
A Direct and Functional Interaction 
Between Go and Rab5 During 
G Protein-Coupled Receptor Signaling 
Vladimir Purvanov,1 Alexey Koval,1 Vladimir L. Katanaev1

,2* 

RabS is a small guanosine triphosphatase (GTPase) that regulates the early stages of endocytosis and is 
conserved in eukaryotes. RabS regulates the internalization of receptors and other membrane-associated 
signaling proteins. The function of RabS in these processes is considered relatively passive, so that the 
endocytic capacity of RabS is used during, for example, Jl-arrestin-dependent internalization of G protein 
(heterotrimeric guanine nucleotide-binding protein)-coupled receptors (GPCRs). Direct recruitment or 
activation of RabS by the components of these signaling pathways has not been reported. Here, we dem­
onstrate an interaction of Drosophila RabS and an immediate transducer of GPCR signaling, the G protein 
Go, in vitro and in vivo. RabS and Go bound to each other as purified proteins, as well as in fly extracts. In 
cellular assays, Go led to RabS activation and endosome fusion. We further showed that the Go-RabS 
interaction functioned in Drosophila planar cell polarity and Wingless signal transduction, pathways ini­
tiated by GPCRs of the Frizzled (Fz) family. Additionally, the recycling Rab GTPases Rab4 and Rab11 
functioned in Fz- and Go-mediated signaling to favor planar cell polarity over canonical Wingless 
signaling. The interplay between heterotrimeric G proteins and Rab GTPases controlled receptor inter­
nalization, revealing a previously uncharacterized regulatory mechanism in GPCR signaling. 

INTRODUCTION 

Heterotrimeric guanine nucleotide-binding proteins (G proteins) are con­
served in evolution from protozoa to mammals and function as molecular 
switches: They are active in the guanosine triphosphate (GTP)-bound 
state, which is terminated through their guanosine triphosphatase (GTPase) 
activity, thus adopting the inactive, guanosine diphosphate (GDP}-bOlmd 
state. Heterotrimeric G proteins consist of the guanine nucleotide-binding 
o subunit and the ~y heterodimer. The GDP-bound trimeric complex can 
associate with G protein--coupled receptors (GPCRs), which, upon ligand 
binding, serve as guanine nucleotide exchange factors (GEFs) for Go. This 
activity leads to the dissociation ofGo-GTP from ~y; both species can en­
gage downstream effectors, thus transducing the signal from GPCRs (1). 
From insects to humans, Goo is the predominant G protein 0 subunit in 
the nervous system (2, 3). Go is required for proper brain function and de­
velopment (4,5), as well as for the regulation of heart development and 
physiology (6, 7). The crucial role of Go in transduction ofthe signals that 
emanate from the Frizzled (Fz) subfamily of GPCRs, which are important 
regulators of animal development, has been demonstrated in Drosophila 
and in vertebrate systems (8-13). 

In contrast to heterotrimeric G proteins, small G proteins of the Ras 
family are monomeric. This family is composed of several subfamilies that 
control various aspects of cellular activities; the Rab subgroup regulates 
vesicular trafficking (14). Among the Rab family members, Rab5 controls 
early endocytic events, such as formation of clathrin-coated vesicles, fusion 
of endocytic vesicles and early endosomes, and homotypic fusion between 
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early endosomes (14). Whereas Rab5 is crucial for the internalization of 
GPCRs, the opposing action is performed by the two recycling Rabs, 
Rab4 and Rab II (15, 16). Rab4 mediates fast recycling from early and 
sorting endosomes, whereas Rab II regulates recycling endosomes, which 
ensure a slower kinetics of GPCR transport back to the plasma membrane 
(14,17). Although internalization of GPCRs typically serves to terminate 
their signaling, in several cases endocytosis is required for receptor sig­
naling (18, 19). In this regard, signaling by the Fz family of receptors is 
an interesting example. 

Fz proteins initiate at least two branches of signaling pathways. The first 
is the so-called canonical pathway, which involves the co-receptor low-density 
lipoprotein receptor-related protein 5 or 6 and the axin-based protein com­
plex that includes adenomatous polyposis coli, glycogen synthase kinase 
3~, and casein kinase. This pathway culminates in the ~-catenin-dependent 
transcription of target genes to specifY cell fate in development (20). In 
Drosophila, this pathway is induced by the ligand Wingless (Wg) (21, 22), 
a member of the Wnt family of secreted glycolipoproteins (20), and will 
be referred to herein as the W g branch. The second type of signaling that 
emanates from Fz proteins uses a different set of transducer proteins and 
culminates in the regulation of cytoskeletal structures (23). This signaIing 
pathway regulates convergent extension in vertebrates (24) and planar cell 
polarity (PCP) in flies (25), and will pe referred to herein as the PCP branch 
ofFz signaIing. In PCp, cells become uniformly polarized in the plane of 
the tissue, perpendicular to the better-known apico-basaI polarization axis, 
responding to external polarity cues by reorganization of their cytoskeleton 
(24,25). In Drosophila, Fzl and Fz2 are redundantly used in W g signaIing 
(26), whereas only Fzl is involved in the PCP pathway (27). Both path­
ways rely on the G protein Go as the immediate transducer ofFz signals in 
Drosophila (11,28). 

Both branches ofFz signaIing depend on endocytosis. Regulated inter­
nalization ofFzl is necessary to establish PCP (29). In Drosophila, Fzl 
accumulates at the distal tips of wing cells to establish the sites of growth 
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of actin-rich hairs (30). Fzl-containing endosomes move along micro­
tubules that are aligned along the proximo-distal axis (31). Because both 
endocytosis and endosome motility on microtubules depend on Rab5 (32), 
this GTPase may play important roles in the establishment ofPCP. Simi­
larly, c1athrin- and Rab5-dependent endocytosis is essential for activation 
of the Wg pathway in vitro (33, 34). A role for Rab5 was also investigated 
in the imaginal wing discs of Drosophila larvae (34). In this tissue, Wg 
signaling can be studied by monitoring the high-threshold Wg target gene 
Senseless, which is expressed close to the source ofWg production, and the 
low-threshold target gene Distal-less, which is expressed throughout the 
wing disc (35). Enhanced Wg signaling is required for the formation of 
the sensory bristles that decorate the adult wing margin; ectopic bristles 
are produced by strong overactivation ofthe pathway (36-38). Rab5 is nec­
essary for the expression of Senseless and the formation of sensory bristles, 
whereas the expression of Distal-less is less dependent on Rab5 (34). On the 
basis of these observations, it was concluded that low-intensity Wg sig­
naling could be induced from the plasma membrane, whereas high-intensity 
Wg signaling could emanate from endosomes that contained complexes of 
Wg and Fz (34). In addition to internalizing the ligand-receptor complexes, 
endocytosis may additionally be involved in more downstream steps of the 
Wg-Fz signaling (33). Here, we demonstrate a physical and ftmctional in­
teraction between Go and Rab GTPases. We further show the importance of 
this interaction for the Wg and PCP branches ofFz signa ling in Drosophila. 
Our results unravel a general G,,- and Rab-dependent mechanism of regula­
tion in GPCR-mediated signal transduction. 

RESULTS 

Rab5 is involved in the Wg and pep branches 
of Fz signaling 
Rab5 nullloss-of-ftmction cells lose apico-basal polarity and form neoplas­
tic tumors in Drosophila (39), preventing the analysis of the role ofRab5 in 
Fz signaling in epithelia. To partially inhibit Rab5 function, we expressed 
the dominant-negative Rab5 construct Rab5[S43N] or an RNA interfer­
ence (RNA i)-targeting construct in Drosophila wings. In accordance with 
previous observations (34), we found that the wing margins, which normally 
are decorated by sensory bristles (Fig. lA), were frequently lost in wings 
expressing Rab5[S43N] (Fig. I B), which is a characteristic sign of reduced 
Wg signaling (36). A similar phenotype was produced by the Rab5-specific 
RNAi (Fig. IC). We also analyzed the expression ofWg target genes in 
wing imaginal discs of wild-type larvae (fig. SI, A to C) and larvae expres­
ingRab5[S43N](fig. SI, D to F) or Rab5-RNAi (fig. SI, G to I). We found 
that expression of the short-range target Senseless was frequently unde­
tectable in cells of the Rab5[S43N]- or Rab5-RNAi-expressing discs (fig. 
SI, E and H), whereas expression of the long-range target Distal-less was 
unaffected (fig. SI, D and G). Thus, Rab5 appeared to be necessary for 
high-intensity Wg signaling. On the other hand, the increased abundance 
of Rab5 in wings, especially of its constitutively active form Rab5[Q88L], 
resulted in the increased activation of the Wg pathway relative to that in wings 
from wild-type flies, as determined by the appearance of multiple ectopic 
margin bristles away from the normal zone of production (Fig. I , D to F). 

