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Acetylation of core histone N-terminal tails influences
chromatin condensation and transcription. To
examine how the SIN3-RPD3 deacetylase complex
contributes to these events in vivo, we examined bind-
ing of SIN3 and RPD3 to Drosophila salivary gland
polytene chromosomes. The binding patterns of SIN3
and RPD3 were highly coincident, suggesting that the
SIN3-RPD3 complex is the most abundant chromatin-
bound RPD3 complex in salivary gland cells. SIN3-
RPD3 binding was restricted to less condensed, hypo-
acetylated euchromatic interbands and was absent
from moderately condensed, hyperacetylated euchro-
matic bands and highly condensed, differentially
acetylated centric heterochromatin. Consistent with
its demonstrated role in transcriptional repression,
SIN3-RPD3 did not co-localize with RNA polymer-
ase II. Chromatin binding of the complex, mediated
by SMRTER, decreased upon ecdysone-induced tran-
scriptional activation but was restored when tran-
scription was reduced. These results implicate
SIN3-RPD3 in maintaining histone acetylation levels
or patterns within less condensed chromatin domains
and suggest that SIN3-RPD3 activity is required, in
the absence of an activation signal, to repress tran-
scription of particular genes within transcriptionally
active chromatin domains.
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Introduction

Transcription in eukaryotic cells takes place on a
chromatin template composed of DNA packaged by core
histones (Wolffe, 1998). Although chromatin is held
together tightly through protein—protein and protein—
DNA interactions, its structure is dynamic. Structural
constraints on DNA imposed by histones can be altered by
chromatin remodeling complexes such as SWI/SNF family
members or by a variety of core histone post-translational
modifications, including acetylation of evolutionarily
conserved lysine residues in the N-terminal tails of
histones H3 and H4 (Grunstein, 1997; Wu, 1997,
Spencer and Davie, 1999).

One model to explain how histone acetylation status
affects gene expression proposes that the extent of
chromatin condensation is directly correlated to the level
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of histone acetylation. Accordingly, hyperacetylation
reduces the affinity of histone tails for DNA, resulting in
less compact chromatin and increased accessibility of
transcription factors to DNA (Lee ef al., 1993; Vettese-
Dadey et al., 1996; Hansen et al., 1998; Tse et al., 1998). A
second, not necessarily mutually exclusive, model pro-
poses that specific patterns of acetylation within histone
tails dictate chromatin compaction and transcriptional
activity (Turner, 1998; Strahl and Allis, 2000). It is well
established that particular chromatin domains exhibit
distinct patterns of histone acetylation. In Drosophila,
antibodies against specific acetylated lysine (K) residues
in histone H4 reveal that transcriptionally repressed
centric heterochromatin is enriched in acetylated K12,
while the transcriptionally hyperactive X chromosome in
males is enriched in acetylated K16 (Turner et al., 1992).
In yeast, the transcriptionally silenced mating type loci are
enriched in acetylated K12 of H4 (Braunstein et al., 1996).
Thus, specific acetylation patterns, perhaps combined with
additional histone modifications, could serve as signals for
binding of non-histone chromatin-binding factors that
affect transcriptional activity (Strahl and Allis, 2000). It is
also possible that specific acetylation patterns could serve
as signals for recruitment of chromatin remodeling
machines and/or heterochromatic factors (e.g. HP1) that
modulate higher order chromatin packaging (Hansen et al.,
1998; Strahl and Allis, 2000).

The acetylation status of histones is determined by the
relative activities of multiprotein complexes that possess
acetylase or deacetylase activities. Mutations in the yeast
RPD3 deacetylase lead to a global increase in acetylation
of H3 (K14 and K9/18) and H4 (K5, K12 and K16)
(Rundlett et al., 1996). RPD3 (HDAC 1 and 2 in mammals)
is a component of a 2 MDa complex that also contains
SIN3, RbAp46/48, and SIN3-associated polypeptides 18
(SAP18) and 30 (SAP30) (Ayer, 1999). The SIN3-RPD3
complex does not directly bind DNA, but instead is
targeted to particular genes by interactions with sequence-
specific DNA-binding proteins (such as Mad, p53 and
UMES®) or nuclear hormone receptor-specific corepressors
(such as N-CoR, SMRT and SMRTER) (Pazin and
Kadonaga, 1997; Knoepfler and Eisenman, 1999;
Murphy et al., 1999; Tsai et al., 1999). Repression of
UMEG6-regulated genes in yeast is associated with
localized SIN3- and RPD3-dependent deacetylation of
H3 and H4 (preferentially K5 and K12) (Kadosh and
Struhl, 1998; Rundlett et al., 1998).

