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GAL4, when GAL4 is overexpressed from the ADH1 promoter.
GAL4 also failed to stimulate binding of TBPE186D to the GAL1
promoter, explaining the transcription defect and directly demon-
strating the importance of the TBP–TFIIB interaction for activator-
mediated stimulation of TBP binding.

Srb4 is required for transcription in general22, and has been
implicated as a direct target of certain activators23. As expected
for a GTF, Srb4 was required for ADH1, RPS5, GAL1 and CUP1
transcription (Fig. 5d). Following inactivation of Srb4, there was
also a loss of TBP binding to the GAL1, ADH1, CUP1 and, to a lesser
extent, the RPS5 promoters.

On the basis of these results, we infer the following. First, there is a
general qualitative and quantitative correlation between transcrip-
tional activity and the association of TBP, as well as other GTFs, with
the promoter. Thus, in vivo activators function, at least in part, by
recruiting GTFs and ultimately RNA polymerase II, as proposed on
the basis of in vitro assays measuring promoter–GTF interactions24,
and more recently inferred by ‘activator bypass’ experiments3.
Second, TBP binding in vivo is actively prevented by Mot1. Finally,
activator-mediated stimulation of TBP binding requires GTFs other
than TFIID and its components. The requirement for multiple
GTFs is not readily compatible with models proposing that activa-
tors stimulate TBP binding and transcription solely through contact
with TFIID25,26. The involvement of multiple GTFs in activator-
mediated stimulation of TBP binding underscores the cooperative
nature of PIC assembly and is consistent with several possible
mechanisms, including a pre-assembled ‘holoenzyme’27,28 that is
disrupted by inactivation of certain GTFs, or direct contact between
the activator and GTFs such as TFIIB24 or Srb4 (ref. 23), which
promote TBP binding and PIC assembly through cooperative
interactions. M
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Methods

Unless otherwise specified, the yeast strain was W303a and the cells were grown
in YP or minimal medium containing glucose. The formaldehyde crosslinking/
immunoprecipitation method has been described7,8. Briefly, yeast cells were
treated with 1% formaldehyde, collected and resuspended in lysis buffer7.
Following sonication, which generated DNA fragments averaging ,500 bp,
cell lysates were precleared by centrifugation; Sarkosyl (1%) was added to the
lysate before immunoprecipitation with an anti-yTBP polyclonal antibody7.
Immunoprecipitated protein–DNA complexes were treated with protease K,
the crosslinks reversed, and the DNA purified and analysed by quantitative
PCR8. PCR reactions contained [a-32P]dATP (2.5 mCi for each 25-ml reaction)
and the PCR products were detected by autoradiography after separation on a
6% polyacrylamide gel. Primers corresponded to sequences around the TATA
element, and the PCR products ranged from 130 to 200 bp; the control
fragments GAL4 (ORF) and GAL1 (ORF) are located, respectively, 2,000 and
900 bp downstream of the TATA sequences of their promoters. To analyse
transcription, total cellular RNA was prepared and primer extension was
carried out using primers close to the RNA cap site.

Received 3 December 1998; accepted 8 April 1999.

1. Roeder, R. G. The role of general initiation factors in transcription by RNA polymerase II. Trends
Biochem. Sci. 21, 327–335 (1996).

2. Orphanides, G., Lagrange, T. & Reinberg, D. The general transcription factors of RNA polymerase II.
Genes Dev. 10, 2657–2683 (1996).

3. Ptashne, M. & Gann, A. Transcriptional activation by recruitment. Nature 386, 569–577 (1997).
4. Selleck, S. B. & Majors, J. In vivo ‘‘photofootprint’’ change at sequences between the yeast GAL1

upstream activating sequence and ‘‘TATA’’ element required activated GAL4 protein but not a
functional TATA element. Proc. Natl Acad. Sci. USA 85, 5399–5403 (1988).

5. Giardian, C. & Lis, J. T. Dynamic protein-DNA architecture of a yeast heat shock promoter. Mol. Cell.
Biol. 15, 2737–2744 (1995).

