
MOLECULAR AND CELLULAR BIOLOGY, Mar. 2004, p. 2263–2276 Vol. 24, No. 6
0270-7306/04/$08.00�0 DOI: 10.1128/MCB.24.6.2263–2276.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

A Functional Domain of Dof That Is Required for Fibroblast Growth
Factor Signaling†

Robert Wilson, Alysia Battersby,‡ Agnes Csiszar, Elisabeth Vogelsang, and Maria Leptin*
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Signal transduction by fibroblast growth factor (FGF) receptors in Drosophila depends upon the intracel-
lular protein Dof, which has been proposed to act downstream of the receptors and upstream of Ras. Dof is the
product of a fast-evolving gene whose vertebrate homologs, BCAP and BANK, are involved in signaling down-
stream of the B-cell receptor. Mapping functional domains within Dof revealed that neither of its potential
interaction motifs, the ankyrin repeats and the coiled coil, is essential for the function of Dof. However, we have
identified a region within the N terminus of the protein with similarity to BCAP and BANK, which we refer to
as the Dof, BCAP, and BANK (DBB) motif, that it is required for FGF-dependent signal transduction and is
necessary for efficient interaction of Dof with the FGF receptor Heartless. In addition, we demonstrate that Dof
is phosphorylated in the presence of an activated FGF receptor and that tyrosine residues could contribute to
the function of the molecule.

Communication between cells is an important feature of
metazoans that regulates the development and maintenance of
distinct tissues within an organism. Many of the molecules
involved in the pathways that cells use to sense their environ-
ment are highly conserved. For example, the Drosophila ho-
molog of Grb2, Drk, which links receptor tyrosine kinases to
the mitogen-activated protein (MAP) kinase cascade (31, 37),
shows 65% identity with its human counterpart. However,
there are also molecules, such as Argos, a negative regulator of
epidermal growth factor signaling in Drosophila (14, 40), that
appear to be specific to a particular species or phylum.

Most receptor tyrosine kinases are able to activate the MAP
kinase cascade by recruiting Grb2, but in the case of the ver-
tebrate fibroblast growth factor (FGF) receptors, a myristy-
lated protein known as FRS2, or SNT, which contains an N-
terminal phosphotyrosine binding (PTB) domain, is required
to couple the receptor to the MAP kinase cascade (23, 41). The
PTB domain of the FRS2/SNT proteins is unusual in that it
interacts with a nonphosphorylated region of the FGF recep-
tors close to the membrane (10, 25, 32, 43). Upon activation of
the receptor, FRS2/SNT is rapidly phosphorylated and acts as
a binding site for other molecules, such as Grb2 or Shp2, which
leads to activation of the MAP kinase cascade and the phos-
phatidylinositol (PI) 3-kinase pathway (17, 18, 23, 33, 34, 41).
Interestingly, the function of FRS2/SNT appears to be unique
to vertebrates. The gene most closely related to FRS2/SNT
(Flybase no. CG13398) in Drosophila shows a high degree of
divergence compared to the vertebrate FRS2/SNT genes. In
Drosophila, the formation of the mesoderm and the tracheal
tissues depends upon signaling through the FGF receptors

Heartless and Breathless, respectively (reviewed in references
16, 26, 28, and 42). Neither of these processes is affected if the
function of the gene related to FRS2/SNT is removed (A.
Michelson, personal communication). Furthermore, the jux-
tamembrane region of the vertebrate FGF receptors, which is
the region that interacts with FRS2/SNT, is not conserved in
the Drosophila FGF receptors.

The activities of the Drosophila FGF receptors depend upon
a gene known as downstream-of-FGF receptor (dof), heartbro-
ken (hbr), or stumps (sms) (20, 27, 39). dof is essential for the
morphogenesis of both the mesoderm and the tracheae. It is
required for the accumulation of the activated form of MAP
kinase within these tissues and has been proposed to be an
adaptor molecule that could relay the activated state of the
Drosophila FGF receptors to components that act downstream
of the receptors. The gene encodes two transcripts predicted to
produce proteins of �1,000 amino acids that differ slightly at
the N terminus (39). These proteins contain two ankyrin re-
peats and a coiled coil but not structural domains, such as SH2
or PTB domains, typically present in molecules that function as
adaptors or docking proteins in signal transduction pathways.

The proteins most closely related to Dof that are found in
vertebrates are BCAP and BANK (30, 45). These proteins are
involved in signaling; however, unlike Dof, they are not impli-
cated in FGF signaling but in the events downstream of the
B-cell receptor. Both proteins regulate the release of calcium
within B cells (44, 45). BANK interacts directly with the IP-3
receptor (45), while BCAP is thought to be an adaptor protein
that mediates the activation of PI 3-kinase and phospholipase
C �2 by the B-cell antigen receptor (30). Recently, BCAP has
been shown to be essential for the activation and maturation of
B cells (44). Thus, Dof, BCAP, and BANK are all involved in
signaling, although they appear to have undergone rapid
change during the course of evolution and may have evolved in
parallel with FRS2/SNT. It is not clear how the structures of
these molecules relate to their functions, except that the N-
terminal part of BANK associates with the IP-3 receptor. We
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describe here the domains of Dof required for the function of
the protein in vivo.

