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The role of SAGA coactivator complex in snRNA transcription
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ABSTRACT
The general snRNA gene transcription apparatus has been extensively studied. However, the role
of coactivators in this process is far from being clearly understood. Here, we have demonstrated
that the Drosophila SAGA complex interacts with the PBP complex, the key component of the
snRNA gene transcription apparatus, and is present at the promoter regions of the snRNA genes
transcribed by both the RNA polymerase II and RNA polymerase III (U6 snRNA). We show that
SAGA interacts with the Brf1 transcription factor, which is a part of the RNA polymerase III
transcription apparatus and is present at promoters of a number of Pol III-transcribed genes.
Mutations inactivating several SAGA subunit genes resulted in reduced snRNA levels in adult flies,
indicating that SAGA is indeed the transcriptional coactivator for the snRNA genes. The transcrip-
tion of the Pol II and Pol III-transcribed U genes was reduced by mutations in all tested SAGA
complex subunits. Therefore, the transcription of the Pol II and Pol III-transcribed U genes was
reduced by the mutations in the deubiquitinase module, as well as in the acetyltransferase
module of the SAGA, indicating that the whole complex is essential for their transcription.
Therefore, the SAGA complex activates snRNA genes suggesting its wide involvement in the
regulation of gene transcription, and consequently, in the maintenance of cellular homeostasis.
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Introduction

The snRNAs are non-coding RNA molecules
expressed at high levels in eukaryotic cells. snRNAs
are involved in many cellular functions including
pre-mRNA splicing, rRNA processing, and histone
mRNA 3’-end formation. While for many years the
snRNA have been frequently described as mostly
performing housekeeping functions, however their
real functions extend beyond housekeeping, and
their regulated expression is critical to cellular home-
ostasis during normal growth and in response to
stress [1]. Each snRNA gene is represented by several
copies which are organised in clusters or scattered
throughout the genome. In animals, most snRNAs,
namely, U1, U2, U3, U4, U5, andU7, are synthesised
by the RNA polymerase II, while the U6 snRNA is
synthesised by the RNA polymerase III [1–4].
Although Drosophila snRNA genes are transcribed
by different RNA polymerases, they have similarly
organised promoters containing the distal sequence
element (DSE), the transcription enhancer, and the

proximal sequence element (PSE, or more specifi-
cally, PSEA in Drosophila), essential for basal tran-
scription [5–7]. Drosophila snRNA promoters
directing the transcription by Pol II contain, apart
from the PSEA element, the PSEB element which is
also required for basal transcription. In promoters
transcribed by Pol III, TATA-box is present in addi-
tion to PSEA, which determines the specificity of the
Pol III recruitment [5].

The PSEs of all snRNA genes are recognised
and bound by the same evolutionarily conserved
PBP factors, also known as the SNAP factors [8].

The interaction between PSE and PBP induces
the recruitment of RNA polymerases to the gene
[1,5]. The Drosophila PBP complex contains three
subunits, Pbp95 (Snap190), Pbp49 (Snap50) and
Ppb45 (Snap43) [5,9]. Apart from the PBP factors,
the basal transcription of snRNA genes by the
RNA polymerase II engages TBP, TFIIA, TFIIB,
TFIIF, and TFIIE. The basal transcription of the
RNA polymerase III-transcribed snRNA genes
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involves in addition to PBP, also TBP, Bdp1, and
Brf1 (BRF2 in human) [10,11].

The SAGA complex is currently known as the
transcriptional coactivator within the RNA poly-
merase II transcription machinery [12]. Histone
acetylation has for a long time been associated
with active gene transcription. This modification
is dynamically regulated by the counteracting his-
tone acetyltransferases (HAT) and deacetylases,
whose targets are a number of highly conserved
residues in the N-terminal amino acid sequences
of histones. In Drosophila, similar to other organ-
isms, SAGA consists of several functional modules,
including the histone acetylation module (HAT),
which contains the Gcn5 acetyltransferase along
with the Ada and Sgf29 proteins, and the deubi-
quitination module (DUB), containing the
Nonstop deubiquitinase as well as the Sgf11,
Ataxin7 and ENY2 subunits [12–16]. Recently, it
was shown that subunits of U2 snRNP: SF3B3 and
SF3B5 have independent functions in SAGA
[17,18]. The best characterised substrates for the
SAGA complex are several acetylation sites in his-
tone H3 and a single deubiquitination site in his-
tone H2B [19,20]. SAGA also contains two
structural modules, TAF and SPT, which ensure
the structural integrity of the complex and are
essential for the interaction with the general tran-
scription machinery. The composition of the
SAGA complex, which is also referred to as
STAGA or TFTC, is to a large degree conserved
across different species [21]. In Drosophila, there
has been described an evolutionarily related ATAC
complex, which shares a part with SAGA [22,23].
These two complexes share a number of common
subunits, such as dTada3, dGcn5, and dSgf29, but
differ by other ones. One of the major differences
between them is the absence of the deubiquitinase
module in the ATAC complex [18]. Several
reviews covering the composition and structure
of the SAGA complex, as well as the differences
between the SAGA-like complexes, have been pub-
lished recently [18,24]. A number of studies have
reported that the Gcn5 and TRRAP subunits of the
SAGA complex are also engaged in transcription
of the RNA polymerase III-dependent genes such
as tRNA and 5S RNA. These factors are recruited
to the transcription apparatus via c-Myc and per-
form functions similar to those performed during

