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Sin3 is an evolutionarily conserved corepressor that exists in different complexes with the histone deacety-
lases HDAC1 and HDAC2. Sin3-HDAC complexes are believed to deacetylate nucleosomes in the vicinity of
Sin3-regulated promoters, resulting in a repressed chromatin structure. We have previously found that a
human Sin3-HDAC complex includes HDAC1 and HDAC2, the histone-binding proteins RbAp46 and RbAp48,
and two novel polypeptides SAP30 and SAP18. SAP30 is a specific component of Sin3 complexes since it is
absent in other HDAC1/2-containing complexes such as NuRD. SAP30 mediates interactions with different
polypeptides providing specificity to Sin3 complexes. We have identified p33ING1b, a negative growth regulator
involved in the p53 pathway, as a SAP30-associated protein. Two distinct Sin3-p33ING1b-containing complexes
were isolated, one of which associates with the subunits of the Brg1-based Swi/Snf chromatin remodeling
complex. The N terminus of p33ING1b, which is divergent among a family of ING1 polypeptides, associates
with the Sin3 complex through direct interaction with SAP30. The N-terminal domain of p33 is present in
several uncharacterized human proteins. We show that overexpression of p33ING1b suppresses cell growth in
a manner dependent on the intact Sin3-HDAC-interacting domain.

In eukaryotic cells, the DNA is packaged with histones in the
form of chromatin (24). The primary unit of chromatin is the
nucleosome, composed of 146 bp of DNA wrapped around an
octamer of histone proteins (32). The packaging of DNA into
chromatin allows for efficient storage of genetic information,
although this compaction impedes the access of proteins to
DNA. In the nucleus there are machineries that alter chroma-
tin structure and aid proteins in gaining access to their DNA
sites (reviewed in references 23 and 51). Types of activities that
alter chromatin structure include ATP-dependent nucleosome
remodeling and covalent modification of core histones, partic-
ularly acetylation-deacetylation of lysine residues and methyl-
ation of lysine and arginine residues. These covalent modifi-
cations occur primarily within the N-terminal histone tails (46,
61).

Several ATP-dependent nucleosome-remodeling factors
have been characterized. These fall into two broad classes: the
Swi-Snf and ISWI-related families. Two human complexes re-
lated to the yeast Swi-Snf complex. Brg1 and Brm, have been
characterized (53, 54). These complexes contain a set of com-
mon as well as unique subunits, referred to as Brg1-associated
factors (BAFs). Several ISWI-containing complexes have also
been isolated from different species (reviewed in reference 50).
These chromatin-remodeling complexes possess a DNA-stim-
ulated ATPase activity that resides in the highly conserved
Snf2-related subunit.

Different regions of the genome exhibit specific patterns of
histone acetylation, which are established by the action of
histone acetyltransferases and histone deacetylases (HDACs).
Several histone acetyltransferases have been identified. Some
of these histone acetylases exist in large complexes and partic-
ipate in transcriptional activation. HDACs have also been
identified. In mammals, there appear to be at least nine dif-
ferent HDACs: HDAC1, HDAC2, and HDAC3 are related to
the yeast HDAC Rpd3, whereas HDAC4, HDAC5, HDAC6,
HDAC7, HDAC8, and HDAC9 are related to the yeast HDA1
(reviewed in references 6 and 25). Recently, the yeast and
mouse Sir2 proteins, which function in the establishment of
silencing, were found to possess NAD�-dependent HDAC
activity in vitro (21, 29, 45). Some of these HDACs exist in
large protein complexes and are directed to specific regions of
the genome by interacting, directly or indirectly, with se-
quence-specific DNA-binding proteins. Yeast Sin3, and the
Sin3-associated HDAC Rpd3, have been implicated in pro-
moter-specific repression as well as in silencing (39, 47). Re-
cruitment of the Sin3-Rpd3 complex to the promoter by the
DNA-binding repressor Ume6 results in local deacetylation of
two nucleosomes in the vicinity of the Ume6-binding site (39).
Surprisingly, deletion of Saccharomyces cerevisiae SIN3, RPD3,
and HDA1 leads to an increase rather than a loss of silencing
(38, 47).

The human Sin3 protein was identified as a corepressor that
interacts with the E-box-binding repressor complex Mad-Max
(4, 41). Furthermore, interaction with Sin3 was found to be
essential for Mad to suppress Myc-induced transformation
(15). Subsequent studies revealed that Sin3 also interacts with
N-CoR and SMRT (1, 16, 36), corepressors that bind to unli-
ganded nuclear hormone receptors (5, 20).

Two major human HDAC1/2-containing complexes have
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been characterized biochemically in HeLa cells—Sin3 and
NuRD (9, 58–60, 62). Human Sin3 and NuRD complexes
share a set of four polypeptides, a presumed catalytic core
complex composed of HDAC1, HDAC2, and the histone-bind-
ing proteins RbAp46, and RbAp48 (60). In addition to these
four polypeptides, a Sin3 complex contains mSIN3A, SAP30,
and SAP18 (58). However, several other polypeptides are as-
sociated with Sin3-containing complexes, including the CpG-
methylated binding protein MeCP2 (37), the Rb-binding pro-
tein RBP1 (28), and the corepressors NCoR and SMRT (1, 16,
36). The SAP30 subunit was found to interact with NCoR,
SMRT, RBP1, and other polypeptides, suggesting that SAP30
may tether the core HDAC1/2 complex to different polypep-
tides (26, 62).

The NuRD complex provides an unexpected link between
two chromatin-modifying activities. In addition to the HDAC
core complex, it contains an ISWI-related polypeptide, CHD4
(Mi2�). CHD4 contains a SNF2-like helicase domain, which
enables the NuRD complex to alter the structure of nucleo-
somes in an ATP-dependent manner. NuRD contains a nu-
cleosome-stimulated ATPase activity. NuRD is able to
deacetylate oligonucleosomal histones in vitro in a manner that
is stimulated by ATP (49, 52, 55, 59). In light of this finding, it
was proposed that access of the HDACs to histone tails in
oligonucleosomes requires alteration and/or mobilization of
nucleosome structure (49, 59).

In the present studies, we have analyzed polypeptides that
associate with the Sin3 complex. We found that the p53-bind-
ing protein p33ING1b interacts with the Sin3 complex.

The p53-binding protein ING1 was identified in a genetic
selection for genes whose inactivation can cause neoplastic
transformation (12). Overexpression of p33ING1 inhibits cell
growth in a manner dependent on the wild-type p53, and
p33ING1 interacts with p53 in vivo (11). Recently, it was found
that the human ING1 gene encodes three alternatively spliced
transcripts that give rise to proteins of 47 kDa (ING1a), 33
kDa (ING1b), and 24 kDa (ING1c) (12). All ING1 isoforms
share a conserved C terminus containing a plant homeodomain
(PHD) Zn finger motif. Curiously, the mouse ING1 gene ap-
pears to produce only two alternatively spliced forms, p37
(similar to human ING1b) and p24/31 (similar to the human
ING1c) (56). A recent study has identified ING1b as the breast
and testis cancer-specific antigen (22).

In this work, we further characterized the human Sin3-
HDAC containing ING1. Two different ING1-containing Sin3
complexes were observed in HeLa cells. One of these com-
plexes additionally contains the subunits of the Brg1-based
human Swi-Snf chromatin-remodeling complex. We found that
the ING1b-Sin3-HDAC-containing complexes possess HDAC
and oligonucleosome deacetylase activity and that interaction
with the Sin3 complex is important for the growth suppression
activity of p33ING1b.

