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The TBP-TFIIA Interaction in the Response to
Acidic Activators in Vivo

Laurie A. Stargell and Kevin Struhl*

A yeast TBP mutant (N2-1) is described here that is defective specifically in responding
to acidic activators in vivo. N2-1 does not support activation by Ga14, Ace1, and Gcn4,
but appears unaffected for constitutive transcription, repression by the Cyc8-Tupl and
Not complexes, and transcription by polymerase (Pol) and Pol III. In vitro, N2-1 fails to
interact with TFIIA, but it associates normally with a TATA element, an acidic activation
domain, and TFIIB. Fusion of the small subunit of TFIIA to N2-1 restores activation function
in vivo. Thus, an efficient interaction between TBP and TFIIA is required for transcriptional
activation in vivo.

RNA Pol II transcription is regulated by
gene-specific activator proteins that inter-
act with enhancer elements located distal
to the site of transcription initiation. Acti-
vators generally contain a DNA-binding
domain and a separable activation domain
(or domains) that stimulate the transcrip-
tion machinery. Many activation domains
are characterized by a large proportion of
acidic amino acids. Such acidic activation
domains function in a wide variety of eu-
karyotic species, which is indicative of a
highly conserved mechanism of transcrip-
tional activation.

Most models for activation invoke pro-
tein-protein interactions between activa-
tors bound at enhancer elements and the
general transcription factors assembled at
the TATA and initiation elements (1).
These general factors include the TATA-
box binding protein (TBP), TBP-associated
factors (TAFs) that are components of the
Pol II-specific TFIID complex, as well as
TFIIA, -B, -E, -F, -H, -J, and Pol II (2). In
vitro, activation domains can directly inter-
act with TBP (3), TAF110 and TAF40 (4),
TFIIA (5), TFIIB (6), and TFIIH (7). Bio-
chemical studies suggest that some of these
interactions are important for transcription-
al activation in vitro (4, 8-10). In addition,
several TBP mutants that support basal but
not activated transcription in vitro have
been described; one of these is specifically
defective for interaction with TFIIB, where-
as the others show combinations of defects
in interactions with an acidic activation
domain (VP16), TFIIA, TFIIB, or DNA
(11). The significance of these interactions
to the mechanism of activation in vivo is
unknown.

Recruitment of TBP to the promoter in
vivo can be a rate-limiting step for tran-
scription that is enhanced by acidic activa-
tor proteins (12). Transient transfection ex-
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periments in mammalian cells indicate that
TBP plays a role in transcriptional activa-
tion (13, 14). Thus, interactions that facil-
itate the association of TBP with the
TATA element are potential targets for
acidic activators. However, little is known
about which interactions are critical for the
response to acidic activators in vivo. Here,
we report the isolation and characterization
of a TBP mutant protein (N2-1) whose
properties indicate that the TBP-TFIIA in-
teraction is essential for transcriptional ac-
tivation by acidic activator proteins.

TBP is highly conserved throughout eu-
karyotic evolution (15) and is essential for
transcription by all three nuclear RNA
polymerases in vivo (16). The N2-1 deriv-
ative was isolated in a genetic screen for
TBP derivatives that are competent for Pol
III transcription but have another function-
al defect. Specifically, a set of complex and
compact libraries of yeast TBP mutant pro-
teins (17) was screened for derivatives that
complemented the temperature-sensitive
phenotype of TBP-F155S (where Phes55
was changed to Ser), a Pol III-specific TBP
mutant (17), and also conferred ts growth
when present as the sole source of TBP (Fig.
1A). In addition, the strain with N2-1 as
the only TBP grew slowly even at 30°C
(Fig. IB), and the cells exhibited a large
and elongated morphology. This phenotype
was not the result of reduced expression or
instability of the mutant TBP, because im-
munoblot analysis of the mutant strain in-
dicated amounts of TBP equal to those
found in the wild type (Fig. 1C). Moreover,
the structure of the N2-1 protein was not
substantially compromised, because N2-1
was normal for Pol III transcription at the
restrictive temperature (Fig. ID).

