
Transcriptional regulation of the
Drosophila gene zen by competing
Smad and Brinker inputs
Christine Rushlow,2 Pamela F. Colosimo,1 Meng-chi Lin, Mu Xu, and Nikolai Kirov2

Department of Biology, New York University, New York, New York 10003, USA

The establishment of expression domains of developmentally regulated genes depends on cues provided by
different concentrations of transcriptional activators and repressors. Here we analyze the regulation of the
Drosophila gene zen, which is a target of the Decapentaplegic (Dpp) signaling pathway during cellular
blastoderm formation. We show that low levels of the Dpp signal transducer p-Mad (phosphorylated Mad),
together with the recently discovered negative regulator Brinker (Brk), define the spatial limits of zen
transcription in a broad dorsal-on/ventral-off domain. The subsequent refinement of this pattern to the
dorsal-most cells, however, correlates with high levels of p-Mad that accumulate in the same region during
late blastoderm. Examination of the zen regulatory sequences revealed the presence of multiple Mad and Brk
binding sites, and our results indicate that a full occupancy of the Mad sites due to high concentrations of
nuclear Mad is the primary mechanism for refinement of zen. Interestingly, several Mad and Brk binding sites
overlap, and we show that Mad and Brk cannot bind simultaneously to such sites. We propose a model
whereby competition between Mad and Brk determines spatially restricted domains of expression of Dpp
target genes.
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The TGF-� superfamily of secreted signaling molecules
represents a group of evolutionarily-conserved proteins
that control multiple cellular processes in a range of or-
ganisms (for reviews, see Massagué 1998; Massagué et al.
2000). The cellular responses to TGF-� ligands are me-
diated by a highly conserved signal transduction path-
way involving a family of transmembrane receptor ser-
ine/threonine kinases and cytoplasmic signal transduc-
ers, the Smad proteins. The activated receptors
phosphorylate the receptor-regulated Smads that form
complexes with the co-Smads, translocate to the
nucleus, and regulate the expression of target genes by
direct interaction with DNA or other transcription fac-
tors (for reviews, see Massagué and Wotton 2000; ten
Dijke 2000).

There are several TGF-� family members in Dro-
sophila, among which Dpp is the best-studied (for re-
view, see Podos and Ferguson 1999). The Dpp signal is
transduced to the nucleus by Smad complexes contain-
ing the receptor-regulated Mad protein and the co-Smad

Medea (for review, see Raftery and Sutherland 1999).
Mad and Medea have been shown to bind DNA and ac-
tivate several Dpp target genes. For example, Mad and
Medea bind to specific sites in the Dpp response element
of the tinman (tin) gene, the tin-D enhancer (Xu et al.
1998), and these sites were shown to be essential for
normal tin expression in the embryonic visceral meso-
derm. Direct Mad–DNA contact also plays a role in the
transcriptional activation of the Ubx gene in the devel-
oping midgut (Eresh et al. 1997) and the vestigial (vg)
gene in the imaginal wing disc (Kim et al. 1996, 1997).

Mad/Medea binding sites contain repeats of the degen-
erate sequence GNCN, which is consistent with the se-
quence of the Smad binding element (SBE) GTCT found
in the response regions of TGF-� and activin target genes
(for review, see ten Dijke 2000). However, the low com-
plexity of the recognition sites and their low affinity for
Smad binding (Shi et al. 1998) cannot explain the highly
specific target gene responses to TGF-� signaling. It was
therefore proposed that in many cases Smad proteins
achieve specific interactions with cognate DNA by in-
teracting with DNA-binding partners (for review, see ten
Dijke 2000).

One interesting feature of Dpp and other members of
the TGF-� family, such as activin and the bone morpho-
genic proteins (BMPs), is that they can function as mor-
phogens (for review, see Podos and Ferguson 1999). Mor-
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phogens induce different cell fates at different concen-
trations or activities (for review, see Lawrence and Struhl
1996). In both Drosophila and Xenopus embryos, gradi-
ents of Dpp/BMP activity are established that are respon-
sible for patterning along the dorsoventral axis (Ferguson
and Anderson 1992; Wharton et al. 1993; Wilson et al.
1997). Dpp activity has its highest levels along the dorsal
midline of the cellular blastoderm embryo and declines
toward more lateral regions where it is inhibited by the
product of the short gastrulation (sog) gene (Holley et al.
1995; Biehs et al. 1996; Marqués et al. 1997). The high
levels determine the cell fate of the amnioserosa in the
dorsal-most cells, whereas lower levels specify aspects of
the dorsal epidermis in dorsolateral cells. The absence of
Dpp activity in ventrolateral regions permits the forma-
tion of the neurogenic ectoderm, which gives rise to both
the ventral epidermis and the central nervous system.

How does Dpp specify cell fate in a concentration-
dependent manner? It is thought that Dpp signaling in
the early embryo regulates the transcription of down-
stream target genes that are expressed in nested domains
centered around the dorsal midline (Jazwinska et al.
1999a,b; Ashe et al. 2000). High-level Dpp targets such as
Race (Ashe and Levine 1999) and u-shaped (ush; Cub-
bada et al. 1997) are expressed in the presumptive am-
nioserosa. pannier (pnr; Winick et al. 1993) is expressed
in a broader domain that spans the amnioserosa and part
of the dorsal ectoderm. Thus, it requires lower levels of
Dpp. Finally, low-level targets such as early zen (Doyle
et al. 1986) and dpp (St. Johnson and Gelbart 1987) are
expressed in an even broader domain that abuts the ven-
tral ectoderm. A possible molecular mechanism to ex-
plain the threshold responses of Dpp target genes is that
their promoters have different affinities to Smads and
therefore can be induced by different levels of nuclear
Smads, similar to the mechanism of differential activa-
tion by the Drosophila morphogens Dorsal (Dl; Jiang and
Levine 1993) and Bicoid (Bcd; Driever et al. 1989; Simp-
son-Brose et al. 1994). That an additional mechanism is
involved came from the characterization of the brinker
(brk) gene (Campbell and Tomlinson 1999; Jazwinska et
al. 1999a,b; Minami et al. 1999). brk negatively regulates
low-level and intermediate-level target genes. Study of
the response elements of these target genes can therefore
provide clues about the mechanisms of threshold re-
sponses to the Dpp morphogen, as well as the interplay
of positive and negative inputs in the expression of target
genes.

