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We describe a unique gain-of-function mutant of the TATA-binding protein (TBP) subunit of Saccharomyces
cerevisiae TFIID that, at least in part, renders transcriptional transactivators dispensable for efficient mRNA
expression. The yTBPN69S mutant enhances transcription from weaker yeast promoter elements by up to
50-fold yet does not significantly increase gene expression directed by highly active promoters. Therefore, this
TBP mutant and transcriptional transactivators appear to affect a common rate-limiting step in transcription
initiation. Consistent with the hypothesis that this step is TFIID recruitment, tethering of TBP to a target
promoter via a heterologous DNA binding domain, which is known to bypass the need for transcriptional
transactivators, also nullifies the enhancing effect exerted by the N69S mutation. These data provide genetic
support for the hypothesis that TFIID recruitment represents a rate-limiting step in the initiation of mRNA
transcription that is specifically enhanced by transcriptional transactivators.

Eukaryotic mRNA expression requires the functional inter-
action of a complex set of cellular transcription factors with
promoter DNA, leading ultimately to the recruitment of RNA
polymerase II (Pol II). Many cellular factors involved in initi-
ation of transcription by Pol II have been identified through
biochemical and/or genetic approaches, and these have been
typically classified as either general transcription factors
(GTFs) or transcriptional transactivators. GTFs can be defined
as those factors required for low levels of accurate transcrip-
tion initiation from Pol II-dependent promoters in vitro, in-
cluding, but not limited to, TFIIA, TFIIB, TFIID, TFIIE,
TFIIF, and TFIIH (13, 34, 51). Transcriptional transactivators,
on the other hand, act via specific promoter-distal DNA or
RNA targets to activate transcription by, most probably, facil-
itating GTF recruitment.

Many, but not all, eukaryotic Pol II promoters contain a
TATA box that is required for efficient transcription initiation
and that directly binds the TATA-binding protein (TBP) com-
ponent of TFIID (16). Precise DNA sequence requirements
for TATA box function have been identified by mutational
analysis (8, 47) or by random selection of functional TATA
elements (37), leading to identification of the consensus se-
quence 5'-TATAAA-3'. In higher eukaryotes, some Pol II
promoters contain an initiator (Inr) element, in addition to or
instead of a consensus TATA box, that overlaps the transcrip-
tion start site and that can recruit TFIID to the promoter
element via a direct interaction with a TBP-associated factor
(TAF) component of TFIID (13, 46). Pol II promoters in the
yeast Saccharomyces cerevisiae that lack a consensus TATA box
have been less well characterized. However, several of these,
including the HIS3 T promoter element, are known to contain
essential promoter-proximal A/T-rich sequences (28). Cur-
rently, therefore, it remains unclear whether a direct interac-
tion between TBP and DNA is invariably required for tran-
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scription from yeast TATA-less promoters or whether such
promoters instead contain alternative TFIID binding sites
functionally equivalent to Inr elements.

Recruitment of TFIID to promoter elements is essential for
transcription initiation in eukaryotes and appears to represent
a rate-limiting step in vivo that can be specifically enhanced by
at least some transcriptional transactivators (24). TFIID may
nucleate the assembly of the basal transcription machinery on
Pol II promoters, analogous functionally to prokaryotic o fac-
tors (13). The TBP component of TFIID consists of a noncon-
served amino-terminal domain and a highly conserved car-
boxy-terminal or core domain, which contains two imperfect
repeats of ~60 amino acids in length. The solved cocrystal
structure of TBP bound to TATA DNA reveals that the TBP
core domain folds into a symmetrical structure that resembles
a molecular saddle (20, 22, 31). TBP residues located in the
concave underside of the molecular saddle directly contact
TATA DNA, resulting in a large distortion of the DNA helix.
Conversely, TBP residues predicted to be involved in protein-
protein interactions map to the convex side of the saddle.

Although TBP has been extensively mutationally character-
ized, point mutations in TBP that significantly enhance Pol II
transcription have not been described. The identification and
characterization of mutations that enhance TBP function
should provide valuable insights into the role of TBP and
TFIID in activated and/or basal transcription from Pol II pro-
moters. In an attempt to achieve this, we developed a genetic
screen designed to identify yeast TBP (yTBP) mutants that
facilitate the activity of weak transcriptional activators. We
have identified one such TBP mutant (yTBPN69S) that in-
creases the level of gene expression directed by several weak or
basal yeast promoter elements. In contrast, transcription from
highly active yeast promoters was not found to increase signif-
icantly. A single amino acid substitution (Asn to Ser) at residue
69 of yI'BP, which is predicted to contact DNA, was sufficient
to confer the mutant phenotype. Further analysis showed that
yTBPN69S mediated high levels of gene expression from a
yeast promoter containing a mutant TATA sequence that was
not efficiently utilized by wild-type yTBP and demonstrated
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that direct DNA binding is not required for yTBPN69S func-
tion. Nevertheless, comparison of the activities of yTBPN69S
and wild-type yTBP targeted to promoter DNA by heterolo-
gous DNA binding domains indicates that the observed in-
crease in YTBPN69S-mediated gene expression results from an
increase in the efficiency of yYTBPN69S promoter recruitment.

