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actions and thereby forms a platform for several enzymes (e.g.,
HDACs and methyltransferases), DNA-binding transcription
factors (e.g., Mad family repressors, MeCP2, and Pf1), and
other “bridging” proteins (e.g., SDS3) (52). The Sin3A-HDAC
corepressor complex contains HDAC1 and HDAC2, the histone-binding proteins RbAp46 and RbAp48, Sin3A-associated
protein 18 (SAP18), SAP30, and SDS3 (52).
Mammalian HDAC1 and HDAC2 are almost identical, each
containing an N-terminal catalytic domain, which removes
acetyl moieties from the ε-amino groups of lysine residues, and
a C-terminal tail. They are class I HDACs, which share sequence similarity with the Rpd3 (reduced potassium dependency-3) protein in Saccharomyces cerevisiae (59). The corepressor complex components RbAp46 and RbAp48 share 90%
sequence identity and belong to the WD repeat family. These
proteins have been shown to bind core histones H3 and H4 and
are therefore thought to target HDAC-containing complexes
to their histone substrates (56). Another member of the complex, SAP18, interacts directly with Sin3A and has multiple
functions (60). In addition to regulating transcription, it also
participates in mRNA processing (49). SDS3 has been suggested to play a role in stabilizing the Sin3A complex, and a
yeast strain lacking SDS3 possesses only residual Sin3A-associated HDAC activity (31). SDS3 also participates in pericentric heterochromatin formation and chromosome segregation
(9). Other components, such as SAP25, SAP130, and SAP180,
have been reported to associate with the Sin3A-HDAC complex, but their roles in the complex have remained elusive
(13, 51).
SAP30 (Sin3A-associated protein 30) was originally identi-

A basic unit of chromatin is the nucleosome, in which 147 bp
of DNA is wrapped around a histone octamer core composed
of the four histones H2A, H2B, H3, and H4. The N-terminal
“tail” domains of these histones project out of the nucleosome
core and are the main sites of posttranslational modifications,
such as acetylation, methylation, and phosphorylation. These
covalent modifications have been proposed to play important
roles in regulation of gene expression. According to the “histone code” hypothesis, the modifications function as “marks”
which are recognized by various proteins required for the dynamic alterations in chromatin structure that are needed to
make a gene accessible to the components of the transcription
machinery.
The recruitment of histone deacetylases (HDACs) to chromatin is a common mechanism of transcriptional repression
(59). While certain repressors, such as Rb and YY1, are able to
recruit HDACs directly (5, 58), others, such as Mad-Max and
the nuclear hormone receptor, require association with corepressors (1, 17, 18, 29, 42). Another example of the latter is the
Sin3A corepressor complex, in which the Sin3A protein itself
does not bind DNA or possess any enzymatic activity. Instead,
it is composed of domains that mediate protein-protein inter-
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Deacetylation of histones is carried out by a corepressor complex in which Sin3A is an essential scaffold
protein. Two proteins in this complex, the Sin3A-associated proteins SAP30L and SAP30, have previously been
suggested to function as linker molecules between various corepressors. In this report, we demonstrate new
functions for human SAP30L and SAP30 by showing that they can associate directly with core histones as well
as naked DNA. A zinc-coordinating structure is necessary for DNA binding, one consequence of which is
bending of the DNA. We provide evidence that a sequence motif previously shown to be a nuclear localization
signal is also a phosphatidylinositol (PI)-binding element and that binding of specific nuclear monophosphoinositides regulates DNA binding and chromatin association of SAP30L. PI binding also decreases the repression activity of SAP30L and affects its translocation from the nucleus to the cytoplasm. Our results suggest that
SAP30L and SAP30 play active roles in recruitment of deacetylating enzymes to nucleosomes, and mediate key
protein-protein and protein-DNA interactions involved in chromatin remodeling and transcription.
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MATERIALS AND METHODS
Antibodies, immunoblotting, and immunofluorescence. The primary antibodies used were those against histone 2B (sc-8650), c-myc (sc-40), Sin3A (sc-767
and sc-5299), HDAC 1 (sc-7872), calregulin (sc-11398), and histone H1 (sc-8030)
from Santa Cruz and glutathione S-transferase (GST) (27-4577-01) from GE
Healthcare. Immunoblot analyses were done according to standard protocols,
and anti-rabbit, anti-mouse, or anti-goat horseradish peroxidase-conjugated secondary antibodies (p0217, p0260, or p0449, respectively) were obtained from
Dako. Immunofluorescence was performed as described previously (57), and
Alexa fluorophore-conjugated anti-mouse antibody (A11031) was used for detection of immunocomplexes.
Cloning and plasmid constructs. Full-length SAP30L and deletion mutants
were cloned into pcDNA 3.1-myc-his (Invitrogen), pGEX-4T1, and GAL4-DBD
(Stratagene) vectors, and some of the constructs have already been described in
references 25 and 57. The SAP30L-green fluorescent protein (GFP) and
pcDNA3.1-Sin3A1-855 constructs are described in references 35 and 57, respec-

