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The DNA-binding transcription factor Suppressor of Hairless [Su(H)] functions as an activator during Notch
(N) pathway signaling, but can act as a repressor in the absence of signaling. Hairless (H), a novel Drosophila
protein, binds to Su(H) and has been proposed to antagonize N signaling by inhibiting DNA binding by Su(H).
Here we show that, in vitro, H directly binds two corepressor proteins, Groucho (Gro) and dCtBP. Reduction
of gro or dCtBP function enhances H mutant phenotypes and suppresses N phenotypes in the adult
mechanosensory bristle. This activity of gro is surprising, because it is directed oppositely to its traditionally
defined role as a neurogenic gene. We find that Su(H)-H complexes can bind to DNA with high efficiency in
vitro. Furthermore, a H-VP16 fusion protein causes dominant-negative phenotypes in vivo, a result consistent
with the proposal that H functions in transcriptional repression. Taken together, our findings indicate that
“default repression” of N pathway target genes by an unusual adaptor/corepressor complex is essential for
proper cell fate specification during Drosophila peripheral nervous system development.
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The Notch (N) signaling pathway, named after the recep-
tor protein Notch, is conserved across bilaterian phyla,
and is employed in a diverse array of cell fate decisions in
all three germ layers during animal development (for re-
view, see Artavanis-Tsakonas et al. 1999). Ligand-recep-
tor interactions trigger the proteolytic cleavage of N, re-
leasing the intracellular domain of the receptor (NIC),
which binds to the transcription factor Suppressor of
Hairless [Su(H)]/Lag-1/RBP-J�/CBF1 and acts as a tran-
scriptional coactivator. Su(H), the only known transduc-
ing transcription factor for the N pathway, directly acti-
vates N target genes in response to signaling (e.g., Bailey
and Posakony 1995; Furukawa et al. 1995; Jarriault et al.
1995; Lecourtois and Schweisguth 1995).
In the absence of N signaling, Su(H) represses N target

genes (Dou et al. 1994; Hsieh and Hayward 1995; Waltzer
et al. 1995; Barolo et al. 2000; Morel and Schweisguth
2000), and Su(H)-mediated repression is essential for
proper cell fate specification (Barolo et al. 2000). In mam-

malian cells, Su(H) binds to the corepressors SMRT and
CIR, which are components of histone deacetylase com-
plexes, thereby repressing Su(H) target genes (Kao et al.
1998; Hsieh et al. 1999). In invertebrates, however, the
mechanism of Su(H)-mediated repression is not well un-
derstood.
Hairless (H), a novel Drosophila protein, is a potent

antagonist of N pathway activity, and is required for the
specification of many cell fates that are antagonized by
N signaling (Bang et al. 1991, 1995; Bang and Posakony
1992; Schweisguth and Posakony 1994; Lyman and Yed-
vobnick 1995). Moreover, loss of H has been shown to
increase the expression of N target genes (Barolo et al.
2000; Klein et al. 2000; Morel et al. 2001). H interacts
directly with Su(H) in vitro, and has been proposed to
counteract N signaling in vivo by interfering with DNA
binding by Su(H) (Brou et al. 1994). However, in light of
the subsequent discovery that Su(H)-mediated repression
is important for specification of a H-dependent cell fate
(Barolo et al. 2000), the notion that H acts primarily by
inhibiting Su(H)-DNA interaction seems unlikely, be-
cause this model makes incorrect predictions concerning
the phenotypic effect of loss or excess ofH activity (Bang
et al. 1991; Bang and Posakony 1992; Barolo et al. 2000).
An alternative model, in which H acts as a corepressor
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for Su(H), is consistent with genetic experiments indi-
cating that H antagonizes Su(H)-mediated activation, but
not Su(H)-mediated repression (Bang and Posakony 1992;
Schweisguth and Posakony 1994; Bailey and Posakony
1995; Barolo et al. 2000). A corepressor model is further
supported by findings that misexpression ofH causes the
transcriptional repression of N target genes (Bailey and
Posakony 1995; Barolo et al. 2000; Furriols and Bray
2000). Furthermore, a recent study by Morel et al. (2001)
found that H binds to the corepressor C-terminal binding
protein (dCtBP) in vitro, although no role was deter-
mined for dCtBP in H function or in N-mediated cell fate
decisions.
In this report, we present genetic loss-of-function,

gain-of-function, and biochemical experiments suggest-
ing that H opposes N pathway activity by acting as an
adaptor between Su(H) and the corepressors Groucho
(Gro) and dCtBP. Gro and dCtBP, both of which contact
histone deacetylase repression complexes, are recruited
by a wide variety of DNA-binding transcriptional repres-
sors in flies and vertebrates (for review, see Courey and
Jia 2001). We show that H directly interacts with Gro in
vitro via an “engrailed homology 1” (eh1)/octapeptide-
like motif, and with dCtBP via a consensus binding site
at the extreme C-terminus of the H protein. Genetically,
reduction of the activity of these corepressors exacer-
bates the H loss-of-function phenotype and the Su(H)
derepression phenotype, and suppresses the effects of re-
duced N signaling, during Drosophila mechanosensory
bristle development. In contrast to an influential study
by Brou et al. (1994), we find that H-Su(H) complexes
bind to DNA efficiently in vitro. Finally, we demon-
strate that a H-VP16 fusion protein, in which the core-
pressor-binding domains of H have been replaced by a
transcriptional activation domain, acts as a dominant-
negative form of H in vivo. These in vivo experiments,
together with our genetic and biochemical results, sup-
port a model in which H recruits the corepressors Gro
and dCtBP to Su(H), and thereby mediates transcrip-
tional repression of N target genes. Such “default repres-
sion” of N target genes in the absence of signaling ap-
pears to be as important as signal-mediated activation for
the proper specification of cell fates in the Drosophila
peripheral nervous system.

