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The mouse Brachyury (7) gene is required for
differentiation of the notochord and formation of meso-
derm during posterior development. Homozygous
embryos lacking T activity do not develop a trunk and
tail and die in utero. The T gene is specifically expressed
in notochord and early mesoderm cells in the embryo.
Recent data have demonstrated that the T protein is
localized in the cell nucleus and specifically binds to a
palindrome of 20 bp (the T site) in vitro. We show that
the T protein activates expression of a reporter gene
in HeLa cells through binding to the T site. Thus T is
a novel tissue-specific transcription factor. It consists
of a large N-terminal DNA binding domain (amino
acids 1-229) and two pairs of transactivation and
repression domains in the C-terminal protein half. T
can also transactivate transcription through variously
oriented and spaced T sites, a fact that may be relevant
in the search for genes controlled by T protein and
important in mesoderm development.
Keywords: Brachyury/embryogenesis/mesoderm/mouse/
transcription factor

Introduction
The Brachyury (1) gene was identified in 1927 through
the effect of a loss of function mutation on embryonic
development (Dobrovoskaia-Zavadskaia, 1927). Hetero-
zygotes do not complete tail formation, resulting in a short
tail phenotype of the adult mouse, while homozygous
embryos die early during gestation (Chesley, 1935). The
latter lack the trunk and tail as a result of an arrest of
mesoderm formation in the primitive streak during
posterior development. They also lack a notochord due to
disintegration of the head process/notochordal plate, which
is formed initially (for review see Herrmann and
Kispert, 1994).

Cloning and analysis of the T gene revealed a highly
restricted expression pattern (Herrmann et al., 1990;
Wilkinson et al., 1990; Herrmann 1991). In wild-type
embryos T is transcribed in the head process and notochord
and in the nascent and early migrating mesendoderm.
T has not been detected in adult mouse tissues. An
immunohistochemical analysis of mouse embryos showed

that T protein is undetectable after formation of the
embryonic axis has been completed (Kispert and
Herrmann, 1994). The phenotype of mutant embryos
combined with the expression analyses suggest that T
protein plays two roles; it is indispensable for differentia-
tion of notochord cells and it is required in formation of
posterior mesoderm. In the latter T is probably important
for induction, rather than differentiation, of mesoderm
(Herrmann and Kispert, 1994).

Recently T homologues have been isolated from the
frog Xenopus laevis (Smith et al., 1991), the zebrafish
Danio rerio (Schulte-Merker et al., 1992), the chick
(Kispert et al., 1995), the ascidian Halocynthia roretzi (a
urochordate; Yasuo and Satoh, 1993, 1994) and the insect
Drosophila melanogaster (Kispert et al., 1994). A com-
parison of the amino acid sequences revealed a strong
conservation of the N-terminal half of these proteins. In
addition, the T expression pattern of all vertebrate embryos
is conserved, while the ascidian embryo transcribes T only
in the notochord. The fly embryo, devoid of a notochord,
requires the T-related gene for differentiation of the hind
gut, suggesting that the insect hind gut and the notochord
of chordates may have a common origin in evolution.
To determine the function of the T protein in the

notochord and in mesoderm development we and others
have identified its subcellular location. T is situated in
the nucleus, suggesting a role in the control of gene
transcription (Schulte-Merker et al., 1992; Cunliffe and
Smith, 1994; Kispert and Herrmann, 1994). To substantiate
this point we have utilized a strategy for the selection of
target sites in vitro and have isolated DNA fragments
specifically binding to T protein (Kispert and Herrmann,
1993). This established that T protein is indeed a DNA
binding protein and revealed the sequence specifically
recognized by T. The T consensus site identified in vitro
is a nearly perfect palindrome of 20 bp. In vitro experiments
showed that both half sites are required for binding of a
T protein monomer. The DNA binding activity is conferred
by the N-terminal half (amino acid residues 1-229) of the
T protein, termed the T domain, which was found to be
strongly conserved in evolution.

In this work we have investigated whether the T protein
is able to activate in trans expression of a reporter gene
containing a T binding site upstream of a minimal promoter
with a TATA box. We demonstrate that T is indeed a
transcription factor. A detailed analysis of the C-terminal
half of T protein identified two positively (transactivation)
and two negatively (repression) acting domains. The
transactivation domains work in a heterologous context.
We also show that T is able to transactivate the transcription
of target genes not only from the palindromic target site,
but to various extents also from differently spaced directly
repeated and inverted target half sites. This finding is
important with respect to the search for genes controlled
by T protein.
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Fig. 1. Expression of the T gene in HeLa cells transactivates a reporter
gene construct via the T binding site BS.p. (A) Schematic
representation of T reporter plasmids and T expression plasmids used
in the co-transfection experiments. Either one (pG.CAT.BS.p) or two
copies (pG.CAT.BS.p2) of the perfectly palindromic T binding site
BS.p (T) were placed upstream of the minimal promoter of the rabbit
,-globin gene which confers only a very low basal activity to the CAT
reporter gene. In the expression plasmid pSG5.T the promoter of the
immediate early gene of SV40 drives T expression. The parental
control plasmid pSG5 contains a multiple cloning site (MCS) and a
polyadenylation signal [poly(A)]. T, palindromic T binding site;
globin, P-globin minimal promoter; CAT, chloramphenicol
acetyltransferase. (B) HeLa cells were co-transfected either with the
reporter plasmid pG.CAT.BS.p2 or with pG.CAT.BS.p and the
expression plasmid pSG5.T or pSG5, as described in Materials and
methods, and assayed for CAT activity.

