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Molecular characterization of a zebrafish TCF ETS-domain

transcription factor
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The ternary complex factor (TCF) subfamily of ETS-
transcription factors represent key nuclear targets of the
MAP kinase pathways. Members of this subfamily are
classified by the presence of several conserved domains
for DNA binding, interaction with SRF, interaction with
MAP kinases and transcriptional activation. In this
studly we have isolated a further member of this
subfamily (7CF-1) from zebrafish. The protein product
of zebrafish TCF-1 (zTCF-1), shares sequence similarity
with the mammalian TCFs in all four conserved domains,
with highest overall similarity to SAP-1. Zebrafish TCF-
1 is expressed throughout zebrafish embryonic develop-
ment and exhibits typical TCF DNA binding character-
istics, with the B-box being required for interaction with
SRF. Of the mammalian TCFs, its DNA binding
specificity resembles Elk-1. zTCF-1 is a target for both
the growth factor/mitogen-activated and stress-activated
MAP Kkinase cascades in vitro and in vivo. However,
differential targeting occurs, with the profile of its
activation closely resembling that of mammalian SAP-
1. Together, our results demonstrate that the TCFs have
been functionally conserved during vertebrate develop-
ment.
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Introduction

The ternary complex factors (TCFs) represent a
subfamily of the ETS-domain transcription factors
(reviewed in Treisman, 1994). In mammals, there are
three known TCFs, Elk-1, SAP-1 and SAP-2/ERP/Net.
Members of this subfamily are characterized by a high
degree of sequence conservation in their ETS DNA-
binding domains and in three additional conserved
domains; the B-box, D-domain and C-domain (see
Figure 1 and 3a). The B-box is required for efficient
ternary complex formation with SRF and the c-fos
SRE (Dalton and Treisman, 1992; Janknecht et al.,
1994; Hill et al., 1993; Price et al., 1995; Giovane et al.,
1994; Lopez et al., 1994; Shore and Sharrocks, 1994).
In Elk-1, the D-domain has been shown to act as a
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docking motif for the ERK and JNK MAP kinases
(Yang et al., 1998a,b) and the C-domain is a MAP
kinase-regulated transcriptional activation domain
(TAD) (reviewed in Treisman, 1994).

In addition to forming ternary DNA-bound com-
plexes with SRF, TCFs exhibit an autonomous, SRF-
independent binding activity to higher affinity binding
sites (reviewed in Treisman, 1994). In comparison to
SAP-1, Elk-1 exhibits a more stringent DNA binding
specificity (Shore and Sharrocks, 1995) whereas SAP-2
also differs and exhibits an intermediate specificity
(Shore et al., 1996; ALB, unpublished data). Both
autonomous and SRF-dependent DNA binding by
TCFs are controlled by cis-acting negative regulatory
domains. In FElk-1 and SAP-1, the B-box appears
sufficient to inhibit DNA binding although further
inhibitory effects are exerted by C-terminal amino acids
(Dalton and Treisman, 1992; Janknecht et al., 1994). In
the case of SAP-2, DNA binding appears to be
inhibited by a combination of the C-terminal TAD
and an additional domain, the net inhibitory domain
(NID), which is located immediately C-terminal to the
B-box (Giovane et al., 1994; Lopez et al., 1994; Price et
al., 1995; Maira et al., 1996). However, ternary
complex formation by SAP-2 is inefficient in compar-
ison to Elk-1 and SAP-1 (Price et al., 1995). In the case
of Elk-1 and SAP-1, phosphorylation of their C-
terminal TAD by MAP kinases, leads to the relief of
inhibition and the activation of their DNA binding
activity (Sharrocks, 1995; Gille et al., 1992, 1995a,b;
Whitmarsh et al., 1995, 1997).

All three mammalian TCFs can be phosphorylated
and activated by MAP kinases in vitro and in vivo.
However, the response of each TCF to individual
growth factor-regulated (ERK) and cytokine/stress-
inducible (JNK and p38) MAP kinase pathways differs.
Elk-1 is efficiently phosphorylated in vitro and
activated in vivo by ERK, JNK and p38«, p38f, and
p38y (reviewed in Treisman, 1996; Price et al., 1996;
Janknecht and Hunter, 1997, Whitmarsh et al., 1997;
Enslen et al., 1998) although in the case of the p38
isoforms, targeting via the D-domain does not occur
(Yang et al., 1998b). In contrast, SAP-1 is a good
target for ERK and p38a but is a poor JNK substrate
(Whitmarsh et al., 1995, 1997; Price et al., 1996; Strahl
et al., 1996). SAP-2 also appears to only be a good
substrate for all the ERK and p38z MAP kinase
isoforms (Price et al., 1996).

