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The transcription factors TFIID and SAGA are multi-subunit
complexes involved in transcription by RNA polymerase II1,2.
TFIID and SAGA contain common TATA-binding protein
(TBP)-associated factor (TAFII) subunits and each complex con-
tains a subunit with histone acetyltransferase activity3. These
observations have raised questions about whether the functions
of the two complexes in vivo are unique or overlapping. Here we
use genome-wide expression analysis to investigate how expres-
sion of the yeast genome depends on both shared and unique
subunits of these two complexes. We find that expression of most
genes requires one or more of the common TAFII subunits,
indicating that the functions of TFIID and SAGA are widely
required for gene expression. Among the subunits shared by
TFIID and SAGA are three histone-like TAFIIs, which have been
proposed to form a sub-complex and mediate a common function
in global transcription. Unexpectedly, we find that the histone-
like TAFIIs have distinct roles in expression of the yeast genome.
Most importantly, we show that the histone acetylase components
of TFIID and SAGA (TAFII145 and Gcn5) are functionally redun-
dant, indicating that expression of a large fraction of yeast genes
can be regulated through the action of either complex.

To assess the requirement for components of the TFIID and
SAGA transcriptional co-activator complexes in vivo, we used high-

density oligonucleotide arrays (HDAs)4 to determine the genome-
wide effects on transcription caused by inactivation or loss of
components of these two complexes. We used conditional lethal
mutations in genes encoding essential components of TFIID and
SAGA and complete deletions of genes encoding nonessential
components. Understanding of the contributions of TAFII subunits
has been complicated by the substantially different experimental
and analytical approaches used in previous in vivo studies3,5–16; here
we have applied a consistent and systematic approach to the analysis
of TAFII function. Additional scientific information on TFIID and
SAGA, details of the experimental reagents and approaches, inter-
active databases supporting this work and more extensive dis-
cussion of the results can be found at our website17. Raw data is
available as Supplementary Information.

We used HDA analysis to assess whether subunits of TFIID and
SAGA have global roles in transcription. Temperature-sensitive
mutations in all five shared subunits of TFIID and SAGA
(TAFII90, TAFII61/68, TAFII60, TAFII25 and TAFII17) were used to
identify the sets of genes whose expression depends on these
components; the results for TAFII17 have been reported10,11. The
effects of inactivating individual TAFIIs are summarized in Table 1.
Although four shared TAFII subunits have been reported to have
general functions12,14,15, no single TAFII examined here was found to
be required to the same extent as RNA polymerase II (rpb1-1 fit
criteria)11. Instead, each shared TAFII subunit was necessary for
expression of a characteristic subset of genes, ranging from 8% to
59% of the genome. Upon identification of genes whose expression
depends on one or more of these five TAFIIs, we find that shared
TAFIIs are required for normal expression of 70% of the genome
(Fig. 1a). If these shared TAFII subunits are components of SAGA
and TFIID, but not other complexes, the results indicate that SAGA
and TFIID are involved in the expression of around 70% of yeast
genes.

We considered the possibility that the different signatures seen
with individual subunits might reflect differences in the strengths of
the various temperature-sensitive alleles rather than different
requirements for specific subunits. Although we cannot eliminate
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Figure 1 Whole-genome analysis of genes affected by the shared TAFIIs. a, The sum of
individual subunit contributions reveals a global role for shared TAFIIs. Venn diagram
showing genes requiring one or more of the shared TAFIIs for normal expression as a
percentage of genes comparable across these datasets. b, Genes affected by histone-like
TAFIIs overlap significantly, although each of the histone-like TAFIIs affect genome-wide
transcription to different extents.
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Figure 2 Expression of distinct sets of genes depends on individual subunits of SAGA.
Venn diagram describing the overlap of genes affected by deletions of SPT3, GCN5 or
SPT20.

Table 1 Percentage of genome dependent on subunits of SAGA and TFIID

Subunit % Genome dependent
.............................................................................................................................................................................

