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Histone Deacetylases and SAP18,
a Novel Polypeptide, Are Components
of a Human Sin3 Complex

Yi Zhang,* Rabah Iratni,* as Gcn5, p300/CBP, and TAF250 (Bannister and Kouzar-
ides, 1996; Brownell et al., 1996; Mizzen et al., 1996;Hediye Erdjument-Bromage,† Paul Tempst,†
Ogryzko et al., 1996; for review, see Wade and Wolffe,and Danny Reinberg*
1997). Since histone acetylation can be reversed by his-*Howard Hughes Medical Institute
tone deacetylase, it is likely that activation or repressionDivision of Nucleic Acid Enzymology
may result from the targeting of a histone acetyltransfer-Department of Biochemistry
ase or deacetylase to a particular gene. However, stud-University of Medicine and Dentistry of New Jersey
ies describing the participation of histone deacetylases/Robert Wood Johnson Medical School
acetylases in transcription activation/repression, re-Piscataway, New Jersey 08854
spectively, have also been reported (De Rubertis et al.,†Molecular Biology Program
1996). The recent identification and cloning of yeastMemorial Sloan Kettering Cancer Center
and human histone deacetylases HDA1 (Rundlett et al.,New York, New York 10021
1996), HDAC1 (Taunton et al., 1996) and HDAC2 (Yang
et al., 1996) allow this model to be examined.

The histone deacetylase HDAC1 is a 55 kDa polypep-
Summary tide highly homologous (60% identical) to the yeast

global transcriptional regulator Rpd3p (Vidal and Gaber,
An important event in gene expression is the covalent 1991; Taunton et al., 1996). HDAC2 was isolated as a
modification of histone proteins. We have found that protein interacting with the activator/repressor YY1 and
the mammalian transcriptional repressor Sin3 (mSin3) is 85% identical in amino acid sequences to HDAC1
exists in a complex with histone deacetylases HDAC1 (Yang et al., 1996). Neither a DNA-binding domain nor
and HDAC2. Consistent with the observation that a protein interaction domain has been identified in these
mSin3-mediated repression of transcription involves polypeptides. However, HDAC1 copurified with the Rb-
the modification of histone polypeptides, we found associated protein RbAp48 (Qian et al., 1993; Taunton
that the mSin3-containing complex includes polypep- et al., 1996). RbAp48 is apparently not required for the
tides that tether the mSin3 complex to core histone enzymatic activity of HDAC1 (Taunton et al., 1996). Inter-
proteins. In addition, two novel mSin3-associated estingly, RbAp48 is a subunit of thehuman and Drosoph-
polypeptides, SAP18 and SAP30, were identified. We ila chromatin assembly factor CAF-1 (Tyler et al., 1996;
isolated a cDNA encoding human SAP18 and found Verreault et al., 1996). Although it is not clear whether
that SAP18 is a component of an mSin3-containing RbAp48 is necessary for CAF1 activity, RbAp48 can

interact with histone H4 (Verreault et al., 1996). In addi-complex in vivo. Moreover, we demonstrate a direct
tion, an RbAp48-related protein, Hap2p, has beeninteraction between SAP18 and mSin3. SAP18 re-
shown to be a subunit of a yeast B–type histone H4presses transcription in vivo when tethered to the pro-
acetyltransferase (Parthun et al., 1996). Therefore, themoter, consistent with the ability of SAP18 to interact
RbAp48 protein appears to function as a molecularwith mSin3.
bridge between histone metabolic enzymes and core
histones (Parthun et al., 1996; Verreault et al., 1996).

Introduction Genetic studies suggest that Rpd3p is functionally
related to the global transcriptional repressor Sin3p/

In a eukaryotic cell, genes are complexed with chromo- Rpd1p. Sin3p was isolated originally as an antagonizer
somal proteins, particularly histones. Thus, a central of Swi5p (Nasmyth et al., 1987; Sternberg et al., 1987).
question is how RNA polymerasesand transcription fac- The SIN3 gene encodes a protein with four putative
tors gain access to DNA tightly packed in chromatin. In paired amphipathic helix (PAH) domains believed to be
the last few years, factors capable of altering the struc- involved in protein–protein interactions (Wang et al.,
ture of chromatin have been identified (for review, see 1990). Although Sin3p does not possess DNA-binding
Kingston et al., 1996). Oneimportant event is theacetyla- activity, it can repress transcription when tethered to a
tion of lysine residues of the core histones (Brownell promoter through a heterologous DNA-binding domain
and Allis, 1996; Wolffe and Pruss, 1996). Biochemical (Wang and Stillman, 1993). Therefore, Sin3p has been
studies have revealed a correlation between the level postulated to repress transcription by interacting with
of histone acetylation and transcriptional activity (Heb- sequence-specific DNA-binding proteins (Wang and
bes et al., 1988; Braunstein et al., 1993). Hyperacetyla- Stillman, 1993). The isolation of a mammalian homolog
tion of core histones correlates with gene activation, of yeast Sin3p (mSin3) demonstrated that this is indeed
while hypoacetylation of core histones correlates with the case (Ayer et al., 1995; Schreiber-Agus et al., 1995).
gene repression (Wolffe and Pruss, 1996). It is believed The PAH2 domain of mSin3 was found to interact with
that histone acetylation makes chromatin less con- the N-terminal regions of the DNA-binding proteins Mad,
densed and thereby facilitates the access of transcrip- Mxi1, and Mnt. This interaction is required for the repres-
tion factors to DNA (Lee et al., 1993; Garcia-Ramirez et sion activity of the Max-Mad/Max-Mxi1/Max-Mnt heter-
al., 1995). Recently, factors containing histone acetyl- odimers (Ayer et al., 1995; Schreiber-Agus et al., 1995;
transferase activity have been identified. Significantly, Hurlin et al., 1997). Recently, it was demonstrated that

mSin3, when tethered to DNA through the N terminusseveral of these are transcriptional coactivators, such
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of Mad or Mnt, can repress c-Myc-mediated transcrip- composed of the Gal4 DNA-binding domain (amino
acids 1–147) and the N-terminal 35 amino acids of Mad,tional activation and c-Myc-induced cell transformation

(Ayer et al., 1996; Harper et al., 1996; Roussel et al., the mSin3-interacting domain (SID, MadN35Gal; see
Ayer et al., 1996). Specificity was assessed by cotrans-1996; Hurlin et al., 1997).