The in vivo role of the TCFs is currently poorly
understood although one of their functions is to
regulate the expression of immediate-early genes in
response to various inductive stimuli (reviewed in
Treisman, 1994; Cahill et al., 1996). Elk-1 has been
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shown to be expressed in an active form in cells of the
nervous system within the brain, suggesting a role in
regulating neuronal gene expression (Sgambato et al.,
1998). In this study, we have isolated a cDNA
encoding a member of the TCF subfamily from
zebrafish (TCF-1) which is expressed during early
development. The high degree of sequence similarity
and DNA binding properties of the protein product of
zebrafish TCF-1 (zTCF-1) demonstrate that it is
conserved at both the sequence and functional levels
with its mammalian counterparts. Moreover, in
common with mammalian TCFs, zZTCF-1 is activated
and phosphorylated in a differential manner by a series
of MAP kinase pathways and thereby can respond to
diverse signals mediated by growth factors, mitogens,
cytokines and stress. The identification and character-
ization of a TCF homologue from zebrafish is an
important step in understanding the role of this
subfamily of ETS-domain transcription factors in
mediating the action of MAP kinase pathways during
vertebrate development.

Results

Cloning of a member of the TCF subfamily of
ETS-domain proteins from zebrafish

A c¢cDNA encoding part of the conserved ETS DNA-
binding domain of a putative zebrafish TCF homologue
(TCF-1) was amplified from an embryonic zebrafish
cDNA pool using degenerate oligonucleotides and used
to screen an embryonic cDNA library. One of the

A ETS-Domain

isolated cDNAs (&~ 1.9 kb) was sequenced and shown to
contain an open-reading frame of 1329 nucleotides
encoding a protein of 443 amino acids with a predicted
molecular mass of 47 kDa (Figure 1a).

The amino acid sequence of the protein product of
zebrafish TCF-1 (ZTCF-1) shares strong homology with
the mammalian members of the TCF subfamily of ETS-
domain proteins (Figure 1a). In particular, high amino
acid sequence conservation is exhibited within the ETS-
domain (82, 80 and 76% identical to SAP-1, SAP-2 and
Elk-1 respectively) with further strong similarity within
the other three functional domains conserved in this
subfamily (the B-box and D- and C-domains). The
mammalian TCFs are known targets of several MAP
kinase cascades (reviewed in Treisman, 1996; Whit-
marsh and Davis, 1996; Janknecht and Hunter, 1997;
Price et al., 1996; Whitmarsh er al., 1997; Strahl et al.,
1996). Five potential phosphoacceptor sites for MAP
kinases are conserved amongst zTCF-1 and the
mammalian family members (Figure la). All these
sites in the mammalian TCFs have been shown to be
phosphorylated by one or more of the MAP kinases in
vitro and in vivo.

Overall, the protein product of zebrafish TCF-I
shows strongest identity to human SAP-la (56%
overall identity) with 47 and 38% overall identity
observed between SAP-2 and Elk-1 respectively.
Furthermore, phylogenetic analysis suggests that
zebrafish TCF-1 is more closely evolutionarily related
to SAP-1 than to the other two mammalian TCFs
(Figure 1b). From primary sequence comparisons,
zebrafish TCF-1 is therefore most likely to represent
a homologue of mammalian SAP-1.
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Figure 1 (a) Alignment of the amino acid sequences of zebrafish TCF-1 and human Elk-1 (Rao et al., 1989), SAP-1a (Dalton and
Treisman, 1992) and SAP-2 (Price et al., 1995). Residues which are identical in all four proteins are indicated by asterisks. The
highly conserved B-box and ETS-, D-, and C-domains are boxed. An additional region conserved amongst zTCF-1, SAP-1 and
SAP-2 is boxed and shaded. Potential MAP kinase phosphorylation sites conserved amongst all four proteins are highlighted. (b)
Clustal analysis (PC/GENE) of the phylogenetic relationship amongst zebrafish TCF-1, and mammalian Elk-1, SAP-1 and SAP-2



Expression of zebrafish TCF-1 during embryonic
development

In order to demonstrate that zebrafish TCF-1 is
expressed during early development, its expression
was detected using RT-PCR (Figure 2). As a
control, its expression profile was compared to EF-Iu
which is a ubiquitously expressed translation elonga-
tion factor. Initial experiments were carried out to
ensure that the PCR reaction was in the linear range
(Hair and Sharrocks, data not shown). Zebrafish TCF-
1 transcripts could be detected at low levels during the
earliest stages examined (0—2h post fertilization
(hpf)). The expression of TCF-I increased substan-
tially after 3 hpf and was maintained during the first
48 h of development (Figure 2, lanes 2—7). The relative
expression levels of zebrafish TCF-1 at each stage
closely mirrored that of EF-/o, albeit at a lower level.
In order to detect its spatial and temporal expression
pattern, whole mount in situ hybridization experiments
were carried out. However, no specific zebrafish TCF-1
expression pattern could be detected (data not shown;
see Discussion).

