The EMBO Journal Vol. 22 No. 13 pp. 3395-3402, 2003

Systematic analysis of essential yeast TAFs in
genome-wide transcription and preinitiation

complex assembly

Wu-Cheng Shen'?, Sukesh R.Bhaumik’,
Helen C.Causton®%5, tamar Simon*¥,
Xiaochun Zhu', Ezra G.Jennings®*,
Tseng-Hsing Wang", Richard A.Young3*
and Michael R.Green'’

"Howard Hughes Medical Institute, Programs in Gene Function and
Expression and Molecular Medicine, University of Massachusetts
Medical School, Worcester, MA 01605, 3Department of Biology,
Massachusetts Institute of Technology, Cambridge, MA 02139 and
“Whitehead Institute for Biomedical Research, Nine Cambridge
Center, Cambridge, MA 02142, USA

“Present address: Department of Biochemistry and Molecular Biology,
SUNY Upstate Medical University, Syracuse, NY 13210, USA
SPresent address: MRC Clinical Sciences Centre, Imperial College
School, Hammersmith Campus, Du Cane Road, London W12 ONN, UK
SPresent address: Department of Molecular Biology, Hebrew
University Medical School, Jerusalem 91120, Israel

"Corresponding author
e-mail: michael.green@umassmed.edu

W.-C.Shen and S.R.Bhaumik contributed equally to this work

The general transcription factor TFIID is composed
of the TATA box binding protein (TBP) and a set of
conserved TBP-associated factors (TAFs). Here we
report the completion of genome-wide expression pro-
filing analyses of yeast strains bearing temperature-
sensitive mutations in each of the 13 essential TAFs.
The percentage of the yeast genome dependent on
each TAF ranges from 3% (TAF2) to 59-61%
(TAF9). Approximately 84% of yeast genes are
dependent upon one or more TAFs and 16% of yeast
genes are TAF independent. In addition, this complete
analysis defines three distinct classes of yeast pro-
moters whose transcriptional requirements for TAFs
differ substantially. Using this collection of tempera-
ture-sensitive mutants, we show that in all cases the
transcriptional dependence for a TAF can be
explained by a requirement for TBP recruitment and
assembly of the preinitiation complex (PIC).
Unexpectedly, these assembly experiments reveal that
TAF11 and TAF13 appear to provide the critical func-
tional contacts with TBP during PIC assembly.
Collectively, our results confirm and extend the pro-
posal that individual TAFs have selective transcrip-
tional roles and distinct functions.

Keywords: chromatin immunoprecipitation/genome-wide
transcription/preinitiation complex assembly/TAF/TBP

Introduction

Transcription initiation by RNA polymerase II involves
the assembly of general transcription factors (GTFs) on the
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core promoter to form a preinitiation complex (PIC).
Transcriptional activator proteins (activators) bind to
specific cis-acting promoter elements within upstream
activating sequences (UASs) and stimulate PIC assembly
via a mechanism thought to involve direct interactions
with one or more components of the transcription
machinery (Orphanides et al., 1996; Roeder, 1996;
Ptashne and Gann, 1997; Lee and Young, 2000). The
first step in PIC assembly is binding of the GTF TFIID to
the TATA box. TFIID is a multi-subunit complex
consisting of the TATA box binding protein (TBP) and a
set of TBP-associated factors (TAFs) (Burley and Roeder,
1996; Albright and Tjian, 2000; Green, 2000). Like other
components of the transcription machinery, TAFs are
highly conserved from yeast to humans. In yeast, 14 TAFs
have been identified, 13 of which are required for viability
(reviewed in Green, 2000).

Several TAFs are associated with large nuclear
protein complexes in addition to TFIID. For example,
yeast TAF5, TAF6, TAF9, TAF10 and TAF12 (formerly
known as TAF90, TAF60, TAF17, TAF25 and TAF61/68,
respectively; Tora, 2002) are also integral components
of the Spt-Ada-Gcen5-acetyltransferase (SAGA) complex
(Grant et al., 1998), which is involved in transcription of
a subset of RNA polymerase II-dependent genes. In
yeast, promoters have been grouped into two extreme
classes based on their requirement for TAFs (Kuras et al.,
2000; Li et al., 2000). TAF-dependent (TAF-dep) pro-
moters require TAFs for transcription and on these
promoters TBP and TAFs are present at comparable
levels. TAF-independent (TAF-ind) promoters do not
require TAFs for activity, and on these promoters
TAFs are either absent or present at levels far below that
of TBP.

