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Ras GTPases are central to many physiological and pathological signaling pathways and act via a combi-
nation of effectors. In mammals, at least three Ral exchange factors (RalGEFs) contain a Ras association
domain and constitute a discrete subgroup of Ras effectors. Despite their ability to bind activated Rap as well
as activated Ras, they seem to act downstream of Ras but not downstream of Rap. We have revisited the
Ras/Rap-Ral connections in Drosophila melanogaster by using iterative two-hybrid screens with these three
GTPases as primary baits and a subsequent genetic approach. We show that (i) the Ral-centered protein
network appears to be extremely conserved in human and flies, (ii) in this network, RGL is a functional
Drosophila orthologue of RalGEFs, and (iii) the RGL-Ral pathway functionally interacts with both the Ras and
Rap pathways. Our data do not support the paradigmatic model where Ral is in the effector pathway of Ras.
They reveal a signaling circuitry where Ral is functionally downstream of the Rap GTPase, at odds with the
pathways described for mammalian cell lines. Thus, in vivo data show variations in the connectivity of

pathways described for cell lines which might display only a subset of the biological possibilities.

The Ras GTPases contribute to the functioning of several
molecular systems that transduce extracellular signals to reg-
ulate cell fate. They are involved not only in cell proliferation
but also in cell differentiation as well as in oncogenic processes
(3, 7). Ras is found in single-cell organisms like Saccharomyces
cerevisiae, where it uses a unique pathway to convey its function
through the control of adenylate cyclase (62). In mammals,
Ras functions through a multiplicity of effectors. The use of
effector loop mutants of Ras (72) has shown that three effec-
tors account for many, if not all, Ras functions: phosphatidyl-
inositol 3-kinase (PI3K; a preferred effector of the Ras¥*’¢
allele), Raf (a preferred effector of the Ras™>® allele), and Ral
guanine nucleotide exchange factors (RalGEFs; preferred ef-
fectors of the Ras®7" allele).

The combined contribution of these effectors to cell signal-
ing in a tissue under physiological conditions as well as in
oncogenic transformation remains to be clarified. Oncogenic
Ras®'?Y properties can be fulfilled by the concomitant expres-
sion of Ras®'?V 1335 and Ras®'?V E3¥7S | and this complemen-
tation is accounted for by a cooperation between the Raf and
RalGEF pathways (73), although in immortalized primary hu-
man fibroblasts, a large part of Ras®'?V transforming activity
can be fulfilled by Ras®'?Y 7S which can be replaced by an
activated RalGEF, RIf (23). On the other hand, neural differ-
entiation of PC12 cells that can be driven by Ras®'?V is an-
tagonized by RalGEFs (21). Another issue in Ras signaling is
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that the Rap GTPases, which share approximately 50% iden-
tity with Ras proteins, bind many Ras effectors but, in most
cases, fail to activate them in vivo. Rap binds one of the
RalGEFs, RalGDS with a higher affinity than does Ras and is
able biochemically to stimulate Ral activation in vitro; how-
ever, Rap does not lead to the activation of Ral in mammalian
cell lines (31, 75, 82).

Ral proteins were the first Ras-like GTPases discovered by a
systematic search for p21-Ras homologues (14). Converging
evidence in mammalian cell lines has shown that Ral is acti-
vated in a cascade consecutive to the activation of Ras via the
RalGEFs RalGDS, RGL, and RIf (reviewed in reference 76).
There are also Ras-independent ways to activate Ral (17, 43,
47, 68, 78), and Ral may act as an integrator of signals from
different sources. Once bound to GTP, Ral interacts with one
or more of its effectors, and among them, RLIP76 and SEC5
are the best characterized (11, 27, 39, 44).

In Drosophila melanogaster, downstream of the Ras effec-
tors, a PI3K pathway is involved in cell growth (6, 35, 70) and
a mitogen-activated protein kinase pathway is involved in cell
determination (22, 37), cell survival (4, 33), and cell prolifer-
ation (29, 46). It has been shown that the Ras®'?V E37 allele
acts in synergy with the mitogen-activated protein kinase path-
way to induce cell hyperplasia (29). The Rapl GTPase has
been involved in morphogenesis where Ras and Rap seem to
function via distinct pathways (2). Drosophila Ral has been
suggested to regulate cell shape changes through the JNK
pathway (54). A connection between the Rap and Ras path-
ways and the Ral pathway has not been established yet.

We have revisited the Ras/Rap-Ral connections with an in
vivo model, D. melanogaster. A two-hybrid approach with these
three GTPases as baits and iterative screens with prey as baits
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was followed by a genetic analysis. We report the following: (i)
the conservation of the protein-protein interaction network
from Ras/Rap to components of the endocytosis machinery,
via RAL and RLIP, and to the exocyst, as in mammals, with the
fly harboring a simplified version of the Ral transduction path-
way; (ii) the molecular and phenotypic characterization of
RGL, a Drosophila orthologue of mammalian RalGEFs; (iii)
that the Ral pathway interacts genetically with the Ras path-
way, although our results do not favor the existence of a linear
Ras-RalGEF-Ral pathway, as documented in mammalian cell
lines; and (iv) genetic interactions that are consistent with a
linear activation pathway from Rap to Ral. These results shed
a different light on the paradigmatic relationships of Rap and
Ras with Ral. They support the idea that the same set of
signaling proteins can be used to build different networks,
probably in a tissue-specific manner.

MATERIALS AND METHODS

Molecular biology and plasmid handling. Standard techniques in molecular
biology were used for cloning, PCR, sequencing, and Northern blotting (51).
When PCR was used for cloning, all of the constructs were sequenced. The
backbone plasmid used for transgene experiments was pUAST (8). When tar-
geting expressed proteins to membranes was desirable, we used a modified
pUAST where the 3’ side of the polylinker was modified by inserting a double-
stranded oligonucleotide encoding the last 18 amino acids of K-Ras, mainly
consisting of a polybasic region followed by a CAAX motif that allows prenylation.

Two-hybrid screens. Two-hybrid screens and assays were carried out with a
LexA-based two-hybrid system (64) and yeast strains L40AGAL4 (a gift of P.
Legrain and M. Fromont-Racine) and AMR70 (a gift of R. Sternglanz) or Y187
(Clontech). A 0-to-24-h Drosophila embryo cDNA library was a generous gift of
S. Elledge. Standard techniques in yeast handling were used.

