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The Spt–Ada–Gcn5–acetyltransferase (SAGA) complex was discovered from Saccharomyces cerevisiae and has
been well characterized as an important transcriptional coactivator that interacts both with sequence-specific
transcription factors and the TATA-binding protein TBP. SAGA contains a histone acetyltransferase and
a ubiquitin protease. In metazoans, SAGA is essential for development, yet little is known about the function
of SAGA in differentiating tissue. We analyzed the composition, interacting proteins, and genomic distribution of
SAGA in muscle and neuronal tissue of late stage Drosophila melanogaster embryos. The subunit composition of
SAGAwas the same in each tissue; however, SAGAwas associated with considerably more transcription factors in
muscle compared with neurons. Consistent with this finding, SAGAwas found to occupy more genes specifically
in muscle than in neurons. Strikingly, SAGA occupancy was not limited to enhancers and promoters but primarily
colocalized with RNA polymerase II within transcribed sequences. SAGA binding peaks at the site of RNA
polymerase pausing at the 59 end of transcribed sequences. In addition, many tissue-specific SAGA-bound genes
required its ubiquitin protease activity for full expression. These data indicate that in metazoans SAGA plays
a prominent post-transcription initiation role in tissue-specific gene expression.
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protease]
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The Spt–Ada–Gcn5–acetyltransferase (SAGA) complex is
a highly conserved transcription coactivator that con-
tains >20 protein subunits (Koutelou et al. 2010). In
budding yeast, where SAGAwas discovered, its functions
in transcription are best characterized. SAGA contains
the Gcn5 acetyltransferase, which acetylates nucleo-
somes at the promoters of genes in vitro and in vivo.
SAGA is recruited to target genes through the interaction
of its largest subunit, Tra1, with the activation domains
of sequence-specific DNA-binding transcription factors
(Baker and Grant 2007). Acetylation of promoter nucleo-
somes by SAGA stabilizes its interactions with promoters
and targets promoter nucleosomes for displacement by
the SWI/SNF nucleosome remodeling complex (Li et al.
2007). SAGA has many features related to that of the
general transcription factor TFIID, including a number of
common TAF subunits and the ability to interact with the

TATA-binding protein TBP. SAGA functions as a bona fide
coactivator by delivering TBP to target genes in vivo and
in vitro (Baker and Grant 2007; Rodriguez-Navarro 2009).
Thus, the functions of SAGA in histone modification,
chromatin remodeling, and preinitiation transcription
complex assembly have been well characterized.
The discovery of a second catalytic activity within the

SAGA complex has implicated SAGA function in later
steps during activation of transcription. SAGA contains
ubiquitin protease activity specific for monoubiquitinated
histone H2B (ubH2B) (Henry et al. 2003). Ubiquitination
of H2B occurs following transcription complex formation
and initiation of transcription (Rodriguez-Navarro 2009).
The Ubp8 ubiquitin protease within yeast SAGA is in-
volved in the transition of RNA polymerase II (Pol II)
from transcription initiation into elongation (Wyce et al.
2007). Specifically, deubiquitination of ubH2B by SAGA
facilitates recruitment of the Pol II Ser-2 C-terminal
domain (CTD) kinase Ctk1 (Wyce et al. 2007). Thus,
SAGA promotes transcription elongation by deubiquitina-
tion of ubH2B, which may extend from the 59 end into
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the coding region of active genes (Rodriguez-Navarro
2009).
More recently, SAGA has been purified fromDrosophila

andmammalian cells and was found to contain homologs
of most of the yeast SAGA subunits, including the Gcn5
and Ubp8 catalytic subunits. In metazoans, SAGA may
have roles in both normal development and cancer
(Koutelou et al. 2010). Individual loss of the SAGA sub-
units Gcn5, Ada2b, Ada3, WDA, Sgf11, and SAF6 results
in developmental defects and larval lethality in flies
(Weake et al. 2009 and references therein). Similarly,
Gcn5 deletion in mice leads to defects in mesoderm
development and embryonic lethality (Xu et al. 2000).
However, catalytic site mutations in Gcn5 survive longer
but suffer neural tube closure defects and exencephaly
(Bu et al. 2007). Furthermore, loss of the ubiquitin pro-
tease in Drosophila SAGA (Nonstop) leads to defects in
photoreceptor axon targeting followed by lethality at late
larval stages (Weake et al. 2008).
While loss of SAGA subunits results in embryonic or

larval lethality in flies and mice, deletion of SAGA
subunits in yeast are not lethal and only show synthetic
lethality when combined with other mutations (Howe
et al. 2001). Moreover, mouse embryonic stem cells lack-
ing Gcn5 grow and remain partially pluripotent (Lin et al.
2007). Thus, while SAGA does not appear to be essential
at the cellular level, it seems to play important roles in
the development of metazoans. To better understand the
roles of SAGA functions in developmental gene expres-
sion, we examined its composition and binding profile
and the effects of subunit loss on gene expression in two
distinct differentiated cell types in late stage Drosophila
embryos: muscle and neurons.