We have been carrying out a systematic analysis of TAF
function through the isolation of temperature-sensitive
mutants followed by genome-wide expression analysis.
We previously reported the results for seven yeast TAFs
(Apone et al., 1998; Holstege et al., 1998; Lee et al.,
2000). The percentage of the genome affected by
temperature-sensitive alleles of each of these seven
TAFs was calculated by comparison with data obtained
from a strain defective in the largest subunit of RNA
polymerase II, rpbl-1 (Holstege et al., 1998). By this
criterion, we found that none of the seven TAFs analyzed
are globally required for transcription, and each has a
distinct role in transcription of the yeast genome (Lee et al.,
2000). In order to generalize these conclusions, it is
essential to examine the complete set of TAFs. Here we
present the analysis of the six remaining essential yeast
TAFs, and then use the complete collection of taf
temperature-sensitive mutants to study the mechanisms
of transcription activation.

3395



W.-C.Shen et al.

B 10.0 s WA
o rbp1-

o taft

SLOE - TEEE - 1)

e taf3d

@ tafd

tafs

--V-- lafs

- -m-- a7

[/R] . . . : —a— laf@
0 25 50 75 100 1258 . ..
Hours at 37°C vl (af10

seecl===- [af77

afz2

memepgmens (573

Fig. 1. Isolation of new temperature-sensitive faf mutants. (A) Growth
of taf temperature-sensitive mutant strains on solid media. Plates were
incubated at 23 and 37°C for 48 h. As a comparison, growth of the
RNA polymerase II mutant strain rbp/-/ was monitored in parallel.
(B) Growth of taf temperature-sensitive mutant strains in liquid culture.
Growth of the strains was monitored by measuring ODgq at various
time points following the temperature shift to 37°C.

Results

Isolation of new temperature-sensitive taf mutants
To complete the genome-wide transcription analysis for all
essential yeast TAFs, we generated temperature-sensitive
mutants of TAF3, TAF4, TAF7, TAFS, TAF11 and TAF13
(see Materials and methods for details). Strains bearing a
taf temperature-sensitive allele were assessed for growth at
23 and 37°C, and those mutants that displayed a strong
temperature-sensitive growth phenotype were selected for
genome-wide transcription analysis. Growth of each of the
six temperature-sensitive faf mutant strains used in this
study is shown in Figure 1. As a comparison, growth of
previously characterized faf mutant strains, as well as the
RNA polymerase Il mutant strain rbpI-1, was monitored in
parallel. Figure 1A shows that all mutant strains grew at
23°C but not 37°C. To examine the mutant strains in
greater detail, we analyzed the growth of each raf mutant
strain in liquid culture. Figure 1B shows that each of the 13
taf mutant strains displayed a rapid growth arrest upon
transfer from the permissive to the non-permissive temper-
ature, comparable to that observed with the rpbI-1 strain.

TAFs are selectively required for genome-wide
transcription

To examine the role of each TAF in genome-wide
transcription, RNA prepared from mutant strains grown
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Table I. Summary of genome-wide analyses of all 13 essential TAFs

