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SUMMARY

Bicoid (Bcd) is a maternal morphogen responsble for pat-
terning the head and thorax of the Drosophila embryo.
Correct specification of head structur e, however, requiresthe
activity of the Torso receptor tyrosine kinase cascade, which
also represses expression of Bed targets at the most anterior
tip of the embryo. Here, we investigate the role of both the
homeodomain (HD) and the activation domain of Bed in the
anterior repression of itstar gets. When a Bed mutant protein
whose HD has been replaced by the Gal4 DNA-binding
domain isexpressed in early embryos, areporter genedriven
by Gal4 DNA-binding sites is first activated in an anterior
domain and then repressed from the anterior pole. The
down-regulation of Bcd-Gal4 activity requirestorso function

but does not depend on endogenous bed activity, indicating
that the Bed protein alone and none of itstargetsisrequired
to mediate the effect of torso. Functional analysis of a
chimeric protein, whose activation domain has been replaced
by a generic activation domain, indicates that the activation
domain of Bed is also not specifically required for its down-
regulation by Torso. We propose that Torso does not affect
the ability of Bed to bind DNA, but instead dir ects modifica-
tion of Bed or of a potential Bed co-factor, which rendersthe
Bcd protein unable to activate transcription.
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INTRODUCTION

Determination of the anteroposterior axis of the Drosophila
embryo requires the activity of the anterior, the posterior and
theterminal systems (StJohnston and Niisslein-Volhard, 1992).
The maternal determinants of each system control the patterned
expression of a particular set of zygotic genes in the devel op-
ing embryo (Nusslein-Volhard et al., 1987). These zygotic
genes, in turn, define specific domains along the anteropos-
terior axis by providing positional information (reviewed in
StJohnston and Nusslein-Volhard, 1992). Formation of the
head and the thorax is dependent on the activity of the Bicoid
(Bcd) maternal morphogen (Frohnhdfer and Niisslein-Volhard,
1986). During oogenesis, the maternal bcd mRNA islocalized
at the anterior tip of the egg (Berleth et a., 1988). Upon egg
laying, this mRNA is trandated, and its protein product, a
homeodomain-containing transcription factor, diffuses along
the anteroposterior axis of the syncytial blastoderm to form a
concentration gradient (Driever and Nissein-Volhard,
1988a,b). It has been proposed that bcd zygotic target genes
respond to different threshold levels of the Bcd protein,
depending on the affinity of Bcd-binding sites in their
promoters (Driever et al., 1989b; Struhl et al., 1989).

The localized expression of zygotic genes by Bed in distinct
domainsisasimple example of how morphogens could control
pattern formation at the transcriptional level depending on their
concentration and their transcriptional activity. Several obser-
vations indicate that other factors are required to allow Bcd to
perform its function. First, another morphogen, the product of
the maternal hunchback (hb) gene, acts synergistically with
Bcd to activate bed targets (Simpson-Brose et al., 1994).
Second, although Bcd levels are highest during the process of
cellularization, expression of bcd targets, such as orthodenti-
cle (otd) and hb, retracts from the anterior pole (Finkelstein
and Perrimon, 1990; Tautz, 1988; Ronchi et al., 1993). The
repression of bed targets at the anterior tip of the embryo
depends on the activity of the receptor tyrosine kinase Torso
(Tor), amember of the terminal system required for the speci-
fication of the most anterior and posterior unsegmented regions
of the embryo (Klingler et al., 1988). Expression of a Bcd
variant immune to the terminal system givesrise to adominant
female sterile phenotype with embryos exhibiting head defects
(Ronchi et al., 1993). This strongly suggests that the interac-
tion between the anterior (bcd) and the terminal (Torso)
systems is required for correct head development.

The activity of the terminal system depends on the activa
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tion of the Torso receptor at both poles of the embryo by a
ligand locally activated by the polar follicle cells (Sprenger and
Nusslein-Volhard, 1992). This process leads to the sequential
activation of the Ras GTPase and the Raf, MEK and MAP
protein kinases (Perrimon and Desplan, 1994). This latter
kinase is presumed to act on an unknown preexisting tran-
scription factor (product of gene Y) (StJohnston and Nisslein-
Volhard, 1992) leading to the zygotic expression of the
terminal gap genes tailless (tll) and huckebein (hkb) (Pignoni
et a., 1990; Weigel et al., 1990). The maternal terminal genes
Torso, D-Raf and D-sor (MEK kinase), but not the zygotic
terminal gap genes, tll and hkb, are required for the anterior
repression of bed targets, otd and hb (Ronchi et a., 1993; N.
D. and C.D., unpublished data). Interestingly, down-regulation
of Bed transcriptional activity correlates with hyperphospho-
rylation of the Bcd protein in response to Torso activation
(Ronchi et al., 1993). We have proposed that Torso-dependent
phosphorylation of Bcd or a Bed co-factor is responsible for
the down-regulation of Bed activity at the anterior tip (Ronchi
et al., 1993). Alternatively, a transcriptional repressor,
activated by the torso pathway, or by bcd, could directly
compete with Bed for binding and prevent activation of its
targets genes. In particular, any homeodomain protein with a
lysine at position 50 (K50), such as Orthodenticle (Finkelstein
et al., 1990), Sine oculis (Cheyette et a., 1994) or D-Goosecoid
(Goriely et d., 1996, Hahn and Jackle, 1996), could directly
compete with Bed in this way (Hanes and Brent, 1989;
Treisman and Desplan, 1989; Treisman et al., 1992). Although
otd is not required for the Torso-dependent down-regulation of
Bed activity (Ronchi et a., 1993), other Bed target genes
encoding homeodomain-containing proteins could still be
involved in this process.

In this study, we aimed to distinguish between these
hypotheses. We first compared the DNA-binding activities
present in nuclear extracts from wild-type embryos versus
embryos lacking torso activity: no difference was observed in
the ability of these two types of extractsto bind to asingle Bed
site in a gel shift assay. This suggests that the activity of the
torso pathway does not affect the ability of Bed to recognize
itstarget site. It also suggeststhat it isunlikely that the terminal
system induces the binding activity of another protein with the
same DNA-binding specificity as Bed, which could compete
with it.