6. Chen, J., Ding, M. & Pederson, D. S. Binding of TFIID to the CYC1 TATA boxes in yeast occurs
independently of upstream activating sequences. Proc. Natl Acad. Sci. USA 91, 11909–11913 (1994).

7. Strahl-Bolsinger, S., Hecht, A., Luo, K. & Grunstein, M. SIR2 and SIR4 interactions in core and
extended telomeric heterochromatin in yeast. Genes Dev. 11, 83–93 (1997).

8. Orlando, V. & Paro, R. Mapping polycomb-repressed domains in the bithorax complex using in vivo
formaldehyde cross-linked chromatin. Cell 75, 1187–1198 (1993).

9. Lue, N. F., Buchman, A. R. & Kornberg, R. D. Activation of yeast RNA polymerase II transcription by a
thymidine-rich upstream element in vitro. Proc. Natl Acad. Sci. USA 86, 486–490 (1989).

10. Ma, J. & Ptashne, M. Deletion analysis of GAL4 defines two transcriptional activating segments. Cell
48, 847–853 (1987).

11. Auble, D. T. et al. Mot1, a global repressor of RNA polymerase II transcription, inhibits TBP binding to
DNA by an ATP-dependent mechanism. Genes Dev. 8, 1920–1934 (1994).

12. Davis, J. L., Kunisawa, R. & Thorner, J. A presumptive helicase (MOT1 gene product) affects gene
expression and is required for viability in the yeast Saccharomyces cerevisiae. Mol. Cell. Biol. 12, 1879–
1892 (1992).

13. Collart, M. A. The NOT, SPT3, and MOT1 genes functionally interact to regulate transcription at core
promoters. Mol. Cell. Biol. 16, 6668–6676 (1996).

14. Madison, J. M. & Winston, F. Evidence that Spt3 functionally interacts with Mot1, TFIIA, and TATA-
binding protein to confer promoter-specific transcription control in Saccharomyces cerevisiae. Mol.
Cell. Biol. 17, 287–295 (1997).

15. Shen, W.-C. & Green, M. R. Yeast TAFII145 functions as a core promoter selectivity factor, not a
general coactivator. Cell 90, 615–624 (1997).

16. Thompson, C. M., Koleske, A. J., Chao, D. M. & Young, R. A. A multisubunit complex associated with
the RNA polymerase II CTD and TATA-binding protein in yeast. Cell 73, 1361–1375 (1993).

17. Kim, Y.-J., Bjorklund, S., Li, Y., Sayre, M. H. & Kornberg, R. D. A multiprotein mediator of
transcriptional activation and its interaction with the C-terminal repeat domain of RNA polymerase
II. Cell 77, 599–608 (1994).

18. Nikolov, D. B. et al. Crystal structure of a TFIIB–TBP–TATA-element ternary complex. Nature 377,
119–128 (1995).

19. Tang, H., Sun, X., Reinberg, D. & Ebright, R. H. Protein–protein interactions in eukaryotic
transcription initiation: structure of the preinitiation complex. Proc. Natl Acad. Sci. USA 93, 1119–
1124 (1996).

20. Bryant, G. O., Martel, L. S., Burley, S. K. & Berk, A. J. Radical mutations reveal TATA-box binding
protein surfaces required for activated transcription in vitro. Genes Dev. 10, 2491–2504 (1996).

21. Lee, M. & Struhl, K. A severely defective TATA-binding protein-TFIIB interaction does not preclude
transcription activation in vivo. Mol. Cell. Biol. 17, 1336–1345 (1997).

22. Thompson, C. M. & Young, R. A. General requirement for RNA polymerase II holoenzymes in vivo.
Proc. Natl Acad. Sci. USA 92, 4587–4590 (1995).

23. Koh, S. S., Ansar, A. Z., Ptashne, M. & Young, R. A. An activator target in the RNA polymerase II
holoenzyme. Mol. Cell 1, 859–904 (1998).