To characterize the transcriptional prop-
erties of the N2-1 protein, we determined
RNA levels for various genes in a strain
with this derivative as the only TBP. Wild-
type levels of Pol II transcription from the
DED1, HIS3, RPS4, TBP, and TRP3 genes
occurred in cells grown at the permissive or
restrictive temperature (Fig. 2, A and B). In
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addition, amounts for Pol I-transcribed ri-
bosomal RNA (rRNA) were similar to
those found in the wild type and were un-
changed by a temperature shift. Thus, N2-1
is fully functional for transcription by Pol I
and Pol III, as well as for constitutive tran-
scription by Pol II at both the permissive
and restrictive temperatures.

In contrast, the N2-1 strain was severely

B

r.ATB _ 7TBPF155S

URA3
Transform with 4 mutant TBP libraries

L~rcD~_z~Pv~- TBpF155s TBP*~

CURA3OTRP1OJ
4 37°C

Selection Growth
scheme + 5-FOA, 37°C

Death

defective in the response to three acidic
activator proteins, even when grown at
30°C. First, unlike wild-type cells, which
exhibited an increase in HIS3 transcription
in the presence of a plasmid that constitu-
tively expressed Gcn4, cells containing
N2-1 showed amounts comparable to those
produced in the absence of Gcn4 (Fig. 2B).
Second, copper induction of the CUP1

30°C 37°C
URA3 TRP1 2 5 2 5

WT YCp22
F155S WT

F155S F155S

F155S N2-1

pRS316 N2-1

WT N2-1

C D F155S
+

WT N2-1 WT F155S N2-1

32tRNAW 3 327.5

Fig. 1. Isolation and initial characterization of strains containing the N2-1 derivative of TBP. (A) The
genetic selection. The starting strain, containing a chromosomal deletion ofTBP and a centromeric URA3
plasmid containing a ts Pol Ill-specific derivative of TBP (F155S), was transformed with the mutant TBP
libraries (denoted by the asterisk) on a centromeric TRP1 plasmid (17). Colonies were selected for growth
at 37°C and then screened for the inability to grow on 5-fluoroorotic acid (5-FOA) at 37°C. (B) Growth of
strains containing the indicated TBP derivatives (or pRS316 or YCp22 vectors) at 30° and 37°C for 2 or
5 days. Approximately 105 cells were spotted to plates deficient for uracil and tryptophan. (C) Immuno-
blots with yeast TBP antibody specific to the NH2-terminus and 25 [Lg of whole cell protein extract from
the indicated strain grown at 30°C. Molecular weight standards (in kilodaltons) are shown. (D) S1
analyses of tryptophan transfer RNA (tRNAW) transcription with 10 i±g of total RNA from strains containing
the indicated TBP derivatives after shifting to 37°C for 1 hour.

Fig. 2. Transcriptional analyses of A WT N2-1 B Agcn4 YCp88-GCN4
the N2-1 strain. Total RNAs from 30° 37° 30° 37° WT N2-1 WT N2-1
wild-type (WT) and N2-1 strains (or TBPB +1
derivatives) grown at 30°C (unless . +1H . .
otherwise indicated) were hybrid- TRP3 * , 3
ized to completion with an excess +13