TAF protein Percent genome dependent

TAF1 (145)

tsl1* 9

ts2 14

ts3* 9
TAF2 (150) 3
TAF3 (47) 10
TAF4 (48) 11
TAF5 (90) 8
TAF6 (60) 18
TAF7 (67) 24
TAFS (65) 51
TAF9 (17)

tsl 59

ts2* 61
TAF10 (25)

tsl 16

ts2* 19
TAF11 (40) 18
TAFI12 (61/68) 9
TAF13 (19) 16

The TAF nomenclature is based on that described in Tora (2002) and
the former names are indicated in parentheses. Expression levels were
compared to a dataset generated with the temperature-sensitive rbpl-1
allele; this comparison identifies genes whose expression is as
dependent on the factor of interest as it is on the core RNA polymerase
II subunit. Consequently, this comparison provides a description of
genes that are most likely to be directly affected by the loss of this
factor. In some cases more than one temperature-sensitive allele was
analyzed; the additional alleles (designated by asterisks) for TAFI,
TAF9 and TAF10 were isolated and described in Walker et al. (1996),
Michel et al. (1998) and Sanders et al. (1999), respectively.

at the restrictive temperature was used to interrogate
high-density DNA oligonucleotide arrays as described
previously (Holstege et al., 1998). The genome-wide
expression profile of each faf mutant strain was compared
to an isogenic wild-type strain 45 min after the shift to
37°C. The results for the six new taf temperature-sensitive
mutants are shown in Table I, along with our results for the
seven previously characterized TAFs. The percentage of
yeast genes requiring an individual TAF ranged from 3%
(TAF2) to 59-61% (TAF9), indicating that none of the 13
essential yeast TAFs is required for global transcription.
Collectively, 84% of yeast genes required at least one of
the 13 TAFs for transcription and the remaining 16% of
genes were independent of all 13 TAFs. This analysis also
revealed that 65% of yeast genes require at least one of the
eight TFIID-specific TAFs. We have previously reported
that 70% of yeast genes require at least one of the five
TAFs shared between TFIID and SAGA (Lee et al., 2000).

Several studies have reported that different temperature-
sensitive mutants of a single TAF can behave variably
(see, for example, Durso et al., 2001; Kirschner et al.,
2002). We therefore analyzed three temperature-sensitive
alleles of TAFI1, two temperature-sensitive alleles of
TAF9 and two temperature-sensitive alleles of TAF10
(Table I). We found that the percentage of the genome
affected by inactivation ranged from 9 to 14% for TAFI,
from 59 to 61% for TAF9 and from 16 to 19% for TAF10.
In all instances, there was a >50% overlap in the genes
affected by different mutants of the same TAF.
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Fig. 2. Three classes of yeast promoters defined by their TAF requirements. (A) Transcription of the TAF-ind genes GLNI and GPM1 in each of the
13 taf mutant backgrounds was analyzed by northern blotting and the results were quantified. (B) Transcription of CYP2, EGD2 and EXG1, whose
transcription was dependent upon a subset of TAFs, was analyzed as described in (A). (C) Transcription of the TAF-dep gene TRX/ was analyzed as
described in (A). The results are presented as the level of transcription observed in a faf mutant strain relative to an isogenic wild-type strain.

Three classes of yeast promoters defined by their
TAF requirements
Previous classification of yeast promoters as TAF-dep or
TAF-ind was based on the analysis of six TAFs (Kuras
et al., 2000; Li et al., 2000). We therefore used the
complete collection of faf temperature-sensitive mutants to
confirm and extend the classification of yeast promoters.
We selected six genes that, based upon genome-wide
transcription data, appeared to represent three classes of
promoters: those whose transcription was dependent upon
all or almost all TAFs (TAF-dep; TRXI), those whose
transcription did not require any TAFs (TAF-ind; GLN1
and GPM1) and those whose transcription was dependent
upon a subset of TAFs (CYP2, EGD2 and EXGI).
Transcription of these six genes in each of the 13 taf
mutant backgrounds was analyzed by northern blotting
and the results are quantified and summarized in Figure 2.
Consistent with the microarray data, transcription of GLN
and GPM1 did not require any of the 13 TAFs analyzed
(Figure 2A), confirming that these are truly TAF-ind
promoters. In striking contrast, transcription of TRX1 was
dependent upon all 13 TAFs (Figure 2C), confirming that
TRX1 is a bona fide TAF-dep promoter. In fact, transcrip-

tion of TRXI was dependent upon more TAFs than other
genes, such as RPS5, that have been previously used as
representative TAF-dep promoters (see below). Finally,
transcription of CYP2, EGD2 and EXGI displayed a
differential requirement for the 13 essential yeast TAFs
(Figure 2B), again consistent with the genome-wide
expression analysis. Thus, these results define three
distinct classes of yeast promoters whose transcriptional
requirements for TAFs differ substantially.

