
mr

Increased Recruitment of TATA-Binding Protein
to the Promoter by Transcriptional Activation

Domains in Vivo
Charles Klein and Kevin Struhl*

The rate at which the TATA-binding protein (TBP) interacts with the TATA element and
promotes transcription by RNA polymerase 11 was determined in yeast cells. A TBP
derivative with altered TATA-element specificity was rapidly induced, and transcription
from promoters with appropriately mutated TATA elements was measured. Without a
functional activator protein, basal transcription was observed only after a lag of several
hours. In contrast, GCN4-activated transcription occurred rapidly upon induction of the
TBP derivative. These results suggest that accessibility of TBP to the chromatin template
in vivo is rate limiting and that activation domains increase recruitment of TBP to the
promoter.

Interaction of the TATA-binding protein
(TBP) with the TATA promoter element is
the first step in transcriptional initiation by
RNA polymerase 11 (1). In vitro, the ability
of TBP (or the multiprotein complex
TFLID) to bind the TATA element and
initiate transcription is strongly repressed
by nucleosomes (2, 3). In chromatin recon-

stitution experiments, TBP or TFIID can-

not compete with nucleosomes for template
occupancy, whereas TBP added before or

concomitantly with histones can access

DNA and support TATA-dependent tran-
scription. A similar competition occurs

when DNA is injected into fertilized Xeno-
pus eggs; transcription is not observed un-

less TBP is preincubated with DNA or

chromatin assembly is disrupted by the ad-
dition of an excess of nonspecific competi-
tor DNA (4). The inability of TBP to bind
nucleosomal templates probably reflects the
unusual structure of the TBP-TATA ele-
ment complex (3, 5) and differs from the
properties of some other DNA-binding
transcription factors such as glucocorticoid
receptor and Gal4 (6, 7).

Although nucleosomes severely repress

basal TATA-dependent transcription in
vitro, preinitiation complex formation can

occur on assembled chromatin templates in
the presence of an activator protein bound
to its cognate site (7, 8). Moreover, acces-

sibility of TBP to nucleosomal templates in
vitro can be increased by histone acetyla-
tion or by the Swi-Snf complex, parameters
that are associated with transcriptional ac-

tivation in vivo (3). These biochemical
experiments suggest that accessibility of
TBP to chromatin templates is a central
regulatory step for transcriptional initiation.
However, the physiological relevance of

these experiments has yet to be established.
Conversely, whereas evidence suggests that
chromatin structure plays a dynamic and
important role in transcriptional regulation
in vivo (9), the rate at which TBP can be
productively recruited to nucleosomal tem-
plates has not been determined.

To study TBP recruitment to chromatin
templates in vivo, we manipulated TBP
expression in a manner analogous to that of
the experiments in vitro while maintaining
normal physiological conditions. We
wished to rapidly induce TBP from nonde-
tectable to wild-type levels without sub-
stantially altering cellular metabolism. Be-
cause TBP is required for cell growth, it was
necessary to induce a genetically marked
TBP derivative (TBPm3) whose activity
could be distinguished from that of wild-
type TBP by its ability to permit transcrip-
tion from promoters containing a mutated

Fig. 1. (A) Structures of
the promoters. The wild-
type HIS3 promoter con-
tains a poly(dA)poly(dT)
upstream element, a Gcn4
binding site, a nonconsen-
sus TATA element (TC)
that is required for initiation
from the + 1 site but re-

sponds weakly to tran-
scriptional activator pro-
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(TGTAAA) TATA element (10) (Fig. 1,
A and B). Thus, transcription from TG-
TAAA-containing promoters at various
times after induction of TBPm3 reflects the
rate at which TBP productively associates
with the chromatin template in vivo.

For rapid induction, we used a copper-

inducible promoter that is dependent on

the Acel transcription factor rather than a

Gal4-dependent promoter that is inducible
by galactose. Copper induction involves a

peripheral aspect of cellular metabolism and
occurs by a simple mechanism, the copper-

dependent folding of the DNA-binding do-
main of the Acel transcription factor (1 1).
In contrast, galactose induction involves a

change in carbon metabolism, which is a

central aspect of yeast cell physiology, and
occurs by a complex and unknown mecha-
nism ( 12). By fusing an Acel binding site to
the HIS3 TATA region (13), we generated
a tightly regulated, copper-inducible pro-