the RNA polymerase II transcription [25].
Recently, Li et al, investigating SAGA-independent
properties of the DUB module, detected by a
ChIP-seq assay an occupancy of snRNA promoter
regions by Sgf11, Spt3, and Ada2b subunits [26].

The regulation of snRNA gene transcription is
now intensively studied. Recently, it has been
demonstrated that Mediator subunits are involved
in the snRNA gene transcription controlled by the
RNA polymerase II [27,28]. However, the func-
tions of coactivator complexes in snRNA tran-
scription remain poorly understood. The current
work reports the study of the role of the SAGA
complex in this process.

Results

SAGA is present at snrna genes and interacts
with pbp45

Mapping the binding sites for Sgf11 component of
the SAGA complex on the polytene chromosomes of
Drosophila by immunostaining revealed that Sgf11 is
present at the sites of localization of snRNA genes
[29]. To verify this result, we produced rabbit poly-
clonal antibodies against the Pbp45 protein
(Supplementary Figure1(a)), the subunit of the PBP
complex, the key player in the snRNA transcription
process. The antibodies were affinity purified and
their specificity was confirmed by RNAi knockdown
of Pbp45 (Supplementary Figure 1(c)).

The double immunostaining of polytene chro-
mosomes from the salivary glands of Drosophila
using antibodies against Sgf11 (Figure 1(a)) and
Pbp45 (Figure 1(b)) was carried out in accordance
with [30,31]. It has been previously shown that the
main pool of Drosophila Sgf11 is associated with
DUB module of SAGA, and Sgf11 is present at a
substantial number of loci on the polytene chro-
mosomes of Drosophila [29]. The Pbp45 protein
was also detected at many loci which suggested an
extensive involvement of this protein in the regu-
lation of gene transcription (Figure 1B). Although
in Drosophila, it is not clear whether Pbp45 is
involved in transcription of other genes, apart
from the snRNA genes, its human homolog,
hSNAPC1, was shown to be present at the genes
other than snRNA [32]. These data are in good
agreement with our results demonstrating that
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Pbp45 binds multiple sites on the Drosophila poly-
tene chromosomes.

Pbp45 and Sgf11 colocalise at many actively tran-
scribed genes on polytene chromosomes (34AB,
96A,C, 23A, etc.). At the same time, these factors
were detected at many sites (82E, 60F, etc.) indepen-
dently from each other (Figure 1(c)). What is sig-
nificant is that the two proteins, Sgf11 and Pbp45,
colocalise at those sites whereU1 – U6 snRNA genes
are located (Figure 1(c)).

To confirm that SAGA complex is indeed pre-
sent at the promoter regions of the snRNA genes,
we performed chromatin immunoprecipitation
(CHIP) with antibodies against the components of
the SAGA (Gcn5, ENY2, and Sgf11) and Pbp45
(Figure. 2(a –g)). For each studied snRNA gene,
we designed specific primers which allowed PCR
amplification of its promoter regions. Additionally,
to roughly estimate the transcription levels of each
individual gene, we verified the level of TBP on its
promoter. As a negative control, a fragment of the
coding region of the trf2 gene, encoding transcrip-
tion factor trf2 (the TBP related factor 2) was used.
Our results demonstrated that none of factors stu-
died here bind to trf2 (Figure 2(g)). As expected,
Pbp45 was present at the promoters of all snRNA
genes (Figure. 2(a –f)). All the SAGA complex pro-
teins chosen for the analysis were detected at the
promoter regions of snRNA genes, both at promo-
ters of the genes transcribed by RNA polymerase II
(snRNA U1 and snRNA U2) and at promoters of
the U6 snRNA genes which are transcribed by RNA
polymerase III. The amounts of the analyzed factors
at the promoters to a large extent correlated with
the transcription levels of corresponding genes,
which could be roughly estimated by the presence
of TBP at the promoters. The presence of ENY2 and
Sgf11, the SAGA DUB module components, shows
that SAGA participates in the regulation of tran-
scription of the studied genes.