tively. The H2B-GFP construct was a generous gift from P. Peterson (Tartu,
Estonia) (46). Point mutations were created using a QuikChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s instructions. The
luciferase reporter vector, under the control of 14D promoters harboring 5⫻
Gal4 sites, was generously provided by D. Ayer (Salt Lake City, UT). The precise
coordinates of the constructs will be supplied on request. The integrity of the
constructs was confirmed by sequencing.
Cell culture, H2O2 treatment, and transfections. Human embryonic kidney
epithelial cells (HEK293T) were cultured in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with penicillin and streptomycin, 5% fetal bovine
serum, 1 mM sodium pyruvate, and 50 g/ml uridine. HeLa cells were cultured
in RPMI 1640 (Gibco) supplemented with penicillin and streptomycin, 10% fetal
bovine serum, and L-glutamine. Cells were treated for 15 min with 0.5 mM H2O2,
washed, and allowed to grow for 4 h before being harvested for analysis. DNA
was transfected with FuGENE 6 (for HEK293T cells) and FuGENE HD (for
HeLa cells) reagents (Roche) according to the manufacturer’s protocol.
GST pulldown experiments. GST fusion proteins were produced in Escherichia
coli (BL-21 strain) and purified with glutathione-Sepharose 4B beads (Amersham Biosciences) according to the manufacturer’s instructions. The fusion proteins were eluted from the beads with reduced glutathione, if necessary. The
quantity and integrity of the GST fusion proteins were checked using Coomassiestained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel.
GST pulldown experiments with nucleosomes and histones, with the Sin3a
1-855 protein transcribed and translated in vitro, were carried out as described
previously (57), except that PI or PI 5-phosphate [PI(5)P] (Echelon, Inc.) was
added to the reaction mixtures where indicated.
Electrophoretic mobility shift assays (EMSA) and a novel DNA ladder EMSA
(L-EMSA). A 150-bp DNA probe comprising the mitochondrial tRNALeu(UUR) sequence was end labeled with [␥-32P]ATP as described in reference
22. The probe was incubated with 0.5 g of a GST fusion protein on ice for 30
min in a buffer containing 50 mM Tris-HCl, pH 7.5, 125 mM NaCl, 2.5 mM
dithiothreitol, 0.5 mM EDTA, 1 mM MgCl2, and 4% glycerol. The reaction
products were analyzed on a 6% nondenaturing polyacrylamide gel, dried, and
autoradiographed.
Because of the non-sequence-specific nature of the binding by the SAP30L
and SAP30 proteins, a faster and simpler assay, L-EMSA, was designed for the
protein-DNA interaction studies. Five micrograms of the fusion protein was
incubated with 0.25 g of a 1-kb DNA ladder (GeneRuler; Fermentas) in
phosphate-buffered saline for 10 min at room temperature. The reactions were
run on ethidium bromide-containing 1% agarose gel with standard DNA gel
loading buffer. Prior to use, this method was validated by comparing the DNA
band shifts in L-EMSA to shifts in conventional EMSA. The GST fusion proteins
used in Fig. 1A generated identical shifts in both assays (data not shown). Where
indicated, PI and PI(5)P were added after the protein-DNA complex formation.
PBM experiments and data analysis. Protein binding microarray (PBM) experiments and analyses were performed as described in reference 3 for four
different GST-tagged protein constructs (full-length SAP30, full-length SAP30L,
SAP30 residues 1 to 131 [SAP30 1-131], and SAP30L residues 1 to 92 [SAP30L
1-92]) and a GST control (the protein concentration was ⬃1uM). An Alexa
488-conjugated anti-GST antibody was applied to the protein-bound microarray
to detect bound protein. The feature set of ⬃44,000 oligonucleotides present on
the custom-designed Agilent microarrays followed the design described in reference 3 but was incorporated on the Agilent 4x44K array platform, allowing
four independent PBM experiments to be performed simultaneously on the same
microarray. To identify DNA-binding-site motifs, two approaches were used: (i)
the approach described in reference 3, based on perturbations of the highestranked 8-bp sequence; and (ii) a de novo motif search of the sequences from the
20, 30, and 50 brightest microarray probes, using the program MEME (2).
Mass spectrometry. Wild-type and mutant SAP30L 1-92 peptides were cleaved
from GST by prothrombin, yielding SAP30L 1-94 peptides with two additional
amino acids from the GST vector. The samples were desalted on PD-10 columns
(Amersham Biosciences, Uppsala, Sweden), and concentrations were estimated
from absorbance at 280 nm by using ε280 ⫽ 2,560 cm⫺1 M⫺1. Prior to measurements, the samples were further diluted with the appropriate solvents: CH3CNH2O-acetic acid (49.5:49.5:1.0, vol/vol, pH 3.2) for denaturing solution conditions and 10 mM ammonium acetate buffer (pH 6.8) for nondenaturing solution
conditions. All experiments were performed with a 4.7-T hybrid quadrupole
Fourier transform ion cyclotron resonance (Q-FT-ICR) instrument (APEX-Qe;
Bruker Daltonics, Billerica, MA) interfaced with an external electrospray ionization (ESI) source (Apollo-II). The samples were infused directly at a flow rate
of 1.5 l min⫺1, with dry N2 serving as the drying (10 lb/in2, 200°C) and nebulizing gas. ESI-generated ions were externally accumulated in a hexapole ion trap
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fied as a conserved member of the Sin3A corepressor complex
(28, 61). It was shown to be required for N-CoR-mediated
repression by the antagonist-bound estrogen receptor and the
POU domain protein Pit-1 but not by the unliganded retinoic
acid receptor or thyroid hormone receptor complexes (28). In
Saccharomyces cerevisiae, SAP30 was demonstrated to be important for cell growth and to affect gene expression in a
promoter-dependent manner (61). A SAP30-deficient mutant
strain exhibited enhanced silencing of the ribosomal DNA,
HMR, and telomeric loci, which suggested an antisilencing
function for SAP30 (36, 54, 55). Meskauskas et al. observed
that mutations in Rpd3p, Sin3p, and Sap30p resulted in a
defect in rRNA processing rather than ribosomal DNA transcription (41). Human SAP30, in addition to its associations in
the Sin3A-HDAC complex, has been reported to interact with
a number of other proteins, such as retinoblastoma-binding
protein 1 (RBP1) (30), the CBF1-interacting corepressor
(CIR) (20), the YY1 transcription factor (21), and the inhibitor
of growth 1b (ING1b) tumor suppressor protein (27, 53). Recently, SAP30-mediated transcriptional repression was shown
to play a role in the transmission and propagation of certain
viruses (26, 32). The above observations indicate that SAP30
plays a vital role in transcriptional regulation, which can be
either negative or positive, depending on local factors, such
as chromatin state and the presence of various interacting
partners.
Human SAP30L (SAP30-like), thus named because it shares
70% sequence identity with SAP30, is the “newest” member of
the Sin3A corepressor complex. It was originally discovered as
an expressed transcript in cultured T84 cells induced to differentiate in response to transforming growth factor ␤ (35). Since
then, SAP30L has been shown to associate with the Sin3AHDAC complex and to induce transcriptional repression in a
Sin3A- and HDAC-dependent manner (57). Both SAP30 and
SAP30L are able to localize to the nucleus or the nucleolus,
and we have demonstrated that they can direct Sin3A to the
nucleolus (57).
Previous work has led to the view that SAP30 and SAP30L
serve mainly a bridging role in various corepressor complexes.
In this study, we set out to investigate the functions and the
domain structures of these proteins in more detail. We show
that both proteins directly bind and bend DNA and interact
with core histones 2A/2B. Interestingly, our results suggest that
both DNA binding and chromatin association are regulated by
nuclear monophosphorylated phosphoinositides (PIs).
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for 0.5 to 1.0 s and transferred to an Infinity ICR cell for Sidekick trapping,
conventional “RF-chirp” excitation, and broadband detection. A total of up to
256 coadded (1-megaword) time domain transients were fast Fourier transformed prior to magnitude calculation and external frequency-to-m/z calibration
with respect to the ions of an ES tuning mix (Agilent Technologies, Santa Clara,
CA). All data were acquired and processed with the use of Bruker XMASS 7.0.8
software.
DNA bending/ligation-mediated circularization assay. The ligation-mediated
circularization assay was essentially performed as described previously (45). See
also the legend to Fig. 3.
Protein-lipid blot assays. PI phosphate (PIP) strips and arrays were purchased
from Echelon Biosciences. Protein-lipid blot assays were performed by adding
0.5 g/ml of GST fusion proteins and were further processed as described in the
manufacturer’s protocol. Each protein-lipid blot experiment was repeated at
least once.
Nucleosome preparations. Intact nucleosomes and tailless nucleosomes were
prepared as described previously (37). The presence of solubilized nucleosomes
was confirmed by DNA agarose gel electrophoresis and SDS-PAGE, followed by
Coomassie staining (see Fig. S4A in the supplemental material). Calf thymus
histones were purchased from Roche. For the GST fusion pulldown experiments,
30 g of nucleosomes, tailless nucleosomes, or histone proteins was used. For the
initial screening experiment (Fig. 4B), 100 g of histones was used.
Interphase chromatin spreads, chromatin isolation, and subcellular fractionation. Chromatin spread preparation for the SAP30L-GFP-transfected
HEK293T cells was performed as described previously (38), with the following
modifications. Nocodazole was not added, and the collected, phosphate-buffered-saline-washed, hypotonically swollen cells were dropped to a tilted microscope glass. The unfixed, dried drop was counterstained with DAPI (4⬘,6diamidino-2-phenylindole) and photographed under a confocal microscope.
Chromatin isolation and subcellular fractionation were performed as described
previously (39).
Repression analysis. GAL4DBD-based repression analyses were performed as
described previously (57).