moter (Sc3451; Fig. 1A). When this pro-

moter was used to control expression of the
HIS3 gene, RNA was not detected in the
absence of copper (Fig. LB), and HIS3 ex-

pression was sufficiently low that cells were

unable to grow in the absence of histidine.
Addition of 500 FLM copper sulfate resulted
in high levels of HIS3 RNA within 10 min
and maximal levels within 20 min (Fig.
1 B), but had no effect on cell growth.
When this promoter controlled the expres-

sion of an epitope-tagged version of TBPm3,
copper induction led to a substantial in-
crease in protein levels within 30 min and
maximal levels within 60 min (Fig. 2, A to
D). Under conditions of maximal induc-
tion, the level of TBPm3 is comparable to
that of the endogenous TBP.

For investigation of TBP function at a
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teins, and a conventional TATA sequence (TATAAA) that strongly responds to transcriptional activators
and mediates transcription primarily from the + 13 site (23). Sc3765 and Sc3745 are derivatives of the
HIS3 promoter that contain aTGTAA TATA sequence, are deleted for TC, and either lack or possess the
Gcn4 binding site (14). Sc3451, a his3 allele containing a tightly regulated, copper-inducible promoter,
was generated by insertion of an oligonucleotide containing an Acel binding site (TAAGTCTTTTTT-
GCTGGAACGGTTGAGCGGAAAAGACGCATC) derived from the CUP1 promoter into the Eco RI site of
Ylp55-Sc3370 (24). To regulate the levels of the altered-specificity TBP molecule (TBPm3) and to
distinguish it from endogenous TBP, a fragment of Sc3451 containing this copper-inducible promoter up
to the ATG initiation codon (HIS3 nucleotides -548 to +22) was generated by polymerase chain reaction
amplification and fused to a derivative of TBPm3 containing the simian virus 40 nuclear localization signal
and the HA1 epitope from influenza virus at the NH2-terminus. This construct was cloned into pRS314,
a centromeric TRP1 plasmid (25). (B) Induction kinetics in response to copper addition. Quantitative S1
analysis of HIS3 (+1 and + 13 transcripts) and DED1 (the internal control) RNAs (28) in a derivative of
strain KY320 containing Sc3451 at the normal HIS3 chromosomal locus at 0, 10, and 20 min after copper
induction.
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basal, TATA-dependent promoter, TBPm3
was induced in a strain containing Sc3765,
a HIS3 allele with a TGTAAA TATA
element but without a binding site for the
Gcn4 activator protein (14) (Fig. 1A). In
the absence of copper, HIS3 transcript lev-
els were comparable to those found in the
control strain without TBPm3 (Fig. 2A).
Upon copper induction, no change in HIS3
RNA levels was observed at 30 min, and
there was only a very slight (16%) increase
at 60 min even though the level of TBPm3
was maximal at this time (Figs. 2A and 3).
Transcription that was dependent on
TBPm3 increased at later times after copper
induction (44% at 2 hours and twofold at 4
hours) up to a threefold increase at steady
state (10). Thus, there is a substantial lag
period of roughly 2 hours between the syn-
thesis of TBPm3 and its ability to function at
basal, TATA-dependent promoters. This
observation is analogous to in vitro experi-
ments in which TBP does not function at
basal promoters in the context of preas-
sembled nucleosomal templates (2, 3).

Because acidic activators allow TBP to
initiate transcription on nucleosomal tem-
plates in vitro, they might be expected to
reduce the lag time of TBP utilization. To
evaluate the function of an acidic activator
in vivo, we induced TBPm3 in a strain con-
taining Sc3745 (Fig. 1A), a HIS3 promoter
with a binding site for the Gcn4 transcrip-

tional activator upstream of a TGTAAA
TATA element (14). In the absence of
Gcn4, the kinetics of HIS3 transcription
were indistinguishable from those obtained
with the promoter lacking the Gcn4 bind-
ing site (Figs. 2B and 3). However, in the
presence of constitutively expressed Gcn4
(Figs. 2C and 3), HIS3 RNA levels rapidly
increased upon copper induction (2.3-fold
at 30 min and 3.2-fold at 60 min) in a
manner that was kinetically similar to the
increase in TBPm3 levels. Thus, in the pres-
ence of an acidic activator protein, TBP can
rapidly and productively bind to the chro-
matin template in vivo.
A similar experiment was done in a

strain that constitutively expressed gcn4-
C131 (15), a deleted derivative that con-
tains the intact DNA-binding and dimer-
ization domain but lacks the acidic activa-
tion domain (Figs. 2D and 3). Upon induc-
tion of TBPm3, the activation-defective
Gcn4 derivative showed a lag in HIS3 tran-
scriptional initiation that was kinetically
similar to that observed without Gcn4 (Fig.
2B) or the Gcn4 binding site (Figs. 2A and
3). Thus, the Gcn4 acidic activation do-
main is required to overcome the lag be-
tween synthesis of TBPm3 and its ability to
support transcription from TGTAAA pro-
moters.