TAFs are generally required for TBP recruitment
and PIC assembly

We have shown previously that TAFl and TAF6 are
required for recruitment of TBP to the RPS5 promoter (Li
et al., 2002). To study the basis by which the other TAFs
are required for RPS5 transcription, we used a chromatin
immunoprecipitation (ChIP) assay to analyze TBP recruit-
ment in strains bearing various temperature-sensitive taf
mutants. Figure 3 shows that inactivation of TAF1, TAF4,
TAF6, TAF7, TAFS, TAF9, TAF10, TAF11, TAF12 and
TAF13 significantly diminished RPS5 transcription
(Figure 3A) and recruitment of TBP to the RPS5 promoter
(Figure 3B), whereas inactivation of TAF3 or TAFS5 did
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Fig. 3. TAFs are generally required for TBP recruitment and PIC assembly. (A) Transcription of the TAF-dep RPS5 gene in strains bearing various
temperature-sensitive faf alleles was monitored by primer extension analysis. The results are presented as the level of transcription observed in a taf
mutant strain relative to an isogenic wild-type strain. (B) ChIP assay to analyze TBP recruitment to the RPS5 promoter in faf mutant strains. The
results are presented as the percentage of DNA immunoprecipitated relative to wild type. (C) ChIP assay to monitor recruitment of the RNA
polymerase II subunit Rbpl to the RPS5 promoter in taf mutant strains. (D) Analysis of transcription (left panel), TBP recruitment (middle panel) and
Rpb1 recruitment (right panel) to the TAF-ind ADHI, PGKI and SED! promoters in various faf mutant strain backgrounds.

not affect RPS5 transcription or TBP recruitment.
Figure 3C shows that in all cases analyzed, inactivation
of TAFs that were required to support transcription and
TBP recruitment also resulted in a failure to recruit RNA
polymerase II and thus to assemble a functional PIC. We
conclude that the general basis by which TAFs are
required for transcription is, at least in part, to facilitate
TBP recruitment and assemble a functional PIC. In
contrast, Figure 3D shows that on the ADHI, PGKI and
SEDI promoters, which are TAF independent (Li et al.,
2000), none of the TAFs analyzed were required
for transcription or recruitment of TBP and RNA
polymerase II.

TBP is dispensable for activator-mediated
recruitment of TAFs

We have shown previously that following temperature-
sensitive inactivation of TBP, TAF1, TAF6, TAF10 and
TAF12 are still recruited to the core promoter of the RPS5
and ACTI promoters in an activator-dependent fashion (Li
et al., 2000). To determine the generality of this result, we
analyzed recruitment of eight TAFs to three promoters
following TBP inactivation. Figure 4 shows, as expected,
that following temperature-sensitive inactivation of TBP,
recruitment of TBP to the core promoters of RPS5, RPS30
and RPL25 substantially decreased, as did transcription of
these genes (data not shown). In contrast, recruitment of
TAF1, TAF3, TAF6, TAF7, TAF9, TAF10, TAF11 and
TAF13 was not compromised in the absence of functional
TBP, and in most cases actually increased several fold.
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Fig. 4. TBP is dispensable for activator-mediated recruitment of TAFs.
Recruitment of a set of TAFs to the core promoters of RPS5, RPS30
and RPL25 was monitored by ChIP analysis following temperature-
sensitive inactivation of TBP.

Thus, although TAFs are generally required for recruit-
ment of TBP to TAF-dep promoters (Figure 3), TBP is
dispensable for recruitment of TAFs.