MATERIALS & METHODS

Plasmid construction. p33ING1b cDNA in the pCI vector (Promega) was a
gift of K. Riabowol. For bacterial expression of a His6-p33 fusion protein,
p33ING1b cDNA was amplified using primers containing 5� NdeI and 3� XhoI
adapters (5�-GGGGAATTCCATATGTTGAGTCCTGCCAACGGG-3� and 5�-
CCCGCTCGAGCCTGTTGTAAGCCCTCTCTTTTT-3�) (recognition sequences
are underlined), digested with NdeI and XhoI, and subcloned into the
pET21a(�) vector (Novagen) linearized with the same enzymes. For mam-

malian expression of the Gal4-p33 fusion, p33ING1b cDNA was amplified
using primers containing 5� BamHI and 3� XbaI adapters (5�-GCGCGGATCC
GTATGTTGAGTCCTGCCAACGGG-3� and 5�-CCTAGTCTAGAGCCTGT
TGTAAGCCCTCTCTTTTT-3�), digested with BamHI and XbaI, and sub-
cloned into pSG424 vector (40) linearized with the same enzymes.

To generate a glutathione S-transferase (GST)-p33 fusion for bacterial ex-
pression, p33 cDNA was amplified using primers containing 5� BamHI and
3� XhoI adapters (5�-GCGCGGATCCCGTATGTTGAGTCCTGCCAACG
GG-3� and 5�-CCCGCTCGAGCCTGTTGTAAGCCCTCTCTTTTT-3�), di-
gested with BamHI and XhoI, and subcloned into pGEX-5X-1 vector (Pharma-
cia) linearized with the same enzymes. To generate the GST-�N120 and GST-
�C59 fusion proteins, p33 cDNA was amplified using the following sets of
primers (in each case the direct primer had a BamHI adapter and the reverse
primer had a XhoI adapter): 5�-GCGCGGATCCGTCGCGCGCTGATCCGC
AGCCAG-3� and 5�-CCCGCTCGAGCCTGTTGTAAGCCCTCTCTTTT
T-3� (for �N120) and 5�-GCGCGGATCCGTATGTTGAGTCCTGCCAAC
GGG-3� and 5�-CCCGCTCGAGGATGGGGAGGTCGGCAGGGGGAC
G-3� (for �C59). The PCR products were digested with BamHI and XhoI and
subcloned into the pGEX-5X-1 vector linearized with the same enzymes.

For mammalian expression of a FLAG-p33 fusion protein, p33 cDNA was
amplified using primers containing 5�-HindIII and 3�-XbaI adapters (5�-CCCA
AGCTTATGTTGAGTCCTGCCAACGGGGAG-3� and 5�-CCTAGTCTAGA
GCCTGTTGTAAGCCCTCTCTTTTT-3�), digested with HindIII and XbaI, and
subcloned into pCMV-FLAG-2 vector (Sigma) linearized with the same en-
zymes. For stable selection of FLAG tag fusions of full-length p33 and p33
deletion mutants, p33 cDNA was amplified using the following sets of primers (a
direct primer containing FLAG epitope sequences [underlined] and a reverse
primer containing two STOP codons [underlined]): 5�-ACCATGGACTACAA
AGACGATGACGACAAGATGTTGAGTCCTGCC-3� and 5�-CTACTACCT
GTTGTAAGCCCTCTCTTTTTTGAATTTCTCCAG-3� (for full-length p33),
5�-ACCATGGACTACAAAGACGATGACGACAAGATCCTGAAGGAG-3�
and 5�-CTACTACCTGTTGTAAGCCCTCTCTTTTTTGAATTTCTCCAG-3�
(for the N-terminal deletion mutant), and 5�-ACCATGGACTACAAAGACG
ATGACGACAAGATGTTGAGTCCTGCC-3� and 5�-CTACTAGGGGAGGT
CGGCAGGGGAGCG-3� (for the C-terminal deletion mutant). These PCR
products were directly ligated into the pEF6/V5-His-TOPO vector (Invitrogen)
as specified by the manufacturer.

For mammalian expression of green fluorescent protein (GFP) fusion pro-
teins, the FLAG-p33 cDNA was amplified from the pCMV-FLAG-2 vector using
the following sets of primers (in each case the direct primer contained the NheI
adapter and the reverse primer contained the AgeI adapter): 5�-CTAGCTAGC
TAGACCATGGACTACAAA-3� and 5�-CGACCGGTAGCTCTTGGTATT
TCGC-3� (for N46-GFP), 5�-CTAGCTAGCTAGACCATGGACTACAAA-
3� and 5�-CGACCGGTAGCCGCCGCTTCTGCGC-3� (for N69-GFP), and 5�-
CTAGCTAGCTAGACCATGGACTACAAA-3� and 5�-CGACCGGTAGGTT
GCCCGCTGTGTC-3� (for N125-GFP). The PCR products were digested with
NheI and AgeI and subcloned into the pECFP-Nuc vector (Clontech) linearized
with the same enzymes. Note that the pECFP-Nuc vector encodes the enhanced
cyan fluorescent protein containing a triple simian virus 40 T-antigen nuclear
localization signal which is necessary for nuclear targeting of the p33 truncations
(the nuclear localization signal of p33ING1b is located at amino acids 185 to
189).

Immunoaffinity purification of different SIN3-containing complexes and mass
spectrometric identification of proteins. Immunoaffinity purification was based
on a previously published procedure (58). Rabbit polyclonal antibodies raised
against full-length p33ING1b or SAP30 were affinity purified on an antigen
column and cross-linked to protein A-agarose beads (Repligen) with 20 mM
dimethylpimelimidate (Pierce) at 2 mg of antibodies per 1 ml (wet volume) of
beads as described previously (14). A total of 10 to 20 �l beads was incubated for
12 h at 4°C with 50 to 100 �g of a protein fraction in buffer B (20% glycerol, 50
mM Tris-HCl [pH 7.9] at 4°C, 0.2 mM EDTA, 10 mM 2-mercaptoethanol, 0.2
mM phenylmethylsulfonyl fluoride) containing 100 mM KCl. The beads were
washed with buffer B containing 500 mM KCl and 0.05% NP-40, and bound
proteins were eluted with 0.1 M glycine (pH 2.6) and resolved on a 5 to 12.5%
gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (SDS-
PAGE) for Western blotting and silver staining.

To identify coimmunoprecipitating proteins, the protein bands were excised
from the gels, digested with trypsin (17), and processed for mass spectrometric
fingerprinting as described previously (8). Briefly, peptide mixtures were partially
fractionated on Poros 50 R2 RP microtips and the resulting peptide pools were
analyzed by matrix-assisted laser-desorption/ionization reflectron time-of-flight
mass spectrometry (MALDI-reTOF MS) using a Reflex III instrument (Brüker
Franzen, Bremen, Germany) and, in most cases, by electrospray ionization (ESI)
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tandem MS on an API 300 triple quadrupole instrument (PE-SCIEX, Thornhill,
Canada), modified with an injection-adaptable fine ionization source (JAFIS) as
described previously (13). Selected mass values from the MALDI-reTOF exper-
iments were taken to search the protein nonredundant database (National Cen-
ter for Biotechnology Information [NCBI], Bethesda, Md.) using the Pep-
tideSearch (33) algorithm. MS-MS spectra from the ESI triple-quadrupole
analyses were inspected for y” ion series, and the resultant information was
transferred to the SequenceTag (34) and PepFrag (10) programs and used as a
search string. Any protein identification was verified by comparing the computer-
generated fragment ion series of the predicted tryptic peptide with the experi-
mental MS-MS data.