Results

Isolation of muscle and neuronal cells expressing
the SAGA-specific subunit Ada2b

We sought to design a system in which SAGA could be
isolated from different cell types in Drosophila embryos
so that its composition and localization pattern could
be determined in different tissues. To this end, we used
the GAL4/UAS system to express a Flag-HA tagged
version of the SAGA-specific protein Ada2b (Ada2bH1F2)
(Kusch et al. 2003; Weake et al. 2009) in muscle or neu-
ronal cells using the mef2-GAL4 and elav-GAL4 drivers,
respectively (Brand and Perrimon 1993; Luo et al. 1994;
Ranganayakulu et al. 1996; Elliott and Brand 2008). Ex-
pression of Ada2bH1F2 under the control of its genomic
enhancer sequences rescues viability of the lethal ada2b1

allele (see the Supplemental Material for details; Qi et al.
2004). Whereas mef2 is expressed in committed meso-
derm, the somatic and visceral musculature, and cardiac
progenitors (Lilly et al. 1994; Nguyen et al. 1994), elav is
expressed prominently in neuronal cells and transiently
in glial cells of the embryonic CNS (Campos et al. 1987;
Berger et al. 2007). Ada2bH1F2 is expressed at levels similar
to those of endogenous Ada2b using this system (Fig. 1A).
To enrich for our cell populations of interest that express

tagged Ada2b, we labeledmuscle and neuronal cells using
GFP (Fig. 1B,C) and isolated these cells using fluorescence-
activated cell sorting (FACS) (Fig. 1D; Supplemental Fig. 1).
To determine whether the purified cells exhibit the char-
acteristic gene expression profiles of each cell type, we
first isolated GFP-labeled neuronal and muscle cells from
late stage embryos by FACS (Supplemental Fig. 2). We
then compared RNA isolated from these tissues with
RNA extracted from whole embryos using cDNA micro-
arrays, and identified genes that are differentially expressed
in muscle or neurons using significance analysis of
microarrays (Supplemental Table 1). The differentially
expressed genes identified using our approach were com-
pared with ImaGO terms that describe the expression
pattern of individual genes during Drosophila embryo-
genesis as determined by in situ hybridization (Tomancak
et al. 2002). Genes identified as being expressed preferen-
tially in muscle relative to neurons were enriched for
ImaGO terms including embryonic/larval muscle system
and dorsal prothoracic pharyngeal muscle (Supplemental
Fig. 2). In contrast, genes identified as being expressed
preferentially in neurons were enriched for ImaGO terms
such as ventral nerve cord and dorsal/lateral sensory
complexes (Supplemental Fig. 2). We conclude that cells
isolated using our FACS approach are enriched for the cell
types of interest.

SAGA localizes differentially in muscle and neuronal
cells at sites of histone acetylation