Sin3p/Rpd1p and HDAC1/Rpd3p regulate the same fecting a plasmid encoding a mutant SID domain that
disables the interaction between Mad and mSin3 [Madset of genes and appear to be involved in the same

regulatory pathway (Vidal et al., 1991). Since both yeast (Pro)N35Gal, Ayer et al., 1996] (see Figure 1b). The
MadN35Gal plasmid has been shown previously to beand mammalian Sin3 proteins can interact with DNA-

binding proteins (Wang and Stillman, 1990; Ayer et al., able to repress transcription ina mSin3-dependent man-
ner (Ayer et al., 1996). Consistent with previous results,1995; Schreiber-Agus et al., 1995), it has been postu-

lated that Sin3-mediated repression of transcriptionmay transfection of the plasmid encoding the Gal4 DNA-
binding domain (amino acids 1–147) alone resulted ininvolve recruitment of the histone deacetylase HDAC1/

Rpd3p through protein–protein interactions (Wolffe, stimulation of luciferase activity (Figure 1c, column 1
versus 2). This effect is likely due to the cryptic activation1996).

In the present studies, we have immunopurified a domain present in Gal41–147. Nonetheless, transfection of
a plasmid encoding MadN35Gal resulted in repressionSin3-containing complex from human cells. We have

found that mSin3 is associated with histone deacety- of transcription, as the levels of luciferase activity were
reduced approximately 5-fold (column 3). The observedlases HDAC1 and HDAC2, as well as with RbAp48,

RbAp46, and two novel polypeptides. We demonstrate repression was specific, as a reporter lacking the Gal4
site was not affected (data not shown). Moreover, thethat the polypeptides in this complex are functionally im-

portant for mSin3-mediated repression of transcription. effect was due to the tethering of mSin3 to the promoter,
since transfection of a plasmid encoding the mutant SID
domain has reduced effect (Figure 1c, columns 2 and 3

Results versus 2 and 5). The small effect observed with the
mutant is most likely caused by a weak interaction be-

Mammalian Sin3 Interacts with the Histone tween mSin3 and Mad(Pro)N35Gal. Importantly, co-
Deacetylase HDAC1 transfection of a plasmid encoding HDAC1 resulted in
To gain insight into the molecular mechanism of mSin3- an increase in the mSin3-mediated repression of tran-
mediated transcriptional repression, we purified mSin3 scription (column 3 versus 4). This effect, while modest,
from human cells, using Western blots to follow its chro- was specifically mediated through mSin3, as no effect
matographic behavior. We found that mSin3 exists in was observed when a plasmid encoding HDAC1 was
large complexes and copurifies with histone deacety- cotransfected with the SID mutant (column 5 versus
lases HDAC1 and HDAC2, as well as with RbAp48 and 6). In addition, cotransfection of the HDAC1 expression
a related polypeptide, RbAp46 (Qian et al., 1993, Qian vector together with a reporter lacking the Gal4 sites
and Lee, 1995) (data not shown; see below). was without effect (data not shown). The modest effect

To analyze whether mSin3, HDAC1, and the Rb- observed by cotransfecting HDAC1 is not surprising and
associated polypeptides interact in vivo, cells were can be attributed to high levels of the intracellular con-
transfected with an expression vector encoding a C ter- centrations of HDAC1 and HDAC2 (see below), or, alter-
minus FLAG–tagged HDAC1 (Taunton et al., 1996). Cells natively, to the observation that the transiently transfected
transfected with the HDAC1 expression vector, or an plasmid did not assemble into ‘‘normal’’ chromatin (Ar-
empty FLAG tag vector, were lysed, and antibodies cher et al., 1992; Bunker and Kingston, 1996). The fact
against the FLAG tag were used to immunoprecipitate that the effect of HDAC1 was dependent on the ability
HDAC1-FLAG. The transient expression of HDAC1- to tether mSin3 to thepromoter, together with the results
FLAG and the possible coimmunoprecipitation of mSin3 presented above demonstrating an interaction between
and the Rb-associated polypeptides were analyzed by mSin3 and HDAC1 in vivo, and in vitro (data not shown,
Western blot, using antibodies specific to the polypep- see below), strongly suggests that the interaction be-
tides. The results demonstrate that the anti-FLAG anti- tween mSin3 and HDAC1 is important for the mSin3-
bodies immunoprecipitated HDAC1-FLAG, mSin3, and mediated repression of transcription.
both the RbAp46 and RbAp48 polypeptides (Figure 1a,
lane 2). In contrast, cells transfected with the empty
vector did not show significant levels of the polypeptides Affinity Purification of mSin3-Containing Complexes

The results described above suggested that mSin3,(lane 3). Therefore, we conclude that mSin3, HDAC1,
and the RbAPs interact in vivo. HDAC1, and the Rb-associated polypeptides may be

components of a complex, and therefore, we sought toTo investigate whether HDAC1 plays a role in mSin3-
mediated repression of transcription in vivo, cells were isolate such a complex. An affinity column with antibod-

ies against the PAH2 domain of mSin3 cross-linked totransfected with an HDAC1 expression vector. HDAC1
was tethered to the promoter through its ability to inter- protein A–agarose beads was used to immunoaffinity

purify the mSin3-containing complex(es). As controls,act with mSin3. mSin3 was directed to the promoter
through its ability to interact with the N-terminal domain we used antibodies directed against GST or Cdk8, a

component of the RNAPII complex (Maldonado et al.,of Mad (Ayer et al., 1995) (see Figure 1b). The luciferase
reporter, driven by the adenovirus major late promoter 1996). Western blot analysis of the eluates derived from

each column (Figure 2a, lanes B) demonstrates that thewith five Gal4 sites upstream of the TATA motif, was
cotransfected with plasmid encoding a fusion protein anti-mSin3 column retained mSin3, HDAC1, and HDAC2
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Figure 1. HDAC1 Is Functionally Associated
with mSin3 In Vivo