DNA binding properties of zTCF-1

The mammalian TCFs Elk-1 and SAP-1 efficiently
form ternary complexes with SRF and the c-fos SRE.
Ternary complex formation requires a combination of
protein-DNA interactions by the ETS-domain and
binding to SRF via the B-box (reviewed in Treisman,
1994). SAP-2 also exhibits ternary complex forming
ability but its efficiency is much reduced in comparison
to SAP-1 and Elk-1 unless C-terminal truncations are
made (Price et al., 1995). All the TCFs can bind to the
high affinity E74-like binding motifs in an SRF-
independent manner (Dalton and Treisman, 1992;
Janknecht et al., 1994; Lopez et al., 1994; Giovane et
al., 1994; Whitmarsh et al., 1995; Price et al., 1995).
The DNA binding properties of zTCF-1 were
investigated on the c-fos SRE and the E74 site
(Figure 3). A series of truncated zTCF-1 proteins
were produced to analyse the contribution of the
conserved domains to DNA binding (Figure 3a).

123 4567 8

Figure 2 Expression of zebrafish TCF-1 and EF-lo during early
embryonic development. RT—-PCR was carried out with specific
primer pairs for zebrafish TCF-1 (top panel) and EF-/o (bottom
panel) with RNA samples from embryos at preMBT (0-2 h),
blastula (3 h), gastrula (6 h), segmentationl(10—12 h), segmenta-
tion (12—14 h), 24 h, 48 h. The times given are hours post
fertilization (hpf). The negative control in lane 8§ was carried out
in the absence of RNA
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Autonomous binding of the zTCF-1 proteins to the
SRE in the absence of SRF could not be detected (data
not shown). However, in the presence of SRF, ternary
ZTCF-1-SRF-SRE complexes could be detected (Figure
3b). Full-length zTCF-1 formed weak ternary com-
plexes (not visible in Figure 3b; see Figure 5).
However, a series of C-terminally truncated deriva-
tives efficiently formed ternary complexes with the
exception of zZTCF1-92 in which the B-box region was
removed (Figure 3b lanes 1-6). In the absence of SRF,
all the zZTCF-1 derivatives efficiently bound the E74 site
(Figure 3c) except the full-length protein which bound
this site with reduced affinity (not visible in Figure 3c;
see Figure 5).

Together these results demonstrate that the ETS-
domain is sufficient to mediate zZTCF-1 binding to high
affinity sites but that the B-box is required to form
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Figure 3 DNA binding by zTCF-1. (a) Schematic illustration of
the domain structure of the full-length and truncated proteins
used in (b) and (¢). Numbers indicate the positions of residues
with respect to the full-length proteins. (b) and (c¢) Gel retardation
analysis of wild-type and truncated zTCF-1 proteins bound to the
c-fos SRE (b) or E74 (¢) binding sites. Binding to the SRE was
carried out in the presence of core® . The position of binary
SRF-SRE complexes is indicated (2°). Arrows represent ternary
ZTCF-1-SRF-SRE (b) and binary zTCF-1-E74 (¢) complexes
formed by the indicated ‘full-length’® zZTCF-1 derivatives. (¥)
Represents a complex formed by a C-terminally degraded/
truncated zTCF-1 protein whereas (#) represents complexes
formed by a protein from the rabbit reticulocyte lysate. Equal
molar quantities of each protein are used in the binding reactions
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ternary complexes with SRF and the c-fos SRE. The C-
terminal end of the protein appears to represent an
inhibitory domain as its removal stimulates complex
formation on both the E74 site and the SRE. zZTCF-1
therefore shares many of the DNA binding properties
exhibited by mammalian TCFs (see Discussion).

The mammalian TCFs exhibit different DNA
binding specificities with FElk-1 showing a more
stringent specificity than either SAP-1 or SAP-2
(Shore and Sharrocks, 1995; Shore et al., 1996). The
binding of zTCF-1 to a series of sites containing ets-
motifs was therefore tested. zZTCF-1 bound to these
sites with differing efficiencies (Figure 4a). In compar-
ison to Elk-1 and SAP-1, the relative binding
efficiencies of zZTCF-1 closely mirrors those exhibited
by Elk-1 (Figure 4b). SAP-1 exhibits a lower site-
selectivity and binds all the tested sites better than
either zZTCF-1 or Elk-1 (Figure 4b; Brown et al.,
1998a). The DNA binding specificity of zTCF-1 is
therefore most similar to that of human Elk-1 (see
Discussion).