24. Lin, Y. S. & Green, M. R. Mechanism of action of an acidic transcriptional activator in vitro. Cell 64,
971–981 (1991).

25. Burley, S. K. & Roeder, R. G. Biochemistry and structural biology of transcription factor IID (TFIID).
Annu. Rev. Biochem. 65, 768–799 (1996).

26. Verrijzer, C. P. & Tjian, R. TAFs mediate transcriptional activation and promoter selectivity. Trends
Biochem. Sci. 21, 338–342 (1996).

27. Koleske, A. J. & Young, R. A. The RNA polymerase II holoenzyme and its implications for gene
regulation. Trends Biochem. Sci. 20, 113–115 (1995).

28. Halle, J.-P. & Meisterernst, M. Gene expression: increasing evidence for a transcriptosome. Trends
Genet. 12, 161–163 (1996).

Acknowledgements. We thank R. Young, M. Grunstein, J. Thorner and J. Majors for yeast strains, J. Ma
for plasmids, and K. Struhl for discussion and for communicating unpublished results. This work was
supported in part by a grant from the NIH to M.R.G. M.R.G. is an investigator of the Howard Hughes
Medical Institute.

Correspondence and requests for materials should be addressed to M.R.G. (e-mail: michael.green@
ummed.edu).

Bindingof TBP topromoters in
vivo isstimulatedbyactivators
and requiresPol II holoenzyme
Laurent Kuras & Kevin Struhl

Department of Biological Chemistry and Molecular Pharmacology,
Harvard Medical School, Boston, Massachusetts 02115, USA
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

In eukaryotes, transcriptional activators have been proposed to
function by recruiting the RNA polymerase II (Pol II) machinery1–3,
by altering the conformation of this machinery4,5, or by affecting
steps after initiation6–8, but the evidence is not definitive. Genomic
footprinting of yeast TATA-box elements reveals activator-dependent
alterations of chromatin structure9 and activator-independent
protection10, but little is known about the association of specific
components of the Pol II machinery with promoters in vivo. Here
we analyse TATA-box-binding-protein (TBP) occupancy of 30
yeast promoters in vivo. We find that TBP association with
promoters is stimulated by activators and inhibited by the
Cyc8–Tup1 repressor, and that transcriptional activity correlates
strongly with the degree of TBP occupancy. In a small subset of
promoters, TBP occupancy is higher than expected when gene
activity is low, and the activator-dependent increase is modest.
TBP association depends on the Pol II holoenzyme component
Srb4, but not on the Kin28 subunit of the transcription factor
TFIIH, even though both proteins are generally required for
transcription. Thus in yeast cells, TBP association with promoters
occurs in concert with the Pol II holoenzyme, activator-dependent
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recruitment of the Pol II machinery occurs at the vast majority of
promoters, and Kin28 acts after the initial recruitment.

We analysed TBP occupancy of promoters in yeast cells by using
a modified version of a chromatin immunoprecipitation pro-
cedure11,12. Initially, we analysed the PGK1 promoter and genomic
regions that are centrally located within large (5 kilobase (kb))
structural genes (RPO21 and POL1) and hence as far as possible
from promoters. As expected, the product of the polymerase chain
reaction (PCR) corresponding to the PGK1 promoter is easily
detected in cells containing the epitope-tagged TBP but not in
control cells containing non-tagged TBP (Fig. 1). Crosslinking
efficiency at the PGK1 promoter is 0.9% (hereby defined as
10 units; see Methods), which is in accord with results obtained
with other yeast DNA-binding proteins12,13. TBP appears to cross-
link at low efficiency to the RPO1, POL1, and GLT1 (results not
shown) structural genes (compare strains containing tagged rather
than non-tagged TBP). This observation suggests that TBP weakly
and non-specifically associates with most (perhaps all) chromosomal
DNA in vivo.