(a) mSin3 and HDAC1 are associated in vivo.
293T cells plated on 100-mm dishes were
transfected with 10 mg of either an empty
FLAG-containing vector (lane 3) or plasmids
encoding C-terminal FLAG-tagged HDAC1
(lane 2). Whole cell lysates were incubated
with anti-FLAG M2 affinity gel. Immunoad-
sorbed materials were washed as described
(Yeung et al., 1994), eluted, and analyzed for
mSin3, HDAC1, and RbAPs by Western blot.
The HDAC1 polypeptide appears as a doublet
due to the fact that the antibodies used rec-
ognized HDAC1 and HDAC2 (see text for de-
tails). Lane 1 contains 10 ml of DEAE-Sepha-
cel pool, which serves as a control for
monitoring mSin3 and HDAC1/HDAC2.
(b) Schematic representation of the assay
used to analyze repression of transcription in
an mSin3/HDAC1-dependent manner.
(c) mSin3-mediated transcription repression
is enhanced by histone deacetylase HDAC1.
293T cells plated in 100 mm plates were
transfected with 2 mg of reporter plasmid and

8 mg of MadN35Gal or Mad(pro)N35Gal, together with 4 mg of HDAC1-FLAG plasmids where indicated (1). Forty-eight hours after transfection,
cells were harvested and cell extracts were assayed for luciferase activity. Transfection efficiencies were normalized using b-galactosidase
assay. Transfections were repeated at least two times in duplicate. Presence and absence of the effector plasmid are indicated by (1) and
(2), respectively.

(lane 6), as well as RbAp46and RbAp48 (data not shown, present in the anti-mSin3-derived fraction (Figure 2b,
lane 9).see below), whereas the anti-Cdk8 column retained

RNAPII and cyclin C (lane 9). The above polypeptides
were not detected in the eluate from the anti-GST col-
umn (lane 3). Recent studies have indicated that HDAC2 Characterization of the Polypeptides Present

in the Anti-mSin3 Affinity Purified Fractioninteracts with YY1 (Yang et al., 1996); however, YY1 was
absent in the eluate derived from the anti-mSin3 column Western blot analysis, together with microsequencing

of isolated polypeptides, was used to characterize each(data not shown).
Silver staining of a SDS–PAGE gel containing the elu- of the polypeptides present in the anti-mSin3 affinity

purified fraction. Western blot analysis demonstratedates derived from each column revealed no specific
polypeptides in the anti-GST-derived fraction (Figure 2b, the presence of mSin3 in the immunopurified complex

(Figure 2). This was expected, since mSin3-antibodieslane 3). Consistent with the demonstration that Cdk8 is
an integral component of the yeast (Koleske and Young, were used to immunoaffinity purify the complex.

Microsequencing of peptides derived from the second1995) and human (Maldonado et al., 1996) RNAPII com-
plexes, and with the observations that these complexes largest polypeptide identified it as histone deacetylase

HDAC1 (Figure 3a). Western blot analysis confirmed thiscontain many undefined proteins, the anti-Cdk8-derived
fraction was heterogeneous (Figure 2b, lane 6). In con- result and revealed that the third largest polypeptide

was also immunoreactive to anti-HDAC1 antibodiestrast, only about 10 predominant polypeptides were

Figure 2. Isolation of mSin3-Associated Poly-
peptides

(a) Western blot analysis of the fractions de-
rived from the different affinity columns. Sam-
ples derived from the different columns, as
indicated above, were analyzed by Western
blot. The blot was probed with different anti-
bodies, as indicated on the left side of the
panel. (I) represents input (DEAE-Sephacel
pool), (Ft) represents flow-through, and (B)
represents bound material. The HDAC1 poly-
peptide appears as a doublet because the
antibodies used recognized HDAC1 and
HDAC2 polypeptides.
(b) Silver staining of an SDS–PAGE gel con-
tainingthe samples derived from the different

affinity columns. For each column (0.5 ml bed volume), an aliquot of wash (W), first elution (E1), and second elution (E2) were resolved on a
10% SDS–PAGE for silver staining. The positions of protein size markers are indicated. The identity of the major bands in lane 9 was attributed
based on the results from Western blot analysis and/or peptide sequencing. SAP30 and SAP18 represent mSin3-associated peptides p30
and p18.
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(Figures 2a and 2b). Microsequencing of a peptide de-
rived from this polypeptide revealed it to be the recently
isolated histone deacetylase HDAC2 (Figure 3a). Inter-
estingly, microsequencing of a peptide derived from the
polypeptide, migrating slightly above the 43 kDa marker
(see HDAC1* in Figure 2b), demonstrated that it was
derived from HDAC1 and/or HDAC2 (Figure 3a). How-
ever, mass fitting of otherpeptides derived from HDAC1*
demonstrated it to be HDAC1 (data not shown). There-
fore, we conclude that this polypeptide is either a pro-
teolyzed or a differentially spliced form of HDAC1.

