A) Interaction of a 3°S-labeled hTRa C-terminal
domain (aa 122 to 410) with GST-TFIIB or GST-TBP in the presence or absence
of 5 wM natural thyroid hormone (L-T5). (B) Interaction of the hTRa C-terminal
domain (aa 122 to 410) with GST-TBP in the presence or absence of 5 uM
synthetic thyroid hormone (TRIAC).

ability to repress transcription in vitro from an AdML core
promoter containing five GAL4 binding sites (GSMLI). The
ability of the GAL-TR-COOH fusion protein to specifically
inhibit transcription from the GSMLI template (Fig. 7B) dem-
onstrates that the repression domain of hTRa maps to the C
terminus. This finding confirms previous in vivo data linking
the rat TRa silencing domain with the C terminus of the
receptor (2). The small decrease in transcription from the
reference promoter (2XSpl-HIV-CAT) in reactions contain-
ing high concentrations of GAL-TR-COOH may be the result
of nonspecific sequestration of TBP. In sum, these results are
consistent with the observation that hormone blocks TR« re-
pression, since the LBD also maps to the C terminus.

Thyroid hormone reduces the efficiency of the C-terminal
hTRa domain binding to TBP. Given our observations that (i)
TBP interacts with the C-terminal domain of hTRa and (ii)
both the hormone-binding domain and the repression domain
of hTRa map to the C terminus, it was of interest to determine
what effect thyroid hormone would have on the interaction
between TBP and the C-terminal end of hTRa. To address this
question, a labeled hTRa fragment spanning the entire C-
terminal domain (aa 122 to 410) was tested for interactions
with TBP in the presence or absence of thyroid hormone.
Addition of either natural thyroid hormone (L-T; Fig. 8A, lane
5) or synthetic thyroid hormone (TRIAC; Fig. 8B, lane 3) to
the binding reaction significantly reduced the interaction be-
tween the hTRa C terminus and TBP. Conversely, addition of
thyroid hormone (Fig. 8A, lane 3) did not affect the interaction
between the hTRa C terminus and TFIIB. Given the fact that
thyroid hormone masks or alleviates hTRa-mediated repres-
sion, these findings further support our contention that unli-
ganded hTRa can target TBP for repression and that addition
of hormone blocks this negative interaction.

DISCUSSION

We demonstrated previously that unliganded hTRa can tar-
get the basal transcription apparatus for active repression (16).
In this study, we examined more precisely the molecular mech-
anism of hTRa-mediated repression and found that hTRa
directly contacts TBP. Several lines of evidence suggest that
TBP is a basal factor target for TRa-mediated repression.
First, by using stepwise, preassembled PICs (Fig. 4), we found
that hTRa targets either the TBP/IIA or the TBP/IIA/IIB steps
of PIC formation for repression. Second, preincubation of
unliganded hTRa with TBP completely alleviates repression
(Fig. 5). Third, thyroid hormone decreases the affinity of the
hTRa C-terminal domain for TBP but not for TFIIB (Fig. 8).
This last finding is especially significant since both repression
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and ligand-binding domains of hTRa map to the C terminus
and since thyroid hormone blocks TRa-mediated repression.

The question arises as to how unliganded hTRa might phys-
ically target TBP for repression. For instance, the ability of
unliganded hTRa to interact with TBP in solution might sug-
gest that hTRa nonspecifically sequesters TBP from pol 11
promoters in a process termed squelching (33). However, it is
unlikely that such a squelching mechanism accounts for hTRa-
mediated repression, since promoter templates lacking TREs
are not significantly affected by unliganded hTRa (Fig. 5) (16).
Alternatively, hTRa might compete with or displace TBP bind-
ing at the TATA element as previously described for other
repressors (22, 31). We feel that this mechanism also is unlikely
since unliganded hTRa does not qualitatively change the
DNA-binding pattern of TBP/IIA/IIB over the TATA region
as assayed by DNase I footprinting on a TRE-linked AdML
promoter (Fig. 6). Instead, the data presented here suggest
that unliganded hTRa can contact TBP during the early steps
of PIC assembly and, with both components remaining pro-
moter bound, inhibit the subsequent formation or function of
a complete PIC. In this model, inhibitory contacts between
DNA-bound hTRa and TBP prevent TBP from making proper
contacts with the remainder of the basal transcription machin-
ery. Addition of thyroid hormone presumably blocks the in-
hibitory interaction between unliganded hTRa and TBP and,
instead, reveals (or potentiates) an activator function. In sup-
port of this model and our past (16) and present data, Tong et
al. (40) recently demonstrated that unliganded hTRp can both
repress transcription in vitro from a TRE-linked minimal pro-
moter and directly contact a TBP/IIB complex on a core pro-
moter; addition of thyroid hormone both alleviated the repres-
sion and blocked the interaction with the TBP/IIB promoter
complex. Similarly, TBP is believed to be a target for p53-
mediated repression by an analogous mechanism (27, 36). Al-
though we demonstrated earlier that TBP-associated factors
(coactivators) are not required for TRa-mediated repression
(Fig. 4) (16), unliganded hTRa can presumably target the entire
TFIID complex for repression, as evidenced by its ability to effi-
ciently repress transcription in a nuclear extract (Fig. 5) (16).

