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The transcription factor AREB6 contains a homeodomain flanked by two clusters of Kriippel type C,H, zinc
fingers. AREB6 binds to the E-box consensus sequence, CACCTGT, through either the N- or the C-terminal
zinc finger cluster. To gain insights into the molecular mechanism by which AREB6 activates and represses
gene expression, we analyzed the domain structure of AREB6 in the context of a heterologous DNA-binding
domain by transient-transfection assays. The C-terminal region spanning amino acids 1011 to 1124 was
identified as a conventional acidic activation domain. The region containing amino acids 754 to 901, which was
identified as a repression domain, consists of 40% hydrophobic amino acids displaying no sequence similarities
to other known repression domains. This region repressed transcription in vitro in a HeLa nuclear extract but
not in reconstituted transcription systems consisting of transcription factor IID (TFIID), TFIIB, TFIIE,
TFIIH/F, and RNA polymerase II. The addition of recombinant negative cofactor NC2 (NC2a/DRAP1 and
NC23/Drl) to the reconstituted transcription system restored the activity of the AREB6 repression domain. We
further demonstrated interactions between the AREB6 repression domain and NC2a in yeast two-hybrid assay.
Our findings suggest a mechanism of transcriptional repression that is mediated by the general cofactor NC2.

AREB®6 is a zinc finger-homeodomain transcription factor
whose cDNA was isolated from a HeLa cell expression library
with a probe of the Na,K-ATPase al subunit gene (Atplal)
positive regulatory element (ARE). AREBG6 regulates the
Atplal positively or negatively depending on cell types and in
a concentration-dependent manner (55). AREB6 is also
known as ZEB, which was identified as a repressor on the
immunoglobulin heavy-chain enhancer (14). BZP is a golden
hamster homolog of AREB6 and has been reported to change
its location from the nucleus to the cytoplasm in response to
serum deprivation (12). There is increasing evidence that
AREBG6 plays important roles in the expression of tissue-spe-
cific genes and in various developmental processes. AREB6
works as a negative transcription factor for the interleukin 2
(IL-2) gene to turn off the IL-2 gene transcription just after
T-cell activation (56). In anergic T cells, caused by an incom-
plete T-cell activation, AREB6 plays a key role in the repres-
sion of IL-2 gene expression (5). Homozygous AREB6-null
mice show severe skeletal defects, such as craniofacial defects,
malformation of limbs, lack of invertebral disks, and irregular
branching and fusion of ribs (20). Homozygous mice having
truncation of the C-terminal zinc finger cluster show defects in
early T-cell development (21). These observations suggest that
AREBGO regulates various genes by interacting with proteins,
including transcription factors in specific tissues and in differ-
ent developmental stages. Interestingly, AREB6 has three po-
tential DNA-binding domains, i.e., two separated Kriippel type
C,H, zinc finger clusters near the N and C termini and a
homeodomain located between them. The homeodomain of
AREBG6 has no specific DNA-binding activity but interacts with
the N-terminal zinc finger domain of AREBG itself (24).

To understand the molecular basis by which AREB6 acti-

* Corresponding author. Mailing address: Department of Biology,
Jichi Medical School, 3311-1 Minamikawachi, Kawachi, Tochigi 329-
04, Japan. Phone: (81)285-44-2111, ext. 3361. Fax: (81)285-44-5476.
E-mail: kkawakam@jichi.ac.jp.

10

vates and represses gene transcription, functional, genetic, and
structural studies are indispensable. In our previous study, we
demonstrated binding of AREB6 to the consensus E box with
the sequence CACCTGT through the N- or C-terminal zinc
finger domain (24). We also observed that AREB6 regulates
gene transcription either positively or negatively depending on
alternative DNA-binding modes, through either the N-termi-
nal or the C-terminal zinc finger domain (24). In the present
study, the transcriptional activation and repression domains of
AREB6 were identified in the context of a heterologous DNA-
binding domain in vivo by transient-transfection assays. The
activation domain resides in a glutamic acid-rich region, while
the repression domain lies in a hydrophobic region near the
C-terminal zinc finger cluster. Transcriptional repression was
reconstituted in an in vitro transcription system. We provide
evidence for a novel mechanism of transcriptional repression
mediated through the general negative transcription cofactor
NC2 (39).