In vitro phosphorylation and activation of zTCF-1 by
MAP kinases

The mammalian TCFs are known targets of both the
mitogen-activated (ERK) and stress-inducible (JNK
and p38) MAP kinase cascades (reviewed in Treisman,
1996; Whitmarsh and Davis, 1996; Janknecht and
Hunter, 1997; Price et al., 1996; Whitmarsh et al.,
1997; Strahl et al., 1996). ZTCF-1 was therefore tested
as a potential substrate for representative members of
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Figure 4 The DNA binding specificity of zTCF-1. (a) Gel
retardation analysis of zZTCF1-92 binding to a panel of ets
binding sites. (b) Quantification of the data from part (a) in
comparison to the binding of the equivalent DNA-binding
domains from Elk-1 (Elk-1-93) and SAP-1 (SAP1-92) to the
same series of sites (Brown et al., 1998a). Data are quantified
relative to the binding of each protein to the S27 site (taken as
100%). The central six nucleotides of the ets-motifs are boxed
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Figure 5 ZzTCF-1 is an in vitro target for MAP kinases. (a) Schematic illustration of the domain structure of the GST—TCF fusion
proteins which contain the C-terminal regions of Elk-1, zTCF-1 and SAP-1. (b) The phosphorylation of the indicated GST-TCF
fusion proteins by MAP kinases was examined using either activated ERK2, JNK-2, p38ax or p38y. The activity of each protein
kinase towards the substrate GST-Elk310 was standardized with respect to activated ERK2 (0.1U, NEB). Kinase assays were
performed for 15 min at 30°C with equal molar quantities (Spmoles) of GST fusion proteins as substrates. (¢) Binding and
phosphorylation assays. Equal molar quantities (37.5 pmol) of the indicated GST fusion proteins were immobilized onto glutathione
agarose beads and incubated with ERK2 (1U) for 4 h at 4°C. After extensive washing, the beads with the remaining bound kinase
were incubated with [y-**PJATP in kinase buffer for 2 h at 30°C. (d) Phosphorylation of the indicated GST—TCF fusions by ERK2
in the presence of a competitor peptide corresponding to the Elk-1 D-domain. Kinase assays were carried out as described in part
(b) except the MAP kinases were preincubated in the absence (lane 1) or presence of competitor peptides (100 —1000-fold excess over
the indicated GST-fusion substrates); 1 nmoles (lane 2) and 10 nmoles (lanes 3). (e) Gel retardation analysis of non-phosphorylated
(lanes 1 and 3) and phosphorylated (lanes 2 and 4) zTCF-1 binding to the c-fos E74 (lanes 1—2) or SRE (lanes 3—4) binding sites.
Binding to the SRE was carried out in the presence of coreSRF. Labelling of the complexes is as described in Figure 3



the different classes of MAP kinases. Elk-1 is efficiently
phosphorylated in vitro by ERK2, JNK2, p38x and
p38y (Figure 5b, lane 1). However, in comparison,
ZTCF-1 and SAP-1 are only efficiently phosphorylated
by ERK2 and p38« (Figure 5b lanes 2 and 3).

ERKs have been demonstrated to interact directly
with Elk-1 (Rao and Reddy, 1994; Cano et al., 1995;
Yang et al., 1998a) by binding to the D-domain (Yang et
al., 1998a). The binding of ERK2 to the C-terminal
domains of Elk-1, zZTCF-1 and SAP-1 was investigated
by incubation of the ERK2 with GST fusion proteins
immobilised on glutathione-agarose beads. Specifically
bound proteins were obtained by co-precipitation with
the beads followed by removal of non-specifically bound
proteins by extensive washing. Bound kinases were
subsequently detected by incubation of the final
precipitates with y*?P-ATP to detect phosphorylation of
the GST fusion proteins. Binding of ERK2 was detected
to Elk-1, ZTCF-1 and SAP-1 (Figure 5c lanes 1-3).
Peptide competition assays using a peptide derived from
the Elk-1 D-domain have been used to demonstrate the
binding of ERK2 to its substrate occurs via the D-
domain (Yang et al., 1998b). Similarly, incubation of
ERK?2 with the D-domain peptide blocks its ability to
efficiently phosphorylate zZTCF-1 and SAP-1 (Figure 5d),
indicating that targeting of ERK2 to zZTCF-1 is required
for efficient phosphorylation.

DNA binding by mammalian TCFs is activated by
phosphorylation (Sharrocks, 1995; Gille et al., 1992,
1995a, b; Whitmarsh et al., 1995, 1997). In vitro
translated full-length ZTCF-1 binds DNA inefficiently
(Figure 3), therefore we tested whether phosphoryla-
tion by MAP kinases stimulates its DNA binding
activity. Phosphorylation of zTCF-1 by ERK2
stimulates its ability to bind autonomously to the
high affinity E74 site (Figure Se lanes 1—2) and to form
ternary complexes with SRF and the c-fos SRE (Figure
Se lanes 3—4).

Together these results demonstrate that zTCF-1 is
selectively phosphorylated by different classes of MAP
kinases in vitro which leads to the activation of its
DNA binding activity.