By virtue of the ability of hTRa to both contact TFIIB and
target a TBP/ITA/IIB complex for repression, it could be ar-
gued that TFIIB is also a basal factor target for TRa-mediated
repression. Although we cannot rule out this possibility, we
have no additional functional data that would support this
hypothesis. Given the fact that TFIIB is a basal factor target
for transcriptional activators (9, 23, 25), the ability of hTRa to
contact TFIIB might be more relevant to a role in activation
rather than repression (19). Indeed, Blanco et al. (5) have
suggested that TFIIB-nuclear hormone interactions may play a
critical role in ligand-dependent transcriptional activation.
Along these lines, the ability of hTRa to target a TBP/ITA/IIB
complex might suggest only that TBP is still accessible for
repression at this step, whereas formation of a more complete
PIC (TBP/IIA/IB/pollI/IIF) renders TBP inaccessible to
hTRa. In support of the primary role of the TRa-TBP inter-
action in repression, ligands which alleviate repression de-
creased the TRa-TBP interaction but not the TRa-TFIIB in-
teraction (Fig. 8). It has been recently suggested that an
additional corepressor protein(s) may be required for efficient
transcriptional repression by hTRB (3). The possibility of an
accessory factor which might serve to stabilize or enhance
TRa-mediated repression is not inconsistent with the model
proposed here. Thus, just as specific activation domains in
DNA-bound activators and interacting coactivators may act
synergistically (26), possibly by targeting different general fac-
tors, so might repression domains in DNA-bound repressors
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and interacting corepressors act synergistically to repress tran-
scription. In sum, our results suggest that one way unliganded
hTRa can directly target the basal transcription apparatus for
repression is through inhibitory interactions with TBP. Studies
examining alternative modes of repression by hTRa and hTRB
involving other basal factor targets and/or accessory factors are
under investigation.

ACKNOWLEDGMENTS

We are grateful to Lee Strasheim and Richard Burgess for the
hybridoma which produces BWG16 and advice on RNA pol II purifi-
cation. We also thank Zachary Burton for the gift of the RAP30/
RAP74 bacterial expression plasmids and Ron Evans for the GST-
RXRa construct. We thank Richard Bernstein, Jeff DelJong,
Alexander Hoffmann, Yoshi Ohkuma, Camilo Parada, and Kathy
Wang for plasmids and preparation of reagents.

J.D.F. was supported by a National Research Service Award from
the National Cancer Institute. F.B. was supported by a fellowship from
the Pasteur Institute. This study was supported by grants from the
National Institutes of Health and the Human Frontiers Science Pro-
gram (to R.G.R.) and the Pew Trusts (to The Rockefeller University).

ADDENDUM IN PROOF

Recent studies by J. D. Chen and R. Evans (Nature [Lon-
don] 377:454-457, 1995) and by Horlein et al. (A. J. Horlein,
A. M. Nair, T. Heinzel, J. Torchia, B. Gloss, R. Kurokawa, A.
Ryan, Y. Kamei, M. Séderstrom, C. G. Glass, and M. G.
Rosenfeld, Nature [London] 377:397-404, 1995) have provided
direct evidence for corepressors that interact with TR.

REFERENCES

1. Baniahmad, A., I. Ha, D. Reinberg, S. Tsai, M.-J. Tsai, and B. W. O’Malley.
1993. Interaction of human thyroid hormone receptor § with transcription
factor TFIIB may mediate target gene derepression and activation by thyroid
hormone. Proc. Natl. Acad. Sci. USA 90:8832-8836.

2. Baniahmad, A., A. C. Kéhne, and R. Renkawitz. 1992. A transferable silenc-
ing domain is present in the thyroid hormone receptor, in the v-erbA onco-
gene product and in the retinoic acid receptor. EMBO J. 11:1015-1023.