To examine the genome-wide distribution of SAGA in
muscle and neuronal cells from late stage Drosophila
embryos, we conducted chromatin immunoprecipitation
(ChIP) followed by high-throughput sequencing (ChIP-seq).
An outline of the experimental protocol used for ChIP
analysis is provided in Supplemental Figure 3. Antibodies
against Flag were used to immunoprecipitate Ada2bH1F2
from FACS-isolated muscle or neuronal cells. The Flag
epitope has been shown to be specific for ChIP-seq anal-
ysis (X Zhang et al. 2008), and we confirmed this result by
showing that a nonspecific protein tagged with the Flag
epitope does not have an affinity for the SAGA-bound loci
we examined in S2 cells (Supplemental Fig. 4). As con-
trols, input chromatin samples from each embryonic cell
type were sequenced, as was immunoprecipitated DNA
from control Flag ChIP in untagged neuronal cells. Our
analysis identified 1874 peaks of SAGA localization in
late stage embryonic muscle cells, the majority of which
were located within the 59 untranslated region (UTR) of
genes (Supplemental Table 2). Due to this gene-biased
pattern of SAGA binding, we modified our analysis ap-
proach to examine localization patterns on the promoter
and coding region of all Drosophila genes. We used a
scoring system based on the number of reads per kilobase
of gene length to identify genes with a significant level of
SAGA bound either at the promoter or coding region
relative to both the input chromatin and negative Flag
control immunoprecipitation. Using an identical thresh-
old score, we identified 1997 genes in muscles and 586
genes in neurons that were bound by SAGA (Supplemental
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Figure 1. (A) Western analysis of nuclear extract from Drosophila embryos probed with antibodies against Gcn5 and Ada2b. Extracts
were isolated from OregonR (wild type, lane 1), UAS-Ada2bH1F2 in the absence of the GAL4 driver (lane 2), UAS-Ada2bH1F2 expressed
under control of mef2-GAL4 (lane 3), and elav-GAL4 drivers (lane 4). (B) Lateral view of GFP expression in the ventral nerve chord and
peripheral nervous system of a stage 15 elav-GAL4; UAS-Ada2bH1F2; UAS-GFP embryo. (C) Lateral view of GFP expression in somatic
musculature of a stage 15 mef2-GAL4; UAS-Ada2bH1F2; UAS-GFP embryo. (D) GFP was plotted against yellow autofluorescence for
single cells. GFP-positive nondebris events are shown within the green line (GFP+). The percentage of GFP-positive events is given in
brackets beside each genotype. (E) Region map displaying the density of the SAGA ChIP-seq signal in muscle relative to neurons as IP/
input (log2) for muscle-specific SAGA-bound genes (top panel), genes bound by SAGA in both muscle and neurons (middle panel), and
genes bound by SAGA only in neurons (bottom panel). SAGA-binding density is shown for individual genes (rows) from �500 base pairs
(bp) to +500 bp around the transcription start site (+1) in muscle (red) and neurons (blue) relative to the signal from a control Flag ChIP-
seq experiment in untagged neuronal cells (green). (F) Binding profiles for SAGA (top panel) and acetylated H3-Lys9 (bottom panel) in
muscle (red) and neurons (blue) are shown for the exba and wupA loci. The gene structure is indicated below the SAGA-binding profile:
59 and 39 UTRs are shown in green and white, respectively; constitutively and alternatively spliced exons are shown in black and red,
respectively; and alternative transcription start sites are indicated by arrows. The Y-axis in the top panel represents the number of
unique reads observed in two biological experiments for the SAGA ChIP-seq experiment for 20-bp windows across the two loci. The
control profile in the top panel (green) represents the Flag ChIP-seq signal in untagged neuronal cells. ChIP for acetylated H3-Lys9 was
performed on chromatin isolated from muscle and neurons. ChIP data represent mean percent input normalized to the coding region of
a gene that is not expressed in embryos. Error bars denote standard error of the mean for three biological experiments.
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Table 3). Note that levels of SAGA below the threshold
score are observed in neuronal cells at some additional
genes, but are not concentrated at promoters (Fig. 1E).
Surprisingly, only 59 genes are specifically bound by
SAGA in neurons but not in muscle under the threshold
conditions used. In contrast, 1470 genes are bound
specifically by SAGA in muscle but not in neurons at
this late stage of embryogenesis. Thus, SAGA localizes to
a total of 14% of genes in muscle and 4% of genes in
neuronal cells of late stage Drosophila embryos.
SAGA contains the histone acetyltransferase Gcn5;

therefore, we asked whether the presence of SAGA
correlates with histone acetylation in the two differ-
ent cell types. We examined two genes that are bound
differentially by SAGA in muscle and neurons for enrich-
ment of acetylated H3-Lys9: exba, which encodes the
translation factor eIF-5C, is bound by SAGA in both
tissues, whereas wupA, encoding troponin I, is bound by
SAGA specifically in muscle cells (Fig. 1F, top panel).
Both genes exhibit peaks of acetylated H3-Lys9 toward
the 59 region of the gene body in muscle cells (Fig. 1F,
bottom panel). However, in neurons, a peak of acetylated
H3-Lys9 is observed at exba but not at wupA. Thus, the
tissue-specific localization of SAGA correlates with tis-
sue-specific enrichment of one of its associated histone
modifications: acetylated H3-Lys9. Additional examples
of the tissue-specific localization of SAGA are provided in
Supplemental Figure 5.

