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1. Introduction
1.1 Signal transduction in the Wnt and PCP pathways
G protein coupled receptors (GPCRs) enclose the largest family of cell-surface receptors
and are the molecular targets for nearly half of the therapeutic drugs. The family consists of
about 1000 members in humans sharing common morphology – the conserved 7-transmembrane
domain topology. A GPCR has an N-terminal domain, seven transmembrane (TM) domains, 3
exoloops and 3 cytoloops and a C-terminal domain. The N-terminal domain and the 3 exoloops
are responsible for ligand recognition and binding. Once bound, the ligand induces
conformational changes in the 3 cytoloops and C terminal domains which are responsible for the
future signal transduction. The GPCRs can be stimulated by diverse extracellular signals such as
light, odor, taste, hormones, pheromones and neurotransmitters. Activated GPCRs serve as
guanine nucleotide exchange factors (GEFs) for the α subunits of heterotrimeric G proteins
catalyzing the release of GDP followed by association with GTP. So activated Gα subunits (see
below) can transfer the signal further in the signal cascades.
Frizzled, a GPCR conserved throughout the kingdom Metazoa, transduces two pathways
important for the proper organism development. The first pathway controlled by Frizzled is the
canonical Wnt signaling. Wnts are secreted protein ligands which play diverse roles in
embryogenesis, cell fate and polarization and in many diseases such as cancer. Wnt genes are
defined by sequence homology to the original members Wnt-1 (first called int-1; [1, 2]) in the
mouse and wingless (Wg) in Drosophila (Rijsewijk et al. 1987). In the absence of Wnt,
cytoplasmic ß-catenin is phosphorylated by a protein complex consisting of the scaffolding
protein Axin, adenomatous polyposis coli (APC) and the kinases: glycogen synthase kinase 3ß
(GSK3ß) and casein kinase 1a (CK1a). Further the phosphorylated ß-catenin is forwarded for
proteosomal degradation leading to decreased levels in the cytoplasm. A canonical Wnt
signaling begins with binding of a Wnt ligand to a Frizzled receptor. Binding of Wnt to Frizzled
leads to recruitment of the cytoplasmic effector protein Dishevelled (Dsh). Phosphorylation of
the low density lipoprotein receptor-related protein-5 and -6 (LRP5/6) cytoplasmic tails
subsequently provides a docking site for Axin. Taking away Axin from the Axin-APC-GSK3ß
complex stops its ability to phosphorylate ß-catenin targeting it for degradation. This leads to
accumulation and translocation of ß-catenin to the nucleus where it competes with the
transcriptional repressor Groucho and combines with DNA-binding proteins from the Tcf
family to enable transcription [3]. Gα proteins also play an important role in Wnt signaling (see
below) [4, 5].
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Figure 1. A canonical Wnt signaling pathway

The second pathway controlled by Frizzled is the so called planar cell polarity (PCP)
pathway. Most tissues show several aspects of polarization. In addition to the general epithelial
apical-basolateral polarization, many epithelial tissues are also polarized within the plane of the
epithelium. This is referred to as PCP. Genetic screens in Drosophila started the discovery of
main PCP factors and the subsequent work in vertebrates put the basis of this evolutionarily
conserved pathway. PCP is not restricted only to epithelia. It is found to control also migration
and intercalation of mesenchymal cells. PCP signaling factors orient the hair growth and
ommatidia chirality in the fly, and cilia orientation in the inner ear of vertebrates. The process of
polarization involves several core components - Frizzled, Dsh, Prickle, Van Gogh, Flamingo
and Diego [6]; some regulators – CK1a, Wilderborst, Gαo; Fat/Dachsous; and effectors like –
Rac1, RhoA, Rho kinase etc. In Drosophila Frizzled-1 (dFz1) transduces the signal from an
unknown PCP ligand to the Gαo (see below) [4]. After the signal comes all components of the
PCP pathways are distributed in a polarized manner so that the cell can be polarized by a second
axis.
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1.2 G proteins - regulators of signal transduction
The main transducers of the sophisticated GPCR signal transduction are the G proteins.
G proteins are monomeric or heterotrimeric proteins which have the ability to cycle between
two different stages – the non-activated GDP- and the activated GTP- bound stage. Upon an
upstream signal a GEF stimulates dissociation of GDP from the non-activated G protein
followed by substitution with GTP. This is accompanied by a change in the three-dimensional
structure of the G protein so that it can interact with further downstream effector(s). The cycle
finishes and the signal shuts down when the GTP is hydrolyzed by the protein to GDP with or
without the help of GTPase activating protein (GAP). Because of the intrinsic GTPase activity
the G proteins are also called GTPases (Figure 2).

Figure 2. A G protein cycle.

The GTPases are grouped in two big superfamilies: heterotrimeric and monomeric.
A heterotrimeric GTPase consists of α, β and γ subunits. Since β and γ subunits are not
very diverse the α-subunit brings most of specificity in protein-effector interactions. For
example the C. elegans genome encodes only two Gβ and two Gγ but 22 Gα subunits. In
humans there are 8 Gβ, 14 Gγ and 31 Gα. In Drosophila there exist three Gβ, two Gγ and 6 Gα
subunits (Gαs, Gαi, Gαo, Gαq, Gα12 and Gαf). From these 6 Gα only one (Gαo) is responsible
for direct transduction of the signals coming form Drosophila dFz1 and Frizzled-2 (dFz2) to
three different signal pathways – canonical Wnt signaling, PCP and asymmetric cell division.
Gαo homologues are the most abundant G proteins in the mammalian and insect brain [7, 8].
They are responsible for neurite outgrows and brain development. In Drosophila Gαo is
expressed early in the embryogenesis and it is important for formation of the epithelium of the
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heart [9]. In the different pathways Gαo interacts with many downstream effectors such as Gprotein-regulated inducer of neurite outgrowth (GRIN1 and GRIN2) [10], regulator of G protein
signaling 17 (RGS17), GTPase activating protein for Rap1 [11, 12] etc.
Activated by the Frizzled’s GEF activity, Gαo exchanges GDP for GTP and dissociates
from the βγ complex. Activated Gαo interacts with the effectors of PCP or Wnt signaling. Later,
Gαo hydrolyzes the GTP to GDP and re-associates with βγ subunits so that the trimeric complex
can couple to Frizzled again and is ready for a new turn of Frizzled signal transduction. The
Frizzled signals are further transduced and modulated by many effectors. One group of these
effectors is the small G proteins.
There are about 150 known eukaryotic small G proteins controlling various cellular
functions by acting as molecular switch devices. They have been characterized and divided into
five families: Ras, Rho, Rab, Sar1/Arf and Ran [13]. The functions of many small G proteins
have already been discovered: Ras and Rho proteins mainly regulate gene expression. The Rho
family also regulates cytoskeletal reorganization. Rab and Sar1/Arf are involved in vesicular
transport, and the Ran - in the nucleocytoplasmic transport.
All newly synthesized membrane proteins are transported from the place of formation to
the place of function by vesicles. In parallel, macromolecules taken from the outside
compartment during endocytosis are transported inward to endosomes and sometimes further to
the lysosomes. Many cell-surface receptors travel through a recycling endosome and are
recycled back to the plasma membrane. Thus exocytosis, endocytosis, and recycling are
performed by intracellular vesicle trafficking. All these processes are controlled by Rab
proteins. There are approximately 70 different Rabs that have been identified in humans so far
regulating different transport vesicles. Some the most studied Rabs are present in table 1.

Name
Rab1
Rab2
Rab3a
Rab4
Rab5
Rab6
Rab7
Rab9
Rab11
Rab18
Sec4

Subcellular localization
Endoplasmic reticulum (ER), golgy complex
ER, cis-golgi network
secretory vesicles
early endosomes
early endosomes, clathrin- coated vesicles, plasma membranes
medial- and trans-golgi network
late endosomes
late endosome, trans-golgi network
recycling endosomes
lipid droplets, golgi, endoplasmic reticulum
secretory vesicles

Table 1. Rab proteins.
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1.3 Aims
The main goal of this study is to reveal the connection between the direct transducer of
the GPCRs, the trimeric G protein, and the proteins responsible for receptor internalization and
recycling - Rabs. As a model Drosophila melanogaster was used as an ideal organism for
complex genetical modulations and for different histological approaches.
In the first paper we show for the first time direct and functional interactions between the
small G proteins Rab5 and Rab4 and the trimeric G protein Go. We demonstrate the way of
involvement of Rab5 in the PCP- and Wg-Frizzled signaling pathways in Drosophila. We
propose a model for the regulation of multifarious cell signals with the small contingent of
molecular switches – different trafficking routes of Frizzled complexes determine the specificity
of activation of the Wg vs the PCP branches of Frizzled signaling.
The second paper presents Europium-GTP as a compound for substitution of the
environmental hazardous and laboratory limited radioactive [ 35S]GTPγS in studies of G proteins
and G protein-coupled receptors. The method combines high-throughput and extreme sensitivity
based on time-resolved fluorometry of europium chelates.
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2. A direct and functional interaction between the trimeric G protein
Go and Rab5 in G protein-coupled receptor signaling
2.1 Abstract
Rab5 is a small GTPase regulating early steps in endocytosis and highly conserved
among the multicellular organisms. Rab5 is involved in a variety of cellular signaling cascades
through regulation of internalization of receptors and other membrane-associated signaling
proteins. However, the function of Rab5 in these processes is considered relatively passive so
that the endocytic capacity of Rab5 is employed upon e.g. -arrestin-dependent stimulation of
internalization of G protein-coupled receptors (GPCRs). No direct recruitment or activation of
Rab5 by the signal transduction components has been reported. Here we demonstrate an
interaction of the Drosophila Rab5 and an immediate GPCR transducer, the trimeric G protein
Go in vitro and in vivo, providing a rare example of a direct interaction of a small and a trimeric
G protein. Rab5 and Go bind each other as purified proteins, as well as in fly extracts. In
cellular assays, Go leads to activation of Rab5 and endosome fusion. We further show an
important function of the Go-Rab5 interactions in the context of Drosophila planar cell polarity
and Wingless signal transduction – pathways initiated by the GPCR receptors of the Frizzled
family. Additionally, we demonstrate the function of the recycling Rab GTPases Rab4 and
Rab11 in Frizzled- and Go-mediated signaling.
One-sentence summary: Trimeric G protein Go interacts with Rab5 and Rab4, regulating the
linkage of Frizzled signaling with endocytosis and recycling.

2.2 Introduction
G proteins are omnipresent in the evolution of living beings and function as molecular
switches: they are active in the GTP-bound state which they can leave through their GTPase
activity, thus adopting the inactive GDP-bound state. A trimeric G protein consists of the
guanine nucleotide-binding -subunit and the -heterodimer. The GDP-bound trimeric
complex can associate with G protein-coupled receptors (GPCRs) which upon ligand binding
serve as guanine nucleotide exchange factors for G. This activity leads to dissociation of GGTP from ; both can engage downstream effectors thus transducing the signal from GPCRs
[14]. From insects to humans, Go is the predominant G-subunit in the nervous system [7, 8].
Go is required for the proper brain functioning and development [15, 16], as well as for the
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regulation of the heart development and physiology [9, 17]. The crucial role of Go in
transduction of the signals emanating from the Frizzled subfamily of GPCRs, important
regulators of animal development, has been demonstrated in Drosophila as well as vertebrate
systems [4, 5, 18-21].
In contrast to trimeric G proteins, small G proteins of the Ras family are monomeric.
This family breaks into several subfamilies controlling various aspects of cellular activities; the
Rab subgroup regulates vesicular trafficking [22]. Among the Rab members, Rab5 controls
early endocytic events such as clathrin-coated vesicle formation, fusion of the endocytic
vesicles and early endosomes, as well as homotypic fusion between early endosomes [22].
While Rab5 is crucial for the internalization of GPCRs, the opposite action is played by the two
recycling Rab GTPases, Rab4 and Rab11 [23, 24]. Rab4 mediates fast recycling from the
early/sorting endosomes, and Rab11 is responsible for the recycling endosomes which ensure a
slower kinetics of GPCR transport back to the plasma membrane [22, 25]. While receptor
internalization typically serves to switch the signaling off, in several cases endocytosis is in
contrast required for the proper receptor signaling [26, 27]. In this regard, signaling by the
Frizzled family of receptors is an interesting example.
Frizzled GPCRs initiate at least two branches of signaling pathways. The first is the socalled canonical pathway, utilizing a co-receptor LRP5/6, the Axin-based protein complex also
involving APC (adenomatous polyposis coli), glycogen synthase kinase 3 and casein kinase,
and culminating at the -catenin-dependent target gene transcription to specify cell fate in
development [28]. In Drosophila, this pathway is induced by the Wingless (Wg) ligand [29,
30], a member of the Wnt family of secreted glycolipoproteins [28], and will be referred to as
the Wg branch throughout this article. The second type of signaling emanating from Frizzled
receptors uses a different set of transducer proteins and culminates at the regulation of
cytoskeletal structures [31]. This signaling regulates convergent extension in vertebrates [32]
and planar cell polarity (PCP) in flies [33], and will be referred to as the PCP branch of Frizzled
signaling. In Drosophila, Frizzled-1 (Fz1) and Frizzled-2 (Fz2) are redundantly used in the Wg
signaling [34], whereas only Fz1 is involved in the PCP pathway [35]. Both pathways rely on
the trimeric Go protein as the immediate Frizzled transducer in Drosophila [4, 36].
Both branches of Frizzled signaling depend on endocytosis. Regulated internalization of
Fz1 is necessary for the PCP establishment [37]. In Drosophila, Fz1 accumulates at the distal
tips of wing cells to establish the site of growth of actin-rich hairs [38]. Fz1-containing
endosomes have been shown to move along microtubules which are aligned in the proximodistal axis [39]. As both endocytosis and endosome motility on microtubules depend on Rab5
[40], this GTPase may play important roles in PCP establishment.
-9-

Similarly, clathrin- and Rab5-dependent endocytosis was shown essential for activation
of the Wg pathway in cell culture assays [41, 42]. A role of Rab5 was also investigated in
imaginal wing discs of Drosophila larvae [42]. In this tissue, Wg signaling can be studied by
monitoring the high-threshold Wg target gene Senseless, expressed close to the source of Wg
production, and the low-threshold target gene Distal-less, expressed throughout the wing disc
[43]. High levels of Wg signaling are required for formation of sensory bristles decorating the
adult wing margin; ectopic bristles are produced by strong overactivation of the pathway [4446]. It was found that Rab5 was necessary for the expression of Senseless and formation of
sensory bristles, while the low-threshold Wg target Distal-less was less dependent on Rab5 [42].
These observations brought the authors to conclusion that low levels of Wg signaling could be
induced from the plasma membrane, while high levels of Wg signaling emanate from the
endosomes containing Wg-Fz complexes [42]. In addition to internalization of the ligandreceptor complexes, endocytosis may additionally be involved in more downstream steps of the
Wg-Frizzled signaling [41].
In the current work we demonstrate a physical and functional interaction of the trimeric
Go protein and Rab GTPases. This is a rare example of a direct interaction between trimeric and
small G proteins. We further show the importance of this interaction for the Wg and PCP
branches of Frizzled signaling in Drosophila.

