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Sp1-like proteins are defined by three highly homologous C2H2 zinc finger motifs that bind GC-rich se-
quences found in the promoters of a large number of genes essential for mammalian cell homeostasis. Here we
report that TIEG2, a transforming growth factor b-inducible Sp1-like protein with antiproliferative functions,
represses transcription through recruitment of the mSin3A-histone deacetylase complex. The interaction of
TIEG2 with mSin3A is mediated by an alpha-helical repression motif (a-HRM) located within the repression
domain (R1) of TIEG2. This a-HRM specifically associates with the second paired amphipathic helix (PAH2)
domain of mSin3A. Mutations in the TIEG2 a-HRM domain that disrupt its helical structure abolish its ability
to both bind mSin3A and repress transcription. Interestingly, the a-HRM is conserved in both the TIEG
(TIEG1 and TIEG2) and BTEB (BTEB1, BTEB3, and BTEB4) subfamilies of Sp1-like proteins. The a-HRM
from these proteins also mediates direct interaction with mSin3A and represses transcription. Surprisingly, we
found that the a-HRM of the Sp1-like proteins characterized here exhibits structural and functional resem-
blance to the Sin3A-interacting domain previously described for the basic helix-loop-helix protein Mad1. Thus,
our study defines a mechanism of transcriptional repression via the interactions of the a-HRM with the Sin3-
histone deacetylase complex that is utilized by at least five Sp1-like transcriptional factors. More importantly,
we demonstrate that a helical repression motif which mediates Sin3 interaction is not an exclusive structural
and functional characteristic of the Mad1 subfamily but rather has a wider functional impact on transcrip-
tional repression than previously demonstrated.

The Sp1-like family of transcription factors is characterized
by the presence of three highly homologous C-terminal zinc
finger motifs that are capable of binding GC-rich DNA se-
quences. These GC-rich motifs are present in the promoters of
more than a thousand different gene products (10, 17, 21, 23).
Currently, the Sp1-like proteins identified contain at least 16
members that can be classified into several subgroups, includ-
ing Sp (Sp1, Sp2, Sp3, and Sp4), BTEB (BTEB1), KLF (BKLF,
BKLF3, EKLF, GKLF, BTEB2/IKLF, and LKLF), CPBP
(CPBP and UKLF), TIEG (TIEG1 and TIEG2), and Ap-2rep.
The detailed nomenclature and classification of these proteins
can be found in several recent reviews (7, 8, 26, 34). Several
new members, including BTEB3 (J. Kaczynski et al., unpub-
lished data), BTEB4 (A. Conley et al., unpublished data), Sp5
(14), and SP6/KLF14 (27), have recently been added to this
growing family of proteins. Because many of the genes essen-
tial for the regulation of cell growth (6, 18, 28, 30), differenti-
ation (2, 9), and apoptosis (21, 32) contain Sp1-like binding
sites, it is not surprising that members of the Sp1 family are
important regulators of mammalian cell homeostasis. Addi-
tionally, Sp1-like proteins are critical for normal development.
Studies with animal models have shown that disruption of
Sp1-like genes in mice is associated with abnormalities in early
and late embryonic development, as well as decreased postna-
tal survival (3, 14, 18, 19, 22, 24, 25, 31, 36). Thus, elucidation
of the molecular mechanisms by which the Sp1-like proteins

regulate transcription will greatly advance our knowledge of
cell growth control and morphogenesis.

We and others have previously identified two novel Sp1-like
proteins, TIEG1 and TIEG2 (6, 29). The TIEG proteins func-
tion as transcriptional regulators capable of binding GC-rich
sequences and repressing transcription (5, 6). In addition, the
TIEG proteins are negative regulators of cell growth (6, 32).
Deletion and site-directed mutagenesis analysis have defined
three independent repressor domains (R1, R2, and R3) con-
served within the amino terminus of TIEG proteins that are a
defining feature of this subfamily of Sp1-like transcription fac-
tors (5). To gain insight into how these proteins function, our
laboratory has been pursuing the characterization of the mech-
anisms used by these proteins to repress gene expression.

In this study, we have identified a 160-kDa TIEG2 R1-
interacting protein as mSin3A and shown that mSin3A func-
tions as a corepressor with TIEG2. Deletion mutagenesis dem-
onstrates that R1 associates with mSin3A through interaction
with the second paired amphipathic helix (PAH2) domain.
Thus, R1 represents a functional Sin3 interaction domain for
TIEG2. Furthermore, sequence analysis and circular dichroism
(CD) data indicate that the primary and secondary structures
of the TIEG2 Sin3-interacting domain (SID) is conserved in
other members of the Sp1-like repressor protein family, includ-
ing TIEG1 (5), BTEB1 (16), BTEB3 (Kaczynski et al., unpub-
lished data), and BTEB4 (Conley et al., unpublished data).
Each of these Sp1-like transcription factors contains a con-
served sequence that may adopt an alpha-helical structure and
is sufficient to mediate transcriptional repression and mSin3A
interaction. Thus, we have named this structural motif the
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alpha-helical repression motif (a-HRM). Although we found
that a core sequence within the a-HRM is also conserved with-
in the Mad1 SID (1, 4, 12), sequences outside this region differ
significantly between the a-HRM of Sp1-like repressors and
the Mad1 SID. Our data suggest that this conserved a-HRM
mediates interaction with the corepressor protein mSin3A and
represents a transcriptional repression mechanism utilized by
at least five different Sp1-like transcriptional repressors. The
differences between the Sp1-like and Mad1 SID motifs and
their role in transcriptional regulation are discussed.

