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Tinman Regulates the Transcription
of the b3 tubulin Gene (bTub60D)
n the Dorsal Vessel of Drosophila
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*Fachbereich Biologie, Entwicklungsbiologie, Philipps-Universität Marburg, 35032 Marburg,
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During Drosophila embryogenesis, the b3 tubulin gene is expressed in the visceral and somatic mesoderm as well as in the
dorsal vessel. Transcription of the gene is limited to four pairs of cardioblasts per segment. Here we show that its expression
in the dorsal vessel (dv) is mediated by a 333-bp enhancer located upstream of the gene. The homeodomain protein Tinman
is also expressed in these cardioblasts, implying that Tinman might be a key regulator of the b3 tubulin gene. Gel
retardation and footprint assays indeed revealed two Tinman binding sites within the dv-specific enhancer. We analyzed the
relevance of the Tinman binding sites in a transgenic fly assay and observed distinct functions for both sites. The BSTin-1460

site is absolutely required for expression in cardioblasts, while BSTin-1425 is needed for high-level expression. Thus, these two
inman binding sites act in concert to drive b3 tubulin gene expression during heart development. Tinman initially

functions in the specification of visceral mesoderm and heart progenitors, but remains expressed in cardioblasts until dorsal
closure. Overall, our data demonstrate a late function for Tinman in the regulation of b3 tubulin gene expression in the
orming heart of Drosophila. © 1999 Academic Press
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INTRODUCTION

The genetic and molecular bases of patterning of the
Drosophila embryo have been determined in great detail,
but the pathways involved in tissue-specific organogenesis
remain to be elucidated. From the Drosophila mesoderm
ifferent tissues arise like gut and body wall muscles, fat
ody, and dorsal vessel. Mesoderm induction is initiated by
he establishment of a morphogenetic gradient of Dorsal in
he most ventral region of the embryo (Roth et al., 1989).
his NF-kB homologue activates the transcription of the Zn

finger protein Snail and of the bHLH transactivator Twist
and both gene products are essential for proper gastrulation
(Leptin, 1991). During this process the presumptive meso-
derm invaginates, spreads under the ectodermal layer, and
forms the inner splanchnopleura and outer somatopleura.
Based on the localization of these mesodermal cells along
the anterior–posterior and dorsoventral axes, they are des-

1 To whom correspondence should be addressed. Fax: 06421-
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ined for distinct segmental cell fates according to different
ets of locally active transactivators within the embryo
Riechmann et al., 1997; Bilder and Scott, 1998; for review
ee Abmayr and Keller, 1998).
Twist in turn is necessary for early Tinman expression

Bodmer, 1993; Azpiazu and Frasch, 1993). Tinman, also known
s NK-4, is a homeodomain protein that is first detected in all
esodermal cells and later becomes restricted to the dorsal
esoderm under the inductive influence of ectodermally

roduced Decapentaplegic (DPP) (Frasch, 1995). The dorsal
esoderm gives rise to visceral and heart muscle precursors as
ell as to some somatic muscles. In tinman mutants neither

he visceral mesoderm nor the heart will develop. This phe-
otype can be reversed by expressing a heat-shock-driven
inman gene supplied ectopically. However, Tinman is not
ble to initiate heart development by its own, suggesting it
equires accessory factors for its cardiogenic function.

Morphologically, the heart of insects looks quite different
rom that of vertebrates, but recent advances have impli-
ated several conserved molecular mechanisms for heart

ormation (for review see Bodmer and Venkatesh, 1998).
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328 Kremser et al.
Heart progenitors form bilaterally early in development, in
both insects and vertebrates. While the two cell rows align
and fuse at the dorsal midline to form a linear tube in
Drosophila, the early linear heart of vertebrates undergoes
looping and eventually forms distinct chambers composed
of different cell types. The vertebrate BMP 2, BMP 4, and
BMP 7 proteins possess functions analogous to that of the
DPP protein. Another example which illustrates the con-
served mechanisms of heart development is the function of
the Drosophila MADS-box transcription factor D-MEF2
(Bour et al., 1995; Lilly et al., 1995; Ranganayakulu et al.,
1995) and one of its vertebrate counterparts, MEFC (Lin et
al., 1997). For other gene products like GATA factors or
dHAND proteins, possible homologous functions between
both animal kingdoms are being discussed (Srivastava et al.,
1997).

Due to sequence conservation, several tinman homolo-
gous genes have been identified in different organisms
during the past few years. Often these homologues are
represented by a small gene family; many of them are
expressed in the heart and in the visceral organs. The target
genes of NK-2 transcription factors are largely unknown. So
far, a direct interaction between NK-2 and the regulatory
sequences of only a few genes have been shown. In mouse,
the Nkx-2.5 protein acts in combination with the serum-
response factor on the promoter of the heart-specific car-
diac alpha-actin gene (Chen and Schwartz, 1996, 1997) and
in the same organism Nkx-2.5 binds to the response ele-
ment, NKE, of the atrial natriuretic factor promoter in the
myocardium (Durocher et al., 1996).

In addition to its autoregulatory role in Drosophila,
Tinman directly regulates bagpipe (bap), whose gene prod-
uct is necessary for the differentiation of the visceral gut
musculature (Azpiazu and Frasch, 1993). Furthermore, Tin-
man is essential for the expression of the MADS-box
transcription factor-encoding D-mef2 gene in the cardiac
ells (Gajewski et al., 1997, 1998). However, structural
arget genes of Tinman still remain to be identified.