of the indicated oligonucleotide rRNA * l* * *O
probes and treated with S1 nucle- tRNA'B Base (16). (A) Strains were grown at DED1tR A/3
the permissive (30°C) or restrictive
(37°C) temperatures for 1 hour and C WT N2-1 D Glucose Raffinose
analyzed for TBP and TRP3 Cu - + - + Atupl WT N2-1 WT N2-1
mRNAs generated by PoI II, rRNAtranscribed by Pol I, and isoleucine CSUC2U
tRNA (tRNA') synthesized by Pol III.
(B) Activation by Gcn4. Strains with RPS4 RNR2 DED1
gcn4 deleted that lack or contain ^
YCp88-GCN4, a plasmid constitu-
tively expressing Gcn4 (32), were analyzed for HIS3 (+1 and +13 sites indicated) and DED1 RNAs.
Constitutive HIS3 transcription is initiated equally from the +1 and +13 sites, whereas Gcn4-activated
transcription is initiated preferentially from the +13 site; DED1 is not affected by Gcn4 and serves as an
internal control (33). (C) Copper induction of CUP1 transcription. Strains were grown overnight in
synthetic complete medium in the presence (+) or absence (-) of 100 p.M copper sulfate. Parallel
reactions were performed with a probe for the ribosomal protein gene RPS4 (34). (D) Repression by the
Cyc8-Tupl complex. Total RNA (10 pJg) from wild-type, N2-1, and tupl deletion strains grown in
repressing conditions (glucose medium without DNA-damaging agents) was blotted to nylon filters and
hybridized with RNR2 or SUC2 probes (35). For assessment of SUC2 derepression, wild-type and N2-1
strains were grown in raffinose medium, and 10 Jg of total RNA was hybridized to SUC2 and DED1
(control) probes.

gene, which requires the Acel transcrip-
tional activator (18), was also defective in
the mutant strain (Fig. 2C). In the presence
of copper, the wild-type strain showed a 10-
to 12-fold increase in CUPI transcription,
whereas the mutant strain showed less than
a twofold increase. In the absence of exog-
enously added copper, CUP1 RNA levels in
the N2-1 strain were lower than in the
wild-type strain, which is due primarily to
the defect in Acel-dependent activation
(19). Third, with the use of the lacZ report-
er YCp86-Sc3801 (20), we examined the
response to the activator Ga14, which stim-
ulates transcription in the presence of ga-
lactose. The addition of galactose caused a
400-fold increase in f3-galactosidase activity
in the wild-type strain, but only a twofold
increase in the mutant strain (Table 1).
Thus, the N2-1 strain is not competent for
response to three acidic activators that in-
duce the expression of physiologically unre-
lated sets of genes.

To address whether the activation-defi-
cient TBP was able to respond to negative
regulators, we examined repression by the
Cyc8-Tupl co-repressor complex (21) and
by the Not complex (22). The Cyc8-Tupl
complex is required for the repression of at
least five independently regulated sets of
genes, including those regulated by glucose
(SUC2) and DNA damage (RNR2). Under
repressing conditions (glucose medium
without DNA damage), SUC2 and RNR2
RNA levels in the N2-1 strain were indis-
tinguishable from those in the wild-type
strain (Fig. 2D), which indicates that re-
pression by Cyc8-Tupl was intact. If Not-
dependent repression was compromised in
N2-1, then the strain should have exhibited
a preferential increase in HIS3 transcription
from the +1 initiation site (22). However,
the ratio of +1 to +13 transcripts in the
mutant strain was nearly 1:1 and compara-
ble to wild-type levels (Fig. 2B). Although
our results do not address whether TBP is a
direct target of the Cyc8-Tupl or Not com-

Table 1. Activation by Ga14. P-Galactosidase ac-
tivities were from the reporter plasmid YCp86-
3801, which contains the 365-bp GAL1, GAL10
promoter fragment with four Gal4-binding sites,
upstream of the HIS3 TATA box, fused to the E
co/i lacZ gene. Assays were performed with 107
cells harboring the indicated TBP derivative, cul-
tured in media containing 2% of either glucose or
galactose.

p-Galactosidase activities
(Miller units ± SD) withStrain

Glucose Galactose

Wild type <1 430 +± 30
N2-1 <1 2+±1
K138T <1 420 ± 20
Y139A <1 47 +± 4
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plexes, they do indicate that this activa-
tion-defective TBP is fully functional for at
least two forms of global repression. This
suggests that if TBP is a direct target of
these negative regulators, then the surfaces
for interaction with repressors are likely to
be distinct from those of acidic activators.

