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The SAGA complex is a conserved, multifunctional co-
activator that has broad roles in eukaryotic transcription.
Previous studies suggested that Tral, the largest SAGA
component, is required either for SAGA assembly or for
SAGA recruitment by DNA-bound transcriptional activa-
tors. In contrast to Saccharomyces cerevisiae and mouse, a
tralA mutant is viable in Schizosaccharomyces pombe,
allowing us to test these issues in vivo. We find that, in a
tralA mutant, SAGA assembles and is recruited to some,
but not all, promoters. Consistent with these findings, Tral
regulates the expression of only a subset of SAGA-depen-
dent genes. We previously reported that the SAGA sub-
units Gen5 and Spt8 have opposing regulatory roles during
S. pombe sexual differentiation. We show here that, like
Gcen5, Tral represses this pathway, although by a distinct
mechanism. Thus, our study reveals that Tral has
specific regulatory roles, rather than global functions,
within SAGA.
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Introduction

Transcription initiation by RNA polymerase II is a highly
regulated process that involves several different classes of
factors, including gene-specific activators, general transcrip-
tion factors, and co-activators. Co-activators are multi-
protein complexes that can possess many different activities,
including histone modification and nucleosome remodelling.
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In addition, co-activators interact with both gene-specific
activators and general transcription factors to allow transcrip-
tion. Thus, co-activators have critical roles in regulating
gene expression and many studies have demonstrated the
importance of co-activator functions in important cellular
processes (Naar et al, 2001). One well-studied, multifunc-
tional co-activator is the SAGA complex (Spt-Ada-Gen5-
acetyltransferase). SAGA was initially discovered in
Saccharomyces cerevisiae and is highly conserved through-
out eukaryotes, including Schizosaccharomyces pombe,
Drosophila melanogaster, mice, and humans (Koutelou
et al, 2010). A combination of genetic, biochemical, and
structural studies have shown that SAGA subunits are orga-
nized into several functional modules with distinct regulatory
roles (reviewed in Rodriguez-Navarro (2009) and Koutelou
et al (2010)). While extensive studies have elucidated both
regulatory roles and the functional organization, several
aspects of SAGA function remain poorly understood, includ-
ing the functions of many of its components in vivo. In
addition, there is still little insight into how multiple activities
within a co-activator complex are coordinated in transcrip-
tional regulation.

The SAGA subunit Tral and its mammalian orthologue
TRRAP (Transformation/Transcription domain-Associated
Protein) are integral components of two distinct histone
acetyltransferase (HAT) complexes, SAGA and NuA4 (Grant
et al, 1998; Saleh et al, 1998; Vassilev et al, 1998; Allard et al,
1999). TRRAP was originally identified in mammalian cells
as an interacting partner for the c-Myc and E2F transcription
factor oncoproteins (McMahon et al, 1998). Tral and TRRAP
are very large proteins (around 400kDa) and belong to the
phosphoinositide 3 kinase-related kinase family, but lack
some of the catalytic residues required for kinase activity.
The exact roles of Tral and TRRAP during transcription
have been challenging to study genetically, as Tral is essen-
tial for viability in S. cerevisiae (Saleh et al, 1998) and TRRAP
is essential for early embryonic development in mice (Herceg
et al, 2001). Nonetheless, studies using partial loss of func-
tion or conditional mutant alleles have implicated Tral and
TRRAP in a number of important cellular processes, includ-
ing the resistance to a variety of stress conditions,
the control of mitotic checkpoints, and the maintenance of
stem cell niches (reviewed in Murr et al (2007)). It has
been difficult, however, to determine whether these roles
are mediated through SAGA or NuA4. Finally, biochemical
studies have shown direct interaction between several tran-
scription activators and Tral, suggesting that its primary role
is to target co-activator complexes to specific promoters
(Brown et al, 2001; Bhaumik et al, 2004; Fishburn et al,
2005; Reeves and Hahn, 2005). In addition, its large size, lack
of kinase activity, and presence in both SAGA and NuA4 have
suggested that Tral may serve as a scaffold for complex
assembly or for recruitment to chromatin (Grant et al,
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1998; Allard et al, 1999; Murr et al, 2007; Knutson and Hahn,
2011).

In order to gain new insights into SAGA function in vivo,
we initiated an analysis of SAGA from the fission yeast
S. pombe (Helmlinger et al, 2008), as S. pombe is highly
divergent from S. cerevisiae (Wood et al, 2002). We pre-
viously reported that, although SAGA subunit composition
is highly conserved in S. pombe, analysis of some SAGA
mutants revealed unexpected roles for this co-activator in
regulating the switch from proliferation to sexual differentia-
tion (Helmlinger et al, 2008). Specifically, we found that Gen5
acts as a repressor of the genes required for sexual differ-
entiation in nutrient-rich conditions, whereas Spt8 is required
for the induction of these genes when cells are starved. This
study showed that SAGA can utilize distinct activities within
the complex to have opposite roles in a developmental path-
way, depending upon nutrient conditions.