2.3 Results

1. Rab5 is involved in both the Wg and PCP branches of Frizzled signaling
Rab5 null loss-of-function cells lose apico-basal polarity and form neoplastic tumors in
Drosophila [47], preventing the analysis of the role of Rab5 in Frizzled signaling in epithelia.
To partially downregulate Rab5, we expressed the Rab5 dominant negative construct
Rab5[S43N] or an RNAi-targeting construct in Drosophila wings. In accordance with previous
observations [42], we found that expression of Rab5[S43N] resulted in loss of the wing margin
structures (Fig. 1B) - a typical sign of reduced Wg signaling [44]. A similar phenotype was
produced by the Rab5-RNAi (Fig. 1C). We also analyzed expression of the Wg target genes in
wing imaginal discs and found that the short-range target Senseless, but not the long-range
target Distal-less, was frequently lost in cells of the Rab5[S43N]- or Rab5-RNAi-expressing
discs (fig. S1B, C). Thus, Rab5 appears necessary for the high levels of Wg signaling. On the
other hand, overexpression of Rab5, especially of its constitutively active form Rab5[Q88L],
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resulted in overactivation of the Wg pathway in wings, as judged by appearance of multiple
ectopic margin bristles away from the normal zone of production (Fig. 1E, F, Fig. 5D).
We also found that downregulation of Rab5 leads to defects of the PCP establishment
(Fig. 1G, I). Overexpression of Rab5 also led to PCP defects, which were relatively mild and
involved induction of the multiple wing hairs (Fig. 1J, Fig. 5H); this phenotype can be induced
by mislocalization of the Fz1 receptor [48]. Thus, Rab5 is involved in both the Wg and PCP
branches of Frizzled signaling in Drosophila.
Curiously, Rab5[Q88L] was more potent than the wild-type form of Rab5 in inducing
the ectopic bristles (Fig. 1E, F, Fig. 5D). In contrast, Rab5[Q88L] was less active in the PCP
pathway (see Fig. 5H and more below), suggesting that the mode of Rab5 action in the Wg and
PCP pathways might be different.

2. Fz receptors stimulate endocytosis in cis
The involvement of Rab5 in Frizzled signaling may suggest a general function of Fz in
the regulation of endocytosis. To investigate this possibility, we expressed Fz2 in Drosophila
hemocytes and performed pulse-chase endocytosis experiments using Texas-red dextran (a
fluorescent marker for endocytosis) with these as well as control cells. While control hemocytes
uptake only low amounts of dextran during the 20min-chase (Fig. 2A), cells expressing Fz2
reveal a strongly enhanced uptake, as seen both by the number of dextran-positive intracellular
vesicles and their intensity (Fig. 2C, D). Interestingly, this stimulation of endocytosis reflects
the basal activity of the Drosophila Fz2-receptor, as addition of purified Wg shows only a small
(although significant) additional increase in dextran uptake (Fig. 2D). Fz1 also revealed a
capacity to stimulate endocytosis (fig. S2). Interestingly, the basal (ligand-independent) activity
of Fz1 was much more modest than that of Fz2, and instead Fz1 was much more responsive to
the Wg stimulation (fig. S2). This difference between the two receptors might have important
implications for their biology (see Discussion).
We next asked whether Fzs increased the overall endocytic capacity of the cell. An
alternative possibility would be that Fz receptors were strongly stimulating their own
internalization and the dextran was co-taken up with Fz. We reasoned that if the first option
realized, a significant fraction of dextran-positive intracellular structures should be devoid of Fz
staining. However, we found that a majority of dextran-positive structures were also positive for
Fz2-GFP (Fig. 2C, white arrows). Out of 311 total dextran-positive vesicles analyzed in several
hemocyte preparations, 228 (73%) were also positive for Fz2-GFP. This is in a good correlation
with the overall stimulation of dextran uptake by Fz2: endocytosis in the control hemocytes is
15% of that in the Fz2-expressing cells (Fig. 2D). Thus, it appears that most additional dextran- 11 -

positive vesicles induced by Fz2 also contain Fz2 itself. In other words, Fz2 expression elicits a
strong stimulation of endocytosis in cis, inducing its own internalization. These data also
indicate that Fz2 activates endocytosis either directly or through the intermediates acting in the
vicinity of the receptor.

3. Fz receptors can activate Rab5 in vivo but fail to activate it in vitro despite physical binding
As Fz2 could stimulate endocytosis in cis, and since Rab5 is necessary for the proper
Frizzled signaling, we hypothesized that Fz receptors could - directly or indirectly - activate
Rab5. To investigate this possibility, we expressed fluorescent forms of wild-type Rab5, or its
constitutively activated Q88L-mutant form, in Drosophila hemocytes, and compared the
staining patterns. The wild-type form of Rab5-GFP showed a diffuse, weakly punctate staining
(Fig. 2E). In contrast, expression of Rab5[Q88L]-YFP led to massive endosome fusion forming
giant endosomes appearing as donut structures (Fig. 2F), as reported previously in other cellular
assays [49]. Remarkably, co-expression of Fz2 with the wild-type Rab5-GFP led to induction of
Rab5-positive giant endosomes (Fig. 2G, H), demonstrating that Fz2 could activate Rab5 in this
cellular assay.
A direct interaction between Rab5 and a GPCR - angiotensin II type 1A receptor - has
been previously reported [50].We thus decided to investigate whether Rab5 could physically
interact with Fz proteins. We expressed Fz1 and Fz2 as MBP (maltose-binding protein) fusions
in bacterial membranes producing biologically active receptors [51], in parallel with an
unrelated GPCR (human 5HT2c). We also prepared Rab5 as a His6-tagged protein and
covalently attached it to CNBr-sepharose. This Rab5, either in its GDP- or GTPS-loaded
conformation, could bind Fz1 or Fz2, but not the control receptor (Fig. 3A), demonstrating a
physical interaction between Fz receptors and this small GTPase. Activation of G proteins by
GPCRs can be studied in vitro [51, 52]. To test whether Fzs might directly activate Rab5, we
designed an in vitro assay where incorporation of GTP analog into recombinant Rab5 was tested
with fluorescence measurements [53]. Addition of detergent-solubilized Fz1 or Fz2, either in the
absence or presence of Wg, failed to speed up GTP binding by Rab5 as compared to control
conditions (Fig. 3B). In contrast, addition of recombinant CG9139, a Drosophila homolog of
the Rab5 nucleotide exchange factor Rabex5 [54], efficiently stimulated GTP incorporation into
Rab5 (Fig. 3B and C). 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 Fz internalization in vivo.
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4. Activation of endocytosis by Fz2 is Go-dependent
As the trimeric G protein Go is a direct binding partner and transducer of Fz receptors in
Drosophila and mammalian cells [4, 5, 18-21], we hypothesized that Go might link Fz with
Rab5. The -subunit of the trimeric Go protein (Go) was previously found to play a functional
role in insect hemocytes [55]. We found that RNAi-mediated downregulation of Go drastically
reduced uptake of dextran in Fz1-expressing (fig. S2 B-F) and Fz2-expressing hemocytes (Fig.
2B, D). The few dextran-positive vesicles remaining in the Fz2-expressing cells did not colocalize with Fz2-GFP (arrowheads in Fig. 2B, B’), confirming that Go-RNAi reduced
endocytosis back to the background levels (Fig. 2D). Curiously, high amounts of Fz2-GFP were
still internalized in these cells. Multiple routes of Fz internalization exist [56]; our data indicate
that Go controls only one of these routes, the one which leads to a noticeable stimulation of
endocytosis as judged by marked uptake of dextran.

5. Go physically binds Rab GTPases
In the whole Drosophila genome yeast two-hybrid screen [57], a low-confidence
interaction of Rab5 and Go has been reported. To confirm this interaction, we purified these
proteins after bacterial expression. We also similarly produced recombinant Rab4 and Rab11
small G proteins. In pull-down experiments using GST-tagged Rabs and His6-tagged Go, Rab5
and Rab4 displayed a robust binding to Go (Fig. 3D, E), while binding of Rab11 was much
less pronounced (and was not investigated further). Interestingly, while Rab4 revealed no
nucleotide preference in the interaction with Go, Rab5-GDP was reproducibly a better binding
partner of Go than Rab5-GTP (Fig. 3E).
To investigate the Rab5-Go interaction in a different experimental setup, we
additionally prepared Rab5 as a His6-tagged protein and covalently attached Go to CNBrsepharose. Also in this arrangement, Rab5 demonstrated a robust binding to Go but not to
control matrixes (Fig. 3F). Similar interactions were seen when Rab5 was immobilized on a
matrix, and Go applied in the soluble form (Fig. 3G). Analysis of the nucleotide dependence
of the Rab5-Go interactions revealed that GDP- and GTP-loaded forms of Go bound Rab5
with a similar capacity, whereas Rab5-GDP was again a preferable Go interaction form in
certain binding conditions (Fig. 3F, G).
To prove that endogenous and not just recombinant Rab5 and Go proteins could also
interact, we showed that Rab5 produced in Drosophila could be efficiently precipitated by Go
matrixes but not control matrixes (Fig. 3H). Similarly, endogenous or overexpressed Go from
Drosophila heads was an effective binding partner for sepharose-immobilized Rab5; a higher
- 13 -

binding of Go to Rab5-GDP could again be seen (Fig. 3I). Thus, recombinant and endogenous
Rab5 and Go physically bind each other. Go also efficiently interacts with the fast-recycling
Rab4 but not the slow-recycling Rab11.
As Go could physically interact with Fz receptors in biochemical assays [51], we
investigated whether the presence of Go could affect Fz-Rab5 interactions. We found that
addition of Go did not significantly affect the ability of Fz1 to bind Rab5 (fig. S3A), which
may suggest that the binding of Fz to these two G proteins occurs at different sites on the
receptor, potentially allowing formation of a tertiary complex between Fz, Go, and Rab5.

