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Abstract
Endocytosis regulates multiple cellular processes, including the protein composition of the
plasma membrane, intercellular signaling and cell polarity. Cell polarity is defined by
asymmetric localization of membrane-associated protein complexes. Defects in
endocytosis can lead to faulty distribution of polarity proteins and ultimately to the loss of
cell polarity. The small GTPase Cdc42 has recently been described to regulate endocytosis
of polarity proteins in Drosophila epithelial cells. While the role of Cdc42 in the regulation
of early endocytotic steps is quite well described, it is still not known how Cdc42
influences late endosome formation. Here I describe Rush hour (Rush), a previously
uncharacterized and highly conserved protein that genetically interacts with Cdc42 in
regulation of late endosome formation. Rush is a lipid interacting protein and localizes to
the lateral plasma membrane of epithelial cells and to late endosomes. Rush promotes late
endosome formation and rush mutants have a decreased late endosome size. Rush interacts
with Cdc42 in regulation of endocytosis of the apical polarity protein Crumbs, and loss of
rush rescued the phenotype caused by overexpression of dominant negative Cdc42. Rush
binds directly to Rab GDI and could regulate endocytosis by affecting Rab activation on
the membrane of late endosomes. Lysosomal marker staining is decreased in Rush
overexpressing cells, indicating that Rush might regulate the transition between late
endosomes and lysosomes. In addition, Rush causes fractionation of enlarged early
endosomes that are formed by overexpression of constitutively active Rab5. These results
suggest that Rush might act in trafficking steps both from the early to late endosomes and
from late endosomes to lysosomes.
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Introduction

1. Introduction
Endocytosis is one of basic cell functions and acts in a multitude of cellular processes,
including regulation of the plasma membrane lipid and protein content. Endocytosed
molecules can then be degraded or sent back to the plasma membrane. Thus endocytosis
allows fine-tuning of the amounts of different plasma membrane components. Cell polarity
is established by action of conserved protein complexes that asymmetrically localize at the
plasma membrane. Epithelial cells are one of best characterized polarized cell types. In
addition to having distinct membrane domains, epithelial cells adhere to each other via
intercellular junctions. Uptake of polarity complexes or junctional proteins by endocytosis
leads to changes in cell polarity or in the rigidity of the epithelial layer. Interestingly,
polarity proteins like Cdc42 are able to regulate endocytic trafficking and therefore affect
cell polarity by an additional mechanism. The mode of action of these polarity complexes
in regulation of endocytosis is still largely unknown. In this work I describe
characterization of CG14782, a new endosome associated protein. Due to the phenotype
associated with the deletion and overexpression of CG14782 we named the gene rush hour
(rush). The role of Rush in epithelial cells in regard to regulation of the endosomal
pathway and uptake of polarity proteins was investigated in this work.

1.1. Endocytosis
Cells are limited from the extracellular space with a plasma membrane, which is
impermeable for large molecules. While small molecules like ions, sugars or amino acids
can cross the membrane via specialized channels or transporters, uptake of larger
molecules is mediated by endocytosis. During the process of endocytosis, vesicles that
contain the cargo bud off from the internal side of the plasma membrane. Internalized
molecules are then processed through several endocytic compartments and are either
degraded or delivered back to the plasma membrane. Diverse functions of endocytosis
include regulation of signaling pathways, nutrient uptake, neurotransmission and
regulation of cell polarity. Several modes of molecule internalization have been described,
including clathrin-mediated endocytosis, caveolae-mediated endocytosis, phagocytosis and
pinocytosis (Doherty and McMahon, 2009). These pathways differ in the type of
endocytosed cargo and in molecules that are involved in vesicle budding and separation
from the plasma membrane. Nevertheless, the vesicles formed by diverse internalization
8
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pathways converge in common compartments and are then further processed along the
endocytic pathway (Gruenberg, 2001). The properties of different endocytic compartments
will be described in more detail in the following chapter.

1.1.1. Endocytic compartments
The endocytic pathway is comprised of a variety of organelles – early or sorting
endosomes, recycling endosomes, late endosomes or multivesicular bodies (MVBs) and
lysosomes (Fig. 1-1). These organelles are highly interconnected by exchange of
endocytosed material and membrane. Although dynamically connected, each of the
organelles has a distinct function and molecular markers that allow to distinguish these
vesicular compartments. Among the most widely used markers of the endocytic pathway
are Rab proteins. Rabs are small GTPases that are specifically located to different
compartments and are thought to maintain the functional identity of endosomes (Pfeffer,
2001; Zerial and McBride, 2001).

Figure 1-1. A simplified scheme of endocytosis. Cargo is taken up by either clathrin dependent or
independent endocytosis and then transported to early endosomes. Molecules are then either sent back to the
plasma membrane via recycling endosomes or degraded via late endosome/lysosome pathway.

9

Introduction
Early endosomes
The early or sorting endosome is the first station at which various endocytosed vesicles
converge. At this level sorting of cargo takes place. Molecules that will be delivered back
to the plasma membrane are delivered either directly from the early endosome or sorted
into recycling endosomes (Sheff et al., 1999). Endocytosed molecules that are destined for
degradation will end up in late endosomes and finally in lysosomes. Rab5 is the main
molecular marker of early endosomes. Rab5 is involved in budding of clathrin-coated
vesicles from the plasma membrane (McLauchlan et al., 1998) and later promotes fusion of
these vesicles with early endosomes (Bucci et al., 1992, Morrison et al., 2008). In addition,
Rab5 regulates fusion of early endosomes with each other or so called homotypic fusion
(Gorvel et al., 1991). Early endosomes are characterized by high phosphatidylinositol-3phosphate (PI(3)P) content due to Rab5-mediated recruitment of the class III
phosphatidylinositol-3-kinase (PI(3)K) (Christoforidis et al., 1999, Murray et al., 2002).
PI(3)P is specifically found in early endosomes and on internal membranes of late
endosomes (Gillooly et al., 2000; Gillooly et al., 2001). High PI(3)P concentration on early
endosomes leads to recruitment of several proteins that contain FYVE domains - lipid
binding domains with high specificity towards PI(3)P (Burd and Emr, 1998; Gaullier et al.,
1998; Patki et al., 1998; Stenmark et al., 1996). One of such proteins is Hrs, a protein that
is involved in multivesicular body formation and protein segregation of proteins that are
targeted for degradation (Bache et al., 2003; Lloyd et al., 2002; Pons et al., 2008). Hrs also
has been proposed to inhibit homotypic fusion of early endosomes (Sun et al., 2003).
Recycling endosomes
Recycling endosomes are compartments that mediate delivery of endocytosed molecules
back to the plasma membrane. While constitutive recycling from early endosomes is
mediated by a transport directly to the plasma membrane, regulated recycling of molecules
takes place via recycling endosomes (Sheff et al., 1999). Recycling endosomes are thought
to form by pinching of tubular structures off from early endosomes (Mellman 1996).
Proteins are then delivered from the recycling endosome to the plasma membrane with
small transport vesicles. Rab11 serves as a marker of recycling endosomes and regulates
trafficking through recycling endosomes (Ullrich et al., 1996; Trischler et al., 1999).
Rab11 has also been found on the trans-Golgi network (TGN) and regulates transport
between TGN and recycling endosomes (Chen et al., 1998; Lock and Stow, 2005).
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Late endosomes
Late endosomes or MVBs deliver molecules for degradation in lysosomes. Proteins that
are destined for degradation become monoubiquitinated and are sorted by Hrs and ESCRT
(endosomal complexes required for transport) proteins in microdomains on the endosome
membrane (Lloyd et al., 2002; Pons et al., 2008). This leads to a sequential recruitment of
three ESCRT complexes – ESCRT-I, ESCRT-II and ESCRT-III (Babst et al., 2002a; Babst
et al., 2002b; Katzmann et al., 2001). These complexes are necessary for invagination and
budding off of these domains inside of the late endosome. This leads to formation of small
intraluminal vesicles, hence the term MVBs. Proteins and lipids that are sorted in
intraluminal vesicles as well as the soluble cargo are then degraded upon fusion with
lysosomes. Both lysosomes and late endosomes have acidic intraluminal pH, which
promotes the activity of hydrolases (Bond and Butler, 1987). Late endosomes can be
distinguished from lysosomes by the presence of Rab7 (Chavrier et al., 1990).
The mechanism of transition between early and late endosomes is still not completely
clear. Two models have been proposed: first - transport of material from early to late
endosomes by small endosomal carrier vesicles (Vonderheit and Helenius, 2005); second formation of late endosomes by early endosome maturation (Rink et al., 2005). Although
the debate is still ongoing, the model of endosome maturation has received substantial
experimental support over the last years (Lakadamyali et al., 2006; Rink et al., 2005).
According to this model, Rab7 becomes loaded on early endosomes as they undergo the
maturation process to late endosomes (Del Conte-Zerial et al., 2008; Rink et al., 2005).
Active Rab5 is able to bind Rab7 guanine nucleotide exchange factor (GEF) and could
thus promote activation of Rab7 and transition to the late endosome (Rink et al., 2005).
The function of Rab7 in endocytosis is still under discussion, with some observations
indicating its function in transition from early to late endosomes (Vonderheit and Helenius,
2005), while other results point towards a role of Rab7 in fusion of late endosomes to
lysosomes (Vanlandingham and Ceresa, 2009).

1.1.2. Rab GTPase cycle
Rab proteins play a central role in endocytosis and other major vesicle trafficking
pathways. 33 Rab genes are encoded in Drosophila genome, while more than 60 Rab
genes are present in human cells (Zhang et al., 2007). Main functions of Rabs are in vesicle
budding, transport and fusion (Grosshans et al., 2006; Zerial and McBride, 2001). Rabs are
11
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small GTPases of the Ras superfamily and cycle between a GTP bound active state and a
GDP bound inactive state. Conversion between these two conformations is driven by
action of several Rab interacting proteins (Fig. 1-2). Rabs are converted to an active state
by a guanine nucleotide exchange factor (GEF) that catalyzes GDP exchange to GTP. In
the active state Rabs are bound to membranes with their geranygeranyl anchor and interact
with their effector proteins, thus exerting their functions. Inactivation of Rabs by GTP
hydrolysis is facilitated by a GTPase activating protein (GAP). In the GDP bound state
Rabs are removed from the membrane by binding to a GDP dissociation inhibitor (GDI)
and reside in the cytosol.

Figure 1-2. The Rab GTPase cycle. Inactive GDP bound Rab is converted to the active form by nucleotide
exchange, catalyzed by GEF. Inactivation of Rab takes place by GAP-catalyzed hydrolysis of GTP. In the
active form Rab is bound to a membrane and interacts with its effector proteins, while inactive Rab
associates with GDI and is cytosolic. Adapted from Stenmark and Olkkonen, 2001.

Rabs have a highly specific localization to membranes of different cell compartments. To
achieve this, GDI has to be able to deliver inactive Rab to the specific target membrane,
where it can be activated and exert its function. It has been proposed that GDI is recruited
to target membranes by a GDI displacement factor (GDF), which promotes release of
otherwise tightly bound Rab from GDI (Dirac-Svejstrup et al., 1997; Hutt et al., 2000;
Sivars et al., 2003). So far only two GDF factors with a distinct subcellular localization,
PRA and PRA2, have been described in detail (Abdul-Ghani et al., 2001), although 16
PRA family proteins are found in humans (Pfeffer and Aivazian, 2004). As the number of
putative GDF factors is smaller than that of Rab proteins, it has been proposed that GDF
factor mediates delivery of Rab on a membrane close to its target site. Then Rab would
diffuse freely in the membrane system until Rab encounters its GEF or effector proteins
12
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and therefore becomes stabilized in a respective membrane microdomain (Grosshans et al.,
2006; Pfeffer and Aivazian, 2004).

1.2. Cell polarity
Cell polarity is an essential feature of a variety of cell types and is necessary for diverse
functions like growth, chemotaxis, directed molecule transport across the cell and tissue
development in multicellular organisms. Polarization of a cell is initiated by an external or
internal signal or polarity cue. This signal is recognized by receptors and propagated by
signaling cascades in a polarized fashion. The signaling activated by the polarity cue
results in changes in the structure of the cytoskeleton, directed transport of proteins and
membrane components or changes in the localization of organelles. The polarity cue can
be, for example, contact with another cell or with the extracellular matrix, which causes an
epithelial cell to assemble specific junction complexes and form epithelial tissue (Drubin
and Nelson, 1996).

1.2.1. Epithelial cell polarity
Epithelial cells are among the most extensively investigated types of polarized cells.
Polarity in an epithelial cell is established on one hand by protein complexes that regulate
formation of distinct membrane domains, and, on the other hand, by polarized endocytosis
and exocytosis of these polarity complexes (Leibfried and Bellaiche, 2007). Processes that
lead to polarity establishment and regulation in epithelial cells are highly conserved and
have been widely studied in Drosophila melanogaster.
Epithelial cells function as a barrier between the tissue and the external environment and
separate tissues in compartments. To be able to perform these functions epithelial cells
have an elaborate junction system, which separates the plasma membrane of epithelial cells
in the apical and the basolateral domain. The basolateral plasma membrane is in contact
with other cells or extracellular matrix, while the apical domain faces the external
environment. These plasma membrane domains differ in their protein and lipid
composition. Intercellular junctions and membrane domains of epithelial cells in
Drosophila and vertebrates are shown in Fig. 1-3.
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Figure 1-3. Comparison of epithelial cell membrane domains in Drosophila and vertebrates.
Abbreviations: SAR – subapical region, ZA – zonula adherens, SJ – septate junction, TJ – tight junction.
Similar colors indicate similar protein composition in the regions (see Table 1-1). Apical membrane is
indicated in black, basolateral membrane – in grey. Adapted from Knust and Bossinger, 2002.

Drosophila epithelial cells possess adherens junctions that form a belt-like structure,
named zonula adherens (ZA), and septate junctions, which are located basally from the ZA
along the basolateral membrane (Knust, 2000). Adherens junctions are formed by Ecadherin mediated homophilic contacts between neighboring cells. E-cadherin itself is
linked to actin filaments via interaction with α-, β- and γ-catenins, thereby strengthening
the tissue (Yap et al., 1997). Epithelial cells in Drosophila do not possess tight junctions,
but the homologs of vertebrate tight junction components are found apically from adherens
junctions in the subapical region (Müller, 2000; Knust and Bossinger, 2002; Johnson and
Wodarz, 2003).
Table 1-1. Localization of evolutionarily conserved proteins in epithelial
junctions of Drosophila and vertebrates (adapted from Knust and Bossinger,
2002).
Drosophila

Subapical region:

Vertebrates

Bazooka

Par3

DmPar6

Par6

DaPKC

aPKC

Cdc42

Tight junction:

Cdc42

Crumbs

CRB

Stardust

Pals1

DPATJ

PATJ
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Shotgun (DEAdherens junction:

E-Cadherin

Cadherin)
Armadillo (β-catenin )

Adherens junction:

α-catenin

α-catenin
Basolateral membrane,

Scribble

septate junction:

Discs large

β-catenin

Basolateral membrane:

SCRIB
hDLG

On a morphological level cell-cell junctions are one of the first landmarks of polarized
epithelial cells. However, formation and proper localization of these junctions depends on
a concerted action of many proteins (Table 1-1; Cox et al., 1996; Müller and Wieschaus,
1996). These proteins are evolutionarily conserved and assemble in so called polarity
complexes (Margolis and Borg, 2005). Two protein complexes, the Par/aPKC complex and
the Crumbs complex, are localized to the subapical region and apical plasma membrane.
The Par/aPKC complex consists of Bazooka (Baz), atypical protein kinase C (aPKC), Par6
and the small GTPase Cdc42 (Suzuki and Ohno, 2006). Baz and Par6 are PDZ (PSD95,
Discs large, Zona occludens-1) domain-containing scaffold proteins, while aPKC is a
serine-threonine kinase. The Crumbs complex is formed by Crumbs (Crb), Stardust (Sdt)
and PATJ (Bachmann et al., 2001; Hong et al., 2001). Crb is a transmembrane protein with
a large extracellular part and a short cytoplasmic region, which is crucial for the function
of Crb. Sdt is a MAGUK (membrane-associated guanylate kinase) protein that contains a
PDZ domain, a SH3 (Src homology 3) domain and a GUK (guanylate kinase like) domain.
PATJ is a PDZ domain scaffold protein. These two protein complexes confer apical
characteristics to the plasma membrane (Hutterer et al., 2004; Petronczki and Knoblich,
2001; Wodarz et al., 2000; Wodarz et al., 1995).
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Figure 1-4. Interactions between Par/aPKC, Crb and Scrib complexes in Drosophila epithelial cells.
Red lines indicate antagonistic interaction between complexes (Humbert et al., 2006).

Another polarity complex localizes to the basolateral plasma membrane and consists of
Scribble (Scrib), Discs large (Dlg) and Lethal giant larvae (Lgl) proteins (Bilder et al.,
2000). Scrib is a cytosolic protein that contains four PDZ domains and 16 leucine-rich
repeats that are implicated in localization of Scrib to the plasma membrane (Navarro et al.,
2005). Both Dlg and Lgl are cytoplasmic; Dlg is a MAGUK protein, while Lgl contains
several WD40 repeats. Apical and basolateral protein complexes are mutually antagonistic
in regulation of apical and basolateral membrane formation, and mutations in any of them
lead to defects in epithelial polarity (Fig. 1-4; Bilder et al., 2003; Tanentzapf and Tepass,
2003). The Par/aPKC complex initiates the assembly of adherens junctions and
polarization of epithelia (Harris and Peifer, 2005). The Scrib complex counteracts the
Par/aPKC complex to allow formation of the basolateral membrane domain, while
phosphorylation of Lgl by aPKC restricts its activity to the basolateral membrane (Fig. 1-4;
Betschinger et al., 2003; Bilder and Perrimon, 2000; Hutterer et al., 2004). In addition, the
Crb complex is necessary to maintain the apical membrane domain by inhibition of the
Scrib complex (Bilder et al., 2003; Tanentzapf and Tepass, 2003).
In addition to differences in the protein composition apical and basolateral membrane
domains have a distinct lipid composition. The apical membrane is enriched in PI(4,5)P2,
while PI(3,4,5)P3 is more abundant at the basolateral plasma membrane (Gassama-Diagne
et al., 2006; Martin-Belmonte et al., 2007). PI(4,5)P2 in turn recruits Cdc42 via Annexin II
to the apical plasma membrane and therefore promotes establishment of apical plasma
16

Introduction
membrane domain (Martin-Belmonte et al., 2007).

1.2.2. Endocytosis in regulation of cell polarity
The balance between the apical and basolateral polarity complexes is essential to maintain
proper epithelial polarity. This balance is regulated on one hand by delivery of newly
synthesized proteins to the cell membrane, and on the other hand by endocytosis of excess
of proteins from the plasma membrane (Leibfried and Bellaiche, 2007).
Adherens junctions are crucial for the function of epithelial cells and maintenance of their
polarity. E-cadherin is a core component of adherens junctions and ensures interaction
between two epithelial cells by homophilic binding between two E-cadherin molecules.
Regulation of E-cadherin by endocytosis has been widely investigated in mammalian cells.
E-cadherin trafficking is important in regulation of cell-cell contact dynamics (Le et al.,
1999). After uptake in early endosomes E-cadherin can follow two routes through the
endocytic pathway (Delva and Kowalzcyk, 2009). E-cadherin can be delivered back to the
plasma membrane via the recycling endosome. This results in reinforcement of cell-cell
contacts at tight junctions. Rab11 activity is necessary for efficient E-cadherin recycling. If
Rab11 is mutated, E-cadherin is lost from the plasma membrane and polarity of the cells is
disrupted (Desclozeaux et al., 2008). Alternatively, E-cadherin can be sent for degradation
in lysosomes, thus decreasing the number of E-cadherin molecules at the cell surface. As a
result, cell-cell contacts become weaker. Upon excessive removal of E-cadherin from
plasma membranes the cells loose adherens junctions and finally undergo epithelialmesenchymal transition (Lu et al., 2003; Palacios et al., 2005).
In the Drosophila embryo, uptake of E-cadherin from adherens junctions by endocytosis is
especially active during embryonic development, when rapid cell movement and tissue
remodeling takes place (Emery and Knoblich, 2006). Expression of dominant negative
Rab11 leads to defects in the recycling of E-cadherin and Crb and their loss from the
plasma membrane (Roeth et al., 2009). Interestingly, Crb becomes mislocalized first,
suggesting that Crb might be either more sensitive towards defects in recycling, or
mislocalization of E-cadherin might be caused by loss of Crb.
Defects in early endocytosis can also lead to loss of cell polarity. Deletion of Rab5 or
avalanche, a protein involved in early endosome formation, leads to accumulation of Crb
at the apical membrane (Lu and Bilder, 2005). Upon defects in early steps of endocytosis
excess of Crb cannot be removed from the plasma membrane. The epithelial cells lose their
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polarity, and begin to overproliferate, leading to tumorous overgrowths. Also defects in
later steps of endocytosis can affect cell polarity. Erupted (Ept) and Vps25 are components
of the ESCRT machinery and are needed for the transition from early to late endosome.
Loss of ept and vps25 leads to defects in Crb localization, apicobasal polarity of epithelial
cells and tissue overgrowth (Moberg et al., 2005; Thompson et al., 2005; Vaccari et al.,
2005). In addition, mutations in Scrib complex genes also lead to expansion of the apical
membrane domain and tumors, indicating that defects in polarity can promote tissue
overproliferation (Bilder et al., 2000).
Investigations in both mammalian and Drosophila systems indicate that endocytosis is an
important mechanism in regulation of cell polarity. The regulation of cell polarity via
endocytosis depends on degradation and recycling of the polarity complexes. Disruption of
any of the steps along the endocytic pathway results in overaccumulation or loss of
polarity proteins and ultimately to defects in the polarity and function of epithelial cells.