SAGA associates with different sets of transcription
factors in different cell types

To determine whether the different SAGA localization
pattern in muscle and neurons was caused by differences
in the composition of the complex in these two cell types,
we examined the composition of SAGA in both tissues.
Tissue-specific forms of chromatin modifying and remod-
eling complexes such as TFIID and SWI/SNF have pre-
viously been identified (Hiller et al. 2001, 2004; Wu et al.
2007; Yoo et al. 2009). To determine whether tissue-
specific forms of SAGA could contribute to its differ-
ent localization pattern, we affinity-purified SAGA from
stage 10–17 embryos expressing the tagged Ada2b sub-
unit in muscle or neurons and analyzed the immunopre-
cipitated proteins using multidimensional protein iden-
tification technology (MudPIT) (Fig. 2A; Supplemental
Table 4). An outline of the experimental procedure is
provided in Supplemental Figure 3. Flag purifications
from wild-type untagged embryos and embryos that lack
the GAL4 driver were compared as controls (Fig. 2A). All
SAGA subunits were present in purifications from both
muscle and neuronal cells, as compared with purifica-
tions from cultured Drosophila cells, indicating that
Ada2bH1F2 effectively incorporates into the endogenous
SAGA complexes in these embryonic tissues and that the
composition of the core complex does not differ in these
three cell types.

Figure 2. (A) Heat map showing the rela-
tive spectral abundance of SAGA subunits
in purifications using antibodies against
Flag from Drosophila embryos or tandem
Flag-HA purifications from S2 cells, expres-
sed as distributed normalized spectral abun-
dance factor (dNSAF). Purifications were
conducted from the following genotypes:
OregonR (column 1), UAS-Ada2bH1F2 in
the absence of the GAL4 driver (column
2), UAS-Ada2bH1F2 expressed under control
of mef2-GAL4 (column 3), and elav-GAL4
drivers (column 4). MudPIT data from a
Flag-HA purification of Ada2bH1F2 from
S2 cells are shown in column 5 for compar-
ison. The dNSAF scale represents the abun-
dance of each protein on a scale ranging
from yellow (highly abundant) to black (less
abundant), with white squares representing
proteins that were not identified in a given
purification. Mean dNSAF values are shown
for muscle and neurons representing three
biological experiments. (B) Heat map showing
the relative spectral abundance of transcrip-
tion factors associated at substoichiometric

levels with SAGA purifications from Drosophila embryos or S2 cells. The dNSAF scale represents the abundance of each protein on
a scale ranging from red (more abundant) to black (less abundant), with white squares representing proteins that were not identified in
a given purification. Mean dNSAF values are shown for muscle and neurons representing three biological experiments. (C) Venn diagrams
showing the overlap between (1) transcription factors associated with SAGA in muscle versus neuron and (2) genes bound by SAGA in
muscle versus neuron. (D) Venn diagram showing the overlap between genes that are closest to a defined Mef2-binding site in 10- to 12-h
embryos and genes bound by SAGA in muscle. Only those genes with defined expression in muscle of 13- to 16-h embryos were included
in this analysis.
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The core subunits of SAGA are all present in both
muscle and neurons; therefore, we reasoned that the in-
teraction of SAGAwith additional proteins could regulate
its association with different gene targets in embryonic
tissues. Notably, in addition to the 18 core SAGA sub-
units, we identified a large number of proteins associated
with SAGA at substoichiometric levels in muscle, neu-
rons, and cultured S2 cells. These include many proteins
that have been identified as having sequence-specific
DNA-binding transcription factor activity. Drosophila
SAGA has been previously shown to interact with the
transcriptional activators VP16 and p53 (Kusch et al.
2003). Thus, we hypothesized that differential interac-
tions of SAGA with transcription factors in embryonic
muscle and neurons could direct its association with
different target genes. If we compare the putative tran-
scription factors that copurify with SAGA in muscle,
relative to neurons and S2 cells (Fig. 2B,C; Supplemental
Table 4), we observe that manymore transcription factors
are associated with SAGA uniquely in muscle relative to
neurons. The low number of transcription factors associ-
ated with SAGA in neurons is not due to a deficiency in
the sensitivity of the SAGA purification in neurons, as
a higher number of peptide spectra for both SAGA sub-
units and total proteins associated with SAGA are ob-
served in the neuronal purifications relative to muscle
(Supplemental Fig. 6). The higher number of transcription
factors associated with SAGA in muscle correlates with
the increased number of genes bound by SAGA specifi-
cally in muscle relative to neurons (Fig. 2C). Thus, at this
stage of development, SAGA is bound to more genes in
muscle than in neurons and was found to interact with
more transcription factors in muscle than in neurons.
To examine whether these transcription factors might