We have focused our studies on the target gene zen,
which has a dynamic pattern of expression in the early
embryo. During precellular nuclear division cycles 11–
13 and during early cellularization (nuclear cycle 14), zen
is expressed in a broad dorsal-on/ventral-off pattern. This
pattern is thought to be activated by an unknown ubiq-
uitous activator present throughout the embryo and re-
pressed by the Dl morphogen localized in ventral regions
(Rushlow et al. 1987). It is Dpp-independent because
early zen expression is normal in dpp null mutants
(Rushlow and Levine 1990; Ray et al. 1991). However,
slightly later, during early to mid-cellularization, main-

tenance of the zen pattern becomes dependent on Dpp
because zen transcripts fade away suddenly in dpp null
mutants (Rushlow and Levine 1990; Ray et al. 1991). It
also becomes dependent on Brk repression because zen
transcripts expand into the ventral ectoderm in brk mu-
tants (Jazwinska et al. 1999b). Thus, the broad pattern of
zen is maintained by Dpp in the dorsal region and re-
pressed by Brk in ventral regions. During mid- to late
cellularization, this pattern undergoes a process of re-
finement in which zen transcripts are lost from the lat-
eral regions and become restricted to a narrow domain of
the dorsal-most cells. Brk plays no role in refinement
because in brk mutants, although zen expands ventrally,
it refines normally (Jazwinska et al. 1999b).

zen expression is directed by 1.6 kb of 5� flanking DNA
sequences referred to as the zen promoter (Doyle et al.
1989). The distal part of the promoter between −1.2 and
−1.4 kb is responsible for Dl-dependent ventral repres-
sion (Jiang et al. 1993; Kirov et al. 1993). Sequences re-
quired for the initiation, maintenance, and refined ex-
pression of zen are located in the proximal 0.7 kb of the
promoter, but they are not well-characterized (Doyle et
al. 1989).

Here we address the question of how the Dpp pathway
components Mad and Medea, and the negative regulator
Brk, mediate maintenance and refinement of zen tran-
scription. We find that lowering the level of Dpp signal-
ing does not perturb maintenance but abolishes refined
expression of zen. In addition, immunostaining with an-
tibodies that recognize activated Mad proteins show that
high levels of activated Mad are required for refinement,
whereas lower levels are sufficient for maintenance. Our
molecular analysis shows that Mad, Medea, and Brk
regulate zen transcription by binding to specific and par-
tially overlapping sites on the zen promoter. We propose
that a simple competitive mechanism might be involved
in the transcriptional regulation of zen and possibly
other Dpp target genes.

Results

zen maintenance requires less Dpp signaling
than zen refinement

To better understand the role of the Dpp activity gradi-
ent in zen regulation, we examined the expression pat-
tern of zen in embryos carrying dpp hypomorphic alleles
(Wharton et al. 1993). dpp alleles can be ordered in an
allelic series of increasing strength as measured by two
phenotypes: percentage of dominant lethality and degree
of ventralization of the embryonic cuticle. Null alleles
are haploinsufficient, showing more than 95% lethality
when heterozygous. Embryos homozygous for null alle-
les show a complete loss of all dorsal ectodermal struc-
tures and expansion of the ventral denticle belts around
the entire circumference of the embryo. The hypomor-
phic alleles display a range of both phenotypes. We ana-
lyzed the zen expression pattern in embryos carrying the
hypomorphic alleles dpphr4, dpphr27, and dppH94. dpphr4

is the weakest allele, showing about 5% dominant le-
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thality. dpphr27 and dppH94 show 30%–40% and 70%–
80% dominant lethality, respectively. Both dpphr4and
dpphr27 homozygous embryos show complete loss of am-
nioserosa, with dpphr27 showing an additional loss of
dorsal ectodermal structures as well as the expansion of
the ventral denticle belts. In homozygous dppH94 em-
bryos, almost all dorsal structures are lost and the ven-
tral denticle belts expand even further toward the dorsal
midline.

The early broad zen pattern seen in precellular stages
and during early cellularization (Fig. 1A) is normal in
dpphr4, dpphr27, and dppH94 homozygous embryos (data
not shown). During mid- to late cellularization, zen ex-
pression in dpphr4 homozygotes was maintained (Fig.
1E), whereas a reduction in the level of zen RNA was
observed in dpphr27 homozygotes (Fig. 1G). zen expres-
sion was completely lost in the stronger hypomorphic
dppH94 homozygotes (Fig. 1I), similar to that seen in dpp
null embryos (Rushlow and Levine 1990; Ray et al.
1991). This indicates that a certain level of Dpp activity,
still present in dpphr4 but progressively depleted in the
stronger mutants, is required to maintain zen expression
in its broad domain. Importantly, during mid- to late
cellularization, zen transcripts did not refine in dpphr4

and dpphr27 homozygotes (Fig. 1E,G) and diminished rap-
idly by gastrulation (Fig. 1F,H). This is in striking con-
trast to wild-type embryos in which zen refines during
mid- to late cellularization so that transcripts become
restricted to the presumptive amnioserosa (Fig. 1B,C)
and persist through gastrulation (Fig. 1D). The above re-
sults indicate that the level of Dpp signaling plays an
important role in the dynamic changes in zen expression
during cellularization. The refined zen expression is es-
pecially sensitive to the level of Dpp activity because it
is abolished in the weak hypomorphic mutants.

