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ABSTRACT

Drosophila SAYP, a homologue of human PHF10/
BAF45a, is a metazoan coactivator associated with
Brahma and essential for its recruitment on the
promoter. The role of SAYP in DHR3 activator-driven
transcription of the ftz-f1 gene, a member of the
ecdysone cascade was studied. In the repressed
state of ftz-f1 in the presence of DHR3, the Pol II
complex is pre-recruited on the promoter; Pol II
starts transcription but is paused 1.5 kb down-
stream of the promoter, with SAYP and Brahma
forming a ‘nucleosomal barrier’ (a region of high nu-
cleosome density) ahead of paused Pol II. SAYP de-
pletion leads to the removal of Brahma, thereby
eliminating the nucleosomal barrier. During active
transcription, Pol II pausing at the same point cor-
relates with Pol II CTD Ser2 phosphorylation. SAYP
is essential for Ser2 phosphorylation and transcrip-
tion elongation. Thus, SAYP as part of the Brahma
complex participates in both ‘repressive’ and ‘tran-
sient’ Pol II pausing.

INTRODUCTION

Gene activation is a complex process requiring participa-
tion of coactivators, a specific group of transcription
factors mediating the action of gene-specific activators
(1,2). For many years, the recruitment of Pol II and ac-
cessory complexes was considered to be the key step in
transcription initiation. However, paused Pol II was
then detected at the promoters of transcriptionally
inactive genes. This phenomenon, initially described for
the hsp70 and c-myc genes (3), was subsequently found
to be genome-wide (4–6).

Pol II pausing in the repressed state is characterized by
several features. Paused Pol II, coactivators and general
transcription factors are accumulated on the promoter
carrying histone modifications characteristic of active
chromatin (7,8). In addition, the CTD of Pol II during
initial promoter binding is usually unphosphorylated,
whereas that of paused Pol II is phosphorylated at Ser5.
This modification is considered to destabilize the inter-
actions between Pol II and promoter-bound factors and
mark Pol II ready for promoter escape and early tran-
scription elongation (9).
The Ser5-phosphorylated Pol II molecule leaves the

promoter, making the short transcripts, but is usually
restrained close (within 100 bp) to the promoter (10,11).
This promoter-proximal pausing of Pol II blocks the pro-
ductive elongation until a certain stimulus appears (12,13).
Two factors associated with the elongating Pol II complex,
NELF and DSIF, play the essential role in regulation of
promoter-proximal pausing (13–15). Thus, promoter-
proximal pausing of transcriptionally competent Pol II
(also referred to as promoter-proximal stalling) is an im-
portant step in the regulation of gene expression.
The promoter-proximal pausing is also observed on

actively transcribed genes, where it correlates with the
gross rearrangements of the complex of elongating Pol
II that lead to transition from early to productive elong-
ation (5,6). This transition is triggered by the recruitment
of p-TEFb kinase, which phosphorylates Ser2 residues of
Pol II CTD as well as of NELF and DSIF, thereby
remodeling the Pol II complex. After transition to pro-
ductive elongation, this complex can continue transcrip-
tion without dissociating from the DNA template.
Although the important role of Pol II pausing and

promoter-proximal pausing in transcription regulation is
evident, many questions concerning its molecular mechan-
isms remain open. In particular, factors other than NELF
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and DSIF are also expected to contribute to this process
(5,13,15), and the role of histones in pausing the Pol II
early elongating complex still remains unclear.
Previously we have described the SAYP coactivator in

Drosophila (16–18), which plays an important role in tran-
scription regulation and is indispensable for normal fly
development since early embryonic stages. SAYP has
homologues in many other metazoans. For example, its
human homologue, the PHF10/BAF45a protein, is ex-
pressed in different tissues and has been shown to be
essential for maintaining the undifferentiated status of
neuroblasts (19). All SAYP homologues have an evolu-
tionarily conserved core, which contains the SAY
domain involved in transcription activation and two
PHD fingers at the C terminus (17).
It has been shown that SAYP/PHF10 interacts with the

Brahma complex (PBAP form) in Drosophila (18,20) and
mammals (19). More specifically, SAYP in Drosophila
interacts with BAP170 subunit of Brahma (18) and
unites this chromatin-remodeling complex and the key
transcription initiation factor TFIID in a stable, function-
ally indivisible coactivator supercomplex BTFly (21).
SAYP is essential for BTFly interaction with the gene
promoter (18), and this mechanism of transcription acti-
vation is widespread (20–22).
Recently, SAYP has been shown to interact with the

DHR3 (Hr46) activator, an orphan nuclear receptor (NR)
that is an essential member of the ecdysone cascade, and to
be necessary for the high level of DHR3-dependent
activation (23). The DHR3 gene is directly induced by a
pulse of 20 hydroxyecdysone (below, referred to simply as
ecdysone) at the onset of metamorphosis (24), and the main
known target for DHR3 is the ftz-f1 gene encoding FTZ-F1
NR (25–27). This gene is activated by DHR3 only after the
decay of the first ecdysone pulse and is repressed by the next
ecdysone pulse, its expression during development being
restricted to a narrow time window (28). The ftz-f1 expres-
sion is important for subsequent events in metamorphosis
(29) and is apparently controlled by several mechanisms
ensuring precision in its activation.
Paused Pol II was detected on the DHR3-dependent

ftz-f1 gene in inactive state. Taking into account the role
of SAYP in the recruitment of TFIID and Brahma and its
interaction with DHR3, we supposed that SAYP may
have a role in the ftz-f1 transcription and, in particular,
in Pol II pausing. To reveal this role, we performed
experiments with S2 cells in which the transcription of
DHR3 and ftz-f1 was induced by the addition and subse-
quent removal of ecdysone, respectively. We analyzed Pol
II pausing on the ftz-f1 gene in the repressed state (at a
high ecdysone titer) and at different time points after
repression cessation (30 min and several hours after
ecdysone removal).