MATERIALS AND METHODS

Vectors and plasmid construction. The vectors used in the present study
include glutathione S-transferase (GST) expression vectors pGEX-5x-1 and
pGEX-6p-1 (Pharmacia, Piscataway, N.J.) for cloning, expression, and purifica-
tion of GST fusion proteins in bacteria; DNA binding domain (DBD) effector
pM GAL4, containing the yeast transcription factor GAL4 DBD (Clontech, Palo
Alto, Calif.) fused with various repressor domains for transcriptional regulatory
assays; vector pCMV-Tag2 (Stratagene, La Jolla, Calif.) for expression of FLAG
epitope-tagged full-length TIEG2, mSin3A, and various mSin3A deletion con-
structs; and the pCMV-Myc/nuc vector (Invitrogen, Carlsbad, Calif.), carrying
three carboxyl-terminal nuclear localization signals for nucleus-targeted expres-
sion. For GAL4 assays, a reporter vector carrying the firefly luciferase gene
cloned downstream from five tandem GAL4 DNA binding sites and the thymi-
dine kinase promoter was used. To control for transfection efficiency, a reporter
plasmid carrying the Renilla luciferase gene under the control of the Rous
sarcoma virus (RSV) promoter was used.

The GST fusion constructs were generated as follows. The repression domains
of TIEG2 (R1, amino acids [aa] 1 to 79; R2, aa 151 to 162; R3, aa 273 to 351;
Nterm, aa 1 to 371), previously described by Cook et al. (5), were cloned in frame
into GST fusion vectors. The Mad1 SID, corresponding to aa 2 to 25 of the
mouse Mad1 protein, and the putative SID-like domain of TIEG1 (aa 1 to 72)
were amplified by PCR and cloned into GST fusion vectors. The putative SID-
like repression domains of BTEB1 (aa 2 to 25), BTEB3 (aa 2 to 25), and BTEB4
(aa 2 to 25) were generated by primer annealing and extension and cloned into
the GST fusion vectors. Standard PCR-based methods were used to generate
mutations in TIEG2-R1 (DE29P and DA30P) and the mouse Mad1 SID (DA12P
and DL16P) (12).

The plasmid containing the full-length mSin3A cDNA was kindly provided by
R. N. Eisenman (Fred Huntington Cancer Center). Deletion constructs of the
mSin3A-encoding gene were generated by using standard PCR techniques and
were cloned in frame with the FLAG epitope of the pCMV-Tag2 vector. Frag-
ments containing TIEG2-R1, the Mad1 SID, and their respective mutant forms
were subcloned into the GAL4 DBD expression vector. The putative SID-like
domains of BTEB1, BTEB3, and BTEB4 were released from the GST fusion
vector and subcloned into the pM GAL4 DBD expression vector. Both wild-type
and mutant TIEG2-R1 and the PAH2 of mSin3A were subcloned into the
pCMV-Myc/nuc vector carrying three carboxyl-terminal nuclear localization sig-
nals for nucleus-targeted expression. All constructs were verified by direct se-
quencing (Mayo Molecular Biology Core Facility).

Transcriptional reporter assays. The Chinese hamster ovary (CHO) cell line
was obtained from the American Type Culture Collection (Manassas, Va.). CHO
cells were cultured in Ham’s F12 medium supplemented with 5% fetal bovine
serum, 5% normal calf serum, 100 U of streptomycin per ml, and 100 U of
penicillin per ml (Life Technologies, Rockville, Md.). The transfection condi-
tions used with this cell line and the luciferase reporter assay were described
previously (13). Briefly, 5 3 104 CHO cells were plated in 24-well tissue culture
dishes and transfected 24 h later with 30 ng of the pGL3 firefly reporter plasmid
carrying five tandem GAL4 DNA binding sites (GAL4-luc) and various amounts
of GAL4 effector plasmid, as indicated, using Lipofectamine (Life Technolo-
gies). As a control for basal transcriptional activity, the reporter constructs
were cotransfected with an effector plasmid carrying the GAL4 DBD alone.
pcDNA3.11 plasmid DNA (Invitrogen) was added to make the total quantity of
DNA 300 ng per well. Following 4 h of Lipofectamine treatment, cells were
washed with fresh medium and allowed to recover for 24 h. Following recovery,
cells were lysed and luciferase assays were performed with a Turner 20/20
luminometer and the Dual-Luciferase Reporter Assay System in accordance with
the manufacturer’s (Promega, Madison, Wis.) suggestions. As a control for
transfection efficiency, all conditions included cotransfection with 3 ng of Renilla
luciferase control plasmid driven by the RSV promoter (RSV-pRL). In all

experiments, firefly luciferase values were normalized to Renilla luciferase activ-
ity. For treatment with histone deacetylase (HDAC) inhibitors, CHO cells were
cultured following Lipofectamine treatment in a medium containing either 75
nM trichostatin A (TSA) or 2.5 mM suberoylanilide hydroxamic acid (SAHA).
Where indicated, cells were cotransfected with pCMV-Myc/nuc constructs ex-
pressing nucleus-targeted TIEG2 R1, TIEG2 R1m, and PAH2 of mSin3A or
FLAG-tagged full-length mSin3A. Studies were performed in triplicate in at
least three independent experiments with similar results.

GST fusion protein purification, in vitro translation, and pulldown assays.
GST and GST fusion protein expression was induced in BL21 cells (Stratagene)
by the addition of 2 mM isopropyl-b-D-thiogalactopyranoside and incubation for
2 h. Cells were lysed and subsequently purified by using glutathione Sepharose
4B affinity chromatography in accordance with the manufacturer’s (Pharmacia)
suggestions. For GST pulldown assays using cell extracts, approximately 5 3 106

