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Dorsal mesoderm induction in arthropods and ventral mesoderm induction in vertebrates are closely related
processes that involve signals of the BMP family. In Drosophila, induction of visceral mesoderm, dorsal
muscles, and the heart by Dpp is, at least in part, effected through the transcriptional activation and function
of the homeobox gene tinman in dorsal mesodermal cells during early embryogenesis. Here we present a
functional dissection of a tinman enhancer that mediates the Dpp response. We provide evidence that
mesoderm-specific induction of tinman requires the binding of both activators and repressors. Screens for
binding factors yielded Tinman itself and the Smad4 homolog Medea. We show that the binding and
synergistic activities of Smad and Tinman proteins are critical for mesodermal tinman induction, whereas
repressor binding sites prevent induction in the dorsal ectoderm and amnioserosa. Thus, integration of
positive and negative regulators on enhancers of target genes appears to be an important mechanism in
tissue-specific induction by TGF-b molecules.

[Key Words: mesoderm induction; tinman; dpp; Medea; Mad; Smad; signal transduction; enhancer]

Received May 11, 1998; revised version accepted June 9, 1998.

Induction across germ layers is a key mechanism in con-
trolling morphogenesis in a wide variety of developmen-
tal systems. Whereas a number of signaling molecules
have recently been identified, most of the molecular
events governing cell fate decisions during inductive pro-
cesses are still unknown. For example, many signaling
molecules are involved in a diverse range of inductive
events during development, but we know little about the
mechanisms that provide specific target tissues with the
competence to respond to these signals in an exquisite
fashion. Moreover, we do not have much insight into
what prevents a signaling tissue from being driven into
the same developmental pathway as its target tissue.

Dpp, a member of the TGF-b superfamily (Padgett et
al. 1987), is a well-studied signaling molecule that ful-
fills several critical roles during the development of Dro-
sophila. At blastoderm, decapentaplegic (dpp) mRNA is
expressed along the dorsal ∼40% of the embryonic cir-
cumference, and its products determine different dorsal
cell fates in a dose-dependent manner (St Johnston and
Gelbart 1987). Peak levels of dpp activity are required to
determine amnioserosa dorsally, whereas lower activi-
ties prevent neurogenesis in adjacent areas and allow for-

mation of dorsal ectoderm (Ferguson and Anderson 1992;
Wharton et al. 1993; for review, see Bier 1997). At mid-
embryogenesis, dpp is expressed in a portion of the vis-
ceral mesoderm, where it regulates midgut morphogen-
esis by inducing homeotic gene expression within the
visceral mesoderm and across germ layers in the adjacent
endoderm (for review, see Bienz 1994). During metamor-
phosis, dpp is expressed in precisely defined areas of the
imaginal discs and is essential for growth and morpho-
genesis of the eyes and appendages (for review, see Neu-
mann and Cohen 1997). It appears that different sets of
downstream genes are activated during each of these
phases of Dpp-mediated induction, some of them in a
concentration-dependent fashion, but it is not clear how
this specificity is achieved.

The induction of dorsal mesoderm is an additional im-
portant function of dpp and is the focus of this study.
This event occurs after gastrulation, when dpp is ex-
pressed in the dorsal ectoderm and induces the underly-
ing mesoderm to form heart, visceral musculature, and
dorsal types of body wall muscles (Staehling-Hampton et
al. 1994; Frasch 1995; Yin and Frasch 1998). It has been
shown that tinman, a homeobox gene of the NK family,
is a pivotal effector gene downstream of dpp in dorsal
mesoderm induction. Similar to dpp, tinman is critically
required for the formation of dorsal mesodermal deriva-

3Corresponding author.
E-MAIL frasch@msvax.mssm.edu; FAX (212) 860-9279.

2354 GENES & DEVELOPMENT 12:2354–2370 © 1998 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/98 $5.00; www.genesdev.org



tives, including the heart, visceral mesoderm, and dorsal
somatic muscles (Azpiazu and Frasch 1993; Bodmer
1993). This role of tinman is reflected in its dynamic
expression during early embryogenesis, which can be di-
vided into two distinct phases. During its initial phase at
gastrulation, tinman expression is activated by the
bHLH protein Twist in a cell-autonomous fashion in the
entire trunk mesoderm (Bodmer et al. 1990; Yin et al.
1997). Importantly, upon the spreading of the mesoder-
mal layer after gastrulation, this broad mesodermal ex-
pression of tinman gives way to a pattern of spatially
restricted expression in the dorsal portion of the meso-
derm. This specific ‘‘maintenance’’ of tinman expression
in the dorsal mesoderm is induced by Dpp signals from
the dorsal ectoderm and is thought to be of major impor-
tance in the execution of dorsal mesoderm induction
(Frasch 1995). Transduction of these signals requires the
type I Dpp receptor Thickveins (Tkv; Brummel et al.
1994; Nellen et al. 1994; Penton et al. 1994; Yin and
Frasch 1998), and the temporal sequence of events indi-
cates that the tinman gene may be a direct target of
dpp-dependent signaling components in the responding
mesodermal cells.

How does dpp induce tinman expression specifically
in the dorsal mesoderm but not in the dorsal ectoderm or
in other tissues that receive dpp signals? Functional dis-
section of genomic regions from the tinman locus has
shown that the early phases of tinman expression are
driven by two distinct enhancer elements (Yin et al.
1997). The first appears to be a Twist response element,
as it is active during gastrulation in the entire trunk
mesoderm and contains essential Twist binding sites. In
contrast, the second enhancer is active in subsequent
stages and only in the dorsal mesoderm, thus indicating
that this enhancer functions as a Dpp response element.
These results suggest that Dpp induction triggers a sec-
ond, spatially restricted round of transcriptional activa-
tion of tinman at the time when the first Twist-activated
phase of expression ceases. This would provide an expla-
nation for the dpp-dependent maintenance of tinman ex-
pression in the dorsal mesoderm.

Here we have undertaken a functional analysis of the
∼350-bp Dpp response element and performed screens to
identify DNA-binding proteins that mediate the Dpp re-
sponse. We show that tinman autoregulation plays an
important role in the Dpp response, and that the synergy
between Tinman and Dpp is conferred by two Tinman
binding sites in the Dpp response element. We further
identified two ∼30-bp sequences within the Dpp re-
sponse element, both of which are necessary for its ac-
tivity, and used one of them to isolate cDNAs encoding
specific DNA-binding factors. This screen resulted in the
isolation of Medea, a Drosophila homolog of Smad4.
Medea has been shown to act genetically downstream of
dpp (Raftery et al. 1995; Hudson et al. 1998), and other
studies have demonstrated that Smad proteins serve as
effector proteins of TGF-b-related signals (for review, see
Heldin et al. 1997). We show herein that the tinman Dpp
response element contains several in vitro binding sites
for Medea and Mad, a pathway-restricted member of the

Smad family (Sekelsky et al. 1995), that are essential for
its activity in vivo. Interestingly, the Dpp response ele-
ment also contains negatively acting sequences that pre-
vent its activation in the dorsal ectoderm and amniose-
rosa. Together, our results suggest that specific induc-
tion of tinman is achieved through a combination of
synergistic activities of Tinman and activated Smad pro-
teins that elevate tinman expression in the dorsal meso-
derm and repressor molecules that prevent tinman from
being activated in the signaling tissue. Thus, it appears
that integration of positive and negative regulation on
the promoter level of target genes is an important aspect
of tissue-specific induction events.

Results

tin-D, an evolutionarily conserved Dpp response
element from the tinman gene

Functional dissection of the tinman gene identified a
349-bp enhancer in 38-flanking regions, tin-D, that is
strictly active in dorsal portions of the mesoderm of
stage 10–11 embryos (Yin et al. 1997). The pattern of
lacZ reporter gene expression driven by tin-D closely
resembles the dpp-dependent pattern of endogenous tin-
man expression (Fig. 1A,B; Frasch 1995), thus suggesting
that tin-D functions as a Dpp response element. This
notion was further supported by the observation that
tin-D reporter gene activity is absent in embryos with a
dpp null mutant background (Fig. 1C). Conversely, upon
ectopic expression of a constitutively active DPP type I
receptor, TkvQ-D, in the entire mesoderm, tin-D reporter
gene expression expands into the ventral mesoderm (Fig.
1D). The observed changes of tin-D activity upon alter-
ing the levels and spatial extents of Dpp signaling closely
reflect the changes seen for tinman expression under the
same conditions (Frasch 1995; Yin and Frasch 1998).
These observations raise the possibility that the tin-D
enhancer is receiving direct inputs from the Dpp signal
transduction cascade to activate tinman transcription.
We also find that in addition to its dependence on dpp,
dorsal mesodermal tinman expression requires the activ-
ity of tinman itself, as tinman mutant embryos show
strongly reduced expression (Fig. 1E). Correspondingly,
full activity of the tin-D enhancer depends on the func-
tion of tinman as well (Fig. 1F). Taken together, these
results suggest that Dpp signals and autoregulation by
tinman cooperate to induce full levels of tin-D enhancer
activity and tinman expression in the dorsal mesoderm.