Results
The T protein acts as a transcriptional activator
We have recently shown that the protein encoded by
the Brachyury (7) gene binds specifically to the 24 bp
palindrome BS.p in vitro (Kispert and Herrmann, 1993).
To investigate whether the T protein is a regulator of
transcription we developed a co-transfection assay in HeLa
and Cos7 cells. The T cDNA, pme75, was subcloned into
the eukaryotic expression vector pSG5, downstream of
the promoter of the immediate early gene of SV40. This
allows constitutive expression of T protein in HeLa or
Cos7 cells. The T expression plasmid is termed pSG5.T.
Two reporter plasmids, pG.CAT.BS.p and pG.CAT.BS.p2,
containing one or two copies respectively of the palin-
dromic T binding site BS.p upstream of the rabbit fP-
globin minimal promoter and the coding sequence for the
bacterial chloramphenicol acetyltransferase (CAT) gene in
the plasmid pG.CAT were constructed (Figure lA). The
pSG5 plasmid without the T cDNA served as a control
for basal CAT activity in the absence of T protein.
Either reporter plasmid was co-transfected into HeLa cells
together with pSG5 or pSG5.T. Cytoplasmic extracts were
prepared 48 h after transfection and assayed for CAT
enzyme activity. Both CAT reporter genes were indeed
expressed in cells co-transfected with pSG5.T, but not in
cells receiving the control plasmid pSG5. One BS.p
binding site resulted in a 17-fold activation of CAT
expression, while two BS.p sites led to a 79-fold activation
over the control (Figure 1B). These results show that the
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Fig. 2. Deletion constructs indicate a complex domain structure in the
C-terminal half of the T protein. Various T deletion constructs were
tested by co-transfection with the pG.CAT.BS.p2 reporter plasmid into
HeLa cells. CAT enzyme activity was determined as described in
Materials and methods. The activation is given as fold activation over
the basal value obtained with the non-recombinant pSG5 vector. The
hatched box indicates the DNA binding domain of T; T, palindromic T
binding site; globin, P-globin minimal promoter; CAT,
chloramphenicol acetyltransferase.

T protein can act as a transcription factor upon the
palindromic binding site BS.p. The presence of a second
binding site leads to a more than additive increase in
transcriptional activation.

Deletion analysis suggests a complex domain
structure in the C-terminal haff of T protein
To identify the domain(s) of the T protein required
for transcriptional activation we co-transfected constructs
encoding the full-length or truncated versions of the T
protein and reporter plasmid pG.CAT.BS.p2, harbouring
two T binding sites, into HeLa cells (Figure 2). The
expression plasmids encode T proteins successively trun-
cated from the C-terminus to amino acid residue 229.
We have previously demonstrated that the domain from
residues 1 to 229, the T domain, is necessary and sufficient
for binding to the target site BS.p.
Removal of the entire C-terminal half (residues 230-

436) of T protein led to an almost complete loss of
transactivation of the reporter gene. This indicated that T,
like other transcription factors, may have a modular
structure of functional domains. The DNA binding domain
and the transactivation domain are encoded by different
parts of the gene and may function independently from
each other.

Successive truncation of the T protein from the C-
terminus led to a variation in the activation values of CAT
gene expression in the co-transfection experiments. This
indicated a complex nature of the domain structure in the
C-terminal half of the protein. Truncation of the C-
terminus by up to 74 amino acid residues led to an increase
in activation values. Similarly, a further truncation from
residues 300 to 275 resulted in an increase in transactiva-
tion activity. In contrast, a further removal of residues
from positions 362 to 320 and of the region from positions
275 to 229 led to a decrease in CAT gene activation. This
deletion analysis suggested that two domains in the C-
terminal protein half confer transactivation activity,
whereas two different domains, at least in the context of
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the T protein, are able to repress transcriptional activation
and therefore reduce activity of the activation domains.

However, in this analysis two important factors are not
considered. The transactivation values may have been
influenced by a variation in protein stability or by a partial
or complete loss of nuclear localization. Transfection
experiments with various pSG5.T deletion constructs and
subsequent detection of the protein with anti-T antiserum,
which specifically recognizes the N-terminal portion of
the protein, did not reveal any obvious differences in
protein stability (not shown). In contrast, our data on
mapping of the nuclear localization signal (NLS),
described below, showed indeed that T proteins with <320
amino acid residues would not exclusively localize to
the nucleus. However, the activation value of T(1-275)
suggests that this protein is still able to activate transcrip-
tion (see next section for comparison) and must occur in
the nucleus as well as in the cytoplasm (see Figure 6 for
comparison). To obtain more accurate results we analysed
the domain structure of the C-terminal half of T protein
in a heterologous system.

GAL4-T fusion proteins reveal two transactivation
and two repression domains in the C-terminal haff
of the T protein
The N-terminal 147 amino acid residues of the yeast
transcription factor GAL4 contain DNA binding activity
and a NLS. This domain can activate the transcription of
reporter genes in mammalian cells provided it is fused to
an appropriate transactivation domain. A multimer ofUAS
sequences mediates this activity in cis. Thus chimerical
GAL4(1-147) fusion proteins can serve as a test system
for regulatory domains of transcription factors.
We constructed a CAT reporter gene (UAS-G-CAT)