MATERIALS AND METHODS

Plasmids. The GAL4 fusion protein expression plasmids pGAL4, pGAL4-
VP16, and pGALA4-RelA have been previously described (3). pGAL4-(AAM)
and pGAL4-(AAM)-(AAAM), which encode GAL4-activation domain fusions
expressed from a truncated ADHI promoter, were constructed by the digestion
of the mammalian expression vectors pGAL4-(AAM) and pGAL4-(AAM)-
(AAAM) (4) with the restriction endonucleases Xhol and EcoRI. The resulting
Xhol/EcoRI fragment, containing both GAL4 sequences and (AAM) or (AAM)-
(AAAM) activation domain sequences, was introduced into the yeast GAL4
expression vector pGBT9 (Clontech) digested with Xiol and EcoRI. Alterna-
tively, these same DNA fragments were introduced into a derivative of pGBT9
containing the PGK promoter in place of the ADHI promoter to construct
pGAL4K-(AAM) or pGAL4K-(AAM)-(AAAM). pGAL4-yTBPwt and pGALA4-
yTBPN69S were constructed by amplification of a wild-type TBP ¢cDNA, or a
TBP cDNA encoding the N69S mutation, by PCR with primers that introduced
flanking EcoRI restriction sites. Amplified products were then digested with
EcoRI and introduced into the pGBT9 expression plasmid.

yTBP expression plasmids (e.g., pyTBPwt) were generated by PCR amplifica-
tion of yTBP sequences by using primers that contained unique Xhol or EcoRI
restriction sites. Digested products were then inserted into a Ycplaclll (12)
ARS-CEN-based plasmid derivative, which contains the yeast ADHI promoter,
at unique Xhol and EcoRI sites. The library of TBP mutations was generated in
the same manner, except that PCR was carried out under conditions that favored
the random incorporation of missense mutations. A yITBP expression plasmid
encoding a lysine substitution for leucine 205 (L205K) was generated by recom-
binant PCR with oligonucleotides spanning yTBP-coding sequences encoding
residues 199 to 208 and 5’ and 3’ flanking oligonucleotide primers containing
unique Xhol or EcoRI restriction sites, respectively. A yTBP expression plasmid
encoding a Lys 138-to-Thr and Tyr 139-to-Ala amino acid substitution mutation
(N2-1) was similarly generated by PCR amplification of yTBP sequences with a
primer that spanned yTBP sequences encoding residues 131 to 141 and a 3’
flanking oligonucleotide primer that contained a unique EcoRI restriction site.
Amplified products were digested with Mscl and EcoRI and ligated to yTBP
expression plasmids digested with the same restriction endonucleases. Esche-
richia coli expression plasmids expressing yTBP were constructed by PCR am-
plification of TBP sequences with primers that contained X#ol or PstI sites and
ligation of the amplified products into pQE-31 (Qiagen) digested with Sall and
Pstl. TBP-coding regions were sequenced in their entireties from plasmids gen-
erated by PCR to ensure their identities.

The pADH1/lacZ or pPGK/lacZ reporter plasmids were constructed by PCR
amplification of ADHI (2) or PGK (32) promoter sequences extending —412
nucleotides (nt) or =572 nt 5" of their Inr methionine codons, respectively, with
oligonucleotide primers containing unique X#ol or BamHI sites and insertion of
the amplified products into pLGSD5 (15) digested with Xhol and BamHI.
pUASsCYCl1/lacZ and pCYCl/lacZ are derivatives of pLGSD5 and pJLB (10),
respectively. The pCYCd1A reporter plasmid was constructed by amplification
of CYCI promoter sequences from pLGSD5 with primers corresponding to
CYC1I sequences extending —140 nt 5’ of the CYC1 Inr methionine codon, which
contain Xhol restriction sites, and primers that correspond to 3’ promoter-
proximal lacZ sequences. Amplified products were digested with Xhol and
BamHI and ligated into pLGSDS5 digested with Xhol and BamHI. The
pCYCd1B mutant promoter-lacZ reporter construct was generated by the same
method, except that the 5’ CYCI promoter primers encoded the (A-to-G) nu-
cleotide substitution in CYCI TATA sequences. In vitro transcription plasmid
pBS/B-GAL was generated by digestion of pCMV/B-GAL (11) with EcoRI and
BamHI, purification of DNA fragments containing the 3’ 450 bp of lacZ se-
quences, and ligation of the purified DNA fragments into Bluescript II KS
digested with EcoRI and BamHI.

Yeast transformation and analysis. To identify yTBP gain-of-function muta-
tions, yeast strain Y190, which contains an integrated HIS3 growth-selectable
marker and an integrated lacZ reporter, both under the control of GAL4 up-
stream activating sequences, was cotransformed with pGAL4-(AAM)-(AAAM)
and a yTBP expression plasmid encoding a library of yTBP mutations. Yeast
colony growth was selected for on synthetic dextrose-supplemented medium
lacking tryptophan, leucine, and histidine and containing 40 mM 3-amino-1,2,4-
triazole. After ~5 days of growth on selective medium, large colonies were
harvested and subjected to a secondary screen that measured induced B-galac-
tosidase (B-GAL) activity, as previously described (5), to ensure that yeast colony
growth correlated with increased transcriptional activity. yTBP mutants were
then isolated from yeast colonies exhibiting increased levels of induced B-GAL
activity compared to that observed from yeast transformed with the GAL4-
(AAM)-(AAAM) effector and a wild-type yTBP (pyTBPwt) expression plasmid.
Mutant yTBP expression plasmids were sequenced, reconstructed, and cotrans-
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formed along with the GAL4 effector plasmids to ensure that the observed
increase in transcription activation was yIT'BP sequence dependent.

To characterize yTBP mutants, yeast strain Y190, which contains an integrated
lacZ reporter, was cotransformed with GAL4 expression vectors and yTBP
expression vectors. Alternatively, yeast strain LDY434 was cotransformed with
GALA4 expression vectors, yTBP expression vectors, and the pLGSDS5 reporter
plasmid. Yeast growth was selected for on synthetic dextrose-supplemented
media either lacking both tryptophan and leucine or lacking tryptophan, leucine,
and uridine. For the analysis of different yeast promoters, yeast strain PSY316
was cotransformed with yTBP expression plasmids and the pADH1/lacZ, pPGK/
lacZ, or pCYCl/lacZ reporter construct, and growth was selected for on syn-
thetic medium lacking leucine and uridine. After growth selection, yeast cells
were harvested and B-GAL activity from yeast cell extracts was measured as
described previously (5).