Activation of zTCF-1 by M AP kinase cascades in vivo

Mammalian TCFs also exhibit different responses to
individual growth factor/mitogen-activated and stress-
inducible MAP kinase cascades in vivo (reviewed in
Treisman, 1996; Whitmarsh and Davis, 1996; Jan-
knecht and Hunter, 1997, Price et al., 1996; Whitmarsh
et al., 1997; Strahl et al., 1996). For example, JNKs
only poorly phosphorylate and activate SAP-1 in
comparison to Elk-1 (Whitmarsh et al., 1995; Gille et
al., 1995b; Strahl et al., 1996; Price et al., 1996). The
response of ZT'CF-1 to different classes of MAP kinases
in vivo was therefore tested (Figure 6).

EGF activates the endogenous ERK pathway in
COST7 cells and stimulates transcriptional activation by
Elk-1 (Yang et al., 1998a). Similarly, both SAP-1 and
ZTCF-1 are activated by EGF stimulation (Figure 6a).

The stimulation of CHO cells with IL-1 leads to the
activation of Elk-1 by the JNK pathway and SAP-1 by
an unknown kinase (Figure 6b; Whitmarsh et al.,
1997). zTCF-1 is also activated in response to IL-1
stimulation (Figure 6b). However, this activation is not
inhibited by the JNK inhibitor protein JIP-1 (Figure
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6b) or by a dominant negative form of MKK4 (data
not shown), indicating that in common with SAP-1,
ZTCF-1 is activated by a novel IL-1-inducible kinase.
Elk-1 (Whitmarsh et al., 1997; Price et al., 1996) and
SAP-1 (Price et al., 1996; Janknecht and Hunter, 1997)
can also be activated by the p38 MAPK kinase
cascades in vivo. Elk-1 is activated by both p38x and
p38y when cotransfected with a constitutively active
version of the upstream kinase MKK6 (Figure 6¢). In
contrast, ZTCF-1 and SAP-1 are activated by p38« but
neither is significantly activated by p38y (Figure 6c).
Collectively, these results demonstrate that zZTCF-1
is differentially activated by different classes of growth
factor/mitogen- and stress-activated MAP kinase
cascades in vivo in a manner which closely resembles
the responses of mammalian SAP-1 to these pathways.

Discussion

Members of the TCF subfamily of ETS-domain
transcription factors are important nuclear mediators
of the cellular responses to the activation of MAP
kinase pathways (reviewed in Treisman, 1994, 1996;
Whitmarsh and Davis, 1996; Sharrocks et al., 1997). In
this study, we have isolated a cDNA encoding a
further family member from zebrafish (7CF-1) that
exhibits sequence similarity in four conserved domains
which are characteristic of this subfamily. In common
with its mammalian counterparts, the protein product
of zebrafish TCF-1, zZTCF-1, represents a target for
diverse MAP kinase cascades. Both sequence and
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Figure 6 zTCF-1 is an in vivo target for MAP kinase cascades.
COS-7 (a and ¢) or CHO (b) cells were transfected with the
indicated CMV promoter-driven GAL-TCF constructs and a
GAL4-driven luciferase reporter plasmid. (a) Cells were serum
starved for 12 h and either left unstimulated or stimulated with
EGF. (b) Cells were left unstimulated or stimulated with IL-1.
Expression vectors encoding the JNK pathway inhibitor protein
JIP-1(DBD) were cotransfected where indicated. (¢) Cells were
cotransfected with a constitutively active form of MKK6 on its
own or in combination with p38a or p38y expression vectors.
Transfection efficiency was monitored by using the f-galactosi-
dase expression vector pCH110. The luciferase activities relative
to the unstimulated cells containing pCMV5-GAL-EIlk-205
(means+s.d.; n=3) are presented
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functional conservation of the TCFs points to a
critical, fundamental role for these transcription
factors during vertebrate development.

Conservation of TCF domain structure

Significant sequence similarity is observed between
ZTCF-1 and the mammalian TCFs, in all four of the
conserved functional domains. Overall, the greatest
sequence similarity is observed with SAP-1 (56%
identity), whilst Elk-1 exhibits the least similarity
(38%). This pattern is repeated within each conserved
domain with SAP-1 exhibiting the greatest sequence
identity in each case (ETS-domain, 82%; B-box, 81%;
D-domain, 73%; C-domain, 87%). Furthermore, in
addition to the five MAP kinase sites conserved in all
the TCFs, five additional potential MAP kinase sites
are conserved within the C-terminal domains of
ZT'CF-1 and SAP-1. An additional region appears to
be conserved amongst zTCF-1, SAP-1 and SAP-2
which acts as a negative inhibitory domain in Net (the
murine SAP-2 homologue) and is thought to adopt a
helix—loop—helix like structure (Maira et al., 1996).
The high overall similarity to SAP-1 and within the
important functional domains of the protein, suggests
that zTCF-1 is most likely a homologue of
mammalian SAP-1.

