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Nuclear receptor corepressors SMRT (silencing medi-
ator of retinoid and thyroid receptors) and N-CoR
(nuclear receptor corepressor) recruit histone de-
acetylase (HDAC) activity to targeted regions of chro-
matin. These corepressors contain a closely spaced
pair of SANT motifs whose sequence and organization
is highly conserved. The N-terminal SANT is a critical
component of a deacetylase activation domain (DAD)
that binds and activates HDAC3. Here, we show that
the second SANT motif functions as part of a histone
interaction domain (HID). The HID enhances repres-
sion by increasing the af®nity of the DAD-HDAC3
enzyme for histone substrate. The two SANT motifs
synergistically promote histone deacetylation and
repression through unique functions. The HID con-
tribution to repression is magni®ed by its ability to
inhibit histone acetyltransferase enzyme activity.
Remarkably, the SANT-containing HID preferentially
binds to unacetylated histone tails. This implies that
the SMRT HID participates in interpreting the histone
code in a feed-forward mechanism that promotes and
maintains histone deacetylation at genomic sites of
SMRT recruitment.
Keywords: deacetylase activation/histone deacetylation/
N-CoR/SANT motif/SMRT corepressor

Introduction

Gene expression is regulated by changes in chromatin
structure that include DNA unwinding and covalent
modi®cation of nucleosomal histones (Kouzarides, 2000;
Jenuwein and Allis, 2001; Schreiber and Bernstein, 2002).
Numerous proteins involved in transcription contain a
conserved SANT motif, ®rst identi®ed by sequence
homology analysis (Aasland et al., 1996), whose function
is not well understood. Among the SANT-containing
proteins are the nuclear receptor corepressor (N-CoR) and
silencing mediator of retinoid and thyroid receptors
(SMRT), related proteins that facilitate repression by
unliganded nuclear receptors (Chen and Evans, 1995;
Horlein et al., 1995). SMRT and N-CoR both exist in
core repression complexes with histone deacetylase 3

(HDAC3) (Guenther et al., 2000; Li et al., 2000; Zhang
et al., 2002). We previously reported that the enzyme
activity of HDAC3 requires SMRT or N-CoR, which
interact with and activate HDAC3 via a region that we
have termed the deacetylase activation domain (DAD)
(Guenther et al., 2001). DAD functions require the
N-terminal SANT1 motif, but the downstream SANT2 is
dispensable both for HDAC3 binding and enzyme activ-
ation (Guenther et al., 2001; Zhang et al., 2002). Thus, the
function of the SANT2 motif and its conserved pairing
with SANT1 is unknown.

While numerous transcriptional regulatory factors have
intrinsic histone-modifying activity, other components of
transcriptionally active complexes have been found to
bind histones. A subset of such proteins serves as histone
chaperones (Tyler, 2002). Other histone-binding proteins
have been implicated in the regulation of histone modi-
®cation. For example, the INHAT complex blocks tran-
scriptional activation by interfering with histone acetyl
transferase (HAT) activity (Seo et al., 2001). Also, histone
binding by the coactivator Ada2 was shown to augment the
catalytic activity of the GCN5 HAT (Boyer et al., 2002).
This activity involves the lone SANT domain of Ada2,
which has been demonstrated to be important for tran-
scriptional activation (Boyer et al., 2002; Sterner et al.,
2002). A bromodomain present in coactivators such as
GCN5, PCAF, Bdf1 and TAFII250 preferentially bind
histones whose tails have been marked by acetylation
(Dhalluin et al., 1999; Ornaghi et al., 1999; Hudson et al.,
2000; Jacobson et al., 2000; Owen et al., 2000; Ladurner
et al., 2003; Matangkasombut and Buratowski, 2003),
which is an important discriminator of the histone code
(Strahl and Allis, 2000).

Here, we show the SMRT corepressor contains a histone
interaction domain (HID) that includes the SANT2 motif
that is adjacent to the SANT1-containing DAD. The HID
functions in cis with the DAD to increase the enzymatic
activity of HDAC3 by lowering the apparent Km for
histone substrate. Furthermore, the HID inhibits histone
acetylation by HAT enzymes. Thus, the SANT-containing
DAD and the SANT-containing HID synergistically
promote and maintain histone deacetylation. The HID
preferentially recognizes unacetylated histone tails and
thus is likely to have a role in interpreting the histone code.

