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1. General Introduction

Cells are the building blocks of life. The communication of the cell within itself, as well as
with its surrounding environment is crucial for tissue function and ultimately, the survival
of the organism. A high variety of cell types with differing morphologies and functions exist
in multicellular organisms. However, one major defining feature of basically all eukaryotic
cells is the intracellular compartmentalization, where various membrane-bound organelles,
such as ER, Golgi apparatus, and different types of endosomal compartments are localized
to distinct regions inside the cell (Brighouse et al., 2010; Elias et al., 2012; Schlacht et al.,
2014). The evolutionary transition to increased subcellular complexity provides an
opportunity to efficiently separate cell functions. While at the same time, it presents an
organizational challenge for the cell to ensure coordinated transport of cargo-loaded vesicles
between these different intracellular compartments. Here, accurate trafficking is dependent
on the correct identification of specific small GTPases and lipid species, foremost
phosphoinositides, which are present on the organelles (Behnia and Munro, 2005; Dacks and
Field, 2007; Elias et al., 2012; Klopper et al., 2012; Tokarev, 2000-2013). These
opportunities and challenges of coordinated membrane trafficking are further exacerbated in
cell types with highly specialized functions and complex morphologies, as present in
neurons. Neurons are highly polarized cells often with a complex morphology. Membrane
trafficking needs to be coordinated between distant axonal and dendritic extensions as well
as with the cell body, meeting all of their functional requirements. Additionally, unlike other
cell types, neurons are long-lived cells, with the ability to exist for the lifetime of an
organism, as they are almost exclusively exempt from cellular turnover (Bentley and Banker,
2016; Bezprozvanny and Hiesinger, 2013; Sender and Milo, 2021; Wang et al., 2013).
Intracellular trafficking is involved in all steps in the development, function as well as
maintenance of neurons and consequently even in their degeneration (Jin et al., 2018a; Kiral
etal., 2018; Wang et al., 2013). Rab GTPases are key regulators of intracellular membrane
trafficking (Pfeffer, 2017; Stenmark, 2009). Therefore, studying this family of small
GTPases provides an opportunity to identify possible neuron-specific Rab-mediated
pathways and to learn more about the specific requirements of neurons for membrane
trafficking in order to develop into functional cells and to maintain their functionality and

health over long periods of time.



1.1 Small Rab GTPases as key regulators of intracellular membrane
trafficking

Initially discovered in budding yeast in the early 1980s (Gallwitz et al., 1983), the first
mammalian Rab GTPases were described by the lab of Armand Tavitian in 1987, where the
first four Rab family members were identified from a rat brain cDNA library, hence the name
rab (ras gene from rat brain) (Touchot et al., 1987). Within the Ras superfamily of small
GTPases, which includes five families (Ras, Rho, Arf/Sar, Ran, and Rab), Rab GTPases
constitute the largest family branch (Rojas et al., 2012). They are highly evolutionary
conserved across eukaryotic lineages with multiple paralogous family members (Elias et al.,
2012; Klopper et al., 2012), with 66 rab genes in the human genome (Gillingham et al.,
2014), 26 protein-coding rab genes in Drosophila melanogaster (Chan et al., 2011; Jin et
al., 2012), and 11 Rab-related ypt genes in the unicellular budding yeast Saccharomyces
cerevisiae (Grosshans et al., 2006; Pfeffer, 2013). During the evolution from unicellular to
multicellular eukaryotes, two great Rab expansions can be observed and it has been proposed
that the greater evolutionary plasticity of membrane trafficking determinants, foremost Rab
GTPases, is one of the driving forces of membrane trafficking complexity and
multicellularity observed in higher eukaryotes (Brighouse et al., 2010; Diekmann et al.,

2011; Klopper et al., 2012).

Over the last decades, Rab GTPases have been extensively studied and are now well
established as essential regulators of intracellular membrane trafficking processes in
eukaryotic cells ensuring that cargo-loaded vesicles are being delivered to their correct
acceptor membrane. It is therefore not surprising, that Rab GTPases participate in processes
like vesicle formation and movement and the docking and fusion of vesicles with their target
compartments (Brighouse et al., 2010; Cai et al., 2007; Pfefter, 2001, 2017; Stenmark, 2009).
In the past, several Rab GTPases have been used as compartment markers conveying specific
organelle identities, some even have become ‘gold-standard markers’ such as Rab5 for early
endosomes, Rab7 for late endosomes and multivesicular bodies, and Rabl11 for recycling
endosomes (Barr, 2013; Behnia and Munro, 2005; Pfeffer, 2013; Zerial and McBride, 2001).
However, the complete functional repertoire of most if not all Rab GTPases is still unknown,
as is the identity of many directly interacting proteins, such as Rab effectors, which will be

the subject of further investigations.



1.1.1 Rab GTPases act as molecular switches in membrane trafficking

Like other small GTPases, Rab GTPases function as molecular switches as they cycle
between two conformational states: a guanosine triphosphate (GTP)-bound active state and
a guanosine diphosphate (GDP)-bound inactive state (Figure 1). The cycle itself is tightly
controlled by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins
(GAPs). GEFs regulate the activation of Rab GTPases by the exchange of bound GDP with
GTP, while GAPs inactivate the membrane-bound Rab protein by facilitating the hydrolysis
of GTP to GDP. Subsequently, the inactivated, GDP-bound Rab GTPase is removed from
the membrane due to the interaction with a GDP dissociation inhibitor (GDI), replenishing
the pool of inactive Rab proteins in the cytosol, so a new cycle can begin (Barr and

Lambright, 2010; Muller and Goody, 2018; Stenmark, 2009).
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Figure 1: Schematic illustration of the Rab GTPase cycle

Rab GTPases cycle between two conformational states, a GDP-bound inactive state and a
GTP-bound active state. A guanine nucleotide exchange factor (GEF) facilitates the activation
of Rab proteins, as is catalyzes the conversion from the GDP-bound form to the GTP-bound
one. Rab GTPases in their active state bind to effectors promoting intracellular vesicle
trafficking. A GTPase-activating protein (GAP) facilitates GTP hydrolysis, converting the
GTP-bound to the GDP-bound form. This leads to the inactivation of the Rab GTPase and
subsequent dissociation of the effector protein. The GDP dissociation inhibitor (GDI), which binds
to the GDP-bound Rab protein is not shown here. Adapted from (Wang et al., 2017).



With the binding of the Rab protein to its target membrane, a set of well-orchestrated
events is initiated: the binding to and subsequent activation by a specific GEF leads to a
change in conformation, allowing for the binding of distinct Rab effectors. These
downstream effectors are themselves quite diverse and can be tethering complexes, coiled-
coil proteins, protein kinases, phosphatases, or motor linkers. Their recruitment to
membranes is spatio-temporally controlled, where active membrane-bound Rab GTPases
serve as a form of recognition landmarks. Single Rab GTPases have the ability to interact
with a variety of different partner proteins and vice versa, thereby achieving the great
functional diversity of the Rab family (Gillingham et al., 2014; Grosshans et al., 2006;
Hutagalung and Novick, 2011; Kjos et al., 2018; Zhen and Stenmark, 2015). To ensure the
specificity and directionality of cargo transport, Rab GTPases form cascading pathway
through the recruitment of subsequent downstream Rab proteins. Thereby, Rab cascades
coordinate the switch of membrane identities which is needed for the successive transfer of
cargo through membranous compartments. The sequential recruitment of individual Rab
GTPases can be achieved by the binding of Rab effectors acting simultaneously as GAPs for
the previous Rab or as GEFs for the next Rab in the cascade. For example, during the
maturation of early-to-late endosomes, Rab5 recruits the Mon1-Cczl complex, which in turn
acts as a GEF for Rab7. Overall, membrane maturation and cargo routing through Rab
cascades has been established for both the endosomal as well as the exocytic pathway
(Grosshans et al., 2006; Hutagalung and Novick, 2011; Jean and Kiger, 2012; Muller and
Goody, 2018; Pfeffer, 2017).

1.1.2  Essential steps in the intracellular vesicle-mediated membrane trafficking

Generally, independent of the cell-type, four essential steps mediate the vesicle-mediated
trafficking inside the cell. First, coat and adaptor proteins, such as clathrin, COPI, COPII,
and API, are recruited to the membrane of the donor compartment, where they function in
the selection of to-be-transported cargo and are required to form cargo-loaded transport
vesicles (budding step). Second, the loaded vesicles are transported to their correct target
membrane, either actively along the cytoskeleton via motor proteins, such as dynein, kinesin,
or myosin, or passively via diffusion (movement/transport step). Third, specific coiled-coil
proteins and multi-subunit complexes, including HOPS, CORVET, TRAPPI, and TRAPPII,
ensure the tethering to the acceptor membrane (tethering step). And last, the tethered, cargo-

loaded vesicles fuse with the membrane through the interaction of different SNARE proteins



(v-SNARESs and t-SNARES), delivering their cargo (fusion step) (Bonifacino and Glick,
2004; Cai et al., 2007; Dacks and Field, 2007; Tokarev, 2000-2013). Members of the small
Rab GTPase family are involved in all four of these trafficking steps through their direct
interaction with a variety of effectors, such as motor proteins and tethers, as well as through

their indirect regulation of SNARE function via effector-interacting proteins (Cai et al.,

2007; Gillingham et al., 2014; Grosshans et al., 2006; Pfeffer, 2001).

1.1.3 The expression patterns and subcellular localization of Drosophila Rab

GTPases

In humans, 24 Rab GTPases, roughly one-third of the Rab proteins that are encoded in the
genome, are enriched in or specific to the central nervous system and are implicated to play
a role there (D'Adamo et al., 2014; Gillingham et al., 2014). In Drosophila, an even higher
neuronal localization can be observed. Recent large-scale profiling efforts examining
cellular expression patterns and subcellular protein localizations of Rab GTPases in various
tissues of Drosophila, revealed localization restrictions to specific tissues or even single cell
types for several Rabs (Chan et al., 2011; Dunst et al., 2015; Jin et al., 2012; Kohrs et al.,
2021; Zhang et al., 2007). Roughly one-third of the 26 Drosophila Rabs are ubiquitously
expressed, present in all analyzed cells and tissues. The most prominent and extensively
characterized examples being Rab5 (early endosomes), Rab7 (late endosomes) and Rab11
(recycling endosomes). While all Rab GTPases are expressed somewhere in the developing
and adult nervous system, surprisingly, half of them are enriched or even strongly enriched
there — with Rab3, X4, 27, and 26 being the most nervous system-enriched ones. Closely
examining the subcellular distribution of all nervous system-enriched Rabs, it is evident that
they predominantly localize to the synaptic domain or are strongly synapse-enriched. At the
synapse itself, neuronal Rab GTPases colocalize mostly with the recycling endosomal
marker Rabl1 or with the synaptic vesicle marker CSP. In contrast, more ubiquitously
expressed Rab GTPases can be found in other subcellular domains inside the neuron as well

(Chan et al., 2011; Dunst et al., 2015; Jin et al., 2012).

The family of small Rab GTPases has gained more and more attention in their
function as key regulators of intracellular membrane trafficking. Especially their great
abundance in nervous systems across various species makes them an interesting and valuable

choice for close examination of membrane trafficking pathways in neurons.
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1.2 Rab-mediated membrane trafficking in neurons

The endomembrane system, consisting of the secretory and endosomal system, is classically
made up of the endoplasmic reticulum (ER), the Golgi apparatus with outposts in the
dendritic extensions of neurons, the trans-Golgi network (TGN), various endosomal and
lysosomal compartments and finally, the plasma membrane. However, recently organelles
like the nucleus, peroxisomes, and mitochondria have been implicated in the endomembrane
trafficking system as well (Hanus and Ehlers, 2008; Lasiecka and Winckler, 2011; Schlacht
etal., 2014). Neurons, with their longevity, complex morphology, and specialized function,
critically depend on a correctly operating trafficking system. Consequently, specific Rab-
mediated membrane trafficking processes have been proposed to be required to maintain
neuronal function and health (Jin et al., 2018a; Jin et al., 2018b). Neuron-specific Rabs
appear to functionally complement the ubiquitously expressed, cell-type unspecific Rab
GTPases to execute neuron-specific roles in transport, including the regulated exocytosis for
synaptic transmission, the distribution and insertion of surface receptors into the plasma
membrane, as well as the coordinated organelle and protein delivery to axons and dendrites
ensuring their correct functional composition (Figure 2) (Binotti et al., 2016; Kiral et al.,
2018; Lasiecka and Winckler, 2011; Mignogna and D'Adamo, 2018; Winkle and Gupton,
2016).
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Figure 2 is on the previous page
Figure 2: Illustration of Rab GTPases in synaptically connected wild type neurons

Shown here is a schematic representation of a neuronal cell body (left), axon (middle), as well as
pre- and postsynaptic terminal (right). The presynaptic neuron is colored in light grey, while the
postsynaptic one in dark grey. Individual mammalian and Drosophila Rab GTPases have been
depicted next to membrane compartments for which their function has been investigated or proposed
in wild type neurons. The directionality of the Rab-regulated transport is highlighted with black
arrows. Adapted from (Kiral et al., 2018).

Rab GTPases with functions in the regulation of intracellular membrane trafficking
during development, function, and maintenance in neurons have been reviewed in detail
elsewhere (Binotti et al., 2016; D'Adamo et al., 2014; Kiral et al., 2018; Mignogna and
D'Adamo, 2018; Ng and Tang, 2008; Parker et al., 2018; Villarroel-Campos et al., 2016).
Here, I will only highlight some examples of ubiquitous and nervous system-enriched Rabs

involved in these processes.

1.2.1 Rab-mediated membrane trafficking during neuronal development

Especially neurons depend on a functioning membrane trafficking machinery during
development to establish their complex polarized morphology as well as asymmetric
specialized membrane domains, such as dendrites and axons. A continuous supply of
membrane components is required for the elongation of neurites and later of dendrites and
the axon. Further, the asymmetric distribution of cell surface receptors, adhesion molecules,
and intracellular mediators of axon formation, amongst others, is needed in the
differentiating neuron. Mostly, through work on various neuronal cell lines, several Rab
proteins have been implicated in neuritogenesis, the first step towards neuronal polarity,
neurite pruning, axon and dendrite maturation as well as assembly of presynaptic release
machinery components (Cheng and Poo, 2012; Futerman and Banker, 1996; Gotz et al.,
2021; Graf et al., 2009; Kramer et al., 2019; Mignogna and D'Adamo, 2018; Parker et al.,
2018).

The ubiquitous Rab 5, 6, 7, 8, 11, 13, and 35, as well as the more restrictively

expressed Rab14 and Rab21 are involved in the formation and outgrowth of neurites (Parker
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et al., 2018; Villarroel-Campos et al., 2016). For instance, mammalian Rab7, with its
recently identified effector protrudin, participates in the formation of contact sites between
late endosomes and the ER, linking the endocytic to the secretory pathway. Motor protein
kinesin-1 1is transferred through these contacts onto late endosomes, leading to their
microtubule-dependent translocation and subsequent fusion with the plasma membrane
promoting neurite outgrowth (Raiborg et al.,, 2015). Rab8 regulates the anterograde
vesicular trafficking of membrane precursors from the TGN to the plasma membrane, while
downregulation of rab8 inhibits the transport of exocytic vesicles terminating neurite
outgrowth in hippocampal neurons (Huber et al., 1995). Interestingly, Rabin8, a Rab8 GEF,
functions as a Rab11 effector during nerve growth factor-induced neurite outgrowth in PC12
cells. Rabll, the key recycling endosomal Rab GTPase, is implicated in the transport of
31 integrins to the neurite tips. Recycling endosomes themselves act as sources of
membrane supply and can serve as intermediates in the secretory pathway. Together this
highlights a Rab cascade where Rabl11, together with Rabin8, acts functionally upstream of
Rab8 on recycling endosomes during neurite outgrowth (Ang et al., 2004; Eva et al., 2010;
Homma and Fukuda, 2016).

Polarized trafficking is crucial for the establishment of distinct asymmetric axonal
and dendritic domains which in turn is essential for the proper functioning of the neuron.
Selective sorting and transport of proteins and lipids, as well as the coordinated
reorganization of cytoskeletal components are at the basis of establishing and maintaining
neuronal polarity (Bentley and Banker, 2016; Parker et al., 2018; Takano et al., 2015). For
axonal outgrowth, various Rab GTPases have been implicated: Rab 4, 5, 7, 10, 11, 27b, and
33a (Mignogna and D'Adamo, 2018; Parker et al., 2018). For example, in the developing
axon, Rab27b and Rab7 participate in the anterograde and retrograde trafficking of the Trk
neurotrophin receptors respectively, thereby influencing axonal growth (Arimura et al.,
2009; Deinhardt et al., 2006; Saxena et al., 2005). While mammalian Rab33a, specifically
expressed in the brain and immune system, is involved in the anterograde trafficking of post-
Golgi synaptophysin-positive vesicles towards the axonal growth cone.  There,
synaptophysin is incorporated into the plasma membrane for extension contributing to the
growth of the axon. RNAi-mediated downregulation of Rab33a leads to an inhibition of
axon outgrowth of hippocampal neurons, whereas the expression of the constitutively active

variant causes a multi-axonic phenotype (Nakazawa et al., 2012).
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In contrast to axonal growth and maturation, mainly other Rab proteins are regulating
trafficking during dendritic outgrowth: Rab 1, 8, 11, 17, and 21 (Mignogna and D'Adamo,
2018; Parker et al., 2018). The small GTPase Rabl mediates the anterograde transport from
ER to Golgi and Golgi outposts, which are exclusively localized to dendrites and contribute
to dendritic growth dynamics by acting as a source of membrane supply. Additionally, the
dendritic arbor reduction mutant dar6, encoding Drosophila Rabl, displays normal axonal
growth but a significant reduction in dendritic arbors of developing neurons (Ye et al., 2007).
Ultimately, the correct establishment of neuronal polarization is in turn crucial for the

accurate synaptic activity of neurons.

1.2.2 Rab-mediated membrane trafficking during neuronal function

Neurons are sophisticated cells that receive, integrate, and transfer signals through synaptic
connections, which is at the basis of neuronal connectivity. During neuronal development a
polarized structure with specialized subcellular domains, such as the pre- and postsynapse,
is established (Parker et al., 2018; Villarroel-Campos et al., 2016). Synapses are
characterized by a high membrane turnover during chemical neurotransmission as synaptic
vesicles undergo coordinated trafficking cycles of exo- and endocytosis (Sudhof, 2004).
Although, the exact roles of many Rab GTPases in mature neurons are not well established,
some have been functionally characterized for their involvement in synaptic transmission.
In the presynaptic terminal, neuronal Rab3 and Rab27 (Rab27b in mammals) regulate the
exocytosis of synaptic vesicles and the subsequent neurotransmitter release into the synaptic
cleft. Rab3a, a member of the mammalian Rab3 subfamily, forms a tripartite complex
together with the active zone proteins Munc13 and a-RIM, which in turn function as Rab3
effectors to facilitate the priming of synaptic vesicles. Rab27b is proposed to function to
some extent redundantly to Rab3a in synaptic vesicle docking and priming, as both share
downstream effectors, such as Rabphilin, RIM, and Munc13 (Binotti et al., 2016; Dulubova
et al., 2005; Fischer von Mollard et al., 1991; Guadagno and Progida, 2019; Pavlos and Jahn,
2011; Schluter et al., 2002; Schluter et al., 2004). While in Drosophila, Rab3 additionally
functions in the distribution of crucial active zone components, such as Bruchpilot, to the
larval neuromuscular junction (NMJ) thus controlling the correct active zone development

(Chen et al., 2015; Graf et al., 2009).

Clathrin-mediated endocytosis acts as a major pathway in the synaptic vesicle

retrieval from the presynaptic plasma membrane. Here, ubiquitously expressed Rab5, a key
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early endosomal Rab GTPase, is involved in the endocytic retrieval of synaptic vesicle
components and participates in endosome maturation (Binotti et al., 2016; McLauchlan et
al., 1998; Semerdjieva et al., 2008). An analysis of Rab5 in Drosophila neuromuscular
synapses shows that a functional impairment of Rab5 negatively affects the size of the
synaptic vesicle pool, as well as the probability of neurotransmitter release and that Rab5 is
required for endosome integrity at the synapse (Wucherpfennig et al., 2003). Rab4 and
Rab11, associated with early and recycling endosomes respectively, are likely to function in
the synaptic vesicle recycling process via endosomal intermediates, as these Rab proteins
have been found to localize to synaptic vesicles purified from rat brains (Pavlos et al., 2010).
Moreover, expression of mammalian dominant negative Rab4 inhibits the formation of
synaptic-like vesicles from endocytic intermediates in neuroendocrine cells (de Wit et al.,
2001). However, their precise function in the recycling of synaptic vesicle components in
neurons remains unclear. Additionally, Rab35 together with its GAP Skywalker (Sky) has
been shown to participate in the regeneration of synaptic vesicles through endosomal
intermediates as sorting stations in Drosophila. Expression of the constitutively active
Rab35 variant or functional loss of sky leads to an increase in neurotransmitter release and
an enlarged readily releasable pool of synaptic vesicles was observed in the sky mutant.
Further, it has been proposed that Rab35 and its GAP Sky participate in the turnover of
synaptic vesicle proteins, as the degradation of neuronal Synaptobrevin (n-Syb), a synaptic
vesicle protein, is increased in the sky mutant. Therefore, Rab35 and Sky seem to regulate
neurotransmission levels by linking synaptic vesicle recycling and degradation (Fernandes

et al., 2014; Uytterhoeven et al., 2011).

Rab-mediated membrane trafficking is not only crucial for the synaptic vesicle
trafficking cycle in the presynapse, but also at the postsynaptic site to regulate the correct
distribution of transmembrane receptors to transmit synaptic input (Mignogna and D'Adamo,
2018). Independent of cell type, the ubiquitously expressed Rab8 participates in the
anterograde trafficking of post-Golgi secretory vesicles towards the plasma membrane
(Huber et al., 1993). In neurons, Rab8 exhibits a specialized function, as it is required for
the transport of GluA1 AMPA receptor subunit from the ER to the Golgi, as well as for its
delivery to postsynaptic sites of excitatory synapses in mammals (Brown et al., 2007; Gerges
et al.,, 2004). While neuronal Rab39b, together with its downstream effector PICKI,
coordinates the secretory trafficking of GluA2/GluA3 AMPA receptor subunits from the ER

to Golgi for maturation necessary for a correct surface composition of AMPA receptors
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(Mignogna et al., 2015). Rabl7 is not involved in the surface distribution of AMPA
receptors, but regulates the dendritic surface insertion of the GluK2 kainate receptor subunit
in developing rat hippocampal neurons by interacting with the t-SNARE Syntaxin 4 (Mori
et al., 2014). Most recently, neuronal Rab26 was implicated in the stimulus-dependent
trafficking of the Do4 acetylcholine receptor subunit at cholinergic synapses of outer

photoreceptors in Drosophila (Kohrs et al., 2021).

Overall, the correct composition and distribution of proteins and lipids need to be
maintained to preserve the cell morphology and to ensure synaptic function throughout the

entire lifespan of the neuron.

1.2.3 Rab-mediated membrane trafficking during neuronal maintenance

Neuronal maintenance mechanisms and their integrity are crucial for the health and function
of neurons. Synaptic connections, once established, need to be kept intact throughout the
lifespan of the neurons, which are almost exclusively exempt from cellular turnover.
Especially, the high rate of membrane turnover at the synapse during chemical
neurotransmission represents a major challenge for maintenance mechanisms. Not
surprisingly, loss of synaptic integrity has been recognized as an early hallmark of various
neurodegenerative diseases, such as Alzheimer’s Disease. Furthermore, the complex
morphology and spatial segregation between neuronal subdomains, such as synapse and cell
body, represents another challenge, possibly requiring specialized cellular maintenance
mechanisms. All of these aspects cumulate in the neuronal or synaptic maintenance problem
(Bezprozvanny and Hiesinger, 2013; Henstridge et al., 2019; Sender and Milo, 2021;
Sudhof, 2004). Endomembrane recycling, along with various membrane protein
degradation pathways constitute the neuronal maintenance machinery. So far, only a few

involved Rab GTPases have been identified and examined more closely.

The canonical endolysosomal degradation pathway is part of the maintenance
machinery and requires the delivery of to-be-degraded membrane proteins to late
endosomes/multivesicular bodies and their subsequent fusion with degradative lysosomes
(Jin et al., 2018a; Luzio et al., 2007; Piper and Katzmann, 2007). Rab7, the key late
endosomal Rab GTPase, functions in the maturation from early to late endosomes and
regulates the fusion with lysosomes (Guerra and Bucci, 2016). Although ubiquitously

expressed, mutations in the rab7 gene locus primarily affect the nervous system causing the
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neuropathy Charcot-Marie-Tooth 2B (Cherry et al., 2013; Spinosa et al., 2008; Verhoeven
et al., 2003). Furthermore, in Drosophila, partial loss of Rab7 function leads to a
stimulation-dependent loss of synaptic function and progressive neurodegeneration without
affecting neuronal development itself or the development and function of other tissues. This
highlights the sensitivity of neurons and in particular synapses towards dosage-dependent
membrane degradation mediated by Rab7 (Cherry et al., 2013). Moreover, the sorting of
plasma membrane proteins into degradative compartments at axon terminals requires the
function of Rab7, while the sorting of synaptic vesicle membrane proteins is Rab7-
independent and was shown to be performed via a neuron-specific ‘sort-and-degrade’
mechanism. So far, no Rab GTPase has been identified to be involved in this cell type-
specific endomembrane degradation pathway, which requires the function of synaptic
vesicle proteins n-Syb and vesicular ATPase component V100 (Haberman et al., 2012; Jin
et al., 2018b; Williamson et al., 2010). It is highly unlikely that no Rab protein should be
involved, given their abundance in neurons and their role as key regulators of intracellular

membrane trafficking.

Another major degradative pathway contributing to the maintenance of neuronal and
synaptic homeostasis is macroautophagy (hereafter autophagy). This intracellular pathway
regulates the effective turnover of cytoplasmic components, like protein aggregates and even
entire dysfunctional organelles, such as mitochondria in case of mitophagy, a form of
selective autophagy (Mizushima, 2007; Stavoe and Holzbaur, 2019). Impairment of the
basal autophagic machinery in neurons, through loss of essential autophagy genes atg5 or
atg7, leads to an accumulation and aggregation of intracellular proteins and eventually to
late-onset neurodegeneration (Hara et al., 2006; Komatsu et al., 2006). Autophagosomes,
containing to-be-degraded cargo, preferentially and continuously form at the tip of the axon
before they are retrogradely transported along the axon during which they mature and
gradually acidify due to the fusion with lysosomes (Maday and Holzbaur, 2014; Maday et
al., 2012; Wong and Holzbaur, 2015). Several Rab GTPases have been identified to be
involved in various trafficking steps during autophagy. However, available information
comes almost exclusively from investigations in non-neuronal cell types. Among those Rab
GTPases are Rab 1, 4a, 6, and 11 (trafficking to the phagophore assembly site), Rab5
(phagophore nucleation), Rab33b and Rab37 (phagophore formation and elongation), as
well as Rab7 and Rab24 (fusion of autophagosomes with lysosomes) (Jain and Ganesh,

2016; Kiral et al., 2018; Lu et al., 2021). It remains to be shown, if the same Rab proteins
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or different, more neuron-specific ones fulfill the same functions in neurons. So far, only
few Rab proteins have been associated with neuronal autophagy: Rab7, together with its
effector RILP, functions in the transport of mature autophagosomes to perinuclear lysosomes
in cultured Purkinje neurons (Bains et al., 2011). While the downregulation of Rab39b in
mouse neuroblastoma cells reduces the formation of autophagolysosomes, thus directly
affecting the autophagic flux (Niu et al., 2020). Recently, neuronal Rab26 has been proposed
to link synaptic vesicle recycling to autophagy by interacting with the autophagosomal
marker Atgl6L in mice hippocampal neurons and Drosophila NMJs. However, using the
rab26 null mutant in Drosophila NMJs and photoreceptor neurons, no direct link to
autophagy could be established (Binotti et al., 2015; Kohrs et al., 2021). Several of the Rab
functions described in the last three sections (1.2.1 — 1.2.3) were inferred from constitutively
active or dominant negative Rab variant phenotypes and not based on RNAi knockdown
approaches or even mutant analyses. Thus, the exact functions of nervous-system enriched
Rab GTPases and the membrane trafficking these mediate in the development, function, and

maintenance of neurons is subject to further investigation.

1.3. Drosophila melanogaster as a model system

Model organisms like Drosophila melanogaster are widely used for the functional study of
intricate systems, such as the human nervous system, as they allow for an analysis in a more
simplified manner. Besides obvious features, such as a short generation time and lifetime, a
high number of offspring, and no overly costly maintenance, the model organism Drosophila
provides several more advantages for the research of the development and function of
neurons. Many genes, molecular mechanisms, and cellular, as well as electrophysiological
properties of the nervous system have been conserved between humans and Drosophila
through evolution. This is exemplified and highlighted by 75% of disease-causing genes in
humans, which have functional equivalents in the fruit fly. Still, Drosophila exhibits a
reduced complexity, in the number of genes (~25,000 genes in total in humans versus
~13,600 in Drosophila, more specifically, 66 protein-encoding rab genes in humans versus
26 in the fly), as well as in the number of neurons. Despite the fruit fly’s simplicity, its
nervous system is complex enough to reliably investigate aspects of neuronal development,
function, and maintenance, including intricate membrane trafficking networks. To be able
to study this more closely, fortunately, a variety of powerful genetic tools are available in

Drosophila, which allow for instance the generation of loss-of-function mutations, targeted
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expression of genes or endogenous protein tagging (Chan et al., 2011; Colley, 2012; Dunst
et al., 2015; Gillingham et al., 2014; Jackson, 2008; Jennings, 2011; Jin et al., 2012; Ugur et
al., 2016). Thus, making Drosophila a formidable model organism for the close examination
of components and mechanistic basics of Rab-mediated membrane trafficking pathways in
neurons. The developing and adult fly visual system served as the primary model for the

main experimental work of my doctoral thesis presented here.

1.3.1 The Drosophila visual system: a model to study intracellular protein
trafficking in neurons

The Drosophila visual system is a well-established model used to examine components and
mechanisms of intracellular trafficking pathways involved in the development, function, and
maintenance of neurons. Especially photoreceptors with their highly polarized morphology,
are well-suited to study polarized membrane trafficking (Iwanami et al., 2016; Schopf and
Huber, 2017). Furthermore, the eye itself can be easily stimulated and allows for
perturbation experiments without affecting the viability or survival of the organism under
controlled laboratory conditions (Wang and Montell, 2007; Zhu, 2013). Anatomically, the
visual system is composed of the retina, detecting visual input, and four neuropils in each
optic lobe, namely the lamina, the medulla, the lobula, and the lobula plate, which process
the visual information. Roughly 150.000 neurons and glia cells are part of the visual system
and the optic lobes comprise ~60% of the neurons in the brain (Fischbach and Dittrich, 1989;
Neriec and Desplan, 2016).

The adult Drosophila compound eye is a reiteration of approximately 800 single
repetitive unit eyes called ommatidia. Each hexagonally shaped ommatidium contains eight
photoreceptors (R cells), with six outer (R1-R6) and two centrally located (R7 and R8) cells,
as well as four lens secreting cone cells and two primary pigment cells. Six secondary and
three tertiary pigment cells, in addition to three mechano-sensory bristle cells are being
shared between neighboring ommatidia (Kumar, 2012; Montell, 2012). Photoreceptors can
be divided into two functional groups, outer and inner photoreceptors, based on their
position, axonal projections, spectral properties, and specific functional involvement. Outer
photoreceptors R1-R6, expressing the major visual pigment molecule Rhodopsin 1 (Rh1),
are specialized in motion detection, thus acting as functional equivalents of rods in the
vertebrate retina. Their axons are projecting into the first optic neuropil, the lamina, where

they form synaptic connections mainly with lamina monopolar cells (Figure 3) (Katz and
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Minke, 2009; Meinertzhagen and O'Neil, 1991; Montell, 2012; Rivera-Alba et al., 2011;
Sanes and Zipursky, 2010). Inner photoreceptors R7 and RS, located on top of each other in
the ommatidium, differ in their spectral sensitivities due to the expression of distinct
Rhodopsin molecules and mediate mainly color vision, making them functionally equivalent
to cone cells in the vertebrate retina. R7 cells, expressing Rhodopsin 3 or Rhodopsin 4, are
UV-sensitive and involved in the detection of polarized light, while R8 cells express blue-
sensitive Rhodopsin 5 or green-sensitive Rhodopsin 6. Axons of R7 and RS target the M6
and M3 layer of the medulla respectively, where they synaptically connect with various types
of medulla neurons (Figure 3) (Fischbach and Dittrich, 1989; Morante and Desplan, 2008;
Sanes and Zipursky, 2010; Takemura et al., 2015; Wernet et al., 2006; Yamaguchi et al.,
2010).

Adult visual system
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Figure 3: Schematic illustration of the adult Drosophila visual system

The optic lobe is proximally located to the fly retina and consist of four neuropils, the lamina,
medulla, lobula and lobula plate. A subset of neurons and their respective axonal projections are
shown here. Outer photoreceptors, R1-R6, project from the retina into the lamina where they form
synaptic connections with lamina monopolar neurons in cartridges. Inner photoreceptors, R7 and

R8, as well as lamina neurons, L1-L5, extend their axons into one or more of the ten layers in the
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Figure 3 continued

medulla neuropil (M1-M10). Distal medulla neurons, Dm cells, form lateral branches innervating
multiple columns in the distal medulla region, while medulla intrinsic neurons, Mi cells, link distal
and proximal layers of the medulla. C neurons extend their axons into the medulla and lamina.
Transmedullary neurons, Tm and TmY, project into the lobula (Lo) and lobula plate (Lop), where
they innervate subsets of six and four neuropil layers, respectively. T neurons either connect lobula
and medulla, lobula plate and medulla or lobula and lobula plate. Adapted from (Apitz and Salecker,
2014).

Photoreceptors are highly polarized, light-activated neurons, each with a specialized
compartment known as the rhabdomere, which consists of a stack of tightly packed
microvilli housing the signaling proteins of the phototransduction machinery (Katz and
Minke, 2009; Montell, 2012). Very briefly, focusing on the phototransduction cascade in
R1-R6 photoreceptors, absorption of blue light photons (~480 nm) converts Rhl into its
active form metaRh1. The photoactivated metaRhl sets off a well-orchestrated cascade of
events, ultimately leading to the opening of two Ca*"-permeable cation channels, transient
receptor potential (TRP) and TRP-like (TRPL), and the depolarization of the photoreceptors.
Thermally stable metaRh1 is phosphorylated by rhodopsin kinase and binds to arrestin 1
or 2, which either promotes the endocytosis or the inactivation of methaRhl1 respectively.
The endocytosed photopigment can either be recycled back to the rhabdomere or degraded
mainly through the endolysosomal pathway. As arrestin 2, comprising 85% of the total
amount of available arrestin, constitutes the more prevalent isoform, the metaRhl is
primarily inactivated. The calcium/calmodulin-dependent protein kinase 2 (CaMKII)
phosphorylates the bound arrestin, facilitating its release. Upon absorption of orange light
photons (~580 nm), phosphorylated metaRh1 converts back into its inactive state, triggering
the dissociation phosphorylated arrestin from Rhl. Subsequently, retinal degeneration C
phosphatase dephosphorylates Rh1 (Hardie, 2012; Montell, 2012; Schopf and Huber, 2017;
Wang and Montell, 2007; Xiong and Bellen, 2013).