DNA binding properties of zTCF-1

In common with the mammalian TCFs, zTCF-1 can
bind DNA either autonomously or in an SRF-
dependent manner on weaker binding sites. Autono-
mous binding is mediated by the ETS-domain alone
and the binding specificity of ZTCF-1 closely resembles
that of Elk-1 which exhibits a more stringent binding
specificity than either SAP-1 or SAP-2 (Figure 4, Shore
and Sharrocks, 1995; Shore et al., 1996; Brown et al.,
1998a). It was previously demonstrated that the
presence of amino acid D69 in the Elk-1 ETS-domain
(V68 in SAP-1) is mainly responsible for generating
this stringent binding specificity (Shore et al., 1996).
Similarly, ZTCF-1 contains the same residue at the
equivalent position in the ETS-domain (D68; Figure 1).

Ternary complex formation with SRF and the c-fos
SRE requires the presence of the B-box region of
ZTCF-1 (Figure 3b). However, it is interesting to note
that the full-length protein inefficiently forms DNA-
bound complexes both in the presence or in the
absence of SRF. Such negative regulation has been
observed in all the mammalian TCFs although
different regions have been implicated in mediating
this repressive effect (Dalton and Treisman, 1992;
Janknecht et al., 1994; Price et al., 1995; Maira et al.,
1996). In the case of zTCF-1, deletion of the C-
terminal 60 amino acids is sufficient to relieve this
inhibition. In contrast to SAP-2/Net, no further
negative regulatory regions appear to be present
towards the N-terminus of the protein. In the case
of Elk-1 and SAP-1, MAP kinase-mediated phosphor-
ylation activates their DNA binding (Sharrocks, 1995;
Gille et al., 1992, 1995a,b; Whitmarsh et al., 1995,
1997) although the mechanism of SAP-2 activation is
unclear. Similarly, phosphorylation of zTCF-1 stimu-
lates the binding activity of the full-length protein
(Figure 5e).

Activation of zTCF-1 by MAP kinase cascades

The mammalian TCFs are known targets of both the
mitogen-activated (ERK) and stress-inducible (JNK
and p38) MAP kinase cascades (reviewed in Treisman,
1996; Whitmarsh and Davis, 1996; Janknecht and
Hunter, 1997; Price et al., 1996; Whitmarsh et al.,
1997; Strahl et al., 1996). zTCF-1 is also an in vitro
MAP kinase substrate and a target for these cascades
in vivo (Figures 5 and 6). However, in common with
the mammalian TCFs, zTCF-1 appears to be differen-
tially targeted by different classes of MAP kinases. In
comparison to Elk-1, zZTCF-1 is efficiently phosphory-
lated by ERK2, and p38x but is a poor substrate for
JNK2 and p38y. Similarly, in vivo, zZTCF-1 is only
efficiently activated by ERK2 and p38a. This activation
profile closely resembles that of SAP-1. In addition, IL-
1 activation of both zZT'CF-1 and SAP-1 takes place by
a cascade which is distinct from the JNKs (Figure 6b;
Whitmarsh ez al., 1997). As the highest conservation of
potential MAP kinase sites in and around the C-
terminal activation domain is also observed with SAP-
1, the signalling pathways that converge on these
transcription factors and their mechanisms of activa-
tion are likely to be very similar. Peptide competition
assays (Figure 5d) indicate that in common with Elk-1
(Yang et al., 1998b), phosphorylation of both SAP-1
and zTCF-1 by ERK is facilitated by the presence of
the D-domain. Therefore docking of the kinase onto a
site distinct from the phosphoacceptor motifs appears
to be an evolutionarily common mechanism in the
TCF subfamily.

zTCF-1 is a homologue of which mammalian TCF?

The sequence conservation and activation profile by
MAP kinase cascades suggest that zZTCF-1 represents a
direct homologue of mammalian SAP-1. However, the
DNA binding specificity more closely resembles that of
Elk-1. It is possible that other mammalian TCFs exist
which exhibit stronger sequence similarity to zZTCF-1.
In this regard, it is interesting to note that the other
family members cloned from zebrafish (PEA3, 61%
identity and Fli-1, 75% identity) (Brown et al.,
1998a,b) exhibit substantially higher sequence similar-
ity than zZTCF-1 to their closest mammalian counter-
parts. The existence of other zebrafish TCFs is
suggested from the sequence of cDNAs encoding part
of the ETS-domain isolated using degenerate PCR
primers (our unpublished data). These additional TCFs
might represent homologues of other mammalian
TCFs.