Drosophila stocks. Flies carrying UAS-RglIFL, UAS-Rgl1 CAAX, UAS-RgI2FL,
UAS-RgI2CAAX, UAS-Ral™, UAS-Ral>>N, and UAS-Ral“?°V were generated by
standard methods of P-element transformation. Flies carrying transgenes har-
boring various Rap and Ras alleles under an upstream activation sequence
(UAS) promoter were generous gift from several colleagues: UAS-RapI¥'? and
UAS-Ras1¥'? were generously provided by I. Hariharan and D. Montell, respec-
tively. The effector loop mutants UAS-Ras!¥1? 53, UAS-Ras1V'? S37, and UAS-
Ras1V'? ©# are from G. Rubin’s laboratory (29).

For overexpression studies, Rgl and Ral transgenes were used in combination
with the Gal4 drivers da-Gal4 (ubiquitous expression in embryo, FlyBase data),
Gal4M519% (12), GMR-Gal4 (52, 53), and sca-Gal4 (40). The sca-Gal4 driver was
also used for interaction crosses. sca-Gal4 drives expression in proneural clus-
ters; its expression initiates in the second larval instar and progresses to the late
pupal stages (15). Gal4 driver strains were generously provided by E. Hafen
(GMR-Gal4), B. Limpourg-Bouchon (da-Gal4 and Gal4*519%°), and F. Schweis-
guth (sca-Gal4). Fly crosses were performed at 25°C unless noted otherwise.

Deletions in the Rgl locus (ARgl) were generated by excision of the P elements
in the 1(3)02840 line (16) and in the EP3365 line (48). Molecular, genetic, and
phenotypic characterization of these alleles of Rgl will be described elsewhere.

Flies were prepared for scanning electron microscopy as described previously
(30). The mounted samples were ion coated and observed with a scanning
electron microscopte (Hitachi Instruments, Inc.). Preparation of flies for No-
marski optics was performed in Hoyer’s solution following standard fixation
procedures in glycerine-acetic acid (1:4) (74).

Gene and protein references. The genes and proteins referred to herein are
identified by the following GenInfo (gi) numbering: human RLIP76, gi 974142;
mouse REPS1, gi 2677842; human POBI, gi 18598813; human POBI, gi 2895090;
mouse RGL, gi 8394179; mouse RalGDS, gi 193572; mouse RIf, gi 1354500;
Drosophila RLIP, gi 4104637; Drosophila RGL1, gi 12001829; Drosophila RGL2,
gi 6652993; and Drosophila REPS, CG6192.

RESULTS

Protein networks are conserved between flies and mammals.
Protein-protein interactions are more strictly conserved than
the sequences of the involved proteins. The fly Rasl, Rapl,
and Ral GTPases were used as baits in a first round of two-
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hybrid screens of a Drosophila embryo cDNA library. Subse-
quently, a second round was performed in order to identify
partners of proteins identified as Ral, Rapl, or Rasl partners
in the first round.

(i) A protein interaction network is conserved downstream
of the RAL GTPase in flies and mammals. A screen with fly
Ral as a bait led to the identification of an orthologue of
human RLIP76, an effector of the human RalA and RalB
GTPases. We named this protein RLIP (28). RLIP and
RLIP76 proteins share 38% identity and 63% similarity, most
of which is concentrated in the central region that contains a
RhoGAP region and the Ral-binding domain (RalBD) (Fig.
1). The regions that are N-terminal to the GAP domain and
C-terminal to the RalBD share no significant homology be-
tween humans and flies. Even if sequences with low levels of
compositional complexity are not filtered (60), the levels of
homology only reach 28 and 17%, respectively (Fig. 1). This
lack of significant conservation in the primary structure con-
trasts with the ability of both human (amino acids [aa] 1 to 209)
and fly (aa 1 to 206) N-terminal regions to interact with the fly
and human p2 medium chain of adaptin AP2 (28).

A two-hybrid screen performed to identify partners of the
C-terminal region of Drosophila RLIP (last 144 aa) identified
a protein encoded by the predicted gene CG6192. The pre-
dicted protein harbors an EH domain (positions 259 to 354), a
proline-rich region containing putative SH3-binding sites (aa
534 to 665), and a putative PDZ class 1 binding motif at its C
terminus (18, 36, 79). Our two-hybrid data show that it displays
the functional ability to bind to RLIP, encapsulated within its
last 140 aa and corresponding to the shortest cDNA fragment
identified in our screen. The presence and topology of these
features make this protein the most probable unique fly ortho-
logue of the mammalian proteins REPS1 and REPS2/POBI, a
conclusion supported by taxonomic proximity alignment (71).
Thus, we named this protein REPS. Human POBI is a partner
of mammalian RLIP76/RalBP1 and is involved in its endocy-
totic function (26, 41). The global identity between mouse and
fly REPS is only 21%, and most of it is accounted for by the EH
domains (51%), whereas the RLIP binding regions share only
19% identity: interaction between the RLIP and REPS pro-
teins involves regions of low homology between species in both
proteins (Fig. 1). Evolution seems to have allowed large
changes in the primary protein sequences of the C termini of
REPS and RLIP, as long as one crucial characteristic is main-
tained: the ability for RLIP and REPS within each species to
interact. This hypothesis is consistent with the absence of in-
terspecies interaction between RLIP and REPS (data not
shown).

Finally, a recently identified effector of human Ral is the
human orthologue of yeast Sec5, a protein involved in pro-
cesses using the exocyst machinery. Via SECS, RAL partici-
pates in the correct basolateral targeting of membrane proteins
in polarized epithelial cells as well as in secretion (39). RalA
and RalB bind to the first 120 aa of SECS, a region absent in
yeast Sec5. The same region of fly SEC5 as well as full-length
fly SECS binds to activated alleles of human and fly Ral, and
these interactions are sensitive to effector loop mutations (data
not shown). In flies, as in humans, the exocyst seems to be a
RAL effector.

Taken together, these results show that, at the molecular
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FIG. 1. Alignment of primary structures of RGL, RLIP, and REPS in humans (Hs) (RLIP76), mice (Mm) (RGL and REPS1), and Drosophila
(Dm). The REMO, CDC25/GEF, RA, RhoGAP, and EH domains were identified by using the SMART domain search engine (http://smart.embl
-heidelberg.de/). The RalBD and p2 binding domain (BD) were identified as minimal interacting regions in two-hybrid assays (26). The REPS BD
in RLIP proteins and the RLIP BD in REPS proteins are defined in this work and in published data (24). Local and global identities (as
percentages) were determined by using ClustalX alignment and MacBoxShade. Notice that the REM0, CDC25/GEF, and RA domains of D.
melanogaster RGL share 46.4, 44.7, and 40.2% identity with the equivalent domains of mouse RalGDS, respectively. D. melanogaster RGL is thus
globally and locally closer to RGL, hence its name. For each couple, the upper scheme represents the mammalian protein, and the lower scheme

represents the Drosophila protein.

level, the pathway downstream of Ral is similar in flies and in
mammals at least to the second level of neighboring. Such
conservation of protein-protein interactions in species so dis-
tant in evolution also suggests that these two-hybrid interac-
tions are biologically significant, pointing most probably to
similar functions (Fig. 2).