TAF11 and TAF13 have a specialized role in TBP
recruitment

To understand in greater detail the role of TAFs in TFIID
complex assembly, we examined the consequences of
inactivating an individual TAF on the recruitment of other
TAFs. Figure SA shows that inactivation of TAF4, TAF6,



Systematic analysis of essential yeast TAFs

RPS5
350
O taf4
2004 B tafs
W {af7
D50 - W tafd
W tafd
- 200 W taf10
= | fafi1
2 150 O taf13
100 =
5{]-
U_.
TAF1 TAFS TAF& TAF10 TAF12
B RPS5 RPS30 RPL25
ki O taftt 1207 Dtafrr 2907 O tafft
- MW taf13 100 M tafi13 200 W iaf13
E 80
150
e 100 60
100 -
40
= 20 50
O A 5 35 L D=0 o R i, 1 s i N T W Y R
NS N Ll i L Y 7 &7 & NN Y N
&‘?‘g .-g?g &‘?g -‘\‘3{'( «‘3 <& 4\‘33 4@3 &?‘s{ &Y‘g .f\"?g 4@3 «-{S &ﬁ «{S «?? <2 ,@3 A X ¥ x\?(s «‘?(s «?"’5 ,\{5 @.‘5 4{5

Fig. 5. TAF11 and TAF13 have a specialized role in TBP recruitment. (A) ChIP analysis monitoring TAF recruitment to the RPS5 promoter following
temperature-sensitive inactivation of various TAFs. (B) ChIP analysis monitoring TAF recruitment to the promoters of RPS5, RPS30 and RPL25 in

tafl1 and tafl3 mutant strains.

TAF7, TAFS, TAF9 or TAF10 substantially compromised
recruitment of a representative set of TAFs (TAF1, TAFS5,
TAF6, TAF10, TAF12) to the RPS5 promoter.
Unexpectedly, inactivation of TAF11 and TAF13 did not
appear to affect recruitment of other TAFs, although as
shown in Figure 3B, TBP recruitment was significantly
reduced. Further analysis of TAF11 and TAF13 at RPS5
and two other promoters, RPS30 and RPL25, revealed that
inactivation of TAFI11 resulted in a loss of TAF13
recruitment and, conversely, inactivation of TAF13
resulted in a loss of TAF11 recruitment, whereas recruit-
ment of other TAFs was unaffected (Figure 5B). Thus,
TAF11 and TAF13 are required for the recruitment of TBP
and each other but not other TAFs. In conjunction with
previous studies (see Discussion), these results suggest
that TAF11 and TAF13 may provide the major functional
contacts with TBP during activator-mediated recruitment.

Discussion

Here we report the completion of genome-wide expression
profiling analyses of yeast strains bearing temperature-
sensitive mutations in the 13 essential TAFs. We find that
no TAF is universally required for transcription, in
contrast to GTFs such as the large subunit of RNA
polymerase II, Srb4 and Kin28 (Holstege et al., 1998).
Rather, each TAF is required for the expression of a subset
of genes, ranging from 3% to 59-61% of the yeast
genome. Collectively, 84% of yeast genes require at least
one of the 13 essential TAFs; 70% of yeast genes require at
least one of the five TAFs shared between TFIID and

SAGA (Lee et al., 2000) and 65% of yeast genes require at
least one of the eight TFIID-specific TAFs.

Although most studies are in agreement that yeast TAFs
are required for selective, not global, transcription, there
have been differences in the specific conclusions drawn
(Green, 2000). These discrepancies are most likely a result
of the different experimental approaches and methods of
analysis used in each study (reviewed in Green, 2000). For
example, yeast TAFs have been inactivated by several
different approaches including temperature-sensitive
mutations (Walker et al., 1996), conditional depletion
(Apone et al., 1996; Li and Reese, 2000) and targeted
protein degradation (Moqtaderi et al., 1996). The effects
on transcription following TAF inactivation have also
been determined by multiple approaches including analy-
sis of either specific genes, total poly(A)* mRNA
(Thompson and Young, 1995; Kuldell and Buratowski,
1997; Michel et al., 1998), or the whole-genome using
high-density oligonucleotide arrays (Holstege et al., 1998;
Lee et al., 2000).