2-fold down rpb-1 fit criteria

Shared TAFII17 67% 59%
TAFII25 38% 16%
TAFII60 34% 18%

TAFII61/68 11% 9%
TAFII90 10% 8%

TFIID-specific TAFII145 27% 14%
TAFII150 2% 3%

SAGA-specific SPT3 3% –
SPT20 10% –
GCN5 4% –

.............................................................................................................................................................................
Two approaches were used to compare datasets, as described previously11. We report genes that
showed a 2-fold or greater decrease in mRNA levels in two independent HDA experiments for all
mutant strains. For strains with conditional mutations, expression levels are also compared to a
dataset generated with an rpb1-1 ts allele. This comparison identifies genes whose expression is as
dependent on the factor of interest as it is on core RNA polymerase II. Consequently, this
comparison provides a description of genes which are most likely to be directly affected by the
loss of this factor. For strains with deletion mutations, where no such comparison can be made, the
genes affected necessarily reflect both direct and indirect effects of loss of these factors. For lists of
genes whose expression levels decrease or increase upon loss of SAGA or TFIID subunits, see ref.
17 or Supplementary Information.
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this possibility, we consider it unlikely for several reasons. First, for
every TAFII dataset there is a set of genes for which the loss of
expression upon TAFII inactivation parallels the loss of expression
upon RNA polymerase II inactivation by the rpb1-1 temperature-
sensitive allele. This indicates that the TAFII inactivation must have
been as rapid as polymerase inactivation by the rpb1-1 allele, which
occurs within five minutes11. Second, different temperature-sensi-
tive alleles of any one TAFII produce highly similar transcription
profiles, as 80–85% of the genes affected by one allele are affected by
a second allele (data not shown). This observation indicates that the
specific signatures obtained for different TAFIIs are not simply a
consequence of allele-specific inactivation of each TAFII. Third,
growth rates at the restrictive temperature, commonly used to
estimate the strength of temperature-sensitive alleles, are essentially
identical in cells harbouring mutations in TAFII145, TAFII61/68,
TAFII60 and TAFII17 (ref. 17). Finally, evidence that TAFII145 alone
has a histone acetyltransferase activity18 indicates that there are
functional differences between TFIID subunits that should be
reflected in differential requirements for specific subunits.

Temperature-sensitive mutations in one of the TAFIIs shared by
TFIID and SAGA, TAFII90, cause cells to arrest growth at the G2/M
stage of the cell cycle9. We examined the expression data for effects
on genes that might explain the arrest phenotype and identified two
candidate genes: SPC98, a component of the spindle pole body, and
APC2, a component of the anaphase-promoting complex. Loss-of-
function mutations in these genes result in strains that arrest with
large budded cells, consistent with a G2/M cell-cycle arrest.

Three shared TAFIIs (TAFII17, TAFII60 and TAFII61/68) interact
through conserved protein–protein interaction motifs and have
been proposed to form a nucleosome-like structure involved in
contacts between TFIID and DNA19–21. The loss of these TAFIIs

affects genome-wide expression to different extents, as mutations in
TAFII17, TAFII60 and TAFII61/68 affect 59%, 18% and 9% of the
genome, respectively (Table 1). The genes affected by TAFII17,
TAFII60 and TAFII61/68 overlap significantly (Fig. 1b), indicating
that these TAFIIs function together at many promoters, but
differences in their genome-wide requirements indicate that the
individual subunits must make distinct contributions to transcrip-
tion in vivo.

To explore further the extent of TFIID and SAGA function in vivo,
cells with mutations in TFIID-specific subunits (TAFII150 and
TAFII145) and SAGA-specific subunits (Spt3, Spt20 and Gcn5)
were subjected to genome-wide expression analysis. The results
(Table 1) indicate that each mutant affects a distinct and generally
small subset of genes and are most consistent with the idea that
subunits of TFIID and SAGA make specific and unique contribu-
tions to the functions of the complete complex. Expression of no
more than one-eighth of the genome is affected by the loss of Gcn5,
Spt3 and Spt20 activity. When assessed by the same criteria used to
evaluate the effects of mutations in SAGA components, mutations
in the TFIID-specific subunits TAFII150 and TAFII145 together
affect expression of less than one-third of the genome.

Spt3, Spt20 and Gcn5 were chosen as representatives of each of
three subcomplexes within SAGA that have been defined pre-
viously22–27. The sets of genes affected by the loss of these three
components (Fig. 2) are consistent with previous biochemical and
genetic evidence indicating that Spt3 and Gcn5 control distinct sets
of genes, and that Spt20, which is required for the integrity of SAGA,
controls a larger set of genes. The set of genes affected by loss of Spt3
is mostly included within the larger set of Spt20-dependent genes.
The set of genes affected by loss of Gcn5 contains both Spt20-
dependent and Spt20-independent genes, consistent with the find-
ing that Gcn5 exists in additional complexes22,26,27.