To investigate transcriptional activation mechanisms, we deter-
mined TBP occupancy of various promoters that respond to specific
DNA-binding activators. Ga14-dependent promoters are transcrip-
tionally active in cells grown in galactose, but not in glucose or
raffinose. TBP strongly associates with all four GAL promoters
tested (40–60 units) in galactose-grown cells, but is not detectably
associated in glucose- or raffinose-grown cells (Fig. 1a). Strong TBP
occupancy requires a functional promoter, as evidenced by the weak
signal corresponding to UASG, the region just upstream of the GAL7
enhancer. These results extend the previous observation that photo-
footprinting in vivo detects Gal4- and transcription-dependent
changes at the GAL1 and GAL10 TATA elements9. Similarly,
increased TBP occupancy is observed at four MET promoters that
are activated by heteromeric complexes containing the Met4
activator when cells are grown in medium lacking methionine14

(Fig. 1b). Thus, Gal4 and Met4 stimulate TBP recruitment at several
different core promoters.

Yeast cells exposed to a transient heat shock rapidly induce
transcription of various genes using distinct molecular mechan-
isms. For genes directly activated by Hsf1 (SSA3, SSA4, HSP82, and
probably HSP104) or the redundant Msn2 and Msn4 activators
(CTT1, HSP12, and probably HSP104), heat shock dramatically
increases TBP occupancy in vivo (Fig. 2a). In addition, heat shock
causes increased transcription (Fig. 2c) and increased TBP occu-
pancy of the glycolytic genes ENO1 and PGK1, but not of PYK1.
Finally, in another rapid stress response that involves the Ace1
activator, copper-dependent induction of CUP1 transcription (40-
fold; data not shown) is associated with a concomitant 40-fold
increase in TBP occupancy at the CUP1 promoter (Fig. 2b). Taken
together, these results demonstrate that Ace1, Hsf1, Msn2, Msn4,
and unknown activators increase TBP recruitment, and they
strengthen the correlation between transcriptional activity and
TBP occupancy.

The transition between growth on glucose and non-fermentable
carbon sources such as ethanol requires the induction of many
genes, including those responsive to Adr1, Hap1 and unknown
activators. In accord with their transcriptional activities, TBP is
strongly associated with the ADH2, ICL1, PCK1, and CYB2 pro-
moters when cells are grown in ethanol medium, but not when cells
are grown in glucose medium (Fig. 3). In addition, PGK transcrip-
tion is reduced threefold in ethanol medium, and TBP occupancy
decreases by a comparable extent.

In contrast to the other 28 promoters tested, TBP clearly
associates with the CYC1 and COX5a promoters in glucose
medium even though transcription levels are very low (Fig. 3).
Moreover, TBP occupancy at these promoters is barely stimulated
(less than twofold) when cells are grown in ethanol medium, even
though transcription is stimulated by a factor of 10. These results are
partially consistent with a DNase I footprint over the CYC1 TATA
element in isolated nuclei, even under conditions where transcrip-
tion was not observed10. However, DNase I footprints imply a high
degree of protein occupancy (at least 50%), whereas TBP occupancy
at the CYC1 promoter is considerably lower (5–10%; see below);

Figure 1 TBP occupancy at GAL and MET promoters. a, Cells containing HA3-

tagged or untagged TBP were grown in: a, YP medium containing glucose (glu),

raffinose (raf) or galactose (gal) as carbon source; or b, glucose minimal medium

in the presence or absence of 1mM methionine. PCR products corresponding to

the indicated promoters, the RPO21 and POL1 structural genes, or the region

just upstream from UASG at GAL7 were generated from total chromatin or

immunoprecipitated DNA. The amount of immunoprecipitated DNA assayed by

PCR varied slightly depending on the promoter examined, and this was

considered in determining units of TBP occupancy (indicated under the

corresponding panels).
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hence, it is unclear whether the previously observed DNase I
footprint corresponds to TBP association.

Finally, we examined whether the Cyc8–Tup1 co-repressor exerts
its effects at the level of TBP occupancy. The Cyc8–Tup1 complex is
recruited by pathway-specific DNA-binding proteins to promoters
that are regulated by cell-type (MFA1), glucose (SUC2) and oxygen
(ANB1)15,16. In wild-type strains, MFA1, ANB1 and SUC2 are
essentially not expressed, and TBP occupancy occurs at background
level (Fig. 4). However, in a tup1 strain, transcription of these genes
occurs to various extents, and TBP associates with the promoters.
Thus, Cyc8–Tup1 inhibits TBP association with three promoters
that respond to different DNA-binding repressors and activators
and contain unrelated core promoter regions.