We also found that inhibition ofRab5 led to defects in the establishment 
ofPCP (Fig. I, G and H). These PCP defects were not a secondary effect of 
loss of the wing margin, because direct inhibition ofWg signaling resulted 
in loss of wing margins but not in PCP phenotypes (Fig. I I). An increase in 
the abundance of Rab5 also led to defects in PCp, which were relatively 
mild and involved the induction of multiple wing hairs (Fig. 11); this phe­
notype can be induced by mislocalization of Fzl (40). Thus, Rab5 is in­
volved in both the Wg and the PCP branches ofFz signaling in Drosophila. 

Rab5[Q88L] was more potent than wild-type Rab5 in inducing the for­
mation of ectopic bristles (Fig. I, E and F). 

Fz proteins stimulate endocytosis in cis 
The involvement ofRab5 in Fz signaling suggests that Fz may have a gen­
eral function in the regulation of endocytosis. To investigate this possibility, 
we expressed Fz2 in Drosophila hemocytes and performed pulse-chase endo­
cytosis experiments with Texas Red- Iabeled dextran (a fluorescent marker 
for endocytosis) in these cells and in control cells. Whereas control hemo­
cytes internalized only small amounts of dextran during the 20-min chase 
(Fig. 2, A and B), cells that had Fz2 exhibited an enhanced uptake of dex­
tran, as determined both by the numbers of dextran-containing intracellular 
vesicles and by the intensity of fluorescence within them (Fig. 2, C to F). 
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Fig. 1. Inhibition and enhanced activation of Rab5 produce Wg and PCP 
phenotypes. (A) Wing from a wild-type fly. (8 and C) Inhibition of Rab5 by 
expressing the dominant-negative construct (8) or RNAi targeting Rab5 
(C) with Vg-Ga/4 results in loss of the wing margin structures (arrows) . 
(D) Magnification of a region of wing margin shown in (A). (E and F) Over­
expression of wild-type (E) or constitutively active Rab5 (F) with MS1096-
Ga/4 results in the appearance of ectopic margin bristles (arrowheads). (G 
and I) Expression of dominant-negative Rab5 (G) by the Vg-Ga/4 driver 
results in loss of wing margin structures and PCP defects. These include 
deviations of hair orientation (blue arrows) from the main proximo-distal 
direction (big magenta arrow) and the appearance of multiple wing hairs 
(blue ovals). Similar expression of the Wg pathway inhibitor (AxiMRGS) 
results in loss of the wing margin but not in PCP defects (I) . (H) Expression 
of another Rab5 dominant-negative construct , Rab5[S43N]-YFP, byanoth­
er driver (omb-Ga/4) also results in PCP defects. (J) Overexpression of 
Rab5 also results in mild PCP defects (blue ovals). 
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This stimulation of endocytosis reflected the basal activity of Drosophila 
Fz2, because the addi tion of purified Wg resulted in only a small (al­
though significant) additional increase in the uptake of dextran (Fig. 

2C). Fz I also revealed a capacity to stimulate endocytosis (fig. S2, A to 
G). The basal (ligand-independent) activity ofFz I was much more modest 

than that ofFz2; instead, FzI was much more responsive to stimulation by 

Wg (fig. S2, C to G). 

Fig. 2. Fz induces endocytosis 

and Rab5 activation in hemocytes 
and interacts with Rab5 in vitro. (A 

to F) Endocytosis was studied by 
monitoring the uptake of Texas 

Red- conjugated dextran in control 

(A and B) or Fz2-GFP-expressing (D 
to F) hemocytes. In Fz2-expressing 

cells, mcst dextran-positive vesicles 

contained Fz2-GFP (white arrows; 
arrowheads mark vesicles that lack 

Fz2). (C) Quantification of dextran­
containing structures in different 

genotypes. Data are shown as the 

mean ± SEM. Sample size was 60 
to 100 hemocytes. Statistical sig­

nificance is shown with P values 
(determined by Student's t test) . 

(G and H) Rab5-GFP expressed in 
hemocytes with Cg-Ga/4 exhibited 

diffuse localization (G), whereas 

activated Rab5[Q88L)-YFP induced 
the formation of giant endosomes 

that appeared as doughnut-type 

structures (H, arrows). (I) Coexpres­
sion of Fz2 forces Rab5-GFP to form 

giant endosomes (arrows). The fluo­
rescence of Fz2-GFP was less in­

tense than that of Rab5-GFP and 

its input was negligible to the com­
bined signal . The green channel 

intensity settings in (G) to (I) are re­

duced compared to those in (E). 

(J) Quantification of giant, Rab5-
containing endosomes per hemo­

cyte in the different genotypes 
presented as in (C). Sample size 

was 10 to 39 hemccytes. (K) Matrix­
immobilized Rab5 was used to pull 

down MBP-tagged Fz1 or Fz2. An 

unrelated GPCR, 5HT2c, did not 

interact with Rab5. (L) Fz proteins, 
with or without Wg, failed to stimu­

late GTP binding by Rab5. CG9139 
(Drosophila Rabex5) activated Rab5 

when provided at only 2% of the 

amount of Rab5. Th e data are 

presented as the percen tage of 
maximal fluorescence for better 
comparison. 
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We next asked whether Fz proteins increased the overall endocytic ca­

pacity of the cell. An alternative possibility was that Fz proteins strongly 
stimulated their own internalization and that dextran was taken up with 

Fz. We reasoned that if the first option were true, a substantial fTaction of 
dextran-containing intracellular structures should be devoid ofFz. However, 

we found that most of the dextran-positive structures contained Fz2 tagged 
with green fluorescent protein (Fz2-GFP) (Fig. 2, D to F). From a total of 
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311 dextran-containing vesicles analyzed in several hemocyte preparations, 
228 (73%) also contained Fz2-GFP. This correlated well with the overall 
stimulation of dextran uptake by Fz2; endocytosis in the control hemocytes 
was 15% of that in the cells that contained Fz2 (Fig. 2C). Thus, it appears 
that most of the additional dextran-containing vesicles that were induced by 
Fz2 also contained Fz2. In other words, the presence ofFz2 stimulated en­
docytosis in cis, which stimulated the internalization ofFz2. These data also 
suggested that Fz2 activated endocytosis either directly or through inter­
mediates acting in the vicinity of the receptor. 

Fz proteins activate Rab5 in vivo but not in vitro 
Because Fz2 stimulated endocytosis in cis and Rab5 was necessary for Fz 
signaling, we hypothesized that Fz proteins could activate Rab5. We 
expressed GFP or yellow fluorescent protein (yFP) fusions of wild-type 
Rab5 or the constitutively active mutant Rab5, Rab5[Q88Ll, in Drosophila 
hemocytes and compared their localization patterns. Wild-type Rab5-GFP 
exhibited a diffuse, weakly punctate pattern (Fig. 2G). In contrast, expres­
sion of Rab5[Q88Ll-YFP led to extensive fusion 'Of endosomes that re­
sulted in the formation of giant endosomes, which appeared as doughnut 
structures (Fig. 2H), as reported previously in other cellular assays (41). 
The coexpression of Fz2 with wild-type Rab5-GFP led to the formation 
ofRab5-containing giant endosomes (Fig. 2, I and J), which demonstrated 
that Fz2 could activate Rab5 in this cellular assay. 

Rab5 interacts directly with angiotensin II type lA receptor, a GPCR 
(42). Therefore, we investigated whether Rab5 could physically interact 
with Fz proteins. We expressed Fzl and Fz2 as maltose-binding protein 
(MBP) fusion proteins in bacterial membranes to produce biologically active 
receptors (43), in parallel with an unrelated GPCR (human 5HT2c). We 
also prepared Rab5 as a hexahistidine (Hisr,)--tagged protein and covalently 
attached it to CNBr-Sepharose. His6-tagged Rab5, either in its GDP-Ioaded 
or in its guanosine 5'-O-(3'-thiotriphosphate) (GTP-y-S)--loaded confor­
mation, bound to FzI and Fz2, but not to the control receptor (Fig. 2K), 
which demonstrates a physical interaction between Fz proteins and Rab5. 
The activation ofG proteins by GPCRs can be studied in vitro (43, 44). 
To test whether Fz proteins might directly activate Rab5, we designed an 
in vitro assay in which the incorporation of a GTP analog into recombi­
nant Rab5 was tested by fluorescence measurements (45). The addition of 
detergent-solubilized FzI or Fz2, in the presence or absence ofWg, failed 
to increase the speed ofGTP binding by Rab5 compared to that under control 
conditions (Fig. 2L). In contrast, the addition of recombinant CG9139, a DIV­
sophila homolog of the Rab5 GEF Rabex5 (46), efficiently stimulated the 
incorporation ofGTP into Rab5 (Fig. 2L). We thus conclude that Fz proteins 
do not directly activate Rab5 but must have an intermediate activator; the 
physical binding between Fzs and Rab5 might reflect the capacity of Rab5 
to induce the internalization ofFz in vivo. 

