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Repression of gene transcription is linked to regulation of chromatin structure through deacetylation of core
histone amino-terminal tails. This action is mediated by histone deacetylases (HDACs) that function within
active multiprotein complexes directed to the promoters of repressed genes. In vivo, HDAC3 forms a stable
complex with the SMRT corepressor. The SMRT-HDAC3 complex exhibits histone deacetylase activity,
whereas recombinant HDAC3 is an inactive enzyme. Here we report that SMRT functions as an activating
cofactor of HDAC3. In contrast, SMRT does not activate the class II HDAC4, with which it also interacts.
Activation of HDAC3 is mediated by a deacetylase activating domain (DAD) that includes one of two SANT
motifs present in SMRT. A cognate DAD is present in the related corepressor N-CoR, which can also activate
HDAC3. Mutations in the DAD that abolish HDAC3 interaction also eliminate reconstitution of HDAC ac-
tivity. Using purified components, the SMRT DAD is shown to be necessary and sufficient for activation of
HDAC3. Moreover, the DAD is required both for HDAC3 to function enzymatically and for the major
repression function of SMRT. Thus, SMRT and N-CoR do not serve merely as platforms for HDAC recruit-
ment but function as an integral component of an active cellular HDAC3 enzyme.

Reversible histone acetylation has been identified as a major
regulator of eukaryotic gene transcription. Lysine residues in
histone tails are acetylated by histone acetyltransferases (HATs)
that function as transcriptional coactivators (5, 29, 49). The
acetylation of histones results in a less restrictive chromatin
structure that is generally associated with transcriptional acti-
vation (55). The HATs primarily function as part of large
multiprotein coactivation complexes that are recruited to ac-
tive genes by sequence-specific DNA binding proteins (11, 28).
Although these complexes can contain multiple HATs, indi-
vidual HATs are enzymatically active when purified from a
variety of sources (38, 40, 48). These intrinsically active HATs
can be inhibited or potentiated by various viral proteins and
transcription factors (7, 8, 16, 43, 47).

Histone deacetylases (HDACs) reverse the enzyme reaction
catalyzed by HATs, leading to a repressive chromatin structure
(30, 42). Multiple HDACs of three major classes have been
identified. Class I HDACs include HDACs 1, 2, 3, and 8 (10,
20, 50, 63, 64) and are homologous to the yeast Rpd3 deacety-
lase, whereas the class II deacetylases including HDACs 4, 5, 6,
and 7 are more similar to yeast Hda1 (12, 27, 37, 57). A third
class of HDACs include homologs of the yeast Sir2 silencing
protein which was found to require a NAD cofactor for activity
(24, 32, 46). HDACs have been found to function in vivo as
large multiprotein complexes that are targeted by DNA bind-
ing proteins to actively repress gene transcription. Biochemi-
cally purified HDAC-containing complexes include NuRD-
Mi2 complexes (52, 58, 62, 69), Sin3 complexes (17, 31, 68, 71),
CoREST complexes (22, 65), and the core complexes contain-
ing nuclear hormone receptor corepressors N-CoR and SMRT

(15, 34). Isolation of individual HDACs by recombinant meth-
ods without associated complex components or cofactors has
generally yielded inactive forms of the deacetylases (24, 32, 33,
70). It has been shown that the deacetylase activity of HDAC1
is dependent upon MTA2 in the context of the Mi2-NuRD
complex and upon CoREST in its cognate complex (70).

Two closely related corepressors, SMRT (silencing mediator
for retinoid and thyroid receptors) (9) and N-CoR (nuclear
receptor corepressor) (19), mediate repression functions for
numerous transcription factors including unliganded nuclear
hormone receptors (9, 19, 44, 66), the notch binding protein
CBF-1 (26), and homeodomain proteins Rpx2, Pit1, and Pbx
(3, 61). Studies with knockout mice have demonstrated that
N-CoR is essential for viability, playing a critical role in the
development of the brain and hematopoietic system (25). Both
SMRT and N-CoR interact directly with multiple HDACs,
including HDACs 3, 4, 5, and 7 (15, 21, 27, 34), and may
associate with HDACs 1 and 2 via the Sin3 repressor (18, 39,
54). The current view of SMRT and N-CoR function holds that
these corepressors passively recruit active HDACs to unligan-
ded nuclear hormone receptors and other transcriptional re-
pressors.