Photoreceptor function can be readily analyzed by electroretinogram (ERGQG)
recordings, which are extracellular voltage recordings of a neuronal signal from an entire fly
eye in response to a given light stimulus. In addition to functional analysis via
electrophysiology, (fluorescent) light or electron microscopy can be used to examine

defective trafficking. Especially neuronal degeneration in the fly eye, associated with
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impaired maintenance mechanisms, can be morphologically assessed. Hallmarks of retinal
degeneration are initial reduction in rhabdomere integrity, complete loss of single
rhabdomeres, actual holes in the retina, ultimately followed by the death of photoreceptor
cell bodies (Belusic, 2011; Milligan et al., 1997; Shieh, 2011; Wang and Montell, 2007).
Moreover, photoreceptors can be easily stimulated with light, to identify and examine
activity-dependent cellular mechanisms of neuronal function and maintenance in distinction
to stimulus-independent ones. During light-induced activation, photoreceptors are
characterized by a high rate of membrane trafficking of rhodopsin and other
phototransduction components such as TRPL ion channels. Furthermore, it is well-
established that almost every mutation in a gene involved in the photoresponse ultimately
leads to retinal defects and degeneration. Many of those protein-encoding genes are
involved in Rh1 biosynthesis and maturation, as well as internalization and degradation of
its activated form metaRh1 (Belusic, 2011; Colley, 2012; Oberegelsbacher et al., 2011;
Schopf and Huber, 2017; Wang and Montell, 2007; Xiong and Bellen, 2013). Not
surprisingly, retinal degeneration phenotypes identified thus far are often light-dependent.
As such, continuous stimulation of Drosophila photoreceptor neurons is an established
model to identify mutants affecting intracellular signaling pathways, synaptic transmission,
and neuronal maintenance, which ultimately leads to retinal degeneration (Chinchore et al.,

2009; Jaiswal et al., 2015; Jaiswal et al., 2012; Wang and Montell, 2007).

Additionally, using Drosophila photoreceptors as a model to study basic neuronal
function led to the discovery of several key components of intracellular membrane
trafficking pathways. At axon terminals, synaptic vesicle SNARE n-Syb and V100 were
identified as regulators of a neuron-specific endolysosomal sort-and-degrade pathway,
independent of their roles in neurotransmission. Recently, it was shown that synaptic vesicle
proteins are sorted and degraded in a cargo-specific manner by this neuronal degradation
mechanism, which operates independently of the canonical Rab7-dependent pathway.
Furthermore, photoreceptor-specific loss of function of synaptic proteins n-Syb and V100
causes degradation defects downstream of endocytosis, ultimately leading to slow adult-

onset neurodegeneration (Haberman et al., 2012; Jin et al., 2018b; Williamson et al., 2010).

More importantly, based on recent cellular expression and subcellular protein
localization analyses, half of all Drosophila Rab GTPases are enriched or strongly enriched
in the nervous system, the majority of these located in the developing and functional fly

visual system with unknown functions (Chan et al., 2011; Jin et al., 2012; Kohrs et al., 2021).
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Evolutionary conserved functions of already extensively characterized Rab GTPases could
be verified in the antero- and retrograde trafficking of Rhl in adult photoreceptors.
Anterogradely, Rh1 is transported from the ER to the Golgi, requiring Rab1 function. Rab6
has been implicated in the exiting of Rh1 from the Golgi, from where Rab11 mediates the
transport to the rhabdomere. In the retrograde trafficking pathway, Rab5 and Rab7 are
implicated to function in the endocytosis of activated rhodopsin, while Rab11 together with
its GEF Crag and the retromer complex are required for the recycling of rhodopsin back to
the rhabdomere (Iwanami et al., 2016; Oberegelsbacher et al., 2011; Schopf and Huber,
2017; Xiong et al., 2012). Furthermore, impairment of the canonical degradation pathway
in photoreceptors due to loss of rab7 leads to stimulus-dependent progressive degeneration,
initially indicated by an impairment in synaptic transmission (Cherry et al., 2013).
Additionally, photoreceptor-specific roles for Rab26 and Drosophila-specific RabX4, both
highly nervous system-enriched Rabs, could recently be identified. RabX4 has been
implicated in the stimulus-dependent vesicular internalization of the ion channel TRPL into
the photoreceptor cell body, functioning here in a similar, but non-redundant fashion to the
ubiquitously expressed Rab5 (Oberegelsbacher et al., 2011). While Rab26 functions in the
receptor trafficking at specific cholinergic synapses in a stimulus-dependent manner (Kohrs
et al., 2021). This highlights the value of photoreceptors as a model to study Rab-mediated

membrane trafficking components and mechanisms in neurons.
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2. Aim

Neurons are postmitotic, long-lived, specialized cells with a highly polarized morphology,
where axonal and dendritic extensions are spatially separated from each other and the cell
body. To ensure robust development, function, and maintenance, neurons have special
demands on intracellular membrane trafficking networks. The family of small Rab GTPases
provides a great opportunity to closely examine these. In their function as key regulators of
vesicular trafficking in the endomembrane system, Rab GTPases mediate essential steps in
these intracellular pathways, such as vesicle formation, vesicle motility, as well as docking

and fusion of transport vesicles with their target membrane.

Based on the observation that half of all Drosophila Rab GTPases are nervous
system-enriched with a predominant synaptic localization and that these, as mutants, are
viable in homozygosity under laboratory conditions, we formed several ‘Rab-centric’
questions: Why does such a high number of nervous system-enriched Rab GTPases exist?
What might be their specific functions? Do nervous system-enriched Rabs perform more
context-specific, specialized roles to ensure the robust development and function of the
nervous system, as they are not essential for the viability of the organism? When do these
roles become apparent - maybe under more environmentally variable and challenging
conditions? To address these questions experimentally, unbiased systematic rab mutant
analyses were carried out with a special focus on viable, nervous system-enriched rabs.
First, we generated a complete null mutant collection. Then, different functional assays were
performed under specifically challenging conditions to determine which Rabs are required
for robust development, as well as neuronal function and maintenance. This functional
analysis was extended by our newly generated transgenic fly collection for the selective
retention and release of tagged Rab proteins in intact multicellular tissues in Drosophila.
Here, we report proof-of-principle of this assay, which allows the study of intracellular
localization dynamics in a spatiotemporally controlled manner. The experimental work was
further corroborated by an extensive literature review on Rab-mediated membrane
trafficking in neurons. Moreover, this was set in relation to the pathology of
neurodegenerative diseases as Rab GTPases in the nervous system have been repeatedly

associated with maintenance and neurodegeneration.

Ultimately, functional rab analyses will surely help to answer bigger, more ‘neuron-

centric’ questions in the field, such as: How is membrane trafficking specifically regulated
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in neurons? Do different neuron-specific pathways exist and with what kind of cargo
specificity? What are the molecular machineries behind this? And how do neurons, and in
particular their synaptic contacts, ultimately stay healthy and functional over long periods of
time? Knowing more about Rab-mediated membrane trafficking steps in neurons will surely
play a part in solving the neuronal maintenance problem. Furthermore, this will help to
elucidate causal and correlative relations between Rab-mediated trafficking and pathologies

of neurodegenerative diseases and advance our understanding of these human diseases.

This doctoral work provides a first approach to a systematic and comparative
functional analysis of Rab GTPases in the multicellular organism Drosophila focusing on
molecularly defined rab null mutants and a transgenic fly collection for the acute and

synchronous release of tagged Rab proteins.
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Abstract Rab GTPases are molecular switches that regulate membrane trafficking in all cells.
Neurons have particular demands on membrane trafficking and express numerous Rab GTPases of
unknown function. Here, we report the generation and characterization of molecularly defined null
mutants for all 26 rab genes in Drosophila. In flies, all rab genes are expressed in the nervous
system where at least half exhibit particularly high levels compared to other tissues. Surprisingly,
loss of any of these 13 nervous system-enriched Rabs yielded viable and fertile flies without
obvious morphological defects. However, all 13 mutants differentially affected development when
challenged with different temperatures, or neuronal function when challenged with continuous
stimulation. We identified a synaptic maintenance defect following continuous stimulation for six
mutants, including an autophagy-independent role of rab26. The complete mutant collection
generated in this study provides a basis for further comprehensive studies of Rab GTPases during
development and function in vivo.

Introduction

Rab GTPases have been named for their initial discovery in brain tissue (Ras-like proteins from rat
brain), where their abundance and diversity reflect neuronal adaptations and specialized membrane
trafficking (Kiral et al., 2018, Touchot et al., 1987). Yet, Rabs are found in all eukaryotic cells, where
they function as key regulators of membrane trafficking between various membrane compartments
(Pfeffer, 2017, Zhen and Stenmark, 2015). Consequently, Rab GTPases are commonly used as
markers, and some have become gold standard identifiers of various organelles and vesicles in endo-
cytic and secretory systems (Pfeffer, 2017, Zerial and McBride, 2001).

Over the years, Rab GTPases have repeatedly been analyzed as a gene family to gain insight into
membrane trafficking networks (Best and Leptin, 2020; Chan et al., 2011, Dunst et al., 2015;
Gillingham et al., 2014; Gurkan et al., 2005; Harris and Littleton, 2011; Jin et al., 2012;
Pfeffer, 1994; Stenmark, 2009; Zerial and McBride, 2001). Nonetheless, a complete and compara-
tive null mutant analysis of all family members is currently not available for any multicellular organ-
ism. The Drosophila genome contains 31 potential rab or rab-related genes, of which 26 have been
confirmed to encode protein-coding genes (Chan et al., 2011, Dunst et al., 2015; Jin et al., 2012),
compared to 66 rab genes in humans (Gillingham et al., 2014) and 11 Rab-related ypt genes in
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yeast (Grosshans et al., 2006; Pfeffer, 2013). Of the 26 Drosophila rab genes, 23 have direct ortho-
logs in humans that are at least 50% identical at the protein level, indicating high evolutionary con-
servation (Chan et al., 2011; Zhang et al., 2007).

In the nervous system, Rab GTPases have been predominantly associated with functional mainte-
nance and neurodegeneration (Kiral et al., 2018; Veleri et al., 2018). For example, mutations in
rab7 cause the neuropathy CMT2B (Cherry et al., 2013, Spinosa et al., 2008; Verhoeven et al.,
2003), Rab10 and other Rabs are phosphorylation targets of the Parkinson’s Disease-associated
kinase LRRK2 (Dhekne et al., 2018; Steger et al., 2017), and Rab26 and Rab35 have been impli-
cated in synaptic vesicle recycling (Binotti et al., 2015; Sheehan et al., 2016; Uytterhoeven et al.,
2011). Neuronal longevity and morphological complexity have been suggested to require specific
Rab-mediated membrane trafficking (Jin et al., 2018a; Jin et al., 2018b).

We have previously developed a transgenic Drosophila rab-Gal4 collection based on large geno-
mic fragments and a design for subsequent homologous recombination to generate molecularly
defined null mutants (Chan et al., 2011; Jin et al., 2012). Analyses of the cellular expression pat-
terns and subcellular localization based on YFP-Rab expression under endogenous regulatory ele-
ments by us and others (Dunst et al., 2015) have revealed numerous neuronal Rabs with synaptic
localization (Chan et al., 2011). We originally found that all 26 Drosophila Rab GTPases are
expressed somewhere in the nervous system and half of all Rabs are enriched or strongly enriched in
neurons (Chan et al., 2011; Jin et al., 2012). A more recent collection of endogenous knock-ins
identified more varied expression patterns when more tissues were analyzed, but also validated the
widespread neuronal and synaptic expression (Dunst et al., 2015). The function of most Rabs with
high expression in the nervous system is still unknown.

Here, we provide the first comparative null mutant analysis of all rab genes in a multicellular
organism. We find that viability, development, and neuronal function are highly dependent on envi-
ronmental conditions in these mutants. Under laboratory conditions, with minimal selection pressure,
seven mutants are lethal, one semi-lethal with few male escapers, two are infertile and six are
unhealthy based on progeny counts. Remarkably, all 13 nervous system-enriched rabs are viable
under laboratory conditions. However, all 13 exhibit distinct developmental or functional defects
depending on environmental challenges. Our survey of the complete mutant fly collection provides
a basis to systematically elucidate Rab-dependent membrane trafficking underlying development
and function of all tissues in a multicellular organism.

Results

Generation of the rab GTPase null mutant collection

Our earlier observation of a synaptic localization of all nervous system-enriched Rabs led us to spec-
ulate that many Rab GTPases may serve roles related to neuron-specific development or function
(Chan et al., 2011). To test this idea, we set out to generate a complete null mutant collection. We
have previously published molecularly defined null mutants of rab27 (Chan et al., 2011) and
rab7 (Cherry et al., 2013) as Gal4 knock-ins using a BAC recombineering/homologous recombina-
tion approach (Chan et al., 2011). Seven additional molecularly defined null mutants have previously
been reported: rab1 (Thibault et al., 2004), rab3 (Graf et al., 2009), rab5 (Wucherpfennig et al.,
2003), rab6 (Purcell and Artavanis-Tsakonas, 1999), rab8 (Giagtzoglou et al., 2012),
rab11 (Bellen et al., 2004), and rab32 (Ma et al., 2004). For the remaining 17 rab genes, we gener-
ated six null mutants as Gal4 knock-ins that replace the endogenous open-reading frames, or the
ATG start codon, using homologous recombination; these include rab2, rab4, rab19, rab30, rabX1,
and rabX6 (Figure 1A; Figure 1—figure supplement 1A-B). The remaining 11 null mutants were
generated using CRISPR/Cas9, including rab9, rab10, rab14, rab18, rab21, rab23, rab26, rab35,
rab39, rab40, and rabX4 (Figure 1A; Figure 1—figure supplement 1C-D). All mutants were molec-
ularly validated as described in the Materials and methods section.

All nervous system-enriched rab mutants are viable under laboratory
conditions

All mutant chromosomes were tested for adult lethality in homozygosity. Of the 26 null mutants,
seven are homozygous lethal (rab 1, 2, 5, 6, 7, 8, 11) and one, rab35, is homozygous semi-lethal with
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Figure 1. Generation and viability analysis of the rab null mutant collection. (A) List of all 26 Drosophila rab null
mutants, sorted by expression pattern from ‘nervous system-enriched’ to ubiquitous based on Chan et al., 2011;
Jin et al., 2012. Two-thirds of the rab mutants are homozygous viable and fertile. Eight rab mutants are lethal in
homozygosity. The origin of the mutants is indicated in the third column. (B) Pie charts showing the ratios of
Figure 1 continued on next page
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Figure 1 continued

homozygous versus balanced flies after ten generations. Ten of the 18 viable or semi-lethal rab mutants are fully
homozygous, while the others still retain their balancer chromosome (shades of yellow) to varying degrees. At
least 1000 flies per rab mutant were counted.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Design of newly generated rab mutants.

Figure supplement 2. Pupal expression patterns of nervous system-enriched Rabs based on endogenously
tagged Rabs generated by Dunst et al., 2015.

Figure supplement 3. Adult expression patterns of nervous system-enriched Rabs based on endogenously
tagged Rabs generated by Dunst et al., 2015.

few male escapers; 18 of the rab null mutants are viable as homozygous adults under laboratory con-
ditions (Figure 1A).

All mutants were initially generated with the null mutant chromosome in heterozygosity over a
balancer chromosome. Balancers contain multiple genetic aberrations, rendering them generally less
healthy than wild type chromosomes; balancer chromosomes are therefore outcompeted in healthy
stocks after a few generations. However, after 10 generations, only 10 of the 18 viable lines lost the
balancer, indicating that eight rab mutant chromosomes confer a competitive disadvantage
(Figure 1B). For five rab mutant chromosomes (rab14, rab23, rab30, rab32, and rab40) a minority of
balanced flies remained in the viable stocks, suggesting that the mutant chromosomes in homozy-
gosity are associated with only mildly reduced viability. By contrast, for rab10, rabX1, and rabX4 we
found balanced mutant flies in the majority, indicating substantially disadvantageous mutant chro-
mosomes (Figure 1B). Sibling crosses between unbalanced homozygous mutant flies revealed an
inability to lay eggs for rab10 mutant flies. In addition, rab30 mutant males are sterile and crosses of
homozygous flies only yield non-developing eggs, a phenotype that was rescued by Rab30 overex-
pression with the rab30-Gal4 line (see Materials and methods). In all other cases, homozygous
mutant eggs developed, albeit in some cases at significantly lower numbers or at altered develop-
mental speeds, as discussed in detail below. These observations suggest a range of mutant effects
that may affect development or function, yet remain sub-threshold for lethality under laboratory
conditions.

Remarkably, all lethal mutants are in Drosophila rab genes that are ubiquitously expressed, while
all 13 Rab GTPases that we previously reported to be enriched in the nervous system are viable and
fertile (Figure 1A). This surprisingly binary categorization once again puts a spotlight on the ques-
tion of specialized Rab GTPase functions in the nervous system. The development and maintenance
of the nervous system require robustness to variable and challenging conditions. Endogenous
expression patterns based on available knock-ins (Dunst et al., 2015) revealed that all 13 nervous-
system Rabs are expressed in different patterns in the developing brain (Figure 1—figure supple-
ment 2, Supplementary file 1A) and in the adult brain (Figure 1—figure supplement 3,
Supplementary file 1B). A comparison of Rab expression in flies with mammalian systems based on
published data revealed a high degree of conservation across species, as detailed for each Rab in
Supplementary file 2. In addition, a comprehensive comparison of functional analyses across spe-
cies revealed both similarities but also species-specific features of individual Rabs with respect to via-
bility and subcellular localization; this information is presented in detail for each Rab in
Supplementary file 3. Based on our fly data and these comparisons across species, we hypothesized
that many Rabs may provide context-specific neuronal roles that ensure robust development and
function that are not apparent under laboratory rearing conditions. To test this hypothesis, we
devised a series of assays to test all viable and fertile Drosophila rab null mutants for development,
function, and maintenance under controlled challenging conditions.

The majority of viable rab mutants affect developmental timing and
robustness to different temperatures

First, we analyzed developmental robustness to temperatures at 18°C, 25°C, and 29°C (Figure 2A-
C). We collected embryos after a 24 hours egg-laying period and measured hatching times of the
first 1st instar larvae (Figure 2D-F), the first larvae transitioning to pupae (Figure 2G-I), and the first
adults to eclose (Figure 2J-L) at all three temperatures. The 16 homozygous viable and fertile
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Figure 2. Developmental analyses of all viable rab mutants at different temperatures. (A-C) Developmental time from embryogenesis to adults at 18°C
(A), 25°C (B), and 29°C (C) for all homozygous viable rab mutants. (D, G, and J) Developmental time at 18°C for all homozygous viable rab mutants,
separated into embryonal (blue, D), larval (green, G) and pupal (orange, J) phases. (E, H, and K) Developmental time at 25°C for all homozygous viable
rab mutants, separated into embryonal (blue, E), larval (green, H) and pupal (orange, K) phases. (F, |, and L) Developmental time at 29°C for all
homozygous viable rab mutants, separated into embryonal (blue, F), larval (green, 1) and pupal (orange, L) phases. (A-L) Dashed red line = mean of
control. Mean + SEM; *p<0.05 (for the specific statistical values see Figure 2—figure supplement 1); 0, 1, or 2 indicate if the specific phenotype could
not be validated (0), could be validated by either backcrossing or mutant over deficiency (1) or could be validated by both (2); Unpaired non-parametric

Kolmogorov-Smirnov test. (M=N) Wing surface area measurement for validated homozygous viable rab mutants at 18°C
(brown) and rab mutant with significantly reduced (red) and increased wing sizes (yellow,

—

M) and 29°C (N). Wild type
compared to control. Boxplot with horizontal line representing

the median; individual data points are represented as dots. Fifteen to 22 wings per genotype were quantified; *p<0.05 (for the specific statistical values
see Figure 2—figure supplement 2); 0, 1, or 2 indicate if the specific phenotype could not be validated (0), could be validated by either backcrossing

or mutant over deficiency (1) or could be validated by both (2); ordinary one-way ANOVA with pair-wise comparison.
The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Validation of developmental timing phenotypes of viable rab mutants at different temperatures.
Figure supplement 2. Wing surface area measurement for all homozygous viable rab mutants at 18°C and 29°C.
Figure 2 continued on next page
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Figure 2 continued

Figure supplement 3. Examples of wing defects after development at different temperatures.

mutants include all 13 nervous system-enriched rabs plus rab14, rab18, and rab39. To control for
genetic background effects, we further tested all mutants with developmental phenotypes in two
additional genetic backgrounds: first, the mutant chromosome in heterozygosity over a genomic
deficiency uncovering the respective mutation; second, we backcrossed the mutants for three gener-
ations to control flies, thereby making the genetic background >80% identical to the control stock
(see Materials and methods). We only considered phenotypes that were validated in at least one of
the two additional genetic backgrounds; the number of validations are indicated as a number next
to the asterisks marking significant differences in Figure 2 as well as in detail in Figure 2—figure
supplement 1 and in Supplementary file 4.

Of the 16 homozygous viable and fertile mutants, 12 exhibited specific defects in developmental
timing and an additional two mutants exhibited defects in wing development as described below.
No developmental defects were observed only for rab21 and rab26. The 12 mutants with develop-
mental timing phenotypes exhibited the following phenotypes (in order of severity): rabX4 exhibited
the longest overall developmental delay, including delays of embryo, larval and pupal stages at all
three developmental temperatures. rabX4 mutant flies exhibited normal egg-laying behavior, but
most eggs did not develop; only few rabX4 adult escapers developed with 2-4 days developmental
delay (Figure 2A-L; Figure 2—figure supplement 1A-C; Supplementary file 4). rabX1 was the
only mutant that exhibited selective delays of embryo development at all three temperatures, but
normal timing of larval and pupal development (Figure 2D-L). rabX1 mutant flies laid very few eggs,
with only a subset of these developing to adulthood (20% of control; Supplementary file 4). rab19
was the only mutant that exhibited selective delays of pupal development (but normal embryo and
larval development) at all temperatures (Figure 2D-L). In addition, rab19 exhibited a 50-80% rate of
late pupal lethality specifically at 29°C, that was not observed at lower temperatures. All rab19 adults
raised at 29°C died within a few days. rab32 exhibited increased late pupal lethality specifically at
29°C, while survivors exhibited normal eclosion timing. At 18°C, rab32 mutants exhibited a mild over-
all developmental delay due to delayed larval development (Figure 2A,G). rab40 exhibited a devel-
opmental delay at 18°C (Figure 2A,G) that was validated in both alternate genetic backgrounds
(Figure 2—figure supplement 1D,G), a mild developmental delay at 25°C (Figure 2B,H) that was
validated in a backcrossed background (Figure 2—figure supplement 1E), and no developmental
delay at 29°C (Figure 2C). rabXé exhibited a mild developmental delay only at 18°C (Figure 2A)
which could be validated in both alternate genetic backgrounds (Figure 2—figure supplement 1D).
Similarly, rab39 and rab3 both exhibited a mild overall developmental delay at 18°C (Figure 2A) that
were both validated in a backcrossed background (Figure 2—figure supplement 1D). rab4 exhib-
ited mildly delayed overall development at 18°C (Figure 2A,G) that was validated in a backcrossed
background (Figure 2—figure supplement 1D,G). rab9 and rab14 were the only mutants with a
shorter larval development at 18°C (Figure 2G) that was validated over deficiencies in both cases
(Figure 2—figure supplement 1G). Finally, rab18 was the only mutant that exhibited shortened
pupal development specifically at 29°C (Figure 2L) that was validated in a backcrossed background
(Figure 2—figure supplement 1I).

Taken together, these 12 mutants uncover developmental sensitivities of different developmental
stages and with varying temperature-dependencies. Development at 18°C revealed increased vari-
ability of developmental timing in the majority of mutants that resulted from variability of larval
development which in turn depends on larval behavior (Figure 2A,G). In contrast to larval develop-
ment, pupae did not exhibit an increased variability of developmental timing. Developmental timing
at higher temperatures was significantly less variable for all developmental stages. While some
prominent developmental delays occurred at all temperatures (rabX4 and rabX1), other mutants
were selectively sensitive to development at higher temperatures (rab18, rab19, rab32) or lower
temperatures (rab4, rab40).

Temperature is known to affect organ development through changes in cell size (Azevedo et al.,
2002). For example, the Drosophila wing in control flies is 25-45% larger after development at 18°C
compared to development at 29°C (Figure 2M,N). As with developmental timing, specific rab
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mutants exhibited opposite developmental defects either only at lower or higher developmental
temperatures. At 18°C we observed significantly smaller wings for rab3, rab19, and rab27 and signifi-
cantly larger wings for rabX1 and rabX4, the two mutants with the longest developmental delay at
18°C (Figure 2A,M). At 29°C, we found significantly smaller wings in the rabXé mutant and signifi-
cantly larger wings in the rab9 mutant compared to controls at the same developmental tempera-
ture (Figure 2N). We only scored phenotypes that were validated in at least one additional genetic
background (backcrossed or over deficiency, Figure 2—figure supplement 2). Finally, the rab23 null
mutant exhibited a planar cell polarity phenotype of wing bristles reported previously (Dunst et al.,
2015; Pataki et al., 2010). In addition, we observed a previously not reported highly penetrant
transversal p-cv vein shortening (in 90% of the wings studied) at 18°C, which was ameliorated at 29°C
(12% penetrance) in the rab23 mutant (Figure 2—figure supplement 3). In summary, 14 of the 16
viable and fertile null mutants exhibit specific developmental defects, most of which only occurred
(or were significantly exacerbated) at high (29°C) or low (18°C) developmental temperatures.

A subset of rab mutants affect the maintenance of stimulus-dependent
synaptic function

To challenge neuronal function and maintenance, we tested the effect of continuous light stimulation
on photoreceptor neurons, a widely used model to identify mutants affecting neuronal maintenance
and degeneration in Drosophila (Jaiswal et al., 2012). Electroretinograms (ERGs) are extracellular
recordings that reveal two aspects of photoreceptor function: first, the depolarization measures the
ability of photoreceptor neurons to convert a light stimulus into an electrical signal; reduced depo-
larization can be the result of a reduced ability to perceive light (phototransduction), reduced electri-
cal properties of individual cells, or loss of neurons. Second, the ERG ‘on’ transient indicates the
ability to transmit the presynaptic signal to the postsynaptic interneurons. Loss of the ‘on’ transient
can result from defective neurotransmission or degeneration that starts at the synapse, as shown for
the rab7 mutant previously (Cherry et al., 2013). The ERG is mostly used as a qualitative method,
because both depolarization and ‘on’ transient intensities are highly sensitive to differences in
genetic background, eye pigmentation, intensity of the light stimulus and other recording variables.
To identify a sensitive period during which mild alterations of neuronal function and maintenance
should be measurable, we established sensitization curves over several days of stimulation. In control
flies, continuous stimulation leads to a gradual decline of the ‘on’ transient amplitude (Figure 3A)
and depolarization (Figure 3B) over a 7-day period. Two days light stimulation represent a highly
sensitized period with a dynamic range for improvement or worsening of potential defects for both
the ‘on’ transient (Figure 3A) and depolarization (Figure 3B).

For all 16 viable and fertile rabs plus the two infertile mutants rab10 and rab30, we tested
mutants in a white minus background (white-eyed flies). First, we performed ERG recordings of
newly hatched flies to assess neuronal function immediately after development ('O day’; Figure 3C-
D). None of the mutants exhibited significant reductions of their ‘on’ transient (Figure 3C) or depo-
larization (Figure 3D) immediately after hatching (0 day). Next, we used continuous light stimulation
to measure changes in function after continuous stimulation (Figure 3E-F) and dark-rearing to assess
aging in the absence of stimulation (Figure 3G-H). After 2 days of light stimulation, six rab mutants
exhibited significantly reduced neurotransmission compared to control based on their ‘on’ transi-
ents: rab3, rab14, rab19, rab26, rab30 and rabXé. For five of these six, the defect was specific to
synaptic function without significant effects on depolarization (rab3, rab19, rab26, rab30, and rabXé,
all with nervous system-enriched expression). By contrast, one mutant (rab14, with widespread
expression) additionally exhibited a significantly decreased depolarization, indicating more generally
reduced cellular function. Hence, neuron-enriched expression and synaptic localization of several
Rab GTPases correlate with robustness of synaptic function under continuous stimulation.

To test whether these maintenance defects were strictly stimulus-dependent, we tested dark-
reared flies. None of the five rabs with specific synaptic defects (rab3, rab19, rab26, rab30 and
rabXé) exhibited reduced neurotransmission in the absence of a light stimulus. By contrast, rab14
and additionally rab27, exhibited both reduced transmission and depolarization after 4 days in the
dark, suggesting stimulus-independent and aging-related defects. These findings indicate that the
synaptic defects of rab3, rab19, rab26, rab30, and rabXé are stimulus-dependent, and the defects of
rab14 and rab27 aging-dependent functional maintenance defects. A role for rab27 in neuronal
aging has recently been reported (Lien et al., 2020).
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Figure 3. Analysis of neuronal function and maintenance based on electroretinograms. (A-B) Sensitization curves for light stimulated (orange curve) and
dark-reared (black curve) wild type flies generated by electroretinogram (ERG) recordings. ‘on’ transient signal is lost after 4 days of light stimulation.
Complete loss of depolarization signal after 5 days of light stimulation. O day, 2 days light stimulation and 4 days dark-rearing are highlighted in red.
Mean + SEM; 25-30 flies were recorded for each day (0-7 days) and each condition (light and dark); Ordinary one-way ANOVA with pair-wise
comparison. (C-D) ‘on’ transient and depolarization of newly hatched (0 day) flies. Wild type control in black, all homozygous viable rab mutants in
grey. (E-F) ‘on’ transient and depolarization of wild type (black) and homozygous viable rab mutants (grey) after 2 days of light stimulation. (G-H) ‘on’

Figure 3 continued on next page
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transient and depolarization of wild type (black) and homozygous viable rab mutants (grey) after 4 days of dark-rearing. (C-H) Mean + SD; *p<0.05; 25-
30 flies were recorded for each genotype and condition; ordinary one-way ANOVA with group-wise comparison.

A subset of rab mutants affect in a stimulus-dependent manner the
maintenance of rhabdomeres, a high-turnover membrane compartment
harboring the phototransduction machinery

During the sensitive period after 2 days of light stimulation, both ‘on’ transients (Figure 3E) and
depolarization (Figure 3F) exhibited higher variability amongst individuals than before stimulation
(Figure 3C,D) or after 4 days in the dark (Figure 3G,H). This variability after 2 days of light stimula-
tion could be a consequence either of functional differences amongst individuals or of progressive
cell death, which is known to be induced by prolonged stimulation of photoreceptor neurons
(Kiselev et al., 2000; Xiong and Bellen, 2013). We tested for programmed cell death using cleaved
Drosophila death caspase-1 (DCP-1) as an apoptotic marker. None of the 18 viable rab mutants
exhibited elevated levels of DCP-1 before or after 2 days of light stimulation (Figure 4A-B; Fig-
ure 4—figure supplement 1). As a positive control, we used DCP-1 to visualize retinal degeneration
in the rdgC306 mutant (Steele and O’Tousa, 1990; Figure 4C). Hence, increased phenotypic vari-
ability during this sensitized period likely reflects individual differences of functional and mainte-
nance defects compared to control. Indeed, the co-labeling of rhabdomeres in these experiments
revealed highly variable structural defects in rab mutant eyes after 2 days of light stimulation. The
rhabdomeres are densely stacked membranes that are characterized by large-scale, light-dependent
membrane trafficking of rhodopsin and other phototransduction proteins (Frechter and Minke,
2006; Schopf and Huber, 2017; Xiong and Bellen, 2013). We found no rhabdomere defects in any
of the 16 viable plus viable but infertile rab mutants before stimulation, consistent with the absence
of functional defects after development but prior to a functional challenge (Figure 4A,E; Figure 4—
figure supplement 1). By contrast, after 2 days of light stimulation rhabdomere structures exhibited
highly increased variability (Figure 4B,D,F). In control, rhabdomere area increased on average ~30%
after 2 days of stimulation, while seven rab mutants exhibited a significant decrease in area greater
than the control variability indicated by its standard deviation (rab4, rab18, rab21, rab27, rab30,
rab32, rab40; Figure 4D). In addition, rhabdomere shapes exhibited similarly increased variability
and significant changes in three additional rab mutants (rab19, rab23, and rab26é; Figure 4E-F). We
conclude that at least 10 of the 18 viable rab mutants affect membrane turnover in rhabdomeres
when challenged with continuous stimulation.

Synaptic maintenance defects in viable rab mutants do not coincide
with defective autophagy or Rab11-dependent endosomal recycling
Next, we analyzed the morphology of photoreceptor axon projections after light stimulation com-
pared to newly hatched flies using an antibody against the photoreceptor membrane protein Chaop-
tin. All 13 nervous system-enriched rab mutants exhibited axonal projections that were
indistinguishable from control in newly hatched flies (Figure 5—figure supplement 1). We found no
obvious developmental defects amongst newly hatched flies. All except one mutant looked indistin-
guishable from control; rabX1 exhibited normal axonal projections, but unusual accumulations of
Chaoptin in non-photoreceptor cell bodies surrounding the neuropils (arrowheads in Figure 5A), a
phenotype previously observed for endomembrane degradation mutants including
rab7 (Cherry et al., 2013) and the v-ATPase v100 (Williamson et al., 2010).

After 2 days of light stimulation, two mutants exhibited alterations of their axon terminal mor-
phology. Mutants for rab26, and to a lesser extent rab19, exhibited distinct membrane accumula-
tions at the distal tips of R1-R6é photoreceptor axon terminals (arrows in Figure 5A). Both rab19 and
rab26 are amongst the five neuronal rabs exhibiting stimulus-dependent specific transmission main-
tenance defects. We next tested whether these membrane accumulations are associated with
defects in autophagosome formation or clearance. In wild type flies, Atg8/LC3-positive autophago-
somes were relatively infrequent given the number of axon terminals in the lamina both before and
after light stimulation (Figure 5B). Notably, none of the five neuronal rab mutants with synaptic
maintenance defects exhibited significantly altered Atg8 labeling. By contrast, in the rabX1 mutant,
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Figure 4. Viable rab mutants show no apoptosis based on DCP-1 immunolabeling but display morphological changes in rhabdomeres after continuous
light stimulation. (A-B) Examples of rab mutant retinas which show rhabdomere changes and no increased levels in the apoptotic marker DCP-1 after 2
days of light stimulation compared to control (B) and newly hatched flies (A). Zoom-ins of single ommatidia are highlighted by red boxes. Scale bar = 4

um; number of retinas n = 5-7 from different animals per antibody staining. (C) rdg

Figure 4 continued on next page
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continuous blue light stimulation. Labeling with phalloidin (green) reveals highly disrupted rhabdomere morphology. Scale bar = 4 um; number of
retinas n = 4 per antibody staining. (D) Area ratio of outer rhabdomeres R1-Ré. The standard deviation range of wild type control is highlighted by red
lines. Outer rhabdomere area ratio was calculated as described in Materials and methods. Mean + SD; *p<0.05 (only significances outside SD range are
marked); number of outer rhabdomeres counted n = 150 from three to six animals. Ordinary one-way ANOVA with group-wise comparison. (E-F) After
2 days of light stimulation outer rhabdomere shape exhibited increased variability (F) compared to newly eclosed flies (E). Outer rhabdomere shape
was calculated as described in Materials and methods and examples of single ommatidia (left: O day, right: 2 days of light stimulation) are shown in the
zoom-ins (E). Mean + SD; *p<0.05; number of outer rhabdomeres counted n = 150 from three to six animals. Ordinary one-way ANOVA with group-

wise comparison.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. No viable rab mutants show apoptosis based on DCP-1 immunolabeling, some display morphological changes in rhabdomeres
after 2 days of continuous light stimulation.

Atg8 levels were increased in cell bodies distal of axon terminals already prior to stimulation (arrow-
heads in Figure 5B). Stimulus-dependent increased numbers of Atg8-positive compartments in axon
terminals were observed for rab23, rab27, rab32, and as prominent clusters for rabX1, none of which
exhibited stimulus-dependent synaptic maintenance defects (Figure 5B). These observations do not
support a link between synaptic maintenance and autophagy based on viable, neuron-enriched
Rabs.

We previously showed that most nervous system-enriched Rabs, including Rab19 and Rab26,
encode proteins that colocalize with the recycling endosome marker Rab11 at photoreceptor axon
terminals (Chan et al., 2011). Using the same 2 days light stimulation assay, we found that in wild
type, Rab11 is strongly upregulated in the synaptic terminals after stimulation, indicating increased
membrane trafficking. Surprisingly, we found the same stimulus-dependent increase of Rab11 as in
control in all mutants except rabX1, consistent with a recent characterization of RabX1’s endolysoso-
mal function (Laiouar et al., 2020; Woichansky et al., 2016, Figure 5C). In summary, all Rabs impli-
cated in synaptic functional maintenance exhibited Atg8 and Rab11 levels similar to control after
light stimulation; our analyses therefore suggest that these Rabs employ mechanisms distinct from
canonical Rab11-dependent endomembrane recycling and Atg8-dependent autophagy at synapses.