Results

A HID in SMRT and N-CoR contains a SANT motif
We previously noted that the SMRT/HDAC3/TBL1
complex associated with histones in nuclear extract
(Guenther et al., 2000). Although WD40 proteins related
to TBL1 such as Tup1 directly bind histones (Edmondson
et al., 1996), recombinant TBL1 interacted poorly with
histones in vitro (data not shown). In contrast, SMRT
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interacted strongly with histone agarose af®nity matrix
(Figure 1A) and with histone tails fused to GST (kindly
provided by M.Grunstein) (Figure 1B). N-CoR also inter-
acted speci®cally with histone tails (Figure 1A and B).
A series of SMRT-derived polypeptides (Figure 1C) was
used to determine the HID of SMRT. Histone interaction
localized to a 243 amino acid region (427±669) that
includes the DAD and contains both SANT motifs
(Figure 1C). However, the DAD containing the upstream
SANT1 motif (305±559) was insuf®cient for strong HID
activity. This suggested that the downstream SANT2 was
required for histone binding. Indeed, further mapping
revealed that the upstream SANT1 was not required for
HID activity, and a short polypeptide including SANT2
(606±669) was suf®cient for histone binding (Figure 1C).
In contrast to the SANT1-containing DAD, the HID was
ineffective at binding to or activating HDAC3 (Guenther
et al., 2001). Thus, HID function localized to the region
containing the SANT2 motif immediately downstream of
the SMRT DAD.

The SMRT HID interacts with endogenous
histones
We next tested the ability of the SMRT HID to interact
with endogenous histones in living cells. When transfected
into 293T cells, Gal4-SMRT(1±763), which contains both
the DAD and HID (Guenther et al., 2001), coimmuno-
precipitated with endogenous histone H4, and deletion of
the HID markedly reduced this interaction (Figure 2A).
Gal4-HID, but not Gal4-DNA-binding domain (DBD)
alone, was suf®cient for cellular interaction with histone
H4 (Figure 2B). Similar results were obtained with Flag-
HID (Figure 2C). Thus, the HID mediates SMRT inter-
action with histones in living cells as well as in vitro.

Fig. 1. SMRT and N-CoR interact with core histones. (A) SMRT and
N-CoR bind to calf core histones coupled to agarose. 35S-labeled
SMRT-Flag or N-CoR-Flag was incubated with protein A±agarose or
histone-coupled protein A±agarose. Bound protein was eluted, resolved
by SDS±PAGE and subjected to autoradiography. Input is 5% of total.
(B) SMRT and N-CoR interact with core histone tails fused to GST.
GST alone or GST fusions to histone H3, H4, H2A and H2B
N-terminal tails were immobilized on glutathione beads and incubated
with 35S-labeled SMRT-Flag or N-CoR-Flag. Bound protein was eluted,
resolved by SDS±PAGE and subjected to autoradiography. Input is
10% of total. (C) Summary of results of pull-down assays of Gal4-
SMRT polypeptides binding to GST±H3 and GST±H4. The gray bars
indicate the two SANT motifs. Highly puri®ed GST alone, GST±H3
and GST±H4 N-terminal tails were immobilized on glutathione beads
and incubated with [35S]Gal4-SMRT derivatives. After extensive
washing of the beads, bound proteins were eluted and separated by
SDS±PAGE and visualized by autoradiography. Histone binding was
considered positive (+) when binding of >10% of input SMRT poly-
peptide was observed. Results of HDAC3 binding/activation are also
indicated (Guenther et al., 2001). ND, not done.

Fig. 2. The SMRT HID interacts with histones in living cells. 293T
cells were transfected with (A) pCMX-Gal4-SMRT(1±763) or pCMX-
Gal4-SMRT(1±763DHID) and (B) pCMX-Gal4-DBD or pCMX-Gal4-
HID. Whole-cell lysates were immunoprecipitated with anti-Gal4
agarose beads. Bound proteins were separated by SDS±PAGE and
immunoblotted with Gal4 antibody (top) or histone H4
antibody (bottom). Input is 5%. (C) 293T cells were transfected with
pcDNA3-Flag or pcDNA3-Flag-HID. Whole-cell lysates were immuno-
precipitated with anti-Flag agarose beads. Bound proteins were separ-
ated by SDS±PAGE and immunoblotted with Flag antibody (top) or
histone H4 antibody (bottom). Input is 5%.
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The two SMRT SANT motifs are not functionally
interchangeable
Because two SANT motifs of SMRT are quite homologous
to one another, as well as to SANT motifs in other proteins,
we next tested whether SANT2, implicated in histone
binding, could substitute for SANT1 in the context of the
DAD. Gal4 fusion proteins were constructed, containing
the DAD with its own SANT1, or substituted by the
downstream SANT2 (Gal4-DAD/SANT2, Figure 3A). As
expected, Gal4-DAD interacted with HDAC3 (Figure 3B)
and activated its enzyme activity (Figure 3C). In contrast,
SANT2 was unable to substitute for SANT1 (Figure 3B
and C). Thus, despite their structural similarities, the
functions of the two SANT motifs in SMRT are quite
unique.