MATERIALS AND METHODS

Plasmid constructs. GAL4 fusion AREB6 domains for cotransfection assays
were constructed by subcloning various AREB6 domain-derived sequences into
the vector pPCMV-GAL4(1-147), which is also known as the GAL4 DNA-binding
domain (GDBD). The Kpnl-Hpal fragment (nucleotides 1 to 1030), the Hpal-
Apall fragment (nucleotides 1031 to 2174), and the PmaCl-Xbal fragment
(nucleotides 3031 to 3387) of pPSVSPORT1/AREB6 (55) were blunt ended and
ligated with 8-mer, 12-mer, and 12-mer Xbal linkers, respectively. They were
introduced into the Xbal site of pCMV-GALA4(1-147), generating GDBD-
AREBG6(1-343), GDBD-AREB6(344-726), and GDBD-AREB6(1011-1124),
respectively. The ApaLl-PmaClI fragment (nucleotides 2175 to 3030) was blunt
ended, ligated with the 12-mer Xbal linker and introduced into the 12-mer Xbal
linker-ligated Xbal site of pCMV-GAL4(1-147), generating GDBD-AREBG6
(726-1010). For 5'- and 3'-deletion mutation constructs between amino acids
(aa) 726 and 1010 of AREB6, Xbal-linearized GDBD-AREB6(726-1010) was
partially digested with BAL 31 nuclease. The digested ends were filled in with
Klenow fragment and coupled with a corresponding length of Xbal linkers to
generate an in-frame amino acid junction with GAL4(1-147). Point mutation
constructs of GDBD-AREB6(726-1010) were generated by the cassette mu-
tagenesis method and confirmed by sequencing. The mutations were introduced
with the following oligonucleotides (the coding sequences of oligonucleotides are
described): AREB6(754-901)S762A, serine to alanine at aa 762 (5'-AACAGT
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GTTTATGCTGTCCAGGAAGAA); AREB6(754-901)N769Q, asparagine to
glutamine at aa 769 (5'-AAGAACCCTTGCAGTTGTCTTGCGCA); AREB6
(754-901)N885Q, asparagine to glutamine at aa 885 (5'-GTAGAGGATCAGC
AGGACTCTGATTCT); AREB6(754-901)K894T, lysine to threonine at aa 894
(5'-ACACCGCCCAAAACGAAAATGCGGAA); AREB6(754-901)N769Q,
K894T, asparagine to glutamine at aa 769 and lysine to threonine at aa 894 [the
same oligonucleotide as for K894T with a template of AREB6(759-901)N769Q].

Plasmids encoding the histidine-tagged GAL4(1-147) and GAL4 fusion
AREBG proteins were constructed as follows. His6T7-11d (58) was cut with Ndel
and BamHI and inserted with NdeI-BamHI fragments from pCMV-GAL4(1-
147), GDBD-AREBG6(754-901), and GDBD-AREB6(754-901)N769Q. The re-
sulting plasmids were His6GAL4-11d, HisoGAL4AREB6(754-901)-11d, and
His6GAL4AREBG6(754-901)N769Q-11d, respectively. Their expressed proteins
were named GAL4(1-147), RD, and RDm, respectively.

For two-hybrid constructs, pJG4-5/AREB6(726-1010), pJG4-5/AREB6(796—
1010), pJG4-5/AREB6(829-1010), and pJG4-5/AREB6(726-829) were made by
amplifying the coding region and were inserted into the EcoRlI site of the pJG4-5
yeast vector. For pJG4-5/AREB6(754-901) and pJG4-5/AREB6(754-901)
N769Q, the fragment from 2260 to 2703 and that from 2260 to 2703 with the
N769Q mutation were ligated with an 8-mer EcoRI linker and inserted into the
EcoRI site of the pJG4-5 vector. For pEG202/NC2a (LexA-NC2a), the BstEII-
BamHI fragment of NC2a (the histone fold region in the N terminus was
deleted) was blunt ended and inserted into the blunt-ended BamHI-linearized
pEG202. LexA-NC28 was kindly provided by Danny Reinberg.

Cell culture, transient transfections, and reporter gene assays. The mouse
myoblast cell line C2C12 was grown in Dulbecco’s modified Eagle’s medium with
a high glucose concentration (4,500 mg/liter) supplemented with 10% fetal calf
serum (growth medium). A total of 2 X 10° cells in a 60-mm dish were cotrans-
fected by the calcium phosphate precipitation method as described previously
(26), with 4 pg of reporter plasmid and 2 pg of pPCMV-GAL4(1-147) or various
GDBD-AREBS6 plasmids. After 12 h of transfection, the cells were refed with
growth medium. The cells were cultivated for a further 36 to 40 h and then
harvested. The reporter gene assays for chloramphenicol acetyltransferase
(CAT) and luciferase were performed as described previously (26). The reporter
plasmid UAS-HTLV1-CAT, which contains the human T-cell leukemia virus
type 1 (HTLV-1) promoter harboring five synthetic GAL4 DNA-binding sites
(46), was provided by M. Okuda. The other reporter, tk-Galpx3-LUC, which
contains the herpes simplex virus thymidine kinase (tk) gene promoter (from
—105 to +51) harboring three GAL4 DNA-binding sites, was provided by K.
Umezono and was described previously (23). pEF-BOS/BGAL at 0.5 g (50) was
used as an internal control for transfection efficiency. CAT and luciferase activ-
ities were normalized with B-galactosidase activity in the same cell lysate.