SMRT and N-CoR both exist in tight complexes containing
TBL1 (a WD40 repeat-containing protein) and HDAC3 (15,
34). The functional interaction between N-CoR or SMRT and
HDAC3 was also found in Xenopus oocytes, where HDAC3 is
important for mediating repression by unliganded thyroid hor-
mone receptor (34, 56). The purified SMRT-TBL1-HDAC3
complex possesses HDAC enzyme activity, whereas here we
show that recombinant HDAC3 alone does not function as an
HDAC. SMRT binding to HDAC3 is necessary and sufficient
to form an active enzyme complex. This function of SMRT is
mediated by a deacetylase activating domain (DAD) that is
conserved in N-CoR, which also activates HDAC3. Thus, the
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role of SMRT and N-CoR is not only to deliver HDACs to
target genes but to serve as critical cofactors in the formation
of an active HDAC enzyme.

MATERIALS AND METHODS

Production of active HDAC complexes in vitro. Myc-HDAC3 and cofactors
were translated individually with the TNT T7 Quick coupled transcription-trans-
lation kit (Promega) according to the manufacturer’s instructions. One hundred
microliters of translated material was used as a source for each protein unless
otherwise noted. After translation, the desired proteins were mixed and added to
2 volumes of buffer D-300 (300 mM KCl, 20 mM HEPES [pH 7.9], 0.25 mM
EDTA, 10% glycerol, 0.1% Tween 20) containing protease inhibitors (Boehr-
inger Mannheim Complete cocktail). Complexes were purified by incubation
with anti-Myc agarose beads (Santa Cruz Biotechnology) for 16 to 18 h at 4°C.
Beads were washed three times in buffer D-300 and once in HD buffer (20 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 10% glycerol). The beads were then subjected
to HDAC assay and immunoblot analysis.

HDAC assays. 3H-labeled acetylated histones were prepared essentially as
described elsewhere (6). Deacetylase activities of immunoprecipitations were
assayed by incubating the pelleted beads with 20,000 cpm of 3H-labeled acety-
lated HeLa histones in a total volume of 200 ml of HD buffer at 37°C for 1.5 h.
The beads were collected and separated from the aqueous reaction mixtures.
Reaction mixtures were quenched with 50 ml of stop solution (1 M HCl, 0.16 M
HAc) and extracted with 600 ml of ethyl acetate. Released 3H-acetic acid was
measured by scintillation counting of the organic phase.

Plasmid constructs. All plasmids contained the T7 promoter for in vitro
coupled transcription-translation. Myc-HDAC3 was produced by cloning
HDAC3 cDNA (encoding amino acids 1 to 428) into pcDNA3.1myc/his (Invitro-
gen). Myc-HDAC4 was produced by cloning HDAC4 cDNA into pcDNA3.1myc/
his and was described previously (16). Gal4-TBL1 was produced by cloning TBL1
cDNA (encoding amino acids 1 to 577) into pGal4-DBD (67). Full-length Flag-
tagged mouse SMRT was a gift from Ronald Evans, full-length Flag-tagged
mouse N-CoR was a gift from Michael G. Rosenfeld, and full-length rat MTA1
was a gift from Yasushi Toh. Full-length Gal4-SMRT was produced by inserting
the EcoRV fragment from pCMX-SMRT (41) containing SMRT cDNA into
pGal4-DBD, Gal4-mSMRT plasmids containing Gal4 DNA binding domain
(DBD) fusions to mSMRT amino acids 1961 to 2473, 1531 to 1959, 1068 to 1530,
1 to 1028, 1 to 763, 305 to 489, 305 to 763, 305 to 427, 427 to 669, 427 to 489, 427
to 599, 305 to 455, and 395 to 489 were produced by PCR amplification of the
corresponding DNA sequences followed by insertion into pGal4-DBD. Gal4-
SMRT DAD mutants W432A, F440A, F451A, I454A, L458A, V463A, and
Y470A were produced using the corresponding mutagenic oligonucleotides and
the QuickChange site-directed mutagenesis kit (Stratagene). Gal4-SMRT
1-763D DAD (deleted amino acids 305 to 428) was produced by PCR amplifi-
cation of mSMRT sequences encoding amino acids 1 to 304 and insertion in
frame into pGal4-SMRT 1-763 with deletion of sequences encoding amino acids
1 to 428.

