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The histone code is among others established via differential acetylation catalyzed by histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACSs). To unambiguously determine the histone tail specificity of
HDAC-containing complexes, we have established an in vitro system consisting of nucleosomal templates
reconstituted with hyperacetylated histones or recombinant histones followed by acetylation with native SAGA
or NuA4. Selective targeting of the mammalian Sin3/HDAC and N-CoR/SMRT corepressor complexes by using
specific chimeric repressors created a near physiological setting to assess their histone tail specificity. Re-
cruitment of the Sin3/HDAC complex to nucleosomal templates preacetylated with SAGA or NuA4 resulted in
deacetylation of histones H3 and H4, whereas recruitment of N-CoR/SMRT resulted in deacetylation of histone
H3 only. These results provide solid evidence that HDAC-containing complexes display distinct, intrinsic
histone tail specificities and hence may function differently to regulate chromatin structure and transcription.

In a eukaryotic cell, the nucleosome forms the fundamental
repetitive unit of chromatin. DNA packed in nucleosomes is
repressive to processes that require access of proteins to DNA,
such as transcription initiation (10). Thus, in order for the
transcription machinery to gain access to DNA, chromatin has
to be actively remodeled. Similarly, transcriptionally active
chromatin has to be converted back into a repressive configu-
ration when needed. This is largely achieved by ATP-depen-
dent chromatin remodeling and posttranslational modifica-
tions of core histones. ATP-dependent chromatin-remodeling
enzymes use ATP hydrolysis to catalyze the mobilization of
nucleosomes on DNA, thereby changing the accessibility of the
DNA to regulatory factors (4, 27). Posttranslational modifica-
tions of core histones include acetylation, methylation, phos-
phorylation, and ubiquitination (10). During the last decade, a
large number of proteins and protein complexes from different
organisms have been identified and characterized that catalyze
these modifications and thus contribute, either negatively or
positively, to the accessibility of DNA. It has been postulated
that modified histones serve as a binding scaffold for regulatory
proteins and that distinct combinations of modifications ulti-
mately determine the functional status of the chromatin. This
hypothesis is known as the histone code theory (19). To gain
further insight into how this dynamic code is established, it is of
critical importance to unravel the specificities of chromatin-
modifying enzymes with regard to the histone tails.

Of the currently known histone tail modifications, lysine
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acetylation has been studied most extensively. Acetylation of
histones is a reversible and highly dynamic process catalyzed by
histone acetyltransferases (HATs) and histone deacetylases
(HDAG:). A large number of in vivo studies have shown that
HATSs and HDAC:S can be recruited to target genes by activa-
tors and repressors. In particular, chromatin immunoprecipi-
tation (ChIP) has provided insight into the putative roles of
HAT and HDAC complexes. These studies suggest that tar-
geting of HATSs to promoter regions renders hyperacetylated
and transcriptionally active chromatin, whereas targeting of
HDAC:S results in hypoacetylated and transcriptionally silent
chromatin (7). Gene disruption studies in yeast have revealed
that HATs and HDACs may also serve a more global role in
affecting the acetylation status throughout the genome (21).
Although these experiments are very informative, it has been
difficult to attribute an observed effect to a particular protein
or protein complex, probably due to cellular compensatory
effects and functional redundancy in vivo. Furthermore, it is
difficult to determine whether a particular protein directly or
indirectly causes an effect. Therefore, in vitro reconstituted
nucleosomal templates and purified native HATs (9, 30) and
HDAC s are required to gain insights into the specificity and
eventually the mechanistics of these multiprotein chromatin
regulators.

Although considerable progress has been made in decipher-
ing the specificity of different HAT complexes by using specific
targeting to in vitro reconstituted templates (20, 35), such
systems have not been described for HDACs. Several HDAC-
containing complexes have been described thus far in mam-
malian cells. The Sin3/HDAC and Mi-2/NuRD complexes
both appear to contain two HDACs, HDACI and -2, whereas
the N-CoR/SMRT complex appears to contain only one
deacetylase, HDAC3 (13, 23, 37, 38, 4042, 44). These HDAC-
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containing complexes are recruited by transcription factors to
regulate gene expression. The Sin3/HDAC complex can be
recruited by the Mad1 protein (2). Madl is a repressor that is
part of the Myc/Mad/Max network of transcription factors that
plays an important role in keeping the balance between cell
proliferation and differentiation (12, 26). The N-CoR/SMRT
complex is recruited by unliganded nuclear hormone receptors
(6, 16, 23). In the absence of ligand, the receptor recruits the
N-CoR/SMRT complex to repress transcription. In the pres-
ence of ligand, a conformational change in the ligand binding
domain of the receptor causes the corepressors to dissociate
and to be substituted for by coactivators, leading to activation
of gene expression (11).

