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ABSTRACT YY1 is a mammalian zinc-finger transcrip-
tion factor with unusual structural and functional features. It
has been implicated as a positive and a negative regulatory
factor that binds to the CCATNTT consensus DNA element
located in promoters of many cellular and viral genes. A
mammalian cDNA that encodes a YY1-binding protein and
possesses sequence homology with the yeast transcriptional
factor RPD3 has been identified. A Gal4 DNA binding do-
main–mammalian RPD3 fusion protein strongly represses
transcription from a promoter containing Gal4 binding sites.
Association between YY1 and mammalian RPD3 requires a
glycine-rich region on YY1. Mutations in this region abolish
the interaction with mammalian RPD3 and eliminate tran-
scriptional repression by YY1. These data suggest that YY1
negatively regulates transcription by tethering RPD3 to DNA
as a cofactor and that this transcriptional mechanism is
highly conserved from yeast to human.

Transcriptional activation and repression are now well embed-
ded in our understanding of gene regulation in mammalian
cells. However, while great advances have been made toward
understanding activation, much less is known concerning the
mechanism of repression. For example, during the last two
decades, a large number of genes have been identified that
encode mammalian DNA binding transcription factors that
activate the initiation of mRNA synthesis. In contrast, rela-
tively fewmammalian proteins have been found that negatively
regulate transcription. In addition, while a great deal of effort
has been devoted in understanding how protein–protein in-
teractions mediate transcriptional activation, there are gaps in
our knowledge concerning protein–protein interactions that
mediate transcriptional repression.
YY1 (also known as d, NF-E1, UCRBP, or CF1) (1–5) is a

mammalian zinc-finger transcription factor that binds to and
regulates positively or negatively a variety of cis DNA elements
located in viral and cellular promoters. Repression of tran-
scription by YY1may play an important role in cell growth and
differentiation (6, 7) and, therefore, provides an ideal system
in which to study repression mechanisms in mammalian cells.
Previously, we and a number of other groups have used the
yeast two-hybrid screen along with biochemical methods to
identify cellular proteins that interact with YY1. YY1-binding
proteins so far identified include transcription factor Sp1 (8, 9),
the oncoprotein c-myc (10), the nucleolar phosphoprotein B23
(11), cyclophilin A (12), FK506-binding protein (12), p300
(13), TAFII55 (14), ATFyCREB (15), and basal transcription
factors TATA-binding protein and TFIIB (refs. 14 and 16 and
unpublished data). Some of these interacting-cellular proteins
can relieve YY1-induced transcriptional repression, while oth-
ers inhibit the activator functions of YY1. These results suggest

that a possible mechanism for transcriptional regulation by
YY1 is through interaction with these cellular proteins.
We have now sequenced and characterized additional clones

from our earlier two-hybrid screen for encoded proteins
capable of binding to YY1. Sequence analysis revealed that
one of these clones, is a mouse cDNA that bears striking
sequence homology with the yeast RPD3 protein. RPD3 was
first cloned in a genetic screen in yeast for negative transcrip-
tional regulators of TRK2, a gene encoding the low-affinity
potassium transporter (17, 18). It was independently identified
by Nasmyth et al. (19) as SDI2, which is required for the
endonuclease HO to be fully SWI5-dependent (19, 20). In
yeast, RPD3 has both positive and negative effects on many
genes and is thought to be a global regulator required for target
genes to achieve maximal transcriptional states (17). Although
RPD3 has global effects on transcription, it does not contain
any known DNA-binding motifs.
Given our finding that the DNA-binding protein YY1

interacts with the non-DNA binding activatoryrepressor
RPD3, we wondered whether one possible mechanism of YY1
is to recruit the mammalian RPD3 protein to the promoter
region. Specifically, since YY1 contains an acidic activation
domain but no obvious repression domain and RPD3 is
primarily a negative regulator in yeast, we hypothesize that the
mammalian RPD3 protein may provide the repression func-
tion when bound to YY1. In this study, the mammalian RPD3
protein was expressed as a Gal4 chimera and effectively
repressed transcription of a target gene containing Gal4-
binding sites. More important, we showed that mammalian
RPD3 can repress transcription through a natural YY1 binding
site and that transcriptional repression by YY1 requires inter-
action with the mammalian RPD3 protein.