In order to rule out the involvement of a competing
repressor, we generated a change-of-specificity mutant of Bed
by replacing its homeodomain with the Gal4 DNA-binding
domain (Bcd-Gal4). In the embryo, in responseto this chimeric
gene, a Gad reporter transgene (UAScas-lacz) is first
activated in an anterior domain, which later retracts from the
anterior at cellularization. The anterior repression of the Gal4
reporter is not observed in embryos lacking torso activity and
its expression pattern is not affected in embryos lacking
endogenous bcd activity. We conclude that (i) Bed activity is
down-regulated by torso, (ii) no bcd target is required to
mediate torso-dependent down-regulation of Bed and (iii) the
Bcd homeodomain is not required for this effect. We al so show
that the Bced activation domain can be replaced by a generic
activation domain without affecting the sensitivity of the
protein to torso. We propose that the mechanism by which the
torso cascade down-regulates Becd activity is unlikely to
involve Bcd DNA binding and/or competition by another

factor for binding to Bed sites. Instead, it is due to a modifi-
cation that prevents Bcd from transcriptionally activating its
targets. This modification, which does not specifically require
the activation domain of Bcd, could be achieved either by
direct modification of Bcd or by modification of a Bed co-
factor.

MATERIALS AND METHODS

Nuclear extracts from embryos and transfected Schneider
cells

Embryos from wild-type and torPM homozygous females were
collected at 25°C for 0 to 4 hours. Purification of nuclei and nuclear
protein extraction were performed as described in Ronchi et al.
(1993). The embryos were dechorionated and washed before being
homogenized in 300 mM Sucrose, 10 mM Hepes (pH 7.9), 10 mM
KClI, 1.5 mM MgClz, 0.1 mM EGTA, 0.5 mM dithiothreitol (DTT),
0.5 mM PMSF, 5 pug/ml leupeptin, 2 pg/ml pepstatin, 15 pg/ml
aprotinin, 1% low fat milk. Nuclei were purified by centrifugation on
a 1.7 M sucrose cushion in the same buffer. Isolation of nuclei from
transfected Schneider cells was performed as described in Mller et
al. (1989). Briefly, 48 hours after transfection with 10 pg of producer
plasmid (pPAC or pPACBcd), cells were harvested, washed three
times with PBS and resuspended in 1 ml of cold lysis buffer (10 mM
Hepes, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1mM DTT, 0.5
mM PMSF, 5 ug/ml leupeptin, 2 pg/ml pepstatin, 15 pg/ml aprotinin).
Deionized Nonidet P-40 was added to the cell suspension at a final
concentration of 0.5% and cells were disrupted by vigorous shaking
for 30 seconds. Nuclei were recovered by gentle centrifugation (1000
reve/minute) for 5 minutes. Nuclear protein extraction was performed
by resuspending the purified nuclei from embryos or transfected cells
in NEB (0.42) containing phosphatase inhibitors (20 mM Hepes, 25%
glycerol, 0.25 mM EDTA, 0.42 M NaCl, 125 mM B-glycerophos-
phate, 0.05 mM NaF, 0.5 mM DTT, 0.5 mM PMSF, 5 pg/ml
leupeptin, 2 pg/ml pepstatin, 15 pg/ml aprotinin). Protein concentra-
tion was determined by Bradford assay using BSA as a standard. 15-
20 pg of nuclear extract protein were used in each gel-shift reaction.

DNA-binding assays

The double-stranded oligonucleotide (5'-CTAGTCTAATCCCA-
3/5-CTAGTGGGATTAGA-3 was annealed, |abeled with 32P using
Klenow enzyme and used as a specific probe in a gel-shift assay.
Binding reactions were carried out in a volume of 20 pl in the
presence of 10 mM Tris (pH 7.5), 10% glycerol, 0.1 mM EDTA, 0.2
M NaCl, 0.1 % NP40 in the presence of 1 pug of salmon sperm DNA,
1 pg of poly(di-dC) and 0.5 ng of labeled probe. In competition
experiments, 25 ng of unlabelled double-stranded oligonucleotides
were added to the incubation. Before use, the double-stranded
specific oligonucleotide (5'-CTAGTCTAATCCCA-3/5'-CTAGTG-
GGATTAGA-3) and the double-stranded non-specific oligonu-
clectide (5-CTAGTCTAATTGAA-3/5-CTAGTTCAATTAGA-3)
were repaired by Klenow. To reduce non-specific binding of nuclear
proteins to the probe, preincubations were performed between
proteins and DNA competitors (salmon sperm DNA, poly (dI-dC),
specific and non-specific double-stranded oligo-competitors) for 10
minutes at room temperature. The specific probe was added for 5
minutes and reactions were then loaded on a low ionic strength 6%
acrylamide (29:1) gel containing 0.25x TBE. In experiments with
antibodies, 1 ul of a1/4 dilution of either Bed antiserum (Driever and
Nusslein-Volhard, 1988b) or preimmune serum was added to theincu-
bation.

Plasmids

To alow swapping of the Bcd homeodomain with the Gal4 DNA-
binding domain, Bcll restriction sites have been introduced by site



directed mutagenesis at each side of the homeodomain (position 2301
and 2482) in the Bcd genomic sequence (Berleth et a., 1988). The
mutations do not affect protein sequence. To prepare single-stranded
DNA for mutagenesis, the Bed genomic sequence including al the
coding sequence from the Pstl restriction site (position 1241) to the
Smal restriction site (position 4261) has been introduced in the Xhol
site of pKS using linkers with the following sequences. 5'-
TCTAGGGCCGGATCTGCA/S'GATCCGGCCC and 5'-GGGAAT-
TCGGATCCGGCCC/5'-TCGAGGGCCGGATCCGAATTCCC. The
sequences of these linkers are such that the Bcd genomic sequence
(positions 1241 to 4261) can be easily isolated as a BamHI/BamHI
cassette. The sequence of the oligonucleotides used for creating the
Bcll restriction sites on each side of the Bcd homeodomain was 5'-
CGGGTGCGACGTGATCAACCGCATCACCAGAG-3  (for the
position 2301) and 5'-CCTTGTGCTGATCAGATTGGATCTTGT-
GACG-3 (for position 2473).