MATERIALS AND METHODS

Antibodies

Experiments were performed with antibodies against
SAYP (17,18), TAF1 and TBP (18), Brahma subunits
(30,31), Pol II (32), phosphoS5 Pol II Ab5131 (Abcam),

phosphoS2 Pol II Ab5095 (Abcam), and acetylated and
total histone H3 (clones 4G12 Upstate and Ab1791
Abcam). Antibodies against DHR3 (112–487 aa
fragment) were raised in rabbits immunized with the cor-
responding His6-tagged fragment in our laboratory. An
antibody against b-tubulin, obtained by M. Klymkowsky
(University of Colorado, Boulder), was from the
Developmental Studies Hybridoma Bank developed
under the auspices of the National Institute of Child
Health and Human Development and maintained at the
University of Iowa, Department of Biological Sciences.

Northern blotting, RT–PCR and 50-RACE analysis

Northern blot analysis of poly(A)+RNA (flies at different
stages of development) or total RNA (S2 cells) was per-
formed as described (17). For measuring gene expression,
RNA was extracted with Trizol (Ambion) and treated
with DNase I. Reverse transcription (RT) was performed
from random hexanucleotide primers and measured by
quantitative PCR (qPCR). Measurements at each point
were made in at least three replications, and the mean
value was calculated. Samples for RT contained equal
amounts of RNA, and ras transcription was measured in
all experiments to evaluate the total RNA level that
remained unchanged under activation or knockdown
conditions. To estimate the level of ftz-f1 transcription
at different points along the gene (Figure 2D), the
content of RNA was normalized with respect to the
level of the corresponding DNA fragment (in genomic
DNA) to estimate the efficiency of probe amplification.

The effect of SAYPmutation on ftz-f1 expression during
fly development was analyzed using a Drosophila line
carrying the mutant allele e(y)3u1 of the SAYP-encoding
e(y)3 gene. Flies of the control line carried the wild-type
allele of this gene. The late third instar larvae of the
mutant and control lines were collected at equal time
points to isolate RNA, which was purified with the Trizol
reagent (Ambion).

Primers used to synthesize probes and measure gene ex-
pression are given next in the Supplement in Supplementary
Data. The 50-RACE analysis of the pupal ftz-f1 transcript
was performed with the primer located at point 1 (see
Supplement in Supplementary Data) and RNA isolated
from S2 cells at the (+;–) stage, using a Mint cDNA
synthesis kit (Evrogen).

Run-on assay

Nuclear purification and in vitro transcription were
performed as described (3). Newly synthesized RNA was
detected by qPCR instead of radioactive labeling. RNA
from the reaction mixture was extracted with the Trizol
reagent (Ambion). The level of transcription induction
upon adding sarcosyl (0.6% in 80 mM KCl) or high salt
buffer (800 mMKCl) was calculated relative to the level of
control reaction in 80 mM KCl buffer. To analyze the
ftz-f1 gene at the (+) activation stage, cells were prelimin-
ary treated with 1 mM 20-hydroxyecdysone (Fluka)
overnight. The run-on assay was performed in the
presence of 1 mM ecdysone to exclude that activation of
ftz-f1 transcription was caused by a drop in ecdysone titer.
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Experiments with S2 cell culture

Drosophila Schneider line 2 (S2) cells were maintained at
25�C in charcoal-treated ecdysone-free Schneider’s insect
medium (Sigma) containing 10% FBS (HyClone).
Conditions optimal for ecdysone cascade initiation were
determined experimentally. The cells were treated with
1 mM 20-hydroxyecdysone (Fluka) overnight and
analyzed for Pol II pausing on ftz-f1. For subsequent
ftz-f1 activation, ecdysone was removed by triple
washing, and the cells were incubated in the ecdysone-free
medium for additional 30 min and 3 h (for ChIP analysis)
or 5 h (for measuring gene induction). Probes for
measuring the kinetic of ftz-f1 transcription induction
were collected every hour after ecdysone removal. RNAi
knockdown experiments were performed as described
(18); in sham experiments, the cells were treated with
dsRNA corresponding to a fragment of pBluescript II
(pSK) vector. SAYP knockdown was performed with
two different dsRNAs, #1 and #2 (see Supplement in
Supplementary Data). As in the previous study [18],
SAYP RNAi did not affect the levels of test factors in
the cells, except for PB: its level decreased upon SAYP
knockdown.

ChIP and qPCR analysis

ChIP was performed as described (18), with DNA sheared
to �500 bp. Approximately 3� 106 cells and 10 mg of an
antibody were taken for one experiment. The primers used
for analysis are given in the Supplement in Supplementary
Data. After ChIP, the recovered DNA was analyzed by
qPCR with MiniOpticon (BioRad). Each point was
measured in at least five experiments, and the mean
value was calculated. For baseline (control) measure-
ments, ChIP with preimmune IgG was used. In all experi-
ments, this control did not exceed 0.1% of the input. A
fragment of 28S rDNA was used as a negative control in
each experiment. Its values did not exceed 0.2% of the
input with all affinity-purified antibodies, increasing to
0.3% with unpurified a-Moira antisera.