Results

H contains consensus corepressor interaction domains

H is a novel protein, with no known vertebrate ho-
mologs. However, theH gene has been identified in three
members of the order Diptera: Drosophila melanogaster
(Bang and Posakony 1992), Drosophila hydei (Marquart
et al. 1999), and most recently the mosquito Anopheles
gambiae (Celera Genomics/NIAID). H is surprisingly
poorly conserved among these three species (Fig. 1B): It
shares 63% identity between D. melanogaster and D.
hydei (diverged ∼65 Mya; Beverley and Wilson 1984), and
33% identity between Drosophila and Anopheles (di-
verged ∼260 Mya; Gaunt and Miles 2002). The rapid di-

vergence of the H protein sequence readily allows the
identification of short conserved motifs, which are pre-
sumably important for H function. Two such regions occur
in a part of H that is required for its interaction with Su(H)
in vitro (Fig. 1A,B; Brou et al. 1994; Maier et al. 1997).
Another conserved motif in the H protein is

YSIxxLLG, which is perfectly conserved from Dro-
sophila to Anopheles (Fig. 1B). This sequence resembles
certain examples of the “eh1” type of Gro-binding do-
main found in many transcriptional repressor proteins
(Fig. 1B; Smith and Jaynes 1996). Among eh1 domains,
the “octapeptide” motifs in the Pax 2/5/8 proteins,
which have been shown to directly mediate repression
by recruiting Gro-family corepressors (Eberhard et al.
2000), show the greatest similarity to this region of H
(Fig. 1B).
In addition, the extreme C-terminal sequence of H,

PLNLSKH, includes a match to the consensus binding
site for the CtBP corepressor, Px(D/N)LS (Postigo and
Dean 1999). The PLNLS motif, fully conserved from
Drosophila to Anopheles, exactly matches motifs found
in four vertebrate CtBP-binding transcription factors
(Fig. 1B; Turner and Crossley 2001).
H also contains three lengthy alanine-repeat domains:

AAAVAAAAAAAAA, AAAAAAAAAA, and AAVAAA
AAAAAA. Alanine repeats and alanine-rich regions are
common in transcriptional repression domains, and are
found in many repressor proteins. However, these re-
peats are reduced or absent in the D. hydei and A. gam-
biae H proteins, which suggests that they may not make
an essential contribution to H function.

H interacts directly with Gro and dCtBP in vitro

Given the presence of a putative Gro-binding domain in
the H protein, we tested whether H and Gro interact
directly in a GST pull-down experiment. We found that
35S-labeled Gro protein is bound efficiently by a GST-H
fusion protein, but not by a ∼40-fold greater molar excess
of GST alone (Fig. 1C). H618–723, a fragment of H con-
taining the YSIHSLLG motif, also interacts with Gro in
vitro; mutating this motif to AAAHSAAG (H618–723m)
abolishes the interaction (Fig. 1C). Interestingly, GST-
Su(H) failed to interact with Gro to any substantial ex-
tent in this assay (Fig. 1C).
The presence in the H protein sequence of a conserved

motif matching a CtBP consensus binding site raised the
possibility of a direct physical interaction between these
two proteins. Indeed, Morel et al. (2001) reported that H
binds to dCtBP in vitro. We tested both the sufficiency
and the necessity of the extreme C-terminus of H for this
interaction. Sufficiency was investigated using a novel
derivative of the standard GST pull-down assay. Beads
bearing either GST-dCtBP or GST alone were incubated
with a biotinylated synthetic peptide, designated HC,
representing the C-terminal 24 aa of H (including the
PLNLS motif; Fig. 1A), followed by the addition of 35S-
labeled streptavidin (see Materials and Methods). Reten-
tion of 35S-streptavidin was assayed as a measure of the
amount of peptide retained on the beads. We found that
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Figure 1. H interacts directly with Gro and with dCtBP in vitro. (A) Domain diagram of the H protein. The Su(H)-interaction domain
is shown in yellow; motifs that resemble Gro-binding and CtBP-binding domains are shown in red. The C-terminal region of H deleted
in the H22 mutation is indicated by the purple bracket; the H fragments used in panels C and E are represented by the black bars; the
region of H included in the HC peptide is represented by the blue bar. (B) The proposed Gro-interaction and dCtBP-interaction domains
of H are conserved in dipteran evolution. Protein sequence identity between D. melanogaster H and its apparent orthologs in D. hydei
and in the mosquito Anopheles gambiae is shown in 20-residue blocks. Below, the sequences of the proposed Gro-interaction and
dCtBP-interaction motifs are aligned with the corresponding sequences in D. hydei and A. gambiae, along with similar motifs from
other Gro- and CtBP-binding repressor proteins. (C) In vitro-translated 35S-Gro binds to purified GST-H (lane 7), but not to GST alone
(lane 5), or appreciably to GST-Su(H) (lane 13). GST-H618–723, which includes the YSIHSLLG motif, binds directly to Gro (lane 9);
GST-H618–723m, a mutated fusion protein in which this motif has been changed to AAAHSAAG, does not bind Gro (lane 11).
Gro-GST-Hairy interaction (lane 3) serves as a positive control for Gro binding, while in vitro-translated 35S-Emc (even-numbered
lanes) serves as a negative control. Approximate amounts of purified protein used: GST-Hairy, 0.2 µg; GST, 31 µg; GST-H, 0.8 µg;
GST-H618–723 and GST-H618–723m, 15 µg; GST-Su(H), 3 µg. (D) Interaction between a biotinylated peptide (HC) representing the
C-terminal 24 aa of H, including the PLNLS motif, and GST-dCtBP beads. Interaction was assayed by retention of 35S-streptavidin (SA;
see Materials and Methods). Amounts of HC peptide used: lane 16, 100 µg; lane 17, 1 µg; lane 18, 100 ng; lane 19, 10 ng; lane 20, 1 ng;
lane 21, no peptide. (E) Purified GST-dCtBP binds to an in vitro-translated, 6xHis-tagged C-terminal H fragment (H1036–1077; lane 26),
but not to a fragment in which the PLNLSKH motif has been deleted (H1036–1070; lane 27).
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the HC peptide binds efficiently to GST-dCtBP, but not
to GST alone, indicating that the extreme C-terminus of
H is sufficient to interact with dCtBP in vitro (Fig. 1D).
We used a more traditional GST pull-down assay to

specifically assess the necessity of the PLNLSKH motif
for H-dCtBP interaction. We generated two 35S-labeled,
in vitro-translated fragments of the H protein (Fig. 1A):
H1036–1077, corresponding to the C-terminal 41 aa of H,
including PLNLSKH; and H1036–1070, identical except for
the deletion of the PLNLSKH motif. H1036–1077 binds to
GST-dCtBP and not to GST alone, whereas H1036–1070

binds to neither (Fig. 1E), demonstrating that dCtBP in-
teracts with H via the PLNLSKH motif.