To determine whether the proteins in the SAGA
complex physically interact with the snRNA gene
transcription apparatus, we co-immunoprecipi-
tated the Pbp45 protein with the components of
the two SAGA modules, the HAT module (Gcn5
and Ada2b factors), TRRAP, and the DUB module
(Sgf11, ENY2, and Nonstop) from the nuclear
extract of the Drosophila S2 cells. Co-immunopre-
cepitation results (Figure. 2(h,i); Supplementary

Figure 2(a-b)) demonstrated that the protein com-
ponents of both the HAT and DUB modules inter-
act with Pbp45, and thus, with the PBP, the
component of the snRNA transcription apparatus.

Therefore, the SAGA complex proteins are not
only present at the promoter regions of snRNA
genes, but they also interact with the snRNA tran-
scription machinery. Moreover, SAGA participates in
snRNA gene transcription by both Pol II and Pol III.

The presence of SAGA at the RNA polymerase III
target genes and its interaction with Brf1

To study the interaction between SAGA and the
RNA polymerase III transcription apparatus, we
produced rabbit polyclonal antibodies against the
Brf1 protein (Supplementary Figure 1(b)), the com-
ponent of the RNA polymerase III basal transcrip-
tion complex [33]. The antibodies were affinity
purified and their specificity was verified by RNAi
knockdown of Brf1 (Supplementary Figure1(d)).

To detect SAGA at the RNA polymerase III-
transcribed genes, we analyzed colocalization of
Sgf11 (Figure 3(a)) and Brf1 (Figure 3(b)) on poly-
tene chromosomes. In contrast to Sgf11, which is
present at many active transcription sites in inter-
bands and puffs, Brf1 was found in a relatively low
number of sites which corresponded to localization
of the Pol III-transcribed genes (Figure 3(b)).
However, the immunostaining experiments
revealed that Sgf11 was present at all Brf1 sites. In
particular, they colocalise at the loci corresponding
to U6 and tRNA genes, as well as other RNA poly-
merase III target genes (Figure 3(c)).

Chromatin immunoprecipitation using antibo-
dies against the components of the SAGA complex
and Brf1 confirmed that SAGA is present not only
at the promoters of individual U6 snRNA genes
(Figure 4(b-d)), but also at the promoters of other
genes (Rnase MRP and tRNA Lys) transcribed by
RNA polymerase III (Figure 4(e,f)).The trf2 gene
fragment which does not to bind with SAGA [34]
was used as a control.

The physical interaction between the SAGA
proteins and the RNA polymerase III transcription
apparatus was tested by co-immunoprecipitation
using antibodies against proteins of the SAGA
complex HAT module (Gcn5 and Ada2b),
TRRAP, or the DUB module (Sgf11, ENY2, and
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Nonstop), as well as antibodies against the Brf1
protein (Figure 4(h,i), Supplementary Figure 2(a,
b)). We have demonstrated that the protein com-
ponents of both the HAT module and the DUB
module interact with Brf1. All the tested SAGA
subunits interacted with Brf1 in the nuclear
extract. It is worth noting, however, that the stron-
gest interaction was observed between Sgf11 and
Brf1. The anti-Sgf11 antibodies almost completely
depleted Brf1 from the nuclear extract
(Supplementary Figure 2(c), compare Outputs for
IgG, anti-Brf1, and anti-Sgf11 antibodies). Other
DUB module subunits showed weaker interaction
with Brf1, which possibly implies that Sgf11
directly interacts with Brf1. It should be also
pointed out that a complete depletion of Brf1
from the nuclear extract by anti-Sgf11 antibodies
indicates that Brf1 interacts with Sgf11 (or DUB

module) at all target genes, and not only at the
genes tested here (Figure 4(b-h)), this finding is in
good agreement with the polytene chromosome
immunostaining results (Figure 3(c)).

Therefore, SAGA complex is present at the pro-
moters of the RNA polymerase III-transcribed
genes and interacts with the RNA polymerase III
transcription apparatus.

