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ABSTRACT: The binding of ligand to nuclear hormone receptors induces a conformational change that
results in corepressor release and the recruitment of coactivator proteins that contain or recruit histone
acetyltransferase (HAT) activity. As such, the coactivator and corepressor complexes and their associated
HAT and histone deacytlase (HDAC) activities are often believed to be segregated into distinct complexes.
However, there have been several reports that suggest that coactivators and corepressors may not be
strictly segregated and in some cases even interact directly. In the present study, we have utilized a
biochemical approach to assess whether the nuclear receptor corepressor (N-CoR) is capable of associating
with the HAT coactivator CREB-binding protein (CBP). We demonstrate, using both immunoaffinity
purification and conventional chromatography, that a subset of the N-E@FAC3 complex copurifies

with CBP in HeLa cells. In addition, indirect immunofluorescence also indicates an association between
N-CoR and CBP in intact MCF-7 cells. This association may be direit a$ro pulldown assays using
recombinant purified proteins indicated that the amino terminus of N-CoR interacts directly with CBP.
Interestingly, we also demonstrate that increasing concentrations of N-CoR are capable of attenuating
CBP HAT activityin vitro, suggesting that N-CoR may have a functional role in modulating HAT activity.

This is the first report of a direct interaction between N-CoR and CBP, and suggests that the role of
N-CoR in mediating transcriptional events may be more complex than previously anticipated.

Gene expression is critically dependent upon the ability the receptor that results in corepressor release and the
of sequence-specific DNA-binding proteins to regulate the recruitment of coactivator proteins that possess or recruit
transcription of target genes in a coordinated fashion. This various enzyme activities, such as histone acetyltransferase
is accomplished, in part, through transcription-factor-medi- (HAT) activity. N-CoR and SMRT are 260 kDa proteins that
ated recruitment of coactivators and corepressors that regulatevere identified on the basis of their direct interaction with
transcription via several mechanisms. These mechanismaunliganded thyroid hormone receptor (TR) or retinoic acid
include the modification of the local chromatin environment receptor (RAR), respectively3( 4). This interaction is
via post-translational modifications such as acetylation, mediated by two or three receptor interaction domains (RIDs)
methylation, and phosphorylation, as well as through direct located within the carboxy terminus of N-CoR and SMRT
interactions with the core transcriptional machinety The (3, 5—8). In addition to TR and RAR, N-CoR and SMRT
nuclear hormone receptor superfamily provides a unique can serve as corepressors for several other members of the
model to study the mechanism of transcriptional activation/ NR superfamily including the vitamin D receptor, PP&R
repression and the role of reversible chromatin modification and the antagonist-bound estrogen (ER) and progesterone
in the control of gene expression. In the absence of ligand, receptors (PR)9—11). N-CoR has also been implicated in
nuclear hormone receptors function as repressors by interacttranscriptional repression by several other classes of tran-
ing with corepressor proteins such as the nuclear receptorscription factors, such as Notch?) and the homeodomain
corepressor (N-CoRpr the closely related silencing media- proteins RPX and Pit-11Q).

tor for retinoid and thyroid hormone receptors (SMR2). ( Transcriptional repression by N-CoR is mediated through
The binding of ligand induces a conformational change in four repression domains (RD) designated RIRD4, that
: : : _ function as docking surfaces for the recruitment of additional
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associate directly and stochiometrically with N-CoRi< is capable of associating with CBP bathwitro and in intact
17). One of these constituents is histone deacetylase 3cells. In addition, we have shown that the amino terminus
(HDAC3) that catalyzes the deacetylation of conserved of N-CoR can interact directly with full-length CBP, sug-
lysines found within the histone tails. The direct association gesting that, in some cases, the association between N-CoR
of HDAC3 with N-CoR is required for both its recruitment and CBP may be direct. Importantly, we have found that
to the promoter and activation of its enzymatic activit@)( increasing concentrations of N-CoR attenuates CBP HAT
Transducin-like protein 1 (TBL-1) and TBL-1-related protein activity when using free histones as substrates. Our data sug-
(TBLR1) are two additional core proteins that have been gest several novel roles of N-CoR in regulating transcription
identified. TBL1 and TBLR1 are highly homologous proteins and broaden our present understanding of N-CoR function.
that appear to be essential for mediating repression by
unliganded TR. Interestingly, TBL and TBLRI serve as EXPERIMENTAL PROCEDURES
exchange factors for components of the proteasome and are Western Blotting.Protein samples were separated by
also required for some nuclear receptor activation evé®s ( sodium dodecyl! sulfatepolyacrylamide gel electrophoresis
Recent studies have also identified G protein suppressor 2(SDS-PAGE) and transferred to nitrocellulose, and Western
(GPS2) as a N-CoR-associated protein that may couple signablotting was performed using the indicated antibodies.
transduction pathways originating at the cell surface to Signals were detected by enhanced chemiluminescence
transcriptional repressioi4—17). The methyl CpG-binding  according to the recommendations of the manufacturer (ECL
protein Kaiso has also been identified as a constituent of aplus, Amersham Pharmacia Biotech). CBP antibodies (A-
N-CoR complex that also contains HDAC3, TBL1, and TBL- 22 and C-1) were purchased from Santa Cruz Biotechnology;
R1 and is recruited to the MTA-2 gene in a methylation- the HDAC3 antibody was purchased from Affinity Bio-
dependent manneR(). These findings suggest that N-CoR  reagents; the M5 FLAG antibody was purchased from Sigma-
is also involved in mediating transcriptional repression Aldrich; the p300 (RW128) antibody was purchased from
associated with DNA methylation. Upstate; the SMRT antibody (1212) was purchased from
Many additional proteins have been identified that interact Santa Cruz; and the N-CoR polyclonal antibody has been
or copurify with N-CoR or SMRT, in what appears to be a described previously2@).
more transient fashion, although the functional significance  Affinity Purification of the N-CoRA total of 40 L of HeLa
of these associations remains to be defined. These proteingells, grown to mid-log phase, was obtained from the
include SKI 1), SNO @2), KAP-1 (23), SHARP @4), the National Cell Culture Center (Minneapolis, MN). The affinity
SWI/SNF chromatin remodeling complef3), the PRP4 purification of N-CoR has been previously describ@8)(
kinase 5), the class-Il HDACs %6), and mSin3 (mam-  Briefly, the nuclear extract was dialyzed against buffer A
malian switch-independent 327). [20 mM Tris-HCI at pH 7.9, 0.5 mM ethylenediaminetet-
Recent models of gene regulation have suggested thataacetic acid (EDTA), 0.5 mM ethylene glycol bis(2-
transcription is a highly dynamic process that involves the aminoethyl etherN,N,N’',N'-tetraacetic acid (EGTA), 10%
rapid exchange of coregulators in a combinatorial fashion glycerol, 0.5 mM dithiothreitol (DTT), 0.2 mM phenylm-
(2). A dominant feature of this mechanism has been the ethylsulfonyl fluoride (PMSF), and &g/mL each of leu-
notion that acetyltransferases and deacetylases are generallgeptin, aprotinin, and pepstatin A] containing 100 mM KCI
found in separate complexes. However, several studies haveand was loaded onto an 80 mL P11 phosphocellulose column
suggested that the activities of HATs and HDACs are not pre-equilibrated with the same buffer. The flow through was
entirely segregated and that their activities may in some case<sollected, and the column was washed sequentially in a
be linked. For example, co-immunoprecipitation and FRET stepwise fashion using buffer A containing 0.3, 0.5, and 1.0
analysis have demonstrated that the class-l HDACs areM KCI. The 1.0 M KCI N-CoR-containing fractions were
associated with the HAT PCAF in Hela cellg8]. The pooled, dialyzed against buffer A containing 100 mM KClI,
transcription factor YY1 interacts with both HATs and then passed through a DEAE-Sepharose column, and washed
HDACS, allowing it to function as an activator or repressor with an increasing KCI gradient. All fractions were analyzed
(29). Other studies have shown that the TSHromoter by Western blotting using anti-N-CoR antibody. The N-CoR-
contains “negative hormone response elements” and thatcontaining fractions were again pooled, concentrated by
TSHg is activated in the absence of thyroid hormoBe, precipitating with 26-60% ammonium sulfate, and then
31). The ligand-independent activation of TSH has been applied to a Sephacryl S300 column pre-equilibrated with
shown to involve the recruitment of N-CoR and CREB- buffer A containing 100 mM KCI. The column was washed
binding protein (CBP). Overexpression of N-CoR enhanced with buffer A at a flow rate of 0.4 mL/min. The fractions
expression of these genes and was associated with increasegere analyzed for N-CoR by Western blotting, pooled, and
in the acetylation status of a transient reporter containing dialyzed against buffer A containing 100 mM KCI without
the TSH gene promoter. More recently, it was shown that DTT. For affinity purification of N-CoR, affinity-purified
the targeted disruption of N-CoR in mice blocked the ability N-CoR antibody was cross-linked to protein A-Sepharose
of the retinoic acid to activate a reporter gene containing a using dimethylpalmilidate according to standard procedures
DR-1 response elemeni33). In addition, the N-CoR-  (33). The pooled fractions from the gel-filtration step were
dependent activation of the DR-1 required the function of precleared using protein A-Sepharose cross-linked to rabbit
HDAC3 and CBP, supporting a requirement for both IgG. The precleared sample was then loaded onto the affinity
deacetylase and acetylase function in specific types of column at a flow rate of 0.4 mL/min, and the flow through
transcriptional activation events. was collected and reloaded onto the affinity column 5 times.
In the present study, we have utilized a biochemical The bound proteins were washed with 10 column volumes
approach to demonstrate that a subset of endogenous N-CoRach of buffer A (without DTT) containing 0.1% Nonidet
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P-40 (NP-40) and 0.3 M KCI, 0.1% NP-40 and 0.5 M KCI, to a final volume of 20QL. The reactions were allowed to
or 0.5% NP-40 and 0.7 M KCI and a final wash in buffer A proceed at 37C for 90 min and stopped by the addition of
containing 100 mM KCI prior to elution with 100 mM  0.05 mL of a 0.1 M HCI/0.7 M acetic acid solution. Released
glycine (pH 2.8). For mock purification experiments, samples [*H]acetate was extracted with 0.6 mL of ethyl acetate. After
from the gelfiltration step were loaded onto a protein centrifugation, 0.3 mL of the upper organic phase was used
A-Sepharose cross-linked to the 1gG column, reloaded 5 for liquid scintillation counting.