The N2-1 protein contains two consec-
utive amino acid substitutions, Lys138 to
Thr and Tyr139 to Ala (K138T; Y139A).
Both singly substituted derivatives grew
normally at 30°C and nearly as well as
wild-type TBP at 37°C. When assayed for
Gal4-dependent activation, the K138T de-
rivative was indistinguishable from wild-
type TBP, whereas the Y139A protein had
only 11% of the activity of the wild type
(Table 1). Thus, although Y139A had a
more significant effect, both substitutions
contribute to the severe activation defect
and slow-growth phenotype of the N2-1
strain. Residues 138 and 139 lie within x
helix 2 on the upper surface of TBP (23) in
a region of conserved basic amino acids that
has been implicated as important for inter-
action with TFIIA in vitro (24).

To investigate the molecular basis of the
activation defect, we produced the N2-1
protein in Escherichia coli, and its biochem-
ical properties were compared with those of
wild-type TBP. As assayed by coprecipita-
tion with glutathione-S-transferase (GST)-
VP16, the N2-1 protein was indistinguish-
able from wild-type TBP in its ability to
interact with the VP16 acidic activation
domain (Fig. 3A). In addition, mobility-
shift (Fig. 3B) and deoxyribonuclease I foot-
printing assays demonstrated that the N2-1
protein binds with wild-type affinity to a

consensus TATA element, which indicates
that the protein is correctly folded in vitro.
However, N2-1 did not interact with TFIIA
in a mobility-shift assay (Fig. 3C). TBP-
TFIIA-DNA complexes were not visualized
even when five times more N2-1 or TFIIA
or both was used. In contrast, N2-1 inter-
acted with TFIIB in the same assay (Fig.
3D). Thus, these biochemical experiments
indicate that the N2-1 protein is specifical-
ly defective for interaction with TFIIA.
We tested the hypothesis that loss of

TFIIA interaction causes the activation de-
ficiency in vivo by attempting to overcome
the defect by increasing the concentration
of TFIIA. Yeast TFIIA consists of two sub-
units, Toal and Toa2, and most likely exists
as an (ap)i tetramer (25). Because simul-
taneous overexpression of Toal and Toa2
failed to alleviate the activation-defective
phenotype of N2-1, we increased the effec-
tive concentration of TFIIA by fusing the
individual subunits to the N2-1 derivative
of TBP (Fig. 4A). When Toa2 was fused to
N2-1, activation by Ga14 was largely recov-
ered (Fig. 4B). In galactose medium, the
strain with the Toa2-N2-1 derivative
showed nearly 30% of the GAL7 and
GALIO RNA levels in the wild type. GAL7
and GALl 0 transcription was not observed
in glucose or raffinose medium, indicating
that activation by Toa2-N2-1 depends on
Ga14; that is, the Toa2-N2-1 fusion did not
bypass the need for a DNA-binding activa-
tor. Furthermore, the Toa2-N2-1 fusion
rescued the temperature-sensitive, slow-
growth, and cell morphology phenotypes,
which indicates that it was having a general
and positive effect and was not specific to

Fig. 3. Biochemical properties of the N2-1 A Input GST-VP16 GST
derivative. (A) Approximately 20 1l of glu- WT N2-1 WT N2-1 WT N2-1

tathione-agarose beads containing GST-
VP16 or GST (6) were incubated with equal
amounts of His-tagged (36) wild-type or B C D
mutant TBPs for 1 hour in 100 iLI of buffer TFIIA + + + TFIIB + + +

containing 100mM KCI, 20mM Hepes (pH TBP wr N2-1 wr wr N2-1 - wrT WT N2-1
7.9), 5 mM MgCI2, bovine serum albumin
(20nig/ml), 0.2 mM EDTA, 1 mM dithio-

threitol (DTT), 0.5mM phenylmethylsulfo-
nyl fluoride (PMSF), 10% glycerol, and -