1.2.3. The Par/aPKC complex in regulation of endocytosis
As discussed in the previous chapter, endocytosis is involved in regulation of cell polarity
complexes. Recent discoveries show that some of the polarity proteins also participate in
regulation of endocytosis. In a genetic screen in C.elegans the Par/aPKC complex was
found to regulate endocytosis (Balklava et al., 2007). According to the results of the
screen, Par/aPKC complex proteins seem to act on several steps in endocytosis – they
promote clathrin-dependent endocytosis and maintain functional recycling endosomes. It is
still unknown which effector proteins mediate the function of the Par/aPKC complex in
endocytosis in C.elegans.
In Drosophila, the Par/aPKC complex regulates the uptake of adherens junction proteins
like E-cadherin and of apical markers like Crb in early endosomes (Gerogiou et al. 2008;
Harris and Tepass 2008; Leibfried et al. 2008). Interestingly, the localization of basolateral
proteins was not affected by mutations of the Par/aPKC complex proteins, indicating that
different mechanisms regulate their turnover (Harris and Tepass, 2008; Leibfried et al.,
2008). In Drosophila pupal epithelium, Cdc42 promotes endocytosis of E-cadherin. When
Cdc42, Par6 or aPKC is lost, E-cadherin cannot be efficiently endocytosed, leading to
destabilization of adherens junctions (Gerogiou et al. 2008; Leibfried et al. 2008). The
effect of the Par/aPKC complex on early steps of endocytosis is mediated by the Cdc42
effector Cip4 (Leibfried et al., 2008). Cip4 binds to dynamin and promotes vesicle
18

Introduction
formation and scission (Leibfried et al., 2008). Cip4 also interacts with the Arp2/3
complex, which initiates actin polymerization and thus links vesicle fission and transport
(Leibfried et al., 2008; Fricke et al., 2009). In contrast, studies in Drosophila embryonic
ectoderm show that dominant negative Cdc42 leads to loss of E-cadherin and Crb from the
plasma membrane, suggesting that active Cdc42 slows down endocytosis of these proteins
(Harris and Tepass, 2008). Also studies in mammalian cells provide contradictory data
about the role of Cdc42 in early endocytosis. Active Cdc42 has been proposed to inhibit
uptake of dimeric E-cadherin at adherens junctions (Izumi et al., 2004), while another
study shows that active Cdc42 is involved in ubiquitination and lysosome targeting of Ecadherin (Shen et al., 2008). In line with the latter observation that active Cdc42 promotes
endocytosis, a Cdc42 GAP has been shown to reduce uptake of apical proteins by
inactivating Cdc42 (Wells et al., 2006).
Par/aPKC complex proteins also regulate delivery of apical proteins to late endosomes via
an unknown mechanism (Harris and Tepass, 2008). Dominant negative Cdc42 induces loss
of Crb and Par/aPKC complex proteins from the plasma membrane and accumulation in
Hrs positive endosomes. Similarly, deletion of the ESCRT protein Ept impairs transition to
late endosomes and causes accumulation of Crb in early endosomes (Gilbert et al., 2009;
Moberg et al., 2005). The role of other members of the Par/aPKC complex in late
endosome formation is not clear so far. Although the phenotypes of ept loss of function
and Cdc42 dominant negative flies are similar with regard to Crb trafficking, the effect of
aPKC in these two genetic backgrounds was cardinally different. While constitutively
active aPKC rescued the dominant negative Cdc42 phenotype (Harris and Tepass, 2008),
dominant negative aPKC was able to rescue the Crb mislocalization phenotype caused by
loss of ept (Gilbert et al., 2009).
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Figure 1-5. Possible effects of the Par/aPKC complex on endocytosis of Crb and E-cadherin.
Endocytosed Crb and E-cadherin can be either recycled back to the plasma membrane or degraded in
lysosomes. The places at which the Par/aPKC complex proteins may affect the trafficking are indicated with
arrows.

Analysis of the role of Par/aPKC complex proteins in trafficking in Drosophila epithelia
has revealed a complex picture. The effect of Cdc42 is so far best characterized. It seems
that Cdc42 and other Par/aPKC complex members can act on different steps of
endocytosis, and often the results show opposing effects (Fig. 1-5). Therefore further
research will be needed to clarify the role of the Par/aPKC complex in endocytosis.

1.3. Rush – a new endosomal protein
Although the role of Par/aPKC complex proteins in regulation of endocytosis has been
shown in a number of studies, the observed effects have been contradictory. In addition
effectors of the Par/aPKC complex in endocytosis, especially at later stages, are largely
unknown. In order to gain further insight in the function of the Par/aPKC complex, a yeast
two-hybrid screen was conducted using the N-terminus of Baz as a bait. One of the
isolated potential interaction partners of Baz was the product of the predicted gene
CG14782 (Egger-Adam, 2005). CG14782 encodes a so far uncharacterized Drosophila
protein with high sequence similarity along the full sequence length with homologs in
other organisms from C. elegans to vertebrates (74,6 % sequence identity between D.
melanogaster and Homo sapiens). We named the gene rush hour (rush) due to its
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phenotype, which is described in the Results chapter. Rush consists mainly of two domains
that are implicated in interaction with phosphoinositides - a PH (pleckstrin homology)
domain and a FYVE (Fab1p, YOTB, Vac1p, EEA1) domain (Fig. 1-6). The FYVE
domains have been described to bind exclusively to PI(3)P, while PH domains can interact
with a broader set of phosphoinositides (Kavran et al., 1998; Lemmon, 2008). Most of
FYVE domain containing proteins localize to endosomes (Gillooly et al., 2001),
suggesting that Rush might be involved in endocytosis.

Figure 1-6. Protein structure of Rush. PH and FYVE domains are indicated. The black box depicts the
cDNA clone, isolated in the yeast two-hybrid experiment. Adapted from Egger-Adam, 2005.

Rush has two human homologs, Phafin1 and Phafin2, with the highest similarity to
Phafin2. The role of these proteins in human cells is poorly characterized. Both Phafin1
and Phafin2 were proposed to promote TNFα-induced apoptosis (Chen et al., 2005, Li et
al., 2007, Li et al., 2008). Upon apoptosis-inducing stimulus, Phafin1 translocates to
lysosomes and promotes permeabilization of lysosomal membranes (Chen et al., 2005, Li
et al., 2008), while Phafin2 promotes endoplasmic reticulum-mediated apoptotic response
(Li et al., 2007). In contrast to these results, a recent study proposed a role of Phafin2 in
endocytosis (Lin et al., 2010). Expression of Phafin2 in the HepG2 human liver cancer cell
line resulted in formation of enlarged endosomes, possibly due to activation of Rab5.
Interestingly, Phafin2 is overexpressed in several cancer types like human hepatocellular
carcinoma and breast cancer (Chen et al., 2002; Lin et al., 2010; Weisz et al., 2004).
The aim of this work was to investigate the role and function of Rush in Drosophila
development. To this end I generated a Rush null allele and analyzed effects of Rush loss
and overexpression in different epithelial systems. According to the domain structure of
Rush and the function of the human homolog (Lin et al., 2010), Rush could act in
regulation of endocytosis. To investigate this possibility colocalization of Rush with
markers of the endosomal pathway as well as the effect of Rush deletion and
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overexpression on endocytosis was analyzed. It was especially intriguing to determine
whether Rush plays a role in endocytosis of polarity proteins or Par/aPKC-regulated
endocytosis. For this purpose I performed genetic interaction experiments in a Cdc42
dominant negative background. The effect of dominant negative Cdc42 on endocytosis has
been previously described (Harris and Tepass, 2008). Finally I used pulldown experiments
with putative interaction partners deduced from genome-wide screens in yeast and
mammals to gain an insight in the mechanism of Rush function.
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2. Materials and Methods
2.1.

Materials
2.1.1. Chemicals and enzymes

All chemicals were of analytical grade and purchased from following companies: Biomol
(Hamburg, Germany), Bio-Rad (Munich, Germany), Biozym (Oldendorf, Germany), Difco
(Detroit, USA), Fluka (Buchs, Switzerland), Gibco/BRL Life Technologies (Karlsruhe,
Germany), Merck (Darmstadt, Germany), Polysciences (Eppelheim, Germany), Roth
(Karlsruhe, Germany), Serva (Heidelberg, Germany), Sigma-Aldrich (Steinheim,
Germany), Macherey-Nagel (Düren, Germany).
Solutions were prepared in distilled water and sterilized by autoclaving or sterile filtration.
Enzymes for molecular biology methods were purchased from Bioline (Luckenwalde,
Germany), Fermentas (St. Leon-Rot, Germany), Genecraft (Lüdingshausen, Germany),
Promega (Madison, USA), Roche (Mannheim, Germany).

2.1.2. Primers
Primers were designed using DNA-Star Lasergene V6 program (DNASTAR Inc.,
Madison, USA). Primer synthesis was done by companies Biotez (Berlin, Germany) and
Metabion (Martinsried, Germany). Primers used in this work are listed in Table 2-1.
Table 2-1. List of oligonucleotides
Name

Sequence 5’ -> 3’

Description

EG-N-for

CACCGTGGACCGTCTGGTCAACTCG

EG-N-rev

TCAACAGTGGCTGCCCGTCGTCG

EG-C-for

CACCATGGTGGACCGTCTGGTCAACTCG

EG-C-rev

ACAGTGGCTGCCCGTCGTCG
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CG1418
Ngatefor
CG1418
Ngaterev
GDI

CACCGCACACACTGGCGGGAACC

TCAGACAACCTGGGCGAGGAAACC
CACCAATGAGGAATACGATGCGATTG

Ngatefor
GDI
Ngaterev

TTACTGCTCCTCGTCACCCAACTCG

GTAAAACGACGGCCAG

M13 rev

CAGGAAACAGCTATGAC

for
EGFP-Nrev

Cloning of GDI in
pENTR

pENTR vector
Sequencing of destination

CAAAGACCCCAACGAGAAG

vectors
Sequencing of destination

CGGACACGCTGAACTTGTG

vectors

GCGTGCTGAGCGCAGGTATTAACGCCGC

UASPf

GGCAAGGGTCGAGTCGATAG

CG gst for

CAGGATCCGTGGACCGTCTGGTCAACTCG

CG gst rev

GAGAATTCTCAACAGTGGCTGCCCGTCG

rev

Cloning of GDI in

Sequencing of inserts in

MBP for

FYVE gst

pENTR

pENTR vector

CAGCAAGTATATAGCATGGC

for

Cloning of CG1418 in

Sequencing of inserts in

GST for

FYVE gst

pENTR

pENTR

M13 for

EGFP-C-

Cloning of CG1418 in

CTGGATCCAACCACGCCGCCGTTTGGG

GTGAATTCTCAGTGCTTCAAGCGCTCGTAGC
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PH gst for

GAGGATCCCTGGTGGGCGAGGGC

PH gst rev

GAGAATTCTCACAGGTCCTCCACGCAC

FYR176Gf

GCATCACTGCGGCAACTGCGGCGCTGTTG

FYR176Gr

CAACAGCGCCGCAGTTGCCGCAGTGATGC

PH DN for

CCAAGATGTGTCGCGAGCGGCCCAAGTCG

PH DN rev

CGACTTGGGCCGCTCGCGACACATCTTGG

CG UTR
down

Cloning of Rush PH
domain in pGEX-4T-1
Cloning of Rush PH
domain in pGEX-4T-1
Point mutation R176G in
Rush FYVE domain
Point mutation R176G in
Rush FYVE domain
Point mutation K48E in
Rush PH domain
Point mutation K48E in
Rush PH domain
Verification of rush

GTATTTCTCCAAGTATTGCTGCCAGC

deletion
Verification of rush

Sta rev

GTACATTGTTGTGGTAGTTACAGATGG

UP

GACGGGACCACCTTATGTTATTTCATCATG

deletion
Verification of rush
deletion

2.1.3. Vectors
Table 2-2. List of vectors
Plasmid

Description

Reference or source

pHSI-65

cDNA clone, containing Rush sequence

Egger-Adam, 2005

pENTR/D-TOPO
pTGW
pTWG
pPWR

Entry vector for Gateway cloning,
kanamycin resistance
Expression vector, UASt promoter, Nterminal GFP tag, ampicilin resistance
Expression vector, UASt promoter, Cterminal GFP tag, ampicilin resistance
Expression vector, UASp promoter, Cterminal RFP tag, ampicilin resistance
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Expression vector, Actin5C promoter, N-

pAHW

terminal 3x HA tag, ampicilin resistance
Expression vector, Actin5C promoter, C-

pAWH

terminal 3x HA tag, ampicilin resistance
Expression vector, Actin5C promoter, N-

pAGW

terminal GFP tag, ampicilin resistance
Expression vector, Actin5C promoter, C-

pAWG

terminal GFP tag, ampicilin resistance

pWAGAL4

GAL4 expression vector, Actin promoter

Murphy lab, Baltimore, USA
Murphy lab, Baltimore, USA
Murphy lab, Baltimore, USA
Murphy lab, Baltimore, USA
Y. Hiromi, unpublished

Destination vector for expression of GST
pGGWA

fusion proteins in E. coli, ampicilin

Murphy lab, Baltimore, USA

resistance
Destination vector for expression of MBP
pMGWA

fusion proteins in E. coli, ampicilin

Murphy lab, Baltimore, USA

resistance
pGEX-4T-1

Vector for expression of GST fusion

Amersham Pharmacia Biotech,

proteins in E. coli, ampicilin resistance

Buckinghamshire, England

2.1.4. Bacterial strains
Table 2-3. List of bacterial strains
Strain

Genotype

Application

DH5α

ϕ80dlacZΔM15, Δ(lacZYA-

Amplification

+

of

plasmid

Invitrogen

DNA

argF)U169, deoR, recA1, endA1,
-

Source

-

hsdR17(rk ,mk ), phoA, supE44, λ , thi1, gyrA96, relA1
BL21

TOP10

F-, ompT, hsdSB(rB-, mB-), dcm, gal,

Expression of recombinant Invitrogen

λ(DE3)

proteins

F-, mcrA, Δ(mrr-hsdRMS-mcrBC),

Cloning of PCR fragments in

ϕ80dlacZΔM15, ΔlacX74, deoR,

pENTR vector

Invitrogen

recA1, araD139, Δ(ara, leu)7697,
galK, rpsL(strr), endA1, nupG
XL1Blue

endA1, gyrA96(nalR), thi-1, recA1,
relA1, lac, glnV44, F'[ ::Tn10 proAB

Site-directed mutagenesis
+

lacIq Δ(lacZ)M15], hsdR17(rK- mK+)
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2.1.5. Antibodies
Table 2-4. List of primary antibodies
Epitope

Animal

Dilution

Designation

Reference, source

Actin

Rabbit

1:1000

A2066

Sigma

Bazooka

Rabbit

1:1000

DE99646-2

Wodarz et al., 2000

Bazooka

Rat

1:1000

DE99647-1

Wodarz et al., 1999

Rush C-

Rabbit

1:1000

DE03410, affinity

Egger-Adam, 2005

term
Crb

purified, EP033850
Mouse

1:50

Cq 4

Developmental Studies Hybridoma
Bank, University of Iowa, USA

DE-

Rat

1:2

DCAD 2

Cadherin
FasIII

Developmental Studies Hybridoma
Bank, University of Iowa, USA

Mouse

1:20

7G10

Developmental Studies Hybridoma
Bank, University of Iowa, USA

GDI2

Rabbit

1:1000

AV13037

Sigma-Aldrich

GFP

Mouse

1:1000

# 11 814 460 001

Roche

GFP

Mouse

1:1000

# A11120

Invitrogen

GFP

Rabbit

1:1000

# A11122

Invitrogen

GST

Rabbit

1:20 000

G7781

Sigma-Aldrich

HA

Mouse

1:1000

#11 583 816 001

Roche

HA

Rat

1:1000

# 11 867 423 001

Roche

Hrs

Guinea pig

1:1000

Lloyd et al., 2002

Lva

Rabbit

1:1000

Sisson et al., 2000

Orb

Mouse

1:20

4H8

Developmental Studies Hybridoma
Bank, University of Iowa, USA

Par6

Guinea pig

1:1000

DE02639 SA172

Rab5

Rabbit

1:1000

Tanaka and Nakamura, 2008

Rab7

Rabbit

1:1000

Tanaka and Nakamura, 2008

Rab11

Rabbit

1:1000

Tanaka and Nakamura, 2008
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Table 2-5. List of secondary antibodies
Epitope

Animal

Tag

Dilution

Source

Mouse IgG

Goat

HRP

1:10 000

Dianova

Rabbit IgG

Goat

HRP

1:10 000

Dianova

Rat IgG

Goat

HRP

1:10 000

Dianova

Guinea pig IgG

Donkey

Cy3

1:200

Dianova

Guinea pig IgG

Donkey

Cy5

1:200

Dianova

Mouse IgG

Donkey

Cy2

1:200

Dianova

Mouse IgG

Donkey

Cy3

1:200

Dianova

Rabbit IgG

Goat

Cy2

1:200

Dianova

Rabbit IgG

Donkey

Cy3

1:200

Dianova

Rabbit IgG

Goat

Cy5

1:200

Dianova

Rat IgG

Goat

Cy5

1:200

Dianova

2.2. Molecular biology methods
2.2.1. Polymerase chain reaction (PCR)
Amplification of DNA fragments was done with the PCR method (Mullis and Faloona,
1987) according to a standard procedure (Sambrook and Russel, 2001). PCR reactions
were done in 50 µl total reaction volume. Per reaction 20-50 ng of plasmid DNA or 200 ng
of fly genomic DNA were mixed with 200 nM of forward/reverse primer (Table 2-1), 250
µM of each dNTP (Bioline, Luckenwalde, Germany) and 1U of polymerase in the
corresponding reaction buffer. Depending on the aim of DNA amplification, Taq
polymerase (Genecraft, Lüdingshausen, Germany) or Pfu polymerase (Bioline,
Luckenwalde, Germany) were used. Pfu polymerase was used to amplify DNA fragments
for cloning due to its higher proof-reading activity.
A standard PCR program is shown in Table 2-6. PCR programs were run on Master Cycler
Personal (Eppendorf, Hamburg, Germany). PCR products were purified either directly
from the PCR reaction mixture or after agarose gel electrophoresis (see 2.2.3.) by cutting
out of the gel the DNA band of correct size. In both cases NucleoSpin Extract II kit
(Macherey-Nagel, Düren, Germany) was used according to manufacturer’s instructions.
PCR products were eluted in 30 µl distilled H2O.
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Table 2-6. Standard PCR program
Step

Temperature

Duration

o

1) Initial denaturation

95 C

5 min

2) Denaturation

95 oC

30 sec

3) Annealing

50-70 oC depending on

30 sec

primer pair
72 oC

4) Elongation

Depending on
construct length
(1min/kb)

Repeat steps 2-4 34 times
5) Final elongation

72 oC

5 min

6) End of the reaction

4 oC

∞

2.2.2. Long template PCR
Expand Long Template PCR System (Roche, Mannheim, Germany) was used to amplify
PCR fragments longer than 3 kb. To verify deletion of Rush genomic region in flies, long
template PCR reactions were set up according to manufacturer’s instructions. The PCR
reaction mix used to amplify Rush genomic region is shown in Table 2-7. PCR program
for long template PCR is shown in Table 2-8.
Table 2-7. PCR mix for verification of Rush deletion.
Component

Volume (µl)

Template genomic DNA

1-2 µl (300 ng)

10x Buffer 2

5 µl

Long template enzyme mix

0,75 µl

dNTP (25 mM each)

1 µl

CG UTR down primer (50 µM)

0,3 µl

Sta rev primer (50 µM)

0,3 µl

Water

Fill up to 50 µl
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Table 2-8. PCR program for long template PCR.
Step

Temperature

Duration

1) Initial denaturation

94 oC

2 min

2) Denaturation

94 oC

10 sec

3) Annealing
4) Elongation

o

30 sec

o

4 min

60 C
68 C

Repeat steps 2-4 10 times
5) Denaturation

94 oC

15 sec

6) Annealing

60 oC

30 sec

7) Elongation

68 oC

4 min + 20 sec for each cycle

Repeat steps 5-7 10 times
8) Final elongation
9) End of the reaction

68 oC

7 min

o

4 C

∞

2.2.3. Agarose gel electrophoresis
To analyze DNA fragments produced in PCR or enzymatic digestion of DNA, horizontal
agarose gel electrophoresis system Power Pac Basic (Bio-Rad, Munich, Germany) was
used. 1% agarose gels were used (1% w/v agarose, 40 mM Tris, 10 mM EDTA). Ethidium
bromide (0,5 µg/ml) was added to the solution before pouring the gel. Ethidium bromide
intercalates between the base pairs of a DNA molecule. Illumination with UV light (λ=302
nm) causes fluorescence of ethidium bromide and thereby visualizes DNA.
The samples were mixed with 1/6 volume of loading dye solution (Fermentas, St. LeonRot, Germany) and loaded in the pockets of the gel. To determine the size of separated
DNA fragments, 5 µl of GeneRuler 1kb DNA Ladder (Fermentas, St. Leon-Rot, Germany)
were loaded in a separate pocket. Gels were run at 100 V for 20-30 min in TAE buffer (40
mM Tris, 10 mM EDTA). The DNA bands were visualized and photographed with
BioDoc-It UV transilluminator (Ultra Violet Products, Upland, USA).