(ii) Two-hybrid screens with Drosophila RAS1 and RAP1 as
baits identify a Drosophila RalGEF, RGL. A two-hybrid screen
with the same Drosophila embryo library and Drosophila wild-
type RAS1, an orthologue of human Ras, and RAP1, an or-
thologue of human Rapl, identified several cDNAs of various
lengths encoding the same protein 24 and 64 times, respec-
tively (Table 1).

From a plasmid-based fly embryo cDNA library (9), we
cloned a 3,862-bp-long cDNA composed of a 593-bp 5" un-
translated region (UTR), a 944-bp 3’ UTR, and an open read-
ing frame of 2,322 bp encoding 774 amino acids. The mRNA
might be longer by 84 nucleotides on its 5’ side since bp 1 of
our ¢cDNA corresponds to bp 85 of a recently identified ex-
pressed sequence tag (EST) (RE62655). In this latter EST as
well as in our cDNA, all frames are closed upstream of the
proposed ATG and major positions of the fly Kozak consensus
sequence (—6, —3, and —1) are found (ACUAUAAUG). The
open reading frame encodes a predicted protein containing an
REMO/LTE1 domain, a CDC25/GEF domain, and a Ras as-
sociation (RA) domain (Fig. 1). Such an organization is found
in the mammalian RalGEFs RalGDS, RGL, and RIf, suggest-
ing that we had identified a Drosophila exchange factor for Ral.
Globally, this putative fly RalGEF is 34% identical to mouse
RGL and 28% identical to mouse RalGDS. RIf shows less

H. sapiens D. melanogaster

Rap Ras Ras
\ UJ v
RalGEF RalGEF/RGL | =
R 4

ﬂ 4
Ral » X

K2 K7
Sec5  RLIP76 Secs RLIP

K2 N
u2(AP2) REPS

¥ N

u2(AP2) REPS

FIG. 2. Conservation of the Ral-centered signaling network in
mammals and flies. Black arrows reflect protein-protein interactions as
deciphered mainly by two-hybrid assays in the present study and else-
where (see text for references). Gray arrows reflect functional data
obtained in various mammalian cell lines and genetic interactions in
Drosophila. In flies, the white arrow between Ras and RGL reflects a
genetic interaction that does not fit with a linear functional path from
one to the other. Preliminary data suggest a genetic interaction be-
tween fly Ral and RLIP. In mammals, a linear pathway goes from Ras
to Ral, with no intervention of Rap, whereas in flies, Rap seems to
activate a Ral pathway that interacts with Ras. In flies, dotted arrows
reflect that the observed Ras-Rgl/Ral genetic interaction might be
accounted for by the convergence of the Ras and the Ral pathways,
with Ras using an effector that does not discriminate between the three
effector loop mutations used in this work.
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TABLE 1. Two-hybrid screens”

No. of colonies of protein as

Bait No. of No. of .

rotein® screened positive clones prey/screen
P colonies (His* LacZ™) Rel Rasl Ras2 Rapl
Rasl 15 x 10° 53 24 0 0 0
Rapl 8 X 10° 144 64 0 0 0
Rgl 12 x 10° 125 0 2 3 24

“ Two-hybrid screens were performed with the listed fly proteins and a 0-to-24
h D. melanogaster embryo cDNA library.

® Wild-type Rasl, wild-type Rapl, and the C-terminal region of fly RGL
(starting at aa 488, just after the GEF domain) were used as bait in the two-
hybrid screens.

¢ The number of times the indicated proteins were identified as independent
prey in positive clones are given.

homology. The three conserved regions also present a closer
identity to their counterparts in RGL than in RalGDS (Fig. 1).
We named this fly protein RGL. In silico searches with BLAST
homology for other potential RalGEFs in the Drosophila ge-
nome database with fly RGL, the RGL CDC25/GEF domain,
and the SOS CDC25/GEF domain showed that Rgl is the only
gene in the fly genome that encodes a RalGEF of the RalGDS/
RGL/RIf family, i.e., containing both a RalGEF domain and
an RA domain. Flies have one other potential exchange factor
for RAL that belongs to the RalGPS/RalGEF?2 family, which is
devoid of RA domains but harbors a PH domain, SH3-binding
motifs, and a CDC25/GEF domain. In mammals, RalGPS pro-
teins have been shown to act as RAL activators (17, 47). Fly
RalGPS is encoded by the predicted CG5522 gene.

Reciprocally, a two-hybrid screen performed with the C-
terminal region of fly RGL (aa 488 to 774, which includes the
RA domain) identified RAP1, RAS1, and RAS2 as partners
(RAS2 is a fly orthologue of mammalian R-Ras and/or TC21)
(Table 1). This region of Drosophila RGL does not interact
with fly RAL, CDC42, RACI1, or RHO1 (data not shown),
exhibiting a specificity restricted to a few GTPases of the Ras
family. Activated Rasl and Rapl G12V mutants, as well as
dominant-negative S17N mutants, were tested for interaction
with the RA domain of RGL: only the G12V mutants bind
(data not shown). Thus, fly RGL behaves as an effector of
Rapl and Rasl (and probably of Ras2).

ATG ATG
| |
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In summary, the set of interactions obtained by several two-
hybrid screens with fly proteins forms a protein interaction
network where orthologous proteins from Homo sapiens and
D. melanogaster constitute isomorphic protein linkage maps
(Fig. 2). The proteins involved are RAS1, RAS2, RAP1, and
RGL, and its targets are RAL, RLIP, REPS, and the medium
chain of AP2 and SECS. This orthology of networks justifies D.
melanogaster as a suitable model organism to study Ral signal-
ing. Conservation of protein-protein interactions throughout
evolution reinforces their biological relevance.

Genomics of Drosophila Rgl. (i) Rgl encodes two isoforms of
the RGL protein. The Rgl gene was localized by in situ poly-
ethylene chromosome hybridization (Christian Biémont, per-
sonal communication) and by filter hybridization to P1 phages
(Genome Systems, Inc.) (data not shown) on the left arm of
the third chromosome in the region 70C. This localization was
confirmed by the sequence of the D. melanogaster genome (1).
The full-length cDNA of RGL (gi 12001829) was used to map
the intron-exon structure of the gene (Fig. 3).