Here, we extend our characterization of S. pombe SAGA by
performing functional analysis of all viable SAGA deletion
mutants, focusing on the roles of Tral. We confirm the recent
observation that Tral is not essential for viability in S. pombe
(Calonge et al, 2010). Interestingly, in S. pombe, there are two
paralogous proteins, Tral and Tra2 (Hayashi et al, 2007). We
show that, in contrast to Tral, Tra2 is required for viability,
and that Tral associates specifically with SAGA while Tra2
associates specifically with NuA4. The viability of a tralA
mutant allowed us to address two longstanding issues about
the roles of Tral within SAGA. First, we demonstrate that,
surprisingly, Tral is not required for the assembly of SAGA,
suggesting that it has regulatory, rather than structural roles.
Second, using microarray and chromatin immunoprecipita-
tion (ChIP) experiments, we test whether Tral is required for
SAGA recruitment. Our results show that in a tralA mutant,
SAGA is still recruited to some promoters but not to others.
Thus, Tral is required for SAGA recruitment in vivo in a gene-
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specific manner. Finally, we demonstrate a role for Tral in the
S. pombe sexual differentiation pathway, where SAGA was
previously shown to act as either a repressor or an activator,
depending on nutrient levels (Helmlinger et al, 2008). Taken
together, these studies have allowed us to define more pre-
cisely the roles of Tral within the SAGA complex.

Results

Deletion analysis of all SAGA subunit genes reveals
important functional differences between S. pombe
and S. cerevisiae

We have previously reported the purification of the S. pombe
SAGA complex and found that its subunit composition is very
similar to that of the S. cerevisiae, Drosophila, and mamma-
lian complexes, emphasizing the high degree of conservation
of SAGA across eukaryotes (Helmlinger et al, 2008). In order
to analyse the roles of the S. pombe SAGA complex in vivo, we
deleted each of the genes that encode a subunit of the
complex (summarized in Supplementary Table 1), with the
exception of taf5* and taf6 ™, which were previously shown
to be essential for viability (Yamamoto et al, 1997; Mitsuzawa
and Ishihama, 2002). Our results here show that the only
other essential SAGA genes are those that encode Taf9, Taf10,
and Taf12 (Supplementary Figure S1). The essential nature of
the TAFs is almost certainly due to their presence in TFIID
(Elmlund et al, 2009).

Strikingly, there were two major differences between S.
pombe and S. cerevisiae with respect to the requirement of
each SAGA subunit for growth or viability (Supplementary
Table 1). First, we observed that an S. pombe spt3A mutant is
severely impaired for growth (Figure 1), in contrast to an S.
cerevisiae spt3A mutant, which has only a modest growth
impairment (Winston et al, 1984). Notably, an S. pombe
spt3A mutant grows significantly slower than deletion mu-

Figure 1 SAGA mutants show a range of phenotypes under different stress conditions. Growth phenotypes of SAGA mutants compared with an
isogenic wild-type strain. Cells were grown in liquid YES medium to stationary phase, subjected to 10-fold serial dilutions and spotted onto test
plates, as indicated. The growth phenotypes observed on rich medium (YES), supplemented with 3% raffinose, 15 mM caffeine, 1 M KCl,
10mM hydroxyurea (HU), or incubated at 38°C, as well as on minimal medium (EMM) containing 0.02 ng/ml rapamycin, or 20 pg/ml
canavanine (see Supplementary Table 2 for details) are shown here. All plates were incubated at 32°C for 3 days, except caffeine, KCl, and HU
plates, which were incubated for 6 days. All strains were spotted onto one plate, but arranged in two separate panels for constructing the figure.
The results from one representative experiment out of four independent replicates are shown.
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tants of genes encoding core SAGA subunits, Spt7 and Adal
(Figure 1; Supplementary Figure S1), which are required for
the integrity of the complex in S. cerevisiae (Grant et al, 1997;
Sterner et al, 1999; Wu and Winston, 2002). This observation
suggests that Spt3 has a more critical role in S. pombe than in
S. cerevisiae, possibly outside of SAGA. Second, we made the
surprising observation that a tralA deletion mutant is viable
and grows normally on rich medium at 32°C (Figure 1). This
result was surprising as previous studies have shown that
Tral is essential for viability in both S. cerevisiae and mice
(Saleh et al, 1998; Herceg et al, 2001). The viability of S.
pombe a tralA mutant has also recently been described
elsewhere (Calonge et al, 2010).