Immunoprecipitations. Cells were washed in phosphate-buffered saline, lysed
with lysis buffer A (150 mM NaCl, 40 mM Tris [pH 7.6], 10% glycerol, 0.3%
NP-40) containing protease inhibitors (Boheringer Mannheim Complete cock-
tail) for 20 min, and pelleted at 20,000 3 g. Supernatants were incubated with
anti-Gal4-agarose-conjugated beads (Santa Cruz Biotechnology) at 4°C for 16 to
18 h. Beads were pelleted at 6,000 3 g and washed successively in lysis buffer A,
lysis buffer A containing 300 mM NaCl–0.1% NP-40, lysis buffer A containing
500 mM NaCl–0.1% NP-40, and HD buffer.

Immunoblot analysis and antibodies. Proteins were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose membranes with HMW transfer buffer (50 mM Tris, 380 mM
glycine, 0.1% SDS, and 20% methanol). Blots were probed with primary anti-
bodies in Tris-buffered saline containing 0.15% Tween 20 and 3.0% nonfat dry
milk, followed by horseradish peroxidase (HRP)-conjugated anti-rabbit antibod-
ies (Boehringer Mannheim). Alternatively, HRP-conjugated primary antibodies
were directly used. All blots were visualized with the ECL kit (Amersham
Pharmacia Biotech). Anti-Gal4 DBD rabbit polyclonal antibody and anti-MTA1
antibody were purchased from Santa Cruz Biotechnology. Anti-Myc–HRP was
purchased from Invitrogen. Anti-Flag–HRP rabbit polyclonal antibody was pur-
chased from Sigma Biochemicals.

Baculoviruses and purification of active HDAC3 complex. Flag-HDAC3 and
Myc-SMRT amino acids 1 to 587 were cloned into pBlueBac4.5, and recombi-
nant baculoviruses were produced with the MaxBac 2.0 kit (Invitrogen). Sf9 cells
were maintained in Sf-900 II SFm medium (Gibco BRL) containing Antibiotic-
Antimycotic (Gibco BRL) and 0.1% Pluronic F-68 (Gibco BRL). Sf9 cells (7.5 3

108) were infected with Flag-HDAC3 baculovirus at a mutiplicity of infection of
5.0 in the absence or presence of Myc-SMRT 1-587 baculovirus at a multiplicity
of infection of of 5.0. Control cells were mock infected with an equal volume of
Sf-900 medium. Cells were lysed in lysis buffer A containing protease inhibitors
(Boheringer Mannheim Complete cocktail), and the supernatant was incubated
with 500 ml of anti-Flag agarose beads (Sigma) for 14 to 16 h at 4°C. Beads were
washed successively in lysis buffer A, buffer D-300, buffer D-300 containing 500
mM KCl, buffer D-300 containing 700 mM KCl, and EB buffer (Tris-buffered
saline containing 10% glycerol). Proteins were eluted with 3 3 500 ml of EB
buffer containing 200 mg of FLAG peptide (Sigma) per ml.

Mammalian cell culture and transfection. 293T cells were maintained in
DMEM (high glucose) supplemented with 10% fetal bovine serum and L-glu-
tamine (all from GIBCO BRL). Cells were grown at 37°C in 5% CO2. 293T cells
were transfected with FuGene6 (Boehringer Mannheim) according to the man-
ufacturer’s instructions. Cells were transfected for 48 h and washed with phos-
phate-buffered saline before being harvested for luciferase reporter assays and
immunoprecipitations. In luciferase reporter assays, the Gal4 UAS 3 5-SV40-
luciferase reporter contains five copies of the Gal4 17-mer binding site. Lucif-
erase assay kit (Promega) was used to determine relative levels of the luciferase
gene product. Light units were normalized to a cotransfected b-galactosidase
expression plasmid. Fold repression is relative to the Gal4 DBD, and results of
duplicate samples are plotted.

RESULTS

HDAC3 enzyme activity requires SMRT. We found that
recombinant HDAC3, produced by in vitro coupled transcrip-
tion-translation in rabbit reticulocyte lysate, was devoid of en-
zyme activity (Fig. 1a). Since we had previously shown that the
HDAC3-SMRT-TBL1 complex is an enzymatically active
HDAC complex (15), we tested whether recombinant SMRT,
TBL1, or both could reconstitute enzyme activity in an in vitro
coupled transcription-translation system. HDAC3 and poten-
tial cofactors were combined, the complexes were captured on
an affinity matrix, and the deacetylase activity was measured.
Remarkably, addition of SMRT to HDAC3 created a potent
HDAC enzyme (Fig. 1a). SMRT and HDAC3 physically asso-
ciate under these conditions (Fig. 1b). TBL1, in contrast, did
not activate HDAC3 and did not significantly alter the enzyme
activity of HDAC3 in the presence of SMRT despite physically
interacting with the HDAC3-SMRT complex (Fig. 1). Thus
SMRT, and not TBL1, was required for enzymatic competency
of HDAC3.