Sequence comparisons between the tin-D elements
from Drosophila melanogaster and Drosophila virilis,
which displayed identical activities in D. melanogaster
embryos (Yin and Frasch 1998), show a high degree of
sequence similarity (Fig. 1G), whereas the similarities in
the 58- and 38-flanking regions of tin-D elements are con-
siderably lower (data not shown). The strong sequence
conservation between the tin-D enhancers from the two
species could reflect the functional conservation of im-
portant regulatory sequences. A first inspection of the
conserved sequences reveals several candidates for regu-
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latory sites. One of them is a sequence that is present in
duplicate, TCAAGTGG, which contains a binding site
consensus for homeodomain proteins of the NK family
and is identical to previously identified Tinman binding
sequences from a heart enhancer of the Drosophila mef2
gene (Fig. 1G, shaded boxes) (Chen and Schwartz 1995;
Damante et al. 1996; Gajewski et al. 1997). As demon-
strated below, the Tinman protein has specific binding
affinity to these sequences in vitro. Another completely
conserved sequence is potentially interesting because it
contains tandemly repeated CAATGT motifs, with each
of the two copies being followed by a stretch of GC-rich
sequences at their 38 ends (Fig. 1G, black boxes).

tin-D includes sequences for induction,
autoregulation, and ectodermal repression of tin

To define essential regulatory sequences within the
tin-D enhancer, we generated a series of derivatives with
various deletions of the most strongly conserved se-
quence blocks and tested their activity in vivo. Three of
these fine deletions, DD2, DD4, and DD5, do not affect
lacZ reporter gene expression in transgenic embryos (Fig.
1G; data not shown). This indicates that the deleted se-
quences (nucleotide 16–47, 205–229, and 244–312) either
lack any regulatory potential or contain functionally re-
dundant regulatory sequences. In contrast, two other de-
letions result in a strong reduction of enhancer activity.
One of them encompasses the tandemly repeated
CAATGT/GC motifs (DD3; Fig. 1G) and causes an al-

most complete loss of enhancer activity (Fig. 2A). The
other, DD6, which deletes 30 bp from the 38 end of tin-D,
also yields strongly reduced activity in the dorsal meso-
derm (Fig. 2B). These results show that the subelements
D3 and D6 contain important regulatory sequences for
the induction of tinman in the dorsal mesoderm and
thus are candidates for target sites of the Dpp signaling
cascade.

To test whether the putative tinman binding sites play
roles in autoregulation, we analyzed the activity of a
tin-D derivative, tin-D–DD1, in which both of these sites
were deleted (nucleotide 1–13 and 197–203; Fig. 1G). As
shown in Figure 2C, deletion of these sites provoked two
interesting effects. The first is a significant reduction of
lacZ reporter gene expression in the mesoderm, which
indicates that tinman autoregulation is required to
achieve full levels of dorsal mesodermal tinman induc-
tion through these sequences. A second, more unex-
pected effect is observed in the ectoderm. Specifically,
embryos carrying tin-D–DD1 show strong ectopic re-
porter gene expression in the dorsal ectoderm, which
corresponds to the areas of dpp expression at this stage of
development (Fig. 2C). Accordingly, in a dpp mutant
background, both the ectodermal and the residual meso-
dermal activities of this mutant element are absent (data
not shown). These results show that upon deletion of the
tinman binding sites, tin-D is still able to respond to
dpp, but its response is essentially switched from the
target tissue to the signaling tissue. Therefore, we con-
clude that in the normal situation, Tinman binding to

Figure 1. In vivo activity, regulation,
and sequence of the Dpp response ele-
ment tin-D. Shown are cross sections
through stage 10–11 embryos. (A) tin-
man mRNA expression in dorsal meso-
derm of wild-type embryo. (B) tin-D/
lacZ expression in dorsal mesoderm of
wild-type embryo. (C) tin-D/lacZ ex-
pression in dppH46 homozygous mutant
embryo. (D) tin-D/lacZ expression
in an embryo with ectopic mesoder-
mal expression of TkvQ-D. (E) tinman
mRNA expression in tin346 homozy-
gous mutant embryo. Arrowheads de-
limit a domain with strongly reduced
levels of tinman mRNA. (F) Strongly
reduced tin-D/lacZ expression (arrow-
heads) in tin346 homozygous mutant
embryo. Even-skipped (in neuronal
cells; see arrow) was used to identify
tin− embryos; (G) Sequence alignment
of tin-D elements from D. melanogas-
ter and D. virilis. Identical sequences
are boxed. Shaded sequences corre-
spond to consensus binding sites for
NK homeodomain proteins; sequences
in reverse type are tandemly repeated
motifs. (D1–D6) Sequences that were
functionally tested in subsequent dele-
tion experiments.
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these sites is required in an autoregulatory fashion for
full induction of tinman by the Dpp signals in the dorsal
mesoderm. In addition, the Tinman binding sites appear
to overlap with binding sites for an unknown repressor
that normally prevents induction of tinman in the dorsal
ectoderm, and these two mechanisms together appar-
ently ensure the mesoderm-specific response to Dpp.

The results of additional experiments, using combina-
tions or multiple copies of the functionally important
elements D1, D3, and D6, provide further support for
this proposed mechanism. A construct containing five
copies of D3 and four of D6 is capable of driving reporter
gene expression in the dorsal ectoderm and, more
weakly, in the dorsal mesoderm (Figs. 2D and 6, below).
This pattern is very similar to the one observed for the
tin-D enhancer construct lacking the tinman binding

sites (tin-D–DD1; see Fig. 2C), although the expression
levels are lower. Importantly, a construct with just five
copies of D3 (see Materials and Methods) is also capable
of activating reporter gene expression in the dorsal ecto-
derm, although expression levels are further reduced and
expression is barely detectable in the mesoderm (Figs. 2E
and 6). In contrast, multiple copies of D6 fail to activate
reporter gene expression (data not shown). These results
define the 32-bp (internally repeated) D3 sequence as a
minimal Dpp response element. In addition, because
multiple copies of the tinman binding sequence (D1) do
not activate lacZ in the dorsal mesoderm, it appears that
autoregulation requires Dpp inputs for activation of gene
expression (data not shown). Consistent with this view,
we can reconstitute an almost normal pattern of reporter
gene expression in the dorsal mesoderm by combining

Figure 2. Identification of functionally important sequences
within tin-D and ectopic tin-D activation by tinman. tin-D–
DD3 (A) and tin-D-DD6 (B) are unable to drive significant levels
of reporter gene expression (see arrowheads). (C) tin-D–DD1 dis-
plays strongly reduced activity in the mesoderm and ectopic
activity in the dorsal ectoderm. (D) Five copies of tin-D3 to-
gether with four copies of tin-D6 drive reporter gene expression
in the dorsal ectoderm and weakly in the dorsal mesoderm.
Stronger tin-D activity in the ectoderm as compared to the me-
soderm could be due to higher ectodermal levels of Dpp. (E) Five
copies of tin-D3 are sufficient to drive reporter gene expression
in the dorsal ectoderm, but only very weakly in the dorsal me-
soderm. (F) Five copies of tin-D3 with the addition of two Tin-
man binding sites (tin-D1) drive reporter gene expression in a
nearly normal pattern in the dorsal mesoderm. (G) Confocal
laser scans of wild-type embryo that carried tin-D/lacZ and was
stained with antibodies against Tinman (red signals) and b-gal
(green signals). Tin and b-gal proteins are coexpressed in the
dorsal mesoderm. (H) Stage 10 embryo carrying tin-D/lacZ with
ectopic ectodermal expression of tinman (tin-D/+; en–GAL4;
UAS–tin). Confocal z-axis was set to include ectoderm only.
Tinman is expressed in ectodermal stripes resembling the en-
grailed pattern, and b-gal expression is activated ectopically in
dorsal ectodermal cells that contain tinman. (ms) Mesoderm;
(ec) ectoderm; (d) dorsal; (v) ventral.
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multiple copies of the Tinman binding sequence D1 and
the minimal Dpp response element D3 (Figs. 2F and 6).