controlled in cis by a pentamer of UAS upstream of a
globin minimal promoter. Subregions of the C-terminal
half ofT protein (230-436) were expressed in a C-terminal
fusion with GAL4(1-147) and tested for their ability to
activate expression of the reporter gene in HeLa cells.
The data revealed the presence of two transactivation and
two repression domains in the C-terminal half of T protein
(Figure 3). This is best demonstrated by the strong
activation of the reporter gene by the fusion proteins
containing the domains T(230-280) or T(313-380). In our
experiments the transactivation activity of these domains
is -3 and -4 times higher than that of the entire C-
terminal half of T. In contrast, a sharp decrease in activity
is observed when either domain is further enlarged to
position 320 [T(230-320)] or 436 [T(313-436)] respec-
tively. This identifies the domains T(230-280) and T(313-
380) as two independent transactivation domains. Both
activities are attenuated by adjacent repression domains,
the regions T(281-320) and T(401-436) respectively. The
present analysis does not exactly define the extent of the
transactivation domain T(313-380) and the repression
domain T(281-320). The overlap between both, residues
313-320, has not been assigned to either or neither activity.
The existence of a repression domain encoded by

residues T(401-436) was also revealed by truncated T
proteins T(I-400) and T(I-362). However, the GAL4(1-
147)-T(230-400) fusion protein behaves differently.
Unexpectedly, it has a lower activity than the GAL4(1-
147)-T(230-436) fusion protein. This suggests that in the
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Fig. 3. Fine mapping of the regulatory domains in the C-terminal half
of the T protein using GAL4(1-147)-T fusion proteins. (A) Schematic
representation of the reporter plasmid UAS-G-CAT containing a
pentamer of the GAL4 binding site (UAS) and the CAT reporter gene.
(B) Summary of the transactivation activities of various GAL4(1-
147)-T fusion constructs tested in HeLa cell co-transfection assays.
The expression constructs are shown schematically. The filled boxes
represent the GAL4 DNA binding domain, the open boxes the
complete or subregions of the C-terminal half of T protein (drawn to
scale). The transactivation values of the various constructs are
indicated. A fusion protein of the DNA binding domain of GAL4 with
the full-length T protein did not activate transcription, probably due to
interference between the two DNA binding domains (not shown).
Asterisks indicate the crucial constructs, revealing two transactivation
and two repression domains, and the control construct containing the
entire C-terminal half of T protein. The marked constructs have also
been examined in Cos7 cells. (C) Extracts of HeLa cells co-transfected
with the indicated expression constructs and the UAS-G-CAT reporter
plasmid were separated by electrophoresis, Western blotted and
immunochemically stained for GAL4 protein (upper panel). The bands
in the lower panel represent loading controls.

context of GAL4(1-147) the presence of the repression
domain T(281-320) is alone sufficient to lower the activity
of both nearby transactivation domains. On the other hand,
it is possible that the various arrangements of binding
sites in the two reporter constructs (two sites for T protein,
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five sites for Gal4-T fusion proteins) or a difference in
protein stability accounts for the different behaviour of
transcription factors T(1-400) and GAL4( 1-147)-
T(230-400).

The effect of the repression domains might also be due
to reduced protein stability. To exclude this possibility we
determined expression of the five crucial fusion proteins
(marked by an asterisk in Figure 3B) by Western blotting
and immunochemical analysis of HeLa cell extracts
(Figure 3C). Extracts prepared from HeLa cells transfected
with the constructs GAL4-T(313-436), GAL4-T(230-
320) or GAL4-T(230-436) contain more of the respective
fusion proteins than extracts from GAL4-T(313-400)-
and GAL4-T(230-280)-transfected cells. Thus in the con-
text of GAL4(1-147) the combination of transactivation
and repression domains appears to be more stable in HeLa
cells than isolated transactivation domains.

This demonstrates that attenuation of the transactivation
activities is a real effect of adjacent repression domains
and not an artefact. The Westem analysis also suggests
that the relative values of transactivation by various
GAL4-T fusion proteins measured in our experiments
may be influenced by protein stability. However, this does
not alter the principal conclusions drawn from the results.

Finally, we investigated whether the behaviour of these
fusion proteins was due to artefacts of the HeLa cell
system or reproducible in another cell type. Therefore, we
tested transactivation activities of the five crucial fusion
proteins (marked by an asterisk in Figure 3B) in Cos7
cells. The data confirmed those obtained in HeLa cells
(not shown). Thus the interaction of repression and/
or transactivation domains of T protein with the basic
transcription machinery in both cell types reflects the real
properties of these domains and is not due to an artefact.

T protein transactivates reporter genes from
variously arranged binding half sites
In previous experiments we identified a nearly palindromic
20mer as the consensus binding site of T protein by target
site selection in vitro. In this report we have used a perfect
24mer palindrome as a cis control element in a reporter
gene construct and have shown that T protein transactivates
gene expression in HeLa cells through binding to this site
(Figure 1). However, genomic target sites of T protein are
unknown. Since the in vitro target site selection procedure
may have favoured the isolation of a palindrome for
sterical reasons or due to the relatively small number of
nucleotides available for binding (26 bp), we investigated
whether T protein could also act by binding to half sites
arranged at various distances as direct or inverted repeats.
The results show that, indeed, T protein can activate
expression of such reporter genes in HeLa cells, but some
configurations are preferred (Figure 4). In general, T
protein seems to transactivate slightly better through
directly repeated dodecamer sites than through inverted
repeats. However, the crucial factor is the distance of the
dodecamer sites. In our experiments an inverted repeat of
the dodecamer sites with a spacer of 24 bp (BS.2-24)
gave the best result, while a similar construct with a 21 bp
spacer (BS.2-21) had only basal activity. BS.2-24 conferred
an up to 2.8-fold higher reporter gene expression than
the palindrome BS.p. Only one other construct, BS.1-6,
worked slightly better than the palindrome, whereas all
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Fig. 4. Analysis of variously spaced and oriented T binding half sites
as cis control elements. (A) Schematic representation of the reporter
plasmids tested in HeLa cell co-transfection experiments. T binding
sites (BS) inserted upstream of the globin minimal promoter (Globin)
and CAT are shown underneath. The arrow represents the orientation
of the dodecameric T binding half site AGGTGTGAAATT, bars the
spacer between the two half sites and the number above the length of
the spacer. (B) HeLa cells were co-transfected with the expression
plasmid pSG5.T encoding the full-length T protein and with a series
of reporter plasmids with various T binding sites. CAT enzyme
activity was determined as described in Materials and methods. The
activation level of various constructs is shown in a bar diagram
relative to that of the reporter plasmid pG.CAT.BS.p harbouring the
perfect palindromic T binding site BS.p. To exclude the possibility that
polylinker sequences of the donor plasmids of binding sites might
confer CAT activity in the reporter constructs the respective regions
were cloned into reporter plasmids and tested in parallel (not shown)
Control transfection experiments (BS.p-control) were performed with
the reporter pG.CAT.BS.p and pSG5, which does not express T
protein.