Because of the identical expression patterns of Tinman
nd the b3 tubulin gene (bTub60D) in the cardiac cells of
he developing dorsal vessel, we postulated that Tinman
ight be a direct regulator of the structural gene in this

issue. b3 tubulin is expressed mainly in the visceral and
somatic mesoderm as well as in the dorsal vessel (Leiss et
al., 1988, for review see Buttgereit et al., 1996). In the
visceral mesoderm, the gene is activated by a combination
of homeotic selector genes and tissue-specific factors guid-
ing enhancer activity in the major intron (Hinz et al., 1992;
Kremser et al., 1999). In the somatic mesoderm, transcrip-
tion is regulated through upstream elements and is depen-
dent on the D-MEF2 myogenic factor (Gasch et al., 1989;
Damm et al., 1998). Transcription of the b3 tubulin gene is
imited to four pairs of cardioblasts per segment and starts
ater in development than transcription in the other meso-
ermal derivatives. The gene remains active until stage 17
n these cells, while transcription ceases at stage 14 in the

isceral mesoderm and at stage 15 in the somatic deriva- s

Copyright © 1999 by Academic Press. All right
ives (Damm et al., 1998). Thus, this might be taken as an
rgument that the b3 tubulin gene has a distinct control

mechanism in cardioblasts. This view is supported by our
previous deletion analysis of the upstream region of the b3
tubulin gene, which showed that 21423 bp of upstream
sequences guide expression in the somatic mesoderm but
not in the dorsal vessel. Extending the region to 22300 bp is
sufficient to drive expression in the developing dorsal vessel
(Damm et al., 1998). The aim of this work was to determine
the responsible regulatory elements as well as to obtain
insights into transactivators of heart expression. Our anal-
ysis revealed that the homeodomain protein Tinman regu-
lates expression of the b3 tubulin gene in the dorsal vessel.
This represents the first example of Tinman regulation of a
Drosophila structural gene coding for a cytoskeleton com-
ponent.

MATERIAL AND METHODS

Reporter Constructs and Establishment
of Transgenic Fly Strains

The b3 insert of the construct pW/b3/lac21565 was generated
using PCR with synthetic primers containing restriction enzyme
recognition sites (SphI21565, 59 GTAGTTGCATGCAGAGCTC-
GATCCGCTTCA 39, and HindIII1116, 59 GTCACAAGCTTG-

TCCGAGTAGCTGCTG 39) which anneal to the sequences
1565 and 1116 of the b3 tubulin gene; the pTU6.0Li plasmid

ontaining the whole b3 upstream region and 116 bp of UTR served
s a template (Gasch et al., 1989).

The 21681 bp PCR fragment was cut by the restriction enzymes
phI and HindIII. Together with the 4.5-kb XbaI and HindIII lacZ
ene and SV40 polyadenylation site from the pUClac20 plasmid
Michiels et al., 1989), the PCR product was cloned in the Drosoph-
la transformation vector pW8 (Klemenz et al., 1987), which was
pened with the enzymes SphI and XbaI.

For the generation of the constructs pW/b3/lac21423, pW/b3/
lac22.3 and pW/b3/lac26.0 (id24.7 21423) see Damm et al. (1998).

he construct pW/b3/lac26.0 is described in Gasch et al. (1989).
With the help of the primer U6 (59 CGCAGTTCGGGACCG-

CC 39) and SphI21685 (59 CATGTTGCATGCGTAGTCCTCTT-
TTGCGCA 39), which are located at 21282 and 21685 in the
pstream region of the b3 tubulin gene, a 400-bp PCR fragment was
enerated, again using pTU6.0Li as a template. The product was
ut by the enzymes StuI and SphI and the obtained 260-bp fragment
as ligated into the plasmid pW/b3/lac21565, which was opened

by the same enzymes generating the construct pW/b3/lac21685.
The heart-specific enhancer constructs were made by PCR on a

erkin–Elmer (Foster City, CA) thermal cycler using the pTU6.0Li
lone as a template. PCR products were cloned into the pCR2.1
ector (Invitrogen, San Diego, CA), sequenced to confirm their
dentity, and recloned into pCHAB to generate pCHAB/b3/lac333

and pCHAB/b3/lac449.
To mutate the Tinman binding site in the clone pW/b3/

lac21685MutTin21460 the PCR-based procedure of Chen and Przybyla
(1994) was used. Starting with the vector pW/b3/lac21685, a 220-bp
ragment could be amplified using the primers SphI21685 and

utTin21460 (59 ATCGGGCTCGGACTTCTGTTCCTGTAGAC-
CTCAGTCGTTCCTATATCCA 39); the latter contains four
ase-pair mutations (bold) within the Tinman binding consensus

equence. After purification of this fragment it was used together

s of reproduction in any form reserved.
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329b3 tubulin Is a Target of Tinman in Heart
with the U6 oligonucleotide as a PCR primer in a second amplifi-
cation round with the plasmid pW/b3/lac21685 as a template to
generate a 400-bp PCR fragment. This product was cut by the
enzymes StuI and SphI and the obtained 250-bp fragment was
ligated into the vector pW/b3/lac21685, which was treated with
the same enzymes.