6. GTP-loaded Go activates Rab5 in vivo
We find that in some conditions Go preferably binds Rab5 in its GDP form (Fig. 3E, F,
I). This preference may hint at the potential activatory capacity of the trimeric G protein towards
Rab5. To investigate whether Go could affect Rab5 activity, we co-expressed the activated
Q205L-mutant form of Go together with wild-type Rab5-GFP in hemocytes and found Rab5positive giant endosomes (Fig. 2J, H), similar to those induced by expression of Rab5[Q88L]YFP (Fig. 2F) or by co-expression of Fz2 with Rab5-GFP (Fig. 2G), demonstrating that Go
could activate Rab5 in this cellular assay. Go[Q205L] showed co-localization with Rab5 in the
giant endosomes (Fig. 2J- J’’). Induction of Rab5-positive giant endosomes by Go[Q205L]
and Go-Rab5 co-localization to these structures could also be seen using another tagged form
of Rab5 - V5-Rab5 (fig. S4D-D’’). We also could see that even without Rab5 overexpression,
endogenous Rab5 could be forced to form giant endosomes in Go[Q205L]-expressing (fig.
S4F) but not control cells (fig. S4E). Anti-Go staining also revealed the giant endosome-like
structures in Go[Q205L]-expressing cells with endogenous Rab5 levels (fig. S4C; no costaining of Go and endogenous Rab5 could be performed as both types of antibody were from
rabbit). Cumulatively, these data demonstrate that the activated form of Go can induce
activation of endogenous as well as overexpressed Rab5 to force endosome fusion and
formation of giant endosomes. Importantly, Go co-localizes to these structures. Such
endosomal localization of Go is similar to the previously reported localization of the activated
-subunit of the yeast trimeric G protein Gpa1 [58].
We also studied how Go affected Rab5 in another Drosophila tissue – the salivary
glands. In these giant polyploid cells the wild-type Rab5-GFP again showed a diffuse and
weakly punctate staining; plasma membrane was also stained (Fig. 4A). In contrast, the
constitutively active Rab5 (Rab5[Q88L]-YFP) showed re-localization from the plasma
- 14 -

membrane towards large intracellular structures - possible analogs of giant endosomes in this
tissue (Fig. 4B). Similarly to the situation seen in hemocytes, expression of Go[Q205L]
together with wild-type Rab5-GFP forced the latter to adopt the activated pattern with a marked
re-localization to large intracellular structures (Fig. 4C). Fz1 and Fz2 could also shift the Rab5
localization pattern to bring it into bright intracellular puncta reminiscent of those induced by
Rab5[Q88L]-YFP in the salivary glands (fig. S5A, B).
In contrast to the activated form of Go, expression of the wild-type Go did not lead to
the activation of Rab5 in these assays. In the hemocytes, wild-type Go failed to induce giant
Rab5-positive endosomes (Fig. 2I); the anti-Go staining also showed no giant endosome-like
pattern upon overexpression of wild-type Go neither in the presence (fig. S4B) or absence of
Rab5 overexpression (fig. S4A). And in salivary glands, wild-type Go could not significantly
change the localization pattern of Rab5-GFP (Fig. 4D). Thus in vivo only the activated, GTPloaded form of Go can lead to Rab5 activation. How is this finding reconciled with the
observation that in vitro both Go-GDP and Go-GTP efficiently bind Rab5? We propose that
in vivo, the GDP-form of Go complexes with G by outcompeting other G-subunits [59]
and is thus poorly available in a free form to interact with the target proteins. Indeed, purified
G can efficiently prevent Rab5 from binding to Go-GDP in pull-down experiments (fig.
S3B). Similar results were obtained with another Go target protein Axin, which interacts with
both nucleotide forms of Go in vitro, but only with the GTP-form of Go in salivary glands
[60].

7. Go likely activates Rab5 through plasma membrane recruitment
GTP-loaded Go might activate Rab5 by recruiting it from the cytoplasm to membrane
fractions, where Rab5 is then activated by membrane-localized exchange factors [61].
Alternatively, Go could directly activate Rab5. To discriminate between these possibilities, we
performed in vitro Rab5 activation tests. Addition of excessive concentration of GTPS-loaded
Go resulted in only a slight increase in GTP binding by Rab5, while Rabex5 (CG9139) was
again very efficient (Fig. 3C).
The direct binding of Go to Rab GTPases (Fig. 3D-I) represents only a second ever
example of direct interaction between trimeric and small G proteins. The previously described
case is the interaction of the Ras-family small G protein AGS1 with Gi/Go proteins [62].
AGS1 was shown to activate trimeric G proteins in vivo [63] and in vitro through direct
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stimulation of GTP incorporation into G [62]. In contrast, Rab5 failed to show any stimulation
of GTP loading by Go (fig. S3C). Thus, Go and Rab5 do not directly activate each other.
As Go fails to directly activate Rab5, we hypothesized that Go induced Rab5
activation through membrane recruitment. Indeed, Go and Rab5 co-localize in hemocyte giant
endosomes (Fig. 2J, fig. S4D). But is this co-localization the cause or the consequence of Rab5
activation? To address this question, we used a non-activatable S43N-mutant form of Rab5
tagged with YFP and analyzed whether its localization pattern changed upon co-expression of
Go[Q205L]. Both in salivary glands and in hemocytes, this Rab5[S43N]-YFP stains strongly
the nucleus and the cytoplasm (Fig. 4E, fig. S4H). We do not know the reason for the nuclear
staining of this form of Rab5, but note that a similar staining of this construct was reported also
in the S2 cells [64]. Remarkably, co-expression of Go[Q205L] (but not wild-type Go)
resulted in a significant re-localization of Rab5[S43N]-YFP to the salivary gland plasma
membrane (Fig. 4E-H) where Go is localized [60]. To quantify the extent of this relocalization, we analyzed presence/absence of Rab5[S43N]-YFP from cell-to-cell borders of
salivary glands. In the control glands, only a quarter of such borders showed a clear
Rab5[S43N]-YFP localization, while half of all borders were completely devoid of this staining
(Fig. 4E, H). Co-expression of Go[Q205L], but not wild-type Go, could revert this ratio (Fig.
4E-H; see Materials and Methods for details of analysis).
In hemocytes, activated Go shows strong cytoplasmic staining with punctate (possibly
vesicular) and giant endosome-like structures (fig. S4C). When Go[Q205L] is co-expressed
with Rab5[S43N]-YFP, the localization pattern of the latter clearly changes (fig. S4H, I’).
Specifically, Rab5[S43N]-YFP can now be seen in puncta instead of diffuse cytoplasmic
staining. Importantly, these puncta are positive for Go (yellow arrows in fig. S4I-I’’).
Interestingly, certain giant endosome-like structures can still be seen upon anti-Go staining in
these hemocytes (white arrowheads in fig. S4I-I’’), similarly to the hemocytes expressing
Go[Q205L] alone (fig. S4C). We could not quantitatively determine whether the number of
such structures decreased upon co-expression of Rab5[S43N]-YFP. However, we noticed that
when these structures were visible, they were devoid of Rab5[S43N]-YFP staining (white
arrowheads in fig. S4I-I’’). In S2 cells, Rab5[S43N]-YFP was shown to largely desegregate
from endosomes positive for wild-type Rab5 [64]. It thus seems plausible that in hemocytes,
Go[Q205L] was capable of interaction either with the endogenous Rab5 or overexpressed
Rab5[S43N]-YFP. When the first happened, Rab5 activation occurred followed by endosome
fusion into giant endosomes (white arrows on fig. S4I). When the second happened,
Go[Q205L] was inducing re-localization of Rab5[S43N]-YFP into Go-positive puncta
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(yellow arrows on fig. S4I). Noteworthy, the wild-type form of Go was unable to change
localization of Rab5[S43N]-YFP in hemocytes (fig. S4G).
The combined analysis of re-localization of Rab5[S43N]-YFP in salivary glands and
hemocytes brings us to the conclusion that the GTP-loaded Go can bind and bring Rab5 from
cytoplasm into membrane fractions. We predict that this recruitment is the first step in Rab5
activation, the second step being GTP-loading of Rab5 with the help of membrane-localized
Rab5 GEF proteins [61]. The consequence of this activation would then be local induction of
endocytosis and thus internalization of GPCRs - such as Fz receptors.

8. Recycling Rabs are differently involved in the Wg and PCP branches of Frizzled signaling
Our data so far suggest that Fz-Go-mediated activation of Rab5 results in local
induction of endocytosis and internalization of Fz receptors. As Rab5 participates in the Wg and
PCP branches of Frizzled signaling in wing development (Fig. 1), we next wanted to analyze the
physiological importance of Fz internalization in this tissue. It has been proposed that the Rab5dependent internalization of the Wg-Fz complexes to endosomes is required for the full extent
of the Wg-Frizzled signaling [42]. We thus predicted that forced recycling of these complexes
back to the plasma membrane should reduce the signaling. Indeed, we find that expression of
the activated forms of Rab4 (Rab4[Q67L]) or Rab11 (Rab11[Q70L]) strongly suppressed the
ability of Rab5 to overactivate the Wg pathway (Fig. 5A-D), while the recycling Rabs alone did
not produce any phenotype.
In contrast, a very different effect of the recycling Rabs was seen on the ability of Rab5
to influence the PCP-Frizzled signaling. While Rab4[Q67L] co-expression was of almost no
effect, co-expression of Rab11[Q70L] and Rab5 produced a dramatic multiple wing hair
phenotype (Fig. 5E-H). Thus, endosome recycling seems to suppress overactivation of the Wg
pathway, but promote the PCP branch of signaling.

9. Cooperation of Rabs and Go in the PCP branch of Frizzled signaling
The multiple wing hair phenotype can also be induced by overexpression of Go or its
activated form [4]. To test whether Go genetically interacted in the PCP signaling with Rab
GTPases, we performed co-expression experiments in Drosophila wings. We found that coexpression of Rab5 strongly enhanced the number of multiple wing hairs induced by Go, while
Rab5[Q88L] was less potent (Fig. 6A, B, D). Among the activated Rabs, Rab4 and Rab5 both
induced a 2-3-fold stimulation, while Rab11 produced a dramatic 20-fold enhancement of
multiple wing hairs (Fig. 6C, D). The activated form of Go was also stimulated in the presence
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of overexpressed Rab5 (Fig. 6E). Moreover, we found that the potency of Go to induce the
multiple wing hair formation was decreased upon removal of one gene copy of Rab5 (Fig. 6E).
These observations indicate that Rab5 may be one of the targets of Go in the PCP-Frizzled
pathway. Further, the strong synergism between Go and Rab11 implicates the Rab5/Rab11mediated endocytosis/recycling in PCP-Frizzled signaling.

10. Negative cooperation of Rab5 and Go in the Wg branch of Frizzled signaling
We showed that Go physically bound Rab5 and Rab4, thus possibly promoting
endocytosis and fast recycling of GPCRs. On the other hand, the recycling Rabs impaired the
high levels of activation of the Wg branch of Frizzled signaling. What could be the interplay
between Rab5 and Go in this pathway? Of interest, while Go is required for the Wg signaling
in Drosophila, overactivation of Go can enhance the expression of the low-threshold Wg
target gene Distal-less, but not the high-threshold target gene Senseless [4]. It can be thus
proposed that Go is involved in the plasma-membrane-emanating Frizzled signaling, but not in
the endosome-mediated high level Frizzled signaling. To investigate this possibility, we coexpressed Rab5 and Go and tested the outcome of the Wg-Frizzled signaling in Drosophila
wings. In contrast to the positive cooperation of Rab5 and Go in PCP, we find that Go
efficiently suppressed the activation of the Wg signaling induced by Rab5 (Fig. 6H, J), similarly
to the effects of the recycling Rab4 and Rab11 (see Fig. 5A-D). Thus, Go prevents the highlevel Rab5-dependent activation of the Wg pathway, possibly through Rab4-medaited
stimulation of recycling of the Wg-Fz ligand-receptor complexes back to the plasma membrane.
This issue is further elaborated in the Discussion.

11. Rab5 effects on Frizzled signaling and its cooperation with Go depend on the presence of
Fz receptors
As Rab5 controls early endocytic events, and as Fz1 receptor internalization and
relocalization is an important step in PCP establishment [38, 39] we reasoned that Gomediated Rab5 activation might feed back onto Fz1 triggering its endocytosis. To investigate
this possibility, we repeated some of the above experiments in the absence of Fz1. Remarkably,
any genetic interaction between Go[Q205L] and Rab5 was lost in the fz1-/- genetic
background: no stimulation of the Go[Q205L] potency to induce multiple wing hairs by coexpression of Rab5 could be seen, and no reduction in the Go[Q205L] potency by removal of
one gene copy of Rab5 was seen any more (Fig. 6E, F).
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Similarly, the ability of Rab5 to induce multiple wing hairs was reduced in the fz1
heterozygous, and lost in the fz1 homozygous mutant background (Fig. 6G). It should be noted
that proteins involved in PCP establishment can be divided into two groups: those involved in
re-localization of Fz1 to the cellular distal tips to delineate the future site of hair initiation [38],
and the “execution” proteins activating actin polymerization to induce hair growth [31, 33]. The
first group is unable to act without Fz1, while the second retains its activity even when Fz1 is
absent [4, 65]. Thus, the impotency of Rab5 to affect multiple wing hair formation in the
absence of Fz1 suggests that Rab5 must feedback on Fz1 to regulate PCP establishment, instead
of simply being a downstream transducer linking Fz1 signaling and the cytoskeleton.
Induction of multiple wing hairs can be induced by overexpression of Fz1 [48]; such
overexpression possibly leads to a diffuse Fz1 distribution, inducing multiple sites of hair
growth [38]. To test whether a more diffuse Fz1 staining was the reason of multiple hair
formation in our experiments, we expressed Fz1-GFP [38] at low levels in Drosophila wings.
We reported previously that overexpression of Go induced a diffuse Fz1-GFP staining,
promoting multiple wing hair formation [4]. In contrast, we find that Go[Q205L] expression
did not induce a diffuse Fz1-GFP pattern (Fig. 6K), suggesting that the activated form of Go
acted on some downstream components of Fz1 signaling to stimulate multiple sites of hair
growth, but not so much on Fz1 itself. Similarly, expression of Rab5 alone was insufficient to
influence the normal zigzag Fz1-GFP pattern (Fig. 6L). However, co-expression of
Go[Q205L] and Rab5 visibly affected Fz1 localization (Fig. 6M). Thus, the synergism
between Go[Q205L] and Rab5 in multiple wing hair induction is correlated with a diffuse Fz1
localization. Importantly, in the Go[Q205L]; Rab5 wings the Fz1-GFP was often observed in
bright foci (marked by arrowheads in Fig. 6M). We hypothesize that co-expression of
Go[Q205L] and Rab5 induces overproduction of Fz1-containing endosomes, preventing the
normal proximo-distal Fz1 transport and thus inducing the strong multiple wing hair formation.
Similarly to the situation seen in PCP, the ability of Rab5 to induce formation of ectopic
wing margin bristles was strongly reduced upon removal or even reduction in levels of either
Fz1 or Fz2 (Fig. 6H, I). In the Wg signaling, overactivation of the downstream components of
the cascade can produce dominant phenotypes even in the absence of Fz receptors [34]. The
clear dependence of the ability of Rab5[Q88L] to induce dominant activation of the pathway on
the presence of Fz receptors suggests that Rab5 acts epistatically “upstream” from Fz1 and Fz2 that is, that Rab5 feeds back to Fz receptors most likely to internalize them and thus activate the
pathway.
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These observations collectively demonstrate that the Rab5 activity in Fz-mediated
pathways is receptor-dependent, suggesting a positive feedback between the Go-dependent
Rab5 activation and Fz receptors (see Discussion).
Overall, our experiments reveal a direct and functional interaction between the trimeric
Go protein and Rab5 required for the proper signaling by the Frizzled family of GPCRs; other
Go-coupled GPCRs may similarly rely on the Go-Rab5 interaction for their signaling.

