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Hairy-related proteins include the Drosophila Hairy and Enhancer of Split proteins and mammalian Hes
proteins. These proteins are basic helix-loop-helix (bHLH) transcriptional repressors that control cell fate
decisions such as neurogenesis or myogenesis in both Drosophila melanogaster and mammals. Hairy-related
proteins are site-specific DNA-binding proteins defined by the presence of both a repressor-specific bHLH
DNA binding domain and a carboxyl-terminal WRPW (Trp-Arg-Pro-Trp) motif. These proteins act as repres-
sors by binding to DNA sites in target gene promoters and not by interfering with activator proteins, indicating
that these proteins are active repressors which should therefore have specific repression domains. Here we
show the WRPW motif to be a functional transcriptional repression domain sufficient to confer active repres-
sion to Hairy-related proteins or a heterologous DNA-binding protein, Gal4. This motif was previously shown
to be necessary for interactions with Groucho, a genetically defined corepressor for Drosophila Hairy-related
proteins. Here we show that the WRPWmotif is sufficient to recruit Groucho or the TLE mammalian homologs
to target gene promoters. We also show that Groucho and TLE proteins actively repress transcription when
directly bound to a target gene promoter and identify a novel, highly conserved transcriptional repression
domain in these proteins. These results directly demonstrate that Groucho family proteins are active tran-
scriptional corepressors for Hairy-related proteins and are recruited by the 4-amino acid protein-protein
interaction domain, WRPW.

Basic helix-loop-helix (bHLH) transcription factors control
cell fate decisions, such as myogenesis or neurogenesis, in
many animal species (9–11, 21, 33, 34, 38, 60, 80, 81). These
proteins can be classified into two groups, the activator bHLH
proteins and the repressor bHLH proteins, on the basis of
biological function (56). Remarkably, the DNA binding spec-
ificities of the activator and repressor bHLH proteins directly
correlate with their biological functions (56). The activator
proteins, such as MyoD or the proteins of the Achaete-Scute
complex, promote differentiation by binding to class A binding
sites and activating transcription (21, 50, 52, 53, 56, 77, 81). The
repressor bHLH proteins are Hairy-related proteins such as
Hairy, the proteins of the Enhancer of Split [E(spl)] complex,
and the homologous mammalian Hes proteins (2, 19, 23, 32,
41, 43, 56, 61, 62, 70, 71). These proteins antagonize the acti-
vator proteins and prevent differentiation by binding to specific
class B or C sites and repressing transcription (2, 32, 54, 56, 70,
73, 75). Thus, Hairy-related proteins are distinct from the emc
and Id HLH repressors, which lack basic regions and repress
by forming non-DNA-binding heterodimers with the activator
bHLH proteins (7, 17, 22, 25, 76, 77).
Drosophila neurogenesis is regulated by both activator and

repressor bHLH genes (9–11, 33, 34, 38). The activators are
proneural genes (33) and include daughterless (13), the four
genes of the achaete-scute complex (3, 78), and atonal (35).
Heterodimers between Daughterless and Achaete-Scute pro-
teins bind and activate the transcription of target genes such as
achaete (50, 76, 77). The repressors are Hairy-related proteins,
such as Hairy or the proteins of the E(spl) complex (19, 41, 43,
61). The repressors act to prevent neuronal development at

two levels. Hairy acts as a prepattern gene (33) that ensures
that proneural clusters arise in the correct locations by restrict-
ing the global pattern of expression of proneural genes such as
achaete (8, 16, 66). Subsequently the Enhancer of Split proteins
mediate lateral inhibition within a proneural cluster as part of
the Notch signaling pathway to locally repress neurogenesis in
all but one or two cells within the proneural equivalence group
(20, 42, 54, 65).
The control of cell fate decisions in mammals is under sim-

ilar control by opposing activator and repressor bHLH pro-
teins. Muscle development is controlled by members of the
activator bHLH MyoD family (21, 60, 80, 81). Forced expres-
sion of MyoD family members in many cell lines in culture has
been shown to commit these cells to the myogenic lineage (21,
60, 80, 81). In addition, mice lacking specific combinations of
the MyoD family members have been shown to have early
defects in myogenesis (60, 80). In contrast, the Hairy-related
protein Hes-1 can prevent differentiation by MyoD in cell
culture, as expression of Hes-1 along with MyoD in fibroblasts
prevents the myogenic conversion that would normally occur
with MyoD expression alone (2). Mammalian neurogenesis has
also been shown to be under control of activator and repressor
bHLH proteins. The activator bHLH protein Mash-1 is ex-
pressed in the developing mammalian nervous system (26, 48)
and is essential for the development of olfactory and auto-
nomic neurons in the mouse (27). In contrast, forced expres-
sion of Hes-1 in the central nervous system by use of a retro-
viral expression vector disrupts neurogenesis in the infected
cells (31).
In both Drosophila melanogaster and mammals, some Hairy-