The above-described roles for the Sin3/HDAC and N-CoR/
SMRT complexes in the functioning of several transcription
factors in different biological processes underscore their im-
portance in the regulation of gene expression and develop-
ment. However, the histone tail specificity, and therefore their
mechanistic role in establishing a histone code, remains largely
unknown. We purified the Sin3/HDAC and N-CoR/SMRT
complexes from HeLa cells and analyzed their biochemical
properties in an in vitro reconstituted chromatin system. Upon
specific targeting to chromatin by using chimeric repressor
molecules, the Sin3/HDAC and N-CoR/SMRT complexes dis-
played different histone tail specificities. These findings pro-
vide evidence that distinct HDAC-containing corepressor com-
plexes may play different roles in the regulation of chromatin
structure and transcription.

MATERIALS AND METHODS

Purification of the Sin3/HDAC and N-CoR/SMRT complexes. HeLa cell nu-
clear extract was prepared as described previously (8). Approximately 5 g of
protein was loaded onto a P11 phosphocellulose column (Whatman) as de-
scribed previously (36). The majority of the N-CoR protein was found in the 300
mM KCl fraction, whereas the majority of the Sin3a protein was found in the 500
mM KCl fraction. To further purify the Sin3/HDAC complex, proteins in the 500
mM fraction were precipitated with 50% ammonium sulfate, redissolved, dia-
lyzed against buffer C (750 mM ammonium sulfate, 10% [vol/vol] glycerol, 50
mM potassium phosphate [pH 7.9], 0.2 mM EDTA, 1 mM dithiothreitol [DTT],
1 mM phenylmethylsulfonyl fluoride [PMSF]), and then loaded onto a phenyl-
Sepharose column (Pharmacia). Proteins binding to the column were eluted
stepwise with buffer C containing 500 or 0 mM ammonium sulfate. The 0 M
ammonium sulfate fraction was dialyzed against buffer D (100 mM KClI, 10%
[vol/vol] glycerol, 20 mM Tris [pH 8.0], 0.2 mM EDTA, 2 mM DTT, 1 mM
PMSF), loaded onto a DEAE-Sepharose column (Pharmacia), and eluted with
buffer D containing 350 mM KCl. Finally, the DEAE eluate was loaded onto a
Superose 6 column (Pharmacia) equilibrated in buffer E (100 mM KCI, 20%
[vol/vol] glycerol, 20 mM Tris [pH 8.0], 0.2 mM EDTA, 2 mM DTT, 1 mM
PMSF, 0.05% NP-40). The 300 mM KCI fraction of the phosphocellulose column
containing N-CoR was dialyzed against buffer E, loaded onto a DEAE-Sepha-
rose column, and eluted with buffer E containing 350 mM KCI. This eluate was
loaded onto a Superose 6 column as described above for the Sin3/HDAC com-
plex. Superose 6 fractions containing either the Sin3A or N-CoR protein were
pooled, concentrated with a Centricon spin column, and stored at —80°C. A
DNA affinity pull-down approach was used to recruit the Sin3/HDAC and N-
CoR/SMRT complexes to immoblized templates. An oligonucleotide containing
a LexA binding site (28) was multimerized, after which a Klenow fragment
(Invitrogen) fill-in with bio-ATP (Gibco) was performed. Next, multimerized
oligonucleotides were bound to streptavidin-conjugated Dynabeads (Dynal) and
incubated with LexA-Mad, LexA-TR(DE), or the LexA DNA-binding domain
(DBD) alone at 4°C for 20 min. The beads were washed twice with buffer F (100
mM KCl, 5% glycerol, 10 mM HEPES [pH 7.9], 2 mM MgCl,, 5 mM DTT, 1 mM
PMSF) containing 0.25% Triton X-100 and incubated with the Superose 6
fractions containing the Sin3/HDAC and N-CoR/SMRT complexes, respectively,
supplemented with 0.25% NP-40, 2 mM MgCl,, and 0.1-pg/pl dIdC for 3 h at
4°C. Beads were extensively washed with buffer F containing 175 mM NaCl and
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0.5% Triton X-100, after which bound proteins were eluted with 1 M NaCl.
These eluates were analyzed by Western blotting, silver staining and nanoscale
liquid chromatography-tandem mass spectrometry (nLC-MS/MS) for the Sin3/
HDAC complex.

Protein identification by LC-MS/MS. The purified SIN3/HDAC complex (50
plin 1 M NaCl, 50 mM Tris [pH 8.0]) was reduced by 10 mM DTT for 30 min
at room temperature and alkylated in 55 mM iodoacetamide for 30 min. The
sample was diluted 10 times to a final concentration of 100 mM NaCl, 2 M urea,
and 100 mM Tris (pH 8.0) and digested with 1 pg of LysC at 37°C for 4 h and
2 ng of modified trypsin at 37°C for 16 h. The digested sample was acidified with
formic acid and purified by Poros R3 (Applied Biosystems) beads.