SIN3-mediated repression is not completely RPD3
dependent. Mutations in SIN3 that prohibit RPD3 binding
do not abolish transcriptional repression, suggesting that
SIN3 has intrinsic repressor activity or may associate with
other deacetylases (Laherty et al., 1997, Wong and
Privalsky, 1998). Similarly, RPD3 functions independ-
ently of SIN3. RPD3 is a component of the Mi-2-NURD
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complex, which genetically interacts with the Drosophila
repressor Hunchback (Kehle ez al., 1998; Ayer, 1999). In
addition, RPD3 directly interacts with corepressors, such
as Drosophila Groucho (Chen et al., 1999). It is critical to
note that the SIN3-RPD3 complex may not function
exclusively in transcriptional repression. Studies in yeast
have shown that the SIN3-RPD3 complex is required for
maximal repression of uninduced genes and activation of
induced genes (Vidal and Gaber, 1991; Vidal et al., 1991;
Wang et al., 1994). Furthermore, the yeast SIN3-RPD3
complex reduces variegated transcriptional silencing of
genes placed in close proximity to telomeres as well as
stable silencing of genes at HM mating and rDNA loci
(Vannier et al., 1996; Sun and Hampsey, 1999). In
Drosophila, the role of RPD3 in regulating transcriptional
silencing of euchromatic genes placed adjacent to hetero-
chromatin by chromosomal rearrangements [position—
effect variegation (PEV)] is less clear (Wakimoto, 1998).
Mutations in RPD3 have been reported to enhance,
suppress or not affect PEV (De Rubertis ef al., 1996;
Chen et al., 1999; Mannervik and Levine, 1999; Mottus
et al., 2000). Mottus et al. (2000) propose that this
discrepancy is due, in part, to the redundant activity of
other deacetylases in RPD3 mutant flies. Drosophila
encodes four other deacetylases with sequence similarity
to RPD3 (Adams et al., 2000).

To understand how the Drosophila SIN3-RPD3 com-
plex regulates transcription in vivo, we have asked
whether there is a correlation between chromatin binding
of the SIN3-RPD3 complex and chromatin condensation,
histone acetylation status or transcriptional activity. An
ideal system to address such relationships is polytene
chromosomes prepared from wild-type Drosophila
salivary gland cells. First, differences in chromatin
condensation along polytene chromosomes can be visual-
ized using a light microscope (Ashburner, 1989).
Secondly, antibodies can be used to define the location
of chromatin-associated proteins and have been used to
map positions of histones, including various forms of
acetylated histones and RNA polymerase II (pol II), which
serves as a marker for active transcription (Jamrich et al.,
1977; Turner et al., 1992; Weeks et al., 1993). Thirdly,
polytene chromosomes reflect the transcriptional activity
and factor-binding properties associated with chromatin of
diploid interphase cells (Hill et al., 1987). This study
uncovers properties of the SIN3-RPD3 complex that are
critical to understanding how and to what extent it
regulates transcription in vivo.

Results

Specificity of antibodies against SIN3 and RPD3

Antibodies specific for Drosophila RPD3 or SIN3 proteins
were raised against recombinant proteins containing
regions of the proteins that are divergent in primary
sequence from their respective mammalian homologs
(Figure 1A). The RPD3 antibody recognized a single
protein of ~56 kDa on western blots of Drosophila embryo
and salivary gland extracts, consistent with the predicted
size of 58 kDa (De Rubertis et al., 1996) (Figure 1B). The
SIN3 antibody recognized two bands of ~200 and 220 kDa
in embryo extracts, but only a single 220 kDa band in
salivary gland extracts (Figure 1B). Three Drosophila
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Fig. 1. SIN3 and RPD3 polyclonal antibodies are highly specific.

(A) Schematic diagrams of SIN3 and RPD3 proteins. Solid bars
indicate regions used as antigens for generating polyclonal antibodies.
The RPD3 region does not include the deacetylase domain, indicated
by a shaded box. The SIN3 region contains paired-amphipathic helix
(PAH) 4, indicated by a solid box, and a conserved region of undefined
function, indicated by a hatched box, but does not include PAH1-3 or
the histone deacetylase interaction domain (HID). (B) Western blots of
total protein extracted from 0—12 h Drosophila embryos (Emb.) and
from larval salivary glands (S.G.) were probed with purified RPD3
antibody (lanes 1 and 2) or SIN3 antibody (lanes 3 and 4). The
positions of protein molecular weight size markers are indicated

on the left.

SIN3 isoforms are predicted, based on alternatively
spliced cDNA clones; two differ by only 35 amino acids
and are predicted to co-migrate at ~190 kDa, while the
third has an additional 330 C-terminal amino acids and is
predicted to be 220 kDa (Neufeld et al., 1998; Pennetta
and Pauli, 1998). Whole-mount immunostaining of
Drosophila embryos revealed that SIN3 and RPD3 are
present in all nuclei of the ovary, pre- and post-blastoderm
embryos, and larval salivary glands (data not shown;
Pennetta and Pauli, 1998; Chen et al., 1999). This is
consistent with a general requirement for these proteins
throughout Drosophila development. In fact, SIN3 and
RPD3 may play more roles in Drosophila than they do in
yeast, since they are essential for viability of flies but not
yeast (Vidal et al., 1990; De Rubertis et al., 1996; Neufeld
et al., 1998; Mottus et al., 2000).