High levels of activated Mad drive zen refined
expression

Recently, it was shown that the level of Dpp activity in
imaginal discs and embryos can be correlated with the
amount of nuclear Smads (Sutherland and Raftery 2000;
Tanimoto et al. 2000). We used the same antibodies
raised against the mammalian phosphorylated Smad1
(Persson et al. 1998), which also recognize Drosophila
phosphorylated Mad (p-Mad; Tanimoto et al. 2000), to
determine if the p-Mad staining pattern can be correlated
with zen transcriptional activity in wild-type and dpp
hypomorphic mutant embryos. p-Mad staining in wild-
type embryos was first detected during early to mid-cel-
lularization in a dorsal domain spanning about 20% of
the embryonic circumference (Fig. 2A). As cellulariza-
tion proceeds, staining becomes stronger in the dorsal-
most cells and decreases in the dorsolateral region (Fig.
2B,C). By gastrulation, staining is mostly localized to the
presumptive amnioserosa (five to six cells; Fig. 2D, inner
arrows) with weaker staining observed in the dorsolat-
eral regions (three to four cells to either side; Fig. 2D,
outer arrows). Staining is nuclear and gradually dissi-
pates laterally (Fig. 2D, inset). The strongest p-Mad

staining correlates exactly with refined zen expression
(cf. Figs. 1C,D and 2C,D), indicating that high levels of
p-Mad are required for zen transcription in the refined
domain. Interestingly, the process of p-Mad accumula-
tion is similar to that of zen refinement in that a broad
pattern becomes restricted into a narrow pattern (cf. Figs.
1A–D and 2A–D). Hence, the refinement of zen is a re-
flection of the formation of the Dpp activity gradient.

We further analyzed p-Mad staining in dpp and sog
mutant embryos. The hypomorphic dpphr4 and dpphr27

embryos showed weak p-Mad staining at mid-cellular-
ization (Fig. 2E,G, respectively) that disappeared by gas-
trulation (Fig. 2F,H), whereas the amorphic dppH46 em-
bryos showed no p-Mad staining at any stage (Fig. 2I,J).
Similarly, during mid-cellularization zen transcripts are
lost prematurely in the strong dpp mutant, but not in the
weaker mutants (Fig. 1E,G,I).

One can therefore conclude that the residual p-Mad
signaling in the dpp hypomorphs is sufficient for zen
maintenance. However, high levels of p-Mad are re-
quired for refined zen expression because both p-Mad
staining and zen transcripts were not detected during
late cellularization even in the weakest mutant (Fig.
1F,H,J). In sog mutants, the high-level p-Mad domain is
broadened, as is zen transcription (cf. Figs. 1L and 2L).

Smad and Brk binding to zen promoter DNA is
essential for proper zen expression

Biochemical and genetic evidence indicate that the
DNA-binding activity of Drosophila Smad proteins is
essential for the expression of Dpp target genes (Kim et
al. 1997; Xu et al. 1998). Because our results implied that
p-Mad is involved in the activation of zen expression, we
screened the 1.6-kb zen regulatory region (zen promoter)
for Mad and Medea DNA binding sites by EMSA (gel-
shift) and DNase I footprinting assays (see Materials and
Methods). Mad specifically bound to 10 sites (M1–M10),
9 of which are located in the proximal region of the zen
promoter between positions −571 bp and −124 bp up-
stream of the zen transcription start site (Fig. 3A,B). The
co-Smad protein, Medea, was tested by gel shift with
DNA fragments and oligonucleotides spanning the pro-
moter and showed the same binding pattern as Mad (data
not shown). The Mad/Medea binding sites are G/C rich,
similar to the Mad sites on the vg enhancer and the Mad/
Medea sites on the tin-D enhancer (Kim et al. 1997; Xu et
al. 1998). All sites contain the tandemly repeated se-
quence GNCN, which is present in Smad response ele-
ments of Dpp and TGF-�/activin-inducible genes (for re-
view, see Raftery and Sutherland 2000; ten Dijke 2000).

Sites M2, M6, M7, and M8 contain the “Smad box”
GTCT motif, which can bind a single MH1 domain (Shi
et al. 1998). The sites have different affinities for the Mad
protein as seen in the extent of DNA protection (com-
pare footprints in a lane in Fig. 3A).

As mentioned earlier, zen is repressed in the ventral
ectoderm by Brk during mid-cellularization. The possi
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Figure 2. High levels of activated Mad correlate with refined
zen expression during late cellularization. Cross sections of em-
bryos stained with anti-phospho-Smad antibodies. Dorsal is up;
cellularization stages are as in Fig. 1. (A–D) Wild type, (E,F)
dpphr4/dpphr4, (G,H) dpphr27/dpphr27, (I,J) dppH94/dppH46, (K,L)
sogYS06/Y. (A–D) p-Mad accumulates as cellularization pro-
ceeds, reaching highest levels in the presumptive amnioserosa.
The inset in D shows a surface view of a region of the dorsal side
of a whole-mount staining, the same region delimited by the
outer arrows on the section. Note that staining gradually de-
creases laterally. (E–H) p-Mad accumulation to high levels is not
observed in dpp mutants. (I,J) In dppH46 embryos, no p-Mad
staining is observed, indicating that the antibody is specific for
Mad. (K,L) In sog mutants, p-Mad accumulates in a broad do-
main but may not reach the peak levels seen in the wild type.