For the generation of the plasmid pW/b3/lac21685MutTin21425 a
lightly different approach was used. It was of advantage that the
utated sequence at 21425 overlaps with the StuI-restriction site

t position 21423 in the b3 upstream region. Therefore, using the
primers SphI21685 and MutTin21425 (59 CGTAGACGGGAGGAA-

ATCGGGCTCGG 39) the obtained amplified and enzyme-cut
60-bp fragment could be cloned directly into the vector pW/b3/
ac21685, which was treated with the same enzymes to generate
he clone pW/b3/lac21685MutTin21425. Because of this cloning
trategy one nucleotide was missing at the former StuI-site but this
ad no effect on the lacking Tinman protein binding behavior.
Mutation of BSTin-1460 in the heart-specific enhancer construct

pCHAB/b3/lac333MutTin21460 was performed using the Strat-
gene (La Jolla, CA) QuickChange site-directed mutagenesis kit
nd PAGE-purified mutant oligos (tin1A, 59 GGAACGACT-
AGGGTCTACAGGAACAGAAGTC 39, and tin1B, 59 GACT-

TCTGTTCCTGTAGACCCTCAGTCGTTCC 39) from Genosys
Biotechnologies (Woodland, TX). The presence of the desired mu-
tation was confirmed by sequencing and the upstream region
recloned into pCHAB for transformation of Drosophila.

The P-element-mediated transformation procedure was per-
formed as described in Hinz et al. (1992). For germ-line transfor-
mation the following fly strain was used: w1, snw/w1, snw.

Expression and Purification of the GST:NK-4
Fusion Protein

The fusion protein of the GST:Nk-4 clone (a generous gift from
Yongsok Kim), which contained the tinman cDNA fused to the
glutathione S-transferase gene, was expressed according to Lee et
al. (1997). The GST–Tinman fusion protein was purified via affinity
chromatography using columns prepacked with glutathione–
Sepharose beads (Pharmacia Biotech). For that, 100 ml of the
bacterial suspension was centrifuged at 6000g for 10 min at 4°C.
The pellet was resuspended in 10 ml PBS (140 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3). By using a French
press (12,500 psi) the lysis of the bacterial cells was obtained. The
cell debris were centrifuged and the supernatant was loaded onto
the column. After the protein bound to the beads the column was
washed with PBS several times and GST–Tinman eluted with 50
mM Tris/Cl (pH 8.0) and 10 mM reduced glutathione. The quality
and quantity of purification were monitored by SDS–PAGE.

DNA Binding Assays

For gel mobility shift assays, oligonucleotides containing puta-
tive b3 regulatory elements were 32P 59-end labeled and purified by
el filtration using Bio-Gel P10. The following oligonucleotides
ere synthesized for gel mobility shifts: 21460, 59 ACTGAG-
CACTTGAGGAACAG 39; 21400, 59 GGTCTTTCAACTT-

GAATGCAA 39; 21425, 59 TCCTCCCACTTAGGCCTGCT 39;
Mut1460, 59 CTGTTCCTGTAGACCCTCAGT 39; Mut1425, 59
AGCAGGCCGTAGACGGGAGGA 39; B1RE1, 59 TATACTC-
GAGTATAGGC 39.

The binding reactions were performed at 18°C with 20,000 cpm
labeled oligonucleotide in the presence of 300 ng poly(dI–dC), 20

mM Tris/Cl (pH 7.5), 200 mM NaCl, 0.1% Triton X-100 (v/v), 5

Copyright © 1999 by Academic Press. All right
mM DTE, 0.02% BSA (w/v), 5% glycerol (w/v), and 40 ng protein.
Reaction products were separated on a native 6% polyacrylamide
gel in 13 TBE and detected by autoradiography.

For footprint analysis the clone pBluescript KS b3-up, which
ontains the b3 upstream region between 21150 and 21610 bp,

was used to generate one end-labeled PCR fragment using 15 pmol
of the 32P-end-labeled primer 21150 (59 AGGAATTCACAGAG-
GAGCAGAGATATG 39) and an equal amount of the unlabeled
primer 21610 (59 AGTGGTACCTGGAGCTCCTAATGCACT 39).
The corresponding labeled PCR fragment was purified via a column
and measured in a scintillation counter. Isolated GST–Tinman
protein (150 and 200 ng) was incubated with 50,000 cpm labeled
DNA in 50 ml binding buffer (see above) for 20 min at 18°C. After
addition of 50 ml diluent (2 mM CaCl2, 2 mM MgCl2) the DNA was
digested with 10 ng DNase I (Boehringer Mannheim) for 3 min and
reactions were stopped with 100 ml stop solution (50 mM EDTA,
0.2% SDS). Samples were extracted with an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1), precipitated with
ethanol, and separated on a 6% denaturing polyacrylamide gel.
Sequence reactions were generated according to Sanger et al.
(1977).

Ectopic Expression of Tinman in Transgenic Flies

We used the Gal4/UAS system from Brand and Perrimon (1993)
to ectopically express b3-lacZ constructs. As a driver line we used
wist-Gal4 (Baylies and Bate, 1996) to express Gal4 specifically in
esodermal derivatives. The UAS-tinman fly stock was generously

upplied by M. Frasch (Yin and Frasch, 1998). We established fly
trains containing twist-Gal4 and UAS-tinman as well as the
33-bp b3 heart-specific enhancer with pCHAB/b3/lac333.

Immunostaining of Embryos

Embryos were collected, dechorionized, and stained with an
anti-b-galactosidase antibody (monoclonal antibody from Promega)
using the Vectastain Elite kit (Vector Laboratories) as described
previously (Leiss et al., 1988; Hinz et al., 1992). After dehydration
embryos were embedded in DPX (Fluka) and photographed under
Nomarski optics with a Zeiss Axioskop. Embryonic stages were
determined according to Campos-Ortega and Hartenstein (1985).