times, and eluted following the same procedure as for the  gypression and Purification of Recombinant Proteins.

N-CoR affinity purification (see above). FLAG-tagged CBP, HA-tagged N-CoR-{B44 amino acids)
Chromatographic Purification of N-CoRthe 1.0 MKCI ¢ pnAs were subcloned into the pFastbac vector (Invitrogen),
fraction eluted from the phosphocellulose column was 54 recombinant proteins were expressed using the Bac-to-
dialyzed against buffer A containing 100 mM KClI, then * gac haculovirus expression system according to the instruc-
passed through a DEAE-Sepharose column, and washed withjong of the manufacturer. Epitope-tagged proteins were
an increasing KCI gradient. The f_ract|ons containing N-CoR prepared by the infection of SF9 cells with the appropriate
and CBP were pooled and dialyzed against buffer A \oompinant baculovirus, followed by immunoaffinity chro-

containirg 1 M ammonium sulfate and then applied t0 @ \a¢04raphy with anti-FLAG M2 or anti-HA-affinity resin.
phenyl Sepharose column, and proteins were eluted byp  iains were eluted with 20 mM Tris buffer at pH 7.9, 100
decreasing the ammonium sulfate concentration. The frac-m,\/I KCI, 10% glycerol, 0.5 mM EDTA, and 0.2 mg/mL of

tions corresponding to the major protein peaks were analyzed,[he appropriate peptide competitor. followed by dialvsis to
for N'COR or CBP by Wg;tern blotting, pooled, and Qialyzed remO\F/)(la3 thg pepti%epcompetito?, and ,frozeFrSO °C)./ N—CZR

agaln.;st buffetrhA cont?mén? 1005 mM KCI. Tlhe d|alyzdectih deletion mutants were generated by amplifying specific
sample was then applied to a Source Q column, an eregions of N-CoR using polymerase chain reaction (PCR)

Ergltemz_wetreﬂe]luted_ off oftthe coIEmn with an (;r}cresscl:ngR and subcloning the amplified cDNAs into the pGEX bacterial
gradient. 1he Major protein peak was assayed for N-1.0 expression vector in-frame with the glutathioB¢ransferase

and CBP by Western blotting, and fractions containing both ( : : : :
. . GST) moiety. The resulting plasmid was transformed into
gléﬁoﬁawLCBP vtvire ploof!ﬁd, con%entraF?ddustlrr]lg a If’}'omaxthe Escherichia colistrain BL-21, and protein expression
centriiugal miter, and puritie fough a .\ as induced with 1 mm isopropyl-1-thi8-p-galactopyra-
Superose 6 gel-filtration column. Individual fractions were noside (IPTG) fo 3 h at 30°C. The bacterial cells were
concentrated using a 0.5 mL Biomax 10K NMWL centrifugal . : . L
then disrupted, and the expressed proteins were affinity-

filter and Western blotted for N-CoR, CBP, and HDACS. purified using GST-Sepharose beads. Bound proteins were

W gegséifd?:gtuosz?C(;tyltrgzizesrla Sgeﬁ[ct:;r‘i.bZQT %ig;g ( eluted with buffer A containing 10 mM reduced glutathione.
gap y P ’ Proteins were then dialyzed against a buffer consisting of

Typically, approximately 100 ng of purified proteins bound 20 mM Tris at pH 7.9, 100 mM KC, 10% glycerol, 0.5 mM

to protein-G agarose was suspended inB®f IPH buffer ]
(50 mM Tris-HCI at pH 8.0, 100 mM NaCl, 5 mM EDTA, £ 1A and 0.5 mM DTT and stored at80 °C.