Conventional purification of core Sin3 complex and Sin3 complexes I and II.
Approximately 2 g of HeLa nuclear extracts (7) was loaded on a 200-ml phos-
phocellulose column in buffer B containing 100 mM KCl, and bound proteins
were eluted stepwise with buffer B containing 300, 500, and 1,000 mM KCl. The
0.5 M KCl fraction (300 mg) was dialyzed into buffer BC (10% glycerol, 50 mM
Tris-HCl [pH 7.9] at 4°C, 0.2 mM EDTA, 10 mM 2-mercaptoethanol, 0.2 mM
phenylmethylsulfonyl fluoride) containing 100 mM KCl. The proteins were then
loaded onto a 90-ml DE-52 column, and bound proteins were eluted with buffer
BC containing 350 mM KCl. The 350-mM KCl eluate from the DE-52 column
(155 mg) was dialyzed against buffer BC containing 75 mM ammonium sulfate.
The proteins were then loaded onto a 45-ml HPLC DEAE-5PW column (Toso-
Haas). The column was eluted with a linear gradient of ammonium sulfate from
75 to 400 mM in buffer BC (gradient volume, 750 ml; flow rate, 2.5 ml/min), and
7.5-ml fractions were collected. For conventional purification of Sin3 complexes
I and II, the DEAE-5PW fractions corresponding to Sin3 complexes I and II
were loaded onto a 1-ml FPLC MonoP column (Pharmacia). Bound proteins
were eluted with a linear gradient of KCl from 200 to 1,200 mM in buffer BC
(gradient volume, 10 ml; flow rate, 0.2 ml/min), and 200-�l fractions were col-
lected. The Sin3 peak fractions from MonoP were pooled, dialyzed into buffer B
containing 100 mM KCl, and loaded onto a 1-ml phosphocellulose column.
Bound proteins were step eluted with buffer B containing 500 mM KCl and
dialyzed against buffer B containing 100 mM KCl. This concentrated pool was
further used for immunoaffinity purification and for nucleosome deacetylation
assays. For conventional purification of the core Sin3 complex, the DEAE-5PW
flowthrough fraction (�30 mg) was concentrated on a 5-ml phosphocellulose
column as described above. Peak fractions were pooled and saved in two 3-ml
aliquots (2 mg/ml). Each 3-ml aliquot was fractionated on a 120-ml Superose 6
XK16/70 column (Pharmacia) in buffer BC containing 500 mM KCl, and 1.3-ml
fractions were collected. The Sin3 peak fractions from the two Superose 6
columns were pooled and again concentrated on a 1-ml phosphocellulose column
for further use in immunoaffinity purification and deacetylation assays.

Anti-FLAG immunoprecipitation from transiently transfected cells and anti-
FLAG immunoaffinity purification from cell lines stably expressing FLAG-
tagged Swi-Snf components. For transient transfections, 293T cells were plated
on 10-cm dishes at 106 cells per dish and transfected with 10 �g of pCMV-
FLAG-2-SAP30 or pCMV-FLAG-ING1b by calcium phosphate precipitation.
Nuclear extracts were prepared from cells harvested 48 h after transfection. For
anti-FLAG immunoprecipitations, 300 �g of 293T nuclear extract was incubated
overnight at 4°C with 20 �l of anti-FLAG M2 agarose (Sigma) in buffer B
containing 100 mM KCl. Bound proteins were washed with buffer B containing
500 mM KCl and 0.05% NP-40 and analyzed by Western blotting.

Establishment of cell lines stably expressing FLAG-tagged INI1 and purifica-
tion of FLAG-INI1-containing Swi-Snf complexes were described previously
(43). Establishment of cell lines stably expressing FLAG-Brg1. FLAG-Brg1
K798R, and FLAG-Brm and purification of FLAG-Brg1- and FLAG-Brm-con-
taining complexes were described previously (42).

HDAC and nucleosome deacetylase assays. The 3H release assay was per-
formed as described previously (19). Core histones were labeled in vitro with
recombinant S. cerevisiae Hat1 in the presence of [3H]acetyl coenzyme A to 3 �
107 dpm/mg as described previously (38). Column fractions or protein complexes
bound to antibody beads were incubated for 1 h at 30°C with 0.5 to 2 �g of
labeled core histones in a buffer containing 75 mM Tris-HCl (pH 7.0), 150 mM
NaCl, 2 mM dithiothreitol, 0.1 mM EDTA, and 1 mM phenylmethylsulfonyl
fluoride. The released [3H]acetic acid was extracted with ethyl acetate and
quantified by liquid scintillation counting.

Hyperacetylated oligonucleosomes were purified using a published procedure
(3). For the nucleosome deacetylation assay, 200 ng of hyperacetylated oligonu-
cleosomes or core histones was incubated for 2 h at 30°C with column fractions
in a buffer containing 10 mM HEPES-KOH (pH 7.5), 50 mM KCl, and 5 mM
MgCl2 in the presence or absence of 4 mM ATP. Histone deacetylation was
analyzed by Western blotting using antibodies specific to H4 acetylated at lysines
5, 8, and 12 and antibodies specific to hyperacetylated H3 (a gift of D. Allis).

GST pull-down assay. GST-p33, GST-�N120, GST-�C59, and GST-Dr1 fu-
sion proteins were expressed in bacteria and purified on glutathione-Sepharose
(Pharmacia) as specified by the manufacturer. The His6-tagged SAP30, Dr1, and
RbAp46 proteins were expressed in bacteria and purified on Ni-nitrilotriacetic
acid agarose (Qiagen). The FLAG-tagged HDAC1 was purified from infected
Sf9 cells on anti-FLAG M2 agarose (Kodak). The mSin3A protein was obtained
by in vitro translation of the pCITE-mSin3A plasmid (a gift of D. Ayer) using the
TNT coupled reticulocyte lysate system (Promega).

For a GST pull-down assay, glutathione-Sepharose beads (bed volume, 5 �l)
were prebound with 100 ng of a GST fusion protein and incubated for 1 h at 4°C
with 100 to 200 ng of SAP30, RbAp46, HDAC1, or mSin3A in buffer B contain-
ing 500 mM KCl, 0.1% NP-40, and 0.1 mg of bovine serum albumin (BSA) per
ml. The protein complexes were washed three times with the same buffer, eluted
with SDS-PAGE loading buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 0.1%
bromphenol blue, 10% glycerol, 0.1 M dithiothreitol), and analyzed by Western
blotting.

Luciferase reporter assay. 293T cells were transfected in duplicate on 6-cm
plates (2 � 106 cells/plate) by the standard calcium phosphate method. Each
transfection mixture included 500 ng of PCH110 plasmid (for expression of
�-galactozidase, normalization control [Clontech]), 250 ng of reporter plasmid
(Gal4-TK-Luc; a gift of P. Traber), 500 ng of pSG424-p33 plasmid (for expres-
sion of Gal4-p33), and variable amounts of pBabe-Brg1 or pBabe-Brg1(K798R)
(a gift of R. Kingston). The cells were harvested 48 h after transfection, and
�-galactosidase and luciferase reporter assays were performed as specified by the
manufacturer (Promega). Luciferase activity was normalized to the �-galactosi-
dase activity.