related proteins control cell fate decisions by acting as part of
the Notch signaling pathway (42, 47). While it is well estab-
lished that the Enhancer of Split genes act downstream of
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Notch and are essential for Notch function in D. melanogaster
(42, 47, 58, 69), recent work has further defined the link be-
tween Enhancer of Split and Notch in both D. melanogaster
and mammals. Several of the Enhancer of Split genes have been
shown to be direct targets for the Suppressor of Hairless pro-
tein (6, 46), which is a DNA-binding protein that associates
with the intracellular domain of Notch and becomes activated
following Notch activation (24). Once activated, the Suppres-
sor of Hairless protein stimulates the transcription of the En-
hancer of Split genes (6, 46). Similarly, the promoter of the
mammalian Hes-1 gene has been shown to be activated in cells
by expression of an activated Notch homolog from mammals
(36). This promoter contains sites for the mammalian homolog
of the Suppressor of Hairless protein, KBF2/RBP-Jk (36).
Taken together, these results for both D. melanogaster and
mammals suggest that the E(spl) and Hes genes are the major,
and possibly the only, direct nuclear targets which mediate
Notch signaling.
Because Hairy-related proteins repress transcription by

binding to specific hexameric sites and not by competing with
activator proteins for binding sites (2, 56, 71, 75), they function
as active repressors and therefore should have specific repres-
sion domains (15, 37, 56). We previously hypothesized that the
WRPW (Trp-Arg-Pro-Trp) motif might function as a tran-
scriptional repression domain because this motif is found at
the carboxyl termini of all of the repressors and none of the
activators (56). The importance of the WRPW motif was ini-
tially shown by Wainwright and Ish-Horowicz, who sequenced
hairy alleles and found two separate mutations which specifi-
cally affect the WRPW motif (79). Subsequently the motif was
shown to be required for interactions with the WD40 repeat
protein Groucho both in vivo and in vitro (57). groucho was
also shown to function genetically as a repressor in develop-
mental pathways regulated by Hairy-related proteins (20, 57,
65). In addition to having a role in neurogenesis, groucho was
shown to be required for the proper function of the Hairy-
related proteins Hairy and Deadpan in segmentation and sex
determination, respectively (57). This observation led to the
proposal that Groucho is a corepressor recruited to DNA by
DNA-bound Hairy-related proteins (57).
In this study, we directly test the hypotheses that the WRPW

is the repression domain for Hairy-related proteins and that
Groucho is a transcriptional corepressor that is recruited by
Hairy-related proteins. We find that the repression domains of
Hairy-related proteins map to the WRPW motif found at the
carboxyl termini of the all of the family members. We then
show that this motif is both necessary and sufficient to form
protein-protein interactions with Groucho and the TLE mam-
malian homologs of Groucho. Finally, we show that both
Groucho and the TLE proteins are corepressors with a novel
amino-terminal repression domain and are able to repress
transcription when directly bound to DNA in the absence of
binding by Hairy-related proteins.

MATERIALS AND METHODS

Plasmids. All expression vectors were based on plasmid pAct5CPPA (28).
Plasmids pAcda, pAcsc, and pAcac were generously provided by M. Van Doren
and J. Posakony (77). pAch was previously described (56). Gal4 fusion constructs
for Schneider cells were based on pActGal4 NS or pActGal4 DKpn (29), gen-
erously provided by J. Colgan and J. Manley (Columbia University, New York,
N.Y.). All expression constructs were made by using restrictions sites or in one
case PCR and in another case site-directed mutagenesis. The details of how each
plasmid was constructed are available upon request. pActGal4 H constructs were
made from pAch or BSD2E6 (56). pActGal4 Hes-1 constructs were made from
a full-length Hes-1 cDNA provided by John Feder and Yuh Nung Jan (Univer-
sity of California at San Francisco) (23). pActGal4 Gro constructs were made
from NB5 groucho, a full-length groucho cDNA, provided by Christos Delidakis
and Spyros Artavanis-Tsakonas (Yale University).