Loss of rab26 does not discernibly affect membrane trafficking
associated with synaptic vesicles or autophagy in the adult brain

Rab26 has been proposed to link synaptic vesicle recycling to autophagy based on experiments in
mammalian cell culture and Drosophila using overexpression of GTP-locked and GDP-locked variants
(Binotti et al., 2015). Here, we provide an analysis of the rab26 null mutant. In support of a role of
autophagy in synaptic vesicle turnover, we found that rab26 is one of the rab null mutants that
exhibit reduced stimulus-dependent functional maintenance (Figure 3E), while being one of only
two mutants without any developmental defect in our assays (Figure 2). In addition, rab26 null
mutant axon terminals exhibited pronounced membrane accumulations after continuous light stimu-
lation (Figure 5A). However, we found no significant changes of the autophagosomal marker Atg8/
LC3 (Figure 5B). These findings prompted us to probe putative roles of Rab26 at synaptic terminals
in more detail.

Expression of GTP-locked Rab26 in adult photoreceptor neurons led to a complete loss of neuro-
transmission, while neither complete loss of rab26 function nor expression of GDP-locked Rab26 sig-
nificantly affected neurotransmission in newly hatched flies (Figure 6A). GTP-locked Rab26 protein
formed enlarged accumulations as observed in the earlier study. Compartments and accumulations
marked by YFP-tagged WT or GTP-locked Rab26 largely exclude synaptic markers (Syt1 and CSP;
Figure 6B-C) as well as the autophagosome marker Atg8 (Figure 6D-E). By contrast, the recycling
endosomal markers Rab11 (Figure 6D-E) and the endosomal markers Hrs and Syx7 (Figure 6F-G)
all exhibit elevated levels in axon terminals expressing GTP-locked Rab26. These findings suggest an
endosomal role at synaptic terminals that may not be directly linked to synaptic vesicles and
autophagy.

Next, we compared the findings from GTP-locked Rab26 overexpression to the rab26 null
mutant. Adult brains mutant for rab26 did not exhibit obvious changes of Atg8 or Syt1 (Figure 6H-
K). The null mutant brains appeared morphologically normal and exhibited no difference for any of
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Figure 5. Analyses of morphology, recycling endosomal function (Rab11) and autophagy (Atg8) at photoreceptor axon terminals after continuous light
stimulation. (A) Examples of Chaoptin-labeling (Chp) of O day and 2 days light stimulated wild type and rab mutant photoreceptor projections (overview
top panel, R1-R6 middle panel, R7-R8 bottom panel). The rabX1 mutant exhibits Chaoptin accumulations in non-photoreceptor cell bodies
independent of stimulation (arrowheads). After 2 days of light stimulation, rab26 and rab19 mutants display membrane accumulations in their axon
terminals (arrows). Scale bar = 20 um (top panel), 5 um (middle and bottom panel); number of brains n = 3-5 per antibody staining. (B) Examples of
Atg8 labeling of photoreceptor projections in retina-lamina preparations of newly hatched and 2 days light stimulated wild type flies and six rab
mutants. Only rab23, rab27, and rab32 show significant increases in Atg8-positive compartments after 2 days of light stimulation (highlighted by red
boxes). rabX1 flies exhibit Atg8-positive compartments in cell bodies (arrowheads). Scale bar = 10 pm; number of retina-lamina preparations n = 3 for
each condition and staining. (C) Examples of Rab11 labeling of photoreceptor projections in retina-lamina preparations of newly hatched and 2 days
light stimulated wild type and rabX1 flies. Increase in Rab11 levels is suppressed in rabX1 mutants after 2 days of light stimulation (highlighted by red
box). Scale bar = 10 um; number of retina-lamina preparations n = 3 for each condition and staining.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Systematic analysis of photoreceptor axon morphology of newly eclosed adults and after 2 days of continuous light stimulation.

the markers analyzed above. These findings do not support a strict requirement for any essential
endomembrane trafficking process during development and initial function.

Binotti et al., 2015 focused their Drosophila analyses on the larval neuromuscular junction (NMJ),
we also investigated rab26 loss-of-function in presynaptic boutons of these motoneurons and their
postsynaptic muscle. We further generated a polyclonal antibody against the cytosolic N-terminus of
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Figure 6. Loss of rab26 does not discernibly affect markers for synaptic vesicles or autophagy in the adult brain. (A) Representative ERG traces of
recordings of 2 days light stimulated wild type, rab26 mutant, and Rab26 GTP-locked overexpression flies. Only the Rab26 GTP-locked flies show a
complete loss of ‘on’ transient (highlighted in red). Quantification of the ‘on’ transient is shown right. (B-G) Labeling of lamina cross-sections of Rab26
GTP-locked (B, D, and F) and YFP-tagged Rab26WT (C, E, and G) against Syt1 and CSP (B and C), Rab11 and ATG8 (D and E), and Hrs and Syx7/
Avalanche (F and G). GTP-locked Rab26 shows colocalization with Rab11 and Syx7/Avalanche (white arrowheads), but not with Syt1, CSP, Atg8 nor Hrs
(black arrowheads). Scale bar = 5 um; number of brains n = 3-5 per antibody staining. (H-K) Intensity comparison of optic lobes of newly hatched wild

Figure 6 continued on next page
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type and rab26 mutant flies, stained against Syt1 (H and 1) and Atg8 (J and K). Number of brains n = 3-5 per antibody staining. (L) Validation of the
rab26 null mutant by Western Blot with the newly generated Rab26 antibody. Wild type control shows the Rab26 band at around 45 kDa (1), which is
lost in the rab26 mutant (2). (M and N) Validation of the rab26 null mutant by immunohistochemistry with the newly generated Rab26 antibody. The
Rab26 antibody labels synaptic neuropil in different regions of wild type brains (green, M), which is lost in the rab26 null mutant (N). Labeling of nuclei/
cell bodies with Toto-3 (blue). Scale bar = 30 um; number of brains n = 3 per antibody staining. (O) Immunolabeling of Rab26 (red) shows high
colocalization with the endogenously YFP-tagged Rab26 (green). Lamina cross-section of newly hatched flies. Scale bar = 5 um; number of brains n = 3-

5 per antibody staining. (P) Co-labeling of wild type lamina with Rab26 (green), Brp (synaptic marker, red), and ebony (glia marker, blue) reveals few

synapses, positive for Rab26 and Brp in the proximal region of the lamina (white arrowheads, P’ and P"'). No colocalization between Rab26 and ebony
could be observed (P'"). Scale bar = 5 um; number of brains n = 3-5 per antibody staining.
The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Rab26 colocalizes with synaptic vesicle and endosomal markers at larval neuromuscular junction (NMJ) boutons.

Rab26 (see Materials and methods). In western blots of whole-brain homogenate, the Rab26 anti-
body labeled a 45 kDa band, consistent with a predicted molecular weight between 41 kDa and 45
kDa, that is lost in the null mutant (Figure 6L). Additionally, immunolabeling of Rab26 in the adult
brain (Figure 6M-N) and at the larval NMJ (Figure 6—figure supplement 1A) is not detectable in
the null mutant. At the NMJ, Rab26 is present at presynaptic boutons, but not in the postsynaptic
muscle (Figure 6—figure supplement 1A,B). Rab26 immunolabeling colocalizes partially with
Rab11, the synaptic vesicle markers CSP and Syt1 and the endosomal marker Syx7. However, none
of these markers were discernibly affected in the rab26 null mutant (Figure 6—figure supplement
1B). Similarly, overexpressed YFP-tagged Rab26, GDP-locked Rab26 and GTP-locked Rab26 exhib-
ited varying levels of colocalization with synaptic vesicle and endosomal markers, but no obvious dis-
ruption of their localization or levels (Figure 6—figure supplement 1C,E,F). Finally, we found no
effect of the rab26 null mutant or overexpression of the three YFP-tagged Rab26 variants on the
autophagosomal marker Atg8 (Figure 6—figure supplement 1D). We hypothesize that, as in photo-
receptor neurons, Rab26 is not required for the formation of functional synapses.

In the adult brain, Rab26 immunolabeling revealed synaptic neuropils at varying levels in different
regions (Figure 6M) and colocalized well with an endogenously tagged Rab26 (Figure 60). In the
lamina, Rab26 immunolabeling revealed a punctate pattern across the photoreceptor axon terminals
and a row of cells just distal of the lamina (Figure 60,P). Co-labeling with the glia marker ebony did
not mark these cells and revealed a largely complementary pattern to Rab26 in the lamina; the syn-
aptic marker Brp revealed a small subset of colocalizing synapses selectively in the proximal regions
of the axon terminals (arrowheads in Figure 6P), that is in the region where continuous stimulation
led to protein accumulations (comp. Figure 5A). These observations raise the question whether
Rab26 functions specifically in a certain type of neuron or synapse.

Rab26 is required for stimulus-dependent membrane receptor turnover
associated with cholinergic synapses

So far, our rab26 null mutant analyses have revealed a stimulus-dependent role in functional mainte-
nance (Figure 3E) associated with membrane protein accumulations at the proximal end of photore-
ceptor synaptic terminals (Figure 5A). These mutant accumulations of the photoreceptor membrane
protein Chaoptin became more pronounced with further increased (4 days light) stimulation
(Figure 7A-B). This phenotype was mimicked by photoreceptor-specific Rab26 RNAi (Figure 7—fig-
ure supplement 1A-E) and rescued by photoreceptor-specific expression of Rab26 in null mutant
flies (Figure 7C-D). These findings indicate that the stimulus-dependent membrane accumulations
are a cell-autonomous phenotype in photoreceptor neurons.

To characterize the nature of these presynaptic protein accumulations, we tested a panel of
markers for membrane-associated proteins (Figure 7E-M). Amongst these markers, in addition to
Chaoptin, the protein accumulations were specifically enriched for the synaptic transmembrane cell
adhesion molecule N-Cadherin (CadN) (Figure 7E-G). By contrast, neither the autophagosomal
marker Atg8, the synaptic vesicle marker Syt1 (Figure 7J-M), nor the endosomal markers Rab5 and
Rab7 were associated with the accumulations (Figure 7E). Of the endosomal markers, only Syx7 was
significantly increased (Figure 7E,H-I). We conclude that continuous stimulation leads to the
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Figure 7. Rab26 is required for membrane receptor turnover associated with cholinergic synapses. (A-D) rab26 mutant R1-Ré photoreceptor terminals
(B) exhibit Chaoptin-positive accumulations in the proximal lamina after 4 days of light stimulation (highlighted with white boxes), which are rescued by
photoreceptor-specific Rab26 expression (C and D). (C) Quantification. Mean + SEM; *p<0.05; number of lamina per genotype n = 8; ordinary one-way
ANOVA with pair-wise comparison. Scale bar = 5 um; number of brains n = 5. (E) Quantification of level changes of 13 membrane-associated proteins
in the rab26 mutant axon terminals after 4 days of light stimulation. (F-M) Examples of lamina cross-sections of wild type (F, H, J and L) and rab26
mutant (G, I, K and M) after 4 days of light stimulation, showing proteins that are upregulated in R1-Ré terminals (CadN, (F-G); Syx7 (H-I)) and proteins
Figure 7 continued on next page
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that are unaffected (Atg8, (J-K); Syt1, (L-M)). The proximal lamina region is highlighted by red boxes. Scale bar = 5 um; number of brains n = 3-5 per
antibody staining. (N-O) The rab26 mutant exhibits an increase of Do7 (green) across the lamina compared to wild type after 4 days of light stimulation.
Shown are lamina cross-sections. Scale bar = 5 pm; number of brains n = 3-5 per antibody staining. (P-Q) The rab26 mutant shows an increase of ChAT
in the proximal lamina compared to wild type after 4 days of light stimulation. Scale bar = 5 um; number of brains n = 3-5 per antibody staining. (R-S)
Photoreceptor-specific knock down of rye leads to an increase of Chaoptin and Rab26 in the lamina after 4 days of light stimulation (S) compared to
newly hatched flies (R). Rab26 accumulates throughout the lamina (S’), whereas Chaoptin accumulates in the proximal lamina (S"). Scale bar = 5 um;
number of brains n = 3-5 per antibody staining.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Rab26 RNAI recapitulates the null mutant lamina phenotype.

selective accumulation of presynaptic transmembrane receptors, including Chaoptin and CadN, spe-
cifically in the most proximal part of photoreceptor terminals.

Amongst lamina neurons, only L4 specifically forms synapses at the most proximal end of photo-
receptor axon terminals (Fischbach and Dittrich, 1989; Liithy et al., 2014; Rivera-Alba et al.,
2011; Tadros et al., 2016). L4 neurons function in the detection of progressive motion
(Tuthill et al., 2013) and are cholinergic based on the expression of the vesicular acetylcholine trans-
porter and choline acetyltransferase (ChAT) (Davis et al., 2020; Kolodziejczyk et al., 2008). Immu-
nolabeling of presynaptic ChAT and the postsynaptic cholinergic receptor Da7 (Fayyazuddin et al.,
2006) revealed increased levels of both proteins after 4 days of light stimulation, with ChAT
increases specific to the proximal lamina, while Da.7 appears across the entire lamina (Figure 7N-Q).
Across the optic lobe, the endogenous Rab26 knock-in exhibits an expression pattern similar to
ChAT (Figure 7—figure supplement 1F). However, photoreceptors that terminate in the lamina are
not known to be cholinergic, and they neither express ChAT nor the Do.7 receptor based on a recent
systematic transcriptome analysis (Davis et al., 2020).

Amongst lamina neurons, L4 and lamina wide-field feedback (Lawf) neurons have been shown to
be both cholinergic and provide synaptic input to R1-Ré photoreceptor axon terminals (Davis et al.,
2020; Rivera-Alba et al., 2011). Co-labeling of these neurons with Rab26 and ChAT (Figure 7—fig-
ure supplement 1G-I) revealed that the Rab26-positive cells distal of the lamina were Lawf2 neurons
(Figure 7—figure supplement 1H-I), while the ChAT-positive labeling in the proximal lamina colo-
calized with L4 (Figure 7—figure supplement 1G); Rab26 labeling was complementary to the
ChAT-positive L4 collaterals (Figure 7—figure supplement 1G).

In addition to receiving input from cholinergic L4 neurons (Rivera-Alba et al., 2011), photorecep-
tors are predicted to express a single acetylcholine receptor subunit, Do4 (Davis et al., 2020). Do4,
also called redeye (rye), was previously found to promote sleep in Shi et al., 2014. We therefore
used an RNAI approach established in the sleep study to knock down Doé4 specifically in photore-
ceptor neurons. Do4 RNAJ exhibited no obvious defects prior to stimulation (Figure 7R). By con-
trast, after 4 days of light stimulation, photoreceptor-specific Dad RNAI led to both Rab26-positive
accumulations in the lamina as well as the proximal Chaoptin accumulations characteristic for the
rab26 mutant after stimulation (Figure 7—figure supplement 1). Hence, loss of rab26 in photore-
ceptors has a stimulus-dependent effect similar to decreased cholinergic input onto photoreceptor
axon terminals, that function as postsynaptic partners in this case. These findings suggest a special-
ized role of Rab26 in stimulus-dependent, synapse-specific receptor trafficking.

Discussion

In this study, we generated a complete rab null mutant collection and provide comparative func-
tional analyses of those that are viable under laboratory conditions. Surprisingly, all previously
described nervous system-enriched Rab GTPases fall into this category. However, challenging devel-
opment with temperature or challenging function with continuous stimulation revealed distinct
requirements for all homozygous viable rabs. Our findings suggest that the majority of Rab GTPases
modulate membrane trafficking in neurons and other tissues to maintain robust development and
function under challenging environmental conditions.
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A functional rab family profile

Since the identification of Ypt1 (Rab1) in yeast, the Rab GTPase family has been well characterized
as an evolutionarily conserved group of proteins involved in the regulation of membrane trafficking
in all eukaryotes (Hutagalung and Novick, 2011; Klépper et al., 2012; Lipatova et al., 2015;
Pfeffer, 2017). Rab GTPases have been analyzed in several comparative studies in order to gain a
systematic view of membrane trafficking in cells (Best and Leptin, 2020; Chan et al., 2011;
Dunst et al., 2015; Gillingham et al., 2014; Gurkan et al., 2005; Harris and Littleton, 2011;
Jin et al., 2012; Pfeffer, 1994; Stenmark, 2009; Zerial and McBride, 2001). All comparative stud-
ies to date have been based on expression profiling, the expression of GDP- and GTP-locked Rabs
or RNAI. As a cautionary note, we have previously described differences between loss of gene func-
tion and the expression of GDP-locked (often called dominant negative) variants (Chan et al., 2011,
Cherry et al., 2013). The complete mutant collection allows the comparison of molecularly defined
null mutants with other functional perturbation approaches for all 26 Drosophila rab genes.

The Drosophila rab null mutant collection and comparative characterization of all viable rabs pro-
vides an opportunity for a comprehensive comparison of the Rab family between Drosophila and
other species. We have therefore assembled available information on viability, function, subcellular
localization and expression patterns for all Rabs in several mammalian species, flies and yeast.
Supplementary file 3 provides a comparison of functional and subcellular localization data for Rabs
in different mammals, D. melanogaster and S. cerevisiae. Amongst a wealth of information in pheno-
typic homologies, these data also show that the majority of Rab family members yield viable organ-
isms under laboratory conditions when mutated. Supplementary file 2 provides a comparison of
differential tissue expression in multicellular animal species. These data reveal numerous parallels
especially with respect to enrichment in the nervous system. Rabs are listed according to lineage
tracing and homology pairing, as comprehensively reported previously (Hutagalung and Novick,
2011; Klopper et al., 2012; Pereira-Leal and Seabra, 2000; Pereira-Leal and Seabra, 2001,
Zhang et al., 2007).

Our mutant analyses highlight that viability vs lethality is not a binary distinction of the null
mutants, but represents a continuous range of context-dependent phenotypes (Hiesinger, 2021).
Of the 26 null mutants, only seven are fully lethal under laboratory conditions in our study (rab1,
rab2, rab5, rabé, rab7, rab8, rab11), while an eighth mutant is ‘semi-lethal’ based on few adult
escapers (rab35). Two more lines are viable, but infertile as homozygous adults (rab10, rab30). Sev-
eral others are highly sensitive to rearing conditions and may appear lethal depending on
for example temperature, including rabX1, rabX4, rab19, and rab32. In addition, several mutants
exhibit reduced numbers of offspring or developmental or neuronal functional impairments depend-
ing on environmental conditions. Similar sensitivities and reduced viability have been found for sev-
eral mammalian rabs (Supplementary file 3).

Based on an analysis of endogenously tagged Rabs (Dunst et al., 2015), all 13 nervous system
Rabs are expressed in varying patterns in the nervous system with predominant protein localization
to synaptic neuropils (Figure 1—figure supplements 2-3; Supplementary file 1), consistent with
our previous analyses of tagged Rabs in the larval nervous system (Chan et al., 2011; Jin et al.,
2012). All mutants with stimulus-dependent functional maintenance defects exhibit strong adult syn-
aptic localization (Table 1). These observations support the idea that the majority of Rabs with adult
synaptic localization serve modulatory functions that become apparent under light challenging con-
ditions, namely Rab3, Rab26, Rab19, RabX6, Rab30, and RabX4. By contrast, Rab27, Rab32, Rab23,
and Rab9 are more likely to serve cell-specific functions, consistent with previous observations for
each of the four in Drosophila (Chan et al., 2011; Dong et al., 2013; Gillingham et al., 2014,
Lien et al., 2020; Ma et al., 2004).

Neuronal maintenance, membrane trafficking, and the role of rab26

Our previous systematic analysis was based on expression profiling and suggested that the nervous
system exhibits particularly pronounced expression of all Rab GTPases in Drosophila (Chan et al.,
2011, Jin et al., 2012). We were surprised to find that all Rabs identified to be particularly enriched
in the nervous system proved to be viable under laboratory conditions. However, laboratory condi-
tions avoid environmental challenges while nervous system development and function have evolved
robustness to variable conditions (Hiesinger and Hassan, 2018).
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Table 1. Summary of functional analyses.

Viability and development Temp. sens. Neuronal function
Total Syn Depol Syn Depol Rhabd. Axon
Viability dev. Embryo Larva Pupa Lethal Wing 2d 2d dark dark 2d morph Rab11 Atg8
Rab3 only 18°C only 18°C 18°C
RabX4 Reduced 18C  18C
Rab27 18°C Area
Rab26 Shape
Rab19 29°C Shape
Rab32 Reduced only 18°C only 18°C 29°C Area
RabX1 Reduced 18°C
RabXé only 18°C 29°C
Rab40 Reduced only 18°C Area
Rab23 Reduced Shape
Rab21 - Area .
Rab9 29°C
Rab4 only 18°C only 18°C Area
Rab14 Reduced
Rab39 only 18°C
Rab18 Area
Rab10 Infertile 18°C
Rab30 Infertile [ Area
Rab7 ' Lethal
Rab8 | Lethal
Rab2 | Lethal
Rab1 | Lethal
Rabé | Lethal
Rab35 Semi-
lethal
Rab5 | Lethal

Rab11 'Lethal

Overview of analyses ('Viability and Development’, ‘Temperature sensitivity’ and ‘Neuronal Function’) done in this study for the indicated Rab GTPases.
Abbreviations: bc = backcrossed rab mutants, depol = depolarization, dev. = development, Df = deficiency, morph = morphology, Rhabdom = rhabdo-
mere, sens = sensitivity, syn = synaptic, temp = temperature, 2d = 2 days.

Color code: green denotes no difference to control; grey through yellow and orange denotes increasing deviation from controls in functional analyses.

It is likely that key roles of Rab-dependent functions are executed by the lethal mutants not ana-
lyzed here. For example, rab7 is a ubiquitously expressed gene, but disease-associated mutations
primarily affect the nervous system and cause the neuropathy CMT2B (Cherry et al., 2013;
Verhoeven et al., 2003). In axon terminals, local rab7-dependent degradation is required for turn-
over of membrane receptors, but not synaptic vesicles (Jin et al., 2018b). While null mutants for
rab7 are lethal, haploinsufficiency revealed neuronal sensitivity to reduced membrane degradation
(Cherry et al., 2013). Similar to heterozygous rab7, our analyses of viable lines suggest that such
evolutionarily selected functional properties may 'hide’ in mutants that are characterized as viable
under laboratory conditions.

Neurons require compartment-specific membrane trafficking in both axon terminals and den-
drites (Jin et al., 2018a; Jin et al., 2018b). At presynaptic axon terminals, Rabs have been impli-
cated in synaptic vesicle recycling, synaptic development and maintenance (Binotti et al., 2015;
Graf et al., 2009; Sheehan et al., 2016, Uytterhoeven et al., 2011). We previously found that sev-
eral neuron-enriched Rabs at axon terminals were positive for the recycling endosome marker Rab11
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(Chan et al., 2011), including Rab26. Rab26 was subsequently identified as a possible link between
autophagy and synaptic vesicle recycling (Binotti et al., 2015). Here, we describe that rab26
mutants indeed exhibited neuronal functional defects when challenged with continuous stimulation.
However, we did not find obvious changes to autophagosomal and synaptic vesicle markers in the
null mutant. Instead, the null mutant revealed stimulation-dependent increases of selected mem-
brane proteins, including the presynaptic choline acetyltransferase (ChAT) and the postsynaptic
alpha7 acetylcholine receptor. Correspondingly, the Rab26 protein is highly enriched in cholinergic
neurons in the fly visual system. Interestingly, R1-Ré6 photoreceptors are not cholinergic, but are pre-
dicted to express the acetylcholine receptor alphad (Davis et al., 2020). Our findings support an
unusual postsynaptic role of the R1-Ré6 axon terminals for cholinergic, Rab26-dependent signaling
from L4 neurons through feedback synapses (Rivera-Alba et al., 2011). We speculate that these
feedback synapses are activated by continuous visual stimulation and lead to Rab26-dependent
receptor endocytosis defects in the photoreceptor terminals. Based on this idea, it will be interesting
to test the role of Rab26 at other cholinergic synapses and test its requirement in an activity-depen-
dent manner. We conclude that the study of rab mutants that are viable under laboratory conditions
may help to elucidate an understanding of evolutionarily selected functional requirements of the ner-
vous system under varying environmental conditions. The complete collection of null mutants pro-
vides a resource designed to facilitate such further studies.

Materials and methods

(species) or resource Designation Source or reference Identifiers Additional information
Gene (D. melanogaster) Rab2 FlyBase ID:FBgn0014009 Sequence location:
2R:6,696,739.6,699,469 [+]
Gene (D. melanogaster) Rab4 FlyBase ID:FBgn0016701 Sequence location:
2R:17,573,462.17,574,979 [+]
Gene (D. melanogaster) Rab9 FlyBase ID:FBgn0032782 Sequence location:
21:19,432,574.19,435,841 [+]
Gene (D. melanogaster) Rab10 FlyBase ID:FBgn0015789 Sequence location:
X:20,251,338.20,254,691 [+]
Gene (D. melanogaster) Rab14 FlyBase ID:FBgn0015791 Sequence location:
21:14,355,145.14,358,764 [+]
Gene (D. melanogaster) Rab18 FlyBase ID:FBgn00157%94 Sequence location:
X:5,670,827.5,671,812 [-]
Gene (D. melanogaster) Rab19 FlyBase ID:FBgn0015793 Sequence location:
3L:8,297,018.8,298,506 [+]
Gene (D. melanogaster) Rab21 FlyBase ID:FBgn0039966 Sequence location:
X:23,012,140.23,013,409 [-]
Gene (D. melanogaster) Rab23 FlyBase ID:FBgn0037364 Sequence location:
3R:5,680,054.5,685,434 [-]
Gene (D. melanogaster) Rab26 FlyBase ID:FBgn0086913 Sequence location:
3L:21,318,774.21,335,027 [+]
Gene (D. melanogaster) Rab30 FlyBase ID:FBgn0031882 Sequence location:
2L:7,030,493.7,032,606 [-]
Gene (D. melanogaster) Rab35 FlyBase ID:FBgn0031090 Sequence location:
X:20,155,766.20,159,872 [-]
Gene (D. melanogaster) Rab39 FlyBase ID:FBgn0029959 Sequence location:
X:7,734,923.7,736,756 [+]
Gene (D. melanogaster) Rab40 FlyBase ID:FBgn0030391 Sequence location:
X:12,459,796.12,463,112 [-]
Gene (D. melanogaster) RabX1 FlyBase ID:FBgn0015372 Sequence location:
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Gene (D. melanogaster) RabX4 FlyBase ID:FBgn0051118 Sequence location:
3R:24,826,665.24,828,409 [-]

Gene (D. melanogaster) RabX6é FlyBase ID: FBgn0035155 Sequence location:
3L:690,517.691,951 [+]

Strain, strain yw yw;;

background (D.

melanogaster)

Strain, strain w8 w!he..

background (D.

melanogaster)

Genetic reagent (D. rab30 G4, Hiesinger lab stock

melanogaster)

UAS-YFP- Rab3OWT

Genetic reagent (D. rab3-Df Bloomington BDSC:8909 Deficiency line for rab3
melanogaster) Drosophila

Stock Center (BDSC)
Genetic reagent (D. rab4-Df Bloomington BDSC:38465 Deficiency line for rab4
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rab9-Df Bloomington BDSC:7849 Deficiency line for rab9
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rab10-Df Bloomington BDSC:29995 Deficiency line for rab10
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rab14-Df Bloomington BDSC:7518 Deficiency line for rab14
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rab19-Df Bloomington BDSC:7591 Deficiency line for rab19
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rab32-Df Bloomington BDSC:23664 Deficiency line for rab32
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rab39-Df Bloomington BDSC:26563 Deficiency line for rab39
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rab40-Df Bloomington BDSC:26578 Deficiency line for rab40
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rabX1-Df Bloomington BDSC:26513 Deficiency line for rabX1
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rabX4-Df Bloomington BDSC:25024 Deficiency line for rabX4
melanogaster) Drosophila

Stock Center
Genetic reagent (D. rabXé-Df Bloomington BDSC:8048 Deficiency line for rabXé
melanogaster) Drosophila

Stock Center
Genetic reagent (D. EYFP-Rab3 Dunst et al., 2015 FlyBase ID:FBstO F|¥Base Genotype:
melanogaster) 062541; BDSC:62541 8. TI{TI}Rab3"" "
Genetic reagent (D. EYFP-Rab4 Dunst et al., 2015 FlyBase ID:FBst0062542; FI%/Base Genotype: ¥
melanogaster) BDSC:62542 118 T{TI}Rab4®'F
Genetic reagent (D. EYFP-Rab9 Dunst et al., 2015 FlyBase ID:FBst0062547; F|¥Base Genotype:
melanogaster) BDSC:62547 V18, TI{TI}Rab="
Genetic reagent (D. EYFP-Rab19 Dunst et al., 2015 FlyBase ID:FBst0062552; FI%/Base Genotype:
melanogaster) BDSC:62552 118, TI{TI}Rab195Y"F
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Genetic reagent (D. EYFP-Rab21 Dunst et al., 2015 FlyBase ID:FBst0062553; FlyBase Genotype:
melanogaster) BDSC:62553 w8 TI{TI}Rab21EYFP
Genetic reagent (D. EYFP-Rab23 Dunst et al., 2015 FlyBase ID:FBst0062554; FlyBase Genotype:
melanogaster) BDSC:62554 y w8 T|{T|}Rab23EYFP
Genetic reagent (D. EYFP-Rab26 Dunst et al., 2015 FlyBase ID:FBst0062555; FI Base Genotype:
melanogaster) BDSC:62555 w' "8, TI{TI}Rab265"™F
Genetic reagent (D. EYFP-Rab27 Dunst et al., 2015 FlyBase ID:FBst0062556; FlyBase Genot type:
melanogaster) BDSC:62556 y" TI{TI}Rab2757F" w18
Genetic reagent (D. EYFP-Rab32 Dunst et al., 2015 FlyBase ID:FBst0062558; F|¥Base Genotype:
melanogaster) BDSC:62558 V8. TI{TI}Rab325Y"F
Genetic reagent (D. EYFP-Rab40 Dunst et al., 2015 FlyBase ID:FBst0062561; FlyBase Genotype
melanogaster) BDSC:62561 w''e TI{TI}Rab4OEYFP
Genetic reagent (D. EYFP-RabX1 Dunst et al., 2015 FlyBase ID:FBst0062562; FI}/Base Genotype:
melanogaster) BDSC:62562 V8. TI{TI}RabX15YFF
Genetic reagent (D. EYFP-RabX4 Dunst et al., 2015 FlyBase ID:FBst0062563; Heterozygous flies
melanogaster) BDSC:62563 used; FlyBase
Genotyp
w18 TI(TI}RabX4E""
Genetic reagent (D. EYFP-RabX6 Dunst et al., 2015 FlyBase ID:FBst0062565; leBase Genotype:
melanogaster) BDSC:62565 8. T{TI}RabX6EY P
Genetic reagent (D. rab2 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see Materials
and methods
Genetic reagent (D. rab4 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab9 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab10 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab14 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab18 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab19 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab21 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab23 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab26 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see
Materials and methods
Genetic reagent (D. rab30 This paper Fly stock maintained in

melanogaster)

Continued on next page
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Genetic reagent (D. rab35 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see

Materials and methods
Genetic reagent (D. rab39 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see

Materials and methods
Genetic reagent (D. rab40 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see

Materials and methods
Genetic reagent (D. rabX1 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see

Materials and methods
Genetic reagent (D. rabX4 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see

Materials and methods
genetic reagent (D. rabX6 This paper Fly stock maintained in
melanogaster) Hiesinger lab; see

Materials and methods
Genetic reagent (D. rab1 Thibault et al., 2004 FlyBase ID:FBst0017936; leBase Genotype:
melanogaster) BDSC:17936 wie,

PBac{RB}Rab1°'%%//TMéB, Tb'
Genetic reagent (D. rab3 Graf et al., 2009 FlyBase ID:FBst0078045; FlyBase Genotype:
melanogaster) BDSC:78045 w ; Rab3™P
Genetic reagent (D. rab5 Woucherpfennig et al., FlyBase |D:FBal0182047 w; Rab5? P{neoFRT}40A/CyO;
melanogaster) 2003
Genetic reagent (D. rabé Purcell and FlyBase ID: FlyBase Genotype:
melanogaster) Artavanis-Tsakonas, FBst0005821; w*;

1999 BDSC:5821 Rab6°%°P/Cy0; ry>*°

Genetic reagent (D. rab7 Cherry et al., 2013 FlyBase ID:FBal0294205 Fly stock maintained
melanogaster) in Hiesinger lab; ";Sp/Cy0O;

P{neoFRT}82B, Rab7%°**°

/TM3'
Genetic reagent (D. rab8 Giagtzoglou et al., FlyBase ID:FBst0026173; FlyBase Genotype:
melanogaster) 2012 BDSC:26173 Rab8' red' e"/TMéB, Sb' Tb' ca'
Genetic reagent (D. rab11 Bellen et al., 2004 FlyBase ID:FBst0042708; FlyBase Genotype:
melanogaster) BDSC:42708 w;

P{EP}Rab1157°7/TM6B, Tb'
Genetic reagent (D. rab27 Chan et al., 2011 Fly stock maintained in
melanogaster) Hiesinger lab; rab27G24-K0..
Genetic reagent (D. rab32 Ma et al., 2004 FlyBase ID:FBst0000338; FlyBase Genotype:

melanogaster)

BDSC:338

Rab32'

Genetic reagent (D.
melanogaster)

IGMR-Gal4, UAS-white
RNAI

Hiesinger lab stock

Fly stock maintained in
Hiesinger lab; long
version of GMR

Genetic reagent (D. UAS-YFP-Rab26WT Zhang et al., 2007 BDSC:23245 YFP-tagged, wild type
melanogaster) form of Rab26

Genetic reagent (D. UAS-YFP-Rab26CA Zhang et al., 2007 BDSC:9809 YFP-tagged, constitutively
melanogaster) active form of Rab26
Genetic reagent (D. UAS-YFP-Rab26DN Zhang et al., 2007 BDSC:9807 YFP-tagged, dominant

melanogaster)

negative form of Rab26

Genetic reagent (D. elav-Gal4 Bloomington FlyBase ID:FBst0008765; FlyBase Genotype:

melanogaster) Drosophila BDSC:8765 P{GAL4-elav.L}2/CyO
Stock Center

Genetic reagent (D. sGMR-Gal4 Bloomington FlyBase ID:FBst0001104; FlyBase Genotype:

melanogaster)

Drosophila
Stock Center

BDSC:1104

w ; P{GAL4-ninaE.GMR}12

Continued on next page
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Genetic reagent (D.

UAS-Rab26 RNAI

Vienna Drosophila

VDRC:101330

Rab26 RNA line

melanogaster) Resource Center KK107584
(VDRQ)

Genetic reagent (D. rab26®°"'-Gal4 Chan et al., 2011 Fly stock is

melanogaster) maintained

in Hiesinger lab

Genetic reagent (D.