The seguences coding for the Gal4(2-74) and Gal4(2-94) DNA
binding domain were amplified by PCR and inserted in the Bcll
restriction sites created in the Bcd genomic sequence.

The sequence of the oligonuclectides used for the amplification of
these fragments was. 5-GCCGGTGATCAAGCTACTGTCTTC-
TATCGAAC-3' (hybridizing to positions 446 to 466 of the Gal4 gene
corresponding to amino acids 2 to 7), 5-GGGCCTGATCAATCAT-
GTCAAGGTCTTCTCG-3' (hybridizing to positions 661 to 680 of
the Gal4 gene corresponding to amino acids 69 to 74) and 5'-TAGC-
CTGATCATGTTAACAATGCTTTTATATC-3 (hybridizing with
the positions 703 to 724 of the Gal4 gene corresponding to amino
acids 88 to 94). After mutagenesis and swapping, the mutated
genomic sequence of Bed was isolated as a BamHI/BamHI cassette.
The sequence was then either introduced into the unique BamHI
restriction site of pPAC (Krasnow et al., 1989), the protein producer
plasmid used for transfection experiments, or introduced in the unique
Bglll site of the pCaSpeRbcdBglll plasmid provided to us by
Wolfgang Driever (Driever et al. 1990). The latter plasmid is a
pCaSpeR derivative which carries the 2 kb maternal bcd promoter
fragment from a BamHI site to a Pstl site at position 1,244 and the
genomic fragment from a Smal site at 4,292 to and EcoRI site at
5,900. These fragments span the promoter, 5 and 3' non-coding
fragments of bed. In pCaSpeRBcdBglll, a unique Bglll site has been
generated just 3' to the transcription start site and can be used to
introduce any mutated form of the Bed coding sequence.

The Bcd responder plasmid (Bcd3-lacZ) contains three Bcd DNA-
binding sites inserted upstream of the hsp70 promoter driving the
CAT gene (Krasnow et a., 1989; Ronchi et al., 1993). The Bcd-Gal4
chimeric protein responder plasmid contains 5 copies of the optimized
Ga4 DNA-binding site (Brand and Perrimon, 1993) upstream of the
same hsp70 promoter driving the CAT gene.

Tissue culture and transactivation assays

Drosophila Schneider 2 cells were grown in M3 medium supple-
mented with 12% fetal calf serum. Transfection was done at 50-70%
confluence by the calcium phosphate procedure (Wigler et al., 1979)
using 10 pg of producer plasmid, 1 pg of reporter plasmid and 1 pg
of the hsp82/lacZ used as a control for transfection efficiency per 10
cm plate. Cells were harvested 48 hours after the transfection, washed
three timeswith PBS, resuspended in 250 mM Tris (pH 7.5) and lysed
by freeze-thawing three times. The supernatant was used in the assay.
CAT assays were performed by incubating for 1 hour at 37°C 150 pl
of 0.25 M Tris (pH 7.5), 20 pl of extract, 10 pl of 4 mM AcCoA
(Boehringer) and 3 pl of [14C] Chloramphenicol (DuPont). The
reaction was stopped by extraction with ethyl acetate. The extract was
lyophilized and spotted on a TLC plate (Eastman Chromatogram) and
run in 19:1 chloroform/methanol. Radiolabeled chloramphenicol and
acetylated chloramphenicol were quantified with a Phosphorlmager
using the integrate volume function. For each transfection, CAT activ-
ities were normalized according to [-gal activities measured
according to Miller (1972).
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Drosophila stocks and transgenic lines

The host strain used for injection was Df(1)6wy~. The DNA was
injected at a concentration of 300 pg/ml in TE, together with 75 pg/ml
of the helper plasmid pA2-3 (Laski et a., 1986). Mutant alleles used
were bedE! (Frohnhofer and Niisslein-Volhard, 1986), torPM (Klingler
eta., 1988) and BcdEtsl935 (Struhl et al., 1992). Thefly lines carrying
reporter genes for the Bcd-Gal4 chimeric protein were kindly
provided by Andrea Brand and Norbert Perrimon. The Gal4 reporter
strain used was UASlacZ-2, which carries the P-element insertion in
the 2nd chromosome. The transgene contains the Adh-lacZ fusion
gene subcloned behind Gal UAS, a fragment containing five
optimized Gal4-binding sites and a synthetic TATA box (Brand and
Perrimon, 1993).

In situ hybridization

RNA probes for in situ hybridization were prepared as described in
(Simpson-Brose et al., 1994). Briefly, the cDNA sequences of lacZ,
hb, otd and tll have been inserted into the polylinker of pBlueScript
KSIl (Stratagene). 1 ug of each plasmid was linearized and tran-
scribed with T3 or T7 RNA polymerase to produce antisense RNA in
40 mM Tris-HCI (pH 7.5), 6 mM MgCl2, 10 mM NaCl, 2 mM Sper-
midine, 1 mM ATP, GTP, CTP, 0.6 mM UTP, 0.4 mM digoxigenin-
UTP (Boehringer Mannheim), 5 mM DTT, 50 U of RNasin for 2
hours at 37°C. The product of the reaction was then hydrolyzed 40
minutes at 65°C in 60 mM NaxCOgz, 40 mM NaHCOs (pH 10.2) and
precipitated with 0.4 M LiCl and 3 volumes of ethanal. In situ hybrid-
ization on whole-mount embryos was performed as originally
described by Tautz and Pfeifle (1989). The protocol used was adapted
from M. Klinger. Proteinase K treatment was performed for 3 minutes
(50 pg/ml). Prehybridization and hybridization were performed at
70°C a pH 5. The anti-digoxigenin antibody (Boehringer) was
coupled to alkaline phosphatase. Embryos were mounted in methyl
sdicilate: Canada Balsam(1:2) and photographed using Nomarski
optics.