0.1% NP-40, and 0.1 mM PMSF) containing 10 mM of the ~ Immunoprecipitations and initro Interaction Assays.
HDAC inhibitor sodium butyrate, kL of [*H]acetyl-CoA Immunoprecipitations were carried out on 1060 (3 mg/
(1.85 mBq, 10 mCi/mmol, Amersham), and-1.5 ug of mL) of HeLa nuclear extract diluted in buffer A without DTT
free histones and incubated for 45 min at’80 The reactions ~ and containing 300 mM KClI, 0.1% NP-40, and 1 mg/mL
were stopped by spotting on p81 filter paper and allowed to bovine serum albumin (BSA). The nuclear extract was
air-dry for 10 min. The p81 filters were then soaked in Precleared with protein-G agarose fb h at 4°C. Immu-
NaCQ; buffer (50 mM NaHCQ and 50 mM NaCO; at pH noprecipitations were done with approximately@ of the
adjusted to 9.2 with HCI) for 30 min at 37C and then indicated antibodies or normal IgGrfa h at 4°C and then
washed 3 times (10, 5, and 5 min) in a 1:1:1 mixture of pulled-down with 20uL of protein-G agarose fol h or
MeOH/CHCl/acetone. The washed p81 filters are then overnight. The immunoprecipitates were washed at least 4
allowed to air-dry for 10 min before quantification by times with wash buffer (20 mM Tris-HCI at pH 7.9, 300
scintillation counting. To assess the effects of N-CoR on CBP mM KClI, 0.1% NP-40, 0.5 mM EDTA, 0.5 mM EGTA, and
HAT activity, 50 ng of full-length CBP was preincubated 10% glycerol) and then eluted with SDS-sample buffer and
with increasing amounts of N-CoR{B44 amino acids) and  analyzed by Western blotting. For the copurification of CBP
free histones prior to the addition ofH]acetyl-CoA and with N-CoR, Hela nuclear extract (1 mL) was diluted with
HAT activity was assessed as described above. The amoun# mL of buffer A without DTT and containing 300 mM KClI
of specific histone acetylation was determined by subtracting and 0.1% NP-40 and loaded onto the control affinity column
the CPMs obtained from reactions containing only CBP to consisting of protein A-Sepharose cross-linked to rabbit IgG
account for CBP autoacetylation. (100 uL packed volume). The flow through was collected
Measurement of Deacetylase Adtfj. Histone deacetylase  and reloaded onto the control column 5 times. The precleared
activity was monitored as describe85f. Aliquots of the sample was then loaded onto the affinity anti-N-CoR column
affinity-purified N-CoR were retained on 24 of protein (200uL packed volume), and the flow through was collected
A-Sepharose-affinity resin containing cross-linked anti-N- and reloaded onto the affinity column 5 times. The control
CoR antibody. The beads were washed extensively with and anti-N-CoR columns were washed with 10 column
buffer A containing 500 mM KCI and 0.5% NP40 and then volumes each of buffer A (without DTT) containing 0.1%
resuspended in buffer consisting of 20 mM Tris-HCI (pH NP-40 and 0.3 M KCl, 0.1% NP-40 and 0.5 M KClI, or 0.5%
7.6), 100 mM KCI, 0.1 mM EDTA, 0.2 mM DTT, and 0.2 NP-40 and 0.7 M KCI and a final wash in buffer A,
mM PMSF and containing®H]histones (20 000 cpm/rxn)  containing 100 mM KCI prior to elution with elution buffer
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[100 mM glycine (pH 3.0) and 100 mM KClI], and analyzed
by Western blotting. For theén wuitro interaction assay,
approximately 500 ng of recombinant HA-N-CoR—-844

Biochemistry, Vol. 45, No. 44, 2006.3153
RESULTS

To assess whether N-CoR and CBP associate in intact

amino acids) was bound to anti-HA agarose and washedCells, preliminary experiments were performed by fractionat-

extensively with buffer A containing 300 mM KCl and 0.1%
NP-40. To this immobilized HA-N-CoR (1844 amino

ing HelLa cell nuclear extracts using a Superose 6 size-
exclusion column. Western blots of fractions eluted from this

acids) agarose or anti-HA agarose as a control, approximatelycolumn indicated that N-CoR was found in a large molecular-
500 ng of purified recombinant FLAG-CBP was incubated Weight complex (Figure 1A), consistent with previous

in 200 uL of buffer A containing 300 mM KCI, 0.1%
NP-40, and 1 mg/mL BSA overnight at°€ with end-over-

observations 43). CBP also eluted in similar fractions,
although the elution profile was much broader, suggesting

end rotation. The bound proteins were then washed exten-that CBP is also found in complexes not containing N-CoR
sively, eluted with SDS-sample buffer, and analyzed by (Figure 1A). Immunoprecipitation experiments of endog-
Western blotting. For the GST interaction assays /@ ®f enous N-CoR and CBP were also conducted using specific
either GST alone, GST-N-CoR, or HA-N-COR 844 antibodies. Western blotting of proteins that copurified with
amino acids) were incubated with ng of FLAG-CBP in an anti-N-CoR antibOdy indicated that CBP could also be
buffer A containing 300 mM KCI, 0.1% NP-40, and 1 mg/ Co-immunoprecipitated (Figure 1B). Conversely, immuno-
mL BSA at 4°C for approximately 16 h. Protein complexes Precipitations using a specific anti-CBP antibody followed
were then Captured using either GST- or anti_HA_Sepharose'by Western blottlng demonstrated that N-CoR is associated
for 1 h at 4°C. The protein complexes were then washed With CBP, suggesting that both N-CoR and CBP may be
extensively with buffer A containing 300 mM KCland 0.1% found in the same complex (Figure 1B). Further co-
NP-40 and then analyzed by SPBAGE and Western immunoprecipitation experiments demonstrate that N-CoR
blotting using anti-CBP rabbit polyclonal antibody. also co-immunoprecipitates with the CBP-related protein
Co-infection of N-CoR and CBRsf9 cells were infected  P300 but not with actin, which was used as a negative control
with FLAG-CBP baculovirus alone or co-infected with (Figure 1B). To address whether the related protein SMRT
FLAG-CBP and HA-N-CoR (3844 amino acids) baculovi- copurifies Wi_th CBP or p300, additional co-immunoprecipi-
ruses. A total of 48 h postinfection, the cells were harvested tation experiments were performed and demonstrate that
and resuspended in buffer A containing 300 mM KCl and SMRT does not copurifiy with CBP or p300 (Figure 1C).
0.1% NP-40 and disrupted by 10 strokes in a dounce N addition, we performeth vitro HAT assays using proteins
homogenizer and the cell lysate was clarified by centrifuga- immunoprecipitated with either N-CoR or CBP antibodies.
tion. To each of the cell extracts, anti-HA agarose was added, These results indicate that immunopurified CBP and N-CoR
incubated fo 2 h at 4°C, and washed with lysis buffer and POssess acetyltransferase activity that is not seen with the
a final wash with buffer A containing 100 mM KCland 0.1% control IgG immunoprecipitation (Figure 1D).
NP-40. The bound proteins were eluted with SDS-sample These preliminary observations were followed up by a
buffer and analyzed by Western blotting. more detailed biochemical analysis. First, a large-scale
Immunofluorescenc@CF-7 cells were plated onto mi-  purification of N-CoR was performed using the scheme
croscope slides and maintaineddEM with 10% fetal shown in Figure 2A, which combined conventional purifica-
bovine serum (FBS) at 37C with 5% CQ. Cells were tion techniques with a final immunoaffinity purification. The
allowed to adhere for approximately 18 h prior to fixation initial step utilized a P11 phosphocellulose column with
with 4% paraformaldehyde for 10 min, then permeabilized elution by increasing salt concentrations. The results of this
with 0.1% Triton X-100 in phosphate-buffered saline (PBS), preliminary chromatographic separation indicated that the
and washed 4 times in PBS over 5 min. The cells were then majority of N-CoR eluted at salt concentrations correspond-
preincubated in blocking solution (3% BSA and 1.5% FBS) ing to 0.3 and 0.5 M KCI as described previousBa). A
for 1 h, and CBP was labeled using an mouse monoclonalrelatively minor component of the total N-CoR was found
anti-CBP antibody (1:20 dilution, Santa Cruz, sc-7300). in a fraction requiring 1.0 M KCI for elution (data not
N-CoR was labeled using an affinity-purified rabbit poly- shown). Further purification of this fraction using gel-
clonal anti-N-CoR (1:20 dilution) or a Santa Cruz goat filtration chromatography indicated that both N-CoR and