UAS-CD4-tdGFP

Bloomington

FlyBase ID:FBst0035839;

FlyBase Genotype: y'

melanogaster) Drosophila BDSC:35839 w ; P{UAS-CD4-tdGFP}8 M2
Stock Center

Genetic reagent (D. 31C06-Gal4 (L4-Gald) Bloomington FlyBase ID: FI}/Base Genotype:

melanogaster) Drosophila FBst0049883; w8 P{GMR31C06-GAL4}attP2
Stock Center BDSC:49883

Genetic reagent (D.
melanogaster)

Lawf1-Split-Gal

Tuthill et al., 2013

R11GOTAD attP40;
R17C11DBD attP2; 'SS00772

Genetic reagent (D.
melanogaster)

Genetic reagent (D.
melanogaster)

Lawf2-Split-Gal

UAS-rye RNAJ; UAS-
Dicer2

Tuthill et al., 2013

Gift from Amita Sehgal

R11DO3AD attP40;
R19C10DBD attP2; 'SS00698"

Do4 receptor
subunit RNAI line

Genetic reagent (D.
melanogaster)

rdgC3%

Bloomington
Drosophila

FlyBase ID:FBst0003401;
BDSC:3601

FIYBase Genotype:
w8 rdgC3% kar' ry'/TM3, Sb'

Stock Center Ser’
Antibody Anti-Rab5 (Rabbit Abcam (Cambridge, Cat #: ab31267, IHC (1:1000)
polyclonal) UK) RRID: AB_882240
Antibody Anti-Rab7 (Rabbit Gift from Patrick Dolph IHC (1:1000)
polyclonal)
Antibody Anti-Rab11 (Mouse BD Biosciences cloned7; IHC (1:500)
monoclonal) (San Jose, CA, USA) RRID:AB_397983
Antibody Anti-Rab26 This paper See Materials and methods; IHC
(Guinea pig polyclonal) (1:2000);
WB (1:1000)
Antibody Anti-Syt1 (Mouse Developmental 3H2 2D7; RRID:AB_528483 IHC (1:500)
monoclonal) Studies Hybridoma
Bank (DSHB)
(lowa City, 1A, USA)
Antibody Anti-GABARAP+ Abcam (Cambridge, Cat #: ab109364; IHC (1:100)
GABARAPL1+ UK) RRID:AB_10861928
GABARAPL2 (Atg8)
(Rabbit monoclonal)
Antibody Anti-Syx7/Avalanche Gift from Helmut IHC (1:1000)
(Rabbit polyclonal) Kramer
Antibody Anti-Hrs (Guinea Gift from Hugo Bellen IHC (1:300)
pig polyclonal)
Antibody Anti-HRP Jackson Immuno RRID:AB_2314648 IHC (1:500)
(Rabbit polyclonal) Research Laboratories
(West Grove, PA, USA)
Antibody Anti-DPAK (Rabbit IHC (1:2000)
polyclonal)
Antibody Anti-Do7 (Rat Gift from Hugo Bellen IHC (1:2000)
polyclonal)
Antibody Anti-nCadherin Developmental DN-Ex #8; IHC (1:100)
(Rat monoclonal) Studies Hybridoma RRID:AB_528121
Bank (DSHB) (lowa City,
IA, USA)
Antibody Anti-V100 (Guinea Hiesinger et al., 2005 IHC (1:1000)

pig polyclonal)

Continued on next page

Kohrs, Daumann, et al. eLife 2021;10:e59594. DOI: https://doi.org/10.7554/eLife.59594

66


https://identifiers.org/RRID/RRID:AB_882240
https://identifiers.org/RRID/RRID:AB_397983
https://identifiers.org/RRID/RRID:AB_528483
https://identifiers.org/RRID/RRID:AB_10861928
https://identifiers.org/RRID/RRID:AB_2314648
https://identifiers.org/RRID/RRID:AB_528121
https://doi.org/10.7554/eLife.59594

ELIfe Tools and resources

Continued

Reagent type

Cell Biology | Neuroscience

(species) or resource Designation Source or reference Identifiers Additional information
Antibody Anti-CSP Developmental DCSP-2 (6D6); RRID:AB_528183 IHC (1:50)
(Mouse monoclonal) Studies Hybridoma
Bank (DSHB) (lowa
City, IA, USA)
Antibody Anti-ChAT (Mouse Developmental ChAT4B1; RRID:AB_528122 IHC (1:100)
monoclonal) Studies Hybridoma
Bank (DSHB) (lowa City,
IA, USA)
Antibody Anti-nc82 (Mouse Developmental RRID: AB_ 2314866 IHC (1:20)
monoclonal) Studies Hybridoma
Bank (DSHB) (lowa
City, 1A, USA)
Antibody Anti-ebony (Rabbit IHC (1:200)
polyclonal)
Antibody Anti-Chaoptin (Mouse  Developmental 24B10; RRID: AB_528161 IHC (1:50)
monoclonal) Studies Hybridoma
Bank (DSHB) (lowa
City, 1A, USA)
Antibody Anti-DCP-1 (Rabbit Cell Signaling Asp216; Cat#: IHC (1:100)
polyclonal) Technology 9578; RRID:AB_2721060
(Danvers, MA, USA)
Antibody DyLight 405 AffiniPure  Jackson Immuno 715-475-150; IHC (1:500)
Donkey Anti-Mouse Research (West Grove, RRID:AB_2340839
igG (H+L) PA, USA)
Antibody Alexa Fluor 488 Jackson Immuno 115-545-003; IHC (1:500)
AffiniPure Research (West Grove, RRID: AB 2338840
Goat Anti-Mouse 19gG PA, USA)
(H+L)
Antibody Alexa Fluor 488 Jackson Immuno 115-545-166; Minimal cross-reactive;
AffiniPure Research (West Grove, RRID: AB_ 2338852 IHC (1:500)
Goat Anti-Mouse 1gG PA, USA)
(H+L)
Antibody Alexa Fluor 488 Affini Jackson Immuno 112-545-167; Minimal cross-reactive;
Pure Goat Anti-Rat IgG  Research (West Grove, RRID: AB_2338362 IHC (1:500)
(H+L) PA, USA)
Antibody Alexa Fluor 488 Affini Jackson Immuno 106-545-003; IHC (1:500)
Pure Goat Anti-Guinea Research (West Grove, RRID: AB 2337438
Pig IgG (H+L) PA, USA)
Antibody Cy3 AffiniPure Goat Jackson Immuno 111-165-003; IHC (1:500)
Anti-Rabbit IgG (H+L) Research (West Grove, RRID: AB_ 2338000
PA, USA)
Antibody Alexa Fluor 647 Affini Jackson Immuno 111-605-045; IHC (1:500)
Pure Goat Anti-Rabbit  Research (West Grove, RRID: AB_2338075
IgG (H+L) PA, USA)
Antibody Alexa Fluor 647 Jackson Immuno 112-605-003; IHC (1:500)
AffiniPure Research (West Grove, RRID: AB 2338393
Goat Anti-Rat 19G (H PA, USA)
+L)
Antibody Goat Anti-Guinea pig Abcam (Cambridge, Cat. #: ab102372; IHC (1:500)
1gG H&L (Cy5) UK) RRID: AB_10710629
Antibody Cy5 AffiniPure Goat Jackson Immuno 115-175-166; Minimal cross-reactive;
Anti Research (West Grove, RRID: AB 2338714 IHC (1:500)
-Mouse 1gG (H+L) PA, USA)
Antibody Cy5 AffiniPure Goat Jackson Immuno 112-175-167; Minimal cross-reactive;

Anti-Rat 1gG (H+L)

Research (West Grove,
PA, USA)

RRID: AB_2338264

IHC (1:500)
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Antibody Peroxidase AffiniPure Jackson Immuno 106-035-003; WAB (1:5000)
Goat Anti-Guinea Research (West Grove, RRID: AB_ 2337402
Pig IgG (H+L) PA, USA)
Sequence-based rab2 This paper PCR primers Fwd: 5'-TGGCCACACTGTCGC
reagent TAGCC;
Rev: 5'-CGCCTCCTCTACG
TTGGCAG
Sequence-based rab3 This paper PCR primers Fwd: 5'-ACACTGAGGCGAGC
reagent TTACGC;
Rev: 5'-CTACTACCGAGGAGC-
GATGGG
Sequence-based rab4 This paper PCR primers Fwd: 5'- GGTTTTGATCGTGTCC
reagent TGCG;
Rev: 5'-~AGACAACTCTTACCGC
TGCC
Sequence-based rab9 This paper PCR primers Fwd: 5'- GGCACTATGACGAACA
reagent TGCGG;
Rev: 5'-tttgcagcactgggaaatccg
Sequence-based rab10 This paper PCR primers Fwd: 5'- atatctcttgtcacctgegec;
reagent Rev: 5'-cgaccaccatccatcgttcgg
Sequence-based rab14 This paper PCR primers Fwd: 5'-gggGCCAG
reagent TTCGAGAAAGGG;
Rev: 5'-CACGAGCACTGATCC
TTGGC
Sequence-based rab18 This paper PCR primers Fwd: 5'-
reagent AAACAAAGCAGCAAGGTGGC;
Rev: 5'-CTCCTCGTCGATCTTG
TTGCC
Sequence-based rab19 This paper PCR primers Fwd: 5'- CCAG
reagent TTAACGGCCAGAACGG;
Rev: 5'-TTGCCTCTCTGAGCA
TTGCC
Sequence-based rab21 This paper PCR primers Fwd: 5'- CAATGGGAACGGC
reagent TAAATGCC;
Rev: 5'-caacatttaTCGCC-
GAGTGCC
Sequence-based rab23 This paper PCR primers Fwd: 5'- CACCTGCCGGCTTAGA
reagent TGCG;
Rev: 5'-GAGATA
TCGGAACCGGCCCG
Sequence-based rab26 This paper PCR primers Fwd: 5- CGATGAAGTGGACA
reagent TGCACCC;
Rev: 5'-tgcacttgaacttcactggcg
Sequence-based rab30 This paper PCR primers Fwd: 5'- ACCCAGCGAC
reagent TCAAAAACCC;
Rev: 5'-GCTGCACAGTTTCCAGA
TCCG
Sequence-based rab32 This paper PCR primers Fwd: 5'-GTAGACACGGGTCATG
reagent TTGCCG;
Rev: 5'-accagcaaatctcagtgcgg
Sequence-based rab35 This paper PCR primers Fwd: 5'- CGAATCG
reagent TAAGCCAAGAACCC;
Rev: 5'-~ACTAATGGTGACGCAC
TGGC
Sequence-based rab39 This paper PCR primers Fwd: 5'-
reagent TAACAACCACCAGCGACAGCC

; Rev: 5'-CGTATACCTCGTG
TGACTGGC

Continued on next page
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Sequence-based rab40 This paper PCR primers Fwd: 5'- caatgagtaaacccctagegg;
reagent Rev: 5'-TGGGTATGGGTATGGTA
TGGG
Sequence-based rabX1 This paper PCR primers Fwd: 5'- GTGCCCAAGAAA
reagent TCAGACGC;
Rev: 5'-AGTCAGATGGGCTTA-
GAGCG
Sequence-based rabX4 This paper PCR primers Fwd: 5'- CTGTAACCGAAAACC
reagent TCCGC;
Rev: 5'-CAACTTGCTCAGGTTC
TGCG
Sequence-based rabX6 This paper PCR primers Fwd: 5'- GTCGCACTGTTGTTG
reagent TCGCC;
Rev: 5'-CTCTGCGTGAGCA
TTGAGCC
Sequence-based Reverse primer in This paper PCR primers 5-CGGTGAGTGCACGA
reagent Gal4-region TAGGGC
Sequence-based Second reverse primer  This paper PCR primers 5-CAATGGCACAGG
reagent in Gal4-region TGAAGGCC
Sequence-based Reverse primer in This paper PCR primers 5'- GCTGCACAGGCTTCTTTGCC
reagent RFP-region
Sequence-based Second reverse This paper PCR primers 5'- ACAATCGCATGC
reagent primer in RFP-region TTGACGGC
Sequence-based Forward primer in This paper PCR primers 5'- GGCTCTGAAGC
reagent RFP-region TGAAAGACGG
Sequence-based Forward primer in This paper PCR primers 5'- ATGGTTACAAATAAAGCAA
reagent dsRed-region TAGCATC
Sequence-based Reverse primer behind  This paper PCR primers 5'-AAACCACAGCCCATAGACG
reagent right-arm of inserted
dsRed-cassette
Commercial assay or kit SapphireAmp Fast Takara Bio Group Cat. #:
PCR Master Mix RR350A
Commercial assay or kit Phusion High-Fidelity =~ Thermo Fisher Cat. #:
PCR kit Scientific F553S

Inc (Waltham, MA, USA)

Commercial assay or kit

NucleoSpin Gel
and PCR Clean-up

Macherey-Nagel
(Duren, Germany)

Cat. #: 740609.50

Mini kit for gel extraction
and PCR clean-up

Software, algorithm

ImageJ

National Institutes of
Health (NIH)

https://imagej.nih.gov/ij/

Software, algorithm Imaris Bitplane (Zurich, https://imaris.oxinst
Switzerland) .com/packages
Software, algorithm Amira Thermo Fisher https://www.thermofisher.com

Scientific
Inc (Waltham, MA, USA)

/de/de/home/industrial/electron-
microscopy/electron-microscopy-
instruments-workflow-solutions/
3d-visualization-analysis-software.htm|

Software, algorithm

Adobe Photoshop

Adobe Inc (San Jose,
CA, USA)

https://www.adobe.com/
products/photoshop.html

Software, algorithm

Adobe lllustrator

Adobe Inc (San Jose,
CA, USA)

https://www.adobe.com
/products/illustrator.html

Software, algorithm

RStudio

RStudio Inc (Boston,
MA, USA)

https://rstudio.com/
products/rstudio/

Software, algorithm

GraphPad Prism

GraphPad Software Inc
(San Diego, CA, USA)

https://www.graphpad
.com/scientific-software/prism/

Software, algorithm

AxoScope

Molecular Devices LLC.
(San Jose, CA, USA)

https://www.molecular
devices.com/
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Additional information

Software, algorithm SnapGene GSL Biotech LLC https://www.snapgene.com/
(Chicago, IL, USA)
Other Toto-3 stain Thermo Fisher Cat. #: T3604 TOTO-3 lodide (642/660);
Scientific IHC (1:1000)
Inc (Waltham, MA, USA)
Other Phalloidin stain Abcam (Cambridge, Cat. #: ab176752 Phalloidin-iFluor 405;
UK) IHC (1:250)
Other SDS-polyacrylamide Bio-Rad Laboratories, ~ Cat. #: 4561083 4-15% Mini-PROTEAN
Gel Inc (Hercules, CA, USA) TGX Precast Gels
Other PVDF membrane Bio-Rad Laboratories, Cat. #: 162-0177
Inc (Hercules, CA, USA)
Other Clarity Western ECL Bio-Rad Laboratories, Cat. #: 170-5060
Substrate Inc (Hercules, CA, USA)
Other Insect needles Entomoravia https://entomoravia.eu/ Austerlitz insect

(Slavkov u Brna, needles; @ 0.1 mm
Czech Republic)

Fly husbandry and genetics

Flies were raised on molasses formulation food. Stocks were kept at room temperature (22-23°C) in
non-crowded conditions, which we defined as ‘normal laboratory conditions’. Flies were mostly
raised at 25°C or 18°C and 29°C (developmental timing assay).

For the rescue of rab30 infertility we used: rab30 ©@*! UAS-YFP-Rab30WT.

For the developmental assays, the following deficiency lines were used: rab3-Df (Bloomington
stock #8909), rab4-Df (Bloomington stock #38465), rab9-Df (Bloomington stock #7849), rab10-Df
(Bloomington stock #29995), rab14-Df (Bloomington stock #7518), rab19-Df (Bloomington stock
#7591), rab32-Df (Bloomington stock #23664), rab39-Df (Bloomington stock #26563), rab40-Df
(Bloomington stock #26578), rabX1-Df (Bloomington stock #26513), rabX4-Df (Bloomington stock
#25024), and rabX6-Df (Bloomington stock #8048). yw was used as wild type control.

For the analysis of the expression pattern of endogenously tagged Rab GTPases in pupae and
1 day-old adults, the following homozygous Drosophila lines were used: EYFP-Rab3, EYFP-Rab4,
EYFP-Rab9, EYFP-Rab19, EYFP-Rab21, EYFP-Rab23, EYFP-Rab26, EYFP-Rab27, EYFP-Rab32, EYFP-
Rab40, EYFP-RabX1, EYFP-RabX4 (EYFP-RabX4/TMé6B for adult brain analysis), and EYFP-RabXé
(Dunst et al., 2015).

For the analysis of the identity of the Chaoptin-positive accumulations in rab26 lamina after 4 days
of light stimulation, following Drosophila lines were used: rab26 and yw as wild type control. For the
rescue of the Chaoptin-accumulation phenotype, following Drosophila lines were used: ;UAS-YFP-
Rab26WT/+; rab26, IGMR-Gal4, UAS-white RNAi/rab26 as well as ;;IGMR-Gal4, UAS-white RNAi and
;rab26, IGMR-Gal4, UAS-white RNAi/rab26 as negative and positive control, respectively. To test the
efficiency of the Rab26 RNAI line KK107584 (VDRC stock ID: 101330) the following fly lines were used:
UAS-Rab26 RNAIi/+; elav-Gal4/+ and UAS-YFP-Rab26WT/UAS-Rab26 RNAI; IGMR-Gal4, UAS-white
RNAIi/+. To reproduce the rab26 mutant phenotype, the following Drosophila line was used: UAS-
Rab26 RNAI/+; IGMR-Gal4, UAS-white RNAI. For the analysis of possible colocalization between
Rab26-positive compartments and synaptic vesicle markers as well as endomembrane trafficking
markers, following Drosophila lines were used: ;elav-Gal4/UAS-YFP-Rab26WT;, ;elav-Gal4/UAS-YFP-
Rab26CA,;, ;elav-Gal4/UAS-YFP-Rab26DN;, ;sGMR-Gal4/UAS-YFP-Rab26WT; and ;sGMR-Gal4/UAS-
YFP-Rab26CA,;. For the comparison of the anti-Rab26 antibody labeling with the YFP-knock in line, the
following Drosophila line was used: :UAS-YFP-Rab26WT/+;rab26%*°"'-Gal4/+. For the Rab26 lamina
localization analysis, the 31C06-Gal4 (L4-Gal4) as well as Split-Gal4 Lawf1 (SS00772) and Lawf2
(SS00698) lines were crossed to ;UAS-CD4-tdGFP;. For the photoreceptor-specific knock down of Da4
receptor subunit the following fly line was used: ;UAS-rye RNAi; UAS-Dicer2/IGMR-Gal4,UAS-white-
RNAI. The ;UAS-rye RNAI; UAS-Dicer2 stock was a gift from the Amita Sehgal lab.
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Generation of null mutant flies

All CRISPR/Cas9-mediated rab mutants, except rab18 and rab26, were generated by WellGenetics
Inc (Taipei, Taiwan), by homology-dependent repair (HDR) using two guide RNAs and a dsDNA plas-
mid donor (Kondo and Ueda, 2013). Briefly, upstream and downstream gRNA sequences were

cloned into a U6 promoter plasmid. For repair, a cassette, containing two loxP-sites flanking a 3xP3-
RFP with two homology arms was cloned into a donor template (pUC57-Kan). A control strain
(w'""8) was injected with the donor template as well as specific rab-targeting gRNAs and hs-Cas9.

F1 progeny positive for the positive selection marker, 3xP3-RFP, were further validated by genomic
PCR and sequencing. The CRISPR null mutants were validated as described in the next section.
gRNA sequences as well as specifics on the different CRISPR mutants are as follows:

rab9: Replacement of 2446 bp region, +98 bp relative to ATG to +111 bp relative to the first
bp of rab9 stop codon, by floxable cassette. Upstream gRNA sequence: GTTGTTCTCCTCG
TAGCGAT, downstream gRNA sequence: ATTCCAGTCCGCGGAGGGGC.

rab10: Replacement of 1644 bp region, +57 bp relative to ATG to +70 bp relative to the fist
bp of rab10 stop codon, by cassette, which contains three stop codons upstream of floxable
3xP3-RFP. Upstream gRNA sequence: CTGATCGGTGATTCAGGAGT, downstream gRNA
sequence: GAACGGGGCGTGGTTTGGCC.

rab14: Replacement of 930 bp region, —17 bp relative to ATG of rab14-RB isoform
to —61 bp relative to the first bp of rab14 stop codon, by floxable cassette. Upstream gRNA
sequence: GATGAGCAAAGTGCGCAGCG, downstream gRNA sequence: GAAG
TTCGCGACGGCTGCGA.

rab21: Replacement of 608 bp region, +12 bp relative to ATG of rab21-RD isoform
to —109 bp relative to first bp of rab21 stop codon, by floxable cassette. Upstream gRNA
sequence: CAATGAGCTCGAGCAGAACG, downstream gRNA sequence: GACTCGCA
TCCGGTTGCCGT.

rab23: Replacement of 1700 bp region, —35 bp relative to ATG to +173 bp relative to the first
bp of rab23 stop codon, by floxable cassette. Upstream gRNA sequence: CAATCAAACACC
TGGGCGAG, downstream gRNA sequence: CATGTCTGAACCACATCACG.

rab35: Replacement of 816 bp region, —24 bp relative to ATG of rab35-RC isoform to
+20 bp relative to the first bp of rab35 stop codon, by floxable cassette. Upstream gRNA
sequence: CAGCAATGTCATATGCCGAA, downstream gRNA sequence: AGGTGAAAGCGGC
TCCGGCA.

rab39: Replacement of 898 bp region, +92 bp relative to ATG to —93 bp relative to the first
bp of rab39  stop codon, by  floxable cassette. Upstream gRNA
sequence: CACAGACGGCAAATTCGCCG, downstream gRNA sequence: TCGATCCGGCGAA
TATAAGG.

rab40: Replacement of 1407 bp region, +2 bp relative to ATG to —93 bp to the first bp
of rab40 stop codon, by floxable cassette. Upstream gRNA sequence: CCTTGGTCATGG
TTCCCATG, downstream gRNA sequence: TTGAGCGTCGACTTCACCGA.

rabX4: Replacement of 962 bp, —2 bp relative to ATG to —61 bp to first bp of rabx4 stop
codon, by floxable cassette. This results in the deletion of the entire coding sequence.
Upstream  gRNA  sequence: CTCCGCCAGCTCCGTCAACA, downstream  gRNA
sequence: AAGAAATCACCCGGCTCCAA.

rab18: For the generation of the rab18 null mutant, first a rab18 sgRNA-expressing plasmid
(pBFv-U6.2-rab18-sgRNA) was generated. For this, rab18 sgRNA sequence 5'-GGTGA
TCGGGGAAAGCGGCG (directly after the rab18 start codon) was cloned into Bbsl-digested
pBFv-U6.2 plasmid. Second, a pCR8-rab18-3xP3-RFP plasmid was generated by soeing PCR
and restriction enzyme digestion. For this, two 500 bp homology arms (HA) around
the rab18 sgRNA targeting site were amplified, using the following primers: left HA fwd: TCC
TAAATTTATGATATTTTATAATTATTT,; left HA rev: CTGGACTTGCCTCGAGTTTTTTAGATCTG
TGTGGTTTGAGCTCCGCTT,; right HA fwd: CAAACCACACAGATCTAAAAAACTCGAGG-
CAAGTCCAGGTGCAGTCCC; right HA rev: CGAACTGATCGCATTTGGCT. The resulting PCR
product was then cloned into pCR8 vector (pCR8-rab18LA+RA). The 3xP3-RFP cassette,
containing three stop codons upstream of the RFP, was cloned into pCR8-rab18LA+RA
by Bglll and Xhol double digestion to get the final pCR8-rab18-3xP3RFP plasmid. Nanos-
Cas9 fly embryos were co-injected with the two plasmids pBFv-U6.2-rab18-sgRNA and pCR8-
rab18-3xP3RFP. F1 progeny positive for the selection marker, 3xP3-RFP, were further vali-
dated by genomic PCR.
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e rab26: Replacement of 9760 bp region, - 125 bp relative to ATG to +1310 bp to the end of
coding exon 2, by positive selection marker 3xP3-dsRed flanked by loxP-sites. This leads to
the complete deletion of ATG1 (exon 1) and ATG2 (exon 2) of rab26 gene. Briefly,
a rab26 sgRNA-expressing plasmid was generated by cloning the rab26 sgRNA 5-GACAG
TTTCGGAGTTAATTA into a Bbsl-digested U6-Bbsl-chiRNA plasmid (Addgene, plasmid
#45946, donated by Kate O'Connor-Giles lab). Nanos-Cas9 fly embryos were co-injected with
the rab26 sgRNA containing U6-chiRNA plasmid and the pHD-DsRed-attP plasmid (donated
by Kate O'Connor-Giles lab). F1 progeny positive for the selection marker, 3xP3-dsRed, were
further validated by genomic PCR.

In addition, six rab mutants (rab2, rab4, rab19, rab30, rabX1, and rabXé) were generated by
ends-out homologous recombination based on previously generated Gal4 knock-ins in large geno-
mic fragments (Chan et al., 2011). All rab mutants generated by ends-out homologous recombina-
tion are ‘'ORF knock-ins' (replacing the entire open reading frame), except for rab4, which is an ‘ATG
knock-in" (replacing the first exon including the start codon). The methods used for the replacements
in the endogenous loci have been described previously in detail (Chan et al., 2012, Chan et al.,
2011).

Verification of rab null mutants by PCR

The newly generated rab null mutants were confirmed by genomic PCR, either using Phusion High-
Fidelity PCR Kit (Thermo Fisher Scientific) (majority of rab mutants) or the SapphireAmp Fast PCR
Master Mix (TaKaRa) (rab26). The following primer pairs, flanking the gene or inserted cassette,
were used for the validation: rab2 (Fwd: 5'-TGGCCACACTGTCGCTAGCC and Rev: 5'-CGCCTCCTC
TACGTTGGCAG), rab4 (Fwd: 5- GGTTTTGATCGTGTCCTGCG and Rev: 5-AGACAACTC
TTACCGCTGCC), rab9 (Fwd: 5'- GGCACTATGACGAACATGCGG and Rev: 5'-TTTGCAGCAC
TGGGAAATCCG), rab10 (Fwd: 5'- ATATCTCTTGTCACCTGCGCC and Rev: 5'-CGACCACCATCCA
TCGTTCGQG), rab14 (Fwd: 5'-gggGCCAGTTCGAGAAAGGG and Rev: 5-CACGAGCACTGATCC
TTGGC), rab18 (Fwd: 5- AAACAAAGCAGCAAGGTGGC and Rev: 5-CTCCTCGTCGATCTTG
TTGCC), rab19 (Fwd: 5'- CCAGTTAACGGCCAGAACGG and Rev: 5-TTGCCTCTCTGAGCATTGCC
), rab21 (Fwd: 5'- CAATGGGAACGGCTAAATGCC and Rev: 5-CAACATTTATCGCCGAGTGCCQ),
rab23 (Fwd: 5'- CACCTGCCGGCTTAGATGCG and Rev: 5'-GAGATATCGGAACCGGCCCG), rab26
(Fwd: 5- CGATGAAGTGGACATGCACCC and Rev: 5-TGCACTTGAACTTCACTGGCG), rab30
(Fwd: 5'- ACCCAGCGACTCAAAAACCC and Rev: 5'-GCTGCACAGTTTCCAGATCCG), rab35 (Fwd:
5'- CGAATCGTAAGCCAAGAACCC and Rev: 5'-ACTAATGGTGACGCACTGGC), rab39 (Fwd: 5'-
TAACAACCACCAGCGACAGCC and Rev: 5'-CGTATACCTCGTGTGACTGGC), rab40 (Fwd: 5'- caat-
gagtaaacccctagcgg and Rev: 5'-TGGGTATGGGTATGGTATGGG), rabX1 (Fwd: 5'- GTGCCCAA-
GAAATCAGACGC and Rev: 5-AGTCAGATGGGCTTAGAGCG), rabX4 (Fwd: 5'- CTG
TAACCGAAAACCTCCGC and Rev: 5'-CAACTTGCTCAGGTTCTGCG), and rabXé6 (Fwd: 5'- G
TCGCACTGTTGTTGTCGCC and Rev: 5'-CTCTGCGTGAGCATTGAGCC). For the validation of the
mutants generated by homologous recombination, the following cassette-specific primers were
used: Reverse primer in Gal4-region: 5'-CGGTGAGTGCACGATAGGGC (rab2, rab4, rabX1), second
reverse primer in Gal4-region: 5'-CAATGGCACAGGTGAAGGCC (rab19, rab30, rabXé). The follow-
ing cassette specific primers were used for the validation of CRISPR-generated null mutants: Reverse
primer in RFP-region: 5'- GCTGCACAGGCTTCTTTGCC (rab9, rab10, rab14, rab18, rab39, rabX4),
second reverse primer in RFP-region: 5'- ACAATCGCATGCTTGACGGC (rab21, rab35, rab40), for-
ward primer in RFP-region: 5- GGCTCTGAAGCTGAAAGACGG (rab23), forward primer in dsRed-
region: 5'- ATGGTTACAAATAAAGCAATAGCATC (rab2é) and reverse primer behind right-arm of
inserted dsRed-cassette: 5'-AAACCACAGCCCATAGACG (rab26). The CRISPR null mutants were
independently validated in our lab and by WellGenetics Inc (Taipei, Taiwan). All primers were
designed with SnapGene (GSL Biotech LLC).

Immunohistochemistry

Pupal and adult eye-brain complexes were dissected and collected in ice-cold PBS. The tissues were
fixed in PBS with 4% paraformaldehyde for 30 min and washed in PBST (PBS + 1% Triton X-100).
Wandering L3 larvae were immobilized at their abdomen and mouth hooks on a Sylgard-filled dis-
section dish, using insect needles (80.1 mm, Austerlitz insect pins). Larvae were dissected, from the
dorsal side, in ice-cold 1x Schneider’s Drosophila Medium (Thermo Fisher Scientific) and immediately
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fixed in PBS with 4% paraformaldehyde for 10 min. After fixation, the gut and main trachea were
carefully removed and the larval filets washed in PBS-Tween (PBS + 0.1% Tween).

The following primary antibodies were used: rabbit anti-Rab5 (1:1000, Abcam), rabbit anti-Rab7
(1:1000, gift from P. Dolph), mouse anti-Rab11 (1:500, BD Transduction Laboratories), guinea pig
anti-Rab26 (1:2000 (IHC), 1:1000 (WB), made for this study), mouse anti-Syt1 (1:1000, DSHB), rabbit
anti GABARAP+GABARAPL1+GABARAPL2 (Atg8) (1:100, Abcam), rabbit anti-Syx7/Avalanche
(1:1000, gift from H. Krédmer), guinea pig anti-Hrs (1:300, gift from H. Bellen), rabbit anti-HRP (1:500,
Jackson ImmunoResearch Laboratories), rabbit anti-DPAK (1:2000), rat anti-Da7 (1:2000, gift from H.
Bellen), rat anti-nCadherin (1:100, DSHB), guinea pig anti-V100 (1:1000, Hiesinger et al., 2005),
mouse anti-CSP (1:50, DSHB), mouse anti-ChAT (1:100, DSHB), mouse anti-nc82 (1:20, DSHB), rabbit
anti-ebony (1:200), mouse anti-Chaoptin (24B10) (1:50, DSHB) and rabbit anti-DCP-1 (1:100; Cell Sig-
naling Technology). Secondary antibodies used were Donkey anti-mouse DyLight 405, Goat anti-
mouse Alexa 488, Goat anti-guinea pig Alexa 488, Goat anti-rat Alexa 488, Goat anti-rabbit Cy3,
Goat anti-rabbit Alexa 647, Goat anti-rat Alexa 647, Goat anti-mouse Cy5, Goat anti-rat Cy5 (1:500;
Jackson ImmunoResearch Laboratories), Goat anti-guinea pig HRP-linked (1:5000, Jackson Immu-
noResearch Laboratories), Goat anti-guinea pig Cy5 (1:500, Abcam), Phalloidin-iFluor 405 (1:250;
Abcam) and Toto-3 (1:1000; Thermo Fisher Scientific).

All samples were mounted in Vectashield mounting medium (Vector Laboratories). Larval filet
preparations were incubated in Vectashield for at least 30 min at 4°C prior to mounting. To fully
expose lamina photoreceptor terminals, pupal brains were mounted with their dorsal side up.

Generation of rab26 antibody

The cDNA sequence corresponding to amino acids 1-192 of rab26 was amplified by PCR and cloned
into the pET28a (Invitrogen) vector for protein expression. Guinea pig antibodies against this domain
were raised by Cocalico Biomedicals, Inc using the purified recombinant protein.

Confocal microscopy, image processing, and quantification

All microscopy was performed using a Leica TCS SP8 X (white laser) with 20x and 63x Glycerol objec-
tives (NA = 1.3). Leica image files were visualized and processed using Imaris (Bitplane) and Amira
(Thermo Fisher Scientific). Postprocessing was performed using ImageJ (National Institute of Health),
and Photoshop (CS6, Adobe Inc). Data was plotted using lIllustrator (CS6, Adobe Inc), Photoshop
(CS6, Adobe Inc) and GraphPad Prism 8.3.0 (GraphPad Software Inc).

For Chaoptin-accumulation and rhabdomere morphology experiments, all quantification was per-
formed manually on single slices and only individually discernible compartments or rhabdomeres
were counted. Only Chaoptin-accumulations in the central region of the lamina (length 115 um and
depth 27 um) were quantified. For the rhabdomere analysis, the measurement tool from ImageJ was
used. For Rhabdomere quantifications, 150 outer rhabdomeres were analyzed the following way:
The longest (a) as well as the shortest (b) rhabdomere diameter was measured using the ImageJ
measurement tool. For the shape analysis, the longest diameter was divided by the shortest (shape

= a/b). For the area analysis, the following mathematical formula was used: area = pi * (g) * (’%)

The rhabdomere area ratio was calculated by dividing the area of newly hatched flies by the area of
flies after 2 days of light stimulation. Area is more variable than shape in wild type and only signifi-
cant changes outside the standard deviation range of the wild type control were scored. The statisti-
cal analyses were performed using RStudio (RStudio Inc) and GraphPad Prism 8.3.0 (GraphPad
Software Inc), and the specific statistical tests used as well as sample numbers for experiments are
indicated in the respective figure legends.

Biochemistry

Proteins were extracted from 20 adult fly brains per genotype in RIPA buffer containing 150 mM
NaCl, 0.1% Triton X-100 (Sigma), 0.1% SDS (Amresco), 50 mM Tris-HCL and 1x complete protease
inhibitors (Sigma), pH 8. Samples were incubated on ice for 20 min and centrifuged at 16,000 RCF,
10 min at 4°C to remove cell debris. Laemmli buffer (Bio-Rad Laboratories) was added to the super-
natant. After incubation for 5 min at 95°C, the samples were loaded on a 4-15% SDS-polyacrylamide
gel (Bio Rad Laboratories) and then transferred to PVDF membrane (Bio-Rad Laboratories). Primary

Kohrs, Daumann, et al. eLife 2021;10:e59594. DOI: https://doi.org/10.7554/eLife.59594

73


https://doi.org/10.7554/eLife.59594

eLife

Cell Biology | Neuroscience

antibody used was guinea pig anti-Rab26 (1:1000) and corresponding secondary was used 1:5000
(Abcam). The signals were detected with Clarity Western ECL (Bio-Rad Laboratories).

Backcrossing of rab mutant flies

Serial backcrossing to a wild type (yw) background was performed for three consecutive genera-
tions. The single rab mutants as well as the respective balancer chromosomes, used to generate the
final stocks, were backcrossed to the same genetic background. All mutant alleles, except rab3 and
rab32, could be traced by their red fluorescent marker. Where direct tracing was not possible, back-
crossing was performed ‘blindly’ and after three generations roughly 100 separate single (fe-)male
stocks were generated and subsequently sequenced to identify the backcrossed rab3 and rab32
mutants.

The genomic DNA was amplified using the Phusion High-Fidelity PCR Kit (Thermo Fisher Scien-
tific) with the following primers for rab3 (Fwd: 5'-ACACTGAGGCGAGCTTACGC and Rev: 5'- CTAC
TACCGAGGAGCGATGGG) and rab32 (Fwd: 5'-GTAGACACGGGTCATGTTGCC and Rev: 5'-accag-
caaatctcagtgcgg). The amplified DNA was extracted from agarose gel, cleaned using the Nucleo-
Spin Gel and PCR Clean-up kit (Macherey-Nagel) and send for sequencing to Microsynth Seglab
GmbH (Géttingen, Germany). Sequencing results were visualized using SnapGene (GSL Biotech
LLC). All primers were designed with SnapGene (GSL Biotech LLC).

Developmental assays

For the analysis of developmental timing of homozygous, viable rab mutants, three crosses with
equal number of flies (ratio female to male ~2:1) and same genotype were set up a few days prior to
the start of the experiment, to ensure good egg laying. Of each of those, again three equal groups
were formed and egg laying was allowed for 24 hr at room temperature. Egg containing vials were
then shifted to the respective temperatures (18°C, 25°C, or 29°C), while the parental flies remained
at room temperature for the duration of the experiment. The shifting of egg containing vials was
repeated six more times, leading to a total of 21 ‘experimental’ vials per temperature per genotype.
Developing flies were kept at the respective temperatures until three days after they hatched, and
the total number of hatched offspring was counted.

To study the effect of temperature stress on fly wing development, rab null mutants were reared
at 18°C and 29°C. All mutant lines were set up with 10 females and three males and kept in their vials
for 48 hr of egg laying, so as to prevent overcrowding in the vials. Adult female flies were collected
not earlier than 24 hr after eclosion and placed in a 1:1 solution of glycerol:ethanol for a minimum of
several hours, after which the wings were removed at the joint and mounted in the same solution.
Wings were imaged with a Zeiss Cell Observer microscope and their size measured in ImageJ
(National Institute of Health).