CHO cells were labeled with [35S]methionine for 4 h at 37°C and lysed at 4°C for
20 min in lysis buffer (150 mM NaCl, 0.5% Nonidet P-40, 50 mM Tris-HCl [pH
7.5], 20 mM MgCl2) supplemented with Complete Protease Inhibitor cocktail
(Roche/Boehringer Mannheim, Indianapolis, Ind.). Cell extracts were precleared
by incubation with GST and glutathione-conjugated Sepharose beads for 30 min
at 4°C, followed by centrifugation at 500 3 g for 5 min. The supernatant was
transferred to fresh tubes and incubated with GST, GST-Nterm, GST-R1, GST-
R2, or GST-R3 and additional glutathione-conjugated Sepharose beads for 2 h
at 4°C. Complexes were pelleted by centrifugation at 500 3 g for 5 min, washed
five times with lysis buffer, and separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). The gel was treated with AutoFluor (Na-
tional Diagnostics, Atlanta, Ga.), dried, and exposed for autoradiography at
280°C. Where indicated, pulldown assays using unlabeled CHO cells were per-
formed as described above. Complexes were pelleted, separated by SDS-PAGE,
and transferred to a polyvinylidene difluoride membrane for Western blot anal-
ysis using rabbit polyclonal antibody against mSin3A or goat polyclonal antibody
against HDAC1 (Santa Cruz Biotechnology, Santa Cruz, Calif.), anti-rabbit or -goat
peroxidase-conjugated secondary antibodies (Sigma, St. Louis, Mo.), and Lumilight
(Roche/Boehringer Mannheim). The [35S]methionine-labeled, FLAG-tagged full-
length mSin3A and mSin3A deletion constructs were produced by in vitro transla-
tion using the TNT coupled transcription-translation system under the conditions
described by the manufacturer (Promega). GST pulldown assays using the in
vitro-translated proteins was performed as described above for the cell extracts.

Immunoprecipitation and Western blot analysis. To detect TIEG2 and mSin3A
interaction, approximately 5 3 106 CHO cells were transiently transfected with
10 mg of the FLAG-tagged full-length TIEG2 plasmid using Lipofectamine. At
24 h posttransfection, cells were washed once with phosphate-buffered saline,
harvested, and lysed in lysis buffer for 30 min at 4°C. Immunoprecipitations were
performed by using anti-FLAG M2 agarose-conjugated antibody (Sigma). To
detect the interaction between endogenous TIEG2 and mSin3A, 107 CHO cells
were harvested and lysed and immunoprecipitations were carried out with anti-
TIEG2 monoclonal antibody (Transduction Laboratories, Lexington, Ky.) and
protein G-agarose beads (Santa Cruz Biotechnology). Whole-cell lysates and
immunoprecipitated samples were separated by SDS-PAGE, transferred to poly-
vinylidene difluoride membranes, and analyzed by Western blot assay for mSin3A
and HDAC1 coimmunoprecipitation as described above for GST pulldown as-
says. For detection of endogenous TIEG2 in immunoprecipitated samples,
affinity-purified rabbit polyclonal anti-TIEG2 antibody was used (generated
by Research Genetics, Huntsville, Ala.). To determine the expression levels
of GAL4 constructs, 5 3 106 CHO cells were transfected for 24 h with 5 mg of
GAL4 effector plasmids expressing various repressor domains. Cells were met-
abolically labeled with [35S]methionine prior to lysis, and immunoprecipitations
were carried out by using anti-GAL4 DBD agarose-conjugated antibodies (Sig-
ma). Immunocomplexes were separated by SDS-PAGE and subjected to auto-
radiography. For control of nucleus-targeted expression constructs, 5 3 106

CHO cells were transiently transfected with 10 mg of Myc-nuc constructs and
immunoprecipitations were performed by using anti-Myc epitope polyclonal
antibodies (Santa Cruz Biotechnology). Immunocomplexes were separated by
SDS-PAGE and subjected to Western analysis by using mouse monoclonal anti-
Myc epitope antibodies (Santa Cruz Biotechnology) as performed for GST pull-
down complexes.

Peptide synthesis and far-UV CD spectroscopy. All peptides for CD analysis
were synthesized and purified by Bio-Synthesis Inc. (Lewisville, Tex.). The se-
quences for the wild-type mouse Mad1 SID, TIEG2 R1, and BTEB3 SID-like
domains are GMNIQLLLEAADYLER, ILEQTDMEAVEALVCMSS, and
AAAYVDHFAAECLVSM, respectively. Mutant peptides of these sequences
contained prolines in place of the underlined residues. Peptide concentrations
for far-UV CD measurements were determined by using the Edelhoch method
(11). Briefly, aliquots of each peptide were added to 8 M guanidine hydrochlo-
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ride (GdHCl) for a final concentration of 6 M GdHCl. The absorption spectrum
of the resulting solutions was measured over a range 240 to 400 nm by using
a CARY 2200 (Varian) spectrophotometer and corrected for turbidity when
necessary. Subsequently, the A280 (tryptophan-containing peptides) and A272

(tyrosine-containing peptides) were used along with published values of the
molar absorptivity of tryptophan and tyrosine in 6 M GdHCl to calculate peptide
concentrations. The concentration of the TIEG2, BTEB3, and Mad1-SID mu-
tant peptides was 200 mM, and that of the MAD1-SID wild-type peptide was
30 mM. Far-UV (180 to 250 nm) CD spectra were obtained at 0, 20, and 50%
trifluoroethanol (TFE) by using a J-710 spectropolarimeter (JASCO) with U-
type cells and a path length of 0.0148 cm (TIEG2 R1 and BTEB3) or 0.048 cm
(Mad1 SID). Typically, three spectra were accumulated and subsequently aver-
aged, except for the wild-type Mad1 SID, for which smoothing was also per-
formed. Spectra were recorded by using a scan speed of 20 nm/min, a response
time of 2 s, and a bandwidth of 2 nm.

RESULTS

Identification of a 160-kDa protein as a putative corepressor
for TIEG2 R1. TIEG2 contains a potent transcriptional repres-
sion domain (R1) containing the minimal 17-aa sequence (aa
24 to 41) located within the N-terminal region. R1 is structur-
ally and functionally conserved between TIEG1 and TIEG2
(5). In this study, we have investigated the molecular mecha-
nisms underlying the function of R1 by initially focusing on the
TIEG2 protein. To identify a corepressor(s) that may mediate
the repression function of this domain, we performed GST
pulldown assays with cells prelabeled with [35S]methionine us-
ing GST fusion proteins containing the repression domains of
TIEG2. Figure 1A reveals that a 160-kDa protein specifically
binds to R1 and the N terminus of TIEG2 but not to GST
alone or to R2 and R3. This result suggests that this 160-kDa
protein specifically interacts with R1.