Our results (Fig. 3) suggest that recruit-
ment of TBP to the promoter is rate limit-

Fig. 2. HIS3 transcription A Ctl Time (hours) C Cti Time (hours)
from TGTAAA promoters 00.51 2 4 0.5 1 2 4
upon copper-induction of _____________p_____TIp
TBPm3. For each experi- T3TBP
mental situation, strains H H S3
contain the TRP1 centro-
meric plasmid that ex-
presses the TBPm3 deriv-
ative from copper-induc- DED1 DED1
ible promoter and the indi-
cated HIS3 and GCN4 B -+00.51 2 005124 P
alleles (A) Sc3765, GCN4, "C-TBP __ TBP
(B) Sc3745, gcn4-A1, (C)
Sc3745,gn4-Al ,YCp88- HIS3 H S-
GCN4, and (D) Sc3745,
gcn4-Al, YCp88-gcn4-
0131 (14, 15); the gcn4-
Al allele lacks the entire DED E DED1
GCN4 protein-coding re-
gion. All yeast strains are derived from KY320 (26) and were grown to mid-log phase [typically at an
absorbance at 600 nm (A600) of 0.3] in synthetic complete medium, which contains a trace amount
(approximately 150 nM) (27) of copper. Copper induction was achieved by addition of copper sulfate to a
final concentration of 500 pM, and portions of cells were harvested before and at various times (in hours)
after the addition of copper. Cells were frozen in liquid nitrogen until all samples were harvested, after which
RNA and protein were extracted. Control lanes refer to the relevant strain lacking the TBPm3 expression
plasmid grown for 12 hours in the presence (+) or absence (-) of 500 p.M copper sulfate. The top part of
each panel represents a protein immunoblot with the positions of TBPm3 and wild-type TBP (as an internal
control) indicated. Total protein (50 1Lg) from each sample was separated by SDS-polyacrylamide gel
electrophoresis, electroblotted onto nitrocellulose, and probed with a 1:1000 dilution of a polyclonal
antibody to TBP. The bottom part of each panel represents a quantitative S1 analysis of HIS3 and DED1
RNAs, which was performed as described (28). Because all the his3 promoters lack Tc, essentially no
transcription is initiated from the + 1 site; hence, the HIS3 band represents transcription from the + 13 site.
An equal amount of unlabeled DED1 probe was added to the reactions shown in (A), (B), and (D); thus, for
a given amount of HIS3 RNA (relative to DED1 control), bands in (C) are twofold less intense than those in
other panels.

ing in vivo and that acidic activation do-
mains increase the rate of this step as part of
the mechanism by which they stimulate
transcription. Although technical consider-
ations make it difficult to directly measure
TBPm3 binding to the TGTAAA sequence
in vivo ( 16), we doubt that the several hour
lag observed in the absence of an activator
reflects a rate-limiting step that occurs after
TBP binding (for example, recruitment of
TFILB). In vitro, TBP binding is sufficient
for template commitment (1), and the
available evidence argues against a kinetic
lag in steps subsequent to TBP binding
either in the absence or presence of an
acidic activator (17). Even in experiments
which suggest that activation domains
function at later steps, the observed effects
were at the level of complex stability, not
kinetics of formation (18). In vivo, photo-
footprinting of the yeast GALl, 10 promot-
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Fig. 3. Kinetics of HIS3 transcription from TG-
TAAA promoters upon copper-induction of
TBPm3. For each experimental situation (labeled
according to the his3 allele and Gcn4 derivative),
data points correspond to HIS3 RNA levels (nor-
malized to the DED1 internal control) that are rel-
ative to the zero time point (defined as 1.0 and that
represents transcription mediated by wild-type
TBP at the relevant TGTAAA promoter) as a func-
tion of time after addition of copper sulfate to the
medium. The fold increase in relative HIS3 RNA
levels upon copper induction for each strain rep-
resents TBPm3-dependent transcription. At the
zero time points and at steady-state synthesis of
TBPm3, HIS3 RNA levels are fourfold higher under
conditions of Gcn4 activation (Fig. 2C) as com-
pared to basal conditions (Fig. 2, A, B, and D). At
early time points after copper induction, the ap-
parent fold activation by Gcn4 is higher, a reflec-
tion of the differential kinetic effect of TBPm3 in the
presence or absence of a functional activation
domain. RNA levels were quantitated by Phos-
phorlmager (Molecular Dynamics) analysis and
represent the average of three independent ex-
periments (one of which is shown in Fig. 2); the
error for each determination is ± 10%.
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er indicates a transcription-dependent
change at the TATA element that probably
reflects TBP binding (19). Finally, our re-
sults are consistent with and support the
physiological relevance of biochemical ex-
periments indicating that TBP binds very
weakly to nucleosomal templates in the ab-
sence of a transcriptional activator protein.