MATERIALS AND METHODS

Sequence analysis. Throughout the course of this work, we refer to the anno-
tated Drosophila genome (11), the mosquito genome pages at ENSEMBL, EBI
(19), and GenBank (6). Sequence comparison was carried out with BLAST or a
program that counted the identities shared by two protein sequences (details
available on request). Protein sequences were aligned using CLUSTAL W, and
the output was formatted with BOXSHADE. To determine the most highly
conserved regions of the Ag. and Dm. Dof homologs, the protein sequences
(accession numbers Q8T5J9 and O96757) were aligned with CLUSTAL W.
Then, the insertions and deletions within the proteins were determined, and
regions representing the insertions in the Anopheles sequence were removed
from the alignment. Subsequently, the number of identities shared by the ho-
mologs within a window of 15 amino acids was determined for each position of
Drosophila Dof (program available on request). The data were plotted using
Microsoft Excel.

In vitro mutagenesis. Mutagenesis was carried out by PCR or by the pAlter
system (Promega), with the exception that we used the Escherichia coli strains
JM109 and ES455. The presence of the desired mutation was confirmed by DNA
sequence analysis.

Plasmids. A detailed description of the constructs used is included as supple-
mental material.

Drosophila genetics. Standard procedures were followed to produce transgenic
flies. Insertions were assigned to a particular chromosome based on the segre-
gation of the transgenes from dominant markers on the second and third chro-
mosome balancers and sex linkage for the X chromosome. The tracheal assay
was carried out essentially as previously described (39). For the mesoderm assay,
an X chromosome with multiple P[w� twi-Gal4] insertions, constructed by Nick
Brown (35), was mobilized using a third-chromosome transposase source. Inser-
tions of the P[w� twi-Gal4] element on a dof1 e11 chromosome were recovered
and balanced using a TM3 chromosome carrying a P[ry� ftz-lacZ] insertion.
Homozygous dof mutant embryos were identified in a 4- to 6-h embryo collection
by staining them with an antibody directed against �-galactosidase. To determine
the localization of the Dof mutant proteins, males from stocks containing chro-
mosomes with upstream activation sequence insertions were crossed to virgins
with the third-chromosome P[w� GAL4-prd.F] insertion (7).

Immunohistochemistry. Standard protocols were followed to collect, fix, and
stain embryos. The primary antibodies used were rabbit anti-Even-Skipped (1:
5,000) (13) (kindly provided by M. Frasch), rabbit anti-Dof (1:200) (39), poly-
clonal mouse anti-�-galactosidase (1:500) (Sigma G4644), and 2A12 (1:20)
(kindly provided by Nipam Patel). Western blotting was carried out using 1.25 �g
of the mouse anti-FLAG M5 monoclonal antibody (Sigma)/ml and a dilution
(1:5) of the mouse anti-phosphotyrosine monoclonal antibody 4G10 (courtesy of
Frank Sprenger). Biotinylated wheat germ agglutinin (Molecular Probes) was
used at 0.01 mg/ml and visualized with Avidin-Alexa 647 (Molecular Probes) at
a dilution of 1/500.

Yeast methods. Protein interaction experiments were carried out in the yeast
strain PJ69-4a (21) (kindly provided by P. James). The techniques and constructs
were as described previously (4).

Drosophila cell culture. Drosophila Schneider S2 cells were maintained at 22°C
in Schneider’s Drosophila medium (Gibco-BRL) supplemented with 10% (vol/
vol) fetal calf serum (Sigma). Transient transfections were as described previ-
ously (4). For the production of stable cell lines, cells were transfected with
5�Flag-Dof.pAT-Hygro and lambda-Btl.phsT-Neo by means of a modified cal-

cium phosphate procedure (9). Geneticin (G418; Roche) was used at 1 mg/ml,
and hygromycin (Roche) was used at 200 �g/ml to establish stably transfected
lines. To induce the expression of �-Btl from the heat shock promoter, cells were
incubated at 37°C for 30 min and then allowed to recover for 4 h at 22°C before
analysis. For whole-cell lysate assays, a 60-mm-diameter plate of confluent cells
was lysed in 400 �l of boiling sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer. The sample was heated at 95°C for 3
min and then sonicated for 20 s prior to 7.5% SDS-PAGE analysis. For immu-
noprecipitation, a 60-mm-diameter plate of confluent cells was washed twice with
ice-cold 1� Tris-buffered saline (25 mM Tris-HCl, pH 7.4, 137 mM NaCl, 3 mM
KCl) and lysed on ice for 20 min using 1 ml of lysis buffer (10% glycerol, 50 mM
HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA,
200 �M Na3VO4, 10 mM NaF) supplemented with a protease inhibitor cocktail
(P8340; Sigma). The lysates were transferred to a microcentrifuge tube and
precleared by centrifugation at 20,150 � g for 15 min at 4°C. Immunoprecipita-
tion was carried out for 2 h at 4°C with 300 �l of lysate, 1 �l of rabbit anti-Dof
antiserum (39), and 15 �l of protein G-Sepharose (Amersham-Pharmacia) that
had been blocked for 20 min with lysis buffer containing 5% bovine serum
albumin and then washed with lysis buffer. Protein complexes bound to the
protein G Sepharose were washed three times with 1 ml of wash buffer (10%
glycerol, 20 mM HEPES, pH 7.5, 0.1% Triton X-100, 150 mM NaCl, 1 mM
Na3VO4) each time; 40 �l of 1� SDS-PAGE sample buffer containing 2-mer-
captoethanol was added, and the samples were heated at 95°C for 3 min to
denature the proteins. The proteins were separated by SDS–7.5% PAGE. West-
ern blotting, using 1% bovine serum albumin solution to saturate the nitrocel-
lulose membrane, followed standard procedures. Immunoreactive proteins were
visualized using a horseradish peroxidase-catalyzed chemiluminescence reaction
(Amersham-Pharmacia).