0.03% NP-40. The beads were washed

five times with 200 of buffer, bound pro-

teins were eluted by boiling in 40 p1 of

SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer, separated by 10% SDS-PAGE, and blotted to nitrocellulose. Immunoblots
were probed with TBP antibody specific to the NH2-terminus. (B) TATA element binding. A 45-bp

fragment (0.5 ng) containing the adenovirus early 1B TATA box (37) was incubated with 20 ng of the
indicated TBP derivative in the presence of 200 ng of poly(dGdC), 100 mM KCI, 40 mM Hepes (pH 7.9),

20 mM tris (pH 7.5), 5 mM MgCI2, 10% glycerol, 1 mM DTT, and 0.5 mM PMSF. TBP-DNA complexes
(arrows) were separated on a 5% acrylamide gel containing 0.5x TBE and 2 mM MgCI2 in both the gel

and running buffer. (C) Interaction with TFIIA. Recombinant yeast TFIIA (25) was incubated with wild-type
or mutant TBP and the TATA element probe and treated as described above except that MgCI2 was

omitted from the gel and running buffer. Under these conditions, only TBP-TFIIA-DNA complexes are
stable. (D) Interaction with TFIIB. His-tagged human TFIIB was purified from E. col and incubated with

wild-type or N2-1 TBP and analyzed under the same conditions as in (C). The arrow indicates the position
of the TBP-TFIIB-DNA complex. The asterisk denotes a nonspecific binding activity that copurifies with
recombinant TFIIB from bacteria.
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Gal4 activation. In contrast, fusion of Toa2
to wild-type TBP caused temperature-sensi-
tive growth and markedly reduced Gal4
activation (Fig. 4C). This inhibition may
reflect an artifically strong TBP-TFIIA in-
teraction that results either in sequestering
activators or coactivators away from their
target promoters or blocking subsequent
steps in the activation pathway. Taken to-
gether, these results indicate that the tran-

A

B

GAL

GAL i

DED

C

f BPTBP**
1 240

ITOA1 = TBP *
1 286 532

TOA2 TBP *
1 122 368

1 2 3 4 1 2 3 41 2 3 4

7IElfhI

Glucose I Raffinose | Galactose

GAL7

DGED1
Glucose [ Galactose

Fig. 4. TFIIA-TBP fusions. (A) TOA 1 and TOA2
coding sequences (obtained by polymerase
chain reaction) were cloned into an Eco RI site
introduced upstream of wild-type TBP or N2-1
coding sequences to generate protein fusions
between the TFIIA subunits and TBP separated
by the linker peptide RIPFLI. The approximate
location of the double mutation in N2-1 is denot-
ed by asterisks, the conserved repeats of TBP
by arrows, and the basic region by pluses. Ami-
no acid numbers are indicated. (B) Total RNA (10
pig) from strains containing the indicated TBP
derivative, grown overnight in the presence of
2% galactose, raffinose, or glucose, were blot-
ted to nylon filters and hybridized with GAL7,
GAL 10, or DED1 probes. Lanes 1, WT; lanes 2,
N2-1; lanes 3, Toal-N2-1; lanes 4, Toa2-N2-1.
Analysis by phosphorimager revealed that GAL7
and GAL 10 levels in the strain containing Toa2-
N2-1 were nearly 30% of that observed in the
wild-type strain. (C) Total RNA (10 pjg) from
strains containing wild-type TBP that was or was
not fused to the indicated TFIIA subunits was
grown in the presence of 2% glucose or galac-
tose and hybridized with GAL 7, GAL 10, or DED 1
probes. In contrast to the Toa2-N2-1 fusion pro-
tein that restored galactose-induced Ga14 acti-
vation, the Toa2-TBP fusion protein inhibited
Gal4 activation. The Toal-TBP fusion protein
showed a modest decrease in Ga14 activation.
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scriptional activation defect of N2-1 is
caused by its inability to interact efficiently
with TFIIA.