Activation of endocytosis by Fz 
proteins is Gao·dependent 
Because G" is a direct binding partner and transducer of Fz proteins in 
Drosophila and mammalian cells (8-13), we hypothesized that Go might 
serve as a link between Fz and Rab5. The 0 subunit ofG" (Goo) plays a func­
tional role in insect hemocytes (47). We found that RNAi-mediated knock­
down ofGoo reduced the uptake of dextran by Fzl-expressing (fig. S2, G 
to K) and Fz2-expressing hemocytes (Figs. 2C and 3, A and B). The few 
dextran-positive vesicles that remained in the Fz2-expressing cells did not 
colocalize with Fz2-GFP (Fig. 3B), confirming that Go,,-specific RNAi 
reduced the extent of endocytosis ofFz2 to that observed in the control hemo­
cytes lacking Fz2 (Fig. 2C). Large amounts of Fz2-GFP were still inter­
nalized into these cells. Multiple routes for the internalization of Fz exist 
(48); our data indicate that Goo controls only one of these routes-a route 

that leads to a noticeable stimulation of endocytosis as judged by the 
marked uptake of dextran. 

Gao binds to Rab GTPases 
A yeast two-hybrid screen of the DlVsophila genome found a low-confidence 
interaction between Rab5 and Go" (49). To confirm this interaction, we pu­
rified these proteins after they were expressed in bacteria. We also produced 
recombinant Rab4 and Rab 11 proteins. In pull-down experiments with glu­
tathione S-transferase (GST)--tagged Rab proteins and His6-tagged Goo' 
Rab5 and Rab4 displayed robust binding to Goo (Fig. 3, C and D), whereas 
the binding ofRab 11 to Goo was less pronounced (and was not investigated 
further). Whereas Rab4 revealed no nucleotide preference in its interaction 
with Go", Rab5-GDP was reproducibly a better binding partner for Go" 
than was Rab5-GTP (Fig. 3D). 

To investigate the Rab5-Goo interaction in a different experimental sys­
tem, we prepared RabS as a His6-tagged protein and covalently attached 
Goo to CNBr-Sepharose. In this system, Rab5 demonstrated robust bind­
ing to Goo but not to control matrices (Fig. 3E). Similar interactions were 
observed when Rab5 was immobilized on a matrix and Goo was applied in 
soluble form (Fig. 3F). Analysis of the nucleotide dependence ofthe Rab5-
Goo interaction revealed that GDP- and GTP-Ioaded forms ofGoo bound 
to Rab5 to a similar extent, whereas, as before, Rab5-GDP preferentially 
bound to Goo under certain binding conditions (Fig. 3, E and F). 

To detennine whether endogenous Rab5 and Go" proteins could inter­
act, we showed that Rab5 produced in DlVsophila was efficiently precipitated 
by Go,,-containing matrices but not by control matrices (Fig. 3G). Simi­
larly, endogenous or overexpressed Goo from Drosophila was an effective 
binding partner for Sepharose-immobilized Rab5. As before, Go" bound 
more strongly to Rab5-GDP than to Rab5-GTP (Fig. 3H). Thus, recombinant 
and endogenous forms ofRab5 and Goo bound to each other. Go" also inter­
acted with the fast-recycling Rab4 protein but not with the slow-recycling 
Rab 11 protein. Because Goo interacts with Fz proteins in biochemical assays 
(43), we investigated whether the presence ofGoo could affect interactions 
between Fz and Rab5. We found that Goo did not substantially affect the 
ability ofFzl to bind to Rab5 (fig. S3A), which suggested that the binding 
of Fz to these two G proteins might occur through different sites on the 
receptor, potentially enabling the formation of a tertiary complex among 
Fz, Go", and Rab5. 

To determine whether Goo can directly activate Rab5, we performed in 
vitro Rab5 activation experiments. The addition of excessive concentrations 
ofGTP-y-S-loaded Go" resulted in only a slight increase in the amount of 
GTP that was bound to Rab5 relative to that in the control conditions, where­
as Rabex5 (CG9139) markedly accelerated the rate of incorporation of 
GTP (Fig. 31). The direct binding of Goo to Rab GTPases (Fig. 3, C to 
H) represents the second example of a direct interaction between heterotri­
meric and small G proteins. The previously described case is the interaction 
of the Ras family small G protein AGS 1 (activator of G protein signaling I) 
with GOi and Go" proteins (50). AGS I activates heterotrimeric Gproteins in 
vivo (51) and in vitro by directly stimulating the incorporation ofGTP into 
the 0 subunit (50). In contrast, Rab5 failed to stimulate GTP loading by 
Goo (fig. S3B). Thus, we conclude that Goo and Rab5 do not directly ac­
tivate each other. 

GTP-Ioaded Gao activates Rab5 in vivo 
We found that in some conditions, Goo preferably bound to Rab5-GDP 
rather than to Rab5-GTP (Fig. 3, D, E, and H). This preference may hint 
at the potential activating capacity of Goo to Rab5. To investigate whether 
Goo could affect the activity ofRab5, we coexpressed the activated mutant 
form of Goo, Goo[Q205Ll, with wild-type Rab5-GFP in hemocytes and 
found RabS-containing giant endosomes (Figs. 2J and 3J), similar to those 
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induced by the expression of Rab5[Q88L]-YFP (Fig. 2H) or by the co­
expression of Fz2 with Rab5-GFP (Fig. 2, I and 1), which demonstrated 
that Goo could activate Rab5 in this cellular assay. Goo[Q205L] colocalized 
with Rab5 in the giant endosomes (Fig. 3, J to L). We also observed that, 
even in the absence of overexpression ofRab5, endogenous Rab5 could be 
forced to form giant endosomes in Go.,[Q205L ]-expressing cells (fig. S4A) 
but not in control cells (fig. S4B). We also observed the formation ofRab5-
containing giant endosomes by Go,,[Q205L] and the colocalization of Go" 
and Rab5 at these structures in experiments with another tagged form of 
Rab5, V5-Rab5 (fig. S4, C to E). Incubation with an antibody against 
Goo also revealed the giant endosome-like structures in cells that contained 
Goo[Q205L] and endogenous Rab5 (fig. S4, F and G). Cwnulatively, these 

Fig. 3. Gao is required for Fz2-
induced endocytosis and also 
binds to and activates Rab5. (A 
and 8) Fz2-induced endocytosis 
was prevented by knockdown of 
Gao . The experiment was per­
formed as described for Fig. 2, A 
to F. (C to H) Pull-down exper­
iments with Gao and Rab proteins 
were performed in solution with 
subsequent app li cat ion to Ni ­
agarose (C and D) or with matrix­
immobilized Gao (E and G) or 
Rab5 (F and H). Purified proteins 
or extracts from wild-type Drosoph­
ila (H) or flies overexpressing V5-
Rab5 (G) or Gao (H) were applied 
to matrices. In all conditions, Gao 
and Rab5 specifically bound to each 
other but not to control matrices, 
as detected with antibodies against 
HiSs, V5, GST, or Gao. Proteins were 
preloaded with nucleotides as indi­
cated; otherwise, they were loaded 
with GDP. Equal input of proteins 
was ensured by Coomassie stain­
ing of the input proteins; see (C) for 
an example. Each panel is a repre­
sentative image of at least three 
independent experiments. (I) Gao 
failed to stimulate GTP binding by 
Rab5. CG9139 (Drosophila Rabex5) 
provided at an equivalent amount 
strongly activated Rab5. (J to L) 
Hemocytes coexpressing activated 
Gao[Q205L] and Rab5-GFP forced 
Rab5-GFP to form giant endosomes 
(arrows), in which Gao and Rab5 
colocalized (arrows). 
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data demonstrate that the activated form ofGoo activated endogenous and 
exogenous Rab5 to stimulate the fusion of endosomes and the formation 
of giant endosomes, structures to which Goo localized. Such endosomal 
localization of Goo is similar to the previously reported localization of 
the activated a subunit of the yeast heterotrimeric G protein Gpal (52). 

