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ABSTRACT The human thyroid hormone receptor 1
(hTR8) is capable of both ranscriptional silencing and hor-
mone-dependent activation. However, the detailed mechanism
of this tanscriptional regulation remains to be elucidated. One
possibflity is that hTRf3 Interacts dlrectiy with factors of the
basal transcriptional machinery, thereby modulating basal
promoter activity in a direct manner, as has been shown for
other tanscription factors. Here, we show that hTR13 interacts
specificaily with the human basal transcription factor TFIIB.
Deletion analysis revealed two contact sites in the receptor: one
is located in the N terminus, while the other is part of the
ilgand-binding domain (LBD) and is located at the C terminus.
Interestingly, each receptor contact site interacts with different
sites in TFIIB. Cotransfection experiments revealed that, when
fused to the DNA-binding domain of yeast transcription factor
GAL4, the C-termnal interaction site of hTR13 was hnscrip-
tionally inactive; however, when it was cotransfected with the
remining part of the LBD on a separate molecule, sUencing
function was restored. In agreement with that, we show that
thyroid hormone is able to sgniflcantiy decrease the interaction
of Its receptor LBD with TFII. Our data suggest that hTR1
acts as a transcriptional silencer by interacting with TFIIB and
that thyroid hormone may act in part by preventing tascrip-
tional repression at this level.

TFIIB is a basal transcription factor associated with tran-
scription factor TFIID in the transcription initiation complex
and is required for transcription ofgenes byRNA polymerase
II. Association of TFIIB with the initiation complex was
shown to be the rate-limiting step in gene transcription
enhanced by acidic transcriptional activators (1, 2), and
TFIIB is known to bind directly to the VP16 acidic activation
domain (3). Recently, an interaction between Drosophila
TFIIB and the glutamine-rich activation domain of the fushi
tarazu (ftz) gene product was demonstrated in Drosophila
cells (4), suggesting that TFIIB is a target for transcriptional
activators.
The mechanism of transcriptional regulation by steroid/

thyroid hormone receptors is largely unknown. Studies from
our laboratory with a partially purified fraction containing
transcription factor COUP-TF revealed that a cofactor was
needed for target gene activation. Subsequently this cofactor
was cloned and shown to be TFIIB (5). Cloned COUP-TF I,
an orphan receptor and member of the nuclear hormone
receptor superfamily, was shown to directly interact with
TFIIB. However, transfection experiments showed that
COUP-TF I has a transcriptional silencing function similar to
that of the human thyroid hormone receptor ,B(hTRI3) (6). To

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

extend these studies and to analyze the role of hormone in
interactions of receptor with basal transcription factors, we
have used the well-characterized hTR,3. This receptor is
localized in the nucleus and binds to DNA in a hormone-
independent manner. The receptor is known to silence tran-
scription in the absence of hormone as well as to possess a
hormone-dependent activation function (7). Both functions
are localized in the C-terminal part of the receptor.

In this study, we present evidence that hTRP interacts
specifically with human TFIIB. Two parts ofthe receptor are
involved, which bind preferentially to different regions of
TFIIB. Cotransfection experiments with parts of the ligand-
binding domain (LBD) indicate that both parts ofthe LBD are
required for the silencing function. One of these binds to
TFIIB, indicating that TFIIB might be involved in the silenc-
ing process. This is supported by the finding that thyroid
hormone, which converts the receptor from a silencer to an
enhancer, significantly decreases the interaction of the LBD
with TFIIB. These data suggest that binding of hTR,B to
TFIIB could represent a mechanism for transcriptional si-
lencing and that this interaction can be reversed by ligand.

MATERIALS AND METHODS
Plasmid Construction. For efficient in vitro transcription/

translation, the full-length cDNAs for chicken ,B-actin, hTRP
(peA101) (8), and deletion mutants ofhTR,8were cloned in the
vector pT7I3Sal (9). The cDNA for human TFIIB and its
deletion mutants were cloned in-frame with the glutathione-
S-transferase (GST)-encoding sequences of the vector
pGEX2T (Pharmacia) with a modified multiple cloning site.
The expression plasmids pABGAL-TR168-259 andpABGAL-
TR260-456 were constructed by insertion oftheXma I-Hindll
or Hindll-HindIII fragment, respectively, from pABGAL-
hTR,B (7) into the vector pABGAL (10) digested with Xma
I-Pvu II or Pvu II-HindIII.

