Groucho acts as a corepressor
for a subset of negative regulators,
Including Hairy and Engrailed
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Relatively little is known about the molecular mechanisms involved in transcriptional repression, despite its
importance in development and differentiation. Recent evidence suggests that some transcriptional repressors
act by way of adaptor molecules known as corepressors. Here, we use in vivo functional assays to test
whether different repressor activities are mediated by the Groucho (Gro) corepressor in the Drosophila
embryo. Previously, Gro was proposed to mediate repression by the Hairy-related family of basic
helix-loop-helix proteins. Our results indicate not only that repression by Hairy requires Gro, but that a
repressor domain from the Engrailed (En) homeodomain protein is also Gro dependent. The latter result
correlates with an ability of this En domain to bind to Gro in vitro. In contrast, repressor regions from the
Even-skipped, Snail, Kruppel, and Knirps transcription factors are effective in the absence of Gro. These
results show that Gro is not generally required for repression, but acts as a specific corepressor for a fraction

of negative regulators, including Hairy and En.
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Transcriptional repression plays a key role in establish-
ing precise patterns of gene expression during develop-
ment (Gray and Levine 1996b; Ip and Hemavathy 1997).
For example, most transcriptional regulators that control
pattern formation in the early Drosophila embryo be-
have as repressors. Although mechanisms of repression
are less well understood than those leading to gene acti-
vation, two major modes of repression have been identi-
fied (Cowell 1994; Johnson 1995; Hanna-Rose and Han-
sen 1996). In one case, repressors function by interfering
passively with binding of activators to target promoters.
This can involve the formation of repressor/activator
complexes that are unable to bind DNA, or the occlusion
of activator DNA-binding sites by binding of the repres-
sor to overlapping target sequences. A second class of
repressor binds to specific DNA sites, and blocks tran-
scription actively through protein—protein interactions
with other promoter factors.

Like transcriptional activators, ‘“‘active” repressors of
the second class appear to have a modular nature. In
addition to a DNA-binding domain, they include dis-
crete protein domains that can impose repressor activity
on heterologous DNA-binding regions. Repressor mod-
ules can share certain structural similarities, including a
preponderance of alanine residues [e.g., those from the
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Drosophila Engrailed (En), Even-skipped (Eve), and Krup-
pel (Kr) proteins; Han and Manley 1993a,b; Licht et al.
1994; for review, see Hanna-Rose and Hansen 1996], but
the role of such structural features is not understood.
Some repressor domains are likely to establish direct in-
teractions with components of the transcriptional ma-
chinery (e.g., those from Eve and Kr; Sauer et al. 1995;
Um et al. 1995) or with promoter-bound activator fac-
tors. However, others probably function by recruiting ac-
cessory proteins (‘‘corepressors’) that themselves effect
repression.

The best-characterized example of corepression in-
volves a complex formed by the yeast proteins TUP1 and
SSN6, which are required for repression by the a2 ho-
meodomain protein (Keleher et al. 1992). These two pro-
teins do not bind inherently to DNA, but appear to be
recruited to promoters through interactions with «2.
Once at the promoter, the TUP1/SSN6 complex medi-
ates repression, possibly by binding downstream pro-
teins such as basal transcription factors or histones (Ed-
mondson et al. 1996). Other repressor—corepressor mod-
els include Mad-mSin3 and nuclear hormone receptor—
N-CoR/mSin3 associations in mammalian cells (Hor-
lein et al. 1995; Kurokawa et al. 1995; Alland et al. 1997;
Heinzel et al. 1997).

The Drosophila Groucho (Gro) protein, a maternally
contributed nuclear factor (Hartley et al. 1988; Delidakis
et al. 1991), is a putative corepressor (Paroush et al. 1994;
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Fisher et al. 1996). Gro lacks a recognizable DNA-bind-
ing domain but, like TUP1, contains repeated WD motifs
that are believed to mediate protein—protein recognition
(for review, see Neer et al. 1994). Previously, we have
proposed that Gro functions as a corepressor for the
Hairy family of basic helix-loop-helix (bHLH) transcrip-
tion factors (Paroush et al. 1994), which includes the
Hairy, Deadpan (Dpn), and Enhancer of split [E(spl)] pro-
teins that act in segmentation, sex determination, and
neurogenesis, respectively (Klambt et al. 1989; Rushlow
et al. 1989; Bier et al. 1992; Delidakis and Artavanis-
Tsakonas 1992; Knust et al. 1992; Schrons et al. 1992;
Younger-Shepherd et al. 1992). The Hairy/Gro corepres-
sion model is supported by the finding that Gro binds in
yeast and in vitro to a conserved carboxy-terminal tetra-
peptide (WRPW) present in the above bHLH proteins,
which functions as an active repressor domain in cul-
tured cells (Paroush et al. 1994; Fisher et al. 1996). In
addition, Gro activity is required maternally for the pro-
cesses regulated by the Hairy-related proteins. In em-
bryos lacking maternal gro (hereafter referred to as gro
mutant embryos), hairy (h) expression overlaps that of
one of its targets of repression, fushi tarazu (ftz) (Carroll
and Scott 1986; Howard and Ingham 1986; Ish-Horowicz
and Pinchin 1987; Paroush et al. 1994). Also, the female-
specific gene Sex-lethal (SxlI), which is normally re-
pressed by Dpn, is expressed ectopically in male embryos
(Younger-Shepherd et al. 1992; Paroush et al. 1994). Fi-
nally, the mutant embryos show neural hyperplasia at-
tributable to excessive selection of neural precursors, a
process that is normally inhibited by E(spl) (Delidakis et
al. 1991; Schrons et al. 1992; Paroush et al. 1994).