RESULTS

Bcd DNA-binding activity is not modified by the
Torso cascade

To analyze the effect of the Torso cascade on the DNA-binding
activity of Bcd, gel-shift assays were performed using nuclear
extracts from collections of embryos (0-4 hours) derived from
wild-type and torPM homozygous females. As shown on Fig.
1 (lanes 11 to 20), one major protein-DNA complex (A) was
detected in extracts from wild-type embryos and from embryos
lacking torso activity (lanes 11 and 16) using an 18 bp probe
containing a unique Bcd DNA-binding site (Driever and
Nusslein-Volhard, 1989). In both cases, the formation of
complex A was reduced by addition of a50-fold excess of cold
oligonucleotide containing the sequence TCTTAATCCC,
specific for the binding of a homeodomain with a lysine at
position 50 (compare lane 11 to lane 12 and lane 16 to lane 17,
Fig. 1). In contrast, the appearance of complex A remained
unchanged by addition of a 50-fold excess of a cold oligonu-
cleotide containing the sequence TCTTAATTGA, specific for
the binding of a homeodomain with a glutamine at position 50
(compare lane 11 to lane 13 and lane 16 to lane 18, Fig. 1)
(Treisman et al., 1989; Hanes and Brent, 1989). Addition of a
Bcd polyclonal antiserum (Driever and Nusslein-Volhard,
1988b) to the incubation almost completely abolished the
appearance of complex A (compare lane 11 to lane 14 and lane
16 to lane 19, Fig. 1) whereas addition of a preimmune serum
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Fig. 1. Bcd DNA-binding activity in nuclear extracts of transfected Schneider cells and embryos. Band shift assays were performed with
extracts from wild-type embryos (wt) and extracts from embryos lacking Torso activity (torsoP™). The DNA probe was the 18-mer double-
stranded oligonucleotide CTAGTCTAATCCCACTAG that contained a unique Bcd DNA-binding site (underlined) (Driever et a., 1989b).
Each reaction was performed in the presence of 15-20 ug of nuclear proteins and 0.5 ng of the labeled probe. Lanes 2, 7, 12 and 17, 25 ng of
the cold specific double-stranded oligonucleotide (5'-CTAGTCTAATCCCA/S'-CTAGTGGGATTAGA) were added to the incubation. Lanes
3, 8, 13 and 18, 25 ng of the cold non-specific double-stranded oligonucleotide (5-CTAGTCTAATTGAA/S'-CTAGTTCAATTAGA) were
added to the incubation. Lanes 4, 9, 14 and 19, 1 ul of Bed antiserum (Driever and Nisslein-Volhard, 1988b) (1/4 dilution) was added to the
incubation. Lanes 5, 10, 15 and 20, 1 pl of preimmune serum (1/4 dilution) was added to the incubation.

has no effect on the formation of complex A. These experi-
ments strongly suggest that complex A contains the Bced
protein bound to DNA.

To unambiguously determine where the complex of the Bed
protein bound to DNA migrates in gel-shift assays, the binding
activity to the Bed site was detected in nuclear extracts from
Schneider cells transfected either by pPAC or the pPACBcd
producer (Fig. 1, lane 1 to 10). Three complexes (B1, B2 and
B3) were obtained with both extracts (Fig. 1, lanes 1 to 10):
since there is no endogenous Bcd protein expressed in
Schneider cells (as determined by western blot, data not
shown), B1, B2 and B3 likely correspond to the binding of
other nuclear proteins to the Bed site. In contrast, one major
band was observed specifically with the nuclear extracts of
cells transfected with the Bed producer (compare lane 1 with
lane 6, Fig. 1). This complex migrated at the same position as
complex A (arrowheads). As observed with the embryonic
nuclear extracts, formation of this complex was inhibited both
by addition of an excess of specific DNA competitor (Fig. 1,
lane 7) and by the presence of the anti-Bcd antibody (Fig. 1,
lane 9). In contrast, its formation was not affected by an excess
of non-specific competitor (Fig. 1, lane 8) or in the presence
of preimmune serum (Fig. 1, lane 10). Thus, the complex
formed by the Bed protein expressed in transfected Schneider
cells migrates at the same position as complex A. This exper-
iment provides additional evidence that complex A islikely to
contain the Bed protein bound to DNA.

Comparison of Bcd DNA-binding activity in wild-type
embryos and in embryos lacking torso activity showed no
detectable differences (comparelane 11 to lane 16, Fig. 1). Fur-
thermore, no additional specific complexes were detected
either with extracts from wild-type embryos, or with extracts
from embryos lacking torso activity. These complexes could
have represented DNA-binding activity of other homeopro-
teins which also contain a lysine at the position 50 of the

homeodomain. Such complexes do appear later in develop-
ment, when genes such as otd start to be expressed. This exper-
iment suggests that the torso-dependent phosphorylation of
Bcd does not affect Bed ability to bind to DNA, and that acti-
vation of the torso pathway does not induce the DNA-binding
activity of a protein with the same specificity as Bed that could
compete with it.

Swapping the Bcd homeodomain with the Gal4
DNA-binding domain

Totest whether Bed activity isdirectly regulated by the terminal
system, and to exclude the involvement of a competing
repressor in the effect of torso on Bed activity, we studied in
vivo the transcriptional activity of avariant Bed protein whose
homeodomain has been replaced by the DNA-binding domain
of the yeast Gal4 protein. The 60 amino-acid Bed homeodomain
(wt Bed, Fig. 2A) (Berleth et a., 1988) was replaced with the
minimal yeast Gal4 DNA-binding domain (amino-acid 2 to 74)
(Bcd-Gal4(2-74), Fig. 2B) (Marmorstein et a., 1992), or with
the domain defined as being sufficient for Gal4-specific DNA
targeting in vivo (amino-acids 2 to 94) (Bcd-Ga4(2-94), Fig.
2C) (Carey et a., 1989). The transcriptional properties of the
resulting chimeric proteins were first tested in a Schneider cell
culture assay (Jaynes and O’ Farrell, 1988) and compared with
the transcriptional activity of the wild-type Bed protein. The
sequences encoding Bed or the Bed-Ga4 chimeras (Bcd-
Gal4(2-74) and Bed-Gal4(2-94)) were placed under the control
of the Actin5C promoter and co-transfected with their respec-
tive CAT reporter plasmids (Krasnow et a., 1989). As shown
in Fig. 3, Bed strongly activated transcription through binding
to three strong Bced sites (lane 2). In contrast, the Bed-Gal4
chimeras had lost their ability to activate transcription through
these sites (lanes 3 and 4, Fig. 3). When tested with a reporter
containing five Gal4 responsive elements (UASca4CAT), the
Bcd-Gal4(2-74) protein produced almost no activation of CAT