3. Baniahmad, A., X. Leng, T. P. Burris, S. Y. Tsai, M.-J. Tsai, and B. W.
O’Malley. 1995. The 74 activation domain of the thyroid hormone receptor
is required for release of a putative corepressor(s) necessary for transcrip-
tional silencing. Mol. Cell. Biol. 15:76-86.

4. Beato, M. 1989. Gene regulation by steroid hormones. Cell 56:335-344.

5. Blanco, J. C. G., L.-M. Wang, S. Y. Tsai, M.-J. Tsai, B. W. O’Malley, P. W.
Jurutka, M. R. Haussler, and K. Ozato. 1995. Transcription factor TFIIB
and the vitamin D receptor cooperatively activate ligand-dependent tran-
scription. Proc. Natl. Acad. Sci. USA 92:1535-1539.

6. Brent, G. A., M. K. Dunn, J. W. Harney, T. Gulick, P. R. Larsen, and D. D.
Moore. 1989. Thyroid hormone aporeceptor represses T3-inducible promot-
ers and blocks activity of the retinoic receptor. New Biol. 1:329-336.

7. Chiang, C.-M., H. Ge, Z. Wang, A. Hoffmann, and R. G. Roeder. 1993.
Unique TATA-binding protein-containing complexes and cofactors involved
in transcription by RNA polymerases II and I1II. EMBO J. 12:2749-2762.

8. Chiang, C.-M., and R. G. Roeder. 1993. Expression and purification of
general transcription factors by FLAG-tagging and peptide elution. Peptide
Res. 6:62-64.

9. Colgan, J., H. Ashali, and J. L. Manley. 1995. A direct interaction between
a glutamine-rich activator and the N terminus of TFIIB can mediate tran-
scriptional activation in vivo. Mol. Cell. Biol. 15:2311-2320.

10. Conaway, R. C., and J. W. Conaway. 1993. General initiation factors for
RNA polymerase II. Annu. Rev. Biochem. 62:161-190.

11. Damm, K., C. C. Thompson, and R. M. Evans. 1989. Protein encoded by
v-erbA functions as a thyroid-hormone receptor agonst. Nature (London)
339:593-597.

12. DeJong, J., R. Bernstein, and R. G. Roeder. 1995. Human general transcrip-
tion factor TFIIA: characterization of a cDNA encoding the small subunit
and requirement for basal and activated transcription. Proc. Natl. Acad. Sci.
USA 92:3313-3317.

13. Du, H,, A. L. Roy, and R. G. Roeder. 1993. Human transcription factor USF
stimulates transcription through the initiator elements of the HIV-1 and
Ad-ML promoters. EMBO J. 12:501-511.

14. Dynlacht, B. D., T. Hoey, and R. Tjian. 1991. Isolation of coactivators
associated with the TATA-binding protein that mediate transcriptional ac-
tivation. Cell 66:563-576.



VoL. 16, 1996

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Evans, R. M. 1988. The steroid and thyroid hormone receptor superfamily.
Science 240:889-895.

Fondell, J. D., A. L. Roy, and R. G. Roeder. 1993. Unliganded thyroid
hormone receptor inhibits formation of a functional preinitiation complex:
implications for active repression. Genes Dev. 7:1400-1410.

Ge, H., and R. G. Roeder. 1994. Purification, cloning, and characterization of
a human coactivator, PC4, that mediates transcriptional activation of class IT
genes. Cell 78:513-523.

Graupner, G., K. W. Wills, M. Tzukerman, X.-K Zhang, and M. Pfahl. 1989.
Dual regulatory role for thyroid-hormone receptor allows control of retinoic
acid receptor activity. Nature (London) 340:653-656.

Hadzic, E., V. Desai-Yajnik, E. Helmer, S. Guo, S. Wu, N. Koudinova, J.
Casanova, B. M. Raaka, and H. H. Samuels. 1995. A ten-amino-acid se-
quence in the N-terminal A/B domain of thyroid hormone receptor « is
essential for transcriptional activation and interaction with the general tran-
scription factor TFIIB. Mol. Cell. Biol. 15:4507-4517.

Hisatake, K., R. G. Roeder, and M. Horikoshi. 1993. Functional dissection of
TFIIB domains required for TFIIB-TFIID-promoter complex formation and
basal transcription activity. Nature (London) 363:744-747.

Hoffmann, A., and R. G. Roeder. 1991. Purification of his-tagged proteins in
non-denaturing conditions suggest a convenient method for protein interac-
tion studies. Nucleic Acids Res. 19:6337-6338.

Kato, H., M. Horikoshi, and R. G. Roeder. 1991. Repression of HIV-1
transcription by a cellular protein. Science 251:1476-1479.