In vitro transcription reactions. Preparation of HeLa nuclear extract and
phosphocellulose (P11) column fractionation were performed as previously de-
scribed (7, 40). RNA polymerase IT (29) and transcription factor IID (TFIID)
(33) were purified from HeLa nuclear extract. The purified TFIID contained
substantial amounts of TFIIA (39). As for TFITH/F, the P11 0.5 M KCl fraction
from the HeLa nuclear extract was purified on a DE52 column and pooled
fractions containing TFITH/F (80 to 120 mM KCI) were loaded on a MonoQ
column and eluted between 180 and 260 mM KCIl. Recombinant TFIIB and
TFIIE«/B were expressed and purified as described previously (33). We used 5
wl of HeLa nuclear extract (8 g of protein per wl) for the transcription reactions
with HeLa extract, 2 pl of P11 0.5 M KCl fraction (2.8 pg of protein per l), and
2 ul of P11 0.85 M KClI fraction (3.8 pg of protein per wl) for the reactions with
the P11 fractions. Since the P11 0.5 M KClI fraction contains limiting amounts of
TFIIB, we used 10 ng of recombinant TFIIB as a supplement to the P11 0.5 M
KCl fraction. In a reconstituted transcription system, we used 10 ng of recom-
binant TFIIB, 0.8 pl of TFIID (DES2 fraction, 0.35 pg of protein per pl), 10 ng
of recombinant TFIIEw, 5 to 10 ng of recombinant TFIIER, 0.2 pl of RNA
polymerase II (DES52 fraction, 0.5 wg of protein per pl), and 0.8 ul of the
TFIIH/F fraction (0.95 pg of protein per pl). For preparation of the heat-treated
P11 0.5 M KCl fraction, the P11 0.5 M KCl fraction (2.8 pg of protein per pl) was
heat treated at 55°C for 15 min and centrifuged at 12,000 X g for 2 min, and 2
ul of supernatant was used. Recombinant NC2 (NC2«a and NC2B/Drl1) was
expressed and purified as described previously (16). NC2 standard concentra-
tions (4 ng of NC2a per ul and 30 ng of NC2B per pl) were referred to as 4U as
described previously (16). Histidine-tagged GAL4(1-147) and GAL4 fusion
AREBG6 proteins (RD and RDm) were expressed in Escherichia coli, purified
under denaturing conditions on Ni-nitrilotriacetic acid columns (Qiagen), and
renatured by differential dialysis. All transcription reactions were performed with
9 ng of linearized plasmid templates, i.e., BstEll-linearized tk-Galp3x-LUC and
Smal-linearized pMRGS5. pMRGS5 contains the human immunodeficiency virus
(HIV) core promoter downstream of five GAL4 DNA-binding sites (33). Tran-
scription reaction mixtures contained 25 mM HEPES-KOH (pH 8.2), 10%
glycerol, 4 mM MgCl,, 60 to 65 mM KCI, 5 mM dithiothreitol, 0.2 mM phenyl-
methylsulfonyl fluoride, 500 ng of bovine serum albumin per pl, and 20 U of
RNase-Block (Toyobo). UTP, ATP, and GTP (100 pM each), 5 uM CTP, and
0.5 uM [a->?P]CTP (3,000 Ci/mmol) were added for the reaction with tk-Galpx3-
LUC, and 100 uM (each) UTP and ATP, 5 uM CTP, 20 uM 3'-0-methyl-GTP,
and 0.5 uM [a->*P]CTP (3,000 Ci/mmol) were added for the reaction with
PMRGS. As indicated in the figures, 5 or 10 ng of effector proteins [GAL4(1-
147), RD, and RDm] was added to the transcription buffer containing the
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templates and incubated for 10 min at 28°C, followed by the addition of premixed
general transcription factors (GTFs). Heat-treated P11 0.5 M KCI fraction or
various units of recombinant NC2 were added to the reaction mixture after a
10-min incubation with effector proteins and incubated for 5 min at 28°C before
the GTFs were added. For quantification of individual transcripts, dried gels
were scanned and quantified with an Instant Imager (Packard).

Yeast two-hybrid interaction assays. Yeast strains (EGY48) and interaction
assays were as previously described (8a). Briefly, the cells were cotransformed
with pJG4-5 constructs and pEG202 constructs by the lithium acetate method
and selected with Ura™ His™ Trp~ medium. Each double transformant was plated
on Ura His" Trp Leu™ galactose with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) plates for an interaction assay. An interaction was deter-
mined as positive if the transformant became Leu™ and turned blue on X-Gal
indicator plates.