reporter (lane 7, Fig. 3). In contrast, the Bed-Gal4(2-94) protein
activated transcription of the UASGa4CAT reporter two times
better than the wild-type Bed protein activated transcription of
a promoter containing Bcd sites (compare lane 2 to 8, Fig. 3).
The reporter containing Gal4 sites was not activated by the
wild-type Bced protein (lane 6, Fig. 3).

Bicoid directly controls anterior activation and later
retraction in the embryo

Transgenic lines expressing the Bed-Gal4(2-74) or Bed-Gal4(2-
94) chimeric proteins in the embryo were obtained using P-
element transformation. The genomic sequences encoding these
chimeras were placed under the control of the bcd regulatory
sequences (Berleth et a., 1988; Struhl et al., 1989), including
the 3' region necessary for mRNA localization (Macdonald and
Struhl, 1988). The ability of these materna transgenes to
activate a UAScasa-lacZ reporter gene was tested in embryos.
The reporter transgene contained the same (UASgals)s target
sequence used in the cell culture assay, inserted upstream of the
heat-shock (hsp70) TATA box and promoter segquences
(Ronchi et al., 1993). Females from severa independent trans-
genic lines carrying the Bcd-Gal4(2-94) chimeric gene were
crossed with transgenic males carrying the UASgas-lacZ
reporter gene. LacZ mRNA
expression was detected by in situ
hybridization on embryos derived
from these females. In these embryos,
lacZ was first expressed as an anterior
cap, from 75 to 100% egg length (EL)
(Fig. 4C), which then retracted to give
rise to a stripe of expression from 90
to 75% EL at the end of cellularization
(Fig. 4D). This pattern of expression
was qualitatively similar to the pattern
of expression of a Bcd reporter gene
(Bcd3-lacZ) in response to the wild-
type Bed protein (compare Fig. 4A,B
to Fig. 4C,D; Ronchi et al., 1993). The
wild-type chimeric Bed proteins have
very different DNA-binding specifici-
ties, suggesting that both the activa
tion of the Bed3-lacZ and UASgas-
lacZ reporter genes and the later
anterior repression of the bed target
genesaredirectly mediated by the Bed
proteins and do not involve binding of
other factors to the Bed-binding sites.
No expression of lacZ was induced by
the Bcd-Ga4(2-74) protein in the
same assay, indicating that the
minimal Gal4 DNA-binding domain
is not sufficient to mediate Gal4 DNA
targeting in vivo in the embryo or in
cell culture (Carey et al., 1989).

A) wt Bed

B) Bed-Gald(2-74)

C) Bed-Gald(2-94) N

D) Bed-APRT
P. Macdonald & G. Struhl

E) Bed-B6
W. Driever & C. Nisslein-Volhard

F) Bed-B42
W. Driever & C. Nusslein-Volhard

Torso activity but not Bed
activity is required for the
down regulation of the Bcd-
Gal4 chimera

Because of reports of aweak anterior
background expression from the
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pCaSpeR vectors containing lacZ (Driever et a., 1989b), and
also to rule out any interaction between the endogenous Bcd
protein and the Bcd-Gal4(2-94) chimera, we anayzed the
activity of the chimeric Bcd-Gal4(2-94) protein in abcd™ back-
ground. Embryos lacking bed activity did not express any lacZ
mRNA from an unrelated CaSpeR vector containing lacZ, or
from the Bcd3-lacZ construct (Ronchi et a., 1993). However,
in the presence of the Bcd-Gal4(2-94) chimeric protein, the
expression of the UA Scas-lacZ reporter was not affected by the
remova of the bcd endogenous activity: it was expressed at
syncytial blastoderm as an anterior cap (Fig. 4E) and retracted
from the anterior pole during cellularization (Fig. 4F). In
embryos lacking both bed and torso activities (from bed™tsl -
females), Bcd-Gal4(2-94) directed expression of the UA Scals-
lacZ reporter as an anterior cap (Fig. 4G) but it was not
repressed at the anterior pole during cellularization (Fig. 4H).
The same observation was made in embryos lacking torso
activity only (data not shown). Thus, when expressed at the
anterior pole of the embryo, the Bed-Gal4(2-94) protein is suf-
ficient to mediate initial activation and later repression of a
reporter gene. This regulation also occurs in the absence of
endogenous bcd activity, showing that no bed target gene is
required for the torso-mediated effect on the activity of the Bed-
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Fig. 2. Structure of wt Bed protein and the different chimeric Bed proteins expressed in the
embryo. (A) The wild-type Bed protein is composed of a PRD repeat (H/P), a 60 amino-acid
homeodomain with alysine at position 50 (HDK50), a serine/threonine rich domain (S/T) and a
long activation domain composed of a glutamine-rich domain (OPA) and an acid blob. (B) The
Bcd-Gal4(2-74) chimeric protein isidentical to Bed except that the 60 amino-acid homeodomain
has been swapped with the DNA-binding domain of Gal4 (amino-acids 2 to 74). (C) The Bed-
Gal4(2-94) chimeric protein isidentical to Bed except that the 60 amino-acids homeodomain has
been swapped with the DNA-binding domain of Gal4 (amino-acids 2 to 94). (D) In Bcd-APRT, a
region encompassing the PRD repeat rich in histidine and proline (position 1 to 29) has been
deleted. This construct was generated by P. Macdonald and G. Struhl. (E) In Bed-B6, the
activation domain of Bed has been replaced by the random acidic sequence from E. coli (B6) (Ma
and Ptashne, 1987). This construct, aswell as Bcd-B42, has been generated and generously
provided by W. Driever and C. Nisslein-Volhard (Driever et a., 1989a). (F) In Bcd-B42, the
activation domain of Bed has been replaced by the random acidic sequence from E. coli (B42)
(Maand Ptashne, 1987). Proteins were expressed in the embryo under the control of the bed
regulatory sequences. Their ability to rescue the lack of Bed activity (rescue) and to be down-
regulated by Torso (retraction) is indicated. WRetraction could not be determined because the
Bcd-Gal4(2-74) protein did not induce expression of the UA Sga4-lacZ transgene. (@Four copies
of the transgene are required for rescue. nd is not determined.
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Fig. 3. Transcriptional activity of wt Bed and Bed-Gal4
proteinsin tissue-culture. (A) CAT activity in Schneider
cdlstransiently transfected with reporter plasmids (1 pg)
inwhich CAT was driven by the hsp 70 minimal promoter
containing either three Bcd DNA-binding sites (Bcd3-
CAT, lanes 1 to 4) (Ronchi et al., 1993) or five copies of
the Gal4-UAS sequences (UASGa4-CAT, lanes5to 8)
(Brand and Perrimon, 1993). Wild-type Bed or Bed-Gal4
proteins were supplied by co-transfecting 10 pg of the
pPAC producer plasmids containing the respective coding
sequences driven by the Actin 5C promoter (Krasnow et
al., 1989). Cells were co-transfected with pPAC alone,
lanes 1 and 5; with a pPAC construct expressing the wild-
type Bed protein (Bedg), lanes 2 and 6; with apPAC
construct expressing the Bed-Gal4(2-74) chimera, lanes 3
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obtained from the same extract.