MATERIALS AND METHODS

Cloning and Sequencing ofMouse andHuman RPD3.Clone
Y17 cDNA, derived from a previous yeast two-hybrid screen
(11), was used as a probe to rescreen a mouse lymphoma
library and a lgt10 HeLa cell library. Positive clones were
subcloned into pGEM7Zf (Promega), and sequences of sub-
cloned cDNA were obtained using synthetic primers by the
dideoxynucleotide method. The final sequence was deter-
mined from both DNA strands. The predicted human and
mouse RPD3 (mRPD3) amino acid sequences were compared
with the protein sequence database using the BLAST network
service at the National Center for Biotechnology Information.
Plasmids. pGEM7Zf-mRPD3 was constructed by taking a

BglII fragment containing the full-length mRPD3 cDNA and
ligating it to a BamHI-digested pGEM7Zf(2) vector. Gluta-
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thione S-transferase (GST) was expressed from pGSTag (21).
pGST-YY1(1–414) contained the YY1 cDNA (nt 241-1513,
NcoI–BamHI fragment from the cDNA clone of human YY1
in pGEM7Zf) in pGSTag. Different YY1 deletions were
generated by restriction enzyme digestions of pGST-YY1(1–
414) and religations. Gal4-mRPD3 was expressed from pGal4-
mRPD3, which was constructed by joining the mRPD3 coding
region in-frame with the Gal4 DNA-binding domain down-
stream of the simian virus 40 (SV40) early promoter in pSG424
(22). mRPD3 and YY1 were expressed from pCMV-mRPD3
and pCMV-YY1, respectively, which were constructed by
inserting the mRPD3 and YY1 cDNA downstream of the
cytomegalovirus (CMV) promoter in pcDNAIyAmp (Invitro-
gen). Gal4-YY1(dl174-200) was expressed from pGal4-
YY1(dl174-200), which was constructed by NotIySmaI diges-
tion of pGal4-YY1 (1) and religation in the presence of an
oligodeoxynucleotide, 59-GGCCGCGTCAA-39, and its com-
plement to produce NotI and SmaI ends. Gal4-YY1(170–200)
was expressed from pGal4-YY1(170–200), which was con-
structed by inserting a YY1 NotI–SmaI cDNA fragment (nt
745–836) downstream and in-frame with the Gal4 DNA-
binding domain of the SV40 early promoter in pSG424. All
constructs were verified by dideoxynucleotide sequencing.
Effector plasmids that express Gal4-VP16 and Gal4-E1A have
been described (23, 24). pCAT-Control, which contains the
SV40 promoter and enhancer sequences upstream of the
chloramphenicol acetyltransferase (CAT) reporter gene, was
obtained from Promega. The reporter plasmids pG5BCAT-
SP, pBCAT-SP, pGal4-tkCAT, pSVECAT, pP5-60SVECAT,
and pP5-60(mt2)SVECAT have also been described (1, 25).
In Vitro Protein–Protein Interaction Assay. 35S-labeled

mRPD3 proteins were prepared from pGEM7Zf-mRPD3
using T7 RNA polymerase and the coupled transcription–
translation rabbit reticulocyte lysate system (Promega). Equal
molar quantities of either GST or GST–YY1 fusion proteins
on glutathione-Sepharose beads were incubated with 5 ml of
mRPD3 in incubation buffer [50 mM TriszHCl, pH 8y10 mM
NaCly5 mM dithiothreitolybovine serum albumin (5 mgyml;
BSA)] at room temperature for 60 min. The beads were
pelleted by centrifugation and rinsed six times in phosphate-
buffer saline. Bound proteins were separated from the beads
by boiling in sample buffer (50 mM TriszHCl, pH 6.8y0.3 M
2-mercaptoethanoly2% SDSy0.1% bromophenol bluey10%
glycerol) and analyzed by electrophoresis in a SDSy10%
polyacrylamide gel followed by autoradiography.
Transfection and CAT Assay. CV1 or HeLa cells were