Colony formation assay. NIH 3T3 cells were transfected with pEF6 vector
(Invitrogen) carrying p33 deletion mutants by using Effectene reagent (Qiagen)
as specified by the manufacturer. At 48 h posttransfection, the cells were split
into Dulbecco’s modified Eagle’s medium plus 10% fetal calf serum plus 5 �g of
blasticidin (Invitrogen) per ml on 10-cm plates (three plates per experiment; 104

cells per plate). After 2 weeks of selection, colonies were stained with Coomassie
brilliant blue and counted.

RESULTS AND DISCUSSION

Identification of p33ING1b as a SAP30-associated protein.
We have previously characterized a human Sin3 corepressor
complex composed of mSin3A, HDAC1 and HDAC2, histone-
binding proteins RbAp46 and RbAp48, and two novel
polypeptides, SAP30 and SAP18 (58). To address whether the
Sin3-associated polypeptides represent a single complex or are
present in distinct complexes and whether these polypeptides
are also found in complexes other than Sin3, we performed
immunoaffinity purification using antibodies against HDAC1
and SAP30 (58, 62).

Immunoaffinity purification using anti-HDAC1 antibodies
yielded the Sin3 complex but also the novel HDAC1/2-con-
taining complex NuRD (59). Immunoaffinity purification using
anti-SAP30 antibodies (62) (Fig. 1) revealed a set of polypep-
tides that were also retained on an anti-Sin3 column, particu-
larly mSin3a, HDAC1, HDAC2, RbAp46, RbAp48, and
SAP30, as well as several polypeptides present in substoichio-
metric amounts (Fig. 1A). These less abundant polypeptides
were consistently observed and were also present in prepara-
tions derived from immunopurifications using antibodies
against Sin3 and HDAC1 but not in preparations using other
antibodies such as MTA2 and Mi2 (data not shown: see ref-
erence 59). In light of these findings, we speculated that: (i) the
abundant polypeptides correspond to the core HDAC complex
(60), composed of HDAC1, HDAC2, RbAp46, and RbAp48,
in addition to Sin3 and SAP30; (ii) the less abundant polypep-
tides represent proteins that associate, directly or indirectly,
with the core Sin3-HDAC complex; and (iii) the affinity puri-
fication procedure yielded different complexes. Therefore, we
identified these polypeptides. The 33-kDa band in the anti-
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FIG. 1. Identification of p33ING1b as a SAP30-associated protein. (A) Silver staining of anti-SAP30 immunoprecipitates. An aliquot of the
DEAE-52 bound material (�100 �g) was immunoprecipitated with anti-SAP30 antibodies, and immunoprecipitated proteins were washed with
buffer containing 0.5 M KCl and 0.05% NP-40. Proteins were eluted with 0.1 M glycine (pH 2.6) and separated by SDS-PAGE followed by silver
staining. (B) Western blots of anti-SAP30, anti-HDAC1, anti-Mi2, and anti-p33 immunoprecipitates. Immunoprecipitations (IP) were performed
as in panel A. Input, 10 �g of the DEAE-52-bound fraction. Lanes 2 to 6 correspond to 1/10 of the total glycine eluate from the corre-
sponding affinity columns. (C) Sequence alignment of p33ING1b and pING1L. Peptides derived from the 33-kDa band in anti-SAP30
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SAP30 immunoprecipitates was subjected to in-gel tryptic di-
gestion and analyzed by MS fingerprinting (8). Two peptides
derived from this band (QVDSHVELFEAQQELGDTAG
NSGK and YQEILKELDECYER) matched the recently cor-
rected sequence of an isoform of the human growth inhibitor
p33ING1b (AF1818501). The human ING1 gene encodes
three different transcripts, p47ING1a, p33ING1b, and p24ING1c,
all containing a common C-terminal domain but with divergent
N-terminal domains (11) (see Fig. 5A). While one peptide ob-
tained from the 33-kDa band matched the sequence of ING1
common to all three isoforms, another peptide was unique for
the isoform ING1b (Fig. 1C). Another peptide obtained from
the 33-kDa band (LLTCYVQDYLECVESLPHDMQR) did
not match p33ING1b but matched exactly the sequence of the
protein encoded by the pING1L gene (NP001555), which is
�50% identical to p33ING1b. This peptide is located at the N
terminus of pING1L and thus has homology to the unique
region of ING1b.

Next, we analyzed whether p33ING1b is a component of the
Sin3-SAP30 complex or interacts with SAP30 independently of
Sin3. To address this question, we used immunoaffinity purifi-
cation with antibodies against components of the Sin3 and
NuRD complexes in addition to antibodies against p33ING1b.

As the input material for immunoaffinity purification, we
used a crude protein fraction enriched for Sin3, SAP30, and
ING1b. After immunoadsorption of the proteins to different
immunoaffinity resins, the bound proteins were eluted and
analyzed by Western blotting. As expected, antibodies against
SAP30 immunoprecipitated the known components of the Sin3
complex. Additionally, the SAP30 antibodies coimmunopre-
cipitated p33-ING1b (Fig. 1B) but not the NuRD component
Mi2�. Consistent with this observation, antibodies against
Mi2� failed to immunoprecipitate p33ING1b. In a reciprocal
experiment, anti-ING1b antibodies coimmunoprecipitated
Sin3 and SAP30 but failed to immunoprecipitate Mi2�. Fur-
thermore, antibodies against HDAC1, along with the compo-
nents of Sin3 and NuRD complexes, also coimmunoprecipitated
p33ING1b (Fig. 1B). These results demonstrate that ING1b is
an integral component of a Sin3-HDAC complex.

Given that the Sin3 complex contains several subunits that
are shared with another deacetylase complex, NuRD, which
does not interact with p33, we wanted to find what determines
the specificity of association of p33 with the Sin3 complex. To
this end, we analyzed the interactions between p33 and various
subunits of the Sin3 complex using a GST pull-down assay with
recombinant purified proteins (Fig. 1D). In this assay, we de-
tected a specific and direct interaction between p33 and
SAP30. No direct interaction between p33 and Sin3, HDAC1,
or RbAp46 was detected. Therefore, it is likely that a direct
interaction with SAP30 mediates the association of p33ING1b
with the Sin3 complex.

Biochemical separation of two ING1b-Sin3-containing com-
plexes. Having established that p33ING1b is a component of a

Sin3 complex, we next wanted to analyze whether p33ING1b is
present in a single or multiple complexes. This was analyzed
using conventional chromarography of HeLa cell extracts cou-
pled with affinity purification. We found that ING1b copurifies
with Sin3 and SAP30 on various chromatographic resins (data
not shown [see below]). The DEAE-5PW cation-exchange
resin proved to be particularly informative in resolving differ-
ent p33ING1b-containing complexes (Fig. 2A). We noticed
that a significant fraction of Sin3 and SAP30 was found in the
flowthrough of the column. This fraction was relatively devoid
of p33ING1b, which bound to the column, and was resolved
into two discrete peaks coeluting with Sin3 and SAP30 (Fig. 2B
and data not shown). This feature appears specific to Sin3-
p33ING1b, since NuRD fractionates as a single peak, dis-
placed from Sin3 (data not shown).

For simplicity, we will refer to the DEAE-5PW flowthrough
fraction as the core Sin3 complex (see below) and to the two
DEAE-5PW-bound complexes as Sin3 complex I (early peak)
and Sin3 complex II (late peak).