RESULTS

Induction of DHR3-driven transcription in S2 cells:
SAYP is present on the DHR3-driven ftz-f1 promoter

Paused Pol II was found on the inactive ftz-f1 promoter at
stages preceding its activation, which was confirmed by
the modENCODE database search (33). Therefore, we
were interested to find out whether SAYP participates in
ftz-f1 regulation and, in particular, in Pol II pausing. To
this end, a system for ftz-f1 activation in Schneider (S2)
cells was constructed. S2 cells were initially grown in the
ecdysone-free medium (–), then incubated overnight in
the ecdysone-containing medium (+), and finally washed
of ecdysone and again transferred to the ecdysone-free
medium (+;–) (for details, see ‘Materials and methods’
section). As expected, the DHR3 expression was near the
baseline level before ecdysone treatment (–) but increased
significantly in the (+) state, which was confirmed at both
mRNA and protein levels (Figure 1B). After ecdysone was

washed off (+;–), the level of DHR3 mRNA dropped, but
the level of the protein remained unchanged for �5 h.
The ftz-f1 gene has two promoters (for details, see

Supplement in Supplementary Data and Supplementary
Figure S1), one of them being activated by DHR3 (25).
In this study, we focused on the inducible transcript and
the corresponding promoter with its downstream region
(Figure 1A). The level of the inducible ftz-f1 transcript in
S2 cells was low either without ecdysone (–) or in its
presence (+), remaining so for 1 h after ecdysone
removal; thereafter, it gradually increased >100-fold,
reaching a peak within 5 h (Figure 1C). This result correl-
ates with in vivo data (34). In contrast, the level of
non-inducible transcript remained unchanged after
ecdysone addition or removal (Supplementary Figure S1).
To clarify the molecular mechanisms underlying ftz-f1

induction, we checked the kinetics of DHR3 and SAYP
recruitment onto the ftz-f1 promoter by ChIP (Figure 1D
and E). It can be seen that a high level of DHR3 was
detected on the promoter as soon as its expression at the
(+) stage started, before the onset of transcription, and
remained approximately the same either 30min or 3 h
after ecdysone removal. Therefore, the DHR3 activator
is already present on the promoter when it is inactive.
This indicates that ftz-f1 is activated in at least two
steps; with the (+) stage being a prerequisite for subse-
quent gene activation.
SAYP was detected on the ftz-f1 promoter at all stages

(Figure 1D). Its level significantly increased at the (+)
stage (in parallel with DHR3 binding), dropped within
30 min after ecdysone washing (at the onset of transcrip-
tion), but was restored after 3 h. Thus, SAYP is also
present on the ftz-f1 promoter and is likely a component
of ftz-f1 induction.
Thus, we succeeded in inducing the DHR3–ftz-f1

fragment of the ecdysone cascade in S2 cells. Our experi-
mental scheme provided the possibility to study the
consecutive stages of ftz-f1 gene induction (Figure 1F):
in the absence of DHR3 (–); at the stage preliminary to
the onset of transcription, when the DHR3 activator is
expressed but transcription is blocked (+); at the onset
of transcription, after ecdysone was removed but tran-
scription level has not yet increased [(+;–) 30min], and
at the stage of active transcription, 3 h after ecdysone
removal [(+;–) 3 h].

Repressive Pol II pausing occurs at about 1.5 kb
downstream of the ftz-f1 transcription start

We then studied the occupancy of the inducible promoter
and downstream region by Pol II at all stages. At the (–)
stage, a certain amount of Pol II was detected on the ftz-f1
promoter; at the (+) stage, the Pol II level strongly
increased and remained unchanged after the removal of
repression at the (+;–) stage (Figure 2A). The observed
accumulation of Pol II on the promoter in the absence
of active transcription is a distinctive feature of Pol II
pausing. Next, the phosphorylation status of Pol II at
the (+) stage was analyzed by ChIP with antibodies
against Ser5- or Ser2-phosphorylated Pol II CTD
domain [for brevity, these Pol II modifications are
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referred to below as Ser5-(P) or Ser2-(P), respectively].
The specificity of antibodies was confirmed in experiments
with the hsp70 gene (Supplementary Figure S2) (9). The
high level of Ser5-(P) characteristic of genes with paused
Pol II was revealed on the promoter (Figure 2B).
Moreover, another characteristic feature—an elevated
level of Ac H3, the mark of transcriptionally active
chromatin—was detected on the promoter and in the
proximal region (Figure 2C). In contrast, the level of
Ser2-(P) was very low (Figure 2B), indicating the
absence of productive transcription elongation. Thus, we
found indications of promoter activity at the stage when
transcription was blocked. The observed distribution of
Pol II modifications was similar to that on repressed
hsp70 (Supplementary Figure S2).
Unlike in experiments with the hsp70 gene, we unexpect-

edly revealed an elevated level of Pol II in the promoter
downstream region, with a peak at a distance of about 1.5
kb, at the (+) stage (Figure 2A and B). This peak was
detected with antibodies against either total Pol II or its
Ser5-(P) modification, which confirmed Pol II accumula-
tion at the corresponding position. After ecdysone
removal (30 min), the level of Pol II on the promoter

remained unchanged (Figure 2A), whereas its second
peak disappeared.

The distinctive feature of pausing is that Pol II starts
transcription but it is aborted near the point of paused Pol
II. To clarify the transcriptional status of the gene at the
(+) stage, we measured the level of the synthesized
transcript at different points downstream of the
promoter by qRT–PCR (Figure 2D). As follows from
this figure, the level of the ftz-f1 transcription close to
promoter was fairly high, compared with the actively
transcribed ras gene, but it dropped abruptly at a
distance of �1.5 kb. This is evidence that the transcription
of ftz-f1 at the (+) stage was initiated but halted at �1.5 kb
downstream of the promoter, where Pol II was paused.

The run-on assay performed as described (3) showed
that the transcription of ftz-f1 at the (+) stage could be
stimulated in high salt or sarcosyl-containing buffer. This
is evidence that the paused Pol II revealed on the ftz-f1
gene is transcriptionally engaged and competent for elong-
ation (Supplement in Supplementary Data and
Supplementary Figure S3).