As many SAGA components were originally identified by their
effects on genes whose expression was influenced by transposon
promoters28, we examined the expression data for genes affected by
SAGA disruption. Of the 30 transposon open reading frames
(ORFs) represented on the HDAs, all 24 for which a signal could
be detected were dependent on one or more SAGA subunits (Table
2). In addition, SAGA may co-regulate an interface between
phosphate metabolism and cell-cycle control, as genes involved in
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Figure 3 TFIID and SAGA have compensatory functions at a large fraction of genes. a, Venn
diagrams showing genes dependent on TFIID-specific and SAGA-specific subunits
compared to the set of genes dependent on subunits shared between the two complexes.
The complete genome is represented by the black circle. A minimum of ,30% of the
genome is dependent on TFIID-specific subunits whereas ,12% of the genome is
dependent on SAGA-specific subunits. In contrast, ,70% of the genome depends on one
or more of the shared TAFIIs. b, Venn diagram showing the overlap of genes affected by
the TAFII145 mutation, the gcn5 mutation and the TAFII145/gcn5 double mutation. The
complete genome is represented by the black circle. The expression of ,25% of yeast
genes decreases 2-fold or more only when both TAFII145 and Gcn5 are depleted.

Table 2 Genes affected by disruption of SAGA

Gene Description
.............................................................................................................................................................................

Transposon elements
YAR009C Ty element
YBR012WA Ty element
YER138C Ty element
YER160C Ty element
YMR050C Ty element
YAR010C Ty element
YBL005WA Ty element
YBL005WB Ty element
YBL101WA Ty element
YBL101WB Ty element
YBR012WB Ty element
YCL019W Ty element
YCL020W Ty element
YHR214CB Ty element
YJR026W Ty element
YJR027W Ty element
YJR028W Ty element
YJR029W Ty element
YML039W Ty element
YML040W Ty element
YML045W Ty element
YMR045C Ty element
YMR046C Ty element
YMR051C Ty element

Phosphate uptake
PHO3 Acid phosphatase, constitutive
PHO5 Acid phosphatase, repressible
PHO11 Acid phosphatase, inducible
PHO12 Acid phosphatase, inducible
PHO84 High affinity inorganic phosphate/H+ symporter

Pho80–Pho85 function
PHO81 CDK inhibitor of Pho80–Pho85
SPL2 Putative inhibitor of Pho80–Pho85 CDK complex
YJL012C Similar to PHO81, YPL019C
YPL019C Similar to YJL012C, NRF1
NRF1 Negative regulator of CDC42
YDR281C Induced by an inhibitor of Pho85
.............................................................................................................................................................................
Of 30 transposon ORFs represented on the HDAs, all 24 for which a signal could be obtained were
dependent on one or more of the SAGA components studied here. Among the set of genes which
are dependent on Gcn5, Spt3 and Spt20 are several genes involved in phosphate uptake and
known and potential regulators of the Pho80–Pho85 cyclin-dependent kinase complex.
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uptake of extracellular phosphate and regulators of the Pho80–
Pho85 cyclin-dependent kinase complex are dependent on SAGA
components (Table 2).

Genome-wide expression analysis of the role of TAFIIs shared
between TFIID and SAGA shows that some combination of TFIID
and SAGA function is probably required for transcription of about
70% of the yeast genome. In contrast, the sum of effects seen with
mutations in complex-specific subunits was substantially less than
the sum of effects of the shared TAFIIs (Fig. 3a). HDA analysis of
additional complex-specific subunits may reveal further effects of
TFIID and SAGA which could account for the nearly global
requirement for the shared TAFIIs. Alternatively, TFIID and SAGA
might have compensatory activities, such that the loss of one
complex could be partially rescued by redundant functions of the
other.

As both TFIID and SAGA have subunits with histone acetyl-
transferase activity, we tested the possibility that SAGA and TFIID
have compensatory histone acetylase components. We generated a
double TAFII145/gcn5 mutant by deleting GCN5 in the TAFII145
temperature-sensitive background. Genome-wide expression data
from this mutant was compared to that obtained from the single
TAFII145 and gcn5 mutations. The results reveal that for around
one-quarter of the genome, changes in expression are only apparent

when the functions of both TAFII145 and Gcn5 are lost (Fig. 3b) and
identify a set of genes that appear to require either TAFII145 or Gcn5
for normal expression (Table 3).