The effect of mutations in the genes encoding
SAGA complex subunits on snRNA transcription

Next, we addressed the question, whether specific
impairing of individual subunits of the SAGA com-
plex could affect the snRNAgene transcription in flies.
The effect of mutations in genes encoding the SAGA
subunits on the snRNA transcription in Drosophila
showed that it is indeed the case. First, we confirmed

Figure 1. SAGA is colocalised with Pbp45 at many sites on polytene chromosomes of Drosophila. Sgf11 (green) colocalised with
Pbp45 (red) on polytene chromosomes of Drosophila in the loci, corresponding to snRNA genes. The Drosophila chromosomes (X, 2L,
2R, 3L and 3R) are indicated. Chromosomes were stained with anti-Sgf11 antibodies (a), with anti-Pbp45 antibodies (b), and co-
stained with DAPI (d). Merged image is shown (c). Arrows indicate some of the sites where Sgf11 and Pbp45 co-localise in the loci,
corresponding to snRNA genes (34AB, 96A, 95C, 23A etc.). Arrowheads indicate some of the loci where Sgf11 and Pbp45 do not co-
localise (82E, 60F). Each site is indicated according the D. melanogaster Chromosome Map (FlyBase.org). The enlarged fragments of
merged image (shown in frames) are presented on right panels. Scale bar = 10μm.
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that all studied factors were present on the promoters
of snRNA genes in flies (Figure 5(a-c)) (chromatin
was prepared fromDrosophila pupae), as it was shown
in the previous section for snRNAgenes in the S2 cells.
So, SAGA also participates in the snRNA gene regula-
tion at the level of the whole organism.

The studied mutant strains included mutations in
genes encoding subunits of the DUB module (Sgf11
and Nonstop) and the HAT module (Gcn5 and
Ada2b). Eachmutation caused a complete elimination
of the corresponding protein and was lethal in homo-
zygotes (Supplementary Table 1). Thus, we performed
our experiments on heterozygous strains. However, in
all strains, the level of corresponding mutant gene
expression was decreased (Supplementary Figure 3
(a)). The TM6,Tb[1]/+ heterozygotes were used as a
control. The flies with mutations in the studied genes,
as well as the control flies, were used to isolate RNA to

measure the transcription level of the studied genes by
qRT-PCR.

The snRNA (U1 and U6) transcription level in
the mutant flies was compared with that in the
control strain. We also measured the transcrip-
tion levels of two other Pol III dependent genes
(tRNA Lys and 7SK). We observed that the muta-
tions in all the tested SAGA complex subunit
genes caused decrease in the U1 and U6 snRNA
transcription levels with a less significant effect
on the U1 snRNA transcription (Figure5(d)).
Therefore, mutations in the genes encoding
SAGA subunits cause a decrease in transcription
of snRNAs, as well as of Pol III-dependent genes,
thus confirming that SAGA is indeed the coacti-
vator of their transcription. However, the effect of
SAGA on the Pol III-dependent snRNA tran-
scription is stronger than on the Pol II-dependent

Figure 2. SAGA is recruited to snRNA and is associated with Pbp45. (a-i) Occupation of the U promoters (U1 95Cb, U1 95Cc, U2
38Aba, U6 96Aa, U6 96Ab, U6 96Ac) and the fragment of the coding region of trf2 gene (control, see Supplementary, Table 1) by
Pbp45, ENY2, Sgf11, Gcn5, and TBP. The protein level was measured by ChIP. The levels of studied proteins on the trf2 fragment
(control) are extremely low (g). The results of ChIP are provided as a percentage of input (here, and in Figure 4(a)). Here and on the
figures below the graphs show means +- S.E.M. of three independent experiments. t-tests have been performed to compare the
means (*P < 0.05, and **P < 0.01). (h, i) – Drosophila S2 cell nuclear extract treated with DNase and RNase was immunoprecipitated
with affinity purified polyclonal antibodies against Pbp45 and HAT module and TRRAP of SAGA components (h), or Pbp45 and DUB
module of SAGA components (i). 1/5 of the Input, and equal amounts of IP precipitates (1/5) were loaded per each lane. Protein sizes
were calculated based on the concurrently run protein size markers. Rabbit Immunoglobulin G (IgG) coupled to protein A-Sepharose
beads was used as a control. Equivalent amounts of the input fraction, and of the proteins bound to the immunosorbent (IP) were
separated by SDS-PAGE and analyzed by western blotting with the above-mentioned antibodies. Asterisk indicates antibody chains.
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snRNA transcription. Decreased transcription
levels were also observed for tRNA Lys and 7SK
(Figure5(d)).