2.2.4. Estimation of DNA concentration
Concentration of DNA was determined by the absorption at 260/280 nm with
BioPhotometer spectrophotometer (Eppendorf, Hamburg, Germany). Double-stranded
DNA has an absorption maximum at 260 nm, while contamination of the sample with
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proteins can be determined by absorption at 280 nm. Absorption quotient A260/280=1,8
corresponds to a pure DNA solution.

2.2.5. Gateway cloning technology
The Gateway cloning method allows fast cloning of the gene of interest from the entry
vector into diverse destination vectors. A wide range of destination vectors is available that
allow expression of the protein of interest under control of different promoters and with
different N-terminal and C-terminal tags. Gateway cloning employs sequence-specific
recombination, done by DNA recombination enzymes from λ phage.

TOPO cloning
Rush was amplified with primers EG-N-for/EG-N-rev (without Start codon to generate Nterminally tagged protein) or EG-C-for/EG-C-rev (without Stop codon to generate Cterminally tagged protein) from plasmid pHSI65 (Table 2-2). GDI and CG1418 were
amplified from wild type fly cDNA (prepared by Gang Zhang) with primers GDI
Ngatefor/GDI Ngaterev and CG1418 Ngatefor/CG1418 Ngaterev accordingly (Table 1).
Purified PCR products were introduced into the pENTR/D-TOPO vector using the
pENTR/D-TOPO Cloning kit (Invitrogen, Carlsbad, Germany) according to the
manufacturer’s protocol. During the reaction the Topoisomerase I cleaves the vector DNA,
leaving a 5’ overhang, complementary to the CACC sequence in the 5’ end of the forward
primers, used for amplification of the gene (Table 2-1). These sequences anneal and lead to
the cloning of the gene into the vector in the correct orientation. 1 µl of the cloning
reaction was used to transform E. coli cells. The success of transformation was determined
with a treatment with restriction nucleases (Fermentas, St. Leon-Rot, Germany) according
to manufacturer’s instructions. The sequence of the insert was verified by sequencing using
the M13 for and M13 rev primers (Table 2-1).

Gateway LR recombination into expression vectors
Rush, GDI and CG1418 were transferred from the pENTR/D-TOPO vector into destination
vectors (Table 2-2) in the LR recombination reaction. λ phage recombination enzymes
recognize attL1 and attL2 sequences in the entry vector, cut the gene out and ligate it into
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the destination vector between attR1 and attR2 sequences, forming the expression clone
(Fig. 2-1). Due to sequence differences between attL1 and attL2 as well as between attR1
and attR2, the gene is inserted in a correct orientation. Gene ccdB, coding for a toxic
protein, is transferred in the same way from the destination vector to the entry vector,
forming a by-product of the reaction. The LR recombination reaction was performed with
LR Clonase Enzyme Mix (Invitrogen, Carlsbad, Germany) according to the manufacturer’s
protocol, using 100 ng of pENTR vector and 150 ng of the destination vector. 1 µl of the
reaction mix was used for transformation of E. coli cells. As ccdB codes for a toxic
compound, the cells that are transformed with the destination vector or the by-product
plasmid do not form colonies. E. coli cells that contain the expression clone were selected
by their resistance to ampicilin.

Gene of interest

Gene of interest
Gene of interest

Figure 2-1. Gateway recombination reaction. λ phage recombination enzymes recognize attL1 and attL2
sequences in the entry vector, cut the gene of interest out from the entry clone and ligate it into the
destination vector between attR1 and attR2 sequences. The obtained expression clone contains the gene of
interest fused to the selected tag. The product of ccdB is toxic and eliminates cells, transformed with the byproduct of the recombination reaction (Adapted from Invitrogen).

2.2.6. Cloning of inserts into pGEX-4T-1 vector
To express GST-tagged proteins in E.coli cells, full Rush sequence or its PH and FYVE
domains alone were amplified with primers that contain EcoRI and BamHI recognition
32

Materials and Methods
sites (Table 2-1). Purified PCR products and pGEX-4T-1 vector were digested with EcoRI
and BamHI. pGEX-4T-1 vector was dephosphorylated with Shrimp Alkaline Phosphatase
(Roche, Mannheim, Germany). PCR products were ligated with the dephosphorylated
pGEX-4T-1 vector using T4 DNA Ligase (Fermentas, St. Leon-Rot, Germany). 2 µl of
ligation reactions were transformed into E. coli cells. Success of cloning was verified by
sequencing of clones.

2.2.7. Transformation of chemically competent E. coli cells
E. coli strains used in this work are listed in Table 2-3. In brief, chemically competent E.
coli cells were transformed as follows: cells were thawn on ice, approx. 100 ng of plasmid
DNA was added, gently mixed and incubated on ice for 15 min. Then the cells were heatshocked at 42 oC for 30 sec in a water bath. The cells were briefly cooled down on ice, 250
ml of room temperature SOC medium (2% tryptone, 0,5% yeast extract, 10mM NaCl,
2,5mM KCl, 10mM MgCl2, 10mM MgSO4, 20mM glucose) was added and the cells were
incubated at 37 oC for 1 h with shaking at 200 rpm. Then the cells were plated on LB agar
plates (1% tryptone, 0,5% yeast extract, 1% NaCl, 1% agar) with an appropriate antibiotic
(kanamycin 50 µg/ml or ampicilin 100 µg/ml) for selection of transformed cells.

2.2.8. Purification of plasmid DNA
To purify plasmid DNA from E. coli cells in smaller amounts, plasmid DNA was purified
according to a modified plasmid purification method from Qiagen, Hilden, Germany.
Briefly, a single colony of transformed E. coli cells was inoculated in 1 ml LB medium and
incubated overnight at 37 oC at 200 rpm. Then cells were pelleted by centrifugation for 1
min at 13000 rpm. The pellet was resuspended in 200 µl of buffer P1 (50mM Tris-HCl, pH
8,0. 10mM EDTA, 100 µg/ml RNase A). Afterwards 200 µl of buffer P2 (200mM NaOH,
1% SDS) was added, the mixture was mixed by inverting 5-6 times and incubated for 5
min at room temperature. After addition of 200 µl of buffer P3 (3M K acetate, pH 5,5) the
mixture was inverted 5-6 times and centrifuged for 20 min at 13000 rpm, 4 oC. The
supernatant was transferred to a fresh centrifuge tube. Then 400 µl of isopropanol were
added and the mixture was centrifuged for 30 min at 13000 rpm, 4 oC. The supernatant was
discarded and the pellet was washed with 500 µl ice-cold 70% ethanol. The sample was
centrifuged for 5 min at 13000 rpm, the supernatant was discarded and the pellet was air33
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dried at room temperature. Then purified plasmid DNA was dissolved in 20 µl H2O.
To obtain large amounts of pure DNA for cloning and transformation, plasmid DNA was
purified with Nucleobond X100 kit (Macherey-Nagel) according to the manufacturer’s
procedure.

2.2.9. Site-directed mutagenesis
To create point mutations in Rush sequence, QuikChange II Site-Directed Mutagenesis kit
(Stratagene) was used according to manufacturer’s instructions. In brief, pENTR vector
containing Rush was amplified with primers PH DN for/PH DN rev for K48E mutation or
FYR176Gf/FYR176Gr for R176G mutation (Table 2-1), using 20 ng of an entry clone and
125 ng of each of primers. The PCR program used for site directed mutagenesis is shown
in Table 2-9. Methylated template DNA was removed by digestion with 1 µl DpnI for 1 h
at 37 oC. XL1-Blue E. coli cells were transformed with 2 µl of the reaction solution. Cells
were incubated on ice for 30 min, heat-shocked for 45 sec at 42 oC and afterwards cooled
down on ice for 2 min. 500 µl of NZY+ broth (1% casein hydrolysate, 0,5% yeast extract,
0,5% NaCl, 20 mM glucose, 12,5 mM MgCl2, 12,5 mM MgSO4) preheated to 42 oC was
added to each transformation reaction. Cells were incubated for 1 h at 37 oC with shaking
at 200 rpm and plated on LB agar plates.
Table 2-9. PCR program for site-directed mutagenesis reaction
Step

Temperature

Duration

1) Initial denaturation

95 oC

30 sec

2) Denaturation

95 oC

30 sec

3) Annealing

55 oC

1 min

4) Elongation

o

68 C

3,5 min

Repeat steps 2-4 16 times
5) End of the reaction

37 oC

∞

2.2.10. Sequencing of DNA
Sequencing reaction was set up as follows: to sequence insert in a plasmid, 300 ng of
plasmid DNA were mixed with 8 pmol of corresponding primer, 1,5 µl sequencing buffer
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and 1,5 µl sequencing mix and filled up to 10 µl with sterile water. To sequence a PCR
product, 20-30 ng of PCR product was mixed with 8 pmol of the sequencing primer, 1µl of
sequencing buffer and 1µl sequencing mix and filled up to 10 µl with sterile water. PCR
program for sequencing reactions is shown in Table 2-10. After completion of PCR
program the mixture was transferred to a new tube. After addition of 1 µl of 125 mM
EDTA, 1 µl of 3 M NaAc and 50 µl of 100% ethanol the sample was incubated for 5 min
at room temperature. Then the sample was centrifuged for 15 min at 13000 rpm, the
supernatant was removed and the pellet washed once with 70% ethanol. After
centrifugation for 5 min at 13000 rpm the supernatant was removed and the pellet was airdried. Afterwards the pellet was dissolved in 15 µl of HiDi (Applied Biosystems,
Darmstadt, Germany). Analysis of sequencing reactions was done by in-house sequencing
service in the Department of Developmental Biochemistry, Ernst-Caspari-Haus, GZMB,
Göttingen.
Table 2-10. PCR program for sequencing reaction
Step

Temperature

Duration

1) Initial denaturation

96 oC

2 min

2) Denaturation

96 oC

20 sec

3) Annealing

55 oC

30 sec

4) Elongation

60 oC

4 min

Repeat steps 2-4 26 times
5) End of the reaction

12 oC

∞

2.2.11. Isolation of genomic DNA from flies
To purify genomic DNA from flies, 30 flies (preferably male) were shock frozen in liquid
nitrogen. Frozen flies were disrupted with a biovortexer in 400 µl of homogenization
buffer (100mM HCl, pH 7,5, 100 mM EDTA, pH 8,0, 100 mM NaCl, 0,5% SDS) and
incubated for 15-30 min at 65 oC. Then 228,4 µl of 5 M KAc and 571,6 µl of 6 M LiCl
were added and the mixture was incubated on ice for 15 min. The mixture was centrifuged
at 13000 rpm for 15 min, and 1 ml of the supernatant was transferred to a new tube. After
addition of 600 µl of isopropanol the mixture was centrifuged again at 13000 rpm for 15
min. The supernatant was discarded and the DNA pellet was washed once with ice cold
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70% ethanol. After centrifugation at 13000 rpm for 10 min the supernatant was discarded
and DNA pellet was air dried. Purified genomic DNA was solubilized in 150 µl of sterile
water and stored at 4 oC.

2.2.12. Culture and transfection of Schneider 2 cells
Schneider 2 (S2) cells, an immortalized culture of Drosophila embryonic cells (Schneider,
1972), were used for experiments in the cell culture system. The cells were grown at 25 oC
in Drosophila S2 medium (Invitrogen, Carlsbad, Germany) supplemented with serum and
antibiotics. S2 cells were transfected with FuGENE HD Transfection Reagent (Roche,
Mannheim, Germany). 1x106 cells were used for each transfection reaction. The cells were
harvested with centrifugation at 1000 rpm for 10 min, resuspended in S2 cell medium and
transferred to a 6 well plate. 2 µg of plasmid DNA were diluted in 100 µl of sterile water. 4
µl of FuGENE transfection reagent was added in the solution and incubated for 15 min at
room temperature. Afterwards the solution was added to the wells with cell suspension.
After transfection cells were incubated at 25 oC for 2–3 days.

2.3.

Biochemical methods
2.3.1. Protein extraction from embryos

Embryos were collected from apple juice plates in small amount of water with a
paintbrush. To remove the chorion, 5% sodium hypochlorite (NaOCl) was added and
embryos were incubated for 4-5 min. Then embryos were collected on a metal sieve with a
vacuum pump, washed extensively with H2O, transferred into a centrifuge tube and used
immediately or shock-frozen at -70 oC.
Embryos were homogenized for 3 min on ice with a biovortexer (Roth, Karlsruhe,
Germany) in five-fold volume of TNT lysis buffer (150mM NaCl, 50mM Tris, pH 8,0, 1%
Triton X-100) (Willert et al., 1997). Protease inhibitors were freshly added to the lysis
buffer before use (Pefabloc 200 µg/ml, Pepstatin 2 µg/ml, Aprotinin 2 µg/ml, Leupeptin 2
µg/ml (Roche, Mannheim, Germany)). After incubation on ice for 30 min the sample was
centrifuged for 10 min at 13000 rpm, 4 oC. The supernatant was transferred to a new tube
and protein content was determined (see 2.3.3.).
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2.3.2. Protein extraction from S2 cells
S2 cells were harvested by a centrifugation at 1000 rpm for 5 min and washed 3 times with
ice-cold PBS (130 mM NaCl, 270 mM KCl, 0,7 mM Na2HPO4, 0,3 mM KH2PO4, pH 7,4).
The pellet was resuspended in 200 µl of TNT lysis buffer containing protease inhibitors
and incubated on ice for 30 min. Afterwards the supernatant was centrifuged for 20 min at
13000 rpm, 4 oC. The supernatant was transferred to a clean tube and the protein content
was measured (see 2.3.3.)

2.3.3. Determination of protein concentration
Protein concentration in samples was determined according to Bradford method with RotiQuant reagent (Roth, Karlsruhe, Germany). 800 µl H2O were mixed with 200 µl of the
reagent and 2 µl of the protein solution was added. 2 µl of the lysis buffer were used as a
blank. The absorption was measured at 600 nm with BioPhotometer spectrophotometer
(Eppendorf, Hamburg, Germany). OD600 =1 corresponds to approximately 1 mg/ml of total
protein.

2.3.4. SDS-polyacrylamide gel electrophoresis
Protein samples were separated electrophoretically by means of denaturing discontinuous
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) essentially as described (Wodarz,
2008). 10% polyacrylamide gels were used (2,5 ml 30% acrylamide/BIS (29:1), 2,8 ml 1M
Tris, pH 8,0, 38 µl 20% SDS, 2,1 ml H2O, 30 µl 10% APS, 8 µl TEMED) with a stacking
gel of following composition: 310 µl 30% acrylamide/BIS (29:1), 235 µl 1M Tris, pH 6,8,
10 µl 20% SDS, 1,3 ml H2O, 10 µl 10% APS, 5 µl TEMED. Mini Protean system 3 (BioRad, Munich, Germany) was used for pouring and running of gels.
Protein samples were mixed 1:1 with 2X SDS Loading buffer (100mM Tris, pH 6,8, 4%
SDS, 0,2% Bromphenolblue, 20% glycerol, 100mM β-mercaptoethanol) and boiled for 5
min. Afterwards the samples were loaded in the pockets of the gel. 5 µl of PageRuler
Prestained Protein Ladder (Fermentas, St. Leon-Rot, Germany) were loaded as a size
marker. Proteins were separated at 200 V for 1 hour in SDS buffer (192 mM glycine, 2,5
mM Tris, 0,1% SDS).
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2.3.5. Western blot
Proteins separated by SDS-PAGE (1.3.4.) were transferred onto a nitrocellulose membrane
(Schleicher and Schuell, Dassel, Germany) with Mini Trans-Blot system (Bio-Rad,
Munich, Germany) according to the manufacturer’s instructions. Protein transfer was done
in transfer buffer (192 mM glycine, 2,5 mM Tris, 20% methanol) at 100 V for 1 h at 4 oC.
Afterwards the transfer of proteins was tested by staining with Ponceau S solution. The
staining was removed by washing in TBST (20mM Tris, pH8,0, 150mM NaCl, 0,2%
Tween 20). Sites of unspecific antibody binding were blocked by incubating the membrane
for 1 h in the blocking buffer (1% bovine serum albumin, 3% skim milk powder in TBST).
Then the membrane was incubated with a primary antibody (diluted accordingly in the
blocking buffer) overnight at 4 oC. The membrane was washed with TBST three times for
20 min and then incubated with a secondary antibody (coupled to horseradish peroxidase
(HRP), dilution 1:10000 in the blocking buffer) for 1 h at room temperature. Primary and
secondary antibodies used for Western blot are listed in Tables 2-4 and 2-5. After
incubation with secondary antibody the membrane was washed again three times for 20
min with TBST and incubated for 1 min with BM chemiluminescence blotting substrate
(Roche, Mannheim, Germany). HRP activity was visualized by exposing the membrane to
an X-ray film Fuji SuperRX (Fuji, Tokyo, Japan). The film was developed and fixed with
Optimax X-ray film processor (Protec Medizintehnik, Oberstenfeld, Germany).

2.3.6. Coomassie staining
Polyacrylamide gels were fixed wit 12% w/v trichloroacetic acid for 1 hour at room
temperature. Afterwards gels were stained with colloidal Coomassie staining solution (10
% v/v phosphoric acid, 10% w/v ammonium sulfate, 0,12% w/v Coomassie Brilliant Blue
G250, 20% v/v methanol) overnight at room temperature (Candiano et al., 2004).
Destaining was done by consecutive washes in water.

2.3.7. GST and MBP fusion protein purification
50 ml of 2xYTA medium (16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, pH 8,0) was
inoculated with 2 ml overnight culture of bacteria transformed with target plasmid and
incubated at 37 °C till the culture reached mid log phase (OD550=0,5-1,0). IPTG was added
to a final concentration of 0,5 mM to induce the expression of recombinant protein. After
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incubation with IPTG for 2 - 4 hours at 30 °C bacteria were harvested by centrifugation at
8000 rpm at 4 °C. The pellet was resuspended in 2,5 ml 1x PBS with protease inhibitors.
Bacteria were disrupted either by sonication or freeze-thawing at -20 °C. Triton-X100 was
added to the lysate to a final concentration of 2% and the mixture was gently mixed for 20
min at 4°C. The lysates was cleared by centrifugation at 10000 rpm for 10 min at 4 °C.
To purify GST fusion proteins 40 µl of Gluthatione Sepharose beads (GE Healthcare) were
added to the lysate. After incubation for 30 min at room temperature beads were washed
three times in PBS. Bound protein was eluted with elution buffer containing 20 mM
reduced glutathione in 50mM Tris HCl, pH 8,0.
For purification of MBP fusion proteins 40 µl of Amylose resin (New England Biolabs,
Schwalbach/Taunus, Germany) was added to the lysates. After three washing steps in PBS,
MBP fusion protein was either left bound on beads or eluted with buffer containing 10 mM
Tris HCl, 10 mM maltose, pH 7,2.