Two conclusions follow from these observations. First, there are
distinct requirements for specific subunits of TFIID and SAGA in
global expression. Second, the functions of the TAFII145 and Gcn5
subunits, and possibly the protein complexes with which they are
associated, are redundant. By redundant, we mean that the function
of one subunit can compensate for the loss of the other, although the
precise mechanism remains to be determined. Gcn5 is also redun-
dant with the Swi/Snf nucleosome remodelling complex24,29,30, high-
lighting the complex interactions between large transcription
complexes in vivo. Further genome-wide expression analysis
should help to reveal the requirements for all transcription compo-
nents in the global regulatory network. M

Methods
Strains, media and growth conditions
The TAFII 60 and TAFII 61/68 alleles used here have been described12. The TAFII 145, and
TAFII 90 alleles were previously described and TAFII 150 and TAFII 25 alleles were generated
as described6,9. The spt3, spt20 and gcn5 alleles have been described24. Additional
information regarding these strains can be found at the accompanying website17.

For genome-wide expression experiments, two wild-type and two mutant cultures were
grown to an OD600 of 0.5–0.8 in YPD at 30 8C. Cells were then collected if the experiment
involved strains with deletion mutations. For strains with temperature-sensitive muta-
tions, all four cultures were rapidly shifted to the nonpermissive temperature by addition
of an equal volume of YPD at 44 8C and allowed to grow for an additional 45 min at 37 8C.
Total RNA and then polyA+ RNA was isolated and used to generate complementary DNA
and biotin–cRNA, as described11.

Genome-wide expression profiling
Biotin-labelled antisense RNA target was prepared as described11. The cRNA was
hybridized to a set of four oligonucleotide arrays (GeneChip Ye6100 arrays, Affymetrix)
and scanned as described4. Intensities were captured using GeneChip software (Affyme-
trix) and a single raw expression level for each gene was determined.

Data analysis
The raw data from each chip was normalized and corrected as described11. A change in
messenger RNA levels was deemed significant and reported in the lists containing genes
.2-fold down (or up) on the basis of the following criteria: the average fold change was
more than 2-fold, the fold change was consistent in duplicate experiments, and the change
in the values was above background values in duplicate experiments. Comparisons of 2-
fold-down lists across multiple datasets were performed with those genes which could be
consistently scored across all datasets.
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Table 3 Selected genes with differential requirements for TFIID and SAGA

TFIID-dependent*

MSH6 Involved in repair of single base mismatches
DBP1 Similar to DEAD/DEAH box RNA helicases
KEM1 Nuclease, degrades decapped mRNA
WSC2 Involved in cell wall integrity and stress response
TRX1 Thioredoxin I
GNA1 Putative acetyltransferase
HTA3 Histone-related protein
WTM2 Transcription modulator of meiosis and silencing
CAM1 Translation elongation factor
PMT4 Mannosyltransferase

SAGA-dependent†

PHO84 High-affinity inorganic phosphate H+ symporter
SPL2 Putative inhibitor of Pho80–Pho85 CDK complex
YHB1 Flavohemoglobin of unknown function
YPL019C Similar to YJL012C, NRF1
PHO5 Acid phosphatase, repressible
PFK27 6-phosphofructose-2-kinase, isozyme 2
YDL038C Protein of unknown function
NRF1 Protein of unknown function
YDL124W Protein of unknown function
YJL012C Similar to PHO81, YPL019C

Dependent on both TFIID and SAGA‡

CLB1 G2/M cyclin
UTR2 Protein of unknown function
YHR032C Member of major facilitator superfamily
AAH1 Adenine deaminase
PHO12 Acid phosphatase, secreted
PHO3 Acid phosphatase constitutive
PHO81 Inhibitor of Pho80–Pho85 CDK complex
FAR1 Inhibitor of CDC28 kinase complexes
YOR095C Ribose 5-phosphate ketol-isomerase
YOR306C Similar to human X-linked PEST-containing