The SIN3-RPD3 complex binds less-condensed
interbands and is absent from more-condensed
euchromatic bands and heterochromatin

To identify loci associated with SIN3 and RPD3 in vivo,
third instar larval salivary gland polytene chromosomes
were stained with the antibodies described above.
Chromosomes were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) to visualize the DNA (Figure 2A).
DAPI staining is brightest in the condensed banded
regions of euchromatin and in the constitutively con-
densed o-heterochromatin that comprises proximal



SIN3-RPD3 functions in decondensed chromatin

Fig. 2. SIN3 and RPD3 co-localize throughout euchromatin but are absent from heterochromatin. (A-E) A single polytene chromosome spread stained
for both SIN3 and RPD3 and counterstained with DAPIL. In (E), the diamond and sphere indicate loci that stain predominantly for SIN3 and RPD3,
respectively. (F) Higher magnification image of a spread co-stained for SIN3 and RPD3. (G-I) Higher magnification images of another spread stained
for SIN3 and counterstained with DAPI. Arrows highlight the non-overlapping pattern of SIN3 and DAPI. Co-localization of two antibodies appears
as yellow fluorescence. Chromosome arms (X, 2L, 2R, 3L, 3R and 4) are indicated at the tip, and the chromocenter is indicated by ‘C’. In (A-E), the
chromocenter is broken into two pieces. Antibodies used for staining are indicated at the bottom of each panel. The color of the lettering matches the

color of the fluorescence.

regions of the six chromosome arms adjacent to the
centromere (Ashburner, 1989; Gatti and Pimpinelli, 1992;
Urata et al., 1995). B-heterochromatin, which connects
o-heterochromatin to the euchromatic arms and is dis-
persed throughout chromosome 4, also stains brightly with
DAPIL. In salivary gland nuclei, the centric heterochroma-
tin of all four chromosomes coalesces to form the
chromocenter (‘C’ in Figure 2). DAPI staining is weak
or absent in interbands and puffs. Chromatin condensation
levels inferred from DAPI staining intensity are supported
by atomic force microscopy, which reveals that interbands
contain chromatin fibers that range from 11 to 300 nm,
while bands contain predominantly 700 nm fibers
(de Grauw et al., 1998).

Genes are present at different densities in each of
these chromatin domains. Heterochromatin comprises
approximately one-third of the total DNA in a diploid
cell and is gene poor (Weiler and Wakimoto, 1995; Adams
et al., 2000). o-heterochromatin is thought to lack genes
and B-heterochromatin contains ~40 genes. Euchromatic
bands and interbands comprise approximately two-thirds
of the total DNA and contain the balance of the RNA pol II
genes. A limited number of studies comparing the
distribution of genes in bands with that in interbands
have found that some band—interband junctions have a
high gene density and some bands have few genes per unit
length (Hall et al., 1983; Spierer et al., 1983; Friedman
et al., 1991). Detailed analysis of the Notch gene indicates
that the transcriptional regulatory region maps to an
interband, while the protein-coding region maps to the
adjacent band (Rykowski et al., 1988). However, on a

genome-wide basis, the question of gene density in bands
versus interbands remains open.

SIN3 and RPD3 localized to portions of interbands
throughout the genome (Figure 2B-D and H and I). The
staining patterns of antibodies against SIN3 and RPD3 did
not overlap the DAPI pattern, with the exception of some
telomeres, and to varying degrees of intensity appeared to
include most regions weakly stained by DAPI. Identical
results were observed in single chromosome spreads
stained for both SIN3 and RPD3. No staining above
background was observed with pre-immune sera (data not
shown). These results argue that SIN3 and RPD3 function
in Drosophila at loci with a particular degree of chromatin
condensation.

While SIN3 and RPD3 co-localized at almost all sites
along the chromosome arms, the binding patterns were not
identical (Figure 2E and F). The vast majority of
interbands stained equally for SIN3 and RPD3 (yellow),
but some are enriched for SIN3 (green) or RPD3 (red). If
the intensity of fluorescence is a reflection of the number
of binding sites for SIN3 and RPD3, as has been shown in
the case of heat shock factor (Shopland et al., 1995), then
these data suggest that SIN3 and RPD3 function together
at most sites, as a SIN3-RPD3 complex, and independ-
ently at a minority of loci, perhaps as components of other
complexes.