Analysis of the growth phenotypes of SAGA deletion
mutants

To gain more information about the in vivo roles of SAGA and
to identify functional modules within the complex, we tested
the viable deletion mutants for growth defects under 37
different growth conditions (Figure 1; Supplementary Table 2;
Supplementary Figure S2). These results show that the
mutants fall into several distinct phenotypic groups and
reveal differences from S. cerevisiae. The results summarized
here are grouped by the functional modules within SAGA as
defined by analysis in S. cerevisiae. For the three SAGA core
components, Adal, Spt7, and Spt20, only two mutants,
adalA and spt7A, were severely impaired for growth in
normal conditions. In contrast, spt20A causes a more modest
growth defect on rich medium, while showing impaired
growth under a number of other conditions. For the SAGA
HAT module, consisting of Gen5, Ada2, and Ada3, deletion
mutants share several similar phenotypes (Figure 1), includ-
ing sensitivity to high temperature (38°C) and to high salt as
previously shown for genSA (Johnsson et al, 2006). These
results extend our previous analysis that showed that these
three factors function together based on genome-wide ex-
pression analysis and by the demonstration that they all
repress the transcription of sexual differentiation genes
(Helmlinger et al, 2008). Sgf29 is an SAGA component that
has been shown to directly interact with Ada3 in rat cells
(Kurabe et al, 2007). Consistent with this interaction, our
analysis shows that an sgf29A mutant has a subset of the
mutant phenotypes seen in gcnSA, ada2A, and ada3A mu-
tants. In S. cerevisiae, spt3A and spt8A mutants behave
similar to each other, consistent with the evidence that Spt3
and Spt8 are functionally related in the recruitment of TBP.
In S. pombe, however, spt3A and spt8A mutants behave
very differently. In contrast to the severe growth defect of
an S. pombe spt3A mutant, spt8A causes only a modest defect
in growth in rich medium. Unexpectedly, an spt8A mutant
shows pleiotropic phenotypes that are very similar to those
of an spt20A mutant (Figure 1), suggesting that Spt8 may be
functionally related to Spt20 in S. pombe. The SAGA DUB
module contains four proteins, Ubp8, Sgf73, Sgfll and Susl,
all required for Ubp8 histone deubiquitylation activity.
Among these four mutants, the few mutant phenotypes
observed were different for each mutant, suggesting that
these four proteins are not all dedicated to Ubp8 function
(Figure 1; Supplementary Table 2). Recent work has indeed
shown that Sgf73 has nucleosome-binding properties, in
addition to recruiting the DUB module into SAGA (Bonnet
et al, 2010). Finally, we noticed several phenotypes for a
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tralA mutant that did not fall into any of the other patterns.
In addition to these distinct patterns, all SAGA mutants were
sensitive to HU, albeit to different degrees, indicating a role
for all SAGA activities during S-phase progression. Together,
these results indicate that SAGA is not essential for viability
but has important roles in specific cellular processes and
several of its activities are required for adaptation to distinct
stress conditions.

S. pombe has two paralogous tra genes that are
differently required for viability

The most striking observation from our analysis of SAGA
deletion mutants was the discovery that tral * is not required
for viability in S. pombe, whereas it is in S. cerevisiae and
mice. Furthermore, homology searches for orthologues of
S. cerevisiae Tral or human TRRAP protein sequence
identify two genes in the S. pombe genome, SPAC16F5.03c
and SPACIF5.11c, named Tral and Tra2 (Hayashi et al,
2007). Our additional homology searches identified Tral
and Tra2 orthologues only in the genomes of the four
Schizosaccharomyces species sequenced. A multiple sequence
alignment of Tral and Tra2 from three Schizosaccharomyces
species with their eukaryotic orthologues, Tral or TRRAP,
suggests that an ancestral tral gene duplicated before specia-
tion within the Schizosaccharomyces lineage (Supplementary
Figure S3). In addition, examination of the Tral and Tra2
amino-acid sequences reveals that they contain the same
domain structure as Tral or TRRAP orthologues, including
a FAT domain, a phosphatidyl inositol-like kinase (PIK)
domain, and a FATC domain at the C-terminal end of the
protein. Similarly to other Tral and TRRAP orthologues, both
Tral and Tra2 lack some of the residues critical for catalytic
activity in the PIK domain (Supplementary Figure S4), sug-
gesting that the lack of kinase activity is conserved in
S. pombe Tral and Tra2.

The identification of two tra genes in S. pombe prompted
us to ask whether tral ™ and tra2 " are functionally redun-
dant, possibly explaining why a tralA mutant is viable.
To test this hypothesis, we deleted tra2™ in a diploid strain
to generate tra2* /tra2A heterozygotes, which were then
sporulated to analyse the tra2A phenotype. Our results
show that tra2* is essential for viability in S. pombe, as we
observe a 2:2 segregation of inviability and all of the viable
spores were tra2t (Figure 2; data not shown). Thus, tral ™
cannot compensate for the loss of tra2 ™.

S. pombe Tra1 and Tra2 are specific for SAGA and
NuAd4, respectively

We previously reported that S. pombe SAGA, purified by the
core subunits Spt7 or Adal, contains only Tral (Helmlinger
et al, 2008). Recently, another study showed that the NuA4
HAT complex, purified by several different NuA4 compo-
nents, contains only Tra2 (Shevchenko et al, 2008), suggest-
ing that Tral is specific for SAGA and Tra2 is specific for
NuA4. To test this possibility directly, we purified Tral and
Tra2 using a tandem affinity purification (TAP) tag and
analysed the co-purifying proteins by SDS-PAGE and mass
spectrometry. Because TAP fusions to the 3’ ends of tral*
and tra2* caused mutant phenotypes, we constructed strains
in which the TAP sequence was fused onto the 5’ ends of the
tral™ and tra2™ genes; these strains have wild-type pheno-
types (Supplementary Figure S5). Our analysis showed that
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Figure 2 The tra2™ gene is essential for viability. Progeny after
sporulation and tetrad dissection of a tra2 * /tra2A :: natMXG6 hetero-
zygous diploid is shown. The four progeny from each tetrad are
labelled a-d and five representatives tetrads are shown of a total of
37 analysed. The only colonies growing are wild type, as they were
all sensitive to nourseothricin (NAT), showing that a tra2A mutant
is inviable.