Reduction of gro or dCtBP function enhances H
loss-of-function phenotypes during bristle development

The development of the Drosophila adult mechanosen-
sory bristle is the most thoroughly studied setting for N
signaling, and the effects of gain or loss of N, Su(H), and
H activities on cell fates in the bristle lineage are well
documented (for review, see Posakony 1994). H null het-
erozygotes (H−/+) exhibit defects in mechanosensory
bristle development resembling an increase in N signal-
ing: conversion of the shaft cell to the socket fate, or, less
frequently, conversion of the sensory organ precursor
(SOP) cell to the epidermal fate, resulting in bristle loss
(Fig. 2A; Bang et al. 1991). We quantified the H hetero-
zygote phenotype (Bang et al. 1991) by scoring 20 pairs of
macrochaete bristles for developmental defects (shaft-to-
socket conversions or bristle loss); an average of
29.8% ± 0.9% of bristles are affected in H−/+ flies. Flies
heterozygous for null mutations in both H and dCtBP
show a highly significant enhancement of the H pheno-
type (36.3% ± 0.7% of bristles affected; P < 2 × 10−5; Fig.
2A). At certain individual bristle positions, the H phe-
notype is especially strongly enhanced in the dCtBP−/+
background [e.g., anterior orbitals (aO), 23% vs. 55% af-
fected, P < 5 × 10−6; Fig. 2A]. Such enhancement is ob-
served with null alleles of H and dCtBP (Fig. 2A), as well
as with weaker hypomorphic alleles of both genes (not
shown). Enhancement of the H phenotype by reduction
of dCtBP activity is almost entirely due to shaft-to-
socket transformations; dCtBP’s effect on bristle loss is
comparatively mild (0.9% vs. 1.8%; P < 0.02; Fig. 2A).
Bristles of dCtBP null heterozygotes (dCtBP87De-10/+)

occasionally show a dominant double-socket phenotype
(Fig. 2A). More severely hypomorphic animals
(dCtBP87De-10/dCtBP03463) die as pharate adults and ex-
hibit more frequent shaft defects and shaft loss (not
shown). Even in a H+ background, then, dCtBP contrib-
utes to the specification of the shaft cell fate.
Heterozygous reduction of gro function (gro−/+) en-

hances the H−/+ phenotype (Bang 1993; Price et al. 1997)
even more strongly than does dCtBP−/+, more than dou-
bling the number of affected bristles (60.3% ± 1.1% of
bristles affected; P < 1 × 10−60; Fig. 2A). As with dCtBP,
certain bristle positions are extremely sensitive to the
dose of gro in an H−/+ background [e.g., ocellars (OC),
11% vs. 72% affected, P = 1 × 10−14; Fig. 2A]. However,

unlike dCtBP, gro mutations significantly enhance not
only the H shaft-to-socket phenotype, but also the H
bristle loss phenotype (0.9% vs. 20.9% bristle loss;
P < 1 × 10−85; Fig. 2A), which has been shown previously
to be due to loss of the SOP fate, presumably by trans-
formation to the epidermal fate (Bang et al. 1991). These
observations indicate that gro+ functionally antagonizes
N signaling in at least two different cell fate decisions
during bristle development.
The finding that gro plays a previously unsuspected

role in establishing the SOP fate is supported by our ob-
servation that gro−/+ flies exhibit a mild haploinsuffi-
cient bristle loss phenotype, even in a H+ background
(Fig. 2A). This dominant gro phenotype, also observed
with another strong gro allele, groE48 (not shown), has
not been described previously.

Genetic interaction between H and dCtBP (but not
between H and gro) requires a C-terminal domain
of H

H22 is a partial loss-of-function allele of H which, when
homozygous, causes shaft-to-socket transformations and
bristle loss (Bang et al. 1991). The H22 mutation is a
small deletion that removes the C-terminal 69 aa of H,
including the PLNLSmotif, replacing this sequence with
six extraneous residues due to frameshift (Maier et al.
1997); the Gro-interaction motif is still present in the
mutant protein (Fig. 1A). We have shown here that a
small C-terminal fragment of H, including the PLNLS
motif, is both necessary and sufficient to bind dCtBP in
vitro (see Fig. 1D,E). If the effects of dCtBP on bristle cell
fates in vivo are mediated by interaction with H via its
PLNLS domain, then reduction of dCtBP function would
not be expected to enhance the H22 homozygous pheno-
type as it does the H null heterozygote phenotype. We
quantified theH22/H22 phenotype by scoring the number
of normal bristle shafts present at 42 macrochaete posi-
tions (Fig. 2B). The loss of one dose of gro significantly
enhances the H22/H22 phenotype (6.6±0.2 shafts in H22/
H22 vs. 0.6±0.2 in H22 gro−/H22; P < 1 × 10−21), indicating
that the effect of reduced gro function on the H pheno-
type does not require the extreme C-terminus of H. In
contrast, the loss of one dose of dCtBP fails to affect the
H22/H22 phenotype (6.6±0.2 shafts inH22/H22 vs. 6.6±0.3
inH22 dCtBP−/H22; P>0.9). Reduction of dCtBP function
also had no significant effect in a H22 gro−/H22 back-
ground (Fig. 2B). Thus, the genetic interaction betweenH
and dCtBP depends on the C-terminus of the H protein,
which includes a dCtBP interaction domain. The genetic
interaction of gro and H, however, does not require this
domain.

Reduction of gro or dCtBP function enhances
the effects of Su(H) derepression

We recently identified an autoregulatory enhancer in the
Su(H) gene that drives high levels of transcription spe-
cifically in the socket cells of external sensory organs
(Barolo et al. 2000). Su(H) autoactivates via this enhancer
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in socket cells, which respond to N signaling, but auto-
represses in shaft cells, which do not respond to N sig-
naling. Mutating the nine autoregulatory Su(H) binding
sites in a Su(H) rescue construct [Su(H)RC9Xm] dere-
presses Su(H) expression in shaft cells, and results in a
moderate frequency of shaft-to-socket cell fate transfor-
mations (Barolo et al. 2000). If the corepressors Gro and
dCtBP normally contribute, via H, to repression by
Su(H), then the Su(H) derepression phenotype might be
expected to be sensitive to reductions in the dosage of
gro and dCtBP. Figure 2C shows the results of experi-
ments to test this expectation.
One copy of a derepressed mutant Su(H) transgene

[Su(H)RC9Xm] was placed in a dCtBP−/+ or gro−/+ back-

ground; all flies in these experiments have two wild-type
endogenous copies of Su(H). Genetic interactions were
assayed by scoring the frequencies of shaft-to-socket
transformations and bristle loss (Fig. 2C). The loss of one
dose of dCtBP highly significantly enhances the Su(H)
derepression phenotype [21% ± 1% of bristles affected in
Su(H)RC9Xm/+ vs. 53% ± 1% in Su(H)RC9Xm/dCtBP−;
P < 1 × 10−92]. Likewise, reduction of gro activity
strongly enhances the effects of Su(H) derepression
[52% ± 1% of bristles affected in Su(H)RC9Xm /gro−;
P < 1 × 10−67]. As withH−/+ (see Fig. 2A), the weak bristle
loss phenotype associated with Su(H)RC9Xm is signifi-
cantly enhanced by the loss of one dose of gro (0.2% vs.
7.0%; P < 1 × 10−43), but not by the loss of one dose of