RESULTS
SAP30L and SAP30 bind DNA. It is generally believed that
specific repressor proteins are needed to direct the Sin3AHDAC complex to its target sequence, because Sin3A itself
does not bind DNA. Since SAP30L is able to repress transcription in a Sin3A- and HDAC-dependent manner (25, 57), we
examined if it could bind DNA directly. An EMSA was carried
out using a GST-SAP30L fusion protein incubated in the presence of mitochondrial DNA. As shown in Fig. 1A, a marked
shift was detected in the mobility of the DNA after incubation
with GST-SAP30L, indicating a direct interaction with DNA.
A GST-SAP30 fusion protein also bound DNA, whereas GST
alone did not. SAP30L proteins with a C-terminal deletion
(GST-SAP30L 1-120) or a mutated nucleolar localization signal (NoLS; 8A mutant) were also able to interact with DNA.
Deletion of 25 amino acid residues from the N terminus did
not affect DNA binding, whereas a larger deletion of 60 Nterminal residues (GST-SAP30L 61-183) abolished the shift.
Similarly, a deletion mutant lacking 40 residues from the N
terminus failed to interact with DNA. These results show that
both SAP30L and SAP30 are able to bind DNA and that the
region between residues 25 to 120 of SAP30L contains the
DNA-binding determinants.
DNA binding by SAP30L and SAP30 is not sequence specific. In order to investigate whether SAP30L and SAP30 can
target Sin3A to specific DNA sequences, we took advantage of
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FIG. 1. The N-terminal domains of SAP30L and SAP30 bind DNA in a sequence-independent manner. (A) A 32P-labeled DNA probe was
incubated with GST fusion proteins, and the DNA-protein complexes were analyzed by an EMSA. (B) Median fluorescence intensities of all
microarray probe oligonucleotides containing a particular 8-mer sequence, from PBM experiments performed with GST, GST-SAP30L, GSTSAP30, and GST-Cbf1.
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FIG. 2. The N-terminal domains of SAP30L and SAP30 contain an evolutionarily conserved zinc-binding module which is needed for DNA
binding. (A) Clustal V alignment of the N-terminal amino acid sequences of SAP30L and SAP30 from various (selected) animals. Conserved
cysteine (positions 29, 30, 38, and 74) and histidine (positions 70 and 77) residues in SAP30L are boxed, and the previously identified NLS is shaded
in gray. Identical amino acids are marked by asterisks, and conservative substitutions are indicated by punctuation marks (colons and dots).
(B) Charge-deconvoluted ESI Q-FT-ICR mass spectra of wild-type SAP30L in denaturing (upper) and nondenaturing (lower) solutions. The most
abundant isotopic masses for the detected peptide variants are indicated. The insets show an expanded view of the isotopic distributions for the
variant comprising residues 1 to 94 (this construct contains aa 1 to 92 of SAP30L and two amino acids derived from the thrombin cleavage site
of the vector). The theoretical isotopic distributions were calculated from the sequence-derived elemental compositions (Table 1). The small arrow
indicates the most abundant isotopic peak. (C) The SAP30L C29S, C38S, C74S, and H77A mutant constructs are degraded within 16 h after
cleavage from GST, as analyzed by SDS-PAGE and Coomassie blue staining. wt, wild type. (D) L-EMSA with the GST-SAP30/SAP30L fusion
proteins. (E) L-EMSA with the GST-SAP30L 1-92 fusion protein in the presence of 50 mM 1, 10-o-phenanthroline, a zinc-chelating agent.

a recently developed method, the PBM (6a, 41a). GST-tagged
proteins were applied to a microarray synthesized with doublestranded DNA oligonucleotides in order to assess the binding
preference for all possible contiguous and gapped 8-bp DNA

sequence variants. Utilizing the universal microarray design
and binding protocol recently described (3) (see Materials and
Methods), we performed PBM experiments using four constructs: full-length fusion proteins GST-SAP30L and GST-
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TABLE 1. Calculated and experimentally determined masses for
wild-type SAP30L and the C30S and H70A mutants
Peptidea

mexp
(Da)b

mcalc
(Da)c

mexp ⫺ mcalc
(Da)

Elemental
compositiond

apo wild type
holo wild type
apo(C30S)
holo(C30S)
apo(H70A)
holo(H70A)

10,413.33
10,476.25
10,397.31
10,460.24
10,347.26
10,410.18

10,413.28
10,476.20
10,397.35
10,460.22
10,347.30
10,410.32

0.05
0.05
⫺0.04
0.02
⫺0.04
⫺0.14

C447H726N140O137S5
C447H724N140O137S5Zn1
C447H726N140O138S4
C447H724N140O138S4Zn1
C444H724N138O137S5
C444H722N138O137S5Zn1

a
The data are presented only for the peptide variants comprising residues
1 to 94.
b
Most abundant isotopic mass, experimentally determined.
c
Most abundant isotopic mass, calculated on the basis of the sequence-derived
elemental composition.
d
In the case of zinc binding, a loss of two protons was considered.