Peptide mixtures were separated by nano reversed-phase LC and subjected
on-line to MS and MS/MS by using a QSTAR pulsar quadrupole time-of-flight
tandem mass spectrometer (ABI/Sciex MDS). Nano columns of 5 cm with a
75-pm inside diameter and 8-wm opening size packed with 3-um C¢ beads were
applied. Peptides were separated by applying an acetonitrile gradient for 2 h with
a flow rate of 200 wl/min. Peptide selection and fragmentation was set by the
Analyst software for cycles of 7.5 containing precursor selection in the mass
range of 400 to 1,200 during 1.5 s and four MS/MS experiments in the mass range
of 350 to 1,600 for 1.5 s each. Signals were enhanced around 730.

Data analysis. Lists of peaks containing the precursor masses and the corre-
sponding MS/MS fragments were generated from the original data file by an
Analyst script file. The peak lists were searched against the human National
Center for Biotechnology Information database by using the Mascot algorithm,
with an accuracy of 0.2 Da. Proteins identified by at least one first-ranked peptide
were verified by manual inspection of the MS/MS spectra.

Purification of yeast HATs. Native HAT complexes from Saccharomyces cer-
evisiae were purified as described previously (9). After separation of the four
major S. cerevisiae HAT complexes on a MonoQ column (Pharmacia), the NuA4
and SAGA complexes were further purified on a Superose 6 column. In vitro
HAT assays of HeLa core histones were performed to determine the activity of
the purified HAT complexes.

Expression and purification of recombinant proteins. LexA-Mad amino acids
5 to 24 and LexA-TR(DE) proteins were expressed as six-His-tagged fusion
proteins in the pET28a vector (Novagen). Plasmids were transformed into BL21
DE3 LysS bacteria. Cells were grown at 30°C, and protein expression was in-
duced with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 3 h. The
expressed recombinant proteins were purified from the soluble fraction with
Ni?*-nitrilotriacetic acid agarose beads (Qiagen). Proteins were further purified
over a MonoQ column (Pharmacia). LexA-Mad was found in the flowthrough of
the column, whereas the LexA-TR protein eluted at approximately 300 mM
NaCl.

Histone preparations and nucleosome reconstitution. Xenopus core histones
were expressed and purified from Escherichia coli essentially as described pre-
viously (25). Core histones were reconstituted into octamers, purified on a
Superose 12 gel filtration column (Pharmacia), and subsequently used for nu-
cleosomal reconstitutions. Hyperacetylated core histones from HeLa cells as well
as chicken oligonucleosomes were purified as described previously (24, 39).
Plasmid L8GSEAT15S was obtained by cloning eight LexA sites in the PstI and
HindIII sites of vector GSEA4T (14). A Lychetinus variegatus 5S positioning ele-
ment from vector PCL115 (18) was cloned in the Xbal and BamHI sites of this
plasmid. The plasmid was linearized with BamHI, filled-in with Klenow poly-
merase by using bio-ATP (Gibco), and subsequently cleaved with HindIIL. The
resulting 520-bp fragment was purified and reconstituted with recombinant Xe-
nopus octamers or hyperacetylated HeLa core histones as described previously
(33).

Micrococcal nuclease digestion of nucleosomal array. Approximately 750 ng
of DNA reconstituted into nucleosomes was digested with 10 mU of micrococcal
nuclease (Worthington Biochemicals) for 0, 20, 40, 60, and 180 s at 37°C in buffer
F containing 50 mM KCI and 3 mM CaCl,. Reactions were stopped by adding 10
mM EGTA, after which DNA was phenol-chloroform extracted, precipitated,
and loaded onto a 1.5% agarose gel.

Immobilized template pull-down assays. The biotinylated nucleosomal tem-
plates were coupled to paramagnetic streptavidin-conjugated Dynabeads (Dy-
nal) as described previously (14). Approximately 200 ng of template reconsti-
tuted with recombinant Xenopus histone octamers bound to beads was acetylated
with NuA4 or SAGA for 1 h at 30°C in 50 pl of buffer F containing 50 mM KCI.
Beads were then washed extensively with buffer F containing 300 mM KCI and
0.5% Triton X-100 to remove the HATs from the templates. Next, templates
were incubated with LexA-Mad, LexA-TR, or LexA DBD in 50 pl of buffer F
containing 75 mM KCl, 0.1% NP-40, and complete protease inhibitor cocktail
(Roche) for 20 min at 37°C. After being washed with buffer F, 5 pl of each of the
Superose 6 fractions containing the N-CoR/SMRT or Sin3/HDAC complex was
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added in 50 pl of buffer F containing 75 mM KCI and 0.1% NP-40. Furthermore,
when indicated, a 50- to 100-fold molar excess of competitor chicken oligonu-
cleosomes and 1 pM trichostatin (TSA) were added. Finally, the beads were
washed twice with buffer F containing 300 mM KCI and 0.25% NP-40, after
which, Western blotting analysis was performed. Blots were probed with anti-
bodies against HDAC2 (Santa Cruz), HDAC3 (Santa Cruz), Sin3a (Santa Cruz),
acetyl H3 Lys 9,14 (Upstate Biotechnology, Inc.), and acetyl H4 tetra (Upstate
Biotechnology, Inc.).