The HID enhances the repression function of the
SMRT DAD
The proximity of the HID to the DAD suggested that the
functions of the two SANT-containing domains might be
linked. The SMRT DAD functions as a transrepression
domain (Figure 4), due to recruitment of HDAC3
(Guenther et al., 2001). We next tested whether the ability
of the HID to function in cis would lead to an enhancement
of the DAD repression function. On its own, the repressive
effect of Gal4-HID upon a luciferase reporter gene

containing Gal4-DBD binding sites was not much
different from the Gal4-DBD alone, whereas, as expected,
Gal4-DAD is a repressor in this context (Figure 4).
Notably, the presence of the HID in cis with the DAD as
exists in SMRT (and N-CoR) led to marked augmentation
of repression (Figure 4).

The HID reduces the Km for histone of the
SMRT/HDAC3 enzyme
We next explored the mechanism by which the HID
enhances DAD repression function. DAD repression
function involves recruitment of HDAC3 (Guenther
et al., 2001). As histone is the substrate of HDAC activity,
we hypothesized that an SMRT-derived polypeptide
containing both DAD and HID might lead to a more
active HDAC3 enzyme than DAD alone. HDAC3-Flag
was incubated with Gal4-(DAD+HID) or Gal4-DAD, and
kinetic studies of HDAC activity were performed on Flag
immunoprecipitates containing comparable amounts of
the SMRT/HDAC3 complexes, whose formation was
unaffected by the HID (Figure 5A). Although the HID
has no ability to bind or activate HDAC3 on its own
(Guenther et al., 2001; data not shown), the presence of the
HID in cis with the DAD as normally found in SMRT
synergistically activates the deacetylase activity of
HDAC3 (Figure 5B). Lineweaver±Burk analysis of the
data revealed that the presence of the HID in cis to the
DAD lowered the apparent Km for histone (Figure 5C).
The average reduction in four independent experiments
was 2.11 6 0.48-fold. Thus, in this context the HID
functions to more effectively present histone to the
DAD-HDAC3 enzyme.

The HID synergizes with the DAD in promoting
histone deacetylation in the context of chromatin
The above studies showed that, when present in cis as
normally found in SMRT, the HID increased the repres-
sion and HDAC-activation functions of the DAD. Based
on this, we hypothesized that adjoining the HID to the
DAD polypeptide would lead to increased histone
deacetylation at a promoter to which the polypeptide
was targeted. This was tested using chromatin immuno-

Fig. 3. The SMRT SANT2 is unable to activate HDAC3 when substi-
tuted for SANT1. (A) Schematic diagram of the SMRT DAD chimera
constructs. SMRT DAD comprises SANT1 (amino acids 432±489) and
its N-terminal ¯ank (amino acids 395±431). SANT2 (amino acids 611±
669) was introduced into the DAD in the position of SANT1 (Gal4-
DAD/SANT2). (B) The chimeric DAD containing SANT2 does not
bind to HDAC3. (C) The chimeric DAD containing SANT2 does not
activate HDAC3. HDAC3-Flag was incubated with Gal4-DAD or
Gal4-DAD/SANT2, immunoprecipitated with anti-Flag agarose beads
and assayed for binding by SDS±PAGE (B; input shown is 10%) and
for HDAC activity (C).