The SAGA complex is the transcriptional
coactivator for a large number of genes. We
show that mutations in SAGA subunits did
not have significant effect on the transcription
levels of the other factors which participate in
the transcription of snRNA and Pol III-depen-
dent genes and that SAGA directly regulates the
snRNA and Pol III-dependent genes
(Supplementary Figure3).

Finally, we investigated if mutations in SAGA
subunits affected the attachment of Brf1 to pro-
moters of U6 genes (Figure5(e)). As expected,
no Brf1 was found on the promoter of U1, used
as a control. The high level of Brf1 found on U6
promoters, was significantly decreased in the
mutated fly strains. These results indicate that

SAGA may be also involved in the recruitment
of Pol III transcription apparatus.

The level of H2B monoubiquitylation was also
affected by SAGA mutations (Figure 5(f)). We
investigated the H2B monoubiquitylation of U6
96Ac, since this gene was transcribed more actively
than the other studied genes, as was roughly esti-
mated using the TBP level on its promoter as a
proxy (Figure 2(a-f)). The higher transcription
level allowed us to get more prominent results,
and better estimate the effect of mutation on
H2B monoubiquitylation. The antibodies against
nonmodified H2B and against monoubiquitylated
H2B (H2BK120Ub) were used. The data (Figure 5
(f)) represent the ratio of H2BK120Ub to nonmo-
dified H2B, verified by ChIP in the control and
mutant strains. These data demonstrate that the
H2B monoubiquitylation increased in all mutated
flies comparatively to the control.

Figure 3. SAGA is present at all Brf1 sites on Drosophila polytene chromosomes. (a) Drosophila polytene chromosomes stained with
anti-Sgf11 antibodies, (b) with anti-Brf1 antibodies, and (c) merged images. (d) Chromosomes were co-stained with DAPI. The
Drosophila chromosomes (X, 2L, 2R, 3L and 3R) are indicated. Arrows indicate the sites where Sgf11 and Brf1 co-localise. Each site is
indicated according the D. melanogaster Chromosome Map (FlyBase.org). The enlarged fragments of merged image (shown in
frames) represented on right panel demonstrate the colocalisation of Sgf11 and Brf1 at loci containing U6 RNA and tRNA genes: 96A
(U6 RNA), 33F (U6 and tRNA), 42A (tRNA), 99E (tRNA). Scale bar = 10μm.
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Discussion

The current work investigates the role of the SAGA
complex in snRNA transcription in Drosophila. We
have demonstrated that SAGA complex is present at
the promoters of snRNA genes and the subunits of the
SAGA complex interact with PBP, the component of
the snRNA transcription apparatus. We have shown
that SAGA coactivates transcription of both the Pol II
and Pol III-dependent snRNA genes. Moreover, we
have detected SAGA at the promoters of several Pol
III-dependent genes (Rnase MRP and tRNA Lys) and
found an interaction between the SAGA subunits and
Brf1, one of the key proteins within the RNA poly-
merase III transcription machinery. Decrease of the

SAGA complex subunits levels in mutant flies caused
the reduction of the U1 and U6 snRNA transcription
levels.

We examined the presence of the factors
within the SAGA complex at the small nuclear
RNA genes. The study of Sgf11 and Pbp45
colocalization on polytene chromosomes
revealed that Pbp45 can be found not only at
the snRNA loci but also at other actively tran-
scribed sites (in puffs and interbands). Similar
data were obtained previously by the whole
genome sequencing of hSNAPC1, the human
Pbp45 homolog [32]. Our findings are the first
indication that similar to hSNAPC1, dPbp45 is