theoretical 62.92-Da increase in mass, as discussed in detail
elsewhere (12). The precision of the mass measurements was
approximately 0.01 Da, and such high accuracy provides an
unequivocal identification of the incorporated Zn2⫹ cation in
SAP30L. No apo peptides or peptides with higher zinc-binding
stoichiometries were detected. Similar results were obtained
for the SAP30L C30S and H70A mutants (see Fig. S2A in the
supplemental material). The calculated and determined
masses for the peptides SAP30L 1-94, C30S, and H70A are
listed in Table 1. The SAP30L C29S, C38S, C74S, and H77A
mutants had completely degraded into small peptide fragments
when expressed in E. coli (Fig. 2C; also see Fig. S2B in the
supplemental material) and when transiently transfected into
mammalian cells (data not shown). Many of the peptide fragments that could be identified seemed to contain disulfide
bridges. In summary, these results indicate that the C2CH
motif (C-X8-C-X35-C-X2-H) forms the zinc-binding module in
SAP30L (see Fig. 7A) and that disruption of this module
destabilizes the protein and leads to its rapid degradation.
Similar instability has been reported to occur in the zinc-deficient mutant of the Spt10p zinc finger protein in yeast (40).
The C2CH module is needed for DNA binding. To further
explore the DNA-binding domains of SAP30L, we used a simplified EMSA which utilizes a commercial DNA ladder (LEMSA). To validate the assay, we incubated the full-length
GST-SAP30L and GST-SAP30 fusion proteins with the DNA
ladder and observed a marked shift in the mobility of the
DNA. The GST-SAP30L 1-92 protein was able to bind DNA
and therefore contains all determinants for interaction with
DNA. Two polybasic regions (PBRs) were shown to be necessary for DNA binding (Fig. 2D). One of these is in the loop of
the zinc-coordinating structure (aa 50 to 69), and the other
region (aa 84 to 92) has previously been identified as a nuclear
localization signal (NLS) (35). A hydrophobic region (aa 78 to
84) between the zinc-coordinating structure and the NLS is
also required for DNA binding, since a construct containing
both the zinc-coordinating structure and the hydrophobic region (aa 1 to 84) was able to bind DNA, whereas the zinccoordinating structure alone (aa 1 to 77) was not. Similarly, a
construct which includes both the NLS motif (aa 78 to 92) and
the hydrophobic region is able to bind DNA, but the NLS
alone (aa 84 to 92) is not. The role of the NLS is further
demonstrated by the full-length GST-SAP30L-KAAAK con-
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SAP30 (Fig. 1B) and N-terminally truncated fusion proteins
GST-SAP30L (amino acids [aa] 1 to 92) and SAP30 (aa 1 to
131) (see Fig. S1 in the supplemental material). Using two
different approaches (see Materials and Methods), we were
unable to derive any binding motifs that would demonstrate
specific binding behavior. We further examined the median
signal intensity distribution of probe sequences containing
each 8-bp sequence variant and compared it to the distribution
from a PBM experiment in which the sequence-specific transcription factor Cbf1 from S. cerevisiae was used as a positive
control (3). The Z-transformed distributions of results from all
four experiments with SAP30L were very similar to that for the
negative-control experiment (GST only), while the distribution
of results from the Cbf1 control experiment showed a narrower
distribution and a longer tail at high scores, indicative of specifically bound probes (Fig. 1B). This comparison further suggested a lack of sequence-specific DNA binding of SAP30L
and SAP30.
SAP30L and SAP30 contain an N-terminal zinc-coordinating signature. A well-characterized DNA-binding element is
the zinc finger, which resembles a finger with a base of four
cysteine and/or histidine residues that coordinate a zinc ion
through the thiol groups of cysteine residues and/or the imidazole nitrogens of histidine residues (33, 48). In a stretch of
49 residues (aa 29 to 77 in human SAP30L), we identified four
cysteine and two histidine residues, which suggested the possibility of a zinc-coordinating motif. These residues are completely conserved in a phylogenetic comparison of SAP30/
SAP30L sequences from several species, including the fruit fly
and the human (Fig. 2A). To investigate whether SAP30L
binds zinc, we determined ESI Q-FT-ICR mass spectra for an
N-terminal peptide of SAP30L (aa 1 to 92) and for mutants in
which the putative zinc-coordinating cysteine residues were
replaced by serines (C29S, C30S, C38S, and C74S) and histidines by alanines (H70A and H77A), one at a time. Figure 2B
presents the spectrum measured for SAP30L 1-94 (this peptide
contains two additional residues from the GST vector at its N
terminus) under denaturing conditions. To aid in the interpretation, the mass spectra were subjected to charge deconvolution (i.e., conversion of m/z to Da). Four major peptide variants, with relative abundance ratios of ⬃4:31:7:58, were
detected, a result that is consistent with the SDS-PAGE analysis (Fig. 2C). The mass of the second lightest variant
(10,413.33 Da) agrees well with the mass calculated for the
SAP30L 1-94 construct (Table 1). The species with the smallest
mass (10,028.09 Da) is consistent with cleavage of three residues from the C terminus and is presumed to comprise residues 1 to 89 of SAP30L. However, two heavier variants
(11,131.58 and 11,766.95 Da) could not be assigned to any
peptide sequence, even when all possible additional residues
from the expression vector were considered. All peptides appeared as apo peptides, i.e., no zinc binding was detected
under denaturing conditions.
To detect zinc binding, the SAP30L 1-94 peptide was analyzed under nondenaturing conditions (Fig. 2B). A 62.94-Da
increase in mass was detected for each of the four peptide
variants, consistent with the binding of one Zn2⫹ cation (Table
1). The binding of Zn2⫹ (average mass ⫽ 65 Da) by zinc finger
domains is always accompanied by the loss of two protons
(deprotonation of two coordinating cysteines), which gives a
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struct, which has markedly reduced affinity for DNA compared
to wild-type GST-SAP30L. The importance of the zinc-coordinating structure is best demonstrated in Fig. 1A, where it
can be seen that disruption of this structure (constructs
GST-SAP30L 61-183 and 40-183) completely abolishes
DNA binding.
The mapping experiments described above suggested that
the zinc-coordinating structure is necessary for DNA binding.
To explore whether DNA binding is dependent on zinc, the
GST-SAP30L 1-92 fusion protein was incubated with 1,10-ophenanthroline, a zinc-chelating agent, and the L-EMSA was
performed. As shown in Fig. 2E, 1, 10-o-phenanthroline at a 50
mM concentration abolished the DNA binding, as evidenced
by a lack of shift in the mobility of DNA. Neither the GST
peptide alone nor the methanol solvent elicited any mobility
changes. Addition of different divalent cations showed that
only Zn2⫹ could partially restore the DNA-binding activity of
the N-terminal domain of SAP30L (see Fig. S2C in the supplemental material). With DNA fragments less than 1,500 bp
in length, we saw reproducible mobility shifts, which evidenced
the zinc dependence and specificity of DNA binding by
SAP30L. We were unable to test the DNA-binding activity of
the specific zinc-coordinating mutants described above, because of extensive degradation of these proteins.
In summary, we have identified a putative zinc-binding
C2CH module in SAP30L and SAP30 and shown that DNA
binding is dependent on this module. This zinc-dependent
structure appears to be important for the stability of the entire
protein, and its disruption destabilizes the protein. Our results
also show that the loop region in the C2CH module is required
for DNA binding. Furthermore, the polybasic motif (NLS)