cotransfected with plasmids directing the synthesis of various
effector proteins plus a CAT reporter, using the calcium
phosphate method. Each transfection contained each effector
and reporter DNA at 5 mg and all transfections were normal-
ized to equal amounts of DNA with parental expression
vectors. Forty-eight hours after transfection, cells were col-
lected and CAT activity was determined in 1-h reactions.
Electrophoretic Mobility Shift Assay (EMSA). Single-

stranded oligodeoxynucleotides (59-CGGAGGACTGTC-
CTCCG-39 and 59-CGGAGGACAGTCCTCCG-39) were la-
beled individually with [g-32P]ATP and T4 polynucleotide
kinase, heated together at 658C, and allowed to anneal by slow
cooling to room temperature. Each reaction contained 20 fmol
of labeled DNA, 12 mM Hepes (pH 7.9), 10% glycerol, 5 mM
MgCl2, 60 mM KCl, 1 mM DTT, BSA at 50 mgyml, 0.5 mM
EDTA, 0.05% Nonidet P-40, 1 mg of poly(dI-dC), and approx-
imately 10 mg of HeLa cell extract prepared from transfected
cells. Reactions were incubated for 10 min at room tempera-
ture, separated on 4% nondenaturing polyacrylamide gel
(0.0225 M Tris boratey0.0005 M EDTA), dried, and subjected
to autoradiography.

RESULTS

Identification of a YY1-Binding Protein with Homology to
the Yeast RPD3 Protein. To gain a deeper understanding of
the mechanism of YY1 action, we have used (11) the two-
hybrid interaction screen to identify proteins capable of inter-
acting with YY1. Fourteen mouse cDNAs that encode specific
YY1-binding activities were analyzed. We have now com-
pletely sequenced one of the cDNA clones previously desig-
nated Y17 and the predicted amino acid sequence was deter-
mined by theoretical translation of the cDNA clone open
reading frame (Fig. 1). Interestingly, the predicted amino acid
sequence of this mouse cDNA clone is 58% identical (75%
similar) to the Saccharomyces cerevisiae RPD3 protein.
Using the mRPD3 cDNA as a probe, we obtained a human

RPD3 (hRPD3) clone that also contains 58% identity in
predicted amino acid sequences to yeast RPD3 (Fig. 1). The
RPD3 protein sequence is also highly homologous to two
sequences found in C. elegans and in Xenopus laevis, although
it has not yet been established whether these sequences are
part of a transcription factor or whether they play an essential
role in transcription. Nevertheless, this high conservation of
DNA and protein sequences suggests that, like yeast RPD3, the
mammalian RPD3 protein may also be a key regulatory
protein and perhaps an important component of the transcrip-
tional machinery.
Analysis of Interaction Between YY1 and Mammalian

RPD3. To confirm a physical interaction between YY1 and
mRPD3, we employed a YY1 affinity matrix to capture
mRPD3 protein. A bacterially expressed GST–YY1 fusion
protein was bound to glutathione-Sepharose beads and incu-
bated with 35S-labeled mRPD3 protein produced by in vitro
translation in a reticulocyte lysate. The beads were washed,
boiled in sample buffer with detergent, and analyzed by
electrophoresis in an SDSypolyacrylamide gel. As shown in
Fig. 2, mRPD3 was captured by the GST–YY1 fusion protein
but not by the GST polypeptide alone (compare lanes 1 and 2).
Analysis of YY1 deletion segments fused toGST indicated that
the interaction with mRPD3 occurred through YY1 amino
acid residues 170–200 (lanes 2–13). A GST fusion of this
minimal fragment (residues 170–200) was capable of interact-
ing with mRPD3 (lane 15). Interestingly, this region of YY1 is
glycine-rich (35%) and is within a previously identified tran-
scriptional repression domain (26).
The Cloned Mammalian RPD3 Protein Represses Tran-