Fig. 4. The SMRT HID synergistically enhances repression by the
SMRT DAD. (Gal4 3 5)-SV40 luciferase reporter was cotransfected
with either Gal4-DAD (amino acids 305±559), Gal4-HID (amino acids
506±669) or Gal4-(DAD+HID) (amino acids 305±669) into 293T cells.
Fold repression was measured relative to Gal4-DBD alone.
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precipitation (ChIP). Consistent with its repression func-
tion, the Gal4-DAD itself led to modest reduction in local
acetylation of histone H4 (Figure 6). Gal4-HID, which was
transcriptionally inactive on its own, had little effect on
histone acetylation. However, histone H4 deacetylation
was dramatically increased when the DAD and HID were
present in one polypeptide, as they are in full-length
SMRT (Figure 6). In contrast, the acetylation of histone
H4 in the constitutively expressed GAPDH gene was
unaffected by the various Gal4 fusion proteins, which did
not localize to this gene (Figure 6). Thus, the mechanism
by which the HID synergizes with the DAD to increase
repression likely involves enhancement of HDAC enzyme
activity.

The SMRT HID inhibits HAT activity
A subset of histone-binding proteins, including the INHAT
complex (Seo et al., 2001), have the property of inhibiting
HAT activity. We tested the SMRT HID for this activity
in vitro using the PCAF HAT. A polypeptide containing
the SMRT HID inhibited PCAF HAT activity in a dose-
dependent manner (Figure 7A). Similar inhibition of HAT
activity was noted for the CBP HAT (Figure 7B). Thus,
binding of SMRT to histone inhibits HAT activity.

The SMRT HID binds selectively to unacetylated
histone tails
The histone code hypothesis postulates that the af®nities of
some histone-binding proteins will be regulated by post-
translational modi®cations of histone, including acetyl-
ation. Indeed, the bromodomain found in coactivators has
been shown to preferentially interact with acetylated
histone tails (Dhalluin et al., 1999; Ornaghi et al., 1999;
Hudson et al., 2000; Jacobson et al., 2000; Owen et al.,
2000; Ladurner et al., 2003; Matangkasombut and
Buratowski, 2003). Therefore, we hypothesized that the
SANT motif found in the SMRT and N-CoR corepressors
might direct the proteins to a subset of modi®ed histones.
To address this, we tested the ability of the SMRT HID to
bind to unacetylated and tetra-acetylated (K5, 8, 12, 16)
histone H4 tail polypeptides, as well as a control peptide
which has a positive charge similar to that of the
unacetylated H4 tail. Remarkably, the SMRT HID bound
well to the unacetylated peptide but not to the tetra-
acetylated or control peptide (Figure 8A). Consistent with
the binding data, the unacetylated peptide competed well
with GST±H4 tail for SMRT binding, whereas the tetra-
acetylated histone H4 tail polypeptide was a poor
competitor (Figure 8B). The EC50 for competition by the
unacetylated peptide was ~20±30 mM (Figure 8C),
whereas up to a 10-fold greater concentration of the
tetra-acetylated and control peptides did not measurably
compete for binding (Figure 8C; data not shown).

Fig. 5. The SMRT HID activates the SMRT DAD-HDAC3 by reducing
the apparent Km for histone substrate. (A) Formation of SMRT/HDAC3
complexes. HDAC3-Flag was incubated with 35S-labeled Gal4-DAD or
Gal4-(DAD+HID), followed by immunoprecipitation and SDS±PAGE.
(B) Histone substrate saturation curves for HDAC3 incubated with
SMRT(1±763) or SMRT(1±763DHID). HDAC3 had no activity alone
or incubated with the SMRT HID polypeptide that lacked the DAD.
The curves shown were ®tted to the Michaelis±Menten equation.
(C) Lineweaver±Burk analysis of the experiment shown in (B). Data
shown are representative of four independent experiments.

Fig. 6. The SMRT HID synergistically enhances local histone deacetyl-
ation by the SMRT DAD. ChIP analysis of 293T cells transfected with
the (Gal4 3 5)-SV40 luciferase reporter and either Gal4-DAD (amino
acids 305±559), Gal4-HID (amino acids 506±669) or Gal4-(DAD+HID)
(amino acids 305±669). PCR was performed using primers ¯anking the
Gal4 UAS or the endogenous GAPDH gene which served as control.
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Together, these data strongly suggest that the SANT-
containing SMRT HID speci®cally recognizes and binds
to the unacetylated tail of histone H4.

Discussion

We have demonstrated that nuclear receptor corepressors
SMRT and N-CoR bind directly to histones. The HID
contains a SANT motif that is located just downstream
from the previously characterized DAD and enhances the
enzymatic activity of the DAD-HDAC3 by decreasing its
apparent Km for histone. Peterson and colleagues have
described an analogous role for the SANT domain of Ada2
(Boyer et al., 2002), and the similarities are remarkable.
Like SMRT SANT2, the Ada2 SANT motif binds to
histone (Boyer et al., 2002). Moreover, the Ada2 SANT
motif is involved in enhancing the activity of the GCN5
HAT enzyme by reducing the apparent Km for histone

(Boyer et al., 2002). Our work identi®es a critical and
general role of SANT motifs in the optimal delivery of
histone substrates to chromatin-modifying enzymes.