The SIN3-RPD3 complex was not present in centric
heterochromatin, along most of chromosome 4, at some
telomeres or in euchromatic bands (Figure 2A—F). Within
constitutively condensed heterochromatic and telomeric
regions, SIN3 and RPD3 were observed in a small band at
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Fig. 3. Chromosomal sites of SIN3 binding and histone hyperacetylation are mutually exclusive. (A-E) A section of a single polytene chromosome
spread stained for both H4nonAc and SIN3. Horizontal arrows indicate a region with strong H4nonAc and SIN3 binding. The vertical arrow indicates
binding of H4nonAc at the band—interband junction. (F—J) A section of a single polytene chromosome spread stained for both SIN3 and H4Ac8. In
(A-J), spheres indicate loci that stain strongly with DAPI and o-H4Ac8, but do not stain with o-H4nonAc or o.-SIN3. (K-M) Polytene chromosome
spreads co-stained for SIN3 and H4Ac12, H4Ac5 or H3Ac9/14, respectively. Co-localization of two antibodies appears as yellow fluorescence.
Chromosome arms (2L, 2R and 4) are indicated at the tip and the chromocenter is indicated by ‘C’ in (K). Antibodies used for staining are

indicated at the bottom of each panel. The color of the lettering matches the color of the fluorescence.

the extreme tips of chromosome arms 2R and X as well as
in a broad band at the tips of 2L and 3L (Figure 2A-F).
Drosophila telomeres contain heterochromatic repeats and
HeT-A and TART genes, which are actively transcribed
during Drosophila development; it is not known whether
the genes are active in salivary gland cells (Weiler and
Wakimoto, 1995; Pardue et al., 1996). Therefore, the
SIN3-RPD3 complex may perform similar functions at
telomeres and interbands, both of which contain genes that
are not constitutively silenced.

The SIN3-RPD3 complex is associated with
chromatin containing hypoacetylated histones

To determine the level of histone acetylation at loci bound
by the SIN3-RPD3 complex, polytene chromosomes were
stained with antibodies against both SIN3 and specific
isoforms of histones H3 or H4, including non-acetylated
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H4 (H4nonAc), di-acetylated H3 and monoacetylated H4.
The specificity of each of these antibodies has previously
been demonstrated (Turner et al., 1989; Boggs et al., 1996;
Taplick et al., 1998). This approach was used by Turner
et al. (1992) to show that isoforms of H4 acetylated at K9,
K8, K12 or K16 have distinct distribution patterns. In
accord with these data, we found that antibodies against
H4nonAc, H4 acetylated at lysine 5 (H4Ac5), H4AcS,
H4Ac12 or H3Ac9/14 stained subsets of bands, interbands
and band-interband junctions (Figure 3). As previously
reported using Chironomus polytene chromosomes
(Turner et al., 1990), H4nonAc localized principally to
interbands and was also commonly found at band—
interband junctions (vertical arrow in Figure 3C).
Finally, acetylated H3 and H4 predominantly localized
to euchromatic bands that stain strongly with DAPI
(Figure 3F-H and data not shown).
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Fig. 4. SIN3 and RNA pol II do not co-localize on polytene chromosomes. (A—C) A single polytene chromosome spread stained for SIN3 and RNA
pol Ilc. (D-F) Higher magnification images of a different spread co-stained for SIN3 and RNA pol Ilc. Co-localization of two antibodies appears as
yellow fluorescence. Chromosome arms (X, 2L, 2R, 3L, 3R and 4) are indicated at the tip; the chromocenter is indicated by a C. The red arrow

indicates the puff at 74EF and the yellow arrow indicates the puff at 75B, as in Figure 6. Antibodies used for staining are indicated at the bottom of

each panel. The color of the lettering matches the color of the fluorescence.

Polytene chromosome spreads stained for both SIN3
and specific acetylated histone H3 or H4 isoforms revealed
that sites of major SIN3 and H4nonAc binding are very
similar, although not entirely overlapping, as might be
predicted from their positions relative to DAPI staining.
Note that while the binding patterns of SIN3 and H4nonAc
are very similar, the extent of co-localization does not
match the high degree of SIN3 and RPD3 co-localization
(Figure 3E, compare with Figure 2E and F). Often, the
region bound by SIN3 was slightly shifted relative to
H4nonAc, such that only a portion of the bands overlapped
(horizontal arrow in Figure 3B, D and E). In striking
contrast, strong staining with anti-SIN3 antibodies and
strong staining with antibodies against acetylated histone
were mutually exclusive (Figure 3H-M). Although there
were some locations of overlap, the relative intensity of
staining was not similar. Taken together, these data
indicate that SIN3 is associated with loci that contain
unacetylated or weakly acetylated histones and is not
associated with loci that contain histones hyperacetylated
at any of the lysine positions examined. Presumably, the
same is true for RPD3, since the patterns of SIN3 and
RPD3 binding were highly coincident (Figure 2).