Expression levels of GAL4 fusion proteins were determined by Western blot
analysis. Briefly, yeast cells cotransformed with pGAL4-(AAM), pGAL4-VP16,
pGAL4K-(AAM), or pGAL4K-(AAM)-(AAAM), and either yTBPwt or
yTBPNG69S, were harvested, and yeast cell proteins were concentrated by tri-
chloroacetic acid precipitation. Concentrated proteins were resuspended in Lae-
mmli sample buffer, subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and transferred to nitrocellulose prior to Western analysis with
polyclonal antiserum directed against the GAL4 DNA binding domain. Immune
complexes were visualized by autoradiography with enhanced chemilumines-
cence.

RNA isolation and analysis. Total cellular RNA was isolated by the hot-
phenol method from yeast cells (strain PSY316) cotransformed with yTBP ex-
pression plasmids and pADH1/lacZ. RNase T, protection analysis was per-
formed as follows. To generate the riboprobe, pBS/B-GAL was digested with
EcoRI and used as a template for bacteriophage T7 RNA polymerase in the
presence of [a-*?P]CTP. Ten micrograms of total RNA was hybridized to 5 X 10°
cpm of RNA probe at 42°C before RNase T, digestion. RNase protection was
quantitated with a PhosphorImager (Molecular Dynamics, Inc.). As a control for
quantities of RNA analyzed, 0.5 pg of total cellular RNA was immobilized on
nitrocellulose filters and hybridized to oligonucleotide probes, corresponding to
rRNA sequences, labeled by incubation with [y-*>P]ATP and bacteriophage T4
polynucleotide kinase.

In vitro analysis of TBP DNA binding. His-tagged TBPs were expressed from
pQE-31 plasmids in E. coli and purified to greater than 50% homogeneity as
described by the manufacturer. TBP concentrations were quantitated by serial
dilution of purified TBPs, electrophoresis on sodium dodecyl sulfate-polyacryl-
amide gels, Coomassie blue staining, and comparison to standards of known
concentrations. Ten, 25, or 50 ng of purified TBPs were incubated in gel shift
buffer (25) with an oligonucleotide probe containing a 20-nt sequence spanning
the adenovirus major late promoter TATA box, which was labeled by incubation
with [y->?P]ATP and T4 polynucleotide kinase. Alternatively, 50 ng of TBP was
incubated with a 3?P-labeled DNA probe corresponding to the CYCI promoter
(spanning sequences 50 to 140 nt 5’ of the CYCI Inr methionine codon) con-
taining either the wild-type TATA sequences or the TGTA mutant. TBP-DNA
complexes were separated from free probe by electrophoresis on 4.5% native
polyacrylamide gels run in a Tris-glycine buffer system supplemented with 5 mM
MgCl,.

RESULTS

Identification of a yI'BP mutant that facilitates transcrip-
tion. We and others have previously demonstrated that natural
acidic activation domains, such as those found in the VP16 and
RelA transcriptional transactivators, consist of multiple, highly
synergistic acidic activation modules (AAMs) of ~11 amino
acids in length (4, 35, 36). To identify TBP mutations that
facilitated transcription initiation, we used a weak synthetic
transcriptional transactivator, termed GAL4-(AAM)-(AAAM),
consisting of the GAL4 DNA binding domain linked to one
functional and one mutant 11-amino-acid AAM (4). In the
context of the yeast Y190 indicator strain, this weak activator
induces low but readily detectable levels of an integrated
GALI:lacZ indicator gene but is not able to induce levels of
expression of an integrated GALI:HIS3 selectable marker ad-
equate to sustain yeast cell growth on histidine-minus media
containing 40 mM 3-amino-1,2,4-triazole.

To screen for TBP gain-of-function mutants, yeast strain
Y190 was cotransformed with the GAL4-(AAM)-(AAAM) ef-
fector plasmid and a library of mutant yTBP expression plas-
mids generated by amplification of yTBP sequences by PCR
under conditions that favor random missense mutations.
Growth on selective media led to the identification of a single
yeast colony that expressed a mutant yTBP (yTBPN69S) that
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TABLE 1. Induction of B-GAL activity by GAL4-activation domain fusions in the presence of yTBPwt or yTBPN69S“

B-GAL activity with: Fold
Promoter Effector TS
yTBPwt yTBPN69S activation

ADHI¢ GALA4 <1(20) <1(98) 49

GAL4-(AAM) 8 243 31

GALA4-(AAM)-(AAAM) 136 428 31

GALA4-RelA 4,960 5,760 1.2

GALA4-VP16 4,900 6,490 1.3

PGK? GAL4-(AAM) 60 309 5.2

GAL4-(AAM)-(AAAM) 538 938 1.7

¢ Induced B-GAL activities were measured 5 min after addition of the substrate and are presented in milli-optical density units, which are corrected for any dilution
required to maintain samples in the measurable range. Numbers in parentheses represent B-GAL activities measured 5 h after addition of the substrate.

> Ratio of B-GAL activity induced in the presence of yTBPNG9YS to that seen in the presence of yTBPwt.

¢ GALA fusions were expressed from the ADHI promoter, and induced B-GAL activities were measured from an integrated GALI::lacZ reporter.