2.3.8. MBP fusion protein pulldown
To analyze direct interactions between proteins, MBP fusion protein pulldown was used. 2
µl of amylose resin with bound MBP fusion protein or MBP alone was washed three times
with pulldown buffer (150 mM NaCl, 10 mM MgCl2, 20 mM HEPES (4-(2-hydroxyethyl)1-piperazineethanesulfonic acid), 1 mM EDTA, 1% Triton X-100, 5 mM DTT). The resin
was then incubated with 1 µg of GST fusion protein in pulldown buffer for 1 hour at room
temperature. 1 µg of GST alone was used as a negative control. The resin with bound GST
fusion protein was washed three times with pulldown buffer. Then 30 µl of 2x SDS
loading buffer was added and the sample was analyzed by Western blot.

2.3.9. Lipid overlay assay
To determine lipid binding specificity of Rush and its separate domains, PIP Strips
(Echelon Biosciences, Salt Lake City, UT) were used according to the manufacturer’s
protocol. In brief, the membrane was blocked in blocking buffer (1xTBS, 0,1% Tween,
3%BSA) for 1 hour. After blocking, the membrane was incubated for 1 hour with 0,2
µg/ml GST fusion protein in blocking buffer. 0,25 µg/ml of PIP2 Grip™ protein (Echelon
Biosciences, Salt Lake City, UT) or GST alone were used as a control. The membrane was
washed three times in TBS with 0,1% Tween and incubated with anti-GST antibody for 30
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min. Afterwards the membrane was washed as previously and incubated for 1 hour with
HRP-coupled secondary antibody. The membrane was washed three times and bound
protein detected by a chemiluminescence reaction.

2.3.10. Endosome fractionation assay
Early and late endosomes were separated from S2 cell or embryo protein extracts by a
sucrose gradient as described in Torres et al. (2008). S2 cells were harvested by
centrifugation at 1000 rpm, 4 oC, washed once in 10 ml of ice cold PBS and resuspended
1:4 in homogenization buffer. Cells were homogenized by passing 10 times through a 26gauge needle in a 1 ml syringe. Post nuclear supernatant (PNS) was separated by
centrifugation for 15 min at 3500 rpm, 4 oC. PNS was diluted 2:3 with 60% sucrose in
homogenization buffer (250mM sucrose, 3mM imidazole, pH7,5) to achieve final sucrose
concentration of 40,6%. A sucrose gradient was prepared by sequentially overlaying 1 ml
of PNS, 40,6% sucrose with 2 ml of 35% sucrose in 3mM imidazole, pH 7,5, 1,5 ml of
25% sucrose in 3mM imidazole, pH 7,5 and 400 µl of homogenization buffer (8% sucrose)
in a Beckman 5 ml centrifuge tube. Gradient was centrifuged at 40000 rpm (125.000 x g)
at 4 oC in Optima MAX ultracentrifuge (Beckman Coulter, Fullerton, USA). Early
endosomes were collected at the 35/25% sucrose interface and late endosomes at the
8/25% sucrose interface. Protein distribution in endosomal fractions was analyzed by
Western blot.
To prepare endosome fractions from fly embryos, embryos were devitellinized as
described in 2.3.1., homogenized for 3 min on ice with a biovortexer (Roth, Karlsruhe,
Germany) and resuspended 1:4 in homogenization buffer. The embryo lysate was further
prepared similarly as described for S2 cells.

2.4. Immunohistochemistry
2.4.1. Fixation of embryos
Embryos from overnight egg collection cages were used for staining with antibodies.
Before the staining embryos were fixed to permeabilize the tissue and make it accessible
for antibodies as well as to preserve the tissue and inhibit protease activity.
Embryos were collected like described before (see 2.3.1.) and after washing with H2O
transferred into scintillation glasses with 1:1 mixture of fixation solution and heptane. For
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most stainings 4% formaldehyde in PBS was used as a fixation solution. Steffanini
solution (440 µl 37% formaldehyde, 660 µl pikric acid, 660 µl 0,5M PIPES (piperazine1,4-bis-2-ethanesulfoic acid), pH 7,5, 2,34 ml sterile water) was used as a fixation solution
for stainings with antibody against Rush. Embryos were fixed for 20 min with shaking.
Afterwards the lower aqueous phase that contains formaldehyde was discarded and 1
volume of methanol was added. Embryos were strongly shaken for approx. 30 sec to
remove the vitelline envelope. Devitellinized embryos were transferred into a fresh tube,
washed two times with methanol and stored at -20 oC or stained immediately.

2.4.2. Immunostaining of embryos
Fixed embryos were washed 3x 20 min with PBT (1x PBS, 0,1% Tween 20) on a shaker.
Unspecific binding sites were blocked by incubation in a blocking solution (5% normal
horse serum (NHS) in PBT) for 1 h. Embryos were incubated with a primary antibody
diluted in blocking solution overnight at 4 oC or 2 h at room temperature. Then embryos
were washed 3x 20 min with PBT, incubated with a dilution of secondary antibody in
blocking solution for 2 h at room temperature. Used antibodies are listed in Tables 2-4 and
2-5. After a repeated washing step with PBT (3x 20 min) embryos were transferred to a
microscopy slide and embedded in Mowiol/DABCO.
Mowiol: 5 g Elvanol/Mowiol (Höchst, Frankfurt, Germany) were dissolved in 20 ml PBS,
pH7,4. 10 ml of glycerol were added and mixed for 16 h. The solution was centrifuged for
15 min at 12000 rpm and the supernatant stored at -20 oC. Few flakes of DABCO
(Diazabicyclo(2.2.2)octane) were added 30 min before embedding and mixed with
overhead rotor.

2.4.3. Fixation and immunostaining of ovaries
Wild type flies were put on apple juice agar plates three to four days before preparation of
ovaries to stimulate egg development. Ovaries were prepared in PBS. Egg chambers were
separated from each other by pipetting up and down with a pipette, saturated in NHS. Then
ovaries were transferred to a centrifuge tube and fixed for 20 min in fixation solution (see
2.4.1.). After washing 3x 10 min with PBT ovaries were blocked in PTX (5% NHS, 0,5%
Triton X-100 in PBS) for 3 h at room temperature or overnight at 4 oC. Staining with
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antibodies was done as described in 2.4.2.

2.4.4. Fixation and immunostaining of S2 cells
S2 cells were fixed in chamber slides coated with 0,01% L-polylysine. Cells were allowed
to adhere to the slide for 2 h at 25 oC and washed once with PBS. Fixation solution
containing 4% formaldehyde in PBS was added for 10 min at room temperature. Fixed
cells were washed twice with PBS.
For immunostaining the cells were incubated for 1 h in the blocking solution containing
5% NHS in PBT. Subsequently the cells were incubated for 1 h with primary antibody (see
Table 2-4 for a list of used primary antibodies) diluted in blocking solution. The cells were
washed three times with PBT and incubated for 1 h with the secondary antibody (Table 25) diluted in blocking solution. Afterwards the cells were washed three times with PBT and
embedded in Mowiol/DABCO.

2.4.5. Staining of DNA
Staining of DNA in fixed preparations was done with DAPI (Dianova). DAPI was added in
1:2000 dilution in PBT during the first washing step after incubation with secondary
antibody.

2.4.6. Staining of lysosomes with LysoTracker
Staining of lysosomes was done essentially as described in Hou et al. (2008). Ovaries were
dissected in PBS and incubated with 50 µM LysoTracker DND-99 (Invitrogen, Carlsbad,
Germany) in PBS for 3 min in the dark. Then the ovaries were washed three times for 5
min each in PBS and fixed for 10 min in 4% formaldehyde in PBS. The ovaries were
washed again three times for 5 min in PBS and mounted on microscope slides in
Mowiol/DABCO.

2.4.7. Staining of actin microfilaments
To stain actin microfilaments, Cy3-conjugated phalloidin (Invitrogen, Carlsbad, Germany)
was used. 5 µl of phalloidin were vacuum-dried, resuspended in 10 µl of PBT and added to
the sample during the incubation with secondary antibodies.
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2.4.8. Dextran uptake assay
Third instar larval wing discs were dissected in serum free S2 medium and incubated with
1 mg /ml Alexa Fluor 594 conjugated dextran (lysine fixable, MW10000; Invitrogen
Molecular Probes) for 10 minutes. After three washing steps in ice cold S2 medium for 10
min each, discs were fixed for 20 min with 4% formaldehyde in PBS. Then discs were
washed three times for 20 min in PBT and incubated with blocking solution (10% NHS in
PBT) for 2 hours in room temperature. Discs were incubated with first antibody in
blocking solution overnight at 4 oC and washed three times with PBT for 20 min.
Secondary antibody was added for 2 hours at room temperature, and after three washing
steps in PBT imaginal discs were mounted on microscope slides in Mowiol/DABCO.

2.4.9. Confocal microscopy, image acquisition and statistical
analysis
Images of immunohistochemistry stainings were acquired with LSM 510 Meta confocal
laser scanning microscope (Carl Zeiss, Jena, Germany) with 45x 0,8 NA Plan Neofluar and
63x 1,4 NA Plan Apochromat objectives using LSM 510 software (Carl Zeiss, Jena,
Germany). Single images were processed with Adobe Photoshop CS2 (Adobe Systems,
San Jose, USA) software.
For measurements of the size and number of vesicles images were analyzed with ImageJ
software (National Institutes of Health, Bethesda, USA). Images were first converted to 8bit grayscale, inverted and processed with automatic thresholding. Mean particle size and
particle number of each image were measured with the analyze particles function.
Statistical significance was calculated with Student’s t-test.

2.5. Fly genetics
2.5.1. Fly breeding
The fly stocks used in the work were kept at 18 oC, room temperature or 25 oC on standard
medium (Ashburner, 1989). For collection of embryos, flies were kept in egg collection
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cages on apple juice plates. To stimulate egg laying, small amount of yeast paste was
applied at the center of the apple juice plate.
Standard medium:

712 g cornmeal, 95 g soya flour, 168 g dry yeast, 450 g malt extract,

150 ml 10% Nipagin (700 ml 99% ethanol, 300 ml H2O, 100 g Nipagin (C8H8O3)), 45 ml
propionic acid, 50 g agar, 400 g sugar beet sirup, add 9,75 l H2O
Apple juice plates: 40 g agar, 1 l H2O, 340 ml apple juice, 17 g sugar, 20 ml 10% nipagin

2.5.2. Fly stocks
Table 2-11. List of fly stocks.
Stock
Wild type Oregon
R
white-

Genotype

Description

wild type

Red eyes

w1118

White eyes

Reference
A. Wodarz lab
stock collection
Bloomington #5905

P{EP} element
P(EP)rush

y1 P{EPgy2}rushEY04997 w67c23

insertion in 5’ UTR of

Bloomington

rush gene, UAS

#19697

reporter line.
P(XP)d03799

P{XP}rushd03799

PBac(WH)f03712

PBac{WH}f03712

rush

rush4; Tr1

P-element insertion

Exelixis Collection,

upstream of rush

Harward

PiggyBac insertion

Exelixis Collection,

downstream of sta

Harward

rush null allele

This work

GAL4 driver line,
ubiquitous expression
arm-Gal4

*

w ; P{GAL4-arm.S}11

in armadillo gene

Bloomington #1560

pattern, 2nd
chromosome
act-Gal4

GAL4 driver line,

y1w*; P{Act5C-

ubiquitous expression,

Gal4}25FO1/CyO, y+

2nd chromosome
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Gal4 driver line,
Cu2-Gal4

expression in follicle

P{Gal4-Cu2}

cells from stage 8, 2nd

Trudi Schüpbach

chromosome
Gal4 driver line,
ubiquitous expression
da-Gal4

*

w ; P{GAL4-da.G32}UH1

in daughterless gene

Bloomington
#5460

pattern, 3rd
chromosome
Gal4 driver line,
1

pnr-Gal4

1118

y w ;
P{GawB}pnrMD237/TM3,
P{UAS-y.C}MC2, Ser1

expression in pannier
gene pattern, 3rd

Bloomington
#3039

chromosome
Gal4 driver line,
expression in polar
P{GawB}109C1

cells and follicle

P{GawB}109C1, y1 w*

epithelium, 1st

Bloomington
#7020

chromosome
Cdc42DN
YFP-Rab5

Cdc42 dominant

w*; P{UAS-Cdc42.N17}3

negative construct

y1 w*; P{UASp-

Wild type Rab5

YFP.Rab5}02
y1 w*; P{UASp-

YFP-Rab5CA

YFP.Rab5.Q88L}l(2)k16918
24

Rab5DN-GFP
Rab5DN-GFP
YFP-Rab7
Tr1
P(70FLP)

Rab5 constitutively
active construct

w; UAS-Rab5S43N-

Rab5 dominant

GFP/TM3, Sb

negative construct

w; UAS-Rab5S43N-

Rab5 dominant

GFP/CyO

negative construct

y1 w*; P{UASp-

Wild type Rab7

YFP.Rab7}21/SM5
C(1)DX, y f / stalt3 /Y; Tr1

sta rescue construct

Bloomington #6288
Bloomington
#24616
Bloomington #9774

Entchev et al., 2000
Entchev et al., 2000
Bloomington
#23641
Melnick et al., 1993

Stock for heat

w1118; nocSco/SM6b,

dependent flipase

P{70FLP}7

expression
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Df(1)Exel8196

Binsinscy

w

FM7(Twist GFP)

1118

First chromosome

/Binsinscy

balancer line

FM7 {twi-GFP}

Bloomington #7769

First chromosome

Benni Shilo,

balancer line,

Weizmann Institute

expresses GFP in

of Science,

Twist pattern

Rehovot, Israel

First chromosome
1

FM7(lacZ)

4

y arm w*/FM7c,

balancer line,

P{ftz/lacC}YH1

ubiquitously expresses

Bloomington #616

lacZ
Second chromosome
Gla/CyO

-

w ; Gla/Cyo, P{ftz::lacZ}

balancer line, curly
wings

TM3/TM6B

w*; TM3, Sb1 Ser1/TM6B,
Tb

1

Third chromosome
balancer line

A. Wodarz lab
stock collection
Bloomington #2537

2.5.3. The UAS-GAL4 system
The UAS-GAL4 system (Brand and Perrimon, 1993) is used to ectopically overexpress the
gene of interest in a time and tissue specific manner. The method makes use of a yeast
transcription factor GAL4 that binds to an upstream activating sequence (UAS), therefore
activating gene expression. In UAS reporter flies the gene of interest is placed under the
control of UAS. Another fly stock, so called GAL4 driver line, contains the GAL4 gene
under the control of a promoter or enhancer of a gene with a known expression pattern.
When the two fly stocks are crossed, GAL4 activates the expression of the gene of interest.
By choosing different GAL4 driver lines, the gene can be expressed in a wide variety of
tissues and developmental stages. GAL4 driver lines and UAS reporter flies used in this
work are described in Table 2-11.

2.5.4. Generation of transgenic flies
To generate transgenic flies, transgenic constructs inserted in P-element based vectors
were injected into the posterior end of syncytial blastoderm embryos together with a helper
plasmid that contains transposase DNA. Transposase activity mediates integration of the Pelement including transgenic construct into genomic DNA. Transgenic flies that have
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undergone successful integration of the P-element can be recognized by red eye color,
since vectors used for injection contain the mini-white gene. The protocol for transgenic fly
generation was adapted from Bachmann and Knust (2008). In brief, 20 µg of plasmid DNA
was mixed with 5 µg of helper plasmid and 5 µl of 10 x injection buffer (5mM KCl, 0,1
mM sodium phosphate, pH 6,8) in final volume of 50 µl. Dechorionated white- embryos
were arranged on coverslips and after 15-20 min of drying covered with 10S Voltalef oil
(Prolabo, Paris, France). The plasmid mixture was injected to the posterior ends of the
embryos by micromanipulator InjectMan NI2 (Eppendorf, Hamburg, Germany). After
injection embryos were kept in 10S Voltalef oil at 18°C for 48 hr before the hatched larvae
were collected. Hatched flies were single-crossed to w-; Gla/CyO flies for the transgenic
fly selection and insertion site analysis. A list of transgenic constructs used for injection in
flies is shown in Table 2-12.
Table 2-12. Transgenic constructs used for injection in flies.
Gene

Vector

Promoter

Tag

rush

pTWG

UASt

GFP

rushK48E

pTWG

UASt

GFP

rushR176G

pTWG

UASt

GFP

pTWG

UASt

GFP

CG1418

pTGW

UASt

GFP

GDI

pTGW

UASt

GFP

rush

K48E R176G

2.5.5. FLP/FRT mediated gene deletion
To generate a deletion of rush, FLP/FRT mediated gene deletion described in Parks et al.
(2004), was used. The method makes use of the ability of FLP recombinase to mediate
recombination between two FRT sites located on homologous chromosomes. This way a
deletion of a genomic region flanked by two transposons that contain FRT sites can be
achieved. In case of rush two transposon insertion lines were available – P(XP)d03799 is
located in the 5’ UTR of rush, while a piggyBac insertion line pBac(WH)f03712 is located
in the 5’ UTR of sta, a gene positioned downstream of rush (Fig. 2-2 A). Upon induction
of FLP recombinase the genomic region between two FRT sites is deleted, leaving a single
transposon at the deletion site. As FLP mediated recombination is more efficient in cis,
excision of the UAS sequence of the P(XP) element takes place before recombination in
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trans. In this case successful recombination between the two FRT sites in trans can be
detected by loss of red eye color, since white genes on both transposons are deleted
together with the genomic region.
Crosses used to delete the rush gene are shown in Fig. 2-2 B. First, virgin females of the
P(XP)d03799 insertion line were crossed with males of a stock carrying a heat-inducible
FLP recombinase on the second chromosome. FLP recombinase coding sequence in this
stock is inserted in the balancer chromosome SM6b, allowing to select flies that carry FLP
recombinase gene by curly wings. Male progeny of this cross that had curly wings were
crossed to pBac(WH)f03712 virgin females. Progeny of this cross were heat shocked for
two hours at 37 oC for two days in second instar larval stage. Curly winged virgin females
heterozygous for P(XP)d03799 and pBac(WH)f03712 from this generation were crossed
with Binsinscy balancer males and the progeny were screened for white eyes.
Recombination caused a simultaneous deletion of the neighboring sta gene, which is
essential for Drosophila development (Melnick et al., 1993). Therefore a sta rescue
construct Tr1 was crossed in. Tr1 contains a complete sta sequence, but not rush, and has
been shown to fully rescue loss of sta (Melnick et al., 1993).
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Figure 2-2. FLP/FRT mediated deletion of rush gene. A – Recombination induced by FLP recombinase
can be used to delete genomic region between two transposons that contain FRT sites. In this case,
P(XP)d03799 and pBac(WH)f03712 insertion lines were used to delete rush gene. B – Crossing scheme to
obtain rush deletion line using FLP/FRT mediated gene deletion method.
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3. Results
3.1. Localization of Rush
3.1.1. Colocalization of Rush with polarity markers
The rush gene is localized on the first chromosome and codes for a protein with a
predicted length of 316 amino acids (Fig. 3-1). To determine the expression and
subcellular localization of Rush during embryonic development, the embryos were stained
with an affinity purified antibody against the C-terminus of Rush. Rush was ubiquitously
expressed in embryos (Fig 3-2 A, B). Rush localized to the apical plasma membrane
already in the stage 5 embryo (Fig 3-2 A), suggesting that Rush is maternally contributed.
To test the specificity of the antibody staining, I overexpressed endogenous Rush by using
a UAS sequence-containing P-element P(EP)EY04997. The P(EP)-element is inserted in
the 5’ UTR of rush, 632 base pairs before the start codon (Fig. 3-1). Expression of Rush
was driven by expression of prd-Gal4. prd is a pair rule gene and is expressed in seven
stripes in alternating segments. Antibody staining showed an increase of Rush signal in prd
pattern (Fig. 3-2 C), indicating that the antibody is specific for Rush. As the staining of
Rush in wild type embryos was weak, subcellular localization of Rush was analyzed in
embryos that overexpress Rush under the control of the prd promoter (prd>Rush). In the
prd>Rush embryonic ectoderm Rush was localized at the plasma membrane with
accumulations in the cytosol (Fig. 3-2 D). At the plasma membrane Rush colocalized with
E-cadherin (Fig 3-2 D’’).
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Figure 3-1. The localization and structure of rush. The rush gene is located on the first chromosome and
contains two exons (1669 bp and 415 bp long). The coding region is located in the first exon. Positions of start
and stop codons are denoted with red and blue letters, respectively. The numbers denote base pairs in the
Drosophila genome. Insertion positions of two P-elements in the 5’ UTR of rush are shown. P-element size is
not shown in scale.