Based on a low-resolution secondary-structure prediction
algorithm, we previously proposed that R1 adopts an a-helical
conformation (5). Thus, we studied the effect of proline mu-
tagenesis, which disrupts a-helix formation, on the binding of
R1 to the 160-kDa protein. The minimal repressor sequences
of wild-type and mutant R1 are shown in Fig. 1B. Mutant R1
has the residues glutamic acid (aa 29) and alanine (aa 30)
mutated to prolines. By using GST pulldown analysis, we dem-
onstrate that proline mutations in R1 abolish its ability to
interact with the 160-kDa protein (Fig. 1C). In addition, we
used the GAL4-based transcriptional reporter assay to deter-
mine what effect proline mutagenesis has on R1-mediated re-
pression. For this purpose, we cotransfected CHO cells with
plasmids carrying either wild-type or mutant R1 fused to the
yeast GAL4 DBD (GAL4-R1 and GAL4-R1m, respectively)
and a GAL4 reporter vector. Figure 1D shows that mutant R1,
expressed at a level similar to that of wild type R1, completely
lost its ability to repress transcription. This result suggests that
R1 of TIEG2 requires a functional interaction with the 160-
kDa protein to repress gene expression.

A common mechanism used to repress transcription is the
posttranslational modification of histone proteins, which re-
sults in changes in chromatin structure. To determine if R1 of
TIEG2 utilizes HDAC activity to repress transcription, we
performed a GAL4-based transcriptional reporter assay in the
presence of two known HDAC inhibitors. The data presented
in Fig. 1E show that both TSA and SAHA relieve the R1-
mediated repression by two- and threefold, respectively, in a
manner similar to the well-characterized transcription factor
Mad1 (data not shown). To control for the inhibitory effects of

TSA and SAHA on the basal promoter, we normalized the rel-
ative luciferase activity of GAL4-R1 to that of the GAL4 DBD
alone in order to determine the net effect of the HDAC inhib-
itors on R1-mediated repression. The results of this experi-
ment suggest that HDAC activity is important for R1-mediated
repression. We therefore hypothesized that the 160-kDa pro-
tein functions as a corepressor with R1 and, furthermore, that
the repression mediated by R1 involves HDAC activity.

Identification of the 160-kDa protein as mSin3A. Among the
previously described corepressor proteins, mSin3A has a mo-
lecular mass of approximately 160 kDa, which correlates well
with the size of the R1 binding protein identified in Fig. 1A. In
addition, mSin3A is present in a corepressor complex contain-
ing HDAC1 and HDAC2. To test directly whether the 160-
kDa R1 binding protein is mSin3A, we performed a GST pull-
down assay using CHO cell lysates and Western blot analysis.
Figure 2A shows that antibodies against mSin3A specifically
recognize a single band of 160 kDa on a Western blot of sam-
ples pulled down with GST-R1 and GST-Nter. In addition, we
found that a deletion mutant expressing only R2 and R3 (aa 42
to 371) does not pull down mSin3A (data not shown). As a
control, a band of the same size was also detected in whole-cell
lysates prior to the pulldown assay but not in samples pulled
down with GST. These results suggest that CHO cells consti-
tutively express mSin3A and that this protein can specifically
interact with TIEG2 through its R1 domain. In addition, Fig.
2B shows that HDAC1 also is associated with TIEG2 R1.
Thus, HDAC1 appears to reside in the same complex with
mSin3A and TIEG2. The R1-mSin3A interaction remained
stable in lysis buffer containing up to 300 mM NaCl (data not
shown). Taken together, these data suggest that recruitment of
the mSin3A corepressor complex is the mechanism of TIEG2
R1-mediated repression.

Endogenous mSinA is associated with TIEG2 in vivo. To
address the question of whether full-length TIEG2 interacts
with mSin3A in intact cells, we transfected a plasmid express-
ing full-length TIEG2 cloned in frame with the FLAG epitope
(FLAG-TIEG2) into CHO cells and performed an immuno-
precipitation assay. We detected the presence of TIEG2 and
mSin3A in the immunocomplex by Western blot analysis using
anti-TIEG2 and mSin3A antibodies, respectively. Figure 3A
shows that TIEG2 and mSin3A are specifically precipitated by
using the anti-FLAG antibody from cells transfected with the
FLAG-TIEG2 plasmid but not in control cells transfected with
the parental FLAG vector. This result indicates that overex-
pression of full-length TIEG2 can interact with endogenous
mSin3A in mammalian cells. To further analyze the physiolog-
ical relevance of this interaction, we performed immunopre-
cipitation and Western blot analysis of nontransfected CHO
cells. The result, shown in Fig. 3B, reveals that endogenous
TIEG2, immunoprecipitated by an anti-TIEG2 monoclonal
antibody, and endogenous mSin3A are associated with each
other. Taken together, these data show that TIEG2 interacts
with Sin3A both in vitro and in vivo.

mSin3A is required for TIEG2 R1-mediated repression ac-
tivity. To further investigate the functional role of mSin3A in
R1-mediated repression, we performed GAL4-based competi-
tion assays. We first examined whether nucleus-targeted over-
expression of R1, which should compete with GAL4-R1 for
any titratable factor involved in transcriptional repression (e.g.,
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mSin3A), is sufficient to abolish GAL4-R1-mediated transcrip-
tional repression. For this purpose, CHO cells were cotrans-
fected with GAL4-R1 and increasing amounts of a plasmid
containing wild-type or mutant R1 fused to the potent nuclear
localization signals (Nuc-R1 and Nuc-R1m, respectively) of
the pCMV/myc/nuc vector. A schematic representation of
each construct used is shown in Fig. 4A. Figure 4B shows that
GAL4-R1 exhibits strong repression activity (lane 4), as pre-
viously shown in Fig. 1D. Cotransfection of Nuc-R1 relieved
the repression activity of GAL4-R1 (lane 5). However, cotrans-
fection of the Nuc-R1m construct had no effect on repression
activity (lane 6). As a control, we show that Nuc-R1 and Nuc-
R1m are expressed at comparable levels and have no signifi-

cant effect on the reporter activity of the control GAL4 vector
alone (lanes 2 and 3, respectively).