Although histone binding by Ada2 and SMRT HID have
similar effects on the kinetics of HAT and HDAC
function, respectively, the consequences for transcription
are diametrically opposed. Activation of the GCN5 HAT
favors histone acetylation, whereas enhancement of
HDAC3 activity reverses the process. In addition, binding
of the SMRT HID to deacetylated histone inhibits HAT
activity. Histone binding by SMRT SANT2 thus has two
independent effects, both of which favor histone deacetyl-
ation: delivery of substrate to HDAC3 actively deacetyl-
ates histone; and continued binding to histone prevents
re-acetylation by local HATs. These mechanisms con-
tribute to the repressive effects of SMRT/HDAC3 com-
plex recruitment to regions of chromatin (Figure 9). It
remains to be determined whether SMRT binding to
deacetylated histones in chromatin continues after
dissociation by nuclear receptor.

Our work links SANT motifs to chromatin structure and
transcriptional regulation and also highlights intriguing
differences among SANT motifs. SMRT SANT2 syner-

Fig. 7. The SMRT HID inhibits HAT activity. Increasing amounts of
SMRT polypeptide or BSA control were added to core histone sub-
strates prior to the addition of (A) PCAF HAT or (B) CBP HAT.
Reaction samples were spotted on p81 paper and the 3H-labeled his-
tones were measured by scintillation counting.

Fig. 8. The SMRT HID preferentially binds to unacetylated histone
tails. (A) Direct binding. The 35S-labeled Gal4-HID polypeptide was
incubated with beads containing biotinylated control peptide
(CHKtide), unacetylated histone H4 peptide (H4 peptide) or tetra-
acetylated H4 peptide (Ac-H4 peptide). Beads were washed and then
run on SDS±PAGE. Input is 10%. Silver staining of peptides used for
binding is shown. (B) Competition experiment. In vitro-translated
Gal4-HID polypeptide was incubated with GST or GST±H4 tail alone
or in the presence of histone H4 tail peptide (80 mM) that was either
unacetylated or tetra-acetylated. Input is 10%. (C) Dose response for
peptide competition, using unacetylated histone H4 peptide, tetra-
acetylated H4 peptide or control peptide (CHKtide).
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gizes in cis with a SANT1, which is required for HDAC3
enzyme activity. Although SANT1 and SANT2 share 30%
identity (Park et al., 1999; Tsai et al., 1999), SANT1
interacts only weakly with histone and SANT2 cannot
substitute for SANT1 in the DAD. Thus, the paired SMRT
SANT motifs have distinct functions in histone binding
and in HDAC3 binding/activation.

Paired SANT motifs have also been found in other
corepressors, including N-CoR, CoREST and yeast Snt1
(Aasland et al., 1996; Pijnappel et al., 2001; You et al.,
2001). Interestingly, CoREST SANT1 is essential for
HDAC1 activation, but CoREST SANT2 is not (You et al.,
2001), suggesting a functional conservation with the
paired SANT motifs in SMRT. Consistent with this,
CoREST SANT1 is more similar to SMRT SANT1
(36.4% identity) than to SMRT SANT2 (26.1%).

Moreover, CoREST SANT2 shares 43.5% identity with
SMRT SANT2 but only 13.6% with SMRT SANT1.
However, CoREST SANT1 cannot substitute for SMRT
SANT1 in the function of the SMRT DAD (Y.Li and
M.A.Lazar, unpublished results). Thus, SANT functions in
corepressors are highly sequence speci®c, both within a
class of SANT motifs involved in the activation of HDAC
enzymes (e.g. SMRT and CoREST) and within a single
transcriptional regulator containing two SANT motifs
(e.g. SMRT SANT1 and SANT2). The coactivator Ada2
has only a single SANT motif which delivers histones to
GCN5 as well as interacting directly with GCN5 and
stimulating its HAT activity (Boyer et al., 2002). Thus, the
Ada2 SANT appears to subserve both of the more
specialized roles of the SANT pair in SMRT.
Knowledge of the three-dimensional structure of SANT
motifs will be required to understand the mechanism of
SANT functions in histone binding and modi®cation.