To validate the phenotypes of the developmental assay, backcrossed mutants as well as transhe-
terozygotes of mutant chromosomes over deficiency chromosomes were used. All deficiency chro-
mosomes were placed over a fluorescent balancer prior to the assay, to allow for identification. We
did not succeed in identifying and validating a deficiency line for rab18. Homozygous backcrossed
rab32 females are lethal at 29°C, therefore no wing surface area measurements are available. All con-
ditions, like temperature and number of parental flies, were kept same.

Neuronal stimulation with white light and electroretinogram (ERG)
recordings

Newly eclosed adults were either placed in a box for constant white light stimulation or placed in
light-sealed vials (in the same box) for constant darkness. The lightbox contains two opposing high-
intensity warm white light LED-stripe panels, each emitting ~1600 lumen (beam angle = 120°, dis-
tance between light source and vials = 16 cm). Temperature (22°C) and humidity (59%) inside the
box were kept constant. Flies were kept inside the box for up to 7 days (wild type sensitization
curve) or for 2 and 4 days (function and maintenance experiments).

For the ERG recordings, the flies were anesthetized and reversibly glued on microscope slides
using non-toxic school glue. The recording and reference electrodes were filled with 2 M NaCl and
placed on the retina and inside the thorax. Flies were exposed to a series of 1 s light/dark pulses
provided by a computer-controlled white light-emitting diode system (MC1500; Schott) as previously
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reported (Cherry et al., 2013). Two different light stimulus intensities, dim (5.29e"3 photons/cmz/s)
and bright (1.31e'® photons/cm?/s), were used. Retinal responses were amplified by a Digidata
1440A, filtered through a Warner |IE-210, and recorded using AxoScope 10.6 by Molecular Devices.
All ERG recordings were performed in non-pigmented, white-eyed flies, which are more sensitive to
light stimulation than pigmented ones. A total of 25-30 flies were examined for each genotype, con-
dition, and time point.

For the quantification of the ERG data AxoScope 10.6 by Molecular Devices was used. First, the
‘on’ transient was quantified, by measuring the difference between the averaged baseline, prior to
the onset of the light stimulus, and the peak value of the ‘on’ transient itself. Second, the depolariza-
tion was quantified, by measuring the difference between the baseline prior to stimulation and the
depolarization when the signal has reached its plateau in the second half of the 1 s light stimulus
prior to the end of the stimulus and repolarization.

Neuronal stimulation with blue light

Newly eclosed rdgC3® mutant flies (Bloomington stock #3601) were placed in an illuminated alumi-
num tube for constant, high-intensity, pure blue light stimulation. The aluminum tube has an outer
diameter of 45 mm and a wall thickness of 2.5 mm. It contains one high-intensity blue light LED-
stripe, covering the complete inside of the tube and emitting 155 lumen (beam angle = 120°, dis-
tance between light source and vials = ~1 cm). Temperature (22°C) and humidity (59%) inside the
tube were kept constant. Flies were kept under constant blue light stimulation for 4 consecutive
days and afterwards immediately placed in the dark for 2 days.
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larva (L), adult (A), Mus musculus (Mm), Rattus norvegicus (Rn), Oryctolagus cuniculus (Oc), cell cul-
ture (CC). Asterisks indicate if the Rab is specific to Hominidae (*), specific to primates (**) or specific
to primates and dolphins (***).

 Supplementary file 3. Function, subcellular localization, and mutant viability of Rab GTPases in
mammals, Saccharomyces cerevisiae and Drosophila melanogaster. Mouse knockout models were
listed for the mammalian rab GTPase mutants. Among primary publications, the International Mouse
Phenotype Consortium (https://www.mousephenotype.org/) was used for information on the viability
of mouse knockout models Information on Drosophila mutant viability is based on this study, if not
stated otherwise in the table. Only viability / lethality for homozygous mutants was listed. The follow-
ing abbreviations were used: Drosophila melanogaster (Dm), endoplasmic reticulum (ER), glucose
transporter type 4 (GLUT4), insulin-producing cells (IPCs), Jun-N-terminal kinase (JNK), knockout
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trans-Golgi network (TGN), 37tyrosinase-related protein-1 (Tyrp-1), ventral nerve cord (VNC). Aster-
isks indicate if the Rab isspecific to Hominidae (*), specific to primates (**) or specific to primates
and dolphins (***).

 Supplementary file 4. Quantitative analysis of the developmental timing assay at different tempera-
tures. (A) Summary of developmental time for wild type and all fertile, homozygous viable rab
mutants at 18°C, 25°C, and 29°C. Listed are number of days (after 24 hr of egg collection) until first
1st instar larvae, pupae, or adults appear, as well as total number of adults hatched and number of
adults per vial. Days are given in mean + SEM. (B) Summary of developmental time for wild type and
tested backcrossed rab mutants at 18°C, 25°C, and 29°C. Listed are number of days (after 24 hr of
egg collection) until first 1st instar larvae, pupae, or adults appear, as well as total number of adults
hatched and number of adults per vial. Days are given in mean = SEM. (C) Summary of developmen-
tal time for wild type and tested rab mutants over deficiencies at 18°C, 25°C and 29°C. Listed are
number of days (after 24 hr of egg collection) until first 1st instar larvae, pupae, or adults appear, as
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Figure 1. Generation and viability analysis of the rab null mutant collection. (A) List of all 26 Drosophila rab null
mutants, sorted by expression pattern from ‘nervous system-enriched’ to ubiquitous based on Chan et al., 2011;

Figure 1 continued on next page
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Figure 1 continued

Jin et al., 2012. Two-thirds of the rab mutants are homozygous viable and fertile. Eight rab mutants are lethal in
homozygosity. The origin of the mutants is indicated in the third column. (B) Pie charts showing the ratios of
homozygous versus balanced flies after ten generations. Ten of the 18 viable or semi-lethal rab mutants are fully
homozygous, while the others still retain their balancer chromosome (shades of yellow) to varying degrees. At
least 1000 flies per rab mutant were counted.
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Figure 1—figure supplement 1. Design of newly generated rab mutants. (A and C) Schematic depiction of the inserted knock-in cassettes. For ends-
out homologous recombination a Gal4-3xP3-RFP-Kanamycin cassette, with loxP-sites flanking the 3xP3-RFP-Kan region, was inserted. For CRISPR/Cas9-

Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued
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mediated mutagenesis a 3xP3-RFP- or 3xP3-dsRed (for rab26) cassette, flanked by loxP-sites, was inserted. (B and D) Schematics of genomic loci as
depicted on FlyBase GBrowse (https://flybase.org/cgi-bin/gbrowse2/dmel/). The exon/intron region, with exon as wide orange bars, introns as black
lines and 5" UTRs and 3'UTRS as grey wide bars. The red half-arrows highlight regions replaced for ‘ORF knock-ins’ (B) or ‘CRISPR knock-ins’ (D); blue
half-arrows highlight regions replaced for ‘ATG knock-ins’ (rab4 in B).
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Distal

Figure 1—figure supplement 2. Pupal expression patterns of nervous system-enriched Rabs based on endogenously tagged Rabs generated by
Dunst et al., 2015. (A) Schematic of the main optic neuropils and retina of the developing pupal brain. (B) Expression pattern of EYFP-tagged Rabs
(green) in ~P+40% pupal brains. Immunolabeling of pupal photoreceptor projections with Chaoptin (red). Inverted channel shows expression of EYFP-
tag. Scale bar = 20 um; number of brains n = 3-6. Abbreviations: R = retina, LA = lamina, ME = medulla, LO = lobula and LOP = lobula plate. See

Supplementary file 1 listing regions with EYFP-Rab expression.
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Figure 1—figure supplement 3. Adult expression patterns of nervous system-enriched Rabs based on endogenously tagged Rabs generated by
Dunst et al., 2015. Dunst et al., 2015. (A) lllustrations of the main anterior, inner and posterior neuropil regions of the adult brain exhibit strong Rab
expression (shown in B). (B) Expression pattern of EYFP-tagged Rabs (green) in newly hatched adult brains. Inverted channels show expression of EYFP-
tag. Scale bar = 30 pm; number of brains n = 3-6. AVLP = anterior ventrolateral protocerebrum, MB = mushroom body, LA = lamina, ME = medulla,
LOP = lobula plate, LO = lobula, P = pedunculus, SLP = superior medial protocerebrum, FB = fan-shaped body, EB = ellipsoid body, PLP = posterior
lateral protocerebrum, CA = calyx and PB = protocerebral bridge. See Supplementary file 1 listing regions with EYFP-Rab expression.
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Figure 2. Developmental analyses of all viable rab mutants at different temperatures. (A-C) Developmental time from embryogenesis to adults at 18°C
(A), 25°C (B), and 29°C (C) for all homozygous viable rab mutants. (D, G, and J) Developmental time at 18°C for all homozygous viable rab mutants,
separated into embryonal (blue, D), larval (green, G) and pupal (orange, J) phases. (E, H, and K) Developmental time at 25°C for all homozygous viable
rab mutants, separated into embryonal (blue, E), larval (green, H) and pupal (orange, K) phases. (F, |, and L) Developmental time at 29°C for all
homozygous viable rab mutants, separated into embryonal (blue, F), larval (green, 1) and pupal (orange, L) phases. (A-L) Dashed red line = mean of
control. Mean + SEM; *p<0.05 (for the specific statistical values see Figure 2—figure supplement 1); 0, 1, or 2 indicate if the specific phenotype could
not be validated (0), could be validated by either backcrossing or mutant over deficiency (1) or could be validated by both (2); Unpaired non-parametric
Kolmogorov-Smirnov test. (M=N) Wing surface area measurement for validated homozygous viable rab mutants at 18°C (M) and 29°C (N). Wild type
(brown) and rab mutant with significantly reduced (red) and increased wing sizes (yellow) compared to control. Boxplot with horizontal line representing
the median; individual data points are represented as dots. Fifteen to 22 wings per genotype were quantified; *p<0.05 (for the specific statistical values
see Figure 2—figure supplement 2); 0, 1, or 2 indicate if the specific phenotype could not be validated (0), could be validated by either backcrossing
or mutant over deficiency (1) or could be validated by both (2); ordinary one-way ANOVA with pair-wise comparison.
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Figure 2—figure supplement 1. Validation of developmental timing phenotypes of viable rab mutants at different temperatures. (A-C) Total
developmental time of control and viable rab mutants at 18°C (A), 25°C (B) and 29°C (C). O, 1, or 2 indicate if the specific phenotype could not be
validated (0), could be validated by either backcrossing or mutant over deficiency (1) or could be validated by both (2). (D-I) Validation of

Figure 2—figure supplement 1 continued on next page
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developmental timing phenotypes with either backcrossed mutants (bc, chequered pattern) or/and rab mutant over deficiency (Df, shaded pattern).
Shown are total development and the specific developmental stages at 18°C (D and G), 25°C (E and H), and 29°C (F and |). (A-l) Dashed red line =

mean of control. Developmental stages: embryo (blue), larva (green) and pupa (orange). Mean + SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
Unpaired non-parametric Kolmogorov-Smirnov test.
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Figure 2—figure supplement 2. Wing surface area measurement for all homozygous viable rab mutants at 18°C
and 29°C. (A-B) Wing surface area measurement for all homozygous viable rab mutants at 18°C (A) and 29°C (B).
Figure 2—figure supplement 2 continued on next page
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Figure 2—figure supplement 2 continued

Wild type (brown) and rab mutant (gray) wing size. Significantly reduced (red) and increased wing sizes (yellow)
compared to control are highlighted. 0, 1, or 2 indicate if the specific phenotype could not be validated (0), could
be validated by either backcrossing or mutant over deficiency (1) or could be validated by both (2). (C-D) Wing
surface area measurements of either backcrossed mutants (bc) or/and rab mutant over deficiency (Df) showing
significant altered wing size at 18°C (C) and 29°C (D). rab mutants with significantly reduced wing size are
highlighted in red and with an increased wing size in yellow. (A-D) Boxplot with horizontal line representing the
median; individual data points are represented as dots. Ten to 22 wings per genotype were quantified; *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001; ordinary one-way ANOVA with pair-wise comparison.
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Figure 2—figure supplement 3. Examples of wing defects after development at different temperatures. (A-J) Wing sizes of rab mutants at 18°C and
29°C. Flies at 29°C have on average 30% smaller wings than flies at 18°C (A-B). At 18°C, rabX1 has significantly larger wings than control, while rab19

Figure 2—figure supplement 3 continued on next page
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has significantly smaller wings than control (C, E). At 29°C, rab9 has larger wings than control, while rabXé has smaller wings than control (D, F). rab23
shows, in addition to the PCP phenotype that is consistent at both temperatures, a p-cv vein shortening that is present in 90% of cases at 18°C (G, ),
but is reduced to 12% at 29°C (H, J). Scale bar = 500 um (A-H), 100 um (I-J).
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Figure 3. Analysis of neuronal function and maintenance based on electroretinograms. (A-B) Sensitization curves for light stimulated (orange curve) and
dark-reared (black curve) wild type flies generated by electroretinogram (ERG) recordings. ‘on’ transient signal is lost after 4 days of light stimulation.
Complete loss of depolarization signal after 5 days of light stimulation. O day, 2 days light stimulation and 4 days dark-rearing are highlighted in red.
Mean + SEM; 25-30 flies were recorded for each day (0-7 days) and each condition (light and dark); Ordinary one-way ANOVA with pair-wise
comparison. (C-D) ‘on’ transient and depolarization of newly hatched (0 day) flies. Wild type control in black, all homozygous viable rab mutants in
Figure 3 continued on next page
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grey. (E-F) ‘on’ transient and depolarization of wild type (black) and homozygous viable rab mutants (grey) after 2 days of light stimulation. (G-H) ‘on’
transient and depolarization of wild type (black) and homozygous viable rab mutants (grey) after 4 days of dark-rearing. (C-H) Mean + SD; *p<0.05; 25~
30 flies were recorded for each genotype and condition; ordinary one-way ANOVA with group-wise comparison.
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Figure 4. Viable rab mutants show no apoptosis based on DCP-1 immunolabeling but display morphological changes in rhabdomeres after continuous

light stimulation. (A-B) Examples of rab mutant retinas which show rhabdomere changes and no increased levels in the apoptotic marker DCP-1 after 2

Figure 4 continued on next page
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Figure 4 continued

days of light stimulation compared to control (B) and newly hatched flies (A). Zoom-ins of single ommatidia are highlighted by red boxes. Scale bar = 4
um; number of retinas n = 5-7 from different animals per antibody staining. (C) rdgC3% mutant ommatidia show high levels of DCP-1 (red) after
continuous blue light stimulation. Labeling with phalloidin (green) reveals highly disrupted rhabdomere morphology. Scale bar = 4 um; number of
retinas n = 4 per antibody staining. (D) Area ratio of outer rhabdomeres R1-Ré. The standard deviation range of wild type control is highlighted by red
lines. Outer rhabdomere area ratio was calculated as described in Materials and methods. Mean + SD; *p<0.05 (only significances outside SD range are
marked); number of outer rhabdomeres counted n = 150 from three to six animals. Ordinary one-way ANOVA with group-wise comparison. (E-F) After
2 days of light stimulation outer rhabdomere shape exhibited increased variability (F) compared to newly eclosed flies (E). Outer rhabdomere shape
was calculated as described in Materials and methods and examples of single ommatidia (left: O day, right: 2 days of light stimulation) are shown in the
zoom-ins (E). Mean + SD; *p<0.05; number of outer rhabdomeres counted n = 150 from three to six animals. Ordinary one-way ANOVA with group-

wise comparison.
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Figure 4—figure supplement 1. No viable rab mutants show apoptosis based on DCP-1 immunolabeling, some display morphological changes in
rhabdomeres after 2 days of continuous light stimulation. Labeling of newly hatched wild type and rab mutant retinas with Phalloidin and DCP-1 reveals
normal rhabdomere development and no indication of apoptosis. No apoptotic cell death can be observed after 2 days of light stimulation. A number
of rab mutants reveal morphological changes of the rhabdomeres (for rhabdomere area and shape quantification see Figure 4). Shown are
representative examples of ommatidia. Scale bar = 4 um; number of retinas n = 5-7 from different animals per antibody staining.
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Figure 5. Analyses of morphology, recycling endosomal function (Rab11) and autophagy (Atg8) at photoreceptor axon terminals after continuous light
stimulation. (A) Examples of Chaoptin-labeling (Chp) of 0 day and 2 days light stimulated wild type and rab mutant photoreceptor projections (overview
top panel, R1-R6 middle panel, R7-R8 bottom panel). The rabX1 mutant exhibits Chaoptin accumulations in non-photoreceptor cell bodies
independent of stimulation (arrowheads). After 2 days of light stimulation, rab26 and rab19 mutants display membrane accumulations in their axon
terminals (arrows). Scale bar = 20 um (top panel), 5 um (middle and bottom panel); number of brains n = 3-5 per antibody staining. (B) Examples of
Atg8 labeling of photoreceptor projections in retina-lamina preparations of newly hatched and 2 days light stimulated wild type flies and six rab
mutants. Only rab23, rab27, and rab32 show significant increases in Atg8-positive compartments after 2 days of light stimulation (highlighted by red
boxes). rabX1 flies exhibit Atg8-positive compartments in cell bodies (arrowheads). Scale bar = 10 um; number of retina-lamina preparations n = 3 for
each condition and staining. (C) Examples of Rab11 labeling of photoreceptor projections in retina-lamina preparations of newly hatched and 2 days
light stimulated wild type and rabX1 flies. Increase in Rab11 levels is suppressed in rabX1 mutants after 2 days of light stimulation (highlighted by red
box). Scale bar = 10 um; number of retina-lamina preparations n = 3 for each condition and staining.
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Figure 5—figure supplement 1. Systematic analysis of photoreceptor axon morphology of newly eclosed adults and after 2 days of continuous light
stimulation. (A) Labeling of newly hatched wild type and mutant photoreceptor projections with Chaoptin (Chp) reveals no noticeable morphological

Figure 5—figure supplement 1 continued on next page
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Figure 5—figure supplement 1 continued

differences. Chaoptin-positive accumulations in non-photoreceptor cells are visible in rabX1. Optic lobe overview (top panel), lamina cross-section with
R1-R6 axon terminals (middle panel), and R7-R8 axon terminals (bottom panel). Scale bar top panel = 20 um, middle and bottom panel = 5 um; number
of brains n = 3-5 per antibody staining. (B) Labeling of wild type and mutant photoreceptor projections with Chaoptin (Chp) after 2 days of light
stimulation. Chaoptin-positive accumulations in non-photoreceptor cells are visible in rabX1. Only rab19 and rab26 display morphological differences in
their photoreceptor projection terminals, showing membrane accumulations in the tips of R1-Ré axon terminals. Optic lobe overview (top panel), lamina
cross-section with R1-Ré axon terminals (middle panel), and R7-R8 axon terminals (bottom panel). Scale bar top panel = 20 pm, middle and bottom
panel = 5 um; number of brains n = 3-5 per antibody staining.
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Figure 6. Loss of rab26 does not discernibly affect markers for synaptic vesicles or autophagy in the adult brain. (A) Representative ERG traces of
recordings of 2 days light stimulated wild type, rab26 mutant, and Rab26 GTP-locked overexpression flies. Only the Rab26 GTP-locked flies show a
complete loss of ‘on’ transient (highlighted in red). Quantification of the ‘on’ transient is shown right. (B-G) Labeling of lamina cross-sections of Rab26
GTP-locked (B, D, and F) and YFP-tagged Rab26WT (C, E, and G) against Syt1 and CSP (B and C), Rab11 and ATG8 (D and E), and Hrs and Syx7/
Avalanche (F and G). GTP-locked Rab26 shows colocalization with Rab11 and Syx7/Avalanche (white arrowheads), but not with Syt1, CSP, Atg8 nor Hrs
(black arrowheads). Scale bar = 5 um; number of brains n = 3-5 per antibody staining. (H-K) Intensity comparison of optic lobes of newly hatched wild

Figure 6 continued on next page
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type and rab26 mutant flies, stained against Syt1 (H and 1) and Atg8 (J and K). Number of brains n = 3-5 per antibody staining. (L) Validation of the
rab26 null mutant by Western Blot with the newly generated Rab26 antibody. Wild type control shows the Rab26 band at around 45 kDa (1), which is
lost in the rab26 mutant (2). (M and N) Validation of the rab26 null mutant by immunohistochemistry with the newly generated Rab26 antibody. The
Rab26 antibody labels synaptic neuropil in different regions of wild type brains (green, M), which is lost in the rab26 null mutant (N). Labeling of nuclei/
cell bodies with Toto-3 (blue). Scale bar = 30 um; number of brains n = 3 per antibody staining. (O) Immunolabeling of Rab26 (red) shows high
colocalization with the endogenously YFP-tagged Rab26 (green). Lamina cross-section of newly hatched flies. Scale bar = 5 um; number of brains n = 3-
5 per antibody staining. (P) Co-labeling of wild type lamina with Rab26 (green), Brp (synaptic marker, red), and ebony (glia marker, blue) reveals few
synapses, positive for Rab26 and Brp in the proximal region of the lamina (white arrowheads, P’ and P"'). No colocalization between Rab26 and ebony
could be observed (P'"). Scale bar = 5 um; number of brains n = 3-5 per antibody staining.
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Figure 6—figure supplement 1. Rab26 colocalizes with synaptic vesicle and endosomal markers at larval neuromuscular junction (NMJ) boutons. (A)
Immunolabeling of Rab26 (magenta) reveals its presence in NMJ boutons labeled by the active zone marker nc82 (green). The loss of Rab26 seems to
have no effect on the overall NMJ morphology. Scale bar = 5 um; number of NMJs n = 5-12 from three to six larvae per antibody staining. (B-F)

Figure 6—figure supplement 1 continued on next page
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Colocalization of Rab26 (green) with several markers (red) in larval NMJs which are labeled by nc82, HRP, or CSP (blue). (B) Endogenous Rab26 partially
colocalizes with synaptic vesicle markers (CSP, Syt1), with endosomal (Syx7) and recycling endosomal (Rab11) markers, but not the postsynaptic marker
DPAK. (C) GDP-locked Rab26 is more diffusely localized and partially colocalizes with CSP. (D) The autophagosomal marker Atg8 is not enriched in
larval NMJs and does not colocalize with endogenous or overexpressed Rab26. Rab26 overexpression or the rab26 mutant do not affect Atg8
immunolabeling. (E-F) Overexpressed WT and GTP-locked forms of Rab26 colocalize with Syt1, CSP, Syx7, and Rab11, but not with the postsynaptic
marker DPAK. Scale bar = 2 um; number of NMJs n = 5-12 from three to six larvae per antibody staining.
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Figure 7. Rab26 is required for membrane receptor turnover associated with cholinergic synapses. (A-D) rab26 mutant R1-Ré photoreceptor terminals

(B) exhibit Chaoptin-positive accumulations in the proximal lamina after 4 days of light stimulation (highlighted with white boxes), which are rescued by
photoreceptor-specific Rab26 expression (C and D). (C) Quantification. Mean + SEM; *p<0.05; number of lamina per genotype n = 8; ordinary one-way
ANOVA with pair-wise comparison. Scale bar = 5 um; number of brains n = 5. (E) Quantification of level changes of 13 membrane-associated proteins

in the rab26 mutant axon terminals after 4 days of light stimulation. (F-M) Examples of lamina cross-sections of wild type (F, H, J and L) and rab26

Figure 7 continued on next page
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mutant (G, I, K and M) after 4 days of light stimulation, showing proteins that are upregulated in R1-Ré terminals (CadN, (F-G); Syx7 (H-I)) and proteins
that are unaffected (Atg8, (J-K); Syt1, (L-M)). The proximal lamina region is highlighted by red boxes. Scale bar = 5 um; number of brains n = 3-5 per
antibody staining. (N-O) The rab26 mutant exhibits an increase of Da7 (green) across the lamina compared to wild type after 4 days of light stimulation.
Shown are lamina cross-sections. Scale bar = 5 um; number of brains n = 3-5 per antibody staining. (P-Q) The rab26 mutant shows an increase of ChAT
in the proximal lamina compared to wild type after 4 days of light stimulation. Scale bar = 5 um; number of brains n = 3-5 per antibody staining. (R-S)
Photoreceptor-specific knock down of rye leads to an increase of Chaoptin and Rab26 in the lamina after 4 days of light stimulation (S) compared to
newly hatched flies (R). Rab26 accumulates throughout the lamina (S'), whereas Chaoptin accumulates in the proximal lamina (S"). Scale bar = 5 um;
number of brains n = 3-5 per antibody staining.
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Figure 7—figure supplement 1. Rab26 RNAi recapitulates the null mutant lamina phenotype. Endogenous Rab26 protein localizes to Lawf2-neurons in
the lamina and strongly colocalizes with choline acetyl transferase throughout the adult brain. (A-B) Rab26 RNAI leads to reduced anti-Rab26
Figure 7—figure supplement 1 continued on next page
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Figure 7—figure supplement 1 continued

immunolabeling when driven by elav-Gal4 (B). Scale bar = 30 um; number of brains n = 3-5. (C-D) Photoreceptor-specific expression of Rab26 RNAI
leads to Chaoptin-accumulations in the proximal lamina after days of light stimulation (D, white arrowheads) compared to control (C, driver only)
mimicking the rab26 mutant phenotype. Scale bar = 5 pm; number of brains n = 4-5 per antibody staining. (E) In flies, expressing both the YFP-tagged
wild type form of Rab26 (green (E, E"), gray (E’, E""")) and Rab26 RNAI driven by GMR-Gal4 (E""-E""’), the YFP signal is strongly decreased compared to
the control (GMR-Gal4 driving only expression of Rab26 WT, E-E’). Scale bar = 5 um; number of brains n = 3-5. (F) Across the optic lobe, the
expression pattern of Rab26 (green) is similar to ChAT immunolabeling (magenta). Ki = knock in; Scale bar = 30 um; number of brains n = 3-5 per
antibody staining. (G) Co-labeling of L4 monopolar cells (green) with Rab26 (blue) and ChAT (red) in newly hatched flies. Proximal L4 terminals (green)
in the lamina colocalize with ChAT (magenta) (G’), while Rab26 (magenta) labeling is complementary to the L4 terminals (green) (G"). Bulbous
processes in the distal lamina are positive for Rab26 (magenta) and ChAT (green) (G'"'). Zoom-ins of the L4 terminal region, are indicated by the white
boxes. Scale bar = 5 um; number of brains n = 3-5 per antibody staining. (H) Co-labeling of lamina wide-field feedback neurons type 1 (Lawf1, green)
with Rab26 (blue) and ChAT (red) in newly hatched flies. Lawf1-processes in the distal lamina only partially colocalize with ChAT (H’) and Rab26 (H").
Rab26 and ChAT strongly colocalize in bulbous-like structures in the distal lamina (H"’). Scale bar = 5 um; number of brains n = 3-5 per antibody
staining. (I) Co-labeling of lamina wide-field feedback neurons type 2 (Lawf2, green) with Rab26 (blue) and ChAT (red) in newly hatched flies. Lawf2-
processes in the distal lamina strongly colocalize with ChAT (I') and Rab26 (I”"). Rab26 and ChAT strongly colocalize in bulbous-like structures in the
distal lamina (I"""). Scale bar = 5 pm; number of brains n = 3-5 per antibody staining.
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A: Expression in the developing optic lobe (P+40%)

Rab
Rab3

RabX4

Rab27

Rab26

Rab19

EYFP- Expression notes

Strongly enriched in the synaptic neuropils medulla, lobula and lobula plate. Weakly
expressed in the lamina. Weak punctate labeling in cellular cortex regions. No discernable
expression in the retina.

Intermediate levels in both neuropils and cellular cortex regions. Mildly enriched in the
lamina. Weak expression in the retina.

Very weak expression at this developmental stage.

Strongly enriched in the synaptic neuropils medulla, lobula and lobula plate. Weakly
expressed in the lamina. Weak punctate labeling in cellular cortex regions. Weak expression
in the retina.

Strongly expressed in the lamina and specific regions of the medulla, lobula and lobula
complex. Strongly expressed in the cell cortex region adjacent to the lobula plate, weaker in
all other cellular cortex regions. Intermediate expression in the retina.

Rab32
RabX1

RabX6

Rab40
Rab23

Rab21

Strongly expressed only in photoreceptor neurons, including cell bodies in the retina, axons
and terminals in the lamina and medulla.

Strongly expressed in all cellular cortex regions; largely excluded from synaptic neuropils.
Weak expression in the retina.

Intermediate enrichment in all synaptic neuropils and relatively weaker expression in cellular
cortices. Intermediate to strong expression in the retina.

Weak expression throughout all synaptic neuropils, cellular cortices and in the retina.

Strongly but sparsely expressed in a few visual neurons, around the lobula, and in the retina,
here especially bristle cells.

Weakly expressed in both synaptic neuropils and cellular cortices. Slightly enriched in the
lamina and retina.

Rab9

Rab4

Weakly expressed in all cellular cortices with mild enrichment in the outer layer of the brain,
the synaptic neuropils and the retina.

Strongly expressed in all cell cortices with a particular enrichment in cells near the lobula
plate. Mild enrichment in the retina and in specific neuropil layers, including the distal
medulla and the lamina.

B: Adult neuropil expression pattern

Expression notes

Rab3

RabX4

Rab27

Rab26

Rab19

Rab32

Strongly expressed in most or all synaptic neuropils, with particular enrichment in the
mushroom body, ellipsoid body and other central brain regions. Relatively weaker
expression in the lamina. Largely excluded from cell bodies.

Strongly and relatively evenly expressed in most or all synaptic neuropils. Relatively weaker
expression in the lamina. Weak expression in cell bodies.

Strongly expressed in specific medulla layers, mushroom bodies and some central synaptic
neuropils. Relatively weaker expression in many other synaptic neuropil regions, including
the lamina and lobula complex. Largely excluded from cell bodies.

Strongly expressed in specific synaptic neuropil regions, including distal and proximal
medulla layers, the outer central domain of the ellipsoid body (EBoc), the posterior lateral
protocerebrum, and the calyx of the mushroom body. Relatively weaker expression in the
lamina. Largely excluded from cell bodies.

Strongly and relatively evenly expressed in synaptic neuropil regions. Relatively weaker
expression in cell bodies.

Strong expression in the visual system, with relative enrichment in the synaptic neuropils
lamina and medulla. Relatively weaker and even expression in central neuropils and
relatively weaker expression in cell bodies.
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Intermediate expression in both cell bodies and most or all synaptic neuropils.

Intermediate expression in both cell bodies and most or all synaptic neuropils.

Intermediate expression in most or all synaptic neuropils. Relatively weaker expression in
cell bodies.

Strongly expressed in cells distal and proximal of the lamina and the protocerebral bridge in
the central brain. Weak expression in most other neuropils and cell bodies.

Intermediate and relatively even expression in most synaptic neuropils. Weakly expressed in
cell bodies.

Intermediate to weak expression in synaptic neuropils and cell bodies.

Strongly expressed in both synaptic neuropils and cell bodies. Particularly enriched in the
mushroom body and the medulla.
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Mammalian | Rab tissue localization Rab tissue localization D. Rab tissue localization | References
Rabs in in rodent melanogaster | in D. melanogaster
human Rabs
Rabla RNA: low tissue RNA: no regional signal DmRab1 RNA: ubiquitous (E, A) | H: The human protein atlas
specificity - ubiquitous (Mm, E) (omelette) protein: ubiquitous (L), | R: Transcriptome Atlas mouse embryo
protein: general brain (A), heart (A) Dm: (Chan et al., 2011; Zhang et al., 2007)
cytoplasmic expression (Cammarato et al., 2011), flyatlas2
Rablb RNA: Low tissue RNA: no regional signal H: The human protein atlas
specificity — ubiquitous (Mm, E) R: Transcriptome Atlas mouse embryo
protein: general
cytoplasmic expression
Rab2a RNA: Low tissue RNA: no regional signal DmRab2 RNA: central nervous H: The human protein atlas
specificity — ubiquitous (Mm, E) system (E), ubiquitous R: Transcriptome Atlas mouse embryo
protein: general (A) Dm: (Cammarato et al., 2011; Chan et al.,
cytoplasmic expression protein: ubiquitous (L), | 2011; Zhang et al., 2007), flyatlas2
Rab2b RNA: Low tissue RNA: weak regional brain (A), heart (A) H: The human protein atlas
specificity — ubiquitous signal in the nervous R: Transcriptome Atlas mouse embryo
system (Mm, E)
Rab3a RNA: tissue enriched RNA: brain (Mm, A and DmRab3 RNA: central nervous H: The human protein atlas
(brain) -widespread in Rn, A) system (E), nervous R: (Elferink et al., 1992; Sollner et al.,
low levels system high (A) 2017)
protein: selective protein: nervous Dm: (Chan et al., 2011; Zhang et al., 2007),
expression in CNS, islets system high (L), brain flyatlas2
of Langerhans and (A)
adrenal medulla
Rab3b RNA: tissue enhanced RNA: No regional signal H: The human protein atlas

(brain, placenta,
prostate) - widespread
protein: cytoplasmic
expression in pancreatic
islet cells, glandular cells
in prostate and

(Mm, E)

R: Transcriptome Atlas mouse embryo
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enteroendocrine cells of
the gastrointestinal
tract

Rab3c RNA: group enriched RNA: strong regional H: The human protein atlas
(adrenal gland, brain, signal in nervous system R: Transcriptome Atlas mouse embryo
pituitary gland) - and weak in nose (Mm,
widespread E)
protein: cytoplasmic
expression in CNS,
adrenal medulla and
islets of Langerhans.
Rab3d RNA: Low tissue RNA: moderate regional H: The human protein atlas
(Rab16) specificity — ubiquitous signal in nervous system R: Transcriptome Atlas mouse embryo
protein: cytoplasmic and skin (Mm, E)
expression in most
tissues.
Rab4a RNA: Low tissue RNA: moderate regional | DmRab4 RNA: ubiquitous (E, A), | H: The human protein atlas
specificity — ubiquitous signal in the nervous enriched in mesoderm | R: Transcriptome Atlas mouse embryo
system (Mm, E) and ectoderm (E) Dm: (Cammarato et al,, 2011; Chan et al.,
protein: nervous 2011; Zhang et al., 2007), flyatlas2
Rab4b RNA: Low tissue RNA: strong regional system high (L), brain H: The human protein atlas
specificity — ubiquitous signal (nose, alimentary (A), heart (A) R: Transcriptome Atlas mouse embryo
system, skeleton) (Mm,
E)
Rab5a RNA: Low tissue no data DmRab5 RNA: ubiquitous (E, A), | H: The human protein atlas
specificity — ubiquitous enriched in garland Dm: (Chan et al., 2011; Zhang et al., 2007),
protein: cytoplasmic cells (E) flyatlas2
expression in all tissues protein: ubiquitous (L),
brain (A)
Rab5b RNA: Low tissue no data H: The human protein atlas

specificity — ubiquitous
protein: ubiquitous
cytoplasmic expression
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Rab5c

RNA: Low tissue
specificity — ubiquitous
protein: cytoplasmic
expression in several
tissues

RNA: not detected (Mm,
E)

H: The human protein atlas
R: Transcriptome Atlas mouse embryo

Rab6a RNA: Low tissue RNA: strong regional DmRab6 RNA: ubiquitous (E, A) | H: The human protein atlas
specificity — ubiquitous signal in the nervous (warthog) protein: ubiquitous (L), | R: Transcriptome Atlas mouse embryo,
protein: ubiquitous and alimentary system, brain (A) (Bardin et al., 2015)
eye and nose (Mm, E) Dm: (Chan et al.,, 2011; Zhang et al., 2007),
protein: ubiquitously flyatlas2
expressed (Mm, E)
Rab6b RNA: Group enriched RNA: strong regional H: The human protein atlas, (Opdam et al.,
(brain, parathyroid signal in the nervous 2000)
gland) — widespread system, eye and nose R: Transcriptome Atlas mouse embryo
protein: predominantly | (Mm, E)
expressed in the brain
Rab6a’ protein: ubiquitous protein: ubiquitously H: (Echard et al., 2000)
expression expressed (Mm, E) R: (Bardin et al., 2015)
Rab6c* RNA: tissue enhanced not in mouse H: The human protein atlas, (Young et al.,
(parathyroid gland) — 2010)
widespread;
fetal and adult brain,
prostate, testis, and
spinal cord
Rabéd See Rab41 not in mouse
(Rab41)
Rab7a RNA: Low tissue RNA: ubiquitous DmRab7 RNA: ubiquitous (E, A) | H: The human protein atlas, (Verhoeven et
specificity — ubiquitous expression, with high protein: ubiquitous (L), | al., 2003)
protein: Ubiquitous levels in liver, heart and brain (A), heart (A) R: Transcriptome Atlas mouse embryo,
cytoplasmic expression, | kidney (Mm, E) (Verhoeven et al., 2003)
high expression in Dm: (Cammarato et al., 2011; Chan et al.,
skeletal muscle 2011; Zhang et al., 2007), flyatlas2
Rab7b RNA: Tissue enhanced no data H: The human protein atlas