RESULTS

Characterization of functional domains of AREB6. AREB6
is organized in a unique structure of multiple functional do-
mains, containing two zinc finger clusters separated by a ho-
meodomain (24, 55). To identify the domains required for
transcriptional activation and repression, respectively, various
regions of AREB6 were fused to the GDBD (Fig. 1). GDBD
consists of a DNA-binding domain (aa 1 to 90 of GAL4) and
a cryptic activation domain (aa 90 to 147) (36). GDBD-
AREB6(1-343) contains the N-terminal zinc finger cluster
composed of three C,H,-type and one C,HC-type zinc fingers.
GDBD-AREB6(344-726) contains the homeodomain. GDBD-
AREB6(726-1010) contains the C-terminal zinc finger cluster
composed of three C,H,-type zinc fingers. GDBD-AREB6
(1011-1124) contains the glutamic acid-rich region. These fu-
sion proteins were tested for their ability to activate or repress
gene expression by using reporter plasmids in C2C12 myoblast
cells. We chose myoblast cells because we observed that the
AREB6 mRNA is abundant in skeletal muscle (55) and the
AREB6 protein is produced in myoblast cell lines (25). All
associated factors required for the expression of AREB6 reg-
ulatory function should exist in these cells. We used two dif-
ferent reporter plasmids, one which contains the HTLV-1 pro-
moter harboring five GAL4 DNA-binding sites fused with the
CAT gene (UAS-HTLV1-CAT) and one which contains the tk
gene promoter harboring three GAL4 DNA-binding sites
fused with the luciferase gene (tk-Galp3x-LUC). As shown in
Fig. 1, cotransfection of the GDBD-AREB6(1011-1124) stim-
ulated the activities of the HTLV-1 promoter and the tk pro-
moter about 8-fold and 2.5-fold, respectively, with GDBD as a
standard. The region from positions 1011 to 1124 of AREB6
contains 46% acidic amino acids (39% glutamic acid). Cotrans-
fection of plasmids GDBD-AREB6(1-343) and GDBD-AREB6
(344-726) had little effect on HTLV-1 promoter activity (Fig.
1, left panel) and moderately repressed the tk promoter (right
panel). On the other hand, GDBD-AREB6(726-1010) inhib-
ited the HTLV-1 promoter to 10% and the tk promoter to 15%
of the original levels. Since GDBD-AREB6(726-1010) con-
tains the DNA-binding domain which recognizes the E box
(CANNTG) (24), it cannot be ruled out that repression is me-
diated through binding to E-box sequences present in the re-
porter plasmids. Therefore, we examined reporters lacking GAL4
DNA-binding sites. GDBD-AREB6(726-1010) had little effect
(data not shown) on these HTLV-1 and tk promoters, arguing
against a direct involvement of the AREB6 DNA-binding region.
These results indicate that the region of AREB6(726-1010)
functions as a repression domain which is dependent on teth-
ering to the promoter through the heterologous GDBD.

To map the precise location of the repression domain, we
constructed fine-deletion and point mutations and tested them
for their ability to repress reporter gene expression (Fig. 2). A
5" deletion to aa 754 and a 3’ deletion to aa 901 had little effect
on repression activity, while a 5" deletion to aa 796 and a 3’
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FIG. 1. Identification of the activation domain and the repression domain of AREB6. Transient-transfection assays were performed in C2C12 cells with the
UAS-HTLV1-CAT (left graph) and tk-Galp3x-LUC (right graph) reporter plasmids. The effector plasmids, indicated on the left, express proteins of various portions
of the AREB6 fused to the GDBD or the GDBD alone (aa 1 to 147). A plasmid encoding B-galactosidase was included as an internal control for normalizing
transfection efficiency. A schematic representation of the structure of the AREB6 protein is displayed at the top. Zinc finger domains (open boxes), a homeodomain
(shaded box), and a glutamic acid-rich domain (E-rich, striped box) are shown. Values are represented as relative CAT or luciferase (Luc.) activity with respect to the
activity of GDBD, which was set at 100. All transfection assays were repeated three to five times in duplicate.

deletion to aa 829 impaired repression activity. The minimal
repression domain was revealed to reside within the region
spanning aa 754 to 901 of AREB6 (Fig. 2a). This region con-
sists of 40% hydrophobic amino acids and is relatively rich in
proline (11%). It has no sequence similarities to other known
hydrophobic repression domains, such as the thyroid hormone
receptor and retinoic acid receptor a (4) and the proline-rich
domain of RGM1 (9). However, sequence comparisons of
AREBG6(754-901) with the homologous proteins of other spe-
cies revealed a high degree of identity to mouse (97%), golden
hamster (96%), and chicken (93%) proteins. On the other
hand, sequence comparison of the activation domain of
AREB6(1011-1124) showed lower identities to mouse (69%),
golden hamster (57%), and chicken (51%) sequences.