the purifications of Tral and Tra2 identified distinct com-
plexes (Supplementary Table 3). Tral co-purified with all
of the proteins found in the S. pombe SAGA complex
(Helmlinger et al, 2008). In addition, several subunits of
the Tel2-containing ASTRA complex co-purified with Tral
(Supplementary Table 3) as expected (Shevchenko et al,
2008). In contrast to Tral, Tra2 co-purified with 10 proteins,
each a subunit of the NuA4 complex (Supplementary Table
3). While our analysis did not detect three NuA4 subunits,
Bdf1, Alpl3, and Actl, they were previously identified as
subunits of the S. pombe NuA4 complex (Shevchenko et al,
2008). The NuA4 HAT subunit, Mst1, is essential for viability
(Gomez et al, 2008), suggesting that Tra2 is essential because
of its role in NuA4. In conclusion, our purification results
demonstrate that Tral is a component of SAGA and ASTRA,
while Tra2 is specific for NuA4. Interestingly, the related Torl
and Tor2 proteins are each in distinct complexes, in both S.
pombe and S. cerevisiae (Jacinto, 2008).

Proteomic analysis of a strain with a TAP sequence fused
to the 3’ end of tral * showed that this fusion is defective for
assembly into SAGA but not into ASTRA (Supplementary
Figure S6). This behaviour is similar to a previously
described purification of a C-terminally tagged Tral
(Shevchenko et al, 2008). When we tested this tral::TAP
strain for mutant phenotypes, we discovered that it behaves
similar to a tralA mutant (Supplementary Figure SS), sug-
gesting that most of the mutant phenotypes we have ob-
served are caused by loss of Tral from SAGA and not from
ASTRA. This observation also suggests that the C-terminal
end of Tral is important for its normal function, consistent
with mutational analyses of the S. cerevisiae TRAI1 gene,
which have identified residues that are critical for Tral
function within the C-terminal FATC domain (Hoke et al,
2010; Knutson and Hahn, 2011).

Tra1 is not required for assembly of the SAGA complex
The viability of a tralA mutant allowed us to address several
important aspects about the roles of Tral in SAGA. First, we
tested whether Tral is required for SAGA assembly in vivo.
A role for Tral in SAGA structure seemed likely, given its
extremely large size (~420kDa) and previous results sug-
gesting that Tral may be required for SAGA to assemble on
chromatin (Memedula and Belmont, 2003). To test this
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Figure 3 Tral is not required for the integrity of the SAGA complex.
The Adal-TAP protein was purified from wild-type (tral™) and
tralA strains. Co-purifying proteins were separated on an SDS 5-
20% gradient polyacrylamide gel and visualized by silver staining.
An untagged control strain is shown (‘no tag’). The positions of
molecular weight markers (MW) are shown on the right. The
mass spectrometry analysis of these purifications is presented in
Supplementary Table 3.

possibility, we purified SAGA from a tralA deletion mutant
using an Adal-TAP fusion and analysed the proteins by SDS-
PAGE and mass spectrometry. We found that SAGA assembles
in a tralA mutant, lacking only Tral and none of the other
subunits (Figure 3). Mass spectrometry analysis confirmed
that all SAGA subunits were present in SAGA purifications
from a tralA mutant compared with those from wild type,
although there was a reduced level of three subunits, Sgf73,
Ubp8, and Susl (Supplementary Table 3). No Tra2 peptides
were detected in the mutant SAGA complex, confirming
that Tral and Tra2 are not interchangeable. Taken together,
these results show that Tral does not contribute signifi-
cantly to the integrity of SAGA and is thus not a core
subunit of the complex. This conclusion is consistent with
our genetic analysis (Figure 1), which showed that a tralA
mutation causes fewer phenotypes than do spt7A and
adalA mutations.

Transcriptome signatures of all viable SAGA deletion
mutants reveal distinct functional classes

As SAGA assembles in a tralA mutant (Figure 3) and tralA
mutant phenotypes are distinct from other SAGA mutants
(Figure 1), we wanted to determine the genome-wide effects
on transcription caused by tralA and to compare them with
other SAGA mutants. To do this, we performed genome-wide
expression analyses on all viable SAGA deletion mutants
(Supplementary Table 4).

To compare the mutant profiles, we performed hierarchical
clustering and found that the SAGA mutants fall into several
classes (Figure 4A; Supplementary Figure S7). Three classes
contain multiple SAGA mutants and are described below,
whereas the tralA, sgf73A, ubp8A, and sgf29A mutants are
each in a class by themselves. Class 1 contains adalA and
spt7A mutants which, as expected from the similarity of their
mutant phenotypes, have almost identical expression pro-
files. In this class, 1133 genes showed mRNA levels altered by
>1.5-fold and 374 by > 2-fold (Figure 4C and D). Class 2, as
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Figure 4 Gene expression signatures of all viable SAGA deletion mutants. (A, B) Hierarchical cluster analyses of 3502 genes varying in
expression over 1.5-fold in at least one mutant with columns representing the different mutants indicated and rows representing genes. The
mRNA levels in each mutant relative to the levels in wild-type cells are colour coded as indicated at lower right, with missing data in white. The
three classes discussed in the main text are indicated at the bottom. (A) All viable SAGA deletion mutants were clustered using the Change
correlation. (B) The tralA, spt7A, and adalA mutants were re-clustered using the Smooth correlation. (C, D) Venn diagrams show the degree of
overlap between the three different classes of SAGA mutants. Classes were identified from the hierarchical clustering shown in (A): Class 1
consists of spt7A and adalA mutants; Class 2 consists of ada2A, ada3A, and genSA mutants; Class 3 consists of sgfIIA, spt20A, spt8A, and
sus1A mutants. The total number of genes affected >1.5-fold for each data set is indicated in parenthesis. The significance of overlaps between
different gene lists was calculated in GeneSpring GX7 (Agilent) by using a standard Fisher’s exact test.