Thus, DHR3 expression at the (+) stage provides for Pol
II pausing. The latter is characterized by unusual features

Figure 1. Induction of DHR3-driven transcription in S2 cells. (A) Scheme of the DHR3-dependent ftz-f1 transcript. Numerals indicate positions of
probes used in qPCR to study ftz-f1 transcription and in ChIP experiments. The arrow indicates the transcription start site. (B) Levels of DHR3
transcription in cells grown without ecdysone (–), in the presence of 1 mM ecdysone (+), and after its removal by washing (+;–) as estimated by
qPCR. Here and in (C), the data are shown relative to the transcription level in uninduced S2 cell (taken as 1). The level of the DHR3 protein was
measured by western blotting. (C) Levels of DHR3-inducible ftz-f1 transcription in cells grown without ecdysone (–), in the presence of 1mM
ecdysone (+), and at different time points after ecdysone removal (+;–) as estimated by qPCR. The ftz-f1 transcription was detected with a pair of
primers corresponding to position 4 in Figure 1A. The x-axis shows time (hours) after ecdysone removal. (D) ChIP analysis of DHR3 recruitment on
the ftz-f1 promoter (probe 0 in the scheme) at different stages of ftz-f1 activation. Here and in Figures 2–5, ChIP data are presented as a percentage
of the input. (E) ChIP analysis of SAYP recruitment on the ftz-f1 promoter (probe 0 in the scheme) at different stages of ftz-f1 activation.
(F) Schematic representation of different stages of ftz-f1 activation in S2 cells. Cell treatment with ecdysone induces the expression of the DHR3
activator, which binds to the ftz-f1 promoter and remains on it at all subsequent stages. Its presence strongly facilitates SAYP binding to the
promoter. The ftz-f1 transcription is at about the background level in untreated S2 cells and in the presence of ecdysone, increasing within �1 h after
ecdysone removal. In contrast to DHR3, the level of SAYP on the promoter drops during the first 30 min after ecdysone removal but is restored as
the level of transcription increases.
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such as an extensive 1.5-kb region of abortive transcrip-
tion and the second peak of Pol II accumulation at the
point of transcription block, which disappears within a
short period (30 min) following ecdysone removal,
before the beginning of active transcription.

At the active transcription stage, Pol II transient pausing
and CTD Ser2 phosphorylation take place at �1.5 kb
downstream of the promoter

Next, we measured by ChIP the distribution of Pol II on
actively transcribed ftz-f1 at different time points (30 min,
2 h and 3 h) after repression cessation (Figure 2E).
Compared with the (+) stage, the Pol II level did not
change on the promoter but increased on the body of
the gene in a time course reflecting efficient transcription
elongation. The second peak of Pol II was again observed
at 1.5 kb as the level of transcription elongation increased.
We considered that this peak could reflect the transient
pausing of Pol II that correlates with its Ser2
phosphorylation.

To check this assumption, we analyzed the
phosphorylation status of Pol II. The Ser5-(P) and
Ser2-(P) profiles remained unchanged 30 min after
ecdysone removal, compared with the repression stage
(+), confirming that the active transcription did not
start yet (Figure 2F and G). A high level of Ser5-(P)
was detected on the promoter but not on the body of
the gene, with the level of Ser2 phosphorylation being
very low (Figure 2E). No second peak of Pol II at 1.5
kb was observed.
However, both Ser5-(P) and Ser 2-(P) profiles proved to

change significantly upon with the activation of ftz-f1
transcription. Upon ecdysone removal, Ser5-(P) strongly
increased on the promoter after 2 h and on the body of the
gene after 3 h, reflecting a high level of elongation
(Figure 2F). Within 2 h of active transcription, Ser2-(P)
increased approximately twice on the promoter, with its
high level being also detected on the body of the gene
(Figure 2G). A distinct Ser2-(P) peak appeared at 1.5 kb
and dramatically increased after 3 h of active transcrip-
tion, as did the Ser2-(P) level on the body of the gene.

Figure 2. Pol II pausing occurs at �1.5 kb downstream of the transcription start site, whether the ftz-f1 gene is in the repressed or transcriptionally
active state. Here and in Figures 3–5, numerals on the x-axis correspond to those in the scheme (H) indicating the positions of probes used in RT–
PCR (ChIP) or qPCR experiments; the asterisk indicates the position of second Pol II peak. Each distribution profile represents the average data of
at least five experiments. (A) Distribution profile of Pol II along the ftz-f1 gene at different stages of induction—without ecdysone (–) shown in blue,
at a high ecdysone titer (+) shown in red, and 30 min after ecdysone removal (+;–) shown in light green—as determined by ChIP with antibodies
against total Pol II recognizing both its modified and unmodified forms. (B) Distribution profile of CTD Ser5- or Ser2-phosphorylated Pol II along
the ftz-f1 gene in the repressed (+) state as determined by ChIP. (C) The levels of nucleosome acetylation at the promoter and downstream regions
(indicated on the x-axis) of the ftz-f1 gene at the (+) and (+;–) 30-min stages as determined by ChIP. The level of acetylated histone is shown relative
to the total H3 level. (D) The abortive transcription of ftz-f1 in the repressed state. The transcription level was measured at different points along the
gene by quantitative RT–PCR and normalized with respect to the level of the corresponding DNA fragment (in genomic DNA) to estimate the
efficiency of probe amplification. (E) Distribution profile of Pol II along the ftz-f1 gene at different time points [30 min (light green), 2 h (cyan) and 3
h (black)] after ecdysone removal as determined by ChIP with antibodies against total Pol II. (F) Distribution profile of Pol II Ser5-(P) along the
ftz-f1 gene at different time points [30 min (light green), 2 h (cyan) and 3 h (black)] after ecdysone removal as determined by ChIP with antibodies
against CTD Ser5-phosphorylated Pol II. (G) Distribution profile of Pol II Ser2-(P) along the ftz-f1 gene at different time points [30 min (light
green), 2 h (cyan) and 3 h (black)] after ecdysone removal as determined by ChIP with antibodies against CTD Ser2-phosphorylated Pol II.
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These results showed that rearrangements in the
elongating Pol II complex and Pol II transient pausing
on the ftz-f1 gene occurred at �1.5 kb downstream of its
promoter. Comparison of Pol II distribution patterns
along active hsp70 and ftz-f1 genes revealed significant
differences between them. In the case of hsp70, Ser2-(P)
level on the promoter was much higher in the active than
in the repressed state (Supplementary Figure S2),
indicating that Pol II CTD was phosphorylated close to
promoter (9). In the case of ftz-f1, we revealed a specific
site of Ser2-(P) accumulation, which was located 1.5 kb
downstream of the promoter.
Thus, repressive Pol II pausing on ftz-f1 at the (+) stage

and its transient pausing at the (+;–) stage occur at the
same position, about 1.5 kb from the promoter.