Analysis of the genomic sequence of Drosophila Rgl re-
vealed that the second intronic sequence of Rgl is partially
contained in an EST (LD16082). Sequencing the whole EST
showed that there is an alternatively transcribed form of Rgl,
apparently due to a second transcription initiation. We named
the putative encoded protein RGL2 (gi 6652993). It corre-
sponds to five additional ESTs found in a normalized embryo
library (http://www.fruitfly.org/blast/index.html) (50). RGL2
corresponds to the predicted gene CG8865. The exon-intron
structure of the RGL2 mRNA shows that RGL1 and RGL2
share the last five exons, but they differ from each other at their
two first exons (Fig. 3). As a consequence, RGL1 and RGL2
proteins share the same LTE1/REM0, CDC25/GEF, and RA
domains and differ at their N termini. The first 9 aa of RGL1
are replaced by 189 aa in RGL2; this latter extension bears no
homology with any known domain or protein.

(ii) Rgl is ubiquitously expressed during embryonic devel-
opment. Using a probe common to Rgll and Rgl2, Northern
blot analysis showed a unique ~4 kb transcript expressed
throughout Drosophila development, in embryos, larvae, pu-
pae, and adults (Fig. 4). The same mRNA was detected with an
Rgl1-specific probe. RNA in situ hybridization of whole-mount

i L

coiy W 31‘3‘_ S

2922 (i785)
a7se

1kb

FIG. 3. Schematic representation of the exon-intron structure of the Rgl gene. Rgll mRNA is made of a first noncoding exon, a second
essentially noncoding exon which contributes the ATG translation initiation codon and eight codons, four coding exons, and a final seventh exon
which contains 1,144 coding base pairs and a 3" UTR. Rgl2 mRNA is made of seven exons, with the last five exons held in common with Rgl1.
The seven exons of Rgll are represented in light and dark gray, and the Rgl2 exons are represented in black and dark gray. Dark gray represents
exons common to Rgll and Rgl2. Shading represents coding regions; spotted boxes represent noncoding regions. A, B, and C give the approximate
localizations of the regions encoding the LTE1/REMO0 domain, the CDC25/RasGEF domain, and the RA domain, respectively. The specific ATG
codons and the common Stop codon are approximately represented. CG8833 is a predicted gene upstream of and on the same strand as Rgl. It
is transcribed; corresponding ESTs can be found at http://www.fruitfly.org/blast/index.html. Intron sizes are indicated in italic type; exon sizes are
indicated in roman type.
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FIG. 4. Expression of Rgl mRNA during Drosophila developmen-
tal stages. RNAs were extracted from embryos of the indicated ages (in
hours), from larvae of the 1st (L1), 2nd (L2), and 3rd (L3) instar
stages, from pupae, and from male (3) and female (?) adults. The
cDNA of Rgll was used as a probe (A); a probe corresponding to
ribosomal protein RP49 was used as a loading control (B).

embryos with a full-length Rgll probe confirmed early expres-
sion, even at the preblastoderm stage, suggesting a maternal
contribution for the Rgl transcript. At later stages, Rgl ap-
peared to be expressed ubiquitously in the whole embryo (data
not shown). Using an Rgl2-specific probe, no Rgl2 transcript
could be detected either by Northern blot or by in situ hybrid-
ization. Thus, RGL2 seems to be expressed at a very low level
and/or according to a very restricted spatiotemporal pattern.
This could be consistent with the observation that overexpres-
sion of Rgl2 has dramatic developmental consequences (see
below). It is also consistent with the fact that only one Rgl2
EST appeared in EST databases generated with nonnormal-
ized embryo libraries—only normalized libraries allowed the
five additional ESTs to be identified.

Genetics of the Ral-Rgl pathway. As opposed to what has
been shown in studies with mammalian cell lines, in Drosoph-
ila, the Ral pathway interacts with both the Rap and Ras
pathways. To gain insight into the functions of Rgl and Ral,
and to decipher the functional network(s) where they act in
vivo, a genetic approach was used. Transgenic strains were
established in which expression of Rgll, Rgl2, Ral, the domi-
nant-negative allele Ral®**N, and the constitutively active
Ral“?V is under the control of UASs. Similarly we generated
transgenic flies expressing constitutively activated versions of
Rgll and Rgl2 (Rgll-CAAX and Rgl2-CAAX, respectively).
Constitutive activation was achieved by expressing RGL pro-
teins fused to a membrane localization sequence consisting of
a polybasic motif followed by a CAAX box, allowing the post-
translational farnesylation of proteins. Such fusions leading to
membrane localization have been shown to mimic the activa-
tion by Ras of many Ras effectors, including mammalian Ral-
GEFs (38, 77).

We employed the GAL4-UAS transcription system in which
GAL4 produced in a particular pattern acts in trans to activate
the expression of UAS transgenes in a corresponding pattern
(8). We characterized phenotypes by using four readouts with
four GALA4 drivers. Ubiquitous expression was obtained with
the da-GAL4 driver. GMR-GAL4 drives expression in the eye
(24). Expression in the notum and wing imaginal disk (drivers
sca-GAL4 and Gal4™519%9) (12, 40) allowed monitoring of the
patterns and morphology of notum bristles and wing struc-
tures.

MoL. CELL. BIOL.

(i) Phenotypes due to alleles of Ral and of Rgl. Is Rgl more
than a RalGEF? Ubiquitous overexpression of wild-type Ral
or wild-type Rgll gave no phenotype, whereas Rgl2 caused
lethality at the embryonic and larval stages. Constitutively ac-
tivated Rgll or Rgl2 caused embryonic and larval lethality, as
did expression of the constitutively active Ral®?°V (data not
shown) (see reference 54). In contrast, ubiquitous expression
of dominant-negative Ral>*™ gave no lethal effect and flies
demonstrated a characteristic Ral>** loss-of-bristle pheno-
type (see below and reference 54).

Flies expressing wild-type Ral and Ral®**Y in the eyes dis-
played no phenotype. The expression of activated Ral“?"V led
to a weak rough eye phenotype, reminiscent of the phenotype
described when human Ral®?*V is expressed under the same
conditions (55).

The expression of wild-type Rgll yielded no phenotype
while Rgl2 gave a few fusions of ommatidia and weakly rough
eyes, a phenotype also seen with activated Rgll (Rgl1-CAAX).
Activated Rgl2 (Rgl2-CAAX) caused a more-profound distur-
bance of eye patterning, the degeneration of multiple omma-
tidia, and a reduction in eye size, as documented by scanning
electron microscopy (Fig. 5).