Several studies have reported that different temperature-
sensitive mutants of a single TAF can differentially affect
transcription (see, for example, Durso et al., 2001;
Kirschner et al., 2002). Significantly, however, in these
reports none of the various taf temperature-sensitive
mutants analyzed compromised global transcription, con-
sistent with our main conclusion. We have analyzed
multiple temperature-sensitive mutants of three TAFs and
found they affected genome-wide transcription to a
comparable extent (Table I). The consistency of our
results may be due to several factors, including selection of
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Table II. List of Saccharomyces cerevisiae strains used in this study

Strain Genotype

Source

WCS132 MATo ade2-101a his3A200 leu2-Al lys2-801a trpl-A63 ura3-52 taf2::TRPI [pRS313 (CEN HIS3 taf2-1)]
WCS169 MATa ade2-101a his3A200 leu2-Al lys2-801a trpl1-A63 ura3-52 tafl1::TRP1 [pRS413 (CEN HIS3 tafl1-ts2)]
WCS179 MATa ade2-101a his3A200 leu2-Al lys2-801a trp1-A63 ura3-52 taf13::HIS3 [pRS414 (CEN TRPI tafl3-ts2)]

Lee et al. (2000)
This study
This study

WCS189 MATa ade2-101 his3A200 leu2-3,112 trplA901 ura3-52 suc2A9::LYS2 taf10::TRPI [pRS413 (CEN HIS3 taf10-ts1)] Lee et al. (2000)

WCS203 MATa ade2-101a his3A200 leu2-Al lys2-801a trpl1-A63 ura3-52 taf3::HIS3 [pRS414 (CEN TRPI taf3-ts3)]
WCS213 MATa ade2-101a his3A200 leu2-Al lys2-801a trpl-A63 ura3-52 taf7::TRP1 [pRS413 (CEN HIS3 taf7-ts1)]
WCS299 MATa ade2-101a his3A200 leu2-Al lys2-801a trpl-A63 ura3-52 taf8::TRP1 [pRS413 (CEN HIS3 taf8-ts7)]
WCS301 MATa ade2-101a his3A200 leu2-Al lys2-801a trpl-A63 ura3-52 taf4::TRP1 [pRS413 (CEN HIS3 taf4-ts18))
LY189  MATa ade2-101 his3A200 leu2Al lys2-801 ura3A99 taf5::HIS3 [Lp25 (CEN LEU2 taf5-ts9-12)]

LY761  MATa ade2-1 his3-11, 15 leu2-3,112 trpl-1 ura3-1 taf9::LEU2 [pRS413 (CEN HIS3 taf9-1s2)]

YSB552 MATa his3A200 leu2Al or leu2-3,112 ura3-52 taf6A::LEU2 [pRS313 (CEN HIS3 taf6-19)]

YSB547 MATa ade2 his3A200 leu2::PET56 trplAl ura3-52 taf12A259::LEU2 [pRS313 (CEN HIS3 taf12-23 ts)]
YSWO3  MATa ade2-101 his3A200 leu2-Al lys2-801 ura3A99 GAL2 GAL3 tafl::LEU2 [pSW104 (CEN HIS3 tafl-ts2)]

This study

This study

This study

This study

Apone et al. (1996)
Apone et al. (1998)
Lee et al. (2002)
Michel et al. (1998)
Walker et al. (1996)

the temperature-sensitive mutants based on very tight
growth phenotypes, analysis of transcription by expression
profiling and normalization of the results to the expression
profile of the RNA polymerase II rpbI-1 mutant.

In light of the multi-functional nature of TAFs, it would
not be surprising if certain temperature-sensitive alleles
had a larger effect on genome-wide transcription than
others. For example, a temperature-sensitive taf mutant
that is defective in maintaining TFIID complex integrity
may compromise the function of other TAFs, resulting in
an apparently broad effect on transcription. Consistent
with this notion, some temperature-sensitive faf mutants
result in the degradation of other TAFs and even TBP
(Walker et al., 1996; Apone et al., 1998). Moreover, some
TAFs are present in multiple complexes (Grant et al.,
1998; Ogryzko et al., 1998; Martinez et al., 2001), and
various mutant alleles could differentially affect the
function of these complexes and thus genome-wide
transcription.