To identify important amino acids that transmit repression
activity, we constructed various point mutations at the posi-
tions of potential N-glycosylation sites and potential casein
kinase II phosphorylation sites (Fig. 2b). We found that the
mutations of AREB6(754-901)N769Q and double mutation
AREB6(754-901)N769Q,K894T, which contain mutations of
asparagine at 769 in the N-glycosylation site (NLS) to glu-
tamine, abolished repression. Other point mutation constructs
showed almost the same repression activity as the wild-type
GDBD-AREBG6(754-901). Approximately the same amounts
of the fusion proteins were expressed in the transfected cells
as demonstrated by gel retardation assays with a probe with the
GALY DNA binding site (data not shown). To examine
whether the glycosylation is important for the repression ac-
tivity of GDBD-AREB6(754-901), a construct that contains a
mutation of serine at 771 (NLS) to alanine, which is also
expected to abolish glycosylation, was used. The repression
activity was not diminished by this mutation (data not shown).
Addition of the glycosylation inhibitor tunicamycin to the cul-
ture medium of transfected cells had no effect on repression
(data not shown), also arguing against the involvement of gly-
cosylation. These results indicate that AREB6(754-901) acts
as a repression domain and that the mutation of the asparagine
at 769 to glutamine causes the loss of the repression activity of
AREBG.

The repression domain of AREB6 inhibits transcription in
vitro. The activation domain of AREB6 resembles those of
well-known acidic activators like GAL4, GCN4, and VP16 (22,
47, 52). On the other hand, the repression domain of AREB6
may have a novel structure that has not been found in other
transcription repressors. Therefore, the molecular mechanism
by which the repression domain functions was analyzed in
vitro. We tested the effects of bacterially expressed AREB6
(754-901) on the transcription activity in HeLa nuclear extract.
Figure 3a shows the effects of RD (which contains aa 754 to
901 of AREBG fused to GAL4 aa 1 to 147) and RDm (which
contains the mutation of an asparagine to a glutamine at po-
sition 769 of RD) with tk-Galpx3-LUC as a template. The
basal transcription was not detected (lane 1), while the addi-
tion of GAL4(1-147) stimulated transcription from the accu-
rate start site (lane 2). Compared to GAL4(1-147), RD re-
pressed the transcription activity and gave rise to additional
bands above the accurate transcript (lane 3). On the other
hand, RDm showed higher activity than GAL4(1-147) (lane
4).

We also tested another template plasmid containing the HIV
promoter harboring five GAL4 DNA-binding sites (pMRGS).
In transient-transfection assays with HeLa cells, the HIV pro-
moter activity was also repressed by GDBD-AREB6(754-901)
but not by GDBD-AREB6(754-901)N769Q (data not shown).
As shown in Fig. 3b, the basal transcription of pMRGS5 was not
detected (lane 1). GAL4(1-147) activated transcription above
background levels in a dose-dependent manner (lanes 2 and 3),
as did RDm (lanes 6 and 7), while RD repressed transcription
(lanes 4 and 5). These results indicated that the repression do-
main of AREB6 can inhibit transcription of the tk and the HIV
promoters through upstream GAL4 DNA-binding sites in in
vitro transcription systems.

To characterize the factors which mediate the repression by
the RD, we examined the expressed proteins in partially en-
riched and more purified reconstituted transcription systems
(Fig. 4). RD exhibited almost the same repression potential in
a transcription system partially enriched for general transcrip-
tion factors (phosphocellulose P11 0.5 M KCl and P11 0.85 M
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FIG. 2. Identification of the repression domain by fine-deletion mutation and point mutation constructs. (a) Luciferase activities of GDBD-fused 5'- and 3'-deletion
mutation constructs of AREB6(726-1010) relative to that of GDBD, which was set as 100. tk-Galp3x-LUC was used as a reporter. (b) Luciferase activities of
GDBD-fused various point mutation constructs of AREB6(754-901) relative to that of GDBD, which was set as 100. Positions of point mutations are indicated by
crosses. tk-Galp3x-LUC was used as a reporter. All transfection assays were repeated three times in duplicate.

KCI fractions derived from HeLa nuclear extract) as in the
HeLa nuclear extract (Fig. 4A and B). The P11 0.5 M KCI and
P11 0.85 M KClI fractions contain several positive and negative
cofactors in addition to the general transcription factors. To
analyze if cofactors are essential for repression by RD or if RD
directly influences general transcription factors, more purified
transcription systems lacking cofactors were used. We found
that RD still exhibited repression activity when the P11 0.85 M
KCl fraction was substituted by purified TFIID (Fig. 4C). In
contrast, the repression activity of RD was not observed when
the P11 0.5 M KCl fraction was substituted by purified TFIIB,
TFIIE, TFIIH/F, and RNA polymerase II (Fig. 4D) or when
only purified general transcription factors were used (Fig. 4E).
This indicates that direct interactions between RD and the
components of the basal transcription machinery are not suf-
ficient for repression. Rather, some factors in the P11 0.5 M
KCl fraction are essential for repression activity of RD.