The maximal level of TBP occupancy (50–100 units) is observed
for several highly active genes, and hence is likely to correspond to
full occupancy of the promoter by TBP. This suggests that our
measurements reflect TBP occupancy per se and so are not generally
affected by conformational differences at TATA elements that might
affect crosslinking efficiency. In support of this, TBP occupancy at
all five transfer-RNA promoters tested occurs at this maximal value
(our unpublished results), even though TBP plays distinct roles at
Pol II and Pol III promoters. Moreover, the TATA-element sequence
has no significant effect on the crystal structure of the TBP–TATA
complex17. These considerations, and the very strong correlation
between transcription levels and TBP occupancy, strongly suggest
that we have quantitatively measured TBP occupancy (estimated
experimental error is 630%).

The promoters analysed here differ in the quality, location and
number of activator-binding sites and TATA elements, as well as in
nucleosome position and phasing. Despite these differences, our
results show that the predominant, although not exclusive, limita-
tion for transcriptional activity in wild-type cells correlates with
the ability of TBP to associate stably with the promoter. As the
remainder of the Pol II machinery cannot associate with promoters

in the absence of TBP (or TFIID), our results strongly suggest that
the entire Pol II machinery is absent from the vast majority of
promoters in the absence of functional activator proteins, although
they do not indicate which components of the Pol II machinery are
important for TBP recruitment or whether partial preinitiation
complexes can stably associate with promoters in vivo.

To investigate these issues, we examined TBP occupancy under
conditions in which Pol II transcription was generally reduced
by temperature-sensitive mutations in the following components:
Srb4, a component of the mediator and Pol II holoenzyme
complexes18; Rpb1, the largest subunit of Pol II (ref. 19); and
Kin28, the subunit of TFIIH that phosphorylates the C-terminal
tail of Pol II (ref. 20) (Fig. 5). Unexpectedly, loss of Srb4 function
significantly reduces TBP occupancy at all six promoters tested. TBP
occupancy is also decreased in the rpb1 mutant strain, although the
effect is less marked and not seen at all promoters. In contrast, TBP
occupancy is not affected upon inactivation of Kin28, even though
the reduction in transcription is comparable to that from the rpb1
and srb4 strains. Thus, TBP association with promoters requires the
Pol II holoenzyme, but not the Kin28 subunit of TFIIH.

The Srb4 requirement for TBP occupancy strongly suggests that

Figure 2 TBP occupancy in response to heat shock and copper induction. Cells

containing HA3-tagged or untagged TBP were grown in glucose minimal medium

at 24 8C and subjected to: a, a 15-min heat shock at 39 8C; or b, a 20-min treatment

with 1mM copper sulphate. TBP occupancy was analysed as for Fig. 1.

c, Quantitative S1 analysis.

Figure 3 TBP occupancy at promoters induced during non-fermentative growth.

a, c, Cells containing HA3-tagged or untagged TBP were grown in synthetic

complete medium containing 4% glucose as carbon source. Half of the culture

was washed with medium lacking glucose and then transferred to medium

containing 3% ethanol for 6 h (eth). TBP occupancy was analysed as for Fig. 1.

b, d, Quantitative S1 analysis.
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the association of TFIID (the biologically relevant form of TBP) and
the Pol II holoenzyme are concerted events. Although these events
might be mechanistically and temporally distinct, it appears that
neither TFIID nor the Pol II holoenzyme can individually associate
stably with promoters in vivo. As a corollary, our results argue that
biochemically stable subcomplexes (such as TBP–TFIIB–TATA),
as well as functional preinitiation complexes corresponding to the
minimal transcription machinery, are relatively unstable in vivo.
As such, our results favour (although they do not prove) the idea
that preinitiation complexes are formed by recruitment of a pre-
assembled Pol II holoenzyme, rather than by stepwise recruitment
of individual factors.