Gal4(2-94) protein. The experiments described in Fig. 4 also
show that the posterior border of expression of the UAScais-
lacZ reporter is shifted anteriorly in the absence of torso
(compare the position of the posterior border of the transgene
in Fig. 4F and H). This effect can aso be seen in the context of
the wild-type Bed protein (data not shown). Interestingly, a
similar observation has recently been described for the regula-
tion of otd expression (Gao et a., 1996). It is likely that the
terminal system has a positive effect on Bed transcriptional
activity which has been missed so far because of its weak effect
(the position of the posterior border of expression of the Bed
target genes is only shifted from 2 to 5%). The molecular
mechanism leading to this effect is unknown, however our
swapping experiment with the Bcd-Gal4(2-94) shows that the
Bcd homeodomain is not required for this effect.

The Bcd acidic activation domain is not a specific
target of the Torso cascade

The swapping experiment described above demonstrates that
the Bcd homeodomain is not essential for the torso-mediated
down-regulation of Bcd activity. The Bed protein, however,
contains several other recognizable domains which could be

Fig. 4. Transcriptional activity of wt Bed and Bed-Gal4 proteinsin
the embryo. In situ hybridizations of whole-mount embryos stained
using lacZ antisense RNA probe. In al figures showing embryos,
anterior isto the left. (A,B) Expression of lacZ in wild-type embryos
carrying the Bed3-lacZ transgene. The transgeneis expressed in an
anterior cap at syncytial bastoderm (A) and it is repressed form the
anterior pole at cellular blastoderm (B). (C-H) Expression of lacZ in
embryos carrying the UASGal4-lacZ transgene and expressing the
Bcd-Gal4(2-94) protein anteriorly. In wild-type embryos (Bcd-Gal4),
lacZ is expressed in an anterior cap at syncytial blastoderm (C) and
is repressed from the anterior pole at cellular blastoderm (D); in
embryos lacking Bed activity (Bed-Gal4; bed™), lacZ is expressed in
an anterior cap at syncytia blastoderm (E) and it is still repressed
from the anterior pole at cellular blastoderm (F); in embryos lacking
Bcd and Torso activity (Bed-Gal4; bed™td ™), lacZ is expressed in an
anterior cap at syncytial blastoderm (G) but it is not repressed from
the anterior pole at cellular blastoderm (H).

the target of the torso pathway (Fig. 2). At the N terminus, a
His-Pro repeat (called the PRD repeat) (Frigerio et a., 1986)
precedes the 60 amino acid long homeodomain. The Bced
homeodomain is followed by a serine/threonine-rich region,
which by itself has only aweak transactivation ability (Driever
et al., 1989). A C-terminal domain, which contains a poly-
glutamine repeat and an acidic domain, behaves as a strong
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Fig. 5. Activity of the Bcd-B6 chimerain the embryo. (A-F) In situ
hybridizations of whole-mount embryos stained with antisense RNA
probes for the Bed target genes hb (A,B), otd (C,D) and tll (E,F).
Wild-type embryos (A,C,E) and embryos lacking Bed activity and
expressing two copies of the Bed-B6 transgene under the control of
the bed regulatory sequences (B,D,F). Bcd-B6 is able to activate the
bed target genesin an anterior domain and its activity is repressed at
the anterior pole. (G) Cuticle preparation of embryos lacking Bed
activity: additional spiracles (posterior structures) develop at the
anterior. (H) Cuticle preparation of embryo lacking Bed activity and
partially rescued by the presence of two copies of the Bcd-B6
transgene under the control of the bed regulatory sequences.
Development of the thorax and part of the head is rescued. The two
white dots at the anterior of the embryo in G are duplication of the
posterior spiracles.

activation domain (Driever et al., 1989a). To test whether
specific sequences within this activation domain were required
for the down-regulation of Bed activity, we took advantage of
transgenic lines containing bicoid chimeric genes in which the
Bcd C-terminal activation domain (Poly-Q and acidic domain)
has been swapped with artificial activation domains from
random E. coli sequences (B6 or B42; Ma and Ptashne, 1987).
In ayeast assay, the activation potential of the Bcd-B6 chimera
is dightly weaker than that of Bcd, while that of Bcd-B42
chimerais stronger (Driever et al., 1989a). However, injection
of mRNA coding for the Bcd-B6 chimeric protein is able to
rescue the lack of anterior structures in embryos derived from
bcd mutant mothers, while Bed-B42 mRNA cannot do so
(Driever et a., 1989a).