SAYP and Brahma are present on the ftz-f1 promoter and
at the point of Pol II pausing in the repression stage

At the next step, we used ChIP to analyze the distribution
of DHR3, SAYP and BTFly components on the ftz-f1
gene in the presence of ecdysone and after its removal
(Figure 3). Certain amounts of the above factors were
detected on the ftz-f1 promoter even in the absence of
ecdysone (–). After ecdysone treatment (+) and conse-
quent DHR3 expression, the levels of SAYP, Brahma
and TFIID subunits increased considerably, indicating

that DHR3 binding initiates the recruitment of
coactivators onto the promoter prior to the onset of tran-
scription (Figure 3A). Upon ecdysone removal (+;–), the
levels of TFIID and Brahma subunits and DHR3 on the
promoter remained almost unchanged after 30 min,
whereas the level of SAYP decreased approximately by
half at this stage (Figures 1E and 3A).

It is noteworthy that SAYP, DHR3 and components of
the Brahma complex, but not TFIID subunits (TAF1 and
TBP), at the (+) stage had the second, smaller peak near the
1.5-kb position (Figure 3A), which almost coincided with
the Pol II peak (Figure 2A) but was slightly shifted distally
to the promoter (cf Figures 2A and 3A). This peak was
absent at the (–) stage prior to DHR3 expression
(Figure 3A) and disappeared within 30 min after
ecdysone removal. Thus, the presence of SAYP and
Brahma components at the 1.5-kb position correlated
with that of paused Pol II (Figure 2A), suggesting that
SAYP together with Brahma apparently have a role in
Pol II pausing at the (+) stage.

A region of high nucleosome density is formed at the
1.5-kb position in the repression stage

Considering the possible role of SAYP and Brahma chro-
matin remodeler in impeding Pol II elongation, we
analyzed the nucleosome distribution in the promoter

Figure 3. In the repressed state of the ftz-f1 gene, SAYP and Brahma are present on its promoter and at the point of Pol II repressive pausing where
the region of high nucleosome density (nucleosome barrier) is formed. (A) Distribution profiles of transcription factors along the ftz-f1 gene without
ecdysone (–) shown in blue, at a high ecdysone titer (+) shown in red, and 30 min after ecdysone removal (+;–) shown in light green. The levels of
DHR3, SAYP, TFIID subunits (TAF1, TBP) and Brahma subunits (PB, Moira) are shown according to ChIP measurements. Here and in (B), each
profile represents the average data of at least 3–5 experiments. (B) Nucleosome distribution along the ftz-f1 gene at the same stages as in (A) as
determined by ChIP with a-histone H3 antibody.
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downstream region by means of ChIP with antibodies to
histone H3. At all stages of gene activation, the
nucleosome density showed a drop at the promoter
(Figure 3B). The nucleosome distribution in the body of
the gene was relatively uniform at the (–) stage. At the (+)
stage, however, a noticeable peak of histone H3 was
detected �1.5 kb downstream of the promoter. As in the
case of SAYP and Brahma, it almost coincided with the
paused Pol II peak but was slightly shifted distally to it
(Figure 2F).

The H3 level at 1.5 kb was about twice as high as in the
body of the gene, indicating that the region of unusually
high nucleosome density (below, referred to as nucleosomal
barrier) was formed at this site. The H3 peak disappeared
within 30 min after ecdysone removal, correlating with the
disappearance of SAYP and Brahma. This is evidence that
its organization may be a function of Brahma.

The analysis of the ftz-f1 gene region around the
nucleosomal barrier using software described in (35)
revealed its significant enrichment in sequences with a
high nucleosome-positioning probability (Supplementary
Figure S4), indicating that these sequences could contrib-
ute to organization of the nucleosomal barrier.

Thus, the (+) stage is specifically characterized by the
formation of a nucleosomal barrier downstream of
the promoter, the location of this barrier coinciding with
the peaks of coactivators and Pol II and with the point of
transcription halt. Both these peaks and the nucleosomal
barrier disappear soon after the removal of transcription
block.

SAYP is essential for organization of chromatin barrier
and Pol II pausing in the repression stage

To directly check the role of SAYP in organization of the
nucleosomal barrier and Pol II pausing, we used its RNAi
knockdown. The SAYP knockdown at the (+) stage had
no effect on the DHR3 level on the promoter or at the
1.5-kb position (Figure 4A), indicating that SAYP was not
necessary for DHR3 recruitment to the gene. However,
the level of TFIID and Brahma components on the
ftz-f1 promoter dropped significantly (Figure 4A) with
the level of promoter-bound Pol II decreasing as well.
The level of Ser5-(P) Pol II decreased proportionally to
the level of total Pol II (data not shown). These results
suggest that SAYP is essential for the assembly of the
paused Pol II preinitiation complex on the promoter
prior to the start of transcription.

Moreover, the SAYP knockdown eliminated the peak
of Brahma components at the 1.5-kb position (Figure 4A).
The nucleosomal barrier disappeared as well, and the level
of histone H3 dropped to the average along the gene
(Figure 4B).