be responsible for directing the tissue-specific recruit-
ment of SAGA to different genes, we compared the
binding sites of the muscle-specific transcription factor
Mef2 with SAGA-bound genes in muscle (Fig. 2D). This
analysis showed that 49% of genes that are closest to
a defined Mef2-binding site in 10–12 embryos and are
expressed in muscle of 13- to 16-h embryos also have
SAGA bound in muscle (Zinzen et al. 2009). However,
only 13% of the genes bound by SAGA in muscle that are
expressed in muscle of 13- to 16-h embryos have a nearby
Mef2 peak in 10- to 12-h embryos, suggesting that ad-
ditional muscle-specific transcription factors likely play
a role in recruiting SAGA to Mef2-independent genes in
muscle of late stage embryos.

SAGA colocalizes with Pol II at both promoters
and coding regions

The presence of SAGA is often associated with gene
activation in yeast, and acetylation of histone H3 corre-
lates with active transcription in Drosophila (Schubeler
et al. 2004). Furthermore, we observe an interaction of
SAGA with a large number of different transcription
factors in different Drosophila cell types, suggesting that
it might be involved in regulating transcription of many
different genes. To examine the role of SAGA in Pol II-

mediated transcription, we asked where SAGA binds
genome-wide relative to Pol II by examining the distri-
bution of Pol II in muscle cells using ChIP-seq. Using the
same ranking criteria that we used to identify SAGA-
bound genes, we identified 4653 genes that are bound by
Pol II in embryonic muscle cells (Supplemental Table 5).
If we examine the overlap in the genes that are bound by
Pol II and SAGA, we find that 92% of SAGA-bound genes
are also bound by Pol II. Many of the remaining SAGA-
bound genes that lack detectable Pol II binding are tRNA
genes that are transcribed by Pol III.
Although our peak analysis showed that the majority

of SAGA is promoter-localized, we found that 14% of
SAGA-bound genes in muscle have significant levels of
SAGA present on the coding region (score >3) (see the
Supplemental Material). To examine whether the pres-
ence of SAGA on the coding region correlates with the
presence of Pol II, we clustered the genes bound by both
Pol II and SAGA based on the density of Pol II present on
the coding region of each gene. We then plotted Pol II and
SAGA ChIP-seq signals across the promoter and first 2 kb
of the coding region for each gene within the cluster (Fig.
3A). If we examine the mean binding density within each
cluster (Fig. 3B), we find that SAGA distribution across
the gene body correlates with the density of Pol II. Genes
that have a high density of Pol II across the coding region,
such asMhc (Fig. 3C), also show high occupancy of SAGA
across the coding region (Fig. 3B, black line). Conversely,
genes at which Pol II is primarily localized at the pro-
moter, such as neur (Fig. 3D), have SAGA also restricted
to this region of the gene (Fig. 3B, dark-yellow line). We
conclude from our analysis that SAGA may have a broad
role in transcription at both the promoter and coding
regions in flies.
Notably, a peak of SAGA is observed at the promoters

of genes that lack detectable levels of Pol II in the gene
body, suggesting that SAGA remains bound at genes that
are stalled or infrequently transcribed. Consistent with
this observation, SAGA localizes near the position of the
promoter-proximal pause site, ;50 nucleotides down-
stream from the transcription start site, in embryonic
muscle cells (Fig. 4). In addition, whereas most SAGA-
bound genes were also bound by Pol II, only 40% of Pol II-
bound genes show levels of SAGA binding above our
threshold criteria. However, much higher levels of Pol II
are present at the promoters of SAGA-bound genes when
compared with the other 60% of Pol II-bound genes that
lack detectable SAGA (Fig. 4). This observation suggests
that SAGA might be important for Pol II occupancy at
pause sites, even at genes that are not being actively
transcribed.

The ubiquitin protease activity of SAGA
is important for transcription of muscle-specific
developmental genes

Our observation that the presence of SAGA correlated
with high levels of Pol II at pause sites indicated that
SAGA might have additional functions following recruit-
ment of polymerase in transcription activation. In yeast,
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studies have shown that ubiquitination of histone H2B
occurs post-transcription initiation and is important
for the subsequent trimethylation of Lys4 of H3 (Weake
and Workman 2008). Thus, we would expect that the
deubiquitination activity of SAGA on histone H2B would
also occur post-transcription initiation. This model is sup-
ported by observations in yeast that deubiquitination by
SAGA is important for the release of paused Pol II atGAL1
(Wyce et al. 2007).