RESULTS

b3 tubulin Gene Expression in the Dorsal Vessel
Is Guided by a Heart-Specific Enhancer

To follow gene regulation in the embryonic mesoderm of
Drosophila, the expression of the b3 tubulin gene provides
n excellent tool. While transcription and/or mRNA stabil-
ty is differently regulated in individual mesodermal tis-
ues, the protein can be recognized until hatching (Damm
t al., 1998). Therefore, it is quite reasonable that different
equences of the b3 tubulin gene are necessary for the

different transcriptional activities in the respective meso-
dermal derivatives. As shown in Fig. 1A, this tubulin gene
consists of four exons and three introns. While distinct
regulatory enhancer sequences responsible for early (vm1)
and late (vm2) expression in the visceral mesoderm, on the
one hand, and for the late somatic mesoderm (sm2), on the

other hand, are located in the first intron, early expression

s of reproduction in any form reserved.
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330 Kremser et al.
in the somatic mesoderm (sm1), in the dorsal vessel (dv),
and in the pharyngeal muscles is guided by sequences in the
upstream region of this gene. Meanwhile, we were able to
identify some of the transactivators which bind to these
sequences and mediate b3 tubulin expression (Hinz et al.,
1992; Damm et al., 1998; Kremser et al., 1999). UBX,
encoded by the homeotic gene Ultrabithorax, plays a major
role in the activity of the vm1 enhancer, and the MADS-
box-transcription factor D-MEF2 is used for transcriptional
activity in the sm1. As mentioned above b3 upstream
equences are essential for expression in the dorsal vessel;
owever, they have not been determined precisely. b3–lacZ

fusion constructs containing either 26.0 or 22.3 kb b3
upstream sequences both show reporter gene expression in
the heart (Fig. 1B). However, after this region was shortened
to 21423 bp (pW/b3/lac21423), no expression could be
bserved in the dorsal vessel. Also, in the deletion construct
W/b3/lac26.0 with an internal deletion from 24.7 to
1423 bp (pW/b3/lac26.0 id 24.7 to 21423) no lacZ

protein is detectable in the dorsal vessel (Damm et al.,
1998). Nevertheless, in all tested transgenic strains the
somatic muscle expression is unaffected, due to the intact
D-mef2 binding site located between 21241 and 21232 bp
(Fig. 2B). From these observations we concluded that the b3
tubulin region between 22.3 and 21.423 kb is responsible
for expression in the dorsal vessel. However, reporter gene
expression in the dorsal vessel is never seen as a continuous
cardiac cell staining but instead in a four-plus-two pattern,
in the course of which four cardiac cell pairs per segment
are lacZ positive and two negative. This pattern reflects the
b3 tubulin expression (Figs. 2G and 2I). Conversely, we
never observe b-galactosidase activity in the outer pericar-
ial cells of the dorsal vessel.
To further delimit the b3 upstream region, which is

elevant for heart expression, we constructed two further
ransgenes. The first one contains 21565 bp b3 upstream

sequences fused at position 1116 bp in the untranslated
leader to the lacZ gene, and the other one contains 21685
bp. In Figs. 2C and 2D one can easily recognize the b3
ypical four-plus-two pattern of lacZ-positive cardiac cells
hen pW/b3/lac21565 transgenic embryos were stained.

FIG. 1. Maps of the b3 tubulin gene and b3-reporter gene constru
(white boxes), and a 59 and a 39 untranslated region (UTR, stipple
ndicates the point at which the HindIII linker was ligated, which w

The locations of the early somatic (sm1) and late somatic (sm2 and
(vm1) and late visceral (vm2) mesodermal control regions are show

remser et al., 1999). The D-mef2 binding site in sm1 is indicated.
s determined in this paper. (B) Reporter gene expression in the do
f the b3 tubulin gene. The deletion break points are indicated. Th

depicted as well as the introduced base-pair mutations (underlined
romoter were fused at position 1116 in the UTR (stippled boxes)

by the SV 40 trailer (black boxes) and cloned into the pW8 transform
cloned 59 of the hsp 70 promoter (white boxes) into the transforma
analyzed for dorsal vessel (dv) expression of the reporter gene as sho

faint expression in the dorsal vessel. *See Damm et al., 1998; 1see Gas

Copyright © 1999 by Academic Press. All right
xactly the same pattern was observed when using the
W/b3/lac21685 construct (Fig. 8A). Again the somatic
usculature and the pharynx were stained in both trans-

enic fly lines. The resulting lacZ-reporter gene expression
n the dorsal vessel of these transgenic lines revealed a
orsal vessel staining identical to that obtained with the
trains carrying sequences of the D-mef2 heart enhancer
Gajewski et al., 1997), which contains two Tinman binding
ites (Figs. 3A and 3B).
Thus, the sequences between approximately 21400 and
1700 bp drive expression in the dorsal vessel and we asked

f this region can act as a heart-specific enhancer as well.
herefore, we cloned a 333-bp fragment which contained

he b3 upstream sequence from 21674 to 21342 bp 59
pstream of the hsp70 promoter into the pCHAB transfor-

mation vector to create the construct pCHAB/b3/lac333.
CHAB/b3/lac333-transgenic embryos show expression in
he dorsal vessel solely. However, the dorsal vessel expres-
ion in transformed embryos does not occur in all segments
ut only in all abdominal segments (A1 to A8) while the
horacic segments T2 and T3 revealed no detectable stain-
ng (Figs. 3C and 3D). The anterior heart expression could
e restored by the longer enhancer construct, pCHAB/b3/

lac449, which contains in comparison to pCHAB/b3/lac333
an additional 115 bp 39-b3 sequences up to 21226 bp (data
not shown). Furthermore, no somatic muscle expression is
detectable in the enhancer constructs, because of the miss-
ing D-mef2 binding site. Together with the analysis ob-
tained with the b3 promoter constructs we therefore con-
clude that essential parts of the dorsal vessel enhancer
sequences are located between 21565 and 21423 bp. Be-
cause we didn’t test this fragment by itself we hence
designate the 333-bp b3 sequences of pCHAB/b3/lac333 the
dorsal vessel-specific enhancer.