The lag between synthesis of TBPm3 and
its ability to support basal transcription
takes several hours, the approximate length
of a single cell cycle. It is possible that, in
the absence of an activator, recruitment of
TBP to the promoter might occur only at a
specific time of the cell cycle. In this regard,
DNA replication-coupled chromatin as-
sembly has been associated with a variety of
transcriptional events in vivo and in vitro
(20). Alternatively, recruitment under
these conditions might be stochastic but
simply slow in comparison to the situation
at the Gcn4-activated promoter.

Our results do not distinguish between
potential mechanisms by which activation
domains increase recruitment of TBP to
promoters in vivo. Acidic activation do-
mains and the Swi-Snf complex, which is
involved in the activation process, cause
changes in chromatin structure that occur
in the absence of a functional TATA ele-
ment and transcription (21). Perhaps these
structural changes increase the accessibility
of TBP to the promoter. Increased recruit-
ment also may reflect direct interactions of
activation domains to TBP or associated
factors (TAFs) that are components of the
TFIID complex (22). In this view, different
classes of activation domains might func-
tion in a fundamentally similar manner
even though they may interact with differ-
ent components of the TFIID complex.
These models are not incompatible and in-
deed may be synergistic in explaining how
activation domains increase recruitment of
TBP to the promoter. Finally, although our
results strongly implicate TBP recruitment
as a critical step in the transcriptional acti-
vation process in vivo, they do not exclude
the importance of other steps implicated
from in vitro experiments such as recruit-
ment of TFIIB or other general factors (18).
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Microtubule Severing by Elongation Factor 1 a
Nobuyuki Shiina, Yukiko Gotoh, Nobuko Kubomura,

Akihiro Iwamatsu, Eisuke Nishida*

An activity that severs stable microtubules is thought to be involved in microtubule
reorganization during the cell cycle. Here, a 48-kilodalton microtubule-severing protein
was purified from Xenopus eggs and identified as translational elongation factor 1a

(EF-1 a). Bacterially expressed human EF-1 a also displayed microtubule-severing activity
in vitro and, when microinjected into fibroblasts, induced rapid and transient fragmen-
tation of cytoplasmic microtubule arrays. Thus, EF-1 a, an essential component of the
eukaryotic translational apparatus, appears to have a second role as a regulator of
cytoskeletal rearrangements.

An activity that severs stable microtubules,
first detected in mitotic extracts from Xeno-
pus laevis eggs ( 1 ), is thought to participate in
the microtubule rearrangements that occur
between interphase and mitosis (1-3). Mi-
crotubule severing also occurs during flagel-
lar excision in the green algae Chlamydomo-
nas (4). Two microtubule-severing factors
have been purified: p56, which severs micro-
tubules slowly in an adenosine triphosphate
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and Molecular Biology, Institute for Virus Research, Kyoto
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(ATP)-independent manner (3), and ka-
tanin, a heterodimeric protein that severs
and disassembles microtubules in an ATP-
dependent manner (5).
We purified from Xenopus egg extracts

a third protein of molecular weight 48,000
that can rapidly sever taxol-stabilized flu-
orescent microtubules in vitro (Fig. 1) (6).
Phosphocellulose chromatography of the
extracts generated two peaks of microtu-
bule-severing activity. The activity in
flow-through fractions had been previous-
ly purified and designated p56 (3). Immu-
noblot analysis with an antibody to p56
indicated that the activity in the adsorbed
fraction was not due to p56. The adsorbed
fraction severed microtubules only in the
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