The RD of AREB6 represses transcription through NC2.
Heat treatment of the P11 0.5 M KCI fraction denatures most
proteins in the fraction, among them all the general transcrip-
tion factors, but not the positive cofactor PC5 (17) and the
negative cofactor NC2 (15). To examine the possibility that
these heat-stable factors are involved in transcriptional repres-
sion of RD, we added the heat-treated P11 0.5 M KClI fraction
to the reaction mixture consisting of the P11 0.85 M KCl
fraction, TFIIB, TFIIE, TFIIH/F, and RNA polymerase II.
Indeed, transcriptional repression by RD was recovered (Fig.
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FIG. 3. RD of AREB6 but not RDm represses transcription in vitro. In vitro
transcription assays were performed with HeLa nuclear extract. We used 9 ng of
linearized plasmids tk-Galp3x-LUC (a) and pMRGS5 (b). (a) Transcription re-
actions were performed in the absence (lane 1) or presence of 10 ng of bacterially
expressed GAL4(1-147) (lane 2), RD (lane 3), and RDm (lane 4). (b) Tran-
scription reactions were performed in the absence (lane 1) or presence of GAL4
(lanes 2 and 3), RD (lanes 4 and 5), and RDm (lanes 6 and 7). The amounts of
proteins added are indicated above (5 or 10 ng). The arrows indicate the posi-
tions of accurate transcripts.
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FIG. 4. Identification of fractions which contain possible factors mediating the repression activity of RD. Transcription reactions were performed with 9 ng of
linearized pMRGS, using HeLa nuclear extract (A); the P11 0.5 M KClI and P11 0.85 M KCl fractions (B); the P11 0.5 M KClI fraction and TFIID (C); the P11 0.85
M KCl fraction, TFIIB, TFIIE, TFIIH/F, and RNA polymerase II (D); and TFIID, TFIIB, TFIIE, TFIIH/F, and RNA polymerase II (E). The heat-treated P11 0.5
M KClI fraction was added to the reaction mixture containing the P11 0.85 M KCl fraction, TFIIB, TFIIE, TFIIH/F, and RNA polymerase II (F). A 5-ng portion of
GALA4(1-147) which is indicated as GAL4, RD, or RDm was added as the effector protein. The graphs indicate the amounts of individual transcripts quantified by the
Instant Imager (Packard). Values are represented as activities relative to the activity of GAL4, which was set as 100. Transcription activities of basal (without any

effectors) (lane 1), GAL4 (lane 2), RD (lane 3), and RDm (lane 4) are shown.

4F), indicating that heat-stable factors in the P11 0.5 M KCI
fraction mediate repression. The negative cofactor NC2 has
been shown to repress basal transcription by direct interaction
with the TATA-binding protein (TBP) (27). To directly ad-
dress whether NC2 can also mediate repression of RD, we
added E. coli-expressed and purified NC2a and NC2B/Drl,
instead of the heat-treated P11 0.5 M KCI fraction, to the
purified system (Fig. 5). The transcription activities with RD
and RDm in the absence of NC2 were comparable (Fig. 4E
and 5, lanes 6 and 11), which was not the case in the presence

of NC2. With 0.08 U of NC2, the transcription in the presence
of RDm was 90% (lane 12) while the transcription in the
presence of RD was repressed to 66% (lane 7) of the activities
in the absence of NC2 (lanes 6 and 11). With the addition of
0.4 U of NC2, the activity with RDm was decreased only to
80% whereas the activity with RD was repressed to 42% (lanes
8 and 13). With 0.8 U of NC2, the transcription activity in the
presence of RD was repressed to 31% (lane 9) while the
activity in the presence of RDm was 79% (lane 14). When
saturating amounts of NC2 (4 U) were added to the reaction
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FIG. 5. Effects of recombinant NC2 (NC2a and NC2B/Dr1) on transcription in the absence of any effectors (lanes 1 to 5), in the presence of 5 ng of RD (lanes
6 to 10) or in the presence of 5 ng of RDm (lanes 11 to 15). Transcription reactions were performed with TFIID, TFIIB, TFIIE, TFIIH/F, and RNA polymerase 1I.
The transcripts without NC2 (lanes 1, 6, and 11) or in the presence of 0.08 U (lanes 2, 7, and 12), 0.4 U (lanes 3, 8, and 13), 0.8 U (lanes 4, 9, and 14), or 4 U (lanes
5, 10, and 15) of NC2 are shown. The definition of units is given in Materials and Methods. Values are represented as activities relative to that of RD without NC2

(lane 6), which was set as 100.

mixture, the activity in the presence of RD was 12% (lane 10)
and the transcription in the presence of RDm was 31%. The
repression by NC2 in the absence of RD or RDm should be
interpreted as repression of basal transcription, as reported
previously (27, 39). The basal transcription activity was 65%
(lane 1) without NC2, and the activities were decreased to 49,
33, 30, and 13% by the addition of 0.08, 0.4, 0.8, and 4 U of
NC2, respectively (lanes 2 to 5). Transcription repression in
the presence of RD was more pronounced than the basal
transcription repression. These results showed that RD but not
RDm actively represses transcription in the presence of NC2.