The SAYP knockdown also resulted in the disappear-
ance of the downstream Pol II peak at the 1.5-kb position
(Figure 4A). This implies that the corresponding
transcription block was removed. We revealed a
severalfold induction of the ftz-f1 transcription by qPCR
(Figure 4C). Moreover, the level of induction increased in
downstream regions, compared with promoter proximal
regions, reaching a maximum in the region of nucleosomal

barrier (Supplementary Figure S5). Thus, SAYP depletion
reduced the decrease of transcription in the downstream
region of the gene.
Northern blot analysis showed that the full-length ftz-f1

transcript was slightly induced upon SAYP knockdown
(Figure 4D). Transcription leakage at this stage was also
detected upon the knockdown of Brahma component
BAP170 (Figure 4C).
To check whether the observed effect was due to a drop

in the level of repressive factors E75 or Usp, which were
suggested to control DHR3-activated transcription
(36,37), we measured the transcription of the correspond-
ing genes. The results showed that its level remained
unchanged upon the SAYP knockdown (Supplementary
Figure S6), and, therefore, the derepression of ftz-f1 was
not due to the removal of repressive factors. Thus, SAYP
is important for the formation of the downstream Pol II
pausing site, ensuring a strong block of transcription at
the repression stage.

At the active transcription stage, SAYP is essential for
Ser2 phosphorylation and transcription elongation

We checked the distribution of SAYP, Brahma and TFIID
on the promoter and downstream region at the stage of
active transcription, 3 h after its onset (Figure 5A). These
factors proved to remain at a high level on the promoter,
but they also showed a significant peak at 1.5 kb down-
stream of it. A noteworthy fact is that the above factors
proved to disappear from the 1.5-kb position 30 min after
the transcription onset (Figure 3A) but were recruited there
again after 3 h, whereas the repeated formation of the
nucleosomal barrier did not take place (Figure 5A).
Checking the nucleosome density, we found it to be
uniform downstream of the promoter. This finding
correlated with the nucleosome distribution observed on
the b-actin gene with promoter-distal pausing: the region
upstream of the pausing point was free of nucleosomes,
while their distribution in more distal regions was
uniform (38). These results indicate that SAYP and
Brahma may be involved in Pol II pausing at the active
transcription stage, but the mechanism of this process
should be different from that at the repression stage.
To clarify the role of SAYP in organization of active

transcription, we performed experiments with its
knockdown. After 30 min following the drop of ecdysone
titer at the (+;–) stage, the SAYP knockdown proved to
have no effect on Pol II, Brahma and TFIID occupancy of
the promoter (Supplementary Figure S7). This fact
correlated with the observation that the SAYP level on
the promoter dropped within 30 min after ecdysone
removal (Figure 3A). Changes resulting from the SAYP
knockdown manifested themselves 3 h after the onset of
transcription (Figure 5A): the level of the promoter-bound
TFIID complex decreased, the levels of Brahma compo-
nents on the promoter and at the 1.5-kb position also
decreased significantly, while the histone H3 level in the
body of the gene slightly increased. However, SAYP deple-
tion had no appreciable effect on the DHR3 level
(Figure 5A), as was the case at the (+) stage.
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We also checked the importance of SAYP for Pol II
modifications at the active transcription stage. Upon the
SAYP knockdown, the level of Ser5-modified Pol II on the
promoter decreased only slightly (Figure 5B, upper panel),
indicating that SAYP was not necessary for Ser5
phosphorylation. A more serious drop of Ser5-(P) level
(approximately by half) was observed in the body of the

gene, indicating that SAYP depletion disturbs transcrip-
tion elongation.

A much stronger effect was observed on the Ser2-(P)
level, which dropped severalfold in all regions of the gene
(Figure 5B, lower panel), with its peak at the 1.5-kb
position disappearing almost completely. These changes
were not due to SAYP RNAi influence on the transcription

Figure 4. In the repressed state of the ftz-f1 gene, SAYP and Brahma are essential for organization of nucleosome barrier and Pol II pausing.
Distribution profiles determined by ChIP at the (+) stage against the background of SAYP RNAi knockdown (red dotted line) are compared with
those in normal cells (red solid line) at the same stage (shown in Figure 3). Sham-treated cells were used as a control of RNAi in each experiment.
(A) Distribution profiles of DHR3, SAYP, Brahma (PB and Moira) and TFIID (TAF1 and TBP) subunits, and Pol II along ftz-f1 after SAYP RNAi
knockdown (red dotted line) compared with those in normal cells (red solid line) (Figure 3A). (B) Nucleosome distribution along the ftz-f1 gene after
SAYP knockdown (red dotted line) compared with the H3 profile in normal cells (red solid line) (Figure 3B). (C) SAYP and BAP170 (Brahma
subunit) knockdown leads to ftz-f1 transcription in the repressed (+) state. The levels of ftz-f1 transcription in the (+) state (dark bars) and upon its
induction by RNAi knockdown of SAYP and BAP170 (light bars) were measured by qPCR and normalized relative to the level of ras transcription.
The low level of ftz-f1 transcription in wild-type cells was taken as 1. The efficiency of knockdown was tested by western blot analysis. (D) Northern
blot analysis of DHR3 and ftz-f1 transcription in S2 cells at different stages of ftz-f1 induction. At the (+) stage, RNA was prepared either from cells
after SAYP RNAi knockdown or from sham-treated cells. Hybridization with the ras probe was used as a loading control.
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level of the cdk9 and cycT genes encoding the components
of p-TEF complex responsible for Ser2 phosphorylation
(Supplementary Figure S8). Thus, SAYP in the active
transcription stage is important for Ser2 phosphorylation
and proper elongation of Pol II.

SAYP depletion not only significantly reduced the
general level of the ftz-f1 transcription but also altered
its time course (Figure 5C): in normal cells, the level of
ftz-f1 mRNA reached a peak within 5 h, whereas the
transcription of this gene against the background of
SAYP depletion proceeded much more slowly and

reached a peak after 7 h, when its level in normal cells
had already decreased significantly. These data suggest
that Pol II pausing is important for accurate activation
of ftz-f1.