other constructs tested led to much lower gene activation
than the palindrome.
Of course, not all possible combinations of target

dodecamer orientations and distances could be tested in
this experiment. Thus the results presented probably do
not identify the optimal configuration of target dodecamers.
It is conceivable that multimers of target dodecamers
might result in even better transactivation. The results
show, however, that the target sites selected in vitro are
not the only possible sites through which T protein can
act and that two spaced dodecamer T sites can mediate
even better transactivation of reporter genes by T protein.
Therefore, variously spaced and oriented dodecamer T
sites may also be expected in the promoters of genomic
target genes of T.

To confirm that T protein actually binds to the
dodecamer target sites in the reporter constructs BS. 1-6
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Fig. 5. T protein transactivates upon binding to variously spaced and oriented dodecameric T half sites. (A) EMSA of complexes of T protein with
the binding sites BS.1-6 or BS.2-24 respectively (see Figure 4). Binding reactions included probe only (Sonde), unprogrammed rabbit reticulocyte
lysate (RRL) and rabbit reticulocyte lysate programmed with T RNA encoding the full-length T protein with (+Ab) and without anti-T antiserum
ax-TC328-420. Addition of the antiserum significantly improves complex stability. (B) Characterization of T protein binding by DNase I protection
analysis performed on XhoI-SacI fragments cut out of the plasmids pBS.1-6 and pBS.2-24 respectively. Fragments of the DNase I digests were co-

electrophoresed on a sequencing gel with a chemical cleavage reaction for A and G residues (A+G) of the same fragments. The position of the
dodecamer binding sites is indicated on the left. +, DNase I digest of a fragment incubated with in vitro translated T protein; -, the fragment was

digested after incubation with reticulocyte lysate (without T). Regions protected from DNase I digestion are indicated by bars, hypersensitive
nucleotides by arrowheads. T protein binds to both half sites, irrespective of their orientation and spacing.

and BS.2-24 were assayed for specific binding to T protein
(Figure 5). In the electrophoretic mobility shift assay
(EMSA) a BS.1-6-T protein complex is visible on the
gel, whereas a BS.2-24-T protein complex cannot be
detected (Figure 5A). It might be that although complexes
are formed, they do not focus into a single band or are

not sufficiently stable under the in vitro conditions used.
However, in combination with an antiserum against the
C-terminal half of T protein a DNA-T protein-anti-T
antibody complex is readily detectable as a supershift.
This may be due to the fact that very low mobility
complexes are formed which cannot be resolved by the
gel and thus appear as one band. On the other hand, we

have previously observed that binding of antibody to the
DNA-T protein complexes stabilizes binding. This also
appears to be the case here, since almost the entire target
probe is shifted into the high molecular weight band.
DNase I protection experiments confirmed that T protein

binds to the two dodecamer sites in both constructs (Figure

SB). Up to 3 nt adjacent to the dodecamer, that is up to
15 nt in total, were found to be protected from degradation
by Dnase I. Interestingly, neighbouring nucleotides become
hypersensitive to DNase I, suggesting structural constraints
in the DNA-T protein complex that expose nearby
DNA regions.

In summary, transactivation of the reporter genes is
associated with a specific DNA-T protein interaction. A
correlation between the stability of target site-T protein
complexes in vitro and the transactivation activity in vivo
is not evident. The stabilization of the complexes by
antibody binding rather suggests that in vivo an accessory
protein might be involved in the activation of reporter
gene expression by T protein.

The T protein contains a complex NLS
A series of truncation proteins were tested for translocation
to the nuclei of Cos7 cells. The location of the mutated
T proteins within the cells was detected with specific
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I

Fig. 6. Mapping of the NLS of T protein. pSG5.T expression plasmids encoding truncated versions of the T protein were transfected into Cos7 cells.
The subcellular localization of the T protein was determined by indirect immunofluorescence. T proteins truncated from the C-terminus were
detected with the a-TN1-123 antiserum (first row), whereas N-terminally truncated proteins were detected with a-TC328-420 antiserum (third row).
Cells were counterstained with DAPI to visualize the nuclei (second and fourth row).

polyclonal antisera directed either against the N-terminal
or the C-terminal half of T. Figure 6 shows a panel of
results obtained with a number of selected constructs used
for fine mapping of the NLS. On the C-terminal side
exclusive localization of the truncated T protein to the
nucleus is lost in the polypeptide T(1-300), on the N-
terminal side when the domain T(137-400) is further
truncated to T(156-400). Both polypeptides, T(1-300)
and T(156-400), partially stay in the cytoplasm, but are
primarily localized to the nucleus. These results suggest
the presence of several complex NLSs between residues
137 and 320 which are required in combination for
exclusive localization of the T protein to the nucleus. This
region overlaps with the C-terminal half of the DNA
binding T domain and one each of the N-terminally located
transactivation and repression domains.