4 GAL4 fusions were expressed from the PGK promoter, and induced B-GAL activities were measured from the pLGSDS reporter plasmid.

could significantly facilitate Pol II-dependent gene expression.
As shown in Table 1, B-GAL activities induced by GAL4-
(AAM)-(AAAM), or by the even less active GAL4-(AAM)
fusion protein, were 3- and 31-fold greater, respectively, in the
presence of yI'BPN69S than in the presence of yTBPwt.
yTBPN69S-mediated effects on gene expression were not ac-
tivation domain dependent in that B-GAL levels observed in
cells expressing the GAL4 DNA binding domain alone (mea-
sured at a later time point) were also ~5-fold higher in the
presence of yTBPN69S than in the presence of yTBPwt. In
contrast, GAL4 fusion proteins containing the potent activa-
tion domains of RelA or VP16, expressed in amounts nontoxic
to yeast cell growth, induced similar levels of 3-GAL activity in
the presence of either yTBPwt or yTBPN69S (Table 1).

The data presented in Table 1 demonstrate that the modest
level of gene expression derived from the integrated GALI:
lacZ indicator gene in the presence of weak activator proteins
is significantly enhanced by coexpression of the yTBPN69S
mutant. This effect could reflect not only a direct effect of the
yTBPN69S mutant on the integrated GAL1 promoter element
but also an indirect effect resulting from the enhanced expres-
sion of activator proteins, which in this experiment were ex-
pressed under the control of a truncated ADHI promoter el-
ement. To examine whether yTBPN69S affected activator
protein expression, steady-state levels of GAL4-(AAM) and
GALA4-VP16 protein expression were measured by Western
blot analysis. As shown in Fig. 1A, both GAL4-(AAM) and
GALA4-VP16 were indeed expressed at markedly higher levels
from the ADH1 promoter in the presence of yYTBPN69S (com-
pare lanes 3 and 5 with lanes 2 and 4). Therefore, the
yTBPN69S mutant can affect the activity of promoters both
directly, as in the case of the ADHI promoter (Fig. 1A), and
indirectly, as seen with the GALI reporter element in the
presence of weak activators (Table 1).

A recent study reported an inverse correlation between ac-
tivation domain potency and the levels of activator required for
site saturation on promoter DNA (42). Therefore, increases in
the levels of weak activator expression may result in dispro-
portionate increases in reporter gene activity. Such a phenom-
enon was not inconsistent with the profile observed with GAL4
fusions expressed from the ADHI promoter (Table 1), and it
remained possible that the yTBPN69S-mediated effects on re-
porter gene expression in the presence of weak activators
might be entirely indirect. To examine such a possibility, the
GAL4-(AAM) and GAL4-(AAM)-(AAAM) fusion proteins
were expressed from the full-length PGK promoter (Table 1).
The activity of the highly potent PGK promoter is largely

unaffected by yTBPN69S (see below); therefore, steady-state
levels of activator protein expressed from the PGK promoter
should be similar in the presence of yTBPwt or yTBPN69S.
This expectation was confirmed by the Western blot analysis
shown in Fig. 1B. Pixel quantitation of the Western blot anal-
ysis in Fig. 1B with the NIH Image 1.60 program demonstrated
that expression levels of the GALA4-(AAM) and GALA4-
(AAM)-(AAAM) proteins differed by less than 5 and 40%,
respectively, in the presence of yITBPwt versus yTBPN69S.
Despite very similar activator expression levels, a significant
increase (fivefold) in GAL4-(AAM)-induced B-GAL activity
was observed in the presence of yYTBPN69S compared to that
observed in the presence of yTBPwt (Table 1). In contrast, the
yTBPN69S-induced increase in B-GAL expression observed in
the presence of the more active GAL4-(AAM)-(AAAM) fu-
sion protein was a more modest ~2-fold (Table 1). Therefore,
these data demonstrate that yTBPN69S can increase activator-
induced gene expression in the absence of any change in the
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FIG. 1. Western blot analysis of activator expression levels in the presence of
yTBPwt or yTBPN69S. Yeast strain Y190 (A) was cotransformed with pGALA4-
(AAM) (lanes 2 and 3) or pGAL4-VP16 (lanes 4 and 5), which express GAL4-
(AAM) and GALA4-VP16, respectively, under the control of the ADHI promoter
and with plasmids expressing yTBPwt (WT) or yTBPNG69S. Alternatively, yeast
strain LDY434 (B) was cotransformed with plasmids expressing GAL4-(AAM)
(lanes 6 and 7) or GAL4-(AAM)-(AAAM) (lanes 8 and 9) under the control of
the PGK promoter and with plasmids expressing either yTBPwt or yTBPNG69S.
After selection, yeast cell proteins were concentrated by precipitation and sub-
jected to polyacrylamide gel electrophoresis. Resolved proteins were transferred
to nitrocellulose, and GAL4 fusion proteins were detected by Western blot
analysis with a GAL4 DNA binding domain-specific antiserum and enhanced
chemiluminescence. The resultant autoradiogram in panel B was exposed for a
shorter period of time than that in panel A to ensure comparable signals.
Arrowheads denote the positions of the GAL4 fusion proteins.
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TABLE 2. B-GAL expression from yeast promoter-lacZ fusions in
the presence of yTBPwt or yTBPN69S“

Promoter B-GAL activity with: Fold
fusion yTBPwt YTBPN69S activation
CYCl-lacZ 7 116 17
ADHI-lacZ 48 1,057 22
PGK-lacZ 22,300 34,580 1.5

“ B-GAL activities from promoter-lacZ fusions were measured as described in
the footnotes to Table 1.

level of the activator protein. In addition, these data further
confirm the hypothesis that the level of enhancement of acti-
vator function by yTBPN69S is inversely correlated with acti-
vator strength.

It is important to note that the yTBPN69S mutant fails to
support yeast viability when expressed in the absence of wild-
type yeast TBP (data not shown), and the effect of yTBPN69S
on gene expression in vivo could therefore be measured only in
the presence of endogenously expressed wild-type yTBP. How-
ever, although yTBPNG69S is presumably expressed at higher
levels than yTBPwt due to yTBPN69S-mediated up-regulation
of its cognate promoter, it is unlikely that such an increase
contributed significantly to the mutant phenotype. Previous
studies have demonstrated that overexpression of yTBPwt at
levels up to 20-fold greater than those of endogenous TBP had
no significant effect on basal or activated transcription in yeast
cells (33, 52). Consistent with these earlier studies, we ob-
served that overexpression of yTBPwt from ARS-CEN-based
yeast plasmids or high-copy-number 2pm yeast plasmids also
had no effect on reporter gene expression (data not shown).