A defining feature of corepressor proteins is their ability to
stimulate the repression activity of their target transcription
factors. We next examined the ability of full-length mSin3A to
enhance R1-mediated transcriptional repression by using the
GAL4 reporter assay. As shown in Fig. 4C, we first inhibited
GAL4-R1-induced transcriptional repression partially by co-
transfection with Nuc-R1 (lane 5), similar to the result shown
in Fig. 4B. We then cotransfected full-length mSin3A to de-
termine if this protein could restore GAL4-R1-mediated re-
pression. Indeed, overexpression of full-length mSin3A signif-
icantly restored the repression activity of GAL4-R1 (lane 6).

FIG. 1. Identification of a 160-kDa protein as a putative corepressor for TIEG2 R1. (A) Pulldown assays of [35S]methionine-labeled CHO cells
were performed as described in Materials and Methods, by using purified GST fusion proteins expressing the N terminus, R1, R2, or R3 of TIEG2.
Note that a 160-kDa protein is present in complexes pulled down by the N terminus and R1 of TIEG2 (asterisks) but not by R2 or R3. Protein
molecular weight markers are shown on the left. (B) Wild-type TIEG2 R1 corresponds to aa 1 to 79, containing the minimum repressor sequence
(aa 24 to 41). Mutant R1 (R1m) contains a double-proline substitution (arrowheads) at positions 29 and 30 (DE29P and DA30P). (C) Comparative
pulldown assay of [35S]methionine labeled CHO cells using GST fusion proteins expressing R1 or R1m. The 160-kDa protein (asterisk) is present
in the complex pulled down by wild-type R1 but not by mutant R1. Protein molecular size markers are shown on the left. (D) The GAL4 DBD
alone or fused with wild-type R1 (GAL4-R1) or mutant R1 (GAL4-R1m) was cotransfected into CHO cells along with reporter plasmids as described
in Materials and Methods. Relative luciferase activities determined by using the reporter construct with the GAL4 DBD alone and TIEG2
constructs are plotted. Note that potent repression activity is associated with GAL4-R1 but not with GAL4-R1m. To control for expression of the
GAL4 constructs, we performed GAL4 immunoprecipitation assays of transfected, [35S]methionine-labeled CHO cells. Note that the levels of GAL4 R1
and GAL4 R1m expression are comparable. (E) The GAL4 reporter assay using GAL4-R1 in the presence of the HDAC inhibitors TSA and
SAHA was performed as described in Materials and Methods. The repression activity of GAL4-R1 in the presence of TSA and SAHA is normalized
to that of the GAL4 DBD alone under the same treatment. Note that TSA and SAHA significantly relieved the repression activity of GAL4-R1.
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As a control, cotransfection of either mSin3A or mSin3A and
Nuc-R1 with the GAL4 DBD vector alone had no significant
effect on reporter activity (lanes 2 and 3, respectively). There-
fore, these data suggest that mSin3A functions as a corepressor
with TIEG2 and is required for R1-mediated transcriptional
repression.

TIEG2 R1 interacts with PAH2 of mSin3A. The mSin3A
protein is highly modular and contains four PAH domains that
mediate protein-protein interactions with distinct transcription

factors and HDAC proteins to modify chromatin structure. To
determine which region(s) of mSin3A is required for interac-
tion with R1, we performed pulldown assays by using GST-R1
and in vitro-translated, [35S]methionine-labeled mSin3A pro-

FIG. 2. Interaction of TIEG2 and mSin3A in vitro. (A) A GST
pulldown assay using GST fusion proteins and unlabeled CHO cell ex-
tracts combined with Western blot analysis was used to analyze TIEG2-
interacting proteins. The anti-mSin3A antibody recognizes a single
band of approximately 160 kDa (arrow) in complexes pulled down by
GST-R1 and GST-Nter but not by GST alone. As a control, a band of
the same size is also observed in whole-cell lysate (WCL; 20 mg per lane)
prior to pulldown. (B) The pulled-down complexes were also subjected
to Western blot analysis using anti-HDAC1 antibody. The antibody
recognizes a single band of approximately 50 kDa (arrow) in com-
plexes pulled down by GST-R1 and GST-Nter, but not by GST alone,
which is consistent with the size of HDAC1. As a control, a band of the
same size is also observed in whole-cell lysate (20 mg per lane) prior to
pulldown. The values on the left are molecular sizes in kilodaltons.

FIG. 3. Endogenous mSin3A interaction with TIEG2. (A) CHO
cells transfected with FLAG epitope-tagged full-length TIEG2 (FLAG-
TIEG2) and the parental vector (FLAG vector) were subjected to immu-
noprecipitation (IP) with anti-FLAG antibody as described in Mate-
rials and Methods. The immunocomplexes were analyzed by Western
blot analysis with antibodies against mSin3A and TIEG2 (arrows).
Note that mSin3A is present in the immunocomplexes from cells
transfected with FLAG-TIEG2 but not the FLAG vector. (B) Immu-
noprecipitation from untransfected CHO cell lysates using anti-TIEG2
antibody. The immunocomplexes were analyzed for endogenous mSin3A
and TIEG2 by Western blot analysis as in panel A. Note that endogenous
mSin3A is present in the complex immunoprecipitated with a TIEG2-
specific antibody. The values on the left are molecular sizes in kilodaltons.

