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Abstract The availahility of the complete sequence of
the Drosophila genome and the assignment of putative
reading frames, provides an opportunity to search for
new members in families of proteins generating signal-
ing cascades. The six major pathways that dictate pat-
terning were examined: receptor tyrosine kinases, trans-
forming growth factor beta (TGF(), Wnt, Toll, Hedge-
hog and Notch. Several new components were identified
for the first four pathways, including ligands, receptors,
cytoplasmic components and transcription factors. Most
notable is the identification of a vascular endothelial
growth factor (VEGF) receptor tyrosine kinase, two in-
sulin/insulin growth factor | (IGF 1) receptors without
cytoplasmic protein kinase domains, and a family of pro-
teins similar to Rhomboid (a protein involved in cleav-
age of TGFa-like ligands). A new TGFJ family ligand,
two new Wnts and a Frizzled receptor were also identi-
fied. Finally, for the Toll pathway, two new potential
Spatzle-like ligands and two new receptors were identi-
fied.
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Introduction

Embryonic and post-embryonic development in all mul-
ticellular organisms relies on elaborate communication
between cells, which dictates the fates cells will adopt.
These communication events are mediated by diffusible
or membrane-bound ligands, triggering signaling cas-
cades in the receiving cells. Saturating genetic screens
for mutations affecting patterning identified most of the
genes involved in these processes. Individual genes were
then clustered into pathways, based on their structure,
phenotype and epistasis studies. Elucidation of the com-
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ponents of these cascades was boosted by parallel studies
in Drosophila and Caenorhabditis elegans, as well as by
the analysis of the vertebrate genes that were identified
primarily through their role in oncogenic transformation.
For each of the pathways uncovered, a comprehensive
network of proteins was identified: proteins involved in
ligand processing or presentation, ligands, transmem-
brane receptors, accessory proteins, and the cascade of
proteins relaying the signal from the activated receptor
to the nucleus, culminating in the induction of specific
target genes. Surprisingly, the entire array of develop-
mental decisions is regulated by only six signaling cas-
cades that are conserved from flies to humans. While the
molecular strategy varies dramatically between the dif-
ferent pathways, they all fulfill a similar basic function:
transmitting the information from the membrane to the
nucleus, and activating the appropriate sets of target
genes.

The six cardinal pathways that play arole in develop-
ment will be briefly mentioned below. Receptor tyrosine
kinases (RTKs) are dimerized after binding to their li-
gands. This leads to transphosphorylation of cytoplasmic
tyrosine residues, and the recruitment of the GTP ex-
change factor Sos to the membrane, triggering activation
of the Ras protein (reviewed in Pawson 1995). Activated
Ras triggers a cascade of three kinases: Raf, MEK and
MAP kinase (MAPK). MAPK is translocated to the nu-
cleus where it activates transcription by phosphorylating
transcription factors.

TGFf3 family proteins activate their pathway by bind-
ing to a type | receptor, and inducing its dimerization
with atype Il receptor. The cytoplasmic kinase of type Il
receptor phosphorylates the GS domain on the type | re-
ceptor. This allows the type | receptor to associate with a
Smad protein and phosphorylate it. Once phosphorylat-
ed, Smad proteins heterodimerize with a co-Smad pro-
tein, translocate to the nucleus and participate in the
transcription complex (reviewed in Massague and Chen
2000).

Wnt proteins activate seven-pass transmembrane re-
ceptors of the Frizzled family. Activated receptors affect



the conformation of the Disheveled protein, which be-
comes capable of destabilizing a complex of proteins
that normally target the Armadillo protein for degrada-
tion. The complex contains Axin, ZW3 kinase and APC.
When this complex is destabilized, Armadillo levels in-
crease alowing it to enter the nucleus and participate in
a transcription complex with TCF (reviewed in Wodarz
and Nusse 1998).

Hedgehog signals by binding the Patched 12-pass
transmembrane receptor, thus dissociating Patched from
the seven-pass transmembrane protein Smoothened. Dis-
sociated Smoothened is active, and leads eventually to
the proper cleavage and activation of the Ci protein
which is the critical transcription factor (reviewed in
Ingham 1998; Johnson and Scott 1998).

The Notch pathway is activated by binding of the li-
gands Delta or Serrate, facilitating cleavage of the intra-
cellular domain of Notch. This domain is complexed
with the Su(H) protein, and translocates to the nucleus
where it activates transcription of target genes (reviewed
in Artavanis-Tsakonas et al. 1999).

Finally the Toll receptor is activated by the ligand
Spatzle (Spz). An elaborate cascade of serine proteases
is responsible for generating the cleaved, active form of
Spz. Activated Toll leads to the degradation of the IkB
homologue, Cactus. This releases the NFkB homologue
Dorsal from the cytoplasm, alowing it to translocate to
the nucleus and activate target genes (reviewed in Belvin
and Anderson 1996; Imler and Hoffmann 2000).