Potential role of zTCF-1 during development

To date, little is known about the roles of TCFs in
regulating transcription during vertebrate development
although one of their functions is thought to be to
regulate the expression of immediate-early genes in
response to various inductive stimuli (reviewed in
Treisman, 1994; Strahl et al., 1996). In adults,
mammalian TCFs appear to be ubiquitously expressed
with each tissue expressing the individual TCFs to
different relative amounts (Price et al., 1995; Magna-
ghi-Jaulin ez al., 1996). Recently, Elk-1 has been shown
to be expressed in an active form in cells of the nervous



system within the brain (Sgambato et al., 1998).
Zebrafish TCF-1 is expressed throughout early devel-
opment. However, we could not detect a specific
expression pattern by whole-mount in situ hybridiza-
tion, indicating that its expression levels may be too
low (data not shown). Similarly, mammalian TCFs are
expressed at low levels (Price et al., 1995). As the
relative expression levels of TCF-1 closely resembles
that of the ubiquitously expressed EF-Io (Figure 2),
TCF-1 may also be expressed ubiquitously in the
zebrafish embryo, as demonstrated for its mammalian
counterparts in a variety of cell lines. A low level
ubiquitous expression pattern would explain our
inability to detect specific expression patterns in the
early embryo.

MAP kinase pathways and their nuclear substrates
have been implicated in several important regulatory
processes (reviewed in Treisman, 1996; Whitmarsh and
Davis, 1996). Furthermore, several developmental
events in lower eukaryotes have been shown to be
regulated by MAP kinase cascades via ETS-domain
transcription factors. However, the role of such
pathways and transcription factors in vertebrate
development has not been addressed. The identifica-
tion of a zebrafish TCF homologue provides the basis
for future studies to investigate the role of these
transcription factors in transmitting signals from MAP
kinase pathways into a transcriptional response during
early vertebrate development.

Materials and methods

Cloning of zebrafish TCF

A random-primed AZap cDNA library, prepared from 20—
40 h-old zebrafish embryos, was screened with a mix of two
partial zebrafish cDNAs encoding the central region of the
ETS DNA-binding domain of two potential TCF homo-
logues as described elsewhere (Brown et al., 1998b). One 4
clone was purified which contained a c¢DNA insert
corresponding to zebrafish 7TCF-I. A clone encoding a
second TCF was not isolated. pAS253 (encoding full-length
ZTCF-1) was created by excision of the pBluescriptSK™*
vector by co-infection with helper phage. pAS256 is identical
to pAS253 except that the zebrafish TCF-1 cDNA is inserted
into the EcoRI site of pBluescriptSK* in the opposite
orientation.

RT—-PCR

Embryos of appropriate stages were isolated and dechor-
ionated before being frozen in liquid nitrogen. Total RNA
was extracted using the RNeasy extraction kit according to
the manufacturer’s instructions (QIAGEN). In each case,
30 mg of tissue was used (representing 20—35 embryos).
Samples were normalized based on the concentration of the
18S rRNA band and equal amounts (x0.5 ug) were used in
random hexanucleotide primed reverse transcription reactions
followed by a 32 cycle PCR (Plant et al., 1996) using the
following  primer  pairs: EF-1a [EFzebral (5-
TTCCGTCTGCCACTTCAGGAT-3" ) and EFzebra2 (5'-
CAACGGTCTGCCTCATGTCA-3). T,=57°C, giving a
product of 563 bp] and zTCF-1 [ADS603 (5-CCAACCAA-
CAAACATCTCC-3) and ADS604 (5-CTCACTGTCAAT-
CACCAGC-3'). T,=52°C, giving a product of 526 bp]. PCRs
were optimized to ensure that the amplification was in the
linear range and the products visualized on an ethidium
bromide stained 3% NuSieve agarose gel (Flowgen).
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Plasmid constructs

pAS351 (encoding GST fused to ZTCF-1 amino acids 311—
443) was constructed by ligating a BamHI/Xbal cleaved PCR
product (primers ADS267/326) into the same sites in pGEX-
KG (Guan and Dixon, 1991). pAS466 (encoding C-terminally
Flag-tagged full-length zZTCF-1) was constructed by ligating a
Ncol/Xhol cleaved PCR product (primers ADS293/325) into
the same sites in pET-nef-PFH (Zhao and Narayan, 1993).
pASS545 (encoding GST-Elk-310; Elk-1 amino acids 310—-428)
(Yang et al., 1998a) and pGEX-SAP-290 (encoding GST-
SAP-290; SAP-1 amino acids 290—431) (Whitmarsh ez al.,
1995) have been described previously.

The following plasmids were prepared for producing
proteins by in vitro transcription/translation. pAS316
(encoding zTCF-1 amino acids 1-92; zTCF1-92) and
pAS317 (encoding zZTCF-1 amino acids 1-162; zTCF1-162)
were constructed by ligating Ncol/BamHI and Ncol/Notl
cleaved PCR products (primers ADS318/319 and ADS309-
319 respectively) into the same sites in pAS37 (Sharrocks et
al., 1993a). All PCRs to generate zZTCF-1-derived constructs
were carried out using pAS253 as a template.