previously reported (Helmlinger et al, 2008), contains gcnSA,
ada2A, and ada3A mutants. For this class, 178 genes have
mRNA levels altered >1.5-fold and 56 by > 2-fold (Figure 4C
and D). Unexpectedly, Class 3 contains sgflIA, suslA,
spt20A, and spt8A mutants. In this class, 1527 genes have
mRNA levels altered >1.5-fold and 520 by >2-fold (Figure
4C and D). The composition of Class 3, combined with the
distinct expression profiles of ubp8A and sgf73A, was un-
expected for three reasons: first, the members of the DUB
module, Ubp8, Sgfll, Susl, and Sgf73, do not all cluster
together and therefore likely have distinct roles within
SAGA; second, Sgfll, Susl, Spt20, and Spt8 do cluster and
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thus likely regulate a similar set of genes; and third, Spt20,
previously thought of as a core component of SAGA, regulates
a distinct set of genes from the core subunits Adal and Spt7.
We also determined the significance of the overlap between
the lists of affected genes found in the three classes and found
significant overlaps between all three. In summary, our
results show that, overall, SAGA is required for normal
expression of a large number of S. pombe genes, but that
different modules are important for the regulation of distinct
sets of genes.

Finally, our results show that tralA has a distinct profile
from all other SAGA mutants (Figure 4A and B), with 1052
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genes controlled by Spt7 and Adal, but independently of
Tral. For the 81 genes affected in common to tralA, spt7A,
and adalA mutants, we performed gene ontology (GO)
analysis and found significant enrichment for genes induced
in response to stress (P=0.003). This category does not
overlap with the significantly enriched GO categories identi-
fied for S. cerevisiae tral mutants previously studied (Mutiu
et al, 2007). In addition to genes that are commonly affected
by tralA, spt7A, and adalA mutations, 144 other genes are
affected by tralA, but not by spt7A and adalA mutations.
The expression of these genes might be controlled by ASTRA
or, alternatively, these genes might be aberrantly regulated by
a form of SAGA lacking Tral. We note that the levels of the
stell ™ and mei2 ™ mRNAs are elevated in the tralA mutant,
suggesting a role for Tral in the S. pombe sexual differentia-
tion pathway. More evidence about this role is presented in a
later section.

Analysis of the contribution of Tra1 to the recruitment
of SAGA to promoters

Several studies have provided strong evidence that Tral is the
subunit of SAGA that directly interacts with transcription
activators and is thus necessary for SAGA recruitment at
promoters (Brown et al, 2001; Bhaumik et al, 2004; Fishburn
et al, 2005; Reeves and Hahn, 2005). The viability of tralA
mutants in S. pombe allowed us to test this model in vivo. To
test if Tral is required for the recruitment of SAGA, we used
wild-type and tralA strains to determine the physical associa-
tion of SAGA with the promoters of several genes, chosen
based on our microarray analysis (Supplementary Table 4).
These included two genes, ssa2 ' and SPBCS8E4.01c™, whose
transcription is SAGA dependent, but Tral independent; and
five other genes, pgkl™, fbal™, bipl*, act1™, and adhl™*,
whose transcription is SAGA independent. In wild-type cells,
as measured by Spt7 ChIP, SAGA bound to regions upstream of
the coding sequences of all genes tested, albeit to different
degrees (Figure 5). In tralA mutants, SAGA recruitment was
not affected at the pgkl™, fbal™, bipl ™, actl*, and adhl™
promoters. In contrast, we observed a 6- to 8-fold reduction in
SAGA occupancy at ssa2t and SPBCS8E4.0lc* (Figure 5),
although we still observed binding of Spt7 that was signifi-
cantly above background (Supplementary Figure S8A).
Together, these results suggest that SAGA is recruited
by distinct mechanisms at different genes. Whereas Tral
greatly contributes to SAGA recruitment at some genes, it is
clearly dispensable at others, demonstrating the existence of
Tral-independent mechanisms for SAGA recruitment.