The Upstream-Located b3 Heart-Specific Enhancer
Contains Three Putative Tinman Binding Sites

In order to identify the transactivators which bind to the
biologically active heart enhancer and confer expression in
the dorsal vessel, we first determined the sequence of this

A) The gene is composed of four exons (black boxes), three introns
xes). The asterisk at the AvaII site in the UTR at position 1116
sed for the cloning of the b3-reporter gene constructs shown in (B).
) mesodermal regulatory sequences as well as of the early visceral
black bars beneath the gene (Hinz et al., 1992; Damm et al., 1998;
heart (dv)-responsible element with the two Tinman binding sites
essel of transgenic lines containing different upstream sequences

o sequences of the Tinman binding sites, BSTin-1460 and BSTin-1425, are
rs). Tested b3 upstream regions (bold lines) in context with the b3

b3 tubulin gene to the lacZ reporter gene (dotted boxes) followed
n vector. b3 upstream fragments used as enhancer sequences were
vector pCHAB. At least 3 to 8 lines of each transgenic strain were
n the right. 1, strong expression; 2, no expression; and 1/2, only
cts. (
d bo
as u
sm3

n as
The
rsal v
e tw
lette

of the
atio

tion
wn o
ch et al., 1989.
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region and searched for binding sites of proteins expressed
in the Drosophila heart. Between 21705 and 21385 bp (Fig.
4A) we found three sequence blocks which resemble bind-
ing sites of the homeodomain factor Tinman, which is
necessary for the determination of the dorsal vessel during
embryogenesis. Furthermore, Tinman is a good candidate
for activating b3 tubulin gene expression in the dorsal

FIG. 2. Sequences between 21423 and 21565 are necessary for lac
with the anterior to the left and are viewed dorsally. Using a mo
transformed with the pW/b3/lac26.0 (A) or (C) pW/b3/lac21565 con
rotein visible. In (E) an embryo transformed with the pW/b3/lac2
nder Nomarski optics it remains unstained. (B, D, and F) Higher m
s also visible in the somatic (sm) and pharyngeal muscles (phm) du
ncluded in the reporter gene constructs. (G, H, and I) The same fou
G), a Tinman antibody (H), or a lacZ antibody (I) using wild-type e
wo cardioblast pairs per segment which show no staining are ma
vessel because like b3 it is expressed in the same four-plus-

Copyright © 1999 by Academic Press. All right
two pattern in this tissue (Figs. 2G–2I; see also Leiss et al.,
1988; Bodmer, 1993; Jagla et al., 1997). Other binding sites
for heart-specific expressed transactivators have not been
found. Therefore, we analyzed the putative Tinman binding
sequences in more detail. While the sequence motif at
21460 bp is identical to the consensus sequence, the sites
at 21425 and 21400 bp possess single base-pair changes

pression in the dorsal vessel. All transgenic embryos are presented
nal anti-lacZ antibody the dorsal vessel (dv) is stained in strains

ts. Note that in only four of six cell pairs per segment is the reporter
construct is shown. Although the dorsal vessel can be recognized
cations of the embryos in (A), (C), and (E), respectively. Expression

he fact that sequences necessary for expression in these tissues are
diac cells (cc) per segment are immunostained with a b3 antibody
os (G) and (H) or the pW/b3/lac21565 transgenic fly strain (I). The
by an arrowhead. pc, Tinman-positive pericardial cells in (H).
Z ex
noclo
struc
1423
agnifi
e to t
r car

mbry
rked
(Fig. 4B). Compared with the Tinman consensus sequence
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FIG. 3. The b3 tubulin upstream sequence functions as a transcriptional enhancer which can be ectopically induced by Tinman. (A and
) Expression of a 237-bp Tinman-regulated D-mef2 heart enhancer–lacZ fusion gene in transgenic embryos. The enhancer was
haracterized previously in Gajewski et al. (1998) and serves as a reference for b-galactosidase activity in Tinman-expressing cardiac cells.

(C and D) Expression of a 333-bp b3 tubulin heart enhancer–lacZ fusion gene in transgenic embryos. The upstream DNA (21674 to 21342
bp) contains the strong and moderate Tinman binding site. Like the D-mef2 enhancer, this b3 tubulin sequence drives reporter gene
xpression comparable to the Tinman protein pattern, that is, active in four pairs and inactive in two pairs of cardiac cells per segment.
nlike the D-mef2 enhancer, the DNA fails to direct b-galactosidase activity in the anteriormost cardiac cells of the dorsal vessel (open

arrows). (E and F) Mutation of the strong Tinman binding site at 21460 abolishes b3 tubulin heart enhancer function. Dorsal (A, C, and E)
and lateral (B, D, and F) views of stage 16 transformant embryos harboring the three different enhancer–lacZ constructs are presented. (G)
A stage 16 embryo of the genotype twi-Gal4:UAS-tin:pCHAB/b3/lac333. The arrow points to strong de novo expression in what appears
to be the forming gastric caeca at the anterior part of the midgut. (H) The same embryo with a focus on the dorsal vessel. LacZ is not
expanded into T2 and T3, nor is it induced in the two cells off pattern. The dv is distorted due to the expression of tin (note in (G) how the

gut has not formed normally as well). In most embryos, a normal dorsal vessel does not form at all.
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334 Kremser et al.
the site at 21425 bp contains a G instead of an A at the 39
end, and at 21400 bp the putative binding site starts with
an A instead of a C. However, a C is located immediately 59
upstream of the A. Note that the site around 21400 bp is
not able to drive lacZ expression in the dorsal vessel on its
own, because in pW/b3/lac21423-transgenic embryos no
heart expression is detectable (Figs. 2E and 2F).