RESULTS

Sequence analysis of proteins related to Dof. When Dof was
initially characterized, the sequence of the protein did not
resemble any other in the database. Two vertebrate proteins
that function in B-cell signaling, BCAP and BANK, which
share structural domains with Dof, have since been described
(30, 45). These proteins possess a C-terminal coiled coil and
have a high degree of similarity to Dof over the ankyrin re-
peats. Mouse BCAP shows 47% identity over 55 amino acids
with this region of Dof, while BANK shows 43% identity.
Interestingly, the similarity among Dof, BCAP, and BANK
extends beyond the ankyrin repeats toward the N terminus.
Mouse BCAP and human BANK show 19 and 17% identity,
respectively, with amino acids 216 to 353 of Dof (Fig. 1A). We
have designated this the Dof, BCAP, and BANK (DBB) re-
gion.

The completion of the Anopheles gambiae genome has re-
vealed a homolog of Dof (accession number Q8T5J9) that
shows 37% identity and 50% similarity over 924 amino acids of
the Drosophila protein (Fig. 1A). A number of expressed se-
quence tags derived from this gene, such as AJ285928 and
AJ281683, indicate that it is expressed. The degree of identity

FIG. 1. Sequence analysis of Dof and related proteins. (A) Aligment over the DBB motif and the ankyrin repeats of Drosophila Dof (accession
number O96757), Anopheles Dof (accession number Q8T5J9), mouse BCAP (accession number Q9EQ32), chicken BCAP (accession number
AAG48583), human BCAP (accession number XP_058343), fugu BCAP (ENSEMBL SINFRUP00000078060), lamprey BCAP (accession number
AAN64296), human BANK (accession number Q8WYN5), and Ciona intestinalis BCAP (a translation of accession number AK115423). The
alignment begins at positions 216 of Drosophila Dof, 395 of Anopheles Dof, 182 of mouse BCAP, 3 of human BCAP, 180 of the predicted fugu
BCAP sequence, 178 of lamprey BCAP, 170 of human BANK, and 1 of the incomplete Ciona BCAP sequence. Six or more identical or similar
residues shared by the sequences are shown in red and blue, respectively, and are marked below the alignment by a dot. An asterisk denotes a
position that is absolutely conserved. (B) Alignment of A. gambiae Dof and Drosophila Dof was made using CLUSTAL W, and regions representing
insertions in the Anopheles sequence were removed. Then, the number of identities found within a window of 15 amino acids was plotted for each
position of the Drosophila protein. The locations of the DBB motif, the ankyrin repeats, and the coiled coil within Drosophila Dof are indicated
at the top of the chart. The positions of insertions and deletions within the Anopheles sequence are shown below the chart as arrows pointing toward
and away from the sequence of the Drosophila protein, respectively. The numbers represent the lengths of the insertions and deletions.
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shared by the Drosophila and Anopheles Dof homologs is con-
siderably lower than 56%, which is the average degree of con-
servation between clear Drosophila and Anopheles orthologs
(46), so dof may represent an example of a fast-evolving gene.
However, the regions of Dof that are similar to the vertebrate
proteins BCAP and BANK are also among the most highly
conserved parts of the Anopheles and Drosophila Dof ho-
mologs (Fig. 1B; see also Table S1 in the supplemental mate-
rial) and have not been interrupted by amino acid insertions
during evolution. Interestingly, the sequence between the DBB
motif and ankyrin repeats diverges (Fig. 1), suggesting that the
DBB region may represent an independent domain of the
protein. Within the C-terminal half, the coiled coil shows the
highest degree of similarity and is the most extensive block of
conservation. Notably, the coiled-coil motif of Dof also shows
48% identity and 84% similarity with the hypothetical open
reading frame of a partial Bombyx cDNA (accession number
AU000659), suggesting that the motif may be important func-
tionally. Thus, the sequences and organizations of three dis-
tinct domains of Dof appear to have been conserved among
the homologs in insects and the most closely related vertebrate
proteins. Furthermore, these domains are the regions with the
highest degree of conservation among the vertebrate BCAP
proteins (see Table S1 in the supplemental material) and as
such define the general structure and features of this family of
proteins.