Tra1 is required for regulation of the S. pombe sexual
differentiation pathway

We then wanted to examine the role of Tral at genes where a
requirement for SAGA has been well characterized, so we
turned to the S. pombe sexual differentiation pathway, as our
microarray results suggested a role for Tral in this pathway.
We previously showed that SAGA uses at least two of its
subunits, Gcn5 and Spt8, to regulate this pathway both
positively and negatively (Helmlinger et al, 2008). To fol-
low-up on the tralA microarray results, we performed quan-
titative RT-PCR analysis of stell ¥ and mei2™ mRNA levels
in a tralA mutant. The stell © gene encodes the master
regulator of the sexual differentiation pathway and mei2*
encodes a regulator of meiotic genes (reviewed in Harigaya
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Figure 5 Effects of a tralA mutation on SAGA recruitment at
distinct genes. Spt7 occupancy was assessed by ChIP analysis of
chromatin extracts from strains in which Spt7 was tagged with 13
copies of a Myc epitope, either in a wild-type (dark grey) or in a
tralA (light grey) background. Cells were grown to mid-log phase in
minimal medium, in the presence of nutrients. Occupancy levels
were quantified by real-time PCR of ‘IP’ over ‘input’ DNA and
normalized to background levels detected at a non-transcribed
region (mat3). Spt7 binding was specifically detected over the
putative regulatory regions of pgkl™, fbal™, bipl™, actl™,
adhl™, SPBC8E4.01c*, and ssa2™ . The coordinates of the regions
that were tested are provided in Supplementary Table 6. The back-
ground %IP values obtained from ChIP analysis of the correspond-
ing ‘no tag’ strains are shown in Supplementary Figure S8A and B.
Each column represents the mean relative %IP valuets.e. (n=4).

and Yamamoto (2007)). The transcription of both genes is
normally repressed during growth in rich medium and is
induced upon a shift to starvation conditions. Our results
show that, in the tralA mutant, both genes are aberrantly
derepressed in rich medium, similarly to our previous
observations in a genSA mutant (Figure 6A and B; see
Helmlinger et al (2008)). Consistent with these results,
tralA mutants ectopically mate in rich medium (Figure 6C),
as was previously shown for gcnSA (Helmlinger et al, 2008).
These results suggest that, similarly to Gen5, Tral is required
for repression of sexual differentiation genes in nutrient-rich
conditions.

We then did additional tests to determine whether Tral and
Gcenb repress by similar mechanisms. We first took a genetic
approach based on our previous results that spt8A mutants
are defective for stell* and mei2 " transcription during
nutrient starvation, and that this defect is suppressed by
genSA (Helmlinger et al, 2008). We tested if tralA, like
genSA, suppresses the spt8A derepression defect. To do this,
we constructed a tralA spt8A double mutant and compared it
with the genSA sptS8A double mutant with respect to stell *
and mei2* mRNA levels. In contrast to what was seen for
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Figure 6 Tral and GenS repress sexual differentiation, but act
through independent pathways. (A, B) Expression analysis of
stell  (A) and mei2" (B) by quantitative RT-PCR of RNA prepared
from h°® homothallic strains. Cells were grown to mid-log phase in
minimal medium in the presence of nutrients, and then shifted for
4h to either rich medium (dark grey) or starvation medium (light
grey). actl™ served as a control for normalization across RT-PCR
samples. Normalized stell © or mei2* mRNA levels in a wild-type
strain grown in rich medium were set at 1 to allow comparisons
across culture conditions and mutant strains. Each column repre-
sents the mean value + s.e. (n=4). (C) Cells were grown to mid-log
phase in minimal medium in the presence of nutrients, and exam-
ined under direct light microscopy for conjugation and sporulation.
Mating efficiency (%) was calculated by dividing the number of
zygotes or asci (each counted as two cells) by the number of
total cells (at least 300 cells). Each column represents the mean
valuets.e. (n=4).

genSA, tralA failed to suppress spt8A, as stell ™ and mei2 ©
mRNA levels remained low in the tralA spt8A double mutant
(Figure 6A and B). This result strongly suggests that Tral
functions in a manner distinct from Gcn5 in transcriptional
repression of stell ™ and mei2*. This possibility is also
supported by the observation that mating and meiosis are
derepressed two-fold more in a tralA gcnSA double mutant
compared with each single mutant (Figure 6C).

To address the respective roles of Tral and Gcn5 by
another approach, we tested whether Tral is required for
the recruitment of SAGA to the stell * and mei2™ promoters.
Our previous results showed that Gen5 is not required for
SAGA recruitment at these promoters (Helmlinger et al,
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Figure 7 Tral contributes to the recruitment of SAGA to the pro-
moters of stell™ and mei2™ in nutrient-rich and starved condi-
tions. Spt7 (A), Gen5 (B), or Spt8 (C) occupancy was assessed by
ChIP analysis of chromatin extracts from strains in which each
protein was myc-tagged either in a wild-type or in a tralA back-
ground. Cells were grown to mid-log phase in minimal medium in
the presence of nutrients, and then shifted for 4h to either rich
medium (dark grey) or starvation medium (light grey). Occupancy
levels were quantified by real-time PCR of anti-myc IP over input
DNA and normalized to background levels detected at a non-
transcribed region (mat3), which are set at 1. The coordinates of
the promoter and coding regions that were tested are provided in
Supplementary Table 6. The background %IP values obtained from
ChIP analysis of the corresponding ‘no tag’ strains are shown in
Supplementary Figure S8C. Each column represents the mean
relative %IP value £ s.e. (n=4-6).

