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ABSTRACT

Giant chromatin-modifying complexes regulate
gene transcription in eukaryotes by acting on chro-
matin substrates and ‘setting’ the histone code. The
histone deacetylase (HDAC)-associated mammalian
Sin3 corepressor complex regulates a wide variety
of genes involved in all aspects of cellular physiol-
ogy. The recruitment of the corepressor complex by
transcription factors to specific regions of the
genome is mediated by Sin3 as well as 10 distinct
polypeptides that comprise the corepressor com-
plex. Here we report the solution structure of a
novel CCCH zinc finger (ZnF) motif in the SAP30
polypeptide, a key component of the corepressor
complex. The structure represents a novel fold com-
prising two b-strands and two a-helices with the
zinc organizing center showing remote resem-
blance to the treble clef motif. In silico analysis of
the structure revealed a highly conserved surface
that is dominated by basic residues. NMR-based
analysis of potential ligands for the SAP30 ZnF
motif indicated a strong preference for nucleic
acid substrates. We propose that the SAP30 ZnF
functions as a double-stranded DNA-binding motif,
thereby expanding the known functions of both
SAP30 and the mammalian Sin3 corepressor com-
plex. Our results also call into question the common
assumption about the exclusion of DNA-binding
core subunits within chromatin-modifying/remodel-
ing complexes.

INTRODUCTION

Post-translational modifications of histones have emerged
as an important epigenetic mechanism for regulating gene
transcription in eukaryotes. A variety of enzymes serve
to introduce or eliminate these modifications facilitating

site-specific alterations of the histone code that in turn
lead to distinct transcriptional outcomes. Histone deace-
tylases (HDACs) constitute an important class of enzymes
that reverse the acetylation status of lysine residues largely
to effect transcriptional repression. The specificity of these
enzymes is dictated in large part through their association
with transcriptional corepressors that are in turn recruited
via protein–protein and protein–DNA interactions to spe-
cific sites on the genome.

The Sin3 corepressor complex is one of only a handful
of HDAC-associated corepressor complexes in mamma-
lian cells that have been biochemically characterized (1).
Analogous corepressor complexes are found in a wide
variety of plant and animal species, although those
belonging to the Sin3 complex appear to be particularly
widespread as they are also found in yeast. The mamma-
lian Sin3 complex comprises at least 10 polypeptides
besides Sin3, including HDACs HDAC1 and HDAC2,
two histone-binding proteins RbAp46 and RbAp48 (Rb-
associated polypeptides), and six Sin3-associated polypep-
tides SAP25, SAP30, SAP45/Sds3, SAP130, SAP180/
BCAA and RBP1 (Rb-binding protein 1), most of whose
functions, aside from presumed roles in stabilizing the
Sin3 complex and providing interaction surfaces for
recruitment, are largely unknown (2–9). The Sin3 protein
is thought to function as a molecular scaffold for corepres-
sor complex assembly and also as a molecular adapter
bridging components of the complex with DNA-bound
repressors (10,11). Underscoring its fundamental role
in cellular physiology, sin3 null mutations caused embry-
onic lethality in Drosophila and mouse (12,13) while cell
lineage-specific conditional knockouts of mouse sin3
caused a range of developmental defects (13,14). Gene
expression profiling of the conditional sin3 knockouts
revealed the deregulation of several genes involved in
cell cycle regulation, DNA replication and repair, apopto-
sis and mitochondrial metabolism (14).

SAP30 was among the earliest identified components of
the Sin3 corepressor complex (6,9). The protein is thought
to play a role in corepressor complex function, as it is
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consistently detected in biochemical fractionation experi-
ments conducted with extracts from yeast and higher
organisms (3,9,15–18) while deletion of the sap30 gene
in yeast produced similar effects as those resulting from
the deletions of sin3 and rpd3, the yeast homologue of
HDAC1 and HDAC2 (9,19–21). Alluding to a role in
mammalian Sin3 corepressor complex assembly, SAP30
has been proposed to interact with RBP1 (7) and
SAP180 (22)—two closely related core components of
the complex—as well as the ING1 and ING2 proteins
(17,23) found in a subset of Sin3 complexes in association
with SWI/SNF-type chromatin-remodeling activities (16–
18). Other SAP30 targets include CIR (CBF1 interacting
corepressor) (24) and the yin yang 1 zinc finger (ZnF)
transcription factor (25). How SAP30 performs such
diverse functions is presently unknown, as no high-resolu-
tion structure–function analyses for this polypeptide have
been described either in isolation or in complex with
another macromolecule. Here, we describe the solution
structure of an uncharacterized region of the SAP30 poly-
peptide that relies on zinc for proper folding. We show
that this novel ZnF motif can, rather unexpectedly, bind
to nucleic acids, expanding the known functions of both
SAP30 and the mammalian Sin3 corepressor complex.