To investigate the potential role of the three putative
Tinman binding motifs, we first used gel retardation experi-
ments to compare the binding abilities of the single se-
quences. To establish the conditions, we purified the in
vivo-expressed GST:Nk-4 fusion protein and incubated it
with 32P-end-labeled oligonucleotide which covered the
Tinman binding site consensus sequence at 21460 bp. In
the gel mobility shift assay a DNA–protein complex is
formed (lane 2 in Fig. 5A), which can be competed specifi-
cally using unlabeled oligonucleotide 21460 (lanes 3 to 5)
but not if a nonspecific oligonucleotide is applied (lanes 6 to
8). The specificity of this interaction can be further verified
by adding an anti-GST antibody during the incubation.
Using a serial dilution of the monoclonal antibody, a
supershifted complex is detectable only at high concentra-
tions (lanes 3 and 4 in Fig. 5B). Because of the high
molecular weight of this tri-complex (antibody, protein, and
DNA) it seems that it is not able to leave the gel origins.
The same results could be obtained by using an anti-
Tinman antibody (data not shown).

To elucidate the relative binding affinities of the three
putative Tinman motifs, we performed gel retardation ex-
periments using the same conditions as in Fig. 5. The

FIG. 4. The narrowed region responsible for dorsal vessel expres-
sion contains three putative binding sites of the homeodomain
factor Tinman. (A) The b3 tubulin-upstream sequence between
21385 and 21705 bp is given and the three putative Tinman
binding sites are boxed. In (B) these three boxed sequences are
compared with the Tinman consensus binding sequence identified
previously by Gajewski et al. (1997). Nucleotides which differ from
the consensus sequence are underlined.
DNA-protein complex was specifically competed with the T

Copyright © 1999 by Academic Press. All right
ligonucleotide 21460, while the nonspecific oligonucleo-
ide B1RE1 showed no competition. The ability to compete
or binding was compared to the two other potential Tin-

an binding sites with oligonucleotides containing either
he sequence at around 21425 or 21400 bp. As shown in
ig. 6A, all applied competitors have different abilities to
ompete for the probe–protein interaction. Strongest com-
etition is observed when the specific oligonucleotide
1460 is used in a 50- (lane 3) or 100-fold (lane 4) molar

xcess. A comparable competition strength is obtained by a
00-fold molar excess of the oligonucleotide 21425 (lane 6),
ndicating that this competitor does not act as strong as the
1460 sequence. Only a weak competition is achieved by

he application of the competitor 21400 in both concentra-
ions (lanes 7 and 8).

These data indicate that the sequence at 21460, named
STin-1460, in the b3 upstream region is a very strong binding
ite for the Tinman protein, whereas the 21425 motif,
amed BSTin-1425, reveals a weaker but significant binding
ffinity to the protein. The interaction between the home-
domain protein and the sequence at 21400 is barely
etectable. These results were confirmed by applying in-
reasing amounts of GST–Tinman to the three individual
otifs which served as radiolabeled probes (data not

hown).
In DNase I-footprint assays we determined the extent of
ST–Tinman protection of the sequence motifs of the
1150 to 21610 bp region. The footprint assays reveal that

wo sites are protected by Tinman (Fig. 6B). At the first
inding site (BSTin-1460), the Tinman consensus motif lies in

the center of the protected area, whereas at the second site
(BSTin-1425), the consensus sequence is localized more at the
39 end. The number of nucleotides covered by GST–Tinman
are at both sites nearly equal (16 for BSTin-1425 and 17 for
BSTin-1460). Furthermore, the protection of BSTin-1460 is stronger
than that of BSTin-1425, which reflects the data shown in Fig.
A. In agreement with the gel retardation assays a protected
egion cannot be detected at around 21400 bp under these
onditions.
Taken together, these experiments suggest that the ho-
eodomain protein Tinman regulates b3-tubulin gene ex-

ression in the dorsal vessel via the heart enhancer and
xerts its function on either BSTin-1460 or BSTin-1425 or both.
In order to gain further evidence for the regulation of the

b3–lacZ fusion gene by Tinman we ectopically expressed
Tinman by using the mesoderm-specific twist-Gal4 driver
and UAS-tinman lines (for details see Material and Methods
and legend to Fig. 3). As solely heart expression is observed
with the pCHAB/b3/lac333 construct this transgenic fly
train was used in the Gal4/UAS system. With this strategy
e hoped to extend the lacZ expression in all cardiac cells
r in other mesodermal derivatives. While the expression in
he dorsal vessel remained unchanged we obtained addi-
ional expression in the forming gastric caeca at the anterior
art of the midgut (Figs. 3G and 3H). Thus, we conclude
hat the 333-bp b3 sequences are indeed a target of the

inman protein. The ectopically driven lacZ expression
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335b3 tubulin Is a Target of Tinman in Heart
suggests specific cofactors of Tinman which are present in
the four Tinman-positive cardiac cell pairs of A1 to A8 as
well as in the cells of the gastric caeca but absent in the two
negative cardiac cell pairs per segment.