Flies carrying P-element constructs expressing the Bcd-B6
and Bcd-B42 chimeric proteins under the control of bcd
regulatory sequences were generously provided to us by W.
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Driever. In agreement with previous results (W. Driever and
C. Nusslein-Volhard, personal communication), two copies of
the Bcd-B42 transgene are not sufficient to rescue the cuticle
of embryos from bcd mutant mothers. In these embryos, the
expression of three bed target genes, otd, tll and hb, was very
weak and the posterior border of their expression domain was
shifted to the most anterior region of the embryo (data not
shown). In contrast, four copies of the Bcd-B6 transgene are
ableto rescue the lack of Bed activity to viability (W. Driever,
personal communication). Two copies of the Bcd-B6
transgene were able to rescue the cuticular phenotype of
embryos from bcd™ mutant mothers, though these embryos
were not viable (compare Fig. 5G and H). Significant rescue
of the expression pattern of bcd target genes was observed: in
the absence of endogenous Bcd activity and in the presence
of two copies of the Bcd-B6 transgene, hb (Fig. 5B), otd (Fig.
5D) and tll (Fig. 5F) were first expressed as an anterior cap
with a posterior border more anterior than in wild-type
embryos, indicating a reduced Bced activity. The expression
then retracted from the anterior pole. Thus, despite its weaker
activation potential, the Bcd-B6 chimeric protein is down-
regulated in a torso-dependent manner. The C-terminal acti-
vation domain of Bcd can thus be replaced by a generic acidic
E. coli domain (Bcd-B6, Fig. 2E) without affecting the sensi-
tivity of the protein to the Torso system. This suggests that
there are no specific sequences within the strong Bed activa-
tion domain that mediate the Torso effect, or that the target
domain of the Torso pathway is redundant within the Bed
protein.

DISCUSSION

Down-regulation of Bcd does not involve a
competing DNA-binding repressor

Several Drosophila homeoproteins that share with Bed the
same critical lysine at position 50 of their homeodomain (e.g.
orthodenticle (Finkelstein et al., 1990), sine oculis (Cheyette
et a., 1994) and Goosecoid (Blumberg et a., 1991; Goriely et
al., 1996; Hahn and Jackle, 1996), may be able to recognize
Bcd-binding sites. These genes are all expressed in the anterior
region of the developing embryo in response to bed, and could
in principle be involved in the down-regulation of the bed
targets by the terminal system. However, their late expression
patterns as well as genetic experiments show that neither otd
nor sine oculis play a role in this regulation. Swapping the
DNA-binding domain of Bcd and targeting the protein to
different binding sites allowed usto rule out the possibility that
another repressor protein recognizing the Bed-binding sites or
sequences overlapping the Bed-binding sites is induced by the
terminal system (Fig. 6A). Finaly, the endogenous Bcd
activity is dispensable for the down-regulation of the Bed-Gal4
chimera by Torso, indicating that no bcd target gene is
involved in this process. Instead, Bed activity is a direct target
of the Torso RTK system.

The DNA-binding activity of Bcd is not regulated by
Torso

Transcription factors are usually composed of separate DNA-
binding and transcriptional activation domains (Ptashne,
1988). Down-regulation of their transcriptional activity could
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C : Modification of a Bed Partner involved in activation
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Fig. 6. Possible mechanisms for down-regulation of Bed activity by the terminal system. (A) Activation of the Torso RTK cascade induces the
expression of afactor competing with Bed for DNA binding. The swapping of the homeodomain with the Gal4 DNA-binding domain excludes
this possibility. (B) Activation of the Torso RTK cascade directly modifies Bed and preventsit from binding to DNA. Gel-shift experiments
and the non-requirement of the homeodomain for the down-regulation of Bed activity strongly argue against this possibility. (C,D) The down-
regulation of Bed by the Torso RTK cascade involves the activation process, either by modification of a Bed co-factor (C) or by direct

modification of the Bed protein (D).

be achieved by disrupting the function of one of these
domains. If the Bed down-regulation by Torso involved Bed
DNA binding, this could be achieved through direct modifi-
cation of the Bed protein (Fig. 6B), most likely through phos-
phorylation. In many cases where phosphorylation modifies
DNA binding of transcription factors, the sites of modifica-
tion are located either nearby or within the DNA-binding
domain: in vitro phosphorylation of Octl by PKA in the N-
terminal tail of the homeodomain leads to a loss of DNA
binding (Segil et al., 1991) and phosphorylation of a region
N-terminal to the DNA-binding domain of c-Jun and c-Myb
negatively affects binding to DNA (for review, see Hunter
and Karin, 1992; Karin and Hunter, 1995). In the case of the
Bcd homeoprotein, swapping of the homeodomain with the
Gal4 DNA-binding domain showed that the homeodomain is
not required for Bed down-regulation by the terminal system.
Bcd DNA binding isthus probably not altered by the terminal
system. It is still possible that modification of a domain of
Bcd distinct from the homeodomain affects the structure of
the protein and prevents DNA binding, even when the home-
odomain has been replaced by the Gal4 DNA-binding
domain. Such a mechanism has been described for the
negative action of the steroid binding domain of the gluco-
corticoid receptor, which can affect an unrelated DNA-
binding domain placed in cis, likely through an interaction
with a chaperone protein (Picard et al., 1988). We do not
favor this possibility for two reasons. First, our gel-shift
analysis suggests that the Bcd DNA-binding activity is not
affected by the Torso pathway. Second, the Gal4 DNA-
binding domain (amino-acids 2 to 94) is totally unrelated to
the Bcd homeodomain : it is composed of zinc clusters and
binds efficiently to DNA as a dimer whereas the Bcd home-
odomain bindsto DNA as a monomer. It isthus unlikely that
modifications outside of the homeodomain would alter the
Gal4 DNA-binding activity.