following the zinc-binding module and the intervening hydrophobic pocket are also critical for DNA binding.
SAP30L has DNA-bending activity. The high-mobility-group
(HMG) proteins provide a well-known example of a protein
family in which there can exist sequence-independent DNA
binding, accompanied by bending of the DNA (19). To test the
ability of SAP30L to mediate bending of double-stranded
DNA, we examined its effect on the T4 DNA ligase-dependent
cyclization of short DNA fragments. This ligation-mediated
circularization assay works on the principle that any doublestranded DNA of less than 150 bp in length will not selfcircularize in the presence of ligase, because of inherent limitations in the flexibility of DNA. Therefore, circularization is
seen only in the presence of a DNA-bending protein. 32Plabeled PCR fragments (see Fig. S3 in the supplemental material) were incubated with the GST-SAP30L fusion protein or
the GST-only control as detailed in Materials and Methods. As
shown in Fig. 3A, 170-bp and 150-bp DNA fragments were
able to self-circularize, whereas shorter fragments were not. In
the cases of shorter fragments (110 bp, 90 bp, and 70 bp),
addition of GST-SAP30L resulted in the formation of circular
monomers, whereas GST alone did not form any circular
monomer molecules. The lack of monomer formation in the
case of 130-bp fragments suggests that SAP30L introduces
such a strong bend to the DNA that cohesive ends are unable
to line up. Such a lack of monomer formation in the cases of
DNA molecules of certain lengths has also been reported for
HMG proteins (45). The GST-SAP30L 1-92 region was able to
bend DNA in a dose-dependent manner (Fig. 3B). It is reasonable to infer that SAP30 similarly bends DNA, given its
identical zinc-binding module and DNA-binding properties.
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FIG. 3. SAP30L bends DNA. (A) Probes of various lengths (170, 150, 130, 110, 90, and 70 bp), labeled internally with 32P and containing EcoRI
“sticky ends,” were incubated with GST only (lanes 4, 9, 14, 19, 24, and 29) or with GST-SAP30L (lanes 5, 10, 15, 20, 25, and 30). The reaction
mixtures for lanes 2 to 5, 7 to 10, 12 to 15, 17 to 20, 22 to 25, and 27 to 30 were incubated in the presence of T4 DNA ligase at 30°C for 20 min.
The reaction mixtures for lanes 3 to 5, 8 to 10, 13 to 15, 18 to 20, 23 to 25, and 28 to 30 were subsequently treated with exonuclease (exo) III to
remove any linear ligation products. The reaction products were electrophoresed on a 7% polyacrylamide gel, which was dried and subjected to
autoradiography. Mono-, di-, and tricircular DNA ligation products are indicated by the numbered circles. nt, nucleotides or base pairs.
(B) Increasing amounts of GST-SAP30L 1-92 were used in the ligation reactions, which were performed as described above.
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FIG. 4. SAP30L and SAP30 bind histones and nucleosomes. (A) Schematic representation of the domain architecture of the HMG proteins,
SAP30L, and SAP30. The charge average of SAP30L is presented as a sliding window of 10 aa. Surface probability predictions were performed
using the approach of Emini (11), and values greater than 2 are shown as black lines. Zn, zinc-binding module; DNAbd & bending, DNA-binding
and -bending domain. (B) GST fusion protein pulldowns of calf thymus histones (Roche) were analyzed by SDS-PAGE and stained with
Coomassie blue. The asterisks mark the GST fusion proteins, and the arrows indicate interaction with histones 2A/2B. (C) GST fusion protein
pulldowns of intact nucleosomes, of nucleosomes from which the tails had been removed with trypsin (see Fig. S4 in the supplemental material),
and of calf thymus histones. WB, Western blot. (D) HEK293T cells were cotransfected with an H2B-GFP fusion protein and either wild-type
SAP30L or SAP30Ldel109-113 containing a myc-His tag. The cells were stained with the anti-myc antibody, and nuclei positive for both H2B and
GFP were scored from 50 cells. The results are illustrated in the histogram. (E) GST fusion pulldowns of intact nucleosomes were analyzed using
a Western blot probed with the anti-H2B antibody.

SAP30L and SAP30 bind core histones and nucleosomes.
We noticed a similarity in the domain architecture of SAP30L
and SAP30 to that of the HMG proteins, both having an
N-terminal DNA-binding/bending domain followed by an
acidic domain (Fig. 4A). As some reports indicate that the
acidic region of HMG proteins mediates interactions with H1
or core histones (4, 7), we set out to examine whether SAP30L
may also associate with core histones and nucleosomes. To this