Direct interaction between RD and NC2 in yeast two-hybrid
assay. The above results suggested that there was a specific
interaction between NC2 and RD. To test this hypothesis, we
analyzed RD-NC2 interaction in various assays. We did not
observe binding of NC2 to immobilized glutathione S-trans-
ferase (GST)-RD or GST-RDm, nor could we detect NC2-
TBP-RD ternary complex formation on a TATA-containing
DNA by gel mobility shift assays (data not shown). Therefore,
we used a more sensitive yeast two-hybrid assay and observed
binding of RD to NC2a (Table 1). Surprisingly, not only RD
but also RDm interacted with NC2«, which lacks the histone
fold domain in the construct (16). Neither RD nor RDm in-
teracted with NC2B. On the other hand, AREB6(726-1010),
which contains RD (Fig. 1), and AREB6(726-829), which
showed little repression activity (Fig. 2a), interacted with both
NC2a and NC28.

DISCUSSION

AREBG6 contains a highly negatively charged activation do-
main. It is well known that acidic domains and glutamine- or
proline-rich domains act as transcriptional activation domains.
Some activation domains can interact directly with a number of
components of the general transcription machinery in vitro
(reviewed in reference 49). TFIID, TFIIB, TFIIH, and RNA
polymerase II are known to play a central role in transcription
activation by acidic activation domains in vitro (30, 37, 42).
Through the interactions with TFIIB, the activation domains
stimulate the formation of a preinitiation complex. Activators
can also stimulate transcription indirectly by reversing the in-

hibitory effects of chromatin. Anionic regions rich in aspartic
acid and glutamic acid residues are characteristic of many
proteins that interact with chromatin, such as nucleoplasmin
(8) and HMG1 (53). The acidic activator Gal4 can displace a
nucleosome from the GALI promoter in vivo (2). The activa-
tion domain of AREB6 (aa 1011 to 1124) is highly negatively
charged. We dissected this activation domain into four parts
and found that the full transcription activation was achieved by
all four subregions in an additive manner (25). This observa-
tion suggests that the net negative charge of the domain is
important, rather than specific protein-protein interactions
through critical amino acids. The low degree of amino acid
sequence conservation among different species (see Results) is
consistent with this notion.

AREBG6 contains an active repression domain. It was previ-
ously reported that 8EF1 (the chicken homolog of AREB6)
(13) antagonizes the action of MyoD family proteins through
E-box binding-site competition (45). It has also been reported
that ZEB (AREBO) acts as a repressor by competing with other
basic helix-loop-helix proteins for binding to the E box in the
immunoglobulin heavy-chain enhancer (14). However, we
showed that AREB6 contains a potent repression domain by

TABLE 1. Interaction between various domains
of AREB6 and NC2a/B*

pEG202 construct
Product expressed by expression of:

pJG4-5 construct

NC2a NC2B
AREB6(754-901); RD + -
AREB6(754-901)N769Q; RDm + -
AREB6(726-1010) + +
AREB6(796-1010) - -
AREB6(829-1010) - -
AREB6(726-829) + +

“ Yeast strain EGY48 was cotransformed with pJG4-5 constructs (rows) and
pEG202 constructs (columns). An interaction was determined as positive (+) if
the transformant became Leu™ and turned blue on X-Gal indicator plates and
negative (—) if it did not. The regions contained in pJG4-5 AREBG constructs
are shown in Fig. 2a.
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FIG. 6. Summary of the identified domains of AREB6. The region from aa 754 to 829 and that from aa 726 to 829 of AREBG are sufficient for interaction with
NC2a and NC2B, respectively (Table 1). The RD was identified at aa 754 to 901 in transient-transfection assays (Fig. 2a). The mutation at aa 769 (indicated by a cross)

abolished transcriptional repression in vivo but not the interaction with NC2a.