polyclonal antibody (1:50 dilution, Sc-1609). Acetylated
histones were labeled with rabbit polyclonal acetylated-
histone-H4 antibody (1:50 dilution, Cell Signaling Technol-
ogy) for 1 h atroom temperature. The cells were then washed
4 times with PBS before labeling with anti-rabbit 1gG
conjugated to TRIT-C (1:100 dilution, Sigma), anti-mouse
IgG conjugated to fluorescein (1:100 dilution, Santa Cruz),
or anti-sheep IgG conjugated to Alexa 488 (1:1000 dilution,
Molecular Probes) fol h atroom temperature. Images were
captured at 108 (oil immersion) using a Z-stack on a Leica
microscope, and the 3D stack was digitally deconvolved

CBP were found in similar fractions and that the size of the
immunoreactive peak corresponded to approximately 1 MDa
(Figure 2B). We also tested the individual fractions for HAT
activity, which again indicated a direct overlap between HAT
activity and copurification of both N-CoR and CBP (Figure
2B). The N-CoR-containing fractions were pooled and then
passed through an anti-N-CoR immunoaffinity column. After
extensive washing, the bound proteins were eluted and
assayed by Western blotting, which indicated that both
N-CoR and CBP were present (Figure 3A). In contrast,
neither protein was detected when the partially purified

using Velocity and analyzed using Openlab 3.0 and Adobe fractions were passed through a control immunoaffinity
Photoshop (parts A and B of Figure 5). Images were also column (Figure 3A). Silver staining of the affinity-purified

captured at 109 (oil immersion) using an Olympus AX70

N-CoR complex identified approximately 10 proteins, rang-

microscope and overlaid using Adobe Photoshop (parts Cing in size from approximately 46 to 300 kDa, that copurify

and D of Figure 5).

with N-CoR and were not found in the control immunoaf-
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Ficure 1: N-CoR copurifies with CBP and HAT activity. (A) N-CoR and CBP copurify by gel-filtration chromatography. HelLa cell
nuclear extracts were fractionated using a Sephacryl S300 column, and the presence of N-CoR and CBP in the collected fractions was
determined by Western blotting. (B) N-CoR co-immunoprecipitates with CBP and p300 from HelLa cell nuclear extracts. Co-
immunoprecipitation experiments from HelLa nuclear extracts conducted using specific antibodies for N-CoR, CBP, p300, or actin. The
resulting immunopurified complexes were separated by-SPSGE, and the presence of CBP, N-CoR, and p300 was analyzed by Western
blotting. (C) Co-immunoprecipitation experiments from HelLa nuclear extracts using a SMRT-specific antibody. The resulting immuno-
precipitated complexes were separated by SBAGE, and the presence of CBP or p300 was analyzed by Western blotting. (D)
Immunoprecipitated N-CoR possesses HAT activity. Immunoprecipitation of HAT activity using anti-CBP or anti-N-CoR antibodies, or
normal rabbit IgG as a control, from HelLa nuclear extract. The resulting immunoprecipitated complexes were extensively washed and
assayed for HAT activityn vitro using free histones as substrates.
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Schematic representation of the various chromatographic steps use

; 6 ; ?—' 3: Immunopurified N-CoR copurifies with both HDAC
to purify the N-CoR complex. (B) N-CoR copurifies with CBP and ~ FIGURE nn . : N
HAT activity. (Upper panel) Western blot analysis of the fractions and HAT activity. (A) Western blot analysis of the immunopurified

eluted from the Sephacryl S300 column. A total of.@Dof protein N-CoR complex. N-CoR eluted from the Sephacryl S300 fraction
from the corresponding fractions was separated by SPSGE was immunopurified using an anti-N-CoR affinity column or control

transferred to nitrocellulose, and probed with the specific antibodies €0lUmn- The purified proteins were separated by SPBGE and

indicated on the left. The molecular-mass standards are indicategimmunoblotted using anti-N-CoR or anti-CBP antibodies. (B) Silver
at the top of the panel: 2 MDa, void; 660 kDa, thyroglobulin. Stain of the immunopurified N-CoR complex. The Sephacryl S300
(Lower panel) Fractions corresponding to the gel-filtration chro- fractions containing N-CoR were pooled and purified by affinity

matographic separation were also assessed for HAT activity using €hromatography using an anti-N-CoR affinity column or IgG control
free histones or BSA as substrates. column as indicated in the Experimental Procedures. Bound proteins

were eluted from the affinity column using 100 mM glycine at pH

finity purification (Figure 3B). We also tested the immu- 2.8 and separated by SB®AGE. Approximate molecular masses
nopurified fractions for both acetyltransferase and deacetylase?! the isolated polypeptides are indicated on the right. Molecular-

tivities. Surprisinaly. both activities were detected when mass standards are indicated on the left. (C) Deacetylase activity
ac_'v' 1es. . p aly, g of the immunopurified N-CoR complex. Immunopurified N-CoR
using free histones as substrates (parts C and D of Figureor control IgG elutions were preincubated either alone or with 100
3), further suggesting that N-CoR is capable of interacting nM TSA and3H-labeled core histones. The reaction was allowed
with both HDACs (Figure 3C) and HATs (Figure 3D). to proceed for 90 min prior to extraction and quantification of the

Second, to assess the stability of the association betweer€leased®H-labeled acetyl-CoA. The results are a representative
N-CoR aCBP d ifv N-COR b .~ ~experiment from at least two independent purifications. (D) HAT

-Lok an » we attempted to purify N-CoR by passing activity of the immunopurified N-CoR complex. Immunopurified
the 1.0 M KCl fraction eluted from the P11 phosphocellulose N-CoR or IgG-purified proteins were assessed for HAT activity
column through a series of additional chromatographic using free histones as substrates. The results are representative of
columns (Figure 4A). At each chromatographic step, the at least two independent experiments.
fractions containing both N-CoR and CBP were pooled and
passed through a subsequent column. As shown in Figurethe pooled fractions from each step of the chromatographic
4B, overlapping peaks of immunoreactivity could be detected purification indicates that approximately 10 proteins copurify
for both CBP and N-CoR through every column that was with N-CoR using this alternate purification scheme. Fur-
employed. The final step included gel-filtration chromatog- thermore, the association of N-CoR with CBP could not be
raphy, which again indicated that both CBP and N-CoR, as prevented in cells pretreated with the HDAC inhibitor TSA
well as HDACS3, copurified (Figure 4B). Silver staining of (data not shown). Collectively, these results support the
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Ficure 4. Chromatographic copurification of N-CoR and CBP. (A) Schematic representation of the conventional chromatographic steps
used to purify N-CoR and CBP. (B) N-CoR copurifies with CBP and HDAC3 through multiple conventional chromatography fractionations.
Western blot analysis of the fractions eluted from each of the chromatographic columns utilized. For each sample, approxiplately 20
were separated by SBSAGE, transferred to nitrocellulose, and then probed with the antibodies indicated on the left. (C) Silver-stain
SDS-PAGE gel of aliquots obtained from the conventional chromatography purification. Fractions after each step of conventional
chromatography were pooled, and an aliquot of the pooled fractions was separated bPSBE and silver-stained. Molecular-mass
standards are indicated on the left.