MATERIALS AND METHODS

SAP30 ZnF protein expression and purification

The coding sequence of SAP30 ZnF corresponding resi-
dues 64�131 was amplified by PCR and inserted into the
pMCSG7 expression vector (26). All cloned gene segments
were confirmed by DNA sequencing. Escherichia coli
BL21(DE3) cells (Novagen, Madison, WI) containing
the vector were grown at 378C in LB broth (EMD
Chemicals Inc.). The growth temperature was shifted to
208C when the OD600nm reached approximately 0.6.
Expression of the His6-tagged protein was induced using
1mM isopropyl-b-D-thiogalactopyranoside, and the cells
were harvested 16 h thereafter. Cell pellets were suspended
in 50mM Tris–HCl buffer (pH 8) containing 0.2M
sodium chloride, 2mM Tris–(2-carboxy-ethyl) phosphine
(TCEP) hydrochloride, 1mM phenyl-methylsulfonyl,
1 mM leupeptin, 1mM pepstatin and 0.1% Triton X-100,
lysed via sonication followed by DNAse treatment for
15min at 48C and centrifuged. The supernatant was incu-
bated with the His-Select Nickel resin (Sigma, St. Louis,
MO) for 30min. The resin was washed by 50mM Tris–
HCl buffer (pH 8) containing 0.5M sodium chloride and
bound proteins were eluted using 50mM Tris–HCl buffer
(pH 8) containing 0.2M sodium chloride, 2mM TCEP
and 300mM Imidazole. The eluted proteins were incu-
bated with tobacco etch virus protease for 4 h at 228C
followed by overnight incubation at 48C. The mixture
was centrifuged and the desired protein in the supernatant
was purified to homogeneity via reversed phase HPLC
using a C18 column (Vydac, Hesperia, CA) and a linear
gradient of 0.1% trifluoroacetic acid (TFA) and 0.1%
TFA in 80% acetonitrile and lyophilized. Samples uni-
formly labeled with 15N and/or 13C isotopes were
produced using the same procedure except that cells

were grown in M9 minimal medium containing
15N-ammonium sulfate and/or 13C-D-glucose (Spectra
Stable Isotopes, Columbia, MD), respectively. The alanine
mutants of the SAP30 ZnF were generated by
QuikChange site-directed mutagenesis (Stratagene). The
15N-labeled samples for mutants C68A and H108A were
produced using the same procedure as the wildtype,
but the samples for C67A and C112A were solubilized
from inclusion body pellets followed by purification
under denaturing conditions. The identities of the proteins
were confirmed by electrospray ionization-mass
spectrometry.

NMR samples and titrations

NMR samples were prepared by dissolving the dry, lyo-
philized protein powder in 20mM Tris–acetate buffer
(pH 6), 2mM DTT-d10 and 0.2% (w/v) NaN3. Protein
concentrations were determined spectrophotometrically
(27). The concentrations of the 15N, 13C-labeled sample
and the 15N-labeled samples for titrations with various
ligands were 0.56 and 0.2mM, respectively. Titrations
were performed by direct addition of the ligand to the
protein at the desired molar ratio followed by adjustment
of the solution to pH 6. The ligands mimicking histone
modifications in Table 3 were purchased from Sigma while
those mimicking phospholipids including phosphatidyli-
nositol-5-phosphate and phosphatidic acid were pur-
chased from Echelon Biosciences and Avanti Polar
Lipids, respectively. Oligodeoxyribonucleotide sequences
corresponding to the 15-mer single-stranded DNA 50-CT
GTGGCCCTGAGCC-30, the 10-mer self-complementary
duplex 50-GCGAATTCGC-30 and the 21-mer self-comple-
mentary duplex 50-CCTTGGCTGACGTCAGCCAAG-30

were purchased in lyophilized form from Integrated DNA
Technologies. All ligands were used for the titrations with-
out any additional purification.