2.4 Discussion
Regulated trafficking of G protein-coupled receptors (GPCRs) is highly important for
their signaling [23, 24]. Rab5-dependent endocytosis of GPCRs is utilized as the first step of
shutting the signal off when followed by transport to late endosomes and then lysosomes for
degradation [66]. However, GPCR recycling back to the plasma membrane is also a widespread phenomenon. Fast recycling is mediated by Rab4, and slower recycling by Rab11 [22,
25]. Different GPCRs follow different trafficking/recycling pathways, which can be regulated
by GPCR modifications [67]. Further, controlled or directed GPCR recycling is often used to
enhance the signal in polarized, e.g. epithelial or migrating, cells [68, 69].
An important question in Rab-dependent GPCR trafficking is how the regulation and
specificity of these processes is achieved. The conventional view is that Rabs participate rather
unspecifically in the GPCR trafficking. For example, it is assumed that the specificity in
endocytosis is achieved by G protein-coupled receptor kinases and arrestins [70], and Rab5 is
recruited at a later stage to promote formation of clathrin-coated vesicles [22]. However, as
different receptors depend in their signaling differently on various Rabs, a direct communication
between GPCRs and Rabs may be expected.
Indeed, a few such cases are known. For example, an interaction between Rab5 and the
angiotensin II type 1A receptor has been previously reported [50]. This interaction leads to
activation of Rab5 in vivo and thus might directly stimulate endocytosis of the angiotensin II
type 1A receptor [50]. Another example is a physical binding of the 2-adrenergic receptor with
Rab11, required for the proper receptor recycling [71].
Subunits of trimeric G proteins - the immediate transducers of GPCRs - might also be
thought of as potential contact partners of Rabs to regulate the specificity of GPCR trafficking.
Only one such case has been reported so far - a direct interaction of Rab11 and the G
heterodimer [72]. However, as G dimers are promiscuous in their interactions [73], this
interaction is unlikely to bring specificity in the regulation of GPCR trafficking.
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Our present results show that receptors of the Frizzled family directly interact with Rab5
in vitro and can activate this GTPase in Drosophila cells. Furthermore, we show that this
activation is mediated by the -subunit of the trimeric Go protein, the immediate transducer of
Frizzled and other GPCRs. Go directly binds Rab5 and Rab4 in vitro and activates Rab5 in
vivo through membrane recruitment. This is the first demonstration of a direct and functional
interaction of a G-protein with Rab GTPases. Our observations have important implications
for Frizzled signaling in particular, as well as for the GPCR biology in general.
Go is the predominant G protein in the nervous system of mammals and insects [7, 8].
In the growth cone, it makes up to 10% of the total plasma membrane protein load [74]. In the
brain and other tissues, the trimeric Go protein couples to a variety of GPCRs [75, 76]. Thus,
the direct and functional interaction of Go and Rab GTPases is likely to control endocytosis
and recycling of many Go-coupled receptors. While Go can activate Rab5 in vivo, we do not
know whether it can similarly activate Rab4. However, the strong in vitro binding to both
GTPases may suggest that inside the cell, Go binds and activates both Rab5 and Rab4. The
predicted outcome of such binding is the stimulation of endocytosis and fast recycling of Gocoupled GPCRs (see Fig. 7A).
The Frizzled family of GPCRs transduces two different pathways: the Wg pathway
culminating at transcription, and the PCP pathway regulating the cytoskeleton [28, 33]. As
Drosophila Fz1 is fully potent in activating both pathways, the question was raised long ago as
to how these two distinct pathways may be activated by the same receptor [77-79]. Our data
provide a model suggesting that different trafficking routes of Fz receptors may help the
mechanical separation of the two signaling branches; the molecular basis for this separation is
the different roles of Go and Rab GTPases played in the two signaling paths (Fig. 7). Go and
Rabs appear as the pointsman in the split between the Wg and PCP signaling: while Go-Rab5
interaction is required for both pathways, recycling stimulates the PCP branch but reduces the
Wg signaling. More specifically, Rab5-mediated endocytosis of the Wg-Fz complexes is
required for the high levels of the Wg signaling, but this activity is antagonized by the recycling
Rab4 and Rab11. Go plays a dual role in this signaling, stimulating Rab5 to endocytose, and
Rab4 to recycle, the Wg-Fz complexes (Fig. 7A, B).
For the PCP signaling branch, our model suggests that Go, Rab5, and Rab11 cooperate
to promote repeated endocytosis and recycling of Fz1, which is likely accompanied by
microtubule-dependent transport of Fz1 vesicles to the distal regions of the wing cell (Fig. 7A,
C). Interestingly, Rab5 is most active in the Wg signaling when constitutively GTP-loaded. In
contrast, Rab5 shows more PCP phenotypes and more genetic interactions with Go and Rab11
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when expressed in its wild-type form. We interpret this difference by the idea that unidirectional
endocytosis is required for the maximal strength of the Wg pathway, but the constant recycling
is what instead enhances the PCP-Frizzled signaling (Fig. 7B, C). Overall, our model provides a
cell biological and molecular basis to explain the disjunction of the PCP and Wg signaling
cascades.
Our data also offers an unexpected clue to the long-observed difference in the activity of
Fz1 and Fz2 receptors in the Wg signaling. Although both receptors are fully competent to
transduce Wg, overexpression of Fz2 results in massive overactivation of the pathway as seen
e.g. by induction of ectopic wing margin bristles, while Fz1 overexpression fails to produce any
dominant Wg phenotype [77-81]. We propose that this distinction stems from different basal
activities of the two receptors in their capacity to induce endocytosis. Indeed, Fz2 has a strong
basal activity in this respect and can only moderately be further stimulated by addition of the
Wg ligand (Fig. 2C, D, fig. S2D). In contrast, Fz1 has a moderate basal activity but is stimulated
by Wg much more profoundly (fig. S2B-D). When translated into the situation in the wing,
these data suggest that Fz2 overexpression markedly stimulates endocytosis and thus high levels
of signal transduction; Fz1 overexpression in contrast is insufficient neither to stimulate
endocytosis nor to overactivate the pathway.
In conclusion, our data demonstrate for the first time a direct and functional interaction
of the small G proteins Rab5 and Rab4 and the trimeric G protein Go. We further demonstrate
the involvement of Rab5 in the PCP- and Wg-Frizzled signaling pathways in Drosophila. We
propose that Fz-mediated activation of Go leads to recruitment of Rab5 to the vicinity of the
Fz receptors, catalyzing receptor endocytosis and thus amplifying the signal transduction
intensity. Different trafficking routes of Fz complexes determine the specificity of activation of
the Wg vs the PCP branches of Frizzled signaling (Fig. 7).

2.5 Material and methods
Cloning and protein expression. D. melanogaster CG9139 cDNA (clone SD03358) from
the Drosophila Genomics Resource Center was PCR-amplified with the primers: sense
GAGATGTCGACGGCGGCGC,

antisense CAGTGACCCAGTCGACAAACGT and cloned into pQE32

by SalI. Sequencing revealed a frame-shifting mutation in the CG9139 cDNA clone, which was
repaired

by

site-directed

mutagenesis

CGAGAGTCTGGGCGTCAGCAGCGAGGAG,

with

the

primers:

sense

antisense CTGCTGACGCCCAGACTCTCGCCATTCAG.

The resultant plasmid pQE32-CG9139, along with pQE32-Rab5 [82] and pQE32-Go [83], was
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used for bacterial expression and purification of N-terminally His6-tagged proteins as described
[82].
Fz1 and Fz2 coding sequences lacking the predicted signal sequences (SwissProt) were
cloned C-terminally to the MBP sequence into the pMALpoly plasmid for plasma membranedirected bacterial expression as described [51]. pMAL-5HT2c [84] and pMAL-p2 (New
England Biolabs) were similarly used for expression of MBP-5HT2c and MBP.
pDEST15TMRab plasmids [85] were used for bacterial expression of the GST-tagged
Drosophila Rab4, Rab5 and Rab11; pGEX-5X3 (GE Healthcare) was used for expression GST.
Proteins were purified on glutathione resin (GE Healthcare) according to the manufacturer’s
protocol and stored in PBS/1mM DTT/0.5mM MgCl2 /50% glycerol at -20oC.

Pull-down experiments. His6-Go, His6-Rab5, GST, or MBP were coupled to the CNBractivated Sepharose 4 Fast Flow (GE Healthcare) according to the manufacturer.
Nucleotide preloading was achieved with 1mM GDP/GTPS in HKB (10mM HEPESNaOH, 135mM KCl, 10mM NaCl, 2mM EGTA, pH7.5) supplemented with 5-25mM MgCl2 in
case of Go and 1mM EDTA in case of Rab GTPases. Following 1h incubation at RT, the nonbound nucleotides were removed and the proteins were brought to HKB+5mM MgCl2 using
serial concentrations/dilutions in Amicon Ultracel-10 (Millipore) in case of soluble proteins, or
using multiple dilutions/sedimentations in case of matrix-immobilized proteins. In experiments
with GST-tagged proteins, PBS was used instead of HKB.
In pull-down experiments between soluble His6-Go and GST-Rabs, nucleotidepreloaded proteins were incubated in equimolar amounts in PBS/1mM DTT/5mM MgCl2
(PDM) for 1h RT before addition to the equal volumes of 50% Ni-NTA agarose (Qiagen) slurry
in PDM/40mM imidazole and continued incubation for another 1h RT with gentle mixing every
10min. The non-bound proteins were washed out by serial dilutions/sedimentations in
PDM/20mM imidazole till the final dilution of 107-fold. The retained proteins were eluted by
PBS/1mM DTT/300mM imidazole.
In pull-down experiments using one of the proteins immobilized on a matrix, incubations
were performed for 2h at 18C in HKB/0.8mM CHAPS/5mM MgCl2/5% glycerol (HCMG).
Non-bound proteins were washed out with HCMG as above. For Go immobilized on CNBrsepharose and Rab5 provided as soluble protein (Fig. 3F), elution of the specifically bound
proteins was achieved by nucleotide exchange on Rab5 in the incubation buffer supplemented
with 20mM EDTA and 1mM guanine nucleotide (GDP or GTPS) opposite to that used to
preload Rab5, following [86]. Go does not exchange its nucleotide in this condition [87]. For
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the experiments with Drosophila head extracts [83] (Fig. 3H, I), as well as for Rab5
immobilized on CNBr-sepharose (Fig. 3G), elution was achieved by 8M Urea.
Bacterial membranes expressing Fz1, Fz2, 5HT2C or MBP were solubilized following
[88] for 30 min with 10mM CHAPS at 4oC. After ultracentrifugation at 180000g/40min/4C the
total protein concentrations in the supernatants were adjusted to 1.8 mg/ml with PBS/2mM
EDTA/10mM CHAPS. The supernatants were applied to Rab5 or control matrixes resuspended
in HKB/3mM CHAPS/0.1% Tween20/5% glycerol (achieving the final concentration of
CHAPS being 3.14mM) and rotated for 1h/18C. After washing off the non-bound proteins with
the binding buffer by serial dilutions/sedimentations till the final dilution of 107-fold, the
retained proteins were eluted with 8M Urea.
Proteins were detected on Western blots using the mouse anti-His-tag antibodies
(Qiagen) at 1:1000, mouse anti-V5 (Invitrogen) and 1:1000, rabbit anti-MBP antibodies (New
England Biolabs) at 1:5000, and anti-GST HRP conjugate (GE Healthcare) at 1:2000.
G was purified from porcine brains as described [89] with the modification of
inclusion of the AlF4- preloading step, performed as described [90], prior to purification on
Phenyl-sepharose column to ease removal of G-subunits. Additionally, Gβγ was eluted in
buffer containing 0.5% CHAPS instead of 0.5% Thesit during gel-filtration. Fractions were
probed with rabbit anti-G antibodies (Proteintech Europe, 1:1000). The pull-down
experiments in the presence of G were performed as above, except for 8mM CHAPS was
added to prevent unspecific binding of G to the matrix.