The SIN3-RPD3 complex is not associated with
actively transcribed loci

Previous studies have shown that active transcription is
concentrated in the less-condensed interband and puff
regions of polytene chromosomes (Zhimulev and
Belyaeva, 1975; Visa et al., 1991). Furthermore, ribo-
nucleoprotein particles and both the paused and elongating
forms of RNA pol II have been localized to these same

regions (Jamrich et al., 1977; Mott and Hill, 1986; Weeks
et al., 1993). To examine directly the relationship between
the SIN3-RPD3 complex and active transcription, poly-
tene chomosomes were stained for both SIN3 and RNA
pol II. The antibody against RNA pol II is directed against
subunit Ilc and recognizes both paused and elongating
forms of the polymerase (Skantar and Greenleaf, 1995).
As presented in Figure 4, the bulk of SIN3 and RNA pol II
bound distinct regions of euchromatic interbands. There
were numerous unequal bands (green or red) and very few
equal intensity bands (yellow). Thus, while the SIN3-
RPD3 complex was bound at loci containing protein-
coding genes, the majority of the complex did not bind
regions that are actively transcribed by RNA pol II. These
data support the model that the SIN3-RPD3 complex is
involved in transcriptional repression in vivo.

The dynamic pattern of SIN3—-RPD3 complex

binding to ecdysone-regulated loci suggests

that it functions to repress uninduced genes

To address the question of whether binding of the
SIN3-RPD3 complex is abrogated when a gene becomes
transcriptionally active, we focused on ecdysone-inducible
genes, which comprise interband chromatin at 74EF and
75B. In Drosophila, pulses of the steroid hormone
ecdysone control gene expression patterns, which trigger
the metamorphosis from larva to adult (Ashburner, 1972;
Thummel, 1996). The beginning of the ecdysone response
is marked by chromatin decondensation at 74EF and 75B
during puff stage 2 [PS2, as designated by Ashburner
(1972)]. Puffing largely parallels transcriptional activation
of the E74 and E75 genes, except for E74A transcripts,
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which remain abundant until PS11 while the 74EF puff
regresses between PS8 and PS10. These morphological
and molecular events are directed by the nuclear hormone
receptors, ecdysone receptor (EcR) and ultraspiracle
(USP), the Drosophila retinoid X receptor (RXR) homolog
(Yao et al., 1992, 1993; Thomas et al., 1993). EcCR-USP
heterodimers regulate transcription in an ecdysone-
dependent manner, repressing target genes in the absence
of ecdysone and activating them in its presence (Yao et al.,
1992, 1993; Thomas et al., 1993; Tsai et al., 1999). Tsai
et al. (1999) have shown that the corepressor SMRTER (a
protein with sequence similarity to the mammalian nuclear
hormone receptor corepressor SMRT) mediates repression
by interacting with EcR and SIN3. These studies predict
that SMRTER and SIN3 should co-localize on polytene
chromosomes, and that SMRTER and SIN3 chromatin-
binding levels may change during the ecdysone pulse.

Co-staining of polytene chromosomes showed that
SIN3 and SMRTER binding patterns largely overlapped
throughout the genome (Figure 5SA-D). Sites of strong
staining with anti-SMRTER antibodies are sites of strong
staining with anti-SIN3 antibodies. Thus, it appears that a
major mechanism for targeting SIN3 to specific chromo-
somal loci is through association with SMRTER.
However, there were sites of strong staining with anti-
SIN3 antibody that were weakly stained or not stained by
anti-SMRTER antibody, implying that SIN3 is targeted by
other corepressors or DNA-binding proteins.

To confirm that the polytene staining assay accurately
reflects SIN3 association with individual genes that are
developmentally regulated, we asked whether a new SIN3-
binding site is present in a fly strain containing a salivary
gland secretion protein-4 (Sgs-4) transgene (Lehmann and
Korge, 1996). Sgs-4 is one of the best studied of the Sgs
genes that are induced by ecdysone in the middle of the
third larval instar and are downregulated at the end of the
third larval instar. The Sgs-4 P-element transgene is
composed of four copies of the Sgs-4 regulatory region
(=567 to —151). This region contains sites that bind the
EcR-USP heterodimer in vitro (Lehmann and Korge,
1995). Figure 5E and F reveals that in this strain a new
fluorescent signal was detected at the P-element integra-
tion site, 102D3-5 on the fourth chromosome, in late third
instar larval salivary glands. Thus, SIN3 binding is
detected on a single gene at a time in development when
the gene is transcriptionally repressed.

Furthermore, binding of SIN3 to polytene chromosomes
changes as a gene progresses through the transcription
cycle from a transcriptionally repressed to an active state
and then back to a repressed state. This is evident upon
analysis of SIN3 binding at 74EF and 75B from PS1 to
PS9, during which time the transcription cycle is correl-
ated with the formation and regression of puffs
(Ashburner, 1972; Thummel, 1996; Richards, 1997). At
PS1, SIN3 moderately bound unpuffed 74EF and 75B
(Figure 6A and B), but binding was absent or weak at PS4
(Figure 6C and D) and up through PS6 (Figure 6E and F)
when puffing was apparent. Strong USP staining persisted
during PS4-PS6, supporting the idea that USP is required
for transcriptional activation at these loci (data not shown).
USP and RNA pol II staining of PS4-PS6 puffs also argues
that the lack of SIN3 staining at these stages is not due to
an inability to detect proteins bound at highly decondensed
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Fig. 5. SIN3 binds steroid hormone-regulated loci. (A) A single
polytene chromosome spread stained for both SIN3 and SMRTER.
(B-D) Higher magnification images of a section of the spread in (A).
Spheres indicate loci strongly stained for both SIN3 and SMRTER
(yellow); a diamond indicates a locus stained for SIN3 but not
SMRTER (green). Co-localization of two antibodies appears as
yellow fluorescence. Chromosome arms (X, 2L, 2R, 3L, 3R and 4)
are indicated at the tip and the chromocenter is indicated by a C.
Antibodies used for staining are indicated at the bottom of each panel.
The color of the lettering matches the color of the fluorescence.