We also studied how Ga" affected Rab5 in Dmsophila salivary glands. 
In these giant polyploid cells, wild-type Rab5-GFP showed a diffuse and 
weakly punctate pattern of localization, although it was a lso found at the 
plasma membrane (Fig. 4A). In contrast, Rab5[Q88L]-YFP was not found 
at the plasma membrane, but instead localized to large intracellular struc­
tures, possibly analogs of giant endosomes in this tissue (Fig. 4B). Similar to 
the situation that we observed in hemocytes, coexpression of Gao[Q205L] 

E Rab5 used in the pull-down: 

, Qb,()Q~,() Qb,()Q~,() GDP , 

C +{Hiss)Gao Without Gao 

~ b "" ~ b ,," ' ~'1i ~1P ~1P d;J'\ q,..'li ~1P ~'Q (:,0'\ 

Raa~4.5:~ :: - - 55 kD ~lb -40 kD 

Input: 

F 

(Hiss) 

-35 kD 

~
T-Rab4 
T-Rab5/Rab11 -+- Iss)Gao' 

Gao used in the pull-down: 

Qb Q QO Q GDP/GTP 
~ ~ ~ ~50:50mix 

-25kD Ga
o
-+ '- __ _ -40 kD 

Proteins immobilized on matrix 

H 
Input: Drosophila heads: 

GMR-G814; U~S-GaQ wild-type 

-40 kD 

-35 kD 

Proteins immobilized on matrix 

IS' 
~ 

Proteins immobilized on matrix 

ill 100 
o 

~ 80 

i!! g 60 
0;:: 

a.. t; 40 

>-a.. 20 

1S 
g 00 200400600 8001000120014001600 

Time (s) 

5 



and wild-type Rab5-GFP forced the latter to adopt the activated pattern 
with a marked localization to large intracellular structures (Fig. 4C). Fzl 
and Fz2 also induced a shift in the localization pattern ofRab5 to bring it 
into bright intracellular puncta that were reminiscent of those induced by 
Rab5[Q88L)-YFP in the salivary glands (fig. S5, A and B). 

In contrast to expression of the activated form of Go", expression of 
wild-type Goo did not lead to the activation ofRab5. Wild-type Goo failed 
to induce the formation of giant Rab5-containing endosomes in hemocytes 
(fig. S4, H to 1); fluorescence microscopic analysis with antibody against 
Goo showed no giant endosome-like pattern upon overexpression of wild­
type Goo in the presence (fig. S4H) or absence (fig. S4, K and L) ofRab5 
overexpression. In salivary glands, wild-type Goo did not substantially 
change the localization pattern ofRab5-GFP (Fig. 4D). Thus, only the ac­
tivated, GTP-loaded form ofGoo led to the activation ofRab5 in vivo. How 
is this finding reconciled with the observation that both Gou-GDP and Gou-
GTP efficiently bind to Rab5 in vitro? We propose that in vivo, Goo-GDP 
forms complexes with G~y by outcompeting other Go subunits (53) and is 
thus poorly available in a free form to interact with the target proteins. In­
deed, purified G~y prevented Rab5 from binding to Gou-GDP in pull­
down experiments (fig. S3C). Similar results were obtained with another 
Goo target protein, axin, which interacts with both nucleotide-bound forms 
of Goo in vitro, but only with the GTP-bound form of Goo in salivary 
glands (54). 

Fig. 4. Gao activates RabS in salivary glands. (A and B) RabS-GFP expressed 
in Drosophila salivary glands with 71 8-Ga14 was localized to the plasma mem­
brane and diffusely through the cytoplasm (A), unlike constitutively activated 
RabS[088Ll-YFP, which localized to giant cytoplasmic structures (8). (C and 
D) Coexpression of Gao[020SLl (C) but not wild-type Gao (D) forced RabS­
GFP to adopt the activated pattern of localization in giant cytoplasmic 
structures, with some remaining plasma membrane localization. (E to H) 
RabS[S43Nl-YFP (the nonactivatable form of RabS) was most abundant in 
the nucleus and cytoplasm and least abundant at the plasma membrane 

Gao likely activates Rab5 by recruiting it to 
the plasma membrane 
Because Goo failed to activate Rab5 directly, we hypothesized that Goo 
induced the activation ofRab5 through its recruitment to the plasma mem­
brane, where Rab5 is activated by membrane-localized exchange factors 
(55). Indeed, Go" and Rab5 colocalize in giant endosomes in hemocytes 
(Fig. 3, J to L, and fig. S4, C to E). But was this colocalization the cause or 
the consequence ofRab5 activation? To address this question, we used a non­
activatable mutant form of Rab5, Rab5[S43N], that was tagged with YFP 
and analyzed whether its localization pattern changed upon coexpression 
with Goo[Q205L). We detected Rab5[S43N)-YFP in the nucleus and the 
cytoplasm in salivary glands and hemocytes (Fig. 4E and fig. S4P). We 
do not know the reason for the nuclear localization of this form of Rab5, 
but a similar localization of this construct was reported in S2 cells (56). Co­
expression ofGou[Q205L) (but not wild-type Gou) resulted in a substantial 
relocalization of Rab5[S43N)-YFP to the plasma membrane in salivary 
glands (Fig. 4, E to H), where Gou was localized (54). To quantify the extent 
of this relocalization, we analyzed the presence and absence ofRab5[S43N]­
YFP from cell-to-cell borders of salivary glands. In the control glands, only 
-25% of such borders showed a clear localization of Rab5[S43N]-YFP, 
whereas -50% of all borders were completely devoid of Rab5[S43N]-YFP 
(Fig. 4, E and H). Coexpression of Goo[Q205L), but not wild-type Goo, 
reverted this ratio (Fig. 4, E to H). 

~ [ ROb5tS43N1'YFP 
U) • Rab51S43NI·YFP. G(loI020511 P < 0 001 

H ~ 50 • Rltb51S43NI-YFP' 0«0 P < 0.001 
Cl: 
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J::::! P < 0.01 
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(E). Gao[020SLl induced the partial relocalization of RabS[S43Nl-YFP to the 
plasma membrane (F), whereas wild-type Gao did not (G). (H) Ouantification 
of RabS[S43Nl-YFP at the cell-to-cel l contacts. The percentage of cell-to-cell 
contacts that exhibited complete localization of RabS[S43Nl-YFP increased 
from - 2S to - 40%, whereas the percentage of cell-to-cell contacts that were 
completely devoid of RabS[S43Nl-YFP decreased from -so to -2S% in the 
presence of Gao[020SL]. Sample size was five glands (-30 cells per gland) 
for each genotype. Data are shown as for Fig . 2C. Two-way analysis of var­
iance (ANOVA) was used to determine significance. n.s. , not significant. 
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Activated Goo exhibited intense localization in punctate (possibly vesicular) 
and giant endosome-like structures in hemocytes (fig. S4, F and G). When 
Gou[Q205L] was coexpressed with Rab5[S43N]-YFP, the localization pat­
tern ofthe latter changed (fig. S4, M to Q). Specifically, Rab5[S43N]-YFP 
was observed in discrete puncta instead of exhibiting a diffuse cytoplasmic 
localization. These puncta also contained Gou (fig. S4, M to 0). Certain 
giant endosome-like structures were still observed by fluorescence micro­
scopic analysis with an antibody against Gou in these hemocytes (fig. 

S4M), similar to that observed in hemocytes expressing GaolQ205L] alone 
(fig. S4F). We could not quantitatively determine whether the number of 
such structures decreased upon coexpression ofRab5[S43N]-YFP; how­
ever, we noticed that when these structures were visible, they were devoid 
ofRab5[S43N]-YFP(fig. S4, M toO). In S2 cells, Rab5[S43N]-YFPwas large­
ly desegregated from endosomes that contained wild-type Rab5 (56). Thus, it 
seems plausible that Goo[Q205L] was capable of interacting with endoge­
nous Rab5 or overexpressed Rab5[S43N]-YFP in hemocytes. In the case 
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Fig. 5. Recycling Rab proteins show different effects on Rab5-mediated activation of the Wg and PCP pathways. 
(A to D) Ectopic margin bri stles (arrowheads) induced by activated Rab5 (A) were strongly suppressed by co­
expression of the activated forms of Rab4 (8) or Rab11 (C). (D) Quantification of the ectopic bristles induced by 
Rab5[Q88L] or wild-type Rab5 in different genotypes. Ectopic bristles were analyzed in male flies expressing 
wild-type Rab5 because the phenotypes in female flies were less prevalent as a result of the use of the X-linked 
driver (MSI096-Ga/4 ). Sample size was 14 to 19 wings. Data are shown as for Fig . 2C. (E to H) Multiple wing 
hairs (blue ovals) induced by the MSI096-Ga/4-driven expression of Rab5 (E) were unaffected by coexpression 
of activated Rab4 (F) but were increased in number upon coexpression of activated Rab11 (G). (H) Quantifica­
tion of multiple wing hairs induced by the expression and coexpression of different forms of Rab5, Rab4, and 
Rab1 1. Sample size was 12 to 19 wings. Data are shown as for Fig. 2C. 

of the former interaction, the acti­
vation of Rab5 was followed by 
the fusion of endosomes into giant 
endosomes, whereas in the latter 
case, Gou[Q205L) induced the reia­
calization of Rab5 [S43N]-YFP 
into Gou-containing puncta (fig. 
S4N). Wild-type Gou was unable 
to change the local ization of 
Rab5[S43N]-YFP in hemocytes 
(fig. S4, R to T). The combined 
analysis of the relocalization of 
Rab5[S43N]-YFP in salivary glands 
and hemocytes led us to conclude 
that GTP-Ioaded Goo bound to 
Rab5 and mediated its transloca­
tion from the cytoplasm to mem­
brane compartments. We predict 
that this recruitment is the first 
step in the activation of Rab5 , 
the second step being the GTP 
loading of Rab5 with the help of 
membrane-localized Rab5 GEF 
proteins (55). 

