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Surfaces of human TATA box-binding protein (hsTBP) required for activated transcription in vivo were
defined by constructing a library of surface residue substitution mutations and assaying them for their ability
to support activated transcription in transient-transfection assays. In earlier work, three regions were iden-
tified where mutations inhibited activated transcription without interfering with TATA box DNA binding. One
region is on the upstream surface of the N-terminal TBP repeat with respect to the direction of transcription
and corresponds to the TBP surface that interacts with TFIIA. A second region on the stirrup of the C-terminal
TBP repeat corresponds to the TFIIB-binding surface. Here we report that the third region where mutations
inhibit activated transcription in mammalian cells, the convex surface of the N-terminal repeat, corresponds
to a surface on TBP that interacts with hsTAF1, the major scaffold subunit of TFIID. Since mutations at the
center of the hsTAF1-interacting region inhibit the ability of the protein to support activated transcription in
vivo, these results are consistent with the conclusion that an interaction between hsTBP and TAFIIs is required
for activated transcription in mammalian cells.

Transcription of protein-coding genes by RNA polymerase
II (Pol II) requires general transcription factors TFIIA, -B, -D,
-E, -F, and -H in addition to the polymerase (54). TFIID is a
multisubunit factor that includes the TATA box-binding sub-
unit (TBP) and TBP-associated factors (TAFIIs). TBP is suf-
ficient for in vitro basal transcription from a promoter with a
high-affinity TATA box, but TAFIIs are required for in vitro
transcription from promoters lacking a TATA box (69), where
they bind to initiator (11) and downstream promoter elements
(9). Initial studies indicated that TAFIIs were required for
activator proteins to stimulate transcription in in vitro reac-
tions (12, 31, 53). However, another early report (25) as well as
several more recent studies have shown that TBP alone can
support activated transcription in vitro (28, 32, 46, 73).

The question of whether TAFIIs are generally required for
activated transcription in vivo has been controversial. Initial
studies with Saccharomyces cerevisiae utilizing engineered de-
pletion (42) or temperature inactivation of TAF temperature-
sensitive mutants (70) argued that TAFIIs were not generally
required for Pol II transcription in vivo or for activation by
most activators. However, subsequent studies indicated that S.
cerevisiae TAF6 (scTAF6) and scTAF12 (40, 44), scTAF9 (2,
40, 43), and scTAF10 (57) are in fact required for most, if not
all, Pol II transcription in yeast. (Pol II TAFs are named
according to reference 66a.) The interpretation of these exper-
iments was complicated by the finding that many of the yeast
TAFIIs are also subunits of the SAGA histone acetylase com-
plex (19), just as many of the mammalian TAFIIs are subunits
of the P/CAF histone acetylase complex (47). Consequently,
the phenotypes of these TAF mutants could be due to defects

in both TFIID and SAGA complexes. However, studies with
scTAF11 temperature-sensitive mutants, which were free of
this complication since scTAF11 is not associated with the
SAGA complex, indicated that it is also generally required for
Pol II transcription in vivo (33).

Further support for the model that transcription from most
yeast promoters does not require TAFIIs came from chromatin
immunoprecipitation experiments. They indicated that yeast
TAFIIs are underrepresented at promoters that show resis-
tance to TAFII depletion compared to promoters where
TAFIIs are required (34, 35).

The requirement for TAFIIs in activated transcription in
vivo in mammalian cells has not been addressed. The biochem-
istry of TBP in mammalian cells is quite different from that in
yeast cells. Whereas TBP in yeast extracts is largely monomeric
(7), free TBP is not observed in extracts of mammalian cells
(63, 66, 75). In HeLa cell extracts, TBP is tightly associated
with other polypeptides in TFIID as well as with the Pol I
factor SL1 (TFID/TIF-IB), with the Pol III factor TFIIIB (re-
viewed in reference 21), or in complex with human BTAF1
(hsBTAF1), a homolog of yeast Mot1 (13, 67). Consequently,
whereas yeast TBP might associate with some promoters in the
absence of TAFIIs (34, 35), this seems unlikely in mammalian
cells.

In an earlier study, we generated a large set of human TBP
mutants with single amino acid substitutions of surface resi-
dues. These mutants were analyzed for their ability to support
activated transcription in vivo in a transient-transfection assay
(5) and for their ability to bind TFIIA and TFIIB in gel shift
assays. Mutations in three discrete regions on the surface of
TBP inhibited the ability of the protein to support activated
transcription. One of these corresponded to the region that
was found to interact with TFIIA, and one corresponded to the
region that interacts with TFIIB. Mutations in a third region
on the convex surface of the N-terminal repeat of hsTBP
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(referred to here as the top of the hsTBP N-terminal repeat)
also strongly inhibited activated transcription in vivo, although
they had no effect on basal transcription in vitro. This region
did not correspond to the binding site for any known factor.

In this study, we analyzed the ability of this set of hsTBP
mutants to bind full-length hsTAF1 in vitro. hsTAF1 is the
largest hsTAFII and makes the principal contact between
hsTBP and hsTAFIIs in TFIID (61, 75). The Drosophila ho-
molog of hsTAF1, dmTAF1, is required for the assembly of
partial TFIID complexes in vitro (12). Similarly, partial human
TFIID complexes can be assembled by using hsTBP, hsTAF1
and additional hsTAFIIs (20). Consequently hsTAF1 appears
to be a major scaffold with which TBP and other TAFIIs in-
teract in the assembly of TFIID. Our results indicate that the
top of the N-terminal hsTBP repeat corresponds to a principal
hsTAF1 binding site. Together with an earlier study (5), these
results imply that an interaction between hsTBP and hsTAF1
is required for activated transcription in vivo in mammalian
cells.