YTBPNG9IS selectively enhances RNA expression from weak
promoters. The data presented in Table 1 and Fig. 1 demon-
strate that yTBPN69S can enhance the level of gene expression
directed by relatively weak promoter elements such as the
ADHI promoter or basal or weakly activated forms of the
GALI promoter element. However, yTBPN69S failed to en-
hance the level of gene expression directed by the GAL1 pro-
moter when this was also acted upon by the potent GALA4-
VP16 or GALA4-RelA transcriptional transactivators. These
observations raised the possibility that yTBPN69S might selec-
tively act on only weak promoter elements.

To test this hypothesis directly, reporter constructs contain-
ing the lacZ gene under the control of either a truncated ADH1
promoter, a truncated CYCI promoter, or the PGK promoter
were cotransformed into yeast cells along with plasmids ex-
pressing either yTBP or yTBPN69S. As shown in Table 2, the
level of B-GAL activity observed with these ADHI or CYCI
promoter derivatives increased by 22- and 17-fold, respectively,
in the presence of yTBPN69S when compared to yT'BPwt. In
contrast, and as also shown in Fig. 1B, the level of B-GAL
activity induced by the stronger PGK promoter was essentially
unaffected by yTBPN69S. Taken together with the results pre-
sented in Table 1 and Fig. 1, these data demonstrate that
yTBPN69S induces levels of gene expression from three dif-
ferent weak or basal yeast promoter elements that are from 4-
to 31-fold higher than those seen with yTBPwt alone. In con-
trast, gene expression directed by highly active promoters, such
as the PGK promoter, is not significantly affected by the pres-
ence of yYTBPN69S. As no DNA sequence recognition ele-
ments for upstream transcriptional activators are known to be
present in the ADHI or CYC1 yeast promoter sequences used
for Table 2, yTBPN69S most likely enhances gene expression
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FIG. 2. mRNA expression from the yeast ADHI promoter in the presence of
yIBPwt or yITBPN69S. Yeast strain PSY316 was cotransformed with the
pADHI1/lacZ reporter plasmid and with plasmids expressing yTBPwt or
yTBPNG69S. Transformed yeast cells were harvested, and total yeast cell RNA
was isolated and subjected to RNase T, protection analysis with a 3*P-labeled
RNA probe complementary to the 3" 450 nt of the lacZ gene. To ensure that
comparable amounts of RNA were analyzed, a portion of the yeast cell RNA was
bound to nitrocellulose filters and hybridized to a 3*P-labeled probe complemen-
tary to rRNA.

levels via a direct, activator-independent mechanism in these
cases.

Next, the effect of yTBPN69S on mRNA expression was
directly measured by using yeast cells cotransformed with the
pADH1/lacZ reporter plasmid and plasmids expressing either
yTBPwt or yTBPN69S. After growth on selective media, cells
were harvested and total cellular RNA was isolated and sub-
jected to RNase T, protection analysis with a **P-labeled RNA
probe complementary to lacZ sequences (Fig. 2). Consistent
with the data presented above, levels of lacZ mRNA induced
from the ADHI promoter, quantitated by phosphorimager
scanning of the RNase protection analysis, were ~10-fold
higher in the presence of yTBPN69S than in the presence of
yIBPwt. In addition, DNA slot blot analysis showed that
yTBPN69S had no effect on reporter plasmid copy number
(data not shown). Therefore, these data demonstrate that
yTBPNG69S affects gene expression exclusively at the mRNA
level.

yITBPNG69S and yITBPwt exhibit similar affinities for TATA
DNA in vitro. Analysis of the sequence of the yTBPN69S
mutant demonstrated that a single amino acid substitution
(Asn to Ser) at residue 69 of yTBP was sufficient to confer the
mutant phenotype. The cocrystal structure of yeast TBP with
the CYC1 promoter TATA box predicts that yTBP residue 69
interacts through hydrogen bonding with two thymidine accep-
tor residues in the minor grove of TATA DNA (22). These
observations suggested that the yTBPN69S mutant might ex-
hibit an increased affinity for promoter DNA compared to
wild-type TBP, resulting in increased recruitment and, hence,
increased transcription initiation. To test this hypothesis di-
rectly, yTBPwt and yTBPNG69S proteins were expressed in E.
coli and then purified by column chromatography (see Mate-
rials and Methods). Recombinant yTBPwt or yTBPN69S pro-
teins were incubated at increasing concentrations with a **P-
labeled DNA probe that includes the ADMLP TATA box, and
TBP-DNA complexes were separated from unbound probe by
nondenaturing polyacrylamide gel electrophoresis. As shown in
Fig. 3, yTBPwt and yTBPN69S exhibit similar affinities for
TATA-containing DNA probes, with yTBPNG69S, if anything,
showing a slightly lower affinity for TATA DNA. Of interest,
yTBPN69S-DNA complexes exhibited a slightly slower electro-
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FIG. 3. Electrophoretic mobility shift analysis of yTBP-TATA DNA interac-
tions. Increasing concentrations of recombinant yTBP or yTBPN69S protein
were incubated with a 3?P-labeled DNA probe containing the ADMLP TATA
box. TBP-DNA complexes were separated from free probe by native polyacryl-
amide gel electrophoresis. —, no TBP added.