Western blot analysis demonstrated that the doublet
migrating with an apparent mass of approximately 50
kDa (Figure 2b) corresponds to the Rb-associated poly-
peptides (data not shown). Microsequencing of six pep-
tides derived from these proteins confirmed the Western
blot results, as two peptides specific for RbAp46 and
two other peptides specific for RbAp48 were found (Fig-
ure 3a). In addition, two peptides shared by RbAp46
and RbAp48 were also obtained (Figure 3a). Based on
the UV absorbance (OD214) of the HPLC-separated tryp-
tic peptides specific to each polypeptide, the molar ratio
of RbAp46 to RbAp48 was estimated to be 4:1 (data not
shown). We noticed that there are proteins in the anti-
GST and the anti-Cdk8 columns that appear to comi-
grate with the RbAp46 and RbAp48 (Figure 2b, lanes 3
and 6). These polypeptides were not immunoreactive to
antibodies recognizing RbAp46 and RbAp48 (data not
shown), and most likely represent non-cross-linked im-

Figure 3. Amino Acid Sequence of Polypeptides Present in themunoglobulin heavy chain.
mSin3-Affinity-Purified SampleMicrosequencing of the two smaller mSin3-associ-
(a) Schematic representation of the HDAC1, HDAC2, RbAp46, andated polypeptides, SAP30 (data not shown) and SAP18
RbAp48 polypeptides. Peptide sequences obtained from micro-(Figure 3b), revealed that they are novel proteins. Two
sequencing of the HDAC1, HDAC2, and HDAC1* bands (Figure 2b,

peptide sequences derived from the SAP18 polypeptide lane 9) are shown on the top, as indicated on the panel. The peptide
were obtained and used to isolate a full-length cDNA sequence shared by HDAC1 and HDAC2 was obtained from the
clone encoding this polypeptide (see Experimental Pro- polypeptide labeled (HDAC1*) in Figure 2b. The peptide sequence

obtained from the bands labeled (RbAp46) and (RbAp48) (Figure 2b,cedures). The nucleotide sequence encoding SAP18
lane 9) are shown. Of the 6 sequenced peptides from the doublet,predicts a long open reading frame encoding a polypep-
2 are unique to RbAp48 (correspond to amino acids 132–143 andtide of 153 amino acids with a calculated molecular
259–271), 2 are unique to RbAp46 (correspond to amino acids 156–

mass of 17.56 kDa. This value is in close agreement with 171 and 258–270), and 2 are common to both. The amino acids
the apparent mass of SAP18 (Figure 3b). The predicted unique to each polypeptide are indicated by an asterisk.
amino acid sequence of the SAP18 cDNA clone contains (b) Amino acid sequence alignment of human SAP18 (hSAP18) with

its C. elegans homolog (cSAP18) and potential S. cerevisiae homo-the two derived peptide sequences (Figure 3b). A search
log (ySAP18). Sequence alignment was performed using Gap of theof the GenBank database identified a C. elegans SAP18
GCG program (University of Wisconsin-Madison). Peptide se-homolog (GenBank accession number Z46787) that is
quences obtained from microsequencing of the band labeled SAP18

66% similar and 49.3% identical to its human counter- in Figure 2b are underlined. The C. elegans homolog was identified
part (Figure 3b). A search of the yeast genome database by BLAST nonredundant GenBank database (accession number
identified a potential yeast SAP18 homolog (GenBank Z46787). The potential S. cerevisiae homolog was identified by

BLAST Saccharomyces Genome Database (Stanford University, ac-accession number Z49705) that is 36.9% similar and
cession number Z49705). Vertical lines represent identical amino16.1% identical to its human counterpart (Figure 3b).
acids; dashes represent gaps; dots represent similar amino acids.The sequence of SAP18 does not give any insights into
Percentages of similarities and identities are shown at the bottom.

its function. However, like mSin3, it is ubiquitously ex-
pressed in all tissues analyzed (data not shown).

Equal amounts of radiolabeled proteins (Figure 4a)
were incubated with either GST (lanes 4–6) or GST-SAP18 Interacts with mSin3 and Enhances
SAP18 (lanes 7–9) that were attached to glutathione-the Ability of mSin3-Mediated Repression
agarose beads. No radiolabeled protein was pulledof Transcription
down by the GST protein alone (lanes 4–6). However,To analyze whether the presence of SAP18 in the mSin3
under the same conditions, mSin3 was efficiently pulledaffinity purified sample was specific, we analyzed whether
down by GST-SAP18 (lane 8). HDAC1 could also beSAP18 interacts with mSin3 and HDAC1. Toward this
pulled down by the GST-SAP18 (lane 9). However, theend, a GST-SAP18 fusion protein was purified and used
pull-down was not as efficient as with mSin3 (compareto pull down mSin3 and HDAC1 that were radiolabeled

in an in vitro transcription-translation system. lanes 8 and 9). The interaction was specific to both
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Figure 4. SAP18 Functionally Interacts with
mSin3 In Vitro and In Vivo

(a) In vitro interaction between SAP18 and
mSin3. Equal amounts of in vitro translated
and labeled mSin3 (lanes 4 and 8), HDAC1
(lanes 5 and 9), and luciferase (lanes 6 and 7)
were incubated with 2 mg of GST or GST-
SAP18 proteins in the presence of gluta-
thione-agarose beads. Proteins were syn-
thesized and labeled in vitro using rabbit
reticulocyte lysate and [35S]-methionine ac-
cording to the instructions of the manufac-
turer (Promega). Fusion proteins were bound
to 10 ml of glutathione-agarose beads and
incubated with equal amounts of in vitro
translated protein in 0.5 ml of buffer con-
taining 20 mM Tris–HCl (pH 7.5), 0.1 M NaCl,
0.2 mM EDTA, 1 mM DTT, 1 mM PMSF, and
0.2% NP-40 at 48C overnight. The beads were
washed three times with the same buffer, and
the bound proteins were eluted with 20 ml
of SDS–PAGE loading buffer. Eluted proteins
were resolved by electrophoresis and were
visualized by fluorography. Amounts of about
1/10of eachprotein were used as input (lanes
1–3). The positions of protein size markers
are indicated.
(b) SAP18 is associated with both mSin3 and
HDAC1 in vivo. 293T cells plated in 100-mm
dishes were transfected with 10 mg of empty
FLAG-containing vector (lane 4), or plasmids
encoding FLAG-tagged HDAC1 (lane 2), or