In vitro mutagenesis of Dof. To determine if specific do-
mains of Dof mediate different cellular functions, we gener-
ated by in vitro mutagenesis a series of mutants of the protein
encoded by transcript II of dof. We chose to analyze the pro-
tein encoded by this transcript, which will be referred to as Dof
below, since it has been shown that it can rescue the defects in
the development of the tracheae and mesoderm of homozy-
gous dof mutant embryos (39). To assay the in vivo functions of
the mutant Dof proteins, we used the Gal4 upstream activation
sequence system (7) to express transgenes encoding the mutant
protein in wild-type and homozygous dof mutant embryos.

Characterization of the functions of the mutant Dof pro-
teins in vivo. FGF receptor-dependent signal transduction reg-
ulates transcriptional activity and morphogenesis within the
tracheae and the mesoderm. We tested Dof mutant constructs
for FGF-dependent morphogenesis by examining the tracheae
of homozygous dof mutant embryos expressing the mutant
forms of Dof under the control of btl-Gal4. To determine their
abilities to activate transcription of FGF-dependent genes, we
monitored the expression of Even-skipped in the mesoderm. In
this case, the constructs were expressed in dof mutant embryos
under the control of twi-Gal4.

Differences in the behaviors of the mutant Dof proteins in
these biological assays may not simply reflect differences in the
functions of the proteins but could also reflect differences in
the protein stabilities. We assessed whether the mutant Dof
transgenes could produce stable proteins by expressing FLAG-
tagged versions in Schneider S2 cells in tissue culture. Western
blots probed with antibodies against the FLAG tag showed
that in this system, all mutant proteins were expressed. They
showed only slight variations in abundance, except for Dof[1-
522], which was significantly more abundant than the full-
length form, and Dof[168-1012], which appeared to be much
less stable (see Fig. S1 in the supplemental data). When the
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FIG. 3. Functions of mutant Dof proteins in in vivo assays. The Dof constructs are shown schematically on the left. The amino acids present
in each construct are noted. A flag epitope tag is represented by a red circle, while the membrane-targeting SH4 domain of human Src is shown
as a blue triangle. The extracellular portion and transmembrane domain of the Torso mutant 4021 is shown as a green diamond (also see Fig. 6
for details). To assess the ability of a transgene to rescue tracheal development, we counted the junctions formed by the dorsal trunk in five stage
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proteins were expressed ectopically in the ectoderm of em-
bryos by using prd-Gal4 and were visualized with an antiserum
directed against Dof, we were able to detect expression of all
mutant proteins (see below for more details), with the excep-
tion of the large C-terminal truncations (Dof[1-277] and
Dof[1-446]). The fact that Dof[1-446] can be immunoprecipi-
tated from Schneider S2 cells but is undetectable in formalde-
hyde-fixed embryos using the Dof antibody suggests that form-
aldehyde destroys the epitopes remaining in this part of the
molecule. Furthermore, in yeast cells, the truncation Dof[1-
446] fused to the Gal4 DNA binding domain must be stable,
since it can interact with the kinase domain of Htl in the yeast
two-hybrid assay (see below). Thus, we included these trans-
genes in further functional tests.

The DBB domain is necessary for the function of Dof. In
homozygous dof or btl mutant embryos, differentiation of the
lumen of the tracheae can be recognized using the antibody
2A12, as shown in Fig. 2B. In comparison to the wild type (Fig.
2A), the tubular structures lack connections to one another; in
particular, the dorsal and lateral trunks are absent and the
prominent visceral branches do not grow out normally. The
morphogenesis of the tracheae in dof mutants can be com-
pletely rescued by expression of Dof (38), and this is not
compromised by the addition of a FLAG epitope tag to the
amino terminus of the protein (Fig. 2C).

A truncated form of Dof that lacks the last 210 amino acids
(Dof[1-802]) (Fig. 2D) is able to rescue morphogenesis of the
tracheae completely. This was consistently observed with inde-
pendently derived transgenic lines, suggesting that these C-
terminal amino acids are not essential for this function in vivo.
With transgenes encoding shorter proteins lacking the last 338
amino acids, or the last 481 amino acids, and which do not
contain the coiled-coil motif, we still observed a partial rescue
of the dof tracheal phenotype that was variable between em-
bryos (Fig. 2E and 3). The formation of the dorsal trunk was
least efficiently rescued by the transgenes, particularly towards
the anterior of the embryo. We used this feature as a semi-
quantitative measure to compare different transgenic con-
structs (Fig. 3). In a few cases, complete rescue was observed
with these constructs, indicating that the last 481 amino acids,
which include the coiled coil, are not absolutely essential for
the transmission of the signal from the FGF receptor. In con-
trast, transgenes encoding proteins with more extensive C-
terminal deletions (data summarized in Fig. 3) had no activity
in this assay.

Dof constructs lacking the first 88 or 168 amino acids at the
N terminus partially rescued development of the tracheae (Fig.
2G). With both of these N-terminal truncations, the degree of
rescue was more variable than with the C-terminal truncations
with biological activity. Surprisingly, rescue with Dof[89-1012]
was worse than with Dof[168-1012]. However, the breakpoint

at amino acid 89 appears to have a nonspecific deleterious
effect on the protein, since we have also observed that the
89-to-1012 truncation has less activity than the 168-to-1012
truncation in yeast two-hybrid experiments irrespective of the
interaction being tested (A. Battersby, unpublished results).
Notably, the N-terminal amino acids deleted in these mutants
are not absolutely essential for signal transmission. However,
further deletions, extending into the DBB motif (up to amino
acid 227 or 277), resulted in complete failure of the constructs
to rescue tracheal morphogenesis (data summarized in Fig. 3).