phoretic mobility than yTBPwt-DNA complexes in nondena-
turing polyacrylamide gels (Fig. 3). Competition experiments
with wild-type or mutant TATA sequences demonstrated that
the observed complexes were specific for wild-type TATA se-
quences, while kinetic analyses of yTBPwt- or yTBPN69S-
DNA complex formation failed to reveal significant differences
in association or dissociation rates in vitro (data not shown).
These findings therefore suggest that the effect of yTBPN69S
on Pol II-driven gene expression does not result from an in-
creased affinity for TATA DNA. Further comparative analyses
of TBP-wild-type TATA DNA interactions in vitro (e.g., by
DNA footprinting) were not performed based on the demon-
stration that a direct TBP-DNA interaction was not required
for yTBPN69S-mediated enhancement of gene expression (see
Fig. 5).

yTBPNG69S increases gene expression by increasing TBP
promoter recruitment in vivo. If TBP/TFIID recruitment to
Pol II promoter elements represents a rate-limiting step in
transcription initiation, it should then be possible to at least
partly bypass the need for transcriptional activators by effi-
ciently targeting TBP to promoters by using a heterologous
DNA binding domain. As shown by several groups, this is
indeed the case (6, 23, 49). With this approach, it has recently
proven possible to subdivide inactive mutants of TBP into a
class that is inefficiently recruited to promoter elements, and
that can therefore be rescued by fusion to a heterologous DNA
binding domain, and into a second class that is defective for a
step subsequent to promoter recruitment, and that is therefore
not rescued (39).

We have therefore used this in vivo TBP recruitment assay
to determine if yTBPNG69S acts at the level of TBP promoter
recruitment or at a step following recruitment. Plasmids ex-
pressing GAL4-yTBPwt or GAL4-yTBPN69S fusions were co-
transformed with lacZ reporter constructs that contained ei-
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TABLE 3. Induction of B-GAL activity by GAL4-yTBP fusions®

B-GAL

Reporter Effector activity?
(UASG)CYCl-lacZ GAL4 24
GALA4-yTBPwt 629
GALA4-yTBPN69S 661
CYCl-lacZ GALA-yTBPwt 17
GAL4-yTBPN69S 70

“B-GAL activities induced from a CYCl-lacZ reporter containing
[(UASG)CYCI-lacZ] or lacking (CYCI-lacZ) 5' promoter-proximal GAL4 DNA
binding sites were measured 5 min after addition of the substrate.

b Activities are in milli-optical density units.

ther the CYCI promoter (pCYCl/lacZ) only or an identical
CYCI promoter flanked by 5’ promoter-proximal GAL4 DNA
binding sites (pUAS;CYCl1/lacZ). As shown in Table 3, both
GALA4-yTBPwt and GAL4-yTBPN69S induced similar levels of
B-GAL activity from the pUAS5;CYCl/lacZ reporter, which
were >25-fold higher than those induced by the GAL4 DNA
binding domain alone. In contrast, GAL4-yTBPN69S induced
an ~4-fold-higher level of gene expression from the pCYC1/
lacZ reporter compared to GAL4-yTBPwt (Table 3), thus
demonstrating that fusion to the GAL4 DNA binding domain
does not inhibit the enhanced activity described above for
yTBPNG69S on promoters lacking GAL4 DNA binding sites.
These data demonstrate that yTBPwt mediates transcription at
levels closely comparable to those of yTBPN69S when targeted
to a promoter by a heterologous DNA binding domain and,
therefore, indicate that yTBPN69S acts at the step of promoter
recruitment in vivo.

yTBPNG69S enhances gene expression from a promoter lack-
ing a functional TATA box. To determine if a functional TATA
box was required for yYTBPN69S-mediated gene expression, a
single nucleotide substitution was introduced into the consen-
sus TATA sequences (TATA—TGTA) of the CYCI promoter
to give the pCYCI1B indicator plasmid. This mutation is known
to essentially block TATA element function both in vitro and
in vivo (8, 47). In addition, a negative control plasmid (pdCYC)
that lacked all CYCI promoter sequences and instead retained
only the CYC/ translation initiation codon fused in frame with
the lacZ gene was constructed. Each reporter construct was
cotransformed into yeast cells, along with plasmids expressing
either yTBPwt or yTBPN69S. After growth on selective media,
yeast cells were harvested and B-GAL activity from cell ex-
tracts was measured.

Consistent with the data in Table 2, a significant increase
(~10-fold) in B-GAL activity was measured from a CYCI
reporter containing wild-type TATA sequences (pCYCd1A) in
the presence of yTBPN69S compared to yTBPwt (Fig. 4). As
expected, very low levels of B-GAL activity were induced by
the pdCYC reporter, which lacks CYCI promoter sequences,
in the presence of either yTBPwt or yTBPN69S. Introduction
of an A-to-G nucleotide substitution into the CYCI TATA box
(TATA—TGTA) in the pCYCd1B mutant led to a marked,
>10-fold drop in the level of B-GAL activity observed in the
presence of yTBPwt (Fig. 4). In contrast, this mutation had a
far less pronounced effect in the presence of yTBPN69S, lead-
ing to only an ~2-fold drop in B-GAL activity compared to that
with the wild-type pCYCd1A reporter plasmid (Fig. 4). There-
fore, yTBPN69S enhanced gene expression from the effectively
TATA-less promoter present in pCYCd1B by ~50-fold, an
effect that clearly markedly exceeds the ~10-fold effect seen
with the wild-type CYC! promoter element. These data there-
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FIG. 4. Activities of CYCI promoter derivatives in the presence of yTBPwt
or YTBPN69S. Yeast strain PSY316 was cotransformed with either pCYCdI1A,
which contains a wild-type CYCI TATA element; pCYCd1B, which contains a
mutant (TATA—TGTA) CYCI TATA element; or pdCYC, which contains only
the CYC1 initiation codon fused in frame with the lacZ gene, and with plasmids
expressing either yTBPwt (hatched bars) or yTBPN69S (solid bars). Trans-
formed yeast cells were harvested and B-GAL activity (given in milli-optical
density units) was measured.