SMRT binds but does not activate HDAC4. We next sought
to determine whether association with SMRT activates
HDACs other than HDAC3. Although HDAC3 is the sole
HDAC found in stable endogenous SMRT and N-CoR com-
plexes, we and others have previously shown that SMRT and
N-CoR bind directly and specifically to class II HDACs, in-
cluding HDAC4. This interaction was confirmed in a coimmu-
noprecipitation of Myc-HDAC4 and Flag-SMRT (Fig. 2a).
However, whereas SMRT was associated with both HDAC3
and HDAC4 (Fig. 2a), only HDAC3 enzyme activity was re-
constituted by this interaction (Fig. 2b). Thus, the ability of
SMRT to activate HDAC activity is specific to HDAC3.

Multiple domains of SMRT interact with HDAC3, but only
one functions as a DAD. Polypeptides encompassing the full
length of SMRT were produced in vitro and tested for the
ability to render HDAC3 an active enzyme as well to interact
with HDAC3. (Fig. 3). An HDAC4-interacting polypeptide
corresponding to repression domain 3 (21) did not interact
with or activate HDAC3 (fragment C in Fig. 3). Two C-termi-
nal polypeptides containing regions previously implicated in
HDAC3 interaction (34, 60) were confirmed to interact with
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HDAC3 but did not activate its enzyme activity (fragments A
and B in Fig. 3). Thus, mere interaction with SMRT was not
the sole determinant of HDAC3 activation. In contrast, the N
terminus of SMRT interacted most strongly with HDAC3 and
potently activated HDAC3 enzyme activity (fragment D in Fig.
3). This interaction could be localized to amino acids 305 to
763 (fragment F). Remarkably, these amino acids were suffi-
cient for reconstitution of HDAC3 enzymatic activity (Fig. 3c).

SMRT amino acids 305 to 763 contain two imperfect SANT
repeats. (SANT1 and SANT2 [Fig. 4a]). The SANT domain is
a region of homology between the SWI3, ADA2, N-CoR or
SMRT, and TFIIIB proteins which has some similarity to the
DBDs of Myb-related transcription factors (1). We therefore
sought to determine if one or both SANT repeats were re-
quired for HDAC3 activation, using the series of SMRT-de-
rived polypeptides shown in Fig. 4a. A region containing both

SANT repeats and the intervening sequence (F1 in Fig. 4b)
was unable to activate HDAC3. SANT2 was dispensable for
efficient HDAC3 activation (F2 in Fig. 4b); however deletions
of SANT1 (F4 and F5 in Fig. 4) resulted in abolition of both
HDAC3 binding (F3 and F4 in Fig. 4b) and activity. SANT1 is
necessary but not sufficient (compare F3 and F7 in Fig. 4b) for
HDAC3 activation. Rather, SANT1 requires additional N-ter-
minal flanking sequence (compare F6 and F7 in Fig. 4b) to
form the intact DAD. Thus, the minimal SMRT DAD is ap-
proximately 95 amino acids (395 to 489 in SMRT). In all cases,
interaction with the DAD-containing peptide was required for
competency of the HDAC enzyme (Fig. 4c). The sufficiency of

FIG. 1. SMRT activates HDAC3 deacetylase activity in vitro. (a)
SMRT core complex components were produced by T7-coupled tran-
scription-translation. Myc-HDAC3 alone or mixed together with Gal4-
TBL1 and/or Flag-SMRT was immunoprecipitated with anti-Myc aga-
rose beads to isolate HDAC complexes, and the beads were assayed
for HDAC activity. Immunoprecipitation of unprogrammed transcrip-
tion-translation mix was used as a control. (b) Western blot analysis of
the complexes in panel a. The upper panel was probed for SMRT
(anti-Flag), the middle panel was probed for TBL1 (anti-Gal4), and
the lower panel was probed for HDAC3 (anti-Myc). IP, immunopre-
cipitation.