transporter

Dependent on either TFIID or SAGA§

PAM1 Suppressor of loss of PP2A
YNR059W Similar to MNN1
MBP1 Regulates Mlu1 cell cycle box genes
YNL177C Protein of unknown function
RIM2 Required for respiration
YDL177C Protein of unknown function
HEM4 Uroporphyrinogen III synthase
TOM7 Translocase involved in mitochondrial import
MRP2 Mitochondrial ribosomal protein
PET127 Mitochondrial membrane-associated protein
.............................................................................................................................................................................
Genes were scored using a 2-fold cutoff in duplicate experiments. Selection criteria included high
expression level, comparability across all datasets and consistency of effect across all experiments.
* TFIID dependent: genes scored in TAFII145 or TAFII150 and not in SPT3, GCN5 or SPT20.
† SAGA dependent: genes scored in two of SPT3, GCN5 or SPT20 and not scored in TAFII145 or
TAFII150.
‡ Dependent on both TFIID and SAGA: genes scored in TAFII145 or TAFII150 that also scored in
SPT3, GCN5 or SPT20.
§ Dependent on either TFIID or SAGA: genes scored in the TAFII145/GCN5 double mutant and not
in TAFII145, TAFII150, SPT3, GCN5 or SPT20.
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The architecture of trabecular bone, the porous bone found in the
spine and at articulating joints, provides the requirements for
optimal load transfer, by pairing suitable strength and stiffness to
minimal weight according to rules of mathematical design1–6. But,
as it is unlikely that the architecture is fully pre-programmed in
the genes7, how are the bone cells informed about these rules,
which so obviously dictate architecture? A relationship exists
between bone architecture and mechanical usage8—while strenu-
ous exercise increases bone mass9, disuse, as in microgravity and

† Present address: Department of Mathematics and Computing Science, Eindhoven University of
Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

inactivity, reduces it10. Bone resorption cells (osteoclasts) and
bone formation cells (osteoblasts) normally balance bone mass in
a coupled homeostatic process of remodelling, which renews some
25% of trabecular bone volume per year. Here we present a
computational model of the metabolic process in bone that
confirms that cell coupling is governed by feedback from
mechanical load transfer11–13.This model can explain the emer-
gence and maintenance of trabecular architecture as an optimal
mechanical structure, as well as its adaptation to alternative
external loads.

Investigations have indicated that osteocytes may have a promi-
nent function in the transduction of mechanical signals6,8,14–16

(Fig. 1). Osteocytes derive from osteoblasts which are entrapped
in their own matrix and survive there, mutually connected by a
network of canaliculi. This network also connects with the lining
cells, which also derive from osteoblasts, that cover the trabecular
surface. Hence, osteoblasts, osteocytes and lining cells form a
syncytium, which is well-equipped for signal transduction. It is
possible that increased strain in the local mineralized matrix signals
the osteocyte to transmit stimuli to the surface, where bone is
formed until the strains are normalized14. This paradigm provides
an explanation for the mechanical control (growth and adaptation)
of bone modelling11.

Bone remodelling (or bone maintenance) is the formation of
cavities by osteoclasts, and the subsequent filling of these cavities by
osteoblasts (Fig. 2). We assume that the coupling factor between
osteoblasts and osteoclasts in this process, as in bone modelling, is
mechanical11–13. While higher external forces increase the strains in
the mineralized matrix of bone at large, the resorption cavities
produced in bone remodelling have a similar strain-enhancing
effect locally17 (Fig. 2). Thus, modelling and remodelling could
both be described as being governed by strain perturbations, be they
generated externally by the load or internally by resorption cavities.
Using refined finite-element methods of stress analysis (m-FEA)18 in
a regulatory computer-simulation model, we have evaluated these
local strain perturbations and determined whether this unified
mechanical paradigm can indeed explain the morphological phe-
nomena in bone.

The regulatory process that we propose is depicted in Fig. 3 and
involves the following hypotheses. (1) The mechanical variable that
triggers feed-back from the external forces to bone metabolism is a
typical strain-energy density (SED) rate in the mineralized tissue, as
produced by a recent loading history. Loading rate has been
indicated as a bone-producing factor in a rat model19. Strain-
energy density can be linked to trabecular architecture as an optimal
structure5,6. Both the frequency and the amplitude of the external
loads have a role20, and a limited amount of loading cycles per day
suffice for the maintenance of bone mass21. All of this information is
incorporated in a typical, daily SED rate as a strain-derived scalar
signal.

Figure 1 Osteocytes are probably mechanosensors which send strain-related signals to
lining cells located at the bone surface through the canalicular syncytium. These stimuli
are thought to recruit osteoblasts, which add bone to the surface when strains increase14.
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