(adipose tissue, skin) —
widespread
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Rab8a RNA: Low tissue no data DmRab8 RNA: ubiquitous (E+A), | H: The human protein atlas
specificity — ubiquitous enriched in mesoderm | Dm: (Chan et al., 2011; Zhang et al., 2007),
and ectoderm (E) flyatlas2
Rab8b RNA: Low tissue RNA: no regional signal protein: ubiquitous (L), | H: The human protein atlas
specificity — ubiquitous (Mm, E) brain (A) R: Transcriptome Atlas mouse embryo
Rab8c See Rab13 See Rab13
(Rab13)
Rab9a RNA: Low tissue RNA: no regional signal DmRab9 RNA: ubiquitous (E+A), | H: The human protein atlas
specificity — ubiquitous (Mm, E) enriched in CNS (E) R: Transcriptome Atlas mouse embryo
protein: Ubiquitous protein: nervous Dm: (Chan et al., 2011; Zhang et al., 2007),
cytoplasmic expression, system high (L), brain flyatlas2
most abundant in (A)
glandular and lymphoid
cells
Rab9%b RNA: Tissue enhanced RNA: no regional signal H: The human protein atlas
(heart muscle) — (Mm, E) R: Transcriptome Atlas mouse embryo
widespread
protein: Membranous
and cytoplasmic
expression in most
tissues, highest
expression in
intercalated discs of
heart myocytes
Rab10 RNA: Low tissue RNA: no regional signal DmRab10 RNA: ubiquitous (E+A), | H: The human protein atlas
specificity — ubiquitous (Mm, E) enriched in CNS (E) R: Transcriptome Atlas mouse embryo
protein: Ubiquitous protein: widespread Dm: (Cammarato et al., 2011; Chan et al.,
cytoplasmic expression (L), brain (A), heart (A) | 2011; Zhang et al., 2007), flyatlas2,
Rablla RNA: Low tissue RNA: no regional signal DmRab11 RNA: ubiquitous (E+A), | H: The human protein atlas

specificity -ubiquitous

(Mm, E)

enriched in gut (E)

R: Transcriptome Atlas mouse embryo
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protein: Ubiquitous
cytoplasmic and
membranous expression

protein: ubiquitous (L),
brain (A), heart (A)

Dm:(Cammarato et al., 2011; Chan et al.,
2011; Zhang et al., 2007) flyatlas2

Rabl1lb RNA: Low tissue RNA: no regional signal H: The human protein atlas
specificity — ubiquitous (Mm, E) R: Transcriptome Atlas mouse embryo
Rabllc See Rab25 See Rab25
(Rab25)
Rab12 RNA: Tissue enhanced RNA: no regional signal - - H: The human protein atlas
(skeletal muscle) — (Mm, E) R: Transcriptome Atlas mouse embryo
ubiquitous
protein: Ubiquitous
cytoplasmic expression
Rab13 RNA: Low tissue RNA: moderate regional | DmRab8 see DmRab8 H: The human protein atlas
(Rab8c) specificity — ubiquitous signal brain and spinal R: Transcriptome Atlas mouse embryo
protein: Cytoplasmic cord (Mm, E)
expression in most
tissues
Rab14 RNA: Low tissue RNA: no regional signal DmRab14 RNA: ubiquitous (E+A), | H: The human protein atlas, (Junutula et
specificity — ubiquitous (Mm, E) enriched in salivary al., 2004)
protein: General protein: ubiquitous gland and CNS (E) R: Transcriptome Atlas mouse embryo,
cytoplasmic expression, | expression with highest protein: (Junutula et al., 2004)
ubiquitous levels in brain, kidney, widespread(L), brain Dm: (Chan et al., 2011; Zhang et al., 2007),
spleen and thymus (Rn) (A) flyatlas2
Rab15 RNA: tissue enhanced RNA: - - H: The human protein atlas
(brain) — widespread Specifically expressed in R: (Elferink et al., 1992)
protein: Cytoplasmic brain (Rn)
expression in all tissues
(uncertain)
Rab16 See Rab3d See Rab3d See DmRab3
(Rab3d)
Rab17 RNA: Tissue enhanced RNA: moderate regional | - - H: The human protein atlas

(intestine, liver) —
widespread

protein: Cytoplasmic
and membranous
expression in several

signal in nose,
alimentary system and
salivary gland (Mm, E),
specific to epithelial
cells, in tissue like

R: Transcriptome Atlas mouse
embryo,(Lutcke et al., 1993)
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different tissue types,
including CNS and most
glandular cells

kidney, liver and
intestine (Mm, A)
protein: kidney
(basolateral plasma
membrane and to apical
tubules) (Mm, A)

Rab18 RNA: low tissue RNA: no regional signal DmRab18 RNA: ubiquitous (E+A) | H: The human protein atlas
specificity - ubiquitous (Mm, E), detected in protein: widespread R: Transcriptome Atlas mouse embryo,
protein: Ubiquitous kidney, liver, intestine, (L), brain(A), heart (A) (Lutcke et al., 1994)
cytoplasmic expression brain, lung, spleen, Dm: (Cammarato et al., 2011; Chan et al.,
(uncertain) heart (Mm, A) 2011; Zhang et al., 2007), flyatlas2
protein: kidney cortex,
tubular structures (Mm)
Rab19a RNA: Tissue enhanced RNA: not detected in DmRab19 RNA: ubiquitous(E+A) H: The human protein atlas
(pancreas)- widespread | embryo, tissue protein: nervous R: Transcriptome Atlas mouse embryo,
specifically (Mm, E), system high (L), brain (Lutcke et al., 1995)
intestine lung and (A) Dm: (Chan et al.,, 2011; Zhang et al., 2007),
spleen, kidney (Mm, A) flyatlas2, this study
Rab19b See Rab43 See Rab43
(Rab43)
Rab20 RNA: Low tissue RNA: not detected in - - H: The human protein atlas
specificity — ubiquitous embryo (Mm, E), in a R: Transcriptome Atlas mouse
protein: Cytoplasmic variety of adult mouse embryo,(Lutcke et al., 1994)
expression in several tissue: kidney, liver,
tissues (uncertain) lung, spleen, heart but
not detected in the
brain (Mm, A)
protein: kidney (Mm)
Rab21 RNA: Low tissue RNA: moderate regional | DmRab21 RNA: ubiquitous (E+A), | H: The human protein atlas
specificity — ubiquitous signal in nervous, enriched in gut (E) R: Transcriptome Atlas mouse embryo
protein: General alimentary and protein: nervous Dm: (Chan et al.,, 2011; Zhang et al., 2007),
cytoplasmic expression haemolymphoid system system high (L), brain flyatlas2, this study
and eye (Mm, E) (A)
Rab22a RNA: Low tissue RNA: no regional signal - - H: The human protein atlas

specificity — ubiquitous

(Mm, E)

R: Transcriptome Atlas mouse embryo
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protein: Cytoplasmic
expression in most
tissues

Rab22b RNA: Low tissue RNA: moderate regional | - - H: The human protein atlas
(Rab31) specificity — ubiquitous signal in the nervous R: Transcriptome Atlas mouse embryo,
protein: Cytoplasmic and alimentary system, (Chua et al., 2014; Ng et al., 2007)
expression in most salivary gland, skeletal
tissues muscles, and skin (Mm,
E)
protein: enriched in the
brain (Mm, A and Rn, A)
spleen, and intestine, in
much lower levels in
other organs (Rn)
Rab23 RNA: Tissue enhanced RNA: Predominantly DmRab23 RNA: stripes (E) H: The human protein atlas
(smooth muscle, urinary | brain-enriched (Mm, A) protein: nervous R: (Guo et al., 2006; Olkkonen et al., 1994)
bladder) — widespread protein: predominantly system high (L), brain Dm: (Chan et al.,, 2011; Zhang et al., 2007),
protein: General brain-enriched, low (A) this study
cytoplasmic and levels in multiple tissues
membranous expression | (Mm, A)
Rab24 RNA: Low tissue RNA: regional signal in - - H: The human protein atlas
specificity — ubiquitous peripheral nervous R: Transcriptome Atlas mouse embryo
system and skin (Mm, E)
Rab25 RNA: Tissue enhanced RNA: moderate regional | See DmRab11 H: The human protein atlas
(Rabl1ic) (esophagus) — signal in nose, R: Transcriptome Atlas mouse embryo,
widespread alimentary system, (Goldenring et al., 1993)
protein: Membranous salivary gland,
expression in most intestines, renal/urinary
epithelial cells system and skin (Mm,
E), specifically
expressed in epithelial
cells (Oc)
Rab26a RNA: Tissue enhanced protein: parotid gland DmRab26 RNA: CNS (E), nervous H: The human protein atlas,(Jin and Mills,

(brain, liver, pancreas,
salivary gland) —
widespread

(Rn, A)

system high (A)
protein: nervous
system high (L), brain
(A)

2014)

R: (Yoshie et al., 2000)

Dm: (Chan et al., 2011; Zhang et al., 2007),
flyatlas2, this study
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Rab26b See Rab37 See Rab37
(Rab37)
Rab27a RNA: Low tissue RNA: strong regional DmRab27 RNA: ubiquitous (E), H: The human protein atlas
specificity — ubiquitous signal in brain, nervous system high R: Transcriptome Atlas mouse embryo,
protein: Cytoplasmic peripheral nervous, and ovary (A) (Barral et al., 2002)
expression in most haemolymphoid and protein: nervous Dm: (Chan et al., 2011; Zhang et al., 2007),
tissues, including alimentary system and system high (L), brain flyatlas2, this study
immune cells adrenal gland (Mm, E) (A)
protein: broad
expression with high
levels in large intestine,
spleen, eye, lung,
stomach, and platelets
(Mm)
Rab27b RNA: Tissue enhanced RNA: strong regional H: The human protein atlas
(brain, stomach) — signal in the ear, eye, R: Transcriptome Atlas mouse embryo,
widespread nose, intestines, (Barral et al., 2002; Chen et al., 2004; Chen
protein: Cytoplasmic nervous, alimentary et al., 2003b; Zhao et al., 2002)
and membranous respiratory
expression mainly in renal/urinary,
glandular cells of reproductive system
gastrointestinal tract, and limb (Mm, E)
breast, salivary gland, protein: platelets,
prostate, cells in renal gastrointestinal tract
tubules and urothelial (Mm), pancreas (Rn and
cells Mm, A), bladder, spleen,
and brain (Mm, A)
Rab28 RNA: Low tissue RNA: strong regional - - H: The human protein atlas
specificity — ubiquitous signal in nose, skeleton, R: Transcriptome Atlas mouse embryo
protein: Cytoplasmic limb (Mm, E)
expression in most
tissues
Rab29 RNA: Low tissue no data - - H: The human protein atlas

specificity, ubiquitous
protein: Cytoplasmic
expression in most
tissues

120



Rab30 RNA: Low tissue no data DmRab30 RNA: ubiquitous (E+A), | H: The human protein atlas
specificity — ubiquitous enriched in CNS (E) R: Transcriptome Atlas mouse embryo
protein: Cytoplasmic protein: ubiquitous (L), | Dm: (Jin et al., 2012; Zhang et al., 2007),
expression in most brain (A) flyatlas2, this study
tissues
Rab31 see Rab22b See Rab22b - -
(Rab22b)
Rab32a RNA: Tissue enhanced RNA: DmRab32 RNA: malpighian H: The human protein atlas
(bone marrow) — Broad expression with (lightoid) tubules(E), ubiquitous R: (Cohen-Solal et al., 2003)
ubiquitous high levels in the liver and eye enriched (A) Dm: (Chan et al.,, 2011; Zhang et al., 2007),
protein: Cytoplasmic (Mm, E) flyatlas2, this study
expression in most protein: nervous
tissues system high (L), brain
Rab32b See Rab38 See Rab38 (A)
(Rab38)
Rab33a RNA: Tissue enhanced RNA: - - H: The human protein atlas
(blood, brain) — Expression restricted to R: (Zheng et al., 1997)
widespread brain, weak in ovary and
thymus (Mm)
Rab33b RNA: Low tissue RNA: - - H: The human protein atlas
specificity — ubiquitous ubiquitous expression R: (Zheng et al., 1998)
(Mm)
Rab34 RNA: Low tissue RNA: no regional signal - - H: The human protein atlas
specificity — ubiquitous (Mm, E) R: Transcriptome Atlas mouse embryo
protein: General
cytoplasmic expression
Rab35 RNA: Low tissue no data DmRab35 RNA: ubiquitous (E+A), | H: The human protein atlas
specificity — ubiquitous enriched in CNS (E) Dm: (Chan et al., 2011; Zhang et al., 2007),
protein: Cytoplasmic protein: ubiquitous (L), | flyatlas2
expression in most brain (A)
Rab36 RNA: Tissue enhanced RNA: not detected (Mm, | - H: The human protein atlas
(fallopian tube) — E) R: Transcriptome Atlas mouse embryo
widespread
Rab37 RNA: Tissue enhanced RNA: not detected (Mm, | DmRab26 See DmRab26 H: The human protein atlas

(blood, brain),
widespread

E), bone marrow mast
cells (Mm, CC)

R: Transcriptome Atlas mouse embryo,
(Masuda et al., 2000)
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Rab38 RNA: Tissue enhanced RNA: strong regional DmRab32 See DmRab32 H: The human protein atlas
(retina, tongue)- signal in ear, nose, R: Transcriptome Atlas mouse embryo
widespread alimentary and
respiratory system,
salivary gland, stomach
and gut, skeleton and
skin (Mm, E)
Rab39a RNA: Tissue enhanced RNA: Not detected DmRab39 RNA: ubiquitous (E+A) | H: The human protein atlas, (Chen et al.,
(brain, pituitary gland (Mm, E) protein: widespread 2003a) Chen et al., 2003
and epithelial cells) — (L), brain (A) R: Transcriptome Atlas mouse embryo
widespread Dm: (Chan et al., 2011; Zhang et al., 2007),
flyatlas2
Rab39 b RNA: Tissue enhanced RNA: strong regional H: The human protein atlas,(Giannandrea
(brain) — widespread signal in the peripheral et al.,, 2010)
protein: Cytoplasmic nervous system, ganglia R: Transcriptome Atlas mouse embryo,
and membranous (Mm, E), brain specific (Giannandrea et al., 2010)
expression in several (Mm, A)
tissues, including
cerebral cortex
Rab40a** RNA: Tissue enhanced not in mouse DmRab40 RNA: ubiquitous (E+A), | H: The human protein atlas
(epididymis) — enriched in CNS (E) Dm: (Jin et al., 2012; Zhang et al., 2007),
widespread protein: nervous flyatlas2, this study
Rab40b RNA: Tissue enhanced RNA: brain, inner ear system high (L), brain H: The human protein atlas
(brain) - ubiquitous and heart tissues (Mm, (A) R: (Bedoyan et al., 2012)
E+A)
Rab40al** RNA: Tissue enhanced not in mouse H: The human protein atlas, (Bedoyan et
(RLGP) (epididymis); human al., 2012)
fetal and adult brain and
kidney, and adult lung,
heart, liver and skeletal
muscle
Rab40c RNA: Tissue enhanced RNA: no regional signal H: The human protein atlas
(pancreas) — ubiquitous R: Transcriptome Atlas mouse embryo
Rab41 RNA: Tissue enhanced not in mouse DmRab6 See DmRab6 H: The human protein atlas

(Rab6d) ***

(brain, testis) -
restricted
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Rab42 RNA: Tissue enhanced no data DmRab39 See DmRab39 H: The human protein atlas
(Rab39c) (lymphoid tissue) -
widespread
Rab43 RNA: Tissue enriched no data DmRab19 See DmRab19 H: The human protein atlas
(Rab19b) (liver) — ubiquitous
protein: Cytoplasmic
expression in several
tissues. Strong positivity
in colloid in thyroid
gland as well
Rab44 RNA: Tissue enhanced RNA: highly expressed - - H: The human protein atlas
(blood, bone marrow) — | in the bone marrow and R: (Tokuhisa et al., 2020)
widespread slightly expressed in the
epididymis,
lung, skin, spleen,
thymus, ovary, uterus,
and liver (Mm, CC)
protein: bone marrow,
spleen and thymus
(Mm, CC)
Rab45 RNA: Low tissue no data - - H: The human protein atlas
specificity — widespread
protein: General
cytoplasmic expression
- - - DmRabX1 RNA: ubiquitous (A) Dm: (Chan et al., 2011), flyatlas2, this study
(chrowded) protein: nervous
system high (L), brain
(A)

- - - DmRabX4 RNA: CNS(E), nervous Dm: (Chan et al., 2011; Zhang et al., 2007),
system high (A) flyatlas2, this study
protein: nervous
system high (L), brain
(A)

- - - DmRabX6 RNA: ubiquitous (E+A) | Dm: (Jin et al., 2012; Zhang et al., 2007),

protein: nervous
system high (L), brain
(A)

flyatlas2, this study
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Supplementary Table / Supplementary File 3

intermediates

Dm: ER-to-Golgi
transport, endosome-
lysosome fusion,
endolysosome to
autophagosome fusion

Dm: Golgi, late
endosomes, lysosomes

Mammalian 5- .. D. melanogaster . Subcellular Mutant
Rabs cerevisiae Rabs Function localization viability References
Rabs
M: anterograde M: ER, Golgi, mature M: lethal Function
Rabla Yptl DmRab1 melanosome transport melanosomes Sc: lethal M: (Ishida et al., 2012)
(omelette) Dm: lethal Sc: (Jedd et al., 1995; Lipatova et al., 2012;
Sc: ER-Golgi, intra Golgi Sc: ER, Golgi Segev et al., 1988)
and ER-autophagosome Dm: (Cao et al., 2014; Ke et al., 2018; Sechi et
transport Dm: Golgi, ER exit sites al., 2017)
Subcellular localization
Dm: controls Golgi M: (Ishida et al., 2012; Plutner et al., 1991)
structure, cytokinesis, Sc: (Baker et al., 1990; Segev et al., 1988)
ER-to-Golgi transport, Dm: (Cao et al., 2014; Ke et al., 2018; Sechi et
modaulates insulin-like al., 2017)
peptide secretion in IPCs Viability
M: International Mouse Phenotyping
Consortium
Sc: (Giaever et al., 2002)
Dm: (Thibault et al., 2004)
Rab1lb M: vesicular transport M: Er, Golgi M: no KO Function and subcellular localization
ER-Golgi model M: (Plutner et al., 1991)
M: ER-to-Golgi, M: Pre-Golgi M: lethal Function
Rab2a - DmRab?2 maturation of pre-Golgi intermediates Dm: lethal M: (Tisdale and Balch, 1996; Tisdale et al.,

1992)

Dm: (Ke et al., 2018; Lorincz et al., 2017; Lund
et al., 2018)

Subcellular localization

M: (Tisdale and Balch, 1996; Tisdale et al.,
1992)
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Dm: (Gillingham et al., 2014; Lund et al.,
2018)

Viability

M: International Mouse Phenotyping
Consortium

M: ER-to-Golgi, M: Pre-Golgi M: no KO Function and subcellular localization
Rab2b maturation of pre-Golgi intermediates model M: (Tisdale and Balch, 1996; Tisdale et al.,
intermediates Dm: lethal 1992)
M: transport of synaptic | M: synaptic and M: viable Function
Rab3a DmRab3 vesicles to PM (regulated | secretory vesicles, Dm: viable M: (Fischer von Mollard et al., 1991)
exocytosis) chromaffin granules Dm: (Ehmann et al., 2014; Graf et al., 2009)
Subcellular localization
Dm: regulation and Dm: presynaptic active M: (Darchen et al., 1990; Fischer von Mollard
maintenance of zone, synapse et al., 1990; Schluter et al., 2002)
presynaptic active zone Dm: (Chan et al., 2011; Graf et al., 2009)
structure Viability
M: (Geppert et al., 1994)
Dm: (Graf et al., 2009)
M: exocytosis M: synaptic and M: viable Function and subcellular localization
Rab3b secretory vesicles M: (Schluter et al., 2002)
Viability
M: (Schluter et al., 2004)
Rab3c M: exocytosis M: synaptic and M: viable Function and subcellular localization
secretory vesicles M: (Schluter et al., 2002)
Viability
M: (Schluter et al., 2004)
Rab3d M: exocytosis M: secretory granules M: viable Function and subcellular localization
(Rab16) (in mast cells) M: (Tuvim et al., 1999)
Viability
M: (Riedel et al., 2002)
M: controls early sorting | M: early sorting M: viable Function
Rab4a DmRab4 event in endocytosis, endosomes, recycling Dm: viable M: (Seachrist et al., 2000; van der Sluijs et al.,
protein recycling to PM endosomes 1992)

Dm: (de Madrid et al., 2015; Dey et al., 2017)
Subcellular localization
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Dm: regulation of
synapse organization,
anterograde vesicle
trafficking, trafficking of
cell adhesion molecules
to cell surface

Dm: fast recycling
endosomes, sorting
endosomes, axon
termini

M: (Trischler et al., 1999; van der Sluijs et al.,
1992)

Dm: (de Madrid et al., 2015; Dey et al., 2017;
West et al., 2015)

Viability

M: International Mouse Phenotyping
Consortium

M: controls early sorting | M: early sorting M: viable Function
Rab4b - event in endocytosis, endosomes, recycling M: (Seachrist et al., 2000; van der Sluijs et al.,
protein recycling to PM endosomes 1992)
Subcellular localization
M: (Trischler et al., 1999; van der Sluijs et al.,
1992)
Viability
M: International Mouse Phenotyping
Consortium
M: (lateral) early M: PM, early M: viable Function
Rab5a Ypt51, 52, DmRab5 endosomes fusion endosomes Sc: viable M: (Bucci et al., 1992; Gorvel et al., 1991)
53 (endocytosis) Dm: lethal Sc: (Nickerson et al., 2012; Singer-Kruger et
Sc: early endosomes al., 1994)
Sc: endocytosis and Dm: (Compagnon et al., 2009; Wucherpfennig
vacuolar protein sorting, | Dm: early endosomes et al.,, 2003)
Ypt51 and Ypt52: MVB Subcellular localization
biogenesis and sorting M: (Bucci et al., 1992)
Sc: (Singer-Kruger et al., 1994)
Dm: synaptic vesicle Dm: (Wucherpfennig et al., 2003)
recycling, formation of Viability
early endosomes, M: (Dickinson et al., 2016)
regulation of endocytosis Sc: (Singer-Kruger et al., 1994)
Dm: (Wucherpfennig et al., 2003)
M: (lateral) early M: PM, early M: viable Function
Rab5b endosomes fusion endosomes M: (Bucci et al., 1992; Gorvel et al., 1991)

(endocytosis)

Subcellular localization
M: (Bucci et al., 1992)
Viability
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M: International Mouse Phenotyping
Consortium

M: (lateral) early M: PM, early M: lethal Function
Rab5c endosomes fusion endosomes M: (Bucci et al., 1992; Gorvel et al., 1991)
(endocytosis) Subcellular localization
M: (Bucci et al., 1992)
Viability
M: International Mouse Phenotyping
Consortium
M: Golgi-to-ER recycling | M: trans-Golgi M: lethal Function
Rab6a Ypt6 DmRab6 cisternae, TGN Sc: viable M: (Young et al., 2005)
(warthog) Sc: Endosome-Golgi, Dm: lethal Sc: (Kawamura et al., 2014; Luo and Gallwitz,
intra Golgi and Sc: Golgi 2003; Suda et al., 2013; Yang and Rosenwald,
retrograde Golgi-ER 2016)
transport, delivery of Dm: Golgi, cytoplasmic Dm: (Ayala et al., 2018; Iwanami et al., 2016;
Atg9 to phagophore vesicles, lysosomes Tong et al., 2011)
assembly site and autophagosomes Subcellular localization
M: (Antony et al., 1992; Goud et al., 1990;
Dm: regulates autophagy Sun et al., 2007)
and insulin-TOR Sc: (Kawamura et al., 2014)
signaling, regulation of Dm: (Ayala et al., 2018; Tong et al., 2011)
autolysosomal Viability
homeostasis, insulin M: (Bardin et al., 2015)
signaling, axon guidance Sc: (Giaever et al., 2002)
in R7 photoreceptors, Dm: (Purcell and Artavanis-Tsakonas, 1999)
apical transport pathway
in photoreceptors
M: recycling/retrograde M: trans-Golgi M: lethal Function
Rab6a’ traffic endosome-to- cisternae, TGN M: (Mallard et al., 2002; Young et al., 2005)

Golgi, Golgi-to-ER
recycling

Subcellular localization

M: (Antony et al., 1992; Goud et al., 1990;
Sun et al., 2007)

Viability

M: (Bardin et al., 2015)
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Rab6b M: Golgi-associated M: Golgi M: viable Function and subcellular localization
membrane trafficking M: (Opdam et al., 2000)
Viability
M: (Nyitrai et al., 2020)
Rab6c* M: cell cycle progression | M: centrosome M: no KO Function and subcellular localization
model M: (Young et al., 2010)
M: Golgi ribbon M: Golgi M: no KO Function
Rabéd formation, ER-to-Golgi model M: (Liu et al., 2013; Liu et al., 2016)
(Rab41) trafficking Subcellular localization
M: (Liu et al., 2013)
M: maturation MVBs, M: late endosomes, M: lethal Function
Rab7a Ypt7 DmRab7 fusion MVBs to lysosomes Sc: viable M: (Guerra and Bucci, 2016; Meresse et al.,
lysosomes, late Dm: lethal 1995; Vitelli et al., 1997)
endocytic membrane Sc: late endosomes Sc: (Kirisako et al., 1999; Schimmoller and
trafficking Riezman, 1993)
Dm: late endosomes, Dm: (Entchev et al., 2000)
Sc: endocytosis, maturing endosomes Subcellular localization
autophagy M: (Meresse et al., 1995; Vitelli et al., 1997)
Sc: (Kirisako et al., 1999; Schimmoller and
Dm: targets endocytic Riezman, 1993)
cargo to late endosomes Dm: (Entchev et al., 2000; Yousefian et al.,
and lysosomes 2013)
Viability
M: (Kawamura et al., 2012)
Sc: (Giaever et al., 2002)
Dm: (Cherry et al., 2013)
M: maturation MVBs, M: late endosomes, M: lethal Function
Rab7b fusion MVBs to lysosomes M: (Guerra and Bucci, 2016; Meresse et al.,
lysosomes, late 1995; Vitelli et al., 1997)
endocytic membrane Subcellular localization
trafficking M: (Meresse et al., 1995; Vitelli et al., 1997)
Viability
M: (Kawamura et al., 2012)
M: primary cilia M: Golgi, early M: die Function
Rab8a Secd DmRab8 formation (ciliogenesis), | endosomes, vesicular prematurely

130



trafficking from TGN and

structures, PM,

Sc: lethal

M: (Ang et al., 2004; Huber et al., 1993;

recycling endosome to recycling endosomes, Dm: lethal Yoshimura et al., 2007)
PM (exocytosis) primary clilia Sc: (Goud et al., 1988; Guo et al., 1999;
Salminen and Novick, 1987)
Sc: fusion of Golgi Sc: Golgi secretory Dm: (Mavor et al.,, 2016; West et al., 2015)
vesicles with PM, vesicles, PM Subcellular localization
secretion, assembly of M: (Ang et al., 2004; Chen et al., 2001; Huber
exocyst Dm: PM, Golgi, et al., 1993; Sato et al., 2007; Yoshimura et
recycling endosomes al., 2007)
Dm: synaptic growth Sc: (Goud et al., 1988; Salminen and Novick,
responses in NMJ, 1987)
regulates recycling Dm: (Mavor et al., 2016; West et al., 2015)
endosome function, Viability
regulates furrow M: (Sato et al., 2007)
ingression, regulates Sc: (Giaever et al., 2002)
exocytic trafficking Dm: (Giagtzoglou et al., 2012)
M: traffic from TGN to M: Golgi, vesicular M: viable Function
Rab8b PM (exocytosis), structures, PM, M: (Huber et al., 1993; Sato et al., 2014)
ciliogenesis and apical primary cilia Subcellular localization
transport M: (Chen et al., 2001; Huber et al., 1993; Sato
et al, 2014)
Viability
M: (Sato et al., 2014)
M: assembly epithelial M: tight junctions, M: viable Function
Rab8c tight junctions, endocytic | recycling endosomes, M: (Kohler et al., 2004; Nokes et al., 2008)
(Rab13) recycling to PM, TGN Subcellular localization
trafficking between M: (Nokes et al., 2008; Zahraoui et al., 1994)
recycling endosomes and Viability
TGN M: International Mouse Phenotyping
Consortium
M: traffic between late M: late endosomes M: viable Function
Rab9a DmRab9 endosomes and TGN Dm: viable M: (Lombardi et al., 1993)

Dm: early and late
endosomes, TGN

Dm: (Dong et al., 2013)
Subcellular localization
M: (Lombardi et al., 1993)
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Dm: retrograde
trafficking from
endosomes to TGN

Dm: (Dong et al., 2013)

Viability

M: International Mouse Phenotyping
Consortium

Rab9b - M: traffic between late M: late endosomes M: no KO Function and subcellular localization
endosomes and TGN model M: (Lombardi et al., 1993)
Dm: viable
M: transport from M: basolateral sorting | M: lethal Function
Rab10 - DmRab10 basolateral sorting endosome, GLUT4 Dm: viable M: (Babbey et al., 2006; Sano et al., 2007)
endosomes to common vesicles Dm: (Isabella and Horne-Badovinac, 2016;
endosomes, exocytosis Lerner et al., 2013)
of GLUT4 vesicles Dm: cytoplasm, basal Subcellular localization
follicle cell surface, M: (Babbey et al., 2006; Larance et al., 2005;
Dm: regulation of lateral PM Sano et al., 2007)
basement membrane Dm: (Isabella and Horne-Badovinac, 2016;
secretion/ organization Lerner et al., 2013)
Viability
M: (Lv et al., 2015)
M: recycling from M: recycling M: lethal Function
Rabl1la Ypt31, 32 DmRab11 endosome to PM, traffic | endosomes, Golgi Sc: viable, M: (Ullrich et al., 1996; Urbe et al., 1993)
from TGN to PM double mutant | Sc: (Benli et al., 1996; Chen et al., 2005; Jedd
Sc: transitional and lethal et al., 1997)
Sc: exit from trans Golgi, | late Golgi, endosomes | Dm: lethal Dm: (Dollar et al., 2002)
Golgi-PM transport, Subcellular localization
endosome-Golgi Dm: recycling M: (Ullrich et al., 1996; Urbe et al., 1993)
recycling endosomes Sc: (Chen et al., 2005; Jedd et al., 1997)
Dm: (Dollar et al., 2002)
Dm: endocytic recycling Viability
M: (Yu et al., 2014)
Sc: (Benli et al., 1996)
Dm: (Bellen et al., 2004)
M: recycling from M: recycling M: viable Function and subcellular localization
Rab11b endosome to PM, traffic | endosomes, Golgi M: (Ullrich et al., 1996; Urbe et al., 1993)

from TGN to PM

Viability
M: (D'Agostino et al., 2019)
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Rablic M: apical recycling M: recycling M: viable Function and subcellular localization
(Rab25) pathway endosomes M: (Casanova et al., 1999)
Viability
M: (Nam et al., 2010)
M: degradation of M: recycling M: viable Function and subcellular localization
Rab12 - Transferrin receptor endosome M: (Matsui et al., 2011)
from recycling Viability
endosome to lysosome M: International Mouse Phenotyping
Consortium
M: assembly epithelial M: tight junctions, M: viable Function
Rab13 Secd DmRab8 tight junctions, endocytic | recycling endosomes, Sc: lethal M: (Kohler et al., 2004; Nokes et al., 2008)
(Rab8c) recycling to PM, TGN Dm: lethal Sc: (Goud et al., 1988; Guo et al., 1999;
trafficking between Salminen and Novick, 1987)
recycling endosomes and | Sc: Golgi secretory Dm: (Mavor et al., 2016; West et al., 2015)
TGN vesicles, PM Subcellular localization
M: (Nokes et al., 2008; Zahraoui et al., 1994)
Sc: fusion of Golgi Dm: PM, Golgi, Sc: (Goud et al., 1988; Salminen and Novick,
vesicles with PM, recycling endosomes 1987)
secretion, assembly of Dm: (Mavor et al., 2016; West et al., 2015)
exocyst Viability
M: International Mouse Phenotyping
Dm: synaptic growth Consortium
responses in NMJ, Sc: (Giaever et al., 2002)
regulates recycling Dm: (Giagtzoglou et al., 2012)
endosome function,
regulates furrow
ingression, regulates
exocytic trafficking
M: regulation of carrier M: ER, TGN, early M: no KO Function
Rab14 DmRab14 membranes between endosomes, GLUT4 model M: (Junutula et al., 2004)
ER/Golgi and endosomes | vesicles Dm: viable Dm: (Garg and Wu, 2014)

Dm: phagosome
maturation
/acidification, fusion of

Dm: phagosomes,
early and late
endosomes

Subcellular localization
M: (Junutula et al., 2004; Larance et al., 2005)
Dm: (Garg and Wu, 2014)
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phagosomes with late
endosomes and
lysosomes

M: traffic from M: early/sorting M: viable Function
Rab15 - early/sorting endosome endosomes, M: (Zuk and Elferink, 2000)
to recycling endosome pericentriolar recycling Subcellular localization
endosomes M: (Zuk and Elferink, 1999, 2000)
Viability
M: International Mouse Phenotyping
Consortium
M: exocytosis M: secretory granules | M: viable Function
Rab16 DmRab3 (in mast cells) Dm: viable M: (Tuvim et al., 1999)
(Rab3d) Dm: regulation and Dm: (Ehmann et al., 2014; Graf et al., 2009)
maintenance of Dm: presynaptic active Subcellular localization
presynaptic active zone zone, synapse M: (Tuvim et al., 1999)
structure Dm: (Chan et al., 2011; Graf et al., 2009)
Viability
M: (Riedel et al., 2002)
Dm: (Graf et al., 2009)
M: Transcytosis M: recycling M: viable Function
Rab17 - endosomes, M: (Zacchi et al., 1998)
basolateral PM, apical Subcellular localization
tubules M: (Hunziker and Peters, 1998; Lutcke et al.,
1993; Zacchi et al., 1998)
Viability
M: International Mouse Phenotyping
Consortium
M: lipid droplet M: ER, Golgi, lipid M: viable Function
Rab18 DmRab18 formation droplets Dm: viable M: (Ozeki et al., 2005)

Dm: unknown

Dm: ER, early Golgi,
early endosomes

Subcellular localization

M: (Dejgaard et al., 2008; Ozeki et al., 2005)
Dm: (Chan et al., 2011; Gillingham et al.,
2014)

Viability

M: (Carpanini et al., 2014)
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M: unknown M: Golgi M: viable Function
Rab19a DmRab19 Dm: viable Dm: (Nagy et al., 2017)
Dm: promotes Dm: Golgi, recycling Subcellular localization
enteroendocrine cell endosomes M: (Sinka et al., 2008)
differentiation (in Dm: (Chan et al., 2011; Gillingham et al.,
cooperation with Atgl6) 2014; Sinka et al., 2008)
Viability
M: (Dickinson et al., 2016)
M: retrograde trafficking | M: ER, medial Golgi, M: viable Function
Rab19b from endosomes to TGN, | TGN Dm: viable M: (Cox et al., 2016; Dejgaard et al., 2008;
(Rab43) biogenesis and Fuchs et al., 2007; Haas et al., 2007)
maintenance of Golgi Subcellular localization
structure, anterograde M: (Cox et al., 2016; Dejgaard et al., 2008;
trafficking between ER- Fuchs et al., 2007)
to-Golgi, through medial Viability
Golgi M: (Dickinson et al., 2016; Kretzer et al.,
2016)
M: early to late M: macropinosomes M: viable Function
Rab20 - macropinosome M: (Egami and Araki, 2012a, b)
maturation Subcellular localization
M: (Egami and Araki, 2012b)
Viability
M: (Dickinson et al., 2016)
M: integrin endocytosis M: early endosomes M: lethal Function
Rab21 DmRab21 to regulate cell adhesion Dm: viable M: (Pellinen et al., 2006; Pellinen et al., 2008)
and cytokinesis Dm: early and late Dm: (Jean et al., 2015)
endosomes Subcellular localization
Dm: fusion of M: (Simpson et al., 2004)
autophagosomes with Dm: (Jean et al., 2015; Jean et al., 2012)
lysosomes, Viability
autophagosome M: International Mouse Phenotyping
maturation Consortium
Rab22a - M: endosomal trafficking | M: early endosomes, M: viable Function and subcellular localization

to Golgi

TGN

M: (Kauppi et al., 2002)
Viability
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M: International Mouse Phenotyping
Consortium