2008). For Tral, we performed ChIP analysis of three SAGA
components, Spt7, Gen5, and Spt8, comparing wild-type and
tralA strains. For all three SAGA components tested, their

The EMBO Journal VOL 30 | NO 14 ] 2011

2849



Characterization of S. pombe Tral
D Helmlinger et al

association at the stell  and mei2™ promoters is reduced in
a tralA mutant when cells were grown in either rich or
starvation medium (Figure 7; Supplementary Figure S8C).
We note that SAGA is still recruited to a limited degree in
a tralA mutant in rich medium, again suggesting Tral-
independent mechanisms of SAGA recruitment. As a control,
western analyses show that steady-state levels of Spt7, Gen5,
and Spt8 are not affected in tralA mutants compared with
wild-type cells (Supplementary Figure S8D). Taken together
with our genetic results, these ChIP results strongly suggest
that Tral and Gcen5 repress stell ¥ and mei2 ™ transcription
by distinct mechanisms.

Discussion

In this work, we have analysed the growth phenotypes and
genome-wide expression changes of all viable S. pombe SAGA
deletion mutants, providing the most comprehensive analysis
to date of regulation by SAGA in any organism. Our analysis
has uncovered several new and unexpected aspects regarding
SAGA function. In particular, confirming the recent finding by
Calonge et al (2010), we show that Tral is not essential for
viability in S. pombe, in marked contrast with S. cerevisiae or
mammalian cells. We also show that an S. pombe Tral
paralogue, Tra2, is essential for viability and demonstrate
that Tral is specific for SAGA, whereas Tra2 is specific for
NuA4. The latter result is in agreement with a recent proteo-
mic analysis of chromatin modifying complexes (Shevchenko
et al, 2008). We then took advantage of the viability of tralA
mutants to address several fundamental questions about Tral
function. Unexpectedly, we found that Tral does not have a
role in SAGA assembly, suggesting that, rather, it has a
regulatory role within the complex. Supporting this conclu-
sion, microarray analyses revealed that Tral regulates the
expression of only a subset of genes regulated by the core
SAGA subunits, Adal and Spt7, and that Tral is not abso-
lutely required for the recruitment of SAGA to promoters.
Importantly, our conclusions are supported by the fact that
we observed a strong agreement between the phenotypic and
microarray analyses of tralA and the other SAGA mutants.

An important finding from our work is that Tral is required
for the recruitment of SAGA at some promoters but not
others. Our demonstration of Tral-dependent recruitment of
SAGA fits well with several in vivo and in vitro studies that
showed Tral-activator interactions (Bhaumik and Green,
2001; Brown et al, 2001; Fishburn et al, 2005; Reeves and
Hahn, 2005). In addition, a recent study used ChIP assays to
show that specific domains within S. cerevisiae Tral are
required for the full recruitment of Spt7 to the HIS4 and
GALI promoters (Knutson and Hahn, 2011). Together with
our ChIP analyses using a complete tralA deletion mutant in
S. pombe, these results demonstrate that Tral is required for
the recruitment of SAGA at certain promoters in vivo.
Surprisingly, we also found that SAGA associates with other
promoters in a Tral-independent manner. This observation
suggests that additional subunits within SAGA can recruit the
complex to certain promoters. Indeed, although most studies
of SAGA recruitment suggested that Tral is the main target of
several activators, other SAGA subunits have been identified
as potential targets and to contribute to SAGA recruitment,
such as Spt3, Taf12, Taf6 or Adal (Klein et al, 2003; Fishburn
et al, 2005; Qiu et al, 2005; Reeves and Hahn, 2005).
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Finally, our studies have provided new insights into our
understanding of the regulation of S. pombe sexual differen-
tiation by the SAGA complex. We have shown that Tral, like
Gcenb, inhibits sexual differentiation in nutrient-rich medium
by repression of stell ™ and mei2* transcription. However,
our genetic tests have suggested that Tral and Gen5 regulate
this pathway independently of each other, suggesting that
Tral acts through another mechanism. Thus, we conclude
that Tral represses the expression of genes required for
sexual differentiation by a more complex mechanism than
simply recruiting SAGA to their promoters. However, the
observation that Tral is largely required for SAGA recruit-
ment to the promoters of stell * and mei2 * upon starvation
implies that these two genes can be induced without any
detectable SAGA binding at their promoters. It is thus possible
that, upon starvation, other transcriptional co-activators act
redundantly with SAGA to contribute to the full induction of
these genes. In S. pombe, the switch from proliferation to
sexual differentiation in response to varying nutrient levels in
the environment is a crucial decision because the commit-
ment to mating and meiosis is irreversible. Our data suggest
that SAGA has multiple regulatory roles in both the repres-
sion and induction of stell * and mei2 " transcription, high-
lighting the critical nature of SAGA as a regulator of this cell
fate decision.