To identify genes that require the ubiquitin protease
activity of SAGA for activation of transcription, we
examined gene expression in muscle cells from sgf11
embryos that have reduced SAGA ubiquitin protease
activity (Weake et al. 2008). Transcript levels in muscle
cells from sgf11 embryos isolated using FACS (Supple-
mental Fig. 2) were compared with wild-type muscle cells
using cDNA expression arrays (n = 4). Using this ap-
proach, we identified 9.5% of genes bound by SAGA in

Figure 3. (A) Region map displaying the density of Pol II and SAGA binding in muscle for genes bound by SAGA and Pol II that are
longer than 500 bp. SAGA and Pol II binding is plotted from �500 bp to +2000 bp around the transcription start site (columns) as log2
ratios of IP/input. Pol II-bound genes in muscle were clustered into eight groups according to the density of Pol II on the coding region.
The number of genes in each cluster is shown to the right of each cluster. Rows (genes) in each cluster were ordered by increasing gene
length. (B) The mean Pol II (top panel) and SAGA (bottom panel) ChIP-seq signal intensity was plotted as log2 ratios of IP/input for each
of the eight clusters described in A from �500 bp to +2000 bp around the transcription start site (+1). (C,D) Binding profiles for SAGA
(top panel) and Pol II (middle panel) relative to input chromatin (bottom panel) are shown for the Mhc (C) and neur (D) loci. The Y-axis
represents the number of unique reads observed in two biological experiments for the SAGA and Pol II ChIP-seq experiments.
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muscle that are down-regulated twofold or more in sgf11
muscle (Fig. 5A; Supplemental Table 6). In addition, 8.1%
of genes bound by SAGA in both muscle and neurons are
down-regulated twofold or more in sgf11muscle (Fig. 5A;
Supplemental Table 6). To confirm the changes in expres-
sion observed in the sgf11 muscle cells, we examined
transcript levels of four of these genes by quantitative
RT–PCR (qRT–PCR) in wild-type or sgf11 muscle cells
(Fig. 5B). As expected, muscle cells from sgf11 embryos
show very low levels of sgf11 transcripts, but do not show
decreases in the level of transcripts of another subunit of
SAGA, wda, or the ribosomal gene Rpl3. We examined
transcript levels of four genes identified as being down-
regulated in our microarray analysis and found that all of
these genes are indeed down-regulated in sgf11 muscle
(Fig. 5B).
When we compared the expression of SAGA-bound

genes down-regulated in sgf11 muscle with the relative
expression of those same genes in muscle relative to the
whole embryo, we noticed that genes down-regulated in
sgf11 muscle tended to be expressed preferentially in
muscle relative to the whole embryo (Fig. 5A). Thus, the
ubiquitin protease activity of SAGA appears to be impor-
tant for activating expression of genes that are preferen-
tially expressed in muscle. Although in yeast SAGA-
activated genes are often highly regulated and induced in
response to environmental stresses (Huisinga and Pugh
2004), we do not find any Gene Ontology (GO) term en-
richment in stress response genes when we examine those
SAGA-bound genes that are down-regulated in sgf11 mus-
cle (Supplemental Table 7). Instead, when we compare GO
term enrichment of SAGA-bound genes that are down-
regulated in sgf11muscle relative to the whole genome, we
identify GO terms including cell division and regulation of
muscle and mesoderm development as being enriched in
this gene population (Fig. 5C). Thus, genes that are espe-
cially sensitive to the loss of the ubiquitin protease activity
of SAGA tend to be preferentially expressed inmuscle cells
and have roles in developmental processes. Notably, genes
with paused Pol II in earlyDrosophila embryos also tend to
be tissue-specifically expressed and have roles in develop-
ment (Muse et al. 2007; Zeitlinger et al. 2007).

We then asked whether ubH2B levels were increased at
individual genes that were down-regulated in sgf11 mus-
cle relative to the whole embryo. To do this, we turned to
RNAi in cultured Drosophila cells and examined ubH2B
levels at the 59 end of four genes that are down-regulated
in sgf11 muscle (Fig. 6A–C). Knockdown of two compo-
nents of the ubiquitin protease module of SAGA, sgf11
and not, does not affect recruitment of Gcn5 but does
result in increased levels of ubH2B at the 59 end of these
genes (Fig. 6C). However, an increase in global ubH2B
levels in sgf11 mutants is not apparent by stage 15 of
embryogenesis (Fig. 6D); thus, we cannot exclude the
possibility that the ubiquitin protease activity of SAGA
may have roles in activation of gene expression that
function through targets in addition to ubH2B.