NMR spectroscopy and structure determination

NMR data were acquired on a Varian Inova 600MHz
spectrometer at 258C. NMR data processing and analysis
were performed using an in-house modified version of
Felix 98.0 (Accelrys) and NMRView (28,29). Backbone
and side chain 1H, 15N and 13C resonances for the
SAP30 ZnF were assigned by analyzing 3D HNCACB,
C(CO)NH-TOCSY, HNCO, H(CCO)NH-TOCSY,
HCCH-TOCSY and HCCH-COSY spectra (30,31).
Aromatic proton resonances were assigned from 2D
1H-13C HSQC spectra and 3D HCCH-COSY and
HCCH-TOCSY spectra (32,33).
For structure determination, backbone f and c torsion

angle restraints were derived from an analysis of Ha, Ca,
Cb, C0 and backbone 15N chemical shifts using TALOS
(34). Restraints were imposed only for those residues that
exhibited TALOS reliability scores of 9. NOE-based dis-
tance restraints were derived from 3D 15N-edited NOESY
(mixing time, �m=75ms) spectrum recorded in H2O, 3D
aliphatic 13C-edited NOESY (�m=60ms) and 2D 1H-1H
NOESY (�m=80ms) spectra recorded in D2O. All NOEs
were calibrated and assigned iteratively and automatically
by ARIA (version 1.2) (35,36) and were checked manually
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between successive rounds of calculations. Structures were
calculated using ARIA in conjunction with CNS (37)
starting from extended conformations. A total of 80 struc-
tures were computed in the final iteration and the best 20
structures with the lowest restraint energies were selected
for automatic NOE assignment. The ARIA-generated
restraint lists served as inputs for inferential structure
determination (ISD). Structures were calculated from
extended starting conformations. Calculations were termi-
nated at 3000 samples when the total energy associated
with the target distribution was distributed randomly
around the median value. An ensemble of 50 ‘representa-
tive’ structures was subject to restrained energy minimiza-
tion in CNS; 47 of these had good covalent geometry
and were selected for final analysis. The final structures
were analyzed using PROCHECK and CNS (37–39).
Molecular images were generated using CHIMERA (40).
Surface maps of electrostatic potentials were calculated
using the APBS program while conservation scores were
computed using ConSurf (41,42); both of these properties
were rendered using CHIMERA.

Lipid-binding assays

Phosphatidylinositol phosphate (PIP)-strips containing
membrane-immobilized lipids (100 pmol per spot;
Echelon Biosciences) were incubated with blocking
buffer (PBS with 3% fatty acid-free BSA (Sigma A-
7030) and 0.1% (v/v) Tween-20) for 1 h at 228C. Ni2+-
affinity purified His6-SAP30 ZnF was added to the
PIP-strips at 10 mg/ml final concentration and incubated
for 2 h at 228C followed by three rounds of washing by
incubating with the wash buffer [PBS with 0.1% (v/v)
Tween-20] for 10min each time to remove any unbound
His6-SAP30 ZnF. For sensitive detection of bound His6-
SAP30 ZnF, the following series of steps were undertaken.
The strip was incubated for 1 h at 228C with an anti-
His-tag antibody (1:2000, Millipore #05-949) diluted in
freshly prepared blocking buffer followed by three
rounds of washing with the wash buffer. The strip was
incubated for another 1 h at 228C with a goat anti-
mouse horse radish peroxidase-conjugated secondary anti-
body directed against an IgG Fc fragment (1:5000,
Millipore #AQ127P) diluted in freshly prepared blocking
buffer followed by another three rounds of washing
with the wash buffer. The strip was rinsed for 1min with
deionized water and incubated with a chemiluminescent
substrate solution for 5min at 228C followed by develop-
ment on film in the darkroom.

RESULTS

A novel ZnF motif in the SAP30 polypeptide

Interrogation of the Pfam and SMART databases
using the SAP30 polypeptide sequence failed to yield
any statistically significant matches to well-characterized
domains or motifs. Previous studies had identified a �90
aa domain at the C-terminus of the protein that was
deemed essential for Sin3 binding. The Sin3 interaction
domain is conserved across a wide variety of species rang-
ing from yeast to human. In contrast, the N-terminal

segment of SAP30 spanning �60 aa is characterized by
poor conservation and the presence of low complexity
regions. The central �70 aa segment of the protein is sur-
prisingly well-conserved in species ranging from flies to
mammals (Figure 1A); interestingly, this region is con-
spicuously absent in yeast and worm. Sequence database
searches conducted with a profile hidden Markov model
constructed for this segment failed to yield any statistically
significant matches to other proteins, implying that this
novel motif might be unique to SAP30. A striking feature
of this relatively short segment is the presence of six invar-
iant cysteine and histidine residues (Figure 1A). Since
these residues typically coordinate zinc thereby assisting
in the proper folding and function of many proteins
including transcription factors, we speculated that the
SAP30 polypeptide might harbor a ZnF motif.