end, we used purified histones, isolated nucleosomes, and trypsin-cleaved nucleosomes (see Fig. S4A in the supplemental
material). In a pulldown experiment, GST-fused SAP30L was
able to associate with purified core histones 2A and 2B (Fig.
4B). GST-SAP30L 1-92, which lacks the central acidic region,
interacted with histone 2A/2B slightly less than full-length
GST-SAP30L (Fig. 4B and C, lower panels). This comparison
is made difficult by the degradation of the full-length GST-
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followed by a PBR (85RNKRKRK91) (Fig. 5A). In SAP30L,
the PBR motif has previously been shown to act as an NLS
(35). To investigate the PI binding of SAP30L and SAP30, the
GST fusion proteins were tested for binding to a variety of
immobilized lipids, as depicted in Fig. 5B. Both GST-SAP30L
and GST-SAP30 bound the monophosphorylated PIs PI(3)P,
PI(4)P, and PI(5)P (Fig. 5C). No lipid binding was detected for
GST alone. As a positive control, we used the PH domain of
phospholipase C-delta1, which interacted specifically with
PI(4,5)P2 in this assay.
To quantify the relative affinities of SAP30L and SAP30 for
various PIs, we used their fusion proteins to probe a lipid blot
that contained serial dilutions of eight different PIs (Fig. 5D).
Full-length GST-SAP30L bound most tightly to PI(5)P, followed by PI(3)P and PI(4)P. The level of PI(5)P binding to
GST-SAP30L was fourfold higher than that for PI(3)P and
eightfold higher than that for PI(4)P. GST-SAP30 bound to
immobilized PIs in an identical manner, though with slightly
lower affinities (Fig. 5D).
The determinants for PI binding were analyzed using truncated GST-SAP30L fusion proteins. Strikingly, deletion of 60
residues from the N terminus (SAP30L 61-183) resulted in
complete loss of PI binding (Fig. 5E), which was rescued only
by inclusion of the entire zinc-binding structure, indicating that
the 25 residues in the N terminus are dispensable for this
interaction. On the other hand, a construct containing the N
terminus and the intact zinc-coordinating structure (aa 1 to 77)
was unable to bind PIs. Addition of the hydrophobic region (aa
1 to 84) resulted in weak PI binding, whereas inclusion of the
PBR motif following (aa 1 to 92) fully restored the interaction
(this construct also exhibited some nonspecific binding, but the
specificity was restored in the 1-120 construct). The PBR motif
(aa 84 to 92) by itself was not sufficient for PI binding, but a
construct which includes both the PBR motif and the preceding hydrophobic region (aa 78 to 92) was sufficient for the
interaction. In the case of full-length SAP30L, mutating three
basic residues in the PBR motif to alanines markedly reduced
its binding activity (KAAAK mutant). It is noteworthy that
disruption of the loop in the zinc-coordinating structure by
deletion of residues 50 to 69 from otherwise intact SAP30L
completely abolished the PI interaction (Fig. 5E). Finally,
swapping of basic residues in the PBR motif with the polybasic
NoLS region (aa 1 to 84 plus the NoLS) changed the specificity
of PI binding (Fig. 5E).
The above-mentioned results give rise to three conclusions.
First, SAP30L and SAP30 interact specifically with monophosphorylated PIs. Second, interaction of SAP30L with PIs is
mediated by the PBR motif and supported by the preceding
hydrophobic region and the zinc-coordinating structure. Third,
the specificity of PI binding is partially determined by the
composition of the basic sequence of the PBR. It is also noteworthy that the same region in SAP30L interacts with both
DNA and PIs, as summarized in Table 2.
Monophosphoinositides regulate chromatin association of
SAP30L. GFP-tagged SAP30L associated with chromatin in
vivo when hypotonically swollen HEK293 cells were splashed
on a microscope slide and counterstained with DAPI (Fig. 6A).
It should be noted that SAP30L is not a component of chromatin in the same way as histones, since it is not present in
mitotic chromosomes (data not shown). We next explored the
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SAP30L fusion protein and the possible loss of some of its
binding determinants, which may lead to an underestimate of
the difference. When the GST-SAP30L 1-120 construct, which
contains the central acidic region, was used, histone binding
was substantially increased (Fig. 4B and C, lower panels), suggesting that the central acidic region makes a significant contribution to histone binding. The interaction of SAP30L with
histones was confirmed for histone 2B by using a specific antibody (Fig. 4C), whereas in the case of histone 2A, the antibody cross-reacted with SAP30L (data not shown), and this
hampered the interpretation of the result. GST-SAP30 also
interacted with histone 2B (data not shown).
Full-length GST-SAP30L and GST-SAP30L 1-92 were able
to interact with DNA-containing nucleosomes. Even though
the SAP30L 1-120 construct showed a high affinity for histones
without DNA, it did not interact with nucleosomes (Fig. 4C,
upper). In the 1-120 construct, the acidic region is likely to be
artificially exposed to acidic DNA, and consequently, its interaction with nucleosomes is prevented. Interestingly, the interaction of SAP30L with nucleosomes was not dependent on the
protruding N-terminal tails of histones, as demonstrated by a
lack of effect after trypsin cleavage of the tails (Fig. 4C, middle). GST-SAP30 was similarly able to interact with nucleosomes (Fig. 4E). Zhang et al. (61) have previously reported
that SAP30 is unable to bind nucleosomes and core histones 3
and 4. This is partially in line with our results in that we
detected only nonspecific interactions with histones 3 and 4, as
the GST moiety alone also bound them (Fig. 4B).
We have previously identified several mRNA isoforms of
SAP30L, including an isoform which lacks the entire exon 2
and five residues of exon 3. Specific deletion of these five
residues (del109-113) markedly reduced the repression activity
of SAP30L, whereas most of the HDAC activity was retained
(25). Intriguingly, these residues reside in the central acidic
domain and include a single aspartate residue. As shown in
Fig. 4C, the del109-113 mutant was still able to interact with
purified histone 2B but not with purified nucleosomes containing DNA, a result that may explain the reduced repression
capability of this mutant. The lack of nucleosome binding by
the del109-113 mutant can be explained only by this mutant’s
inability to interact with a histone-DNA complex, since it binds
naked DNA with the same affinity as does the wild-type protein
(see Fig. S4C in the supplemental material).
In confocal microscopy, colocalization of histone 2B and
SAP30L was detected, with simultaneous relocalization of histone 2B around the nucleolus in response to overexpression of
SAP30L (Fig. 4D). Coexpression with wild-type SAP30L, but
not with the SAP30Ldel109-113 mutant, increased the perinucleolar localization of H2B from 10% to over 80% (Fig.
4D). Intriguingly, overexpressed histone 2B was able to direct
NoLS-mutated SAP30L (8A) to the nucleolar region and thus
overcome the lack of NoLS (data not shown). As a control,
endogenous histone 1 showed no changes upon transient overexpression of SAP30L (data not shown).
The polybasic NLS binds monophosphoinositides. Pf1, a
recently identified Sin3A-binding protein, has a PI-binding
PBR following the first PHD zinc finger (24). A similar organization is found in ING2, in which the PHD zinc finger is also
followed by a PBR. We identified a similar modular organization in SAP30L, which also contains a zinc-binding element
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FIG. 5. The zinc-binding structure and the PBR in SAP30L and SAP30 bind monophosphoinositides. (A) Manual alignment of the sequences
of the PBRs following the zinc-binding modules in SAP30L, SAP30, and Pf1. The last zinc-coordinating residue is boxed, and the basic residues
are indicated with bold letters. (B) Schematic diagram of a lipid blot membrane (PIP strip) containing 20-pmol spots from samples of the following:
lysophosphatidic acid (LPA), lysophosphocholine (LPC), PI (PtdIns), PtdIns(3)P, PtdIns(4)P, PtdIns(5)P, phosphatidylethanolamine (PE),
phosphatidylcholine (PC), sphingosine 1-phosphate (S1P), PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5P)2, PtdIns(3,4,5)P3, phosphatidic acid (PA),
phosphatidylserine (PS), and blank. (C, D and E) The indicated GST fusion proteins (0.5 g/ml) were incubated with PIP strips or with the PIP
array as described in Materials and Methods. The lipids which bound most strongly are indicated. Arrows indicate the specificity differences from
the 1-92 construct.
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TABLE 2. Summary of mapping studies of DNA and
PIP interactions
Resulta for:
Construct

Wild-type 1-183
61-183
40-183
35-183
25-183
1-77
1-84
1-92
1-120
84-92
78-92
del50-69
87
KAAAK91

DNA interaction

PIP interaction

ⴙⴙⴙ
⫺
⫺
NA
⫹⫹⫹
⫺
⫹⫹
⫹⫹⫹
⫹⫹⫹
⫺
⫹⫹⫹
⫺
ⴙ

ⴙⴙⴙ
⫺
NA
⫺
⫹⫹⫹
⫺
⫹⫹
⫹⫹⫹
⫹⫹⫹
⫺
⫹⫹⫹
⫺
ⴙ

a
NA, not available; ⫺, no interaction; ⫹, weak interaction; ⫹⫹, moderate
interaction; ⫹⫹⫹, strong interaction.