M: transport of mannose | M: early and late M: viable Function
Rab22b - 6-phosphate receptors endosomes, TGN M: (Rodriguez-Gabin et al., 2009)
(Rab31) from TGN to endosomes, Subcellular localization
TGN organization M: (Ng et al., 2007; Rodriguez-Gabin et al.,
2001)
Viability
M: International Mouse Phenotyping
Consortium
M: negative regulator of | M: PM, early sorting M: lethal Function
Rab23 DmRab23 mouse Sonic Hedgehog endosomes Dm: viable M: (Eggenschwiler et al., 2006; Eggenschwiler
signaling pathway, left- etal., 2001; Fuller et al., 2014)
right patterning in Dm: cytoplasm, PM Dm: (Cicek et al., 2016; Pataki et al., 2010)
mouse embryo Subcellular localization
M: (Evans et al., 2003)
Dm: restriction of actin Dm: (Pataki et al., 2010)
accumulation in wing Viability
cells, localization of core M: (Dickinson et al., 2016)
PCP proteins, regulates
PCP, regulates hedgehog
ligand trafficking in
germline stem cell niche
M: maturation and/or M: ER, cis-Golgi, late M: viable Function
Rab24 - clearance of autophagic endosomes M: (Yla-Anttila et al., 2015)
compartments Subcellular localization
M: (Olkkonen et al., 1993)
Viability
M: (Dickinson et al., 2016)
M: apical recycling M: recycling M: viable Function
Rab25 DmRab11 pathway endosomes Sc: viable, M: (Casanova et al., 1999)
(Rabl1c) double mutant | Sc: (Benli et al., 1996; Chen et al., 2005; Jedd
Sc: exit from trans Golgi, | Sc: transitional and lethal et al., 1997)
Golgi-PM transport, late Golgi, endosomes | Dm: lethal Dm: (Dollar et al., 2002)

Subcellular localization
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endosome-Golgi
recycling

Dm: endocytic recycling

Dm: recycling
endosomes

M: (Casanova et al., 1999)

Sc: (Chen et al., 2005; Jedd et al., 1997)
Dm: (Dollar et al., 2002)

Viability

M: (Nam et al., 2010)

Sc: (Benli et al., 1996)

Dm: (Bellen et al., 2004)

M: lysosomal traffic, M: secretory granules, | M: viable Function
Rab26a DmRab26 secretion/exocytosis lysosomes Dm: viable M: (Jin and Mills, 2014; Yoshie et al., 2000)
Dm: This study
Dm: stimulus-dependent | Dm: synapse Subcellular localization
membrane receptor M: (Jin and Mills, 2014; Yoshie et al., 2000)
turnover Dm: (Chan et al., 2011)
Viability
M: (Dong et al., 2018)
M: mast cell M: (insulin-containing) | M: no KO Function
Rab26b degranulation/exocytosis | secretory granules model M: (Higashio et al., 2016; Ljubicic et al., 2013;
(Rab37) of mast cell dense core Dm: viable Masuda et al., 2000)
granules, insulin Subcellular localization
exocytosis M: (Ljubicic et al., 2013; Masuda et al., 2000)
M: transport of M: multivesicular M: viable Function
Rab27a DmRab27 melanosomes to endosomes, Dm: viable M: (Hume et al., 2001; Ostrowski et al., 2010)
PM/mast cell melanosomes, Dm: (Corrigan et al., 2014)
degranulation, exosome | melanosome-resident Subcellular localization
secretion proteins M: (Bahadoran et al., 2001; Hume et al.,
2001; Ostrowski et al., 2010)
Dm: exosomal secretion | Dm: synapses, Dm: (Chan et al., 2011)
synaptic vesicles Viability
M: (Wilson et al., 2000)
Dm: (Chan et al., 2011)
M: transport of M: melanosomes, M: viable Function
Rab27b melanosomes, Golgi, TGN and M: (Chen et al., 2002; Ostrowski et al., 2010;

formation/maintenance
of dendritic extensions in
melanocytes, exosome

multivesicular
endosomes

Tolmachova et al., 2007)
Subcellular localization
M: (Chen et al., 2002; Ostrowski et al., 2010)
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secretion, platelet dense Viability
granule secretion M: (Tolmachova et al., 2007)
M: phagocytosis of outer | M: basal body and M: viable Function
Rab28 - cone segment (in murine | ciliary rootlet of M: (Ying et al., 2018)
retinal pigmented photoreceptors Subcellular localization
epithelium) M: (Roosing et al., 2013)
Viability
M: (Ying et al., 2018)
M: maintenance of TGN, | M: TGN M: viable Function
Rab29 - integrity retrograde M: (MacLeod et al., 2013; Purlyte et al., 2018;
traffic of Mannose-6- Wang et al., 2014)
Phosphate receptor, Subcellular localization
lysosomal trafficking M: (Wang et al., 2014)
(Golgi-to-lysosome), Viability
master regulator of M: (Kuwahara et al., 2016)
LRRK2
M: structural integrity of | M: Golgi M: no KO Function
Rab30 DmRab30 Golgi apparatus model M: (Kelly et al., 2012)
Dm: Golgi, Dm: viable Dm: (Thomas et al., 2009)
Dm: embryonic and endosomes, trans- Subcellular localization
adult morphogenesis Golgi M: (Kelly et al., 2012)
(JNK-dependent dorsal Dm: (Gillingham et al., 2014; Sinka et al.,
closure, embryonic head 2008; Thomas et al., 2009)
involution, thorax
closure)
M: transport of mannose | M: early and late M: viable Function
Rab31 - 6-phosphate receptors endosomes, TGN M: (Rodriguez-Gabin et al., 2009)
(Rab22b) from TGN to endosomes, Subcellular localization
TGN organization M: (Ng et al., 2007; Rodriguez-Gabin et al.,
2001)
Viability
M: International Mouse Phenotyping
Consortium
M: intracellular sorting M: mature M: (sub)viable | Function
Rab32a of Tyrp-1 and tyrosinase, | melanosomes, Dm: viable M: (Alto et al., 2002; Wasmeier et al., 2006)
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DmRab32
(lightoid)

sorting of melanogenic
enzymes from TGN to
melanosomes,
synchronization of
mitochondrial fission

perinuclear (Tyrp-1
containing) vesicles,
mitochondria

Dm: lysosomes and

Dm: (Ma et al., 2004; Wang et al., 2012)
Subcellular localization

M: (Alto et al., 2002; Cohen-Solal et al., 2003;
Wasmeier et al., 2006)

Dm: (Wang et al., 2012)

autophagosomes Viability
Dm: eye pigment M: (Aguilar et al., 2019; Dickinson et al., 2016)
granule biosynthesis, Dm: (Ma et al., 2004)
maintenance of lipid
droplet size, regulation
of lipid storage,
regulation of autophagy
M: melanosome M: mature M: viable Function and subcellular localization
Rab32b maturation, intracellular | melanosomes, M: (Wasmeier et al., 2006)
(Rab38) sorting of Tyrp-1 and perinuclear (Tyrp-1 Viability
tyrosinase, sorting of containing) vesicles, M: (Aguilar et al., 2019)
melanogenic enzymes mitochondria
from TGN to
melanosomes
M: anterograde axonal M: Golgi, M: no KO Function and subcellular localization
Rab33a - transport of post-Golgi synaptophysin-pos. model M: (Nakazawa et al., 2012)
synaptophysin-pos. vesicles
vesicles
M: modulation of M: Golgi apparatus M: viable Function
Rab33b - autophagosome (esp. medial Golgi M: (Itoh et al., 2008; Valsdottir et al., 2001)
formation, retrograde cisternae) Subcellular localization
transport Golgi-to-ER M: (Zheng et al., 1998)
Viability
M: International Mouse Phenotyping
Consortium
M: intracellular M: Golgi, M: lethal Function
Rab34 - lysosomal positioning, macropinosomes, M: (Sun et al., 2003; Wang and Hong, 2002;

macropinosome
formation, ciliary vesicle
formation

Xu et al., 2018)
Subcellular localization
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M: (Speight and Silverman, 2005; Sun et al.,
2003; Wang and Hong, 2002)

Viability

M: (Dickinson et al., 2016; Xu et al., 2018)

M: formation of M: PM, endocytic M: lethal Function
Rab35 DmRab35 phagosomes compartments, near to | Dm: semi- M: (Charrasse et al., 2013; Chevallier et al.,
(phagocytosis), actin filaments lethal 2009; Egami et al., 2011; Kouranti et al., 2006)
remodeling of actin Dm: (Jewett et al., 2017; Shim et al., 2010;
cytoskeleton, cadherin- Dm: PM, NMJ Uytterhoeven et al., 2011; Zhang et al., 2009)
dependent adherens boutons, synapses of Subcellular localization
junction formation, VNC M: (Chevallier et al., 2009; Kouranti et al.,
controls fast endocytotic 2006)
recycling pathway, Dm: (Chan et al., 2011; Jewett et al., 2017;
cytokinesis Shim et al., 2010; Uytterhoeven et al., 2011)
Viability
Dm: actin filament M: (Dickinson et al., 2016)
assembly during bristle
development, vesicle
transport during
phagocytosis, trafficking
from PM to early
endosome, cytoskeletal
remodeling at PM,
endosomal trafficking to
synaptic vesicles
M: regulates spatial M: Golgi M: viable Function
Rab36 - distribution of late M: (Chen et al., 2010; Matsui et al., 2012)
endosomes and Subcellular localization
lysosomes, retrograde M: (Chen et al., 2010)
transport of Viability
melanosomes M: (Dickinson et al., 2016)
M: mast cell M: (insulin-containing) | M: no KO Function
Rab37 DmRab26 degranulation/exocytosis | secretory granules model M: (Higashio et al., 2016; Ljubicic et al., 2013;
(Rab26b) of mast cell dense core Dm: viable Masuda et al., 2000)

Dm: synapse

Dm: This study
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granules, insulin
exocytosis

Dm: stimulus-dependent
membrane receptor
turnover

Subcellular localization
M: (Ljubicic et al., 2013; Masuda et al., 2000)
Dm: (Chan et al., 2011)

M: melanosome M: mature M: viable Function
Rab38 DmRab32 maturation, intracellular | melanosomes, Dm: viable M: (Wasmeier et al., 2006)
(Rab32b) sorting of Tyrp-1 and perinuclear (Tyrp-1 Dm: (Ma et al., 2004; Wang et al., 2012)
tyrosinase, sorting of containing) vesicles, Subcellular localization
melanogenic enzymes mitochondria M: (Wasmeier et al., 2006)
from TGN to Dm: (Wang et al., 2012)
melanosomes Dm: lysosomes and Viability
autophagosomes M: (Aguilar et al., 2019)
Dm: eye pigment Dm: (Ma et al., 2004)
granule biosynthesis,
maintenance of lipid
droplet size, regulation
of lipid storage,
regulation of autophagy
M: secretion of pro- M: late endosomes, M: viable Function
Rab39a DmRab39 inflammatory cytokine, lysosomes Dm: viable M: (Becker et al., 2009; Seto et al., 2013; Seto
phagosome acidification, etal, 2011)
autophagosome Dm: Golgi, late Subcellular localization
formation endosomes, synapse M: (Seto et al., 2013)
Dm: (Chan et al., 2011; Gillingham et al.,
Dm: unknown 2014; Jin et al., 2012)
Viability
M: (Cruz et al., 2020)
M: function in synaptic M: Golgi M: viable Function
Rab39b activity/transmission, M: (Mignogna et al., 2015)

regulates traffic of
glutamate receptor
subunits to synaptic
terminals

Subcellular localization:

M: (Giannandrea et al., 2010)
Viability

M: (Gao et al., 2020)
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Rab39c M: unknown M: unknown M: no KO
(Rab42) model

M: unknown M: unknown M: no KO Subcellular localization
Rab40a** DmRab40 model Dm: (Jin et al., 2012)

Dm: unknown Dm: synapse and Dm: viable

neuronal cell body

M: transport of MMP2/9 | M: TGN-derived M: viable Function and subcellular localization
Rab40b secretory vesicles during | secretory vesicles M: (Jacob et al., 2013)

invadopodia formation, Viability

regulation of MMP M: International Mouse Phenotyping

secretion Consortium

M: modulates biogenesis | M: lipid droplets, M: subviable Function and subcellular localization
Rab40c of lipid droplets, recycling endosomes M: (Rodriguez-Gabin et al., 2004; Tan et al.,

receptor recycling in 2013)

oligodendrocytes Viability

M: (Dickinson et al., 2016)
Rab40alL M: unknown M: mitochondria M: no KO Subcellular localization
(RLGP)** model M: (Bedoyan et al., 2012; Saito-Ohara et al.,
2002)

M: Golgi ribbon M: Golgi M: no KO Function
Rab41 Ypt6 DmRab6 formation, ER-to-Golgi model M: (Liu et al., 2013; Liu et al., 2016)
(Rabbd)*** trafficking Sc: Golgi Sc: viable Sc: (Kawamura et al., 2014; Luo and Gallwitz,

Dm: lethal 2003; Suda et al., 2013; Yang and Rosenwald,

Sc: Endosome-Golgi,
intra Golgi and
retrograde Golgi-ER
transport, delivery of
Atg9 to phagophore
assembly site

Dm: regulates autophagy
and insulin-TOR
signaling, regulation of
autolysosomal

Dm: Golgi, cytoplasmic
vesicles, lysosomes
and autophagosomes

2016)

Dm: (Ayala et al., 2018; Iwanami et al., 2016;
Tong et al., 2011)

Subcellular localization

M: (Liu et al., 2013)

Sc: (Kawamura et al., 2014)

Dm: (Ayala et al., 2018; Tong et al., 2011)
Viability

Sc: (Giaever et al., 2002)

Dm: (Purcell and Artavanis-Tsakonas, 1999)
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homeostasis, insulin
signaling, axon guidance
in R7 photoreceptors,
apical transport pathway
in photoreceptors

M: unknown M: unknown M: no KO Subcellular localization
Rab42 DmRab39 model Dm: (Chan et al., 2011; Gillingham et al.,
(Rab39c) Dm: unknown Dm: Golgi, late Dm: viable 2014; Jin et al., 2012)
endosomes, synapse
M: retrograde trafficking | M: ER, medial Golgi, M: viable Function
Rab43 DmRab19 from endosomes to TGN, | TGN Dm: viable M: (Cox et al., 2016; Dejgaard et al., 2008;
(Rab19b) biogenesis and Fuchs et al., 2007; Haas et al., 2007)
maintenance of Golgi Dm: Golgi, recycling Dm: (Nagy et al., 2017)
structure, anterograde endosomes Subcellular localization
trafficking between ER- M: (Cox et al., 2016; Dejgaard et al., 2008;
to-Golgi, through medial Fuchs et al., 2007)
Golgi Dm: (Chan et al., 2011; Gillingham et al.,
2014; Sinka et al., 2008)
Dm: promotes Viability
enteroendocrine cell M: (Dickinson et al., 2016; Kretzer et al.,
differentiation (in 2016)
cooperation with Atg16)
M: regulation of M: Golgi, lysosomes M: viable Function
Rab44a - osteoclast M: (Kadowaki et al., 2020; Yamaguchi et al.,
differentiation, granule 2018)
exocytosis in mast cells Subcellular localization
M: (Tokubhisa et al., 2020; Yamaguchi et al.,
2018)
Viability
M: (Kadowaki et al., 2020)
M: regulation of M: Golgi, lysosomes M: viable Function
Rab44b - osteoclast M: (Kadowaki et al., 2020; Yamaguchi et al.,
differentiation, granule 2018)

exocytosis in mast cells

Subcellular localization
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M: (Tokubhisa et al., 2020; Yamaguchi et al.,
2018)

Viability
M: (Kadowaki et al., 2020)
M: induction of M: perinuclear region M: no KO Function
Rab45 - - apoptosis in CML model M: (Nakamura et al., 2011)
progenitor cells Subcellular localization
M: (Shintani et al., 2007)
Dm: trafficking between | Dm: recycling Dm: viable Function
- - RabX1 early and late endosomes, late Dm: (Laiouar et al., 2020; Woichansky et al.,
(chrowded) endosomes, formation of | endosomes 2016)
endolysosomes Subcellular localization
Dm: (Chan et al., 2011; Laiouar et al., 2020)
- - RabX4 Dm: unknown Dm: synapses, Dm: viable Subcellular localization
recycling endosomes Dm: (Chan et al., 2011)
- - RabX6 Dm: unknown Dm: neuronal cell Dm: viable Subcellular localization

body

Dm: (Jin et al., 2012)

* = Rab6c is specific to Hominidae; ** = Rab40a and Rab40al are specific to primates; *** = Rab41 (Rab6d) is specific to primates and dolphins (Klopper et al., 2012)
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Supplementary Table / Supplementary File 4

A: Homozygous mutants

18 degree days until... (after egg collection) number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0 8.43+0.13 16.8+0.14 170 8.1+1.82
rab3 0.4+0.13 9.29+0.18 18.1+0.24 159 7.57+1.02
rab4 0.1 +0.07 9.19 £ 0.09 17.38 £ 0.11 516 2457 +2.1
rab9 0.29+0.1 7.86 £ 0.08 16.71+0.12 344 16.38+1.41
rabl4 0.1 £0.07 7.57 £0.11 15.76 £ 0.1 473 22.52 +1.82
rabl8 0.33+0.13 9.05+0.21 17.62 £ 0.25 203 9.67+1.17
rab19 0.1 +£0.07 8.76 £ 0.14 18.1+0.17 275 13.1+1.44
rab21 0.29+0.12 8.29+0.1 16.95+0.16 368 17.52 £ 0.98
rab23 0.24+£0.1 8.62+0.11 17.19+0.11 239 11.38+1.01
rab26 0.24+0.1 8.71+0.1 17+0.1 442 21.05+1.91
rab27 0.1 £0.07 8.86+0.1 17.1 £ 0.07 368 17.52+1.16
rab32 0.1 +0.07 9.38+0.11 18+0.17 316 15.05+0.87
rab39 0 9.05+0.13 17.76 £ 0.1 523 249+1.75
rab40 0.33+0.16 10.19 £ 0.09 18.67 £0.14 261 12.42 £+ 0.98
rabX1 1.71 £ 0.46 10.56 £ 0.26 19.24+0.2 37 1.76 £0.32
rabX4 0.9+0.14 12+0.3 21.4+0.53 8 0.38 £0.13
rabXé 0 9.14+0.14 17.8£0.13 446 21.24 +2.64
25 degree days until... (after egg collection) number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0.15 £ 0.08 4.86 £ 0.08 8.95 £ 0.05 230 10.95+2.01
rab3 0.2 +0.09 5+0.12 9.2+0.12 197 9.85+1.45
rab4 0.1 +0.07 5.29+0.1 9.25+0.16 634 30.19 £ 2.06
rab9 0.14 £ 0.08 5 9 411 19.57 +1.63
rab14 0.1 £0.07 4.62 £0.11 8.67+0.14 499 23.76 £1.75
rabl8 0.05 +0.05 4.86 + 0.08 8.9 +0.07 345 16.43+1.34
rab19 0.24+0.1 4.95 £ 0.08 9.71+0.1 379 18.04 +1.51
rab21 0.19 £0.09 5 8.95 £ 0.05 412 19.62+1.74
rab23 0.1 +0.07 4.86 + 0.08 9 305 1452 +1.71
rab26 0.2 +0.09 4.95 +0.05 9.1 +£0.07 480 22.86+2.1
rab27 0.14 £ 0.08 5 9 382 18.19+1.12
rab32 0.29+0.1 5.24 +0.1 9.19+0.11 459 21.86+1.62
rab39 0.24+0.1 5.14 £ 0.08 9.43+0.11 627 29.86 + 2.69
rab40 0.24+0.1 5.7+£0.13 9.95+0.15 241 11.48+1.14
rabX1 0.56 £0.15 5.29+0.14 9.67£0.14 40 1.9+0.35
rabX4 0.89 + 0.08 7.14+0.7 12 2 0.1+0.1
rabX6 0.05 +0.05 5.05 +0.05 9.23+0.1 459 21.86+2.62
29 degree days until... (after egg collection) # number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0.15 +0.09 4 7.67 +0.11 112 5.33+1.21
rab3 0.1 +0.07 4.19 +0.09 7.57 +0.11 168 8 +0.81
rab4 0 452 +0.11 8 572 27 +£2.14
rab9 0.14 + 0.08 3.95 +0.05 7.57 +0.11 369 17.57 + 1.73
rab14 0 4.05 + 0.05 7.43+0.11 516 24.57 £ 1.66
rabl8 0.1 £0.07 4.19 £0.09 7.35+£0.11 291 13.86 +1.68
rabl19 0.19 £0.09 4.05 £ 0.05 8.94 £0.18 132 7.33+1.4
rab21 0.05 + 0.05 4.19 +0.09 8+0.2 378 18.9+1.72
rab23 0.29+0.1 4 7.95 + 0.05 288 13.71+0.92
rab26 0.29+0.1 4.14 £ 0.08 7.81 £0.09 378 18 +1.76
rab27 0.05 +0.05 4 7.43+0.11 444 21.14 +0.95
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rab32 0.24+0.1 4.33+0.11 8 307 14.62+1.01
rab39 0.19+0.09 4.1 +0.07 7.81+0.09 572 27.24+2.3
rab40 0.33+0.11 4+0.12 7.31+0.1 280 13.33+0.74
rabX1 0.81+0.16 4.75+0.11 8.1910.1 38 1.81+0.38
rabX4 0.75+0.1 6.38 £ 0.56 13.5+3.5 2 0.1+0.1
rabX6 0.19+£0.09 4.05+0.05 7.76£0.1 445 21.19+2.75
B: Validation in backcrossed backgrounds
18 degree days until... (after egg collection) number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0.05 +0.05 85+0.1 16.7+0.14 290 13.81+1.25
rab3 0.52 +0.19 10+0.41 18 +0.41 23 5.75+0.48
rab4 0.05+0.05 9.38+0.18 18.52 +0.15 190 9.05+0.79
rab9 0.14 +0.08 8.33+0.13 17+0.18 284 13.52+0.99
rab14 0.1 +0.07 8.38+0.11 16.95+0.19 176 8.38+0.93
rab19 0.05+0.05 8.86+0.2 18.29+0.22 224 10.67+1.52
rab32 0.33+0.11 10.32+0.17 18.74+0.2 136 7.16+1
rab39 0 8,71 +0.27 17.8+0.24 327 15.57+1.32
rab40 0.19 +0.09 9.33+0.22 17.86 +0.19 207 9.86 £ 0.67
rabX1 0.67+0.16 10.1+0.21 18.38 + 0.27 33 2.54 +0.37
rabX4 1.88+0.4 - - - -
rabX6 0 9.29+0.14 18.29 +0.22 378 18+1.62
25 degree days until... (after egg collection) number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0.05+0.05 5.24+0.1 9.19 +0.09 317 15.1+1.07
rab19 0.05 +0.05 4.86 +0.08 9.95+0.11 309 14.7+1.51
rab40 0.43+0.11 5.71+0.14 9.9+0.14 131 6.24 + 0.67
rabX1 0.7+0.22 5.35+0.13 9.6 +0.15 36 1.8+0.24
rabX4 0.88+0.18 7 13 1 0.05+0.05
29 degree days until... (after egg collection) # number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0 4.19 +0.09 7.95+0.05 265 12.62+1.5
rab4 0 4.1+0.07 7.81 +0.09 255 12.14 +0.95
rab18 0.05+0.05 4 6.86+0.1 332 15.81+1.86
rab19 0 4.05+0.05 8.48+0.11 194 9.24+1.32
rabX1 0.5+0.11 5.13+0.17 8.9+0.28 30 2.31+0.36
rabX4 1.07 +0.07 7+0.58 13 1 0.05+0.05
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C: Validation of mutants over deficiencies

18 degree days until... (after egg collection) number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0.05 £ 0.05 85+0.1 16.7+£0.14 290 13.81+1.25
rab3/rab3 Df 0.2910.1 8.52 +£0.15 16.24 £ 0.17 96 4.57+0.8
rab4/rab4 Df 0.24+0.1 9.19+0.16 16.9+0.23 233 11.1+0.89
rab9/rab9 Df 0.19 £ 0.09 7.57£0.11 15.24 £ 0.15 168 8+0.48
rab14/rab14 Df 0.1+0.07 7.62+0.11 15.48 £+ 0.15 192 9.14+1.04
rab19/rab19 Df 0.48 £0.11 8.24+0.1 17.71+0.3 142 6.76 £ 0.74
rab32/rab32 Df | 0.1 £0.07 9.67 £0.17 17.48 £ 0.13 192 9.14 £ 0.57
rab39/rab39 Df | 0.38 £0.13 8.62+0.15 16.05+0.11 124 5.9+0.65
rab40/rab40 Df | 0.19 £ 0.09 9.9+0.17 17.25+0.3 116 5.52+0.72
rabX1/rabX1Df | 1.61+0.14 9.67+0.2 17.37+0.35 85 4.2510.6
rabX4/rabX4 Df | 1.1+0.18 11.11+0.34 20.26 £ 0.49 57 2.85+0.51
rabX6/rabX6 Df | 0.29 £ 0.1 9.45+0.18 17.65+0.13 153 7.65 +0.95
25 degree days until... (after egg collection) number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0.05 £ 0.05 5.24+0.1 9.19 £ 0.09 317 15.1+1.07
rab19/rab19 Df | 0.29+0.1 5.24+0.1 10.1+0.12 151 7.19 £ 0.69
rab40/rab40 Df 0.33+0.11 5.67+0.14 9.38+0.11 110 5.24+0.1
rabX1/rabX1Df | 0.76 +0.17 5.48+0.13 9.35+0.11 65 3.1+0.34
rabX4/rabX4 Df | 1.36+0.2 7.38+£0.18 12+0.2 23 3.29+£0.52
29 degree days until... (after egg collection) # number of @ number of
first instar larva | pupa adult adults in total adults per vial
control 0 4.19 £ 0.09 7.95 £ 0.05 265 12.62+1.5
rab4/rab4 Df 0.2 +0.09 43+0.11 7.7 £0.11 236 11.8 £0.78
rab19/rab19 Df | 0.14 +0.08 4.1+0.1 8.7+0.1 117 5.57 + 0.88
rabX1/rabX1 Df | 0.84+0.14 4.75+0.11 8.69+0.12 24 1.2+0.22
rabX4/rabX4 Df | 1+0.12 5.71+0.13 10.36 £ 0.2 26 1.86 +0.23
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The RUSH System in Drosophila — A transgenic toolbox to study intracellular
localization dynamics of Rab GTPases

Kohrs, F. E., Pavlovi¢, B., Kiral, F. R., Wolfenberg, H., Daumann, |.-M., Port, F., Boutros, M.,
Hiesinger, P. R.

SUMMARY

Coordinated signaling and membrane trafficking is crucial for the development of multicellular
tissues in all eukaryotic organisms. The members of the evolutionary conserved family of small Rab
GTPases act as key regulators of intracellular vesicle trafficking in the endomembrane system. Their
expression patterns and subcellular localizations have been previously analyzed. While half of all
Drosophila Rabs are specifically expressed or enriched in the nervous system, roughly one-third are
localized ubiquitously in the organism. However, the complete functional repertoire of all Rabs is
still unknown. In this study, we report the generation and application of the complete transgenic
fly collection for the acute and synchronous release of all 26 Rab GTPases in different developing
tissues using the RUSH system. This two-state assay is based on the retention and acute release of
a tagged protein from a ‘hook compartment’, from where the synchronized trafficking of the
protein of interest can be subsequently followed. Although originally established for mammalian
cell culture, we could identify conditions to study intracellular trafficking dynamics and re-
localization behaviors for the nervous system-enriched Rab proteins in developing photoreceptor
neurons. While ‘fast-releasing’ Rabs mostly targeted distinct compartments, ‘slow-releasing’ ones
localize diffusely in the cytoplasm of photoreceptor cell bodies. Two Rab GTPases actively re-
localize to axon terminals within the first 60 minutes after release. The transgenic RUSH library
generated here, provides a toolbox to further investigate Rab-mediated signaling and trafficking

processes during multicellular tissue development in vivo.
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INTRODUCTION

Multicellular tissue development in all eukaryotic organisms depends greatly on membrane
trafficking, which is necessary for the transport of materials between various membrane-bound
compartments. As such, coordinated intracellular trafficking is crucial for pattern formation and
cellular differentiation during development. It underlies developmental signaling pathways, correct
sorting and transport of membrane-bound receptors, and delivery and insertion of plasma
membrane components for its expansion, among other things. Drosophila is a widely used model
organism to study specific gene functions and membrane trafficking machineries during
multicellular tissue development (Chan et al.,, 2011a; Hales et al., 2015; Mirzoyan et al., 2019;

Schlacht et al., 2014; Stewart, 2002; Winkle and Gupton, 2016).

Therefore, one way to gain more knowledge about the intracellular signaling and trafficking
mechanisms underlying complex tissue development is to examine master regulators of membrane
trafficking in Drosophila. The highly evolutionary conserved family of small Rab GTPases constitute
the largest branch of the Ras superfamily and the first mammalian family members were initially
identified from a rat brain cDNA library, hence their name Rab GTPases (ras gene from rat brain)
(Rojas et al., 2012; Touchot et al., 1987). In their capacity as key regulators of membrane trafficking,
Rab GTPases mediate fundamental processes of transport such as vesicle formation, vesicle
movement, and fusion of vesicles with their target membranes. They can be found in all eukaryotic
cells albeit with varying compositions and have been generally used as compartment identifiers of
the endocytic and secretory pathway in the past. Some of them have even become ‘gold-standard
markers’ such as Rab5 (early endosomes) and Rab7 (late endosomes and multivesicular bodies)
(Behnia and Munro, 2005; Pfeffer, 2013; Zerial and McBride, 2001; Zhen and Stenmark, 2015). In
Drosophila, 26 protein-encoding rab genes have been identified (Chan et al., 2011b; Jin et al., 2012),
while 66 rab genes are present in the human genome (Gillingham et al., 2014), and 11 Rab-related
ypt genes in budding yeast (Grosshans et al., 2006; Pfeffer, 2013). Previously, large-scale profiling
efforts have revealed that, while roughly one-third of all Drosophila Rab GTPases are ubiquitously
expressed, half of all are neuron-specific or enriched in the nervous system with a predominant
synaptic localization (Chan et al., 2011b; Dunst et al., 2015; Jin et al., 2012). Yet, the roles of many
Rab GTPases in signaling and membrane trafficking during multicellular tissue development have

remained mostly unknown.

So far, techniques to acutely manipulate individual Rab GTPase functions have not been
established for any multicellular model organism in vivo. An assay which would allow for the acute
and synchronizable trafficking of proteins of interest would facilitate the analysis of their

intracellular localization and trafficking dynamics (Depaoli et al., 2019). For instance, the retention
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using selective hooks (RUSH) system is a two-state assay originally designed to investigate secretory
protein traffic in mammalian cells in vitro (Boncompain et al., 2012). It is based on the retention
and acute synchronized release of tagged proteins from a hook compartment allowing for the
(in)activation of protein function. So far, the RUSH system has been successfully used for other
proteins in mammalian cell culture but not in living tissues of Drosophila (Lisse et al., 2017; Moti et

al., 2019; Niu et al., 2019; Pacheco-Fernandez et al., 2020; Pawar et al., 2017; Petkovic et al., 2014).

Here, we provide the first transgenic Drosophila collection for the acute and synchronized
release of tagged Rab proteins in intact multicellular tissues using the RUSH system. We find that
the applicability of the system is limited to some extent. However, conditions for the synchronized
release could be identified in developing photoreceptor neurons and salivary glands. Focusing on
nervous system-enriched Rab GTPases in photoreceptors, the RUSH system reveals different
intracellular trafficking dynamics with ‘fast’ or ‘slow’ release properties as well as re-localization of
two Rab proteins from the cell body to the axon terminal. Our transgenic fly collection provides a
basis to systematically analyze intracellular localization dynamics, by that yielding valuable
information on acutely Rab-regulated membrane trafficking during tissue development in a

multicellular organism.

RESULTS

Generation of the transgenic Drosophila collection for the acute and synchronized
release of Rab GTPases using the RUSH system

In order to closely examine the intracellular signaling and localization dynamics of Rab GTPases
during the development of multicellular tissues in Drosophila, we established the RUSH system for
Rabs using our newly generated transgenic fly collection. Briefly, this synchronized trafficking assay
is based on the removal of a protein of interest from its place of action by retaining it at stably
expressed hook compartments. The hook itself contains Streptavidin and RUSH Rab proteins bind
to them through their Streptavidin-binding peptide (SBP) tag. Addition of Biotin allows for the acute
and synchronous release of the tagged proteins from the hook compartments as Biotin has a higher
binding affinity toward Streptavidin, outcompeting the SBP-tag (Boncompain et al., 2012). The
rationale behind the RUSH experiments is to follow the acutely released Rab proteins, via an
additional YFP-tag, as they change their subcellular localization in a synchronous manner (Fig. 1A).
This provides us with an opportunity to determine which Rab GTPases mark distinct compartments,

are diffusely localized in the cytoplasm, and re-localize to axon terminals.
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Limitations to the applicability of the RUSH system exist in developing multicellular
tissues in Drosophila

Here, we have generated a collection of transgenic fly strains, including 26 UAS-SBP-YFP-Rab lines,
based on the previously published collection of YFP-tagged wild type Rab variants, which were used
to systematically analyze the subcellular localization of Rab proteins in neurons (Suppl. Fig. 1A)
(Chan et al., 2011b; Jin et al., 2012; Zhang et al., 2007). Testing the newly generated SBP-YFP-Rab
fusion proteins in comparison to the respective YFP-Rab fusion proteins revealed identical
subcellular localization patterns in developing photoreceptor neurons (nervous system-enriched
Rab GTPases shown in Suppl. Fig. 1C). Further, the collection contains four different Streptavidin-
hooks, three with their retention site at the endoplasmic reticulum (ER) and one at the Golgi, all of
them based on the original publication of the RUSH system (Suppl. Fig. 1B) (Boncompain et al.,
2012). An initial screen revealed that the ER-hook caused more adverse effects than the hook
located at the Golgi apparatus. Thus, we chose to use the cytoplasmic Golgi-hook, UAS-Streptavidin-
Golgin-84, for the establishment of the RUSH system in Drosophila as it did not obviously affect
photoreceptor development. However, the general applicability of the system was somewhat
limited as the expression of the Streptavidin-hook affected the development of different complex
tissues to varying degrees, as discussed below. Additionally, flies need to be raised on egg white-
enriched food rendering the food ‘Biotin-free’ as the presence of Biotin leads to the release from
the RUSH-hook. Chicken egg white contains high amounts of Avidin, which binds to the Biotin
present in the normal fly food, thus making it unavailable for absorption by the flies (Landenberger
et al., 2004). However, we observed prolonged developmental timing especially during larval
stages as well as a reduction in number and viability of the progeny raised on egg white-enriched,
Biotin-free food. Of all tissues tested, developing wing imaginal discs proved to be most challenging
for RUSH experiments. In particular, the individual expression SBP-YFP-Rabs and Golgi-hook in flies
raised on normal fly food is tolerated by the tissue and no toxicity was noticeable (Suppl. Fig. 2A-
B). While combination of both constructs led to an abnormal morphology with cell toxicity (Suppl.
Fig. 2C). Moreover, expression of combined RUSH constructs in wing imaginal discs of flies raised
on egg white-enriched food, led to cell toxicity and massive morphological deformities in the discs
as well as lethality during larval and early pupal stages (Suppl. Fig. 2D). These adverse effects on
morphology and viability were observed for multiple RUSH Rab-hook combinations, including Rab
proteins which are not endogenously localized in the epithelial cells of developing wings. Thus, the
general expression of RUSH constructs causes these detriments and no conditions to study the
synchronized release of Rab GTPases could be identified. However, we were able to identify
conditions for the application of the RUSH assay in photoreceptor neurons of ex vivo cultures of

pupal eye-brain complexes (Ozel et al., 2015) and 3™ larval instar salivary glands (Suppl. Fig. 2E-H).
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Figure 1: Establishment of a release-protocol for the RUSH system in developing photoreceptors
in Drosophila using Rab7 (A) Schematic diagram of the RUSH system. (B) Visual comparison of the
retention rate of Rab7 (green) to the Golgi-hook (blue) in developing photoreceptor cell bodies of flies raised
on normal fly food compared to egg white-enriched, Biotin-deficient fly food. Shown are single ommatidia
from retinas of ~P+40% pupae. Immunolabeling of the Golgi-hook with Streptavidin (blue). Scale bar =2 pm.
(C) Raising flies on egg white-enriched fly food increases the retention rate (colocalization) of Rab7 (green)
to the Golgi-hook (blue) significantly compared to raising them on normal food. The amount of ‘free’, un-
retained Rab7 (YFP-only) is significantly higher when flies are raised on normal fly food compared to egg
white-enriched food. Mean + SEM; **** p < 0.0001; number of ommatidia n = 9 for each food condition
(normal vs. egg white-enriched) from 3-5 animals; Ordinary one-way ANOVA with pair-wise comparison,
Holm Siddk test. (D) Quantification of proof-of-principle experiments show a significant release of Rab7 from
the Golgi-hook within the first 15 minutes of Biotin incubation. The amount of YFP-only Rab7 compartments
increases further with time of incubation. Mean + SEM; red * p <0.0001 compared to control (O minutes, no
Biotin incubation); number of ommatidia n = 9 from 3-5 animals for each Biotin incubation time point;
Ordinary one-way ANOVA with pair-wise comparison, Holm Sidak test. (E) Quantification of proof-of-principle
experiments show a significant decrease in colocalization of Golgi-hook compartments with Rab7 within the
first 15 minutes of Biotin incubation. The amounts of Golgi-hook compartments colocalizing with Rab7
decreases further with time of incubation. Mean + SEM; red * p < 0.0001 compared to control (0 minutes,
no Biotin incubation); number of ommatidia n = 9 from 3-5 animals for each Biotin incubation time point;
Ordinary one-way ANOVA with pair-wise comparison, Holm-Sidék test. (F) Visual representation of the Biotin-
release timeline of Rab7 (green) from the Golgi-hook (blue). With Biotin incubation, Rab7 is released from
the Golgi-hook. Formation of Rab7-positive ring-like structures (white arrowheads) can be observed after 30-
60 minutes. Immunolabeling of Golgi-hook with Streptavidin. Scale bar =5 um.

