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FIG. 4 Inactivation of yTAF,145 and TSM1 leads to distinct cell-cycle
phenotypes. a, Phase-contrast micrographs of wild type (YSW87), the
two yTAF,145 temperature-sensitive mutants, and the tsm1* mutant at
23°C, and after 4 h at the non-permissive temperature (37 °C). All micro-
graphs were taken at a magification of x 1,000. b, Flow cytometric (FACS)
analysis, by propidium iodide staining, of the DNA content of wild-type,
ytaf, 145" and tsm1" strains at 23 °C and after 4 h at 37 °C.
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to 37 °C, and a sample of each was taken after 4 h. Cell samples were fixed in
formaldehyde and mounted on poly-L-lysine-coated slides. For FACS analysis,
cells were grown at 23 °C to 0.1-0.2 A4, @ Sample was taken, and the culture
was shifted to 37 °C for 4 h. Cells were prepared for FACS quantification of DNA
content as previously described?’.
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THE transcription factor TFIID, a central component of the
eukaryotic RNA polymerase II (Pol II) transcription apparatus,
comprises the TATA-binding protein (TBP) and approximately
ten TBP-associated factors (TAFs)'. Although the essential role
of TBP in all eukaryotic transcription has been extensively
analysed in vivo and in vitro®*, the function of the TAFs is less
clear. In vitro, TAFs are dispensable for basal transcription but
are required for the response to activators’. In addition, specific
TAFs may act as molecular bridges between particular activators
and the general transcription machinery**. In vivo, TAFs are
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required for yeast®” and mammalian® cell growth, but little is
known about their specific transcriptional functions. Using con-
ditional alleles created by a new double-shutoff method, we show
here that TAF depletion in yeast cells can reduce transcription
from some promoters lacking conventional TATA elements.
However, TAF depletion has surprisingly little effect on tran-
scriptional enhancement by several activators, indicating that
TAFs are not generally required for transcriptional activation in
yeast.

We used a two-pronged approach to create strains with condi-
tional TAF alleles in which the addition of copper ion leads to the
simultaneous cessation of TAF messenger RNA synthesis and
destruction of any TAF protein present in the cell (Fig. 1a). We
generated strains with conditional alleles of TAF130(TAF145),
TAF90, TAF60 and TAF19(Fun81), which are homologous to
human TAF250, Drosophila TAF80, Drosophila TAF60 and
human TAF18, respectively. Of these, TAF130 is particularly
interesting, as it appears to be the scaffold on which the remaining
TAFs assemble into the TFIID complex®. As controls, we gener-
ated strains containing conditional alleles of TFIIB and TBP. In
all cases, the conditional knockout strains fail to grow on copper-
containing medium (Fig. 1), and the addition of copper ion
causes cells to stop growing within about six hours (Fig. 1c).
TAF90-depleted cells arrest frequently as large, budded cells,
whereas cells depleted of other TAFs display variable and abnor-
mal morphologies.

In general, transcription was analysed 8 hours after copper ion
addition, when more than 95% of the cells are dead (they are
unable to grow when returned to medium lacking copper). At this
time, western blotting reveals that levels of TAF130, TAF90 and
TBP are less than 5% of wild type (Fig. 1d). Although TAFs may
not be completely eliminated by this procedure, they are reduced
to less than 100-200 molecules per cell (data not shown; ref. 9),
which is considerably less than the number of Pol II promoters per
cell (~6,000).

ROX1

Represses ANB-driven
mRNA synthesis

FIG. 1 Creation and characterization of strains with conditional TAF alleles.
a, Strain construction. In the parent strain, ROX1%, a transcriptional
repressor, and UBR1%°, the N-end recognition protein involved in the
ubiquitin degradation pathway, are expressed from a tightly regulated
copper-inducible promoter®®. The TAF gene of interest is replaced by a
derivative that contains an N-end recognition signal for rapid ubiquitin-
dependent degradation and is driven by the ANB1 promoter, a target of
Rox1. In the absence of copper ion, neither the repressor nor the protein
degradation system is active, and the TAF is expressed. Upon copper
addition, both the repressor and the ubiquitin degradation system are
rapidly activated, leading to the simultaneous cessation of TAF mRNA
synthesis and destruction of TAF protein. b, Growth of 10* cells from each
strain on synthetic complete medium either lacking (left) or containing
(right) 500 uM copper sulphate for two days at 30 °C. ¢, Growth curves of
strains on synthetic complete medium to which 500 uM copper sulphate
was added at time zero. d, Western blot analysis of TAF depletion. Protein
(30 pg) from parental, TAF, and TBP depletion strains at various times after
addition of 500 uM CuSO, were probed with the relevant antibodies;
dilutions of protein from the parental strain are indicated for TAF130 and
TBP. Although full-length TAF130 (star) is very rapidly degraded, a truncated
product (lacking a fragment of M, ~ 25K), which may or may not have
functional TAF activity, is degraded more slowly so that ~5% remains 8h
after copper addition.
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When cells are grown under standard conditions, TAF deple-
tion affects transcription of selected Pol II promoters (Fig. 2).
Depletion of TAF130, TAF60, TAF90 and TAF19 does not
significantly affect transcription of ded! or his3 + 13, promoters
with canonical TATA elements'®!. However, depletion of
TAF130 significantly reduces the level of the #p3 and his3 + 1
transcripts, which arise from promoters with suboptimal, non-
consensus TATA elements'™'% This preferential effect on tran-
scription from promoters containing weak TATA elements is also
observed when TAF19 is depleted, albeit to a lesser extent and
with slower kinetics, but it does not occur upon depletion of
TAF90 or TAF60. Interestingly, the transcriptional pattern result-
ing from TAF130 or TAF19 depletion is similar to that mediated
in yeast by human TBP, which has been suggested to interact
inefficiently with yeast TAFs". As expected, depletion of TBP or
TFIIB results in a rapid and large reduction of all mRNA species
tested. At a late time point (11 hours), depletion of TAF90 confers
a moderate decrease of all transcripts. It is unclear whether this
effect reflects a specific function of TAF90 or arises indirectly
from cell death.