In the normal situation, tinman autoregulation ap-
pears to be restricted to the mesoderm, presumably be-
cause the early, twist-activated phase of tinman expres-
sion is mesoderm specific. To test whether tinman is
also able to autoregulate in the ectoderm, we expressed
tinman ectopically and examined tin-D reporter gene ex-
pression under these conditions. For this purpose, tin-
man was expressed with the binary UAS/GAL4 system
in ectodermal stripes under the control of an engrailed
driver. As shown in Figure 2H, ectodermally expressed
tinman is capable of activating tin-D in the ectoderm (cf.
with the wild type situation in Fig. 2G). Interestingly,
ectodermal tin-D expression is restricted to dorsal por-
tions of the transverse Tinman stripes, thereby demon-
strating that tinman autoregulation can occur both in
the mesoderm and in the ectoderm, but only in conjunc-
tion with Dpp signaling.

Essential tin-D sequences bind Tinman and the Smad
proteins Medea and Mad

Because a combination of tin-D1 and tin-D3 sequences is
sufficient to reproduce a virtually normal expression pat-
tern in the dorsal mesoderm, they appear to contain
DNA sequences that can bind the essential factors in-
volved in this inductive process. To identify some of
these factors molecularly we used the yeast one-hybrid
system to screen for Drosophila cDNAs encoding pro-
teins that specifically bind to D1 or D3 sequences (see
Materials and Methods). Of note, when using multi-
meric D1 sequences as a bait, the only two clones that
remained positive after the rescreens encoded Tinman
protein sequences fused in-frame to the GAL4 activation
domain (GAL4 AD). Because no other members of the

homeobox gene family were isolated, this result further
supports our notion that D1 sequences represent func-
tional Tinman binding sites.

Importantly, with multimeric D3 sequences as a bait
we isolated GAL4 AD fusion cDNAs that contained se-
quences with strong similarities to DPC4/Smad4 pro-
teins, which have been described previously as effectors
of various TGF-b signaling processes. Of 54 candidate
yeast clones, 8 carried these sequences and were derived
from the same gene. Subsequent sequence comparisons
showed that these cDNAs correspond to the Medea
gene, which was isolated independently by a genetic ap-
proach (Das et al. 1998; Hudson et al. 1998; Wisotzkey et
al. 1998). Conceptual translation and sequence align-
ments with other members of this protein family indi-
cate that the encoded GAL4 fusion proteins contain the
complete amino-terminal portion of Medea but lack the
carboxy-terminal portion encoded by sequences 38 to a
native NotI site. It is conceivable that our screen selected
against full-length clones, as previous reports have
shown that the carboxyl terminus of Smad proteins has
autoinhibitory activities (Hata et al. 1997). Indeed, we
failed to isolate any Medea clones from two other GAL4
fusion cDNA libraries, which had not been subjected to
a NotI digestion during their construction. cDNAs en-
coding full-length Medea polypeptides were subse-
quently isolated and sequenced (see Materials and Meth-
ods).

Figure 3 shows the conceptual protein sequence of
Medea and its alignment with other members of the
Smad family. The highest degree of sequence similarities
is found in amino-terminal regions, termed MH1 domain
(residues 36–188), and carboxy-terminal regions (MH2
domain; residues 543–767). The linker region between
the MH1 and MH2 domains is much less conserved and
significantly longer in Medea as compared to other

Figure 3. Deduced protein sequence of
Medea and sequence alignment with other
Smad proteins. Residues shared between
Medea and at least one other protein shown
are in reverse type. Residues encoded by
the alternative exon of the Medea class A
cDNAs are shown in solid boxes. GenBank
accession nos. for Medea are AF019753 and
AF019754.
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known members of the Smad family. Restriction analy-
sis and sequence comparisons between different Medea
cDNAs and genomic sequences revealed two types of
cDNAs, which differ in the presence of the fourth exon.
Medea type A cDNAs (which include the cDNAs ob-
tained in the yeast screen), but not Medea type B cDNAs,
contain this exon, which adds 73 amino acids to the
linker region. The alternative exon (boxed in Fig. 3) con-
tains a Gln-rich sequence, as does the portion of the
linker region that is shared between the two isoforms.
Sequence comparisons show that Medea belongs to the
Smad4 subgroup of Smad proteins, as its sequence is
most closely related to that of the vertebrate DPC4/
Smad4 and the Caenorhabditis elegans Sma4 proteins.
Moreover, Medea lacks the carboxy-terminal sequence
SSXS that is present in Mad and other members of its
subgroup and is implicated in receptor-mediated serine
phosphorylation (Fig. 3; Macias-Silva et al. 1996; Kretzs-
chmar et al. 1997).

To locate the DNA-binding domain in the Medea pro-
tein, we generated a series of carboxy-terminal trunca-
tion and in-frame fusion constructs of Medea cDNAs
with GAL4 AD coding sequences and tested their bind-
ing activities in the yeast system, using (D3)5/lacZ as a
reporter gene. As shown in Figure 4, the activity of
Medea products increases upon removal of the MH2 do-
main in this assay, indicating that the MH2 domain of
Smad4 group proteins has an inhibitory effect on DNA
binding, similar to the MH2 domain of Mad group pro-
teins (Kim et al. 1997). The presence or absence of the
alternative exon 4 and of most of the linker region does
not affect Medea binding activity. However, by removing
10 carboxy-terminal amino acids from the MH1 domain,
the activity drops to background levels. The linker and
MH2 domains do not display any binding activities in
this assay. Thus, it appears that the MH1 domain serves
as the DNA-binding domain for Medea, as it does for
Mad (Kim et al. 1997).

DNase I footprinting assays with bacterially expressed
GST fusion proteins were used to characterize the bind-
ing of Tinman and Medea to sequences of the tin-D el-
ement and to test whether Mad is also able to bind. As
shown in Figure 5, Tinman specifically protects the two
D1 sequences that contain NK homeodomain binding
sites and are required for autoregulation. The MH1 do-
mains of Medea (with or without linker) protect three
distinct sequences within tin-D. Importantly, one of
them (nucleotide 95–127) overlaps with the D3 sequence
that is essential and sufficient for tin-D activity and was
used for the isolation of Medea. Another footprint, en-
compassing nucleotide 40–68, is located in a region that
has not been tested functionally, whereas the sequences
included in the third protected area (nucleotide 165–190)
appear not to be essential (see below; Fig. 7A). These
same three regions are also protected by Mad
(MH1 + linker). However, Mad shows binding to several
additional sequences, including one between nucleotide
267 and 284 and two others between nucleotide 321 and
the 38 end of tin-D. Although the former site is located in
the nonessential D5 region, the latter binding sites en-

compass most of the D6 region that was shown to have
a significant contribution to tin-D activity. Two other
sites that are protected by Mad, but not Medea under the
same conditions, correspond to the 38 portion of D3 and
adjacent sequences (Fig. 5A). Therefore, Mad protects
most of the sequence stretch between nucleotides 95 and
160, which has D3 at its core, whereas Medea protects
only the 58 two-thirds of D3. To compare the binding
specificities of Mad and Medea, we tested whether bind-
ing of Mad at lower concentrations would generate a
protection pattern similar to the one observed for Medea.
The results in Figure 5A (middle) show that this is not
the case, as at lower concentrations, protection by Mad
becomes uniformly weaker and the protection pattern
typical for Medea is not observed. Taken together, the
DNase I protection data reveal a minimum of eight in
vitro binding sites for Medea and Mad in the tin-D ele-
ment, at least four of which are located in the essential
elements D3 and D6. Moreover, it appears that Medea
and Mad have overlapping, but not identical, binding
specificities to tin-D sequences.