FIG. 4. mSin3A is required for R1-mediated repression. (A) Sche-
matic diagram of expression vectors carrying the GAL4 DBD, GAL4-
R1, and R1 and R1m fused with the Myc epitope and the three tandem
nuclear localization signals (NLS) of the pCMV/Myc/nuc vector (Nuc-
R1 and Nuc-R1m, respectively). (B) CHO cells were cotransfected as
indicated with various effector plasmids along with reporter constructs.
Basal transcriptional activity was determined by using the GAL4 re-
porter and the GAL4 DBD alone (lane 1). GAL4-R1 exhibits strong
repression activity (lane 4), as shown in Fig. 1D. Cotransfection with
Nuc-R1 led to a release of R1-mediated repression (lane 5). Cotrans-
fection with Nuc-R1m had no effect on the repression activity of R1
(lane 6). Nuc-R1 and Nuc-R1m had no significant effect on reporter
activity compared to that of GAL4 DBD alone (lanes 2 and 3, respec-
tively). To control for expression of nucleus-targeted constructs, we
performed immunoprecipitation and Western blot analysis by using
anti-Myc antibodies. Note that the expression levels of Nuc-R1 (lanes
2 and 5) and Nuc-R1m (lanes 3 and 6) are comparable. (C) GAL4
assays were performed as in panel B, along with an expression vector
carrying FLAG epitope-tagged full-length mSin3A. Note that addition
of mSin3A partially restored the GAL4-R1-mediated repression activ-
ity that was relieved by Nuc-R1 (lane 6). As a control, we showed that
mSin3A, alone or cotransfected with Nuc-R1, has no significant tran-
scriptional activity (lanes 2 and 3, respectively).
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tein fragments. A detailed map of each construct is shown in
Fig. 5A. Figure 5B shows that R1 interacts with the full-length
mSin3A protein (PAH1 to -4) and mSin3A deletion proteins
containing PAH1 and-2 and PAH1 to-3, but not PAH1 and the
luciferase control, suggesting that R1 interacts with the PAH2
domain of mSin3A. To determine whether the PAH2 region
alone is sufficient to bind R1, we performed pulldown assays by
using mSin3A constructs containing the individual PAH do-
mains. The results in Fig. 5C show that GST-R1 directly binds
only PAH2 and full-length mSin3A. Furthermore, Fig. 5D
shows that mutations in R1 abolish its ability to bind PAH2,
which is consistent with the data shown in Fig. 1C for full-
length mSin3A binding. Therefore, we conclude that the
PAH2 domain of mSin3A is sufficient to mediate specific in-
teraction with TIEG2 R1 in vitro.

To further study the in vivo participation of the PAH2 do-
main of mSin3A in R1-mediated repression, we performed
GAL4-based competition assays by using a nucleus-targeted
PAH2 domain (Nuc-PAH2). The HDAC1 or -2 binding region
of mSin3 is located between PAH3 and PAH4 (20) and is
required for mSin3A-mediated repression. We hypothesized
that nuclear overexpression of the PAH2 domain alone should
compete with binding of endogenous mSin3A to R1 and re-
lieve R1-mediated repression. Indeed, Fig. 5E shows that over-
expression of Nuc-PAH2 results in a dose-dependent release
of GAL4-R1-mediated repression but exhibits no significant
effect on the reporter activity of the GAL4 vector alone. This
suggests that although PAH2 does not possess active repres-
sion activity, it is sufficient to mediate the interaction between
mSin3A and R1. Therefore, based on these data, together with
the results shown in Fig. 4C, we conclude that the interaction
between TIEG2 R1 and PAH2 is necessary for R1-mediated
repression through mSin3A-HDACs.

The a-helical structure is conserved in the TIEG and BTEB
subfamily of Sp1-like repressor proteins. We have previously
shown that the TIEG proteins function as potent transcrip-
tional repressors (5). To understand the mechanisms used by
Sp1-like proteins to regulate cell growth and differentiation, we
have identified two novel Sp1-like proteins that belong to the
BTEB subfamily, BTEB3 (Kaczynski et al., unpublished data)
and BTEB4 (Conley et al., unpublished data). Interestingly, we
have found that the primary sequence is conserved not only in
R1 of TIEG1 and TIEG2 but also in the N terminus of the
BTEB proteins. In Fig. 6A, we compare these conserved se-
quences with the Mad1 SID and the PAH2 interaction con-
sensus sequence as defined by Brubaker et al. Note that the
Sp1-like proteins analyzed display amino acid identity at four
residues (asterisks) and that a core sequence is conserved
between these Sp1-like proteins and the Mad1 SID and PAH2
interaction consensus sequence (shaded residues). As men-
tioned earlier, a low-resolution secondary-structure prediction
algorithm had previously allowed us to propose that R1 of
TIEG2 adopts an a-helical conformation (5). We have ana-
lyzed and compared the secondary structure of the conserved
domains within the TIEG and BTEB proteins by using the
PSIpred V2.0 Server and found that the putative a-helical
nature is also conserved (Fig. 6A, underlined residues). To
determine whether these domains could adopt an a-helical
conformation, we measured the CD spectra of synthesized
peptides from representative members of the Sp1-like subfam-

ilies (TIEG2 and BTEB3). Each wild-type peptide was ana-
lyzed along with a peptide containing proline substitutions (as
indicated in Materials and Methods). In the case of the TIEG2
R1 peptide, the proline mutations are identical to the R1
mutant used in GST pulldown assays. Each peptide was mea-
sured in 20 mM phosphate buffer (pH 7.2) containing 0, 20, or