Surprisingly, when the conditional knockout strains are grown
under conditions that support activation by Gen4 or Acel, TAF
depletion does not significantly affect the level of activated
transcription (Fig. 3a, b; Acel-dependent activation appears
slightly reduced upon TAF90 depletion). In contrast, depletion
of TFIIB causes the loss of activated transcription in both situa-
tions. The observed Gcn4- and Acel-activated transcription
reflects initiation events that occur under conditions of TAF
depletion, because mRNA half-lives are very short in comparison
to the timescale of the experiment.

One explanation for the maintenance of Gcn4 and Acel
activation after TAF depletion is that TAFs present in active
transcription complexes might be preferentially sequestered from
Ubrl-dependent degradation. To examine whether active tran-
scription complexes could be assembled after TAF depletion, the
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FIG. 2 Differential effects of TAF deple-
tion on Pol Il transcripts. Parental and
TAF-depletion strains at the indicated
time (hours) after the addition of
copper were analysed for his3, trp3,
ded1 and tRNAY transcription.
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conditional knockout strains were grown in non-inducing condi-
tions, treated with copper for 8 hours, and then tested for the
ability to mediate activator-dependent transcription de novo (Fig.
4a, b). All the TAF-depleted strains show significant activation by
Gal4 and heat-shock factor upon exposure to the relevant
inducer, whereas activation is not observed in the TFIIB-depleted
strain. Similarly, we observe efficient Acel-dependent activation
after TAFs were depleted either by placing the TAF genes under
the control of the GAL1, 10 promoter and shifting cells to glucose
(data not shown) or by shifting a tsml (dTAF150 homologue)
strain to the restrictive temperature (Fig. 4c). The heat-shock and
Acel activation responses in the TAF-depleted strains are com-
parable to the parental strain; Gal4 activation is reduced 34 fold.
However, as very small fluctuations in Gal4 levels or changes in
growth potential can have pronounced effects on Gal4-dependent
transcription', it is unclear whether the decrease reflects a mild
activation defect or whether Gal4 expression is slightly perturbed
for other reasons. Previously described activation-defective yeast
strains are considerably more impaired for Gal4-dependent acti-
vation, and they are defective in the response to other acidic
activators'>".

From the observation that TAF depletion does not significantly
affect activation by Gcen4, Acel, Gal4, Hsf, and unidentified
activators involved in dedl and his3 + 13 transcription, we con-
clude that the TAFs are not generally required for transcriptional
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FIG. 3 Maintenance of Gen4- and Acel-activated transcription after TAF
depletion. a, Parental and TAF-depletion strains cultured in glucose
synthetic complete medium containing 10 mM 3-aminotriazole (a condi-
tion that induces Gen4 synthesis) at O and 8 h after copper addition were
analysed for his3 and ded1 transcription. Similar results were obtained
using strains containing a plasmid that constitutively expresses Gen4. b,
Acel activation. Parental and TAF-depletion strains at O and 8h after
copper addition were analysed for cupl and tRNAY transcription. Acel
activation of cup1 occurs simultaneously with the induction of TAF deple-
tion.
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activation in yeast cells. This conclusion was reached indepen-
dently in experiments where TAF depletion was obtained using
temperature-sensitive mutants or a glucose shutoff procedure’. It
is particularly striking that this is true of TAF130, which provides
the scaffold for TAF assembly and without which TFIID is likely
to be disrupted. Although TAFs are not generally required for
transcriptional activation, they are essential for cell growth. One
possibility is that TAFs are required for the response to a subset of
activators that affect one or more essential genes. Alternatively,
TAFs could subtly affect activation of many genes, such that the
cumulative effects lead to cell inviability. Finally, as suggested by
the effects on #p3 and his3 + 1 transcription, TAFs may be
important for transcription from promoters with weak TATA
elements.