To test for this possibility, a recombinant protein cor-
responding to the central segment of SAP30 was expressed
in bacteria and purified for solution NMR studies. The
1H-15N HSQC spectrum of this protein is characterized
by poor dispersion of resonances (<1 ppm) in the amide
proton region and uniformly intense resonances with
narrow line widths (Figure 1B), indicative of an essentially
unstructured and dynamically disordered polypeptide.
However, the addition of zinc to the sample led to the
appearance of new resonances in the spectrum whose
intensities increased progressively while those of the orig-
inal resonances diminished correspondingly as a function
of added zinc. No further changes in the spectrum were
detected once one equivalent of zinc had been added to the
sample. The spectrum of the zinc-loaded form exhibited
significantly enhanced dispersion of amide proton reso-
nances (>3 ppm) which is a hallmark of folded proteins
(Figure 1C). Collectively, these results indicated zinc-
assisted folding of the protein and the presence of a
single zinc-binding site confirming the suspicion that the
SAP30 polypeptide harbored a ZnF motif.

SAP30 ZnF is a CCCHZnF

Since the SAP30 ZnF appeared to be a novel ZnF motif
(i.e. unrelated to any of the previously characterized
motifs at the sequence level), we sought to determine its
solution structure using NMR. Since there were six poten-
tial zinc-coordinating residues in the SAP30 ZnF and since
only four of these were likely to be involved in coordinat-
ing the single zinc ion, we used NMR in conjunction
with site-directed mutagenesis to identify the zinc ligands.
A 1H-15N HMQC spectrum recorded using a 113Cd-
loaded sample of SAP30 ZnF revealed a doublet for the
His115 15Nd resonance (unlike the singlet observed for
the Zn-loaded sample) arising from 1JN-Cd spin–spin cou-
pling, implying the involvement of this residue via the Nd

atom in zinc coordination (Supplementary Figure S1A).
Conversely, no such splitting of either the 15Nd or the 15N"

resonance was observed for His108, implying that it was
not involved in zinc coordination. Also, the somewhat
downfield 13Cb shifts of Cys67, Cys76 and Cys112 (31–
33 ppm) suggested the involvement of these residues in
zinc binding (Supplementary Figure S1B). Further confir-
mation of the involvement of these residues came from
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NMR analyses of zinc binding by single-site alanine
mutants of potential zinc-coordinating residues of
SAP30 ZnF. Of the six alanine mutants, His108Ala and
Cys68Ala produced enhanced spectral dispersion of amide
resonances upon zinc addition, whereas Cys67Ala and

Cys112Ala failed to do so (Supplementary Figure S2);
attempts to express Cys76Ala and His115Ala were unsuc-
cessful and therefore could not be tested. Collectively,
these results implicated Cys67, Cys76, Cys112 and
His115 in zinc coordination while Cys68 and His108

Figure 1. A conserved ZnF motif in the central segment of the SAP30 polypeptide. (A) CLUSTALW-based multiple sequence alignment emphasizing
sequence conservation within a central �70 residue segment of the protein from a variety of species ranging from fly to human. Invariant and
conserved residues are highlighted in blue and yellow, respectively, while invariant cysteine and histidine residues are highlighted in magenta. The
cartoon on top of the alignment identifies the location of secondary structural elements as deduced from the solution structure. 1H-15N HSQC
spectra of the central segment of the SAP30 polypeptide (B) before and (C) after the addition of one equivalent of zinc. Sequence-specific backbone
amide assignments are indicated; the side chain amide assignments are indicated in magenta. Arginine side chain correlations are enclosed within
colored oval boxes.
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were deemed nonessential for zinc binding rendering the
SAP30 ZnF as a CCCH ZnF motif. The SAP30 ZnF motif
appears to be an autonomous structural unit as reso-
nances belonging to the motif almost completely overlap
with those from a construct that additionally bears the
C-terminal Sin3 interaction domain (Supplementary
Figure S3).

SAP30 ZnF adopts a new fold

The solution structure of the SAP30 ZnF motif was deter-
mined using 1H-1H NOEs and dihedral angle restraints
that were derived from chemical shift and scalar coupling
constant measurements (Table 1). Structures of good pre-
cision, reasonable geometry and in good agreement with
experimental data were obtained using the ISD software
package that incorporates a Bayesian inference approach
(Figure 2A; Tables 1 and 2). The N- and C-termini of
SAP30 ZnF are dynamically disordered as these segments
exhibited greatly diminished 1H-15N heteronuclear NOE
values (Figure 2A; Supplementary Figure S4). Although
zinc coordination distance restraints were employed in the
structure calculations, a control calculation conducted
without incorporation of any of these restraints yielded
essentially similar structures including similar side chain
conformations for the residues involved in zinc coordina-
tion but, as expected, with a slightly reduced precision

(data not shown). The distances of the histidine Nd atom
of His108 and the Sg atom of Cys68 from the zinc are 10.6
and 7.4 Å, respectively, in the representative structure,
further confirming the identities of the zinc-coordinating
residues.