Mutations in the Tinman Binding Sites
of the b3 Heart Enhancer Lead to Different

ffects on Dorsal Vessel Expression

Having confirmed that Tinman binds to BSTin-1460 and
STin-1425 we next wanted to address the functional role of
oth sites in vivo. For this purpose we introduced four
ase-pair mutations into the Tinman binding sites of the b3

heart enhancer as described in Gajewski et al. (1997) for the
D-mef2 enhancer. Because of the fact that BSTin-1425 contains
a further nucleotide exchange at the 39 end of the binding
motif (see Fig. 4B), this sequence possesses five instead of
four exchanged nucleotides in comparison to the Tinman
consensus sequence. In Fig. 7 the corresponding gel mobil-
ity shift assay is shown. Neither of the mutated sequences
as probes—MutTin21460 (lane 2) or MutTin21425 (lane
3)—is able to interact with the GST–Tinman protein nor
they are capable of acting as specific competitors in the
binding reactions carried out with the 21460 oligonucleo-

FIG. 5. In vitro binding of the GST–Tinman fusion protein to BST

is a specific binding site for the Tinman protein. Gel retardation ass
double-stranded oligonucleotide 21460 1/2. The specificity of the
nd 150-fold molar excess of unlabeled 21460 1/2 (lanes 3, 4, an
ouble-stranded competitor oligonucleotide (lanes 6, 7, and 8). (B) T
y adding different amounts of anti-GST antibody to the gel mo
ST–Tinman protein and 150 (lane 3), 75 (lane 4), 36 (lane 5), or
rotein–DNA complex is indicated by an arrow, the antibody-induc
y a double arrow.
tide. T

Copyright © 1999 by Academic Press. All right
Since the mutations led to a complete loss of Tinman
inding in vitro, we introduced these sequences into

the construct pW/b3/lac21685. The fly strains trans-
ormed with pW/b3/lac21685MutTin21460 and pW/b3/
ac21685MutTin21425 were stained with an anti-b-galac-

tosidase antibody to investigate effects in dorsal vessel expres-
sion. The mutations at BSTin-1460 led to a complete loss of lacZ
expression in the Drosophila heart as shown in Fig. 8B. In
stage 17 embryos (right), no linear heart tube is visible and at
stage 15 (left) the dorsally migrating cardioblasts at each site of
the embryo are likewise not stained. A different picture
emerges at the evaluation of pW/b3/lac21685MutTin21425
ransgenic embryos (Fig. 8C). In comparison to the normal
ituation shown in Fig. 8A, mutations at BSTin-1425 result in
ransgenic embryos with only a very faint lacZ expression in
he dorsal vessel at stage 15 (left embryo) and at stage 17 (right
mbryo). However, in all embryos the somatic mesoderm and
he pharyngeal muscle expression remains unaffected. Addi-
ionally, upon mutating the Tinman binding site at 21460 in
he enhancer construct pCHAB/b3/lac333, we observed the

same result as with pW/b3/lac21685MutTin21460, namely,
o dorsal vessel staining at all (Figs. 3E and 3F). The mutated
ite at 21425 was not tested in the enhancer construct.

We concluded from this comparison of the different

of the b3 tubulin dorsal vessel enhancer. (A) The 21460 sequence
s done in the presence of GST–Tinman protein and 32P-end-labeled

ed complex (arrow) is demonstrated by competition using 50-, 100-,
in comparison to nonspecific competition using B1RE1C1D as a
pecificity of this DNA–protein complex was further demonstrated

shift reactions. The probe 21460 1/2 was incubated with the
/ml (lane 6) anti-GST antibody during the binding reactions. The
pershifted band, located mostly in the origins of the gel, is marked
in-1460

ay wa
form
d 5)
he s

bility
18 ng
ed su
inman binding sites in vitro and the functional analysis in

s of reproduction in any form reserved.



c

m
s
t

i
u
2

2
B
m
s
s he T
a

336 Kremser et al.
vivo that the two Tinman binding sites in the b3 tubulin
heart enhancer do not have equivalent roles. While the
knockout of the stronger sequence BSTin-1460 leads to a

FIG. 6. GST–Tinman binds the sequence BSTin-1460 more efficientl
no protein binding affinity. (A) Tinman binds well to BSTin-1460 (la
ndicated above each lane. Either 50- (lanes 3, 5, 7, and 9) or 100-fo
sed in this gel mobility shift assay to demonstrate the different co
1460 1/2 oligonucleotide was used. B1RE1C1D acts as a nonsp

b3 sequences between 21610 and 21150. To label the probe at one
1150 and the unlabeled primer 21610. Increasing amounts of the
SA as a control (lanes 1 and 4) were analyzed for DNase I protectio
ethod are shown. Protected regions BSTin-1460 and BSTin-1425 correspo

ite at around 21400 where no protected sequences are visible is m
hown with the positions of the footprints BSTin-1460 and BSTin-1425. T
s the sequence motif at 21400 (dashed lines).
omplete loss of lacZ expression in this mesodermal tissue, a

Copyright © 1999 by Academic Press. All right
utated BSTin-1425 results in a reduced level of expression. It
eems that this weaker site may influence the amount of
ransgene transcription, while the site at 21460 possesses

n the site BSTin-1425, whereas the 21400 sequence possesses almost
). The 21460 and related sequences were used as competitors as
nes 4, 6, 8, and 10) molar excess of the unlabeled competitors was
ition abilities of these sequences. As a probe the 59 32P-end-labeled
competitor. (B) A DNase I protection assay was performed using

a PCR product was amplified with the 32P-end-labeled PCR primer
–Tinman fusion protein, lanes 2 (100 ng) and 3 (150 ng), or 30 ng
lanes 5–8 the sequence reactions according to the Sanger dideoxy

o the 21460 and 21425 sites and are marked with black bars. The
d by an arrow. (C) The b3 upstream sequence (21396 to 21482) is
inman binding core motifs of 21460 and 21425 are boxed as well
y tha
ne 2
ld (la
mpet
ecific
end
GST
n. In
nd t
arke
n overall cell-specific regulatory activity.
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337b3 tubulin Is a Target of Tinman in Heart
DISCUSSION