scription. To determine whether the protein encoded by the
mRPD3 cDNA has any effect on transcription when bound
near a promoter, we constructed a mRPD3 chimeric protein
with an added DNA-binding specificity to distinguish it from
endogenous mammalian RPD3 activity. When Gal4–mRPD3
was cotransfected into CV1 cells with the target plasmid
pG5BCAT-SP, containing five Gal4-binding sites, a 21-fold
repression of CAT activity was observed (Fig. 3B, compare
lanes 1 and 3). Repression was dependent on the presence of
the Gal4-binding sites because CAT expression was not af-
fected when pBCAT-SP, lacking Gal4-binding sites, was used
as a target (Fig. 3B, compare lanes 4 and 5). Repression was
also dependent on the Gal4 DNA-binding domain, as mRPD3
without the DNA-binding domain failed to repress (Fig. 3B,
lane 2). Finally, similar repression was observed in HeLa cells
with a minimal Gal4–thymidine kinase promoter, indicating
that repression was independent of cell type or basal promoter
(Fig. 3B, compare lanes 6 and 7).
Repression by YY1 Depends on Interaction with Mamma-

lian RPD3. Previous studies have shown that YY1 can repress
transcription when directed to the upstream sequence of a
minimal thymidine kinase promoter in HeLa cells (1). To
determine the effects of mRPD3 on YY1-induced transcrip-
tional repression, we targeted YY1 to promoters containing
Gal4-binding sites and cotransfected a plasmid expressing
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mRPD3. As shown in Fig. 4B, overexpression of mRPD3
consistently increased YY1 repression activity (lanes 4 and 7),
although the extent to which Gal4–YY1 repressed transcrip-
tion varied depending on the combination of reporter con-
structs and cell type. Neither the SV40 early promoter used to
control production of Gal4–YY1 nor the Gal4–YY1 protein
level was affected by mRPD3 (Fig. 4 C, compare lanes 1 to 2
and 3 to 4, and D, compare lanes 2 to 3 and 4 to 5), thus ruling
out the possibility that mRPD3 increased the amount of
Gal4–YY1 fusion protein in the transfected cells. Further-
more, the mRPD3 protein did not effect transcription of two
Gal4 fusion activators (Fig. 4E, compare lanes 3 to 4 and 5 to
6). These results indicate that repression by YY1 is mediated,
at least in part, by interaction with mammalian RPD3 protein.
Since amino acids 170–200 in YY1 are required for YY1–

mRPD3 interaction, we next asked whether this sequence is
important for repression. As shown in Fig. 4F, deletion of
amino acids 174–200 rendered the YY1 protein incapable of
repression (compare lanes 1 and 4), whereas a minimal region
containing amino acids 170–200 of YY1 conferred transcrip-
tional repression when directed to a promoter by the Gal4
DNA-binding domain (lane 3). A Gal4–YY1(dl174-200) fu-
sion is readily detectable in transfected cells by Western blot
analysis using an antibody directed to the DNA-binding do-
main of Gal4 (data not shown). Furthermore, the mRPD3
protein can repress transcription through a Gal4 fusion protein
containing only amino acids 170–200 of YY1 (Fig. 4G, lane 3).
Thus, our data strongly suggest that the glycine-rich domain in
YY1 is not only important for binding to mRPD3 in vitro but
is also critical for transcriptional repression in vivo. This

finding is consistent with earlier work that demonstrated that
amino acids 1–201 of YY1 inhibited transcription nearly as well
as a fusion protein containing the complete YY1 sequence (26).
A Nonfusion Mammalian RPD3 Protein Represses Tran-

scription from a Promoter Containing YY1-Binding Sites. To
be certain that the mRPD3 repression effect observed is not
an artificial phenomenon derived from fusion of the mRPD3
protein to Gal4, we cotransfected a mRPD3 expression plas-
mid with a target plasmid containing natural YY1 binding
sites. As shown in Fig. 5, a modest repression of CAT activity
was observed (compare lanes 5 and 7). This repression was
dependent on the presence of YY1-binding sites because CAT
activity was not affected when the reporter constructs lacked
YY1-binding sites (compare lanes 1 and 3) or contained
mutated YY1-binding sites (compare lanes 9 and 11). More
important, when a third plasmid that expresses YY1 was
included in the transfection, a more dramatic repression was
seen only from the target that contains the wild-type YY1-
binding sites (lanes 4, 8, and 12).