Genetics. The following Drosophila lines were used: 71B-Gal4, MS1096-Gal4, GMRGal4, Cg-Gal4, rab5[k08232] (Bloomington Drosophila Stock Center); UAS-Rab5, UASRab5[S43N], and UAS-Rab5-GFP[91]; UAS-Rab5-V5 (gift from Andreu Casali); UASRab5[Q88L]-YFP, UAS-Rab5[S43N]-YFP, UAS-Rab4[Q67L]-YFP, UAS-Rab11[Q70L]-YFP
[64]; UAS-Rab5-RNAi and UAS-Go-RNAi (Vienna Drosophila Research Center, [92]); UASGo and UAS-Go[Q205L] [4]; UAS-Fz1 [79]; fz2[C1] and UAS-Fz2 [93]; UAS-AxinRGS
[94]; Vg-Gal4 [95]; omb-Gal4 [96]; fz1[H51] and fz1[KD4A] [97]; arm-Fz1-GFP [38]. All the
crosses were done at 25C, except for Vg-Gal4 x UAS-Rab5[S43N] (Fig. 1B, G), Vg-Gal4 x
UAS-Rab5-RNAi (Fig. 1C), and omb-Gal4 x UAS-Rab5[S43N]-YFP (Fig. 1I) which were done
at 18C.

Histology. Hemocytes were obtained according to [98]: hemolymph from third instar
larvae (5x) was collected into 50l Schneider’s Drosophila medium (Amimed) supplemented
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with 10% FCS and applied for 30min/RT to 15mm coverslips precoated with Alcian Blue 8GX
(Aldrich) according to [99]. The cells were next fixed with 4% formaldehyde in PBS for 20 min,
rinsed 3x with 3.5ml PBS and permeabilized with 0.5% NP-40 in PBS for 90sec, rinsed again
2x with PBS and incubated for 10 min in PBT (PBS + 0.1% Tween 20) prior to antibody (1:100
rabbit anti-Go, Merck cat. # 371726; 1:50 rabbit anti-Rab5 [91]; 1:500 Cy3-coupled antirabbit, Jackson ImmunoResearch) and DAPI (1:10000, Sigma) staining in PBT and confocal
microscopy.
Each hemocyte was scanned at several focal planes with confocal microscopy. Giant
endosomes were identified in hemocytes as Rab5-positive structures, appearing in confocal
sections as donut shapes (see Fig. 2). 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% NaCl, fixed in
4% formaldehyde in PBS for 20 min, washed with PBT and mounted for confocal microscopy.
Pupal wings were obtained 30 hr after puparium formation and proccessed as in [4].
For analysis of plasma membrane localization of Rab5[S43N]-YFP in salivary glands,
each gland was scanned at several focal planes with confocal microscopy. For each cell, the
focal plane corresponding to maximal nuclear staining was next selected. At this focal plane,
presence or absence of Rab5[S43N]-YFP at each of the borders of this cell with its neighbors
was assessed on the scale of three: complete localization, partial localization, or missing
localization. Identical microscope settings were used for the different genotypes under
comparison. Five glands from different larvae were analyzed for each genotype, with ca. 30
cells analyzed per gland, with the average number of cell-cell contacts being five (ranging from
three to six).

Kinetics of in vitro G protein activation. His6-Go was preloaded with 1mM GTPS as
above and exchanged into HKB/ 2mM MgCl2 using Amicon Ultracel-10, along with His6CG9139. 0.5M His6-Rab5 in HKB/ 2mM MgCl2, alone or with 10-fold molar excess of GoGTPS was pipetted in the final volume of 50l in black 96-well FLUOTRACTM 200 (Greiner
Bio-One). The experiment was initiated by addition of 50l 0.5M BODIPY-FL-GTP
(Invitrogen) in HKB/ 2mM MgCl2; kinetics of fluorescence increase was monitored with the
VICTOR3 multiwell reader (Perkin Elmer). CG9139 was used in different concentrations (2100% of the molar amount of Rab5). Rab5 activation by solubilized Fz proteins (with or without
10nM purified Wg) was performed in the presence of 3.14mM CHAPS. Go activation assay
was performed with BODIPY-GTPS (Invitrogen) as described [83].
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Endocytosis assays. Hemolymph was collected as above; 50l was applied for
30min/4°C to each of two 15mm coverslips precoated with Cultrex® Poly-L-Lysine
(Trevingen) placed in 6-well plates. The 10 min pulse times were started with addition of 50l
4°C-precooled 1mM Texas-red dextran (lysine fixable, Mr 3000; Invitrogen) dissolved in
Schneider’s medium supplemented with purified Wg to 2nM (coverslip 1) or Wg control buffer
(coverslip 2). The pulse was stopped by 2x washing with 3.5ml ice-cold PBS, and the chase was
started upon addition of 3.5ml room temperature-warm PBS and continued for 20min at 25°C.
The cells were next fixed with 4% formaldehyde-PBS for 20 min, the coverslips were rinsed 3x
with 3.5ml PBS and mounted for microscopy in Moviol.
Wg was purified from conditioned medium following the protocol described in [100]
yielding the final stock concentration of 100nM. S2 cells constitutively expressing Drosophila
Wg (S2-Tub-wg, Drosophila Genomics Resource Center) were grown in 150 ml of Schneider's
medium supplemented with 10% FCS (HyClone) and 2mM L-Glutamine (Invitrogen) for 3
days. The conditioned medium was harvested by 5min centrifugation at 800g, and the cell pellet
was resuspended in 150 ml of the fresh Schneider's medium. After 3 days of additional growth,
the second batch of medium was collected and pooled with first one. The medium was filtered
through 1µm glass fiber filter (Pall). The filtrate was adjusted to 50mM HEPES, pH 7.5 and 1%
Triton X-100, re-filtered through 0.22µm nitrocellulose filters (Millipore) and applied to 5ml
Blue Sepharose column equilibrated with 50mM HEPES, pH 7.5, 1% Triton X-100 and 150mM
NaCl. The column was washed with 2 column volumes of the equilibration buffer and further
with 2 volumes of 50mM HEPES, pH 7.5, 1% CHAPS and 150mM NaCl. Wg was eluted in one
step with the buffer containing 50mM HEPES, pH 7.5, 1% CHAPS and 1500mM NaCl.
Fractions were probed with mouse anti-Wg antibodies (Developmental Studies Hybridoma
Bank, 1:2000).
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2.7 Tables and figures.

Fig. 1. Rab5 downregulation and overactivation produce Wg and PCP phenotypes.
(A, D) Wild-type wing (A) and a higher magnification of a region of wing margin (D).
(B, C) Downregulation of Rab5 by expressing the dominant-negative construct (B) or RNAi
targeting Rab5 (C) with Vg-Gal4 results in loss of the wing margin structures (arrows).
(E, F) Overexpression of the wild-type (E) or the constitutively activated form of Rab5 (F) with
MS1096-Gal4 results in appearance of ectopic margin bristles (arrowheads).
(G, H) Expression of the dominant-negative Rab5 (G) by the Vg-Gal4 driver results in loss of
wing margin structures and PCP defects (deviations of hair orientation (red arrows) from the
main proximo-distal direction (big magenta arrow) as well as appearance of multiple wing hairs
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(red ovals). Downregulation of Wg signaling by the Wg pathway inhibitor (AxinRGS) only
results in loss of wing margin but no PCP defects (H), demonstrating that PCP defects in
Rab5[S43N]-wings is not a secondary effect of loss of wing margin structures.
(I) Expression of another Rab5 dominant negative construct, Rab5[S43N]-YFP, by another
driver (omb-Gal4) also results in PCP defects.
(J) Overexpression of Rab5 also results in mild PCP defects (red ovals).

Fig. 2. Fz2 and Go induce endocytosis and Rab5 activation in hemocytes.
(A-D) Endocytosis was studied by uptake of Texas-red dextran in control (A) or Fz2-GFPexpressing (B, C) hemocytes. Fz2-induced endocytosis (C) is prevented by Go downregulation
(B). In Fz2-expressing cells, most dextran-positive vesicles contain Fz2-GFP (white arrows;
arrowheads mark vesicles lacking Fz2). (D) Quantification of dextran-positive structures in
different genotypes; data are shown as mean ± sem. Sample size is 60-100 hemocytes.
Statistical significance is shown as P-values (t-test).
(E, F) Rab5-GFP expressed in hemocytes with Cg-Gal4 shows diffuse staining (E), while the
activated Rab5[Q88L]-YFP induces giant endosomes appearing as donut structures (arrows, F).
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(G) Co-expression of Fz2 forces Rab5-GFP to form giant endosomes (arrows). Fz2-GFP is less
fluorescent than Rab5-GFP and its input is negligible in the combined signal; the green channel
intensity settings in (E-J) are reduced as compared to (A-C).
(I, J) Hemocytes co-expressing wild-type Go show a diffuse Rab5-GFP staining (I), while the
constitutively activated Go[Q205L] forces Rab5-GFP to form giant endosomes (arrows, J)
where Go and Rab5 co-localize (arrows, J’, J’’).
(H) Quantification of giant Rab5-positive endosomes per hemocyte in different genotypes
presented as in (D). Sample size is 10-39 hemocytes.

Fig. 3. Physical interactions between Frizzled, Rabs, and Go.
(A) Matrix-immobilized Rab5 was used to pull-down MBP-tagged Fz1 or Fz2. Unrelated GPCR
(5HT2c) did not interact with Rab5.
(B, C) Fz proteins (±Wg, B) or Gαo (C) fail to stimulate GTP binding by Rab5. CG9139
(Drosophila Rabex5) activates Rab5 when provided only as 2% of the Rab5 amount (B) or
equimolarly (C). Data in (B) are presented as % of maximal fluorescence for better comparison.
(D-I) Pull-down experiments between Gαo and Rabs were performed in solution with
subsequent application to Ni-agarose (D, E) or with matrix-immobilized Gαo (F, H) or Rab5 (G,
I). Purified proteins or extracts from wild-type Drosophila (I) or flies overexpressing V5-Rab5
(H) or Gαo (I) were applied to matrixes. In all conditions, Gαo and Rab5 specifically bound to
each other but not to control matrixes, as detected with anti-His6, anti-V5, anti-GST, or antiGαo antibodies. Proteins were nucleotide-preloaded as indicated (or GDP-loaded otherwise).
Equal input of proteins was insured (Coomassie-staining of the input proteins is shown in (D) as
example). Each panel is a representative image of at least three independent experiments.

- 29 -

Fig. 4. Go and Fz1 activate Rab5 in salivary glands.
(A, B) Rab5-GFP expressed in Drosophila salivary glands with 71B-Gal4 shows plasma
membrane and diffuse cytoplasmic staining (A), unlike the constitutively activated
Rab5[Q88L]-YFP which stains giant cytoplasmic structures (B).
(C, D) Co-expression of Go[Q205L] (C) but not wild-type Go (D) forces Rab5-GFP to adopt
the activated pattern of staining in giant cytoplasmic structures with some remaining plasma
membrane staining.
(E-H) Rab5[S43N]-YFP (the non-activatable form of Rab5) is expressed heavily in the nucleus
and cytoplasm and only weakly on the plasma membrane (E). Go[Q205L] induces partial
relocalization of Rab5[S43N]-YFP from to plasma membrane (F), unlike the wild-type Go
(G). (H) Quantification of Rab5[S43N]-YFP at the cell-cell contacts. Fraction of cell-cell
contacts showing complete Rab5[S43N]-YFP localization increases from ca. 25% to ca. 40%,
while fraction of cell-cell contacts completely devoid of Rab5[S43N]-YFP is decreased from ca.
50% to ca. 25%. Sample size is 5 glands (ca. 30 cells per gland) for each genotype; data are
shown as in Fig. 2D; “n.s.” means “non-significant”.
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Fig. 5. Recycling Rabs show different effects on Rab5-mediated activation of the Wg and PCP
pathways.
(A-D) Ectopic margin bristles (arrowheads) induced by activated Rab5 (A) are strongly
suppressed by co-expression of the activated forms of Rab4 (B) or Rab11 (C). (D) shows
quantification of the ectopic bristles induced by Rab5[Q88L] (red bars) or wild-type Rab5 (blue
bars) in different genotypes. Note that ectopic bristles are analyzed in male flies expressing
wild-type Rab5 as the female phenotypes are much weaker due to the usage of the X-linked
driver (MS1096-Gal4). Sample size is 14-19; data are shown as in Fig. 2D.
(E-H) Multiple wing hairs (red ovals) induced by MS1096-Gal4-driven expression of Rab5 (E)
are unaffected by co-expression of activated Rab4 (F) but drastically stimulated upon coexpression of activated Rab11 (G). (H) shows quantification of multiple wing hairs induced by
expression and co-expression of different forms of Rab5, Rab4, and Rab11. Sample size is 1219; data are shown as in Fig. 2D.
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Fig. 6. Genetic interactions between Rabs, Go, and Fz.
(A-D) Multiple wing hairs (mwh) induced by Go (A) are enhanced by Rab5 (B),
Rab11[Q70L] (C) and other Rabs (D). Sample size is 8-43 wings.
(E, F) Go[Q205L]-induced mwh by are enhanced upon increase, and reduced upon decrease, in
Rab5 amounts in the presence (E) but not absence of Fz1 (F). Data are percent of Go[Q205L]
wings’ mwh for direct comparison of the fz1+ and fz1- genotypes. Sample size is 11-28.
(G) Rab5-induced mwh are suppressed in the fz1H51/+, and lost in the fz1H51/ fz1KD4A mutant
background; fz1-/- wings alone produce mwh. Sample size is 9-25.
(H-J) Rab5[Q88L]-induced ectopic bristles (red arrowheads in I, J) are decreased upon
reduction or complete elimination of Fz1 or Fz2, and upon co-expression of Go.
Quantification (H) and some examples (I, J) are shown. Sample size is 8-21; data are as in Fig.
2D. Go induces asymmetric cell division defects [101] (blue arrowhead in J).
(K-M) Fz1-GFP stereotypical zigzag staining in pupal wings is not affected by Go[Q205L]
(K) or Rab5 (L). When both are co-expressed (M), numerous Fz1-positive intracellular particles
result (arrowheads).
MS1096-Gal4 driver is used throughout this figure for overexpression.
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Fig. 7. The model of the interplay of Fz receptors, Gαo, and Rab GTPases in Wg and PCP
signaling.
(A) Fz internalization from the plasma membrane occurs in the Gαo- and Rab5-dependent
manner. From the early endosomes, Fz has two recycling routes. The first is fast recycling back
to the plasma membrane, which occurs in the Gαo- and Rab4-dependent manner. The second is
slow recycling to the membrane through the recycling endosomes; this recycling route is
Rab11-dependent. Trafficking to the late endosomes/lysosomes is not considered on this scheme
but is clearly another trafficking option.
(B) In the Wg branch of Frizzled signaling, signal transduction of the plasma membranelocalized Wg-Fz complexes is relatively weak. Internalization (Gαo- and Rab5-dependent) of
the ligand-receptor complexes to the early endosomes markedly enhances the strength of
signaling. Relocation of the Wg-Fz complexes form the early endosomes through fast (Gαo- and
Rab4-dependent) or slow (Rab11-dependent) recycling decreases Wg signaling.
(C) In the PCP branch of Frizzled signaling, Fz relocalization through the early (Gαo- and
Rab5-dependent) and the recycling (Rab11-dependent) endosomes is required for the strong
localized signaling leading to hair growth.
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3. Eu-GTP as a general non-radioactive substitute for [35S]GTPS in
high-throughput G protein studies