The Gal45%% driver allows the expression of UAS trans-
genes in the dorsal mesothoracic disk, which gives two princi-
pal derivatives, the wing and the thorax. Under this driver,
none of the Ral alleles gave any wing phenotype. Wild-type
Rgll and Rgl2 gave no phenotype either. Flies expressing the
activated Rgll or Rgl2 (Rgl1/2-CAAX) exhibited a similar
phenotype with an almost complete absence of wing or wings
with an almost complete absence of veins and an overall re-
duction of wing size. The penetrance was stronger with acti-
vated Rgl2 than with activated Rgll (data not shown). The
thorax phenotypes were similar to the ones seen with the more-
restricted sca-GAL4 driver that are described here below (data
not shown).

Thus in both eyes and wings, the difference between the
stronger phenotype due to activated Rgl and the weaker phe-
notype due to activated Ral, suggests that Ral does not carry
all of the functions supported by its exchange factors Rgll and
Rgl2, which therefore might also act via a Ral-independent
pathway(s).

Under the control of sca-Gal4, the expression of wild-type
forms of Ral, Rgll, or Rgl2 had no effect on the pattern of
sensory bristles. Flies expressing the constitutively active allele
Ral“®®V or constitutively active Rgll and Rgl2 exhibited miss-
ing macrochaetae (1 to 3 for nota and/or head). Many of the
remaining macrochaetae on the nota and head exhibit shaft
morphology modifications (data not shown). Activated Rgl
alleles gave macrochaetae that are hooked and/or had actin
bundles at their ends while macrochaetae in Ral®?°V flies were
short, burned, and misplaced apparently coming out of non-
socket cells (data not shown). The expression of dominant-
negative Ral>>>N led to the disappearance of the bristle shafts
of most microchaetae and macrochaetae on the notum and the
head. Only bristle sockets remained. Nota displayed bold cu-
ticular surfaces with a wild-type socket pattern (Fig. 6B). This
phenotype was dose- and temperature-sensitive and is similar
to the one found in flies expressing Ral>**™ under the ubiqui-
tous da-GAL4 driver. It is similar to the Ral>**™ phenotype
previously described (54). Such a phenotype (absence of the
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FIG. 5. Effects of RAL exchange factor RGL on eye development. Adult compound eyes from GMR-Gal4/+ (A and D), GMR-Gal4/+
UAS-Rgll-CAAX/+ (B and E), and GMR-Gal4/+-UAS-Rgl2-CAAX/+ (C and F) flies were examined by scanning electron microscopy. Flies
carrying GMR-Gal4/+ display a wild-type eye phenotype (A and D). Whole-eye views (A to C) and high magnification of a small part (D to F)

are shown.

shafts of multiple sensory bristles on the nota affecting both
macrochaetae and microchaetae) reflects a disturbance in the
development of sensory organ progenitor cells. Since sensory
organ progenitor cells seem exquisitely sensitive to alleles of
the Ral pathway, they were chosen for further investigations.

(ii) Completing the network: Drosophila RGL, which looks
like a RalGEF, behaves as a RalGEF in vivo. When biochem-
istry fails, genetics speak. Based on sequence homology and
topology of domains, as well as on interaction data, we have
predicted that RGL is a Drosophila exchange factor for RAL
(see above). Unfortunately, we were unable to obtain any sol-
uble RGL protein, precluding a biochemical investigation of
our prediction. An alternative approach to this question con-
sists of using genetics. Phenotypes generated by dominant-
negative alleles of GTPases are usually suppressed by overex-
pression of the corresponding exchange factor (see, for
instance, reference 45). This is consistent with the molecular
mechanism underlying the phenotype: a dominant-negative
GTPase interacts in a nonproductive way with its exchange
factor and the overall result is a titration of the exchange
factors that can no longer activate the wild-type endogenous
GTPase.

Expression of Ral®**™ under the control of sca-GAL4 leads
to bristle disorganization with a loss of microchaetae and mac-
rochaetae (Fig. 6B) (54). Expression of Rgll under sca-GAL4
gives no bristle phenotype (Fig. 6A). When Rgll and Rals**N
are coexpressed under sca-GAL4, the loss-of-bristle phenotype
of Ral®*N is suppressed and the wild-type pattern of macro-
chaetae and microchaetae is restored (Fig. 6C). The bristles of
flies coexpressing Rgll and Ral®**N were indistinguishable
from those of wild-type flies: their length, morphology, and
orientation were normal. This was also true when only the
N-terminal REMO0/RalGEF region (aa 54 to 487) (Fig. 1) of
Rgll was used or when Rgl2 was used (data not shown). These
data functionally support the hypothesis that RGL1 and RGL2
are exchange factors for RAL.

(iii) The activation of RAL required for the differentiation of
sensory bristles might be independent of RAS1 signaling. In
mammalian cells, Ral proteins are activated in response to Ras
activation. Ras-GTP binds and activates RalGEFs that subse-
quently activate Ral. We tested this model, established with
mammalian cell lines, in an in vivo system of bristle develop-
ment in Drosophila.

Scabrous-Gal4-driven expression of an activated form of
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B. Rals#N
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C. Rals?N Rgl1-CAAX

S—

FIG. 6. Genetic interactions between Rasl, Ral, and Rgl1 alleles on the notum. Adult nota of flies harboring combinations of the transgenes
mentioned above each picture and expressed in the proneural cluster under a sca-Gal4 driver were examined by scanning electron (I) and/or
Nomarski (IT) microscopy. Notice that microchaeta organization on the nota in flies expressing Rgl1-CAAX is normal and serves as a wild-type
reference (A). (B) Most of the microchaetae expressing Ral>**N contained one socket but no shaft. Arrowheads indicate macrochaeta sockets
without shaft; arrows indicate microchaeta sockets without shaft. (C) The socket without shaft phenotype resulting from Ral5**N expression was
rescued by coexpression of the activated form of Rgl1, and wild-type bristle patterning was restored. (D and E) The socket without shaft phenotype
for both macrochaetae and microchaetae was largely enhanced by coexpression of Ral** and Ras1Y1? €% or Ras1V!'? %37, The remaining bristles
have wild-type morphology and orientation. (F) Coexpression of the Rgll-CAAX transgene suppressed these enhanced phenotypes
(Ral’*N, Ras1V'2 97 and Rgl1-CAAX). (G) Nota of flies in which Ras1V'?5% is expressed display ectopic macrochaetae near existent ones (see
boxed region). (H) Flies coexpressing Ral>**N Ras1 Y'25% display clusters of macrochaeta sockets (see boxed region) and microchaeta sockets
arranged as in Ras1V'?5% flies, but these sockets have no shaft. Reciprocally, the Ral>*N microchaeta phenotype was largely enhanced by
Ras1V!?5% coexpression (compare with panel B). An example of the notum of a dissected late pupa is shown since expression of RalS**N together

with Ras1V'253 gives a high level of lethality at the late pupal stage.