using fusion proteins of AREB6 with a heterologous GDBD in
cotransfection experiments. Such transcriptional inhibition via
transferable repression domains has been termed active re-
pression, since it is not mediated simply by steric hindrance or
by competition with other DNA-binding proteins. The AREB6
repression domain is highly conserved among species, and a
change of asparagine to glutamine at 769, which has subtle
effects on the conformations, abrogates activity. This might
suggest that an interaction between cofactors and RD through
aa 769 of AREB6 is important for its repression activity.
Active repression through the negative cofactor NC2. Re-
cently, there has been progress toward identifying target mol-
ecules of active repression domains of DNA-binding transcrip-
tion repressors (reviewed in references 19, 28, and 43). Many
eukaryotic transcription repressors have been reported to in-
teract with general transcription factors in vitro. For example,
the unliganded thyroid hormone receptor interacts with TFIIB
(3) as well as with TBP (10), resulting in inhibition of preini-
tiation complex formation (11). The repression domain of the
homeodomain protein even-skipped (18, 51), which is encoded
by a Drosophila segment polarity gene, interacts with TBP (54)
and may prevent TFIID binding to a promoter (1). Another
homeodomain protein, Kriippel (Kr), which is encoded by a
Drosophila gap gene, also contains the repression domain (35,
38). The interaction between Kr and TFIIER results in tran-
scriptional repression (44). A murine homeodomain transcrip-
tion factor, Msx-1, represses transcription by interacting with a
protein complex composed of TBP and TFIIA (DA complex)
or with one composed of TBP, TFIIA, and TFIIB (DAB com-
plex) (6). The adenovirus oncoprotein E1A interacts with TBP
and represses transcription, but the repression is reversed by
TFIIB (48). Through interactions with general transcription
factors, these repressor proteins are thought to sterically block
the assembly of subsequent proteins, freeze the assembled
transcription initiation complex, or disassemble the preinitia-
tion complex. Another target of repressors in the general tran-
scription machinery has been found by genetic experiments
with yeast. SRB10 and SRB11, which are members of the
C-terminal domain interacting polylpeptides in yeast RNA
polymerase II, are required for full repression by the SSN6/
TUPI1 repressor (34). AREB6 is the first transcription factor
which targets one of the general negative cofactors, NC2. NC2
was discovered by its ability to bind stably to TBP and to
repress basal transcription (27, 39). NC2 consists of two sub-
units, NC2a (16, 41) and NC2B/Drl (27). This complex has
also been defined as the repressor-corepressor complex Drl-
DRAP1 (41). Binding of NC2 to the TBP-promoter complexes
prevents the assembly with TFIIA (31, 39). NC2 may also affect
the conformation of the DNA-TBP complex, since it weakens
the association of TFIIB with the complex (16, 27). The inhib-
itory effects of Drl are counteracted by the viral immediately-
early activator (32) and some cellular transcriptional activators

(57). NC2 has been thought to control the overall basal activity
of genes in cells and has been reported to be released by
upstream transcription factors to potentiate transcriptional ac-
tivation. AREBG is the tissue-specific transcriptional repressor
which binds to and functions in conjunction with NC2. Thus, it
appears likely that NC2 not only controls basal transcription
but also functions as a mediator of tissue-specific transcription
factors.

Interaction with NC2 is not sufficient for repression. As
shown in Table 1, the C-terminal region of NC2« interacts with
AREB6(754-901), AREB6(754-901)N769Q, AREB6(726-
1010), and AREB6(726-829) but not with AREB6(796-1010)
or AREB6(829-1010). Thus, the interaction is specific, and the
region from aa 754 to 829 of AREBSG is sufficient for inter-
action with NC2a. However, the mutation of aa 769, which
releases repression in vivo, does not abolish interaction with
NC2a (see below). NC2B interacts with AREB6(726-1010)
and AREB6(726-829) but not with AREB6(754-901), AREB6
(796-1010), or AREB6(829-1010). This indicates that the re-
gion from aa 726 to 829 of AREBG is sufficient for interaction
with NC2B. However, interaction with NC2f seems not to be
essential for the repression activity [Fig. 2a, GDBD-AREB6
(754-901)]. This does not necessarily mean that NC2 is not
required for repression, since AREB6 binds NC2a outside of
the histone fold and NC2a can recruit NC2@ through the
histone fold (16).

As shown in Fig. 6, interaction of NC2a with AREB6 is
essential but not sufficient for the repression activity in vivo
[Fig. 2a, GDBD-AREB6(726-829)]. We supposed that inter-
action with one or more corepressors, which are contained in
the TFIIF/H and RNA polymerase II fractions, might be nec-
essary for NC2 repression activity through aa 769 and through
the region from positions 829 to 901 of AREB6. It could be
also possible that introduction of the mutation at aa 769 caused
a new interaction with some positive cofactors. To clarify this
point, we used the most highly purified system, consisting of
TFIID, TFIIB, TFIIE, more purified TFIIF, more purified
TFIIH, and more purified RNA polymerase II, and titrated
NC2 in the presence of RD or RDm. Even in the most highly
purified system, we observed almost the same results as we did
with the purified system in the experiment whose results are
shown in Fig. 5. From these results, we suppose that aa 769 of
AREBO6 plays a key role in the direct interaction between
AREB6 and GTFs or in the interaction between NC2 and
GTFs.

We have previously reported that AREB6 binds to DNA
through either the N- or the C-terminal zinc finger domain,
depending on the promoter context. AREB6 can regulate pro-
moter activity positively or negatively by the alternative DNA-
binding modes. What is the molecular basis of the activator-
repressor switch of AREB6? Here we have shown that
AREBG has both an acidic activation domain and an active RD
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and that these bipartite functional domains may act through
distinct factors on the transcription machinery. To further re-
veal the relationship between alternate binding modes and the
positive/negative regulatory functions, it will be necessary to
examine transcription regulation on natural target promoters
through the DNA-binding domains of AREB6.
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