SAP18 (lane 3). Immunoprecipitation and Western blot analysis were performed as described in Figure 1a. The top strip was probed with
antibodies against mSin3. The middle strip was probed with antibodies that recognize HDAC1 and HDAC2. The bottom strip was probed with
anti-FLAG antibodies. Lane 1 is the DEAE-Sephacel pool, which serves as a control for monitoring mSin3 and HDAC1/HDAC2.
(c) SAP18 enhances mSin3-mediated transcription repression. 293T cells were transfected with 2 mg of reporter plasmid (see Figure 2) together
with 8 mg of MadN35Gal or MadN35(Pro)GAL in the presence or absence of 4 mg of FLAG-SAP18. Forty-eight hours after transfection, cells
were harvested and cell extracts were assayed for luciferase activity. Transfection efficiencies were normalized using b-galactosidase assay.
Transfections were repeated at least two times in duplicate. Presence and absence of effector plasmids are indicated by (1) and (2),
respectively.
(d) SAP18 can function as a transcriptional repressor when brought to the promoter. Transfections were performed using the TK promoter
with five Gal4 sites, as described above and indicated in the figure. Transfection efficiencies were normalized using b-galactosidase assay.
Transfections were repeated at least three times in duplicate.

polypeptides, as GST-SAP18 failed to pull down lucifer- SAP18 exists in a complex with mSin3 and HDAC1 in
vivo.ase (lane 7). It is likely that SAP18 directly interacts with

mSin3. However, we cannot rule out the possibility that To analyze the role of SAP18 in mSin3-mediated re-
pression of transcription in vivo, 293T cells were co-other polypeptides present in the rabbit reticulocyte ly-

sate mediate the interaction. transfected as described in Figure 1b, but the HDAC1
expression vector was substituted by an SAP18 expres-Having established an in vitro interaction, we next

asked whether SAP18 interactions could be demon- sion vector (Figure 4c). In agreement with previous stud-
ies, and with the studies described above (Figure 1c),strated in vivo. Toward this end, cells were transfected

with plasmid encoding either an N-terminal FLAG epi- transfection of an expression vector encoding the Gal4
DNA-binding domain alone (Gal41–147) resulted instimula-tope–tagged SAP18, or a C-terminal FLAG epitope–

tagged HDAC1. Cells transfected with these plasmids, tion of transcription from the reporter containing Gal4
sites (Figure 4c, column 1 versus 2). In agreement withor with an empty FLAG vector plasmid, were lysed, and

antibodies against the FLAG tag were used to immuno- the results presented in Figure 1c, transcription was
severely reduced by transfection of a vector encodingprecipitate FLAG-SAP18, HDAC1-FLAG, and interacting

polypeptides. The results demonstrate that the anti- the Gal4 DNA-binding domain fused to the SID domain
of Mad (Figure 4c, column 3). Transfection of an expres-FLAG antibodies immunoprecipitated FLAG-SAP18 as

well as mSin3 and HDAC1 from extracts derived from sion vector containing Gal41–147 fused to a mutant SID
domain resulted in reduced repression (Figure 4c, col-cells transfected with the FLAG-SAP18 plasmid (Figure

4b, lane 3). In contrast, no specific polypeptides were umn 5). Importantly, cotransfection of an expression
vector encoding SAP18 resulted in a further decrease inimmunoprecipitated from the cells transfected with the

empty vector (lane 4). In agreement with the results the levels of repression observed with the fusion protein
containing a wild-type SID domain (column 4). Thepresented above (Figure 1a), the anti-FLAG antibodies

immunoprecipitated HDAC1-FLAG and mSin3 from cells SAP18 effect was specific, as cotransfection of a plas-
mid encoding SAP18 with a plasmid containing a muta-transfected with the HDAC1-FLAG expression vector

(Figure 4b, lane 2). The results strongly suggest that tion in the SID domain was without effect (Figure 4c,
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column 5 versus 6). Moreover, the effect observed by the Rb-associated polypeptides were not stoichiomet-
ric, with RbAp46 being more abundant. Importantly, wecotransfecting SAP18 was dependent on the presence

of the Gal4 sites in the reporter, as SAP18 was without found that RbAp46 and RbAp48, together with mSin3,
were coimmunoprecipitated by antibodies immuno-effect on a reporter lacking the Gal4 sites (data not

shown). precipitating HDAC1-FLAG (Figure 1a). However, we
also observed that antibodies immunoprecipitatingSince we found that mSin3 interacts with SAP18, we

speculated that tethering SAP18 to the promoter would FLAG-SAP18 coimmunoprecipitated mSin3 and HDAC1,
but not HDAC2 (Figure 4b and data not shown).result in the formation of an mSin3-containing complex,

and therefore, would result in repression of transcrip- Why are theRb-associated proteins p46and p48 pres-
ent in the affinity purified mSin3 complex? Both RbAp46tion. As shown in Figure 4d, tethering HDAC1 or SAP18

to the promoter through the Gal4 DNA-binding domain and RbAp48 were originally isolated from HeLa cell ex-
tracts as proteins that bound to immobilized Rb frag-resulted in transcription inhibition. The observed repres-

sion requires SAP18/HDAC1 to be tethered to the re- ment (Qian et al., 1993; Qian and Lee, 1995). The two
proteins are 90% identical and belong to the WD-repeatporter, as no repression was observed from a reporter

without Gal4 sites (data not shown) or when an ex- protein family that is involved in highly diverse cellular
processes (Neer et al., 1994). RbAp48 was found to bepression vector encoding SAP18 or HDAC1 alone, in

the absence of the Gal4 DNA-binding domain, was a subunit of human histone deacetylase HDAC1 (Taun-
ton et al., 1996). Although it is not required for histonetransfected (data not shown, see Figures 1c and 4c).