RESULTS

Purification of the Sin3/HDAC and N-CoR/SMRT com-
plexes. We set out to purify the Sin3/HDAC and N-CoR/
SMRT complexes from HelLa cell nuclear extracts by conven-
tional column chromatography (Fig. 1A). As shown in Fig. 1B,
Sin3A, HDAC2, and SAP30 (all known to be part of the
Sin3/HDAC complex) cofractionated on a Superose 6 gel fil-
tration column. Intriguingly, Mi-2, a 240-kDa protein compo-
nent of the Mi-2/NuRD corepressor complex, cofractionated
with the Sin3/HDAC complex. HDACI and -2 and RbAp48
and -46 are shared subunits between these complexes. Besides
Mi-2, we found the Swi/Snf complex proteins BRM and
BAF170 in the fractions that also contained Sin3/HDAC com-
plex, although these proteins did not exactly cofractionate with
the Sin3/HDAC and Mi-2/NuRD complexes (data not shown).
Thus, the Superose 6 fractions are highly enriched for the
Sin3/HDAC complex, but they also contain other complexes
that are involved in chromatin metabolism.

Whereas the majority of the Sin3a protein was detected in
the 0.5 M phosphocellulose (PC) fraction, most of the N-CoR
protein was found in the 0.3 M PC fraction. The N-CoR/
SMRT complex was subsequently further purified (Fig. 1A).
Western blotting showed that N-CoR and HDACS3 cofraction-
ate on a gel filtration column (Fig. 1C). Probing the fractions
for components of other complexes revealed the presence of
some HDAC?2 and Sin3a, although their elution profile was
clearly different from that of N-CoR/HDACS3.

These results show that we obtained fractions highly en-
riched for the Sin3/HDAC and N-CoR/SMRT complexes, al-
though these fractions are not homogeneous in composition.
To obtain pure complex preparations, we performed affinity

FIG. 1. Purification of the Sin3/HDAC and N-CoR/SMRT com-
plexes and recruitment to DNA by using chimeric repressor molecules.
(A) Conventional purification of the Sin3/HDAC and N-CoR/SMRT
complexes. HeLa cell nuclear extract was fractionated as shown. The
Sin3/HDAC and N-CoR/SMRT complexes were monitored through-
out the purification by Western analysis with antibodies against
HDAC?2, mSin3a, SAP30, N-CoR, and HDACS3. (B) Elution profile of
the Sin3/HDAC complex on a Superose 6 column analyzed by Western
blotting against Sin3a, HDAC2, and SAP30. (C) As in panel B, using
the N-CoR/SMRT fractions and antibodies against N-CoR, HDAC2,
HDACS3, and Sin3a. (D) Recruitment of the Sin3/HDAC and N-CoR/
SMRT complexes by the LexA-Mad and LexA-TR(DE) fusion pro-
teins, respectively. Fractions 9 to 13 (Fig. 1B) and 7 to 11 (Fig. 1C)
from the Superose 6 columns containing the Sin3/HDAC and N-CoR/
SMRT complexes were used for the LexA-Mad and LexA-TR(DE)
pull-down on paramagnetic streptavidin-conjugated Dynal Dynabeads
containing multimerized LexA oligonucleotides. Bound proteins were
eluted from DNA with 1 M NaCl, loaded on a sodium dodecyl sulfate-
polyacrylamide (8%) gel, and analyzed by Western blotting with the
indicated antibodies. Input fractions used for the pull-down are also
shown.
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purification by using chimeric repressor molecules. A protein
containing the LexA DBD fused to amino acids 5 to 24 of the
Mad repressor (LexA-Mad) was used to target the Sin3/
HDAC complex to multimerized LexA DNA binding sites
coupled to magnetic beads. Both Sin3a and HDAC2 were
specifically recruited to the LexA-Mad beads, whereas Mi-2
was not (Fig. 1D). In this experiment, dIdC was included to
reduce binding of proteins that have nonspecific DNA binding
affinity. Analysis of the recruited proteins by silver stain
showed a number of proteins that were specifically retained on
the LexA-Mad beads, but not on LexA beads (Fig. 2A). These
proteins were analyzed by nLC-MS/MS. Besides matches to
Sin3a, we obtained peptides matching HDAC1 and -2,
RbAp48 and -46, SAP30, SDS3, and RBP1 (Fig. 2B). Surpris-
ingly, we did not detect peptides matching SAP18 or Sin3b, two
of the reported subunits of the core Sin3/HDAC complex.
Moreover, we did not obtain peptides from Mi-2 or MTA2 or
components of the N-CoR/SMRT complex. Similarly, Swi/Snf
complex proteins, which have recently been reported to inter-
act with the Sin3/HDAC complex, were absent, although these
proteins were present in the input material. Thus, the LexA-
Mad protein appears to specifically recruit a Sin3/HDAC core
complex to DNA.