Figure 2. Genetic interactions among gro, dCtBP, H, and Su(H) during adult mechanosensory bristle development. (A,B) Percentage
of bristles affected at 20 macrochaete positions on the adult head and thorax. The lower (black) part of each bar represents bristle loss,
or balding, events; the upper part represents shaft-to-socket transformation phenotypes. “TOTAL” bars combine data from all 20
positions; error bars indicate standard error. At least 52 bristles were scored for each genotype at each position. (A) Genetic interactions
between null alleles of dCtBP, gro, and H. (B) Effects of heterozygous gro and/or dCtBP mutations in flies homozygous for H22, an
allele that deletes the dCtBP interaction domain of the H protein (see Fig. 1). The y-axis represents the number of normal shaft
structures observed at 42 macrochaete bristle positions (the 20 pairs shown in A, plus the posterior sternopleurals) per fly. Twenty-five
flies of each genotype were scored. Error bars indicate standard error. (C) Interactions between dCtBP or gro and a derepressed Su(H)
transgene that produces a gain-of-function Su(H) phenotype (Barolo et al. 2000). Data are presented in the same manner as described
for A.
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dCtBP (0.2% vs. 0.1%; p = 0.32), again suggesting a role
for gro (but perhaps not dCtBP) in maintaining the SOP
fate.

Reduction of H, gro, or dCtBP function suppresses N
loss-of-function phenotypes in the bristle lineage

The genetic data presented thus far demonstrate that
phenotypes conferred by both loss ofH function and lack
of Su(H) autorepression are sensitive to the dosages of
both gro and dCtBP. We asked a similar question for the
oppositely directed phenotypes resulting from loss of N
function. Male flies bearing the temperature-sensitive al-
lele Nts1 (Nts1/Y) display a variety of bristle defects when
shifted to a nonpermissive temperature after sensory or-
gan precursor (SOP) cell fate specification, due to the loss
of various N-dependent cell fates in the bristle lineage.
These defects include “double-shafting” due to socket-
to-shaft cell fate conversions, as well as “balding” due to
pIIA-to-pIIB fate conversions (Fig. 3A,B,F; Hartenstein
and Posakony 1990). We find that loss of one dose of H
causes a highly significant suppression of the Nts1 phe-
notype (Fig. 3C,F). Similarly, the loss of one dose of ei-
ther gro or dCtBP partially but significantly suppresses
the Nts1 phenotype (Fig. 3D–F), again suggesting that
both corepressors contribute to the specification of N-
independent cell fates (e.g., pIIB, shaft) in the bristle lin-
eage.

Su(H) can bind to H and to DNA simultaneously
in vitro

A previous report on the biochemical function of H (Brou
et al. 1994) concluded that H can diminish Su(H)-DNA
interactions in a gel retardation assay, and proposed that
H antagonizes N signaling by preventing Su(H) from
binding to its target promoters. This mode of action for
H—inhibiting the DNA-binding activity of Su(H)—is
clearly inconsistent with the observation that H func-
tion is specifically required for the fates of bristle cells
that also depend on Su(H)-mediated repression of N tar-
get genes (see Discussion). We wondered whether a
lower ratio of H to Su(H) protein than the fivefold molar
excess used by Brou et al. (1994) might reveal the binding
of a H/Su(H) complex to DNA.We therefore revisited the
gel retardation experiment, using H:Su(H) molar ratios
ranging from 1:30 to 1:6. We found that in the presence
of increasing amounts of H, the retarded band corre-
sponding to Su(H)-DNA complexes is progressively re-
placed by a complex of much lower mobility (Fig. 4),
indicating that H/Su(H) complexes can bind DNA with
high efficiency.

The PLNLSKH motif of H provides some, but not all,
of H’s ability to convert cell fate in vivo

To test the possibility that H participates in transcrip-
tional repression, we designed a series of in vivo GAL4/
UAS misexpression constructs in which putative repres-
sion domains of H were deleted or replaced with a het-

erologous transcriptional activation domain (Fig. 5A).
Flies carrying these UAS-H transgenes were crossed to
flies bearing sca-GAL4, which drives expression of the
GAL4 activator in proneural cluster cells, most strongly
in SOPs, and in the bristle lineage.
Misexpression of wild-type H (Hwt) with sca-GAL4

causes an extremely expressive socket-to-shaft cell fate
transformation phenotype (Fig. 5B), in which the con-
verted socket cells and normal shaft cells produce shafts
of nearly equal length. Our observation that only socket

Figure 3. Reduction of H, gro, or dCtBP function suppresses N
loss-of-function phenotypes affecting the socket/shaft and pIIA/
pIIB cell fate decisions in the bristle lineage. (A–E) Abdomens of
adult male flies of the following genotypes: wild type (A),Nts1/Y
(B), and Nts1/Y flies lacking one dose of H (C), gro (D), or dCtBP
(E), shifted to a restrictive temperature (31°C) at 22 h after pu-
parium formation. (F) Quantification of Nts1 effects on the
socket-shaft cell fate decision. The x-axis represents the average
number of socket cell fate defects on the dorsal abdomen of at
least eight flies of each genotype. Asterisks denote the statisti-
cal significance of differences between Nts1/Y flies and each of
the other genotypes, by Student’s t-test: *, P < 0.05; **,
P < 0.005. Error bars indicate standard error.
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cells display cell fate transformation effects under this
misexpression regimen, while earlier N-mediated cell
fate decisions in bristle development (epidermal/SOP,
pIIA/pIIB) are unaffected, is in keeping with many previ-
ous observations that the socket/shaft decision is by far
the most sensitive cell fate decision in bristle develop-
ment with respect to the dose of H (Bang et al. 1991; Bang
and Posakony 1992; Schweisguth and Posakony 1994),
perhaps because of Su(H) autoregulation in the socket
and shaft cells (Barolo et al. 2000).
Misexpression of H�C, a mutated form of H lacking its

C-terminal seven residues (PLNLSKH), causes socket-to-
shaft conversions with high frequency (Fig. 5C), indicat-
ing that H can function to affect cell fate without the
identified dCtBP-interaction domain. However, deletion
of this domain does appear to debilitate the activity of
H�C, in two respects. First, many socket cells are only
partially converted to the shaft fate, as revealed by obvi-

ous asymmetry between the two shafts (Fig. 5C, yellow
arrowheads). We also observe sockets that produce mul-
tiple small shafts (Fig. 5C, white arrowhead), a common
feature of mild socket-to-shaft conversions. Second,
UAS-Hwt; sca-GAL4 flies die as pharate adults, before
eclosion from the pupal case (Fig. 5B), while UAS-H�C;
sca-GAL4 flies survive to adulthood. We therefore con-
clude that the dCtBP-binding region of H is required for
some, but not all, of the function of H in vivo.