DISCUSSION

Previously, this and other laboratories have identified two
regions on YY1 that mediate transcriptional repression (1,
26–28). Herein, we have further delineated the repression
domain in one region to amino acids 170–200. More impor-
tant, we have identified a novel mammalian corepressor that
interacts with this domain.
YY1, like most eukaryotic repressors described to date,

seems to act directly on the general transcription machin-

FIG. 1. Predicted amino acid sequences of mouse and human RPD3 and their homology to RPD3 from other species. The deduced amino acid
sequence of mRPD3 and human RPD3 (hRPD3) are aligned with the sequences of the yeast RPD3 [yRPD3; National Center for Biotechnology
Information S22284 (ref. 17)], the Xenopus laevis RPD3 (xRPD3; gi:576995; unpublished sequence), and the Caenorhabditis elegans RPD3 (cRPD3;
X78454; unpublished sequence). Amino acid positions are boxed where there is identity among all five species.
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ery—a mechanism referred to as active repression (for review,
see refs. 29–32). Three types of domains have been identified
thus far in active transcriptional repressors (for review, see
refs. 29–32): alanine-rich, glutamine-rich, andyor proline-rich.
Currently, it is not known whether these repression domains
function by contact with the general transcriptional machinery,
and proteins that interact with these domains have yet to be
identified. Inspection of the YY1 amino acid sequence has
failed to reveal any resemblance to the primary sequence
motifs that characterize any of the repression domains previ-
ously described. Intriguingly, we have found herein that a
sequence rich in glycine can mediate YY1 repression through
interaction with mammalian RPD3. Whether repression
through a glycine-rich domain is limited only to YY1 or
whether it is a more widespread phenomenon among other
transcriptional repressors remains to be determined.
Similar to YY1, retinoic acid receptors and retinoid X

receptors also activate and repress transcription (for review,
see refs. 33 and 34). Interestingly, it was recently determined
that the underlying mechanism for repression of these recep-
tors is also a result of recruitment of a corepressor (35, 36).
Perhaps one of the best characterized examples of transcrip-

tional repression involving a repressor–corepressor mecha-
nism is the yeast a2yMcm1 proteins (37). The homeodomain
protein a2 and the SRF-like proteinMcm1 binds cooperatively
to operator DNA sequences. However, the binding of a2y
Mcm1 to operator DNA is insufficient to bring about repres-
sion. Instead, repression takes place only when a protein
complex Ssn6 (Cyc8)yTup1 is recruited to the promoter. In the
presence of Tup1, Ssn6 can also repress transcription when
directed to a promoter by fusion with a bacterial DNA-binding
domain. It was suggested that Ssn6 serves as an adaptor
between DNA-bound repressors and corepressor Tup1 (38).
Our data suggests that the repression mechanism by YY1 is
similar to the a2yMcm1 complex and the function of mam-
malian RPD3 is parallel to the yeast Ssn6yTup1. But unlike
mRPD3, the corepressor complex Ssn6yTup1 interacts with a2
through Tup1’s WD repeats (39). Since mRPD3 does not
contain any WD repeat, this suggests the existence of multiple
mechanisms for non-DNA-binding repressors to recognize the
appropriate DNA-bound proteins. Also, unlike Tup1, which
contains alanine-rich regions similar to one class of repression
domains previously described (38), mRPD3 does not contain
any alanine-rich regions or any of the repression domains
previously described.
Another example of repressor–corepressor mechanisms

came from recent studies of the basic helix–loop–helix–
leucine zipper myc superfamily proteins (40, 41). It was found
that Mad and the related protein Mxi1 have high affinity for
a mammalian homolog of the yeast protein Sin3 [also known
as RPD1 (42)]. Mad, Max, and the mammalian Sin3 proteins
bind DNA as a ternary complex. Transcriptional repression by
Mad–Max requires interaction with the mammalian Sin3 pro-
tein suggesting that Mad–Max represses transcription by re-
cruiting mammalian Sin3 to a promoter as a corepressor. The
identification of the mammalian homologs of both RPD1 and