Of great interest is the observation that the SMRT HID
binds much more avidly to unacetylated histone H4 tails
than to hyperacetylated H4 tails. Speci®c recognition of
hyperacetylated histone tails by the bromodomain present
in several coactivators has been established (Dhalluin
et al., 1999; Ornaghi et al., 1999; Hudson et al., 2000;
Jacobson et al., 2000; Owen et al., 2000; Ladurner et al.,
2003; Matangkasombut and Buratowski, 2003). Our work
provides an example of a corepressor motif that recognizes
hypoacetylated histone tails. This suggests that the SMRT
SANT motif is involved in discrimination between
different states of histone acetylation and therefore may
play a role in interpretation of the histone code (Strahl and
Allis, 2000). The existence of paired SANT motifs in other
corepressors suggests that this may be a general mechan-
ism. Future studies will be required to determine the
precise code recognized by the SMRT SANT-containing
HID, whether this is affected by nucleosomal architecture
and whether SANT motifs from other proteins will
differentially interpret the histone code.

The preference of the SMRT HID for deacetylated
histone H4 tails suggests a feed-forward, processive
function in repression. As the enzymatically active
SMRT/HDAC3 complex is recruited to target genes by
nuclear receptors (Figure 9A), local histone deacetylation
would increase the af®nity of the SMRT HID for histone.
This would further promote deacetylation by increasing
the activity of the SMRT/HDAC3 enzyme, either for
partially deacetylated histone tails or, perhaps, for neigh-
boring histones (Figure 9B). As histone tails become
increasingly deacetylated, stronger binding of the SMRT
HID prevents acetylation, thereby maintaining the deace-
tylated state (Figure 9C). This feed-forward role of
SANT2 recognition of unacetylated histone is reminiscent
of the processive roles proposed for binding of hyper-
acetylated histones by bromodomains (Hassan et al., 2002)
and for binding of methylated histone by the chromodo-
main in corepressor HP1, which works together with its
associated methyltransferase SUV39H1 (Bannister et al.,
2001; Lachner et al., 2001; reviewed in Schreiber and
Bernstein, 2002; Turner, 2002). Thus, the feed-forward
regulation of chromatin modi®cation that has been
suggested for histone acetylation and histone methylation
is likely to extend to histone deacetylation.

Fig. 9. Model of SMRT SANT functions in chromatin. (A) The SMRT
DAD, requiring SANT1, binds and activates HDAC3. (B) The SMRT
HID, requiring SANT2, binds histone and delivers substrate to DAD-
HDAC3; this activity increases as the SMRT/HDAC3 deacetylates
local histones, resulting in a feed-forward acceleration of deacetylation.
(C) The SMRT HID, requiring SANT2, binds histone and blocks access
of a HAT coactivator. All functions of SMRT SANT motifs promote
and/or maintain deacetylation of histone. SMRT recruitment to chroma-
tin is via unliganded nuclear receptor (NR) binding to target genes,
although it is possible that in some cases histone binding by SMRT
is suf®cient for association with chromatin either before or after
NR binding.
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Materials and methods

Plasmids
The HDAC3-Flag construct has been described previously (Guenther
et al., 2001). Full-length Flag-tagged mouse SMRT was a gift from
Dr Ron Evans (Ordentlich et al., 1999), and full-length Flag-tagged
mouse N-CoR was a gift from Dr Geoff Rosenfeld (Horlein et al., 1995).
Plasmids for expression of GST fusions to core histone tails was a gift
from Dr Michael Grunstein (Hecht et al., 1995). Gal4-mSMRT constructs
containing Gal4-DBD fusion to mSMRT amino acids 1±2473, 1±763,
305±763, 305±669, 305±559, 427±669, 484±669, 506±669, 488±606 and
606±669 were produced by PCR ampli®cation of the corresponding DNA
sequences followed by insertion into pCMX-Gal4-DBD. Gal4-SMRT(1±
763DHID) (deleted amino acids 507±693) was produced by PCR
ampli®cation of mSMRT sequences encoding amino acids 86±506 and
insertion in frame into pCMX-Gal4-SMRT(1±763) with deletion of
sequences encoding amino acids 86±693. Gal4-DAD/SANT2 was
produced by overlapping PCR ampli®cation of mSMRT sequence
encoding amino acids 395±432 plus 611±669 followed by insertion into
pCMX-Gal4-DBD. Flag-HID (amino acids 506±669) was produced by
PCR ampli®cation of the corresponding DNA sequence followed by
insertion into pcDNA3-Flag.