SAYP is important for proper timing of ftz-f1
transcription during Drosophila development

To verify the data on the role of SAYP in ftz-f1 regulation
obtained with the cell culture model, we analyzed the in-
fluence of SAYP mutation on the ftz-f1 expression during

Figure 5. In the transcriptionally active state of ftz-f1, SAYP is essential for the assembly of Brahma at the point of transient pausing as well as for
Ser2 phosphorylation and transcription elongation. (A) Distribution profiles of SAYP, Brahma (PB and Moira) and TFIID (TAF1 and TBP)
subunits, Pol II and nucleosomes (a-histone H3 antibody) along the ftz-f1 gene at the (+;–) stage (3 h after ecdysone removal) as determined by ChIP
in normal cells (solid line) and after SAYP knockdown (dotted line). (B) Distribution profiles of Pol II Ser5-(P) and Pol II Ser2-(P) along the ftz-f1
gene at the (+;–) stage (3 h after ecdysone removal) in normal cells (solid line) and after SAYP knockdown (dotted line). (C) Changes in the level of
ftz-f1 transcription at the (+;–) stage at different time points after ecdysone removal in cells after SAYP RNAi knockdown (light bars) and in normal
cells (dark bars (Figure 1C). Transcription was detected with two pairs of primers corresponding to positions 1 and 4 in Figure 1A), which produced
the same results.
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fly development in experiments with the line carrying the
mutant allele e(y)3u1 of the SAYP-encoding e(y)3 gene
(with a reduced SAYP transcription level). The late third
instar larvae from the mutant and control lines were
collected at equal time points to measure the ftz-f1 tran-
scription level. The results showed that SAYP depletion
altered the time course of ftz-f1 transcription during meta-
morphosis, with its initiation taking place earlier in
e(y)3u1 mutants than in wild-type larvae (Figure 6A).
This could be explained by the role of SAYP in repressive
pausing of the ftz-f1 gene. Moreover, the ftz-f1 transcrip-
tion in e(y)3u1 mutants did not reach the wild-type level
and proved to decline at the time point corresponding to
its peak in normal larvae. These results are consistent with
our cell culture data and confirm the important role of
SAYP in Pol II transient pausing and elongation.
Thus, SAYP plays a major role in ftz-f1 transcription

regulation during Drosophila metamorphosis. However,
the effect observed in flies appears to reflect the sum of
SAYP functions at different stages of ftz-f1 activation.

From this standpoint, the cell culture model used in our
study is more expedient, since it allows fine discrimination
between the functions of SAYP in ftz-f1 gene repression
and at the active transcription stage.

DISCUSSION

The results show that SAYP, a component of the Brahma
remodeling complex, is a new factor important for Pol II
pausing.

The mechanism of ftz-f1 transcription activation has
been analyzed in S2 cells. Sequential addition and
removal of ecdysone allows the DHR3 and ftz-f1 genes
in these cells to be activated in accordance with their ex-
pression pattern in vivo (39). This system is of considerable
interest, since only a few Drosophila models of activated
transcription are available. It also provides the possibility
of studying the mechanism of pausing in the active and
repressed transcription states of the same gene, whereas

Figure 6. SAYP is important for ftz-f1gene transcription. (A) SAYP is important for proper timing of ftz-f1 transcription during Drosophila
metamorphosis. The levels of ftz-f1 and e(y)3 transcription in the control line (dark bars) and the mutant e(y)3u1 line (light bars) during
puparium formation were measured by qPCR at 2-h intervals, starting from the late third instar larvae. Each expression profile represents the
average data of three experiments. (B) Model of ftz-f1 activation (only transcription factors considered in this study are shown). Activation of this
gene occurs in several steps. The ftz-f1 promoter and downstream region in cells not treated with ecdysone. Certain amounts of Brahma, SAYP and
TFIID are found on the promoter. Ecdysone induces the expression of DHR3, which facilitates the assembly of SAYP, Brahma, TFIID and Ser5-(P)
Pol II into a complex on the promoter. SAYP is essential for TFIID and Brahma recruitment. Brahma and SAYP form the nucleosomal barrier 1.5
kb downstream of the promoter. DHR3 is present at this point and facilitates the recruitments of these two factors. Active transcription of the region
proximal to promoter takes place at the (+) stage, but Pol II is paused at the nucleosomal barrier. Within 30 min after ecdysone removal, SAYP level
on the promoter decreases, but the levels of other factors remain unchanged. The peaks of DHR3, SAYP and Brahma downstream of the promoter
and the nucleosomal barrier are eliminated. Pol II pausing ceases, but transcription remains at the same level. After several hours following ecdysone
removal, the transcription level strongly increases, as does Pol II level on the promoter. Pol II pausing is observed at �1.5 kb downstream of the
promoter, correlating with Ser2 Pol II phosphorylation. DHR3, SAYP and Brahma are again present at the point of downstream pausing, but the
nucleosomal barrier is not restored. At this stage, SAYP is necessary for Ser2 phosphorylation and transcription elongation.
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previous such studies have been performed with different
genes (8).

Pol II pausing on ftz-f1 occurs at about 1.5 kb down-
stream of the promoter, i.e. at a much greater distance
than that described for other genes (from +30 to +100
nt) (6). Future studies will show how widespread is this
mode of pausing. It is of interest in this context that a case
of Pol II pausing at 800 bp downstream of the promoter
was described for the b-actin gene (38).