Thus, the results collectively demonstrate that SAP18 deacetylase activity, it was postulated that RbAp48 tar-
gets HDAC1 to core histone proteins (Taunton et al.,is a component of the mSin3-repressing complex.
1996). A p46/p48 homolog from S. cerevisiae, termed
Hat2p, was recently found to be a subunit of the B-type

Discussion histone H4 acetyltransferase Hat1p (Parthun et al.,
1996). Hat2p is required for high affinity binding of the

The studies presented here, using a combination of con- histone acetyltransferase Hat1p to histone H4 (Parthun
ventional and affinity chromatography, and transfection et al., 1996). In addition, RbAp48 is a subunit of the
studies, demonstrate that mSin3 exists in a functional chromatin assembly factor CAF1 (Tyler et al., 1996; Ver-
complex with histone deacetylases in vivo and in vitro. reault et al., 1996). Importantly, RbAp48 interacts with
We have isolateda mammalian Sin3-containing complex histone H4 (Verreault et al., 1996). It is therefore likely
and have characterized its constituent polypeptides. Con- that RbAp48 and/or RbAp46 function to target histone-
sistent with the suggestion that mSin3-mediated repres- modifying enzymes to core histones.
sion of transcription involves the modification of core We have demonstrated that SAP18 exists in the same
histones, we found that the mSin3-containing complex complex with mSin3 and HDAC1 (Figure 4), and that
includes polypeptides with the ability to tether the mSin3 SAP18 enhances mSin3-HDAC1-mediated transcrip-
complex to core histones, such as the Rb-associated tional repression. Importantly, we observed that SAP18,
polypeptides p46 and p48. However, the Rb polypeptide when tethered to the promoter, can direct the formation
was absent in the complex (data not shown). In addition, of a repressive complex (Figure 4). A key question is the
two novel mSin3-associated polypeptides, SAP18 and function of these polypeptides in Sin3-mediated repres-
SAP30, were identified. We isolated a cDNA encoding sion of transcription. The availability of an mSin3 com-
human SAP18 and found that SAP18 is a component of plex and its recombinant polypeptides, together with a
an mSin3-containing complex in vivo. Moreover, we chromatin reconstituted RNAPII transcriptionsystem (G.
have demonstrated a direct and functional interaction Orphanides, G. LeRoy, and D. R., unpublished data), is
between SAP18 and mSin3. Consistent with the ability likely to define the role of the different polypeptides in
of SAP18 to interact with mSin3, we found that a fusion mSin3 repression of transcription.
protein between the Gal4 DNA-binding domain and
SAP18 repress transcription of a reporter containing

Experimental ProceduresGal4-binding sites, but not of a reporter lacking the Gal4
sites. The novel SAP30 polypeptide present in the affin-

Purification of mSin3-Containing Complexes
ity purified mSin3-containing complex was not analyzed mSin3-containing complexes were purified from HeLa nuclear ex-
in the present studies. However, SAP30 most likely rep- tract using Western blots as an assay. Proteins derived from HeLa

cell nuclear extracts were fractionated by following the procedureresents a true component of the mSin3 complex, since
implemented for the purification of the human RNAPII complex (Mal-independent studies using the yeast two-hybrid system
donado et al., 1996). A detailed protocol for the conventional purifi-identified SAP30 as an mSin3-binding protein (D. Ayer,
cation of mSin3-containing complexes will be published elsewhere.personal communication). Thus, the polypeptides pres-
Affinity purification of mSin3-associated polypeptides was per-

ent in the mSin3 affinity purified complex represent pro- formed, using affinity purified antibodies against the PAH2 domain
teins involved in mSin3 function in vivo. of mSin3. Antibodies were coupled to 0.5 ml of protein A–agarose

beads (Repligen) as described (Harlow and Lane 1988). The resinOur studies provide evidence that mSin3 and HDAC1
was incubated overnight at 48C with the DEAE-Sephacel pool (2 ml,are present in the same complex in vitro and in vivo.
0.6 mg/ml; see Maldonado et al., 1996) in buffer containing 20 mMHowever, the chromatographic behavior of mSin3 sug-
Tris–HCl (pH 7.9), 0.2 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 10%gests that mSin3 may form different protein complexes
glycerol, 100 mM KCl, and 0.1% NP-40. Immunoadsorbed com-

(data not shown). This is supported by the finding that plexes were then washed extensively with the same buffer, except
two histone deacetylases, HDAC1 and HDAC2, are pres- that the salt was raised to 700 mM KCl. The bound proteins were

eluted with 0.1 M glycine (pH 2.6). The column was neutralized withent in the mSin3 affinity purified complex. In addition,



Histone Deacetylase–mSin3 Complex
363

0.1 M Tris–HCl (pH 8.0) and equilibrated with the above binding Roth, S.Y., and Allis, C.D. (1996). Tetrahymena histone acetyltrans-
ferase A: a homolog to yeast Gcn5p linking histone acetylation tobuffer before it was reused. Eluates derived from the immunoaffinity

column steps were concentrated on a micro MonoS column using gene activation. Cell 84, 843–851.
the SMART system. Fractions were analyzed by SDS–PAGE, fol- Brownell, J.E., and Allis, C.D. (1996). Special HATs for special occa-
lowed by Western blot analysis and silver staining. sions: linking histone acetylation to chromatin assembly and gene

activation. Curr. Opin. Genet. Dev. 6, 176–184.
Peptides Sequencing and SAP18 Cloning Bunker, C.A., and Kingston, R.E. (1996). Activation domain–
Ponceau S–stained bands were excised, in-situ tryptic-digested, mediated enhancement of activator binding to chromatin in mamma-
and fractionated by reverse-phase HPLC using an 0.8-mm Vydac lian cells. Proc. Natl. Acad. Sci. USA 93, 10820–10825.
C18 column (Lui et al., 1996). Selected peak fractions were analyzed