SAP30 ZnF is largely devoid of secondary structural
elements except for a pair of anti-parallel b-strands span-
ning residues Leu69 to Glu71 and Ile100 to Leu102 that

Figure 2. Solution NMR structure of the SAP30 ZnF motif. (A) Stereo
views of the Ca traces of the ensemble of 47 representative conformers
of SAP30 ZnF from ISD calculations following a best-fit superposition
of the structurally ordered regions (residues 66–122) of the protein.
The traces are color-ramped from blue to red from the N- to the
C-terminus. Zinc ions are shown as magenta-colored spheres.
(B) A stereo view of the representative structure of the ensemble
shown as a ribbon diagram in the same orientation as in (A).
Residues are color-ramped from blue to red also as in (A). The side
chains of zinc-coordinating residues are shown in stick representation
while the zinc ion is shown as a magenta-colored sphere. (C) Expanded
views of the zinc coordination geometry for the NMR ensemble (left)
and the representative structure (right).

Table 1. NMR structure determination statistics for SAP30 ZnF

Restraint statistics

NOE-based distance restraints 1279
Unambiguous NOE-based restraints 1059
Intraresidue 553
Sequential (|i – j|=1) 170
Medium range (1< | i � j |� 4) 118
Intramolecular long range (| i � j |> 4) 218

Ambiguous NOE-based restraints 220
Hydrogen bonding distance restraints 18
Zinc coordination distance restraints 6
Torsion angle restraints 54 (24f, 24c, 6�1)

Structure quality of NMR ensemble

Restraint satisfactiona

Root-mean-square differences for distance
restraints (Å)

0.019� 0.007

Root-mean-square differences for torsion
angle restraints (8)

0.707� 0.297

Deviations from ideal covalent geometry
Bond lengths (Å) 0.002� 0.000
Bond angles (8) 0.440� 0.014
Impropers (8) 0.440� 0.025

Ramachandran plot statistics (%)
Residues in most favored regions 69.3
Residues in allowed regions 29.1
Residues in disallowed regions 1.5

Average atomic root-mean-square deviations from the average

structure (Å)
All atoms 3.10
All atoms except disordered regionsb 1.11
Backbone atoms (N, Ca, C0)
All residues 2.53
All residues excluding disordered regionsb 0.38

aAlso see Table 2.
bDisordered regions include residues 61–65 and 123–131.
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pack against a pair of a-helices spanning residues Lys87 to
Lys96 and Asp113 to Gln120 (Figure 2B). The side chains
of Cys68, Leu69, Phe85, Ile89, Ile93, Val98, Il100, Leu102,
Leu109, Ile111 and Ile119 comprise a well-defined hydro-
phobic core of the domain; expectedly, all of these residues
are either invariant or highly conserved (Figure 1A). A
DALI-based search of the PDB failed to yield any struc-
tural homologues, implying that the SAP30 ZnF defined a
new fold. As expected, the geometry specified by the atoms
involved in zinc coordination is approximately tetrahedral
(Figure 2C). The zinc organizing center, which is located
adjacent to the hydrophobic core, appears to be somewhat
unique with only one of the zinc ligands His115 located in
a regular secondary structural element while the others
including Cys67, Cys76 and Cys112 are all drawn from
loop regions. Based on visual comparisons, the zinc orga-
nizing center remotely resembles the treble clef ZnF
motif (43). However, the treble clef motif is characterized
by a zinc ‘knuckle’—a turn-like structure with a consensus
sequence CPxCG, both of which are absent in the
SAP30 ZnF. Visual comparisons with the various fold-
groups in the Structural Classification of Zinc Fingers
Database (44) failed to reveal significant similarities with
the SAP30 ZnF motif, consistent with the inference of
a novel fold.