Discussion

In this study, we examined SAGA composition and
localization in muscle and neuronal cells of late stage
Drosophila embryos. Surprisingly, we observed extensive
colocalization of SAGAwith Pol II at both promoters and
coding regions in muscle cells. Notably, genes at which
SAGAwas not detected in our assay have low levels of Pol
II bound. We suggest that SAGA might be important for
recruitment and/or retention of high levels of Pol II at the
promoter-proximal pause site in flies, and perhaps, there-
fore, more generally in higher eukaryotes. SAGA has been
previously observed on the coding sequence of a small
number of individual transcribed genes in yeast (Govind
et al. 2007; Wyce et al. 2007; Zapater et al. 2007). Re-
cently, low levels of Ada2b were detected on the 39 region
of several different genes during larval development
(Zsindely et al. 2009). We note that although some SAGA
is present across the coding region of many genes, the
peak of acetylated H3-Lys9 is restricted to the 59 region of
the two genes that we examined: wupA and exba. A
similar 59 bias of acetylated H3-Lys9 has been observed
previously in genome-wide studies of histone modifica-
tions (Li et al. 2007; Roy et al. 2010). We speculate that
the acetylation activity of SAGA in the 39 region of the
gene is counteracted by histone deacetylases such as
Rpd3S that have been shown to associate with the
elongating form of Pol II (Carrozza et al. 2005; Govind
et al. 2010).
SAGA localizes to different genes in muscle and neu-

rons of late stageDrosophila embryos, and the number of
genes bound by the complex in each tissue correlates
with the number of transcription factors associated with
the complex. These findings indicate that the differential
localization of SAGA may be regulated by its association
with different transcription factors in different cell types.
A number of studies have found that transcription factor-
binding sites tend to be clustered within the fly genome
(Moorman et al. 2006; Zinzen et al. 2009). This observed
colocalization of transcription factors, together with our
data showing the association of SAGA with a large
number of different transcription factors, indicates that
multiple transcription factors might be involved in re-
cruiting SAGA to its target genes.

Figure 4. The median log2 ratio of IP/input was plotted for
SAGA (red) and Pol II (black) from �300 bp to +300 bp around
the transcription start site at 639 SAGA-bound promoters,
relative to 2455 promoters bound by Pol II that lack detectable
levels of SAGA binding. The position of the peak summit
relative to the transcription start site (+1) is shown above the
graph for SAGA and Pol II.
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We observe that SAGA is present at the promoter-
proximal pause site together with Pol II at genes that are
stalled or infrequently transcribed. The presence of
SAGA together with paused Pol II is consistent with
a role for SAGA in post-initiation deubiquitination of
H2B, which has been shown in yeast to be important
for phosphorylation of Ser-2 of the Pol II CTD and its
subsequent transition into transcription elongation
(Wyce et al. 2007). In flies, phosphorylation of Ser-2 of
the Pol II CTD by P-TEFb is also required for release of
the paused polymerase into transcription elongation
(Lis et al. 2000; Ni et al. 2008). Hence, the strong
colocalization of SAGA with polymerase that has initi-
ated transcription but is paused prior to elongation
suggests a prominent function for SAGA in regulating
tissue-specific gene expression at a step occurring post-
initiation in metazoans. Consistent with the possibility,
we observe that the SAGA-bound genes that are most
dependent on its ubiquitin protease activity for full
expression are preferentially expressed in a specific
tissue.

Materials and methods

Additional details of methods are provided in the Supplemental
Material.

FACS isolation of cells for RNA and ChIP analysis

Stage 15–16 embryos expressing GFP and Ada2bH1F2 under the
control of mef2-GAL4 or elav-GAL4 were dissociated, and cells
expressing the tagged protein andGFPwere enriched using FACS
on a MoFlo high-speed sorter (Beckman Coulter). For RNA
experiments, cells were labeled with GFP but did not express
Ada2bH1F2. For ChIP, chromatin was cross-linked with 1%
formaldehyde prior to FACS isolation.