MATERIALS AND METHODS

hsTAF1 binding assay. Wild-type and mutant hsTBPs were transcribed and
translated in vitro (TNT coupled reticulocyte lysate system; Promega) and la-
beled with Tran35S-label (ICN; 20 �Ci/25-�l reaction mixture). In vitro tran-
scription-translation reaction mixtures (25 �l) were diluted to 175 �l in D buffer
(20 mM HEPES [pH 7.9], 20% glycerol, 0.2 mM EDTA, 5 mM �-mercaptoetha-
nol, 0.5 mM phenylmethylsulfonyl fluoride, 0.1% NP-40) containing 0.15 M KCl
and incubated with 25 �l of protein G-Sepharose beads for 1 h at room tem-
perature. After 10 s of centrifugation at 14,000 rpm in an Eppendorf microcen-
trifuge, the precleared supernatant was removed, and 25 �l was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
PhosphorImager analysis (Molecular Dynamics) of the dried gel. Volumes of
hemagglutinin (HA)-tagged mutant TBP approximately equal in counts to 25 �l
of wild-type TBP or human TBP with an m3 triple mutation (hm3TBP; see
below) were mixed and diluted to a total volume of 225 �l with 0.15 M KCl D
buffer plus 0.2% NP-40. A 25-�l portion of hsTAF1 matrix was added, and the
suspension was incubated with constant mixing overnight at 4°C (�16 h). After
centrifugation for 10 s at 15,000 � g, the supernatant was aspirated, and the
beads were washed twice with 250 �l of 1.0 M KCl D buffer and twice with 250
�l of 0.15 M D buffer. Bound proteins were eluted in Laemmli sample buffer and
subjected to SDS-PAGE, followed by PhosphorImager analyses (Molecular Dy-
namics) of the dried SDS gels.

Preparation of the hsTAF1 matrix. Recombinant full-length HA-tagged
hsTAF1 was expressed in Hi5 cells (Invitrogen) with the recombinant baculovi-
rus (pbHAX-TAFII250) described previously (55). Cells were infected at a mul-
tiplicity of infection of 10 and harvested 48 h postinfection, and nuclear extract
was prepared (15). A 25-�l portion of protein G-Sepharose (Pharmacia) was
loaded with 25 �g of anti-hsTAF1 monoclonal antibody (anti-TAFII250 mono-
clonal antibody; catalog no. sc-735 [Santa Cruz]) by incubation in 25 �l of 0.5�
phosphate-buffered saline for 1.5 h at room temperature. After centrifugation for
10 s at 15,000 � g, the supernatant was removed and the beads were washed
three times with 250 �l of phosphate-buffered saline. A 25-�l portion of nuclear
extract was incubated with 25 �l of protein G-Sepharose loaded with anti-
hsTAF1 antibody for 2 h at room temperature, the beads were centrifuged, the
supernatant was removed, and the beads were washed three times with 250 �l of
0.15 M KCl D buffer plus 50 �g of benzamidine per ml, 1 �g of pepstatin A per
ml, and 1 �g of leupeptin per ml.

Binding to GST-hsTAF1(1172–1344). A fusion of glutathione S-transferase
(GST) to hsTAF1 residues 1172 to 1344 was prepared by PCR amplification of
the corresponding coding region of an hsTAF1 cDNA (55) and cloning between
the EcoRI and XhoI sites of pGEX-5X-1 (Pharmacia) to generate pGEX 5X-
hsTAF1-1172–1344. The fusion protein was expressed in Escherichia coli strain
BL21 and purified on glutathione Sepharose according to Pharmacia procedures.
GST was purified similarly following expression from pGEX-5X-1. Glutathione
Sepharose beads (25 �l) containing prebound GST-hsTAF1(1172–1344) or GST
were incubated with equal counts of 35S-labeled epitope-tagged mutant hm3TBP
and hm3TBP as described above for the hsTAF1 binding assay, except that all
washes were in 0.15 M KCl D buffer plus 0.2% NP-40, unless otherwise noted.

Purification of TFIIA. The TFIIA �� and � subunits were expressed in E. coli
BL21 from plasmids pQIIA-�� and pQIIA-�, respectively, and purified by Ni-
nitrilotriacetic acid (NTA)-agarose (Qiagen) chromatography as described pre-
viously (49). Equimolar amounts of the �� and � subunits in Ni-NTA elution
buffer B (8 M urea, 0.1 M sodium phosphate, 0.01 M Tris-HCl [pH 8.0])
containing 200 mM imidazole were diluted to 0.1 mg/ml in the same buffer and
dialyzed sequentially against 8, 2, 1, 0.5, and 0 M urea, all in D buffer for 2 h each
at 4°C in a Slide-A-Lyzer cassette (Pierce). Following gradient dialysis, precipi-
tated protein was removed by centrifugation at 15,000 rpm for 20 min at 4°C in
a Sorvall SA-600 rotor.

In vivo analysis of mutant hsTBP function in Pol II transcription. One
microgram of hm3TBP mutant expression vector described previously (5), 1 �g
of p4xGAL c-fosTGTluc (65), 0.2 �g of pGAL4-E1A (38) or 0.02 �g of
pG4VP16 (56), and 0.02 �g of pRLTK (Promega) were transiently transfected
with Superfect reagent (Qiagen) into one well of a 24-well dish of COS cells that
had been plated at 6 � 104 cells/well the previous day. Cells were harvested 48 h
later with 100 �l of passive lysis buffer (dual luciferase assay system; Promega)
and incubated for 15 min at room temperature on a shaker. Firefly luciferase
activity was measured with a Monolight 2010 luminometer (Analytical Lumines-
cence Laboratory) with 10-s measurements with the Promega firefly luciferase
assay substrate. Renilla luciferase activity was then measured with the Promega
Renilla luciferase assay substrate for 10 s. Firefly luciferase assays were normal-
ized by dividing firefly luciferase units by Renilla luciferase units. The background
control was from a transfection in which the TBP expression vector was replaced
by the same vector expressing an inactive, truncated form of hm3 (deleted at the
StuI site to produce hm3TBP terminated after amino acid residue 271, 22
residues into the second TBP repeat). Reported units are normalized firefly
luciferase units minus background as a percentage of the activity observed with
hm3TBP.