Structure–function analysis of SAP30 ZnF

To gain insights into the molecular surface responsible
for SAP30 ZnF function, evolutionary conservation
scores for each residue within this segment were computed
using ConSurf and mapped onto the NMR structure.
Predictably, the highest degree of sequence conservation
was noted for those residues that comprised the hydro-
phobic interior of the protein. Mapping the conservation
data onto the molecular surface revealed a contiguous
patch of highly conserved, yet solvent-exposed residues
drawn from the two a-helices, the loop preceding helix
a1 and the ‘tail’ following a2 (Figure 3A). Analysis of
the electrostatic potential map revealed that the conserved
surface was highly basic in character, implying a prefer-
ence for ligands that are acidic in character (Figure 3B).

Our attempts at generating SAP30 ZnF complexes with
two putative SAP30 interactors including RBP1 and
ING2 were unsuccessful (data not shown), suggesting
that these interactions either involved other regions of
SAP30 or were mediated by other factors. Therefore, we
evaluated a range of possible ligands for the SAP30 ZnF
using NMR. Two sets of ligands were analyzed, one set

comprising post-translational modifications of histones
associated with various forms of the ‘histone code’ and
another set comprising substrates with acidic character
including nucleic acids and phospholipids. The choice of
ligands was guided by possible roles of SAP30 in directing

Figure 3. Molecular properties of the SAP30 ZnF motif. (A) Front and
back views of the molecular surface of SAP30 ZnF colored according
to ConSurf-computed sequence conservation scores. The scores are
distributed in nine bins and the color for each bin follows the key
provided. Those residues for which scores could not be reliably com-
puted by ConSurf are colored white. (B) Molecular surface views of the
protein with the electrostatic potential mapped onto the surface.
Potentials at +20, 0 and �20 kT/e are colored in blue, white and
red, respectively; colors are linearly interpolated for the intermediate
values.

Table 2. ISD statistics for SAP30 ZnF

Dataset Observable Size Error (%)a Violations (%)b

Aromatic 13C-edited NOESY NOE 65 16.6� 1.9 2 (3.1)
15N-edited-NOESY NOE 484 12.8� 0.3 12 (2.5)
Aliphatic 13C-edited NOESY NOE 940 13.1� 0.5 32 (3.4)
Hydrogen bonding and zinc restraints Distance 24 2.8� 1.2 0 (0)

aAverage percentage distance error.
bViolation statistics based on predictive distributions with threshold probability for incorrect measurement set to 95%.
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the Sin3 corepressor complex to specific regions within
the nucleus through interactions with post-translationally
modified histones, DNA or phospholipids.
To test whether SAP30 ZnF was a chromatin-binding

module, we titrated the protein samples with a vast excess
of lysine, acetyllysine, trimethyllysine, dimethylarginine,
phosphoserine and phosphothreonine. However, even at
ligand:protein molar ratios of 50:1, these ligands produced
barely detectable changes in the SAP30 ZnF NMR spec-
trum (Table 3; Figure 4A), indicative of extraordinarily
weak or no binding. Indeed, the minute changes that
were observed are likely due to changes in protein confor-
mation caused by changes in ionic strength than to any
binding event.
To test whether the SAP30 ZnF bound to phospholi-

pids, we initially conducted lipid binding assays in a pull-
down format using the so-called PIP strips. In this assay,
SAP30 ZnF exhibited preferential binding to phosphati-
dylinositol substrates that were phosphorylated at the 3, 4
and/or 5 positions of the inositol moiety with the strongest
binding observed for PI(4)P, PI(3,5)P and PI(5)P
(Supplementary Figure S5). SAP30 ZnF also appeared
to bind phosphatidic acid with comparable affinity. To
test whether any of these represented bona fide ligands of
SAP30 ZnF, NMR titrations were conducted with PI(5)P
and phosphatidic acid. Surprisingly, the addition of
one equivalent of each of these ligands to SAP30 ZnF
produced only small changes in the NMR spectrum
(Figure 4B; Table 3) indicative of weak binding.
In contrast to the results obtained with the phospholi-

pid titrations, titration of SAP30 ZnF with single-stranded
15-mer DNA and two DNA duplexes 10 and 20 bp in
length produced significant changes in the NMR spectrum
(Figures 4C–E and 5). In each case, the titrations pro-
duced changes in resonance positions as a function of
added ligand, indicative of complexes with fast dissocia-
tion kinetics on the NMR timescale implying that these
interactions were of modest affinity. Each of the oligonu-
cleotides tested produced similar patterns of SAP30 ZnF

chemical shift perturbations with a notable difference
between the single- and double-stranded oligonucleotides
being that the extent of the perturbations for SAP30 ZnF
residues located in the C-terminal tail was more pro-
nounced in the latter than in the former (Figure 5A–C).
This is consistent with the involvement of a larger protein
interface when bound to double- over single-stranded
DNA. Mapping of the chemical shift perturbations
induced by the 20 bp duplex onto the molecular surface
of SAP30 ZnF revealed a contiguous surface that most
likely constitutes the site of interaction with DNA
(Figure 5D and E). This surface overlaps exceptionally
well with the evolutionarily conserved patch dominated
by basic residues that was presumed to be significant for
SAP30 ZnF function (Figure 3A and B). The chemical
shift perturbations extend well into the unstructured
C-terminal tail (Figure 5D and E), implying that this
region likely undergoes a significant conformational
change upon binding to double-stranded DNA.