A chimeric protein containing the LexA DBD fused to the
DE domain of the thyroid hormone receptor was used to target
the N-CoR/SMRT complex. The DE domain of the thyroid
hormone receptor is known to interact with the N-CoR protein
in the absence of hormone ligand. Western blot analysis re-
vealed that N-CoR, HDAC3, TBLI1, and GPS2, a recently
identified subunit of the N-CoR complex, were specifically
recruited by the LexA-TR(DE) fusion protein, but not by the
LexA DBD alone (Fig. 1D). Furthermore, Western blot anal-
ysis with antibodies specific for Sin3a, HDAC2, and Mi-2
showed that these were not recruited by the LexA-TR(DE)
fusion protein, confirming the specificity of the chimeric re-
pressor for the N-CoR/SMRT complex.

HDAC activity of the Sin3/HDAC and N-CoR/SMRT com-
plexes. Having established that the LexA-Mad and LexA-
TR(DE) fusion proteins can efficiently and specifically recruit
the Sin3/HDAC and N-CoR/SMRT complexes to DNA, we
extended our analyses to nucleosomal templates. To generate
a nucleosomal template, DNA (Fig. 3A) was mixed with puri-
fied Xenopus octamers or hyperacetylated HeLa core histones
(Fig. 3B) in a 1:1 molar ratio and reconstituted by a salt
dilution protocol. Subsequently, the nucleosomal templates
were bound to streptavidin-coupled Dynabeads. The reconsti-
tutions were analyzed by agarose gel electrophoresis before
binding them to the beads (data not shown). In addition, a
partial micrococcal nuclease digestion of the template was
performed (Fig. 3C).

Next, we addressed whether the partially purified Sin3/
HDAC and N-CoR/SMRT complexes could deacetylate nu-
cleosomal templates reconstituted with hyperacetylated his-
tones in vitro. Initially to confirm that the purified fractions
contained HDAC activity, in vitro HDAC assays of *H-labeled
core histones were performed (data not shown). As shown in
Fig. 4A, the Superose 6 fractions 9 to 13 containing the Sin3/
HDAC complex displayed deacetylase activity. However the
deacetylation reaction could not be driven to completion, even
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FIG. 2. Analysis of the affinity-purified Sin3/HDAC complex by
silver stain and MS. (A) Recruitment of the Sin3/HDAC complex by
the LexA-Mad fusion protein. Fractions 9 to 13 (Fig. 1B) from the
Superose 6 column containing the Sin3/HDAC complex were used for
the LexA-Mad pull-down on paramagnetic streptavidin-conjugated
Dynal Dynabeads containing multimerized LexA oligonucleotides.
Bound proteins were eluted from DNA with 1 M NaCl, loaded onto an
SDS-polyacrylamide (8%) gel, and analyzed by silver staining. (B) A
pull-down similar to that described for panel A was performed. After
elution of the recruited proteins with 1 M NaCl, they were analyzed by
nLC-MS/MS.

when increasing amounts of proteins were added (data not
shown). This indicates that a subset of the acetyl groups could
not be removed and/or that hyperacetylated histones contain
modifications that inhibit or prevent histone deacetylation.
Deacetylation of the templates, however, was complete when
recombinant Xenopus histones were used that had been acety-
lated with purified S. cerevisiae SAGA complex (Fig. 4B). Sim-
ilar results were obtained with Superose 6 fractions containing
the N-CoR/SMRT complex (data not shown).
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FIG. 3. Reconstitution and analysis of the nucleosomal template.
(A) Schematic representation of the DNA template containing eight
LexA binding sites and a 5S nucleosome positioning element.
(B) Analysis of purified recombinant (Rec.) Xenopus octamers and
hyperacetylated (Hyperac.) core histones purified from HeLa cells on
SDS-polyacrylamide (15%) gel electrophoresis gel stained with Coo-
massie brilliant blue. (C) Partial micrococcal nuclease digestion. Nu-
cleosomal templates were incubated with 10 mU micrococcal nuclease
at 37°C for 0, 20, 40, 60, and 180 s. Reactions were stopped by adding
10 mM EGTA. DNA was phenol chloroform extracted, precipitated,
and loaded onto a 1.5% agarose gel. DNA size markers are indicated
on the left. An arrow indicates mononucleosomal DNA.