DISCUSSION
Although the Sin3A-HDAC corepressor complex has been
studied extensively, the roles of the various members of this
complex are poorly understood. In this study, we have explored
the functions of two members of this complex, the Sin3Aassociated proteins SAP30L and SAP30, which share 70% sequence identity. We have discovered three types of interactions
that illuminate the functional roles of these proteins. First,
both SAP30L and SAP30 interact directly with the core histones 2A/2B. Second, we demonstrate that both proteins have
intrinsic DNA-binding activity which is partly mediated
through a novel N-terminal zinc-containing structure consisting of a C2CH module and a coordinated zinc ion. Binding to
DNA is sequence independent and induces strong bending of
the DNA. Third, we have identified a PI-binding site, a basic
domain which binds monophosphorylated PIs specifically, adjacent to the zinc-binding element. Intriguingly, we have found
that PI binding has a strong influence on the proteins’ affinity
for DNA in vitro, which leads us to suggest that the DNA
binding is actually regulated by PIs. An increase in the concentration of PIs in the nucleus caused by hydrogen peroxide
leads to reduced repression activity and cytoplasmic relocalization of SAP30L.
Previously, SAP30 has been assigned the role of a linker
protein that mediates interactions of the Sin3-HDAC complex
with various transcriptional repressors (e.g., YY1) or corepressors (e.g., N-CoR, CIR, and RBP1). Specifically, the interaction of SAP30 with N-CoR was demonstrated to occur through
the N terminus, whereas the C terminus bound mSin3a (28).
Our results suggest a second function for the N terminus,
which we found to bind DNA. Our results do not necessarily
contradict the previous reports, because one can imagine that
SAP30 can either bridge different multiprotein complexes or
anchor a specific complex to nucleosomes, depending on the
circumstances. Functional diversity of this kind is not unprecedented in Sin3A-associated proteins, since Fleischer et al.
(13) have observed at least three separate Sin3A-containing
complexes. Furthermore, the C terminus also seems to carry
multiple functions. Huang et al. (21) identified SAP30 as a
binding partner for the transcription factor YY1 and showed
that it is able to enhance YY1-mediated repression in a dosedependent manner. This interaction was mapped to the Cterminal region, i.e., the same region which also binds Sin3A,
prompting the authors to suggest that the interactions of
SAP30 with YY1 and Sin3A are mutually exclusive. Huang et
al. (21) suggested that HDAC activity could be brought to the
YY1-SAP30 complex through a direct interaction of SAP30
with HDAC1 (61). If SAP30L and SAP30 were to bind DNA
and histones independently of Sin3A, it easy to envision that
their N-terminal domains could participate in anchoring the
YY1-SAP30-HDAC complex to chromatin to induce repression of transcription.
Sin3A by itself does not bind DNA or repress transcription
but instead mediates gene silencing through the enzymes that
it associates with (52). Targeting of the Sin3A complex is
carried out by DNA sequence-specific repressor proteins.
Here, we show that SAP30L and SAP30 are able to bind DNA
without any sequence specificity. This binding is dependent on
an intact N terminus that contains a C2CH-type zinc module,
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domains that regulate the chromatin association of SAP30L.
As shown in Fig. 6B, KAAAK and del50-69 mutants of
SAP30L associated significantly less than wild-type SAP30L
with the chromatin-enriched fraction, as assayed by subcellular
fractionation. Also, an intact C-terminal domain was needed,
presumably reflecting the importance of protein-protein interactions mediated by the C-terminal region.
As the KAAAK and del50-69 mutants are deficient in both
DNA/chromatin and PI binding (Fig. 2D and 5E), we asked if
the association of SAP30L with chromatin is regulated by PIs,
which could compete for the same binding sites and thus detach SAP30L from chromatin. Two lines of evidence indicate
that they do. First, the mobility shift generated by binding of
SAP30L to DNA in the L-EMSA was greatly diminished after
addition of equivalent molar amounts of monophosphorylated
PIs but not other PIs (Fig. 6C). Second, H2O2 treatment, which
has previously been shown to increase the amount of intranuclear monophosphorylated PIs (23), led to a significant relocalization of myc-tagged SAP30L as assayed by the chromatinenriched fraction in HEK293 cells (Fig. 6D). In confocal
microscopy of HeLa cells, 9% of nontreated and 41% of H2O2treated cells expressed cytoplasmic GFP-SAP30L (Fig. 6E).
The interaction of SAP30L with nucleosomes and Sin3A remained unchanged after addition of monophosphorylated PIs
(Fig. 6F). These results suggest that intranuclear monophosphorylated PIs associate with the PI-binding domain of
SAP30L and thereby regulate its association with chromatin.
PI binding decreases the repression activity of SAP30L.
Finally, we tested if association of SAP30L with PIs influenced
its repression activity by utilizing a Gal4 fusion system with a
luciferase reporter vector as described previously (57). As
shown in Fig. 6G, reduced repression activity was observed
both in the PBR mutant (SAP30L KAAAK), which lacks DNA
binding and mimics PI binding, and after H2O2 treatment,
which increases nuclear monophosphorylated PIs (23). Combined, these results suggest that association of SAP30L with
chromatin is dependent on intact C-terminal and PI-/DNAbinding domains and that monophosphorylated PIs disrupt this
association, leading to decreased transcriptional repression
through SAP30L.
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FIG. 6. Chromatin association, subcellular localization, and transcriptional repression activities of SAP30L are regulated by its interactions with DNA
and monophosphoinositides. (A) The SAP30L-GFP fusion protein colocalizes with interphase chromatin. (B) HEK293T cells were transfected with the
indicated constructs, fractionated into subcellular fractions, and immunoblotted as indicated. Data from three independent experiments are illustrated
as histograms, in which the bars represent the ranges of band intensities as measured by a densitometer. wt, wild type. (C) L-EMSA with GST-SAP30L
1-92 in the presence of equivalent molar quantities of PI (PtdIns) or PtdIns(5)P. (D) Cells were transfected with wild-type SAP30L, treated with H2O2,
and subjected to subcellular fractionation as described for panel B. (E) Confocal images of cells transfected with SAP30L-GFP and treated with H2O2.
(F) (Upper) In vitro-translated, 35S-methionine-labeled Sin3A1-855 was subjected to a pulldown experiment with GST-SAP30L and a GST-only control.
PtdIns(5)P was added as indicated, and the results from the experiment were analyzed by SDS-PAGE and autoradiography. (Lower) Pulldown of
nucleosomes with GST-SAP30L in the presence of PIs. (G) HEK293T cells were cotransfected with a 5⫻ Gal4-14D luciferase reporter vector, GAL4DBD
fusions, and a LacZ vector, as indicated. At 24 h posttransfection, the cells were treated with 500 M H2O2 for 15 min, washed, and lysed after 4 h of incubation.
Luciferase and ␤-galactosidase activities were measured, and the histograms illustrate the average repressions of the GAL4DBD fusions relative to the level for
GAL4 alone. The measurements were done in duplicate in two independent experiments, and the bars represent the ranges of observed values.