Recycling Rabs are 
differentially involved 
in the Wg and pep 
branches of Fz signaling 
Our data so far suggested that Fz­
and Goo-mediated activation of 
Rab5 resulted in the local induc­
tion of endocytosis and the inter­
nalization ofFz proteins. Because 
Rab5 participates in the Wg and 
PCP branches ofFz signaling dur­
ing wing development in Drosoph­
ila (Fig. \), we next analyzed the 
physiological importance of the 
internalization ofFz in this tissue. 
Rab5-dependent internalization 
of the Wg-Fz complexes to endo­
somes is thought to be required for 
the full extent of the Wg-Fz sig­
naling (34). We thus predicted that 
the forced recycling of these com­
plexes back to the plasma mem­
brane would reduce the extent of 
their signaling. Indeed, we found 
that the expression of the activated 
forms of Rab4 (Rab4[Q67L]) or 
Rabll (Rab\\[Q70L])suppressed 

7 



the ability ofRab5 to enhance activation of the Wg pathway (Fig. 5, A to D), 
whereas the recycling Rabs alone did not produce any phenotype. 

In contrast, we observed a very different effect ofthe recycling Rabs on 
the ability of Rab5 to influence PCP-Fz signaling. Whereas coexpression 
ofRab4[Q67L] with Rab5 had almost no effect on PCp, coexpression of 
Rab II [Q70L] and Rab5 produced a marked multiple wing hair phenotype 
(Fig. 5, E to H). Such multiple wing hairs can be produced by late over­
expression ofFzl, which induces the fOlmation of ectopic hair initiation 
sites. This phenotype can be used as a readout of the increased stimulation 
ofFzl signaling to the actin cytoskeleton in PCP (40,57). Thus, recycling 
of endosomes seemed to suppress the enhanced activation of the Wg 
pathway but to promote the PCP branch of signaling. 

Rab proteins and Gao cooperate in the 
pep branch of Fz signaling 
The multiple wing hair phenotype can also be induced by overexpression 
ofGuo or its activated form (1 f). To test whether Guo genetically interacted 
in PCP signaling with Rab GTPases, we performed coexpression experi­
ments in Drosophila wings. We found that coexpression ofRab5 strongly 
enhanced the number of multiple wing hairs induced by Guu (Fig. 6, A and 
B). Among the activated Rabs, Rab4 and RabS both induced a factor of2 to 
3 increase in the number of mUltiple wing hairs, whereas activated Rabll 
induced a factor of20 enhancement in the number of multiple wing hairs 
(Fig. 6, C and D). The activated form of Guo was also stimulated in the 
presence of overexpressed Rab5 (Fig. 6E). Moreover, we found that the 
potency of Guo to induce the formation of multiple wing hairs was de­
creased upon removal of one gene copy of Rab5 (Fig. 6E). These observa­
tions indicate that Rab5 may be one of the targets of Guo in the PCP-Fz 
pathway. Furthermore, the synergism between Guo and Rab II implicates 
RabS-mediated endocytosis and Rabll-mediated recycling in PCP-Fz 
signaling. 

Rab5 and Gao negatively cooperate in the 
Wg branch of Fz signaling 
We showed that Guu bound to Rab5 and Rab4, thus possibly promoting the 
endocytosis and fast recycling ofGPCRs. On the other hand, the recycling 
Rabs impaired the enhanced activation of the Wg branch ofFz signaling. 
We wondered what the interplay between Rab5 and Guu could be in this 
pathway. Whereas Guo is required for Wg signaling in Drosophila, exces­
sive activation of Guo enhances the expression of the low-threshold W g 
target gene Distal-less, but not the high-threshold target gene Senseless 
(1f). Thus, we hypothesized that Guo was involved in Fz signaling at the 
plasma membrane, but not in endosomes. To investigate this possibility, we 
coexpressed Rab5 and Gao and tested the outcome ofWg-Fz signaling in 
Drosophila wings. In contrast to the positive cooperation ofRab5 and Guo 
in PCp, we found that Gau efficiently suppressed the activation of W g 
signaling that was induced by Rab5 (Fig. 6, F and G), similar to the effects 
of the recycling GTPases, Rab4 and Rabll (Fig. 5, A to D), and reduction 
in the amounts ofFz proteins (Fig. 6, F and H, also see below). Thus, Gao 

prevented enhanced, Rab5-dependent activation of the Wg pathway, pos­
sibly through Rab4-mediated stimulation of recycling of the Wg-Fz ligand­
receptor complexes to the plasma membrane. 

The effects of Rab5 on Fz signaling and its cooperation 
with Gao depend on the presence of Fz proteins 
Because Rab5 controls early endocytic events and because the internaliza­
tion and relocalization ofFzl are important steps in the establishment of 
PCP (30, 3f), we reasoned that Gao-mediated activation ofRab5 might 
feed back onto FzI and trigger its endocytosis. To investigate this possibility, 
we repeated some of our earlier experiments in the absence ofFzl. Any ge-

netic interaction between Guo[Q205L] and Rab5 was lost in theftf-/- genet­
ic background. We did not observe any increase in the ability ofGao[Q205L] 
to induce multiple wing hairs when Rab5 was coexpressed; removal of one 
gene copy of Rab5 did not reduce the potency of Gao[Q205L] (Fig. 61). Sim­
ilarly, the ability ofRab5 to induce multiple wing hairs was reduced in the 
ftf+!- background and lost in the ftf homozygous mutant background 
(Fig. 61). Proteins involved in the establishment ofPCP can be divided into 
two groups: those involved in the relocalization ofFzl to the cellular distal 
tips to delineate the future site of hair initiation (30), and those "execution" 
proteins that activate actin polymerization to induce hair growth (23, 25). 
Members of the first group are unable to act without FzI, whereas members 
of the second group retain their activity even when FzI is absent (1f, 58). 
Thus, the inability ofRab5 to affect the formation of mUltiple wing hairs in 
the absence ofFzl suggested that Rab5 must feed back on FzI to regulate 
the establishment ofPCP instead of being a downstream transducer that 
links FzI signaling and the cytoskeleton. 

Multiple wing hairs can be induced by an increase in the abundance of 
FzI (40), which possibly leads to a diffuse distribution ofFzl, thus induc­
ing multiple sites of hair growth (30). To test whether a more diffuse local­
ization ofFzl determined the formation of multiple hairs in our experiments, 
we expressed FzI-GFP (30) at low abundance in Drosophila wings. We 
reported previously that overexpression ofGao induces a diffuse distribu­
tion ofFzl-GFp, which promotes the formation ofrnultiple wing hairs (J f). 
In contrast, we found that Gao[Q205L] did not induce a diffuse distribution 
ofFzl-GFP (Fig. 6K), suggesting that the activated form of Gao acted on 
some downstream components ofFzl signaling to stimulate multiple sites of 
hair growth, but had no substantial effect on Fz I itself. Similarly, expression 
of Rab5 alone was not sufficient to influence the normal zigzag pattern of 
FzI-GFP (Fig. 6L). However, coexpression ofGuo[Q205L] and Rab5 affected 
the localization ofFzl (Fig. 6M). Thus, the synergy between Guo[Q205L] 
and Rab5 in inducing the formation of multiple wing hairs correlated with a 
diffuse localization ofFzl. In wings from UASGao[Q205L};UASRab5 flies, 
Fzl-GFP was often observed in bright foci (Fig. 6M). We hypothesize that the 
coexpression of Gao[Q205L] and Rab5 induces the increased production of 
Fzl-containing endosomes, which prevents the normal proximo-distal trans­
port ofFzl and thus strongly induces the formation of mUltiple wing hairs. 