FIG. 5. Mapping of the TIEG2 R1-interaction domain of mSin3A.
(A) Schematic representation of vectors expressing either full-length
or various deletion mutant forms of mSin3A. (B) We performed pull-
down assays by using GST-R1 with in vitro-translated, [35S]methio-
nine-labeled proteins expressing various deletion constructs of mSin3A, as
indicated. The input (100%) of the in vitro-translated proteins is shown
at the top, and the pulldown complexes are shown at the bottom. Note
that GST-R1 interacts with the mSin3A constructs PAH1–4, PAH1–3,
and PAH1–2. (C) A pulldown assay was performed by using GST-R1
with in vitro-translated individual PAH domains of mSin3A. The input
(25%) of in vitro-translated proteins is shown at the top, and the pull-
down complexes are shown at the bottom. Note that GST-R1 interacts
only with full-length mSin3A and PAH2 and not with the other PAH
domains. GST alone, used as a control, does not interact with full-length
mSin3A. (D) A pulldown assay using GST-R1, GST-R1m, and GST alone
with in vitro-translated, [35S]methionine-labeled PAH2 was performed.
Note that PAH2 is pulled down only by R1 and not by mutant R1 or GST
alone. (E) GAL4 reporter assay showing the squelching effect of nu-
cleus-targeted PAH2 on R1-mediated repression. The relative lucif-
erase activity of GAL4-R1 cotransfected with increasing concentrations
of Nuc-PAH2 is plotted. Nuclear overexpression of PAH2 does not affect
significantly the basal promoter activity of the reporter mediated by the
GAL4 DBD alone but significantly reduces GAL4-R1-mediated re-
pression activity.
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50% TFE. In the absence of TFE, all of the peptides studied
lacked secondary structure (Fig. 6B). At TFE concentrations
of 20 and 50%, the TIEG2 R1, BTEB3, and Mad1 SID pep-
tides adopt a helical conformation, as indicated by the strong
negative peaks at 208 and 222 nm in the CD spectra. In con-
trast, the peptides containing proline substitutions display little
or no induced helical structure at the same TFE concentra-
tions. It should be noted that the wild-type Mad1 SID aggre-
gates at concentrations of greater than 30 mM (data not

shown), which is consistent with the finding that the Mad1 SID
aggregates in solution at concentrations required for nuclear
magnetic resonance (NMR) analysis (4). The CD data suggest
that the TIEG2 R1 and BTEB3 peptides have a tendency sim-
ilar to that of the Mad1 SID to adopt an a-helical conformation
(10). Taken together, these results suggest not only that the pri-
mary sequence is homologous between the TIEG and BTEB
proteins but also that the secondary helical structure is conserved.

The conserved a-HRM motif is sufficient to mediate mSin3A
interaction and repression. The sequence homology and CD
data shown above suggest that the conserved a-helical domain
is a general mechanism by which Sp1-like proteins interact with
the corepressor mSin3A. To test this hypothesis, we performed
GST pulldown assays by using GST fusion proteins containing
the conserved domains of the Sp1-like proteins and in vitro-
translated, [35S]methionine-labeled full-length mSin3A. The re-
sults shown in Fig. 7A demonstrate that the conserved a-heli-
cal domains from TIEG1, BTEB1, BTEB3, and BTEB4 pulled
down mSin3A, similar to TIEG2 R1 and the Mad1 SID. This
result demonstrates that these conserved a-helical motifs are
sufficient to mediate interaction with mSin3A. In addition, we
determined whether these conserved domains are sufficient to
mediate transcriptional repression. For this purpose, we per-
formed the GAL4 reporter assay by using GAL4 constructs ex-
pressing the conserved a-helical motifs from TIEG1, BTEB1,
BTEB3, and BTEB4. Figure 7B shows that these motifs are
potent repressors of transcription similar to TIEG2 R1 and the
Mad1 SID when expressed at comparable levels. Thus, our
data suggest the presence of a conserved a-helical repression
motif (a-HRM) in the TIEG and BTEB subfamilies of Sp1-
like proteins that mediates transcriptional repression activity
through interaction with the corepressor mSin3A.

DISCUSSION

The present report describes the identification and func-
tional characterization of the a-HRM, a novel mSin3A-inter-
acting domain that is conserved in several Sp1-like transcrip-
tional repressors. This study originated from the observation
that R1 of TIEG2 binds mSin3A with high affinity. Indeed,
detailed biochemical and functional analyses have demon-
strated that the TIEG2 a-HRM domain interacts specifically
with the PAH2 domain of mSin3A to repress transcription.
Interestingly, we had previously proposed that R1 (a peptide
containing the a-HRM domain) had the potential to adopt an
a-helical conformation based on secondary-structure predic-
tion algorithms (5). In this study, by using CD analysis, we
confirmed that, indeed, this domain has the propensity to form
an a-helix. In addition, we showed that an a-helical SID similar
to the TIEG a-HRM domains is conserved in the N termini of
BTEB1, BTEB3, and BTEB4. Thus, our data demonstrate that
this a-HRM domain is a defining structural and functional
feature of these Sp1-like transcription factors, linking the func-
tion of these proteins to HDAC-mediated transcription repres-
sion via mSin3A binding (15).

A striking finding of this study is that the a-HRM domain of
the Sp1-like proteins shows some structural and functional
resemblance to the SID previously described in the basic helix-
loop-helix protein Mad1 (12). Members of the Mad family of
repressor proteins interact with the PAH2 domain of mSin3A

FIG. 6. A conserved a-helical motif is present in TIEG and BTEB
proteins. (A) Sequence alignment of regions in the TIEG and BTEB
proteins homologous to TIEG2 R1. Identical residues within this re-
gion of these Sp1-like proteins are indicated by asterisks. The amino
acid residues corresponding to the conserved a-helical region are un-
derlined. The consensus sequence is shown below. For comparison, the
mouse Mad1 SID, along with the PAH2 interaction motif, as defined
by Brubaker et al. (4), is included. Note that the sequences outside the
AAXXL core (shaded residues) differ significantly between the Sp1-
like proteins and the Mad1 SID. (B) CD analysis of peptides contain-
ing consensus sequences from TIEG2 R1, BTEB3, the Mad1 SID, and
their respective mutant forms was performed as described in Materials
and Methods. Note that the wild-type peptides are random coils in the
absence of TFE (thin line) but become helical in the presence of 20%
(dashed line) and 50% (thick line) TFE, as evidenced by the strong
negative peaks at 208 and 222 nm. This trend is not observed in the mu-
tant peptides, which remain largely unstructured under the same con-
ditions. The spectrum of each peptide represents the average of three
scans. Smoothing was performed for the wild-type Mad1 SID only.
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via the SID located at the amino terminus (1). CD and muta-
tional analyses demonstrated that the Mad1 SID adopts an
amphipathic a-helical conformation in solution and that this
a-helical structure is necessary for interaction with PAH2 (12).
More recently, the prediction of the helical nature of the Mad1
SID was directly confirmed through the use of NMR by solving

the solution structure of the Mad1 SID bound to the PAH2
domain (4). Both domains undergo mutual folding transitions
upon complex formation, thus generating an unusual left-
handed, four-helix bundle structure in the PAH2 domain and
an amphipathic a-helix in the Mad1 SID. Based on the high-
resolution NMR structure of the PAH2-SID complex, in con-
junction with mutational sequence analysis, a PAH2 domain-
interacting sequence motif was proposed (4), providing, for the
first time, a unique example of a short structural motif that is
involved in the interaction of Mad-like proteins with mSin3A.
Thus, these studies demonstrated that the SID is a distinct
characteristic of this helix-loop-helix subfamily of proteins.