HeLa expression constructs were made by using the pCDNAIII vector (In-
vitrogen), which uses the cytomegalovirus promoter. pCDNAIII Gal4 was made
by subcloning the Gal4 DNA binding domain from pActGal4 as a HindIII-BglII
fragment into HindIII-BamHI-digested pCDNAIII. pCDNAIII H267-337, Gro
1-719, and Gro 1-264 were made by subcloning BamHI-KpnI fragments from the
appropriate pActGal4 plasmid into BamHI-KpnI-digested pCDNAIII Gal4.
pCDNAIII Gal4WRPW was made by subcloning a HindIII-BglII fragment from
pActGal4 WRPW into HindIII-BamHI-digested pCDNAIII. pCDNAIII Gal4
TLE1 1-770 and TLE1 1-400 were made from a TLE1 cDNA provided by S.
Stefani (Montreal Neurological Institute) in Bluescript (68). The TLE1 cDNA
was digested with BanII, blunted with T4 DNA polymerase, and digested with
NotI. The resulting fragment was subcloned into pGex4T-1 digested with SmaI
and NotI. This plasmid was digested with BamHI and NotI, and the resulting
fragment was subcloned into pCDNAIII Gal4 to produce pCDNAIII Gal4 TLE1
1-400. The TLE 1-770 version was made by inserting a NotI fragment from the
TLE1 cDNA into pCDNAIII Gal4 TLE 1-400.
Reporter plasmids were based on the pGL2 vectors (Promega) which encode

the luciferase reporter gene. The reporter pT5-0.9 5X/luc, which contains five
Gal4 binding sites inserted into the mutated Hairy binding site of pT5-0.9
mut/luc (56), was made by inserting a PCR-generated DNA fragment containing
the five Gal4 binding sites into the Sma site of pT5-0.9 mut/luc. The reporter 53
Gal4 Promoter was provided by C. Abate (UMDNJ-Robert Wood Johnson
Medical School, Piscataway, N.J.) (12).
Glutathione S-transferase (GST) fusion protein expression constructs were

made from the pGex4T plasmids (Pharmacia). pGexH267-337, pGex m7 142-
186, pGex Hes-1 193-281, pGexWRPW, and pGexH267-333 were all made by
digesting the appropriate pActGal4 plasmid with BamHI and BglII and subclon-
ing the BamHI-BglII fragments into pGex4T-2 digested with BamHI.
DNA transfection and transient expression assay. Transient transfection of

Schneider L2 cells and luciferase activity assays were performed as previously
described (56) except that 1 mg of pActGal4 expression construct was used and
the cells were lysed in 100 ml instead of 250 ml of cell lysis buffer.
Pairs of HeLa cell plates were transfected with 5 mg of expression construct, 5

mg of reporter, 1 mg of pCMV-beta-galactosidase internal control, and 9 mg of
Bluescript carrier by means of calcium phosphate precipitation by a standard
protocol (4). After 20 h, the precipitates were removed and the medium was
changed. The next day, luciferase activity was assayed as described above.
Yeast two-hybrid analysis. Yeast two-hybrid analysis was performed with the

Clontech Match-maker yeast two-hybrid system as instructed by the manufac-
turer. The appropriate fragments were subcloned from pActGal4 into pGBT9,
which encodes the Gal4 DNA binding domain, and Groucho was subcloned from
pActGal4 Gro into pGAD424, which encodes the Gal4 activation domain. Sac-
charomyces cerevisiae SFY526 was transformed with the plasmids and selected on
appropriate media. At least two independent colonies were tested for b-galac-
tosidase activity with 5-bromo-4-chloro-3-indolylphosphate-b-D-galactopyrano-
side (X-Gal). A score of 111 was defined as the activity from yeast cells
expressing pGBT9 H 267-337 and pGAD424 Gro. Additional details are avail-
able upon request.
Protein preparation. GST proteins were expressed in Escherichia coli DE3

pLysS (Novagen). A 5-ml overnight culture was grown in LB with ampicillin (50
mg/ml) and chloramphenicol (34 mg/ml). The overnight culture was added to 500
ml of medium with antibiotics and grown until the optical density was 0.6. The
culture was then transferred to a room temperature shaker, and isopropylthio-
galactopyranoside (IPTG) was added to 0.4 mM. The bacteria were induced for
2.5 h before being pelleted and resuspended in 8 ml of NETN (20 mM Tris [pH
8.0], 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) and freeze-thawed three
times. A brief sonication was used to reduce the viscosity, and the sonic extract
was clarified by centrifugation at 12,000 3 g for 10 min. To the clarified sonic
extract, 1 ml of a 1:1 slurry of glutathione-Sepharose beads (Pharmacia) in
NETN with 0.5% powdered milk was added. The mixture was rotated in the cold
for 30 min before the beads were pelleted and washed three times with 12 ml of
NETN. Proteins were eluted in 1 ml of elute buffer (100 mM Tris [pH 8.0], 120
mM NaCl) with 8 mg of reduced glutathione per ml. The eluted protein was
dialyzed against 50 mM Tris (pH 8.0)–100 mM NaCl–1 mM EDTA buffer. The
expression and quantity of proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).
Coprecipitation and Western blotting (immunoblotting). Interaction assays