DISCUSSION

Implications for a DNA-binding activity in the mammalian
Sin3 corepressor complex

Many chromatin-modifying and chromatin-remodeling
enzymes derive their specificity (i.e. their ability to act
on specific regions of the genome) in large part by being
recruited directly or indirectly via protein–protein interac-
tions with transcription factors that either interact with
specific DNA elements or post-translationally modified
forms of histones. Multi-subunit coregulator complexes
with chromatin-modifying/remodeling activities are
thought to be devoid of constitutively associated subunits
with DNA-binding activity. However, this long-held view
is being increasingly challenged as witnessed by the detec-
tion of core components with DNA-binding activity in
SWI/SNF complexes (45–47) and more strikingly, in the
Rpd3L complex—the yeast homologue of the mammalian
Sin3 complex (15). Our findings and that of a very recent
independent study implicating SAP30 in DNA binding
expands the known functions of the mammalian Sin3 cor-
epressor complex (48).

Unlike in the case of the Ash1 and Ume6 subunits of the
Rpd3L complex that bind specific DNA elements, the role
of SAP30 in directing the Sin3 corepressor complex is less
clear. Both the present study (Figures 4 and 5; Table 3)
and that of Lohi and coworkers, suggest that SAP30
can bind to unrelated DNA sequences in a non-specific
manner. Whether SAP30 lacks sequence-specificity or
can indeed bind to specific sequences remains to be defini-
tively established; future studies will explore this possibi-
lity. It is conceivable that SAP30 binds specific DNA
sequences in conjunction with other as yet unknown tran-
scription factors. SAP30 has previously been shown to
direct the Sin3 corepressor complex to the nucleolus (49)
and its DNA-binding activity might have a similar role in
directing the complex to the promoter regions of riboso-
mal DNA, a well-known target for Sin3/HDAC-mediated
gene repression (50,51). Irrespective of the specificity of
the SAP30 interaction with DNA, the polypeptide might

Table 3. SAP30 ZnF chemical shift perturbations produced by

potential ligands

Ligand Average chemical shift
deviation (ppm)a

L-Lysineb 0.008� 0.002
N"-acetyl-L-lysineb 0.006� 0.005
N"-trimethyl-L-lysineb 0.011� 0.005
Ng-dimethyl-L-arginineb 0.008� 0.003
O-Phospho-L-serineb 0.022� 0.009
O-Phospho-L-threonineb 0.011� 0.007
Phosphatidylinositol-5-phosphate 0.026� 0.008
Phosphatidic Acid 0.005� 0.002
15-mer single-stranded DNA 0.136� 0.049
10-mer double-stranded DNA 0.169� 0.036
21-mer double-stranded DNA 0.203� 0.068

aCalculations based on data for the seven most strongly perturbed
correlations (10% of total number of residues).
bMeasurements at 50-fold molar excess of ligand; all other measure-
ments at equimolar protein:ligand ratios.
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have a role in enhancing the lifetime of the recruited com-
plex in promoter regions even after the sequence-specific
DNA-binding repressor activity involved in the initial
recruitment has disappeared. Indeed, repressor-indepen-
dent stable anchoring of the Sin3 corepressor complex
has been reported on hypoacetylated nucleosomal sub-
strates (52); SAP30 could conceivably have a role in this
process.