Having established the existence of three biochemically dis-
tinct Sin3-containing complexes, we next wanted to character-
ize their polypeptide composition. To this end, we used immu-
noaffinity purification with antibodies against SAP30 (Fig. 2A).
DEAE-5PW fractions corresponding to the different Sin3 com-
plexes were pooled, concentrated, and loaded onto anti-SAP30
immunoaffinity columns. Bound proteins were eluted and an-
alyzed by Western blotting and silver staining. As seen in Fig.
2D, Sin3, SAP30, and HDAC1 were present in all three com-
plexes whereas ING1b was present in complexes I and II but
was absent from the core Sin3 complex.

Silver-staining analysis revealed that the different Sin3 com-
plexes have different polypeptide compositions (Fig. 2C). The
Sin3 core complex contains HDAC1/2 and RbAp46/48, to-
gether with Sin3 and SAP30. Sin3 complex II, in addition to the
polypeptides present in the core complex, includes p33ING1b
and a 190-kDa polypeptide, which was identified as the reti-
noblastoma-binding protein 1 (RBP1) (Fig. 2C and data not
shown). Recent studies have shown that RBP1 can recruit the
HDAC1/2-containing complexes to the pocket of Rb through
an interaction with SAP30 (27). Sin3 complex I contains all the
polypeptides present in complex II as well as several additional
polypeptides. The same set of polypeptides were recovered in
complexes I and II after immunoprecipitation using antibodies
against p33ING1b (see Fig. 4A).

Therefore, the three biochemically distinct human Sin3 com-
plexes have different polypeptide compositions. The DEAE-
5PW flowthrough Sin3 complex contains mSin3A, HDAC1/2,
RbAp46/48, and SAP30 and probably corresponds to the pre-
viously reported core Sin3 complex (58). Sin3 complex II con-
tains ING1b and p190, in addition to the polypeptides present
in the core complex. Sin3 complex I additionally contains seven
polypeptides, p250, p185, p170, p155, p60, p53, and p47.

immunoprecipitates are underlined. The sequences of p33ING1b shared with other ING1 isoforms (ING1a and ING1c) are indicated by arrows.
(D) Direct interaction between p33 and SAP30. GST-p33 or GST-Dr1 proteins (100 ng) were attached to glutathione-Sepharose beads (5 �l) and
incubated with 200 ng of recombinant purified HDAC1, RbAp46, SAP30, Dr1, or in vitro-translated Sin3 protein in buffer containing 0.5 M KCl,
0.1% NP-40, and 0.1 mg of BSA per ml. The bound proteins were washed with the same buffer and eluted with SDS loading buffer. A 1/10 aliquot
of material bound to the beads was analyzed by Western blotting as indicated in the figure. Input, 20 ng of recombinant protein.
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FIG. 2. p33ING1b is the component of a subset of Sin3-HDAC complexes. (A) Scheme of the immunoaffinity purification of the different
SAP30-containing complexes, i.p., immunoprecipitation. (B) Western blot analysis of the DEAE-5PW column fractions. The column was
developed as indicated in Materials and Methods. Aliquots of the fractions (5 �l) were separated by SDS-PAGE, and the fractionation of the
indicated polypeptides was analyzed by Western blotting using antibodies against Sin3, SAP30, and p33ING1b. Pools used for subsequent
anti-SAP30 and anti-p33 immunoprecipitations are indicated (complex I and complex II). (C) Silver staining of anti-SAP30 immunoprecipitates
from DEAE-5PW fractions corresponding to the three Sin3 complexes. Equal SAP30 Western blot amounts of DEAE-5PW fractions corre-
sponding to the three Sin3 complexes (I, II, and core; �100 �g) were immunoprecipitated with anti-SAP30 antibodies. Bound proteins were
washed with buffer containing 0.5 M KCl and 0.05% NP-40 and eluted with 0.1 M glycine (pH 2.6). A 1/10 aliquot of eluted proteins was separated
by SDS-PAGE and visualized by silver staining. Polypeptides unique to complex I are indicated on the left side of the panel. Other polypeptides
in the three pools are indicated on the right side of the panel. (D) Western blot analysis of anti-SAP30 immunoprecipitates from the DEAE-5PW
fractions corresponding to the three Sin3 complexes (I, II, and core). Anti-SAP30 immunoprecipitation was performed as in panel C, and bound
proteins were analyzed by Western blotting using antibodies indicated in the figure. Inputs correspond to 1/10 (�10 �g) of the material used for
immunoprecipitation, and the �-SAP30 lanes correspond to 1/10 of the corresponding glycine eluates. (E) Western blot analysis of nuclear extract
Sephacryl-400 fractions. Unfractionated HeLa nuclear extract (approximately 10 mg of total protein) was fractionated on a 120-ml Sephacryl-400
column in buffer BC (see Materials and Methods) containing 500 mM KCl, 0.1% NP-40, and 40 �g of ethidium bromide per ml. Aliquots (20 �l)
of of each fraction (0.5 ml) were analyzed by Western blotting as indicated.
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To address whether the different complexes described above
represent breakdown products of a larger complex, size frac-
tionation analysis of the unfractionated HeLa nuclear extract
was performed on a Sephacryl-400 column (Fig. 2E). This
analysis demonstrates that Sin3 elutes broadly, probably in at
least two peaks. SAP30 also elutes in a broad peak and is
contained within most of the Sin3-containing fractions. Impor-
tantly, p33 coelutes only with the early Sin3 peak and is absent
from the later fractions where both Sin3 and SAP30 coeluted.
Therefore, the p33-devoid core Sin3 complex is present in the
unfractionated HeLa nuclear extract and is probably not a
result of breakdown but is a reflection of other Sin3-containing
complexes. In this analysis it is difficult to distinguish Sin3-p33
complexes I and II; however, the elution profile of p33 is much
broader than the peak of MTA2, a subunit of the �1.5-MDa
NuRD complex. Therefore, it is likely that the p33-containing
fractions include both p33/Sin3-containing complexes. Impor-
tantly, the majority of the p33 protein present in HeLa nuclear
extract is contained in the high-molecular-weight Sin3 com-
plexes, whereas only a small part of p33 was detected in frac-
tions that correspond to the monomeric p33 protein.

HDAC and nucleosome deacetylase activity of the three Sin3
complexes. To analyze whether the three Sin3 complexes rep-
resent functional HDAC enzymes, we assayed their activity
using core histones and oligonucleosomes as substrate (Fig. 3).
First, we analyzed the HDAC activity of the different Sin3
complexes adsorbed onto anti-SAP30 beads by measuring the
3H release from labeled core histones (Fig. 3A). Equal West-
ern blot units (anti-HDAC1 and anti-SAP30, Fig. 3C) of the
different complexes were used. The results demonstrate that all
three complexes possess comparable HDAC activity, with Sin3
complex II being somewhat more active than the other two
complexes. Next, we analyzed the nucleosome deacetylation
activity of the three Sin3 complexes and their specificity to
particular acetylation sites by using antibodies that recognize
specific acetylated lysines (Fig. 3B). Since nucleosome deacety-
lation activity is inefficient when complexes are attached to
beads (62), we used the native Sin3 complexes. The core Sin3
complex was moderately active on H3 and H4 lysine 12,
whereas it was almost inactive on H4 lysines 5 and 8, in both
the octamer and in oligonucleosomes. Sin3 complex II pos-
sessed significant deacetylase activity on all H4 and H3 sites
tested in both the octamer and oligonucleosome, with a par-
ticular preference for H4 lysines 5 and 8. Sin3 complex I was
active only in deacetylation of H4 lysine 8, and the activity was
blocked in oligonucleosomes.