(E and F) High magnification images of chromosome 4 of spreads
stained with SIN3 prepared from flies of a wild-type (E) or an Sgs-4
transgenic (F) line. The transgenic line has a fluorescent signal at the
P-element insertion site at 102D3-5 (yellow arrow) in addition to the
single strong band present in the wild-type line (red arrow).

loci (Figure 4A and C). At PS8, SIN3 moderately bound
the regressing puffs (Figure 6G and H) and by PS9
strongly bound the almost completely regressed puffs
(Figure 6I and J). Similar analysis revealed that RPD3
bound 74EF and 75B with kinetics indistinguishable from
those of SIN3 (data not shown). Thus, high levels of
SIN3-RPD3 complex binding correlate with transcrip-
tional repression and low levels with transcriptional
activation.

Acetylated H3 or H4 staining was rarely observed in the
transcriptionally active 74EF and 75B puffs (data not
shown and Turner et al., 1992). As suggested by recent
studies in yeast and Drosophila, this may be due to the
transient or localized nature of histone acetylation during
gene activation (Cavalli and Paro, 1999; Krebs et al.,
1999).



Fig. 6. SIN3 binding changes during the transcription cycle.

(A, C, E, G and I) Images of DAPI-stained polytene chromosome
spreads. (B, D, F, H and J) Images of corresponding polytene
chromosome spreads stained with SIN3 antibody. Spreads are arranged
according to developmental timing, from PS1 (A and B) to PS9 (I and
J). In each panel, the red arrow indicates the puff at 74EF, the yellow
arrow the puff at 75B and the white arrow the puff at 78D. The degree
of puffing at 78D relative to that at 74EF and 75B was one of several
criteria used to determine the puff stage, as designated by Ashburner
(1972). Panels are shown at the same magnification.

Discussion

The determination of SIN3 and RPD3 chromosome-
binding patterns in wild-type interphase cells has provided
a framework for understanding how these proteins affect
chromatin condensation, histone acetylation and transcrip-
tion in vivo.

The SIN3-RPD3 complex is the predominant form
of chromatin-bound SIN3 and RPD3

The binding patterns of SIN3 and RPD3 on polytene
chromosomes were highly coincident, suggesting that the

SIN3-RPD3 functions in decondensed chromatin

SIN3-RPD3 complex is the major form of chromatin-
bound SIN3 and RPD3 in salivary gland cells. The extent
of co-localization was unexpected given that the Mi-2—
NURD complex is the major form of RPD3 present in
nuclear extracts prepared from metazoan cells (Wade et al.,
1998, 1999; Xue et al., 1998; Zhang et al., 1998). This
inconsistency may reflect organismal differences or
differences between salivary gland cells that are not
dividing and cells that are prepared for rapid division
(Xenopus laevis eggs) or are actively dividing (mam-
malian tissue culture cells). Alternatively, the chromatin-
bound SIN3-RPD3 complex may be under-represented in
nuclear extracts because it is resistant to extraction from
nuclei. To date, the constellation of SIN3- and RPD3-
containing complexes has not been characterized in
Drosophila. However, Drosophila does encode homologs
of all of the Mi-2-NURD subunits (Kehle et al., 1998;
Wade et al., 1999; E.Ballestar, L.A.Pile, D.A.Wassarman,
A.P.Wolffe and P.A.Wade, manuscript in preparation).
Staining of polytene chromosomes with an antibody to the
dMBD-like subunit of the Mi-2-NURD complex indicates
that this complex is bound at only a small number of loci
and that these loci do not overlap significantly with those
bound by SIN3 (E.Ballestar, L.A.Pile, D.A.Wassarman,
A.P.Wolffe and P.A.Wade, manuscript in preparation).
Thus, in interphase salivary gland cells, chromatin-bound
RPD3 is primarily a component of the SIN3-RPD3
complex.

The SIN3-RPD3 complex regulates transcription
within decondensed chromatin domains

The SIN3-RPD3 complex is bound at most if not all
euchromatic interbands and is absent from euchromatic
bands and constitutive heterochromatin at the chromo-
center. Since the SIN3-RPD3 complex functions as a
transcriptional repressor and antagonizes transcriptional
silencing of genes within and adjacent to heterochromatic
domains, it might have been expected to localize to more-
condensed chromatin domains, such as euchromatic
bands, as well as regions that are transcriptionally
silenced, such as centric heterochromatin. This is clearly
not the case and consequently eliminates models propos-
ing that the SIN3—-RPD3 complex represses transcription
by maintaining chromatin in a condensed state or
antagonizes PEV by binding heterochromatic domains
and preventing them from spreading. Instead, the local-
ization pattern argues that the SIN3-RPD3 complex
functions to repress transcription within decondensed
regions of the genome.