In vitro interaction assays
For histone agarose pull-down assays, calf core histones coupled to
agarose were obtained commercially (Sigma). [35S]methionine-labeled
SMRT-Flag and N-CoR-Flag were produced using TNT T7 Quick
coupled transcription±translation kit (Promega). The binding assays were
carried out at 4°C for 12±16 h in HERR buffer (50 mM KCl, 20 mM
HEPES pH 7.9, 2 mM EDTA, 0.1% NP-40, 10% glycerol, 0.5% nonfat
dry milk). Bound proteins were eluted, resolved by SDS±PAGE and
subjected to autoradiography. For the biotinylated histone tail binding
assay, 1 mg of biotinylated histone H4 tail peptides (unacetylated or tetra-
acetylated) were immobilized on streptavidin beads (Pierce). The pull-
down assay was then performed as described above. A short peptide
biotinylated CHKtide (Upstate), which contains three unmodi®ed
lysines, was used as control. For the GST pull-down assays, GST±
histone tail fusion proteins were expressed in Escherichia coli as
described previously (Zhang et al., 1997). The purity and concentration of
the fusion proteins were determined by SDS±PAGE followed by
Coomassie Blue. [35S]methionine-labeled in vitro-translated Gal4-DBD
or Gal4-SMRT polypeptides were incubated with GST±histone fusion
proteins bound to glutathione beads (Amersham) at 4°C for 1.5 h in
HERR buffer. In peptide competition experiments, histone H4 amino
acids 1±23 (MSGRGKGGKGLGKGGAKRHRKVC) were obtained
unacetylated or tetra-acetylated (Upstate). For each competition, 80 mM
peptide was used. For EC50 measurement, increasing amounts of
CHKtide, unacetylated histone H4 or tetra-acetylated H4 peptides (0,
10, 20, 40, 60, 80 mM) were used.

Mammalian cell culture and transfection
293T cells were maintained in DMEM (high glucose) supplemented with
10% fetal bovine serum and L-glutamine (all from Gibco-BRL).
Cells were grown at 37°C in 5% CO2. They were transfected with
lipofectamine 2000 (Invitrogen) according to the manufacturer's instruc-
tions. Cells were transfected for 24 h and washed with phosphate-buffered
saline (PBS) before being harvested for immunoprecipitations, luciferase
reporter assays or ChIP assays. In luciferase reporter assays, the Gal4
UAS 3 5-SV40 luciferase reporter contains ®ve copies of the Gal4
17mer binding site. A luciferase assay kit (Promega) was used to
determine relative activity 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.

Immunoprecipitation
Cells were washed in PBS, resuspended in HERR buffer containing
protease inhibitor cocktail (Roche) and then subjected to sonication.
Lysates were clari®ed by centrifugation at 12 000 g for 10 min at 4°C.
Supernatants were incubated with anti-Gal4 agarose-conjugated beads
(Santa Cruz) or anti-Flag agarose beads (Sigma) at 4°C for 4 h.
Immunoprecipitates were washed four times with HERR buffer. Bound
proteins were eluted by boiling in SDS loading buffer and subjected to
SDS±PAGE.

Immunoblot analysis and antibodies
Proteins were separated by SDS±PAGE and transferred to nitrocellulose
membranes with HMW transfer buffer (50 mM Tris, 380 mM glycine,
0.05% SDS, 20% methanol). Blots were probed with primary antibodies
in Tris-buffered saline containing 0.15% Tween 20 and 3.0% nonfat dry
milk, followed by HRP-conjugated anti-rabbit antibodies (Pierce) at
1:5000. Alternatively, HRP-conjugated primary antibodies were directly
used. All blots were visualized with the ECL kit (Amersham Pharmacia).
Anti-Gal4-HRP mouse monoclonal antibody (Santa Cruz) was diluted
1:1000. Anti-Flag-HRP mouse monoclonal (Sigma) was diluted 1:5000.
Anti-histone H4 rabbit polyclonal (Upstate) was used at a dilution of
1:1000.