When we examined the activities of proteins with combined
amino- and carboxy-terminal truncations, namely, Dof[89-802]
and Dof[168-802], we found that they had no activity in the
assays. Since neither of these deletions alone abolished the
activity of the protein, this indicates that the amino and car-
boxy termini of the protein could have overlapping functions.
None of the mutant Dof transgenes in these experiments had
a dominant-negative effect on the function of the wild-type
protein in the heterozygous sibling embryos.

The experiments described above suggested that the region
of Dof containing the ankyrin repeats and the DBB motif,
which has the most similarity to the vertebrate proteins BCAP
and BANK, may be important for the function of the protein.
To investigate the importance of these domains, we examined
the activities of a number of transgenes with internal deletions.
A protein that lacked the DBB motif and the ankyrin repeats,
flag-Dof[	233-449], was severely compromised in its ability
to support tracheal morphogenesis (Fig. 2H). Formation
of a normal dorsal trunk was never observed in these em-
bryos; however, occasional misdirected outgrowth of vis-
ceral branches and partial formation of the lateral trunk dis-
tinguished them from homozygous dof mutant embryos. A
transgene in which just the ankyrin repeats were deleted could
fully rescue tracheal morphogenesis (Fig. 2I). Thus, surpris-
ingly, even though the ankyrin repeats are the most highly
conserved part of the protein, they are not essential for trans-
mission of the signal from the FGF receptor in this assay. By
contrast, deletion of just the DBB region had the same phe-
notype as the larger deletion (Fig. 2J), suggesting that the DBB
domain provides a critical function of Dof.

We also assayed the constructs for the ability to participate
in FGF signaling in the mesoderm by expressing them in ho-
mozygous dof mutant embryos and determining the number of
Even-skipped-expressing cell clusters. In wild-type embryos,
Even-skipped is expressed in the dorsal mesoderm in clusters
comprised of two or three cells, which include the pericardial
cells (2, 3, 13). Mutations in the genes encoding the FGF
receptor Htl (5, 15, 36) and Dof (20, 27, 39) result in the loss
of these Even-skipped-positive cells. The activities of the Dof
mutants in this assay were similar to those in the tracheae
(summarized in Fig. 3), although the degree of rescue of Even-

15 embryos. In the case of the mesoderm, we determined the number of Eve-positive clusters formed in five stage 11 embryos. The degree of
variability of the data is depicted as a box-and-whiskers plot. A thick vertical line indicates the median value, a horizontal shaded box represents
the interquartile range between the first and third quartiles, and a thin horizontal line represents the entire range of the data. For the mutants
flag-Dof[1-674], Dof[1-522], Dof[168-1012], flag-Dof[	361-449], SH4-Dof, flag-Dof 
Y486F�, and flag-Dof[1-802]
Y97F, Y486F, Y515F�, two
independent transgenic lines were assessed in the tracheae. In most cases, the absence of a dorsal trunk reflected a complete failure of the
transgene to rescue the homozygous dof1 mutant phenotype (cf. Fig. 2). The asterisks shown for the mutants flag-Dof[	233-449] and flag-
Dof[	233-364] indicate the formation of some lateral trunk (Fig. 2H and J).
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skipped-positive cells with the N-terminally truncated forms of
Dof was more variable than that observed in the tracheal assay,
and the activity of flag-Dof[1-674] in this assay was poor in
comparison with that in the tracheal assay. Thus, in summary,
for any Dof mutant that was capable of rescuing tracheal mor-
phogenesis, we could also detect activation of Even-skipped
within the mesoderm. The mutants we have analyzed have
allowed us to identify a domain within the N-terminal half of
the protein that is critical for efficient transmission of the FGF
signal in both situations.

Subcellular localization of the mutant Dof proteins. We
examined whether the truncations and deletions within Dof
altered the subcellular localization of the protein. The wild-
type protein is observed in a punctate pattern within the cyto-
plasm of mesodermal, glial, and tracheal cells and is slightly
enriched at the cell cortex (39). An identical or similar subcel-
lular distribution was also observed for full-length Dof with an
N-terminal FLAG epitope tag upon expression of the protein
in the ectoderm with prd-Gal4 and most of the mutant Dof
proteins (Fig. 4A to C, E, and F). However, both flag-Dof[277-
1012] and flag-Dof[	233-449] (Fig. 4H and I) were distributed
in a punctate fashion throughout these cells, whereas flag-
Dof[	361-449] (Fig. 4J) appeared to be more tightly associated
with the cell cortex than the wild-type protein and comparable
in distribution to full-length Dof protein fused to the C termi-
nus of the SH4 domain of human Src (Fig. 4L). Surprisingly,
flag-Dof[	233-364] appeared to be enriched within nuclei and
only present at low levels in the cytoplasm (Fig. 4K; for double
labeling with markers for the nuclear envelope and the plasma
membrane, see Fig. S2 in the supplemental material).