The Sin3/HDAC complex deacetylates histones H3 and H4
upon targeting to chromatin. The experiments described
above showed that the Superose 6 fractions have significant
nucleosomal deacetylase activity. These fractions, however,
also contain small amounts of the Mi-2/NuRD complex and
possibly other HDAC-containing complexes. Therefore, we
cannot unequivocally attribute the observed HDAC activity to
the Sin3/HDAC and N-CoR/SMRT complexes. To circumvent
this problem, we used an experimental setup in which the
Sin3/HDAC and N-CoR/SMRT complexes are recruited to the
immobilized nucleosomal template in a competitive setting.
Highly enriched native S. cerevisiae HAT complexes (SAGA
and NuA4) were used to acetylate the nucleosomes. After
incubation for an hour, the beads were washed with high-salt
buffer and detergent to strip the HAT complexes from the
templates, as monitored by Western blotting (data not shown).
The beads were then incubated with or without LexA-Mad,
washed, and subsequently incubated with the enriched Sin3/
HDAC fractions, in the absence or presence of competitor
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FIG. 4. Deacetylase activity of the Sin3/HDAC complex. (A) Nu-
cleosomal templates reconstituted with hyperacetylated (Hyperac.) hi-
stones were incubated with the Sin3/HDAC complex in the absence or
presence of TSA. The amount of H3 deacetylation was determined by
Western blotting with an antibody that recognizes diacetylated histone
H3 Lys 9,14. (B) Nucleosomal templates reconstituted with recombi-
nant (Rec.) Xenopus octamers were incubated with the S. cerevisiae
SAGA complex, washed, and subsequently incubated with Sin3/HDAC
complex in the presence or absence of TSA, after which the amount of
H3 acetylation (Ac) was determined as described for panel A.

oligonucleosomes. Finally as a control, a targeting experiment
was performed in the presence of an HDAC inhibitor, TSA. In
the absence of LexA-Mad and competitor oligonucleosomes,
the Sin3/HDAC complex was associated with the nucleosomal
template. This resulted in a complete deacetylation of histone
H3 (Fig. 5A, lane 2). The association of the Sin3/HDAC com-
plex was DNA sequence independent, because upon addition
of a 50- to 100-fold molar excess of competitor oligonucleo-
somes, HDAC?2 binding to the beads could not be detected,
and deacetylation was not observed (compare lanes 2 and 3).
However, the Sin3/HDAC complex was retained on the beads
when specifically recruited by LexA-Mad to the nucleosomal
templates in the presence of competitor oligonucleosomes, and
deacetylation was observed (compare lanes 3 and 4). Finally, a
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FIG. 5. The Sin3/HDAC complex can deacetylate histones H3 and
H4 upon targeting to a nucleosomal template. Nucleosomal templates
reconstituted with recombinant Xenopus octamers were incubated with
the S. cerevisiae SAGA complex (A and C) or NuA4 complex (B),
washed, incubated with or without LexA-Mad (A and B) or a LexA-
Mad mutant (C), and subsequently incubated with the Sin3/HDAC
complex in the presence or absence of competitor oligonucleosomes,
in the presence or absence of TSA. The amount of H4 acetylation (Ac)
was determined by Western blotting with an antibody that recognizes
tetra-acetylated H4.

control experiment in which TSA was added showed that
HDAC activity could be inhibited (Fig. 5A, lane 5).

Next, we wanted to address whether the Sin3/HDAC com-
plex could deacetylate nucleosomal templates containing his-
tone H4 molecules acetylated with highly enriched NuA4 com-
plex. The NuA4 complex acetylates all four lysines in the N
terminus of histone H4 (1). As for histone H3, the Sin3/HDAC
complex deacetylated histone H4 (Fig. 5B). Again, in the pres-
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ence of competitor oligonucleosomes, targeted recruitment by
the LexA-Mad molecule was a prerequisite to achieve histone
deacetylation. Thus, the Sin3/HDAC complex is able to
deacetylate both histones H3 and H4 when targeted to nucleo-
somal templates preacetylated by the S. cerevisiae SAGA and
NuA4 complexes, respectively.

To further illustrate the specificity of the LexA-Mad protein
for the Sin3/HDAC complex, we purified a mutant LexA-Mad
molecule containing two point mutations, L12P and A16P.
This mutant was subsequently assayed for its ability to recruit
the Sin3/HDAC complex to immobilized nucleosomal tem-
plates. As shown in Fig. 5C, HDAC?2 recruitment and deacety-
lation of histone H3 could not be observed on nucleosomal
templates incubated with the LexA-Mad mutant. In contrast,
HDAC2 recruitment and almost complete deacetylation of
histone H3 were observed on beads incubated with the wild-
type LexA-Mad molecule (compare lanes 3 and 4 of Fig. 5C).