Sin3 complex I contains components of the Brg1-based Swi-
Snf complex. Both anti-SAP30 and anti-p33 immunioprecipi-
tates from Sin3 complex I displayed a subset of polypeptides
that were absent from complex II or core complex; these are
p250, p185, p170, p155, p60, p53, and p47 (Fig. 2C and 4A). To
identify these polypeptides, we performed MS fingerprinting.
Of 20 peptides derived from p185, 18 matched perfectly with
peptides found in the human Brg1 protein (NCBI 4507073).
Interestingly, no peptides corresponding to Brm were de-
tected. Eleven peptides derived from the p170 band matched
BAF170 (NCBI 4507081), whereas 9 of 24 peptides obtained
from p155 matched mSin3A and 7 matched BAF155 (NCBI
4507081). Therefore, approximately stoichiometric amounts of
mSin3A- and BAF155-derived peptides were obtained from

the p155 band. This result suggests that the Swi-Snf compo-
nents are associated with Sin3 complex I. The p60, p55, and
p47 polypeptides present in complex I were identified as sub-
units of the Swi-Snf complex by Western blot analysis (data not
shown). The MS identification was confirmed by Western blot
analysis. Both Brg1 and BAF155 were readily detected in anti-
p33 and anti-SAP30 immunoprecipitates derived from Sin3
complex I but not from Sin3 complex II or the core Sin3
complex (Fig. 4B and data now shown). To analyze whether
SAP30 and p33 are present in a subset of Swi-Snf complexes
independently of Sin3, we performed immunoprecipitation
from HeLa nuclear extracts using antibodies against Sin3, p33,
and SAP30 and detected BRG1 and BAF155 in each immu-
noprecipitate (Fig. 4C). In this analysis we also analyzed for
the presence of TRRAP1, the human homologue of the Tra1
subunit of the yeast NuA4 complex, which has been suggested
to interact with the yeast homologue of p33ING1b (30). Our
immunoprecipitation analysis failed to detect TRRAP1 (Fig.
4C).

Next we wanted to analyze whether the subunits of the Sin3
complex could be detected in purified human Swi-Snf com-
plexes. For this purpose, we used the HeLa-derived cell lines
stably expressing FLAG-tagged Swi-Snf components INI1,
Brg1, and an ATPase-deficient Brg1 mutant (43). As seen from
Fig. 4D, Swi-Snf immunopurified through a tag on INI1 or
Brg1 also contained Sin3 and p33ING1b. Interestingly, Sin3
and p33ING1b were partially depleted from the Swi-Snf com-
plex immunopurified from a cell line carrying a FLAG tag on
the ATPase-deficient mutant of Brg1 (Fig. 4D). The decreased
levels of Sin3 and p33ING1b in the mutant Brg1-based Swi-Snf
complex were not due to instability of the mutant protein or to
decreased levels of Brg1 expression (Fig. 4D).

Further support of a physical association between the
p33ING1-Sin3 and Swi-Snf complexes was obtained from ex-
periments utilizing transient overexpression of the components
of these complexes. Nuclear extracts were prepared from 293T
cells transiently transfected with expression vectors carrying
FLAG-tagged SAP30 or FLAG-tagged ING1b followed by
immunoprecipitation using anti-FLAG antibodies. Western
blot analysis revealed that the endogenous Brg1 and BAF155
subunits, but not Brm, are specifically coimmunoprecipitated
with overexpressed FLAG-SAP30 or FLAG-p33ING1b (Fig
4E). These studies collectively establish that the p33ING1b-
Sin3 complex interacts with the Brg1-based Swi-Snf complex in
vivo.

What is the physiological significance of the interaction be-
tween the Sin3-ING1b and the Swi-Snf complexes? There is
increasing evidence of the role of Swi-Snf complexes in tran-
scriptional repression both in yeast and in mammals. Particu-
larly, the human Swi-Snf complex facilitates repression of the
c-fos promoter (35) and cooperates with HDACs in repression
of certain Rb-regulated promoters (57). Moreover, recent re-
sults have established that Sin3 is associated with Swi-Snf sub-
units in vivo (42). Therefore, we asked if overexpression of
Brg1 could affect the repression of a reporter gene by a teth-
ered Sin3-HDAC complex. To this end, we transfected 293T
cells with a luciferase reporter driven by a promoter containing
five copies of the Gal4 DNA-binding site together with a Gal4-
p33 fusion protein in the presence or absence of the Brg1
expression vector. As seen in Fig. 4F, expression of Gal4-p33
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resulted in modest repression of reporter activity (ca. twofold),
which has been shown to be due to the recruitment of the
Sin3-HDAC complex (44). This repression could be further
stimulated by overexpression of Brg1, whereas overexpression
of Brg1 in the absence of Gal4-p33 had no effect on the re-

porter expression. Furthermore, Brg1 containing a mutation in
the ATP-binding domain was unable to stimulate repression by
Gal4-p33. Therefore, Brg1 was able to stimulate repression by
a tethered p33-Sin3 complex in a manner dependent on its
ATPase activity.