ChIP

ChIP was conducted on 1 3 107 cell equivalent of chromatin as
described previously (Weake et al. 2009) with minor modifica-
tions. The following antibodies were used for ChIP: anti-Flag M2
(mouse; F1804, Sigma), anti-Pol II phospho/unphospho-CTD
(mouse; 4H8; ab5408, Abcam), anti-acetylated H3-Lys9 (rabbit;
06-942, Upstate Biotechnology), anti-ubH2B (mouse; 05-1312,
Millipore), anti-Gcn5 (rabbit) (Kusch et al. 2003). Primer

Figure 5. (A) Heat map showing the log2 ratio of expression of SAGA-bound genes that are down-regulated in sgf11muscle. Expression
ratios are plotted for genes (rows) in sgf11 muscle relative to wild-type muscle, and wild-type muscle relative to dissociated cells from
whole embryos. Ratios for four separate biological experiments are shown for each comparison. Genes bound by SAGA in muscle only
are shown in the top panel (red bar), and genes bound by SAGA in muscle and neurons are shown in the bottom panel (black bar). (B)
qPCR was performed on cDNA isolated from wild-type muscle (n = 5) and sgf11 muscle (n = 3) cells. Mean expression levels were
normalized to Rpl32 and plotted as percentage wild type. Error bars denote standard error of the mean. (C) GO terms enriched in the set
of SAGA-bound genes that are down-regulated in sgf11 muscle. The percentage of down-regulated SAGA-bound genes in each GO
category is shown on the X-axis, with P-values shown to the right of each bar. Only a subset of GO terms that show differential
enrichment in SAGA-bound sgf11 down-regulated genes are presented. A complete list of enriched GO terms with P-values <0.001 is
provided in Supplemental Table 7.
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sequences are provided in Supplemental Table 8. Three biolog-
ical replicates were performed for all ChIP-qPCR analyses.

ChIP analysis

Two separate biological experiments were performed for each
ChIP-seq analysis with similar results. Unique reads identified
from each biological experiment were merged for further anal-
ysis. A single chromatin input sample was sequenced from each
cell type as a control experiment. To determine the level of non-
specific antibody binding, a single Flag-ChIP-seq experiment was
conducted using chromatin isolated from neuronal cells that
do not express a Flag-tagged protein. Preliminary analysis of
SAGA binding in muscle cells was performed using model-based
analysis of ChIP-seq (MACS) (Y Zhang et al. 2008) with a P-value
cutoff of 13 10�10. Peaks were mapped to the 59UTR and coding
region of genes using Galaxy (Goecks et al. 2010). Analysis of
SAGA and Pol II distribution on the promoter and coding regions
of genes was performed using a modified version of reads per
kilobase of gene region (RPKM) analysis (Mortazavi et al. 2008),
whereby defined features could be assigned enrichment scores
for immunoprecipitation and input samples.

cDNA expression analysis

Two-class unpaired significance analysis of microarrays (SAM)
was performed to identify genes expressed preferentially in
muscle or neurons using D value of 0.811 (false discovery rate
percent median <5) (Tusher et al. 2001). ImaGO terms describing
the expression pattern of individual genes within the embryo
using a controlled vocabulary set (Tomancak et al. 2002) were
obtained from FlyMine. Down-regulated genes in sgf11 muscle
were identified as being those genes with a mean log2 ratio of�1.0
and valid expression ratios in three of the four cDNA arrays in
sgf11 muscle relative to wild-type muscle. GO term enrichment
analysiswas performed using FuncAssociate 2.0 (Berriz et al. 2009).

Affinity purification and MudPIT analysis

Soluble nuclear extracts were prepared and Flag affinity purifi-
cation and MudPIT analysis were conducted using modified

versions of the protocols described for preparation of nuclear
extracts from Drosophila S2 cells (Weake et al. 2009). Sequence-
specific transcription factors (GO: 0003700) were identified
using the GO term definitions provided in FlyBase.

Accession codes

The RAW mass spectrometry and SEQUEST results files for the
MudPIT analyses reported in Supplemental Table 4 may be
downloaded from ProteomeCommons.org Tranche using the
following hash: u3ZMmQTbFnzAYL1frZrXhwMbVFnRDH2AxY/
X9dsD09/8wrFWch5tuIleUqy6b4jwjIEAl5pVT6J/FAsF76uhKe2Y
fgMAAAAAAAAQHg==. These data may be accessed using the
passphrase Weake&SAGA. The expression and ChIP-seq data
discussed in this publication have been deposited in NCBI’s Gene
ExpressionOmnibus (Edgar et al. 2002) and are accessible through
GEO series accession number GSE29528 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE29528).
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