FIG. 2. SMRT binds but does not activate HDAC4. (a) Western
blot analysis of HDAC complexes formed in the presence or absence
of SMRT. Proteins produced by T7-coupled transcription-translation
were mixed and immunoprecipitated (IP) with anti-Myc agarose
beads. All samples were resoved by SDS-PAGE and subjected to
immunoblotting. Flag-SMRT (top) was probed with anti-Flag. Myc-
HDAC4 and Myc-HDAC3 (middle and bottom) were probed with
anti-Myc. (b) HDAC activity of the complexes in panel a. Note that 50
ml of translated HDAC3 and 100 ml of HDAC4 were used.

VOL. 21, 2001 SMRT AND N-CoR ACTIVATION OF HDAC3 6093



SANT1 was confirmed using a glutathione S-transferase fusion
of SMRT amino acids 305 to 559, containing the DAD but not
SANT2. Purified GST-SMRT 305-559 also activated HDAC3
activity (not shown). Thus, the two SANT sequences in SMRT

are functionally distinct, with only SANT1 being required to
activate HDAC3.

N-CoR also activates HDAC3 enzyme activity. The DAD is
highly conserved between SMRT and N-CoR (Fig. 5a). We
and others have shown that N-CoR interacts with HDAC3 (15,
34, 60), and thus, we sought to determine if N-CoR could also
create an active HDAC3 enzyme. N-CoR–HDAC3 as well as

FIG. 3. SMRT contains a DAD. (a) Schematic representation of
the SMRT corepressor and deletion mutants used to reconstitute
HDAC3 activity. Gal4 DBD fusions to SMRT contained SMRT amino
acids 1 to 2473 (full-length SMRT), SMRT amino acids 1961 to 2473
(fragment A), SMRT amino 1531 to 1959 (fragment B), SMRT amino
acids 1068 to 1530 (fragment C), SMRT amino acids 1 to 1028 (frag-
ment D), SMRT amino acids 1 to 763 (fragment E), SMRT amino
acids 305 to 763 (fragment F), and SMRT amino acids 427 to 559
(fragment G). (b) HDAC activities of HDAC3-containing complexes.
Myc-HDAC3 was incubated with equal amounts of Gal4-SMRT fusion
proteins, immunoprecipitated with anti-Myc, and subjected to HDAC
assay. (c) Immunoblot (IB) of anti-Myc agarose immunoprecipitated
(IP) complexes. The upper panel was probed for SMRT polypeptides
(anti-Gal4); the lower panel was probed for HDAC3 (anti-Myc).

FIG. 4. The SMRT DAD is comprised of SANT1 and its amino-
terminal flank. (a) Schematic representation of SMRT amino acids 305
to 763 containing SANT1 and SANT2. Gal4 DBD–SMRT fusions
contained amino acids 305 to 763 (F), amino acids 427 to 669 (F1),
amino acids 305 to 559 (F2), amino acids 305 to 489 (F3), amino acids
305 to 427 (F4), amino acids 305 to 455 (F5), amino acids 395 to 489
(F6 [DAD]), and amino acids 427 to 489 (F7). (b) HDAC activities of
HDAC3-containing complexes. Myc-HDAC3 was incubated with
equal amounts of Gal4-SMRT fusions, immunoprecipitated with anti-
Myc, and subjected to HDAC assay. (c) Immunoblot (IB) of anti-Myc-
precipitated complexes. The upper panel was probed for SMRT
polypeptides (anti-Gal4), and the lower panel was probed for HDAC3
(anti-Myc). IP, immunoprecipitation.
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SMRT-HDAC3 complexes were formed in vitro and tested
for HDAC activity (Fig. 5b). Recombinant N-CoR activated
HDAC3 enzymatic activity as effectively as SMRT, a finding
consistent with N-CoR’s conserved DAD and ability to interact
with HDAC3 (Fig. 5c). The DAD sequence is also conserved
in the Drosophila protein SMRTER (Fig. 5a), which functions
as a corepressor for the ecdysone receptor (53).