Drosophila Ras1 (Ras1Y'?) caused lethality which was not res-
cued by the coexpression of Ral>**. Three effector loop mu-
tants of activated Rasl (Ras1V'?5%, Ras1V'?9%’  and
Ras1V'? %) (29) were used to avoid this embryonic lethality.
These effector loop mutations correspond to mammalian Ras
mutants (T35S, E37G, and Y40C) which interact with a subset
of Ras effectors, RAF, RalGEFs, and PI3K, respectively, but
not exclusively, and which have been allowed to distinguish
between different effector pathways downstream of Ras. Sim-
ilar to the situation with mammalian Ras mutants, in two-
hybrid assays, Drosophila Ras1¥'?S37 interacted with RGL
while Ras1V'? <% and Ras1V'*5% did not (data not shown). In
vivo in Drosophila, expression of these mutants gave different
phenotypes in both eyes and wings, and genetic data are con-
sistent with the idea that these effector loop mutants use dif-
ferent pathways (22, 29).

We reasoned that if Ras1V!?2S37) but neither RaslY!? <%0
nor Ras1V'?5% acts on Rgl, a dominant-negative Ral>**N
which blocks Rgl (see “Completing the network: Drosophila
RGL, which looks like a RalGEF, behaves as a RalGEF in

vivo” above) might functionally interact with Ras1V'? 37, but
neither with Ras1V'?<*" nor with Ras1V'?5%° Reciprocally,
Ras1V'29%7 but not the other two alleles, might suppress
Ral5*N phenotypes by hyperactivating Rgl.

We could not see any effect on bristle patterning of the
ectopic expression of Ras1V!? 937 and Ras1V'? <*° under sca-
GAL4: the distribution and morphology of both type of bristles
(macrochaetae and microchaetae) are normal (data not
shown). Ras1V'?53 promotes the development of extra mac-
rochaetae in the vicinity of the existing ones on the notum and
scutellum. Macrochaetae, but not microchaetae, were affected
(Fig. 6G). Oversignaling by epidermal growth factor receptor
and by Ras1V'? in proneural clusters produced similar bristle
phenotypes; these phenotypes are mediated by the Ras/Raf
signaling pathway (15).

The coexpression of Ras as well as Ras
Ral5*N dramatically enhanced the Ral>**™-induced loss-of-
bristle phenotype. Both macrochaeta and microchaeta patterns
were affected, leading to large bold regions on the notum (Fig.
6D and E). Ras¥'* “*® produced a more-dramatic effect than

V12 G37 V12 C40 with
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Adults

FIG. 6—Continued.

Ras¥'?9%7: 70% of flies coexpressing Ras¥'? “*° and Ral®*N

had lost most of their bristles while this percentage was less
than 25% for flies coexpressing Ras¥'? 937 and RalS*N,

This enhanced loss-of-bristle phenotype was completely re-
stored (for Ral>**™ and RasV'?“*%) or largely rescued (for
Ral5*N and Ras¥'? 97) by adding the activated form of Rgll:
coexpression of the three transgenes RalS**N, Rgll-CAAX,
and Ras"'? 93740 produced flies with a wild-type notum (Fig.
6F).

The expression of Ral®**N together with Ras1Y!?535 under
sca-GAL4 leads to a high level of lethality in late pupa. The
observation of phenotypes was thus performed on dissected
late pupa in addition to rare adults. Flies coexpressing
RasY'253% and Ral®**N displayed the same pattern of extra
macrochaeta sockets as Ras¥'?>5% flies but these sockets had
no shaft. Similarly, the pattern of microchaetae was normal, as
in RasV'?5% flies, but here again, the cuticular surface was
bold (Fig. 6H). Thus, the loss-of-bristle and the extra macro-
chaeta phenotypes due to Ral>**™ and Ras¥'? 3% respectively,
do not seem to be affected by each other. The Ral>**™ bold

phenotype, however, is more pronounced in a Ras¥'? 5% con-

text.

Altogether, contrary to our predictions, in the development
of sensory organs on the notum, we observed an unexpected
enhanced expressiveness of the Ral®**N phenotype, which dis-
played no Ras allele specificity. These results argue against a
model where Ras1V'? 9%’ or any of the other mutants activate
RGL and the Ral pathway in the notum. They suggest that, in
Drosophila, the Ral and the Ras pathways are rather indepen-
dent, although they intersect in the development of sensory
organs.

(iv) Genetic interactions argue that RAP1 acts via an RGL-
RAL signaling pathway. In mammalian cell lines, the Rap and
the Ral pathways have no documented functional connection,
although Rap and RalGEFs are capable of physical interac-
tions. We have revisited this issue in vivo.

The sca-Gal4-driven expression of an activated form of Dro-
sophila Rapl (Rap1Y'?) caused 100% lethality at the embry-
onic stage and no sca-Gal4 UAS-Rap1"’? larvae were recov-
ered, probably because the Rap1-GDP/Rap1-GTP cycle must
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be regulated during morphogenesis (2). Flies expressing
Ral®*™ are viable (0% lethality). Coexpression of Ral5**N
partially rescued the lethal effect of Rap1Y'?, from 0% survival
to a 10 to 13% survival rate. In all surviving flies, a wild-type
pattern of macrochaeta and microchaeta bristles was restored
on the thorax. Therefore, the coexpression of dominant-nega-
tive Ral suppressed the lethal effect of Rap1V'? throughout
embryonic development, and on the other hand, activation of
the Rapl1 signaling pathway rescued the Ral®**N loss-of-bristle
phenotype. Coexpression of either the activated Ral®?°V or an
activated Rgll (Rgl1-CAAX) did not rescue the Rap1Y'? le-
thal phenotype.

The simplest explanation is that Rapl acts via the RalGEF
protein RGL to activate Ral. During embryogenesis, the over-
activation of a Rap1/Rgl signaling pathway by Rap1V'? can be
decreased by the coexpression of Ral®**N which sequesters
RGL (RalGEF) proteins. Reciprocally, throughout mesotho-
racic bristle development, the additional activation of endog-
enous RGL1 and consequently of its effector RAL results in
reestablishment of the wild-type bristle patterning affected by
RalS25N.