Discussion
The Brachyury (1) gene is required in the formation of
mesoderm during posterior development of the vertebrate
embryo and in the differentiation of the notochord of
chordates (for a review see Herrmann and Kispert, 1994),
and the hind gut of insects (Kispert et al., 1994). We
demonstrate here that the mouse T protein functions as a
transcription factor.

T has two transactivation and two repression
domains
Transcriptional activators comprise at least two functional
features, the DNA binding and the transactivation func-
tion(s). Furthermore, they frequently bear a NLS(s) which
allows translocation of the protein to the nucleus. DNA
binding and transcriptional activation functions reside in
different parts of the protein. Due to this modular structure
these functions can be separated and studied independently

from each other in vivo and in vitro (for reviews see
Johnson and McKnight, 1989; Mitchell and Tjian, 1989;
Carey, 1991; Frankel and Kim, 1991).
The DNA binding domain of transcription factors can

be categorized into a limited set of classes, e.g. the
homeodomain (Qian et al., 1989; Kissinger et al., 1990)
and the MADS (Treisman and Ammerer; 1992), ets (Nye
et al., 1992; Wasylyk et al., 1992), paired (Treisman et al.,
1991; Xu et al., 1995) and forkhead domains (Weigel and
Jackle, 1990; Lai et al., 1991) and others. The members
of each class share a high degree of sequence similarity,
often across animal and plant phyla, corresponding to a
binding motif such as zinc-fingers, helix-loop-helix or
others (Harrison, 1991).
We have recently shown that the 229 N-terminal amino

acid residues of mouse T protein encode a novel DNA
binding domain which we have termed the T domain after
the prototypic mouse T protein (Kispert and Herrmann,
1993). This DNA binding domain is highly conserved
in the Brachyury homologues of the vertebrates mouse
(Herrmann et al., 1990), chick (Kispert et al., 1995),
Xenopus (Smith et al., 1991) and zebrafish (Schulte-
Merker et al., 1992), the insect Drosophila melanogaster
(Kispert et al., 1994) and the tunicate Halocynthia roretzi
(Yasuo and Satoh, 1993, 1994). Furthermore, the Droso-
phila gene omb encodes a protein with a T domain
(Pflugfelder et al., 1992) and a growing family of T-like
genes in the mouse and in Caenorhabditis elegans, the so-
called T box genes, with hitherto unknown developmental
functions, employ such a T DNA binding domain (Bollag
et al., 1994; Agulnik et al., 1995).

In contrast to the high degree of primary structure
conservation in the DNA binding domains, the transcrip-
tional activation functions are characterized by a lack of
readily identifiable sequence motifs. Rather, activation
functions are often characterized by a distinctive amino
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NLS
137 r 1320 436

DNA-binding

230 280 313/320 380 400

Fig. 7. The domain structure of mouse T protein. TA, transactivation
domain; R, repression domain. Numbers indicate amino acid residues
in the T sequence. The location of the NLS is indicated by a bracket.

acid composition. Domains rich in acidic residues, in the
hydroxylated residues serine, threonine and tyrosine and
in proline and glutamine have been described (Hope and
Struhl, 1986; Courey and Tjian, 1988; Mermod et al.,
1989). In some cases several activation domains can be
found in one protein; some function additively, others are
redundant (Hollenberg and Evans, 1988; Pani et al., 1992;
Hwang et al., 1993; Nagpal et al., 1993).

In this report we developed a co-transfection assay in
HeLa and Cos7 cells to investigate the transcriptional
activation properties of T. Using a reporter gene construct
with the palindromic T binding site BS.p and expression
plasmids encoding full-length and truncated versions of T
protein we demonstrate that T transactivates a reporter
gene upon binding to a target site. The C-terminal half of
the T protein mediates these transcriptional activation
properties. It contains two alternately arranged transactiva-
tion and repression domains. The extents of these domains
have been determined relatively precisely. A first activation
domain was determined to lie between residues 230 and
280 and a second between residues 313 and 380 (Figure
7). The latter domain is particularly rich in hydroxylated
amino acid residues, whereas in the first serine, threonine,
glycine and proline residues are prominent. No similarity
with other activation domains at the primary structure
level has yet been detected. Both activation domains
function in a heterologous context as fusions with the
DNA binding domain of the yeast transcription factor
GAL4. This demonstrates that these activation domains
function autonomously, a characteristic of a number of
transcription factors (Hollenberg and Evans, 1988; Nagpal
et al., 1993).
The deletion analysis also revealed that the activation

functions are additive. The loss of one domain does not
abolish activation, but decreases activation levels. When
stripped of surrounding sequences both domains behave
as very strong transcriptional activators. They exceed the
activation values of the entire C-terminal half of the T
protein several-fold when fused to the heterologous DNA
binding domain of GAL4. In cis, i.e. in the context of the
other residues of the T protein, the activity of these
domains is clearly attenuated. The intervening sequence
from 281 to 320 and the C-terminal residues from 401 to
436 act as repressing domains. It is not clear, however,
whether they only function in cis. It seems that at least
the C-terminal domain (R2) can repress the already low
basal level of the globin promoter further, but a more
careful analysis is required to substantiate this point.