were performed by immobilizing 20 mg of GST fusion protein on glutathione
beads and adding 1 mg of cell lysate prepared with phosphate-buffered saline
(PBS) with 0.5% Triton X-100 and 800 ml of binding buffer (20 mM Tris [pH 8.0],
50 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 5 mg of bovine
serum albumin per ml). After 12 h at 48C, the beads were washed three times
with 1 ml of PBS before being boiled in sample buffer and subjected to SDS-
PAGE followed by Western blotting. The cell lysate lanes contained 125 and 100
mg of cell lysate for the Groucho Western and TLE Western blots, respectively.
The anti-Groucho monoclonal antibody was generously provided by S. Stefani

(Montreal Neurological Institute) (67). The antibody was used at a dilution of
1:20 and followed by an anti-mouse alkaline phosphatase conjugate (Promega).
The pan-TLE monoclonal antibody c597.4A (68) was generously provided by S.
Stefani. The antibody was used at a dilution of 1:20 and followed by an anti-rat
alkaline phosphatase conjugate (Promega). The bands were visualized using with
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nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate toluidinium as
instructed by the manufacturer.

RESULTS

Function of the WRPW motif as the repression domain for
Hairy-related proteins. To directly test whether the WRPW
motif is a transcriptional repression domain, we made expres-
sion constructs encoding proteins with the Gal4 DNA binding
domain fused to various full-length or truncated Hairy proteins
(Fig. 1A). These fusion proteins were tested for transcriptional
repressor activity by using a modified achaete promoter as the
reporter (Fig. 1B), as the achaete promoter is a well-defined in
vivo target for Hairy (8, 56, 75). Instead of the single binding

site for Hairy-related proteins, the modified reporter has five
Gal4 upstream activation sequences (UASs) substituted at the
same position. In control experiments, this reporter was not
repressed by wild-type Hairy-related proteins (data not
shown). In all Schneider cell experiments, transcription of the
reporter was activated by cotransfection of plasmids encoding
the activator bHLH proteins Daughterless and Achaete or
Daughterless and Scute, which activate the promoter as het-
erodimers (50, 77). Cotransfection of plasmids encoding the
Gal4 DNA binding domain alone along with those encoding
the activator proteins results in no repression of the reporter
(Fig. 1C). In contrast, a fusion protein containing Hairy 2-267,
a protein with the full coding sequence of Hairy (amino acids
2 to 337) (Fig. 1C), behaved as an efficient repressor and
showed repression equivalent to that of wild-type Hairy acting
on the native achaete promoter (56). Similar activity was seen
for a series of amino-terminal deletion mutants containing
Hairy 107-337, 267-337, or 320-337. These constructs all con-
tain the WRPW motif. However, constructs lacking the
WRPW motif such as the fusion protein containing Hairy
1-267 or 267-333 show no activity or reduced activity, respec-
tively. To ensure that constructs with no or reduced activity
were not artifacts due to poor expression or expression of
incorrect proteins, Western blotting with an anti-Gal4 antibody
was performed. These blots showed the production of fusion
proteins of the correct molecular weight and at expression
levels at least equivalent to that of Hairy 2-337 (data not
shown). Additionally, these blots show that the constructs en-
coding Hairy 1-267 and 267-333 were expressed at levels that
were severalfold higher than those of any of the other con-
structs, which may account for the activation and repression,
respectively, seen with these two constructs. Equivalent repres-
sion results were seen for activation by either Daughterless-
Achaete (Fig. 1C) or Daughterless-Scute heterodimers (Fig. 1D).
The region of Hairy needed to give efficient repression is

small and contains the WRPW motif found in all family mem-
bers. To generalize this result to other Hairy-related proteins,
a similar deletion analysis was performed with mammalian
Hes-1. Wild-type Hes-1 was shown in control experiments to
act as a repressor on promoters containing class C binding sites
in Drosophila Schneider cells (data not shown). A Gal4–Hes-1
fusion protein and two amino-terminal deletion fusion proteins
(Fig. 2A) were constructed and tested in Schneider cells in a
fashion similar to that used to test the Gal4-Hairy fusion pro-
teins. All of the fusion proteins (Fig. 2B) acted as repressors
and showed the same level of repression. Western blots of
transfected cells showed that all three constructs were ex-
pressed at similar levels (data not shown). Additionally, a fusion
protein containing the carboxyl terminus, with the WRPWmotif,
of the Hairy-related proteinDrosophila Enhancer of Split m7 was
made. This protein was also an efficient repressor (Fig. 2C).
Given the complete conservation of the WRPW motif in all