The localization pattern of the SIN3-RPD3 complex
provides additional evidence that it functions to repress
transcription in vivo. First, the SIN3-RPD3 complex did
not co-localize with transcriptionally active or paused
forms of RNA pol II or the TAF250 subunit of the general
transcription factor TFIID (data not shown). This indicates
that the SIN3-RPD3 complex may produce histone
acetylation levels or patterns that are inhibitory to RNA
pol II transcription. Secondly, the SIN3-RPD3 complex
dissociates from specific loci upon transcriptional activ-
ation triggered by a pulse of ecdysone and reassociates
coincident with a reduction in transcription levels. This
indicates that the SIN3-RPD3 complex functions as a
transcriptional repressor at sites where it is bound and is
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not just stored at these sites. Furthermore, this indicates
that the SIN3-RPD3 complex probably does not function
as a transcriptional activator and that reduced levels of
activation in yeast sin3 or rpd3 mutants may be an indirect
effect (Vidal and Gaber, 1991; Vidal et al., 1991; Wang
et al., 1994).

The localization pattern also provides a rough indication
of the extent to which the SIN3—-RPD3 complex functions
in interphase cells. The complex localized to portions
(maybe as much as half) of almost all interbands. The
amount of DNA in interbands has been estimated to be
between 4 and 26% of total DNA (Beermann, 1972; Laird,
1980; Kress et al., 1985). Assuming that (i) acetylated
histones and possibly other chromatin-associated proteins
are the in vivo targets of the RPD3 deacetylase, (ii) the
SIN3-RPD3 complex is functional at sites where it binds
and (iii) gene density is equivalent in bands and interbands
(see Results), the SIN3-RPD3 complex probably regulates
2—-13% of Drosophila genes. This estimation is in line with
the finding that the expression of ~2% of genes is changed
in response to treatment of mammalian tissue culture cells
with histone deacetylase inhibitors (Van Lint et al., 1996).

The SIN3-RPD3 complex is bound to chromatin
domains with hypoacetylated histones
Co-localization of the SIN3-RPD3 complex with un-
acetylated but not acetylated histones suggests that it
functions to maintain histones in a hypoacetylated state.
In vitro, yeast RPD3 can deacetylate all lysine residues in
the tails of histones H3 and H4, and in vivo, mutations in
rpd3 result in increased acetylation of 6 of the 10 lysine
residues (Rundlett er al., 1996; Kuo and Allis, 1998).
Thus, co-localization of the SIN3-RPD3 complex with
hypoacetylated histones suggests that RPD3 also displays
broad substrate specificity in vivo in Drosophila.

The assay can only detect general changes in acetylation
patterns and is not meant to be used as a quantitative
measure. For example, the assay is not sensitive enough to
detect changes in histone acetylation at ecdysone-induced
puffs, which presumably occur after dissociation of the
SIN3-RPD3 complex (Figure 3 and data not shown). The
inability to detect these changes may be due to transient
acetylation, as occurs in other systems but which was not
captured in any of the single time point ‘snap-shots’ of
fixed polytene chromosome spreads (Cavalli and Paro,
1999; Krebs et al., 1999). On the other hand, if acetylation
is stable for some period of time but is localized to
promoter regions of these genes, as has been demonstrated
for some genes, then the antibody staining signal may be
too weak to detect (Kadosh and Struhl, 1998; Rundlett
et al., 1998; Burgess et al., 1999).

The lack of SIN3-RPD3 complex binding at centric
heterochromatin, which is hypoacetylated relative to
euchromatin at all lysine residues in histones H3 and H4
except for K8 (data not shown) and K12 of H4, indicates
that other deacetylases function within this domain. The
SIR2 deacetylase is an excellent candidate, since it is
required for silencing in yeast and there are five SIR2
homologs in Drosophila (Adams et al., 2000; Imai et al.,
2000). Similarly, non-acetylated H4 is localized to some
interband regions that are not bound by the SIN3-RPD3
complex, suggesting that other members of the RPD3
family may regulate histone deacetylation in interbands.
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The SIN3-RPD3 complex may generate a
transcriptionally repressed but inducible