notion that a fraction of CBP does indeed copurify as a antibody raised against CBP together with affinity-purified
component of the N-CoR complex, and this association doesanti-N-CoR antibody. Both N-CoR (red staining) and CBP
not appear to be dependent upon deacetylase activity. (green staining) were found throughout the nucleus (DAPI,
To assess the colocalization of N-CoR and CBP in intact blue staining) as an even speckled pattern excluded from
cells, we performed indirect immunofluorescence on asyn- the nucleolus (Figure 5A). Upon merging the images
chronously growing MCF-7 cells using a mouse monoclonal obtained for N-CoR and CBP within the same optical section,
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A DAPI N-CoR CBP Merge B

Ficure 5: N-CoR colocalizes with CBP and acetylated histones within the nucleus in intact cells. (A) N-CoR colocalizes with CBP within
the nucleus. Indirect immunofluorescence of asynchronous MCF-7 cells using a mouse monoclonal anti-CBP antibody together with affinity-
purified anti-N-CoR antibody. Both CBP and N-CoR staining were found as an even nuclear speckled pattern excluded from the nucleolus.
When CBP and N-CoR staining were directly compared, a fraction of both proteins colocalize as demonstrated by the yellow-staining
pattern. (B) Enlargement of the area indicated by the black box in the merged image shown in A. (C) N-CoR colocalizes with acetylated
histones. Indirect immunofluorescence of asynchronously growing MCF-7 cells using a goat polyclonal antibody anti-N-CoR and a rabbit
polyclonal antibody anti-Ac-H4. Both N-CoR and Ac-H4 staining were found as an even nuclear speckled pattern excluded from the
nucleolus. When the two images are merged, the resulting yellow color represents the colocalization of N-CoR with acetylated histone H4.
(D) Enlargement of the area indicated by the black box in the merged image shown in C.

some colocalization of the two antibodies was observed, asindicated that full-length CBP is capable of interacting
evidenced by the yellow-staining pattern (Figure 5B). directly with the amino terminus of N-CoR (Figure 6C).
However, a significant fraction of the staining for the two The association between N-CoR and CBP may have a
proteins was found not to colocalize, suggesting that a number of functional implications. In addition to recruiting
substantial fraction of N-CoR and CBP also reside in separateother proteins, it has been demonstrated that N-CoR and
compartments within the nucleus (Figure 5B). To assess if SMRT have the ability to activate the deacetylase activity
N-CoR could be found in regions of the nucleus containing of HDACS3. This deacetylase activation function is dependent
acetylated histones, we performed indirect immunofluores- upon a direct interaction between N-CoR and HDAQTS)(
cence on asynchronously growing MCF-7 cells. N-CoR was To test if N-CoR has a regulatory role in modulating CBP
stained using a goat polyclonal antibody, and acetylated acetyltransferase activity, we tested N-CoR-844 amino
histones were labeled with rabbit polyclonal acetylated- acids) for its ability to regulate CBP HAT activiiy vitro.
histone-H4 antibody. Both N-CoR (green staining) and Surprisingly, increasing concentrations of N-CoR resulted
acetylated-histone-H4 (red staining) were found throughout in a dose-dependent inhibition of HAT activity, with a
the nucleus as an even speckled pattern excluded from themaximal inhibition occurring at approximately 400 nM
nucleolus (Figure 5C). Upon merging the images obtained (Figure 6D). Furthermore, the presence of the HDAC
for N-CoR and acetylated-histone-H4 within the same optical inhibitor sodium butyrate, to inhibit any copurifying deacety-
section, some colocalization of the two antibodies was lase activity, suggests that the inhibition of HAT activity is
observed (yellow-staining pattern, Figure 5D). However, as not due to the recruitment of HDAC activity but is mediated
was the case for the colocalization of N-CoR and CBP, a through an alternate mechanism.
significant fraction of the staining for the two proteins was  To map the region of N-CoR that interacts directly with
found not to colocalize (Figure 5D). Collectively, these data CBP and is capable of inhibiting CBP HAT activity, we
indicate that a fraction of CBP and N-CoR are found in the generated N-CoR deletion mutants fused to GST spanning
same complexn vivo. 1-312 amino acids, which consists of repressor domain 1
Direct Interaction between N-CoR and CBPo assess (RD1), N-CoR (403-488 amino acids), which contains the
whether N-CoR is capable of directly interacting with CBP, first SANT domain and the deacetylase activation domain
experiments were performed using insect cells overexpressinglDAD), and N-CoR (516-685 amino acids), which contains
N-CoR (1-844 amino acids) containing an HA tag at its the second SANT domain and a putative histone interaction
amino terminus and full-length FLAG-tagged CBP (Figure domain (HID) @1) (Figure 7A). These deletion mutants were
6A). A total of 48 h after co-infection, cells were disrupted, tested forin zitro binding to full-length recombinant CBP.
extracts were affinity-purified using anti-FLAG Sepharose, The results of these experiments demonstrate that the
and purified proteins were analyzed by Western blotting minimal region of N-CoR that is capable of interacting with
using an anti-HA antibody. These results indicate that CBP CBP is found at amino acids1312, although a consistently
associates with the amino terminus of N-CoR following stronger interaction was detected with N-CoR-844 amino
overexpression in insect cells (Figure 6B). To determine if acids) (Figure 7B). These same deletion mutants were also
the association of N-CoR and CBP is the result of a direct tested for inhibition of CBP HAT activityn vitro. Surpris-
interaction,in zitro pulldown assays were performed using ingly, the region of N-CoR capable of inhibiting CBP HAT
purified recombinant N-CoR (2844 amino acids) and  activity was found at amino acids 53685 (Figure 7C) and
purified full-length CBP. The results of these experiments did not include amino acids-1312. Interestingly, N-CoR
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Ficure 6: N-CoR interacts directly with CBP and inhibits CBP HAT activity. (A) Coomassie stain of recombinant tagged N-CoR and CBP
proteins. Sf9 insect cells were infected with baculovirus FLAG-tagged CBP or HA-tagged N-Cd&R&4lamino acids) baculoviruses. A

total of 48 h postinfection, the insect cells were lysed and proteins were immunopurified with anti-FLAG or anti-HA agarose, washed
extensively, and eluted using FLAG or HA peptide, respectively. The immunoprecipitated proteins were resolvedHBASESand
stained with Coomassie blue. (B) Amino terminus of N-CoR copurifies with CBP. Sf9 insect cells were infected with baculovirus FLAG-
tagged CBP alone or in combination with HA-tagged N-CoR &24 amino acids) baculoviruses. A total of 48 h postinfection, the insect
cells were lysed and proteins were immunopurified with anti-HA agarose. The immunoprecipitated proteins were resolvedRAGDS

and probed with anti-FLAG antibody. (C) Amino terminus of N-CoR interacts directly with CBP. Purified recombinant FLAG-CBP was
incubated with recombinant HA-N-CoR+{B44 amino acids) immobilized onto anti-HA agarose and then washed extensively. The resulting
immunoprecipitated proteins were resolved by SIPAGE and probed with anti-FLAG antibody. (D) Amino terminus of N-CoR attenuates
CBP HAT activity. Purified recombinant FLAG-CBP was preincubated with increasing amounts of HA-N-CelR4lamino acids) or