RESULTS

Binding of hsTBP mutants to hsTAF1. Human TBP (hsTBP)
mutants that had been studied earlier for their interactions
with TFIIA and TFIIB in vitro and their activities for in vitro
basal and in vivo activated transcription (5) were assayed for
their interaction with hsTAF1. These mutations were each
constructed in the background of the m3 triple mutation in
residues on the concave DNA-binding surface of the hsTBP
saddle. The m3 mutations allow the protein (hm3TBP) to bind
to a TGTAAA variant TATA box to which wild-type TBP
cannot bind (60). The use of the m3 background allowed the
additional mutations constructed on the convex surface of
hm3TBP to be assayed for their influence on in vivo transcrip-
tion by using reporter genes with TGTAAA boxes. These re-
porters are poorly transcribed by the endogenous wild-type
TBP but are responsive to hm3TBP (26, 60, 65).

N-terminal peptides from the Drosophila and S. cerevisiae
homologs of hsTAF1, dmTAF1 and scTAF1, respectively, bind
to the concave DNA binding surface of scTBP (30, 37, 48).
Therefore, we analyzed whether the m3 mutations engineered
into the concave surface of human TBP (hm3TBP) influenced
the binding of hsTBP to full-length hsTAF1. An hsTAF1 af-
finity matrix was constructed by expressing full-length hsTAF1
from a baculovirus vector in insect cells (55) and binding the
protein to anti-hsTAF1 monoclonal antibody bound to protein
G Sepharose (Fig. 1A). Both 35S-labeled epitope-tagged wild-
type hsTBP and untagged hm3TBP were incubated with the
hsTAF1 matrix, washed with a buffer containing 1 M KCl,
eluted, and analyzed by PAGE (Fig. 1B). Since the lower-
mobility epitope-tagged hsTBP could be distinguished from
the hm3TBP lacking an epitope tag, the binding of the two
proteins to hsTAF1 could be directly compared in the same
reaction. The hm3TBP mutant bound to hsTAF1 at least as
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well as wild-type hsTBP, demonstrating that the m3 mutations
do not affect hsTAF1 binding.

Seventy-five hsTBP mutants in the m3 background (5) were
assayed for binding to the hsTAF1 matrix as described above.
Each of these mutants binds to TATA box DNA in vitro and
thus is correctly folded (5). Mutants Q242R and K243E were
also constructed on the hm3TBP background and analyzed.
Fifteen of the hm3TBP mutations bound hsTAF1 less than
50% as well as hm3TBP (Fig. 2; Table 1). Ten of the residues
where mutations reduce hsTAF1 binding cluster into a contin-
uous region on the top of the hsTBP saddle within the N-
terminal repeat (Fig. 3A). The remaining inhibitory mutations
map to the upstream surface (relative to the transcription start
site (23, 27, 45) of the N-terminal repeat (Fig. 3B). We infer
that these residues delineate the surface of hsTBP that inter-
acts with hsTAF1.

A subdomain of hsTAF1 containing an HMG box-like region
interacts with hsTBP. The hsTAF1-interacting region de-
scribed above was also found to constitute a large portion of
the hsTBP binding site for BRF, the Pol III TAF that makes
the principal TAFIII-TBP interaction in TFIIIB (59) (Fig. 3).

This interaction is through a C-terminal domain of BRF (59)
that includes an HMG box-related sequence (71). An HMG
box-related sequence was also identified within the C-terminal
half of hsTAF1 (58). The HMG-like regions are the only re-
gions in hsTAF1 and BRF that appear to be even distantly
related in sequence, even though these two proteins interact
with a similar surface of TBP. These considerations suggested
to us that hsTAF1 and BRF might bind to the top of the
N-terminal hsTBP repeat through structurally similar domains
that include their respective HMG-like regions. To test this
hypothesis, we analyzed the binding of hm3TBP to hsTAF1
residues 1172 to 1344, which includes the HMG-like region
(Fig. 4A). In a binding reaction with both untagged and
epitope-tagged hm3TBP, equivalent and substantial binding of
both was observed (Fig. 4B). When complexes formed in 0.15
M KCl were exhaustively washed with increasing salt concen-
trations, approximately half of the hm3TBP washed off the
matrix at 0.3 M KCl. Thus, the GST-hsTAF1(1172–1344)-
hsTBP interaction was less stable than the interaction of
full-length hsTAF1 with hsTBP, suggesting that additional
hsTAF1-hsTBP interactions contribute to the stability of the
complex formed with the full-length TAF. Recombinant
hsTBP expressed in and purified from E. coli also bound to
GST-hsTAF1(1172–1344) (data not shown).

A triple mutant of hm3TBP (R231E, R235E, R239S) that
has severely reduced binding to BRF and support of Pol III in
vitro transcription (59) also had severely reduced binding to
full-length hsTAF1 (Table 1). We found that this mutant also
had severely reduced binding to GST-hsTAF1(1172–1344)
(Fig. 4B; Table 1). Several single point mutants of hsTBP were
also tested for binding to GST-hsTAF1(1172–1344) (Fig. 4B;
Table 1). As observed for binding to full-length hsTAF1, mu-

FIG. 1. The m3 mutations in hm3TBP do not inhibit binding to
hsTAF1. (A) Proteins eluted from the hsTAF1 matrix and the control
BP6 matrix. Anti-hsTAF1 monoclonal antibody immobilized on pro-
tein G Sepharose was incubated with nuclear extract from insect cells
infected with a hsTAF1 baculovirus expression vector (TAF1), or from
insect cells infected with the empty baculovirus vector (BP6). Proteins
from independently prepared, duplicate matrices were eluted with
SDS, resolved by SDS-PAGE, and stained with Coomassie blue. MW,
molecular weight markers (molecular weights are in thousands).
(B) The control BP6 matrix and duplicate hsTAF1 matrices were
incubated with 35S-labeled, in vitro-translated, HA epitope-tagged
wild-type hsTBP and hm3TBP in a buffer with 0.15 M KCl and then
washed with 0.15 or 1.0 M KCl buffer. Bound proteins were eluted,
resolved by SDS-PAGE, and analyzed with a PhosphorImager. Input
(In) represents 10% of the labeled proteins added to the binding
reaction mixture.