fore demonstrate that activation of weak promoter elements by
the yTBPN69S mutant is not dependent upon the integrity of
the TATA element.

yTBPNG69S function does not require direct interaction with
DNA. The observation that the yTBPN69S mutant can activate
transcription from a promoter containing a mutant TATA
element (Fig. 4) raises the possibility that this mutant might
exhibit a higher affinity for such a TATA element. To directly
test this hypothesis, recombinant yITBPwt or yTBPN69S pro-
teins were incubated with >?P-labeled probes corresponding to
CYC1 promoter DNA containing either the TGTA or wild-
type TATA sequences. TBP-DNA complexes were separated
from free probe by electrophoresis on nondenaturing poly-
acrylamide gels. Consistent with the data shown in Fig. 3,
yTBPwt and yTBPN69S exhibited similar affinities for CYC1
promoter DNA containing a wild-type TATA box (Fig. 5A,
lanes 2 and 3). Also consistent with the data in Fig. 3,
yTBPN69S-DNA complexes again exhibited a slower electro-
phoretic mobility than yTBPwt-DNA complexes. However,
neither yTBPwt nor yTBPN69S bound efficiently to CYCI pro-
moter sequences containing the TGTA mutant TATA box
(Fig. 5A, lanes 5 and 6). These results were surprising given the
observation that yTBPN69S mediated readily detectable levels
of gene expression from a CYCI promoter containing a TGTA
mutant TATA box (Fig. 4) and suggested that yTBPN69S-
mediated gene expression might not depend on a direct TBP-
DNA interaction.

To directly address this hypothesis in vivo, the effect of a
second amino acid substitution on yTBPN69S-mediated gene
expression was examined. A Leu-to-Lys amino acid substitu-
tion at yIBP residue 205, which totally disrupts TBP DNA
binding activity in vitro and in vivo (6, 50), was introduced into
the contexts of both yTBPwt and yTBPN69S. A lacZ reporter
construct containing wild-type CYCI promoter sequences
(pCYCd1A) was then cotransformed into yeast along with
plasmids expressing either yTBPwt, yTBPN69S, yTBPL205K,
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FIG. 5. Functional analysis of yTBPN69S-DNA interactions in vitro and in
vivo. (A) Recombinant yTBPwt (WT) or yTBPNG69S protein (50 ng) was incu-
bated with 3?P-labeled probes corresponding to the CYCI promoter containing
either a wild-type or TGTA mutant TATA element. TBP-DNA complexes were
separated from free probe by native polyacrylamide gel electrophoresis. Mock,
DNA probes incubated in gel shift buffer alone. (B) Yeast strain PSY316 was
cotransformed with the pCYCdIA reporter plasmid and with plasmids ex-
pressing yTBPwt, yTBPN69S, yTBPL205K, yTBPNG69S/L205K, yTBPN2-1, or
yTBPN69S/N2-1. Transformed yeast cells were harvested, and B-GAL activity
from cell extracts (given as milli-optical density units) was measured.

or the yTBPN69S/L205K double mutant. After growth on se-
lective media, B-GAL activity from yeast cell extracts was mea-
sured. Consistent with the data presented above, an ~10-fold
increase in B-GAL activity from the pCYCd1A reporter in the
presence of yTBPN69S compared to that in the presence of
yITBPwt was measured (Fig. 5B). Remarkably, a similar in-
crease in B-GAL activity was also observed for the yTBPN69S/
L205K double mutant compared to yITBPL205K (Fig. 5B).
These data demonstrate that the L205K yeast TBP mutation is
unable to block the effect of the N69S substitution on Pol
[I-directed gene expression in vivo. Consistent with a pre-
vious report (50), electrophoretic mobility shift analysis con-
firmed that yTBPN69S/L205K exhibited no detectable DNA
binding activity (data not shown). Therefore, taken together
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with the findings presented above, these data demonstrate that
yTBPN69S-mediated gene expression does not depend on a
direct TBP-DNA interaction.

Although a direct TBP-DNA interaction is not required, a
functional TBP-TFIIA interaction is essential for yTBPN69S
enhancement of gene expression. As shown in Fig. 5B, the
introduction of the amino acid substitutions Lys to Thr and Tyr
to Ala at yTBP residues 138 and 139, respectively, abolished
the yTBPN69S mutant phenotype. This double substitution
mutation, which is termed N2-1, has been shown to specifically
impair the response of yIBP to acidic activators in vivo by
disrupting yITBP-TFIIA interactions (38). Therefore, these
data are again consistent with the hypothesis that yTBPN69S
and transcriptional transactivators affect the same step in the
enhancement of gene expression.

DISCUSSION

Transcription of a eukaryotic Pol II-dependent gene in vivo
requires the recruitment of a complete set of GTFs to the
relevant promoter element. Considerable evidence now indi-
cates that transcriptional transactivators increase the rate of
transcription by increasing the efficiency with which GTFs are
recruited to specific promoter elements. While evidence sug-
gesting direct contacts between activation domains and several
GTFs has been presented, evidence for a critical role for
TFIID recruitment in activated transcription is particularly
strong. Relevant observations include the in vitro demonstra-
tion of specific contacts between activation domains and both
the TBP and TAF components of TFIID (4, 9, 14, 17-19, 26,
27, 40, 45, 48, 50), the finding that specific TAFs are required
to mediate transcriptional activation in vitro by specific classes
of activation domains (7, 30, 44), the in vivo demonstration
that acidic activation domains enhance the kinetics of TBP
recruitment (24), and, finally, the in vivo demonstration that
tethering TBP to a promoter via a heterologous DNA binding
domain results in efficient transcription initiation even in the
absence of DNA-bound transcriptional transactivators (6, 23,
49).