of the Hairy-related proteins and in all of the minimal repres-
sion domains, a fusion protein containing the WRPW motif
only was constructed. Remarkably, this fusion protein showed
repressor activity nearly equivalent to that of full-length Hairy
(Hairy 2-337) or the carboxyl-terminal 70 amino acids of Hairy
(Hairy 267-337) (Fig. 3). The repression activity shown by the
Gal4-WRPW construct is comparable to the repression shown
by any of the minimal repression domain constructs, demon-
strating that the 4-amino-acid WRPW motif found at the car-
boxyl terminus of all family members is sufficient for transcrip-
tional repression.
Function of the WRPW motif as a protein-protein interac-

tion domain for interactions between Hairy-related proteins
and Groucho. Since several of these bHLH proteins have been

FIG. 1. Mapping of the transcriptional repression domain of the bHLH re-
pressor protein Hairy. (A) Expression constructs encoding the Gal4 DNA bind-
ing domain fused to various full-length or truncated Hairy proteins were made in
the vector pActGal4 for expression in Schneider cells. (B) The reporter consisted
of a modified achaete (ac) promoter, in which five UAS sites have been substi-
tuted for the single Hairy binding (class C) site present in the native promoter.
achaete was used as the reporter for all Drosophila Schneider cell transfection
experiments because it is a well-characterized in vivo target for Hairy. da, Daugh-
terless; sc, Scute. (C) Drosophila Schneider cells were transfected with the re-
porter and plasmids encoding Daughterless, Achaete, and the indicated Gal4
fusion protein. The activity of the reporter when activated by Daughterless and
Achaete alone is defined as 100% activity. Each bar represents the average of at
least three pairs of trials, and each error bar represents the standard deviation of
the trials. (D) Results for activation of the achaete reporter by expression of
Daughterless and Scute proteins were similar to those for activation by Daugh-
terless and Achaete protein. One hundred percent activity is defined as the
activity seen when the reporter is activated by Daughterless and Scute alone. The
standard deviation seen for activation by either Daughterless and Achaete (C) or
Daughterless and Scute (D) was about 20% (not shown).
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shown to biochemically interact with Groucho (57), we wanted
to test whether the truncated proteins tested in the assays
described above still retain this ability. To test for biochemical
interactions, fusion proteins consisting of GST fused with
Hairy 267-337, Hes-1 193-281, m7 142-186, or the WRPW
motif alone were synthesized in bacteria and incubated with
lysates from Drosophila Schneider cells. After extensive wash-
ing, coprecipitated proteins were subjected to SDS-PAGE and
Western blotting and probed with an anti-Groucho monoclo-
nal antibody (67) (Fig. 4). Groucho was abundant in these
lysates (Cell Lysate lane; also see reference 67) and specifically
interacted with GST fusion proteins containing Hairy 267-337,
Hes-1 193-281, m7 142-186, and the WRPW motif alone. In
contrast, neither GST alone nor GST–Hairy 267-333 copre-
cipitated Groucho.

As an independent assay for protein interactions in vivo, we
used yeast two-hybrid analysis. The Gal4 DNA binding domain
alone (pGBT9 [Table 1]) did not interact with either the Gal4
activation domain (pGAD424) or a Gal4 activation domain-
Groucho fusion protein (pGAD424 Gro). Likewise, Gal4 fu-
sion proteins containing Hairy 267-337, Hairy 267-333, Hes-1
193-281, m7 142-186, and the WRPW motif alone did not
interact with the Gal4 activation domain (Table 1). By con-
trast, Gal4 fusion proteins containing Hairy 267-337, Hes-1
193-281, m7 142-186, and the WRPW motif alone all inter-
acted with a Gal4 activation domain-Groucho fusion protein,
while Hairy 267-333, which lacks the WRPW motif, did not
(Table 1). These results demonstrate that in both yeast and
Drosophila cell lysates, the WRPW motif is not only necessary
(57) but also sufficient to mediate protein-protein interactions
with Groucho.
Active transcriptional repression by Groucho when bound

to DNA by a heterologous DNA binding domain. Since the
WRPW motif alone interacts with Groucho and acts as a
repression domain, we tested if binding Groucho directly to
DNA is sufficient for transcriptional repression. A Gal4 fusion
protein containing full-length Groucho (Gro 1-719 [Fig. 5A])
repressed transcription to the same degree as any of the
WRPW-containing constructs (Fig. 5B). Thus, Groucho is an
active transcriptional repressor when bound directly to DNA.
We then mapped the transcriptional repression domains within
Groucho by using a series of Gal4 fusion proteins containing
different full-length and truncated Groucho proteins (Fig. 5A).
The results showed that fusion proteins containing the first 264
amino acids (Gro 1-264) behaved equivalently to the full-