Figure 1. Dpp-dependent regulation of zen expression. Cross
sections of embryos hybridized with zen antisense RNA probes.
Dorsal is up. (A–D) Wild type, (E,F) dpphr4/dpphr4, (G,H) dpphr27/
dpphr27, (I,J) dppH94/dppH94, (K,L) sogYS06/Y. (A) Embryo in
early to mid-cellularization showing the broad dorsal-on/ven-
tral-off zen pattern. (B) Embryo in mid-cellularization undergo-
ing zen refinement. (C) Embryo in mid- to late cellularization
showing the refined zen pattern restricted to the presumptive
amnioserosa. (D) Embryo undergoing gastrulation with contin-
ued strong zen expression. Remaining embryos on the left are in
mid- to late cellularization and can be compared with (C), and
those on the right are beginning gastrulation and can be com-
pared with (D). Note the decrease in the level of zen transcripts
during mid- to late cellularization with decreasing dpp activity,
and the loss of expression by gastrulation. Although a reduction
in the level of transcripts was observed in dpphr27 embryos, the
ventral limit of zen expression did not change significantly. In
the absence of sog, zen expression is maintained to gastrulation,
but there is no refinement.
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bility that Brk might bind DNA was predicted based on
the HTH fold in the N-terminal region of the Brk protein
and a weak homology of this same region with the ho-
meodomain (Campbell and Tomlinson 1999; Jazwinska
et al. 1999a). DNA-binding experiments performed with
DNA from the zen promoter using recombinant GST–
Brk fusion proteins confirmed our prediction. There are

six Brk binding sites on the zen promoter (B1–B6), five of
which are located in the proximal part of the promoter
(Fig. 3A,B). An alignment of the sites shows that four of
them contain the sequence 5�-CGCCAG-3�, and the
other two have a single base change of this canonical
sequence (Fig. 3C). By comparing the degree of protection
from DNase I when using a particular amount of protein

Figure 3. Mad and Brk bind to the zen
promoter. (A) DNase I footprinting analy-
sis of Mad and Brk GST fusion proteins
bound to the proximal 669 bp of the zen
promoter. Increasing amounts of Brk (50
ng and 150 ng) and Mad (500 ng, 1500 ng,
and 4500 ng) were incubated with zen-pro-
moter DNA fragments: (left panel) EcoRI–
AccI fragment labeled at the EcoRI site
(−669 to −290), (middle panel) XbaI–AvaI
fragment labeled at the XbaI site (−198 to
−480), (right panel) XbaI–BamHI fragment
labeled at the XbaI site (−198 to +18). The
numbers correspond to the positions of the
nucleotides relative to the transcription
start site (+1). The (−) lanes show DNase I
digestion of the DNA probes. The G+A
lanes show the chemical degradation of
the probes on G+As. Regions protected by
Mad and Brk proteins are depicted as ovals
and rectangles, respectively. (B) Schematic
representation of the Smad (Mad/Medea)
and Brk binding sites on the 1604-bp zen
promoter, and the deletion and point mu-
tations used in the transgenic analysis.
The drawing is in scale only for the proxi-
mal 669 bp of the promoter. The locations
of Brk binding sites (B2–B6) and Mad sites
(M2–M10) are based on the footprinting
data. The location of B1/M1 and all of the
Medea sites were found by gel-shift analy-
sis (not shown). The deletions are desig-
nated as absent lines inside parentheses,
and the binding sites with point mutations
are designated by X. (C) Alignment of the
sequences of the BRK binding sites (B1–B6)
(left). A list of Mad/Medea sites that can-
not be aligned because of their degeneracy
(right). Note that none of the Mad/Medea
sites contains the inverted repeat 5�-GTC
TAGAC-3�, which was determined as an
optimal site for Smad3 and Smad4 pro-
teins (Zawel et al. 1998).
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(Fig. 3A, cf. footprints within a lane), it appears that the
Brk binding sites differ in their affinities for the recom-
binant Brk protein by two- to fivefold (Fig. 3A).

Interestingly, the DNase I footprints of Brk overlap
extensively with the sites protected by Mad and Medea
(Fig. 3A,B), with the exceptions of sites B2, M2, M3, M4,
M9, and M10.

We tested the functional relevance of the binding sites
in vivo by using zen-lacZ transgenes. Previous trans-
genic experiments showed that a truncated zen promoter
containing only the proximal 293 bp cannot drive any
expression of the lacZ reporter in blastoderm embryos.
However, a promoter containing the proximal 670 bp can
drive strong dorsal expression and refinement, although
there is no ventral repression by Dl (Doyle et al. 1989).
To further delineate sequences involved in the mainte-
nance and refinement of zen expression, we tested sev-
eral deletions within the proximal region in the context
of the full-length 1.6-kb zen promoter (schematized in
Fig. 3B). Deletion �292–43, which eliminates two Mad/
Medea sites (M9,M10; see Fig. 3B) and two Brk/Mad/
Medea sites (B5M7, B6M8), drives normal expression
during early cellularization but fails to refine later (Fig. 4,
cf. A and B). Similarly, the smaller deletion �476–350,
which eliminates M3, M4, and B3M5, failed to undergo
refinement (Fig. 4C). In deletion �161–131, only the
B6M8 site is missing, and 70%–80% of the transgenic
embryos show refinement (data not shown). The dele-
tion �217–178, which does not eliminate any sites, has
no effect on the expression pattern of lacZ (data not
shown). To determine if the lack of refinement observed
in the large deletions might be due to the loss of Smad
sites, the two Mad/Medea sites located between −476
and −350 were mutated (M3 and M4; see Fig. 3B). Em-
bryos carrying this double mutation showed a lack of
refinement (Fig. 4D), similar to the deletion �476–350.
These results indicate that zen refinement requires all of
the Smad sites in the proximal promoter.