There are several molecules involved in signal transduction,
such as Corkscrew, the Drosophila SHP-2 homolog, and Raf,
which become active when recruited to the plasma membrane.
To investigate whether high levels of Dof at the plasma mem-
brane are sufficient to rescue the defects observed in homozy-
gous dof mutant embryos, we expressed variants of Dof with an
N-terminal SH4 epitope tag. When targeted to the plasma
membrane in this way (Fig. 4L), both the full-length Dof pro-
tein and the C-terminal truncation lacking the last 210 amino
acids gave a good rescue (Fig. 2K and 3). However, we found
that targeting Dof to the membrane was not sufficient to in-
duce signaling independent of an active receptor, since the
SH4-Dof fusion proteins did not rescue homozygous btl-dof
double-mutant embryos, which lack both the FGF receptor Btl
and Dof. Similar results were also obtained with Torso4021-Dof
chimeras (Fig. 3).

Interaction of Dof with the FGF receptors. In a yeast two-
hybrid screen, in which we used Dof[1-802] as bait (4), we
found a number of proteins that interact with Dof, including
the FGF receptor Heartless (Fig. 5A). Dof[1-802] can interact
with a fragment covering most of the intracellular domain of
Heartless, as well as a fragment lacking most of the smaller
lobe of the kinase domain. We confirmed the interaction by
coimmunoprecipitation from lysates of Schneider S2 cells ex-
pressing Dof and the activated FGF receptor (Fig. 5B).

We used the yeast two-hybrid assay to investigate which
regions of Dof are required for the interaction with Heartless.
When we tested the Dof deletion constructs in this assay, we
found that the first 446 or the last 844 amino acids of Dof were
able to interact with both fragments of Htl (Fig. 5C). However,

the constructs with more extensive N-terminal deletions or
constructs lacking the DBB motif were unable to interact with
the long form of Htl, and their interaction with the short form
of Htl was significantly reduced. This resembled results from
coimmunoprecipitation of the Dof deletion constructs with the
activated receptor from Schneider S2 cell lysates (Fig. 5E).
Deletions that did not affect the DBB region had minimal
effects on the interaction (note that even Dof[168-1012], al-
though expressed at very low levels, is able to coprecipitate the
receptor, albeit at similarly low levels). By contrast, constructs
lacking the DBB region alone or in combination with the
ankyrin repeat showed strongly reduced or even abolished
binding, with a certain degree of experimental variation.

The long fragment of Htl interacts with the C-terminally
truncated DB-Dof[1-802] under both low- and high-stringency
selection conditions. Surprisingly, the full-length form of Dof
could interact only under the less stringent selection conditions
(Fig. 5D), indicating that the C terminus of Dof can weaken
the interaction of Dof with Heartless (4).

Thus, in summary, the integrity of the region that lies be-
tween amino acids 168 and 364, which spans the DBB domain,
is critical for the efficient interaction of Dof with the cytoplas-
mic domain of an FGF receptor in Drosophila. Whether the
ability of the DBB deletion mutants to interact weakly with the
activated receptor in Schneider S2 cells and the large lobe of
the kinase domain in the yeast assay, but not with the whole
kinase domain in yeast, is a reflection of a difference in affinity
for the activated and nonactivated kinase is an interesting
problem that remains to be elucidated.

We investigated whether Dof influences the distribution of
Htl protein expressed ectopically in the ectodermal cells. In the
absence of Dof, we observed Htl largely in a punctate pattern
at the membranes of these cells (Fig. 4M), and coexpression of
Dof did not change this distribution significantly (Fig. 4N), nor
did the presence of the FGF receptor have any gross effect
upon the distribution of Dof in these cells (compare Fig. 4A
and O). Thus, the subcellular localizations of Htl and Dof are
independent of each other and are not dependent upon an
interaction between the proteins.

Dof is phosphorylated by the FGF receptors. To investigate
whether Dof could be phosphorylated in the presence of acti-
vated FGF receptors, we expressed the protein in Drosophila
S2 cells and examined the effect of adding an activated form of
the FGF receptor Btl. A phosphorylated protein with an ap-
parent molecular mass of roughly 130 kDa was present specif-
ically in cells expressing both the activated FGF receptor and
Dof (Fig. 6A, left) (the predicted molecular mass for Dof with
the Flag tag is 112.8 kDa). We confirmed that this protein was
indeed Dof by immunoprecipitation with an anti-Dof anti-
serum followed by Western blotting with an anti-phosphoty-
rosine antibody (Fig. 6A, right). Thus, these experiments indi-
cate that Dof is phosphorylated in the presence of an active
FGF receptor, although not whether the phosphorylation is
mediated directly by the FGF receptors.