Transfection Experiments. Cell culture and transfection
procedures were described previously (7). In general, trans-
fections were performed using Polybrene (50 pg), the re-
porter plasmid pl7mer 4x tkCAT (10), which contains four
copies of the binding site for the yeast transcription factor
GAL4 (5 jug), and the expression plasmid (2 ug).

Protein-Protein Interactions. Protein-protein interactions
were assayed as described (5, 11) with modifications that will
be described elsewhere (C. Baniahmad, A.B., M.-J.T. and
B.W.O., unpublished work).

Abbreviations: hTR,8, human thyroid hormone receptor,; LBD,
ligand-binding domain; DBD, DNA-binding domain; GST, glu-
tathione S-transferase; hsp, heat shock protein; tk, thymidine kinase;
CAT, chloramphemcol acetyltransferase.
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RESULTS
hTRI3 Interacts Specificafly with Human TFHB. To dem-

onstrate specific binding of hTR/3 to TFIIB, several proteins
such as f3-galactosidase, human heat shock protein 90
(hsp90), hTR(8, and (-actin were synthesized by translation
in vitro and labeled with [35S]methionine. A mixture of these
proteins was incubated with GST or with GST-TFIIB fusion
protein, which were expressed in Escherichia coli and im-
mobilized on glutathione coupled to beads. After several
stringent washings only hTR,B was retained specifically on
the GST-TFIIB beads (Fig. 1A), whereas GST alone was
unable to retain the receptor. Similar results were obtained
with GST-TFIIB protein obtained from a different source, the
baculovirus expression system (data not shown). Another set
of in vitro labeled proteins, including the transcription factor
Spl and the human heat shock protein 70 (hsp70), were used
for additional interaction studies (Fig. 1B). Failure to bind to
Spl demonstrates that binding of hTR,B to TFIIB is not a
general phenomenon for transcription factors. Thus, hTR,B is
able to bind to TFIIB in a relatively specific manner.
Two Domains of the Receptor Interact with Different Re-

gions of hTFIIB. To localize the domain(s) of interaction
within the receptor, various nonoverlapping fragments of
hTRf3 were generated by selective restriction endonuclease
digestion and in vitro translation. As shown in Fig. 2, both the
N- and the C-terminal parts of the receptor are able to bind
specifically to E. coli-expressed TFIIB. The N-terminal part
is composed of the entire N terminus and the DNA-binding
domain (DBD). Binding was still observed after an additional
18 aa had been deleted from the C terminus of this mutant (aa
1-163, Fig. 3B). Further deletion from the C terminus de-
creased the extent of interaction, but the N-terminal 100 aa
were still able to bind to TFIIB (data not shown), suggesting
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FIG. 2. Two regions ofhTRf interact with TFIIB. Three different
regions of hTR,B were labeled by in vitro translation and incubated
with E. coli-expressed GST or GST-TFIIB bound to beads. The
numbers indicate amino acid end-points of the truncated receptor.
Bound proteins were analyzed by SDS/PAGE as in Fig. 1.

that both the first zinc finger and the N-terminal receptor
sequences are required for binding to TFIIB. The second part
of the receptor which binds to TFIIB is located in the distal
half of the LBD (aa 260-456; Fig. 2). Similar results were
seen when baculovirus-expressed GST-TFIIB was used (data
not shown). The central part of the receptor containing the
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FIG. 1. Specific interaction of hTR, with E. coli-expressed
TFIIB. (A) A mixture of various in vitro translated and labeled
proteins was added to GST or GST-TFIIB immobilized on beads.
After stringent washing steps the bound proteins were analyzed by
SDS/PAGE and visualized by fluorography. (B) A different combi-
nation of in vitro translated and labeled proteins was analyzed for
interaction with E. coli-expressed GST-TFIIB. Compared with A,
5-fold more GST-TFIIB protein was used.
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FIG. 3. The N- and C-terminal parts of hTRfi interact differen-
tially with TFIIB. (A) Schematic representation of TFIIB and its
deletion mutants. The arrows symbolize direct repeats in the TFIIB
protein. (B) Interaction of the N-terminal part (aa 1-163) of hTR.8
with TFIIB in-frame deletion mutants. 3-Actin was used as a
negative control. (C) Interaction of the C-terminal part of the LBD
(aa 260-456) of hTRP with TFIIB in-frame deletion mutants.
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hinge region and the proximal part of the LBD (aa 168-259)
does not interact with TFIIB.
To localize the regions of TFIIB that are important for