Figure 4. SAGA is recruited to Pol III-dependent genes and is associated with Brf1. (a-i) Occupation of the U6 promoters (U6 96Aa,
U6 96Ab, U6 96Ac) and promoters of other Pol III dependent genes (Rnase MRP and tRNA Lys) by Brf1, TBP, and the SAGA
components (ENY2, Sgf11, and Gcn5). The trf2 gene fragment (see Supplementary, Supplementary, Table 1) was used as a control.
The protein levels were measured by ChIP. The results of ChIP are provided as a percentage of input. Presented data for SAGA
subunits Sgf11, Gcn5, and Eny2 are of the same ChIP experiment as in Figure 2(a-f). The statistical tests for this figure are the same
as described in the legend to Figure 2. (h) Drosophila S2 cells nuclear extract treated with DNase and RNase was immunoprecipitated
with affinity purified polyclonal antibodies against Brf1 and subunits of SAGA HAT module, and TRRAP (indicated at the top). (i) The
same extract immunoprecipitated with affinity purified polyclonal antibodies against Brf1 and subunits of SAGA DUB (indicated at
the top). 1/5 of the Input, and equal amounts of IP precipitates (1/3 of Input) were loaded per each lane. Rabbit Immunoglobulin G
(IgG) coupled to protein A-Sepharose beads was used as a control in (H and I). Equivalent amounts of the input fraction, and of the
proteins bound to the immunosorbent (IP) were separated by SDS-PAGE and analyzed by western blotting with the above-
mentioned antibodies. Asterisk indicates antibody chains.
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associated in addition to the snRNA gene loca-
lization sites, with other sites of active tran-
scription by Pol II.

It has been demonstrated earlier that the
SAGA complex components, TRRAP and Gcn5,
are involved in the transcription of the RNA Pol
III- dependent human genes [25]. It was demon-
strated that these proteins have effect on the
tRNA and 5S rRNA transcription, which was
characterised by the acetylation of histone H3,

but not the histone H4, similar to what is
observed for the transcription of the Pol II-
dependent genes. This work has demonstrated
that TRRAP and Gcn5 are recruited to Pol III
by c-Myc, although a certain portion of these
factors were recruited in a c-Myc-independent
manner [25]. Recently, a ChIP-seq analysis of
Drosophila embryos has shown that Ada2b,
Nonstop, and Sgf11 occupied promoter regions
of snRNA [26]. Our results obtained for

Figure 5. The participation of SAGA complex in snRNA transcription. (a-c) Occupation of the U1 and U6 promoters (U1 95Cc,
U6 96Ac) and trf2 fragment (control) by Brf1, Pbp45, Gcn5, Sgf11, ENY2, and TBP in Drosophila pupat. The protein level was
measured by ChIP. The results of ChIP are provided as a percentage of input. (d) – Effects of decrease of Ada2b, Gcn5, Sgf11,
and Nonstop transcription levels in mutant strains (shown in Supplementary. Figure 3(a)), on the level of transcription of U1,
U6, tRNA Lys and 7SK genes. TM6B, Tb[1]/+ strain was used as a control. The transcription levels were normalised on 28S
rRNA. (e) Effects of decrease of Ada2b, Gcn5, Sgf11, and Nonstop transcription levels in mutant strains (shown in Suppl.
Figure 3A), on the level of Brf1 on promoters of U1 and U6 genes. (f) The effect of mutations of the SAGA subunits on H2B
monoubiquitylation of U6 96 Ac promoter. The levels of nonmodified and monoubiquitylated H2B were measured by ChIP in
the control and mutant strains (indicated below the Figure). The antibodies against nonmodified H2B and against mono-
ubiquitylated H2B (H2BK120Ub) were used. The data represent the ratio of the H2BK120Ub level to the level of nonmodified
H2B. The statistical tests for this figure are the same as described in the legend to Figure 2.
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Drosophila, support these data and we have
demonstrated that SAGA participates in the
transcription of snRNAs. We have also shown
that the SAGA complex participates in the tran-
scription of other Pol III target genes, namely
the U6 snRNA genes.

Our genetic analysis and co-immunoprecipitatin
experiments revealed that the DUB module has a
substantial effect on the transcriptional activation
of U6 snRNA genes. A strong interaction between
the Sgf11 subunit of the DUB module and the Brf1
subunit of the Pol III transcription apparatus sug-
gests that DUB (probably, as a part of the SAGA
complex) may play a role of transcriptional coacti-
vator for at least a substantial pool of Pol III-tran-
scribed genes. These results are in agreement with
the data that DUB module has both SAGA-related
and independent functions [26].

Furthermore, the interaction between Sgf11 and
Brf1, the Pol III transcription apparatus subunit,
was so strong that it could be supposed that Sgf11
may exert some functions in the mode independent
from the SAGA complex. It might be possible as
well that at these snRNA genes, the DUB subcom-
plex deubiquitinates not only the histone H2B, but
also some other components of the Pol III tran-
scriptional machinery. Sgf11 also proved to interact
with Brf1 more strongly than other SAGA subunits.
These findings are indicative of Sgf11 playing some
specific part in this interaction which is not related
to the SAGA complex function.