Despite the emergence of an increasing number of co-
repression models, limited information is still available
on the specificity of corepressors, that is, whether they
mediate the activity of unique repressors/repressor fami-
lies, or whether they serve as common effectors for dif-
ferent classes of repressors (or even all or most repres-
sors). In the case of TUP1/SSN6, a number of studies
suggest that this complex mediates repression by several
classes of repressors (Keleher et al. 1992; Treitel and
Carlson 1995). In this paper, we analyze the specificity of
corepression in a higher eukaryote by examining
whether different repressor activities require Gro for
their function in Drosophila embryos. Our results indi-
cate that the carboxy-terminal region of Hairy and a re-
pressor domain from the En homeodomain protein both
need Gro to function in vivo. In contrast, repressor do-
mains from the Snail (Sna), Eve, Kr, and Knirps (Kni)
proteins can act independently of Gro. These results sug-
gest that Gro mediates repression by a subset of negative
regulators in Drosophila.

Results

Gro is required for Hairy repression of SxI
transcription

Gro appears to play several roles during early develop-
ment and it can be difficult to distinguish between its
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direct and indirect effects in vivo. For example, segmen-
tation in gro mutant embryos is altered dramatically be-
fore the action of Hairy (Paroush et al. 1994, 1997), there-
fore Hairy’s requirement for Gro could be indirect. To
partially circumvent these problems we have explored
the role of Gro in repression using an assay in which
ectopic Hairy interferes with expression of the SxI sex
determination gene (Parkhurst et al. 1990). SxI transcrip-
tion is initiated selectively in early female embryos by a
set of activator proteins encoded on the X chromosome
(Cline 1980, 1988; Bell et al. 1988; Keyes et al. 1992; for
review, see Parkhurst and Meneely 1994). In male em-
bryos, SxI remains off because these activators are out-
competed successfully by autosomal repressors, which
include the Hairy-related factor Dpn (Younger-Shepherd
et al. 1992; Barbash and Cline 1995). Although Hairy is
not normally involved in sex determination, its misex-
pression at early blastoderm stages mimics Dpn’s activ-
ity and inhibits SxI transcription (Parkhurst et al. 1990).
Thus, ectopic Hairy expression driven by the hunchback
(hb) gap gene promoter, which is active in the anterior
half of the blastoderm embryo at the time of SxI initia-
tion (nuclear cycles 11-13), leads to repression of Sxl in
the anterior of female embryos. This can be monitored
by a monoclonal antibody specific for active, full-length
SxI protein, which normally stains only female embryos
(Fig. 1A). The hb-h assay offers inherent advantages for
exploring the role of Gro in repression by Hairy. First,
regulation of Sxl is among the first transcriptional
switches in Drosophila, and therefore, is probably inde-
pendent of other Gro roles in embryonic development.
Also, zygotic activity of the hb promoter is largely nor-
mal in gro mutant embryos (Fig. 1C), therefore it drives
equivalent transgene expression in gro and wild-type em-
bryos.

To examine whether Hairy requires Gro to repress Sxl,
we analyzed the effects of ectopic h transcription in em-
bryos deprived of maternal Gro activity. As gro homozy-
gous females are lethal, such embryos were obtained
from mosaic females in which all embryos laid derive
from gro™ germ cells (see Materials and Methods). These
experiments involved the gro®%® and gro®’® alleles,
which behave as nulls in genetic tests (Preiss et al. 1988;
Delidakis et al. 1991) and Df(3R)BX22, a deficiency that
removes gro-coding sequences and adjacent E(spl) genes
that are not expressed maternally, and whose loss should
not affect early transcriptional regulation (Preiss et al.
1988; Shepard et al. 1989). In general, all three gro alleles
yielded equivalent results. If repression of SxI by Hairy
depends on Gro, anterior Sxl expression should be re-
stored in hb—h embryos from gro mutant mothers (hb-h,
gro embryos). Indeed, all such embryos express Sxl both
anteriorly and posteriorly (Fig. 1B). Thus, Hairy is unable
to repress SxI transcription in gro embryos.

Replacement of the carboxyl terminus of Hairy by the
Eve repressor domain generates a Gro-independent
repressor

The above experiment argues that Gro is necessary for
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Figure 1. Hairy requires Gro for repression of Sxl. Effect of the
hb-h construct in otherwise wild-type (A) or grot*® (B) female
blastoderm embryos. Efficient repression at the anterior is ob-
served in the presence but not in the absence of Gro. Embryos
were stained with an antibody against active Sxl protein. (C)
Pattern of lacZ mRNA expression directed by the hb promoter
in gro embryos; efficient activity of the promoter is observed in
the anterior region of the embryo. In this and subsequent figures
anterior is to the left and dorsal is up.