3.1 Abstract
[35S]GTPS, the non-hydrolyzable radioactive GTP analog, has been a powerful tool in
G protein studies and has set the standards in this field of research. However, its radioactive
nature imposes clear limitations to its use in regular laboratory practice and in high-throughput
experimentation. The europium-labeled GTP analog (Eu-GTP) has been used as an alternative
in the analysis of G protein activation by G protein-coupled receptors in cellular membrane
preparations. Here we expand the usage of Eu-GTP and show that it can be applied in other
types of assays where [35S]GTPS has been previously utilized. We demonstrate the
applicability of the modified Eu-GTP binding technology to analysis of heterotrimeric and
monomeric G proteins of natural and recombinant sources, from different organisms, in assays
with solubilized proteins and membrane-containing assays of a high-throughput format. The
deci-nanomolar KD of Eu-GTP for the tested G proteins is similar to that of other fluorescentmodified GTP analogs, while the sensitivity achieved in time-resolved fluorescence analysis of
Eu-GTP exceeds that of the radioactive measurements. Overall, the results of our modified EuGTP binding assay present Eu-GTP as a general non-radioactive alternative for G protein
studies, especially attractive in high-throughput experiments.

3.2 Introduction
The usage of radioactively labeled non-hydrolyzable GTP-analog [35S]GTPS to
investigate the G proteins has been pioneered by Gilman and co-workers in 1982 to study Gs,
the heterotrimeric G protein regulating adenylate cyclase [102]. Since then [35S]GTPS has been
widely used to study heterotrimeric G proteins in solution [87], as well as their activation by G
protein-coupled receptors (GPCRs) in membrane preparations [103, 104]. As GPCRs represent
the biggest animal receptor family [105] and the richest target group of current and future
medications [106, 107], the [35S]GTPS-binding assay has been employed in pharmacological
investigations and drug discovery [52, 108, 109]. Additionally, members of different subgroups
of small (monomeric) G proteins have been studied with the help of [35S]GTPS [110-112].
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However, the [35S]GTPS-binding technology has clear limitations. The traditional
format of this assay is very low-throughput; additional obstacle to the usage of [ 35S]GTPS in a
high-throughput format is the handling of radioactive compounds and waste, which often
becomes undesirable in the modern laboratory practice. Certain advantages in this regard are
provided by fluorescent GTP analogs, such as BODIPY-FL-GTPS [53, 113]. Unfortunately,
the BODIPY-analogs are far less sensitive than [35S]GTPS, resulting in the high consumption
of the BODIPY-FL-GTPS and G proteins reagents. Another complication is the strong
reduction in the affinity of certain G proteins to GTPS upon addition of the bulky BODIPY
label [114].
Europium-labeled GTP analog (Eu-GTP) developed by PerkinElmer seems to combine
the strong sides of the [35S]GTPS and the fluorescent assays [115]. This poorly hydrolysable
GTP analog was reported to have a slightly lower affinity for G proteins as compared with
[35S]GTPS, but the unique fluorescent properties of the europium chelate allowed the
application of the time-resolved fluorometry (TRF) protocol. In TRF, emission of the
fluorescent label having a long decay time is recorded with a delay of about 0.4ms after
excitation, when the non-specific fluorescence has died out, resulting in an excellent signal-tonoise ratio and thus extreme sensitivity, comparable to or even exceeding that of the radioactive
compounds [115]. The high-throughput format of the TRF assay makes the Eu-GTP-binding
assay ideal for GPCR-targeted drug discovery [116] and has been applied on membrane
preparations containing various GPCRs such as 2A-adrenergic [115], neuropeptide [117],
dopamine [118], muscarinic [119], and chemokine receptors [120]. The current protocols
involve retention of membrane-containing particles and washing out of non-bound Eu-GTP
through hydrophilic macro-pore filters and are thus not applicable to solubilized G proteins and
receptors.
Here we expand the Eu-GTP-binding assay to the solution-based format. For the first
time we directly compare the Eu-GTP and [35S]GTPS affinities for various heterotrimeric and
monomeric G proteins. Our results demonstrate the applicability of the Eu-GTP assays to the
broad range of experimentation where [35S]GTPS was preferentially used so far.

3.3 Materials and methods
Materials. Drosophila melanogaster rab5 cDNA (clone GH24702) and pGEX-dCdc42WT (barcode 1259) were from the Drosophila Genomics Resource Center. Recombinant GSTtagged human Ras1 (cat. #553325), anti-G antibodies (cat. #371821), and imidazole were
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from Merck. Complete protease inhibitor cocktail was from Roche. GDP, GTPS, Thesit,
lysozyme, mastoparan, and serotonin were from Sigma. PMSF and isopropyl-1-thio-Dgalactopyranoside (IPTG) were from Roth. Oxotremorine-M was from Tocris Bioscience.
BODIPY-FL-GTPS was from Invitrogen. [35S]GTPS was from Hartmann Analytical. Eu-GTP
was from the DELFIA GTP-Eu binding kit (PerkinElmer Life Sciences). The 36-mer GoLoco1
domain peptide corresponding of Drosophila Pins protein (see [83]) was synthesized by
Pepscan Presto BV (Lelystad, Netherlands) and freshly dissolved in water before each
experiment.

Isolation of membranes from porcine brains. Halved brains from freshly slaughtered 1-2
year-old pigs were kept in 5 volumes 25mM ice-cold aqueous Tris-HCl (pH 8.0) for ≤1h.
Further procedures were performed at 4oC. After surgical removal of major portions of the
white matter, the gray matter from ≥4 brains was passed through a blender in 5 volumes of
25mM Tris-HCl. Most of the crude homogenate was used for isolation of proteins (see below),
while a small aliquot (10-20ml) was immediately supplied with protease inhibitors and further
treated with 20 strokes in a Dounce homogenizer. Cell debris and nuclei were removed by
centrifugation (10min, 3200g). Membranes from the supernatant were pelleted by
ultracentrifugation (1h , 40000rpm) in Beckman Ti 50.2 rotor, resuspended in the storage buffer
(50mM HEPES-KOH pH 8.0, 150mM NaCl, protease inhibitors) to 10mg/ml total protein
(measured by the Bradford assay) and stored in aliquots at -80oC.

Isolation of trimeric G proteins from porcine brains. Trimeric G proteins were isolated
from porcine brains essentially as previously described for bovine brains [8] with the following
modifications: phenyl-sepharose (GE Healthcare) was used instead of heptylamine-sepharose,
and the concentration of NaCl in the binding buffer was increased to 1M. Gα activity in
fractions was detected using BODIPY-FL-GTPγS [53], while G was detected by SDS-PAGE
followed by Western blotting. Purest fractions containing Gα and G were pooled,
concentrated to 500µl on Amicon Ultracel-10 (Millipore) and separated in the gel-filtration
buffer (50mM HEPES, 150mM NaCl, 0.1% Thesit) on Superose 200 column (GE Healthcare).
Fractions containing Gα were pooled; the final preparation of 3mg protein/ml contained
different G protein subunits of ca. 95% homogeneity; Gαo constituted ca. 80% of all Gαsubunits as judged by Coomassie staining.
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Isolation of G subunits from porcine brains. The G complex elutes as a broad peak
upon Ultrogel AcA34 gel-filtration [8]. Whereas the forward part of this peak contains also the
peak Gα activity and those fractions were pooled for trimeric G protein isolation, retained
fractions containing mainly G were separately collected and resolved on phenyl-sepharose
followed by Superose 200 under the conditions described above. Purest fractions were pooled,
resulting in ca. 95% homogeneity of 36 and 35 kDa G and 8kDa G subunits in 1:1 molar
proportion with less than 5% of residual Gα activity (as accessed by the GTP-Eu assay, see
below).

Expression and purification of His6-Gαo and -Gαi3. Hexahistidine-tagged Drosophila
Gαo was purified on Ni2+-sepharose (Qiagen) and phenyl-sepharose as described [83];
alternatively, His6-Gαo of a similar purity was prepared through a single-step isolation on Ni2+sepharose through elution with 250mM imidazole after washing with 150mM imidazole. His 6Gαi3 was prepared as described [121].

Expression and purification of His6-Rab5. Drosophila Rab5 cDNA was PCR-amplified
with

the

primers:

GGACAGATATCGAGCGTAATGG

sense

CGAACTGATCATGGCAACCACTCC,

antisense

and cloned in pCR2.1-TOPO (Invitrogen). The inserted

fragment was isolated with BclI – EcoRV and cloned in pQE32 (Qiagen) into the BamHIEcoRV sites. The resulting plasmid pQE32-Rab5 was sequence-verified prior to bacterial
expression of His6-Rab5. E. coli M15 pREP4 (Qiagen) was transformed with pQE32-Rab5 and
grown in LB medium containing 100µg/ml ampicillin and 25µg/ml kanamycin at 37°C to OD 600
= 0.5 before induction with 1mM IPTG and additional growth for 5-6h, followed by harvesting
by centrifugation. All subsequent procedures were performed at 4°C. Cell pellets were
resuspended in the isolation buffer (20mM Tris-HCl pH8.0, 250mM NaCl, 1mM PMSF, 1mM
DTT) supplemented with 10mM imidazole and incubated for 30min, followed by lysis with
5mg/ml lysozyme for 30min and sonication. Debris was removed by centrifugation at
20000g/30min. The supernatant was applied to the Ni2+-resin pre-equilibrated in same buffer.
The Ni2+-resin was then washed 8times/10min with 10 column volumes of the isolation buffer
supplemented with 20mM imidazole. After elution by 250mM imidazole in the isolation buffer,
proteins were brought into the HKB buffer (10mM HEPES, 135mM KCl, 10mM NaCl, 2mM
EGTA) supplemented with 1mM DTT, 0.5mM MgCl2, and 0.05% CHAPS using Amicon
Ultracel-10.
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Expression and purification of GST-Cdc42. pGEX-dCdc42 was transformed into the E.
coli M15 pREP4 strain. The protein was expressed and purified by affinity on glutathioneSepharose beads (GE Healthcare) as recommended by manufacturer. The protein was eluted
with 10mM reduced glutathione, buffer-exchanged to HKB + 1mM DTT/ 0.5mM MgCl2 using
Amicon Ultracel-10, and stored at 4°C.