FIG. 2. Representative hsTAF1 binding reactions. Epitope-tagged
hm3TBP (WT) or the indicated hsTBP mutants (in the m3 back-
ground, marked by an asterisk) were mixed with equal amounts
(counts per minute) of untagged hm3TBP and incubated in duplicate
with a matrix containing bound hsTAF1 (T250) or the control BP6
matrix. After washing with 1 M KCl, eluted proteins were resolved by
SDS-PAGE. Input (In) represents 10% of the counts added to the
binding reactions.

2790 MARTEL ET AL. MOL. CELL. BIOL.



tation of several residues on the top of the N-terminal hsTBP
repeat inhibited binding to GST-hsTAF1(1172–1344) (Fig. 5).
However, mutations of residues on the upstream surface of the
N-terminal hsTBP repeat that inhibited binding of full-length
hsTAF1 had much less effect on binding to GST-hsTAF1
(1172–1344). These results confirm the presence of a hsTAF1-
interaction surface on the top of the hsTBP N-terminal repeat
and lead us to suggest that this region interacts with hsTAF1
residues within the region from 1172 to 1344.

TFIIA competes with hsTAF1 for binding to TBP. Some of
the mutations found to inhibit hsTAF1 binding (A184E,
N189E, N193R, and R205E) also correspond to the interface
between TFIIA and TBP in the crystal structures of TBP-
TFIIA�-TATA box complexes (18, 62). These results suggest
that hsTAF1 and TFIIA bind to overlapping regions on the
surface of hsTBP. To test this possibility, we examined whether
a high concentration of TFIIA could inhibit hm3TBP binding
to the hsTAF1 matrix. Binding of in vitro-translated hm3TBP
and epitope-tagged hm3TBP was performed in the absence

and presence of recombinant hsTFIIA at a threefold molar
excess over the hsTAF1. This high concentration of TFIIA
inhibited binding to 25% of that observed in the absence of
hsTFIIA (Fig. 6). These results indicate that the TFIIA-bind-
ing site on hsTBP does overlap with the hsTAF1-binding site,
at least in the complex between hsTBP and hsTAF1 formed in
vitro in the absence of other TAFIIs. Results consistent with
this have also been reported by Kokubo et al. (30) and Bagby
et al. (3) for N-terminal fragments of dmTAF1 and scTAF1.
However, the in vivo significance of this competition has yet to
be determined. As discussed below, TFIIA readily binds to a
TFIID-DNA complex, even though the TFIID complex con-
tains hsTAF1 (36). TFIIA did not interfere with the binding of
hsTBP to GST-hsTAF1(1172–1344) (data not shown).

Reduced in vivo stability of mutants defective in hsTAF1
binding. In earlier studies, a HeLa cell line (LTR�3) was
constructed by using a retrovirus vector that expresses an
epitope-tagged version of hsTBP, facilitating the purification
of the TFIID complex (76). To analyze the association of

TABLE 1. Binding of hsTBP mutants to the hsTAF1 matrix and to GST-hsTAF1(1172–1344)a

TBP mutant
% Binding b

TBP mutant
% Bindingb

hsTAF1 HMG hsTAF1 HMG

S156E 64 	 1.9
S157E 92 	 5.3
S158E 76 	 2.6
S159E 72 	 1.8
I161R 96 	 2.2
V162R 98 	 3.1
N173E 71 	 2.3
G175R 103 	 3.8 110 	 0.1
C176R 40 � 0.1 83 	 11
K177E 62 	 1.2
D179R 100 	 3.1
K181E 66 	 18
A184E 8 � 1.0 74 	 0.3
L185E 96 	 5.1
R186E 59 	 7.1
N189E 20 � 1.8 78 	 1.8
E191R 125 	 16
N193R 25 � 0.1 103 	 1.0
P194E 55 	 6.6
K195E 60 	 0.8
R205E 10 � 1.2 60 	 6.6
E206R 112 	 4.1
R208E 92 	 1.8
S215E 61
S216R 90 	 0.2
E227R 43 � 0.8 79 	 1.8
R231E 48 � 1.5 53 � 2.5
R231E, R235E, R239S 2 � 18 4.9 � 0.5
L232E 58 	 1.1 51 � 0.4
R235E 13 � 7.2 51 � 1.0
K236Q 16 � 7.9 45 � 1.0
R239S 27 � 9.7 58 � 3.2
V240Q 19 � 5.9 94 	 11
Q242R 22 � 1.8 107 	 3.6
K243E 39 � 7.2 51 � 0.1
L244E 25 � 0.6 78 	 13
G245E 86 	 0.1
P247E 82 	 6.1
K249E 59 	 7.1 52 � 1.4

a Boldface indicates �33% (hsTAF1) or 
60% (HMG).
b Binding of hsTBP mutants to the hsTAF1 matrix and GSt-hsTAF1(1172–1344) (HMG) was calculated as a percentage of binding of hm3TBP in the same binding

reaction. Data are means and standard deviations from 4 to 10 assays, with the exception of S215E, which was assayed once.