The present data are consistent with a model where the
Rgl-Ral signaling pathway would function as an effector of the
Rapl GTPase. Alternatively, a functional Ral pathway might
be required for effective Rap signaling, but the interaction
between RGL and Rap-GTP favors the former hypothesis.

(v) Genetic interactions between Ras, Rap, Rgl, and Ral
alleles in eye development. Since in many mammalian cell lines
Ras signaling is via the Ral pathway and we couldn’t see this
pathway at work in bristle development, we wondered whether
such a cascade could be effective in other tissues. We used eye
development, where Ras function is well documented, as a
readout. Similarly, we tested whether the Rgl-Ral signaling
pathway acts as an effector of Rapl in eye development, as it
appears in the notum.

Under the eye-specific driver GMR-GAL4, expression of
Ras1V'2 40 or of Ras1V'? %37 gives a rough eye phenotype.
We couldn’t see any effect of the expression of Ral>**™ or Rgll
on the rough eye phenotype of flies expressing Ras1V!? <40
(data not shown). The mild rough eye of flies expressing
Ras1Y'? 937 (22, 29) (Fig. 7A) is enhanced when signaling by
the Rgl-Ral pathway is decreased either by coexpression of
Ral®**™ or in flies homozygous for a deletion in the Rgl locus
(ARgl). Two other deletions in Rgl give the same results. The
Ras1V'? 937 phenotype is insensitive to overexpression of Rgll
(Fig. 7A). These data suggest that the rough eye phenotype of
the Ras1V'* 937 allele is not due to the activation of a RalGEF-
Ral pathway, although they do not rule out some contribution
of the Ral pathway to Ras signaling.

Flies expressing activated Rap1Y'? under GMR-GAL4 dis-
play a rough eye phenotype (Fig. 7B). Coexpression of the
dominant-negative allele Ral>**™ with Rap1Y'? partially sup-
presses this latter phenotype, consistent with the interaction
seen under sca-GAL4, where dominant-negative Ral rescues
partially lethality due to Rap1Y'% Similarly, when Rap1¥'? is
expressed in the background of a homozygous hypomorphic
allele of the Rgl locus (ARgl), the rough eye phenotype is
partially suppressed. Two other hypomorphic alleles of Rgl
give a similar suppression. Reciprocally, coexpression of wild-
type Rgll with Rap1V'? enhances the rough eye phenotype

MoL. CELL. BIOL.

(Fig. 7B). So in eyes as in nota, the Rap GTPase seems to
signal through the RalGEF RGL and the Ral GTPase or to
require an effective Ral pathway to signal.

DISCUSSION

Ral proteins appeared in evolution with multicellular eu-
karyotes, where they seem to be expressed ubiquitously even
though modulation of their expression might be involved in
development (80).

The functions of Ral proteins remain unclear. They are not
oncogenic per se, but they facilitate Ras transformation, par-
ticipate in cell motility, and are required for metastatic evolu-
tion of Ras-transformed cells as well as for Ras-induced stim-
ulation of cyclin D1 expression (20, 23, 25, 34, 59, 63, 69). They
are involved in phospholipase D activation, endocytosis, and
exocytosis (10, 19, 28, 39, 41, 58, 65). There is not yet a unifying
theory that relates these latter functions to the former cancer-
connected phenotypes.

In mammalian cell lines, Ral proteins were shown to be
involved in not only H-Ras and K-Ras but also TC21 signaling
via a family of Ras effectors, the RalGEFs (42, 49). Once Ras
is bound to GTP, it binds and activates these RalGEFs, which
in turn activate Ral proteins. There are also Ras-independent
pathways that activate Ral (17, 43, 47, 68, 78).

Rap proteins are GTPases once described as antagonistic to
Ras oncoproteins. Their function remains elusive. They were
reported to be functionally connected to integrin signaling, and
they are able to bind RalGDS, one of the mammalian Ral-
GEFs, with a higher affinity than Ras, yet this interaction does
not lead to the activation of Ral in cell lines (13, 31, 57, 75).

We wanted (i) to address the question of the contribution of
the Ral pathway to cellular functioning by using approaches
with different methodological biases; (ii) to be within the frame
of a whole organism, where cells have to communicate with
neighboring cells of different types and integrate various sig-
nals; (iii) to have several readouts, assuming that signaling
pathways might be using signaling modules following different
architectures in different situations; and (iv) to use the power
of genetics to establish signaling cascades as well as functional
interactions between distinct signaling pathways. D. melano-
gaster can fulfill these requirements.

First, we show that an exchange factor for Ral of the Ral-
GEEF family, which is an orthologue of mammalian RGL, exists
in Drosophila. In fact, flies express two orthologues, RGL1 and
RGL2, probably generated by the use of two promoters and
alternative splicing. RGL1 and RGL2 share the same RalGEF
domain as well as the C-terminal domain that binds Ras and
Rap, but they differ in their N termini. Combined data from
several two-hybrid screens, including the present one, suggest
that the Ras/Rap-Ral network is very similar in mammals and
in Drosophila (Fig. 2). Physical interactions connect RGL to
RAS1 (Ras in humans), RAS2 (R-Ras and/or TC21 in hu-
mans), and RAS3 (Rapl in humans) as well as RAL to RLIP
(RLIP76 in humans) and SECS5 (the same in humans). RLIP is
connected to the orthologous 2 chains of the AP2 complexes
as well as to REPS (the same in humans). The conservation of
such a large network confirms that Drosophila is a suitable
model to study the Ral pathway in a physiological context. It is
noteworthy that in Caenorhabditis elegans, all the proteins of
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FIG. 7. Genetic interactions between Rapl, Rasl, Ral and Rgll alleles in the eyes. Eyes of flies harboring combinations of the transgenes
mentioned above each picture and expressed under a GMR-GAL4 driver were examined by scanning electron microscopy. Whole-eye views and
high magnifications of a small part are shown. Notice that the eye organization of flies expressing wild-type Rgll under GMR-GAL4 or homozygous
for a deletion in the Rgl locus (ARgl) is normal (data not shown) (for an example, see Fig. 5). (A) Genetic combinations with Ras1V'? %37 an
activated allele of Rasl harboring a mutation in the effector loop (see text). Flies expressing Ras1V'> 37 display a mild rough eye phenotype.
Coexpression of Ral®*N enhances this phenotype. The rough eye phenotype is also enhanced in flies expressing Ras1V'?S¥7, which are
homozygous for a deletion of the Rgl locus (ARgl). This phenotype is barely influenced by the coexpression of a wild-type allele of Rgll.
(B) Genetic combinations with Rap1Y'?, an activated allele of Rapl. Rap1V'? expressed under GMR-GAL4 yields a rough eye phenotype that is
partially suppressed by the coexpression of Ral®**™ or in flies homozygous for a deletion of the Rgl locus (ARgl). This phenotype is enhanced by

the coexpression of a wild-type allele of Rgll.

this network exist and certain interactions have been shown
(67), as opposed to what is seen in S. cerevisiae, suggesting that
they are important for metazoans.