Similar to the situation seen in PCP, the ability of Rab5 to induce the 
formation of ectopic wing margin bristles was reduced upon the removal, 
or even a reduction in the amounts, ofFzl or Fz2 (Fig. 6, F and H). In Wg 
signaling, enhanced activation of the downstream components of the path­
way can produce dominant phenotypes even in the absence ofFz proteins (26). 
The dependence on the presence ofFz protein of the ability ofRab5[Q88L] 
to induce dominant activation of the pathway suggests that Rab5 acts epi­
statically "upstream" ofFzl and Fz2; that is, that Rab5 feeds back to Fz pro­
teins, most likely to cause their internalization and thus activate the pathway. 
These observations collectively demonstrate that the activity of Rab5 in Fz­
mediated pathways is receptor-dependent, suggesting a positive feedback be­
tween the Gao-dependent activation ofRab5 and Fz proteins. Overall, our 
experiments reveal a direct and functional interaction between the heterotri­
meric G protein Go and Rab5 that is required for proper signaling by members 
of the Fz family ofGPCRs. We speculate that other Go-coupled GPCRs may 
similarly rely on an interaction between Gao and Rab5 for their signaling. 

DISCUSSION 

Regulated trafficking of GPCRs is important for their signaling (J 5, f6). 
Rab5-dependent endocytosis of GPCRs constitutes the first step in termi­
nating the GPCR signal when endocytosis is followed by transport of the 
receptor to late endosomes and then to Iysosomes for degradation (59). 
However, the recycling of GPCRs back to the plasma membrane is also 
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a widespread phenomenon. Fast recycling of receptors is mediated by 
Rab4, whereas slower recycling is mediated by Rabll (/4,17). Different 
GPCRs follow different trafficking and recycling pathways, which can be 
regulated by modifications of the GPCR (60). Further, controlled or 
directed recycling ofGPCRs is often used to enhance signaling in polarized 
cells, for example, in epithelial or migrating cells (6/,62). 

An important question about the Rab-dependent trafficking of GPCRs 
is how the regulation and specificity of these processes is achieved. The 
conventional view is that Rabs participate nonspecifically in the receptor 
trafficking. For example, it is assumed that specificity in endocytosis is first 
achieved by GPCR kinases and arrestins (63), and that Rab5 is recruited at 
a later stage to promote the format ion of clathrin-coated vesicles (/4). 
However, because the signaling of different receptors depends differently 
on various Rab proteins, direct interactions between GPCRs and Rab pro­
teins may be expected; indeed, a few such cases are known. For example, an 

interaction between Rab5 and the angiotensin 11 type lA receptor leads to 
the activation ofRab5 in vivo and thus might directly stimulate endocytosis 
of the receptor (42). Another example is the binding of the ~radrenergic 
receptor to Rab 11 , which is required for proper recycling of the receptor 
(64). Subunits of heterotrimeric G proteins might also b e thought of as 
potential contact partners ofRab proteins that could regula te the specificity 
ofGPCR trafficking. Only one such case has been reported so far: a direct 
interaction between Rabll and the G~y heterodimer (65). However, be­
cause G~y dimers are promiscuous in their interactions (66), this interac­
tion is unlikely to bring specificity to the regulation of GPCR trafficking. 

We showed that receptors ofthe Fz fami ly interacted with Rab5 in vitro 
and activated Rab5 in Drosophila cells. Furthermore, we showed that this 
activation of Rab5 was mediated by the a subunit of the heterotrimeric G 
protein, Go> the immediate transducer ofFz proteins and other GPCRs. Gao 
bound directly to Rab5 and Rab4 in vitro and activated Rab5 in vivo by 

Fig . 6 . Genet ic inte rac tions 
among Rab proteins, Gao, and 
Fz. (A to 0 ) Multiple wing hairs in­
duced by Gao (A) were enhanced 
by Rab5 (8) , Rab 11 [Q70L) (C) , 
and other Rab proteins (0). Sam­
ple size was 8 to 43 wings. (E and 
I) Gao[Q205L)-induced multiple 
wing hairs were enhanced when 
the abundance of Rab5 was in­
creased, and were reduced when 
the abundance of Rab5 was de­
creased, in the presence (E), but 
not in the absence, of Fz1 (I). For di­
rectcomparisonofthe fz1+ and fzr 
genotypes, the data are presented 
as percentages, with the number of 
the multiple wing hairs seen in the 
Gao[Q20SL] w in gs given as 
100%. Sample size was 11 to 28 
wings. (F to H) Rab5[088L)-induced 
ectopic bristles [blue arrowheads 
in (G) and (H)) were decreased in 
number upon a reduction in the 
amounts of Fz1 and Fz2, or upon 
their complete elimination, and 
upon coex press ion o f Gao . 

Quantification (F) and some exam­
ples (G and H) are shown. Sample 

size was 8 to 21 wings . Gao in­
duced defects in asymmetric cell 
division [black arrowhead in (G») 
(94) . (J) Rab5-induced multi ple 
wing hairs are suppressed in the 
fz 1H51/+ background and lost in 
the fz1 H51/fz 1K04A mutant back­

ground; fz 1-1- wings alone pro­

duce multiple wing hairs. Sample 
size was 9 to 25 wings. Data are 
shown as for Fig . 2C . (K to M) 
The typical zigzag localization of 
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recruiting Rab5 to the plasma membrane. This is the first demonstration of 
a direct and functional interaction of a G protein a subunit with a Rab 
GTPase. Our observations have implications for Fz signaling in particular, 
as well as for GPCR biology in general. 

Go is the predominant G protein in the nervous system of mammals and 
insects (2, 3). [n the growth cone, it constitutes up to 10% ofthe total amount 
of plasma membrane protein (67). [n the brain and other tissues, Go couples 
to various GPCRs (68, 69). Thus, the direct and functional interaction be­
tween Gao and Rab GTPases may control the endocytosis and recycling 

Fig. 7. Model of the interplay among Fz proteins, GaD' and Rab GTPases 
in Wg and PCP s ig naling_ (A) Internalization of Fz from t he plasma mem­
brane occurs in a GaD- and Rab5-dependent manner. From early endo­
somes, Fz has two recycling routes. The first resu lts in fast recycling back 
to the plasma membrane, which occurs in a GoD- and Rab4-dependent 
manner . The second route involves slow recycling to the membrane 
through the recycling endosomes, which is Rab11 -dependent. Trafficking 
to the late endosomes or Iysosomes is not considered in this scheme, but 
may occur. (8) In the Wg branch of Fz signaling , signal transduction of 
plasma membrane-localized Wg-Fz complexes is relatively weak in inten­
sity_ Internalization (GoD- and Rab5-dependent) of the ligand-receptor 
complexes to the early endosomes markedly enhances the strength of 
signaling. Relocation of the Wg-Fz complexes from the early endosomes 
through fast (GoD- and Rab4-dependent) or slow (Rab11 -dependent) re­
cycling decreases the intensity of Wg signaling. (C) In the PCP branch of 
Fz signaling, relocalization of Fz through early (GaD- and Rab5-dependent) 
and recycling (Rab11-dependent) endosomes is requ ired for the high­
intensity, localized signaling that leads to hair growth. 

of many Go-coupled receptors. Although Gao activated Rab5 in vivo, we 
do not know whether it can similarly activate Rab4; however, the strong 
binding of Gao to both GTPases in vitro suggests that Gao might bind to 
and activate both Rab5 and Rab4 in cells. The predicted outcome of such 
binding is stimulation of the endocytosis and fast recycling of Go-coupled 
GPCRs (Fig. 7 A). 

Members ofthe Fz family ofGPCRs transduce two different pathways: 
the W g pathway, which culminates in gene transcription, and the PCP path­
way, which regulates the cytoskeleton (20, 25). Because Drosophila Fzl is 
fully potent in activating both pathways, the question was raised long ago as 
to how these two distinct pathways could be activated by the same receptor 
(70-72). Our data provide a model that suggests that the different traf­
ficking routes of Fz proteins may help to mechanically separate the two 
signaling branches; the molecular basis for this separation is the different 
roles that Gao and Rab GTPases play in the two signaling pathways (Fig. 7). 
Gan and Rab proteins act as the pointsmen in the split between the Wg and 
PCP signaling pathways. Whereas the interaction between Gao and Rab5 was 
required for both pathways, recycling stimulated the PCP branch but reduced 
the extent ofW g signaling_ More specifically, Rab5-mediated endocytosis 
ofW g-Fz complexes was required for the high-intensity W g signaling, but 
this activity was antagonized by the recycling proteins Rab4 and Rabll. 
Gao plays a dual role in this signaling pathway by stimulating Rab5 to endo­
cytose, and Rab4 to recycle, the Wg-Fz complexes (Fig. 7, A and B). 