Additional or alternative roles for the SAP30 ZnF motif

Although alternative roles for the SAP30 ZnF motif are
plausible including a role as a phospholipid-binding
module as proposed by Lohi and coworkers (49), our
results suggest that nucleic acid binding activity is likely
to be of greater physiological significance. This conclusion
is based on the greater magnitude of chemical shift per-
turbations induced by both single- and double-stranded
DNA when compared with phospholipid substrates
(Figures 4 and 5; Table 3) and estimates of SAP30 ZnF
binding affinities with dissociation constants in the low
micromolar range for DNA as compared with that in
the millimolar range for phospholipids (data not shown).
Our results further reveal that the same subset of SAP30
ZnF resonances that are perturbed upon phospholipid
binding are also affected by nucleic acid binding (compare
Figures 1C and 4), suggesting that these perturbations
might reflect some common feature of these substrates
(i.e. phosphate and carbohydrate moieties) that is being
recognized by the ZnF. Since an overlapping surface of
SAP30 ZnF is likely to be mediating both phospholipid
and nucleic acid interactions, it is unlikely that both sets of
interactions could be supported simultaneously. The com-
petitive binding implied by these findings is consistent with
the recent results reported by Lohi and coworkers impli-
cating phosphoinositides in regulating SAP30 ZnF DNA-
binding activity and thereby affecting the function of the
corepressor complex (48).
It is conceivable that the SAP30 ZnF motif has func-

tions in addition to or in place of DNA binding such as in
RNA recognition. Although the rationale for including
single-stranded DNA in the titrations was to evaluate
the requirement of a double-helical structure for SAP30
ZnF binding, the observation that both single- and
double-stranded substrates were bound comparably
keeps open the possibility that it might target either
form or even higher order structures such as those found
in RNA. The significance of these types of interactions is
presently unclear. Alternatively, SAP30 might function in
providing interaction surfaces for other factors such as
RBP1 and SAP180 and/or the ING1 and ING2 proteins
(7,17,22,23). Although our attempts at generating a com-
plex with any of these proteins and SAP30 ZnF
were unsuccessful, these results might be explained
by the absence of additional affinity determinants such

Figure 4. NMR titrations of the SAP30 ZnF motif with various
ligands. Overlays of expanded plots of 1H-15N HSQC spectra recorded

in the absence (black) and in the presence (red) of (A) trimethyllysine,
(B) phosphatidylinositol-5-phosphate, (C) 15-mer single-stranded DNA,
(D) 10-mer DNA duplex and (E) 21-mer DNA duplex. Protein concen-
trations ranged between 0.1 and 0.2mM. The spectra in the presence of
ligands were recorded at equimolar ratios except in the case of tri-
methyllysine, which was recorded at 50-fold excess.
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as appropriate DNA or RNA surfaces under our assay
conditions or by the absence of as yet undetermined brid-
ging proteins. Additional studies are required to clarify
these issues.

Distinctive properties of the SAP30 ZnFmotif

An interesting feature of the SAP30 ZnF motif is that
although it is found in a broad range of organisms includ-
ing fly and mammals, on the one hand, it is absent in
yeast, implying that the function of this motif has been
either usurped by another component of the Sin3 complex
or that this particular function is dispensable in these
organisms. Strikingly, the motif exhibits an extraordi-
narily high level of sequence conservation (Figure 1A),
implying that the region is under strong selective pres-
sure—possibly because of its small size—to preserve struc-
ture and function. Interestingly, the SAP30 ZnF motif and
its relatives are virtually nonexistent in other proteins
making it one of possibly a very small number of

‘singleton’ motifs. Many transcriptional co-regulator
domains are found in a restricted subset of proteins pos-
sibly to limit cross-talk in nuclear signaling networks and
the same may hold true for SAP30. Finally, the structure
of the SAP30 ZnF motif is unique in that it appears to be a
novel fold which along with the observations noted
above raises questions about the antecedents of this
motif. It has been over two decades since ZnF motifs
were first described as DNA-binding modules (53). The
structural and functional diversity exhibited by these mod-
ules has been a continued source of surprise and intrigue
(54). The SAP30 ZnF motif described herein thus appears
to follow this ‘tradition’.

COORDINATES

The RCSB PDB accession code for the atomic coordinates
of SAP30 ZnF is 2kdp.

Figure 5. Chemical shift perturbations of SAP30 ZnF induced by oligodeoxyribonucleotides. Chemical shift deviations induced by (A) a single-
stranded 15-mer oligonucleotide, (B) a 10 bp duplex and (C) a 20 bp duplex graphed for each residue in the SAP30 ZnFmotif. Composite deviations
of backbone amide proton and nitrogen chemical shifts for each residue were calculated using the formula: �av¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½0:5ðð�HN,bound��HN,freeÞ

2
þ0:04 �N,bound��N,freeð Þ

2
Þ�

p

Note that the scale for the y-axis in (C) is different from those in the other panels. Chemical shift deviation data from (C) mapped onto (D) a ribbon
representation and (E) the molecular surface of the SAP30 ZnFmotif. These views share the same orientation as those shown in Figure 3. The
magnitude of the deviations is color coded according to the key provided; colors are linearly interpolated for intermediate values. Some of the most
perturbed residues are annotated.
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