Although there is considerable infor-
mation about transcriptional activation in
vitro, very little is known about the mech-
anisms that occur under physiological
conditions. Because acidic activation do-
mains can enhance recruitment of TBP to
promoters in vivo (12), any interaction
that facilitates the association of TBP with
the TATA element is a potential target
for acidic activators. The properties of the
N2-1 derivative of TBP indicate that the
TBP-TFIIA interaction is essential for the
response to acidic activators in vivo. In
vitro, TFIIA stabilizes the TBP-TATA el-
ement interaction, alters the conforma-
tion of TBP, and extends the deoxyribo-
nuclease I footprint upstream of the
TATA element (26, 27). Kinetic studies
suggest that the activator-dependent as-
sembly of a complex requiring TFIID and
TFIIA can be a rate-limiting step in the
production of preinitiation complexes in
vitro (10). Taken together, these observa-
tions suggest that TFIIA plays an active
role in TBP recruitment and in the re-
sponse to activators in vivo. However,
TFIIA may also contribute by counteract-
ing repressor proteins that interact with
TBP and block its interaction with the
TATA element (28).

Whereas the N2-1 protein is severely
defective in its response to acidic activa-
tors, it appears fully competent to support
transcription from many Pol II promoters.
This suggests that the TBP-TFIIA inter-
action plays a less important (and perhaps
no) role in constitutive Pol II transcrip-
tion in vivo. In apparent contrast, TFIIA
strongly stimulates basal transcription in
vitro (5, 29), and loss of TFIIA function
causes a general reduction in Pol II tran-
scription (30). However, it may be that
N2-1 interacts weakly with TFIIA and
that its amount is sufficient to support
basal, but not activated, transcription in
vivo. Alternatively, TFIIA may also carry
out a biochemical function distinct from
the TBP interaction (for example, dis-
placement of negative regulators or inter-
action with TAFs) that is essential for
constitutive Pol II transcription but not
the response to acidic activators.

Although our results demonstrate the
importance of the TBP-TFIIA interaction
in the response to acidic activators in vivo,
they do not address which component is the
target of acidic activation domains. The
simplest hypothesis is that the activation
domain contacts TBP or TFIIA or both,
thereby stabilizing the TBP-TFIIA-TATA
element complex in the context of nuclear
chromatin. However, it is possible that the
activation domain interacts with proteins

that associate with TFIIA or TBP (for ex-
ample, TAFs or TFIIB). The properties of
the N2-1 protein are consistent with the
observation that activation domains can
stimulate recruitment of TBP to promoters
in vivo (12), and they are in good accord
with certain biochemical experiments indi-
cating that activators function at an early
step involving TBP and TFIIA (10). How-
ever, our results are not inherently incon-
sistent with other biochemical experiments
that suggest that acidic activators can act at
steps that occur after TBP binding (9).

In addition to elucidating the mecha-
nism of transcriptional enhancement by
acidic activators, the N2-1 and Toa2-N2-1
derivatives represent powerful tools for in-
vestigating other aspects of transcription in
vivo. For example, the importance of the
TBP-TFIIA interaction can be assessed at
any native (or mutated) yeast promoter un-
der any desired environmental or genetic
condition. Moreover, by generating artifi-
cial promoters whose function depends on
specific activators or on other proteins in-
volved in transcription, these TBP deriva-
tives can be used to classify activator pro-
teins on a mechanistic basis. Finally, it is
noteworthy that the N2-1 derivative sup-
ports cell growth despite the severe defect
in its response to acidic activators. Al-
though acidic activators perform biological-
ly important roles in eukaryotic organisms,
our results suggest that they may not be
required for transcription of most yeast
genes or for viability of the organism.
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