The genetic intractability of higher eukaryotes has made
it challenging to assess whether the results with yeast
TAFs can be generalized to higher eukaryotes. However,
several studies have suggested that, as in yeast, TAFs are
also not required for general transcription in animal cells.
For example, mammalian cell lines harboring a tempera-
ture-sensitive TAF1 allele do not exhibit a global defect in
RNA polymerase II transcription under non-permissive
conditions (Wang and Tjian, 1994; Suzuki-Yagawa et al.,
1997). Similarly, murine cells in which both TAF10 genes
have been deleted by targeted homologous recombination
are not compromised for global transcription (Metzger
et al., 1999; Mohan et al., 2003). Finally, inactivation of
TAF9 in the DT40 chicken cell line results in a highly
selective transcriptional defect (Chen and Manley, 2000).

Our analysis of the complete set of essential TAFs has
confirmed previous reports that yeast promoters can be
classified into distinct categories based on their transcrip-
tional requirement for TAFs (Kuras et al., 2000; Li et al.,
2000). TFIID assembly experiments indicated that on
TAF-dep promoters TAFs are, in general, required for
recruitment of TBP as well as other TAFs. In contrast,
TBP is dispensable for TAF recruitment, consistent with
the proposal that on TAF-dep promoters TAFs, and not
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TBP, are targeted by activators. Interestingly, we found
that several genes encoding GTFs (e.g. TBP, SRB4, TOAI)
are TAF independent. Our analysis also revealed a
previously unrecognized third category of genes that are
dependent on some, but not all, TAFs.

By combining the results of the transcription and ChIP
analyses, we found that in some cases TAFs can be
recruited to a promoter even though they are not required
for transcription of that particular gene. For example,
transcription of RPS5 is dependent on all TAFs except for
TAF3 and TAFS5. Using ChIP analysis we found that the
entire TFIID complex, including TAF3 and TAFS, is
recruited to the RPS5 promoter (Figure 4; S.R.Bhaumik
and M.R.Green, unpublished observations). Analogous
results have been found for the SAGA complex: for
example, the SAGA subunit GenS is recruited to the GALI
UAS, even though it is not required for GALI transcription
(Bhaumik and Green, 2001).

The results of our study have provided insight into the
function of specific TAFs. Our results suggest that TAF11
and TAF13 make the primary functional contacts with
TBP during activator-mediated recruitment. This role for
TAF11 and TAF13 was unexpected, because a variety of
biochemical studies have indicated that TAF1 makes the
principle contact with TBP in the TFIID complex (Reese
etal., 1994; Bai et al., 1997; Kokubo et al., 1998; Ogryzko
et al., 1998). The fact that all other TAFs are still recruited
following inactivation of TAF11, TAF13 and TBP further
suggests that one or more of these other TAFs, and not
TAF11, TAF13 or TBP, are targeted by activators. This
model is consistent with several observations, including
physical and genetic interactions between TAF11 and
TAF13 (Birck et al., 1998; Komarnitsky et al., 1999), as
well as physical interactions between TBP and TAF11
(Mengus et al., 1995; Lavigne et al., 1996, 1999; Kraemer
et al., 2001) and between TBP and TAF13 (Mengus ef al.,
1995; Lavigne et al., 1996, 1999).

In summary, we have systematically analyzed the
complete set of essential yeast TAFs and found that
none of the 13 TAFs is required for global transcription.
Transcription complex assembly experiments using the
complete collection of taf temperature-sensitive mutants
have revealed specific and unanticipated roles for individ-



ual TAFs in TBP recruitment. Collectively, our results
confirm and extend the proposal that individual TAFs have
selective and distinct functions.