FIG. 3. HDAC and nucleosome deacetylase activity of the different Sin3 complexes. (A) 3H release assay using core histones. Equal SAP30
Western blot units of each of the Sin3 complexes immunoprecipitated from the DEAE-5PW column fractions using anti-SAP30 antibodies as
described in the legend to Fig. 2 (I, II, and core) were incubated with [3H]acetyl-coenzyme A-labeled core histones (0.5 �g, 3 � 107 dpm/�g).
Deacetylation activity was measured by quantification of the amount of [3H]acetate released from histones. Anti-SAP30 immunoprecipitate from
the DE-52 bound fraction (DB) was used as a positive control. (B) Assay of oligonucleosome deacetylase activity of the native Sin3 complexes I,
II, and core, using antibodies specific to particular acetylated lysines. Equal SAP30 Western blot units of partially purified Sin3 complexes were
incubated with hyperacetylated core histones or oligonucleosomes (average, five nucleosomes) in the presence or absence of 4 mM ATP, and
histone deacetylation was analyzed by Western blotting with antibodies that recognize particular acetylated lysine residues. As a negative control,
the same amount of substrate was incubated with a crude fraction devoid of SAP30-HDAC1 (	). (C) Western blot analysis of the partially purified
Sin3 complexes (I, II, and core) used for the HDAC assays in panel B. DB corresponds to 5 �g of the DEAE-5PW input. Each lane corresponds
to the amount of fraction used for HDAC assays in panel B.
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FIG. 4. Interaction between the Sin3 complex I and the Brg1-based Swi-Snf complex. (A) Silver staining of anti-p33 immunoprecipitates
derived from the DEAE-5PW fractions corresponding to Sin3 complexes I and II. Equal p33 Western blot units of DEAE-5PW fractions cor-
responding to Sin3 complexes I and II or DEAE-5PW input (�100 �g) were immunoprecipitated with anti-p33 or anti-FLAG antibodies, washed
with buffer containing 0.5 M KCl and 0.05% NP-40, and eluted with 0.1 M glycine (pH 2.6). Immunoprecipitated proteins (one-quarter of the total
glycine eluate) were resolved by SDS-PAGE and visualized by silver staining. Polypeptides specific for complex I are marked by dots. The subunits
of the Sin3 and Swi-Snf complexes are indicated. (B) Western blot of anti-p33 immunoprecipitates from DEAE-5PW input and DEAE-5PW
fractions corresponding to Sin3 complexes I and II. Anti-p33 immunoprecipitation from DEAE-5PW input (in) and DEAE-5PW fractions
corresponding to Sin3 complexes I (I) and II (II) was performed as described in the legend to panel A, followed by Western blot analysis using
different antibodies described on the left side of the panel. Input lanes correspond to 10% of the material used for immunoprecipitation. Lanes
corresponding to �-p33 immunoprecipitates contain one-quarter of the total glycine eluates. As a negative control, anti-FLAG immunoprecipi-
tation was performed from the DEAE-5PW input material (column labeled �-FLAG). (C) Western blots of anti-Sin3, anti-ING1b, and SAP30
immunoprecipitates from HeLa nuclear extract. Approximately 300 �g of nuclear extracts was immunoprecipitated with antibodies, as indicated at
the top of the panel. Samples were washed and proteins were eluted as described in the legend to panel A. Half of the total glycine eluate was
separated by SDS-PAGE and analyzed by Western blotting using the antibodies indicated on the left side of the panel. (D) Sin3 and p33ING1b
are associated with the Brg1-based Swi-Snf complex. Nuclear extracts from HeLa cells stably expressing FLAG-tagged wild-type Brg1 (F-BRG1) and
ATPase-deficient mutant (K798R) (F-K798R) and FLAG-tagged INI1 (F-INI1) were fractionated on an anti-FLAG agarose column, and bound
proteins were eluted with excess FLAG peptide and analyzed by Western blotting as described previously (42). To ensure equal efficiency of
immunoprecipitation of FLAG-tagged INI1, Brg1, and Brg1(K798R), the same immunoprecipitates were analyzed by Western blotting with anti-
FLAG antibodies (bottom panel). Cell lines have been described previously (42, 43). (E) Endogenous Brg1 and BAF155 but not Brm coimmuno-
precipitate with transiently overexpressed FLAG-tagged SAP30 and p33ING1b. Nuclear extracts were prepared from 5 � 107 293T cells trans-
fected with empty vector (F), FLAG-SAP30 (F-SAP30), or FLAG-p33ING1b (F-ING1b) expression vectors. These extracts (300 �g) were
immunoprecipitated with anti-FLAG antibodies, and bound proteins were washed with buffer containing 0.5 M KCl and 0.05% NP-40 and eluted
with the SDS loading buffer followed by Western blot analysis using antibodies described on the left side of the panel. Input (I) corresponds to
1/10 of the nuclear extract used for immunoprecipitation, whereas the �-FLAG bead-bound fraction (B) corresponds to 1/2 of the material eluted from
the beads. (F) Brg1 enhances repression by Gal4-p33ING1b. 293T cells (106 cells per 6-cm plate) were transfected with a luciferase reporter driven by a
promoter containing five copies of the Gal4 DNA binding site (Gal-TK-Luc; 250 ng), together with a Gal4-p33 fusion protein (Gal4-p33; 500 ng) or Gal4
DNA-binding domain alone (Gal4-DB; 500 ng) in the presence or absence of the Brg1 expression vector (wtBRG1, or mutBRG1; 250, 500, or 1,000 ng).
Luciferase activity was measured as described in Materials and Methods. Fold repression was normalized to reporter activity in the absence of Gal4-p33.
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FIG. 5. The unique N-terminal domain of p33ING1b is required for interaction with the Sin3 complex in vivo. (A) Scheme of ING1 deletion
mutants. (B) Western blot analysis of anti-FLAG immunoprecipitates from nuclear extracts of NIH 3T3 cells transfected with FLAG-tagged
p33ING1b deletion mutants. Nuclear extracts made from 5 � 107 NIH 3T3 cells transfected with empty vector (	), full-length p33 (FL), and p33
deletion mutants (�N and �C) were immunoprecipitated with anti-FLAG antibodies. Immunoprecipitated proteins were washed with buffer
containing 0.5 M KCl and 0.05% NP-40, eluted with SDS loading buffer, and analyzed by Western blotting using antibodies specific for Sin3,
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The unique N-terminal domain of p33ING1b is required for
interaction with SAP30. Human p33ING1 was identified as a
negative growth regulator (11). Therefore, we wanted to ana-
lyze whether the interaction of p33 with the Sin3-HDAC com-
plex was important for growth suppression activity. To this end,
we first identified the domain of p33ING1b necessary for as-
sociation with the Sin3 complex in vivo.

Full-length p33ING1b and deletion mutants in which the
PHD (�C) or the unique N terminus (�N) were deleted were
cloned into the pEF6 mammalian expression vector in frame
with the FLAG epitope (Fig. 5A). These constructs were trans-
fected into NIH 3T3 cells, and nuclear extracts from trans-
fected cells were prepared and used for immunoprecipitation
with anti-FLAG antibodies. The ability of p33ING1b deletion
mutants to be incorporated into Sin3 complexes was monitored
by coimmunoprecipitation of endogenous Sin3, HDAC1,
and SAP30. As seen in Fig. 5B, overexpressed full-length
p33ING1b was coimmunoprecipitated with endogenous Sin3,
HDAC1, and SAP30 whereas the N-terminal deletion mutant
was not, despite equal levels of expression. The deletion of the
conserved C terminus, containing the PHD Zn finger motif,
did not impair the ability of p33ING1b to be incorporated into
Sin3 complexes.

The result that the unique N terminus, rather than the con-
served C terminus of p33 which contains the PHD zinc finger,
was responsible for interaction with the Sin3-SAP30 complex
prompted us to analyze the database for the presence of pro-
teins that contain sequence similarity to the N terminus of
p33ING1b.

To this end, we used the 46 N-terminal amino acids of
p33ING1b to search the nonredundant protein database
(NCBI) using the BLAST algorithm (2). This search yielded a
set of proteins from different species showing at least 45 to
50% identity to p33ING1b through the entire length of the N
terminus. In particular, a total of five human proteins share
this motif: p33ING1b, pING1L, and three uncharacterized
proteins, AAD48585 (named ING1 homologue, or ING1h).
NP061944 (named ING1 family member 3, or ING3), and
HSPC301 (Fig. 5C).

Interestingly, with the exception of the small protein
HSPC301, all the other human proteins detected also have the
PHD Zn finger motif at their C termini, and in the case of
NP061944, a serine-rich spacer separates these two domains
(data not shown). Similarly, an uncharacterized Drosophila
protein, CG6632, which is related to NP061944, contains a long
histidine-rich spacer between its N terminus and the PHD

finger (data not shown). The presence of a variable, noncon-
served spacer supports the notion that the N terminus of
p33ING1b contains a defined protein motif, which we tenta-
tively called SAID (for SAP30-interacting domain).

Whereas p33ING1b, pING1L, ING1h, and ING3 contain
both the N-terminal motif and a PHD finger, other human
ING1 isoforms (ING1a and ING1c) contain only the PHD
finger (Fig. 5A). In contrast, HSPC301 protein contains only
the N-terminal domain and lacks the PHD finger. This protein
probably represents an alternatively spliced form of NP061944.
These observations suggest that these proteins define a family
containing two functionally important motifs: the N-terminal
SAID motif and the PHD finger, which might be involved in
combinatorial regulation of chromatin structure.