Hairy to repress Sxl, and is consistent with previous evi-
dence that such repression depends on the WRPW Gro-

Figure 2. Effects of Hairy repressor chi-

meras in otherwise wild-type or gro em-

bryos. (A) Diagram of Hairy derivatives ex-

pressed under the control of the hb pro-

moter and their effects on female viability B

and Sxl expression. The degree of female

lethality is represented by crosses: (+++) hib-h
most lines show >80% lethality; (+) most
lines show <30% lethality; (=) no lethality
detected. (B) Effects on Sxl expression of
hb-h®"¢, hb-h®", hb-h*"2 hb-h¥", and hb-
hk" in otherwise wild-type or gro®4®

» P D
em- :
bryos. Repression of SxI is observed in all gro :

cases, except for hb-h®" in gro embryos.
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binding domain (Dawson et al. 1995). This result also
offers an assay to test the requirement of Gro for the
activity of other repressor domains. We reasoned that
replacement of the Hairy carboxy-terminal domain by
heterologous repressor domains would generate Hairy re-
pressor derivatives whose repression of SxI might be ei-
ther dependent or independent of Gro. To test this idea,
we made a Hairy®¥® fusion derivative by replacing the
carboxy-terminal 69 amino acids of Hairy by a repression
domain from the Eve segmentation protein (Eve<; amino
acids 140-247; Fig. 2A) that mediates repression in cul-
tured cells when fused to a heterologous DNA-binding
domain (Han and Manley 1993a). EveR is believed to act
by direct interactions with the basal transcription com-
plex (Austin and Biggin 1995; Um et al. 1995) and there-
fore is a good candidate for acting independently of Gro.

We first examined the effects of hb-h®'® in otherwise
wild-type embryos. hb-h®® does not cause the high lev-
els of female lethality normally associated with hb-h.
Viability of transformant females in several independent
lines is typically >80% (Fig. 2A; data not shown). How-
ever, three different hb-h®'® lines examined show effec-
tive repression of anterior SxI (Fig. 2B), similar to that
caused by hb-h. In these lines, SxlI expression recovers
partially as development proceeds (mainly after stage 9;
data not shown), suggesting that residual, undetectable
Sxl transcription in early hb-h®® embryos is sufficient
to trigger SxI maintenance and rescue most females to
adulthood. Repression by Hairy®® is dependent on EveR
because the equivalent truncated Hairy protein lacking
the carboxy-terminal 69 amino acids (Hairy*2%®) is in-
active in the hb assay (Fig. 2A; data not shown).

To test whether Hairy®"® is dependent on Gro activity,
we monitored its effects on Sxl expression in gro mutant
embryos. Anterior Sxl expression is repressed efficiently
in hb-h®"®, gro embryos (Fig. 2B), showing that EveR
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functions independently of Gro. This result also provides
direct evidence that the failure of Hairy to repress Sxl in
gro embryos results from a loss of activity of the carboxy-
terminal WRPW domain, strongly suggesting that the
latter acts through Gro in vivo.

A repression domain from En is Gro dependent

We then tested Hairy=" (Fig. 2A), a chimeric protein in-
cluding Hairy*=22° fused to a repressor domain from the
En segmentation protein (amino acids 168-298). This do-
main (En®) has been shown previously to mediate potent
repression in Drosophila cells and in other cell and em-
bryonic systems (Jaynes and O’Farrell 1991; Han and
Manley 1993b; Badiani et al. 1994; John et al. 1995; Con-
lon et al. 1996; Smith and Jaynes 1996). Indeed, hb-h®"
behaves as a strong repressor of SxI; in most hb-h®" lines,
viability of females drops to <10% of that of males (Fig.
2A,; data not shown), and efficient repression is observed
in the anterior half of all transformant embryos (Fig. 2B).
Strikingly, hb—h®" is unable to repress SxI in gro®*® (Fig.
2B), gro’®, or BX22 embryos (data not shown). These
results indicate that En® is a second Gro-dependent do-
main.

We also examined three further repressor domains,
from the Sna (amino acids 1-244), Kr (amino acids 26—
114), and Kni (amino acids 159-257) proteins that func-
tion as negative regulators of transcription in blastoderm
embryos (Gerwin et al. 1994; Licht et al. 1994; Arnosti et
al. 1996; Gray and Levine 1996a; Fig. 2A). All three fu-
sions have detrimental effects on female viability when
expressed from the hb promoter in a wild-type back-
ground: Hairy®"® leads to high levels of female lethality
(>80%); Hairy*" and Hairy“" have weaker effects, simi-
lar to that of Hairy®"® (Fig. 2A; data not shown). Never-
theless, all three constructs repress Sxl efficiently in
blastoderm embryos (Fig. 2B). All three fusions also re-
press Sxl in gro mutant embryos (Fig. 2B), indicating
that, at least in our assay, none of these repressor do-
mains requires Gro.

Repression of ftz by Hairy®" is also Gro dependent

The above experiments indicate that En® mediates re-
pression of Sxl in a Gro-dependent manner. To test
whether such a requirement is specific to Sxl regulation
or shared by other promoters we examined the ability of
HairyE" to repress ftz. Previous results suggest that ftz is
a direct target of repression by Hairy/Gro (Carroll and
Scott 1986; Howard and Ingham 1986; Ish-Horowicz and
Pinchin 1987; Paroush et al. 1994; Jiménez et al. 1996).
We find that ectopic Hairy expression under the control
of a heat-shock promoter (hs-h) leads to rapid and effi-
cient repression of ftz transcription in wild-type, but not
gro embryos (Fig. 3; Materials and Methods). In contrast,
Hairy derivatives lacking the carboxy-terminal WRPW
motif are unable to repress ftz in this assay (Jiménez et
al. 1996).