The N-CoR/SMRT complex only deacetylates histone H3
upon targeting to chromatin. To assess whether the HDAC3-
containing N-CoR/SMRT complex displays histone substrate
specificity, we used the LexA-TR(DE) fusion protein to target
the N-CoR/SMRT complex to acetylated nucleosomal tem-
plates. As shown in Fig. 6A and B, addition of the N-CoR/
SMRT enriched fractions in the absence of competitor oligo-
nucleosomes and the LexA-TR(DE) fusion protein resulted in
deacetylation of both histones H3 and H4 (Fig. 6A and B, lane
2). Western blotting clearly showed that HDAC2 and HDACS3,
and thus both the Sin3/HDAC and the N-CoR/SMRT com-
plexes, associated with the nucleosomal templates in this non-
targeted setting. Addition of competitor oligonucleosomes dis-
placed HDAC2 and HDAC3 and abolished deacetylation of
the immobilized template (Fig. 6A and B, lane 3). However,
LexA-TR(DE) specifically recruited HDAC3 and thus the N-
CoR/SMRT complex under these competitive binding condi-
tions, whereas Sin3/HDAC recruitment was no longer ob-
served, illustrating the specificity of the LexA-TR(DE) fusion
protein for the N-CoR/SMRT complex. Strikingly, in this com-
petitive setting, the N-CoR/SMRT complex deacetylated his-
tone H3 but showed no detectable activity toward histone H4
(compare Fig. 6A and B, lane 4). This indicates that the N-
CoR/SMRT complex specifically deacetylates histone H3 upon
recruitment to nucleosomes.

The thyroid hormone receptor is thought to interact with the
N-CoR/SMRT complex only in the absence of thyroid hor-
mone. In the presence of thyroid hormone, a conformational
switch in the DE domain of the receptor causes the corepres-
sors to dissociate, which are then replaced by coactivators. In
agreement with this, N-CoR/SMRT recruitment and histone
H3 deacetylation were not observed when nucleosomal tem-
plates were incubated with the LexA-TR(DE) protein in the
presence of thyroid hormone (compare lanes 3 and 4, Fig. 6C).
This result shows the specificity of the unliganded LexA-
TR(DE) molecule for the N-CoR/SMRT complex.

In conclusion, these experiments demonstrate that HDAC-
containing complexes can be efficiently and specifically re-
cruited to in vitro reconstituted nucleosomal templates by chi-
meric recombinant repressor molecules. As is observed for the
HAT complexes, these HDAC complexes display differences in
substrate specificities, which probably reflects different func-
tions in vivo.
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FIG. 6. The N-CoR/SMRT complex deacetylates histone H3 upon
targeting to a nucleosomal template. Nucleosomal templates reconsti-
tuted with recombinant Xenopus octamers were incubated with the S.
cerevisiae SAGA complex (A and C) or NuA4 complex (B), washed,
incubated with or without LexA-TR(DE) (A and B) or LexA-TR(DE)
in the presence of 5 uM T3 (C), and subsequently incubated with the
N-CoR/SMRT complex in the presence or absence of competitor oli-
gonucleosomes, in the presence or absence of TSA. Ac, acetylation.

DISCUSSION

Purification of the Sin3/HDAC and N-CoR/SMRT com-
plexes. In this study, we have used a combination of conven-
tional column chromatography and a DNA affinity pull-down
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approach to purify the Sin3/HDAC and N-CoR/SMRT com-
plexes from HelLa cell nuclear extracts. The purified N-CoR/
SMRT complex was analyzed extensively by Western blotting,
revealing that N-CoR, HDAC3, GPS2, and TBL1—all known
to be part of the N-CoR/SMRT complex—were recruited by
LexA-TR(DE). Sin3a and HDAC?2 were not recruited by the
LexA-TR(DE) fusion protein, despite the facts that these pro-
teins have been described as N-CoR/SMRT-interacting pro-
teins (15, 29) and were present in the fraction used for the
pull-down. The Sin3/HDAC complex recruited on LexA-Mad
beads was of sufficient purity to unequivocally identify the
recruited proteins by nLC-MS/MS. Eight previously reported
proteins were identified as core components of the Sin3/
HDAC complex. Surprisingly, we did not obtain peptide hits
for SAP18 and Sin3b, two of the reported subunits of the core
Sin3/HDAC complex. Recently a novel SAP18-containing
complex was reported, which does not contain Sin3a or
HDAUG:, indicating that SAP18 might not be a component of
the core Sin3/HDAC complex (31a). Moreover, Swi/Snf com-
plex components that have been described as Sin3/HDAC- and
N-CoR/SMRT-interacting proteins (22, 32, 34) could not be
detected by nLC-MS/MS. Protein components of the human
Swi/Snf complex, such as Brgl, BRM, BAF170, and BAF60,
were detected in the Superose 6 fractions that were used for
the LexA-Mad and LexA-TR(DE) pull-down. These proteins
were partially coeluting with the Sin3/HDAC and N-CoR/
SMRT complexes on the gel filtration column (data not
shown). A possible explanation for these observations could be
that the interactions between the Sin3/HDAC or N-CoR/
SMRT complexes with Swi/Snf complex are lost during the
stringent washing procedures that were used in our experi-
ments. Intriguingly, when competitor dIdC was omitted and
when the beads were washed with lower stringency, BAF170
and BRM were both retained on LexA-Mad beads, arguing in
favor of a weak physical interaction between Sin3/HDAC and
Swi/Snf (data not shown). Whatever the nature of the interac-
tion, ATP-dependent nucleosome-remodeling activity was not
required for efficient deacetylation of the immobilized tem-
plates, since all reactions described in this study were per-
formed in the absence of ATP.