For the PCP signaling branch, our model suggests that Gao, Rab5, and 
Rab II cooperate to promote the repeated endocytosis and recycling ofFz I, 
which is likely accompanied by microtubule-dependent transport of Fz l 
vesicles to the distal regions of the wing cell (Fig. 7, A and C). Rab5 was 
most active in Wg signaling when it was constitutively loaded with GTP. [n 
contrast, wild-type Rab5 was more associated with the PCP phenotypes and 
had more genetic interactions with Gao and Rab II than did constitutively 
active Rab5. We interpret this difference with the idea that lmidirectional 
endocytosis is required for the maximal strength of the Wg pathway, but that 
constant recycling is what instead enhances PCP-Fz signaling (Fig. 7, Band 
C). Overall, our model provides a cell biological and molecular basis to ex­
plain the separation of the PCP and Wg signaling cascades. 

It should be stressed that the interaction with Rab5 represents only one of 
several activities ofGao in Fz signaling. Indeed, the ability of the GaD-Rab5 
interaction to affect signaling is dependent on the presence ofFz proteins, 
whereas activated GaD induces dominant W g and PCP phenotypes even in 
the absence of Fz proteins (J 1). Whereas the Fz-independent targets of 
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Gao in PCP signaling are still unknown, we found a direct effect ofGao on 
axin in the Wgpathway (73). Thus, Gao appears to transduce the signal by 
acting on the downstream components directly in addition to feeding back 
on Fz proteins through the recruitment and activation ofRab5. This second 
Rab5-dependent activity of Gao can be viewed as the amplification step in 
Fz signaling. 

Our data also offer an unexpected clue to the long-observed difference 
in the activity ofFzl and Fz2 proteins in Wg signaling. Although both re­
ceptors are fully competent to transduce W g, overexpression ofFz2 results 
in enhanced activation of the pathway, as seen, for example, by the induc­
tion of ectopic wing margin bristles, whereas overexpression of FzI does 
not produce any dominant W g phenotype (70-72, 74, 75). We propose that 
this distinction stems from the different basal activities of the two receptors 
in their capacity to induce endocytosis. Indeed, Fz2 has a strong basal ac­
tivity in this respect and was only moderately further stimulated by the ad­
dition of the Wg ligand (Fig. 2, C and D). In contrast, FzI has a moderate 
basal activity but was stimulated by Wg much more profoundly (fig. S2, C 
to G). When applied to the situation in the wing, these data suggest that 
overexpression of Fz2 markedly stimulates endocytosis and thus high­
intensity signaling. In contrast, overexpression ofFzl is insufficient to stim­
ulate endocytosis or enhance activation of the pathway. 

In conclusion, our data demonstrate a direct and functional interaction 
of the small G proteins Rab5 and Rab4 and the heterotrimeric G protein 
Go. We further demonstrated the involvement of Rab5 in the PCP-Fz and 
Wg-Fz signaling pathways in Drosophila. We propose that Fz-mediated 
activation of Gao leads to the recruitment of Rab5 to the vicinity of the Fz 
proteins, enhancing receptor endocytosis and thus amplifYing the intensity 
of signaling. The different trafficking routes of Fz-ligand complexes deter­
mine the specificity of activation of the W g and PCP branches ofFz signaling. 

MATERIALS AND METHODS 

Cloning and protein expression 
Drosophila melanogaster CG9139 complementary DNA (cDNA) (clone 
SD03358) from the Drosophila Genomics Resource Center was amplified 
by polymerase chain reaction with the primers 5'-GAGATGTCGACGGC­
GGCGC-3' (sense) and 5'-CAGTGACCCAGTCGACAAACGT-3' (anti­
sense) and cloned into pQE32 by digestion with SaiL Sequencing revealed 
a frameshifting mutation in the CG9139 cDNA clone, which was repaired 
by site-directed mutagenesis with the primers 5'-CGAGAGTCTGGGCGTC­
AGCAGCGAGGAG-3' (sense) and 5'-CTGCTGACGCCCAGACTCTCG­
CCATTCAG-3' (antisense). The resultant plasmid pQE32-CG9139, together 
with pQE32-Rab5 (76) and pQE32-Gao (77), was used for the bacterial ex­
pression and purification ofN-terminally His6-tagged proteins, as described 
previously (76). The coding sequences offt andft21acking the predicted sig­
nal sequences (Swiss-Prot) were cloned C-terminally to the MBP sequence 
in the plasmid pMALpoly for plasma membrane-directed bacterial expres­
sion, as described previously (43). pMAL-5HT2c (78) and pMAL-p2 (New 
England Biolabs) were similarly used for the expression ofMBP-5HT2c and 
MBP. pDEST15Rab plasmids (79) were used for the bacterial expression of 
the GST-tagged Drosophila proteins Rab4, Rab5, and Rabll, whereas 
pGEX-5X3 (GE Healthcare) was used for the expression of GST. Proteins 
were purified on glutathione resin (GE Healthcare) according to the manufac­
turer's protocol and stored in phosphate-buffered saline (PBS) containing 
1 mM dithiothreitol (DTT), 0.5 mM MgCIz, and 50% glycerol at -20°e. 

Pull-down experiments 
His6-Gao, His6-Rab5, GST, and MBP were individually coupled to CNBr­
activated Sepharose 4 Fast Flow (GE Healthcare) according to the manu-

facturer's instructions. Preloading with nucleotide was performed with 
1 mM GDP or GTP-y-S in HKB [10 mM Hepes-NaOH, 135 mM KCI, 
10 mM NaCl, 2 mM EGTA (PH 7.5)] supplemented with 5 to 25 mM MgClz 
in case of Gao and I mM EDTA in the case ofRab GTPases. After a I-hour 
incubation at room temperature, free nucleotides were removed by serial 
concentrations in Amicon Ultracel-10 (Millipore) and dilutions with HKB 
containing 5 mM MgCl2 in the case of soluble proteins, or with multiple di­
lutions and sedimentations in the case of matrix-immobilized proteins. In 
experiments with GST-tagged proteins, PBS was used instead of HKB. In 
pull-down experiments between soluble Hi%-Gao and GST-Rabs, nucleotide­
preloaded proteins were incubated in equimolar amounts in PBS contain­
ing 1 mM DTT and 5 mM MgCh (PDM buffer) for I hour at room temperature 
before addition to equal volumes of 50% Ni-NTA agarose (Qiagen) slurry 
in PDM buffer containing 40 mM imidazole and continued incubation for 
another I hour at room temperature with gentle mixing every 10 min. Free 
proteins were washed out by serial dilutions or sedimentations in PDM 
buffer containing 20 mM imidazole until a final 107-fold dilution was 
achieved. The retained proteins were eluted with PBS containing I mM 
DTT and 300 mM imidazole. In pull-down experiments with one of the 
proteins immobilized on a matrix, incubations were performed for 2 hours 
at 18°C in HKB containing 0.8 mM CHAPS, 5 mM MgCI2, and 5% glyc­
erol (HCMG buffer). Free proteins were washed out with HCMG as de­
scribed earlier. For Gao immobilized on CNBr-Sepharose and Rab5 
provided as soluble protein (Fig. 3E), elution of the specifically bound pro­
teins was achieved by nucleotide exchange on Rab5 in the incubation buffer 
supplemented with 20 mM EDTA and I mM guanine nucleotide (GDP was 
used to elute Rab5-GTP-y-S, and GTP-y-S was used to elute Rab5-GDP), 
as described previously (80). Gao does not exchange its nucleotide under 
these conditions (81). For experiments with Drosophila head extracts (77) 
(Fig. 3, G and H) and for experiments in which Rab5 was immobilized on 
CNBr-Sepharose (Fig. 3F), elution was achieved with 8 M urea. Bacterial 
membranes expressing FzI, Fz2, 5HT2c, or MBP were solubilized as de­
scribed previously (82) for 30 min with 10 mM CHAPS at 4°C. After ul­
tracentrifugation at 180,000g for 40 min at 4°C, the total protein 
concentrations in the supematants were adjusted to 1.8 mglrnl with PBS 
containing 2 mM EDTA and 10 mM CHAPS. The supematants were applied 
to Rab5 or control matrices resuspended in HKB containing 3 mM CHAPS, 
0.1% Tween 20, and 5% glycerol (resulting in a final concentration of 
CHAPS of3.14 mM) and rotated for I hour at 18°C. After any free proteins 
were washed out with the binding buffer by serial dilutions and sedimentations 
until a fmal 107-fold dilution was achieved, the retained proteins were eluted 
with 8 M urea. Proteins were detected by Western blotting analysis with 
mouse antibody against the histidine tag (Qiagen) at a I: 1000 dilution, 
mouse antibody against V5 (Invitrogen) at a I: 1000 dilution, rabbit anti­
body against MBP (New England Biolabs) at a 1:5000 dilution, and 
horseradish peroxidase-conjugated antibody against GST (GE Healthcare) 
at a I :2000 dilution. GPy was purified from porcine brains as described 
(76), with the modification that an AlF4- preloading step was included, 
which was performed as described (83), before purification on a Phenyl­
Sepharose (GE Healthcare) column to ease the removal ofGa subunits. Ad­
ditionally, GPy was eluted in buffer containing 0.5% CHAPS instead of 
0.5% Thesit during gel filtration. Fractions were analyzed by Western 
blotting with rabbit antibody against GP I (Proteintech Europe) at a I: 1000 
dilution. The pull-down experiments in the presence of GPy were per­
formed as described earlier, except that 8 mM CHAPS was added to pre­
vent nonspecific binding of GPy to the matrix. 