We generated transformant hs-h®" lines and moni-
tored ftz expression after heat-shock induction (Materi-
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als and Methods). In embryos carrying the hs—h°" trans-
gene, ftz expression is completely abolished within 30
min of the start of a 10-min heat shock (Fig. 3), as occurs
when wild-type Hairy is expressed ectopically (Ish-
Horowicz and Pinchin 1987). However, ftz transcription
is unaffected by hs-h®" in gro mutant embryos (Fig. 3),
indicating that En® requires Gro to repress both ftz and
Sxl. Failure to repress ftz is not attributable to inefficient
induction of Hairy® in gro embryos, because the chi-
meric protein can be detected readily using an antibody
against Hairy (data not shown).

In contrast, expression of Hairy®® under heat-shock
control results in efficient repression of ftz both in wild-
type and gro embryos (Fig. 3). These results are consis-
tent with those obtained in the hb assay, and show that
the Eve domain can repress different promoters indepen-
dently of Gro (see Discussion).

Repression of eve by En protein requires Gro

The above results indicate that Gro mediates the activity
of EnR. Therefore, we asked whether Gro is required for
repression by native En. The En protein functions as a
regulator of anteroposterior pattern formation both in
the embryo and the adult (for review, see Cohen 1993;
Martinez Arias 1993). Although the activity of En as a
repressor has been mainly characterized in cultured
cells, there is also evidence that it inhibits transcription
of various target genes in vivo (Sanicola et al. 1995;
Schwartz et al. 1995). eve is one such target because ec-

wild-type
LI
control &
o A
hs-h
&
hs-he"
eve
hs-h

Figure 3. Effects of Hairy, Hairy®", and Hairy®"® on ftz tran-
scription in the presence and absence of Gro. The Hairy deriva-
tives were expressed in blastoderm embryos under the control
of a heat-shock promoter (see Materials and Methods). The nor-
mal patterns of ftz mRNA in control wild-type and gro embryos
are also shown. Because of the effects of gro on gap gene expres-
sion, ftz is not expressed in stripes in gro embryos, but occupies
a broad domain in the trunk region. All three heat-shock con-
structs repress ftz in wild-type embryos, but only hs-h®"¢ leads
to significant repression in gro embryos. The gro embryos were
derived from gro®*?? (control and hs-h) or gro®*® (hs-h®" and
hs—h®"¢) mosaic females.
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topic en expression in blastoderm embryos causes rapid
repression of eve (John et al. 1995). Also, after the blas-
toderm stage eve expression persists for longer than nor-
mal in en mutant embryos (Harding et al. 1986). Thus,
En is likely to act as a negative regulator of late eve
transcription.

As shown in Figure 4C, ectopic en expression under
the control of a heat-shock promoter clearly represses
eve in embryos derived from wild-type females (see Ma-
terials and Methods). Repression is particularly efficient
for eve stripes 2, 5, and 7 and even the more resistant
stripe 4 is fully repressed in [60% of embryos (101 of
166). In gro embryos, eve transcripts accumulate in one
or two broad central domains, not in stripes (Fig. 4B).
This expression is not repressed after hs-en induction
(Fig. 4D), although efficient accumulation of ectopic En
protein is readily detected in those embryos (data not
shown). Therefore, Gro is required for En to repress eve
transcription.

HairyE" binds to Gro in vitro

One mechanism whereby En might direct Gro-depen-
dent repression is if the En® repression domain binds Gro
directly and recruits it to target promoters. Therefore, we
compared the ability of full-length Hairy and Hairy®" to
bind to Gro in vitro. The Hairy derivatives were ex-
pressed in bacteria as glutathione S-transferase (GST) fu-
sions, immobilized on glutathione-Sepharose beads, and
tested for their ability to retain radiolabeled Gro protein.
Both GST-Hairy and GST-Hairy®" bind Gro, whereas
control GST fusions (two different Hairy carboxy-termi-
nal truncations lacking the WRPW tetrapeptide and the
Hairy®® and HairyS"@ chimeras), show little or no bind-
ing (Fig. 5A). These results suggest that the En® domain
inhibits transcription by direct interactions with Gro.
EnR does not contain a recognizable WRPW-like se-
guence, suggesting that its binding to Gro is mediated by
other protein motifs. To begin the identification of such

Figure 4. Ectopic En represses eve expression in wild-type but
not in gro embryos. Wild-type pattern of eve mMRNA (A) and its
repression in a heat-shocked hs—en embryo (C). Pattern of eve in
a control gro®*® mutant embryo (B) and in a heat-shocked gro®48
embryo carrying the hs—en construct (D); no significant repres-
sion is observed. As in the case of ftz, eve transcripts are not
expressed in stripes in gro embryos, but accumulate in one or
two broad central domains.
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Figure 5. Gro binds in vitro to Hairy®". (A) Radiolabeled Gro
protein was incubated with various GST-Hairy derivatives
bound to glutathione-Sepharose beads. After washing the beads,
the retained Gro protein was visualized by SDS-PAGE and au-
toradiography. (B) Coomassie staining showing the integrity of
the different GST fusions after incubation with Gro.