Our conclusion is in apparent contrast to numerous experi-
ments in vitro, which indicate that TAFs are crucial in all activated
transcription. We do not favour the hypothesis that yeast TAFs
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FIG. 4 Activation can be induced after TAF depletion. a, Activation by heat-
shock factor. Parental and TAF-depletion strains at 8h after copper
addition that were (+ lanes) or were not (— lanes) subjected to a 12-min
heat shock at 39.5 °C were analysed for ssa4 and tRNAY transcription. b,
Activation by Gal4. Parental and TAF-depletion strains cultured in raffinose
synthetic complete medium at 8 h after copper addition, which were or were
not induced for 30 min with 2% galactose, were analysed for gal7 and
tRNAY transcription. ¢, Activation by Acel after thermal inactivation of
TSM1. Strain AW41%* and a derivative containing a plasmid-borme TSM1
allele at O and 4 h after temperature shift which were or were not induced for
30 min with 500 uM copper sulphate were analysed for cupl and tRNAY
transcription. Growth of the tsm1-1 strain ceases within 4 h after tempera-
ture shift.
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are less important than their mammalian and Drosophila counter-
parts because: (1) TAFs are strongly conserved among eukar-
yotes; (2) TAF-dependent activation in vitro can be achieved with
yeast components®’; and (3) activation can occur in a hamster cell
line in which TAF250 (yeast TAF130 homologue) has been
thermally inactivated (Fos transcription occurs normally, and it
is unclear whether the reduction of cyclin A transcription is an
indirect effect of cell-cycle arrest or a direct effect of TAF250)%. A
more likely explanation is that TAFs are functionally redundant
with other factors that are absent in typical in vitro reactions.
Indeed, activated transcription in the apparent absence of TAFs
can occur in vitro when reactions either contain Pol II holoen-
zyme'®¥ or are performed on chromatin templates®. Moreover,
most in vitro transcription reactions are reconstituted with core
Pol I, and hence may lack components of the Pol II holoenzyme
(for example, Srb proteins, Gall1) that are functionally important
in vivo™?,

A common view of the transcriptional activation process is that
activator proteins stabilize the Pol II machinery at the promoter,
thereby permitting increased transcriptional initiation”. In prin-
ciple, activator proteins can interact with individual components
of the Pol II machinery, and indeed, artificial connection of
enhancer-bound proteins to TBP?*, TAFs (M. Keaveney and
K.S., unpublished results) and components of the Pol II holoen-
zyme® can bypass the need for an activation domain. If natural
activators interact with multiple components, individual compo-
nents such as TAFs are likely to be non-essential for activation,
even if they are potential targets. Thus, although it is possible to
generate conditions in which TAFs are required for activation in
vitro, they do not appear to be generally required in vivo. However,

at promoters lacking conventional TATA elements, which are
inherently weak targets for TFIID, interactions of TAFs with basic
transcription factors or with promoter DNA may be important for
stabilizing the Pol II machinery. O

Methods

The parent strain ZMY60, containing copper-inducible alleles of UBR1 and
ROX1, was created as follows. A cassette containing the copper-inducible
derivative of the HIS3 promoter®® and 2 kb of upstream flanking sequence was
inserted at the initial ATG of a plasmid-borne genomic fragment of ROX1 to
create the URA3 integrating plasmid ZM195. The same cassette was inserted at
the initial ATG of UBR1 to create ZM197. Both of these copper-driven alleles
were introduced into yeast strain KY320™ in successive two-step gene replace-
ments. To create TAF disruption molecules, another cassette comprising an in-
frame fusion of ubiquitin, arginine, Lacl and the HA epitope driven by the ANB1
promoter, was fused in-frame to a short 5’ fragment of TAF coding sequence
beginning at the initial TAF ATG. To create a given conditional knockout strain, the
relevant TAF knockout molecule on a URA3 integrating plasmid was linearized
within the TAF coding sequence fragment and transformed into ZMY60. This
integration results in homologous recombination at the TAF locus to yield a short,
non-functional 5’ TAF piece under its normal promoter, followed immediately
downstream by a full-length copy of the tagged TAF under the ANB1 promoter.
Selection for uracil prototrophy was maintained in all experiments to avoid loss of
the integrated plasmid. Details of the constructs and methods will be provided
upon request.

RNA levels were determined by quantitative S1 analysis as described*>?’. All
hybridization reactions contained at least two probes, such that the relative
levels of all transcripts are internally controlled. The error for any particular RNA
determination is £30%. TAF levels were determined by western blotting, with
bands being detected by chemiluminescence (ECL). Relative levels of TAFs at
various times were determined by comparing band intensities to serially diluted
samples from wild-type cells.
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