Histone tail specificity of HDAC-containing complexes. To
date, the issue of histone tail specificity of different HDACs
has mainly been addressed in vivo. However, potential indirect
effects and compensatory mechanisms due to redundancy ham-
per a direct functional analysis of different HDACs. The in
vitro approach described here allowed us to surmount these
obstacles and enabled us to directly analyze the enzymatic
properties of different HDAC-containing corepressor com-
plexes. We have shown that the Sin3/HDAC and N-CoR/
SMRT complexes can be selectively recruited to in vitro re-
constituted nucleosomal templates by specific chimeric
repressors in the presence of a large excess of competitor
nucleosomes. This is in agreement with the reported specific
recruitment of these corepressor complexes by several tran-
scription factors, as determined in particular by ChIP experi-
ments (3, 31). In addition, by using native SAGA and NuA4
HAT complexes to acetylate nucleosomal templates reconsti-
tuted with recombinant histones rather than using hyperacety-
lated nucleosomes, we have reconstituted near physiological
conditions. Our analyses revealed that the Sin3/HDAC com-
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plex can deacetylate both histone H3 and H4 upon specific
recruitment to nucleosomes, whereas the N-CoR/SMRT com-
plex only deacetylates histone H3. Thus, different HDAC-con-
taining complexes display distinct histone tail specificities, sug-
gesting that they play different roles in the regulation of
transcription.

Interestingly, the Sin3/HDAC complex contains two
deacetylases, HDAC1 and HDAC2, whereas the N-CoR/
SMRT complex contains only one deacetylase, HDAC3. It is
tempting to speculate that a division of labor exists in the
Sin3/HDAC complex and that one of the two HDACsS deacety-
lates histone H3, whereas the other deacetylates histone H4.
At present, this question cannot be addressed experimentally,
since both HDAC1 and HDAC?2 are present in one complex.
Furthermore, recombinant HDAC1 and HDAC2 molecules
are not active on nucleosomal substrates (43), and hence the
division of labor hypothesis remains purely speculative at this
point.

HDACS and the histone code. In our initial experiments, we
made use of nucleosomal templates that contained hyperacety-
lated histones purified from HeLa cells. Surprisingly, the pu-
rified HDAC complexes were not able to fully deacetylate
these templates. A possible explanation could be that a frac-
tion of the purified bulk HeLa histones contain modifications
such as phosphorylation or methylation that may inhibit
HDAC activity. Recombinant nucleosomal templates uni-
formly and physiologically acetylated by native SAGA or
NuA4 could, however, be efficiently deacetylated. These find-
ings corroborate and extend the observed phenomenon of
cross talk between different histone modifications.

The fact that the Sin3/HDAC complex can counteract the
activities of both the SAGA and NuA4 complexes suggests that
the Sin3/HDAC complex may impinge on processes other than
regulation of transcription. Whereas the SAGA complex is
predominantly involved in transcription-related processes, the
NuA4 complex also plays a role in DNA repair and possibly
other processes that involve chromatin modifications (5, 17).
On the other hand, the apparent specificity of the N-CoR/
SMRT complex for histone H3 acetylation suggests that this
complex predominantly antagonizes transcription promoted by
histone H3 K9 and K14 acetylation.

The work presented here clearly illustrates the specificity of
the interaction between transcription factors and corepressors.
Evidently, these transcription factors appear to recruit distinct
corepressor complexes that display a general (“broad”) or
rather restricted (“narrow”) histone tail specificity. The phys-
iological implications of the recruitment of an HDAC complex
with a broad or narrow tail specificity by the tumor supressor
Mad and the unliganded thyroid hormone receptor, respec-
tively, remain to be elucidated.
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