motifs, we tested several Hairy=" derivatives with dele-
tions in the En® domain for their ability to bind to Gro in
vitro. The original En® domain used in our experiments
contains two subdomains (regions C and D, see Fig. 6)
that were initially characterized by Han and Manley
(1993b) in cultured cells. These researchers found a
stronger repressor activity for region D than for region C.
However, recent experiments using an assay in blasto-
derm embryos indicate that region C is more active than
region D in vivo (Smith and Jaynes 1996). We find that
Hairy®" proteins lacking region D are able to bind to Gro
with the same affinity as the intact Hairy=" chimera (Fig.
6). In contrast, deletion of region C results in a fourfold
decrease in binding activity. These results indicate that
although region D can contribute to the interaction,
most of the binding activity resides within region C. Be-
cause the study of Smith and Jaynes (1996) suggested
that most of the function of the C domain resides in a
conserved element (called ehl), present in other ho-
meodomain proteins such as Goosecoid, we examined
the effects of removing this element in our binding as-
say. As shown in Figure 6, two different deletions of the
eh1 motif result in a decrease in Gro binding comparable
to that caused by removal of the whole C region. These
results point to a important role of the ehl region in the
ability of En® to bind to Gro. Moreover, the degree of Gro
binding for the different constructs correlates well with
their in vivo repressor activity as determined by Smith
and Jaynes (1996), suggesting that the eh1/Gro interac-
tion is indeed functionally significant.

The ability of Gro to bind to the Hairy and En repres-
sor domains raises the question of whether these asso-
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ciations are mediated by a single or different regions of
Gro. Therefore, we compared the binding in vitro of vari-
ous Gro deletion derivatives to Hairy and Hairy=". We
first examined two Gro mutants lacking either the car-
boxy-terminal half of the protein (including the WD re-
peats) or the complementary amino-terminal domain
(Gro*WP and Gro™'P, respectively; see Fig. 7). Both mu-
tants show a dramatic loss of binding activity to Hairy
and Hairy®", although we still detect weak binding of
Gro™P to Hairy® (Fig. 7). These results suggest that
both halves of Gro are required for full interaction with
both repressor domains. These findings differ from our
previous result that a central domain of Gro, lacking all
WD sequences, is sufficient for the interaction with
Hairy in yeast (Paroush et al. 1994). Although we cannot
explain this difference, the stronger and more specific
binding of Gro to Hairy in vitro than in yeast (Paroush et
al. 1994) favors a role for the WD repeats in this inter-
action (see below).

To test further the requirement of the WD region for
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Figure 6. Mapping of sequences within EnR® re-

= sponsible for binding to Gro. A diagram of differ-
E ent En® deletion mutants is shown. These muta-
ﬂ tions were introduced in the original GST-
';-‘_. Hairy®" construct and examined for their ability
;E': to bind full-length Gro. Deletions of region D

(constructs En'%8-227 and En'®8-2%8) do not affect
the interaction with Gro. In contrast, deletion of
region C (construct En?2%-2%) causes a fourfold
decrease in the binding. A similar result is ob-
tained after eliminating 15 or 7 amino acids
[EnAehi(®) or EnAehi™ respectively] that consti-
tute the conserved ehl motif (Smith and Jaynes
1996).

binding to Hairy and Hairy®", we generated three addi-
tional Gro derivatives with progressive deletions of car-
boxy-terminal WD repeats (Fig. 7). All three derivatives
show very weak interactions with full-length Hairy,
similar to that of the Hairy'~2®® negative control, again
suggesting that the integrity of the WD region is essen-
tial for binding to Hairy. In contrast, Gro*"® and
Gro*WPs:6 (lacking the sixth, and the fifth and sixth WD
repeats, respectively) retain significant binding to
Hairy®". These results suggest that these two repeats
contribute toward, but are not essential for binding to
EnR, and are consistent with the existence of different
structural requirements for binding of Gro to Hairy and
En repressor domains.

Discussion

A few studies suggest that active repression often in-
volves corepressors. These proteins are believed to act as
molecular bridges between repressor domains and target

3
5 c
z u
5 2 EE
Esgss
Grg D
g Figure 7. Binding of Hairy and Hairy®" to Gro dele-
f.:" 5 tion mutants. A diagram of the different Gro deriva-
E %‘“ i;" %“ tives analyzed is shown. These derivatives were as-
ExrxxTzx sayed for binding to Hairy, Hairy*2#® (a truncation
similar to Hairy®" but lacking EnR), and Hairy=".
Equivalent aliquots of labeled Gro derivatives are
= ~  shown as a control for the strength of the interactions
(Input lanes). Gro*"WP and Gro"'P show weak or no
binding to either Hairy or Hairy®". Gro derivatives
with progressive WD repeat deletions also show very
weak binding to Hairy, but Gro® and Gro“%>® interact
GroAWD4Ss

significantly with Hairy®".
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proteins such as components of the basal transcription
complex. A prevailing question is whether corepressors
act in concert with many or only a few repressors. In this
paper, we provide the first systematic attempt to assess
the specificity of a corepressor in higher eukaryotes. We
find that Gro is not only required for repression by Hairy,
but that it also mediates specifically the activity of a
domain from En. In contrast, repressor domains from the
Sna, Eve, Kr, and Kni proteins are active in the absence of
Gro. These results argue that Gro is required for the ac-
tivity of a subset of repressors in Drosophila.