The dispensability of the Kin28 subunit of TFIIH for TBP
occupancy suggests that, in vivo, phosphorylation of the C-terminal
tail of Pol II occurs after the concerted (and presumably stable)
association of TFIID and the Pol II holoenzyme. This would be
consistent with the observations that Kin28-dependent phos-
phorylation of the Pol II tail occurs only on a preassembled
complex21 and that formation of the preinitiation complex requires
unphosphorylated Pol II (ref. 22). Our results do not address
whether TFIIH association occurs together with or subsequent to
the association of the Pol II holoenzyme, although we note that
TFIIH is not a component of the Pol II holoenzyme23,24 and is not
absolutely required for transcription under certain biochemical
conditions22. The modest decrease in TBP occupancy in the rpb1
strain is hard to interpret, although it suggests that the mutated
Pol II is partially functional in preinitiation complex formation and
defective, to some extent, at a later step such as promoter clearance
or elongation.

Our results constitute direct physical evidence that the pre-
dominant mechanism by which activators stimulate (and repressors
inhibit) transcription in yeast cells involves recruitment of the Pol II
machinery to promoters. At more than 90% of the natural promoters
we examined, there appear to be two states: a transcriptionally
inactive state, in which TBP and hence the entire Pol II machinery
are not associated, and an activator-dependent state, in which the
level of transcription correlates with the amount of TBP occupancy.
However, the concerted association of TFIID and the Pol II
holoenzyme with promoters makes it impossible to determine
whether activators directly recruit TFIID, Pol II holoenzyme, or
both. In addition, activators could function by recruiting chromatin-
modifying activities, thereby generating an altered chromatin structure
that increases the association of TBP and Pol II holoenzyme. Finally,
although recruitment is the predominant mechanism, TBP

occupancy is not strictly limiting for activation of CYC1 and
COX5a. It may be that, in a small subset of promoters, the
transcriptionally inactive state loosely resembles the situation in
Kin28-deficient cells, in which it is presumed that TFIID and Pol II
holoenzyme are associated, but a late step such as TFIIH recruit-
ment or promoter clearance is defective; in this regard, TFIIB is
associated with the CYC1 and COX5a promoters in glucose medium
(P. Kosa and K.S., unpublished observations). Although the detailed
mechanisms remain to be determined, our findings explain obser-
vations suggesting that activators can function at distinct steps in
yeast cells25–27. M
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Methods

Yeast strains. The haemagglutinin (HA)-tagged TBP molecule contains three
copies of the HA epitope inserted after codon 3 of the TBP open reading frame.
For the experiment in Fig. 1, URA3 centromeric plasmids expressing TBP or
HA3-TBP from the TBP promoter were introduced into BYD2 by plasmid
shuffling28. Otherwise, URA3 integrating plasmids containing N-terminal
portions (residues 1–172) of TBP or HA3-TBP were introduced into the TBP
locus of W303-1A (Figs 2, 3) or FT5 (ref. 16) (Fig. 4) by integrative disruption.
For the experiment in Fig. 5, the isogenic RPB1 and rpb1-1 (ref. 19) and KIN28
and kin28-ts16 (ref. 20) strains have been described; the SRB4 and srb4-138
alleles18 were present on centromeric plasmids in a strain deleted for the
chromosomal locus.
Chromatin immunoprecipitation. Chromatin was prepared as described11,
with several modifications. Cells (400 ml) grown to an absorbance at 600 nm
(A600) of ,0.5 were treated with 1% formaldehyde for 20 min at room
temperature, with occasional swirling. Glycine was added to a final concentra-
tion of 330 mM and the incubation continued for 5 min. Cells were collected,
washed twice with cold TBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl), once
with cold FA-lysis buffer (50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF), and resuspended
in 1 ml cold FA-lysis buffer containing 0.5% SDS. An equal volume of glass
beads (of diameter 0.5 mm) was added, and cells were disrupted by vortexing
for 15 min on ice. The lysate was diluted into 8 ml FA-lysis buffer, and the glass
beads were discarded as described11. The crosslinked chromatin was pelleted by
centrifugation at 200,000g for 20 min, washed for 1 h with FA-lysis buffer,
resuspended in 1.5 ml FA-buffer for 1 h at 4 8C, and sonicated to yield an