We introduced point mutations in Brk binding sites in
a zen-lacZ transgene to test if a direct interaction be-
tween Brk and the zen promoter is required for zen re-
pression. Control gel-shift experiments showed that oli-
gonucleotides containing the mutagenized sites did not
bind recombinant Brk protein (data not shown).

Mutagenesis of B1 or B2 or both had no effect on lacZ
expression (data not shown). Neither did eliminating B5
and B6 in the context of deletion �292–43 (Fig. 4B), nor
B3 in the context of �476–350 (Fig. 4C). However, mu-
tagenesis of four Brk sites (quadruple mutation in Fig. 3B)
resulted in ectopic expression in the ventral ectoderm
during late cellularization (Fig. 4E) similar to the pattern
of zen expression in brk mutant embryos (Jazwinska et
al. 1999b). These results indicate that Brk binding is es-
sential for its repressor function. Moreover, Brk-medi-
ated repression in the ventral ectoderm seems to depend
on the cumulative contribution of Brk binding sites and
not on the specific effect of any one of them.

The quadruple mutant produced an additional expres-
sion phenotype not observed in brk mutant embryos. In
brk null embryos, zen expression expands into the ven-

tral ectoderm but later refines normally (Jazwinska et al.
1999b). The wild-type zen-lacZ transgene (Fig. 4A) be-
haves similarly in brk mutant embryos (data not shown).
In contrast, the expanded expression domain of lacZ
driven by the quadruple mutant promoter did not refine,
but remained broad through gastrulation (Fig. 4E). This

Figure 4. Mutation of Smad and Brk binding sites results in
altered expression of a zen–lacZ reporter. Cross sections of
transgenic embryos undergoing gastrulation carrying the zen–
lacZ fusion constructs (described in Fig. 3B) hybridized with
lacZ antisense RNA probes. Dorsal is up. (A) Embryo carrying
the full-length 1.6-kb zen promoter-lacZ shows refinement. (B)
Embryo carrying the deletion �292–43. (C) Embryo carrying the
deletion �476–350. (D) Embryo carrying a mutation that elimi-
nates Smad binding sites M3 and M4. (E) Embryo carrying a
mutation that eliminates four Brk binding sites (see Fig. 3B).
Proper refinement is not observed in embryos carrying any of
the mutant constructs.
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lack of refinement is presumably not caused by the lack
of Brk binding because in brk mutants, zen refines nor-
mally. Instead, it resembles the broad “nonrefining” zen-
lacZ pattern seen in the two deletion mutants and the
Mad site double mutant (see Fig. 4B–D). Three Brk sites
mutated in the quadruple mutant also bind Mad and
Medea (B1M1, B3M5, B5M7), and gel-shift experiments
showed that the oligonucleotides with these mutated
Brk sites do not bind Mad and Medea (data not shown).
This indicates that the lack of Mad/Medea binding to the
sites shared with Brk resulted in loss of refinement in the
zen-lacZ quadruple mutant.

Brk is a potent repressor of zen and dpp

The activation of zen by Mad/Medea and its repression
by Brk takes place in adjacent tissues of the embryo, the
dorsal and ventral ectoderm, respectively. To test if ec-
topic expression of brk in the dorsal ectoderm of the
embryo is sufficient to repress zen transcription, we used
the FLP/FRT system in an experimental approach de-
signed by Kosman and Small (1997). brk misexpression
was driven by eve–stripe 2, a well-characterized en-
hancer of the even-skipped segmentation gene. The
stripe is initially wide (Fig. 5A,B, red arrows) and then
refines to a single anteroposterior stripe spanning para-
segment 3 (Fig. 5C,D).

brk misexpression in stripe 2 represses the expression
of zen, as well as dpp, in parasegment 3 beginning about
mid-cellularization (Fig. 5C,D), but not earlier (Fig. 5A,B
and data not shown). The repressed region appears as
wide as the initial broad domain of eve–stripe 2. This
result indicates that ectopic Brk represses the zen pro-
moter directly. An indirect mechanism by which Brk
represses dpp, which would then result in loss of zen

maintenance, is unlikely because the effects of ectopic
Brk on dpp and zen happen simultaneously (Fig. 5A,B).

Brk and Smads compete for DNA binding

The observations that Smads can bind Brk sites and that
ectopic Brk can repress zen in the presence of Smads
indicated a direct competition mechanism between
Smads and Brk. This could occur during mid-cellulariza-
tion when Dpp maintains zen in the dorsal region while
Brk represses zen in ventral regions (Jazwinska et al.
1999b). We tested the feasibility of such a mechanism in
vitro by gel-shift competition assays. Oligonucleotides
spanning Brk/Mad/Medea binding sites were incubated
with different amounts of recombinant Brk and Mad pro-
teins (Fig. 6). Two different sites were tested, B4M6
(lanes 1–9) and B5M7 (lanes 10–18). Increasing amounts
of each of the proteins alone formed increasing amounts
of complexes with different nonoverlapping mobilities
(Mad complexes, solid arrows; Brk complexes, dotted ar-
rows). When both proteins were present in the reaction,
the outcome depended on their relative amounts and af-
finities to the corresponding oligonucleotide. At high
Mad and low Brk concentrations, the complexes had mo-
bilities of Mad alone (lanes 7 and 16). At high Brk and
low Mad concentrations, the outcome was reversed and
the complexes had mobilities of Brk alone (lanes 9 and
18). At intermediate concentrations, complexes with
mobilities of both proteins were present (lanes 8 and 17).
The formation of new complexes with different mobili-
ties was not observed, indicating that simultaneous
binding of the two proteins to the same DNA does not
occur.