Due to difficulties to analyze localization of wild type Rush in embryos, I stained wild type
ovaries with anti-Rush antibody. Rush was expressed both in the germline (Fig. 3-3 A,
white arrow in Fig. 3-3 B) and in the follicle epithelium (Fig. 3-3). In the follicle
epithelium, similarly as in the embryonic ectoderm, Rush localized to the plasma
membrane as well as in cytoplasmic puncta (Fig. 3-3). Rush localized mainly at the lateral
domain of the plasma membrane with accumulations at the apical side (Fig. 3-3 A, D, E).
Similarly as in the embryonic ectoderm, Rush colocalizes with E-cadherin at the lateral
plasma membrane of the follicle epithelium (Fig. 3-3 B, C). We co-stained wild type
ovaries with antibodies against Baz and Par6 to determine whether Rush colocalizes with
the Par/aPKC complex proteins. Baz and Par6 localize at the subapical region of the lateral
plasma membrane (Fig. 3-3 D, E). Rush partially colocalizes with Baz and Par6 at the
apical part of the lateral plasma membrane, however, the accumulations of Rush are
localized slightly more basally than Baz and Par6 (Fig. 3-3 D, E).
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Figure 3-2. Localization of Rush in embryos. A, B - Wild type embryos were stained with an antibody
against C-terminus of Rush. A – stage 5 embryo, B – stage 11 embryo. C,D – overexpression of wild type
Rush in a prd pattern. C - stage 15 embryo. D – Subcellular localization of Rush in the ectoderm of a stage
15 embryo. Rush colocalizes with E-cadherin at the plasma membrane. to the plasma membrane and forms
accumulations in the cytoplasm. Scale bars: A, B, C = 100 µm, D =10 µm. In A, B, C anterior is to the left.
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Figure 3-3. Localization of Rush in wild type ovaries. Ovaries were stained with antibodies against Rush
and cell polarity markers. All panels show stainings of stage 10 egg chambers. A –Rush is expressed both in
the germline and in the follicle epithelium. B – Cross section of the follicle epithelium. Rush localizes to the
lateral plasma membrane with apical accumulations and colocalizes with E-cadherin. C – Tangential view of
the follicle epithelium. Rush colocalizes with E-cadherin at the cell-cell contacts. D - Cross section of the
follicle epithelium. Rush partially colocalizes with Baz. E - Cross section of the follicle epithelium. Rush
partially colocalizes with Par6 at the subapical region. In panel A anterior is to the left. In panels B, D, E
apical is to the top. Scale bars: A = 50 µm, B, C, D, E = 10 µm.

3.1.2. Rush associates with endosomes
Both in the embryonic ectoderm and in the follicle epithelium a fraction of Rush was found
in dot-like accumulations in the cytoplasm. Rush contains a FYVE domain (Fig. 1-6),
which has been described to localize proteins to endosomal compartments (Gillooly et al.,
2001). Therefore these dot-like structures could be endosomes. To investigate this
possibility, I analyzed the colocalization of Rush with markers of the endocytic pathway.
53

Results
In the wild type follicle epithelium, cytoplasmic puncta of Rush colocalized with Hrs (Fig
3-4 A), a FYVE domain-containing protein that regulates the transition between early and
late endosomes (Lloyd et al., 2002). Rab proteins are widely used as markers of different
endocytic compartments. As it was not possible to stain simultaneously for Rush and Rabs
in wild type tissue, since all available antibodies were generated in rabbits, I expressed
YFP-tagged versions of wild type Rab5, Rab7 and a constitutively active mutant of Rab11
(Rab11CA) to mark early, late and recycling endosomes, respectively. Rush showed good
colocalization with YFP-Rab7 (Fig. 3-4 B), but colocalized less extensively with YFPRab5 and YFP-Rab11CA (Fig. 3-4 C-D). Therefore Rush seems to associate with the late
endosome and/or the transition intermediate between early and late endosomes.
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Figure 3-4. Colocalization of Rush with endosome markers. Ovaries of the indicated genotype were
stained against Rush and different endosome markers. All panels show tangential sections of stage 8-10 egg
chambers. A – Rush colocalizes with Hrs in cytoplasmic puncta. B – Rush colocalizes with YFP-Rab7, a
marker of late endosomes. Less colocalization was observed between Rush and YFP-Rab5 (C) and YFPRab11CA (D). Scale bars = 10 µm.

The oocyte is a cell with highly active endocytic pathways due to the active uptake of yolk
protein precursors (DiMario and Mahowald, 1987). Endocytic markers have been
described to have a dynamic localization during oocyte maturation (Tanaka and Nakamura,
2008). In stage 7-8 egg chambers Rush accumulated in the centre of the oocytes (Fig. 3-5).
Hrs accumulated in the centre of wild type oocytes together with Rush, indicating that
these accumulations have an endocytic origin (Fig. 3-5 A). YFP-Rab7, when expressed in
the germline under the control of the actin promoter, also accumulates in the centre of the
oocyte (Fig. 3-5 B). Rush colocalizes with YFP-Rab7 in these accumulations. A similar
localization of endocytic compartments to the centre of the oocyte in stage 7-8 egg
chambers has been described before (Januschke et al., 2007; Tanaka and Nakamura, 2008).
Thus Rush colocalizes with late endosomes both in the follicle epithelium and in the
oocyte.

Figure 3-5. Rush colocalizes with endosome markers in the oocyte. A – Rush accumulates and colocalizes
with Hrs in the oocyte of a wild type stage 8 egg chamber. B - YFP-Rab7 was overexpressed under the
control of an ubiquitous actin promotor. In the stage 7 egg chamber YFP-Rab7 accumulates in the centre of
the oocyte and colocalizes with Rush. Scale bars = 20 µm.
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To verify the association of Rush with endosomes, I performed cell fractionation
experiments. Wild type S2 cell lysates were separated on a sucrose gradient and early and
late endosome fractions were separated. Rush was found to fractionate together with
endosome markers Rab5 and Rab7, but not in the fraction that contains Rab7 alone (Fig. 36).

Figure 3-6. Rush cofractionates with endosomal markers. Wild type S2 cell lysates were fractionated on a
sucrose gradient and the fractions corresponding to the early and late endosomes were analyzed with Western
blotting. Rush co-fractionated with Rab5 and Rab7, but not Rab7 alone.

3.1.3. Effect of Rush overexpression on endocytic compartments
To further analyze association of Rush with endosomes, I generated a Rush fusion protein
with a C-terminally attached GFP tag. When overexpressed in the follicle epithelium under
the control of Cu2-Gal4, Rush-GFP localized to the lateral plasma membrane and in dotlike structures in the cytoplasm (Fig. 3-7 C’’), similar to the wild type protein (Fig. 3-4 A).
To test whether overexpression of Rush affects polarity of epithelial cells, the Cu2>RushGFP ovaries were stained against the polarity markers Baz and Par6. The localization of
Baz and Par6 to the apical plasma membrane and the subapical region in Cu2>Rush-GFP
follicle epithelium cells was similar as in the wild type cells (Fig. 3-7 C). Localization of
E-cadherin was not affected either (Fig. 3-7 B, D). Therefore overexpression of Rush does
not disrupt follicle cell polarity.
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Figure 3-7. Overexpression of Rush-GFP does not affect localization of polarity markers. Expression of
UAS-Rush-GFP in the follicle epithelium was driven by Cu2-Gal4. Ovaries were stained against Rush and
polarity proteins Baz, Par6 and E-cadherin. Cross sections of follicle epithelia of stage 10 egg chambers are
depicted. A – In the wild type follicle epithelium Baz and Par6 localize to the apical membrane and the
subapical region. B - Localization of E-cadherin in the wild type follicle epithelium. C – overexpression of
Rush-GFP does not change localization of Baz and Par6. D - overexpression of Rush-GFP does not affect
localization of E-cadherin. Apical is to the top. Scale bars = 10 µm.

To investigate whether the cytoplasmic accumulations of Rush-GFP represent endocytic
compartments, I stained the ovaries that overexpress Rush-GFP in the follicle epithelium
with antibodies against endosomal markers. Similarly as in the wild type tissue, Rush-GFP
colocalized with Hrs and Rab7 (Fig. 3-8 A, B). Rush-GFP did not colocalize with Rab5,
which localizes to early endosomes (Fig. 3-8 C), or Rab11, the marker of recycling
endosomes (Fig. 3-8 D). Interestingly, overexpression of Rush-GFP led to formation of
enlarged late endosomes, as marked by Rab7 staining, in comparison with wild type cells
(Fig. 3-8 E). The observed large late endosomes could be induced by the activity of Rush,
for example, in promoting transition between early and late endosomes or in a blockage of
transport to lysosomes. Another possibility would be that the overproduction of Rush
causes its increased degradation and leads to an increase in the endosome size. To test
whether the cytoplasmic puncta of Rush-GFP represent functional endosomes, I performed
dextran uptake experiments. Fluorescent dextran is endocytosed together with the fluid
phase and can be used to track the endocytic pathway. Dextran uptake has been analyzed
in detail in epithelium of wing discs of wandering third instar larvae (Boekel et al., 2006;
Lu and Bilder, 2005), therefore I used this epithelial tissue for analysis of Rush-GFP
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endosomes.

Figure 3-8. Rush-GFP colocalizes with late endosome markers. Ovaries that overexpress Rush-GFP were
stained with antibodies against Rab proteins. Cross sections of follicle epithelia of stage 10 egg chambers are
shown. Cytoplasmic puncta of Rush-GFP colocalize with Rab7 (A) and Hrs (B), but not with the early
endosome marker Rab5 (C) or recycling endosome marker Rab11 (D). E - Rab7 vesicles are enlarged in
Rush-GFP expressing follicle epithelium (marked with dotted line) in comparison with the wild type follicle
cells. Apical is to the top. Scale bars = 10 µm.
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Immunofluorescence staining of wing discs with antibodies against Rush and Hrs
confirmed that also in this tissue endogenous Rush and Rush-GFP colocalize with Hrs,
while Hrs-positive structures are larger in the wing discs that overexpress Rush-GFP (Fig.
3-9 A, B). When incubated with fluorescent dextran, wing disc epithelial cells take up
dextran molecules together with the fluid phase. After incubation of wing discs that
overexpress Rush-GFP with dextran for 10 min, dextran was found in puncta inside of
cells (Fig. 3-9 C’). Endocytosed dextran partially colocalized with Rush-GFP (Fig. 3-9 C),
indicating that the endosomes that are marked by Rush-GFP are functional and receive
freshly endocytosed material.

Figure 3-9. Rush colocalizes with Hrs and endocytosed dextran in wing discs. A – endogenous Rush
colocalizes with Hrs in wild type wing discs. B – Rush-GFP colocalizes with Hrs in enlarged endocytic
compartments. C – Rush-GFP marked endosomes are functional as shown by colocalization of endocytosed
dextran. Scale bars = 5 µm.
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Since Rush overexpression caused formation of enlarged late endosomes, I wondered
whether the endocytic pathway downstream of late endosomes was affected. For this
purpose I stained wild type egg chambers and egg chambers that overexpress Rush-GFP in
the follicle epithelium with LysoTracker (LTR). LTR stains acidic intracellular
compartments and especially lysosomes. LTR staining was brighter in wild type follicle
epithelium than in the follicle epithelium of Cu2>Rush-GFP ovaries (Fig. 3-10). Therefore
it is possible that trafficking from the late endosome to lysosome is slowed down in Rush
overexpressing cells, and thus leads to an increase in late endosome size.

Figure 3-10. LTR staining is decreased in Rush-GFP overexpressing follicle epithelium. Wild type
ovaries and ovaries with Rush-GFP expressed in follicle cells under the control of Cu2-Gal4 were incubated
with LTR for 3 min. A – Follicle epithelium of stage 10 egg chambers after incubation with LTR. LTR signal
is weaker in the Rush-GFP expressing follicle epithelium. B – Higher magnification of wild type and RushGFP follicle epithelium. Scale bars: A = 50 µm, B = 10 µm.

Unexpectedly, overexpression of UAS-Rush-GFP in the follicle epithelium under the
control of the Cu2 promoter in some cases induced apoptosis of germline cells (Fig. 3-11
A-C). Germline cells of Cu2>Rush-GFP egg chambers exhibited the hallmarks of
apoptosis - condensed and fragmented nuclei. Interestingly, in most cases the follicle cells
that express Rush-GFP were not apoptotic (Fig. 3-11 B). Expression of Cu2-Gal4 begins in
stage 8 egg chambers. The observed apoptotic egg chambers usually had reached stage 10
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in the oogenesis (Fig. 3-11 A-C), possibly due to higher Rush-GFP levels after a longer
expression period. To test whether the cell-non-autonomous apoptotic effect of Rush
overexpression is specific to stage 10 chambers, I overexpressed Rush-GFP under the
control of the P{GawB}109C1 enhancer trap line, which drives Gal4 expression in polar
cells and follicle cells starting from early stages of oogenesis. Also in this case egg
chambers with apoptotic germline cells were observed (Fig. 3-11 D). When Rush-GFP was
expressed in the follicle epithelium starting from early stages, egg chambers underwent
apoptosis earlier, indicating that the apoptosis is not specific to a stage in oogenesis, but
rather to Rush-GFP levels.

Figure 3-11. Overexpression of Rush-GFP in the follicle epithelium causes germline apoptosis. A, B, C
– overexpression of UAS-Rush-GFP in the follicle epithelia under the control of the Cu2-Gal4 driver leads to
germline apoptosis. B – A magnification of the stage 10 egg chamber shown in A. D – expression of UASRush-GFP under the control of the P{GawB}109C1 enhancer trap line also induces germline apoptosis.
Apoptotic stage 9 egg chamber is shown. Anterior is to the left. Scale bars: A, C, D = 100 µm, B = 50 µm.

3.2. Rush modifies the shape of Rab5-induced early endosomes
As Rush localizes both to the plasma membrane and to late endosomes, we wondered
whether Rush associates also with early endosomes. It is possible that I could not observe
colocalization between Rab5 and Rush due to weak antibody staining in wild type
epithelium. For this purpose I decided to analyze Rush localization in flies that express
Rab5Q88L, which is unable to hydrolyze GTP and is therefore constitutively in its active
state (Rab5CA). Rab5 in the active state promotes fusion of endocytic vesicles with early
endosomes and the homotypic fusion of separate early endosomes (Gorvel et al., 1991;
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Rubino et al., 2000). When expressed alone, Rush-GFP does not significantly colocalize
with Rab5 in the follicle epithelium (Fig. 3-12 A). Expression of YFP-Rab5CA in the
follicle epithelium led to formation of enlarged early endosomes (Fig. 3-12 B), as
described previously (Bucci et al., 1992). Interestingly, Rush colocalized with Rab5CA
vesicles (Fig. 3-12 B). Co-expression of Rush-GFP together with YFP-Rab5CA resulted in
striking changes of the Rab5-marked endosome morphology. Rab5-induced large
endosomes changed their shape and seemed to consist of smaller interconnected vesicles
(Fig. 3-12 C, inset in Fig. 3-12 C’’). Rush was also localized to these large vesicle clusters
(Fig. 3-12 D).
Rush-GFP-marked vesicles are distributed more or less uniformly in the cytoplasm of
follicle cells (Fig. 3-13 A). In contrast, enlarged early endosomes that form in Rab5CAexpressing cells are localized at the apical side of cells (Fig. 3-13 B). Interestingly, when I
co-expressed Rush-GFP together with YFP-Rab5CA, Rush changed its localization and
was now found only in apical endosomes (Fig. 3-13 C).
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Figure 3-12. Rush-GFP changes the shape of Rab5CA-induced endosomes. Rush-GFP and/or YFPRab5CA were overexpressed in the follicle epithelium with Cu2>Gal4. All panels depict tangential sections
of stage 10 egg chamber follicle epithelium. A – Rush-GFP does not colocalize with Rab5. B – Expression of
YFP-Rab5CA results in formation of large endosomes that colocalize with Rush. C, D – co-expression of
Rush-GFP and YFP-Rab5CA leads to fractionation of the large endosomes. Inset in C’’ represents the area
marked by the white rectangle. Scale bars = 10 µm.
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Figure 3-13. Rab5CA expression changes the localization of Rush-GFP. All panels show cross sections
of the follicle epithelium of stage 10 egg chambers. A – Rush-GFP localization in follicle epithelium. B –
Rab5CA causes formation of large apical endosomes. C – When co-expressed with Rab5CA, Rush-GFP
changes its localization and localizes apically. Apical is to the top. Scale bars = 10 µm.

Rush-GFP, when expressed alone, colocalizes with Rab7, a marker for late endosomes
(Fig. 3-14 A). As expression of Rab5CA leads to relocalization of Rush to early
endosomes, I tested whether Rab5CA affects localization of other late endosomal proteins
like Rab7. I found that Rab7 also became associated with Rab5CA-positive large
endosomes (Fig. 3-14 B). Rab7 is also recruited to the clusters of endosomes that are
formed due to simultaneous overexpression of Rush-GFP and YFP-Rab5CA (Fig. 3-14 C).
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Figure 3-14. Rab7 localizes to Rush-GFP and YFP-Rab5CA vesicles. A – Rush-GFP colocalizes with
Rab7. B – Rab7 localizes to Rab5CA-induced large endosomes. C – Rab7 colocalizes with large vesicle
clusters in follicle cells that co-express Rush-GFP and YFP-Rab5CA. All panels show tangential sections of
stage 10 egg chamber follicle epithelium. Scale bars = 10 µm.

As Rab5CA caused relocalization of late endosome proteins to the Rab5-positive
compartment, I performed stainings against Rab11 to see if the distribution of the recycling
endosome proteins is affected. Rab11 does not colocalize with Rush-GFP vesicles (Fig. 315 A) and Rab5CA vesicles (Fig. 3-15 B). In the cells that express Rush-GFP and YFPRab5CA, Rab11 signal is slightly increased in the clustered endosomes (Fig. 3-15 C).
Taken together, expression of Rab5CA leads to association of late endosome proteins and
Rush with enlarged early endosomes, most probably due to inability of early endosomes to
transit to a late endosome state. Overexpression of Rush together with Rab5CA changed
the morphology of the enlarged early endosomes, leading to their fragmentation.
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Figure 3-15. Localization of Rab11 in Rush-GFP and/or YFP-Rab5CA expressing follicle epithelium. A
– Rab11 shows very limited colocalization with Rush-GFP. B - Rab11 does not colocalize with Rab5CA. C Rab11 staining is slightly increased at Rush-GFP, Rab5CA-induced clustered endosomes. All panels are
tangential sections through the follicle epithelium of stage 10 egg chambers. Scale bars = 10 µm.