Replacing putative repression domains of H
with an activation domain causes dominant-negative
effects in vivo

Transcriptional repressor proteins with discrete repres-
sion domains can often be converted to activators by
replacing repression domains with a transcriptional ac-
tivation domain from the herpesvirus protein VP16
(VP16-TAD). Expression of these chimeric proteins can
generate dominant-negative phenotypes by activating
target genes normally repressed by the transcription fac-
tor (e.g., Waltzer et al. 1995; Jimenez et al. 1996; Gao et
al. 2001; Kudoh and Dawid 2001). We tested the propo-
sition that H acts to promote transcriptional repression
by replacing putative repression domains of H with the
VP16 transcriptional activation domain (Fig. 5A).
Replacement of the PLNLSKH motif with VP16-TAD

(H�C-VP16) results in a dramatic suppression of the
socket-to-shaft conversions observed with Hwt and H�C

(Fig. 5D; cf. panels B,C). Most sockets appear normal (Fig.
5D, yellow arrowheads), although some partial socket-
to-shaft conversion events are observed (white arrow-
head), including some sockets with multiple small shafts
from which the normal shaft has broken off (blue arrow-
heads), a common feature of very mild socket-to-shaft
conversions (Wang et al. 1997; S. Barolo and J. Posakony,
unpubl.).
Replacement of the C-terminal third of H, which con-

tains the Gro- and dCtBP-interaction domains, with
VP16-TAD (HN-VP16) abolishes the ability of H to cause
socket-to-shaft conversions (Fig. 5E). Instead, this chi-
meric activator causes failures of the shaft cell fate, gen-
erating a spectrum of defects ranging from moderately
shortened shafts (Fig. 5E, yellow arrowheads) to tiny, un-
pigmented shafts (white arrowheads) to complete shaft-
to-socket transformations (blue arrowheads). These de-
fects in the establishment of the shaft cell fate mimic H
loss-of-function (or N gain-of-function) phenotypes.
Thus, the normal direction of H’s cell fate effects in vivo
(promoting the N-independent shaft fate) can be reversed
(promoting the N-dependent socket fate) by replacement
of its putative transcriptional repression domains with
an activation domain. H therefore shares with many
transcriptional repressors the property that such substi-
tution creates a dominant-negative form of the protein.

H cell-autonomously converts socket cells to the shaft
cell fate

Overexpression of H under control of a heat-shock pro-
moter has long been known to cause socket-to-shaft cell

Figure 4. Su(H)-H protein complexes bind efficiently to DNA
in vitro. Gel retardation analysis of a 32P-labeled oligonucleo-
tide probe containing a high-affinity Su(H) binding site (5�-CGT
GTGAA-3�) from the Su(H) autoregulatory enhancer. Mutation
of a single base pair of this sequence (to CGTGTCAA) abolishes
binding of Su(H) to the probe, indicating that Su(H) binding is
sequence-specific (Barolo et al. 2000). His-tagged Su(H) and H
proteins were expressed in bacteria and affinity-purified. H
alone does not bind to the probe (lane 2). Su(H) alone binds to a
large percentage of the probe (lane 3, white arrowhead). The
addition of both proteins produces a band of substantially lower
mobility, or supershift (lanes 4–6, black arrowhead). Approxi-
mate amounts of protein used: His-Su(H), 180 ng (lanes 3–6);
His-H, 10 ng (lane 4), 25 ng (lane 5), 50 ng (lanes 2,6). fp: free
probe.
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fate conversions (Bang and Posakony 1992). However,
the ubiquitous expression pattern of heat-shock con-

structs leaves open the question of whether H can act
cell-autonomously, or whether its effects on the socket
cell are mediated by a nearby cell(s) that is also affected
by H overexpression. The sca-GAL4 driver, though more
restricted in its spatial activity pattern, likewise drives
expression in cells neighboring the socket cell. The pro-
posal that H antagonizes N-dependent cell fates by re-
pressing N-activated target genes via Su(H) requires that
H can function cell-autonomously, and we sought to
demonstrate this explicitly. We constructed a socket
cell-specific GAL4 driver, ASE5-GAL4. This construct
uses a 372-bp autoregulatory socket enhancer of Su(H),
called ASE5 (Barolo et al. 2000), to drive high levels of
GAL4 expression exclusively in socket cells of external
sense organs. In UAS-Hwt; ASE5-GAL4 flies, all bristles
lack normal sockets and include ectopic shaft structures
(Fig. 5F,G), indicating that the cell fate effects of H over-
expression are in fact cell-autonomous. This finding is
consistent with our proposal that H acts as a transcrip-
tion factor, effecting, through Su(H), the direct repres-
sion of N pathway target genes. The effects of Hwt, H�C,
H�C-VP16, and HN-VP16 on the socket cell fate when
driven by ASE5-GAL4 were similar to those seen with
sca-GAL4, except that, as expected, no effects on the
shaft cell fate were observed (data not shown).

Discussion

Links between H and transcriptional repression

A gel retardation experiment reported by Brou et al.
(1994), indicating that H can inhibit the binding of Su(H)
to DNA in vitro, has strongly influenced interpretations
of genetic studies of H, Su(H), and N. A DNA-binding-
inhibition model of H function is indeed consistent with
both loss- and gain-of-function genetic data demonstrat-
ing that H affects cell fate in a manner antagonistic to N
signaling, including the N-stimulated transcriptional ac-
tivation function of Su(H) (Bang et al. 1991, 1995; Bang
and Posakony 1992; Schweisguth and Posakony 1994;
Bailey and Posakony 1995; Lyman and Yedvobnick
1995). However, the recent discovery of Su(H)-mediated
transcriptional repression (Barolo et al. 2000; Morel and
Schweisguth 2000) has forced a reconsideration of this
simple model, since it makes incorrect predictions about
the effect of H on a cell fate that is dependent on the
repression function of Su(H) (see below; Barolo et al.
2000). We propose that the genetic data on cell fate are
instead consistent with a different role for H: facilitating
transcriptional repression by Su(H).
We have reported here that the H protein contains two

conserved transcriptional repression domains: an eh1/
octapeptide-like motif that binds the Gro corepressor,
and a Px(D/N)LS-type motif that binds the dCtBP core-
pressor. We found that both the dCtBP-binding domain
and the region of H containing the Gro-binding domain
contribute to H function in vivo. Taken together, these
data are consistent with the proposal that H promotes
the repression of N pathway target genes by recruiting
the corepressors Gro and dCtBP to Su(H).