In summary, we have demonstrated that the
SAGA complex factors are present at the promo-
ters of the snRNA genes, interact with the Pol II
and Pol III-dependent snRNA gene transcription
apparatus, and participate in the transcriptional
coactivation of these genes.

Materials and methods

Fly strains

Mutant fly strains: Sgf11 (RRID:BDSC_17941: w1118;
PBac{RB}[10]Sgf11e01308/TM6B, Tb[1]), Nonstop
(RRID:BDSC_11553: P{ry[+ t7.2] = PZ}not[02069]
ry[506]/TM6B, ry[CB] Tb[+])and Gcn5 (RRID:
BDSC_18868: w[1118]; PBac{w[+ mC] = WH}Gcn5
[f05456]/TM6B, Tb[1]) were obtained from the
Bloomington Stock Center (http://flystocks.bio.indi

ana.edu/). Ada2b[d842]/TM6C, Tb[1],Sb[1] strain
was kindly provided by I. M. Boros [35]. TM6B, Tb
[1]/+ flies were used as a control. More information
about fly strains is provided in Table 1 [13,35,36].

Antibodies

Polyclonal antibodies against Pbp45 (aa 186–363),
Brf1 (aa 492–662) were obtained in our laboratory;
rabbits were immunised with the corresponding
His6-tagged protein fragments. Affinity purified anti-
bodies were used in all experiments. Antibodies
against ENY2, Sgf11, TBP, Gcn5, Ada2b, Nonstop,
and TRRAP were described previously [29–31,34,37].
Antibodies against histone H2B (17–10,054), histone
Ubiquityl-H2B (17–650) were purchased inMillipore.

Immunostaining

Immunostaining of polytene chromosomes was
performed as described previously [29,30] using
mouse anti-Sgf11, rabbit anti-Pbp45, and anti-
Brf1, and corresponding secondary antibodies
(Molecular Probes). The results were analyzed
using DMR/HC5 fluorescence microscope (Leica)
with an HCX PZ Fluotar 100/1.3 objective lens and
recorded using a Leica DC350 F digital camera.

Drosophila cell culture extracts.
Drosophila S2 cells were maintained in Schneider’s
insect medium (Sigma) containing 10% fetal bovine
serum (HyClone, United States) at 25°C. To extract
proteins, S2 cells were lyzed. Cells were centrifuged
at 2000 rpm at + 4°C for 5 min and resuspended in
1 ml of 1x PBS with 25x PIC (Protease Inhibitor
Cocktail, Roche). Cells were then centrifuged once
more at 2000 rpm for 5 min at 4°C and resuspended
in LB buffer, containing 10 mMHepes pH 7.0, 0.4 M
NaCl, 5 mM MgCl2, 0.5% NP-40, 25x PIC, 1 mM
DTT, and 0.3 μL of DNAse I, at the ratio of 1/10.
Cells were incubated in LB buffer for 20 min on ice
and the lysate was further centrifuged at 13,000 rpm
for 15 min at 4°C.

Immunoprecipitation

Antibodies were bound to protein A Sepharose
(Pharmacia) according to the manufacturer’s
recommendations. 100 μL of the protein extract
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in IP buffer (10 mМ HEPES, рН 7.9, 5 mМ
MgCl2, 0.1% NP-40, 0.15 М NaCl, 25x PIC,
1 mM DTT, RNase (Stratagene, 10 U/mL), and
0.5 ng/μL of DNAse I) were incubated with 10
μL of Sepharose at 4°C overnight. Sepharose was
then sedimented, supernatant was discarded, and
the precipitate was washed three times with 100 μL
of IP500 buffer (10 mМ HEPES, рН 7.9, 5 mM
MgCl2, 10% glycerol, 500 mM KCl, and 0.1% NP-
40) for 10 min each. An equal volume of the
electrophoresis Laemmli loading buffer was
further added to the precipitate, the obtained sus-
pension was boiled, centrifuged, and supernatant
was applied to the polyacrylamide gel for subse-
quent Western blotting.