While the deletion of the N-terminal 46 amino acids, corre-
sponding to ca. one-third of SAID, abrogates the interaction of
ING1b with the Sin3 complex, this does not demonstrate that
this domain is responsible for the interaction with Sin3 com-
plex. We therefore investigated the minimum portion of
p33ING1b that is sufficient to interact with the Sin3 complex
when fused to a heterologous protein. We used p33 truncations
containing the N-terminal 46, 69, and 125 amino acids (which
correspond to unique part of ING1b [N46], part of ING1b
different from ING1c [N69], and the complete SAID domain
[N125], respectively). These protein fragments were fused to a
GFP containing three copies of simian virus 40 T antigen
nuclear localization signal and an N-terminal FLAG epitope.
DNA constructs expressing these recombinant proteins were
transfected into 293T cells, and their association with endog-
enous Sin3 complexes was tested using immunoprecipitation
with anti-FLAG or anti-SAP30 antibodies. As seen in Fig. 5D,
the N46 or N69 fusion proteins were unable to interact with the
Sin3 complex; however, the N125-GFP fusion was coimmuno-
precipitated with Sin3 and SAP30 as efficiently as the full-
length p33ING1b protein was. Therefore, the full-length SAID
is necessary and sufficient for the interaction with the Sin3
complex in vivo.

Since we have established that SAP30 is the only subunit of
the Sin3 complex that makes a direct contact with p33, we
investigated whether deletion of SAID abrogates the interac-
tion between p33ING1b and SAP30 in vitro. In agreement with
the results presented above, the deletion of SAID abrogated
the interaction with recombinant SAP30, as demonstrated us-
ing a GST pull-down assay (Fig. 5E). Importantly, and in full
agreement with the in vivo results presented above (Fig. 5B),

HDAC1, and SAP30. Input corresponds to 1/10 of the nuclear extract used for immunoprecipitation, and �-FLAG corresponds to 1/2 of the eluate
from the �-FLAG beads. The bottom panel shows expression of the transfected p33ING1b deletion mutants detected using anti FLAG-antibodies.
(C) Sequence alignment of proteins containing the domain similar to the N terminus of p33ING1. Alignment was done using the CLUSTALW
program at the European Bioinformatics Institute server (http://www2.ebi.ac.uk/clustalw) (48). Asterisks indicate identical positions, colons
indicate conserved substitutions, and dots indicates semiconserved (i.e., conserved in most but not all of the aligned sequences) substitutions. (D)
Identification of a minimum domain of p33ING1b sufficient to interact with the Sin3 complex in vivo. 239T cells were transfected with either
full-length FLAG-tagged p33 protein (FL-p33) or FLAG-tagged fusion proteins containing the N-terminal 46, 69, or 125 amino acids of the p33
protein fused with GFP (N46, N69, and N125). Nuclear extracts from transfected cells (�1 mg) were immunoprecipitated either with anti-SAP30
or with anti-FLAG antibody, and aliquots of immunoprecipitated proteins (1/2) were analyzed by Western blotting as indicated on the left side
of the panel. Inputs correspond to 5 �g (1/200) of nuclear extracts used for immunoprecipitation. (E) The N terminus of p33 is required for the
interaction with SAP30 in vitro. GST pull-down was performed as described in the legend to Fig. 1D, using 100 ng of the indicated GST fusion
protein and 100 ng of recombinant SAP30. Aliquots of the reactions (1/2) were analyzed by Western blotting using anti-GST and anti-SAP30
antibodies. Input corresponds to 10 ng of recombinant SAP30.
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deletion of the p33ING1b C-terminal PHD finger did not
affect the interaction with SAP30.

Therefore, the N terminus of p33ING1b contains a putative
protein-protein interaction domain which is necessary and suf-
ficient to interact with the Sin3 complex in vivo, and this in-
teraction is mediated by a direct contact with SAP30.

Interaction of p33ING1b with the Sin3-HDAC complex is
important for growth suppression. To address whether the
interaction between the Sin3-SAP30 complex and p33ING1b is
important in regulating cell growth, we used the colony forma-
tion assay. NIH 3T3 cells were transfected with the pEF6
vector carrying various deletion mutants of p33ING1b, and
colonies were selected on blasticidin for 2 weeks. Expression of
full-length p33ING1b results in a ca. fourfold reduction in
colony formation (Fig. 6A and B). Therefore, in NIH 3T3 cells,
p33ING1b acts as a growth suppressor. Importantly, the dele-
tion of the N-terminal domain of p33ING1b, which is required

for the interaction with the Sin3 complex, partially (ca. three-
fold) reduced the growth suppression effect of p33ING1b. In-
terestingly, deletion of the PHD finger, which is dispensable
for the interaction with the Sin3 complex, did not reduce but,
rather, enhanced the growth suppression effect of p33ING1b.
To confirm that high levels of expression of p33ING1b are
incompatible with cell survival, we analyzed the expression of
the transfected deletion mutants in nuclear extracts prepared
from equal numbers of cells that have survived blasticidin
selection. In clones stably transfected with full-length p33, ex-
tremely low levels of FLAG-p33 were detected, whereas no
expression was detected in the few clones surviving stable
transfection with the C-terminal deletion mutant (Fig. 6C). In
contrast, the N-terminal deletion mutant was expressed at high
levels in the blasticidin-resistant clones, confirming that dele-
tion of the N terminus significantly impairs the growth sup-
pression properties of p33ING1b.

FIG. 6. Interaction of p33ING1b with the Sin3-HDAC complex is important for growth suppression. (A) Colony formation assay with NIH 3T3
cells stably transfected with p33ING1b deletion mutants. NIH 3T3 cells were transfected with empty pEF6 vector (	), pEF6 vector containing
full-length p33 (FL), or pEF6 vector containing p33 deletion mutants �N and �C. Cells expressing pEF6 constructs were selected on blasticidin
for 2 weeks, and resistant colonies were stained with Coomassie brilliant blue. (B) Quantification of data in panel A. Blasticidin-resistant colonies
were counted manually. Error was determined based on three independent experiments. (C) Analysis of the expression of p33 deletion mutants
in transfected cells that survived selection on blasticidin. Nuclear extracts were prepared from equal numbers of blasticidin-resistant cells (mass
cultures) that have been stably transfected with empty vector (pEF6) or with pEF6 vector carrying different p33 deletion mutants (FL, �N, and
�C). Aliquots of these extracts (30 �g) were analyzed by Western blotting using anti-FLAG antibodies (columns labeled input). Also, aliquots of
these extracts (300 �g) were immunoprecipitated with anti-FLAG antibodies followed by Western blot analysis (columns labeled �-FLAG).
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These results suggest that p33ING1b is a negative growth
regulator and that its ability to inhibit cell growth depends on
its interaction with the Sin3-HDAC complex.

Concluding remarks. In these studies we demonstrate that
the candidate tumor suppressor p33ING1b, which interacts in
vivo with p53, is a subunit of a Sin3-HDAC complex and
directly interacts with SAP30. Our findings are in agreement
with the studies described by Skowyra et al. (44) and Loewith
et al. (31), which demonstrated that p33ING1b, and the yeast
homologue Pho23, respectively, are subunits of a Sin3-HDAC
complex. However, our studies have been extended to demon-
strate that p33 is present in a subset of cellular Sin3 complexes
and that the p33-containing Sin3 complex interacts with the
Brg1-based Swi-Snf nucleosome-remodeling complex. This lat-
ter finding is in agreement with the results of Sif et al. (42).
Importantly, however, our studies demonstrate that the inter-
action with the Brg1 complex is specific for the p33-containing
Sin3 complex. We also demonstrate that the N terminus of
p33ING1b is both necessary and sufficient for interaction with
the Sin3-HDAC complex in vivo and is required for direct
interaction with SAP30 in vitro. Importantly, the N-terminal
domain of p33 appears to be present in a family of proteins.
We suggest that the N terminus of p33ING1b constitutes a
domain that mediates interaction with the Sin3-HDAC com-
plex through SAP30. We have termed this domain SAID (for
SAP30-interacting domain).
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