Figure 5. Replacement of putative repression domains of H
with a transcriptional activation domain creates dominant-
negative effects in vivo. (A) Diagram of transgenic GAL4-induc-
ible H expression constructs. Protein interaction domains of H
are indicated. UAS-Hwt contains wild-type H driven by five
UAS sites. UAS-H�C encodes a H protein lacking the C-termi-
nal-most seven aa (PLNLSKH), deleting the identified dCtBP
interaction domain (see Fig. 1). UAS-H�C-VP16 encodes a H
protein containing the transcriptional activation domain (TAD)
of the VP16 protein in place of the PLNLSKH residues of H.
UAS-HN-VP16 encodes a H protein lacking both putative re-
pression domains, containing instead the VP16 TAD fused to an
N-terminal fragment of H. (B–E) Dorsal abdomens of adult (C–E)
or pharate adult (B; note reduced pigmentation in posterior terg-
ites and in bristle shafts) flies carrying both sca-GAL4 and one
of theUAS-H transgenes described above. (F,G) The effects of H
misexpression on the socket cell fate are cell-autonomous.
Shown are SEMs of head macrochaetes of a wild-type fly (F) and
aUAS-Hwt ASE5-GAL4 fly, in which H is misexpressed specifi-
cally in socket cells (G).
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Gro and dCtBP promote a N-inhibited cell fate

During the socket/shaft cell fate decision in adult
mechanosensory bristle development, the cell that re-
sponds to N signaling takes the socket fate, while its
sister cell, in which N signal transduction is blocked by
the Numb protein, takes the shaft fate (for review, see
Posakony 1994). Overexpression of Su(H), or loss of H
function, during the socket/shaft decision causes both
cells to adopt the socket fate; conversely, overexpression
of H, or loss of Su(H) function, results in two shaft cells
(Bang et al. 1991; Bang and Posakony 1992; Schweisguth
and Posakony 1994). Our recent work on transcriptional
regulation of Su(H) established that autorepression by
Su(H) in shaft cells is important for maintaining the
shaft cell fate (Barolo et al. 2000). In the present study,
we demonstrated that the corepressors Gro and dCtBP
are important for specification of the shaft cell, a fate
which is inhibited by N signaling and depends on bothH
activity and Su(H)-mediated repression. We find that re-
duction of gro or dCtBP function strongly enhances the
effects of both reduction of H activity and loss of Su(H)
repression, and suppresses the effects of reduced N sig-
naling in the bristle lineage. We therefore conclude that
Gro and dCtBP, along with H and transcriptional repres-
sion mediated by Su(H), act in the opposite direction
from the N signaling pathway during the socket/shaft
cell fate decision, in that they promote the fate (shaft)
that is inhibited by N signaling. Our observation that
both gro and dCtBP heterozygotes show a weak domi-
nant (haploinsufficient) shaft-to-socket cell fate conver-
sion phenotype is further confirmation of an important
role for both corepressors in promoting the shaft cell
fate. These results represent the first in vivo functional
evidence for the involvement of Gro and dCtBP in tran-
scriptional repression mediated by Su(H).

Gro: A “double agent” in lateral inhibition

Our genetic analyses show that gro loss-of-function mu-
tations enhance the effects of reduced H activity on two
N-mediated cell fate decisions, the socket/shaft decision
and the epidermal/SOP decision, while reduction of gro
activity suppresses the effects of N loss of function on
the socket/shaft and pIIA/pIIB cell fate decisions. In ad-
dition, we find that gro has a weak haploinsufficient
bristle loss phenotype, resembling an excess of N signal-
ing. A role for gro in promoting the SOP cell fate is sur-
prising, because gro was originally identified as a “neu-
rogenic” gene that acts to inhibit the SOP fate down-
stream of N signaling, in its capacity as a corepressor for
bHLH transcriptional repressor proteins encoded by N
target genes in the Enhancer of split gene complex
[E(spl)-C]. In fact, gro was named after the phenotype of
flies homozygous for gro1, a weak hypomorphic allele:
bushy tufts of bristles over the eyes caused by a failure of
N-mediated lateral inhibition of the SOP fate (for review,
see Parkhurst 1998). At least one E(spl)-C bHLH repres-
sor gene appears to be directly repressed by Su(H) in
SOPs (B. Castro, S.B., and J.W.P., unpubl.); we are cur-
rently testing our proposal that Gro promotes the SOP

fate by cooperating with H to repress N target genes in
this cell. If proved, this would represent a novel and com-
plex form of regulation, in which Gro inhibits the SOP
fate in all but one cell of the proneural cluster by part-
nering with the E(spl)-C bHLH repressors, and simulta-
neously promotes the SOP fate in one neighboring cell
by preventing the expression of its own partners.

DNA binding by a H/Su(H) complex in vitro

Potent inhibition of Su(H)’s DNA binding activity by H,
as proposed by Brou et al. (1994), is clearly incompatible
with the proposition that a H/Su(H) complex directly
represses N/Su(H) target genes. The mechanosensory or-
gan lineage offers a particularly clear experimental ex-
ample of this conflict. We showed recently that proper
specification of the shaft cell fate requires autorepression
by Su(H); loss of this repression causes the shaft cell to
transform its fate at substantial frequency to that of its
sister, the socket cell (Barolo et al. 2000). If H functions
primarily to antagonize DNA binding by Su(H), then re-
duction of H activity should if anything lead to an in-
crease in Su(H) autorepression, which should in turn sta-
bilize the shaft fate. Instead, the shaft cell is highly sen-
sitive to decreased H function, which readily causes its
transformation to a socket cell (Lees and Waddington
1942; Bang et al. 1991). Thus, the genetic data onH’s role
in preserving the bristle shaft cell fate are irreconcilable
with a simple Su(H)-DNA-binding-inhibition model for
H function.
More generally, it has become apparent that repression

of N targets by Su(H) is just as general and important a
mechanism in Drosophila as it is in vertebrates (Barolo
et al. 2000; Klein et al. 2000; Morel and Schweisguth
2000; Furriols and Bray 2001). If Su(H)-mediated repres-
sion of N target genes is essential for proper specification
of N-independent cell fates, as we have shown for the
shaft cell (Barolo et al. 2000), then preventing Su(H)-
DNA interaction by overexpressing H would have the
same effect as deleting Su(H) binding sites in N target
genes: namely, their derepression, leading to N gain-of-
function phenotypes (such as shaft-to-socket conver-
sions). Instead, however, overexpression of H has been
shown to repress the activity of N-regulated genes (Bai-
ley and Posakony 1995), and the phenotypic effects of
gain and loss ofH function suggest a strictly antagonistic
relationship between H and N signaling. Therefore, we
believe that the accumulated genetic data point to a role
for H in facilitating Su(H)-mediated repression of N tar-
get genes.
We have shown here that purified Su(H) can bind effi-