F250E 22 � 2.3 55 � 10
L251E 50 	 0.7 75 	 9.9
D252R 85 	 4.5
K254E 75 	 0.6
S261E 108 	 3.8
D263R 76 	 3.4
R265E 78 	 1.0
P267E 58 	 0.4
R269E 71 	 0.9
E271R 93 	 2.5
L275R 79 	 1.0
H277E 82 	 3.4
Q278E 75 	 0.3
A279E 110 	 14
F280E 97 	 3.8
S282E 77 	 4.6
E284R 95 	 1.3
E286R 84 	 1.1
L287E 74 	 1.5
K297E 64 	 1.7
R299E 116 	 9.5
F305A 86 	 6.1
V306E 90 	 4.5
S307F 58 	 0.7
K316E 88 	 2.1
V317E 66 	 2.2
R318E 133 	 11
A319R 96 	 1.7
E320R 89 	 0.0
Y322E 75 	 1.9
E323R 90 	 4.4
E326A 84 	 5.7
N327E 84 	 4.1
Y329E 73 	 0.4
P330R 124 	 0.4
K333E 84 	 2.8
R336E 81 	 1.3
K337E 92 	 2.4
T338R 80 	 2.3
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mutant hsTBPs with TAFs in vivo, the same retrovirus vector
system was used to transduce genes for the epitope-tagged
mutant TBPs into HeLa cells. These were single-amino-acid-
substitution mutants that did not also contain the m3 muta-
tions. The expression of tagged mutant and untagged endog-
enous TBPs in cloned transduced cell lines was analyzed by
Western blotting with an anti-TBP monoclonal antibody (Fig.
7A). TBP mRNA from these cells also was analyzed by S1
protection analysis of cytoplasmic RNA using a 5�-end-labeled,
single-stranded probe (Fig. 7B). This generated S1-protected
fragments of �80 nucleotides from the endogenous hsTBP
mRNA in HeLa cells (Fig. 7B, lane 2) and �48 nucleotides
from the hsTBP mRNA expressed from the retrovirus vector

(HA-TBP) (Fig. 7B, lanes 3 to 8), consistent with the sequence
of hsTBP cDNA included in the vector.

In LTR�3 cells expressing tagged wild-type hsTBP from the
vector, vector hsTBP mRNA was present at far higher levels
than the endogenous hsTBP mRNA (Fig. 7B, lanes 3 and 4).
However, the level of total hsTBP protein in these cells was
only modestly increased over the level of hsTBP observed in
nontransduced HeLa cells (Fig. 7A, compare lanes 1 and 2),
and most of it was epitope tagged. In addition, the level of
endogenous, untagged TBP protein was greatly decreased in
LTR�3 cells compared to that in nontransduced HeLa cells.
We infer from these results that the epitope-tagged wild-type
hsTBP probably was translated at much higher levels than

FIG. 3. Residues where mutations inhibit hsTAF1 and BRF binding to hsTBP. A space-filling model of Arabidopsis thaliana TBP bound to
TATA box DNA (wire model) is shown, looking down on the top of the TBP saddle (A) and at the surface facing upstream from the TATA box
(B), with the N-terminal repeat on the right. Residues equivalent to those in hsTBP where the indicated mutations decrease hsTAF1-binding to
less than 50% of that observed with the wild type and decrease BRF-binding to less than 30% of wild-type binding as measured in a gel shift assay
(59) are in red. Residues where mutations inhibit hsTAF1-binding to 
50% but do not inhibit BRF binding to 30% or less of wild-type TBP are
in magenta (A184, N189, N193, R205, E227, and L244). Residues where mutations inhibit BRF binding to 
30% of wild-type TBP but do not
inhibit binding of hsTAF1 to less than 50% of wild-type TBP are in yellow.
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untagged, endogenous TBP in LTR�3 cells due to the high
level of vector-derived hsTBP mRNA. We postulate that the
decrease in the level of untagged endogenous hsTBP in these
cells resulted from competition between the epitope-tagged
TBP and endogenous TBP for binding to class I, II, and III
TAFs and hsBTAF1. TBP molecules produced in excess of the
supply of TAFs appear to be unstable and rapidly degraded,
since the overall level of hsTBP in the transduced cells was
only modestly increased over that in nontransduced HeLa
cells. Also, we did not observe significant levels of free hsTBP
(i.e., TBP that is not associated with TAFs) in nuclear extracts
prepared from LTR�3 cells (74).

Mutant A319R was not defective for binding to hsTAF1
(Table 1) or for supporting activated transcription in vivo (5).
When this mutant was expressed in HeLa cells from the ret-
rovirus vector, the protein accumulated to high levels similar to
epitope-tagged wild-type hsTBP, and its expression also re-

sulted in a decrease in the level of endogenous TBP (Fig. 7A,
lane 5). These results imply that A319R competes effectively
with wild-type TBP for binding to TAFs. A319R accumulated
to steady-state levels similar to those of the tagged wild-type
TBP in LTR�3 cells, consistent with the model that association
with TAFs stabilized the mutant TBP. We postulate that the
decreased level of endogenous TBP in A319R cells resulted
from its instability in the absence of TAFs that were seques-
tered by A319R.

Results with mutants R231E and R239S, which have a re-
duced capacity to bind hsTAF1 in vitro (Table 1) and to sup-
port activated transcription in vivo (5), contrasted with those
for A319R. Even though vector mRNAs encoding mutants
R231E and R239S were also expressed at far higher levels than
the endogenous hsTBP mRNA (Fig. 7B, lanes 5 to 8), these
tagged mutants did not accumulate to the high levels observed
for tagged wild-type hsTBP in LTR�3 cells or mutant A319R
(Fig. 7A, lanes 3 and 4). Their expression also did not result in
a significant decrease in the level of endogenous wild-type TBP
compared to HeLa cells. The low steady-state levels of R231E
and R239S in stably transformed HeLa cells were not due to
inherent instability of these mutants compared to wild-type
TBP or A319R or inefficient translation of the mRNAs encod-
ing them, because they were expressed at levels comparable to
those of wild-type hm3TBP from the same vectors in transient-
transfection assays (5). We infer from these observations that
mutants R231E and R239S did not compete with endogenous
TBP for binding to endogenous TAFs as well as epitope-
tagged wild-type hsTBP or mutant A319R. Consequently, they
were not efficiently stabilized by their association with TAFs
and therefore did not accumulate to the levels observed for
epitope-tagged wild-type hsTBP and mutant A319R. Their ex-
pression did not lead to a significant decrease in the level of
endogenous TBP because endogenous TBP preferentially
bound to TAFs. Consequently, the endogenous TBP was sta-
bilized and accumulated to the same extent as in untransduced
HeLa cells. Thus, the results of these in vivo expression studies
are consistent with the in vitro binding assays showing that the
R231E and R239S mutations inhibit binding of hsTBP to both
hsTAF1 (Table 1) and BRF (59).