The fact that the TIEG2 a-HRM and the Mad1 SID interact
with the same PAH2 domain prompted us to investigate
whether these peptides share structural similarities that may
explain these interactions. Although BLAST (http://www.ncbi
.nlm.nih.gov/BLAST) searches failed to find similarities be-
tween the a-HRM and the Mad1 SID, a forced sequence
comparison done by using the BoxShade program revealed a
low level of homology between the TIEG2 a-HRM and the
Mad1 SID. This homology extends to both the presence of a
core consensus sequence, AA/VXXL (Fig. 6A, shaded resi-
dues), and similar helical propensities (Fig. 6B). However, Fig.
6A shows that there are distinct sequence differences among
these proteins outside of the AA/VXXL core (Fig. 6A). Note
that overall, the a-HRM domains of the TIEG and BTEB
proteins are more similar to each other than to the Mad1 SID.
This poor sequence homology outside of the conserved core
can explain, at least in part, why database searches done with
the Mad1 SID were unable to identify the a-HRM of the Sp1-
like proteins. Nevertheless, in spite of this difference, the data
presented in this report demonstrate that both types of se-
quences function as a binding site for the PAH2 domain of
Sin3A and underscore the importance of detailed biochemical
characterizations in guiding functional domain annotation. We
do not know whether the PAH2 domain adopts a similar con-
formation upon binding to the a-HRM of TIEG2 compared to
the Mad1 SID. Ongoing structural studies in our laboratory are
aimed at defining this interaction. The results of these studies
should be helpful in defining the structural bases for the inter-
actions of different repressors with mSin3A and may eventually
offer the possibility of predicting such interactions.

It is also important to discuss the potential impact of our
results on the understanding of the functional properties of
Sp1-like proteins. The activation function of several Sp1-like
proteins has been extensively characterized. The picture emerg-
ing from these studies suggests that activation domains within
these proteins interact with specific coactivator proteins to
regulate either the basal transcriptional machinery or chroma-
tin structure. However, the mechanism(s) of Sp1-like repressor
proteins is much less well understood. Of the known Sp1-like
repressors, only the molecular mechanisms of BKLF and the
closely related protein BKLF3/KLF8, both of which associate
with the mCtBP2 corepressors, have been reported (33, 35). A
short consensus motif (PVDLS/T) in BKLF and BKLF3 ap-
pears to be required for the interaction of BKLF proteins with
mCTBP2 (33, 35). However, it has not been shown if these
short motifs are sufficient to mediate the interaction of these
proteins with the corepressor and thus mediate transcriptional
repression. It is possible that this domain recruits HDAC via

FIG. 7. The a-HRM is sufficient to mediate interaction with mSin3A
and repress transcription. (A) Pulldown assay using GST fusion pro-
teins expressing the a-HRM from TIEG proteins, BTEB proteins, the
Mad1 SID, and in vitro-translated, [35S]methionine-labeled full-length
mSin3A was performed. Following separation by SDS-PAGE, pulled
down complexes were Coomassie stained to show equal input of fusion
proteins (top) and exposed for autoradiography to reveal the presence
of [35S]methionine-labeled mSin3A (bottom). Lane 1 shows 50% input
of in vitro-translated mSin3A. Note that the a-HRM from TIEG1 and
BTEBs (lanes 3 to 6) interacts with mSin3A, similar to TIEG2 R1
(lane 8) and the Mad1 SID (lane 7). Protein molecular size markers
(lane 9) are shown on the right (sizes are in kilodaltons). (B) GAL4
reporter assays with the a-HRMs from TIEG proteins, BTEB proteins,
and the Mad1 SID were performed as described in Materials and
Methods. The relative luciferase activities of the GAL4 DBD alone
and that of the GAL4 DBD fused with different a-HRMs are plotted
as a histogram. Note that the a-HRMs from TIEG1 and BTEB pro-
teins strongly repress transcription, similar to TIEG2 R1 and the Mad1
SID. As shown previously, TIEG2 R1m does not exhibit any repression
activity. To control for expression of the GAL4 constructs, we per-
formed GAL4 immunoprecipitation (IP) assays with transfected, [35S]
methionine-labeled CHO cells. Note that the expression levels of all of
the GAL4 constructs are comparable.
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mCTBP2 to silence the expression of target genes, although
more studies are needed to test the validity of this hypothesis.
Thus, the present study also expands our understanding of the
molecular mechanism underlying the function of Sp1-like tran-
scription repressors by defining a novel mechanism that is
utilized by at least two subfamilies of Sp1-like proteins (TIEG
and BTEB).

In conclusion, we have shown that, similar to Mad1, five Sp1-
like transcriptional repressors, TIEG1, TIEG2, BTEB1, BTEB3,
and BTEB4, contain an a-HRM that functions as a SID. In
addition, we have demonstrated that this motif acts as a tran-
scriptional repressor domain in vivo. It is important to empha-
size that the TIEG and BTEB proteins are the first Sp1-like
transcription factors shown to repress gene expression via the
mSin3A-HDAC corepressor complex. More significantly, our
study demonstrates that the a-HRM of Sp1-like repressors, in
addition to the SID of the Mad subfamily of basic helix-loop-
helix proteins, represents a broader mechanism for transcrip-
tional repression. Together, these results extend our knowl-
edge of the repertoire of molecular motifs used by mammalian
cells to mediate repressor-corepressor interactions.
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