Materials and methods

S. pombe strains and genetic procedures

All S. pombe strains used are listed in Supplementary Table 5.
Standard culture media (YES (Yeast Extract Supplemented) or
(EMMc) Edinburgh Minimal Medium complete) and genetic
manipulations were used, as described previously (Forsburg and
Rhind, 2006). For all nutrient starvation experiments, cells were
inoculated in nutrient-rich minimal medium (EMM + 5g/1 NH,Cl
and 2% glucose) and grown at 30°C to mid-log phase (~0.5 x 107
cells/ml). Cells were then pelleted at room temperature, washed
once with nutrient-starved minimal medium (EMM without NH,CI
and 0.5% glucose), inoculated in either nutrient-rich or starved
medium and incubated for 4h at 30°C. In the text, ‘nutrient
starvation’ thus refers to the complete removal of the nitrogen
source and to a four-fold decrease in glucose concentration in the
medium. For mating assays, homothallic strains were grown as
described above and the number of zygotes and asci were counted
under light microscopy. Mating efficiency was calculated using the
following formula: 2 x (number of zygotes and asci)/(total number
of vegetative cells 4+ 2 x number of zygotes or asci). Gene deletions
were constructed by replacing the respective open reading frame
(ORF) with ura4™, kanMX6, or natMX6 cassettes using PCR-based
gene targeting and lithium-acetate transformation, as described
(Bahler et al, 1998). In each case, PCR amplification was performed
using primers of 100 bases, with 80 bases to direct homologous
recombination (primers listed in Supplementary Table 6). Transfor-
mants were screened by PCR analysis. Strains with epitope-tagged
SAGA subunits were constructed by fusing the corresponding tag to
the 3’ end of the respective gene by homologous recombination,
removing the stop codon. Correct integration was verified by PCR
and western blot analysis.

Western blot analysis

Protein extracts were prepared as described previously (Cheung
et al, 2008) and western blot analysis was performed using the PAP
antibody (peroxidase-anti-peroxidase; Sigma), an anti-Rpbl anti-
body (8WG16; Covance), or an anti-Myc antibody (A14; Santa Cruz
Biotechnology). Equal loading was controlled by staining the
transfer membranes with Ponceau red (Sigma).

TAP and mass spectrometry analysis

Protein complexes were purified by the TAP method (Rigaut et al,
1999). Adal was tagged C-terminally with an HA3;-TAP, fusion
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epitope (from plasmid pFS209, generous gift from N Rhind). Adal-
TAP preparations were performed from 21 YES cultures grown at
32°C to mid-log phase. The tral * and tra2* ORFs were TAP tagged
at their N-terminal end and thus placed under the control of the
nmtl* promoter. TAP-Tral and TAP-Tra2 purifications were
performed from 2 1 mid-log phase EMMc cultures, without thiamine,
allowing overexpression of tral * and tra2™ (Supplementary Figure
S5B). For qualitative purposes, purified proteins were separated on
an SDS 5-20% gradient polyacrylamide gel (Invitrogen) and
visualized by silver staining. Total protein mixtures were precipi-
tated with 20% trichloroacetic acid (Sigma) and then in-solution
digested with trypsin. In all, 10-20% was analysed by liquid
chromatography coupled with tandem mass spectrometry (LC-MS/
MS). Peptides were separated across a 55-min gradient ranging from
7 10 30% ACN in 0.1% FA in a microcapillary (125pm x 17 cm)
column packed with C18 reverse-phase material (Magic C18AQ,
5 um particles, 200 A pore size, Michrom Bioresources, Auburn, CA)
and online analysed on a hybrid LTQ-OrbitrapXL mass spectrometer
(Thermo Scientific, Bremen, Germany). For each cycle, one full MS
scan acquired at high mass resolution was followed by 10 MS/MS
spectra on the linear ion trap from the 10 most abundant ions. MS/
MS spectra were searched against the S. pombe protein sequence
database using the Sequest algorithm (Eng et al, 1994). Spectral
matches were first filtered to <5% false-discovery rate (FDR) at the
peptide level using a target-decoy database strategy (Elias and Gygi,
2007), and subsequently to <1% FDR at the protein level. The final
list of purified subunits was obtained by subtracting protein
matches that were also found in an untagged control sample. We
focused our analysis on the subunits of SAGA, ASTRA and NuA4
complexes, according to previously described compositions.

Microarray experiments

Total RNA was isolated using a hot-phenol protocol as described
(Lyne et al, 2003). Between 10 and 20 pg of total RNA were labelled
by direct incorporation of either fluorescent Cy3- or Cy5-dCTP (GE
Healthcare), and the fluorescently labelled product was hybridized
to S. pombe cDNA microarrays as described (Lyne et al, 2003).
Microarrays were scanned using a GenePix 4000B laser scanner
(Axon Instruments) and fluorescence intensity ratios were calcu-
lated with GenePix Pro (Axon Instruments). The data were
normalized using a customized script (Lyne et al, 2003). At least
two biological repeats were analysed for each mutant with dye
swaps. To analyse the data, repeats for every given mutant
were averaged. The significance of overlaps between different gene
lists was calculated in GeneSpring GX7 (Agilent) by using a
standard Fisher’s exact test. Hierarchical clustering was performed
in GeneSpring GX7 using the Change correlation (Figure 4A) or
Smooth correlation (Figure 4B), with genes containing no data in
<50% of the conditions being discarded. All processed data are
available in Supplementary Table 4 or at http://www.bahlerlab.info/.

RT-PCR analysis

Total RNA was purified using hot acidic phenol as described (Lyne
et al, 2003) and contaminating DNA was removed by DNase I
digestion. In all, 100 ng RNA was then reverse transcribed with an
oligo-dT primer using the Invitrogen SuperScript III first-strand
synthesis kit at 55°C. The thermal cycling conditions comprised an
initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C
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