interaction with hTRB, several in-frame deletion mutants
(Fig. 3A) were tested in a similar approach. Each of the
GST-TFIIB deletion mutants was expressed in E. coli, and
similar amounts were bound to the glutathione-Sepharose
beads (data not shown). As shown in Fig. 3B, interaction with
the N-terminal receptor part was not affected by deletion of
the N terminus of TFIIB [TFIIB mutants: dNl (A4-24), dN3
(M4-85), and Al (A45-123)]. However, interaction with the
receptor was greatly decreased in strength with the C-termi-
nal deletion mutants [A2 (A118-174), A3 (A178-201), al
(A202-269), and dC3 (A238-316)]. These deletion mutants
lacked the direct repeats ofTFIIB (12). In contrast, the distal
part of the LBD interacted strongly with deletion mutants of
the C terminus of TFIIB, but binding to TFIIB with N-ter-
minal deletions was significantly impaired (Fig. 3C). Thus,
two parts of hTRP, one located in the N terminus and the
other in the C terminus of the LBD, interact with different
parts of TFIIB.

Silencing Can Be Observed with Two Half-Sites of the
hTRP-LBD Expressed as Separate Proteins. To analyze the
functional properties ofthe receptor fragments which interact
with TFIIB, we generated GAL4-TR fusion proteins. The
GALA DBD (aa 1-147) contains a dimerization domain and a
nuclear localization signal and binds specifically to the 17-
mer binding site (13, 14), allowing the analysis of truncated
receptor fragments. Cotransfection experiments with a re-
porter containing four copies of the 17-mer sequences in front
of a thymidine kinase (tk) promoter-chloramphenicol acetyl-
transferase (CAT) fusion were performed in L cells. As seen
in Fig. 4, in which the obtained data are presented as "fold
repression," the GAL4 DBD did not change the promoter
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FIG. 4. Silencing is restored by a combined cotransfection of the
C- and N-terminal parts of the LBD. Expression plasmids encoding
receptor fusions to the GAL4 DBD were cotransfected into L cells
with a reporter containing four copies of the GAL4 binding site
(17-mer) and the tk-CAT fusion. Basal promoter activity (3.2%
conversion ofchloramphenicol to acetylated forms or 5000 cpm) was
set as 1.00. Fold repression of promoter activity (e.g., 10-fold
repression corresponds to production of 500 cpm of acetylated
chloramphenicol) is shown in bar graph form with the corresponding
standard deviations. The total amounts of expression plasmids used
are indicated. Equal amounts of the expression vectors GAL-TR168-
259 and GAL-TR260-456 were added. Thyroid hormone (T3) was 0.1
.M when present. Agal represents an empty expression vector (9).

activity by itselfcompared with the control expression vector
Agal (10). Fusion of the entire C terminus (aa 168-456) to
GAL4 leads to a hormonally regulated protein with transcrip-
tional properties similar to those of the full-length receptor.
Addition of thyroid hormone led to activation, while in the
absence ofligand the protein repressed promoter activity due
to its silencing function, as was shown previously (7).
To define subdomains ofthe LBD, the entire C terminus of

hTR,B was divided into two halves (aa 168-259 and aa
260-456), which were fused separately to the GAL4DBDand
cotransfected independently or in a combination into L cells.
These GAL4 fusion proteins did not modulate promoter
activity significantly by themselves (Fig. 4), either in the
absence or in the presence ofthyroid hormone. Similarly, the
GAL-TR1-181 fusion had no significant effect on promoter
activity (data not shown). However, a combination ofthe two
GAL4fusions-GAL-TR168-259, which did not interact with
TFIIB (Fig. 2), and GAL-TR260-456, which did interact-
restored silencing function. Addition ofthyroid hormone had
no effect on this combination (Fig. 4). Cotransfection of an
expression vector encoding TFIIB did not show an effect on
the activities specific for hTR/3. Various other combinations,
including GAL-TR1-181, did not affect promoter activity
either (data not shown).
Thus, silencing can be achieved by dividing the hTR,8 C