Our results show that ectopic Hairy fails to repress
either Sxl or ftz transcription in gro mutant embryos. In
contrast, Hairy chimeric proteins in which the Gro-bind-
ing WRPW motif is substituted by alternative repressor
domains can act independently of Gro. Thus, Hairy is
able to direct repression through the Eve, Sna, Kr, or Kni
repressor domains in gro mutant embryos, but not
through its own WRPW motif. These results render un-
likely the explanation that Hairy requires Gro directly or
indirectly to bind to target promoters (see also Jiménez et
al. 1996). Together with the in vitro results showing di-
rect interactions between the WRPW motif and Gro, our
results indicate that Gro functions as an authentic core-
pressor for Hairy (Paroush et al. 1994).

Recently, Aronson et al. (1997) have provided evidence
that Runt, a transcriptional regulator unrelated to Hairy
but that contains at its carboxyl terminus a WRPY se-
guence reminiscent of the WRPW motif, also interacts
with Gro through this sequence. Thus, Gro also medi-
ates some of Runt’s repressor activities during segmen-
tation.

The Eve, Sna, Kr, and Kni domains must have a
mechanism of action that is independent of Gro. In con-
trast, En® appears functionally linked to Gro, as Hairy®"
represses transcription efficiently in wild-type but not
gro mutant embryos. Indeed, native En requires Gro to
repress eve in vivo and we have shown that En® is able to
bind Gro in vitro. These results suggest that, like the
WRPW motif, En® functions by recruiting Gro to target
promoters. This association depends on the ehl motif,
which is conserved within En homologous genes, essen-
tial for repression in vivo, and also present in other ho-
meodomain proteins from various organisms (see Smith
and Jaynes 1996). Thus, these proteins may be transcrip-
tional repressors that interact with Gro or its homologs
in other animals.

Our results indicate that Gro acts as a multifunctional
protein that integrates signals from different transcrip-
tional repressors. These repressors can be unrelated
structurally, as there are no significant similarities be-
tween Hairy and En, either within or outside their re-
pressor domains. This illustrates that repressor domains
classified apart according to their structure may have a
common mechanism of action. Similarly, TUP1 appears
to mediate repression by different classes of repressors
such as a2 and MIG1 (Keleher et al. 1992; Treitel and
Carlson 1995). Conversely, repressor domains with
shared features may have different targets; En and Eve
are both homeodomain proteins with alanine-rich
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repressor domains, yet only the former acts through
Gro.

The ehl and WRPW motifs appear unrelated, suggest-
ing that the associations of these repressor domains with
Gro involve different molecular interfaces. We addressed
this issue by examining which regions in Gro mediate its
binding to Hairy and Hairy®". Our results show that se-
quences both within and outside the WD repeats are im-
portant for each of these interactions. However, Hairy
and EnR appear to show different requirements for the
WD repeats. The most carboxy-terminal fifth and sixth
WD repeats are necessary for binding to Hairy, but are
partially dispensable for the interaction with En®. Thus,
Hairy must either bind the sixth repeat or require the
integrity of the whole WD region. Crystal structure
analyses of other WD proteins have shown that this re-
gion adopts a complex conformation called a B-propeller
(Sondek et al. 1996; Wall et al. 1996), and perhaps Hairy
recognizes features characteristic of such a structure. In
contrast, En® may target Gro motifs that do not neces-
sarily need to be assembled into a full B-propeller.

Gro is probably only essential for some En functions.
Thus, reduced or absent gro activity in the posterior
compartment of imaginal discs does not seem to reca-
pitulate the phenotype of en loss-of-function mutations
(de Celis and Ruiz-Goémez 1995; Heitzler et al. 1996),
suggesting that Gro may be dispensable for repression by
En in some adult tissues. Similarly, Runt appears to re-
press at least one target gene independently of Gro
(Aronson et al. 1997).

How might Gro mediate repression? We favor a model
in which Gro is recruited to target promoters by specific
DNA-binding proteins and then represses transcription
(Paroush et al. 1994). This view is supported by recent
experiments showing that Gro can mediate significant
levels of repression in cultured cells when targeted to a
promoter through a heterologous DNA-binding domain
(Fisher et al. 1996). An alternative model is that Gro is a
component of the basal transcriptional machinery and
functions as a target for repressors such as Hairy or En.
This model appears plausible in light of the finding that
dTAF80, a Drosophila WD repeat protein that may be
required for repression, is a component of the general
TFIID complex (Dynlacht et al. 1993; Kokubo et al.
1993). However, studies on polytene chromosomes show
that Gro localizes to a subset of chromosome bands, sug-
gesting that it is not present at all promoters (Bettler et
al. 1996). Although these results do not exclude the pos-
sibility that Gro is a component of the transcription
complex assembled only in a subset of promoters, they
favor the recruitment model of Gro action.