For transient transfection assays, the following constructs
were used: pAS572 (encoding GAL-Elk-205 [Elk-1 amino
acids 205—428] under the control of a CMV promoter) (Yang
et al., 1998a). pAS855 (encoding GAL-SAP-290 [SAP-1
amino acids 290—431] under the control of a CMV
promoter), was constructed by inserting a Hindlll/Xbal
fragment from pGAL-SAP-1 (Whitmarsh et al., 1997) into
the same sites of pCMV5. pAS856 (encoding GST fused to
ZTCF-1 amino acids 310—-443) was constructed by ligating a
BamHI1/Xbal cleaved PCR product (primers ADS267/268)
into the same sites in pAS769. pAS857 (encoding the GAL4
DNA binding domain fused to zTCF-1 amino acids 310—
443) was constructed by ligating a BamHI/Xbal fragment
from pAS857 into the same sites in pSG424. pAS858
(encoding GAL-zZTCF-310—-443 driven by a CMV promo-
ter) was constructed by inserting a Hindlll/Xbal fragment
from pAS857 into pCMVS5.

pCMV5-F-p38a (Raingeaud et al., 1995), pCDNA3-F-
p38y (Enslen er al., 1998), pPCDNA3-F-MKK6(Glu) (encod-
ing constitutive-active MKK6) (Whitmarsh et al., 1996),
pCDNA3-F-DN-MKK4 (encoding dominant-negative
MKK4) (Whitmarsh et al., 1995), pCDNA3-F-JIP-1(JBD)
(encoding the JNK binding domain of JIP-1) (Dickens et al.,
1997), pGSElb-luc (Seth et al., 1992) have been described
previously.

The nucleotide sequences of all the PCR-derived con-
structs were verified by di-deoxy sequencing.

Protein production

Purification and expression of GST-fusion and hexahistidine-
tagged proteins were carried out essentially as described
previously (Shore et al., 1995; Yang et al., 1998a). In vitro
translated proteins were synthesized using the TNT coupled
in vitro transcription/translation system (Promega) from
either pBluescriptKS*-derived plasmids or from linear PCR
products under the control of a T3 promoter. The primer
pairs ADS238/ADS261, ADS238/265 and ADS238/274 were
used on the template pAS253 to synthesize PCR products
encoding the proteins zTCF1-213, zTCF1-383 and zTCF1-
303 respectively. *S-labelled proteins were analysed by
electrophoresis through 0.1% sodium dodecylsulphate
(SDS)-12% polyacrylamide gels before visualization and
quantification by autoradiography and phosphorimaging
(BAS 1500 Phosphorimager and TINA 2.08e software, Fuji).

Gel retardation analysis

Gel retardation assays were performed as described pre-
viously (Sharrocks et al., 1993b) using 5% polyacrylamide
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gels cast in 0.5 x Tris-borate-EDTA (TBE). DNA binding
sites were derived from annealed synthetic oligonucleotides
(E74 and SRE) (Shore and Sharrocks, 1994) or from cloned
sites from binding site-selection procedures (Shore and
Sharrocks, 1995; Brown er al., 1998a). Individual DNA-
binding sites derived from the site-selection procedure were
synthesized and labelled by PCR as described previously
(Shore and Sharrocks, 1995). Binding reactions were set up to
achieve <50% binding of the free DNA to allow
quantification of relative DNA binding affinities. To account
for slight differences in the amounts of each binding site
added in each experiment, results were normalized by
dividing by the total DNA present in the binding reaction.

Cell culture, transfection and extract preparation

COS-7 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS)
(Gibco BRL). CHO cells were maintained in F12 medium
supplemented with 5% foetal bovine serum (FBS) (Gibco
BRL). Transfection experiments were carried out using
Superfect transfection reagent (Qiagen) as described pre-
viously (Yang et al., 1998a).

For reporter gene assays, GAL4-driven promoters were
co-transfected with various vectors encoding GAL4-fusion
proteins. The activities of the GAL4 DNA binding domain
(amino acids 1-147), and GAL4-fusion proteins (50 ng of
plasmid DNA) were measured in cotransfection assays in all
cell lines using 1 ug of reporter plasmid pGSElbLuc.
Transfection efficiencies were normalized by measuring the
activity from a cotransfected plasmid (0.5 ug) which expresses
p-galactosidase (pCH110, Pharmacia KB Biotechnology
Inc.). Cell extracts, were prepared and luciferase and pf-
galactosidase assays were carried out as described previously
(Yang et al., 1998a).

Protein kinase assays

Recombinant JNK and p38 MAP kinases were prepared as
described previously (Yang et al., 1998b). Recombinant
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