Incubation of the oligonucleotide for which Mad had a
higher affinity (cf. lanes 4 and 13) with intermediate con-

Figure 6. Mad and Brk compete in vitro for binding to DNA.
Electrophoretic mobility shift assay (EMSA) of complexes
formed by 2 ng, 10 ng, and 50 ng (lanes 1,2,3 and 10,11,12) of
Brk; 20 ng, 100 ng, and 500 ng (lanes 4,5,6 and 13,14,15) of Mad;
and 2 ng + 500 ng, 10 ng + 100 ng, and 100 ng + 20 ng of Brk and
Mad, respectively (lanes 7,8,9 and 16,17,18) with 0.2 ng of la-
beled oligonucleotides spanning B5/M7 (lanes 1–9) and B4/M6
(lanes 10–18) sites. Solid and dotted arrows indicate the posi-
tions of the Mad and Brk complexes, respectively. The asterisk
indicates the position of free DNA.

Figure 5. Brk represses dpp and zen directly. Transgenic em-
bryos carrying the FLP-out construct eve–stripe 2-brk were hy-
bridized with either brk and dpp (A,C) or brk and zen (B,D)
antisense RNA probes. dpp and zen are repressed in the region
of eve–stripe 2 (parasegment 3) as Brk protein accumulates dur-
ing mid- to late cellularization (C,D), but not earlier in precel-
lular stages (A,B). Red arrows delimit the early broad stripe 2
expression. Arrowheads point to the site where normal loss of
dpp and zen expression during cellularization occurs.
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centrations of both proteins resulted in the formation of
more Mad complexes, and vice versa (Fig. 6, cf. lanes 8
and 17). Other oligonucleotides spanning Brk/Mad/
Medea binding sites were tested with the same results
(data not shown). It can be concluded that, under the
conditions used, Mad and Brk do not bind simulta-
neously to DNA; rather, they compete and replace each
other depending on their relative concentrations and af-
finities for a particular binding site.

Discussion

Regulation of zen by Dpp morphogenic activity

zen has a dynamic expression pattern in the early em-
bryo that is regulated by many factors. The initial, broad
dorsal-on/ventral-off pattern in the syncytial blastoderm
results from activation by a ubiquitous activator and re-
pression in the ventral half of the embryo by the Dl mor-
phogen (Rushlow et al. 1987; Doyle et al. 1989). The
experiments described here provide evidence that zen
expression during cellularization is also regulated by an
interplay of negative and positive factors. zen activation
becomes dependent on Dpp signaling in the dorsal ecto-
derm, whereas Brk protein represses zen in the ventral
ectoderm. Our results further show that Dpp also is re-
quired for the refinement of zen into a narrow domain.
Furthermore, the two processes involve different levels
of signaling. Maintenance requires at least some inter-
mediate level of Dpp activity whereby the more Dpp
activity, the more zen transcription (Fig. 1E,G). Refine-
ment, however, requires the highest level of signaling,
because strong zen expression in the dorsal-most cells is
not observed even in the weakest dpp mutant (Fig. 1E,F).

Examination of p-Mad staining in wild-type embryos
also indicates that maintenance and refinement require
different levels of signaling. Only the highest p-Mad lev-
els in the dorsal-most five to six nuclei are capable of
driving zen transcription during late cellularization. The
lower levels present in the three to four lateral nuclei to
either side are not sufficient to activate zen (Fig. 2C,D),
although earlier they were sufficient for its maintenance
(Fig. 2A,B). This indicates that maintenance may involve
the contribution of an additional activator, perhaps the
same ubiquitous activator that initiates zen earlier.

Later during refinement, p-Mad at peak levels is suffi-
cient to up-regulate zen. Interestingly, the Dpp target
gene ush is expressed in a broader domain than refined
zen that includes the three to four lateral nuclei (Jazwin-
ska et al. 1999b). This indicates that ush can be activated
by a lower level of signaling than refined zen and that the
high-level class of Dpp target genes can be further sub-
divided.

It has been shown before that the threshold target gene
response to Drosophila morphogens Bcd and Dl is deter-
mined by their concentrations in the nucleus (Driever et
al. 1989; Roth et al. 1989; Struhl et al. 1989). The differ-
ence between Bcd and Dl and Dpp is that because the
former are transcription factors, their concentrations can
be measured directly by nuclear target promoters

whereas Dpp signals must be transduced and possibly
modulated before reaching the nucleus. The difference,
however, might not be consequential. It was shown re-
cently in Xenopus that increasing the activated Activin
receptor threefold results in a proportional increase of
nuclear Smads (Shimizu and Gurdon 1999), providing
evidence that the concentration of nuclear signal trans-
ducers is a readout of the extracellular ligand concentra-
tion or activity.

We can make similar conclusions from our genetic
experiments. Because the amount of p-Mad depends on
the amount of Dpp activity, the simplest explanation is
that the zen promoter responds to differences in Dpp
activity by measuring the level of nuclear Smads. Such a
conclusion is consistent with the presence of multiple
Mad/Medea binding sites and our mutagenesis analysis.
Deletion of only two Mad/Medea sites resulted in the
loss of refined expression (Fig. 4D); therefore, most if not
all of the Smad binding sites are required for this func-
tion, as are the peak levels of p-Mad activity (because
weak dpp mutants do not refine). However, maintenance
was not affected, possibly because several sites remain
intact and this function does not require full p-Mad ac-
tivity. That the zen promoter measures the level of
nuclear Smads also explains the broad dorsolateral pat-
tern of both p-Mad immunostaining and zen expression
in sog− embryos. In the absence of inhibition by Sog, Dpp
continues to signal, and p-Mad can accumulate in the
dorsolateral region of the embryo and induce zen expres-
sion (Fig. 2L).

zen regulation by Brk and Smads

The experiments presented here show that Mad/Medea
and Brk regulate zen by binding to separated and over-
lapping DNA binding sites. There are 10 Mad/Medea and
6 Brk binding sites in the zen promoter, 5 of which are
shared, indicating duality in their function. Indeed, the
results from mutagenesis of the zen promoter show that
the shared sites mediate both Brk and Mad/Medea func-
tions.