MTA1 is another SANT domain protein, known to be pres-
ent in HDAC1 core complexes (22, 45, 51). In order to deter-
mine if the SANT-containing DADs of SMRT and N-CoR
were specifically required for HDAC3 activation, MTA1 was
tested for the ability to bind and activate HDAC3. Unlike
N-CoR or SMRT, MTA1 neither activates (Fig. 5d) nor binds
HDAC3 (Fig. 5e). This is most likely due to lack of conserva-

FIG. 5. N-CoR corepressor binds and activates HDAC3. (a) Alignment of the SMRT DAD with homologous regions of the corepressors
N-CoR and SMRTER. Residues conserved in at least two of the three proteins are shown on black background. (b) Myc-HDAC3 alone or mixed
with either Flag-SMRT or Flag–N-CoR was immunoprecipitated with anti-Myc and subjected to HDAC assay. Immunoprecipitation of an
unprogrammed transcription-translation mix was used as a control. (c) Immunoblot (IB) of HDAC3 complexes immunoprecipitated (IP) by
anti-Myc. The upper panel was probed for SMRT or N-CoR (anti-Flag); the lower panel was probed for HDAC3 (anti-Myc). (d) Myc-HDAC3
alone or mixed with either MTA1 or Flag-SMRT was immunoprecipitated with anti-Myc and subjected to HDAC assay. (e) Immunoblot analysis
of the Myc-HDAC3 immunoprecipitates in panel d. The upper panel was probed with anti-MTA1, the middle panel was probed for SMRT
(anti-Flag), and the lower panel was probed for HDAC3 (anti-Myc). Five-percent inputs are shown on the left, and all proteins were produced by
T7-coupled transcription-translation.
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tion of the amino acids immediately N terminal to the SANT
domain, which were shown earlier to be required for SMRT
interaction and activation of HDAC3 (Fig. 4).

HDAC3 binding and activation by the SMRT DAD are
strongly correlated. Having shown that the extended N-termi-
nal SANT domain is required for HDAC3 binding and enzyme
activation by SMRT, we further evaluated the role of the
SANT domain by creating and studying seven point mutations
across this region. All seven amino acids chosen for this anal-
ysis are identical in SMRT and N-CoR (Fig. 5a), and all pro-
teins were expressed at similar levels (Fig. 6a). Figure 6 shows
a remarkable correlation between the ability of these SMRT
DAD point mutants to bind to HDAC3 and their ability to
activate the enzyme. For example, the V463A mutant did not
impair binding nor HDAC activity relative to the wild type,
whereas the I454A mutant bound and activated HDAC3 about

50% as well as the wild type (Fig. 6). In contrast, mutations
that dramatically reduced binding (W432A, F440A, F451A,
V463A, and Y470A) also abrogated HDAC3 enzyme activa-
tion by the SMRT DAD. Thus, binding and activation of
HDAC3 by the SMRT DAD are inseparable by this analysis.

N and C termini of HDAC3 are required for interaction with
the SMRT DAD. To ascertain which regions of HDAC3 me-
diate interaction with SMRT, we created HDAC3 deletion
mutants and tested their deacetylase activity and ability to
interact with a SMRT DAD-containing polypeptide. Deletion
of the N-terminal 23 amino acids from HDAC3 abolished its
interaction with SMRT (Fig. 7a) as well as its ability to be
enzymatically activated by the SMRT DAD (Fig. 7b). Deletion
of additional N-terminal amino acids led to the same result.
Remarkably, deletion of 37 amino acids from the C terminus of
HDAC3 also abrogated SMRT interaction (Fig. 7a) and acti-

FIG. 6. HDAC3 activation correlates with SMRT DAD binding. Myc-HDAC3 was mixed with wild-type (WT) Gal4-DAD (Gal4 DBD fusion
to SMRT amino acids 395 to 489) or the point mutant W432A, F440A, F451A, I454A, L458A, V463A, or Y470A. HDAC3 complexes were
immunoprecipitated by anti-Myc agarose beads. (a) Immunoblot analysis of anti-Myc-precipitated complexes. The upper panel was probed for
HDAC3 (anti-Myc), the middle panel was probed for associated SMRT DAD proteins (anti-Gal4), and the lower panel shows 5% inputs of SMRT
DAD proteins. (b) HDAC-activating abilities of anti-Myc-precipitated complexes.
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vation of deacetylase activity (Fig. 7b). Thus, both the N and
the C termini of HDAC3 are required for interaction with the
SMRT DAD. This indicates that both ends of the HDAC3
polypeptide contribute to an intricately folded surface that
interacts with the SMRT DAD.