Both activation domains show some degree of conserva-
tion between the vertebrate T proteins. This observation
suggests that a similar domain structure, as described here
for mouse T, may also be expected for the chick, Xenopus
and zebrafish T proteins.
The conservation of sequence and functional motifs

might also extend to the NLSs. In our deletion analysis
we were able to define the region between amino acid
residues 137 and 320 as necessary and sufficient to achieve
exclusive nuclear localization of the T protein. Further
truncation from either side led to partial cytoplasmic
retention of the T protein. Nuclear localization signals
have been defined in various proteins and are characterized
by a high occurrence of basic amino acid residues within
short sequence stretches. In the classical case of the SV40
large T NLS a heptamer containing five basic residues
has proven to be necessary and sufficient for nuclear
localization (Kalderon et al., 1984). The SV40 large T
signal has been referred to as a special form of the more
general so-called bipartite NLS. In the latter two basic
clusters of amino acid residues are separated by a spacer
of 8-10 unrelated residues (Dingwall and Laskey, 1991;
see Garcia-Bustos et al., 1991 for a review). The large
region of T found to be necessary for exclusive nuclear
localization points to the existence of multiple NLSs.
Candidates for such signals are represented by the clusters
of basic residues in the region of amino acid residues
145-151 (three out of seven) and of amino acid residues
278-286 (three out of nine). In accordance with the
functional significance of the NLS the basic residues
within these regions are unchanged in all vertebrate
T proteins.

The regulatory properties of T protein in the
embryo might depend on interaction with
accessory proteins
We have recently described the molecular structure of two
mutant T alleles, T and Twis (Herrmann and Kispert,
1994), which give rise to T proteins truncated at the C-
terminus. According to the data shown here the ]7 protein,
which is truncated after position 387 due to a reading
frame shift, would have lost the C-terminal repression
domain and therefore would be expected to confer a higher
transactivation activity than wild-type T protein. Our
preliminary results suggest that this may indeed be so
(data not shown). In the case of the Twis protein, which
is truncated presumably after position 345, the C-terminal
transactivation and repression domains (TA2 and R2)
should be inactivated, resulting in a somewhat reduced
transactivation activity.

In terms of understanding the nature of these mutant
proteins it is important that either protein is still able to
transactivate a reporter construct in cultured cells to a
degree that is comparable with wild-type protein. However,
none of them has wild-type T activity in embryos or
supports mesoderm formation and notochord differentia-
tion. Thus T protein function in the embryo seems to
require the interaction of accessory factors with the trans-
activation and/or repression domains of T and it is this
interaction which might be impaired in the mutants.

In addition, wild-type T protein plays different roles in
the notochord and in nascent mesoderm, in correlation
with a continuous versus a transient expression in the two
cell types (Herrmann and Kispert, 1994). This suggests
that T controls different target genes in the two embryonic
T expression domains, which is explainable by control of
accessability of T binding sites or by interference by or
interaction with other regulatory proteins.

In vitro data support the idea that interaction of accessory
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proteins with T may be important for proper T protein
function. Binding of antibodies to DNA-T protein com-
plexes dramatically improves complex stability in vitro.
The BS.1-6-T protein complex appears more stable than
complex BS.2-24-T, whereas after addition of antibodies
both binding sites appear to be equally well bound. In
cultured cells BS.2-24 is a much better target than BS. 1-6,
in that it confers approximately twice as much reporter
gene expression as BS.1-6 or the palindrome BS.p.
One possible role of accessory proteins might be

formation of a bridge between two T proteins bound to
neighbouring target sites. The 4-fold enhancement of
transactivation of a reporter gene with two T sites com-
pared with that with one by T protein might be the result
of such an interaction. Another possible role might be
stabilization of target DNA-T protein complexes. A third
possibility might be that the type of accessory protein
which interacts with T determines whether T functions as
an activator or a repressor of a target gene. Twis or 'T
would then be expected to misregulate such target genes
due to impaired protein-protein interactions.

Recently Rao (1994) generated XBra mutant genes
whose functions were studied in the classical Xenopus
animal cap assay. Whilst C-terminal deletions of XBra
corresponding to the 'F and Twis proteins still had meso-
dermalizing activity in this ectopic site, the B304 form of
Xbra encoding only the 304 N-terminal amino acid
residues antagonized wild-type protein and exhibited a
neuralizing activity. According to our results on mouse T,
B304 would have retained the DNA binding and one
transactivation domain, provided Xbra has the same
domain structure as mouse T. This would suggest that
B304 might escape regulatory influences imposed by
proteins interacting with the transactivation and/or repres-
sion domains of wild-type Xbra protein. Thus B304 might
misregulate target genes of Xbra, the simplest assumption
being that it might thereby activate expression of neuraliz-
ing genes which would normally be repressed by wild-
type Xbra during early mesoderm formation.

T activates gene transcription through variously
arranged and spaced T haff sites
We have demonstrated that T protein can bind and
transactivate transcription from various binding sites. Two
of the constructs tested mediated a higher activity than
the palindrome derived from sequences isolated by binding
site selection in vitro. These data show that the in vitro
selection procedure was biased due to the fact that only
26 bp were offered for binding, with a minimum of 20 bp
required by T protein (Kispert and Herrmann, 1993).
We have identified one particular target site, BS.2-24,

which consists of an inverted repeat of two palindromic
half sites separated by a 24 bp spacer, which confers
better transactivation activity on T than the palindrome.
Most other sites tested, including an inverted repeat with
a 21 bp spacer, were less effective as cis acting elements.
This shows that the spacing of binding half sites is
important for transactivation and suggests that genomic
target genes may have two or multiple, spaced binding
half sites for T as cis regulatory elements. It is also
conceivable that in different target genes different arrange-
ments and spacings of binding half sites of T are utilized
as a means of controlling the degree of transcriptional

activation of the target gene. The importance of spacing
and orientation of binding half sites has clearly been
demonstrated in the cognate sites for the transcription
factors of the thyroid/steroid receptor superfamily
(Stunnenberg, 1993).
Genomic target genes will have to be isolated to study

the properties of T protein and its interactions with DNA
and protein factors in the embryo. The availability of
target genes is also a prerequisite for a better understanding
of the role of T in embryogenesis.