ciently to both purified H and DNA simultaneously, al-
lowing the possibility that a H/Su(H) complex may func-
tion as a transcription factor. Morel et al. (2001) reported
a weak supershift of Su(H)/DNA complexes by full-
length H, and a stronger supershift by an N-terminal H
fragment (H1–293). We observe a robust supershift of
Su(H)/DNA complexes with full-length H, strongly sup-
porting the notion that H/Su(H)/DNA complexes may
form efficiently in vivo. The discrepancy between our
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results and those of previous studies may reflect differ-
ent experimental conditions, such as buffer composition
or protein purification protocols, or may be due to the
relatively low H:Su(H) molar ratios used in our experi-
ments. Further work will be needed to reject or confirm
the possibility that H antagonizes the Su(H)-DNA inter-
action under physiological conditions. However, given
the genetic arguments outlined above, and the consis-
tency of our results with a view of H as a transcriptional
repressor, it seems likely that DNA-binding inhibition is
not the primary mechanism by which H contributes to
the specification of N-independent cell fates.

In vivo experiments consistent with transcriptional
repression by H/Su(H) complexes

Misexpression of wild-type and modified forms of H in
the adult bristle lineage has led us to three conclusions
about the function of the H protein in vivo. First, the
replacement of the putative repression domains of H
with a transcriptional activation domain results in a
dominant-negative form of H that elicits N gain-of-func-
tion phenotypes, a result consistent with normal repres-
sion of N target genes by H. Conversion to an antimor-
phic form by the addition of an activation domain is a
common property of transcriptional repressor proteins
(e.g., Waltzer et al. 1995; Jimenez et al. 1996; Gao et al.
2001; Kudoh and Dawid 2001).
Second, the significant, but somewhat weakened, ef-

fects of H�C relative to wild-type H suggests that the
C-terminal region of H including a dCtBP-interaction do-
main is important for some, but not all, of H’s activity in
vivo. This conclusion is supported by analysis of the H22

allele, which produces mutant H protein lacking its C-
terminal 69 aa, including the PLNLS motif (Maier et al.
1997). H22, unlike H null alleles, is a homozygous viable
mutation, and its effects on N-mediated cell fate deci-
sions, though strong, are milder than those of H null
mutations (Bang et al. 1991). The fact that the H22/H22

phenotype, unlike the H null heterozygote phenotype, is
not enhanced by loss of dCtBP, as well as the absence of
any other consensus CtBP binding sites in the H protein,
are consistent with the idea that H interacts with dCtBP
solely via this C-terminal motif. If this is indeed the
case, then both the mildness of the H22 mutant pheno-
type and the potency of misexpressed H�C protein indi-
cate that the dCtBP corepressor contributes some, but
not all, of the repressive activity of the H protein.
Third, the dominant-negative activity of H-VP16 de-

pends on the removal of the region of H containing the
Gro-binding domain, suggesting that this region contrib-
utes some of the wild-type repression function of the H
protein. These last two conclusions conflict with the
assertion of Morel et al. (2001) that the C-terminal
dCtBP binding site is wholly responsible for H-mediated
repression. Overall, our misexpression experiments pro-
vide evidence that both the region of H that binds to
dCtBP and the region that binds to Gro contribute to the
function of H in vivo. This is consistent with the strong

phenotypic interaction between H and the genes encod-
ing these two corepressors.

An adaptor model for H function: Bridging the gap
between Su(H) and its corepressors

Our results support the hypothesis that H antagonizes N
signaling by acting as an adaptor molecule between the
transcription factor Su(H) and the corepressor proteins
Gro and dCtBP (Fig. 6). This model entails an unusual
mechanism of repression: DNA-binding transcriptional
repressors that recruit CtBP or the Gro family of core-
pressors generally do so via direct protein–protein inter-
actions (for review, see Courey and Jia 2001), although
evidence for CtBP recruitment by non-DNA-binding pro-
teins has been reported (Turner and Crossley 1998; Mel-
huish and Wotton 2000; Vo et al. 2001). In mammalian
cells, the corepressors SMRT and CIR bind directly to
the Su(H) homolog CBF1 (Kao et al. 1998; Hsieh et al.
1999).
If protein complexes containing H are important for

Su(H)-mediated repression, why is H not found in verte-
brates? Several possible explanations are apparent. First,
vertebrate homologs of Su(H) may not make use of an
adaptor/corepressor complex, but rather may recruit all
corepressors (possibly including Gro and CtBP) directly,
as in the case of SMRT and CIR. A second, related pos-
sibility is that vertebrate versions of Su(H) do not utilize
Gro and CtBP as corepressors; in this view, H may have
appeared exclusively in the protostome lineage to add to
Su(H)’s corepressor repertoire. Third, it is possible that
vertebrates employ not a homolog, but an analog, of H,
one evolved independently after the divergence of proto-
stomes and deuterostomes. Finally, the fact that the pre-
dicted D. melanogaster H protein is only 33% identical
to its apparent ortholog in A. gambiae suggests that the
vast majority of the H sequence is not under selective
constraint. Thus, an ortholog of H may indeed exist in
vertebrates, but be so highly diverged as to be unrecog-
nizable by typical sequence analyses. This possibility
seems less likely, since at least the Su(H)-interaction do-
main might be expected to be well conserved, given the
strong evolutionary conservation of Su(H) itself
(Schweisguth and Posakony 1992).
In contrast to a DNA-binding inhibition model for H

function, an adaptor/corepressor model explains why H
counters NIC/Su(H)-mediated activation, but not Su(H)-
mediated repression. Like previous views of H function,
this model presumes competition between Su(H)-bind-
ing partners, in this case between NIC-containing activa-
tion complexes and H/Gro/dCtBP repression complexes.
NIC activation complexes are likely to include the Mas-
termind (Mam) protein (Kitagawa et al. 2001 and refer-
ences therein), and may also include the p300 coactiva-
tor (Oswald et al. 2001). In the presence of N signaling,
Su(H)/NIC/Mam complexes presumably replace Su(H)/
H/Gro/dCtBP complexes on target genes, and convert
Su(H) from a repressor to an activator (Fig. 6B). Whether
this occurs by simple affinity-based competition for
binding to Su(H), or by a mechanism involving active
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impairment of the H/Su(H) interaction, is unknown. Un-
der an adaptor/corepressor model, the H mutant pheno-
type results from derepression of Su(H)/N target genes in
cells lacking N pathway activity, thus mimicking an in-
crease in N signaling (Fig. 6C). The H overexpression
phenotype may be explained by the displacement of NIC-
containing activation complexes by an excess of H-con-
taining repression complexes, thus repressing NIC/Su(H)
target genes in cells that respond to the N signal (Fig.
6D).
Similarly, we propose that the Su(H) overexpression

phenotype, which resembles a gain of N function, is
caused by a titration of H repression complexes by excess
Su(H), and the subsequent derepression of Su(H) target
genes (Fig. 6E). The fact that overexpression of Su(H)
strongly enhances the effect of H overexpression on lat-
eral inhibition (Morel et al. 2001; F. Schweisguth, S.
Barolo, and J.W. Posakony, unpubl.) supports this view
(Fig. 6F), but is very much at odds with a DNA-binding-
inhibition model for H function.