FIG. 2. Mapping the transcriptional repression domains of the Hairy-related
proteins Hes-1 and Enhancer of Split m7. (A) Expression constructs encoding
the Gal4 DNA binding domain fused to various full-length or truncated Hes-1
proteins were made for expression in Schneider cells. (B) Schneider cells were
transfected with the reporter and plasmids encoding the indicated Gal4 fusion
protein, Daughterless, and Achaete. The activity of the reporter when activated
by Daughterless and Achaete alone is defined as 100% activity. (C) A Gal4
fusion protein containing the carboxyl terminus of Enhancer of Split m7 was
made. Schneider cells were transfected with a plasmid encoding this construct,
the reporter, and plasmids encoding Daughterless and Scute.

FIG. 3. Transcriptional repression by the 4-amino acid WRPW motif. A
plasmid encoding the Gal4 DNA binding domain fused to the WRPW tetrapep-
tide was cotransfected into Schneider cells along with the reporter and plasmids
encoding Daughterless and Scute. Parallel transfections with plasmids encoding
Gal4–Hairy 2-337 and Gal4–Hairy 267-337 were performed to directly compare
the WRPW activity with the previous results.

FIG. 4. Interaction of the WRPW motif with Groucho from Drosophila cell
lysates. The indicated fusion proteins were expressed in bacteria, purified, and
then incubated with Schneider cell lysates. The associated proteins were copre-
cipitated, subjected to SDS-PAGE and Western blotting, and then probed with
an anti-Groucho monoclonal antibody (67). The arrowhead indicates the loca-
tion of full-length Groucho in the control lane (Cell Lysate) and in lanes in which
Groucho has been coprecipitated by one of the GST fusion proteins.

TABLE 1. Interactions between Hairy-related proteins
and Groucho in S. cerevisiae

Bait plasmid Interaction with target
plasmid pGAD424 Groa

pGBT9 ................................................................................. 2
pGBT9 H 267-337 .............................................................. 111
pGBT9 H 267-333 .............................................................. 2
pGBT9 Hes-1 193-281 ....................................................... 11
pGBT9 m7 142-186 ............................................................ 111
pGBT9 WRPW................................................................... 11

a None of the bait plasmids exhibited interaction with pGAD24 as a target
plasmid.
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length protein (Gro 1-719). Thus, most of the carboxyl-termi-
nal region of the protein was not required for repressor activity
(Fig. 5B). However, the WD40 repeats alone also showed
partial repressor activity (Gro 342-719). Together these results
indicate the presence of two repression domains, with amino
acids 1 to 264 comprising the stronger repression domain and
the WD40 repeats comprising a weaker domain, in this assay.
Both of these domains are in regions that are highly conserved
in homologs from other species (49, 51, 63, 68, 72). Western
blots of transfected cells probed with anti-Gal4 antibodies
showed expression of proteins of the correct molecular weights
and expression of all proteins at levels at least equivalent to
that of Gal4 Groucho 1-719 (data not shown).
Functional conservation of the interaction between WRPW

and Groucho family corepressors in mammals. Mammalian
homologs of both Hairy-related proteins and Groucho have
been identified (2, 23, 32, 49, 51, 62, 63, 68, 70–72). We there-
fore wished to test whether our finding of interactions between
the WRPW motif of Drosophila Hairy-related proteins and the
Groucho corepressor is also true for the mammalian proteins.
To do so, we transfected human HeLa cells with both WRPW-
containing Gal4 fusion proteins and fusion proteins containing
Groucho or the human homolog TLE1 (Fig. 6). HeLa cells
were used because they have been shown to express several of
the TLE proteins (68). The reporter gene used consisted of the
simian virus 40 promoter with five UAS sites inserted upstream
fused to the luciferase gene (12). The simian virus 40 promoter