Once recruited to target promoters, Gro could inter-
fere with transcription in several ways. The simplest
possibility is that Gro interacts directly with compo-
nents of the basal transcriptional machinery to disrupt
their assembly, structure, or accessibility. A particular
aspect of this model is that Gro might interfere with
components of the transcriptional machinery specifi-
cally required for transcriptional activation [e.g., the
TATA-binding protein (TBP)-associated factors (TAFs);



for review, see Verrijzer and Tjian 1996]. It has been
shown that in cultured cells En® appears to mediate
strong repression of promoters stimulated by activator
proteins, while being unable to inhibit transcription of
basal promoters (Han and Manley 1993b). Thus, these
effects may reflect the mechanism of Gro action, and
may also be a feature of repression by Hairy. Alterna-
tively, Gro could inhibit transcription by ‘“quenching”
(i.e., by interacting with a promoter-bound activator and
interfering with its ability to contact the basal machin-
ery). Finally, it is possible that Gro acts by influencing
chromatin organization directly. Another WD-contain-
ing protein, Extra-sex-combs, is thought to act as a re-
pressor by altering chromatin structure (Gutjahr et al.
1995; Sathe and Harte 1995; Simon et al. 1995), and re-
pression by TUP1 appears to rely on interactions with
histones H3 and H4 (Edmondson et al. 1996). Moreover,
a series of recent experiments suggest that the corepres-
sor complex mMRPD/mSin3/N-CoR modulates chroma-
tin conformation through histone deacetylation (for re-
view, see Pazin and Kadonaga 1997; Wolffe 1997). Future
biochemical approaches will address whether Gro uses
these or other activities to modify chromatin behavior.

Previous work has led to a distinction between repres-
sors that need to lie close (<150 bp) to activators or the
basal complex to function (short-range repressors) and
those that can act over longer distances (long-range re-
pressors; Gray and Levine 1996b). It has been suggested
that this difference may result in distinct modes of regu-
lation of a complex promoter. Short-range repressors
could act locally to inhibit a particular enhancer, while
leaving other enhancers free to activate expression; in
contrast, long-range repressors would act dominantly to
ensure that the promoter is repressed completely (Gray
et al. 1994; Arnosti et al. 1996; Gray and Levine 1996a;
Barolo and Levine 1997). We find that three repressor
domains that come from short-range repressors (Sna, Kr,
and Kni) all act independently of Gro. In contrast, recent
experiments show that Hairy behaves as a long-range
repressor on synthetic promoters (Barolo and Levine
1997), an effect that should depend on Gro. These results
suggest that Gro may be a long-range, dominant core-
pressor. However, the HairyS"®, Hairy*", and Hairy*™
chimeras (in which Hairy has presumably been con-
verted from a long- to short-range repressor) are still able
to repress the endogenous Sxl promoter. These results
indicate that short- and long-range repressors are to some
extent interchangeable and do not necessarily exert dif-
ferent modes of promoter regulation.

In conclusion, our results indicate that Gro is not gen-
erally required for repression, but acts as a dedicated co-
repressor for a subset of negative regulators, including
Hairy and En. The evolutionary conservation of Gro,
Hairy, and En suggests that similar repressor/corepressor
associations will also operate in vertebrates. Indeed, En®
is much used as a portable repressor domain in a variety
of heterologous vertebrate systems (for example, see Ba-
diani et al. 1994; Conlon et al. 1996), and it will be in-
teresting to determine whether its activity in vertebrates
is also Gro dependent. In yeast, the TUPL1 protein is nec-
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essary for repression of a large number of genes, suggest-
ing that it also acts in concert with different classes of
negative regulators. These observations raise the possi-
bility that at least a fraction of the repressors present in
eukaryotes act through a relatively small number of co-
repressors. The characterization of repressor/corepressor
interactions should be particularly fruitful in the search
for common themes in transcriptional repression.

Materials and methods
Plasmids

Plasmid manipulations were performed according to standard
protocols (Ausubel et al. 1987-97; Sambrook et al. 1989). The
sequences encoding the different Hairy derivatives (except
Hairy=") were first prepared in pBluescript (Stratagene) by in-
serting PCR fragments encoding the repressor domains as
BamHI-Xbal fragments downstream of the unique BamHI site
in the h cDNA. The h®" fusion was made by first cloning a
Hindll-BamHI fragment from the en cDNA upstream of a syn-
thetic BamHI-Xbal linker containing an in-frame stop codon.
This was followed by the insertion of a HindllI-Pvull h cDNA
fragment upstream of the en Hindll site. All chimeric sequences
were recovered as BstEll-Xbal fragments for cloning into
pCaSpeR4. The hb-h plasmid is described in Parkhurst et al.
(1990); all other hb-h derivatives were derived from it but con-
structed in the pCaSpeR4 “mini’”’-white vector (Pirrotta 1988).
These plasmids include a 750-bp Nhel-Xbal fragment from the
hb gene (which includes the proximal promoter and all but 10
bp from the 5’-untranslated region), a 230-bp Xbal-BstEIl frag-
ment from the h 5’ leader, Hairy fusion sequences (as BstEll-
Xbal fragments), and finally a 1.6-kb Xbal-EcoRV fragment
from the h 3’-untranslated sequence. The Xbal sites in the hb
and h 5’ leaders were lost during cloning (see Parkhurst et al.
1990). The unique Xbal site between the h coding and the 3’-end
sequences was created during the cloning procedure. Final con-
structs were generated by assembling hb-h sequences between
the Nhel and Hpal sites of pCaSpeR4.