Measurements of specific activities of purified G proteins. Specific activities of G
proteins were measured with [35S]GTPS as described [83], except for small G proteins were
incubated in the presence of 5mM EDTA instead of 2.5mM MgCl2. Specific activities of
recombinant proteins were as follows: His6-dGαo: 92%; His6-mGαi3: 37%; GST-dCdc42: 24%;
His6-dRab5: 22%; GST-hRas1: 20%.
Eu-based GTP-binding assay of porcine brain membranes. Assay was performed
generally as suggested by the manufacturer for the DELFIA GTP-Eu binding kit (PerkinElmer)
and previous publication [115]. Briefly, components were mixed in appropriate volumes in the
AcroWell 96 GHP filter plate (Pall) wells. Final concentrations were 50mM HEPES, 50mM
NaCl, 1mM MgCl2, 0.1µM GDP, 50µg/ml Saponin, 100µg/ml of membrane protein and 50µM
of agonist. Reaction was started by addition of GTP-Eu to a final concentration of 2.5nM. After
30min incubation on a horizontal shaker (150rpm) at room temperature, reaction mixtures were
directly filtered on Millipore Multiscreen HTS Vacuum Manifold and washed thrice with 150µl
of ice-cold washing solution (25mM Tris-HCl, 100µM MgCl2). Plates were immediately
measured in Victor3 Multilabel counter (PerkinElmer) using standard protocol for Eu TRF. A
protocol with a detailed step-by-step description of the Eu-GTP assay in the membranecontaining format is provided in the Appendix (Protocol 1).

Radioactive GTP-binding assay of porcine brain membranes. To allow comparison,
radioactive assay was performed in conditions identical to those of Eu-GTP (see above) with
exceptions that GDP was included in concentration of 10µM to achieve maximal activation
level [122] and reactions were performed in 96-well polypropylene plates (Greiner). For
detection, the reaction mixtures were diluted to 1ml with ice-cold washing solution and
immediately transferred one-by-one onto 2.5cm-wide 0.22µm nitrocellulose filters (Millipore)
for filtration using Millipore Sampling Manifold 3025.Unbound [ 35S]GTPS was washed 3
times with 2ml of the washing solution and the filters were immediately submerged into 3ml of
Quicksafe scintillation liquid (Zinsser Analytics). After overnight extraction, signals were
measured in Beckman LS6500 counter using built-in protocol for 35S.
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Solution-based GTP-Eu binding assay. All manipulations were performed in a manner
similar to those for the membrane-based assay described above. Reactions conditions were
50mM HEPES-KOH, pH 8.0, 50mM NaCl, 5mM MgCl2 for experiments with trimeric G
proteins; 50mM HEPES, 100mM KCl, 1mM DTT, 2.5mM MgCl2 for recombinant Gαo; and
HKB supplemented with 11mM MgCl2/ 10mM EDTA/ 1mM DTT for small G proteins. For
experiments utilizing less than 10nM of G proteins, 10µg/ml BSA was added to avoid vessel
absorption. Proteins and Eu-GTP were added in concentrations indicated in text and Figure
legend. The total volume of reaction mixtures was 100-200µl. After all components were added
into 96-well polypropylene plates, reactions were started by addition of Eu-GTP. Meanwhile,
nitrocellulose filters of the 96-well Acrowell BioTrace NT nitrocellulose plates (Pall) were prewetted by filtration of 100µl 20% ethanol, followed by 2x100µl of the washing solution. The
reaction mixtures we incubated in the polypropylene plates for the indicated time periods,
transferred to the nitrocellulose plates and immediately filtered and washed thrice with 150µl of
the washing solution, followed by immediate Eu TRF measurement as above. To allow
comparison, [35S]GTPS assay reactions were performed for all cases in conditions identical to
those of GTP-Eu, followed by filtration and detection as described above for brain membranes.
A protocol with a detailed step-by-step description of the Eu-GTP assay in the solution-based
format is provided in the Appendix (Protocol 2).

Measurements of KD of interaction of G proteins with GTP analogs. Increasing
concentrations of G proteins were incubated for 1h with 1-10nM [35S]GTPS or Eu-GTP in the
solution-based assay as described above. Resulting values of [35S]GTPS or Eu-GTP retained on
the filters were plotted using KaleidaGraph 4.0 (Synergy Software) with the hyperbolic equation
y a

bx
, where c provided the EC50 of the nucleotide binding with G proteins.
cx

Dissociation constant was then calculated as K D  EC50  0.5C , where C is the total
concentration of [35S]GTPS or Eu-GTP used in the experiment.

Stimulation of trimeric G-proteins with mastoparan. Reaction conditions were as
described for the solution-based assay, and additionally 0.1µM and 10µM of GDP were
included for the Eu-based and the radioactive assay, respectively. G-proteins and GTP
nucleotides were included in concentrations of 50nM and 2.5nM respectively; mastoparan was
added at the indicated concentrations. Reaction time was 30min.
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GDI activity. 1.7µM G and 5µM GoLoco1 peptide [83] were added to recombinant
Gαo used at effective concentration of 20nM. Curves corresponding to G and GoLoco1 alone
(without added recombinant Gαo) were measured separately and then subtracted. Reactions
were initiated with addition of 2.5nM Eu-GTP. All other procedures performed as described
above.

3.4 Results
1. [35S]GTPS and Eu-GTP record similar GPCR activation in natural membranes.
To begin our analysis, we wanted to directly compare Eu-GTP and [35S]GTPS in their
capacities to monitor activation of GPCRs in natural membranes. We purified porcine brain
membranes (see Materials and methods) and stimulated them with two agonists, serotonin and
oxotremorine-M. These agents activate various metabotropic serotonin receptors (5-HT1a,
5HT2c, etc) and muscarinic receptors, respectively, which in turn activate G proteins of the Gq
and Gi/o groups [119, 123]. First, the conventional protocols were employed to monitor G
protein activation in these membrane preparations using [ 35S]GTPS [103]. These agents both
elicited ca. 30% G protein activation (Fig. 1A, left). Next, we utilized Eu-GTP in an identical
assay, and found the similar stimulation of porcine brain membranes (Fig. 1A, right). G protein
activation in porcine brain membranes we observe upon utilization of [35S]GTPS or Eu-GTP
after stimulation with serotonin and oxotremorine-M agrees with that reported previously for
other membrane preparations [119, 124]. Thus, we conclude that in the natural plasma
membranes stimulated by different agonists, Eu-GTP and [35S]GTPS show a similar G protein
activation.
2. Activation of heterotrimeric G proteins in solution can be monitored using [35S]GTPS and
Eu-GTP similarly.
The major heterotrimeric G protein of the brain tissue is Go [8]; Gi, Gs and Gq represent
less abundant species. Heterotrimeric G proteins can be efficiently studied in the solution-based
format using [35S]GTPS [87]. We modified the initial Eu-GTP-binding assays to the solutionbased format by the usage of the nitrocellulose filters in 96-well plates (see Materials and
methods; also see Appendix, Protocol 2). This permitted to use Eu-GTP in essentially the same
way as [35S]GTPS was used before, but in a high-throughput format. Heterotrimeric G proteins
were purified from porcine brains almost to homogeneity (see Materials and methods). Further
on, we call this porcine brain G protein isolation as Go, since it is consists by ca. 80% of this G
protein [8]. The kinetics of Go activation by GTP analogs in the presence of high concentrations
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of MgCl2 was studied using [35S]GTPS and Eu-GTP, and revealed a similar profile (Fig. 1B).
Next we compared the affinities of the two GTP nucleotides to Go using competition titrations.
When 10nM Go was incubated with 10nM [35S]GTPS and increasing concentrations of cold
GTPS, the concentration of GTPS achieving a 50% reduction in the [35S]GTPS radioactivity
absorbed by nitrocellulose filters (IC50) was found to be 14.7nM (Fig. 1C). Reciprocally, when
10nM Go and 10nM Eu-GTP were titrated with increasing concentrations of GTPS, IC50 was
found to be 2.7nM (Fig. 1C). These experiments suggest that the affinity of Eu-GTP for purified
Go is ca. 5-fold lower than that of [35S]GTPS, and agree with the estimation provided using
2A-adrenergic receptors and G proteins of CHO cell membranes [115].
However, we also wished to directly measure the KD of the interaction of Go with the
two nucleotides. To this end, we titrated 1nM [35S]GTPS or Eu-GTP with increasing
concentrations of purified Go (Fig. 1D). The resulting EC50 was 2.5nM for [35S]GTPS and
19.6nM for Eu-GTP, which (see Materials and methods) yielded the KD of the interaction of Go
with [35S]GTPS of 2.0nM and with Eu-GTP of 19.1nM (Table 1). This calculation provides the
first direct measurement of the KD of Eu-GTP/G protein interaction and is lower than the
previous estimations (see above and [115]). However, this KD is still in the low deci-nanomolar
range and is comparable to those reported for Gαo and the fluorescently labeled GTP analogs
[53, 113].
To show the utility of Eu-GTP to further investigate heterotrimeric G proteins in vitro,
we studied activation of Go by the GPCR peptide mimetic mastoparan [125] using [35S]GTPS
and Eu-GTP. We found again a similar profile of Go activation using the two methods (Fig.
1E).

3. Eu-GTP is useful in the analysis of purified Gα-subunits of heterotrimeric G proteins.
In the experiments described so far, we showed the utility of Eu-GTP in the analysis of
heterotrimeric G proteins. To prove that Eu-GTP can be efficiently used for the analysis of
purified Gα-subunits of heterotrimeric G proteins, we expressed and purified from bacteria
Drosophila Gαo and mouse Gαi3. First, we directly measured the KD of the interaction of dGαo
and mGαi3 with Eu-GTP and [35S]GTPS. These measurements revealed that, similarly to the
results presented above for the heterotrimeric Go purified from porcine brains, these purified
Gα-subunits interacted with Eu-GTP with a high affinity, which was however lower than their
affinity for [35S]GTPS (Table 1).
As an example of the utility of the Eu-GTP assay in the analysis of purified Gα-subunits,
we studied the GDI (guanine nucleotide dissociation inhibitor) activity of the -subunits and of
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the GoLoco peptide derived from the Pins protein [83] against Gαo. As shown on Fig. 1F,
preloading of Gαo with guanine nucleotides can be efficiently studied using Eu-GTP. As is
well-established in [35S]GTPS assays [126, 127], addition of purified -subunits slows the rate
of this reaction (Fig. 1F). Similarly, GoLoco peptide derived from the Pins protein exerts the
GDI activity (Fig. 1F), whose extent is similar to that previously measured using the fluorescent
BODIPY-FL-GTPS and [35S]GTPS [83]. Of note, 50 times less protein and 400 times less
nucleotide are used in this Eu-GTP experiment, as compared with the BODIPY-FL-GTPS
experiment (see Fig.1 and [83]).

4. Eu-GTP has a reduced affinity for monomeric G proteins.
To investigate whether small G proteins can be studied using Eu-GTP, we prepared
small G proteins of different families (Table 1). Rab5 was a representative of the Rab family,
Ras1 - of the Ras family, and Cdc42 - of the Rho family small G proteins. We also selected G
proteins from different organisms - human and Drosophila. Direct measurements the KD of
these G proteins to [35S]GTPS produced the values of 9-60 nM, while the KD to Eu-GTP was
20 to 50 times higher (Table 1).

3.5 Discussion
In the present article we demonstrate the utility of the Europium-labeled GTP analog,
Eu-GTP, as a general substitute of the conventionally used radioactive [35S]GTPS in various
formats of analysis of GPCR signaling and G protein activity. Eu-GTP is found to be applicable
in membrane-containing assays, as well as in solution-based assays to study heterotrimeric G
proteins, purified Gα-subunits, and monomeric G proteins of different types and organisms. We
show that Eu-GTP can be used in the same type of experiments as those traditionally utilizing
radioactive nucleotides, with same results. The range of experimental conditions, such as
sample preparation, magnesium and other ion concentrations, etc., is essentially identical for the
two assays. The main advantage Eu-GTP offers over [35S]GTPS is the easiness of highthroughput measurements. Furthermore, Eu-GTP allows diverting from the handling of
radioactivity and instead uses the highly sensitive time-resolved fluorescence (TRF) protocol,
which is a standard mode of measurements included in most microplate fluorescence readers.
For the first time we directly measure the affinity of Eu-GTP for various G proteins, in
parallel to the affinity of [35S]GTPS. The results obtained (Table 1) show that the affinity of
heterotrimeric G proteins for Eu-GTP is reduced 5-10-fold as compared to that of GTPS, while
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the affinities of small G proteins are reduced 20-50-fold. These data suggest that the Eu-chelate
added to GTP affects binding of the modified nucleotide to the small G proteins more than to
the heterotrimeric G proteins we investigated.
The resulting KD values for the heterotrimeric G proteins are similar to those measured
for other fluorescently labeled GTP analogs [53, 113]. Unlike these other analogs, Eu-GTP is
detected through the time-resolved fluorescence measurements, achieving far-better sensitivity
similar or even superior to that of the radioactive detection. This advantage results in
consumption of the nucleotide, G protein, and GPCR in amounts by orders of magnitude lower
than those required e.g. for the BODIPY-FL-GTPS experiments.
Development of the solution-based assay to study G proteins utilizing Eu-GTP opens
new avenues in investigations of soluble non-membrane effectors and modulators of G proteins,
including synthetic peptides and low-molecular substances. This solution-based assay is ideal
also for experiments involving in vitro reconstituted G protein systems, e.g. with solubilized or
purified GPCRs, especially from recombinant sources. Highly sensitive G protein assays
utilizing purified components, previously only possible with radioactive GTPS, now can be
performed with Eu-GTP.
In contrast to [35S]GTPS, Eu-GTP is easily amenable to the high-throughput analysis.
We routinely perform our experiments in 96-well plates; utilization of 384-well plates in EuGTP experiments is also possible. Overall, we present Eu-GTP as a general solution for various
types of GPCR and G protein analysis in membrane-containing and solution-based setups. Its
advantage over other fluorescent GTP analogs is its extreme sensitivity. Its advantage over
[35S]GTPS is the high-throughput format and the non-radioactivity. We believe Eu-GTP will
become the standard in high-throughput investigations of GPCRs and G proteins.
Detailed step-by-step Protocols for the usage of Eu-GTP in the membrane-containing
and solution-based formats are provided in the Appendix.