Completion of the Drosophila genome sequence pro-
vides an opportunity to revisit these cardinal signaling
pathways (reviewed in Rubin et al. 2000). For each path-
way we already know most of the components involved
in transmitting the information. How many additional
components of the known classes, which were not previ-
ously identified by genetic screens, can now be found in
the genome? We will show that for some of the path-
ways, new components can be identified by anayzing
the sequences. However, the number of new components
is not large, demonstrating that the genetic screens were
extremely effective in identification of the elements for
these signaling pathways.

It should be stressed that thisis only a first-pass anal-
ysis, which is based on the currently available gene pre-
dictions for the Drosophila genome. Problems that might
exist include fully unpredicted genes, missing exons
from predicted genes, and fusion of separate genes. Our
analysis relies on sequence similarity between predicted
Drosophila genes and known signaling pathways pro-
teins. New types of signaling elements and those beyond
the sensitivity of current sequence analysis methods
would not be identified. Additional signaling proteins
may be identified in the future as gene prediction and
similarity search algorithms are refined, more EST se-
guence data are available, and gaps in the published data
are sequenced. However, we believe that thisinitial anal-
ysis aready provides a good estimate for the number of
new genes that can be expected for each of the signaling
cascades.
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Sequence analysis methods

The primary method we used was the BLAST sequence-
to-sequence search method (http://www.nchi.nim.nih.
gov/blast; Altschul et a. 1997). For a more sensitive
analysis, the Blocks and InterPro database facilities for
sequence-to-multiple-alignments  and multiple-align-
ments-to-sequence searches were utilized (http://www.
ebi.ac.uk/interpro; Apweiler et al. 2000; http://blocks.
fhere.org; Henikoff et al. 2000). In order to identify
genes we used the sequence analysis tools available on
the Berkeley Drosophila Genome Project (BDGP) web-
site (http://www.fruitfly.org/seq tools). Transmembrane
and signal-peptide regions were identified on the Center
for Biologica Sequence Analysis prediction servers
(http://www.cbs.dtu.dk/services; Nielsen et a. 1997;
Sonnhammer et al. 1998).

The data set we examined were the 14,100 Drosophi-
la melanogaster protein sequences found in the NCBI
Entrez database (http://www3.nchi.nlm.nih.gov/Entrez)
on 21 March 2000. When necessary we also examined
the complete D. melanogaster nucleotide segquences
found on the NCBI and BDGP databases.

RTKs

Newly identified proteins are listed in Table 1. Two new
receptors were identified. One is a receptor which shows
the highest similarity to vascular endothelial growth fac-
tor (VEGF) receptors in both ligand binding and protein
kinase domains, across its 1,500 amino acids (accession
no. CG8222) (Fig. 1). This may indicate an activity of a
ligand with structural similarity to VEGF. Another new
receptor (whose coding region is actually formed by the
separately annotated CG10244 and CG10239 tandem
ORFs) shows the greatest homology to the kinase do-
main of fibroblast growth factor (FGF) receptors in its
intracellular domain. The extracellular domain of this re-
ceptor (designated in the annotation as another gene)
contains a unique cadherin domain (Fig. 1). The only
other known RTK family with this domain organization
is the Ret proto-oncogene. However, no distinct similari-
ty was found between the extracellular cadherin domain
of Ret and this receptor.

An unexpected finding was the identification of re-
ceptors apparently lacking the intracellular domain. Two
such receptors of the insulin/IGF | receptor family were
identified. CG10702 contains a signal peptide and a
transmembrane domain that is only 50 amino acids from
the putative C-terminal end. No transmembrane region
could be identified in the second protein (CG3837)
(Fig. 1). In both cases no similarity to tyrosine kinase
domains could be identified in the downstream nucleo-
tide genomic regions. The significant similarity to the
extracellular domain of insulin/IGF | receptors strongly
suggests that these proteins are capable of binding
ligands from the insulin/IGF | family. They may inhibit
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Table1l Newly identified sig-
naling-pathway proteins

Protein Similar to Comments

Receptor tyrosine kinases

CG8222 VEGF receptor See Fig. 1.