Gel retardation assays provided additional information
on the DNA-binding specificities of Medea and Mad and
their binding sites in the tin-D element. As shown in
Figure 5B, both Medea MH1 (lanes 1–3) and Mad MH1
(lanes 14–16) bind to 32P-labeled D3 probes, and excess of

Figure 4. Activities of full length and truncated version of
Medea in yeast one-hybrid assays with (tin-D3)5/lacZ as a re-
porter. The amino-terminal GAL4 AD moieties are not shown.
The second and third constructs from the top represent Medea
class B protein derivatives that lack the portion of the linker
encoded by the alternative exon, but the numbering refers to the
corresponding numbers of residues in Medea A proteins. The
actual lengths of Medea B derivatives are provided in the names
at left. Note that sequences between amino acids 505 and 681
exhibit inhibitory effects on DNA binding in this assay. A trun-
cated derivative containing residues 1–265 is still fully active,
but further truncation until residue 178 abolishes activity.
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unlabeled D3 DNA can compete for binding. Because D3
contains tandemly repeated CAATGT and GC-rich mo-
tifs, we tested which of these two sequence motifs are
involved in Medea and Mad binding. As shown in Figure
5B, lanes 4 and 5 and 17 and 18, replacement of four GCs
in each of the GC-rich motifs by A’s and T’s renders the
mutated D3 sequence unable to compete for Medea and
Mad binding to the wild-type D3 sequence. In contrast,
in vitro mutagenesis of the CAATGT motifs (see Mate-
rials and Methods) does not interfere with Medea and
Mad binding, as these mutated versions compete equally
well as D3 wild-type DNA (Fig. 5B, lanes 6 and 7 and 19
and 20). These data show that the GC-rich motifs are
essential for Mad and Medea binding and likely represent
two distinct binding sites for these proteins in the D3
element. Because the DNase I footprints with Medea and
Mad include sequences immediately upstream of D3
(Fig. 5A), we tested in gel retardation assays whether the
region between nucleotide 95 and 110 (D3up) contains
an additional binding site. As shown in Figure 5B, D3up
is
able to specifically bind Medea (lanes 27–29) and
can compete for Medea binding to D3 (lanes 8,9; note
that Mad binding is not efficiently competed; see lanes
21,22). The core of D3up also contains GC-rich se-
quences, although in this case they are interrupted by
several T’s (see Fig. 1G; nucleotide 95–110). Analogous
experiments show that the D6 region contains two GC-
rich stretches that are required for Medea and Mad bind-
ing (lanes 30–32,37,38,10–13,23–26). In agreement with
the DNase I footprinting data, Medea has a significantly
weaker binding affinity to D6 as compared to D3 and
D3up (lanes 30–36,10,11).

In summary, these in vitro DNA binding studies dem-
onstrate that the functionally significant D3 and D6 el-
ements contain at least four GC-rich binding sites for
Medea and Mad, although Medea binds only to those in
D3 with high affinity. In addition, tin-D contains at least
four other binding sites for Medea and Mad, all of which
include GC-rich stretches. Figure 5C shows an align-
ment of these sequences and a consensus sequence de-
rived from them.

Medea/Mad binding sites in D3 and D6 are required
for induction by Dpp

We took advantage of the biochemical information de-

scribed above to test whether in vitro binding sites of
Medea and Mad are essential for the activity of tin-D in
vivo. In these experiments, combinations of single cop-
ies of the wild-type and mutated sequences of D3 and D6
similar to the ones used for the in vitro binding assays
were tested for their ability to activate reporter gene ex-
pression in transgenic embryos. The activity of these se-
quences was tested in the context of a shortened version
of tin-D (tin-D*; nucleotide 1–143 plus Tin binding site
2 and nucleotide 321–349; summarized in Fig. 6; see Ma-
terials and Methods). As shown in Figure 7A, tin-D* con-
taining wild-type D3 and D6 sequences produces an al-
most normal pattern of dorsal mesodermal expression,
although expression levels are lower than with the com-
plete tin-D element (cf. Fig. 1B). In contrast, a version in
which both Medea/Mad binding sites in D3 are dis-
rupted by 8 bp exchanges is almost completely inactive
in vivo (Fig. 7B; see Fig. 5B, lanes 4,5). Similarly, expres-
sion is nearly abolished upon disruption of the two Mad
binding sites in D6 or of all four Medea/Mad binding
sites in D3 and D6 (data not shown; see Fig. 5B, lanes
25,26,37,38). Interestingly, specific disruption of the
CAATGT sequences in D3 also results in a complete
loss of activity in the dorsal mesoderm (Fig. 7C). To-
gether, these data demonstrate that each of the pairs of
Medea/Mad binding sites in D3 and D6 plays a critical
role in the Dpp-induced activity of tin-D in the dorsal
mesoderm. Moreover, the CAATGT sequences in D3 ap-
pear to be required for the binding of a different factor
that is also essential during this process.

An interesting difference between tin-D and tin-D* is
an ectopic expression in the amnioserosa, which is ob-
served between stage 8 and 11 of embryogenesis (Fig. 7A;
data not shown). This observation suggests that the re-
gion between D3 and D6, which is missing in tin-D*,
contains a repressor element for this tissue. The results
with mutated versions of tin-D* indicate that the
Medea/Mad binding sites in D3 and D6 are necessary for
amnioserosa expression (Fig. 7B), whereas the CAATGT
sequences are not required (Fig. 7C; data not shown).

Medea is directly required for induction of tinman
and tin-D by Dpp

To confirm that Medea is required in vivo to mediate
induction of tinman and tin-D in the dorsal mesoderm,

Figure 5. In vitro DNA-binding assays with tin-D sequences. (A) DNase I footprinting analysis with Medea, Mad, and Tinman
proteins on 32P-labeled tin-D sequences (D. melanogaster). Forty microliters (∼1 µg of Tinman and Medea and ∼2 µg for Mad) of GST
fusion proteins or GST control proteins were used per reaction, unless otherwise noted. For the high range of probe lengths, data from
a longer electrophoretic run are shown to increase resolution (above dashed lines). Numbers correspond to those in Fig. 1G. Brackets
to the left of the footprints indicate functionally important sequence stretches (see Results, Discussion, and Materials and Methods).
(B) Gel mobility shift analysis with Medea and Mad GST fusion proteins (∼5 ng/reaction) and 32P-labeled oligonucleotides as indicated
(cf. Fig. 1G). Unlabeled competitor nucleotides were added at 10× and 100× molar excess (for Medea) and at 100× and 300× molar excess
(for Mad), respectively, as indicated by the wedges. d3 g..c and d6 are oligonucleotides mutated in the GC-rich sequences of D3 and
D6, respectively, and d3 c..t is a D3 version mutated in the CAATGT sequences (see Materials and Methods). Note that Mad binding
is less efficiently competed by specific competitor sequences than Medea, indicating a lower specific affinity of Mad to target
sequences as compared to Medea. (C) Sequence alignment of Medea- and Mad-binding sequences as determined by DNase I footprint
and mobility shift assays.
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we tested its function genetically. In embryos with a
reduced maternal and no zygotic activity of Medea (from
homozygous Med15 females crossed with Med14 males;
Hudson et al. 1998) we observe a strong reduction of
dorsal mesodermal tinman expression (Fig. 7E; cf. with
wild-type expression in Fig. 7G). To further test whether
a complete loss of Medea activity could abolish tin-D
activity, tin-D/lacZ reporter expression was examined
in embryos derived from a cross between females pro-
ducing homozygous Med13 germ-line clones (Hudson et
al. 1998) and tin-D–lacZ/Y; Med14/TM3, fushi tarazu
(ftz)–lacZ males. Sequence analysis of the Med13 allele
showed it to be a null, as there is a C → T transition at
position 814 of our cDNAs (no. 29 and no. O513), which
causes a stop after amino acid 65 (K) of the protein (cor-
responding to position 39 of the ORF in Hudson et al.
1998). As shown in Figure 7, D and F, tin-D activity is
virtually extinguished in germ-line clone-derived em-
bryos that receive a paternal Medea null allele (Medea
glc–null embryos), thus demonstrating that Medea is es-
sential for tin-D induction (cf. with expression in a wild-
type background, Fig. 7H). In contrast to embryos carry-
ing a paternal Med14 allele, those carrying a wild-type
copy of Medea on the paternal TM3 balancer chromo-

some have significant levels of tin-D/lacZ expression in
the dorsal mesoderm, showing that zygotic expression of
Medea can partially compensate for the absence of ma-
ternal Medea activity (data not shown). The absence of
tin-D activity in Medea glc–null embryos indicates that
Medea is required in mesodermal cells downstream of
the Dpp receptor for tinman activation. However, an al-
ternative explanation could be that the ventralization of
the ectoderm in these embryos causes a reduction of the
domains of late Dpp expression, which may indirectly
prevent signaling to the mesoderm. To distinguish be-
tween a direct and an indirect requirement for Medea in
tin-D activation, we injected mRNA encoding constitu-
tively active Tkv into the ventral side of Medea glc–null
embryos. As shown in Fig. 7I, embryos that expressed
activated receptors (TkvQ-D) in the mesoderm but lacked
Medea activity were still incapable of inducing tin-D
activity. In contrast, identically treated control embryos
that were wild type for Medea showed ventrally ex-
panded activities of tin-D, as was expected from previous
experiments with ectopic TkvQ-D expression. (Fig. 7J, cf.
with Fig. 1D). In agreement with the molecular data de-
scribed above, these results demonstrate that Medea is
directly required downstream of the activated Dpp re-