De Rubertis, F., Kadosh, D., Henchoz, S., Pauli, D., Reuter, G.,Struhl,by a combination of matrix-assisted laser desorption time-of-flight
K., and Spierer, P. (1996). The histone deacetylase RPD3 counter-mass spectrometry (Voyager-RP; PerSeptive Biosystems, Framing-
acts genomic silencing in Drosophila and yeast. Nature 384,ham, MA) and automated Edman sequencing (477A; Applied Biosys-
589–591.tems, Foster City, CA) (Tempst et al., 1994). When matches with a
Garcia-Ramirez, Rocchini, C., and Ausio, J. (1995). Modulation ofknown protein were found (HDAC1, HDAC2, RbAp46, and RbAp48),
chromatin folding by histone acetylation. J. Biol. Chem. 270, 17923–exhaustive mass-spectrometric analysis was carried out and the
17928.results compared to the predicted tryptic peptides of published

sequences by mass fitting. In the case of SAP18, the obtained pep- Harlow, E., and Lane, D. (1988). Antibodies: A Laboratory Manual.
tide sequences match several EST cDNA clones (GenBank acces- Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
sion numbers W49739, AA025356, and N74746). Analysis of the EST Press.
sequences indicated many putative sequencing frameshift errors.

Harper, S.E., Qiu, Y., and Sharp, P.A. (1996). Sin3 corepressor func-From all of these clones, a hybrid sequence encoding a 153 aa
tion in Myc-induced transcription and transformation. Proc. Natl.protein with a Mr of 17,562 Da was constructed. The hybrid sequence
Acad. Sci. USA 93, 8536–7540.was confirmed by sequencing the EST cDNA clones obtained from
Hebbes, T.R., Thorne, A.W., and Crane-Robinson, C. (1988). A directResearch Genetics.
link between core histone acetylation and transcriptionally active
chromatin. EMBO J. 7, 1395–1402.

Acknowledgments
Hurlin, P.J., Queva, C., and Eisenman, R.N (1997). Mnt, a novel Max-
interacting protein is coexpressed with Myc in proliferating cellsCorrespondence regarding this paper should be addressed to D. R.
and mediates repression at Myc binding sites.Genes Dev. 11, 44–58.(Reinbedf@umdnj.edu). We thank Dr. D. Ayer for the gift of plasmid

MadN35Gal and Mad(Pro)N35Gal and for the gift of anti-mSin3 anti- Kingston, R.E., Bunker C.A., and Imbalzano, A.N. (1996). Repression
bodies. These antibodies represented a critical reagent for the affin- and activation by multiprotein complexes that alter chromatin struc-
ity purification of the mSin3 complexes. We also thank Dr. E. Lees ture. Genes Dev. 10, 905–920.
for the gift of anti-Cdk8 antibodies, Drs. C. A. Hassig and S. Koleske, A.J., and Young, R.A. (1995). The RNA polymerase II holo-
Schreiber for the gift of anti-HDAC1 antibodies and the pBJ5- enzyme and its implications for gene regulation. Trends Biochem.
HDAC1-FLAG plasmid DNA, Drs. A. Verreault and B. Stillman for Sci. 20, 113–116.
the gift of antibodies recognizing the Rb-binding proteins p46 and

Lee, D.Y., Hayes, J.J., Pruss, D., and Wolffe, A.P. (1993). A positivep48, and Drs. P. G. Traber and C. Abate-Shen for the gift of Gal4-
role for histone acetylation in transcription factor access to nucleo-TK-LUC plasmid DNA. We also thank Mary Lui and Lynne Lacomis
somal DNA. Cell 72, 73–84.for expert assistance with protein structural analysis, and Matthias

Mann for use of the Peptide Search algorithm. The expertise of Mr. Lui, M., Tempst, P., and Erdjument-Bromage, H. (1996). Methodical
S. Kao in preparing the nuclear extracts is acknowledged. We are analysis of protein–nitrocellulose interactions to design a refined
grateful to Drs. M. Hampsey and G. Orphanides for critical reading digestion protocol. Anal. Biochem. 241, 156–166.
of the manuscript. We also thank members of the Reinberg lab for Maldonado, E., Shiekhattar, R., Sheldon, M., Cho, H., Drapkin, R.,
stimulating discussions. Rickert, P., Lees, E., Anderson, C.W., Linn, S., and Reinberg, D.

D. R. was supported by grants from the National Institutes of (1996). A human RNA polymerase II complex associated with SRB
Health (GM-48518 and GM-37120) and from the Howard Hughes and DNA-repair proteins. Nature 381, 86–89.
Medical Institute. P. T was supported by National Science Founda-

Mizzen, C.A., Yang, X.-J., Kokubo, T., Brownell, J.E., Bannister, A.J.,tion Grant DBI-9420123 and National Cancer Institute Grant
Owen-Hughes, T., Workman, J., Wang, L., Berger, S.L., Kouzarides,5P309CA08748 to the Sloan Kettering Structural Chemistry Labo-
T., et al. (1996). The TAF250 subunit of TFIID has histone acetyltrans-ratory.
ferase activity. Cell 87, 1261–1270.

Nasmyth, K., Stillman, D., and Kipling, D. (1987). Both positive andReceived February 21, 1997; revised March 28, 1997.
negative regulators of HO transcription are required for mother-cell-
specific mating-type switching in yeast. Cell 48, 579–587.References
Neer, E.J. Schmidt, C.J., Nambudrlpad, R., and Smith, T.F. (1994).
The ancient regulatory-protein family of WD-repeat proteins. NatureArcher, T.K., Lefebvre, P., Wolford, R.G., and Hager G.L. (1992).
371, 297–300.Transcription factor loading on the MMTV promoter: a bimodal

mechanism for promoter activation. Science 255, 1573–1576. Ogryzko, V.V., Schiltz, R.L., Russanova, V., Howard, B.H., and Naka-
tani, Y. (1996). The transcriptional coactivatiors p300 and CBP areAyer, D.E., Lawrence, Q.A., and Eisenman, R.N. (1995). Mad-Max
histone acetyltransferases. Cell 87, 953–959.transcriptional repression is mediated by ternary complex formation