BSA prior to the measurement of HAT activity vitro.
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FiGure 7: Mapping of the CBP interaction and HAT inhibitory domains. (A) Coomassie stain of purified recombinant N-CoR amino-
terminal deletion mutants. N-CoR deletion were expressed and purified as described under the Experimental Procedures. Approximately
0.5ug of the immunopurified proteins were resolved by SBFAGE and stained with Coomassie blue. The asterisk represents the correct
HA-N-CoR (1-844 amino acids) band. (B) Mapping of the N-terminal N-CoR/CBP interaction domain. Approximataly 6f 5ecombinant
full-length FLAG-tagged CBP was incubated with Qg of N-CoR deletion mutants and affinity-purified, and the immunoprecipitated
complexes were resolved by SBBAGE and probed with anti-CBP antibody. The results shown are representative of at least two independent
experiments. (C) Mapping of the N-terminal N-CoR CBP HAT inhibitory domain. A total of 50 ng of recombinant purified FLAG-tagged
CBP was incubated alone or preincubated with 100 nM purified recombinant N-CoR deletion mutants prior to the measurement of HAT
activity in vitro using 1ug of free histones as substrates. The results shown are representative of at least two independent experiments.
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(1—312 amino acids) was found to stimulate HAT activity
in vitro, although as observed with tlie vitro interaction
data, N-CoR (+844 amino acids) is a more effective

associate with CBP. First, biochemical purification studies
using both immunoaffinity and conventional chromatography
show that CBP copurifies with N-CoR. We also demonstrate

inhibitor of acetyltransferase activity. Collectively, these data that N-CoR is capable of copurifying with the related protein
suggest that the amino terminus of N-CoR is capable of both p300; however, it appears that these interactions are not

directly interacting with CBP and inhibiting HAT activity.
DISCUSSION

conserved with the related corepressor SMRT. In addition,
HAT activity based on the acteylation of free histones
copurifies with the N-CoR complex, which is consistent with

The purpose of this study was to determine if the protein the presence of CBP. We further demonstrate that the amino
acetyltransferase CBP could stably associate with N-CoR.terminus of N-CoR is capable of interacting directly with
We have provided several lines of evidence to demonstratefull-length CBPin vitro, suggesting that the association may
that a component of endogenous N-CoR does indeedbe direct. Second, immunofluorescence studies clearly
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demonstrate that a component of both N-CoR and CBP be attenuated by disruption of CBP and HDAC3, suggesting
colocalize in the nucleus. However, the colocalization is not that N-CoR recruitment is a necessary requirement for
complete, and a significant fraction of these proteins reside activation of the DR1-containing reporter and that this
in separate compartments. activation is dependent upon receptor conformation, which
Recent studies have suggested that transcriptional activaimay be dictated by the transcription factor binding s&2) (
tion and repression are highly dynamic processes involving Also of note, a recent paper using a purifid vitro
a large repertoire of coactivator and corepressor proteins thatranscription system has demonstrated a transcriptional
assemble at specific promoters in a sequential and combi-repression activity associated with the CBP-related coacti-
natorial fashion36, 37). Although it has often been observed vator protein p30042). Indeed, there are several published
that coactivators and corepressors are functionally separatedreports of CBP and p300 participating in transcriptional
this separation is not always absolute. For example, ChlPrepression43—45).
studies indicate that HDAC1 and HDAC7, which are  Another possibility is that the HAT activity of CBP may
normally viewed as corepressors, are integral componentsmodulate transcriptional repression by directly acetylating
of the transcriptional activation cycle and play a role in N-CoR or additional N-CoR-associated proteins during
transcriptional activation 36). Genome-wide expression transcriptional repression. Although acetylation is most
analysis using DNA microarrays has shown that mMRNA commonly associated with the modification of histones,
levels for many genes are elevated in yeast mutants carryingnumerous studies have shown that HATs also play a role in
mutations for SWI/SNF 38, 39). These studies also dem- modifying nonhistone proteins. The HAT activity of p300
onstrate that gene regulation by SWI/SNF occurs at the levelcan both promote and inhibit transcription by modifying
of individual promoters rather than over chromosomal nonhistone proteins. For example, direct acetylation of p53
domains, providing further evidence that SWI/SNF is by p300 contributes to its activation by facilitating DNA-
targeted to specific genes to repress transcription. Studiesbinding activity and recruitment of coactivatord€gj. In
investigating the genome-wide function of histone deacety- contrast, acetylation of the PLZF DNA-binding domain by
lase in yeast have provided further evidence for a direct role p300 promotes repression by p3087). Alternatively,
of HDACs in the transcriptional activation of a subset of acetylation could regulate protetiprotein interactions neces-
genes. It has also been shown that, within chromatin regionssary for the recruitment of additional proteins by N-CoR.
of high transcriptional activity, HATs and HDACs can The nuclear receptor coactivator ACTR is acetylated v0
coexist within the same nuclear compartment. Thus, it is by CBP, and this acetylation is required to terminate the
possible that the association between N-CoR and CBP mayligand-dependent interaction between the retinoic acid recep-
occur in such a compartment and provide a mechanism fortor and ACTR 48). Interestingly, while this paper was in
the efficient regulation of hormone-dependent gene expres-review, it was demonstrated that p300 co-immunoprecipitates
sion. with the glucocorticoid receptor (GR) and HDAC1 and that
Our work demonstrates that the region of N-CoR (516 acetylation of HDAC1 by p300 reduces HDAC1 deacetylase
685 amino acids) containing a HID is responsible for activity (49). Thus, it is conceivable that N-CoR or one of
inhibiting CBP HAT activityin »itro and is consistent with  its core complex components may be directly acetylated by
a previous report demonstrating that the corepressor SMRTCBP, and that this acetylation may modulate the function of
(1—891 amino acids) was also capable of attenuating HAT the complexes.
activity (41). The major CBP interaction domain was found Finally, HATs and HDACs may both be required for
at N-CoR (+-312 amino acids), a region that contains RD1 mediating the transcriptional repression function of N-CoR
and is distinct from the HAT inhibitory domain. On the basis by covalently modifying histones in a coordinated fashion.
of these results, we propose that N-CoR contains two distinct Therefore, the switch from transcriptional repression to
domains that function to regulate CBP activity. The first activation may not be an all or none event only involving
domain (N-CoR +312 amino acids) functions to sequester an exchange of complexes. Rather, it may be the balance
CBP through direct binding, while the second domain (N- between acetylation and deacetylation that defines the overall
CoR 516-685 amino acids) silences CBP HAT activity activation or repression potential. This would imply that the
through a mechanism that may involve direct binding of combination of acetylation and deacetylation is hierarchical,
N-CoR to histones. Accordingly, such a mechanism may such that the covalent modification at one site results in
function to position a coactivator at a promoter in a allosteric changes that serve as a prerequisite for covalent
transcriptionally inactive state so that it is poised to respond modification at a subsequent site within a histone or
to specific signals that activate transcription. Indeed, such anonhistone protein. This hypothesis is consistent with the
concept has been previously proposed to explain the directtheory of a histone code, where distinct histone amino-
interaction observed between N-CoR and ACHR)( terminal modifications such as acetylation and/or methylation
This does not, however, exclude the possibility that the can generate synergistic or antagonistic interaction affinities
direct association between N-CoR and CBP may have otherfor chromatin-associated proteins, which in turn dictate
functional consequences. The N-CoR/CBP association maydynamic transitions between transcriptional activation/repres-
represent a distinct complex specifically involved in tran- sion.
scriptional activation events that are dependent upon the In conclusion, we have identified a novel association
promoter context. For example, studies using embryonic between N-CoR and CBP and suggest several novel roles
fibroblasts isolated from N-CoR knockout mice indicate that for N-CoR in transcription. In addition to recruitment and
disruption of N-CoR results in inhibition of retinoic-acid- activation of HDAC3, N-CoR may mediate its transcriptional
dependent transcription activation from a DR1-containing effects by inhibiting CBP HAT activity. Although the full
reporter plasmid32). Interestingly, this activation could also  ramifications of the presence of coactivators and corepressors
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in a single coregulatory complex is not yet fully understood,

17

our work provides additional evidence that coactivators and
corepressors interact directly, and that their simultaneous
activity may in some cases be required to regulate transcrip- 18
tion.