CG10244 and Intracellular C' part similar to Annotated as two separate

CG10239 FGF receptor kinase domain and ORFs (Fig. 1)

extracellular N' part similar to
cadherin domains

CG10702 Insulin/IGF | receptors Signal peptide present,
transmembrane region
identified 50 amino acids
from the putative C' end
(Fig. 1)

CG3837 Insulin/IGF | receptors Signal peptide present,
no transmembrane region
identified (Fig. 1)

CG6736, Insulin-like proteins First four located together

CG14167, at 67C1 and last two on

CG8167, chromosome X at 2F4 and

CG14173, 3F2, respectively

CG14049,

CG13317

CG8056 Spitz, EGF-receptor ligand -

CG3126, CG5522,
CG8865, CG9491,
CG3427, CG7369,
CG4853

CG5960

CG12083,
CG1214, CG1697,
CG17212

CG6892
TGFB
CG1901

CG12410,
CG11582

Wnt

CG4971, CG4969
CG4626
CG17484
CG15010

Hedgehog
None

Notch
None

Toll

CG7250, CG8595
CG18318, CG9972
CG1102

CG439%4

Sos-like guanosine exchange
factors (GEFs)

GTPase-activating protein (GAP)
Rhomboid

ETS-domain protein

TGFB ligand
Twisted gastrulation (Tsg)

Wnt

Frizzled receptor
Armadillo

Slimb

Toll receptor
Spatzle (Spz) ligand
Easter protease
Traf protein

First two and Rhomboid are
paralogues (see Fig. 2)
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Fig. 1 Schematic representation of newly identified RTK recep-
tors. The discontinuity in CG10702 and CG3837 corresponds to
their possible cleavage into insulin-receptors type a and 3 sub-
units, however the cleavage siteis less certain in CG10702

signaling by sequestering ligands. Alternatively they
might promote signaling, for example by transporting or
presenting the ligand to its receptor. The similarity be-
tween these two proteins (approximately 25% identity) is
not greater than the similarity between the extracellular
domains of various insulin receptors. Thus these proteins
do not seem to be paralogues but to have evolved inde-
pendently.

Several new RTK ligands were found. A new ligand
of the EGF receptor termed Keren, displaying homology
to Spitz, was identified (CG8056). Six insulin-like pro-
teins were identified (CG6736, CG14167, CG8167,
CG14173, CG14049, CG13317). The first four appear
in tandem on chromosome 3L and the last two are on the
X chromosome. While their genomic positions indicate
gene duplication, the sequences of these proteins are di-
verse from each other and other insulin-like proteins, in-
cluding insect prothoracicotropic hormones (bombyxins)
and the locust insulin-related peptide (LIRP). The ligand
of the Heartless FGF receptor (Beiman et al. 1996;
Gisselbrecht et al. 1996) which is expected to belong to
the FGF family, was not identified, even by advanced
blocks searches.

Several new potential downstream components were
identified, including seven Sos homologues (CG3126,
CG5522, CG8865, CGY491, CG3427, CG7369, CGA853)
which are likely to be guanosine exchange factors
(GEFs) working either with Ras or other small GTP-
binding proteins, and several Ras family homologues.
Finally, another GTPase-activating protein (GAP)
(CG5960) was identified.

It is interesting to highlight the discovery of a new
gene family of Rhomboid (Rho) proteins. Rho is a
seven-transmembrane protein (Bier et al. 1990), which is
required for cleavage of the EGF receptor ligand Spitz
(Schweitzer et al. 1995; Golembo et a. 1996; Bang and
Kintner 2000). Four additiona Rho homologues were
identified (CG12083, CG1697, CG1214, CG17212).
Database searches found Rho homologues in other spe-
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Drosophila CG1697 (10C6)

C.elegans 1

Drosophila CG12083 (62A3)

98 Drosophila Rhomboid (62A3)

61 Drosophila CG1214 (62A1)

Human 1

100

Human 2

Human 3

100

Zebrafish 1

Drosophila CG17212 (33C1)
60

C.elegans 2

Fig. 2 Sequence relations among different Rhomboid-like pro-
teins. Common sequence segments were identified and aligned by
the clustal W program (Thompson et al. 1994), which was used to
compute the tree and its significance (bootstrap) values. Branch
points with less than 60% bootstrap values (out of 1,000 trials)
were collapsed. The remaining branch points are each labeled by
their percentage bootstrap values. Proteins were named by species
name and an arbitrarily ordered number. The chromosomal loca-
tions of the Drosophila genes are shown in parentheses. NCBI
gene identifier (gi) accession numbers of the non-Drosophila se-
quences: Caenorhabditis.elegans 1-529201; C.elegans 2-465822;
Zebrafish 1-6950276; Human 1-4506525; Human 2-3935221
(exons of the apparent gene on the 5' region of this nucleotide
sequence); Human 3-7020534

cies as well. While Drosophila has at least five Rho ho-
mologues (Wasserman et a. 2000) C. elegans includes
only two and human at least three. We identified com-
mon conserved sequence regions present in all Rho se-
guences and used them to determine the relation between
the proteins. Three of the Drosophila Rhos are clearly
most similar to each other and are probably paralogues
resulting from gene duplication following the separation
of insects, vertebrates and nematodes. These three pro-
teins might be related to two human Rhos which are
paralogues of each other (Fig. 2). These two independent
duplication events, apparent in Drosophila and humans
may have resulted from similar modes of action or selec-
tion of Rho type proteins.