3.6 Appendix: Protocols 1 and 2

Protocol 1. Eu-GTP-binding assay, membrane-containing format.
Stock solutions:
1. 50mM HEPES-NaOH, pH 7.4
2. 100µM GDP in 50mM HEPES*
3. 3M NaCl in H2O
4. 50mg/ml Saponin in H2O
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5. 50nM Eu-GTP in 50mM HEPES*
6. 1M MgCl2 in H2O
7. 10mg/ml (total protein) membrane suspension** (in 50mM HEPES, 150mM NaCl, 1x
protease inhibitor cocktail [Roche])
8. 1mM agonist solutions in H2O
9. Washing solution (25mM Tris-HCl pH 7.4, 100µM MgCl2)
* - should be stored frozen at -20oC.
** - should be stored frozen at -80oC.

Materials and equipment:
1. 96-well AcroWell96 GHP plates (Pall).
2. Multichannel pipette.
3. Horizontal shaker (e.g. Heidolph Rotamax 120).
4. Vacuum manifold (e.g. Multiscreen HTS Vacuum Manifold [Millipore]).
5. Multiplate reader equipped with the TRF measurement mode (e.g. Victor3 Multilabel
Counter [PerkinElmer]).
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Component amounts (for 96-well plates):
Major components, in
the order of addition
to wells

Individual

Component amount Final concentration in

components

per well, µl

reaction

50mM HEPES

146.3

50mM

100µM GDP

0.2

100nM

3M NaCl

3.3

50mM

1M MgCl2

0.2

1mM

50mM HEPES

28

---

2

100µg/ml

10µl

50µM

10

2.5nM

“Basic solution”, 150µl

“Membranes”, 30µl

10mg/ml membrane
suspension

“Agonist”, 10µl
“Eu-GTP”, 10µl

1mM agonist stock
solution
50nM Eu-GTP

Experimental procedure:
1. Defreeze all frozen solutions, except for the membrane suspension. Keep all reagents on
ice.
2. Prepare “Basic solution” for the desirable number of wells. Note: it is recommended to
perform each experimental point in triplicate.
3. Add 150µl of “Basic solution” per well to polypropylene 96-well AcroWell96 GHP
plate.
4. Defreeze the required aliquots of the membrane suspension. Pre-dilute as suggested in
the table above and then add 30µl of “Membranes” per well.
5. Add 10µl of “Agonist” solution in appropriate wells. To measure basal activation, the
agonist solvent should be added instead of the agonist solution.
6. Incubate 10min on a horizontal shaker (150rpm) at room temperature.
7. Add 10µl of “Eu-GTP” solution in each well and shake for additional 30min.
8. Filter the plate using a Vacuum manifold. The vacuum should not exceed -10in.Hg.
9. Wash 4 times with 150µl of the ice-cold Washing solution.
10. Immediately after last washing, measure wells with the protocol for Europium timeresolved fluorescence (TRF) using a suitable multiplate reader.
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Protocol 2. Eu-GTP-binding assay, solution-based format.
Stock solutions:
1. 50mM HEPES-NaOH, pH 7.4
2. 3M NaCl in H2O
3. 1mg/ml BSA in 50mM HEPES
4. 10nM Eu-GTP in 50mM HEPES*
5. 1M MgCl2 in H2O
6. 4 mg/ml (ca. 50µM) G protein stock solution (porcine brain Go as example, in 50mM
HEPES pH 7.4, 150mM NaCl, 0.1% Thesit, 1mM EDTA, 1mM DTT) **
7. Washing solution (25mM Tris-HCl pH 7.4, 100µM MgCl2)
* - should be stored frozen at -20oC.
** - stored at +4oC.

Materials and equipment:
1. Polypropylene 96-well plates (e.g. polypropylene V-bottom plates [Greiner]).
2. 96-well AcroWell96 BioTrace NT plates (Pall).
3. Horizontal shaker (e.g. Heidolph Rotamax 120).
4. Vacuum manifold (e.g. Multiscreen HTS Vacuum Manifold [Millipore]).
5. Multiplate reader equipped with the TRF measurement mode (e.g. Victor3 Multilabel
Counter [PerkinElmer]).
Component amounts (for 96-well plates):
Major components, in
the order of addition
to wells

Individual

Component amount Final concentration in

components

per well, µl

reaction

50mM HEPES

77.2

50mM

3M NaCl

1.7

50mM

1M MgCl2

0.1

1mM

1mg/ml BSA

1

10µg/ml

10

0-50nM

10

2.5nM

“Basic solution”, 80µl

“G protein”, 10µl
“Eu-GTP”, 10µl

0-500nM G protein
solution
10nM GTP-Eu solution
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Experimental procedure:
1.

Defreeze the Eu-GTP solution.

2.

Prepare “Basic solution” for the desirable number of wells. Note: it is recommended to
perform each experimental point in triplicate.

3.

Add 80µl of “Basic solution” per well to polypropylene 96-well plate.

4.

Prepare dilutions (0-3-10-30-100-500nM) of the G protein stock solution in 50mM
HEPES.

5.

Add 10µl of the G protein dilutions per well.

6.

Incubate 10min on s horizontal shaker (150rpm) at room temperature.

7.

Add 10µl of “Eu-GTP” solution in each well and shake for additional 30min.

8.

Meanwhile, pre-wet the nitrocellulose membranes of AcroWell96 BioTrace NT plate
wells adding 150µl of 20% Ethanol; filtrate using a Vacuum manifold (do not exceed the
vacuum of -15in.Hg). Wash the wells twice by adding and filtering 150µl of the
Washing solution.

9.

With a multichannel pipette, transfer 90µl of all reaction mixtures from wells of the
polypropylene 96-well plate into the pre-wetted wells of the nitrocellulose plate and
filter.

10. Wash 4 times with 150µl of the ice-cold Washing solution.
11. Immediately after last washing, measure wells with the protocol for Europium timeresolved fluorescence (TRF) using a suitable multiplate reader.
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3.7 Tables and figures

Figure. 1. Eu-GTP as fluorescent label in membrane-containing and solution-based GTPbinding assays. (A) Similar levels of G protein activation in porcine brain membranes
stimulated by serotonin (5-HT) and oxotremorine-M (OxoM) are detected using the Eu-GTP
and [35S]GTPγS binding assays. (B) Kinetics of activation of 50nM trimeric Go protein with
2.5nM Eu-GTP or [35S]GTPγS. (C) Competition binding assays. A 10nM trimeric Go protein
was incubated with 10nM Eu-GTP or [35S]GTPγS and increasing concentrations of cold GTPγS.
(D) Saturation binding curves of different concentrations of the trimeric Go protein to 1nM EuGTP / [35S]GTPγS after 2-h incubation. (E) Dose-dependent activation of trimeric Go protein by
the GPCR mimetic mastoparan (MP-7) measured with Eu-GTP or [35S]GTPγS. (F) GDI activity
of the -subunits and GoLoco1 peptide derived from the Pins protein towards recombinant
Drosophila Gαo as measured with Eu-GTP. All data are presented as mean±sem, n≥3.
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4.1 Summary
The internalization and intracellular trafficking of GPCRs is a highly regulated and
dynamic process. It is important for the desensitization, dephosphorylation and resensitization
of many GPCRs [66]. For many GPCRs, Rab5 guided internalization is the way to achieve
strong signaling by bringing the receptor and its effectors to the vicinity of the next components
of the cascade. On the other hand, bringing of the GPCRs to the multivesicular bodies is the
common way to shut down the signal. Fast recycling through Rab4 can allow many cycles of
GPCR activation for shorter time and so strong signaling at the membrane. In contrast slow
recycling of receptors through Rab11 allows signaling deeper in the cytoplasm.
For a long time the function of the Rab proteins was considered to be quite passive transferring vesicles from one membrane to another. Our present results show that receptors of
the Frizzled family directly interact with Rab5 in vitro and can activate this GTPase in
Drosophila cells. We also show that the process of Frizzled internalization is Go dependant.
Moreover we demonstrate that Go directly binds Rab5 and Rab4 in vitro and activates Rab5 in
vivo through membrane recruitment. This is the first demonstration of a direct and functional
interaction of a G-protein with Rab GTPases. We demonstrate the involvement of Rab4, Rab5
and Rab11 in the planar cell polarity and Wingless-Frizzled signaling in Drosophila and we
propose a model for regulation of the both pathways. We propose that Frizzled-mediated
activation of Gαo leads to recruitment of Rab5 to the vicinity of the Frizzled receptors,
catalyzing receptor endocytosis and thus amplifying the signal transduction intensity. Later,
different trafficking routes of Frizzled complexes determine the specificity of activation of the
Wg vs the PCP branches of Frizzled signaling. So that Go and Rabs act like a pointsmans in
these trafficking routes. Our observations bring important knowledge about Frizzled signaling
and regulation, as well as for the GPCR biology in general.
Additionally, we have established an in vitro assay for studying the G proteins and
showed that Europium-GTP can be used in the same type of experiments as those traditionally
utilizing radioactive nucleotides. This assay not only omits the disadvantage of the radioactive
[35S]GTPγS connected with handling of radioactive compounds and waste, which are
undesirable in the modern laboratory practice but it also allows experiments to be done in a
high-throughput format. Our method utilizes the precise time-resolved fluorometry which is a
well-established technology that exploits the unique fluorescence properties of lanthanide
chelates to provide a powerful alternative to radioisotopic assays.
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4.2 Zusammenfassung
Die Internalisierung und der intrazelluläre Transport von GPCRs ist ein hoch regulierter
und dynamischer Prozess, der für Desensibilisierung, Phosphorylierung und Resensibilisierung
vieler GPCR entscheidend ist. Viele GPCRs erreichen durch die durch Rab5 gesteuerte
Internalisierung ein starkes Signal, da sie den Rezeptor und seine Effektoren in die Nähe der
nächsten Komponenten der Signalkaskade bringen. Normalerweise wird das Signal dadurch
beendet, dass der Rezeptor zu multivesikulären Körperchen gebracht wird. Das schnelle
Recyclen durch Rab4 erlaubt mehrere Zyklen von kürzerer GPCR Aktivierung und starke
Signale an der Membran. Im Gegensatz dazu führt das langsamere Rezeptorrecycling durch
Rab11 zu einem Signal, das tiefer in das Zytoplasma reicht.
Lange Zeit wurde die Funktion von Rab Proteinen, Vesikel von einer zur anderen
Membran zu transferieren, als eher passiv angesehen. Unsere Ergebnisse zeigen nun, dass
Rezeptoren der Frizzled Familie in vitro direkt mit Rab5 interagieren können und diese GTPase
in Drosophila Zellen aktivieren können. Außerdem konnten wir zeigen, dass der Prozess der
Frizzled Internalisierung von Gαo abhängig ist. Zusätzlich konnten wir zeigen, dass Go in vitro
direkt an Rab5 und Rab4 bindet und dass es Rab5 durch Rekrutierung des Proteins an die
Membran aktiviert. Dies ist der erste Beweis einer direkten und funktionellen Interaktion eines
Gao-Proteins mit einer Rab-GTPase. Wir zeigen das Mitwirken von Rab4, Rab5 und Rab11 in
der planaren Zellpolarität und im Wingless-Frizzled Signaltransduktionsweg in Drosophila und
schlagen ein Model für die Regulierung beider Signalwege vor. Wir schlagen vor, dass die
durch Frizzled hervorgerufenen Aktivierung von Gao zur Rekrutierung von Rab5 in die Nähe
der Frizzeld-Rezeptoren führt, wodurch die Endozytose des Rezeptors katalysiert und daher die
Signalintensität amplifiziert wird. Danach definieren unterschiedliche Transportwege der
Frizzled Komplexe die Spezifität der Aktivierung von Wingless oder planaren Zellpolarität
Frizzled-Signalwege. Unsere Beobachtungen bringen Erkenntnisse für den FrizzledSignaltransduktionsweg und seine Regulierung, ebenso wie für die gesamte GPCR-Biologie.
Zusätzlich haben wir einen in vitro Assay etabliert, um G-Proteine untersuchen zu
können und wir konnten zeigen, dass Europium-GTP in den gleichen Experimenten, in denen
traditionell radioaktive Nukleotide eingesetzt werden, verwendet werden kann. Daher vermeidet
dieser Assay nicht nur die Nachteile von radioaktiven [ 35S]GTPγS, die mit der Verwendung von
radioaktiven Komponenten und radioaktivem Abfall einhergehen und daher in der modernen
Laborpraxis unerwünscht sind, sondern ermöglicht auch Experimente im „high-throughput“
Format durchzuführen. Unsere Methode verwendet die zeitauflösende Fluorometrie, eine
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etablierte Technologie, die die fluoreszierenden Eigenschafen von Lanthanoidchelaten
verwendet, als leistungsfähige Alternative für Assays mit radioaktiven Isotopen.
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