contained in this construct produces basal activity (12). How-
ever, when the reporter plasmid was cotransfected with plas-
mids expressing Gal4 fusion proteins containing Hairy 267-337,
WRPW alone, or Hes-1 193-281, transcription was repressed
(Fig. 6). Furthermore, Gal4 fusion proteins containing Grou-
cho 1-719, Groucho 1-264, full-length TLE1 protein, or the
amino terminus of TLE1 (TLE1 1-400) also repressed tran-
scription when expressed in Hela cells. These results demon-
strate that the WRPW motif functions as a transcriptional
repression domain in mammalian cells as in Drosophila cells.
These results also show that Groucho family members can
repress both activated and basal transcription and possess a
functionally conserved amino-terminal repression domain, as
the amino-terminal regions of both Groucho (Gro 1-264) and
TLE1 (TLE1 1-400) show repressor activity equivalent to or
better than that of the full-length proteins.
We then tested for conservation of the biochemical interac-

tion between the WRPW motif and the mammalian Groucho
homologs by incubating bacterially expressed and purified
GST fusion proteins with HeLa cell lysates (Fig. 7). After
extensive washing, coprecipitated proteins were subjected to
Western analysis with a pan-TLE monoclonal antibody (68).
As with Groucho, interactions were observed between TLE
proteins and GST–Hairy 267-337, GST–Hes-1 193-281, GST–m7
142-186, and GST-WRPW alone but not GST alone or GST–
Hairy 267-333. Together with the transcription repression data,
these results demonstrate that the mammalian homologs of
Hairy-related proteins and Groucho are indeed functional
corepressors. Additionally, these results show the WRPW mo-
tif to be both necessary and sufficient to mediate protein-
protein interactions between Hairy-related proteins and mem-
bers of the Groucho protein family in both insect and
mammalian cells.

DISCUSSION

Groucho family proteins as active transcriptional corepres-
sors. Our results demonstrate that Groucho family proteins
function as active transcriptional corepressors which are re-
cruited to target gene promoters by interactions with the
WRPW tetrapeptide domain of Hairy-related proteins. These
results confirm and extend the previous findings by Paroush
and coworkers (57) which showed that Groucho functions ge-
netically as a corepressor for Hairy-related proteins, that
Groucho protein interacts with Drosophila Hairy-related pro-

FIG. 5. Function of Groucho as a transcriptional repressor when directly
bound to the achaete promoter. (A) The diagram of Groucho is based on a
previously reported alignment of Groucho and the four mammalian TLE pro-
teins (68). Q, GP, and SP refer to the predominance of glutamine, glycine and
proline, and serine and proline found in these regions; WD40 and CcN refer to
the WD40 repeats and the CcN motif found in Groucho and the mammalian
homologs. The CcN motif is an approximately 60-amino-acid region that con-
tains a nuclear localization signal, cdc2 phosphorylation site, and casein kinase II
phosphorylation site located near each other and is found in other types of
proteins (68). On the basis of the diagram, expression constructs encoding the
Gal4 DNA binding domain fused to a series of full-length or truncated Groucho
proteins were made. (B) Schneider cells were cotransfected with the appropriate
plasmid and the reporter and plasmids encoding Daughterless and Achaete. One
hundred percent activity represents the activity of the reporter when activated by
Daughterless and Achaete alone.

FIG. 6. Transcriptional repression by Hairy-related proteins and Groucho
family proteins in mammalian cells. Human HeLa cells were cotransfected with
plasmids encoding the indicated Hairy, Hes-1, Groucho, or TLE1 (human Grou-
cho homolog) proteins or fragments or the WRPW tetrapeptide fused to the
Gal4 DNA binding domain. The reporter contained the simian virus 40 promoter
with five UAS sites inserted upstream, fused to the luciferase reporter gene. The
simian virus 40 promoter contained in this reporter produces basal activity (12).
One hundred percent activity is defined as the level of activity observed when the
reporter alone was transfected into the HeLa cells. Each bar represents the
average of at least three pairs of trials, and each error bar represents the standard
deviation of the trials.
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teins, and that this interaction is disrupted if the WRPW motif
is mutated. Because of its ability to interact with Groucho
family proteins the WRPW motif of Hairy-related proteins
functions as a transcriptional repression domain. Our assay
shows no requirement for domains other than the WRPW
motif for transcriptional repression. However, this finding does
not exclude a function for other domains, and recent genetic
evidence indicates that another conserved domain is necessary
for function in other contexts and may mediate interactions
with other proteins (18). Consistent with its role as a corepres-
sor, Groucho is able to repress transcription when directly
bound to target promoters and possesses a specific repression
domain. This domain is highly conserved in other Groucho
family members (49, 51, 63, 68, 72) and shows conservation of
function, as the repression domain from Groucho also acts as
a repressor in HeLa cells. These results suggest that the mech-
anism by which these corepressors affect transcription also is
highly conserved. Given the ability of the Groucho family
members to repress basal transcription as well as activated
transcription, it seems likely that these proteins affect the basal
transcription complex. Whether this mechanism involves direct
contacts between this domain and components of the basal
transcription complex or interactions with an intermediary
protein is not known, but future experiments will address this
question.
Recent work has shown that several other transcriptional