ACKNOWLEDGMENT

19

We acknowledge the technical assistance of Caroline

Underhill and Esther Loney.

20

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

. Hu, X., and Lazar, M. A. (1999) The CoRNR motif controls the

Fischle, W., Wang, Y., and Allis, C. D. (2003) Histone and
chromatin cross-talkCurr. Opin. Cell Biol. 15 172-183.

Perissi, V., and Rosenfeld, M. G. (2005) Controlling nuclear
receptors: The circular logic of cofactor cyclééat. Re.. Mol.
Cell. Biol. 6 542-554.

21

22

. Horlein, A. J., Naar, A. M., Heinzel, T., Torchia, J., Gloss, B.,

Kurokawa, R., Ryan, A., Kamei, Y., Soderstrom, M., Glass, C.

K. et al. (1995) Ligand-independent repression by the thyroid 23
hormone receptor mediated by a nuclear receptor co-repressor [see
comments]Nature 377, 397404.

. Chen, J. D., and Evans, R. M. (1995) A transcriptional co-repressor

that interacts with nuclear hormone receptdtafure 377 454—
457.

. Zamir, |., Harding, H. P., Atkins, G. B., Horlein, A., Glass, C.

K., Rosenfeld, M. G., and Lazar, M. A. (1996) A nuclear hormone
receptor corepressor mediates transcriptional silencing by receptors
with distinct repression domainilol. Cell. Biol. 16 5458-5465.

. Zamir, |., Zhang, J., and Lazar, M. A. (1997) Stoichiometric and

steric principles governing repression by nuclear hormone recep-
tors, Genes De. 11, 835-846.

recruitment of corepressors by nuclear hormone receptaitsyre
402, 93-96.

. Perissi, V., Staszewski, L. M., Mclnerney, E. M., Kurokawa, R.,

Krones, A., Rose, D. W., Lambert, M. H., Milburn, M. V., Glass,
C. K., and Rosenfeld, M. G. (1999) Molecular determinants of
nuclear receptorcorepressor interactioGenes De. 13, 3198
3208.

. Lavinsky, R. M., Jepsen, K., Heinzel, T., Torchia, J., Mullen, T.

M., Schiff, R., Del-Rio, A. L., Ricote, M., Ngo, S., Gemsch, J.,
Hilsenbeck, S. G., Osborne, C. K., Glass, C. K., Rosenfeld, M.
G., and Rose, D. W. (1998) Diverse signaling pathways modulate
nuclear receptor recruitment of N-CoR and SMRT complexes,
Proc. Natl. Acad. Sci. U.S.A. 92920-2925.

Jackson, T. A., Richer, J. K., Bain, D. L., Takimoto, G. S., Tung,
L., and Horwitz, K. B. (1997) The partial agonist activity of
antagonist-occupied steroid receptors is controlled by a novel hinge
domain-binding coactivator L7/SPA and the corepressors N-CoR
or SMRT, Mol. Endocrinol. 11 693—-705.

Smith, C. L., Nawaz, Z., and O'Malley, B. W. (1997) Coactivator
and corepressor regulation of the agonist/antagonist activity of
the mixed antiestrogen, 4-hydroxytamoxiféfol. Endocrinol. 11
657—666.

Kao, H. Y., Ordentlich, P., Koyano-Nakagawa, N., Tang, Z.,
Downes, M., Kintner, C. R., Evans, R. M., and Kadesch, T. (1998)
A histone deacetylase corepressor complex regulates the Notch
signal transduction pathwagenes De. 12, 2269-2277.

Xu, L., Lavinsky, R. M., Dasen, J. S., Flynn, S. E., Mclnerney,
E. M., Mullen, T. M., Heinzel, T., Szeto, D., Korzus, E.,
Kurokawa, R., Aggarwal, A. K., Rose, D. W., Glass, C. K., and
Rosenfeld, M. G. (1998) Signal-specific co-activator domain
requirements for Pit-1 activatioiNature 395 301—-306.

Yoon, H. G., Chan, D. W., Huang, Z. Q., Li, J., Fondell, J. D.,
Qin, J., and Wong, J. (2003) Purification and functional charac-
terization of the human N-CoR complex: The roles of HDACS,
TBL1 and TBLR1,EMBO J. 22 1336-1346.

Lee, J., Wang, J., Wang, J., Nawaz, Z., Liu, J. M., Qin, J., and
Wong, J. (2000) Both corepressor proteins SMRT and N-CoR
exist in large protein complexes containing HDAGVIBO J.

19, 1-10.

Wen, Y. D., Perissi, V., Staszewski, L. M., Yang, W. M., Krones,
A., Glass, C. K., Rosenfeld, M. G., and Seto, E. (2000) The histone
deacetylase-3 complex contains nuclear receptor corepressors,
Proc. Natl. Acad. Sci. U.S.A. 97202-7207.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Biochemistry, Vol. 45, No. 44, 2006.3161

. Zhang, J., Kalkum, M., Chait, B. T., and Roeder, R. G. (2002)
The N-CoR-HDAC3 nuclear receptor corepressor complex inhibits
the JNK pathway through the integral subunit GPB®|. Cell
9, 611-623.

. Guenther, M. G., Barak, O., and Lazar, M. A. (2001) The SMRT
and N-CoR corepressors are activating cofactors for histone
deacetylase 3yiol. Cell. Biol. 21, 6091-6101.

. Perissi, V., Aggarwal, A., Glass, C. K., Rose, D. W., and
Rosenfeld, M. G. (2004) A corepressor/coactivator exchange
complex required for transcriptional activation by nuclear receptors
and other regulated transcription facto@ell 116 511-526.

.Yoon, H. G., Chan, D. W., Reynolds, A. B., Qin, J., and Wong,
J. (2003) N-CoR mediates DNA methylation-dependent repression
through a methyl CpG binding protein Kaiddpl. Cell 12 723—

734.

. Luo, K., Stroschein, S. L., Wang, W., Chen, D., Martens, E., Zhou,
S., and Zhou, Q. (1999) The Ski oncoprotein interacts with the
Smad proteins to repress T@Bignaling,Genes De. 13, 2196—
2206.

.Lu, Z. H., and Chen, J. (2003) Role of Ski/SnoN protein in the
regulation of TGFS signal pathwayZhongguo Yi Xue Ke Xue
Yuan Xue Bao 25233-236.

. Underhill, C., Qutob, M. S., Yee, S. P., and Torchia, J. (2000) A

novel nuclear receptor corepressor complex, N-CoR, contains

components of the mammalian SWI/SNF complex and the

corepressor KAP-1). Biol. Chem. 27540463-40470.