with mammalian homologs of yeast repressor Sin3. Cell 80, 767–776. Parthun, M.R., Widom, J., and Gottschling, D.E. (1996). The major
cytoplasmic histone acetyltransferase in yeast: links to chromatinAyer, D.E., Laherth, C.D., Lawrence Q.A., Armstrong, A.P., and
replication and histone metabolism. Cell 87, 85–94.Eisenman, R.N. (1996). Mad proteins contain a dominant transcrip-

tion repression domain. Mol. Cell. Biol. 16, 5772–5781. Qian, Y,-W., Wang, Y.-C.J., Hollingsworth, R.E.J., Jones, D., Ling,
N., and Lee, E.Y.-H.P. (1993). A retinoblastoma-binding protein re-Bannister, A.J., and Kouzarides, T. (1996). The CBP co-activator is
lated to a negative regulator of Ras in yeast. Nature 364, 648–652.a histone acetyltransferase. Nature 384, 641–643.

Qian, Y.-W., and Lee, E.Y.-H.P. (1995). Dual retinoblastoma-bindingBraunstein, M., Rose, A.B., Holmes, S.G., Allis, C.D., and Broach,
proteins with properties related to a negative regulator of Ras inJ.R. (1993). Transcriptional silencing in yeast is associated with
yeast. J. Biol. Chem. 270, 25507–25513.reduced nucleosome acetylation. Genes Dev. 7, 592–604.

Brownell, J.E., Zhou, J., Ranalli,T., Kobayashi, R., Edmondson, D.G., Roussel, M.F., Ashmun, R.A., Sherr, C.J., Eisenman, R.N., and Ayer



Cell
364

D.E. (1996). Inhibition of cell proliferation by the Mad1 transcriptional
repressor. Mol. Cell. Biol. 16, 2796–2801.

Rundlett, S.E., Carmen, A.A., Kobayashi, R., Bavykin, S., Turner,
B.M., and Grunstein, M. (1996). HDA1 and RPD3 are members of
distinct yeast histone deacetylase complexes that regulate silencing
and transcription. Proc. Natl. Acad. Sci. USA 93, 14503–14508.

Schreiber-Agus, N., Chin, L., Chen, K., Torres, R., Rao, G., Guida,
R., Skoultchi, A.I., and DePinho, R.A. (1995). An amino-terminal do-
main of Mxi1 mediates anti-Myc oncogenic activity and interacts
with a homolog of the yeast transcriptional repressor SIN3. Cell 80,
777–786.

Sternberg, P.W., Stern, M.J., Clark, I., and Herskowits, I. (1987).
Activation of the yeast HO gene by release from multiple negative
controls. Cell 48, 567–577.

Taunton, J., Hassig, C.A., and Schreiber, S.L. (1996). A mammalian
histone deacetylase related to the yeast transcriptional regulator
RPD3p. Science 272, 408–411.

Tempst, P., Geromanos, S., Elicone, C., and Erdjument-Bromage,
H. (1994). Improvements in microsequencer performance for low
picomole sequence analysis. Methods: Companion Meth. Enzymol.
6, 248–261.

Tyler, J.K., Bulger, M., Kamakaka, R.T., Kobayashi, R., and Kado-
naga, J.T. (1996). The p55 subunit of Drosophila chromatin assembly
factor 1 is homologous to a histone deacetylase–associated protein.
Mol. Cell. Biol. 16, 6149–6159.

Verreault, A., Kaufman, P.D., Kobayashi, R., and Stillman, B. (1996).
Nucleosome assembly by a complex of CAF-1 and acetylated his-
tones H3/H4. Cell 87, 95–104.

Vidal, M., and Gaber, R.F. (1991). RPD3 encodes a second factor
required to achieve maximum positive and negative transcriptional
states in Saccharomyces cerevisiae. Mol. Cell. Biol. 11, 6317–6327.

Vidal, M., Strich, R., Esposito, R.E., and Gaber, R.F. (1991). RPD1
(SIN3/UME4) is required for maximal activation and repression of
diverse yeast genes. Mol. Cell. Biol. 11, 6306–6316.

Wade, P.A., and Wolffe, A.P. (1997). Chromatin: histone acetyltrans-
ferases in control. Curr. Biol. 7, 82–84.

Wang, H., and Stillman, D.J. (1990). In vitro regulation of a Sin3-
dependent DNA binding activity by stimulatory and inhibitory fac-
tors. Proc. Natl. Acad. Sci. USA 87, 9761–9765.

Wang, H., Clark, I., Nicholson, P.R., Herskowitz, I., and Stillman,
D.J. (1990). The Saccharomyces cerevisiae SIN3 gene, a negative
regulator of HO, contains four paired amphipathic helix motifs. Mol.
Cell. Biol. 10, 5927–5936.

Wang, H., and Stillman, D.J. (1993). Transcriptional repression in
Saccharomyces cerevisiae by a SIN3-LexA fusion protein. Mol. Cell.
Biol. 13, 1805–1814.

Wolffe, A.P. (1996). Histone deacetylase: a regulator of transcription.
Science 272, 371–372.

Wolffe, A.P., and Pruss D. (1996). Targeting chromatin disruption:
transcription regulators that acetylate histones. Cell 84, 817–819.

Yang, W.-M., Inouye, C., Zeng, Y.Y., Bearss, D., and Seto, E. (1996).
Transcriptional repression by YY1 is mediated by interaction with
a mammalian homolog of the yeast global regulator RPD3. Proc.
Natl. Acad. Sci. USA 93, 12845–12850.

Yeung, K.C., Inostroza, J.A., Mermelstein, F.H., Kannabiran, C., and
Reinberg, D. (1994). Structure-function analysis of the TBP-binding
protein Dr1 reveals a mechanism for repression of class II gene
transcription. Genes Dev. 8, 2097–2109.

GenBank Accession Number

The accession number for the hSAP18 nucleotide sequence re-
ported in this paper is U96915.