Figure 6. Schematic summary of tin-D de-
rivatives tested for in vivo activity in trans-
genic embryos. Squares and ovals symbol-
ize sequences that were protected by Tin-
man (tin1 and tin2) and Medea/Mad (M1–
M7) proteins, as shown in Fig. 5. Triangles
symbolize CAATGT sequences. Solid sym-
bols denote wild-type sequences; open
symbols mutated sequences. (d.ms) Dorsal
mesoderm; (d.ec) dorsal ectoderm; (as) am-
nioserosa; (n.s.) not shown.
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ceptor to transmit the signals to the Dpp response ele-
ment of the tinman gene in the mesoderm.

Discussion

The tinman gene as a direct target of Dpp-activated
Smad proteins

The data presented herein provide conclusive evidence
that transcriptional activation of tinman in the cells of
the dorsal mesoderm is directly controlled by a Dpp-
dependent signaling cascade. This activation critically
involves binding of Dpp-activated Smad proteins to en-
hancer sequences located downstream of the tinman
gene.

Previous studies in several different biological systems
have provided a reasonably clear picture of the molecular
events leading to the cytoplasmic activation of Smad

proteins by activated type I receptors of the BMP/TGF-b
superfamily (for review, see Heldin et al. 1997). Accord-
ing to this view, Smad proteins remain inactive in the
cytoplasm in the absence of signaling because of inhibi-
tory interactions between their MH1 and MH2 domains.
Receptor activation is thought to release this block
by phosphorylating residues at the carboxyl terminus
(SSXS) that are present in the receptor-regulated group of
Smad proteins, of which Drosophila Mad is the proto-
type. Upon phosphorylation, these activated Smads ap-
pear to associate with related proteins of the Smad4/
DPC4 group, which lack the corresponding phosphory-
lation sites. This triggers the translocation of the
heteromeric Smad complex to the nucleus and ulti-
mately leads to the transcriptional activation of target
genes. In contrast to the cytoplasmic events of signal
relays, the molecular events that trigger gene activation
in the nucleus are still under debate. The MH2 domain

Figure 7. In vivo activities of tin-D* and tin-D* versions car-
rying site-specific nucleotide exchanges and of tin-D in Medea
germ-line clone embryos. (A) tin-D* drives largely normal ex-
pression in the dorsal mesoderm and ectopic expression in the
amnioserosa of stage 11 embryos. (B) tin-D*–d3g..c is unable to
respond to Dpp. (C) tin-D*–D3c..t is unable to respond to Dpp in
the dorsal mesoderm. Activity in the amnioserosa indicates that
in contrast to the mesoderm and ectoderm, the CAATGT se-
quences are not required for tin-D* induction in this tissue.
Because of the thin diameters of the amnioserosa cells, b-gal
staining is only seen when nuclei are hit by the sections. (D)
Medea germ-line clone embryo of genotype tin-D; Med13/Med14

carrying tin-D/lacZ (stage 11). Only a few cells in the dorsolat-
eral mesoderm express b-gal. (E) Med14 or Med15/Med14 embryo
derived from Med15/Med14 female. tinman mRNA expression
in the dorsal mesoderm is significantly reduced. (F) Same em-
bryo as in D, showing only traces of residual tin-D/lacZ activity
in the dorsolateral mesoderm of germ-line clone-derived Medea
mutants. (G) Wild-type embryo (stage 11) stained for tinman
mRNA in the dorsal mesoderm. (H) Wild-type expression pat-
tern of tin-D/lacZ at stage 11. (I) Medea germ-line clone embryo
(stage 11) with genotype as in D that was injected ventrally with
tkvQ-D mRNA and stained for b-gal activity. No induction of
tin-D activity is observed. (J) Stage 11 embryo, wild type for
Medea, that was injected and stained as in I (ventral view).
Ectopic tin-D induction in the ventral mesoderm is observed
near the site of injection. (dms) Dorsal mesoderm; (vms) ventral
mesoderm.
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of Smad4 has properties of a transcriptional activation
domain, but there are differing views of how Smad com-
plexes might be tethered to promoters of target genes. A
prevalent view holds that Smad complexes engage in
protein-protein interactions with specific DNA-binding
proteins that mediate their indirect association with pro-
moter sequences. This proposition is largely based on the
findings of Chen et al. (1996, 1997), who have demon-
strated that Xenopus Smad2/Smad4 form a complex
with FAST-1, a forkhead–domain protein that binds to
specific target sites within an activin response element
of the Mix.2 homeobox gene. However, two recent re-
ports have shown that Smad proteins are also able to
bind directly to DNA sequences. Although the Smad4-
binding sites in a synthetic TGF-b-inducible promoter
element appear not to be essential for promoter activity
(Yingling et al. 1997), a Mad-binding site in an enhancer
element of vestigial, which is induced by Dpp in Dro-
sophila wing discs, was shown to be crucial for full in-
duction levels (Kim et al. 1997). Our present results with
the Dpp response element from tinman strongly suggest
that direct binding of Smad proteins to enhancer se-
quences could be a widespread feature of TGF-b signal
transduction and that Smad target sites play essential
roles in activating the response. Although it is possible
that some TGF-b/BMP/Dpp responses may rely solely
on protein/protein interactions between Smads and spe-
cific DNA-binding partners, a re-examination of known
or presumed response elements may identify functional
Smad binding sites near the binding sites of other factors.

We have identified at least eight in vitro binding sites
for Smad proteins in the tinman Dpp response element.
Although we do not know whether all of them are occu-
pied in vivo, we have demonstrated that four of them
(two in D3 and two in D6) are indispensable for normal
induction. The low residual activities in the absence of
either of these two pairs may be due to partial redun-
dancy among the binding sites within this enhancer.
Nevertheless, our data clearly indicate that some bind-
ing sites have more potent functions than others, as we
can, for example, delete the binding site in the D5 se-
quence without any noticeable effects on enhancer ac-
tivity. We suggest that these differential activities of in-
dividual Smad binding sites depend on their context (see
below) and/or the specific geometry of the protein/DNA
complex. Based on structural and biochemical analysis,
it has been proposed that activated Smad protein com-
plexes consist of a heterohexamer formed by the asso-
ciation of a Smad4 trimer with a trimer of kinase-acti-
vated Smads (Shi et al. 1997). The stoichiometry of the
activated Smad complex in the nucleus is not known,
but the presence of eight binding sites in the Dpp re-
sponse element would in theory allow all six DNA-bind-
ing domains of a Medea/Mad heterohexamer to engage
in DNA contacts.

There are several indications that Mad is the endog-
enous partner of Medea in tinman induction: (1) It is
expressed in the early mesoderm (Z. Yin and M. Frasch,
unpubl.); (2) it is the only known Drosophila Smad that
has the signature sequences of a BMP receptor-activated

Smad in its MH2 domain (Lo et al. 1998); and (3) tinman
induction is mediated by Tkv, a receptor related to the
BMP receptor family (Brummel et al. 1994; Nellen et al.
1994; Penton et al. 1994; Yin and Frasch 1998). Our re-
sults show that the MH1 domains of Medea and Mad are
sufficient to confer DNA binding (Figs. 4 and 5; see also
Kim et al. 1997), whereas the MH2 domains are required
for heteromer formation (S. Zaffran, X. Xu, Z. Yin, and
M. Frasch, in prep.). We further show that Medea and
Mad have different but overlapping binding specificities,
as only four of the eight sites are high affinity binding
sites for Medea, whereas all eight sites bind Mad with
comparable affinities. Because of the small number and
degeneracy of presently known binding sites the molecu-
lar rules for these differences in affinities cannot be de-
duced. Nevertheless, our observations are compatible
with a model of Medea/Mad binding as a heteromeric
complex, with Medea binding to its high affinity binding
sites and Mad to some of the remaining sequences.