The hs-h®® construct was made by cloning the h®'¢ se-
quences as a Hindll-Xbal fragment in pCaSpeR-hs (Pirrotta
1988) digested with Hpal and Xbal. hs—h®" was constructed by
replacing a Notl-Xbal fragment in hs-h'-258VP16 (containing
Hairy amino acids 246-268 and the VP16 activation domain;
Jiménez et al. 1996) by the equivalent Notl-Xbal h®" fragment.

Plasmids encoding GST-Hairy and GST—-Hairy' 246
(=HairyANotl) were described in Paroush et al. (1994). Plasmids
for all other GST chimeras were made by cloning in-frame the
relevant Hairy-derived sequences into pZEX, a modification of
pGEX-2T (Smith and Johnston 1988) containing the following
polylinker cloning sites: EcoRI, Smal, BamHI, and Xhol.

pPET-Gro plasmids were made by cloning full-length or partial
gro sequences into peET-17b and pET-3a.

Additional details on the construction of the plasmids are
available on request.

Germ-line transformation

P-element-mediated transformation was performed as described
previously (Steller and Pirrotta 1985; Spradling 1986), selecting
for G418-resistance (hb-h) or rescue of w eyes (all other con-
structs). In general, two or more independent lines were ana-
lyzed for each construct.

In the case of hb constructs, insertions on the X chromosome
were maintained in males using an attached X chromosome
[C(1)M3]; insertions on the autosomes were kept as unbalanced
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stocks selecting each generation for transformant males and
nontransformant females. To analyze the effects of hb-h and
hb-h®" on gro embryos, we crossed mosaic gro females to males
carrying the hb construct on the X chromosome, therefore all
gro female embryos inherit the transgene.

For the experiments with hs-h®" and hs-h®"¢, we recombined
two independent insertions of each construct into the same
chromosome. Males carrying these recombinant chromosomes
were then crossed to wild-type or mosaic gro females. To test
the effects of hs-h, we used males carrying an insertion on the
X chromosome, HSH33, and homozygous for another insertion
on the second, HSH21 (Ish-Horowicz and Pinchin 1987).

The hs-en flies were a kind gift of A. Jacinto and P. Ingham
(University of Sheffield, UK).

Germ-line clones and embryo analysis

Embryos deprived of maternal gro function were obtained using
the ovoP-FLP-FRT system (Chou et al. 1993). Briefly, males of
the genotype hs-FLP1/Y; FRT[82B] ovoP/Sb were mated to
FRT[82B] gro/TM3 females, and 2- to 4-day-old progeny heat-
shocked daily for 4 hr at 37°C for the following 3-4 days.
Eclosed TM3* Sb* virgin females were crossed to males carrying
the hb and hs constructs. The progeny of these crosses was
examined to confirm the expected lethality of gro mutant em-
bryos.

In the experiments examining repression of Sxl, embryos
were dechorionated 130-190 min after egg laying (AEL), and
fixed for 12-15 min in heptane/4% formaldehyde/PBS. The em-
bryos were stained with a monoclonal antibody specific for the
active form of SxI (Bopp et al. 1991).

For the heat-shock experiments, embryos between 140 and
170 min AEL were heat shocked for 10-12 min at 36.5°C on wet
tissue inside a prewarmed container in a water bath, a protocol
that does not cause significant effects on wild-type embryos
(Ish-Horowicz and Pinchin 1987). After heat shock, the embryos
were allowed to develop for 20-25 min, dechorionated, and fixed
as above for 15-20 min. In the case of stainings with antibodies
against Hairy (gift of S.M. Pinchin, this laboratory) and En (Patel
et al. 1989), embryos were fixed for 12-15 min, 15 min after the
heat shock. Whole-mount in situ hybridizations were per-
formed using digoxygenin- and fluorescein-labeled RNA probes
(Boehringer) as described (Tautz and Pfeifle 1989; Klingler and
Gergen 1993). In all cases, signals were detected using secondary
antibodies coupled to alkaline phosphatase (Jackson Immunore-
search Laboratories, Boehringer), and embryos were mounted in
methacrylate (JB-4, Polyscience) and examined under Nomarski
optics.

In vitro protein-protein interactions

GST fusions were expressed and purified essentially as de-
scribed previously (Paroush et al. 1994) in the protease-deficient
Escherichia coli strain SRP84 (gift of C. Higgins, ICRF). Binding
assays were performed with equal amounts of fusion proteins
(30 pl of beads supplemented when necessary with beads from a
blank bacterial extract) and 20-30 pl of *S-labeled Gro protein
synthesized using the TNT-coupled rabbit reticulocyte lysate
system (Promega), in 180 pl of binding buffer [20 mm HEPES-
KOH (pH 7.9), 50 mm KCI, 2.5 mm MgCl,, 10% glycerol, 1 mm
DTT, 0.2% NP-40] supplemented with 3 pl of rabbit serum and
3 pl of a 100 mm PMSF stock. Binding reactions were rolled
overnight at 4°C, and washed four times with 1 ml of RIPA
buffer [LO mm Tris-HCI (pH7.5), 150 mm NaCl, 1 mm EDTA,
and 0.2% NP-40]. The beads were boiled for 1 min in sample
buffer and aliquots examined by electrophoresis, followed by
Coomassie staining to confirm the integrity of the GST fusions,
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and autoradiography to detect bound Gro protein. The extent of
Gro binding to mutant En® domains was quantified by a Phos-
phorlmager (Molecular Dynamics).
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