Five Brk and nine Smad binding sites are clustered in
the zen proximal regulatory element over about 600 bp
with spacing not exceeding 120 bp. This organization is
similar to that of several well-studied enhancers from
Drosophila (Small et al. 1991; Hoch et al. 1992; Ip et al.
1992). These enhancers are activated by a variety of tran-
scriptional activators and repressed by short-range re-
pressors such as Snail (Sna; Gray et al. 1994), Knirps (Kni;
Arnosti et al. 1996), and Krüppel (Kr; Gray and Levine
1996). All three of these repressors are DNA-binding pro-
teins that can inhibit activator function when they are
bound not further than 150 bp away from the activator
binding site. It was shown that they all contain a short
stretch of amino acids, P-DLS-K, that is required for re-
cruitment of the corepressor dCtBP (Nibu et al. 1998).
Our analysis of zen regulation indicates that Brk also
may be a short-range repressor. It is a DNA-binding pro-
tein and contains a PMDLSG domain (Jazwinska et al.
1999a). Preliminary in vitro experiments showed that
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Brk interacts with dCtBP (N. Kirov, unpubl.); however,
embryos devoid of dCtBP activity do not ectopically ex-
press zen and dpp (C. Rushlow, unpubl.), indicating that
dCtBP is dispensable for Brk repression and other core-
pressors interact with Brk, or that Brk repression of these
targets does not require additional factors.

The identity of the ubiquitous transcriptional activa-
tor that activates zen in the dorsal ectoderm during pre-
cellular stages and early cellularization remains elusive.
It is possible that this activator interacts with Smads to
enhance transcription of zen at a time when p-Mad lev-
els are low. Also, Brk represses the ubiquitous activator,
because zen becomes ectopically expressed in brk mu-
tants (Jazwinska et al. 1999b). Thus far, our deletion
analysis of the zen promoter has not uncovered any se-
quences that might interact with this putative activator.
It is possible that these sequences are redundant and
scattered over the entire promoter and may in fact over-
lap with Smad and/or Brk binding sites.

A competition model for zen transcriptional regulation

In the cellularizing embryo, Dpp and Brk activities over-
lap in the lateral-most region. Here Dpp and Brk function
to set thresholds of response for target genes such as zen
and pnr (Jazwinska et al. 1999b). In this same region, Dpp
signaling negatively regulates brk expression. Similarly,
in the wing disc, the Brk expression domain overlaps
with that of the Dpp target gene omb (Jazwinska et al.
1999a) in the region where activated p-Mad is present
(Tanimoto et al. 2000). It was proposed that a dual
mechanism whereby Dpp can simultaneously down-
regulate Brk repressor levels and antagonize its function
on target gene promoters would be very efficient in es-
tablishing sharp threshold responses (Jazwinska et al.
1999b). Based on our experiments, we suggest a molecu-
lar model to explain mechanistically the antagonizing
activities of Brk and Smads. We propose that they are
involved in direct competition for binding to shared
binding sites on target promoters. Thus, it is the balance
of their opposing activities that determines the tran-
scriptional state of the target genes. Two sets of experi-
ments support this model. First, ectopic expression of
Brk in eve–stripe 2 abolished zen expression in those
cells (Fig. 5C).

The elevated level of Brk in the stripe was therefore
sufficient to repress the zen promoter even in the pres-
ence of activated Smads. The possibility that zen was
repressed indirectly through Brk-mediated repression of
dpp is highly unlikely because there was no delay in zen
repression. Second, our in vitro competition experiments
also support the model. Especially revealing is the fact
that the outcome of competition depends on the relative
concentrations of both proteins and their binding affini-
ties (Fig. 6, lanes 8 and 17). Competitive mechanisms
have been proposed to operate on many promoters where
mutually exclusive DNA-binding factors are involved,
and, in some instances, DNA-binding assays similar to
ours were used to show competition for binding between
activator and repressor proteins (Small et al. 1991; Hoch

et al. 1992; Rahuel et al. 1992; Genetta et al. 1994). For
example, bHLH proteins compete with a zinc-finger re-
pressor for E-box binding in the immunoglobulin heavy
chain enhancer (Genetta et al. 1994).

Implications for the regulation of Dpp target genes

The findings presented here provide a framework for fur-
ther study of the mechanisms of regulation of Dpp mor-
phogen targets. zen is the only one of the known Dpp
target genes that responds to two threshold activities:
low (during early to mid-cellularization) and high (during
late cellularization). Based on our results and the pro-
posed competition mechanism for activation and repres-
sion of the zen promoter, we can make predictions about
the organization of the regulatory elements of the other
Dpp target genes. High-level targets such as ush strongly
depend on high levels of Smads, and their regulatory el-
ements may have many, and possibly closely packed,
Smad binding sites.