HDAC assay
HDAC assays were performed essentially as described previously
(Guenther et al., 2001) but with the following modi®cations. HDAC3
and SMRT polypeptides were translated individually with the TNT T7
Quick coupled transcription±translation kit (Promega). For kinetic
studies, 10 ml of HDAC3-Flag were mixed with 25 ml of Gal4-
SMRT(1±763) or Gal4-SMRT(1±763DHID) and added to 500 ml of
buffer D-300 (300 mM KCl, 20 mM HEPES pH 7.9, 0.25 mM EDTA,
10% glycerol, 0.1% Tween 20). Complexes were puri®ed by incubation
with anti-Flag agarose beads (Sigma) in the presence of protease
inhibitors (Roche) for 16±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 incubated with 3H-labeled
acetylated HeLa histones (0±25 mg/ml) in a total volume of 200 ml of HD
buffer at 37°C for 5 min. To stop each reaction, 50 ml of Stop solution (1 M
HCl, 0.16 M acetic acid) were added, and released 3H-labeled acetic acid
was extracted with 600 ml of ethyl acetate and measured by scintillation
counting. In SANT2 substitution experiments, 50 ml of HDAC3-Flag and
50 ml of Gal4-DAD or Gal4-DAD/SANT2 were used to form complexes
as described above. The complexes were then incubated with 3H-labeled
histone at 37°C for 2 h followed by scintillation counting.

ChIP assays
ChIP assays were performed essentially as described previously (Hartman
et al., 2002). 293T cells were collected and cross-linked with 1%
formaldehyde in PBS at room temperature for 10 min. They were then
rinsed twice with ice-cold PBS and resuspended in SDS lysis buffer (1%
SDS, 5 mM EDTA, 50 mM Tris±HCl pH 8.1). Following a 10 min
incubation on ice, samples were sonicated at 15 s pulses four times at 4°C.
The lysates were centrifuged at 14 000 g for 10 min and the supernatant
precleared with 2 mg of sheared salmon sperm DNA and 50 ml of
protein A±Sepharose beads at 4°C for 2 h in buffer (1% Triton X-100,
2 mM EDTA, 150 mM NaCl, 20 mM Tris±HCl pH 8.1) with protease
inhibitors (Roche). Immunoprecipitation was performed at 4°C overnight
with normal rabbit IgG (Santa Cruz), Gal4 antibody (Santa Cruz) or
acetylated histone H4 antibody (Upstate). Samples were then incubated
with 50 ml of protein A±Sepharose beads for 1 h followed by 10 min
sequential washes in TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris±HCl, 150 mM NaCl), TSE II (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris±HCl, 500 mM NaCl), buffer III (0.25 M LiCl,
1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris±HCl) and Tris±
EDTA buffer; 150 ml elution buffer (1% SDS, 0.1 M NaHCO3) were
added to pelleted beads to elute the immune complexes. Following
reversal of cross-link by incubating the eluate in 5 M NaCl at 65°C for 6 h
or overnight, DNA fragments were puri®ed by using a PCR puri®cation
kit (Qiagen) and then subjected to PCR. For Gal4-reporter gene, primers
were 5¢-TGTATCTTATGGTACTGTAACTG-3¢ and 5¢-CTTTAT-
GTTTTTGGCGTCTTCCA-3¢. For GAPDH gene, primers were 5¢-GAC-
ACCATGGGGAAGGTGAA-3¢ and 5¢-GAGTAGGGACCTCCTGT-
TTC-3¢.

HAT inhibition assay
Active PCAF enzyme was obtained commercially (Upstate).
Recombinant GST fusion CBP HAT domain (amino acids 1196±1718)
was a gift from Dr Gerd Blobel (Hong et al., 2002). PCAF (500 ng) or
CBP (50 ng) was incubated with 1 mg of core histones (Upstate) in the
presence of [3H]acetyl CoA in HAT buffer (150 mM KCl, 20 mM HEPES
pH 7.9, 0.25 mM EDTA, 10% glycerol, 0.1% Tween 20) for 30 min at
30°C. Reaction samples were then spotted on p81 paper and the 3H-
labeled histones were measured by scintillation counting. To measure
inhibition, increasing amounts of bovine serum albumin (BSA; Sigma)
control or baculoviral SMRT(1±891)-Flag protein (0±3.0 mM) were
added to reaction mixtures. Sodium butyrate (10 mM) was added to each
reaction to block any possible contaminated HDAC activity. SMRT(1±
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891)-Flag was cloned into pBlue Bac4.5 (Invitrogen), and baculovirus
expression and puri®cation of SMRT(1±891)-Flag protein were carried
out as described previously (Guenther et al., 2001).
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