The activation domain of Bcd is not specifically
affected by Torso

Since the DNA-binding activity of Bed isnot affected by Torso,
the ability of the Bed activation domain to activate transcrip-
tion might have been the target of the terminal system. The Bed
region responsible for most of the transactivation (a Q-rich
region and an acidic region, both located at the C terminus) can
be replaced by an unrelated E. coli acidic activation domain and
still support bed function, including its ability to be down-
regulated by the terminal system. It isformally possible that the
transcriptional activity of both the Bed activation domain and
the B6 activation domain can be down-regulated by the terminal
system. This could be due to fortuitous similar phosphorylation
sites in Bed and B6 activation domains. Alternatively, the
mechanism of inhibition of transcription may involve a general
control of the transcriptional activity of certain types of activa
tion domains by RTK cascades, through for instance a specific
TAF (TATA-binding protein associated factor). Direct interac-
tion between Bcd and particular TAFs has recently been
reported (Sauer et a., 1996). We do not favor this hypothesis
because it does not seem that there is a general decrease in the
transcriptional activity at the pole of the embryo. In particular,
expression of hkb is strongly induced during the cellularization
process. Finally, another domain of Bed might be the target of
the terminal system and affect the activation domain. A similar
observation has been made in the case of the ADR1 yeast tran-
scription factor: repression of ADRL1 activity by glucoseis cor-
related with direct phosphorylation of ADR1 by PKA (Cherry
et al., 1989). This phosphorylation occurs in a small domain
located outside the DNA-binding and activation domains and
does not affect DNA binding (Taylor and Young, 1990).
Several models have been proposed to explain the catabolic
repression of ADRL : upon phosphorylation, the PKA target
domain can directly contact another domain of ADR1 and block
its activation function (Denis et a., 1992); dternatively, the



phosphorylated domain may interact with an extragenic
repressor protein that reduces the function of the ADRL1 protein
(Cook et a., 1994). Both mechanisms are also possible in the
case of Bed (Fig. 6C,D).

Direct modification of Bcd by the terminal system?
Clustering of Bed-binding sites has been shown to be required
for activation of transcription by Bcd monomers (Driever and
Nusslein-Volhard, 1989; Struhl et al., 1989) and the spacing
between the sites has been reported to be critical (Hanes et al.,
1994; Rivera-Pomar et al., 1995). It is possible that synergy
between the activation domains of several Bcd proteins is
required for Bed function. Direct modification of Bed by the
Torso system may prevent this intermolecular interaction or
any other function required for Bed transcriptional activity
(Fig. 6D). However, neither the homeodomain nor the C-
terminal activation domain of Bed is specifically involved. The
PRD repeat, another conserved region in Bed is also unlikely
to be required: a truncated bcd gene lacking a large portion of
the PRD repeat (Bcd-APRT, Fig. 2D) is able to rescue the
phenotype of bcd mutant flies (Dubnau and Struhl, 1996)

Activation of the termina system induces phosphorylation
of the Bed protein (Ronchi et al., 1993). The only recognizable
region that has not been deleted or replaced in the experiments
described in this study is a S/T-rich region located C-terminal
to the homeodomain. This domain appears to contain al but
one of the putative MAP-kinase sites identified by searching
the primary sequence of Bcd. The rolled gene, encoding the
Drosophila MAP-kinase, islikely to be an effector of the Torso
RTK pathway (Brunner et al., 1994). It is thus possible that
activation of the Torso RTK leads to activation of MAP-
kinase, which may then phosphorylate the S/T-rich region of
Bcd and modify its transcriptional activity (N. D. and C. D.,
unpublished data).

Modification of a Bed partner involved in activation?

Alternatively, an essential Bed co-factor may be modified and
inactivated by the Torso pathway (Fig. 6C). A similar phenom-
enon has been described in the case of Elk-1, which actsin con-
junction with the SRF transcription factor (Marais et a., 1993).
The EGF/PDGF signa transduction cascade modifies Elk-1,
which is a transcription factor congtitutively bound to DNA in
association with SRF and becomes active upon phosphorylation
(Hill et al., 1993; Marais et al., 1993). The DNA-binding speci-
ficity of Elk-1 (an ETS family member) is minima and it acts
only as a co-factor of SRF (Hill et a., 1993). Bcd may have a
function similar to SRF, and an unknown co-factor may play the
role of Elk-1. In this case, modification of this co-factor by the
RTK cascade should lead to its inactivation. In the Drosophila
eye, two genes encoding proteins from the ETS family, pointed
and Yan, have been shown to act downstream of the Sevenless
pathway and to be modified by the RTK/Ras signal transduction
cascade in the R7 cell (O’'Neill et al., 1994). These genes have
early phenotypes that have not yet been characterized in detail.
Another possible candidate for a Bed co-factor could be the
product of the hb gene. The Hb protein is a transcription factor
with a zinc-finger DNA-binding domain. A strong synergistic
effect has been observed between Hb and Bed activities in vivo
for the regulation of most of the Bcd target genes (Simpson-
Broseet al., 1994). However, the torso-mediated anterior repres-
sion of the bed target genes is still observed in embryos lacking
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materna as well as zygotic components of hb (Simpson-Brose
et al., 1994), indicating that hb is not required for the down-
regulation of Bed activity by the terminal system.

Conclusion

The graded distribution of the Bed protein along the anteropos-
terior axis of the embryo is essential for setting up the anterior
pattern of the larva. Interactions between the termina and
anterior systems modify the shape of the gradient of Bed activity
at the most anterior tip of the embryo. Our in vivo dissection of
the Bed protein demonstrates that the transcriptional activity of
the Bed protein is down-regulated by the RTK terminal system.
This effect is unlikely to be mediated by a change in DNA
binding but rather may involve the activation process. Direct
phosphorylation of Bcd, possibly by an activated MAP-kinase,
may render the protein unable to activate transcription without
affecting DNA binding (Fig. 6D). Alternatively, phosphoryla-
tion may inactivate a co-factor necessary for Bed activity which
itself is not dependent on bed (Fig. 6C).
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