VOL. 29, 2009

353

also modulated by specific inositol polyphosphates, the cleavage products generated by PI-specific phospholipase C (50).
Additionally, another SWI/SNF-like chromatin remodeling
complex, BAF, is targeted to chromatin and the nuclear matrix
specifically by a PIP2-dependent mechanism upon lymphocyte
activation (62). Pf1, a recently identified nuclear binding partner for the corepressors mSin3A and TLE, has a PBR which
binds specific monophosphoinositides (24). The Sin3A-binding
tumor suppressor ING2 binds PI(3), PI(4)P, and PI(5)P and
shows PI(5)P-dependent association with chromatin and induction of p53-dependent apoptosis (16, 24). In response to
cellular stress by UV irradiation or hydrogen peroxide, ING2
associates with chromatin through a PI(5)P-mediated mechanism (23). Initially, the PHD domain of ING2 was reported to
be sufficient for PI binding, but later, the PBR motif was
demonstrated to be both necessary and sufficient on its own
(16, 24). Even though the PBRs of Pf1 and ING2 were deemed
critical for the binding activity and specificity, the preceding
zinc-binding PHD domain contributed some specificity to the
interaction with PIs (24). SAP30 and SAP30L have a number
of similarities with the PI-binding proteins Pf1 and ING. First,
the domain architecture of SAP30/SAP30L resembles that of
Pf1, with a zinc-binding element followed by a basic PI-binding
module in both cases. Second, like SAP30/SAP30L, Pf1 and
ING2 are part of the Sin3A complex. Third, all three proteins
are nuclear and bind monophosphorylated PIs, albeit with
different preferences. Fourth, in the cases of SAP30/SAP30L
and ING2, the subcellular localization and chromatin association are modified by PI binding. However, in the cases of
SAP30/SAP30L (but not in ING2), PI binding competes with
DNA binding in vitro so that an increase in the concentration
of monophosphorylated PIs causes SAP30L to detach from
DNA. Furthermore, an increase in the concentration of nuclear PIs elicited with hydrogen peroxide leads to reduced
repression activity and cytoplasmic relocalization of SAP30L.
Although we note that these results are preliminary and mostly
based on in vitro experiments, they suggest the intriguing possibility that changes in the concentration of nuclear monophosphorylated PIs may regulate transcriptional repression through
SAP30/SAP30L in vivo. The site of PI binding was mapped to
a region containing a motif previously shown to act as an NLS,
and this motif is necessary for the PI-binding activity. However,
the adjacent zinc-coordinating module also contributes to this
interaction, a result that is in agreement with studies of other
proteins (47). The binding interface may reside on one side of
the loop region of the zinc module, in a region which contains
a stretch of basic residues. The specificity of PI binding is partly
determined by the amino acid residue composition of the binding motif, since replacing the NLS motif with another basic
motif (NoLS motif) in SAP30L led to changes in PI binding.
Differences in binding specificity between different proteins
are also evident. SAP30/SAP30L prefer PI(5)P over PI(3)P/
PI(4)P, whereas Pf1 prefers PI(3)P, with some binding activity
toward PI(3,5)P species (24).
We propose a model in which SAP30L/SAP30 are actively
involved in multiple protein-protein and protein-DNA interactions that modulate transcriptional repression. The domain
structures of SAP30L/30 and the proposed model are depicted
in Fig. 7B and C, respectively. Briefly, we suggest that the
DNA-binding activity plays a role in anchoring the Sin3A com-
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whose disruption abolishes the DNA binding. Zinc fingers
were originally identified as DNA-binding motifs, but they are
now known to bind RNA, protein, and lipid substrates as well
(6, 14, 16, 24). A zinc finger consists of two antiparallel ␤
strands and an ␣ helix, and the zinc ion is crucial for its
stability. Usually, a single zinc finger does not bind DNA with
very high affinity and can recognize only two or three base
pairs, but when several, up to 60, zinc fingers are strung together, the group binds more tightly and can recognize longer
DNA sequences. In the cases of both SAP30L and SAP30, only
a single zinc-coordinating element was identified. Moreover,
the stability of SAP30L was dependent on the zinc module
since mutations in its zinc-coordinating residues led to rapid
degradation of the protein. We have previously observed that
N-terminally truncated SAP30L is poorly expressed in transient transfections, but this could be overcome by using
MG132, a proteasome inhibitor, and now this can be explained
by the loss of the stabilizing zinc-dependent module in the N
terminus (57). Zinc-binding domains are usually relatively
short, i.e., 20 to 30 residues, and the spacing of 35 residues
between the C2 and CH coordinating residues in SAP30L is
unusually long. There is, however, a precedent for a large
zinc-binding module, since THAP domains, which are conserved zinc-dependent modules capable of sequence-specific
DNA binding, have a loop of 35 to 53 residues in the middle of
the zinc-binding motif (8). The THAP domain, however, contains other conserved elements in addition to the C2CH module, making it distinct from the zinc-binding motif in SAP30L.
The sequence-independent nature of the DNA binding rules
out a sequence-specific targeting role for SAP30 and SAP30L
and suggests a more general role in anchoring to nucleosomal/
linker DNA. In addition, we demonstrated that this DNA
binding results in strong bending of the DNA. Classical examples of proteins that bind and bend DNA in a sequence-independent manner are the HMG proteins (45), which interact
transiently with DNA. They are thought to antagonize histone
H1 binding by competing for the same chromatin sites. Generally, they are thought to open up chromatin, although some
HMG proteins may also compact chromatin (43). We find
interesting parallels between the HMG proteins and SAP30/
SAP30L. Both are small and localized in the nucleus. Their
domain structures are also similar, as both contain an N-terminal DNA-binding domain followed by an acidic region which
contributes to histone interactions. This could imply functional
similarity as well, and it seems likely that SAP30/SAP30L have
roles in stabilizing the multiprotein complex on its target, increasing the availability of enzymatic targets to the complex, or
promoting the recruitment of interacting proteins, the cumulative effect being increased repression activity.
Perhaps one of the most intriguing features of SAP30L and
SAP30 is the presence of a PI-binding site. PIs are known to
function in nuclear signaling, and local changes in PI concentrations are sensed by proteins with specific PI-binding domains, such as PH, ENTH, FYVE, and PHOX domains and
lysine/arginine-rich patches (34, 44). A number of PI kinases
and phosphatases translocate to the nucleus upon activation,
and many PI species have been shown to be intranuclear (10,
15). Intervention of chromatin biology by signaling lipids is not
unprecedented, since ATP-dependent chromatin-remodeling
complexes, such as NURF, ISW2, INO80, and SWI/SNF, are
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plex to nucleosomal and/or linker DNA in chromatin and that
this binding is further strengthened by the interaction with core
histone 2A/2B dimers. One consequence of DNA binding is
bending of the DNA, and we envision that this leads to enhanced accessibility of nucleosomes and histone tails to
deacetylating enzymes. Moreover, our results provide new evidence for the regulatory role played by nuclear PIs in transcriptional repression and relocalization of nuclear proteins.
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