Low-level targets such as omb (Grimm and Pflugfelder
1996) in the wing imaginal disc may be repressed by Brk
binding to their regulatory sequences (Jazwinska et al.
1999a,b). The spatial domains of expression of the inter-
mediate targets such as pnr in the embryo and sal (de
Celis et al. 1996) in the wing disc, which are dependent
on both Dpp signaling and Brk repression (Jazwinska et
al. 1999a,b), might be determined by the net balance of
positive and negative inputs. Interestingly, this type of
mechanism can result in expression domains that vary
largely in size and may result in even broader domains
than the low-level targets. An example is the vg gene. In
third-instar imaginal wing discs, vg is expressed in a
broader domain than omb (Kim et al. 1996, 1997). Its
expression along the anterior-posterior boundary in the
wing pouch is activated by the quadrant enhancer that
contains Mad binding sites essential for activation (Kim
et al. 1997). At the same time, vg is repressed by Brk
(Campbell and Tomlinson 1999). However, the essential
Smad binding sites do not match the Brk binding sites
(N. Kirov, unpubl.), like many of the Smad sites in the
zen promoter, suggesting that they will have no or low
affinity for the Brk protein. Neither are there strong zen-
like Brk binding sites in the quadrant enhancer (se-
quence from Kim et al. 1997). Its broad expression do-
main could then be explained if the positive inputs from
Smads, enhanced by signals from the dorsoventral
boundary (Kim et al. 1996), are able to overcome Brk
repression far from the Dpp source.

Further studies of the arrangement, affinities, and
numbers of repressor and activator sites in Dpp target
promoters will determine to what extent the different
thresholds of responses to the Dpp morphogen activity
are shaped by a simple balance of positive and negative
transcriptional inputs.

Materials and methods

Drosophila stocks

dpp hypomorphic alleles (Wharton et al. 1993): dpphr4, dpphr27,
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dppH94; dpp amorphic allele: dppH46. dpphr4 is balanced over
SM6, eve-lacZ, whereas the remaining alleles are balanced over
CyO23. sog allele (Biehs et al. 1996): sogYS06 /FM7c, ftz-lacZ.

In situ hybridization and antibody staining

Wild-type and mutant embryos were fixed, hybridized with zen
or lacZ RNA antisense probes, stained (reagents obtained from
Roche Molecular Biochemicals), dehydrated, prepared for sec-
tioning, and mounted (araldite obtained from Polysciences) as
described in Roth et al. (1989). Anti-pMad polyclonal antibodies
were kindly provided by P. ten Dijke and used at a final dilution
of 1:1000 in PBS. lacZ expression was detected using rabbit
anti-�Gal (Cappel) antibodies. Secondary antirabbit antibody
staining was performed using the Vectastain ABC kit. Embryo
sections were photographed using DIC optics on a Nikon FX-A
microscope.

eve–stripe 2 misexpression

The full-length brk cDNA (Jazwinska et al. 1999a) was cloned
into the eve–stripe 2 misexpression vector (Kosman and Small
1997). The construct contains two copies of the 480-bp eve–
stripe 2 enhancer, the 3� transcription termination signal from
the hsp70 gene flanked by two FLP recombination targets
(FRTs), and the brk cDNA. Upon recombination, brk expression
is driven by the eve–stripe 2 enhancer. Transgenic flies carrying
this construct were kindly provided by S. Small. Two indepen-
dent lines were each crossed to a transgenic line homozygous
for a P(ry+), �2-tubulin-FLP insertion to obtain males that car-
ried both constructs.

Embryos were then collected from crosses between these
males and yw females and stained by in situ hybridization using
antisense RNA probes. The double-label experiments were per-
formed as described previously (Kosman and Small 1997) using
a combination of brk labeled with fluorescein-UTP and either
zen or dpp labeled with digoxygenin-UTP. Embryos were
mounted in 50% glycerol and photographed as above.

Expression of Brk, Mad, and Medea

The DNA-binding domain of Brk was mapped in the N-terminal
100 amino acids by truncation and point mutation analysis
(data not shown). GST–Brk fusion protein used in our experi-
ments contained the N-terminal 266 amino acids. It was cloned
by introduction of an NdeI site in the first codon of Brk, excision
of a 793-bp NdeI–BamHI fragment from the mutagenized brk
cDNA, and blunt-end ligation into the filled-in BamHI site of
the pGEX-4T-2 vector (Pharmacia). Control experiments
showed that its DNA-binding activity is indistinguishable from
that of the full-length protein (data not shown). Expression plas-
mids encoding Mad–GST (MadN) and Medea–GST fusion pro-
teins containing the N-terminal MH1 domains were obtained
from A. Laughon (Kim et al. 1997) and M. Frasch (Xu et al. 1998),
respectively. The expression and purification of the recombi-
nant proteins were performed as described previously (Kirov et
al. 1993). The concentration of the isolated proteins was deter-
mined by SDS-PAGE after staining with Coomassie R-250, to-
gether with defined amounts of bovine serum albumin.

In vitro DNA-binding assays

The electrophoretic mobility-shift assays were performed as de-
scribed previously (Kirov et al. 1993) except that the electropho-
resis was run at room temperature. The sequences of the
oligonucleotides spanning B5/M7 and B4/M6 used in the

competition experiments were: 5�-TCTCTCACGCAACGCC
AGATCCTGGCAGGA and 5�-CTGGCGAGACTCCCGGCT
CTTGCGGCCCAG. The labeled oligonucleotides were added
to the reactions containing corresponding amounts of Brk, Mad,
or both proteins and incubated for 30 min at room temperature
before loading on the gel. DNase I footprint analyses were per-
formed as described previously (Kirov et al. 1993).

In vitro mutagenesis and transgenic analysis

Mutations were created in a plasmid containing the zen 1.6-kb
full-length promoter, untranslated leader, and ATG fused in
frame to lacZ (Doyle et al. 1989). Deletions were designed based
on convenient restriction sites or highly homologous sequences
between Drosophila melanogaster and D. virilis (N. Kirov, un-
publ.). The �292–43 deletion was made by removing an AccI
restriction fragment and religating the plasmid. The remaining
deletions and point mutations were made using the Mutagene
in vitro mutagenesis kit (BioRad).

zen–lacZ constructs were subcloned into the Casper transfor-
mation vector as described previously (Doyle et al. 1989). At
least three transformant lines for each construct were tested.
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