3.3. Lipid binding properties of Rush
Rush contains two lipid binding domains, a PH and a FYVE domain (Fig. 1-6, Fig. 3-16
A). Both FYVE and PH domains interact with phosphatidylinositol phosphates (PIPs), but
differ in their affinity for PIPs. FYVE domains have been described to bind specifically to
PI(3)P, a phosphoinositide found on early endosomes and multivesicular bodies (van Meer
et al., 2008). PH domains of different proteins have diverse affinities to PIPs, e.g. the PH
domain of phospholipase Cδ1 (PLCδ1) binds preferentially to PI(4,5)P2, while 3phosphoinositide-dependent kinase 1 (PDK1) interacts with PI(3,4)P2 and PI(3,4,5)P2
(Varnai et al., 2002; Currie et al., 1999). Rush localizes to the plasma membrane and
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endosomes. Lipid binding domains of Rush could mediate its membrane association.
Therefore I aimed to determine whether the lipid binding domains of Rush are functional
and which lipids they bind to. For this purpose I performed lipid overlay assays with GSTtagged full length Rush and its separate domains (Fig. 3-16 A). As both domains have been
described to interact with PIPs, GST fusion proteins were incubated with phospholipids
that are immobilized on a nitrocellulose membrane (PIP Strips). A scheme of the
distribution of phospholipids on the membrane is shown in Fig. 3-16 B. The results of the
lipid overlay assay are shown in Fig. 3-16 C. The PH domain of Rush interacted most
strongly with PI(3,4)P2 and PI(4)P and had a weaker interaction with PI(3)P. The FYVE
domain, as expected, interacted exclusively with PI(3)P. Full length Rush interacted most
strongly with PI(3)P, but also bound to a lesser extent with PI(4)P, PI(5)P, PI(3,4)P2,
PI(4,5)P2 and PI(3,4,5)P3. Thus, the lipid binding domains of Rush are able to interact with
PIPs and Rush has the highest affinity towards PI(3)P, a lipid specific for early endosomes
(van Meer et al., 2008).
To analyze how the two lipid binding domains affect the subcellular localization of Rush, I
aimed to eliminate lipid binding properties of each of the domains. Single amino acid
exchange mutations that abolish lipid binding of PH and FYVE domains have been
described before (Kutateladze, 2006; Yagisawa et al., 1998). In both domains basic amino
acid residues are responsible for the interaction with phospholipids. In the FYVE domain
the core motif RR/KHHCR is responsible for the interaction of the domain with PI(3)P.
Mutations in any of the arginine or histidine residues in this motif leads to disruption of the
lipid binding (Gaullier et al., 2000). Based on these findings, I exchanged the Arg176
residue of Rush with Gly using site-directed mutagenesis (Fig. 3-16 A). A Lys32 exchange
with Glu in the phospholipase C PH domain abolished the ability of the protein to interact
with P(4,5)P2 (Yagisawa et al., 1998). The homologous residue Lys48 in the PH domain of
Rush was identified based on an alignment with the phospholipase PH domain and mutated
to Glu (Fig. 3-16 A). The lipid binding abilities of the mutated domains and the full length
Rush are shown in Fig. 3-16 D. The PH domain with the K48E mutation lost its ability to
interact with PIPs, as well as the FYVE domain with the R176G mutation (amino acid
numbering according to their position in full length Rush). The full length RushK48E
interacted only with PI(3)P due to the activity of the FYVE domain. RushK48ER176G was not
able to interact with PIPs and exhibited only background interaction levels. Interestingly,
also RushR176G lost its affinity to PIPs, although one would expect a similar affinity to PIPs
as for the PH domain alone. This effect might be caused by conformational changes in the
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protein caused by the mutation. It is also possible that in a full length protein an interaction
between the PH and FYVE domains is necessary for lipid association of Rush.

Figure 3-16. Lipid binding specificity of Rush. A – A scheme of GST fusion constructs that were used in
lipid overlay assays. Red bars indicate the amino acid residues that were mutated to abolish lipid binding
abilities of the respective domain. B – Scheme of a PIP Strip showing the lipid composition of dots. C Binding of Rush and its lipid binding domains to different PIPs. PIP Strips were incubated with GST fusion
proteins and lipid-bound proteins were detected with anti-GST antibody. GST only and PIP2-Grip were used
as controls. PIP2-Grip is a GST-tagged PH domain with the highest affinity towards PI(4,5)P2. D – Single
amino acid mutations in PH and FYVE domains of Rush abolish their ability to bind with PIPs.

To observe how the mutations in lipid binding domains affect the localization of Rush in
cells, transgenic flies expressing mutated full length Rush proteins tagged with GFP were
created. When expressed in the follicle epithelium, RushK48E-GFP could still localize to the
plasma membrane and endosomes, indicating that the FYVE domain of Rush is sufficient
68

Results
for membrane localization of Rush (Fig. 3-17 A). Unexpectedly, RushR176G-GFP was
detected at the plasma membrane (Fig. 3-17 B), although no significant affinity of
RushR176G towards PIPs could be detected in the lipid overlay assay (Fig. 3-16 D).
RushR176G-GFP did not colocalize with cytoplasmic Rab7 puncta, indicating that the FYVE
domain of Rush is needed for the association with endosomes (Fig. 3-17 B). RushK48ER176GGFP, as expected from the lipid overlay assay, did not bind to membranes and was
distributed in the cytoplasm (Fig. 3-17 D). Overexpression of RushK48E-GFP led to
formation of large Rab7-positive endosomes (Fig. 3-17 A), similarly as expression of wild
type Rush-GFP (Fig. 3-8 E). Overexpression of either RushR176G-GFP or RushK48ER176GGFP did not enlarge the size of late endosomes (Fig. 3-17 E), suggesting that the FYVE
domain of Rush is responsible for its effect on the late endosome size.

Figure 3-17. Subcellular localization in Rush lipid binding defective mutants. A – RushK48E-GFP
localizes to the plasma membrane and Rab7-positive endosomes similarly as the wild type Rush. RushK48E–
GFP mutant also causes formation of enlarged Rab7-positive endosomes. B - RushR176G–GFP localizes to the
plasma membrane and does not localize to Rab7 vesicles. C - The size of Rab7 endosomes is not increased in
RushR176G–GFP expressing follicle cells in comparison to the wild type epithelium. D – RushK48ER176G–GFP
has lost its ability to associate with membranes and is cytoplasmic. E –RushK48ER176G–GFP overexpression
does not cause formation of enlarged late endosomes. Wild type follicle epithelium is shown for comparison.
Scale bars =10 µm.
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3.4. Generation of rush mutant allele
To further investigate the function of Rush, a rush null allele was generated. For this
purpose the full coding sequence of rush was removed via FLP/FRT-mediated excision.
This method makes use of the ability of FLP recombinase to cause a recombination
between two FRT sites positioned on two complementary chromosomes (in trans). Two
transposon insertion lines that contain FRT sites were available from the Harvard stock
collection. These transposons are inserted upstream and downstream of the rush locus. The
P(XP)d03799 element is located in the 5’ UTR of rush (Fig. 3-1, Fig. 3-18 A), while
pBac(WH)f03712 element is inserted in the 5’ UTR of sta, a gene located downstream of
rush (Fig. 3-18 A). The FLP recombinase-induced deletion of the genomic region between
the two FRT sites was used to remove the rush coding region. The sta gene downstream of
rush was also removed during the recombination. sta is an essential gene, therefore a
rescue construct containing a full coding sequence of sta including the upstream regulatory
sequences was crossed in after the recombination. Mutant flies were selected by the white
eye phenotype, since the recombination removed mini-white genes carried by the
transposons. Obtained white-eyed flies were homozygous viable, and healthy stocks could
be established.
As the obtained putative rush deletion lines were homozygous viable, the loss of rush gene
was tested by several methods. The deletion of rush genomic region was verified by PCR
on genomic fly DNA (Fig. 3-18 B, C). PCR with the primer pair that encompasses the
whole deleted region leads to formation of a 5105 bp long fragment in wild type flies,
while only a shorter 2442 bp fragment is obtained from the genomic DNA of rush deletion
lines (Fig. 3-18 B). This shorter fragment represents the residual transposon that is left at
the deletion site after the recombination has taken place. Primers that are complementary
to the N-terminus and C-terminus of rush produce a 951 bp fragment in wild type flies
(Fig. 3-18 C). No PCR product is formed in the rush deletion flies, showing that the whole
coding region of rush is deleted. To prove that the obtained mutant lines represent a rush
null allele, we performed Western blot with protein extracts from the flies of original
transposon insertion lines and the rush mutant flies (Fig. 3-18 D). Blotting with the
antibody against the C-terminus of Rush resulted in a band of approximately 40 kD that
corresponds to the full length Rush in the extracts from original transposon insertion
stocks. In comparison, no signal for Rush was detected in the rush4 embryo extract,
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indicating that rush4 is indeed a null allele.

Figure 3-18. Generation of rush null allele. A – The scheme of generation of rush deletion via FLP/FRT
recombination. Two transposons that contain FRT sites are inserted upstream and downstream of rush and its
neighboring gene sta. Induction of FLP recombinase expression leads to recombination between FRT sites.
The recombination in cis happens first, thus removing the UAS sequence of the P(XP)d03799 element and
leaving one FRT site. The recombination in trans (shown with a dotted line) leads to removal of the genomic
sequence between the two FRT sites. After the recombination a residual transposon is left at the deletion site.
A rescue construct for sta was crossed in after the recombination. B, C – Verification of the deletion of the
rush gene by PCR on adult fly genomic DNA. B - PCR with primers upstream and downstream of the whole
deletion site. In case of the wild type stock, a DNA fragment of 5105 bp that includes rush and sta genes is
obtained. In rush deletion lines a shorter DNA fragment of 2442 bp forms that covers the residual transposon
after the deletion. C – PCR with rush specific primers. In wild type flies a PCR product of 951 bp length,
which covers the full coding sequence of rush, is obtained. No product could be obtained in the rush deletion
lines. Results from two deletion lines are depicted. D – Protein extracts from the flies of original transposon
stocks and a rush deletion line were blotted with an antibody against Rush C-terminus. No Rush protein was
detected in the extract from rush4 flies. Antibody against actin was used as a loading control.

3.5. Characterization of rush null allele
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Flies with rush deletion were homozygous viable and did not show obvious phenotypic
defects. To test whether loss of Rush leads to defects in cell polarity I stained ovaries of
rush4 flies with antibodies against Baz and Rush. Localization of Baz at the cell-cell
contacts in rush4 mutant follicle epithelium was the same as in the wild type cells (Fig. 319). No signal for Rush could be detected in rush4 follicle epithelium (Fig. 3-19 B).
Optical sections in Fig. 3-19 were taken through the apical side of epithelial cells to detect
Baz, while Rush localizes at the plasma membrane slightly below Baz and colocalizes with
E-cadherin (Fig. 3-3). Therefore Rush staining in Fig. 3-19 A is detected mainly in
cytoplasmic puncta.

Figure 3-19. Loss of Rush does not affect localization of Baz. Wild type and rush4 fly ovaries were stained
with antibodies against Rush and Baz. Tangential sections of stage 10 follicle epithelia are shown. No Rush
staining was detected in the mutant epithelia (B) in comparison to wild type ovaries (A). Baz is located at the
cell-to-cell contacts in the wild type follicle epithelium (A). B – Localization of Baz in rush4 mutant follicle
epithelium is the same as in the wild type. Scale bars = 10 µm.

In a low number of cases abnormally large rush4 egg chambers were observed (Fig. 3-20
A, B). In contrast to wild type egg chambers that are comprised of 16 cells and have one
oocyte (Fig. 3-20 C), these egg chambers are formed by 32 cells and often have two
oocytes (Fig. 3-20 D). Increased number of nuclei in an egg chamber can be caused by two
reasons. First, an increased number of germline stem cell divisions can lead to an abnormal
cell number. Second, a fusion of two egg chambers might have taken place. The second
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possibility is supported by the double number of cells and the presence of two oocytes.
Egg chambers are separated from each other by stalk cells. Formation of stalk cells is
induced by differentiated follicle cells, so called polar cells. In wild type egg chambers,
two pairs of polar cells are specified at the anterior and posterior end of the egg chamber
(Fig. 3-20 H’, white arrows). If differentiation of polar cells is impaired, stalks do not
form. Lack of stalk cells can lead to fusion of two neighboring egg chambers. To test this
possibility, I stained rush4 ovaries with antibody against FasIII, a protein that is expressed
in all follicle cells of newly formed egg chambers and specifically marks polar cells in later
stages. In rush4 ovaries, some of the enlarged egg chambers have three clusters of polar
cells (Fig. 3-20 E - H, white arrowheads). Therefore it is possible that the fusion of rush4
egg chambers is caused by defects in polar cell differentiation, which then leads to fusion
of egg chambers. Polar and stalk cells differentiate from a common pool of progenitor
cells, therefore defects in formation of polar cells often affect the number of stalk cells
(Grammont and Irvine, 2001). To test whether stalk formation is affected in rush mutants, I
counted the number of stalk cells in rush4 and wild type ovarioles. The average number if
stalk cell was increased in rush ovarioles (Fig. 3-20 I). Thus the differentiation of both
polar and stalk cells is affected in rush mutant ovaries.
As wild type Rush localized to endosomes and Rush overexpression increased late
endosome size, I tested rush4 mutant flies for changes in compartments of the endocytic
pathway. For this purpose I stained rush4 ovaries with antibodies against Rab7 and Rab11
for analysis of late and recycling endosomes respectively. Staining of the
pBac(WH)f03712 insertion stock (marked as f03712 in Fig. 3-21) was used as a control.
Rab7 staining in the follicle epithelium of rush4 ovaries was often weaker than in the
epithelium of the control ovaries (Fig. 3-21 A, B). To find out whether the observed
difference in Rab7 signal was due to changes in endosome formation, I compared the size
and number of Rab particles in the samples using ImageJ software. Interestingly, Rab7
vesicles were smaller in rush4 epithelia (2,21 µm) than in control sample (2,48 µm). This
size difference was highly statistically significant (p<0,0001; Fig. 3-21 C). In comparison,
the size of Rab11 marked recycling endosomes in both samples did not differ to a
statistically significant level (Fig. 3-21 C). The number of the Rab7 and Rab11 endosomes
did not significantly differ between the two samples (Fig. 3-21 D, E). Thus loss of rush
decreases the size of late, but not recycling, endosomes.
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Figure 3-20. Egg chambers of rush4 flies display defects in oogenesis. The ovaries of rush4 flies were stained
with phalloidin to mark actin cytoskeleton and DAPI. In some cases fused egg chambers comprised of 32 cells
were observed (A, B). A normal wild type egg chamber contains 16 cells (C). D – Fused egg chambers contain
two oocytes, marked by Orb staining (in the middle). In comparison, only one Orb-positive oocyte is found in
normal egg chambers. E, F, G, H – rush4 ovaries were stained with the antibody against polar cell marker FasIII.
Panels E-G represent z sections through the enlarged egg chamber. H – projection of z-stacks taken through the
egg chambers. H’ - Wild type egg chambers have two pairs of polar cells that are positioned at the anterior and
posterior end of the egg chamber (marked with white arrows). In the fused egg chamber three clusters of polar
cells are marked by FasIII (white arrowheads). Anterior is to the left. Scale bars = 50 µm. I – The average stalk
length is increased in rush4 ovarioles in comparison to the wild type.
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Figure 3-21. The effect of rush deletion on endosomal compartments. A, B - The ovaries of rush4 and
original transposon insertion stock (f03712) flies were stained against Rab7. Middle sections of the follicle
epithelium of stage 8 egg chambers are shown. Scale bars = 10 µm. C – Rab7 and Rab11 particle size was
measured from z-stacks taken through the follicle epithelium of individual stage 8 egg chambers (mean ± SE
[error bars]). Average size of Rab7 particles was significantly smaller in rush4 epithelium than in the wild
type (p<0,0001). The difference between Rab11 particle size in rush4 and wild type cells was not statistically
significant. The number of Rab7 (D) and Rab11 (E) particles was measured in the same z-sections of rush4
and pBac(WH)f03712 follicle epithelia as in C.

To check whether the loss of rush affects formation of early endosomes, I stained wild
type and rush mutant ovaries with anti-Rab5 antibody. Unfortunately the staining did not
give a strong signal that would allow a comparison of early endosome size between the
samples. To overcome this problem, I expressed YFP-Rab5CA transgene in the follicle
epithelium with the Cu2-Gal4 driver. No significant difference in formation of Rab5CAinduced large early endosomes in the rush4 or wild type cells was observed (Fig. 3-22).
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Figure 3-22. Formation of early endosomes is not affected in rush mutant cells. UAS-YFP-Rab5CA was
expressed under the control of Cu2-Gal4 driver in the ovaries of wild type (A) and rush mutant (B) flies.
Tangential sections of the follicle epithelium of stage 10 egg chambers are shown. Scale bars = 10 µm.

3.6. rush genetically interacts with cdc42
Although loss or overexpression of Rush did not cause defects in cell polarity, I tested
whether Rush-induced enlarged endosomes participate in trafficking of polarity proteins.
Crb is localized apically in epithelial cells and determines apical character of the plasma
membrane (Wodarz et al., 1995). Regulation of Crb endocytosis by several factors,
including Cdc42, has been described recently (Georgiou et al., 2008; Harris and Tepass,
2008; Leibfried et al., 2008). I investigated Crb endocytosis in Rush-GFP-overexpressing
epithelial cells. As I was not able to obtain good Crb staining in the follicle epithelium, I
overexpressed UAS-Rush-GFP in the embryonic ectoderm under control of the tub-Gal4
driver (tub>Rush-GFP). In the embryonic ectoderm, similarly as in the follicle epithelium,
overexpression of Rush-GFP leads to formation of large Rush-GFP vesicles (Fig. 3-23 A’).
Crb colocalizes with Rush-GFP in these vesicles (Fig. 3-23 A). As Rush-GFP
overexpression caused an increase in the endosome size, I wondered if it also increases the
endocytic uptake of Crb. In comparison to tub>Rush-GFP embryos, cytoplasmic puncta of
Crb were smaller in wild type embryos (Fig. 3-23 B). I quantified the size of Crb
cytoplasmic puncta in wild type and tub>Rush-GFP embryonic ectoderm (Fig. 3-23 C).
The quantification revealed that the average size of Crb-containing vesicles is increased
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approximately two-fold in tub>Rush-GFP embryos (0,60 µm) in comparison to the wild
type (0,37 µm). Although the endocytosis of Crb seems to be increased in tub>Rush-GFP
embryos, I did not observe loss of Crb from the apical plasma membrane (Fig. 3-23 A, B).
It might be explained by the activity of recycling endosomes that ensure the delivery of
Crb back to the plasma membrane.
Expression of dominant negative Cdc42 (Cdc42DN) in the embryos has been described to
result in accumulation of Crb in large Hrs-positive endosomes (Harris and Tepass, 2008).
This phenotype is similar to the Rush-GFP overexpression phenotype, therefore it was
interesting to determine whether Rush interacts with Cdc42 in Crb endocytosis. First, to
verify the effect of Cdc42DN on Crb localization, I expressed UAS-Cdc42DN in the
embryos under the control of arm-Gal4 (arm>Cdc42DN). In the ectoderm of wild type
embryos Crb and E-cadherin are localized to the cell-cell contacts (Fig. 3-24 A). In the
embryonic ectoderm of arm>Cdc42DN embryos, Crb was lost from the plasma membrane
and localized to cytoplasmic punctate structures (Fig. 3-24 B’). The localization of Ecadherin was less affected, although loss of E-cadherin at the plasma membrane in the
ventral ectoderm was observed (Fig. 3-24 B’’). These observations are in line with the
effects of Cdc42DN on the Crb and E-cadherin localization, described by Harris and
Tepass (2008).
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Figure 3-23. Overexpression of Rush-GFP in embryonic ectoderm leads to an increase in Crb
endocytosis. Wild type and tub>Rush-GFP embryos were stained with an anti-Crb antibody. A, B Tangential sections of the ectoderm of stage 12 embryos. A – Large Rush-GFP vesicles colocalize with Crb
in tub>Rush-GFP ectodermal cells. B – Cytoplasmic Crb puncta are smaller in the wild type ectoderm. Scale
bars = 10 µm. C – The size of Crb vesicles is significantly increased upon Rush-GFP overexpression (mean
± SEM [error bars]), p<0,05.

Expression of arm>Cdc42DN was lethal. In the early stages of development
arm>Cdc42DN embryos do not have obvious morphological defects (data not shown). In
later stages of embryonic development morphological defects of embryos become apparent
(Fig. 3-24 D). Epithelial sheets of the embryos bulge out, most probably due to loss of cell
polarity caused by mislocalization of polarity complexes. Interestingly, head structures
were most heavily affected (Fig. 3-24 D).
Figure 3-24. Cdc42DN causes mislocalization of Crb and E-cadherin. A – In wild type embryonic
ectoderm Crb and E-cadherin localize to cell-cell contacts. B – In arm>Cdc42DN embryos Crb is lost from
the plasma membrane and localizes in dots in the cytoplasmic puncta (B’). E-cadherin is lost from the plasma
membrane in the ventral ectoderm (B’’). Ectoderrm of stage 11 embryos is shown. C – wild type stage 15
embryo. D – arm>Cdc42DN stage 15 embryo. Head structures are deformed and epithelial bulges can be
observed. Anterior is to the left, dorsal is to the top. Scale bars A, B = 20 µm, C, D = 100 µm.
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To test whether Cdc42DN affects formation of late endosomes in other tissues, I expressed
Cdc42DN in the follicle epithelium under control of Cu2-Gal4. In early egg chambers
expression of Cu2-Gal4 takes place in patches, offering a possibility to compare
neighboring cells that differ in the expression of the transgene. Follicle epithelial cells that
express Cdc42DN had elevated levels of Rab7 in comparison to their neighbors that had
not yet started to express the transgene (Fig. 3-25 A). In stage 8, when the expression of
the transgene takes place in the whole follicle epithelium, follicle cells that express
Cdc42DN have increased Rab7 staining in comparison to the cells of wild type chambers
(Fig. 3-25 B).