Drosophila lines 
The following Drosophila lines were used: 71B-GaI4, MSI096-Ga14, GMR­
Ga14, Cg-GaI4, and rab5 [k08232] (Bloomington Drosophila Stock Center); 
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UAS-Rab5, UAS-Rab5 [S43Nj, and UAS-Rab5-GFP (84); UAS-Rab5-V5 (a gift 
from A. Casali); UAS-Rab5[Q88L]-YFp, UAS-Rab5[S43N]-YFp, UAS­
Rab4[Q67L]-YFp, and UAS-Rabll [Q70L]-YFP (56); UAS-Rab5-RNAi 
and UAS-Gao-RNAi [Vienna Drosophila Research Center (85)]; UAS-Gao 
and UAS-Gao[Q205L] (11); UAS-Fzl (72);ft2[Cl] and UAS-Fz2 (86); 
UAS-AxinARGS (87); Vg-Ga14 (88); omb-Gal4 (89);ftl[H51] andftl 
[KD4A] (90); and arm-FzI-GFP (30). All the crosses were performed at 
25°C, except for Vg-Ga14 x UAS-Rab5[S43N] (Fig. I, B and G), Vg­
Ga14 x UAS-Rab5-RNAi(Fig. Iq, and omb-Gal4 x UAS-Rab5[S43N]­
YFP (Fig. IR), which were done at 18°C. 

Histology 
Hemocytes were obtained as previously described (91). Briefly, hemo­
lymph from third-instar larvae (5 x) was collected into 50 MI of Schneider's 
Drosophila medium (Amimed) supplemented with 10% fetal calf serum 
(FCS) and was then applied for 30 min at room temperature to 15-mm cover­
slips precoated with Alcian Blue 8GX (Aldrich), as previously described 
(92). The cells were next fixed with 4% formaldehyde in PBS for 20 min, 
rinsed three times with 3.5 ml ofPBS and permeabilized with 0.5% NP-40 
in PBS for 90 s, rinsed twice with PBS, and incubated for 10 min in PBT 
(pBS + 0.1 % Tween 20) before incubation with antibody [1: 1 00 dilution of 
rabbit antibody against Gao, Merck catalog no. 371726; 1:50 dilution of 
rabbit antibody against Rab5 (84); and 1:500 dilution ofCy3-coupled an­
tibody against rabbit antibody, Jackson ImmunoResearch] and DAPI (4' ,6-
diamidino-2-phenylindole, at a 1: I 0,000 dilution; Sigma) in PBT and 
analysis by confocal microscopy. Each hemocyte was scanned at several 
focal planes by confocal microscopy. Giant endosomes were identified 
in hemocytes as Rab5-containing structures, which appeared in confocal 
sections as doughnut shapes (Figs. 2 and 3). The number of such structures 
per hemocyte was counted after analysis at different focal planes. Salivary 
glands were obtained from third-instar larvae dissected in 0.9% NaCI, fixed 
in 4% formaldehyde in PBS for 20 min, washed with PBT, and mounted for 
confocaI microscopy. Pupal wings were obtained 30 hours after formation 
of the puparium and processed as described previously (11). To analyze 
the plasma membrane localization ofRab5[S43N]-YFP in salivary glands, 
we scanned each gland at several focal planes by confocal microscopy. For 
each cell, the focal plane corresponding to maximal nuclear staining was 
next selected. At this focal plane, the presence or absence ofRab5[S43N]­
YFP at each of the borders of this cell with its neighbors was assessed ac­
cording to a three-point scale: complete localization, partial localization, 
or no localization. Identical microscope settings were used for the dif­
ferent genotypes under comparison. Five glands from different larvae were 
analyzed for each genotype, with -30 cells analyzed per gland, with the average 
number of cell-to-cell contacts being five (ranging from three to six). 

Kinetics of in vitro G protein activation 
His6-Gao was preloaded with I mM GTP-y-S as described earlier and ex­
changed into HKB containing 2 mM MgCI2 with Amicon Ultracel-IO, 
along with His6-CG9139. His6-Rab5 (0.5 MM) in HKB containing 2 mM 
MgCI2 alone or with a 10-fold molar excess of Gao-GTP-y-S was pi­
petted in the final volume of 50 MI into a black %-well FLUOTRAC 200 
(Greiner Bio-One). The experiment was initiated by the addition of 50 MI 
of 0.5 /.lM BODIPY-FL-GTP (Invitrogen) in HKB containing 2 mM 
MgCI2. The kinetics of fluorescence increase was monitored with the 
VICTOR3 multiwell reader (Perkin Elmer). CG9139 was used in differ­
ent concentrations (2 to 100% of the molar amount ofRab5). Activation 
ofRab5 by solubilized Fz proteins, with or without purified Wg (10 nM), 
was perfonned in the presence of 3.14 mM CHAPS. The Gao activation 
assay was performed with BODIPY-GTP-y-S (Invitrogen)'as described 
previously (77). 

Endocytosis assays 
Hemolymph was collected as described earlier, and 50 ILl was applied for 
30 min at 4°C to each of two 15-mm coverslips precoated with Cultrex 
PoIY-L-Lysine (Trevigen) placed in six-well plates. The I O-min pulse times 
were started with the addition of 50 MI ofprecooled (at 4°C) 1 mM Texas 
Red-conjugated dextran [lysine fixable, Mr (relative molecular mass) 
3000; Invitrogen] dissolved in Schneider's medium supplemented with pu­
rified W g to 2 nM (coverslip I) or W g control buffer (coverslip 2). The pulse 
was stopped by washing twice with 3.5 ml of ice-cold PBS, and the chase 
was started upon the addition of3.5 ml of PBS (at room temperature) and 
continued for 20 min at 25°C. The cells were next fixed with 4% fonnal­
dehyde in PBS for 20 min, and the coverslips were rinsed three times with 
3.5 ml ofPBS and mounted for microscopy in Movio!. Wg was purified 
from conditioned medium as described previously (93), which yielded a 
final stock concentration of 100 nM. S2 cells constitutively expressing Dro­
sophila Wg (S2-Tub-Wg, Drosophila Genomics Resource Center) were 
grown in 150 ml of Schneider's medium supplemented with 10% FCS 
(HyClone) and 2 mM L-glutamine (Invitrogen) for 3 days. The conditioned 
medium was harvested by centrifugation at 800g for 5 min, and the cell 
pellet was resuspended in 150 ml of fresh Schneider's medium. After 3 days 
of additional growth, the second batch of medium was collected and pooled 
with the first. The medium was filtered through a I-Mm glass fiber filter 
(pall). The filtrate was adjusted to 50 mM Hepes (PH 7.5) and 1% Triton 
X-lOO, refiltered through 0.22-/.lm nitrocellulose filters (Millipore), and 
applied to a 5-ml Blue Sepharose column equilibrated with 50 mM Hepes 
(PH 7.5), 1% Triton X-lOO, and 150 mM NaCl. The column was washed 
with two column volumes ofthe equilibration buffer and then with two vol­
umes of 50 mM Hepes (PH 7.5), I % CHAPS, and 150 mM NaC!. W g was 
eluted in one step with buffer containing 50 mM Hepes (PH 7.5), I % CHAPS, 
and 1500 mM NaCI. Fractions were analyzed by Western blotting with 
mouse antibody against Wg (Developmental Studies Hybridoma Bank) 
at a I :2000 dilution. 
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