The ftz-f1 activation at the molecular level is a
several-stage process (Figure 6B). At the first stage,
when the ecdysone titer and DHR3 expression are high,
DHR3, SAYP, TFIID, Brahma and Pol II accumulate at
the promoter. Transcription is initiated, but Pol II is
paused 1.5 kb downstream of the promoter; DHR3,
SAYP and Brahma are also present at this site, where a
nucleosomal barrier is formed. At the next stage, �1 h
after ecdysone removal, promoter-bound factors remain
at the same levels, except for SAYP (its level on the
promoter decreases). Pol II and associated factors dis-
appear from the site of pausing, and the nucleosomal
barrier is eliminated, but the transcription level does not
increase. The following stage is characterized by rapid in-
tensification of transcription, which reaches a maximum
within several hours; the level of Pol II increases in the
body of the gene, and its pausing is observed again, with
SAYP and Brahma being present at the corresponding
position. In addition, the level of SAYP on the
promoter is recovered, indicating that it is highly regulated
at different transcription stages. The DHR3 activator is
present at the site of pausing, and its level does not change
upon SAYP knockdown. This is evidence that DHR3 may
participate in SAYP recruitment for subsequent nucleo-
somal barrier formation and Pol II pausing.

The region of high nucleosome density (nucleosomal
barrier) is specific for the repression stage, at which the
DHR3 activator induces the assembly of the Pol II
preinitiation complex on the promoter and makes
paused Pol II competent for transcription initiation.
Nucleosomal barrier disruption by SAYP knockdown
leads to the full-length transcript synthesis, indicating
that the nucleosomal barrier contributes to preventing
the entry of Pol II to the transcribed region. Our data
show that SAYP and Brahma play the crucial role in or-
ganization of the nucleosomal barrier: this barrier coin-
cides in location with the peak of these coactivators and
disappears after SAYP knockdown, which leads to elim-
ination of Brahma from the gene. Thus, SAYP and
Brahma at the stage of repressed transcription have an
important role in blocking the synthesis of full-length
transcripts. Although the transcription increases upon
SAYP depletion and elimination of the nucleosomal
barrier, its level remains low, compared with that in the
permissive state. This is evidence for the existence of dif-
ferent mechanisms of Pol II pausing regulation, which also
correlates with the fact that the depletion of NELF, an
important factor of Pol II pausing, causes a 2.5-fold
increase in the transcription of hsp70 or hsp26 gene in
the repressed state, which, however, does not reaches the
level characteristic of a fully activated gene (5).

The question arises as to the structure of the nucleo-
somal barrier. As shown previously, the human SWI/
SNF complex can not only erase nucleosomes from the
template but also produce a stable remodeled dimer of
mononucleosome core, with this complex being also
needed for converting this product back to the cores
(40). One may suggest that the Drosophila Brahma
complex operates in the same way. In our experiments,
the level of histone H3 increased �2-fold in the region
of the nucleosomal barrier, compared with its general
level on the gene, which agrees with the assumption con-
cerning the presence of a nucleosome dimer. The fact that
the region of nucleosomal barrier is significantly enriched
in sequences with a high nucleosome-positioning probabil-
ity indicates that DNA sequences probably contribute to
organization of this barrier.
Previous experiments have revealed a relationship

between Pol II pausing and the nucleosomal structure of
the template (5,41). It has been shown that Pol II stops at
the site where the nucleosome density is restored to the
average level characteristic of the gene (38). However, no
specific nucleosome-dense regions preventing Pol II tran-
scription have been described as yet.
The transition to the transcription-permissive state cor-

relates with significant rearrangements in the promoter-
distal region (disappearance of Brahma, SAYP, Pol II
and nucleosomal barrier at the site of Pol II pausing).
However, no increase in the ftz-f1 transcription level has
been observed within the first 30 min after this transition.
As shown in the study on estradiol (ER)-mediated gene
expression, productive transcription is preceded by an
unproductive cycle (�40min) that is necessary for
promoter preparation to this process (42). This may be
the case for ftz-f1, with a certain period of time being
required for rearrangements preceding its active
transcription.
At the (+;–) stage, the level of SAYP on the promoter is

recovered within 2–3 h after the onset of transcription,
with SAYP RNAi influencing the Brahma and TFIID
levels on the promoter. Pol II pausing correlating with
its Ser2 modification is again observed as the transcription
level increases. Although SAYP and Brahma occur again
together with paused Pol II, their function appears to be
different from that at the repression stage. The nucleo-
somal barrier is not restored, and SAYP depletion has
only a slight effect on chromatin structure.
However, SAYP depletion severely disturbs transient

pausing, interfering with Ser2 phosphorylation. This
impairs proper transition to productive elongation and
leads to a decrease in Pol II level on the body of the
gene. Thus, SAYP knockdown not only affects the level
of ftz-f1 activation but also shifts the timing of its expres-
sion. The slower kinetics of transcription induction
together with the slight decrease in the Pol II level on
the promoter upon SAYP knockdown are evidence for
the retarded Pol II passage in the coding region of the
gene and, hence, for disturbances in the elongation mech-
anisms. Similar consequences are observed for other genes
regulating on pausing mechanisms (7,43).
The results of this study show that SAYP is important

for proper timing of ftz-f1 transcription during Drosophila
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metamorphosis. The ftz-f1 gene is a major regulator of
metamorphosis, that is why its precise activation in time
is crucial during development. On the whole, our data
provide evidence for the important role of pausing in
sequential activation of genes in cascades and indicate
that this mechanism may have a general role in
development.
In addition, these results also support the idea that Pol

II pausing may require not only NELF and DSIF but also
other factors, such as nucleosome-remodeling complexes
(13,15). Interestingly, the depletion of NELF proved to
result in an increased nucleosome occupancy at the
promoters of some genes (5).
In summary, we have found that Pol II pausing is

dependent on the interplay of several molecular mechan-
isms, including the formation of a specific chromatin
structure via the action of coactivators. Together with
data by other authors, our results indicate that, although
Pol II pausing is a genome-wide phenomenon, the specific
molecular mechanism controlling paused Pol II activity on
individual genes may vary significantly.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplement, Supplementary Figures 1–8 and Supple-
mentary Reference [44].
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