Figure 3-25. Cdc42DN causes formation of enlarged Rab7 endosomes. Expression of Cdc42DN in the
follicle epithelium under the control of Cu2-Gal4. A - The follicle epithelium of stage 7 egg chamber. B –
Stage 8 egg chambers. Scale bar A = 10 µm., B = 20 µm.

As overexpression of Rush and disruption of Cdc42 function lead to a similar phenotype
regarding late endosome formation and Crb endocytosis, I wondered whether loss of Rush
could reverse the effect of Cdc42DN expression. For this purpose I analyzed rush4;
arm>Cdc42DN embryos. Loss of rush decreased the frequency of late embryonic defects
(Fig. 3-26 A) and the lethality of Cdc42DN-expressing embryos (Fig. 3-26 B). Adult
rush4; arm>Cdc42DN flies exhibited several defects, including clefts in abdominal
segments (Fig. 3-26 D), incomplete rotation of male genitalia (Fig. 3-26 G) and ectopic
wing crossveins (Fig. 3-26 J). Formation of extra wing crossveins in result of disruption of
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Cdc42 function has been described previously (Baron et al., 2000; Genova et al., 2000).
Interestingly, UAS-Rush-GFP overexpression with an ubiquitous da-Gal4 driver leads to
similar abdominal defects in adult flies (Fig. 3-26 E, H).

Figure 3-26. Loss of rush rescues arm>Cdc42DN phenotype. A – Loss of rush reduces number of
deformed arm>Cdc42DN embryos. B – Loss of rush decreases arm>Cdc42DN induced lethality. Survival of
200 embryos of each genotype is depicted. Phenotypes of rush4; arm>Cdc42DN adult flies resemble RushGFP overexpression phenotype. Similar phenotypes include cuticle clefts in abdominal segments (D, E) and
defects in rotation of terminal segments of male genitalia (G,H). Wild type male genitals rotate during pupal
stage to become aligned along the dorsal-ventral axis, indicated by the white arrowhead (F). rush4;
arm>Cdc42DN and da>Rush-GFP males in some cases do not undergo complete genital rotation. Wings of
arm>Cdc42DN flies (J) often have additional crossveins, as shown in the inset (J) in comparison to wild
type wings (I).
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Taken together, Rush and Cdc42 have opposing effects on Crb endocytosis. Increase of
Rush expression led to accumulation of Crb in endocytic vesicles. A similar effect is
exhibited upon overexpression of Cdc42DN. Loss of rush was able rescue the Cdc42DN
overexpression phenotype, suggesting that Rush acts downstream of Cdc42 in regulation
of Crb endocytosis. Overexpression of Rush-GFP in the arm>Cdc42DN background did
not lead to increased defects in embryonic development (data not shown), suggesting that
both proteins act in the same pathway.

3.7. Rush interacts with Rab GDI and Drosophila homolog of
GDF
Multiple effects of Rush on the endocytic pathway were observed, therefore posing the
question about the molecular mechanism behind the effect of Rush on late endosome
formation, morphology of early endosomes and Cdc42 activity. Genome-wide yeast twohybrid screens with mammalian and yeast proteins have identified possible interaction
partners of Rush homologs in these organisms. Among the putative interaction partners is
GDF, a protein that is involved in vesicular trafficking (Ito et al., 2001; Rual et al., 2005).
GDF promotes the release of inactive Rabs from GDI and their integration in the
membrane, where Rabs can be activated again (Sivars et al., 2003). The interaction
between GDF and GDI factors has been described in mammalian cells (Hutt et al., 2000).
In Drosophila, only one homolog of GDF factors exist, namely CG1418. To test whether
Rush interacts with CG1418, I performed pulldown experiments with purified recombinant
proteins. Drosophila Rab GDI was used as a positive control. GST-Rush bound to both
MBP-CG1418 and MBP-GDI, but not MBP alone (Fig. 3-27 A). As a direct interaction
between Rush and GDI has not been described, I repeated the experiment by pulling down
GST-GDI with MBP-Rush and MBP-CG1418. GST-GDI could be precipitated with both
proteins, while interaction with MBP-Rush was stronger than with MBP-CG1418 (Fig. 327 B). Therefore pulldown experiments with purified proteins indicate that an interaction
between Rush and CG1418 can take place. The pulldown shows that Drosophila GDI and
GDF can interact with each other, as described in mammalian cells (Hutt et al., 2001).
Interestingly, Rush also directly interacted with GDI, suggesting that Rush might
participate in regulation of the Rab activation cycle.
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Figure 3-27. Rush directly interacts with CG1418 and GDI. MBP-fusion proteins were bound to amylose
beads and incubated with GST-tagged proteins or GST alone. Proteins that were precipitated together with
beads were analyzed with a Western blot. A – GST-Rush precipitates with MBP-GDI and MBP-CG1418, but
not MBP alone, as shown by blotting with anti-GST antibody. GST alone was used as a negative control. B –
GST-GDI precipitates with MBP-Rush and MBP-CG1418, but not MBP alone. GST alone was used as a
negative control. Blotting was done with anti-GST antibody. C – Input for MBP-fusion proteins, used for
pulldowns, shown by Coomassie staining. D – Input for GST-fusion proteins.

Since pulldown experiments indicated that Rush can interact with CG1418 and GDI, I
expressed all three proteins in Drosophila S2 cells to observe their localization.
Endogenous Rush localizes to the cytoplasm and plasma membrane of S2 cells (Fig. 3-28
A). HA-CG1418 is localized to large intracellular compartments, while GFP-GDI is
cytosolic. There is no significant colocalization between HA-CG1418 and endogenous
Rush, while GFP-GDI partially colocalizes with Rush (Fig. 3-28 A). Upon overexpression
of Rush-HA, the protein accumulates asymmetrically at the plasma membrane (Fig. 3-28
B, C). Interestingly, GFP-GDI becomes relocalized to the accumulations of Rush,
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suggesting that Rush and GDI can interact with each other in S2 cells (Fig. 3-28 B, C).
HA-Rush does not colocalize with GFP-CG1418 and does not cause relocalization of GFPCG1418 (Fig. 3-28 D).

Figure 3-28. Localization of GDI and CG1418 in S2 cells. HA- or GFP-tagged Rush, GDI and CG1418
were expressed in S2 cells and their localization was observed. A – HA-CG1418 localizes in large
intracellular organelles, while GFP-GDI is cytoplasmic. Endogenous Rush localizes in the cytoplasm and at
the plasma membrane. Endogenous Rush partially colocalizes with GFP-GDI. B, C – When overexpressed,
Rush-HA accumulates at the plasma membrane. GFP-GDI is recruited to the sites of Rush-HA accumulation.
D – GFP-CG1418 does not colocalize with Rush-HA.
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Figure 3-29. Localization of GFP-GDI and GFP-CG1418 in the follicle epithelium. A - GFP-CG1418
colocalizes with Golgi marker Lva. B – GFP-CG1418 does not colocalize with Rush. C – GFP-GDI localizes
to the cytoplasm. Slightly increased GDI staining was observed at the plasma membrane and in Lva-positive
compartments. D – Localization of Rush in Cu2>GFP-GDI follicle epithelium. All panels represent
tangential sections of stage 10 egg chamber follicle epithelium. Scale bars = 10 µm.

For further analysis of Rush interaction with GDI and CG1418 I generated transgenic flies
that carry UAS-GFP-GDI and UAS-GFP-CG1418. I expressed the transgenes under
control of Cu2-Gal4 in follicle epithelia to observe their localization. GFP-CG1418
localized to large cytoplasmic puncta, which colocalized with Golgi marker Lava Lamp
(Lva) (Fig. 3-29 A). Mammalian GDF PRA1 also localizes to Golgi complex in addition to
its localization at endosomes (Abdul-Ghani et al., 2001; Hutt et al., 2000). Rush did not
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colocalize with GFP-CG1418 in follicle epithelium (Fig. 3-29 B), therefore, although
biochemically possible, the interaction between Rush and CG1418 most probably does not
take place in cells. GFP-GDI, similarly as in S2 cells, was localized to the cytosol (Fig. 329 C, D). More intensive GFP-GDI signal was observed at the plasma membrane and in
cytoplasmic accumulations, which co-stained with anti-Lva antibody (Fig. 3-29 C).
A fraction of mammalian GDI is associated with membranes (Ullrich et al., 1993). To test
whether Drosophila GDI associates with endosomes, I performed sucrose gradient
fractionation of embryo lysates. GDI was detected in the early endosome fraction together
with Rab5 and Rab7 (Fig. 3-30). Rush also cofractionates with Rab5 and Rab7 (Fig. 3-6).
Thus GDI localizes to similar membrane compartments as Rush and an interaction
between the two proteins could take place on endosomal membranes.

Figure 3-30. GDI associates with endosomes. Wild type and rush embryo extracts were fractionated on a
sucrose gradient. GDI is found in the early endosome fraction together with Rab5 and Rab7 in wild type and
rush4 embryo lysates.

Thus, Rush is able to directly interact with GDI and CG1418, the Drosophila homolog of
GDF. Rush colocalized with GDI in S2 cells and could relocalize GDI upon
overexpression. GDI localizes to a similar endosome fraction as Rush and could interact
with Rush on endosomal membranes.

87

Discussion

4. Discussion
Over the years endocytosis has been found to participate in a wide range of cellular
functions, including regulation of cell polarity. Interestingly, the polarity proteins
themselves can influence endocytosis (Balklava et al., 2007; Harris and Tepass, 2008). The
regulation of endocytosis in regard to uptake of polarity proteins is still largely unknown.
In this work I describe a novel endosome associated protein Rush hour (Rush). Rush
influences formation of late endosomes and affects endocytosis of the apical protein Crb.
rush genetically interacts with Cdc42, implicating a role of Rush in Cdc42-regulated
endocytosis. Rush directly interacts with Rab GDI in biochemical assays and might thus
affect the Rab activation cycle.

4.1. Localization of Rush
4.1.1. Subcellular localization of Rush
Rush exhibited a dual localization in epithelial cells and is found both at the lateral plasma
membrane and on endosomes. Localization of Rush to endosomes was confirmed by both
immunofluorescence and cell fractionation experiments. Immunofluorescence experiments
revealed colocalization of Rush with Hrs and Rab7. Rab7 is a marker of late endosomes
(Chavrier et al., 1990), while Hrs localizes to the early endosomes via its FYVE domain
(Raiborg et al., 2001) and facilitates the transition between early and late endosomes
(Lloyd et al., 2002; Sun et al., 2003). Interestingly, a recent report indicates that a fraction
of Hrs remains associated with late endosomes (Mari et al., 2008). Rush colocalized only
partially with Rab5, possibly reflecting the Hrs-positive fraction. In cell fractionation
experiments Rush co-fractionated with both Rab5 and Rab7, but not the fraction that
contained Rab7 alone. These results suggest that Rush associates with late endosomes
and/or early-late endosome intermediates. The human ortholog of Rush, Phafin2 (70%
sequence identity to Rush) colocalizes with EEA1, a FYVE domain-containing early
endosome protein, in the HepG2 human liver cancer cell line (Lin et al. 2010). However,
only a fraction of Phafin2 puncta colocalize with EEA1, suggesting that Phafin2 might be
associated also with later endocytic compartments. In contrast, other publications describe
cytoplasmic localization of Phafin2 and Phafin1, another homolog of Rush (57% sequence
identity to Rush) GFP fusion proteins in L929 mouse fibroblast cell line (Li et al., 2008;
Chen et al., 2005). However, colocalization of Phafins with endosomal markers was not
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analyzed in these publications. The difference between the observations may also arise
from the use of different experimental cell systems or the effects of overexpression.
Rush localized to the plasma membrane in a polarized manner and was found exclusively
at the lateral plasma membrane. Rush colocalized with E-cadherin at the adherens
junctions, however, the role of the polarized plasma membrane localization of Rush is not
clear. Rush is not required for localization of other polarity proteins, since overexpression
and loss of Rush did not lead to defects in cell polarity. The polarized localization of Rush
might be necessary for its function in endocytosis, although Rush mainly influenced
formation of late and not early endosomes as discussed in further chapters. Rush
participated in regulation of Crb endocytosis together with Cdc42. Rush could affect
endocytosis of plasma membrane proteins that are localized in a polarized fashion. In
mammalian cells the Rich1/Amot protein complex localizes to tight junctions and
selectively activates Cdc42 to promote endocytosis of polarity proteins (Wells et al., 2006).
Homologs of Amot are not present in Drosophila, while a homolog of Rich1, a presumed
GAP of Cdc42, is encoded by RhoGAP92B. Genetic interaction studies could clarify
whether the fly homolog of Rich1 participates in Cdc42-regulated endocytosis and if Rush
and Rich1 might act together at the plasma membrane.

4.1.2. Role of lipid binding domains in Rush localization
Rush contains two lipid binding domains – a PH and a FYVE domain. Results of lipid
overlay assays revealed that Rush can bind to a number of phosphatidylinositides. Rush
bound most strongly to PI(3)P. Interaction of Rush with PI(3)P was mediated mainly by its
FYVE domain. The PH domain of Rush was able to bind to PI(3)P, PI(4)P and PI(3,4)P2.
Surprisingly, full length Rush interacted not only with PIPs that were specific for its
separate domains, but also to PI(4,5)P2 and PI(3,4,5)P3. It could be possible that both lipid
domains interact with each other on a functional level and broaden lipid binding
capabilities of Rush. In addition, the lipid domains of Rush could act as so-called
coincidence detectors and act together to increase the affinity of Rush towards the
membrane (Carlton and Cullen, 2005; Lemmon, 2008).
Experiments with lipid binding defective Rush constructs indicated that the FYVE domain
plays the main role in the endosome localization of Rush. RushK48E, which harbors a lipid
binding defective PH domain, was able to bind only to PI(3)P in lipid overlay assays.
RushK48E could still localize to endosomes and, surprisingly, also to the plasma membrane.
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PI(3)P, the target lipid of the FYVE domain, is almost exclusively found in early
endosomes and multivesicular bodies (Gillooly et al., 2001; van Meer et al., 2008). The
levels of PI(3)P are low at the plasma membrane, where most abundant PIPs are PI(4,5)P2
and PI(3,4,5)P3 (Di Paolo and De Camilli, 2006; van Meer et al., 2008). The localization of
RushK48E to the plasma membrane could be mediated by an interaction with another
membrane-associated protein or by dimerization with wild type Rush. Dimerization of
FYVE domains has been described to take place for several endosomal proteins like EEA1
and Hrs (Hayakawa et al., 2004) and increases affinity of the domain to PI(3)P, but in this
case it could lead to plasma membrane recruitment of RushK48E. The localization of the
Rush homolog Phafin2 to endosomes is also mediated by its FYVE domain, and deletion
of the N-terminus together with the PH domain did not lead to mislocalization of the
protein (Lin et al., 2010).
The RushR176G mutant with a nonfunctional FYVE domain localized solely to the plasma
membrane. Therefore the PH domain or the activity of both lipid binding domains
together, as indicated by RushK48E localization, is needed for the plasma membrane
association of Rush. Localization of the PH domain to the plasma membrane may be
mediated by its interaction with PI(3,4)P2, which is produced in the plasma membrane by
dephosphorylation of PI(3,4,5)P3 (Di Paolo and De Camilli, 2006; Ivetac et al., 2005).
RushR176G exhibited only a background interaction with PIPs in lipid overlay assays. The
PIP binding ability of the PH domain might be diminished due to the mutation in the
FYVE domain, possibly because of surface charge changes or conformational changes
caused by the R176G mutation. The presence of at least one functional lipid binding
domain is necessary for the membrane localization of Rush, since RushK48ER176G was
cytoplasmic. Thus the two lipid binding domains are responsible for the dual localization
of Rush in epithelial cells, with the PH domain localizing Rush to the plasma membrane
and the FYVE domain regulating the localization to endosomes.

4.2. Function of Rush in endocytosis
4.2.1. Rush regulates late endosome formation
Results presented in this work show that Rush has a positive effect on late endosome size.
Overexpression of Rush led to formation of enlarged late endosomes, while the late
endosome size was decreased in rush mutants. Formation of early endosomes, monitored
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by expression of Rab5CA, was not affected in rush mutants, suggesting that Rush acts
downstream of Rab5. Also in human cells dominant negative Rab5 disrupted formation of
Phafin2-induced large endosomes, positioning Rab5 activity upstream of Phafin2 (Lin et
al., 2010). The effect of Rush on late endosomes can be caused by increased transition
from early to late endosome, or by downregulated late endosome to lysosome traffic. Rush
overexpressing cells exhibited a weaker staining for the pH sensitive LysoTracker dye,
which marks acidic intracellular compartments, such as lysosomes. Mutants for
Drosophila V-ATPase, a proton pump necessary for acidification of the lysosomal lumen,
also develop enlarged late endosomes and show decreased LysoTracker staining (Yan et
al., 2009). Therefore the increase in late endosome size in cells that overexpress Rush
might be caused by defects in transport from late endosomes to lysosomes. A staining
against an alternative lysosome marker, e.g. lysobiphosphatidic acid that accumulates in
mature late endosomes and lysosomes (Kim et al., 2010), will be used to verify this result.
In the future I also plan to investigate lysosome formation in rush mutant epithelia by
LysoTracker staining. If Rush negatively regulates trafficking to lysosomes, the transport
to lysosomes would be increased in rush mutants, thus also explaining the decrease in late
endosome size.
Increased late endosome size could also be caused by defects in endocytic recycling, thus
directing all endocytosed material for degradation. Recycling of endocytosed proteins like
Crumbs or E-cadherin plays an important role in the regulation of cell polarity (Roeth et
al., 2009). When Rush is overexpressed, the apical polarity protein Crumbs accumulates in
Rush positive enlarged endosomes. However, if Rush overexpression would cause
disruption of the recycling endosome pathway, one would expect a gradual loss of
membrane proteins like Crumbs or E-cadherin, in the end resulting in loss of cell polarity
(Desclozeaux et al., 2008; Roeth et al., 2009). On the contrary, the polarity of follicle
epithelial cells was not disrupted either by overexpression or loss of Rush. In addition, the
size of Rab11-marked recycling endosomes was not affected in rush mutant cells. Thus the
Rush-mediated effects on late endosome morphology are most probably not caused by
defects in recycling of endocytosed proteins.
Phafin2, the human homolog of Rush, has been shown to increase the binding of Rab5
with its effectors, monitored by a FRET (fluorescence resonance energy transfer) assay
with the Rab5 binding domain of Rabaptin5 (Lin et al., 2010). The data presented here
rather position Rush downstream of Rab5 on the endocytic pathway, since overexpression
of Rush resulted in increased late, but not early, endosome size. In addition, Rush and
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Rab5 did not substantially colocalize in the follicle epithelium, although Rush colocalized
with Hrs, a protein that associates with early endosomes but also to a lesser degree to late
endosomes (Komada et al., 1997; Mari et al., 2008).