Shi, Y., Downes, M., Xie, W., Kao, H. Y., Ordentlich, P., Tsai,

C. C., Hon, M., and Evans, R. M. (2001) Sharp, an inducible

cofactor that integrates nuclear receptor repression and activation,

Genes De. 15, 1140-1151.

Dellaire, G., Makarov, E. M., Cowger, J. J., Longman, D.,

Sutherland, H. G., Luhrmann, R., Torchia, J., and Bickmore, W.

A. (2002) Mammalian PRP4 kinase copurifies and interacts with

components of both the U5 snRNP and the N-CoR deacetylase

complexesMol. Cell. Biol. 22 5141-5156.

Huang, E. Y., Zhang, J., Miska, E. A., Guenther, M. G.,

Kouzarides, T., and Lazar, M. A. (2000) Nuclear receptor

corepressors partner with class Il histone deacetylases in a Sin3-

independent repression pathw&enes De. 14, 45-54.

Heinzel, T., Lavinsky, R. M., Mullen, T. M., Soderstrom, M.,

Laherty, C. D., Torchia, J., Yang, W. M., Brard, G., Ngo, S. D.,

Davie, J. R., Seto, E., Eisenman, R. N., Rose, D. W., Glass, C.

K., and Rosenfeld, M. G. (1997) A complex containing N-CoR,

mSin3 and histone deacetylase mediates transcriptional repression

[see commentsNature 387 43—48.

Yamagoe, S., Kanno, T., Kanno, Y., Sasaki, S., Siegel, R. M.,

Lenardo, M. J., Humphrey, G., Wang, Y., Nakatani, Y., Howard,

B. H., and Ozato, K. (2003) Interaction of histone acetylases and

deacetylases in vivdylol. Cell. Biol. 23 1025-1033.

Thomas, M. J., and Seto, E. (1999) Unlocking the mechanisms of

transcription factor YY1: Are chromatin modifying enzymes the

key? Gene 236197-208.

Tagami, T., Park, Y., and Jameson, J. L. (1999) Mechanisms that

mediate negative regulation of the thyroid-stimulating hormone

o gene by the thyroid hormone receptdt, Biol. Chem. 274

22345-22353.

Tagami, T., Madison, L. D., Nagaya, T., and Jameson, J. L. (1997)

Nuclear receptor corepressors activate rather than suppress basal

transcription of genes that are negatively regulated by thyroid

hormone,Mol. Cell. Biol. 17 2642-2648.

Jepson, K., Hermanson, O., Onami, T. M., Gleiberman, A. S.,

Lunyak, V., McEvilly, R. J., Kurokawa, R., Kumar, V., Forrest,

L., Seto, E., Hedrick, S. M., Mandel, G., Glass, C. K., Rose, D.

W., and Rosenfeld, M. G. (2000) Combinatorial roles of the

nuclear receptor corepressor in transcription and develop@etht,

105, 753-763.

Harlow, E., and Lane, D. (1999)sing Antibodies: A Laboratory

Manual Cold Spring Harbor Laboraory Press, Plainview, NY.
Brownell, J. E., and Allis, C. D. (1995) An activity gel assay

detects a single, catalytically active histone acetyltransferase

subunit inTetrahymena macronuclé?roc. Natl. Acad. Sci. U.S.A.

92, 6364-6368.

Hendzel, M. J., Delcuve, G. P., and Davie, J. R. (1991) Histone

deacetylase is a component of the internal nuclear matriol.

Chem. 26621936-21942.

Metivier, R., Penot, G., Hubner, M. R., Reid, G., Brand, H., Kos,

M., and Gannon, F. (2003) Estrogen receptadirects ordered,

cyclical, and combinatorial recruitment of cofactors on a natural

target promoterCell 115 751-763.



13162 Biochemistry, Vol. 45, No. 44, 2006

37.

38.

39.

40.

41.

42.

43.

44,

Metivier, R., Reid, G., and Gannon, F. (2006) Transcription in
four dimensions: Nuclear receptor-directed initiation of gene
expressionEMBO Rep. 7161-167.

Zhang, H. S., Gavin, M., Dahiya, A., Postigo, A. A., Ma, D., Luo,
R. X., Harbour, J. W., and Dean, D. C. (2000) Exit from G1 and
S phase of the cell cycle is regulated by repressor complexes
containing HDAC-Rb-hSWI/SNF and Rb-hSWI/SNEgll 101,
79—-89.

Martens, J. A., and Winston, F. (2002) Evidence that Swi/Snf
directly represses transcription $ cereisiae, Genes De. 16,
2231-2236.

Li, X., Kimbrel, E. A., Kenan, D. J., and McDonnell, D. P. (2002)
Direct interactions between corepressors and coactivators permit
the integration of nuclear receptor-mediated repression and
activation,Mol. Endocrinol. 16 1482-1491.

Yu, J., Li, Y., Ishizuka, T., Guenther, M. G., and Lazar, M. A.
(2003) A SANT motif in the SMRT corepressor interprets the
histone code and promotes histone deacetylatiBO J. 22
3403-3410.

Santoso, B., and Kadonaga, J. T. (2006) Reconstitution of
chromatin transcription with purified components reveals a
chromatin-specific repressive activity of p3@@at. Struct. Mol.
Biol. 13, 131-139.

Munshi, N., Merika, M., Yie, J., Senger, K., Chen, G., and Thanos,
D. (1998) Acetylation of HMG I(Y) by CBP turns off IFI¢ ex-
pression by disrupting the enhanceosoMel. Cell 2, 457—467.
Waltzer, L., and Bienz, M. (1998) Drosophila CBP represses the
transcription factor TCF to antagonize Wingless signallivature

395 521-525.

45.

46.

47.

Cowager and Torchia

Baluchamy, S., Rajabi, H. N., Thimmapaya, R., Navaraj, A., and
Thimmapaya, B. (2003) Repression of c-Myc and inhibition of
G1 exit in cells conditionally overexpressing p300 that is not
dependent on its histone acetyltransferase actidtpc. Natl.
Acad. Sci. U.S.A. 10®524-9529.

Barlev, N. A., Liu, L., Chehab, N. H., Mansfield, K., Harris, K.
G., Halazonetis, T. D., and Berger, S. L. (2001) Acetylation of
p53 activates transcription through recruitment of coactivators/
histone acetyltransferasddpl. Cell 8 1243-1254.

Guidez, F., Howell, L., Isalan, M., Cebrat, M., Alani, R. M., lvins,
S., Hormaeche, I., McConnell, M. J., Pierce, S., Cole, P. A., Licht,
J., and Zelent, A. (2005) Histone acetyltransferase activity of p300
is required for transcriptional repression by the promyelocytic
leukemia zinc finger proteiriylol. Cell. Biol. 25 5552-5566.

48. Chen, H., Lin, R. J., Xie, W., Wilpitz, D., and Evans, R. M. (1999)

49.

Regulation of hormone-induced histone hyperacetylation and
gene activation via acetylation of an acetyla€ell 98 675—
686.

Qiu, Y., Zhao, Y., Becker, M., John, S., Parekh, B. S., Huang, S.,
Hendarwanto, A., Martinez, E. D., Chen, Y., Lu, H., Adkins, N.
L., Stavreva, D. A., Wiench, M., Georgel, P. T., Schiltz, R. L.,
and Hager, G. L. (2006) HDAC1 acetylation is linked to
progressive modulation of steroid receptor-induced gene transcrip-
tion, Mol. Cell 22 669-679.

BI060562G