Chromatin immunoprecipitation

Chromatin for a single chromatin immunoprecipita-
tion experiment was prepared from 3 × 10 [6]
Schneider S2 cells or Drosophila pupae, or flies
Oregon-R. Cross-linking was performed by adding
formaldehyde (final concentration 1.5%) to the incu-
bation medium for 15 min at room temperature and
stopped by the addition of 2.5M glycine (1/20 of the
total volume). After washing with three volumes of
cold (4°C) PBS, chromatin was resuspended in 0.2mL
of SDS-containing buffer (50 mM HEPES KOH, pH
7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% Na deoxycholate, and 0.1% SDS) with protease
inhibitors cocktail (Roche) and sheared to 500-bp
fragments by sonication. Sonicated chromatin was
centrifuged twice at 16 000 g for 20 min, and used in
immunoprecipitation experiments. About 10 µg of

antibodies and 15 µL of Protein A Sepharose
(Sigma) were taken for a single experiment; ssDNA
and BSA were added to a final concentration of 1 mg/
mL. The precipitated chromatin was sequentially
washed with SDS-containing buffer, SDS-containing
buffer with 0.5 M NaCl, LiCl-containing buffer
(20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 250 mM
LiCl, 0.5%NP-40, and 0.5%Na deoxycholate), and TE
buffer (20 mM Tris-HCl, pH 8.0 and 1mM EDTA).
Precipitated chromatin complexes were eluted by two
sequential incubations in the elution buffer (50 mM
Tris-HCl, pH 8.0, 1 mMEDTA, and 1% SDS), 30 min
each, at room temperature. 5 M NaCl was added to
the eluted chromatin solution (16 µL per 500 µL sam-
ple) and incubated at 65°C for 16 h in thermoshaker
for de-crosslinking. De-crosslinked chromatin was
treated with proteinase (3 µL of proteinase K and
5 µL of 0.5 M EDTA per 500 µL sample) for 4 h at
55°C in thermoshaker. DNA was extracted with a
phenol/chloroformmixture and precipitated with iso-
propanol. The precipitate was dissolved in TE buffer
and analyzed by real-time PCR (qPCR). The results of
immunoprecipitation experiments were expressed as
the percent ratio of the precipitated chromatin frac-
tion to the input chromatin fraction. The sequences of
the primers used are available on request. Each mea-
surement was carried out in at least five repeats, and
the mean value was calculated.

RNA isolation

Total RNA was extracted from Drosophila imago
with Trizol (Invitrogen) according to the manu-
facturer’s recommendations. cDNA was

Table 1. Mutant fly strains.
Affected
gene Genotype Description Source

Sgf11 w[1118]; PBac{RB}[10]Sgf11[e01308]/TM6B,
Tb[1]

A piggyBac insertion in the promoter region of sgf11.a BDSC,
Stock # 7941

Nonstop P{ry[+ t7.2] = PZ}not[02069] ry[506]/TM6B,
ry[CB] Tb[+]

A P-element construct insertion in the first exon of not.b BDSC,
Stock # 11,553

Ada2b Ada2b[d842]/TM6C, Tb[1], Sb[1] A 800bp deletion, removing the promoter and extending
into the first intron of Ada2b.c

Strain was kindly provided
by I.M. Boros

Gcn5 w[1118]; PBac{w[+ mC] = WH}Gcn5
[f05456]/TM6B, Tb[1]

A PBac{WH} insertion in the first exon of Gcn5.d BDSC,
Stock # 18,868

w[*]; TM3, Sb[1] Ser[1]/TM6B, Tb[1] A stock carrying two balancers on the third chromosome. BDSC,
Stock # 2537

TM6B, Tb[1]/+ flies were obtained by crossing w[*]; TM3, Sb[1] Ser[1]/TM6B, Tb[1] and y[1]w[1] flies and used as a control.
aWeake, V.M., Lee, K.K., Guelman, S., Lin, C.H., Seidel, C., Abmayr, S.M., Workman, J.L. (2008).
bPoeck, B., Fischer, S., Gunning, D., Zipursky, S.L., Salecker, I. (2001).
cPankotai, T., Komonyi, O., Bodai, L., Ujfaludi, Z., Muratoglu, S., Ciurciu, A., Tora, L., Szabad, J., Boros, I. (2005).
dBloomington Drosophila Stock Center, (2004.11.6).
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produced by RevertAid Reverse Transcriptase
(Thermo Scientific Inc., USA). Reverse tran-
scription was performed with the Random pri-
mer. The levels of mRNAs were measured by
qPCR using pairs of primers described in
Supplemental Table 1.

Statistical analysis

Comparisons between the experimental groups
were made using the Student’s t-test. All data are
presented as means ± SD (error bars) for at least
three independent experiments. Asterisks indicate
that the data are statistically significant at
*P < 0.05 or **P < 0.01.
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