Kim, T. K., and R. G. Roeder. 1994. Proline-rich activator CTF1 targets
TFIIB assembly step during transcriptional activation. Proc. Natl. Acad. Sci.
USA 91:4170-4174.

Kirschbaum, B. J., P. Pognonec, and R. G. Roeder. 1992. Definition of the
transcriptional activation domain of recombinant 43-kilodalton USF. Mol.
Cell. Biol. 12:5094-5101.

Lin, Y.-S., and M. R. Green. 1991. Mechanism of action of an acidic tran-
scriptional activator in vitro. Cell 64:971-981.

Luo, Y., and R. G. Roeder. 1995. Cloning, functional characterization, and
mechanism of action of the B-cell-specific transcriptional coactivator
OCA-B. Mol. Cell. Biol. 15:4115-4124.

Mack, D. H,, J. Vartikar, J. M. Pipas, and L. A. Laimins. 1993. Specific
repression of TATA-mediated but not initiator-mediated transcription by
wild-type p53. Nature (London) 363:281-283.

Mangelsdorf, D. J., K. Umesono, S. A. Kliewer, U. Borgmeyer, E. S. Ong, and
R. M. Evans. 1991. A direct repeat in the cellular retinol-binding protein
type II gene confers differential regulation by RXR and RAR. Cell 66:555—
561.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, N.Y.

Meisterernst, M., A. L. Roy, H. M. Lieu, and R. G. Roeder. 1991. Activation

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44,

TRa NEGATIVELY TARGETS TBP 287

of class II gene transcription by regulatory factors is potentiated by a novel
activity. Cell 66:981-993.

Ohkuma, Y., M. Horikoshi, R. G. Roeder, and C. Desplan. 1990. Engrailed,
a homeodomain protein, can repress in vitro transcription by competition
with the TATA-box binding protein transcription factor TFIID. Proc. Natl.
Acad. Sci. USA 87:2288-2293.

Ohkuma, Y., H. Sumimoto, A. Hoffmann, S. Shi ki, M. Horikoshi, and
R. G. Roeder. 1991. Structural motifs and potential o homologies in the large
subunit of human general transcription factor TFIIE. Nature (London)
354:398-401.

Ptashne, M., and A. A. Gann. 1990. Activators and targets. Nature (London)
346:329-331.

Roeder, R. G. 1991. The complexities of eukaryotic transcription initiation:
regulation of preinitiation complex assembly. Trends Biochem. Sci. 16:402—
408.

Sap, J., A. Muiioz, J. Schmitt, H. Stunnenberg, and B. Vennstrom. 1989.
Repression of transcription mediated at a thyroid hormone response ele-
ment by the v-erb-A oncogene product. Nature (London) 340:242-244.
Seto, E., A. Usheva, G. P. Zambetti, J. Momand, N. Horikoshi, R. Wein-
mann, A. J. Levine, and T. Shenk. 1992. Wild-type p53 binds to the TATA-
binding protein and represses transcription. Proc. Natl. Acad. Sci. USA
89:12028-12032.

Studier, F. W., A. H. Rosenberg, J. J. Dunn, and J. W. Dubendorff. 1990. Use
of T7 RNA polymerase to direct expression of cloned genes. Methods En-
zymol. 185:60-89.

Tanese, N., B. F. Pugh, and R. Tjian. 1991. Coactivators for a proline
activator purified from the multisubunit TFIID complex. Genes Dev.
5:2212-2224.

Thompson, N. E., D. B. Aronson, and R. R. Burgess. 1990. Purification of
eukaryotic RNA polymerase II by immunoaffinity chromatography. J. Biol.
Chem. 265:7069-7077.

Tong, G.-X., M. R. Tanen, and M. K. Bagchi. 1995. Ligand modulates the
interaction of thyroid hormone receptor B with the basal transcription ma-
chinery. J. Biol. Chem. 270:10601-10611.

Wang, B. Q., C. F. Kostrub, A. Finkelstein, and Z. F. Burton. 1993. Produc-
tion of human RAP30 and RAP74 in bacterial cells. Protein Expression
Purif. 4:207-214.

Yen, P. M., and W. W. Chin. 1994. New advances in understanding the
molecular mechanisms of thyroid hormone action. Trends Endocrinol.
Metab. 5:65-72.

Zawel, L., and D. Reinberg. 1992. Advances in RNA polymerase II tran-
scription. Curr. Opin. Cell Biol. 4:488-495.

Zhou, Q., P. M. Lieberman, T. G. Boyer, and A. J. Berk. 1992. Holo-TFIID
supports transcriptional stimulation by diverse activators and from a TATA-
less promoter. Genes Dev. 6:1964-1974.