Isolation and characterization of epitope-tagged TFIID
from cells expressing mutants R231E and R239S indicated that
the mutant proteins that did accumulate in these cells assem-
bled into TFIID complexes containing the complete set of
hTAFIIs (data not shown). However, based on the arguments
above, we infer that these mutants were incorporated into
TFIID complexes much less efficiently than wild-type hsTBP.
The TFIID complexes that did form with TBP mutants R231E
and R239S were stable to 1 M KCl and to purification by
immunoaffinity chromatography. However, we were not able to
isolate these mutant complexes in sufficient quantity to study
their activity in in vitro transcription assays. We presume that
the R231E and R239S mutant TBPs that were incorporated
into TFIID formed stable complexes because of TAF-TAF and
TAF-TBP interactions in addition to the TBP-hsTAF1 inter-
action we map in the present study.

In vivo function of mutants Q242R and K243E. Most
hm3TBP mutants with significantly reduced hsTAF1 binding
(Table 1) had severely reduced abilities to support activated
transcription in vivo (5). Two mutants (Q242R and K243E)

FIG. 4. hsTBP binds to the region of hsTAF1 that includes the
HMG box homologous sequence. (A) Diagram of the primary se-
quence of hsTAF1 showing the N- and C-terminal regions required for
its protein kinase activity (16), the region with histone acetylase activity
(41), the HMG box-like region (58), and the double bromodomains
(22). The sequence from 1172 to 1344 that was fused to GST is shown
with the HMG-like region highlighted, and a highly acidic region
C-terminal to it is underlined. (B) Representative results. Both un-
tagged and epitope-tagged hm3TBP lacking any additional mutations
on the convex surface (WT) are shown at the upper left. The triple
mutant R231E, R235E, R231S was untagged (�) and compared to
epitope-tagged hm3TBP. For each point mutant, the epitope-tagged
mutant (�) was compared to untagged hm3TBP. Gst, binding to GST;
HMG, binding to GST-hsTAF1(1172–1344); In, 10% of the input counts.
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with reduced hsTAF1 binding had not been assayed previously
for their in vivo activities. We performed transient-transfection
assays with these mutants in the presence of a Gal4-responsive
promoter and Gal4-E1A or Gal4-VP16 expression vectors.
Q242R and K243E exhibited only 10 to 15% and 5 to 10%,
respectively, of the activity of “wild-type” hm3TBP. Therefore,
as for other hsTBP mutants with significantly reduced hsTAF1
binding in vitro, the ability of Q242R and K243E to support
activated transcription in vivo was severely reduced.

DISCUSSION

The surface of hsTBP that interacts with hsTAF1. We iden-
tified a putative surface of hsTBP that interacts with hsTAF1
by measuring the binding of 75 hsTBP point mutants to a
hsTAF1 affinity matrix. Together, these 75 mutants cover much
of the surface of hsTBP aside from the underside of the TBP
saddle that interacts with TATA box DNA (5, 23, 27, 45).

Mutations in 10 residues that form a continuous surface on the
top of the N-terminal hsTBP repeat (Fig. 3A) inhibited
hsTAF1 binding twofold or more (Table 1). There were no
mutations of residues in the C-terminal hsTBP repeat that
inhibited hsTAF1 binding significantly. These results are con-
sistent with those of others who reported that triple mutations
of arginines or lysines in the H2 helix on the top of the TBP
N-terminal repeat inhibited binding to hsTAF1 (65) and an
N-terminal peptide of scTAF1 (30). Also, mutation of two
lysine residues in scTBP that lie immediately adjacent to the
region highlighted in Fig. 3A result in temperature-sensitive
association with the yeast TAFIIs in vivo (51). In light of these
data and the results presented here, it seems likely that
hsTAF1 interacts directly with the surface of hsTBP defined by
the highlighted residues in Fig. 3A. In addition to this region
on the top of the N-terminal hsTBP repeat, mutations in res-
idues on the upstream surface of the N-terminal hsTBP repeat

FIG. 5. Relation of the hsTBP binding surface for hsTAF1(1172–1344) to the surface involved in binding full-length hsTAF1. Residues where
mutations reduce binding to GST-hsTAF1(1172–1344) to less than 60% of that observed for wild-type TBP and reduce binding of full-length
hsTAF1 to less than 50% are in red. Mutations where binding to GST-hsTAF1(1172–1344) is reduced to 
60% of wild-type TBP but binding to
full-length hsTAF1 is �50% (L232 and K249) are in magenta. Residues where mutations reduce binding of full-length hsTAF1 to 
50% of
wild-type TBP but do not reduce binding to GST-hsTAF1(1172–1344) to 
60% of wild-type TBP are in yellow.
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(R205E, N189E, A184E, and N193R) also inhibited hsTAF1
binding (Fig. 3B).