Reconstitution of a pure, enzymatically active HDAC3-
SMRT complex. Having determined the necessity of the
SMRT DAD for activation of recombinant HDAC3 enzyme in
an in vitro transcription coupled translation system, we next
utilized a baculoviral system to express and purify HDAC3
and a polypeptide containing the SMRT DAD. Full-length
HDAC3 was expressed with a Flag epitope at its C terminus

and purified to near homogeneity using Flag-agarose (Fig. 8a).
This pure preparation of HDAC3 was enzymatically inactive
(Fig. 8b), as previously observed for recombinant HDAC3
synthesized in reticulocyte lysate. HDAC3 was also purified
after coinfection with a baculovirus expressing SMRT amino
acids 1 to 587, containing the DAD. After anti-Flag affinity
purification, SMRT was tightly and stoichiometrically associ-
ated with HDAC3 (Fig. 8). This nearly homogeneous SMRT-
HDAC3 complex was extremely active as an HDAC (Fig. 8b);
;50% of acetylated histone substrate had been deacetylated
compared with ;10 to 20% that we generally observe with the
HDAC3 activity reconstituted with reticulocyte lysate-derived
proteins. These experiments show that SMRT is sufficient as
well as necessary for activation of HDAC3.

Repressive function of the SMRT DAD. We next tested
whether the SMRT DAD contributes to the repression func-
tion of SMRT. The N terminus of SMRT can be subdivided
into at least three domains that mediate repression when fused
to the Gal4 DBD. The Gal4 DBD fusion to SMRT amino acids
1 to 763 is a particularly powerful repressor (Fig. 9a). This
region of SMRT contains the DAD but does not contain the
region that interacts with the class II HDACs 4, 5, and 7 (53).
Within the DAD region, we deleted amino acids 305 to 428
(immediately N terminal to SANT1), which are required for
HDAC3 binding and activation. Deletion of this region within
the DAD dramatically lowered the ability of Gal4 DBD–
SMRT 1-763 to repress transcription in 293T cells (Fig. 9a). In
vitro analysis confirmed the inability of this DAD deletion
construct to activate HDAC3 (Fig. 9b). Moreover, Gal4–
SMRT (1-763) coimmunoprecipitated with HDAC enzyme ac-
tivity after transfection into 293T cells, unless the DAD do-
main was deleted (Fig. 9c). Indeed, endogenous HDAC3
coimmunoprecipitated with Gal4–SMRT (1-763) but not with
the same polypeptide lacking the intact DAD (Fig. 9d). Thus,
in vivo interaction and activation of HDAC3 by SMRT are as
deduced from the in vitro studies. Residual repression activity
of the DAD deletion construct may be mediated by the TBL1
interaction which we have previously determined to occur
within amino acids 1 to 303 of SMRT. However, the main
repression function of SMRT clearly tracked with HDAC3
interaction and reconstitution of deacetylase enzyme activity.
These results are in agreement with previous studies where
microinjection of anti-HDAC3 antibodies abrogated N-CoR-
mediated repression in both Rat1 cells (25) and Xenopus oo-
cytes (34).

DISCUSSION

Corepressors N-CoR and SMRT normally exist in tight and
stoichiometric complexes with HDAC3. Here we have shown
that recombinant HDAC3 is not an active deacetylase in and of
itself but can be transformed into a competent enzyme by
addition of SMRT or N-CoR. A previous study showing that
HDAC3 has basal activity which is modestly potentiated by
N-CoR is generally consistent with this finding; presumably,
the basal activity of HDAC3 in that study reflected binding of
endogenous N-CoR or SMRT homologs within Sf9 cells (60).
In the present study, reconstitution of the SMRT-HDAC3
complex from a baculoviral system demonstrates that SMRT
is sufficient to dramatically activate an otherwise inactive

FIG. 7. HDAC3 interaction with SMRT. SMRT 1-763 fused to
Gal4 DBD was mixed with wild-type (WT) or mutant Myc-HDAC3
(Myc-HDAC3 amino acids 24 to 428, 78 to 428, or 1 to 390), and
HDAC3 complexes were immunoprecipitated (IP) by anti-Myc aga-
rose beads. (a) Immunoblot analysis of HDAC3 complexes. HDAC3
deletion mutants were visualized by anti-Myc, and SMRT polypeptides
were probed with anti-Gal4. Inputs are shown on the left. (b) HDAC
assay of immunocomplexes. Note that 50 ml of full-length HDAC3
translation mix and 100 ml of all translated HDAC3 mutants were used
to normalize protein levels.
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HDAC3 enzyme. On the basis of the present work, we suggest
that these corepressors are absolutely required as activating
cofactors for this HDAC enzyme. This is in stark contrast to
the current model in which SMRT and N-CoR passively shep-
herd HDACs to transcriptional repressors.