4.2.2. Rush changes the morphology of Rab5CA vesicles
Although a significant colocalization between wild type Rab5 and Rush was not observed,
expression of constitutively GTP-bound Rab5CA led to association of Rush with early
endosomes. Also Rab7, the marker of late endosomes, was found in Rab5CA vesicles. In
line with this observation, several publications have described association of late
endosome and even lysosome proteins with enlarged Rab5CA vesicles (Rink et al., 2005;
Rosenfeld et al., 2001; Wegner et al., 2010). In cell culture experiments it has been shown
that activated Rab5 recruits Rab7 to endosomes via the class C VPS/HOPS complex (Rink
et al. 2005). In the case of Rab5CA, Rab5 is constantly bound to GTP and cannot be
inactivated and removed from the endosome after Rab7 recruitment, thus resulting in
formation of Rab5/Rab7 double labeled endosomes (Rink et al., 2005). Similarly, I
observed double Rab5 and Rab7 staining of enlarged Rab5CA endosomes in Drosophila
follicle cells. This result supports the Rab conversion mode of late endosome formation,
according to which the transition between early and late endosomes takes place by
exchange of Rabs (Spang, 2009). The recycling endosome marker Rab11 did not associate
with the Rab5CA and/or Rush-induced large endosomes, in line with the observation that
expression of Rab5CA does not affect endocytic recycling (Ceresa et al., 2001; Rosenfeld
et al., 2001).
Surprisingly, a simultaneous overexpression of Rush and Rab5CA induced fractionation of
Rab5CA vesicles. Interestingly, downregulation of Vps39, a component of the class C
VPS/ HOPS complex, has a similar effect on the morphology of Rab5 vesicles (Rink et al.,
2005). Vps39 acts as a GEF of the yeast ortholog of Rab7 (Wurmser et al., 2000). The
phenotype caused by loss of Vps39 is proposed to arise due to delayed recruitment and
activation of Rab7 to the endosomes (Rink et al., 2005). So far it is not clear whether the
Rush-induced fractionation of early endosomes is caused by regulation of Rab7 activation.
The Drosophila homolog of Vps39 has not been characterized so far. However, mutations
in other class C VPS/HOPS complex genes – vps16A, deep orange (vps18) and carnation
(vps33) cause defects in lysosome formation (Akbar et al., 2009; Pulipparacharuvil et al.,
2005; Sriram et al., 2003). As overexpression of Rush caused weaker lysosome staining in
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epithelial cells, one can speculate that Rush might counteract the class C VPS/HOPS
complex in Rab7 activation and therefore delay the transition between late endosomes and
lysosomes. The interaction between Rush and GDI might affect the activation of Rab7 on
late endosomes by removing the inactive Rab7-GDP from the membrane and preventing
reactivation of Rab7 by its GEF.
The phenotype of fractionated Rush/Rab5CA-containing early endosomes resembles a
cluster of smaller vesicles. Rab5CA causes formation of large early endosomes by
promoting homotypic fusion of early endosomes (Gorvel et al., 1991). The clustering of
early endosomes might be caused by an inhibition of the early endosome fusion by Rush.
The early endosomal protein Hrs has been found to promote the transition to late
endosomes by inhibiting the homotypic fusion of early endosomes (Sun et al., 2003; Visser
Smit et al., 2009). Inhibition of the early endosome fusion leads to clustering of early
endosomes that resembles the effect of Rush on Rab5CA-induced early endosomes (Visser
Smit et al., 2009). Rush colocalized with the Hrs-positive endosome fraction and could
function together with Hrs at this step of endocytosis. However, at the moment it is not
clear, how Rush could affect early endosome homotypic fusion.
Thus the clustering of Rab5CA vesicles, caused by Rush overexpression, can be a result of
either a delayed activation of Rab7, or an inhibition of early endosome homotypic fusion.
Future experiments in rush mutant and Rush-overexpressing flies harboring mutations in
Hrs and the class C VPS/HOPS complex genes will be needed to clarify the cause of Rushinduced changes of Rab5CA-induced large early endosome morphology.

4.3. Possible role of Rush in signaling pathways
Ovaries of flies that are mutant for rush showed low penetrance egg chamber fusion
defects and an increased length of stalks that separate egg chambers. The fusion between
egg chambers seems to be caused by defects in polar cell differentiation. Polar and stalk
cell formation is induced by JAK/STAT and Notch signaling pathways in early egg
chamber development stages (McGregor et al., 2002; Grammont and Irvine, 2001). The
specification of polar cells is induced by Delta signaling from the germline that activates
Notch in the follicle epithelium (Grammont and Irvine, 2001; Lopez-Schier and St.
Johnston, 2001). Polar cells in turn express Unpaired, a ligand which activates JAK/STAT
signaling in stalk cell precursors and specifies their fate (McGregor et al, 2002).
Overactivation of the JAK/STAT pathway due to overexpression of Unpaired results in a
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decreased polar cell number, increased stalk length and egg chamber fusions (McGregor et
al., 2002). Defects in Notch signaling cause egg chamber fusion, lack of polar cells and
increased stalk length (Grammont and Irvine, 2001). A similar phenotype was observed in
rush mutant egg chambers. Both JAK/STAT and Notch signaling pathways require
endocytosis for their activation (Devergne et al., 2007; Le Borgne, 2006). Thus Rush might
affect polar cell and stalk cell differentiation by modifying JAK/STAT and/or Notch
pathways. Receptors of both pathways become endocytosed upon binding with a ligand
and activated in late endosomes (Devergne et al., 2007; Vaccari et al., 2008). Deletion of
rush decreased the size of late endosomes, possibly by affecting the transport to or from
the late endosomal compartment. It has been shown that disruption of endocytic trafficking
of Dome, the receptor of JAK/STAT pathway, to or from late endosomes downregulated
the JAK/STAT signaling pathway (Devergne et al., 2007). Similarly, Notch signaling
requires the transport to early endosomes and multivesicular bodies for the activation of
the pathway (Vaccari et al., 2008). Thus the egg chamber fusion defects observed in rush
mutants might be caused by perturbations in JAK/STAT and/or Notch signaling pathways,
most probably due to changes in trafficking through late endosomes.
Overexpression of Rush in the follicle epithelium in some cases led to apoptosis in the
germline. This unexpected non-cell-autonomous effect might be caused by changes in
signaling between the germline and the follicle epithelium. Some evidence that signals
from the follicle epithelium can regulate germline survival can be found in the literature.
Removal of the TGFβ receptor Saxophone (Sax) in the germline leads to germline cell
apoptosis, suggesting that a TGFβ signal from the follicle epithelium might be necessary
for oogenesis (Twombly et al., 1996). Overexpression of the c-Jun N-terminal kinase
(JNK) pathway activator D-GADD45 in follicle cells also induces apoptosis of the
germline (Peretz et al., 2007). At the moment it is not clear, how overexpression of Rush in
follicle epithelium induces germline apoptosis. For example, increased endocytosis in
Rush overexpressing follicle cells could titrate out a ligand that is required for germline
survival, or, alternatively, inhibit activation of a yet unknown signaling pathway in follicle
cells that is needed for the communication with germline cells.

4.4. Genetic interaction between rush and Cdc42
Cdc42 has been described to play an important role in endocytosis from yeast to mammals.
In recent years the evidence for a role of Cdc42 together with the Par/aPKC complex in
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trafficking of polarity proteins has accumulated (Balklava et al., 2007; Duncan and Peifer,
2008). In Drosophila epithelial cells, Cdc42 acts on several steps of endocytosis, including
protein uptake into early endosomes and trafficking to late endosomes (Harris and Tepass,
2008; Georgiou et al., 2008; Leibfried et al., 2008). The effects of Cdc42DN expression in
the embryonic ectoderm, that are described in this thesis, generally are in line with the data
by Harris and Tepass (2008). Similarly as published by Harris and Tepass (2008),
expression of Cdc42DN caused loss of Crb from the plasma membrane and accumulation
of Crb in intracellular vesicles. In addition, an increased loss of E-cadherin from the
plasma membrane at the ventral ectoderm was observed. Interestingly, E-cadherin did not
accumulate in vesicles together with Crb, suggesting different trafficking routes for the two
proteins. In C. elegans Cdc42 together with other members of the Par/aPKC complex
differentially regulates trafficking of molecules by promoting uptake via the clathrindependent pathway and increasing the recycling of molecules endocytosed via clathrin
independent pathways (Balklava et al., 2007). These effects could account for the different
behavior of Crb and E-cadherin in Cdc42DN cells. However, the clathrin-dependent and
independent endocytic pathways in Drosophila have not been investigated in detail.
Rush and Cdc42DN overexpression results in similar phenotypes in epithelial cells – an
increase of late endosome size and increased Crb accumulation in late endosomes. Thus
Rush and Cdc42 have opposing effects in regulation of endocytosis. It is not clear, whether
Rush is directly regulated by Cdc42, or is a part of another pathway. Loss of rush could
rescue the Cdc42DN overexpression phenotype, suggesting that Rush acts downstream of
Cdc42. Studies in a human breast cancer cell line indicate a role of Cdc42 in targeting of
E-cadherin to lysosomes (Shen et al., 2008). One possibility is that Cdc42 promotes
transition between late endosomes and lysosomes, and inactivates or counteracts Rush in
this process. In such case Cdc42DN expression would inhibit, e.g. via Rush, endocytic
transport to lysosomes and would cause accumulation of endocytosed molecules like Crb
in late endosomes. Upon deletion of rush the degradation of endocytosed Crb would
proceed normally. However, it is not clear how the deletion of rush leads to rescue of cell
polarity loss, caused by Cdc42DN expression in embryos. Another possible explanation is
that in Cdc42DN-expressing epithelial cells endocytic recycling is inhibited by enhanced
transition from early to late endosomes, thus disrupting the sorting into recycling
endosomes. For example, overexpression of Hrs increases retention of transferrin receptors
in endosomes (Raiborg et al., 2002). If Rush promotes the transition from early to late
endosomes, as suggested by the Rush overexpression phenotype, loss of Rush could slow
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down the formation of late endosomes and allow endocytic recycling to take place.
In this work I analyzed the genetic interaction between rush and Cdc42. However, other
members of the Par/aPKC complex, like Baz, Par6 and aPKC, have been shown to be
involved in Cdc42-regulated endocytosis (Harris and Tepass, 2008; Georgiou et al., 2008;
Leibfried et al., 2008). Further experiments will be needed to show whether rush
genetically interacts with other Par/aPKC complex members in regulation of endocytosis.
Expression of constitutively active aPKC rescued the Cdc42DN overexpression phenotype
– the loss of Crb from the plasma membrane and the accumulation of Crb in endosomes
(Harris and Tepass, 2008). Expression of dominant negative Rab5 rescued the loss of Crb
from the plasma membrane, but not the defect in Crb endosomal trafficking, suggesting
that the accumulation of Crb in endosomes is independent of Rab5 function. Rush might be
the effector of the Par/aPKC complex at later stages of endocytosis. To test this possibility,
I plan to analyze the effect of aPKC and Cdc42 constitutive activation on late endosome
size in Rush overexpressing and rush mutant flies.

4.5. Rush interaction with Rab GDI and GDF
Yeast two-hybrid screens with yeast and mammalian proteins suggested an interaction
between Rush orthologs and Rab GDF (Ito et al., 2001; Rual et al., 2005). GDF interacts
with GDI and promotes insertion of Rab into the membrane and the release of Rab from
GDI (Dirac-Svejstrup et al., 1997; Hutt et al., 2000; Sivars et al., 2003). Pulldown
experiments with purified proteins supported the possibility of the interaction between
Rush and CG1418, the Drosophila ortholog of GDF. Interestingly, Rush could also bind
GDI and recruits GDI to the cortex of S2 cells. However, the localization of Rush and
CG1418 to different subcellular compartments indicates that Rush and CG1418 most
probably do not interact in vivo. As both GDI and Rush were associated with a Rab5 and
Rab7 positive endosomal fraction, an interaction between GDI and Rush on the endosomal
membrane is possible.
The function of GDI in Drosophila has not been well characterized. The work by Ricard et
al. (2001) shows that Drosophila GDI is able to extract Rab5 from membranes, similarly to
the mammalian homolog (Ullrich et al., 1993). Rush could facilitate recruitment of GDI to
late endosomes and thus regulate the activity of Rabs. GDI has been shown to inhibit the
fusion of late endosomes with lysosomes (Mullock et al., 1998). Therefore the interaction
between Rush and GDI on late endosomes might cause the decrease in the transition from
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late endosomes to lysosomes upon overexpression of Rush. Rab7 activity is needed for
delivery of endocytosed material from late endosomes to lysosomes (Bucci et al., 2000).
Increased recruitment of GDI to late endosomes would lead to removal of inactive Rab7
from the endosome membrane and prevent the reactivation of Rab7 by GEF-catalyzed
nucleotide exchange. Further experiments will be necessary to characterize the interaction
between Rush and GDI and its possible implications in Rush overexpression and deletion
phenotypes.

4.6. Model of Rush function
The results presented in this thesis suggest multiple roles of Rush in endocytosis in
epithelial cells. Rush localizes to late endosomes, and positively influences late endosome
size. On the contrary, loss of Rush leads to a decreased late endosome size. Rush
overexpression leads to a weaker staining for the lysosomal marker Lysotracker, therefore
Rush might increase the size of late endosomes by inhibiting the transition between late
endosomes and lysosomes. Rush interacts directly with GDI and might delay transition to
lysosomes by a GDI-mediated inhibition of Rab7 activity. Alternatively, Rush might
promote the transition from early to late endosomes. Rush overexpression together with
Rab5CA leads to fractionation of the early endosomes. The effects of Rush on early
endosome shape suggest a possible role of Rush in inhibition of early endosome fusion.

Figure 4.1. Model of Rush function in endocytosis. Activation or inhibition of trafficking steps is indicated
with orange (Rush) or green (Cdc42) arrows. Colored bars indicate endocytosed proteins.
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Rush plays a role in the endocytosis of Crb, and causes accumulation of Crb in late
endosomes upon Rush overexpression. Rush might be also involved in endocytic
regulation of Notch and JAK/STAT pathway signaling, as deduced from the rush mutant
phenotype. The Rush overexpression phenotype is similar to the effect of Cdc42DN
overexpression, suggesting that Rush counteracts Cdc42 in regulation of Crumbs
endocytosis. This hypothesis is supported by the rescue of Cdc42DN overexpression flies
by deletion of rush. Judging from this result, Rush most probably acts downstream of
Cdc42, and might be inhibited by active Cdc42.
In the sum, Rush promotes formation of late endosomes, either by increasing the transition
from early to late endosomes, or by inhibition of downstream transport to lysosomes (Fig.
4-1). Rush counteracts Cdc42 in this process, possibly via its binding to GDI. Further
experiments will be needed to clarify the molecular mechanism of Rush function in
regulation of endocytosis.
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5. Summary and conclusions
Endocytosis and endosome trafficking regulates many cellular processes, including
regulation of plasma membrane composition, cell polarity and intercellular signaling.
Overactivation or inhibition of different steps of endocytosis can lead to defects in diverse
cell functions. Although many factors that participate in endocytosis have already been
identified, still many aspects of regulation of endocytosis are not known. In recent years
Cdc42 together with other members of the Par/aPKC complex have been described to
function in endocytosis. The Par/aPKC complex proteins are well known as cell polarity
regulators. However, the molecular mechanism of the activity of Cdc42 and other
Par/aPKC complex members in regulation of endocytosis is largely unknown.
In this work I describe the characterization of a novel endocytosis regulating protein Rush
hour (Rush). Rush is a highly conserved protein and contains two lipid binding domains –
a PH and a FYVE domain. Rush is ubiquitously expressed and localizes to the lateral
plasma membrane of epithelial cells and to late endosomes. Generation of Rush mutants
with lipid binding defective PH and FYVE domains revealed that a functional PH domain
is sufficient to localize Rush to the plasma membrane, while the FYVE domain mediates
endosomal association of Rush. Overexpression of Rush led to formation of enlarged late
endosomes. Flies that are mutant for rush are homozygous viable, but have a decreased
late endosome size, which is consistent with the role of Rush in regulation of late
endosome formation. Rush mutants show a number of low penetrance phenotypes in
oogenesis, including egg chamber fusions and an increased number of stalk cells. Similar
phenotypes are observed in mutants of Notch and JAK/STAT signaling pathway genes.
Both pathways require endosomal trafficking for their activation. Therefore the oogenesis
phenotypes in rush flies are most probably caused by defects in signaling pathways due to
changes in late endosome formation.
Rush seems to affect endocytosis at several levels. Overexpression of Rush led to the
fractionation of Rab5CA-induced large early endosomes, suggesting that Rush acts in the
transition between early and late endosomes. Rush might inhibit Rab5-induced homotypic
fusion of early endosomes, thus promoting the transition to late endosomes. In addition,
the staining of LysoTracker, a lysosome specific dye, was decreased upon overexpression
of Rush, suggesting that Rush negatively affects lysosome formation.
Remarkably, Rush enhanced endocytosis of Crumbs, a determinant of apical
characteristics of the plasma membrane, and caused accumulation of Crumbs in late
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endosomes. A similar phenotype has been observed in Cdc42DN-expressing tissues,
pointing to a common function for both proteins. Loss of rush rescued Cdc42DN
overexpression phenotype, suggesting that Rush acts downstream of Cdc42 in regulation
of late endosome formation. I found that Rush interacted directly with GDI and recruited
GDI to the membrane in S2 cells. Thus Rush might regulate endosome formation by
directing GDI to the endosomal membrane.
Taken together, the results presented here describe Rush as a novel regulator of late
endosome formation. Rush acts downstream of Cdc42 in trafficking to late endosome, and
regulates together with Cdc42 endocytosis of the polarity marker Crumbs. Rush binds to
GDI directly and might thus regulate endocytosis by affecting the Rab activation cycle.
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Abbreviations
Apart from SI units, common abbreviations of the English language and the amino acid
single code the following abbreviations were used in this thesis:
α

anti

Fig

figure

Act

Actin

FLP

Flipase

aPKC

atypical protein kinase C

FRT

Flipase recognition target

APS

ammonium persulfate

Arm

Armadillo

FYVE

Fab1p, YOTB, Vac1p, EEA1

Arp2/3

Actin related protein

Gal4

Gal4 transcription factor

Baz

Bazooka

GAP

GTPase activating protein

bp

base pairs

GDF

GDI displacement factor

CA

constitutively active

GDI

GDP dissociation inhibitor

Cdc42

Cell division control protein 42

GDP

guanine diphosphate

cDNA

complementary DNA

GEF

Guanine nucleotide exchange

Cip4

Cdc42 interacting protein 4

Crb

Crumbs

GFP

Green fluorescent protein

da

daughterless

GST

Gluthatione-S-transferase

DABCO

diazabicyclo(2.2.2)octane

GTP

guanine triphosphate

DAPI

4’,6-diamide-2’-phenylindole

HA

hemagglutinin

dihydrochloride

HEPES

4-(2-hydroxyethyl)-1-

sequence

factor

Dlg

Discs large

DN

dominant negative

DNA

deoxyribonucleic acid

dNTP

deoxynucleotide triphosphate

HRP

horseradish peroxidase

DTT

dithiothreitol

Hrs

Hepatocyte growth factor-

E-cad

E-cadherin

regulated tyrosine kinase

EDTA

ethylenediaminetetraacetic acid

substrate

EEA1

early endosomal antigen 1

IgG

Immunoglobulin G

Ept

Erupted

JAK

Janus kinase

ESCRT

endosomal complexes required

JNK

Jun-N-terminal kinase

for transport

kb

kilobase

Fasciclin III

kD

kilodalton

FasIII

piperazine ethanesulfonic acid
HOPS

Homotypic vacuole fusion and
protein sorting
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Abbreviations
LB

Luria Bertani broth

SDS

sodium dodecyl sulphate

Lgl

Lethal (2) giant larvae

Sdt

Stardust

LTR

LysoTracker

sec

second(s)

Lva

Lava lamp

sta

stubarista

STAT

Signal transducer and activator

MAGUK membrane-associated
guanylate kinase

of transcription

MBP

Maltose binding protein

TEMED

N,N,N’,N’-

MVB

multivesicular body

NHS

normal horse serum

TGFβ

Transforming growth factor β

Orb

oo18 RNA-binding protein

TGN

trans-Golgi network

PAGE

polyacrylamide gel

Tris

Trishydroxymethylamino-

tetramethylendiamine

electrophoresis

methane

Par

Partitoning defective

U

unit (enzyme activity)

PATJ

Pals1-associated tight junction

UAS

upstream activating sequence

protein

UTR

untranslated region

PBS

phosphate buffered saline

v/v

volume/volume

PCR

polymerase chain reaction

Vps

Vacuolar protein sorting

PDZ

PSD95, Discs large, Zona

w

white

occludens-1

w/v

weight/volume

PH

pleckstrin homology

wt

wild type

PIP

phosphatidyl inositol

YFP

Yellow fluorescent protein

phosphate
PIPES

piperazine-1,4-bis-2ethanesulfoic acid

pnr

pannier

PNS

post nuclear supernatant

PRA

Prenylated Rab acceptor
protein

rpm

rotations per minute

Rush

Rush hour

S2

Schneider 2

SE

Standard error

Scrib

Scribble
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Appendix
Appendix 1. The sequence of rush cDNA and the amino acid sequence of Rush. The
PH domain is shown with a yellow box, the FYVE domain is marked with a green box.
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Appendix 2. The sequence of GDI cDNA and the amino acid sequence of GDI.
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Appendix 3. The sequence of CG1418 cDNA and the amino acid sequence of CG1418.
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