The RNA Pol III TAF BRF also binds to the top of the
hsTBP N-terminal repeat (59) (Fig. 4). BRF (71) and hsTAF1
(58) both contain a region with weak homology to the HMG
box DNA-binding domain. Since both BRF and hsTAF1 bind
to a similar surface of hsTBP, and the domain of BRF that
makes tight contact with hsTBP contains the HMG box-related
region (59, 71), we analyzed the interaction of hsTBP with a
fragment of hsTAF1 containing its HMG box-related region
(residues 1172 to 1344). We found that this domain of hsTAF1
also bound specifically to hsTBP. Moreover, mutations on the
top of the first TBP repeat inhibited this interaction, whereas
mutations on the upstream surface of the first TBP repeat did
not. Based on these results, we suggest that the hsTAF1(1172–
1344) region interacts with the positively charged surface on
the top of the first TBP repeat and that another region of
hsTAF1 interacts with residues on the upstream surface of
TBP, further stabilizing the hsTBP-hsTAF1 interaction in the
complex formed in the absence of other TAFIIs. Based on the
nuclear magnetic resonance (NMR) studies of Bagby et al. (3),
it is likely that the upstream region of the first TBP repeat
interacts with an N-terminal region of hsTAF1. The complex
formed between TBP and hsTAF1 in the absence of other
TAFIIs is also likely stabilized by an interaction between the
extreme N terminus of hsTAF1 and the concave DNA-binding
surface of TBP (3, 4, 30, 31, 37). We postulate that the HMG
box-related regions of hsTAF1 and BRF fold similarly and
make similar interactions with the top of the N-terminal TBP
repeat. This may occur through highly acidic regions in
hsTAF1 (Fig. 5A) and hsBRF that lie just C-terminal to their
respective HMG box-related regions. The SL1 subunit hTAFI

48 also may bind to the top of the N-terminal TBP repeat, since
it competes with hsTAF1 for binding to TBP (14).

The conclusion that hsTAF1 interacts with hsTBP through
the hsTAF1(1172–1344) region contrasts with results indicat-
ing that the very N-terminal regions of dmTAF1 (residues 11
to 77) and scTAF1 (residues 10 to 64) bind to the DNA-
binding concave surface of scTBP (30, 37). In addition, Bagby
et al. (3) reported that a region of dmTAF1 from residues 78
to 156 interacts with the upstream surface and top of the
scTBP N-terminal repeat. Nonetheless, other studies showed

that an N-terminal deletion of dmTAF1 lacking these se-
quences (deletion of positions 1 to 659) does bind dmTBP (72)
and assembles into transcriptionally active partial TFIID com-
plexes (12, 72). Consequently, although the very N-terminal
regions of hsTAF1 homologs can bind to TBP as isolated
peptides, other regions of these hsTAF1 homologs also bind to
TBP. Mencia and Struhl (39) observed that overexpressed
scTAF1 truncation mutants lacking the HMG-like region are
incorporated into complexes with scTBP and other TAFIIs in
vivo. Bai et al. (4) made similar observations for a scTAF1
mutant with most of the HMG box homologous region deleted.
However, these mutant complexes were not transcriptionally
active (4, 39) and did not associate with Pol II promoters in
vivo or bind to DNA in vitro (39). It may be that when these
truncation mutants are expressed at high levels, the N-terminal
scTAF1 region of the truncated protein associates with the
scTBP DNA-binding surface as observed for peptides in vitro
(30). This would explain the inhibition of scTBP DNA-binding
activity in these mutant complexes (39). In contrast, a stable
interaction between the N-terminal region of hsTAF1 and the
DNA-binding surface of hsTBP in wild-type hsTFIID is un-
likely, since purified hsTFIID binds to TATA box DNA (68,
76).

Conformational changes in hsTAF1 implied by differences

FIG. 6. Inhibition of hsTBP binding to hsTAF1 by a threefold
molar excess of TFIIA over hsTAF1.

FIG. 7. In vivo expression of mutant hsTBPs in retrovirus vector-
transduced HeLa cells. (A) Western blot of hsTBPs in nuclear extract
from cells transduced with a retrovirus vector expressing the indicated
hsTBP mutants. LTR�3 cells express epitope-tagged wild-type hsTBP
from the same vector. The anti-hsTBP monoclonal antibody used
detects both untagged and tagged hsTBPs. (B) S1 nuclease protection
assay of hsTBP mRNAs. The 5�-end-labeled single-stranded DNA
probe (from 
15 to �80 of the endogenous hsTBP gene) yielded
S1-protected fragments of 80 and 48 nucleotides, respectively, from the
endogenous hsTBP mRNA in HeLa cells and the hsTBP mRNA
transcribed from the retrovirus vector.
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between the TBP-hsTAF1 complex and TFIID. The interac-
tions between TBP and hsTAF1 differ comparing the isolated
proteins and the TFIID complex containing the full set of
TAFIIs. When the isolated proteins interact, the DNA-binding
activity of TBP is blocked (29, 48). In contrast, the TFIID
complex, which includes hsTAF1, binds specifically to TATA
box DNA (68, 76). In the interaction between the isolated
proteins, hsTAF1 appears to interact with the upstream sur-
face of the N-terminal TBP repeat, since mutations on this
surface inhibit hsTAF1 binding (Table 1; Fig. 3B). This is the
same region of TBP that interacts with TFIIA in TBP-�TFIIA-
DNA crystal structures (18, 62). As expected from these re-
sults, TFIIA inhibits the binding of TBP to hsTAF1 (Fig. 6). In
contrast, the TBP in a TFIID complex appears to interact with
TFIIA on TATA box DNA in the same way as in the TBP-
�TFIIA-DNA crystal structures, since TFIIA can join a
TFIID-TATA box DNA complex, producing a footprint in the
same region observed in the TBP-TFIIA-DNA complex (6,
36). These considerations imply that interactions of hsTAF1
with other TAFIIs in the TFIID complex alter the conforma-
tion of hsTAF1 compared to its conformation in the TBP-
hsTAF1 complex so that the TBP DNA-binding surface is free
to bind to TATA box DNA and the upstream surface of the
TBP N-terminal repeat is free to interact with TFIIA. Indeed,
Guermah et al. (20) recently reported that whereas a complex
of hsTBP with hsTAF1 is unable to bind to a TATA box in the
presence or absence of TFIIA, an hsTBP-hsTAF1-hsTAF4
complex binds to a TATA box cooperatively with TFIIA. Since
the fragment of hsTAF1 containing the HMG box-like region
(residues 1172 to 1344) interacts with the top of the first TBP
repeat and not the upstream surface that interacts with TFIIA
(Fig. 5), we propose that it is this region of hsTAF1 that
interacts with hsTBP in the native TFIID complex.