chromatin configuration

The SIN3-RPD3 complex is found at less condensed,
hypoacetylated and transcriptionally inactive regions of
the genome. The complex does not bind DNA, but, rather,
is targeted to specific promoters through protein—protein
interactions with DNA-binding factors such as Mad,
nuclear hormone receptors and CBF1/RPK-Jx (Pazin and
Kadonaga, 1997; Kao et al., 1998). Each of these factors
binds the transcriptional regulatory region of genes and
provides a mechanism for them to be switched from an
inactive to active state by an activation signal.
Localization of these inducible genes to decondensed
regions of the genome may allow them to respond quickly
to an activation signal. The role of the SIN3-RPD3
complex may be to modify the pattern of histone
acetylation at these genes, resulting in a transcriptionally
repressive local nucleosomal environment. Our hypothesis
regarding the activity of the complex is in accord with the
supposition that ‘genes that must be readily induced would
be designed to respond to appropriate transcription factors
through a mechanism in which nucleosomes are easily
disrupted’ (Felsenfeld, 1996). In conclusion, the activity of
the SIN3-RPD3 complex is not to aid in the maintenance
of repressive chromatin domains (e.g. silenced domains),
but rather to inactivate the transcription of genes that are
located in less condensed chromatin and therefore require
active repression.

Materials and methods

Antibody production

Rabbit polyclonal antibodies were generated against recombinant
proteins containing a portion of RPD3 (amino acids 273-522) or SIN3
(amino acids 1328-1746) (De Rubertis et al., 1996; Neufeld et al., 1998).
The IgG fraction of each serum was prepared using the Econo-Pac serum
IgG purification kit (Bio-Rad). Purified antibodies against SIN3 were
directly conjugated to fluorescein using a fluorescein labeling kit
(Boehringer Mannheim).

Western blot analysis

Western blot analysis was performed using standard protocols (Sambrook
et al., 1989). To prepare embryo extracts, ~100 ul of 0-12 h w!//$
embryos were homogenized in 400 ul of 2X Laemmli sample buffer
(Bio-Rad). To prepare salivary gland extracts, glands were dissected from
third instar larvae or white pre-pupae in phosphate-buffered saline (PBS)
and homogenized in 2X Laemmli sample buffer. Extracts were separated
by 10% SDS-PAGE, transferred to Immobilon-P polyvinylidene fluoride
(PVDF) membrane (Millipore), probed with purified IgG antibodies
against RPD3 or SIN3 (1:500) followed by donkey anti-rabbit horseradish
peroxidase IgG (1:3000) (Amersham Pharmacia Biotech) and detected
using enhanced chemiluminescence reagents (Amersham Pharmacia
Biotech). The SIN3 isoform, described by Pennetta and Pauli (1998) as
potentially ovary specific, was detected in embryos (Figure 1B). Control
blots probed with pre-immune SIN3 and RPD3 sera, at concentrations
equivalent to those indicated above, showed no signal.

Polytene chromosome staining

Polytene chromosome squashes and staining were performed as
previously described (Zink and Paro, 1989; Westwood et al., 1991) on
Canton-S flies except for the experiment shown in Figure S5F, which was
performed on Sgs-4 transgenic flies line T4, 7-6 (kindly provided by
G.Korge). Briefly, salivary glands were dissected in PBS and treated by
one of two methods. In the first method, glands were placed in fixative
containing 3.7% formaldehyde, 1% Triton X-100 and PBS for 30 s and
then transferred to fixative containing 3.7% formaldehyde, 45% acetic
acid for 1 min before squashing. In the second method, glands were
placed directly in fixative containing 3.7% formaldehyde, 45% acetic acid



for 1 min before squashing. We were unable to detect differences in
staining patterns of spreads prepared by the two methods, but those
prepared by the second method tended to have better morphology.

For spreads stained with the histone antibodies, salivary glands were
dissected in PBS containing 5 mM sodium butyrate as described in Turner
et al. (1992). As the antibodies against RPD3, SIN3, SMRTER (kindly
provided by R.Evans), non-acetylated histone H4 (Serotec) and
acetylated lysine (Upstate Biotechnology) were all raised in rabbits, co-
staining was performed using a SIN3 antibody that was directly
conjugated to fluorescein. The sequence of staining was as follows:
(i) anti-RPD3 (1:20), anti-H4nonAc (1:50), anti-H4Ac5 (1:20), anti-
H4Ac8 (1:20), anti-H4Acl2 (1:20), anti-H3Ac9/14 (1:75) or anti-
SMRTER (1:100) primary; (ii) Alexa 594 goat anti-rabbit IgG (1:400)
secondary (Molecular Probes); (iii) fluorescein anti-SIN3 (1:10). The
SIN3/RNA pol Ilc spreads were simultaneously stained with anti-SIN3
(1:100) and goat anti-RNA pol Ilc (1:100) (gAP-aD1 kindly provided by
A.Greenleaf) primary antibodies followed by Alexa 594-conjugated
donkey anti-goat IgG (1:400) (Molecular Probes) and fluorescein
isothiocyanate-conjugated donkey anti-rabbit IgG (1:100) (Jackson
Laboratories). DNA was visualized with DAPI (1:1000). Control spreads
stained with pre-immune SIN3 and RPD3 sera, at concentrations
equivalent to those indicated above, showed no staining (data not
shown). Each staining experiment was performed several times.
Figures 2—-6 show representative spreads.
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