SMRT contains a conserved short DAD that is necessary
and sufficient for reconstituting deacetylase activity. The DAD
contains the SANT1 domain which is necessary, though not
sufficient, for DAD function. The DAD also requires the 37
amino acids N terminal to SANT1. HDAC3 enzyme activation
by the SMRT DAD requires stable interaction as evidenced by
the tight correlation between the abilities of SMRT DAD point
mutants to bind and activate HDAC3 and is therefore likely to
be stoichiometric rather than catalytic. Consistent with this,
stoichiometric amounts of SMRT and HDAC3 are present in
a purified, recombinant complex. While regions outside the
SMRT DAD may bind HDAC3, they are dispensable for ac-
tivation and may play a role in stabilizing the SMRT-HDAC3
complex in vivo.

Control of HDAC targeting, specificity, and activity remain
central questions in determining how individual genes or
gene sets are silenced. The regulatory mechanisms governing
HDAC activity are beginning to be understood in the context
of cofactor recruitment. It has previously been shown that the
yeast silencing protein Sir2 requires NAD cofactor to become
an active deacetylase (24, 32, 46). It has also been shown that
recombinant HDAC1 is not a functional deacetylase without
core components of the NuRD complex (70). MTA2, in par-
ticular, is critical for activating HDAC1 activity, but it is not
known whether it is sufficient in the absence of other compo-
nents of the NuRD complex. Although a specific DAD has not
been sublocalized in MTA2, MTA2 also contains a single
SANT motif. Interestingly, HDAC1 is also a component of the
CoREST complex (22, 65). CoREST is a neural-specific re-
pressor protein containing two SANT repeats similar to SMRT
(2). Deletion of the N-terminal SANT domain of CoREST
results in loss of HDAC1 interaction and of associated HDAC
activity that is remarkably parallel to our finding that deletion
of SANT1 of SMRT results in loss of HDAC3 interaction and
associated HDAC activity (22, 65). The present studies in
concert with the functional MTA2-HDAC1 and CoREST-
HDAC1 interactions suggest a role of a single SANT motif in
activating HDAC enzymes. Our finding that the SANT-con-
taining protein MTA1 did not interact with or activate HDAC3
indicates that SANT-containing proteins are likely not inter-
changeable between specific complexes. It is of note that the 37
amino acids N terminal to SANT1 that are required for DAD
function in SMRT are conserved in N-CoR and SMRTER but
not in MTA1, MTA2, or CoREST. This suggests a code in
which a single SANT motif combines with unique N-terminal
amino acids to provide specificity of HDAC interaction and
activation.

The requirement for protein partners such as SMRT, N-
CoR, CoREST, and MTA2 to activate HDAC enzyme activity
conceivably serves to restrict deacetylation to the chromatin
environments of specific genes to which the HDACs have been
targeted. Potential deacetylation of nonhistone substrates such
as p53 and GATA (4, 14, 23, 35) may also be dependent on the
formation of these active HDAC complexes. Although class II
HDACs can be regulated by subcellular localization (13, 36, 37,
59), they are also inactive when expressed recombinantly and
thus may require one or more activating subunits as an addi-
tional layer of regulatory control. Of note, although SMRT and
N-CoR interact with the class II HDACs 4, 5, and 7 in vitro and
in vivo (via a region that is C terminal to the DAD domain as

FIG. 8. Purification of an enzymatically active HDAC3-SMRT
complex. (a) Coomassie stain (top) of purified HDAC3 complex. Sf9
cells were mock infected (control) or infected with baculovirus express-
ing Flag-HDAC3, Myc-SMRT amino acids 1 to 587, or both. Sf9
lysates were purified by anti-Flag affinity chromatography and resolved
by SDS-PAGE. Molecular weight markers (MW) and major polypep-
tides are indicated. Identities of complex components were verified by
immunoblotting with anti-Myc and Flag-HDAC3 (below the Coomas-
sie stain). (b) HDAC activities of the proteins in panel a.
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well as SANT2 [21]), neither was sufficient to activate HDAC4
deacetylase activity in vitro. It is likely that other HDAC4-
interacting proteins, alone or together with SMRT, are re-
quired for enzymatic competency of HDAC4 as a deacetylase.
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