Synergistic and antagonistic controls
in mesoderm-specific gene activation by dpp

Although Medea/Mad binding sites are essential, they
are clearly not sufficient for induction by dpp. For ex-
ample, multimers of the D6 sequence that contain six
binding sites and several derivatives of the tin-D element
with up to six intact binding sites lack the ability to
respond to Dpp. A major coactivator that is required for
normal response to Dpp in the mesoderm is Tinman it-
self, which has two binding sites that are located on ei-
ther side of several Medea/Mad sites. Our data show that
tinman autoregulation by itself is also not sufficient for
activation. Rather, Tinman and activated Medea/Mad
are required in combination and therefore appear to act
synergistically to trigger full levels of mesodermal tin-
man induction. Thus, the requirement for synergistic
autoregulation by tinman, which is activated earlier by
twist in a broad mesoderm-specific pattern, is one of the
mechanisms to restrict tinman induction by Dpp to the
mesodermal germ layer. This type of regulation is likely
to be a common mechanism in targeting inductive re-
sponses to specific tissues. Another process in which it
appears to be utilized is during Drosophila endoderm
induction, where labial is originally expressed at low
levels throughout the posterior midgut primordia and
subsequently becomes restricted to a small domain in
central regions with high expression levels. It has been
shown that this restriction involves synergistic effects of
labial autoregulation (together with exd) and dpp induc-
tion from the adjacent visceral mesoderm (Tremml and
Bienz 1992; Grieder et al. 1997). Moreover, related com-
binatorial mechanisms could be utilized during the ac-
tivation of downstream targets of certain homeobox
genes. In general terms, this could explain how specific
inductive responses are contingent on the particular de-
velopmental history of responding tissues. A specific ex-
ample in our system may be bagpipe, which is known to
require both tinman and dpp for its activation in clusters
of dorsal mesodermal cells (Azpiazu and Frasch 1993;
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Staehling-Hampton et al. 1994; Frasch 1995). We are cur-
rently testing whether a bagpipe enhancer mimicking
this pattern of expression contains functional Tinman
and Smad binding sites.

The absolute requirement for the tandemly repeated
CAATGT sequences for the activity of the Dpp response
element strongly points to the existence of a second es-
sential coactivator that binds to these sequences. Our
results with wild-type and mutated versions of the tin-D
element predict that this factor is expressed and active in
both mesoderm and ectoderm, as disruption of the
CAATGT motifs abolishes both mesodermal and ectopic
ectodermal induction (see Fig. 6). The close juxtaposition
of these motifs with Smad binding sites in the minimal
Dpp response element may suggest that the unknown
binding factor also participates in protein–protein inter-
actions with bound Smad proteins. It is interesting to
note that this sequence motif is closely related to that of
the binding site of Xenopus FAST-1. The forkhead do-
main protein FAST-1 has been shown to bind to the se-
quences AAATGT within an activin-response element
of the Mix.2 gene and to associate with Smad2 and
Smad4 (Chen et al. 1996, 1997; Liu et al. 1997). It is thus
conceivable that a related member of the forkhead do-
main protein family plays a similar role in the tinman
Dpp response element, albeit in this case in a complex
with DNA-associated Smads.

In addition to coactivation, we show that the Dpp re-
sponse is also controlled by repression mechanisms.
Strikingly, we find that the Tinman binding sites closely
overlap with target sequences of a repressor, which ap-
parently function to prevent induction of tinman by dpp
in the dorsal ectoderm. Ectopic expression experiments
with Tinman demonstrate that Tinman can compete
with this repressing activity, and synergism between
Tinman and dpp signaling can allow activation in the
dorsal ectoderm. Based upon these observations, we pro-
pose the following model for the normal events of tin-
man induction in the dorsal mesoderm (see Fig. 8): In
dorsal cells of the germ band (including both ectoderm
and mesoderm), dpp signaling generates activated
Medea/Mad complexes, which in combination with a
CAATGT-binding factor would allow basal levels of in-
duction in both germ layers. The binding of a repressor,
which may also be present in both germ layers, near the
Tinman binding sites abolishes induction in the ecto-
derm. In the mesoderm, however, Tinman binding com-
petes with the binding of this repressor and acts syner-
gistically with Medea/Mad and the CAATGT binding
factor in the activation of its own Dpp response element.
Together with the limited activity range of Dpp, these
mechanisms would ensure that tinman induction is tar-
geted to the dorsal mesoderm.

Interestingly, constructs lacking the presumed repres-
sor binding sites described above are active in the dorsal
ectoderm but not in other tissues that receive Dpp sig-
nals, including the amnioserosa, visceral mesoderm, en-
doderm, and imaginal discs (Fig. 2C–E; data not shown).
The observed ectopic reporter gene expression in the am-
nioserosa with some other deletion constructs (Figs. 6

and 7A,C) suggests the existence of an additional repres-
sor, which may be dedicated to the amnioserosa. In ad-
dition, it is possible that other tissues lack the
CAATGT-binding factor and perhaps utilize different co-
activators such as Schnurri or CREB (Arora et al. 1995;
Grieder et al. 1995; Staehling-Hampton et al. 1995; Eresh
et al. 1997). Taken together, it appears that in addition to
activated Smads, there is an intricate balance of differ-
entially expressed coactivators and corepressors that
bind to the tinman Dpp response element and restrict its
induction specifically to the dorsal mesoderm of stage
9–11 embryos.

Conserved mechanisms in dorsoventral mesoderm
patterning

The signaling events in dorsoventral pattern formation
have been conserved between arthropods and vertebrates
to a remarkable extent, albeit with reversed polarities
(Arendt and Nübler-Jung 1994; Holley et al. 1995; DeR-
obertis and Sasai 1996). Studies in Xenopus, zebrafish,
and chicken have demonstrated that dorsoventral meso-
derm patterning is determined by activity gradients of
bone morphogenetic proteins (BMP-2, BMP-4, and/or
BMP-7), which are close homologs of Dpp (for review, see
Holley et al. 1996; Graff 1997; Thomsen 1997). Similar to
Dpp, BMPs are involved in the induction of visceral (lat-
eral plate) mesoderm, muscles, and the heart. Although
the basic processes are strikingly similar, there are cer-
tain differences with respect to the temporal sequence
and spatial relationships of events between flies and ver-
tebrates. For example, although BMP expression do-
mains include the mesoderm, and induction of ventral
mesoderm in the frog embryo is initiated prior to gastru-
lation, dpp is produced exclusively in the ectodermal
layer of early fly embryos and induces tinman only after

Figure 8. Model of the regulatory inputs onto the tinman Dpp
response element. In the ectoderm, Dpp signaling activates
Smads and triggers nuclear translocation of Medea/Mad het-
eromers (M). Smad complexes and a yet unknown CAATGT-
binding factor (?) may be able to bind to the Dpp response ele-
ment, but binding of a corepressor (R) prevents transactivation.
However, in the mesoderm, binding of Tinman protein com-
petes with repressor binding, which leads to the formation of an
active complex that triggers transactivation. Protein–protein in-
teractions between Tinman and Smads (S. Zaffran, X. Xu, Z.
Yin, and M. Frasch, in prep.) could be important for the forma-
tion and activity of this complex.
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the mesoderm has reached the Dpp-expressing cells as a
result of gastrulation and migration processes. BMPs
were shown to have graded activities in the mesoderm,
which appear to be defined by antagonizing gradients of
the BMP inhibitors, Chordin and Noggin (Piccolo et al.
1996; Zimmerman et al. 1996; Dosch et al. 1997; Jones
and Smith 1998). Related events occur in the early em-
bryonic ectoderm of Drosophila, where the Dpp morpho-
gen gradient is partly defined by the diffusible chordin
homolog Short gastrulation (Sog; Ferguson and Anderson
1992; Biehs et al. 1996; Marques et al. 1997). With regard
to the mesoderm, there appears to be a one-to-one rela-
tionship between ectodermal dpp expression domains
and the tinman domains in the underlying mesoderm,
which seems to obviate the need for a morphogen gradi-
ent during dorsal mesoderm induction. Nonetheless, we
have shown previously that sog prevents dorsalization of
ventral mesoderm, presumably by antagonizing Dpp in
the ventral ectoderm and likely in the ventral mesoderm
as well (Frasch 1995). Moreover, we cannot exclude that
lower activities of Dpp have yet undefined inductive
functions in mesodermal areas located ventrally to the
tinman domains.