Materials and methods

Yeast strains and media

Growth of yeast cells in rich (YPD) or synthetic media was performed
according to standard procedures (Guthrie et al., 1991). The PCR-
mediated mutagenesis procedure used to generate plasmid-borne
temperature-sensitive alleles of taf3, taf4, taf7, taf8, tafll and tafl3
was performed essentially as described previously (Leung et al., 1989).
Heterozygous tafx/TAFx diploid strains were created through targeted
gene deletion using PCR-based modules (Longtine et al., 1998); the
diploid strain was then transformed with a CEN URA3 plasmid carrying a
wild-type copy of the TAFx gene. Haploid faf mutant strains were then
generated by standard tetrad dissection followed by plasmid shuffle. The
detailed genotypes of the 13 haploid yeast strains harboring a
temperature-sensitive faf allele are listed in Table II. The rbpl-1 strain
(Nonet et al., 1987), as well as tbp-tsI and its corresponding isogenic
wild-type strain (Cormack and Struhl, 1992), has been described
previously.

Genome-wide expression profiling and data analysis

The oligonucleotide microarrays and GeneChip software used in this
study were manufactured by Affymetrix. Expression data collection,
normalization, correction and profiling were performed essentially as
described previously (Holstege et al., 1998); detailed protocols are
available at http://web.wi.mit.edu/young/expression/tech.html. A com-
piled database including datasets for the six TFIID-specific TAFs
analyzed in this study and for the seven TAFs previously reported (Lee
et al., 2000) is available at http://staffa.wi.mit.edu/cgi-bin/young/
setlistWS.cgi.

Transcription assays

Wild-type and taf mutant strains were grown at 23°C; after shifting to the
non-permissive temperature (37°C) for 1 h, cells were harvested and total
cellular RNA was prepared. For the experiments shown in Figure 2,
transcription was analyzed by northern blotting as described previously
(Shen and Green, 1997). For the experiments shown in Figure 3, primer
extension analysis was carried out as described previously (Li et al.,
2000) using the following primers: RPS5, 5-GACTGGGGT-
GAATTCTTCAACAACTTC-3" and ADHI, 5-TATCCTTGTGTTC-
CAATTTACCGTGG-3"; PGKI, 5-AAATCTTGGACAGACAACT-
TTGAAG-3"; and SEDI, 5-AGTAGTCGAGGCTAAACCGG-3'. The
results were quantitated and presented as the ratio of signal obtained in
the raf mutant relative to that obtained in an isogenic wild-type strain.

Formaldehyde-based in vivo cross-linking and ChIP

Yeast strains harboring temperature-sensitive zaf alleles were grown in
YPD at 23°C to an ODgq of 0.8 and then transferred to 37°C for 1 h.
Formaldehyde-based in vivo cross-linking and ChIP was performed
essentially as described previously (Bhaumik and Green, 2002). Specific
polyclonal rabbit antibodies recognizing TAF3, TAF7, TAF9, TAF11 and
TAF13 were obtained from P.Anthony Weil (Sanders et al., 1999;
Sanders and Weil, 2000), and polyclonal antibodies against TBP, TAF1,
TAFS, TAF6, TAF10 and TAF12 were generated in our laboratory.
Immunoprecipitated DNA was quantitated and presented as the ratio of
immunoprecipitated to input relative to wild type. The following sets
of primer pairs were used for PCR analysis: RPS5 (core),
5-GGCCAACTTCTACGCTCACGTTAG-3" and 5-CGGTGTCAGA-
CATCTTTGGAATGGTC-3"; RPS30 (core), 5-TGTCGTGAGG-
TTGTCGGAAACCTC-3" and 5-ACCATATTTGCGTAGTTTTTG-
TATGG-3"; RPL25 (core), 5-TTGGGGCTTCCCAATGCAAC-3’" and
5-AGTTCACATACCAGATGGAGCC-3"; ADHI (core), 5-GGTA-
TACGGCCTTCCTTCCAGTTAC-3" and 5-GAACGAGAACAATGA-
CGAGGAAACAAAAG-3; PGKI (core), 5-CATCTAAGAACTT-
GAAAAACTACG-3" and 5-CAGCCTGTTCTCACACACTC-3"; and
SEDI (core), 5-TTTAGATTGGCCGTAGGGGC-3" and 5-CAAGA-
GAATAGAAAAAGAGAGGTGAG-3'.

Systematic analysis of essential yeast TAFs
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