terminus into two subdomains and expressing them together
but as different molecules. This suggests that at least two
different targets, each interacting with one subdomain, are
required to mediate silencing. Since one of the subdomains
interacts with TFIIB, this fmding indicates that TFIIB may
be involved in transcriptional silencing.
The Strength of Interaction with TFIIB Is Decreased by

Thyroid Hormone. Since the distal part of the LBD interacts
with TFIIB and is involved in silencing, we considered the
possibility that binding of hormone to the LBD would inter-
fere with TFIIB interaction. Therefore, the entire C terminus,
including the LBD and the hinge region of hTR,B (aa 168-
456), was translated and tested for interaction with TFIIB.
Similarpreferences in binding to the TFIIB mutants observed
with TR260-456 (Fig. 3C) apply to the entire C terminus (aa
168-456; data not shown). The in vitro translated C terminus
was then treated with increasing concentrations of hormone.
As shown in Fig. SA, at 10-8 M thyroid hormone binding to
TFIIB was affected and at a concentration of 10-7 M, binding
was markedly decreased. The dose dependence of this effect
is similar to that for reporter activation in cotransfection
experiments (data not shown). As controls, a similar mole-
cule, L-tyrosine, or retinoic acid did not affect binding, at
levels as high as 10-6 M. Similarly, binding of the N terminus
of hTR.B (aa 1-163) to TFIIB was not affected by thyroid
hormone (Fig. 5B). After hormone treatment receptor levels
were checked and did not show any significant degradation.
Furthermore, we have not observed any influence on the
interaction with TFIIB by the presence ofretinoidX receptor
l3 and/or the hTRPbinding site DR4 (data not shown). Thus,
our results show that thyroid hormone decreases the extent
of interaction of the C-terminal part of the receptor with
TFIIB.

DISCUSSION
We previously demonstrated that hTR,B represses the basal
activity of different minimal promoters containing upstream
response elements, due to its silencing function, and activates
them in the presence ofhormone (7). This suggests that other
promoter factors are not required and that the target for
regulation by hTR,B is basal promoter factors. Here, we show
that hTRI3 interacts highly specifically with the basal tran-
scription factor TFIIB in vitro. Our data suggest that not all
transcription factors interact directly with TFIIB, since bind-
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FiG. 5. Thyroid hormone decreases the efficiency of binding of
the LBD to TFIIB. (A) The complete C terminus of hTR,B (aa
168-456) was translated and labeled in vitro. Thyroid hormone
(L-T3) at the indicated molar concentrations was incubated with
LBD for 20 min at room temperature prior to addition to immobilized
TFHIB. Controls contained L-tyrosine (L-Tyr) or retinoic acid (RA).
(B) The N-terminal sequence of hTR,B (aa 1-163) and the C-terminal
sequence (aa 168-456) were incubated with 10-6M thyroid hormone
(3), where indicated, prior to incubation with TFIIB.

ing of Spl to TFIIB was not observed. This finding is also in
agreement with the observation that promoter activation by
Spl requires TATA-binding protein-associated factors
(TAFs) (15).