Materials and methods
Plasmids and DNA constructs
BS.p was constructed by self-annealing the oligonucleotide 5'-GGG-
AATTTCACACCTAGGTGTGAAATTCCC-3', which represents a 24 bp
palindromic fragment flanked by SmaI half sites. The plasmid pBS.p
was made by inserting one BS.p fragment in the SmaI site of pBluescript
KS, whereas in the case of pBS.p2 two copies of BS.p were inserted.
In order to construct the pBS. 1-6 plasmid, two T binding half sites
BS.p/2, produced by annealing the oligonucleotides 5'-GGGAGGTGTG-
AAATTCCC-3' and 5'-GGGAATTTCACACCTCCC-3', were inserted
in tandem into the SmaI site of pKS. Therefore the direct repeat of the
AGGTGTGAAATT sequence is separated by a SmaI restriction site, a
6 bp spacer. For electrophoretic mobility shift analysis a BamHI-HindIII
fragment from pBS. 1-6 was isolated and labelled by filling in recessive
ends with [a-32P]dCTP and cold dGTP, dATP and dTTP using the
Klenow fragment of Escherichia coli DNA polymerase. For the DNase
I protection analysis the XhoI-SacI fragment was employed. To obtain
the pBS.2-24 plasmid, harbouring two binding half sites in inverted
direction with a 24 bp spacer, plasmid pBS.p/2 with the BS.p/2 fragment
inserted in the SmaI site of pKS was opened at the EcoRV site and
another BS.p/2 fragment inserted. As in the case of pBS. 1-6, the BamHI-
HindIII fragment was used as a probe in EMSA, whereas the XhoI-SacI
fragment was employed in the DNase I protection analysis.

pBS. 1-x and pBS.2-x plasmids were constructed in a stepwise manner.
First oligonucleotide 5'-CTAGAAGGTGTGAAATTG-3' was annealed
with oligonucleotide 3'-TrCCACACTTTAACCTAG-5' and the double-
stranded fragment with overhanging XbaI and BamHI sites was ligated
with XbaI-BamHI-cut vector pBluescript KSII. In order to introduce a
second T binding half site into this construct the plasmid was opened
with ClaI and SailI and a double-stranded fragment with compatible sites
was inserted. In the case of the pBS. 1-42 plasmid, having a direct repeat
of the half sites, this fragment was produced by annealing oligonucleotide
5'-CGATAGGTGTGAAATTG-3' with 3'-TATCCACACTTTAACA-
GCT-5', in the case of pBS.2-42, which has an inverted repeat of the
half sites, oligonucleotides 5'-CGATAATTTCACACCTG-3' and 3'-
TATTAAAGTGTGGACAGCT-5' were annealed. To obtain pBS.l-9 and
pBS.2-9, plasmids that harbour binding half sites with a 9 nt spacer,
pBS. 1-42 and pBS.2-42 respectively were cut with BamHI and ClaI, the
recessive ends filled in with the Klenow fragment of Ecoli DNA
polymerase and the fragments re-ligated. In the case of pBS. 1-21 and
pBS.2-21, plasmids with 21 bp spacing of the half sites, the parental
plasmids pBS.1-42 and pBS.2-42 respectively were cut with SmaI and
EcoRV and re-ligated. The spacing in the plasmid with an inverted
repeat, pBS.2-42, was increased to -200 bp by inserting a 200 bp EcoRI
fragment into the EcoRI cloning site of the vector. To separate further
the inverted half sites a 1000 bp BamHI fragment was cloned into the
BamHI site. The pBP4.T plasmid for in vitro transcription of full-length
T RNA was described earlier (Kispert and Herrmann, 1993).
The expression vector pSG5.T was constructed by inserting the EcoRI

fragment of cDNA pme75 (Herrmann et al., 1990), harbouring the full-
length Brachyury cDNA, into the EcoRI cloning site of eukaryotic
expression vector pSG5 (Stratagene). For expression of C- or N-
terminally truncated T proteins the respective region was amplified from
the T cDNA pme75 by polymerase chain reaction using primers
containing EcoRI sites for insertion into the EcoRI cloning site of pSG5.
In all sense primers an endogenous ATG is adjacent to the EcoRI
restriction site, in the antisense primers a stop codon was introduced 3'
of the EcoRI restriction site. In the N-terminal deletion constructs an
EcoRI site in the 3' untranslated region of pme75 was utilized.
The expression vector pXJ40-GAL4(1-147) (Webster et al., 1988;

Xiao et al., 1991; Hwang et al., 1993) was used to express chimeric
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proteins of the DNA binding domain of GAL4 (residues 1-147) and the
full-length or truncated T proteins in experiments aimed to determine
the extent of the transactivation domains in the T protein. The
pXJ40.GAL4(1-147)-T series of expression constructs was produced
by amplifying the respective region of the TcDNA pme75 by polymerase
chain reaction using primers with Clal and BamHI restriction sites
respectively to insert into the respective sites in the pXJ40.GAL4(1-
147) vector. The sense primers (with a Clal restriction site) were
designed to create an in-frame fusion of T and GAL4, the antisense
primers harboured an in-frame stop codon 3' to the BamHI restriction
site. pCMVb (McGregor and Caskey, 1989) was used as a reference
plasmid in co-transfection experiments.