The molecular mechanisms transmitting the signals
into mesodermal cells through receptors and Smad pro-
teins appear also to be conserved. Smad1 and Smad5 in
synergism with Smad4 have been shown to mediate in-
duction by BMPs in Xenopus ventral mesoderm forma-
tion (Lagna et al. 1996; Liu et al. 1996; Suzuki et al. 1997;
Zhang et al. 1997). Furthermore, BMP signaling triggers
the activation of certain homeobox genes in specific re-
gions of the ventral and ventrolateral mesoderm (Ault et
al. 1996; Ladher et al. 1996; Mead et al. 1996; On-
ichtchouk et al. 1996; Schmidt et al. 1996). Of particular
interest are the findings that the tinman-related ho-
meobox gene Nkx2.5 is induced by BMP in the precar-
diac mesoderm and is required for normal heart develop-
ment in vertebrates (Lyons et al. 1995; Kishimoto et al.
1997; Schultheiss et al. 1997; Andrée et al. 1998). These
observations suggest that the similarities between Dro-
sophila and vertebrate genes of the tinman family extend
beyond the coding regions, and that the vertebrate ho-
mologs may be driven by enhancer elements that receive
synergistic inputs from Smads and other factors similar
to the ones described here for Drosophila tinman.

Materials and methods

Construction of P-transformation plasmids

The construction of the reporter plasmid containing the 349-bp
Dpp response element, tin-D, is described in Yin et al. (1997).
Truncated versions of tin-D, tin-D-A, and tin-D-B were obtained
by digestions with EcoRI–BamHI and BamHI–XhoI, respec-
tively. Internal deletion derivatives tin-D–DD1 to tin-D–DD5
were generated from tin-D in pBluescript KS+ with the ExSite
PCR-Directed Mutagenesis Kit (Stratagene) using primers that
flank the deleted sequences. For tin-D–DD1, an intermediate
with a deleted D1a sequence was generated from a PCR product
obtained with the 58 primer CAGAATTCACTAAACAT-
GACCTAATG and a 38 M13 primer. The D1b sequence was

deleted subsequently by in vitro mutagenesis as above. Upon
sequence confirmation of the deletions, the mutated fragments
were cloned into the NotI–XhoI sites of the pCasperhs43 vector.

To generate tandemly aligned multiple copies of D1,
D3, and D6, the following oligonucleotide pairs were
designed with asymmetric AvaI sites at both ends: D1,
TCGGGTGTCAAGTGGCATCTCAAGTGGAG/CACAGTT-
CACCGTAGAGTTCACCTCAGCC; D3, TCGGGTTTCAAT-
GTCGGCGGCAATGTTGCGGCGACG/CAAAGTTACAGC-
CGCCGTTACAACGCCGCTGCAGCC; D6, TCGGGAGCC-
GCTGTCGCAGCTGCGAGCCTCCCAC/CTCGGCGACAG-
CGTCGACGCTCGGAGGGTGAGCC. The annealed oligo-
nucleotides were ligated with an AvaI–XbaI-digested 489S vec-
tor. (provided by Dr. T. Lufkin, Mount Sinai School of Medicine,
New York, NY). The resulting products were treated with Kle-
now polymerase, blunt-end ligated, and transformed into XL-1.
The copy number of positive clones was determined by se-
quencing. Inserts with multiple copies were excised with
EcoRI–BamHI and cloned into pCasper hs43 for P-transforma-
tion. For yeast one-hybrid screenings, the same EcoRI–BamHI
fragments from the 489S vector were cloned into pBluescript
KS+, from which they were recloned as EcoRI–XbaI frag-
ments into the pHisi and pHISi-1 vectors and as EcoRI–XhoI
fragments into the placZi reporter. The P-transformation con-
structs containing (D1)4 + (D3)5 were generated by cloning an
EcoRI–BamHI fragment with four copies of D1 into
pCasperhs43 and sequentially adding an BamHI–SalI fragment
with five copies of D3 into the BamHI–XhoI sites. The con-
struct (D3)5 + (D6)4 was generated analogously by cloning an
EcoRI–BamHI fragment with five copies of D3 and an BamHI–
SalI fragment with four copies of D6 into pCasper hs43.
The orientations were (>>D1>>)4 − (>>D3>>)5/lacZ and
(>>D6>>)4 − (>>D3>>)5/lacZ (where > denotes 58 → 38, as shown
in Fig. 1G).

For the series of constructs with elements carrying base pair
exchanges, a PCR fragment, including the 1–113 bp of tin-D,
was cloned into the EcoRI–BamHI sites of pCasperhs43. Subse-
quently, annealed oligonucleotides with combined D1b se-
quences and D6* (wild type; nucleotide 321–349 of tin-D) or
d6* (mutated in the GC stretches) sequences, respectively,
were cloned into the BamHI–XhoI sites of this construct.
Finally, oligonucleotides D3* (wild type; nucleotide 114–150
of tin-D), d3g..c* (mutated in the GC-rich sequences), or
d3c..t* (mutated in CAATGT) were cloned into the BamHI
site to generate tinD*, tinD*-d3g..c, tinD*-d6, tinD*-d3c..t,
and tinD*-d3-d6, respectively (see Fig. 6). The native orienta-
tions were verified by PCR. The sense strands of the
oligonucleotides had the following sequences (mutated
sequences are underlined): D6*, GGATCCTCAAGTGGA-
CAAGAGCCGCTGTCGCAGCTGCGAGCCTCCCACCTC-
GAG;d6*, GGATCCTCAAGTGGACAAGAGTATCTATCG-
CAGCTGCGATATTCACACCTCGAG; D3*, GGATCCAT-
TACGGTCTCGTCTTTCAATGTCGGCGGCAATGTTGCG-
GCGACGTTTGCAGATCT; d3c..t*, GGATCCATTACGGT-
CTCGTCTTTTACTACCGGCGGTACTACTGCGGCGACG-
TTTGCAGATCT; d3g..c*, GGATCCATTACGGTCTCGTCT-
TTCAATGTATGCATCAATGTTATGGATACGTTTGCAG-
ATCT.

One-hybrid screening

The MATCHMAKER One-Hybrid System (Clontech) was used.
placZi and pHISi/pHISi-1, with five copies of D3, were trans-
formed into the yeast strain YM4271 to be integrated into the
genome. A 3-AT concentration of 10 mM was determined to be
sufficient to suppress the basal activity of His and was used for

Xu et al.

2366 GENES & DEVELOPMENT



the screen. Three Drosophila Gal4 hybrid cDNA libraries were
screened; a 0- to 16-hr embryonic library in pGAD10 (Clontech);
a 0- to 6-hr embryonic library in lACT (gift from Leslie Pick,
Mount Sinai Medical School, New York, NY); and a 3- to 12-hr
embryonic library in pGADNot (gift from Richard Mann, Co-
lumbia University, New York, NY). In the first step, His selec-
tion was used to identify surviving clones. Positives were fur-
ther verified by lacZ activity tests and by retransformation into
the YM4271 reporter strain and retesting them for growth and
lacZ activity. Fifty-four potentially interesting cDNAs that re-
mained positive after these tests were sequenced and subjected
to BLAST searches. Eight of them had identical sequences that
showed high similarities to Smad4. Yeast reporter plasmids
with four copies of D1 (which contains tandemly arranged D1a
and D1b sequences; see above) were generated and used in
analogous yeast one-hybrid screens, which resulted in the iso-
lation of two Gal4 fusion clones containing tinman cDNA se-
quences.