It is important that the functional significance of the
interactions with TFIIB is elucidated by correlation with the
transcriptional properties of the receptor. Both the silencing
and activation functions of hTR( are localized in the C
terminus, aa 168-456. No transcriptional function has yet
been ascribed to the N terminus, but this region has been
shown to contain activation function in many other receptors
(16). Two parts of hTRf3 bind specifically to different regions
of TFIIB. The C-terminal part of the LBD interacts prefer-
entially with the N-terminal region of TFIIB. In contrast to
this, the N-terminal interaction site ofthe receptor recognizes
the C-terminal part of TFIIB, which contains the direct
repeats and a putative basic amphipathic a-helix. Interest-
ingly, the herpes simplex viral protein VP16 interacts with a
similar region of TFIIB (17) as does the N terminus of hTR3,
with the exception that the TFIIB mutant Al (A45-123) is
interacting with the N terminus of hTR,B but not with VP16.
Two point mutants of TFIIB (185/193 and 189/200) were
generated, which were unable to bind to VP16. They had little
effect on basal transcription but were fully impaired in
mediating activation by VP16 (17), suggesting that the puta-
tive basic amphipathic a-helix plays an important role in
supporting transcription from acidic activators. Recent work
with the activation domain of ftz suggests that interaction
with TFIIB requires the presence of a putative zinc finger in
its N terminus (aa 14-35) (4). Therefore, the interaction sites
with TFIIB seem to be distinct from those of the VP16
activation domain, suggesting that different transcription
factors may activate gene expression through distinct inter-
action sites of TFIIB.
A conformational change also has been proposed for TFIIB

function (4). Conformational changes induced by differential
interactions could lead to distinct transcriptional properties
of TFIIB. Therefore, it is possible that the C terminus of
hTRI3 imposes a different function on TFIIB activity than its
N terminus, which might indicate that TFIIB is composed of
at least two different domains. We decided to focus on the C

terminus of the hTR. and found that the receptor fusion
GAL-TR168-259, which did not interact with TFIIB, was
transcriptionally inactive by itself. However, when it was
cotransfected with the GAL-receptor fusion (aa 260-456),
which did interact with TFIIB, strong silencing activity was
restored. This suggests that the LBD of hTR(3 exerts its
silencing function through interaction with TFIIB. In agree-
ment with this, we demonstrated a significant decrease in
binding of the LBD to TFIIB upon addition of thyroid
hormone. This decrease is probably due to a conformational
change in the LBD (22). A possible mechanism for this effect
is that in the absence of ligand, hTR,B stabilizes an inactive
form ofTFIIB in the initiation complex and precludes TFIIB
from association with other basal transcription factors. Since
the basal transcription factor RAP 30 (TFIIF 30-kDa subunit)
is also interacting with the N terminus of TFIIB (23), hTR(3
could interfere with that binding and lead to the repression of
promoter activity. Hormone blocks the interaction and con-
sequently relieves repression from TFIIB, which is then
accessible for activation function by the receptor. We pro-
pose that TFIIB is involved not only in mediating activation,
but, depending on the nature of its interaction site with
regulatory transcription factors, also in mediating other sig-
nals, such as silencing.
The detailed role of hormone in receptor activation is

largely unknown. A likely mechanism involves relief of
inherent repressor function from steroid/thyroid receptors.
Different types of repressors may exist. A receptor could
have an intrinsic repression function, inhibiting its own
activation domains, which is relieved by addition of hormone
(18). Also, the cell specificity of the N-terminal activation
domain of receptors (16) could be controlled by repressors
expressed in a cell-specific manner. Thus, the relief of
repressors may represent a general mechanism for steroid/
thyroid hormone receptors in gene activation.

It is a distinct possibility that interaction of the receptor
with TFIIB is not sufficient to mediate transcriptional regu-
lation. Other basal transcription factors or additional pro-
teins, such as coactivators (bridging factors, mediators), also
may be needed for full function. An example of such an
interaction with both basal transcription factors and coacti-
vators is given by the viral protein VP16. VP16 interacts with
basal transcription factors such as TFIIB (3) and TATA-
binding protein (TBP) (19). VP16 point mutants which were
deficient for activation were also deficient in binding to
TFIIB (3) and TBP (20). In addition, there is evidence for the
involvement of coactivators in its transcriptional activation
function (21). Similarly, a bridging factor could exist for
silencing. The role of the aa 168-259 region of hTR,B in
silencing is not yet clear. It could serve as a binding site for
a regulatory or bridging factor, which together with TFIIB
mediates the silencing function. Taken together, our data
suggest that a possible mechanism for transcriptional silenc-
ing by hTRP involves interaction with TFIIB. Furthermore,
it seems reasonable that thyroid hormone stimulation of gene
expression works in part by releasing the basal transcription
apparatus from repression.
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