FIG. 2. Identification of a glycine-rich mRPD3-interacting domain
in YY1. (A) Schematic drawing of YY1 and GST–YY1 fusion
constructs. The glycine-rich region (mRPD3 binding domain) is
shaded in gray. The location of activation, repression, and DNA
binding domains on YY1 is from refs. 1, 7, and 26–28. The ability of
each GST–YY1 fusion protein to bind mRPD3 is indicated (1 or 2).
(B) Representative autoradiogram of in vitro translated mRPD3
protein captured by GST–YY1 fusion proteins. Three experiments
yielded consistent results. The input lane (lane 16) was loaded with
one-third the amount of mRPD3 used in the binding reactions. The
sizes of molecular weight markers are indicated to the left.

FIG. 3. Gal4–mRPD3 fusion protein represses transcription from
promoters with Gal4-binding sites. (A) Schematic drawing of plasmids
used in transfections. (B) Representative CAT assays showing that
mRPD3 can repress transcription. Seven experiments yielded consis-
tent results. Plasmids included in each transfection are indicated (1).
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RPD3 suggests the possibility that the functional heterologous
complex formed by these proteins in yeast may be conserved
in humans. Intriguingly, it has been demonstrated that c-Myc

binds to and inhibits the transcriptional activation and repres-
sion activity of YY1 (10). This observation leads to the
possibility that YY1 and c-Mycmay participate with RPD1 and

FIG. 4. mRPD3 protein increases Gal4–YY1-induced transcriptional repression through a glycine-rich domain in YY1. (A) Schematic drawing
of plasmids used in transfections. (B, C, and E–G) Representative CAT assays showing that mRPD3 can further repress transcription through a
Gal4–YY1 glycine-rich domain. Each CAT assay shown is only a representative of at least three experiments. Plasmids included in each transfection
are indicated (1). Reporter plasmid is pCAT-Control forC and pGal4-tkCAT forE–G. (D) Mouse RPD3 has no effect on Gal4–YY1 as determined
by EMSA. No protein was added in reaction presented in lane 1. Arrow indicates position of Gal4–YY1–DNA complex.

Biochemistry: Yang et al. Proc. Natl. Acad. Sci. USA 93 (1996) 12849



RPD3 to form a large regulatory complex that is highly
conserved from yeast to human.

Note. While this manuscript was under review, we learned that
Schreiber and colleagues (43) have cloned another protein related to
RPD3 based on biochemical copurification with histone deacetylase
activity in human. The human RPD3 protein (HD1) reported by
Schreiber’s group is 75% identical in DNA sequence and 85% identical
in protein sequence compared with the human RPD3 clone reported
here. Comparison of the mRPD3 sequence with human HD1 also
yielded similar results (76% identical in DNA sequence and 86%
identical in protein sequence).
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FIG. 5. Nonfusion mRPD3 protein represses transcription from promoters with YY1-binding sites. Representative CAT assays showing that
mRPD3 can further repress transcription through YY1. Each CAT assay shown is a representative of at least three experiments. All relative CAT
activities are normalized with control b-galactosidase expressions. Plasmids included in each transfection are indicated (1). Effector plasmid is
pCMV-YY1 and pCMV-mRPD3. Reporter plasmid is pSVECAT for no YY1-binding site, pP5-60SVECAT for wild-type YY1-binding sites, and
pP5-60(mt2)SVECAT for mutated YY1-binding sites.
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