Pointed is an ETS-domain protein which is a cardinal
player in the downstream responses to the EGF receptor
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and Sevenless signaling. Five other ETS proteins are
known and an additional one (CG6892) was identified,
showing similarity in the ETS DNA binding domain.

TGF[3 signaling

Several TGF( family ligands were already known: Dpp,
Screw, Glass bottom boat, myoglianin and [-activin
precursor. One additional protein (CG1901) has been
identified, which shows the similarity in its C-terminal
230 amino acids, including the domain which binds the
receptor after its proteolytic processing. The cysteine
residues which are essential for the structure have been
conserved.

Twisted gastrulation (Tsg) is involved in the facilita-
tion and regulation of Short gastrulation cleavage by
Tolloid (Oelgeschlager et al. 2000; Yu et a. 2000). Two
new Tsg homologues have been identified (CG12410,
CG11582), showing a conserved pattern of more than
20 cysteines.

Wnt pathway

Severa Wnt ligands are known. Two new Wnt homo-
logues (CG4971, CG4969) were found. A new Frizzled
(Frz) receptor was identified (CG4626). It has the typical
structure of an N-terminal cysteine-rich domain and sev-
en transmembrane domains. This additional receptor
may be responsible for interaction with the new Wnt
members, or may function cooperatively with Frz1 or
Frz2 in the specification of cell fates and establishment
of planar polarity.

Regulation of Armadillo (Arm) stability is at the heart
of the Wnt pathway. A new Arm homologue was identi-
fied (CG17484), which contains Arm repeats and is most
similar to neural plakoglobin-related protein. This pro-
tein may participate in Wnt signaling or in the establish-
ment of the adherence junctions.

Slimb protein provides specificity of Arm recognition
by the ubiquitination/degradation machinery (Jiang and
Struhl 1998). A homologue of Slimb was identified
(CG15010), showing similarity along the entire length of
Slimb.

Toll pathway

The Toll pathway was initially dissected on the basis of
its role in specification of the embryonic dorso-ventral
axis (Belvin and Anderson 1996). Unraveling the com-
ponents has revealed a striking similarity to the pathway
activated by IL1 receptor, leading to the nuclear translo-
cation of NFkB, involved in the immune response. Sub-
sequently, the involvement of the Toll pathway in the
Drosophila immune response has been demonstrated.
Finally, vertebrate Toll-like receptors contributing to the
innate immune response were identified (Hoffmann et al.

1999). Among the signaling pathways we examined, this
is the one in which the largest number of new compo-
nents have been identified. These elements may repres-
ent hitherto uncharacterized components of the immune
response in Drosophila.

Spz is the ligand activating Toll in the ventral side of
the embryo and is also involved in the immune response.
Two new Spz homologues were found (CG18318,
CG9972). Interestingly, they display the similarity in the
C-terminal part, which is the active ligand domain of Spz
after its cleavage by Easter. These are likely to be acti-
vated by proteolytic cleavage at the onset of the immune
response. Several known Toll homologues, 18 wheeler,
Taho and Takl are known. Two additional homologues
were identified (CG7250, CG8595). They are similar in
length, and show homology both in the extracellular leu-
cine-rich region as well asin the cytoplasmic domain.

A proteolytic cascade is responsible for activating the
cleavage of Spz. Among the large number of new serine
proteases identified in the genome (Rubin et al. 2000),
one shows a high level of similarity to Easter aong the
entire length (CG1102). Again, this protease may be in-
volved in the immune response, as Easter was shown not
to be involved in this process. Traf is an essential adap-
tor protein relaying the signals from Toll receptors. In
addition to the two known Traf proteins, a new member
was found (CG4394).

Concluding remarks

A search of the completed genome sequence of Drosoph-
ila has identified new homologues of signaling compo-
nents in several cardinal signaling pathways. It was sur-
prising however, that the number of new components is
fairly small. For the Hedgehog and Notch pathways no
new components were identified.

Most of the known components of the signaling path-
ways were previously identified by genetic screens, in-
cluding direct identification of mutant embryonic or post
embryonic phenotypes, and sensitized genetic screens.
The key to identification of such phenotypes is a non-
redundant role for each of the respective genes. The
number of new components that may be identified by
data mining of the complete genome sequence is thus an
indication of the degree of functional redundancy. In ad-
dition, it may identify essential components in biological
processes that were not searched exhaustively for mu-
tants, such as the immune response.

The relatively small number of new components iden-
tified in Drosophila strongly suggests that the degree of
functional redundancy in the components of the major
signaling pathwaysis minimal.
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