We have generated several lines of transgenic flies to deci-
pher the functional relationships between the different actors.
Phenotypes of the transgenic flies suggest that, like in mam-
mals, the function of Rgl is not totally accounted for by the
activation of Ral, since an activated allele of Ral does not
mimic the activated alleles of Rgl. Could activated Rgl pheno-
types be due to the titration of endogenous RAS1 or RAP1 by
the RA domain of the RGL transgenes? If so, coexpression of
activated RGL with either wild-type Rasl or wild-type Rapl
should attenuate the Rgl phenotypes. This is not the case. Flies
coexpressing activated RGL and RAS1 display some new phe-
notypes which are not seen when each transgene is individually

expressed (extra veins under en-GAL4; heterogeneity of om-
matidia size under GMR-GAL4) or keep displaying the Rgl
phenotype (bristle morphology under sca-GAL4). Flies coex-
pressing activated RGL and RAP1 even display an enhanced
Rgl phenotype (in eyes and on wings) or keep displaying the
bristle morphology phenotype due to activated RGL (data not
shown). Ral-independent functions of RGL might be mediated
by protein-protein interactions with domains other than the
Ras/Rap and Ral interacting domains, and recently, mamma-
lian RalGDS was shown to interact with B-arrestin (5). How-
ever we cannot rule out totally the titration hypothesis. An
alternative explanation might be that Ral has to cycle between
a GDP state and a GTP state, which would be accelerated by
activated RalGEF and not mimicked by activated Ral that is
blocked in a GTP-bound state. Although the existence of Ral-
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independent functions of RalGEFs is suggested both in mam-
mals (for examples, see references 23 and 73) and in flies (our
results), the clarification of this question requires further in-
vestigation.

But is RGL an actual exchange factor for RAL? The effects
in bristle development of a dominant-negative Ral are sup-
pressed by the increased expression of Rgl. The simplest ex-
planation is that RGL is a bona fide exchange factor for Ral.

We investigated interactions between the Ral pathway
and two of its interlocutors, the Ras and Rap GTPases. In
mammalian cell lines, the Ras®'?V E37G RasC12V Y40C and
Ras®'2V 1355 glleles activate the Ral pathway via interaction
with RalGEFs, the PI3K pathway, and the Raf pathway, re-
spectively, although things might be more complicated since
Ras®'2Y Y40C might be acting together with Ras®'?Y E37C to
activate RalGEFs upon epidermal growth factor stimulation
(61). RasS'?VE¥7S does not activate the Raf nor the PI3K
pathway. In Drosophila also, these different Ras alleles drive
different pathways (22, 29); however, nothing is known about
the connection between the Ras and Ral pathways.

If a Ras-Ral pathway exists, a dominant-negative allele of
Ral should attenuate effects due to RasS*?Y E37S but not phe-
notypes due to Ras®'?Y Y49 or Ras“'?V TS Indeed, in HeLa
cells, dominant-negative alleles of Ral do block a Ras®!?V E37G
phenotype (25). Reciprocally, Ras®'?¥ #37S but not the two
other alleles, might attenuate a Ral dominant-negative pheno-
type. Our two-hybrid results show that, as in mammals, fly
RGL behaves as an effector of fly RAS1, and this interaction is
mediated by the RA domain of RGL (data not shown). When
searching for genetic interactions between Rasl and Ral, we
found that all three Ras alleles enhanced the Ral®**™ loss-of-
bristle phenotype. These results show an actual genetic inter-
action between the Ras and Ral pathways but do not support
the classical model of a linear pathway from Ras to Ral, a
conclusion strengthened by the absence of the Ras allele spec-
ificity of the observed interactions. An alternative model would
be an intersection of the Ral and Ras pathways and would
involve a yet undefined Ras effector whose interaction with
Ras would not be selective for the three effector loop muta-
tions tested here (Fig. 2).

Rapl is another GTPase of the Ras family that can interact
with most Ras effectors, including RalGEFs. No functional
Rapl-RalGEF, Rapl-PI3K, or Rapl-Raf interactions have
been documented, except for an isoform of B-Raf, described as
activated by Rapl (56, 66). The originally suggested antago-
nism between Ras and Rap (32) remains a murky issue, and
Rap1 and Ras seem to participate in rather independent path-
ways, although recent data challenge this idea, at least in ves-
icle trafficking at synapses (81). In Drosophila, where Rapl is
required for morphogenesis, Rasl and Rapl act in distinct
pathways (2). No functional effector of Rap has been identi-
fied. Our two-hybrid data show that Drosophila RGL behaves
as a Rapl effector. Our genetic data support the idea that this
interaction is functional: a dominant-negative allele of Ral is
able to rescue lethality caused by an activated allele of Rapl,
and reciprocally, in the surviving flies, activated Rap]1 rescues
the bristle development phenotype of a dominant-negative
Ral. Similarly, in eyes, Rgl and Ral seem to act downstream of
Rapl. Although we cannot rule out an alternative model where
Rap and Ral signals converge towards a common downstream
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target, our results rather argue in favor of a linear Rap-Rgl-Ral
pathway (Fig. 2). Consistent with this model, preliminary data
with an engrailed-GAL4 driver show that the phenotype dis-
played by Ral®**N in wings mimics the one obtained by over-
expression of a negative regulator of Rap, RapGAP (R. Fehon,
personal communication). Thus, titrating RGL proteins by the
expression of a dominant-negative Ral mimics the inactivation
of Rapl by an excess of its GAP.

Taken together, our genetic data from Drosophila shed a
different light on signaling networks as they were established in
mammalian cell lines. In both developmental systems used
here (eye and notum), Ras1 and Ral do not seem to be linearly
connected. In contrast, we show that Rapl and Ral act as if
they were participating in a common transduction pathway.
These data do not rule out that in some other tissues, a Ras-
Ral pathway might indeed exist, but they suggest that a mo-
lecular Lego might assemble signaling modules following var-
ious architectures in different tissues. We speculate that this
should also be the case in mammals. An alternative model
would be that we cannot reveal a Ras-Ral pathway in our
experimental system, just as the Rap-Ral pathway couldn’t be
revealed in mammalian cell lines, and that, in the same tissue,
Ras-Ral and Rap-Ral pathways are functional.
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