All reporter plasmids used in the co-transfection experiments are
derivatives of the pG.CAT vector (Klein-Hitpass et al., 1986; Webster
et al., 1988). In this vector multiple cloning sites for the insertion of
putative enhancer fragments are located upstream of a rabbit f3-globin
minimal promoter, which confers only basal transcriptional activity. For
pG.CAT.BS.p, pG.CAT.BS.p2, pG.CAT.BS.1-6 and pG.CAT.BS.2-24
BamHI-HindIII fragments were released from plasmids pBS.p, pBS.p2,
pBS.1-6 and pBS.2-24 respectively and ligated with the BamHI-HindIII-
cut vector pG.CAT. To test other spaced binding half sites in the reporter
gene assay XbaI-Sall fragments were isolated from the pBS. I -x and
pBS.2-x cloning vectors and inserted into the compatible sites of pG.CAT
to create the reporter plasmids pG.CAT.BS.I-x and pG.CAT.BS.2-x
respectively.
UAS-G-CAT, the reporter plasmid used in the co-transfection experi-

ments with GAL4-T expression constructs was made by isolating a
Sau3A fragment containing the pentameric GAL binding site UAS from
UAS-tk-CAT (Webster et al., 1988; Hwang et al., 1993) and inserting
it into the BamHI cloning site of pG.CAT. This essentially replaces the
thymidine kinase promoter by the globin promoter and results in a higher
basal activity.

In vitro transcription, in vitro translation and electrophoretic
mobility shift assay
In vitro transcription of T RNA and translation in rabbit reticulocyte
lysates to obtain full-length T protein, as well as EMSA, were performed
as described previously (Kispert and Herrmann, 1993). For antibody
shift analysis I ,ul ua-TC328-420 antiserum raised against a C-terminal
portion of the T protein was added to the samples and incubation
continued for another 15 min.

DNase I footprinting analysis
DNase I footprinting analysis was performed exactly as described for
the BS.p binding site (Kispert and Herrmann, 1993). The DNA fragments
used in this assay were derived from pBS. I -6 and pBS.2-24 respectively.
The plasmid was cut with XhoI and the recessive ends filled in with
[_t-32PJdCTP and cold dGTP, dATP and dTTP using the Klenow fragment
of Ecoli DNA polymerase. The fragment with the binding site was
released by digestion with Sacl, gel purified and isolated using the
Mermaid-Kit (Bio 101).

Transient transfection, CAT assays and Western analysis
HeLa or Cos7 cells, maintained in Dulbecco's modified Eagle's medium
containing 10% fetal calf serum, were transfected using the calcium
phosphate precipitation procedure (Graham and van der Eb, 1973). In
all experiments cells were grown in 60 mm dishes to 70-80% confluence
and transfected with 3 ,ug reporter plasmid, 2 jig expression plasmid,
I gg internal lacZ reference plasmid pCMVb and 2 jig pBluescript
(Stratagene) as a carrier. The medium was changed after 6 and 24 h
incubation (37°C, 5% C02). Cell extracts were prepared 48 h after
transfection (Hall, 1982). Transfection efficiency was first standardized
by ,B-galactosidase assays and the appropriate amount of cell extract was
then used in a CAT assay as previously described (Gorman et al., 1982)
or using the CAT ELISA kit (Boehringer Mannheim). Radiolabelled
CAT assays were quantified following thin layer chromatography with
scintillation counting. Each assay was performed in duplicate and
repeated at least three times. Standardized (by 3-galactosidase assay;
transfection efficiencies varied by a factor of two) amounts of cell
extracts were separated by SDS-PAGE, Western blotted and incubated
with a polyclonal antibody against GAL4 (Santa Cruz Biotechnology)
according to standard protocols. Immunodetection was performed with
peroxidase-coupled goat anti-rabbit antibodies and the ECL system
(Amersham).

Immunocytochemical in situ detection of T proteins
Cos7 cells were grown to 70% confluence in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum. The medium

was removed and cells incubated in 2.5 mM chloroquine, 500 mg/ml
DEAE-dextran, 1 mg/ml pSG5.T expression plasmid in medium for
2.5 h (37°C, 5% CC2). Cells were subsequently washed with phosphate-
buffered saline (PBS) and medium and grown for 24 h in medium before
they were split 1:2 and seeded on coverslips. After 24 h the cells on the
coverslips were prepared for T protein detection. After two washes with
PBS (5 min each) cells were fixed in 4% paraformaldehyde in PBS for
I h. The paraformaldeyde was removed by two PBS washes and the
cells were permeabilized with 50% methanol/PBS for 2 min and 100%
methanol for 10 min. Subsequently cells were equilibrated in PBS for
30 min before free aldehyde groups were blocked in 1 M glycine for 30
min. After a 5 min wash in PBS endogenous peroxidases were destroyed
by a 5 min incubation in 3% H202 in PBS. After a 5 min wash in PBS,
a 5 min wash in PBST (0.05% Tween-20 in PBS) and a 5 min pre-
incubation in PBSTN (10% fetal calf serum in PBST) the primary
antibody was applied for I h in PBSTN (1:500 diluted ax-TNI-123 or
ot-TC327-420 respectively). Primary antibody was removed by washes
in PBST (4X5 min) and PBSTN (1 X5 min) before the secondary
antibody (FITC-conjugated goat-anti-rabbit; Jackson ImmunoResearch)
was applied (I h in PBSTN). The PBST washes were repeated. Cells
were mounted in DPX (Fluka) and photographed on Kodak Ektachrome
320T film.
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