Construction of plasmids to generate derivatives of Medea,
Mad, or tinman

The cDNA insert from the initially isolated GAL4 fusion clone
3.15 (pGAD–Medea A1–681) was used to isolate full-length
cDNA clones from a 4- to 8-hr embryonic cDNA library (Brown
and Kafatos 1988). The obtained clones 14 (which, like 3.15,
corresponds to the Medea A splicing product), and 29 (Medea B),
were analyzed further, and the inserts of cDNAs 3.15 and 29
were sequenced in their entirety. The XmnI–BglII fragment
from pGAD–Medea A1–681 was cloned into BamHI(blunted)–
BglII of pGAD424 vector to generate pGAD424–3.15. These
clones were used to generate the following derivatives in pGAD.
pGAD–Medea A1–692: A 1.9-kb fragment from a NotI partial–
PstI digestion of Medea 14 (pNB40) was cloned into PstI–NotI of
pGAD424–3.15. pGAD–Medea A1–505: PstI–SmaI from Medea
14 (pNB40) into PstI–NotI(blunted) fragment of pGAD424–3.15.
pGAD–Medea A1–265: Medea–3.15 (KS+) was first generated by
cloning the XmnI–NotI insert from pGAD–Medea A1–681 into
SmaI–NotI of the KS+ vector. BamHI–KpnI (blunted) from
Medea–3.15 (KS+) was then cloned into BamHI–EcoRI(blunted)
of pGAD10. pGAD–Medea A1–303, pGAD–Medea1–65: Nested
38-deletions were generated by DNase I treatment of pGAD424–
3.15, NotI digestion, Klenow, ligation, and SalI digestion, fol-
lowed by transformation and sequencing of truncated clones.
pGAD–Medea A167–505: Nested 58-deletions were generated by
DNase I treatment of KS–Medea–3.15 as above. One of the ob-
tained clones, Medea A167–681 (KS+), was cut with EcoRI (blunt-
ed)–XhoI, and the fragment was cloned into BglII(blunted)–SalI
of a pGAD424 vector that had been cut with BamH1, blunted,
and religated to adjust the reading frame, pGAD424. pGAD–
Medea A506–692: SmaI–BglII from pGAD–Medea A1–692 into
SmaI–BglII of a pGAD424 vector that had been cut with EcoRI,
blunted, and religated to adjust the reading frame. pGAD–
Medea B1–432: PstI–SmaI from Medea 29 (pNB40) into PstI–NotI
(blunted) of pGAD424–3.15. pGAD–Medea B: pGAD–Medea
was first generated by cloning a NotI fragment from Medea
29(pNB40) into NotI of pGAD424–3.15. A PstI fragment of
Medea 29(pNB40) was then cloned into the PstI site of pGAD–
Medea.

For in vitro DNA-binding experiments, GST-fused Medea
proteins were generated. XmnI–EcoRI from pGAD–Medea A1–

681 was cloned into SmaI–EcoRI of pGEX-3X to generate GST–
MedeaMH1 + L. BamHI–KpnI (blunted) from Medea–3.15 (KS+)
was cloned into BamHI–SmaI of pGEX-2T to generate GST–
MedeaMH1. GST–tinman was generated by cloning a BamHI–
EcoRV fragment from pQE–tinman (NK-4-6; Yin et al. 1997),

and the EcoRV–EcoRI fragment of tinman cDNA (NK4-8 in
pNB40) into BamHI–EcoRI of pGEX-3X.

A 200-bp fragment of Mad was PCR amplified from Dro-
sophila genomic DNA using the primers CAGGATCCACAC-
CGACAGCAGCGCGATG (which deletes 5 codons at the
amino terminus) and CCAGACTGTCGACGGCCTTC. The
fragment was cloned into the BamHI–SalI of KS+ and used to
isolate the full-length Mad cDNAs (Brown and Kafatos 1988).
The BamHI–SalI digested 200-bp PCR product and the SalI–
NotI fragment from a Mad cDNA in pNB40 were then cloned
into BamHI–NotI of the KS+ vector to generate Mad (KS+). Bam-
HI–PvuII (blunted) from Mad (KS+) was cloned into BamHI–
SmaI of pGEX-3X to generate GST–MadMH1 + L. BamHI–EcoRI
(blunted) of Mad (KS+) was cloned into BamHI–SmaI of pGEX-
3X to generate GST–MadMH1.

Yeast assays for lacZ activities

Yeast assays were based on a protocol from Steven Hanes
(SUNY, Albany). Fresh yeast cells were inoculated into 3 ml
of selective culture medium and grown at 30°C to satura-
tion. These cultures were used to start new cultures at
an OD600 of 0.1, which were grown at 30°C to a final
OD600 of ∼0.4. After chilling on ice the OD600 was measured,
1 ml of the cells was pelleted, and the resuspended pellets were
vortexed in 200 µl of 0.1 M Tris (pH 7.5), 0.05%Triton X-100.
After freezing on dry ice, cells were thawed on ice. One milli-
liter ONPG solution (16.1 grams/liter Na2HPO4 ? 7H2O,
5.5grams/liter NaH2PO4 ? H2O, 0.75 grams/liter KCl, 0.246
grams/liter MgSO4 ? 7H2O, 0.8 grams/liter ONPG, 1.25 mM

DTT, 0.00625% SDS, 0.27% b-mercaptoethanol) was added,
and the suspension was incubated at 30°C. When the color re-
action appeared to have reached maximum levels, reaction
times (t) were recorded and 500 µl 1 M Na2CO3 were added.
After centrifugation, the OD420 values were taken from the su-
pernatants. The lacZ activities of five independent clones were
measured for each construct and calculated with the formula

DNase I footprinting and gel mobility-shift assays

Footprinting assays were performed as described in Yin et al.
(1997). For gel-shift analysis, 5 pmoles of annealed oligonucleo-
tides were labeled with [32P]-dCTP using Klenow polymerase
and purified by PAGE. Binding reactions were performed in a
10-µl volume on ice with 10,000 cpm of probes, appropriate
amounts of protein, 0.5 µg of nonspecific competitor
poly[d(A-T)] and specific competitor DNA in 4% Ficoll, 20 mM

HEPES (pH 7.6), 50 mM KCl, 1 mM EDTA, 1 mM DTT,
and 0.25 mg/ml BSA. After a 30-min incubation, the mix-
tures were loaded on a pre-run 4% polyacrylamide/bisacryl-
amide gel (30:1) and run at 12 V/cm in 0.5× TBE buffer for
3 hr. The dried gels were exposed for 12 hr. The following
oligonucleotides were used as labeled probes and/or as
specific competitors (mutated nucleotides are underlined):
D3up, GGCATTACGGTCTCGTCTTT; D3-WT, TCGGGT-
TTCAATGTCGGCGGCAATGTTGCGGCGACGTCGG; d3
g..c, TCGGGTTTCAATGTATGCATCAATGTTATGGATA-
CGTCGG; d3 c..t, TCGGGTTTCGGTTTCGGCGGCGGTT-
TTGCGGCGACGTCGG; D6-WT, GGATCCTCAAGTGGA-
CAAGAGCCGCTGTCGCAGCTGCGAGCCTCCCACCTC-
GAG; d6, GGATCCTCAAGTGGACAAGAGTATCTATCGC-
AGCTGCGATATTCACACCTCGAG.

b-gal units =
OD420 × 1000

OD600 × t ~min/reaction time!
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Drosophila strains and embryo stainings

Drosophila lines with the following genotypes were used for the
experiments: dppH46 (Wharton et al. 1993); P{en2.4–GAL4}en
(A. Brand, unpubl.); Med13, Med14, and Med15 (Hudson et al.
1998); tin346 (Azpiazu and Frasch 1993); UAS–tin (Yin and
Frasch 1998); UAS–tkvQ253D (Nellen et al. 1996). GALSG30,
which is homozygous for twi–GAL4 (on X chromosome) and
24B (Brand and Perrimon 1993; Greig and Akam 1993), was used
as a mesodermal driver line. Medea germ line clones were gen-
erated as described in Hudson et al. (1998). For genetic crosses
involving tin-D, the insertion tin-D7-25/lacZ (X chromosome)
was used. Embryos were stained and cross sectioned as de-
scribed previously (Frasch 1995; Yin et al. 1997). The expression
patterns of at least three independent insertions were analyzed
for each lacZ reporter construct. Homozygous mutant embryos
were identified using b-gal-expressing balancers. In some cases,
homozygous tinman mutants were identified by the absence of
Even-skipped-expressing pericardial progenitors.

mRNA injections into embryos

tkvQ-D mRNA was transcribed from pSP35T–tkv-a and capped
in vitro as described in Hudson et al. (1998). Injections were
done as described except that mRNAs were injected mid-ven-
trally to direct them preferentially to the mesoderm and at stage
4, just prior to cellularization, to ensure their perdurance until
stages 10–11. Upon aging to stage 11, the embryos were fixed
and stained with X-gal for b-gal activity.
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