It has been suggested that one mechanism of transcriptional
activation may be the relief of hsTAF1 inhibition of TBP DNA
binding through a competition for TBP binding between acti-
vation domains and hsTAF1 (30, 37, 48). Another possible
function in vivo for the ability of hsTAF1 to inhibit hsTBP
binding in the absence of other hTAFIIs may be to inhibit
partially assembled TFIID complexes from binding to promot-
ers so that only fully assembled TFIID is incorporated into a
preinitiation complex. This would be analogous to the inhibi-
tion of E. coli �70 DNA binding activity before �70 associates
with E. coli RNA polymerase, forming a fully functional ho-
loenzyme (17).

TAFIIs appear to be required for activated transcription in
vivo in mammalian cells. Mutations R231E, R235E, R239S,
Q242R, and K243E all greatly inhibited activated transcription
in vivo in response to the VP16 and E1A activation domains (5;
see above). These mutations also inhibited hsTAF1 binding to
TBP in vitro (Table 1) and lie at the center of the hsTAF1-
binding region on the top of the N-terminal repeat (Fig. 3A).
Consequently, these results suggest that an interaction be-
tween TBP and hsTAF1 is required for activated transcription
in vivo. However, this issue is complicated by reports that the
same region of TBP interacts with TFIIA (3, 8, 64) and hs-
BTAF1 (50), the human homolog of yeast Mot1 (13, 50), which
also interacts with this region of scTBP (1, 10). Consequently,
mutations in this region of the TBP surface might inhibit ac-
tivated transcription by interfering with TFIIA or hsBTAF1

binding rather than hsTAF1 binding or because of a combina-
tion of effects on interactions with hsTAF1, TFIIA, and hs-
BTAF1. We argue, however, that the inhibition of activated
transcription by these mutations is principally a consequence
of reduced binding to hsTAF1 for the following reasons.

First, although the top of the TBP N-terminal repeat inter-
acts with TFIIA in the complex formed in the absence of DNA
as analyzed in the NMR study of Bagby et al. (3) and in our
own column binding assays (5), this interaction is much less
significant in the far more stable complex formed between
TBP, TFIIA, and TATA box DNA as analyzed in a gel shift
assay (5). We observed that the R231E, R235E, and R239S
mutations inhibited TBP binding to a TFIIA affinity column in
the absence of DNA. However, these same mutations had no
significant effect on the formation of a hsTBP-hTFIIA-TATA
box DNA complex assayed by gel shift (5). This apparent
discrepancy between the results of the NMR and column bind-
ing assays on the one hand and gel shift assays on the other
may be explained by differences in the stability of TBP-TFIIA
complexes formed in the presence and absence of DNA. Ran-
ish and Hahn (52) reported a Kd of �6 � 10
4 M for yTFIIA
binding to scTBP in the absence of DNA compared to a Kd of
2 � 10
11 M for yTFIIA binding to a scTBP-TATA box DNA
complex. The many TFIIA-DNA and TBP-DNA interactions
observed in the crystal structures of the TBP-�TFIIA-DNA
complexes (18, 62) provide an explanation for the increased
stability of the complex in the presence of DNA. In the absence
of DNA, interactions between the highly positively charged
surface on the top of the TBP N-terminal repeat and a nega-
tively charged region of the hsTFIIA large subunit may make
significant contributions to the stability of the weak TBP-
TFIIA complex, as discussed by Bagby et al. (3). However, with
the additional interactions of TFIIA and TBP with DNA, such
interactions between TFIIA and the top of the N-terminal
repeat of TBP are less significant, since the single-residue
mutations have little effect in the gel shift assay.

A second reason for concluding that the R231E, R235E,
R239S, Q242R, and K243E mutations inhibit activated tran-
scription by interfering with TAFII binding is that free hsTBP
is not detectable in extracts of mammalian cells (63, 66, 74).
Consequently, TFIID complexes, rather than free hsTBP,
probably function in virtually all Pol II transcription in mam-
malian cells. The results presented here indicate that the
hsTAF1 subunit of the TFIID complex binds to the top of the
N-terminal hsTBP repeat (Fig. 3A). Because of this, the top of
the hsTBP N-terminal repeat would be sterically blocked from
interacting with TFIIA during preinitiation complex assembly
in vivo in mammalian cells. Steric blocking of the top of the
TBP N-terminal domain by hsTAF1 and BRF may also explain
why hsBTAF1 inhibits transcription in reactions with TBP but
does not inhibit transcription in reactions with TFIID or
TFIIIB (13). NC2 is yet another factor that interacts with TBP.
However, recent genetic (10) and crystallographic (24) studies
indicate that NC2 interacts with the top and downstream sur-
face of the second TBP repeat in a region on the surface of
TBP that is far from the hsTAF1-binding surface mapped in
the present study.

Based on these considerations, we conclude that the inability
of hsTBP mutants R231E, R235E, and R239S to support ac-
tivated transcription in vivo in transient-transfection assays is
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most likely due to their reduced interaction with hsTAF1 and
not to a reduced interaction with TFIIA or hsBTAF1. The
finding that these residues required for activated transcription
are at the center of the hsTAF1 binding surface on hsTBP (Fig.
3A) argues strongly that TAFIIs are required for activated Pol
II transcription in vivo in mammalian cells.
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