Tinman plays a key role in the determination of the
dorsal mesoderm and heart specification (see Introduction
and for a recent review see Yin and Frasch, 1998). While the
role of Tinman in the subdivision of the dorsal mesoderm is
rather well analyzed, the role of the prolonged activity of
Tinman during the differentiation of the heart is less well
understood. At stage 12 of embryogenesis, tinman expres-
ion becomes restricted to the dorsal mesoderm where it
emains active in pericardial cells and cardioblasts until the
nd of embryogenesis. However only four of six pairs of
ardioblasts in each segment express Tinman, comparable
o the b3 tubulin isotype (Figs. 2G–2I). We have shown in

this report that the b3 tubulin gene is regulated directly by
two Tinman binding sites. Because the expression of Tin-
man in the dorsal vessel is not limited to cardiac cells,
either b3 tubulin expression is repressed in other cells such

FIG. 7. Mutations in the Tinman binding site abolish GST–
Tinman binding. Gel mobility shift assays were performed in the
presence of GST–Tinman with labeled probes Mut-1460, Mut-
1425, and -1460 (lanes 2, 3, and 4). Competition experiments with
a 50- (lanes 5, 7, 9, and 11) or 100-fold (lanes 6, 8, 10, and 12) molar
excess of competitors are shown. Competitors are indicated above
each lane. B1RE1 acts as a nonspecific oligonucleotide. Nucleotide
sequences of competitors are shown below the autoradiogram;
mutated nucleotides are underlined. The Tinman binding site
sequence in the 21460 oligonucleotide is boxed.
as pericardial cells or specific coactivators are needed for

Copyright © 1999 by Academic Press. All right
expression in cardioblasts. This is further supported by the
ectopic expression of Tinman in the mesoderm which does
not induce expression in the pericardial cells or in the two
b3-negative cardiac cell pairs. From our deletion analysis
we have no evidence for repressing elements in pericardial
cells. However, it might be that a repressor competes for the
binding to the Tinman target sequences. The tested 449-bp
enhancer fragment including both Tinman binding sites is
sufficient for the characteristic expression pattern in four
cardioblast pairs per segment. This indicates that all se-
quences essential for cofactors interacting with Tinman are
contained within the enhancer. Shortening this enhancer to
333 bp leads to loss of expression in cardioblasts of T2 and
T3. This implicates a regulation along the AP axis as we
previously showed for b3–lacZ expression in the visceral

esoderm, where the expression is dependent on UBX
Hinz et al., 1992; Kremser et al., 1999).

At least for cardiogenesis in vertebrates, zinc finger
roteins of the GATA transcription family are believed to
ct as coactivators with the Tinman homologue Nkx-2.5
Durocher and Nemer, 1998). Although the b3 tubulin
dv-specific enhancer contains a GATA binding sequence,
this site is unlikely to have any relevant function, since it is
missing in the promoter construct pW/b3/lac21565, which
shows normal expression in the heart.

In addition to its function in dorsal vessel determination
Tinman is required for specification of the visceral meso-
derm (Bodmer, 1993; Azpiazu and Frasch, 1993). Also in this
mesodermal derivative Tinman and b3 tubulin are coex-
pressed. As bTub60D expression in the visceral mesoderm
s controlled by an intron-localized enhancer (Gasch et al.,
989; Hinz et al., 1992), the upstream control region ana-
yzed here does not allow conclusions concerning the
elevance of Tinman for bTub60D transcription in the
isceral mesoderm. However, recent studies showed that
inman also regulates b3 tubulin gene expression in the
isceral mesoderm (Kremser et al., 1999).
Tinman as well as the MADS-box factor D-MEF2 is

equired for dorsal vessel formation. Gajewski et al. (1997,
998) previously showed that the D-mef2 gene is a direct
arget of Tinman during heart development in Drosophila.
he 237-bp D-mef2 heart enhancer contains two Tinman
inding sites in opposite orientation with 164 bp spacing. In
he bTub60D dv-specific enhancer BSTin-1460 and BSTin-1425 are

in the same orientation with 32 bp spacing. Currently we
have no means to decide whether this different arrange-
ment of Tinman binding sites is evidence for distinct
cofactors in the given biological context.

D-mef2 mutant embryos contain heart precursors but fail
to express contractile proteins like myosin heavy chain,
while b3 tubulin and TM1 are expressed in cardioblasts
Bour et al., 1995; Lilly et al., 1995; Ranganayakulu et al.,
1995). This fits well with our analysis of a dv-specific
enhancer which lacks a D-MEF2 binding site. The known
D-MEF2 binding site between 21241 and 21232 bp is solely

essential though not necessarily sufficient for the activity

s of reproduction in any form reserved.



s

m
p
fi
m

B

B

B

B
w

p
i

righ

338 Kremser et al.
of the sm1 enhancer guiding bTub60D expression in the
omatic mesoderm (Damm et al., 1998).
Both Tinman and D-MEF2 are key factors governing
esoderm patterning and differentiation. It might be ex-

ected that they control a battery of target genes coding for
lament proteins and cytoskeletal components of mesoder-
al derivatives. Indeed, both are essential regulators of the

bTub60D gene, expression of which is dependent on
D-MEF2 in the somatic mesoderm and on Tinman in the
dorsal vessel. Closely related factors are required for heart
development of vertebrates, indicating a high conservation
of this regulatory cascade during evolution.
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