The FGF receptors require Dof to generate high levels of
diphosphorylated MAP kinase (20, 27, 39). The analysis of the
truncated forms of Dof described above indicates that the last
210 amino acids are not essential for the function of the mol-
ecule. Thus, we focused our attention upon the potential bind-
ing sites for Drk (Grb2), PI 3-kinase, and Corkscrew (SHP2)
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that are present at positions 97, 486, and 515 of Dof, respec-
tively (Fig. 6B).We constructed a number of transgenes with
different combinations of mutations that result in the produc-
tion of proteins containing phenylalanine residues in place of
these tyrosines (Fig. 6B). When expressed in Schneider S2

cells, these constructs are stably expressed at levels comparable
to those of the full-length wild-type protein (see Fig. S3 in the
supplemental material). The level of phosphorylation of these
constructs is reduced compared to the full-length wild-type
protein, but even in Dof1-802(FFF), phosphorylation is not

FIG. 4. Subcellular localization of mutant Dof proteins and influence of Dof on localization of ectopically expressed Htl. (A to L) The stabilities
and subcellular localization of mutant forms of Dof were assessed using a prd-Gal4 transgene to express each construct in ectodermal cells. The
expression and subcellular localization of the mutant proteins were followed by staining fixed embryos with an anti-Dof antiserum. (M to O) A
transgene encoding Htl was expressed using prd-Gal4 either alone (M) or in combination with a transgene encoding Dof with an N-terminal flag
epitope tag (N and O). The subcellular distribution of Htl (M and N) was visualized by staining the embryos with an anti-Htl antiserum, and the
localization of Dof (O) was determined as described above. All embryos depicted are of the same age (stage 10). The orientations of the embryos
are shown in the top right corner of each panel; the white boxes indicate the regions (39 by 35 �m) that were photographed at high magnification.
The proteins ectopically expressed are indicated in each panel.
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FIG. 5. Interaction of the FGF receptor Heartless with mutant forms of Dof. (A) Diagram of Heartless (accession number Q07407) showing
the transmembrane domain and the ATP binding and autophosphorylation sites. The two blue bars represent the longest and shortest regions
encoded by heartless clones isolated in a yeast two-hybrid screen with Dof (the fusion of the Gal4 activation domain with Htl corresponds to amino
acids 349 and 491, respectively). TM, transmembrane region. (B) Coimmunoprecipitation of Dof with the FGF receptor Htl. Lysates from
Schneider S2 cells coexpressing a constitutively active, hemagglutinin (HA)-tagged form of Htl (lambda-Htl) and a Flag-tagged full-length Dof
protein were used for immunoprecipitation (IP) with antibody against FLAG, Dof, or HA or control beads without antibodies. The immunopre-
cipitates were analyzed by SDS-PAGE together with the whole-cell lysate (input). Western blots were stained with antibodies against Flag to
visualize Dof (left) and against HA to visualize the FGF receptor (right). In addition to the band corresponding to the full-length Flag-tagged Dof
molecule at �130 kDa, a breakdown product at 70 kDa is usually seen. (C and D) Growth of yeast clones coexpressing Dof mutants fused to the
Gal4 DNA binding domain (DB) and fragments of Htl fused to the Gal4 activation domain (AD). The different Dof mutants tested are shown
schematically on the left (see Fig. 3 for details). Serial dilutions of cell suspensions were spotted onto plates containing the indicated selection
media (His selection, SC-H, or the more stringent Ade selection, SC-ULA) and grown for 3 days. In panel D, the results of the comparison of the
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completely abolished (see Fig. S3 in the supplemental mate-
rial). This suggests that tyrosines other than those that lie
within recognizable consensus binding sites for known adapter
proteins can also be phosphorylated. Comparison of the phos-
phorylation states of the deletion mutants (see Fig. S3 in the
supplemental material) indicates that these tyrosines lie in the
region between amino acids 522 and 802, which contains seven
tyrosines.

In the tracheal assay, the mutation of individual sites had
little effect on the activity of Dof, irrespective of whether the
full-length or the truncated form was used (data summarized in
Fig. 3 and 6C, D, E, and G). However, the combination of
these mutations gave a less reliable rescue (Fig. 6F), and the
mutation of all three tyrosines in a transgene that lacked the C
terminus reduced the activity in this assay further (Fig. 6H). In
the mesoderm assay, the single mutations of the potential Drk
and PI 3-kinase binding sites also had little effect (Fig. 3).
However, constructs in which the potential Corkscrew binding
site was mutated were compromised in the ability to rescue the
expression of Even-skipped, and a transgene lacking the C
terminus and with mutations in all three tyrosines had much
less activity. Taken together, these results indicate that the
most important of the potential phosphorylation sites is Y515,
suggesting that one function of Dof may be to recruit Cork-
screw/SHP-2 upon the activation of an FGF receptor.

DISCUSSION

Dof has been proposed to mediate the transmission of a
signal from an activated receptor to other components of the
cell, including the MAP kinase cascade (20, 27, 39). We can
envisage three different ways in which Dof could function, all
of which are consistent with the physical interaction of Dof
with the FGF receptors.

First, Dof could be required for the transport of the FGF
receptors to the cell surface. However, the detection of Heart-
less at the peripheries of cells in the absence of Dof argues
against such a function. Second, Dof may have a role in the
activation of the receptors. It could, for example, facilitate or
stabilize conformational changes or autophosphorylation of
the receptors. We have no data that would specifically support
this model, but it is not ruled out by any of our results. Finally,
Dof is phosphorylated in the presence of an activated FGF
receptor and could be involved in transmission of the signal
from the receptors.