repressors consist of a DNA-binding protein and a non-DNA-
binding corepressor. Examples of such pairs of proteins are
E2F and Rb (1, 82); thyroid hormone and retinoic acid recep-
tors and the TRACs (14, 30); Mad or Mxi and mSin3 (5, 64);
and TUP1/SSN6 and several types of DNA-binding proteins
(40, 44, 59). Such corepressor systems have important func-
tional properties not found in single-protein transcriptional
repressors.
Recruitment of a corepressor in some cases allows an addi-

tional level of regulation because the interaction between the
DNA-binding protein and the corepressor can be regulated.
Both E2F and the nuclear receptors have regulated interac-
tions with their corepressors, and this interaction allows them
to rapidly switch from activators to repressors while remaining
bound at the same DNA site. E2F is a DNA-binding protein
and transcriptional activator which can be converted into a
repressor when it is associated with the Rb corepressor protein
(1, 82, 83). Phosphorylation of the Rb protein by cyclin-depen-

dent kinase proteins then causes the dissociation of E2F and
Rb and allows E2F to stimulate the transcription of target
genes (1, 82, 83). The thyroid hormone and retinoic acid re-
ceptors are DNA-binding proteins which are constitutively
bound to DNA. In the absence of the ligands, these proteins
are associated with the TRAC proteins, which act as corepres-
sors (14, 30). Once the ligand binds to the receptor, the TRAC
protein dissociates from the receptor which then becomes a
transcriptional activator (14, 30). It is not known if Hairy-
related proteins have the ability to act as both repressors and
activators or if the interactions between Hairy-related proteins
and either Groucho or TLE proteins are regulated.
Another potential consequence of having a separate DNA-

binding protein and corepressor is the ability of the corepres-
sor to interact with more than one type of DNA-binding pro-
tein. The yeast TUP1 corepressor is multifunctional because of
its ability to interact with several different kinds of DNA-
binding proteins (59). TUP1 is found in yeast cells complexed
with the SSN6 protein (74), and together they interact with a
variety of specific DNA-binding proteins (40). Since these
DNA-binding proteins bind to the promoters of distinct target
genes, TUP1 is able to function as a general transcriptional
corepressor in different pathways as a result of the specificity
conferred by the DNA-binding protein partners. It is possible
that Groucho-like proteins have the ability to interact with
several different kinds of DNA-binding proteins as well. These
interactions may be mediated by WRPW motifs in other pro-
teins or by motifs that resemble WRPW. For example, the
Drosophila Runt protein and its mammalian homolog PEBP2a
both contain the sequence WRPY at the carboxyl terminus
(39, 55). Additionally, other types of DNA-binding proteins
may utilize Groucho or the Groucho homologs by forming
protein-protein interactions with other regions of the protein.
One possible candidate for a second protein-protein interac-
tion domain would be the WD40 repeats. In TUP1, these
repeats have been shown to be a second interaction domain
which can interact directly with the homeodomain protein a-2
(44).
WRPW as a 4-amino-acid protein-protein interaction do-

main. The use of four amino acids as a protein-protein inter-
action domain is remarkable but not unprecedented. Recently
Kornau et al. described a small carboxyl-terminal tSXV motif
which is found in N-methyl-D-aspartate receptor subunits as
well as other proteins (45). This motif is involved in making
protein-protein contacts between the N-methyl-D-aspartate re-
ceptor subunits and the synaptic density protein PSD-95. It is
possible that more small protein-protein interaction domains
will be found either at the protein termini or in loop regions.
Such positioning of these domains might allow the remainder
of the protein to be folded or otherwise inaccessible, while only
the small sequence needs to be exposed. Additionally, the
positioning these domains at the protein termini or in loops
may allow the appropriate recognition domain to wrap around
this accessible domain and form strong interactions. The small
sizes of these motifs and their cognate recognition domains
make them amenable to physical techniques like nuclear mag-
netic resonance spectroscopy or X-ray crystallography, which
will allow direct determination of how such small sequences
mediate specific, high-affinity protein-protein interactions.
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