Figure 4 TBP occupancy at promoters repressed by the Cyc8–Tup1 corepressor

complex. TUP1 or tup1D::LEU2 cells containing HA3-tagged or untagged TBP

were grown in YPD medium, and TBP occupancy was analysed as for Fig.1. Figure 5 Role of general transcription factors for TBP occupancy at promoters.

Isogenic wild-type or the indicated mutant cells (all containing untagged TBP)

were grown in YPD medium and shifted to 37 8C, the restrictive temperature, for

1 h (or 75min in the case of the kin28 strain). PCR products corresponding to the

indicated promoters, including tRNA, which responds to Pol III (or POL1 structural

gene), were generated from total chromatin (not shown) or DNA immunopreci-

pitated with antibodies against TBP.
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average DNA fragment size of 350 base pairs (bp) (range, 100–850 bp). Finally,
the sample was adjusted to 8 ml with FA-lysis buffer, clarified by centrifugation
at 200,00g for 20 min, and aliquots of the resultant chromatin solution were
stored at −80 8C.

Chromatin solution (800 ml), adjusted to 275 mM NaCl, was incubated with
10 ml anti-HA monoclonal antibody (Figs 1–4) or 25 ml anti-TBP antibody
(Fig. 5) coupled to protein-A–Sepharose beads. After 90 min at room
temperature on a rotator, beads were washed twice for 4 min in 1.4 ml FA-
buffer, twice in 1.4 ml FA-buffer with 500 mM NaCl, once in 1.4 ml of 10 mM
Tris-HCl, pH 8.0, 0.25 M LiCl, 1 mM EDTA, 0.5% N-P40, 0.5% sodium
deoxycholate, and once in 1.4 ml TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA).
Immunoprecipitated material was eluted from the beads by heating for 10 min
at 65 8C in 400 ml of 25 mM Tris-HCl, pH 7.5, 10 mM EDTA, 0.5% SDS. To
reverse crosslinks, samples were adjusted to 0.8 mg ml−1 Pronase and incubated
for 1 h at 42 8C and for 5 h at 65 8C. After extraction with phenol–chloroform–
isoamyl alcohol and chloroform, DNA was ethanol-precipitated overnight at
−20 8C in the presence of 20 mg glycogen, and resuspended in TE buffer.
Quantitative analysis. Precipitated DNA was analysed by quantitative PCR
using primer pairs (24–26mers with ,45% G+C content) for specific regions.
PCR was first performed with decreasing amounts of template to determine
the linear range for each combinant of primer sets and DNA. Typically, 1/100
to 1/500th of the immunoprecipitated DNA and 1/30,000 of the total DNA
input were used. Reactions were carried out in 10 ml and contained 1 mM
primers, 0.1 mM dNTPs and 0.1 mCi ml−1 of 32P-dATP (specific activity,
3,000 Ci mmol−1). Cycling was for 90 s at 94 8C, followed by 26 cycles (24 cycles
in the case of the CUP1 primers) with 30 s at 94 8C, 30 s at 55 8C, 1 min at 72 8C,
then 4 min at 72 8C. PCR products (typically, 200–300 bp) were quantified by a
Fujix BSA 2040 PhosphorImager. The fraction of immunoprecipitated material
for a specific fragment was calculated by dividing the amount of PCR product
obtained with immunoprecipitated DNA by the amount obtained with total
DNA. The value obtained for the PGK promoter (0.9%) was arbitrarily defined
as 10 units of promoter occupancy, and this value was used for direct
comparison among experiments. We estimate that the overall error is 630%,
apart from values below 2 units, where the error is greater.
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