Although Dof is a large protein, the only motifs that can be
identified in the primary sequence are two ankyrin repeats and
a coiled coil (39). Comparison of the Drosophila protein with

its Anopheles homolog and the most closely related vertebrate
proteins, BCAP and BANK (30, 45), suggests that dof may be
an example of a fast-evolving gene used for FGF signaling in
Drosophila but which has acquired a novel function with the
development of the immune system in higher vertebrates. Dof
shares a number of distinct parts with these proteins, namely,
the ankyrin repeats, the coiled coil, and the region adjacent to
the ankyrin repeats, which we have called the DBB motif.
Surprisingly, despite the conservation of these domains, only
the DBB domain appears to be indispensable for FGF signal-
ing in Drosophila. In this respect, it is interesting that the
association of BANK with the IP-3 receptor, which stimulates
the release of calcium from intracellular stores upon activation
of the B-cell receptor, also depends upon the N-terminal part
of the protein but not upon the ankyrin repeats that are
present within this region (45). However, two caveats apply to
the in vivo assays that we used to test the function of Dof. First,
there are aspects of FGF signaling besides those examined in
our assays, such as feedback regulation (8, 16, 29) and the
response to oxygen deprivation (22), which could be affected
by the Dof mutations. Second, we determined the consequence
of a particular deletion based on the overexpression of the
mutant protein, and this may have masked certain physiolog-
ical requirements for particular domains of the protein. Thus,
we may not have identified all of the functional domains of
Dof; nevertheless, this approach has revealed a critical part of
the protein.

The most important region for the function of Dof corre-
sponded to the DBB motif, which is critical for FGF signaling
and for the efficient interaction of Dof with the receptor. Dof
mutants with deletions that disrupted the DBB motif had only
miminal biological activity and were no longer capable of in-
teracting efficiently with the FGF receptor. These observations
suggest that the DBB domain interacts directly with the FGF
receptors. This is unlikely to be the only function of the DBB
motif, since this domain is conserved in BCAP and BANK,
which are expressed in B cells and macrophages and are re-
quired for the function of the B-cell receptor and thus are
unlikely to interact with FGF receptors. Indeed, we have found
that the DBB domain in both Dof and BCAP is required to
mediate self-association in yeast cells, indicating that this do-
main may have a more general role in mediating protein-
protein interactions (4).

Constructs lacking this domain still provide above-back-
ground biological activity, suggesting that perhaps other parts
of the molecule participate in receptor binding, allowing resid-
ual signal transmission in the absence of the DBB. Conversely,

behavior of the long fragment of Htl under the two selection conditions are shown schematically. �, strong growth at all three densities; �, no
detectable growth at the lower densities and minimal or no growth at the highest density. (E) Western blots of whole-cell lysates (input) and
immunoprecipitations from Schneider S2 cells expressing a constitutively active HA-tagged FGF receptor (�Htl) and Flag-tagged mutated versions
of Dof. Protein complexes were immunoprecipitated from the lysates using antibody against Dof, Flag, or HA, and the precipitated proteins were
detected on the Western blots using antibody against Flag or HA. The asterisk marks the immunoglobulin G heavy chain of the Flag antibody used
for immunoprecipitation. In addition to a protein of approximately the size predicted for each of the constructs, in each lane there is also a smaller
fragment representing a breakdown product. The sizes of these smaller fragments are in all cases consistent with a cleavage of Dof at the same
position between the ankyrin repeat and the coiled-coil region. The five top panels are from the same experiment. The bottom panel is from a
separate experiment to show the variation in the amount of Dof	233-449 associated with the receptor. The expression levels in this experiment
were the same as in experiment (Exp.) I. Note that although Dof[168-1012] is not detectable in the whole-cell lysate at this exposure, a certain
amount is precipitable and (in experiment II) is able to coprecipitate the receptor.
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the DBB region in itself is clearly not sufficient for transmission
of the signal, showing that other essential functions reside
elsewhere in the molecule. The smallest N-terminal fragment
of Dof with biological activity was Dof[1-522]. A mutant with a
more extensive C-terminal truncation, Dof[1-446], had no bi-
ological activity but was still able to interact with the cytoplas-
mic domain of the FGF receptor Htl. Together, these findings
imply that in addition to the DBB domain there are essential
properties of Dof that are located within the 76 amino acids
between residues 446 and 522. Intriguingly, there are two ty-
rosine residues in this region that are potential binding sites for
PI 3-kinase and Corkscrew (39). The mutation of the potential
Corkscrew binding site had a clear effect upon the activation of
Even-skipped within the mesoderm, suggesting that this bind-
ing site contributes to the function of the molecule.

In summary, we have shown that two parts of Dof are im-
portant for its function. The DBB motif is necessary for the
efficient interaction of Dof with the receptor, and tyrosines
between the ankyrin repeat and the coiled-coil region also
contribute to the function of Dof, possibly by recruiting Csw.
Thus, similar to FRS2 in vertebrate FGF signal transmission,
Dof uses a protein-protein interaction domain to interact with
the receptor and acts as a substrate for phosphorylation, and it
can therefore recruit other signaling molecules. It is intriguing
that although the FGF signaling pathway must have existed in
the common precursor of insects and vertebrates, different
molecules have taken on this role in the two lineages, while
their respective homologs in the other lineage have diverged in
sequence and function.
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