The hypothesis that TFIID recruitment is a rate-limiting
step in transcription initiation that is specifically enhanced by
transcriptional transactivators leads to the prediction that
TFIID mutants with interesting phenotypes should be obtain-
able. While no gain-of-function mutations of TFIID or TBP
have been reported previously, Kim et al. (21) have presented
data suggesting that mutations that disrupt the in vitro inter-
action between yeast TBP and the VP16 activation domain can
specifically block in vivo transcription activation by VP16 with-
out affecting basal transcription. However, the subsequent re-
port by Tansey and Herr (43) that a mutation in human TBP
that blocks a presumably similar reported in vitro interaction
with the VP16 activation domain fails to inhibit transcription
activation by VP16 in human cells has rendered the interpre-
tation of this earlier result more difficult. Clearly, strong sup-
port for a critical role for TFIID recruitment in activated
transcription would be provided by a gain-of-function mutation
within a TFIID subunit that, at least in part, rendered tran-
scriptional transactivators dispensable for efficient transcrip-
tion initiation in vivo. The N69S missense mutation described
in this report represents a mutation in the TBP component of
yeast TFIID that conforms precisely to this predicted pheno-
type.

An important property of the yTBPN69S mutant is that it
specifically and potently enhances transcription from several
weak or basal yeast promoter elements but does not increase
gene expression directed by highly active natural or synthetic
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yeast promoters (Tables 1 and 2 and Fig. 1). This is precisely
the pattern that one would expect if this mutation is affecting
the same rate-limiting step that is also targeted by transcrip-
tional transactivators. Consistent with this, amino acid substi-
tution mutations in yI'BP sequences, which specifically inhibit
activated, rather than basal, transcription in vivo, also block
yTBPN69S-mediated enhancement of gene expression. If the
N69S mutation indeed acts exclusively at the step of promoter
recruitment, which is also thought to be modulated by tran-
scriptional transactivators, then this mutant should lack a phe-
notype when recruitment is no longer rate limiting, i.e., if TBP
is efficiently recruited to a promoter element by tethering to a
heterologous DNA binding domain. As shown in Table 3, this
prediction is fully borne out, thus strongly suggesting that N69S
indeed acts by enhancing promoter recruitment efficiency.

Because the asparagine residue mutated in yTBPN69S is
predicted, in the reported crystal structure of TBP-DNA com-
plexes, to directly contact DNA, it appeared possible that this
TBP mutation acted by directly affecting DNA affinity. Several
lines of evidence argue against this simple hypothesis: (i) the
mutant YTBPN69S protein binds TATA DNA with an affinity
similar to that of the wild type when measured in vitro (Fig. 3
and 5A); (ii) the yTBPN69S mutant protein strongly enhances
gene expression directed by a promoter containing a mutant
TATA box that is not effectively utilized efficiently by wild-type
TBP (Fig. 4) and that does not bind recombinant wild-type or
N69S mutant TBP detectably (Fig. 5SA); and (iii) a mutation in
TBP that totally blocks specific DNA binding fails to block the
increased level of promoter expression induced by the N69S
mutation (Fig. 5B). Taken together, these data clearly argue
that the N69S mutation in yTBP does not act by directly pro-
moting DNA binding by TBP. We therefore conclude that the
N69S mutation is acting indirectly, most probably by promot-
ing the interaction of other TFIID components with promoter
DNA and/or other DNA-bound GTFs (13). The observation of
numerous TATA-less Pol II promoters both in higher eu-
karyotes and in yeast clearly indicates that at least one such
TATA-independent mechanism exists. Indeed, Martinez et al.
(29) have demonstrated that a human TBP mutant, which is
defective for TATA binding activity, can direct efficient tran-
scription from TATA-less promoters in vitro. We therefore
hypothesize that yTBPN69S is acting to increase the efficiency
of this alternate, TATA box-independent path of TFIID re-
cruitment.

Alternative explanations for the mechanism of yTBPN69S
enhancement of gene expression could be proposed. Thus, the
N69S mutation could interfere with TFIID dimerization (41),
thus giving rise to increased pools of endogenous TFIID com-
petent for DNA binding and transcription initiation. Or, sim-
ilarly, the N69S mutation could interfere with the ability of
global repressors of Pol II transcription, such as Motl (1), to
inhibit TBP binding to promoter DNA. However, both of these
proposed mechanisms would clearly predict a requirement for
a direct interaction between the yTBPN69S mutant and re-
sponsive promoter elements, which was not found to be the
case (Fig. 4 and 5). A final potential explanation for the N69S
phenotype could be that yTBPN69S effectively sequesters neg-
ative regulators of transcription, thus resulting in increased
levels of reporter gene expression mediated by the endogenous
wild-type TBP. However, this explanation is also inconsistent
with the observation that yTBPN69S expression resulted in
high levels of gene expression directed by a promoter contain-
ing a mutant TATA element that is not utilized effectively by
wild-type TBP (Fig. 4). Additionally, yTBPN69S enhancement
of gene expression was blocked by the N2-1 amino acid sub-
stitution mutation of yI'BP, which has been shown previously
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to specifically disrupt the interaction of yTBP with TFIIA (38).
Because this mutation has been shown to selectively block
activated, rather than basal, transcription (38), it appears very
unlikely that it would also exert a pleiotropic effect on the
interaction of yTBP with other protein targets, such as poten-
tial negative regulators. Therefore, while the precise mecha-
nism by which N69S increases promoter recruitment of yeast
TFIID remains unclear, the phenotype of this TBP mutation
does provide important genetic support for the hypothesis that
TFIID recruitment is both rate limiting for transcription initi-
ation in vivo and a specific target for transcriptional transacti-
vator function.
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