Default repression: A crucial counterpoint
to N signaling

It has recently become apparent that the transcriptional
target genes of at least six major developmental signaling
pathways are in many cases subject to “default repres-
sion”; that is, binding sites for signal-regulated transcrip-
tion factors, which mediate activation during signaling
events, mediate repression in the absence of signaling
(for review, see Barolo and Posakony 2002). Each of these
pathways uses a different mechanism to switch from re-
pression to activation upon stimulation of the pathway,
but in each case, the effect seems to be the same: restrict-
ing the expression of pathway target genes to cells that
receive active signaling. Our results strongly suggest
that H contributes to default repression in the N path-
way by directly recruiting the corepressors Gro and
dCtBP to Su(H), and that formation of H/Su(H) repres-
sion complexes is crucial for the establishment of two
N-inhibited cell fates, the SOP and shaft cell fates. De-
fault repression, therefore, appears to be as important as
signal-dependent activation for proper cell fate specifica-
tion in this developmental context.

Materials and methods

Fly stocks, crosses, and temperature shifts

H, gro, and dCtBP loss of function HE31 is a null allele
(Schweisguth and Posakony 1994). groE73 is a genetically null
allele (Preiss et al. 1988). dCtBP87De-10 is a strong hypomorphic
or null allele (Hilliker et al. 1980; Poortinga et al. 1998).

Su(H) derepression Su(H)RC9Xm is a Su(H) rescue transgene
with single-base mutations in autoregulatory Su(H) binding
sites (Barolo et al. 2000). In Figure 2A, dCtBP/+ flies are siblings
of gro/+ flies, and H/+ flies are siblings of either H/dCtBP or
H/gro flies. In Figure 2B, Su(H)RC9Xm/+ flies are siblings of ei-
ther Su(H)RC9Xm/dCtBP or Su(H)RC9Xm/gro flies.

N loss of function Nts1 females (Shellenbarger and Mohler
1978) were crossed to w1118/Y, HE31 e/TM6C, dCtBP87De-10/

Figure 6. Proposed transcriptional roles for Su(H), H, N, Gro,
and dCtBP during socket/shaft cell fate determination. (A) In
the absence of N signaling, Su(H) binds H, which in turn binds
the corepressors Gro and dCtBP, repressing N target genes and
promoting the shaft cell fate (“default repression”). A similar H
repression complex, including H and Gro but perhaps not
dCtBP, promotes the SOP cell fate during lateral inhibition. (B)
In the presence of N signaling, a NIC activation complex, prob-
ably including Mastermind (Mam), displaces the H repression
complex and activates N target genes, promoting the socket cell
fate. “Local activators” are transcription factors, bound to N
target promoters, that cooperate with Su(H)/NIC to activate
transcription during N signaling, and which must be counter-
acted by Su(H)/H repression complexes in the absence of signal-
ing (Barolo et al. 2000). (C–F) Proposed mechanisms underlying
phenotypes caused by experimental changes in levels of H and/
or Su(H). (C) In H mutant flies, N/Su(H) target genes are dere-
pressed, leading to N gain-of-function phenotypes. (D) Upon H
overexpression, H repression complexes displace NIC activation
complexes, repressing N target genes and causing N loss-of-
function phenotypes. (E) Su(H) overexpression causes titration
of H repression complexes, thereby derepressing N target genes.
(F) Su(H) overexpression strongly enhances the H overexpres-
sion phenotype, due to an increased number of Su(H)/H repres-
sion complexes.
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TM6C, or e4 groE73 tx/TM6C males. Non-Tubby progeny were
kept at 25°C until 22 h after puparium formation, shifted to
31°C for 18 h in a thermal cycler, and then returned to 25°C.
Male (Nts1/Y) adult or pharate adult progeny were examined.

In vitro protein interaction assays

H-Gro interaction 35S-Gro and 35S-Emc proteins were gen-
erated with the TNT Quick coupled transcription/translation
kit (Promega), from cDNA clones in pBluescript and pNB40,
respectively. Glutathione beads bound to various purified GST
fusion proteins, or to GST alone, were incubated with transla-
tion lysate in 600 µL of HEMNK buffer (Dubnicoff et al. 1997)
for 2 h at 4°C. Beads were washed with 4 × 600 µL HEMNK at
4°C. Samples were analyzed by SDS-PAGE followed by autora-
diography.

H-dCtBP interaction A biotinylated peptide (HC) corre-
sponding to the extreme C-terminus of H (Biotin-spacer-SAM-
FHTSSLRNEQSSDLPLNLSKH-CONH2) was synthesized (Syn-
Pep). Various amounts of HC peptide resuspended in PBS were
added to 50 µL of glutathione beads bearing purified GST-dCtBP
or GST alone and incubated for 1 h at 4°C in 100 µL TLS buffer
(150 mM NaCl, 1.5 mM MgCl2, 10 mM Tris-HCl pH 8.0, 0.5%
NP-40). Beads were washed with 6 × 100 µL TLS. Ten microli-
ters of 35S-streptavidin (Amersham Pharmacia) was incubated
with the beads in 50 µL TLS for 30 min at 4°C, followed by
6 × 200 µL washes with TLS. Samples were analyzed by SDS-
PAGE followed by autoradiography. The 35S-labeled, 6xHis-
tagged H fragments H1036–1070 and H1036–1077 were generated
from PCR products cloned into the pRSET vector (Invitrogen)
and were produced in E. coli extract with the EcoPro coupled
transcription/translation kit (Novagen).

DNA binding assays

Electrophoretic mobility shift assays (EMSAs) were performed
as described by Bailey and Posakony (1995), using purified His-
tagged Su(H) and H proteins. Oligonucleotide probe sequence is
available upon request.

Transgenic expression constructs

UAS-H misexpression constructs were cloned into the pUAST
vector (Brand and Perrimon 1993). UAS-H�C contains a stop
codon after codon 1070, eliminating the final seven codons
(PLNLSKH). UAS-H�C-VP16 contains the VP16 activation do-
main sequences (codons 414–491) fused downstream of H(1–
1070), separated by a KpnI site. UAS-HN-VP16 contains the
same VP16 domain codons fused downstream of H(1–653).
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