A Biotin-release protocol could be successfully established in ex vivo cultures of
developing photoreceptor neurons

Initially, proof-of-principle experiments, using the well-characterized late endosomal Rab7, were
performed. We first carried out a rescue experiment to verify the functionality of the SBP-tagged
Rab7, the RUSH version of this small GTPase. The null mutant of the ubiquitously expressed Rab is
lethal under homozygosity, while expression of the SBP-fusion protein by the rab7-Gal4 knock-in in
the mutant background yielded viable progeny. Thus, the RUSH version of Rab7 proved to be a
functional Rab GTPase. The presence of trace amounts of Biotin in the normal fly food necessitates
the use of egg white-enriched, Biotin-free food to raise flies (Landenberger et al., 2004). This is
substantiated by the significant differences in retention rates observed between the two food types
in both developing photoreceptors and salivary glands (Fig. 1B-C; Suppl. Fig. 2E-F). In photoreceptor
neurons, only about 25% of the quantifiable Rab7-positive compartments colocalize with the Golgi-
hook compartments when flies were raised on normal molasses formulation food. While a
retention rate of approximately 96% was achieved by feeding egg white-enriched fly food to the
RUSH flies (Fig. 1B-C). Even though retention is leaky to a small extent, we were able to establish a
Biotin release-protocol for ex vivo cultures of pupal eye-brain complexes observing an increasing

separation of RUSH Rab7 from the Golgi-hook with the duration of Biotin incubation (Fig. 1D-F).
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Within minutes, the number of released Rab7-only compartments grew significantly (Fig. 1D), while
in turn a reduction in the amount of colocalizing compartments was observed (Fig. 1E). After 30-
60 minutes of Biotin incubation characteristic Rab7-positive transient rings appeared indicating the
maturation of late endosomal compartments (white arrowheads in Fig. 1F) (Cherry et al., 2013).

Another confirmation that the SBP-Rab7 fusion protein is a functional Rab GTPase.

Nervous system-enriched Rab GTPases exhibit distinct release dynamics in
photoreceptor cell bodies

Already prior to the addition of Biotin to the ex vivo culture, Rab7 forms large, artificial aggregates
together with the Golgi hook in photoreceptor neurons, which resolve after incubation with Biotin
(Fig. 1F). We observed similar aggregates for several Rab GTPases with high expression in the
nervous system, particularly Rab3, RabX4, Rab27, Rab26, Rab19, Rab32, and RabX1 (Rabs sorted by
their expression pattern in Suppl. Fig. 3; Suppl. Fig. 4). After addition of Biotin, these aggregates
dissipate to different degrees and are mostly gone after 60 minutes for Rab3, Rab26, and Rab19,
though considerable aggregates at the hook remained for the other Rab proteins (Suppl. Fig. 4).
Further, performing release experiments for all nervous system Rabs allowed us to identify different
trafficking dynamics within the first 15 minutes of Biotin incubation (Fig. 2; Suppl. Fig. 5). Four Rab
GTPases, RabX4, RabX1, RabX6, and Rab21, can be classified as ‘fast-releasing’, as 50% or more of
the hook compartments had released these specific Rab proteins (Fig. 2A-E). In contrast to this,
Rab27, Rab26, and Rab19 were identified as ‘slow-releasing’. Here, only about 20% of Golgi-hook
compartments lost their colocalization (Fig. 2A, F-H). In case of the ‘fast’ Rabs, most of these
immediately marked distinct compartments in the cytoplasm of the photoreceptor cell bodies
(marked in green in Fig. 2A; Suppl. Fig. 5A, B, D; Suppl. Fig. 3), while the three ‘slow-releasing’ Rab
GTPases localize diffusely after addition of Biotin (Suppl. Fig. 3). The specific release dynamics for
three Rab proteins, Rab23, Rab9, and Rab4, could not be determined, as these exhibit an almost
exclusive membranous localization in the photoreceptor cell bodies already prior to Biotin
application (Suppl. Fig. 5K-M). Furthermore, a high number of compartments are present in
interommatidial cells for Rab21, leading to morphological disruptions which we did not detect for

other Rab GTPases (Suppl. Fig. 3; Suppl. Fig. 4).
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Figure 2: Identification of release dynamics of nervous system-enriched Rab GTPases in
developing photoreceptors (A) Graphical representation of percent release of 10 nervous system-
enriched Rab GTPases within 15 minutes of Biotin incubation. The majority of ‘fast-releasing’ Rab GTPases
display distinct compartments in the cell body (marked in green), while most of the ‘slow-releasing’ Rab
GTPases localize diffusely in the photoreceptor cytoplasm after being released from the Golgi-hook. (B-E)
RabX4, RabX1, RabX6, and Rab21 were identified as a ‘fast-releasing’ Rabs, within the first 15 minutes of
Biotin incubation 50% of the Golgi-hook lost colocalization with the respective RUSH-Rab. Mean + SEM; red
* p £0.0001; number of ommatidia n =9 from 3-5 animals for each Biotin incubation time point; Ordinary
one-way ANOVA with pair-wise comparison, Holm-Sidak test. (F-H) Rab19, Rab27, and Rab26 were identified
as ‘slow-releasing’ Rabs, within the first 15 minutes of Biotin incubation less than 25% of the Golgi-hook lost
colocalization with the respective RUSH-Rab. Mean £+ SEM; (Rab19 and Rab26), red * p < 0.05 (Rab27);
number of ommatidia n =9 from 3-5 animals for each Biotin incubation time point; Ordinary one-way ANOVA
with pair-wise comparison, Holm-Sidék test.

Two nervous system-enriched Rab GTPases re-localize to axon terminals after release
from the hook compartments

Besides systematically analyzing release dynamics, we examined the re-localization behavior of all
nervous system-enriched Rabs after 60 minutes of Biotin incubation. For this, we measured the
fluorescence ratio between axon terminals and cell bodies (Fig. 3; Suppl. Fig. 6). Significant
increases in the fluorescence ratio were detected for Rab26, Rab23, and Rab4 (Fig. 3A). But while

the increase for Rab4 was entirely due to the loss of Golgi-hook localization in the cell bodies, Rab26
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and Rab23 show a distinct re-localization to the axon terminals (Fig. 3B-C; Suppl. Fig. 6). No
evidence for the trafficking of membrane compartments from cell body to axon terminal could be
provided, as all three Rab proteins are either mostly membrane-bound (Rab23 and Rab4) or
diffusely localized in the cytoplasm (Rab26). It is noteworthy, that very low levels of Golgi-hook
fluorescence can be observed in axon terminals, just as all nervous system-enriched Rab GTPases
are present in the terminals to varying low degrees already prior to the addition of Biotin and their

subsequent release.

Figure 3
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Figure 3: Identification of re-localization dynamics of nervous system-enriched Rab GTPases from
cell bodies to axon terminals (A) Quantification of the fluorescence ratio between axon terminals to cell
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Figure 3 continued

bodies before (0 minutes) and after (60 minutes) Biotin incubation shows an increase in axon terminal
localization for Rab23 and Rab26. The increase in fluorescence ratio for Rab4 is solely based on the loss of
hook localization. Mean + SEM; * p < 0.05; Ordinary one-way ANOVA with pair-wise comparison, Holm-Sidak
test. (B) Cross-section showing retina to lamina axon terminals reveal a significant re-localization of Rab26
(green, single channel) away from the Golgi-hook (blue) in the retina after 60 minutes of Biotin incubation.
Immunolabeling of Golgi-hook with Streptavidin. Scale bar = 20 pm. (C) Cross-section showing retina to
lamina axon terminals reveal a significant re-localization of Rab23 (green, single channel) away from the
Golgi-hook (blue) in the retina after 60 minutes of incubation with Biotin. Immunolabeling of Golgi-hook with
Streptavidin. Scale bar = 20 um.

All in all, we could identify different trafficking dynamics for the nervous system Rab
GTPases, with ‘fast-releasing’ Rabs that mark distinct compartments after their release from the
Golgi-hook in cell bodies (RabX4, RabX1, and Rab21) and ‘slow-releasing’ Rabs that diffusely localize
in the cytoplasm (Rab27, Rab26, and Rab19). In addition, two Rab GTPases (Rab26 and Rab23) are

actively re-localizing to the photoreceptor axon terminals (Table 1).

Table 1

Rab GTPases

(Re-) Localization Table 1: Summary of the
RUSH rel | RUSH cb |RUSHaxon| RUSH analyses performed
: \ in developing Drosophila
photoreceptors
Overview of RUSH analyses

Expression pattern

nervous system high
nervous system high
nervous system high
nervous system high
nervous system high
nervous system high
nervous system high
nervous system high
nervous system high from ‘nervous system high’
nervous system high (blue) at the top to
nervous system high ‘widespread’ (grey) to the
nervous system high ‘ubiquitous’ (white) Rabs at
nervous system high the bottom. Color code: Rab

performed for the nervous

system-enriched Rab GTPases.

Rabs are listed according to

their expression pattern, going
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widespread proteins used for RUSH

widespread analyses are highlighted in
widespread dark green. Darker red to

widespread lighter red denotes higher to
ubiquitous

ubiquitous
ubiquitous
ubiquitous
ubiquitous
ubiquitous
ubiquitous
ubiquitous
ubiquitous

lower (re-)localization  of
examined Rab GTPases.
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DISCUSSION

In this study, we generated the first complete transgenic fly collection for the acute and
synchronous RUSH release assay for all 26 Rab GTPases along with four different hook
compartment lines, which are based on the original RUSH publication (Boncompain et al., 2012).
Here, intracellular localization dynamics of nervous system-enriched Rabs in photoreceptor
neurons were examined more closely. Initial proof-of-principle experiments revealed that the SBP-
YFP-tagged nervous system Rab GTPases exhibit comparable subcellular localization patterns to the
YFP-tagged Rab proteins (Zhang et al., 2007). As such the SBP-tag does not perturb protein
localization in developing photoreceptor neurons per se. Furthermore, the RUSH version of
ubiquitous Rab7 acts as functional Rab GTPase rescuing the lethality observed for the homozygous
rab7 null mutant (Cherry et al., 2013). Ultimately, we could identify several ‘fast-> and
‘slow-releasing’” Rab proteins which mostly localize to distinct compartments or diffusely in the
cytoplasm, respectively. Mapping possible ‘target compartments’ after Rab release, by techniques
such as antibody labeling, might facilitate the further analysis of novel cellular trafficking functions.
As many of the roles of nervous system-enriched Rab GTPases during development as well as
function are still relatively unknown (Kohrs et al., 2021). Closely examining the re-localization
behavior of all nervous system Rab GTPases we identified Rab26 and Rab23 as two Rab proteins
which actively re-locate to synapses within 60 minutes of release. Recently, a synaptic function of
Rab26 was revealed during a more in-depth functional characterization. More specifically, it has a
role in the transport of the acetylcholine-receptor subunit Da4 specifically at cholinergic synapses
of outer photoreceptors in Drosophila (Kohrs et al., 2021). Generally, the complete collection of
transgenic RUSH lines established here can be used as a toolbox for further comprehensive analyses

of Rab-regulated trafficking.

In this study, we also included a critical assessment of the limitations of the acute RUSH
release system in developing multicellular tissues in Drosophila. Ultimately, two criteria have to be
fulfilled for the successful application of the RUSH assay to release and activate proteins in an acute
and synchronized manner. First, to achieve high retention at the hook compartments, the tissue
needs to be in a Biotin-free environment as the acute addition of Biotin is needed for protein
release. Second, SBP-tagged proteins have to be functionally inactive when bound to the hook
compartments prior to release as they are sequestered away from their endogenous place of
action. These two conditions are most easily met on a shorter timescale. Especially as both, the
prolonged expression of the combined RUSH constructs (hook and Rab) as well as the raising of flies
on egg white-enriched food, has detrimental effects on tissue development and Drosophila

viability. Further, different tissues were differentially affected and especially wing imaginal discs
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were the most sensitive in contrast to developing photoreceptors as well as salivary glands, which
both proved to be more resistant regarding the experimental conditions. One possible explanation
might be that toxicity, induced by the transgenic constructs, is alleviated in bigger cells such as the
epithelial cells, which form the salivary glands. These cells are significantly larger than those
present in the wing disc epithelium and the local concentration of transgenic constructs might be
reduced (Andrew et al., 2000). Also, this may account for the more resistant nature of developing
photoreceptors here. Photoreceptor neurons represent larger cells with long axons where the local
concentration of the transgenic constructs in cell bodies might be reduced by an additional,
aberrant subcellular localization (Kanca et al., 2017). Thus, it might explain the presence of the
Golgi-hook in axons and their terminals as, endogenously, the Golgi apparatus and its outposts are
absent from these neuronal domains (Gonzalez et al., 2018; Hanus and Ehlers, 2008; Ye et al., 2007).
Further, the nervous system-enriched Rab GTPases exhibited varying aggregation and localization
behaviors in the cell bodies of developing photoreceptors already prior to Biotin incubation. This

indicates an incomplete inactivation of protein functions of these Rabs to varying degrees.

Overall, our systematic analysis of small Rab GTPases revealed several limitations of the
RUSH system in developing multicellular tissues in Drosophila. In particular, sensitivities towards
individual SBP-Rab fusion protein properties, localization of the hook compartment, type of
investigated tissue, and Biotin content of the food. Especially considering the adverse effects
caused by Biotin-free conditions over longer periods of time, the here established Drosophila RUSH

collection is more applicable on a shorter timescale during early development.

MATERIALS AND METHODS

Fly husbandry and genetics

For retention and release experiments using the RUSH system, flies were raised on egg white-
enriched molasses formulation food. For this, 20 g spray-dried, powdered chicken egg white were
dissolved in 20 ml de-ionized water and added to 230 ml liquid molasses formulation food after the
regular cooking process. To prevent coagulation of the dissolved egg white, the temperature of the
liquid food needs to be below 42°C. In addition, RUSH-Rab7 flies were raised on normal molasses
formulation food to compare the retention rate between flies raised on the two different types of
food. Stocks were kept at room temperature (22-23°C) on normal molasses formulation food, while

crosses were kept at 25°C on egg white-enriched food.
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For all RUSH-experiments in developing photoreceptors, following lines were used:
;shortGMR-Gal4/Cy0O; (Bloomington stock #1104) as a driver line and ;;UAS-Streptavidin-Golgin-84
for the retention at the Golgi. For the proof-of-principle experiments of the RUSH system in
developing photoreceptors, the following transgenic Drosophila line was used: ;UAS-SBP-YFP-
Rab7;. For the Biotin-release experiments of the nervous system-enriched Rab GTPases, the
following Drosophila lines were used: ;UAS-SBP-YFP-Rab3/CyO;, ;UAS-SBP-YFP-Rab4/CyO;, ;UAS-
SBP-YFP-Rab9/Cy0O;, ;UAS-SBP-YFP-Rab19/CyO; , ;UAS-SBP-YFP-Rab21/CyO;, ;UAS-SBP-YFP-
Rab23/Cy0;, ;UAS-SBP-YFP-Rab26/Cy0;, ;UAS-SBP-YFP-Rab27/CyO;, ;UAS-SBP-YFP-Rab32/CyO;,
;UAS-SBP-YFP-Rab40/CyO;, ;UAS-SBP-YFP-RabX1/CyO;, UAS-SBP-YFP-RabX4/CyO;, and ;UAS-SBP-
YFP-RabX6/CyO;. For the RUSH-release experiments in the pouch of larval imaginal wing discs and
3" instar larval salivary glands, the following transgenic lines were used: ; nubbin-Gal4; as a driver
line in the wing disc, ;; sgs3-Gal4 as a driver line in the salivary glands, ;;UAS-Streptavidin-Golgin-84

for the retention at the Golgi and ; UAS-SBP-YFP-Rab7/CyO;.

To compare the expression pattern in developing pupal P+40% eye-brain complexes of YFP-
and SBP-YFP-tagged flies, the following Drosophila lines were used: ;shortGMR-Gal4/CyO;
(Bloomington stock #1104) as a driver line and ;;GMR-myr-tdTomato/Tm6B to mark the
photoreceptor projections. The following YFP-tagged lines were used: ;UAS-YFP-Rab3WT;
(Bloomington stock #9762), ;UAS-YFP-Rab4WT; (Bloomington stock #23269), ;UAS-YFP-Rab9WT;
(Bloomington stock #9783), ;UAS-YFP-Rab19WT; (Bloomington stock #24150), ;UAS-YFP-Rab21WT;
(Bloomington stock #23242), ;UAS-YFP-Rab23WT/CyO; (Bloomington stock #9803), ;UAS-YFP-
Rab26WT/CyO; (Bloomington stock #23245), ;UAS-YFP-Rab27WT; (Bloomington stock #9810),
;UAS-YFP-Rab32WT; (Bloomington stock #9821), ; UAS-YFP-Rab40WT; (Bloomington stock #23248),
;UAS-YFP-RabX1WT; (Bloomington stock #9840), ;;UAS-YFP-RabX4WT (Bloomington stock #9851), ;
UAS-YFP-RabX6WT; (Bloomington stock #23279). The following SBP-YFP-tagged lines were used:
;UAS-SBP-YFP-Rab3/Cy0O;, ;UAS-SBP-YFP-Rab4/CyO;, ;UAS-SBP-YFP-Rab9/CyO;, ;UAS-SBP-YFP-
Rab19/Cy0O; , ;UAS-SBP-YFP-Rab21/CyO;, ;UAS-SBP-YFP-Rab23/Cy0O;, ;UAS-SBP-YFP-Rab26/CyO;,
;UAS-SBP-YFP-Rab27/Cy0O;, ;UAS-SBP-YFP-Rab32/CyO;, ;UAS-SBP-YFP-Rab40/CyO;, ;UAS-SBP-YFP-
RabX1/Cy0O;, UAS-SBP-YFP-RabX4/Cy0;, and ;UAS-SBP-YFP-RabX6/CyO;.

Generation of the transgenic RUSH toolbox
Conventional cloning and phiC31 integrase-mediated transgenesis were used to generate all RUSH-
system flies. This was performed by WellGenetics Inc. (Taipei, Taiwan). To generate the RUSH-Rab

GTPases (UAS-SBP-YFP-tagged), the genomic DNA of the respective wild type variant (Zhang et al.,
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2007) was used to get the YFP-Rab fragment, while the SBP fragment was provided by Addgene
(plasmid #65305, donated by Franck Perez). Using Xhol/Xbal cutting sites, both fragments were
cloned into a pUAST-attB vector and integrated into the Drosophila genome with the same landing
site y'w!!®; PBac (y*-attP-3B) VK00002 (Bloomington stock #9723). RUSH transgenic Drosophila
lines were generated for all 26 protein-encoding Rab GTPases. Four different hook lines, tagged
with Streptavidin, were generated. One is located at the Golgi, UAS-Streptavidin-Golgin-84
(Addgene, plasmid #65305), facing the cytoplasmic cite, while three are located at the Endoplasmic
Reticulum, UAS-Streptavidin-KDEL (Addgene, plasmid #65306), UAS-Streptavidin-STIM1-NN
(Addgene, plasmid #65311), UAS-Streptavidin-li (Addgene, plasmid #65312), facing the luminal
domain (KDEL, STIM1-NN) or the cytoplasmic site (li). All plasmids were donated by Franck Perez.
Hook fragments were first amplified by PCR and, using Xhol/Xbal sites as enzyme cutting sites,
cloned into a pUAST-attB vector. For the integration of the constructs into the Drosophila genome,
two different landing sites were used, which are y* w!'*8; PBac (y*-attP-9A) VK00018 (Bloomington
stock #9736) for the second chromosome and y! M (vas-int.Dm) ZH-2A w*; PBac (y*-attP-3B)
VK00033 (Bloomington stock #24871) for the third chromosome.

Immunohistochemistry

Tissues were dissected in ice-cold Gibco™ Schneider’s Drosophila Medium (Thermo Fisher
Scientific) and collected in ice-cold culture medium (Ozel et al., 2015). For incubation with Biotin,
2 mg powdered D-Biotin was dissolved in 1 ml culture medium. Experimental tissues were
incubated with Biotin-containing culture medium, while control tissues were incubated with Biotin-
free culture medium for the same amount of time (proof-of-principle experiments in pupal
photoreceptors: 15, 30, 60, and 120 minutes, proof-of-principle experiments in salivary glands: 15
and 30 minutes, release experiments: 15 and 60 minutes; fluorescence ratio experiments: 60
minutes). After incubation, both control and experimental tissues were shortly washed with
Gibco™ Schneider’s Drosophila Medium (Thermo Fisher Scientific) and fixated in PBS with 4%
paraformaldehyde for 30 minutes at room temperature. After fixation, tissues were washed several
times with PBST (PBS + 0.4% Triton X-100). The following primary antibody was used: mouse anti-
Streptavidin (1:100, Novus Biologicals). Pupal eye-brain complexes and wing discs were incubated
overnight, while salivary glands were incubated for three days. The following secondary antibodies
were used: Goat anti-mouse Alexa647 (1:500; Jackson ImmunoResearch Laboratories) or Goat anti-
rabbit Alexa 594 (1:800, Thermo Fisher Scientific) and tissues were incubated overnight. DNA in

salivary glands was labeled using Hoechst dye (1:2000, Thermo Fisher Scientific). All samples were
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mounted in Vectashield mounting medium (Vector Laboratories), while pupal eye-brain complexes

were mounted with their dorsal side up, to fully expose photoreceptor terminals in the lamina.

Confocal Microscopy, Image Processing and Quantification

All microscopic data acquisition was performed using a white laser Leica SP8 X with 20x and 63x
Glycerol objectives (NA = 1.3). Leica image files were processed with Imaris (Bitplane) and Image)
(National Institute of Health). Postprocessing was performed using Photoshop (CS6, Adobe Inc.).
Illustrator (CS6, Adobe Inc.), Photoshop (CS6, Adobe Inc.) and GraphPad Prism 8.3.0 (GraphPad

Software Inc.) were used to plot the data.

The fluorescence intensity ratio between axon terminals in the lamina region and cell
bodies were quantified by measuring 8 bit pixel intensities in several different regions of interest.
This was followed up by statistical analyses. For the colocalization experiments, single slices were
manually quantified, whereby only individually discernable compartments were counted and
analyzed. GraphPad Prism 8.3.0 (GraphPad Software Inc.) was used for statistical analyses and all
specific statistical tests as well as sample numbers are indicated for each experiment in the

respective figure legend.
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Supplementary Figure 1
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Supplementary Figure 1: Overview of transgenic RUSH lines and comparison between nervous
system-enriched YFP-Rab and SBP-YFP-Rab fusion proteins expressed in developing
photoreceptors (A) List of 26 transgenic RUSH-Rabs, sorted according to their expression pattern, going
from ‘nervous system high’ (blue) at the top to ‘widespread’ (grey) to the ‘ubiquitous’ (white) Rabs at the
bottom. Rab proteins used for RUSH analyses are highlighted in dark green. (B) List of four transgenic hook
lines, sorted by their retention site (ER or Golgi) and domain (luminal or cytoplasmic). (C) Comparison of the
expression patterns of YFP-tagged Rab GTPases with newly generated SBP-YFP-tagged Rabs reveals no
significant differences in their subcellular localization in ~P+40% pupal eye-brain complexes. Labeling of
developing photoreceptors by GMR-myr-tdTomato (red). YFP- and SBP-YFP-tag shown in green and in the
single channels (grey scale). Scale bar = 20 um; number of eye-brain complexes n = 3-6.
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Supplementary Figure 2
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Supplementary Figure 2: Proof-of-principle experiments with RUSH-Rab7 performed in larval
wing discs and third instar salivary glands (A-D) Expression of transgenic RUSH lines in larval wing
imaginal discs. Expression of the Golgi-hook (A) or RUSH-Rab7 (B) under nubbin-Gal4 does not affect normal
wing disc development when flies are raised on normal food. Expression of both constructs leads to apoptosis
and dead cell shedding, even if raised on normal food (C). Expression of both constructed leads to highly
deformed imaginal wing discs and larval lethality prior to pupation, when flies are raised on egg white-
enriched food (D). Scale bar = 50 um. (E-H) Expression of transgenic RUSH lines in third instar salivary glands.
Expression of the Golgi-hook (magenta) and RUSH-Rab7 (green) under sgs3-Gal4 does not affect salivary
gland development, neither when flies were raised on normal food (E), nor when raised on egg white-
enriched food (F). RUSH-Rab7 was released from the Golgi-hook after Biotin incubation for 15 (G) or 30
minutes (H). Immunolabeling of the Golgi-hook with Streptavidin. DNA (blue) was labeled with Hoechst dye.
Scale bar =50 um.
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Supplementary Figure 3
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Supplementary Figure 3: RUSH release experiments for all nervous system-enriched Rab GTPases
with 15 minutes of Biotin incubation

Rab GTPases are sorted according to their expression pattern (see Suppl. Fig. 1 as reference). Retention (0
minutes, no Biotin) and release (15 minutes of Biotin incubation) of all nervous system-enriched Rab GTPases
(green, single channel grey scale) from the Golgi hook (blue, single channel grey scale). Shown are images of
ommatidia of retina from ~P+40% pupae. Immunolabeling of the Golgi-hook with Streptavidin. Scale bar =
2 um; number of retinas n = 3-5 for each incubation time point.
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Supplementary Figure 4: RUSH release experiments for all nervous system-enriched Rab
GTPases with 60 minutes of Biotin incubation

Rab GTPases are sorted according to their expression pattern (see Supplementary Figure 1 as reference).
Retention (0 minutes, no Biotin) and release (60 minutes Biotin incubation) of all nervous system-enriched
Rab GTPases (green, single channel grey scale) from the Golgi hook (blue, single channel grey scale). Shown
are images of ommatidia of retina from ~P+40% pupae. Immunolabeling of the Golgi-hook with Streptavidin.
Scale bar =2 um; number of retinas n = 3-5 for each incubation time point.
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Supplementary Figure 5
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Supplementary Figure 5: Quantification of retention and release rates of all nervous system-
enriched Rab GTPases from the Golgi-hook (A-J) Diagrams are sorted according to their release
properties within in the first 15 minutes after the addition of Biotin. (A) RabX4 was identified as a
‘fast-releasing’ Rab. Within the first 15 minutes of Biotin incubation 50% of the Golgi-hook lost colocalization
with RUSH-RabX4 (patterned bar chart), while the amount of RUSH-RabX4 (YFP-only) compartments
increased significantly (green bar chart). RUSH-RabX4 compartments are distinctly localized in the cytoplasm
of the photoreceptor cell bodies. Mean + SEM; **** p <0.0001; number of ommatidia n =9 from 3-5 animals
for each Biotin incubation time point; Ordinary one-way ANOVA with pair-wise comparison, Holm-Sidak test.
(B) RabX1 was identified as a ‘fast-releasing’ Rab. Within the first 15 minutes of Biotin incubation 50% of the
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Supplementary Figure 5 continued

Golgi-hook lost colocalization with RUSH-RabX1 (patterned bar chart), while the amount of RUSH-RabX1 (YFP-
only) compartments increased significantly (green bar chart). RUSH-RabX1 compartments are distinctly
localized in the cytoplasm of the photoreceptor cell bodies. Mean + SEM; ns = non-significant, **** p <
0.0001; number of ommatidia n =9 from 3-5 animals for each Biotin incubation time point; Ordinary one-way
ANOVA with pair-wise comparison, Holm-Sidak test. (C) RabX6 was identified as a ‘fast-releasing’ Rab, within
the first 15 minutes of Biotin incubation 50% of the Golgi-hook lost colocalization with RUSH-RabX6. Mean *
SEM; ns = non-significant, **** p < 0.0001; number of ommatidia n = 9 from 3-5 animals for each Biotin
incubation time point; Ordinary one-way ANOVA with pair-wise comparison, Holm-Sidak test. (D) Rab21 was
identified as a ‘fast-releasing’” Rab. Within the first 15 minutes of Biotin incubation 50% of the Golgi-hook
lost colocalization with RUSH-Rab21 (patterned bar chart), while the amount of RUSH-Rab21 (YFP-only)
compartments increased significantly (green bar chart). RUSH-Rab21 compartments are distinctly localized
in the cytoplasm of the photoreceptor cell bodies. Mean £ SEM; ns = non-significant, **** p <0.0001; number
of ommatidia n = 9 from 3-5 animals for each Biotin incubation time point; Ordinary one-way ANOVA with
pair-wise comparison, Holm-Sidék test. (E) Rab40 was identified as a ‘intermediate releasing’ Rab, within the
first 15 minutes of Biotin incubation Golgi-hook lost significant colocalization with RUSH-Rab32. Mean + SEM;
ns = non-significant, **** p < 0.0001; number of ommatidia n =9 from 3-5 animals for each Biotin incubation
time point; Ordinary one-way ANOVA with pair-wise comparison, Holm-Sidak test. (F) Rab3 was identified as
a ‘intermediate releasing’ Rab. Within the first 15 minutes of Biotin incubation Golgi-hook lost significant
colocalization with RUSH-Rab3 (patterned bar chart), while the amount of RUSH-Rab3 (YFP-only)
compartments increased significantly (green bar chart). RUSH-Rab3 compartments are distinctly localized in
the cytoplasm of the photoreceptor cell bodies. Mean + SEM; ns = non-significant, * p < 0.05, ** p < 0.01,
**%* p <£0.0001; number of ommatidia n =9 from 3-5 animals for each Biotin incubation time point; Ordinary
one-way ANOVA with pair-wise comparison, Holm-Sidak test. (G) Rab32 was identified as a ‘intermediate
releasing’ Rab. Within the first 15 minutes of Biotin incubation Golgi-hook lost significant colocalization with
RUSH-Rab32 (patterned bar chart), while the amount of RUSH-Rab32 (YFP-only) compartments increased
significantly (green bar chart). RUSH-Rab32 compartments are distinctly localized in the cytoplasm of the
photoreceptor cell bodies. Mean + SEM; ** p <0.01, **** p < 0.0001; number of ommatidia n =9 from 3-5
animals for each Biotin incubation time point; Ordinary one-way ANOVA with pair-wise comparison,
Holm-Siddk test. (H) Rab26 was identified as a ‘slow-releasing’ Rab, within the first 15 minutes of Biotin
incubation less than 25% of the Golgi-hook lost colocalization with RUSH-Rab26. Mean + SEM; *** p <0.001,
*¥*%* pn <0.0001; number of ommatidia n =9 from 3-5 animals for each Biotin incubation time point; Ordinary
one-way ANOVA with pair-wise comparison, Holm-Sidak test. (1) Rab27 was identified as a ‘slow-releasing’
Rab, within the first 15 minutes of Biotin incubation less than 25% of the Golgi-hook lost colocalization with
RUSH-Rab27. Mean + SEM; * p < 0.05, **** p < 0,0001; number of ommatidia n = 9 from 3-5 animals for
each Biotin incubation time point; Ordinary one-way ANOVA with pair-wise comparison, Holm-Sidak test.
(J) Rab19 was identified as a ‘slow-releasing’ Rab, within the first 15 minutes of Biotin incubation less than
25% of the Golgi-hook lost colocalization with RUSH-Rab19. Mean + SEM; ns = non-significant, *** p <0.001,
**** p <0.0001; number of ommatidia n =9 from 3-5 animals for each Biotin incubation time point; Ordinary
one-way ANOVA with pair-wise comparison, Holm-Sidak test. (K-M) Retention or release rates could not be
quantified, as the RUSH versions of Rab23, Rab9, and Rab4 show a membranous localization in the
photoreceptor cell bodies.
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Supplementary Figure 6
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Supplementary Figure 6: RUSH re-localization experiments for all nervous system-enriched Rab

GTPases with 60 minutes of Biotin incubation
Rab GTPases are sorted according to their expression pattern (see Supplementary Figure 1 as reference).

Retention (0 minutes, no Biotin) and release (60 minutes Biotin incubation) of all nervous system-enriched
Rab GTPases (green, single channel grey scale) from the Golgi hook (blue) in photoreceptor cell bodies. For
some Rab GTPases a re-localization of the protein to the photoreceptor axon terminals can be observed after
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Supplementary Figure 6 continued
60 minutes of Biotin incubation. Shown are cross-sections of retinas and photoreceptor axon projections in

the lamina region of ~P+40% pupae. Immunolabeling of the Golgi-hook with Streptavidin. Scale bar =20 um;
number of retinas n = 3-5 for each incubation time point.
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6. General discussion

Neurons are long-lived, post-mitotic cells with a highly polarized and often complex
morphology (Bentley and Banker, 2016). As such, they require specialized membrane
trafficking and degradation pathways during neurodevelopment, including transport of
needed building materials and regulated plasma membrane expansion (Kiral et al., 2020;
Winkle and Gupton, 2016), during synaptic function (Sudhof, 2004), as well as during
functional homeostasis and maintenance (Wang et al., 2013). Rab GTPases, in their function
as master regulators of intracellular membrane trafficking between membranous
compartments, are involved in all of these processes. However, only a limited number of
them have been analyzed for their specific roles in neurons (Chan et al., 2011; Pfeffer, 2017;

Zhen and Stenmark, 2015).

At the core of my doctoral studies was the first systematic functional characterization
of nervous system-enriched Rab GTPases in Drosophila. With this, I want to contribute to
answer questions in the field of (Rab-mediated) endomembrane trafficking, including, what
are the roles of Rab GTPases with high expression in the nervous system during
development, as well as neuronal function and maintenance in the multicellular organism
Drosophila? Further, in a greater context, how do individual Rab GTPases contribute to the
robustness of membrane trafficking events and therefore to the health as well as neuronal
and synaptic homeostasis of neurons? To approach these questions experimentally in an
unbiased way, we used a collection of molecularly defined rab null mutants to check for
evolutionary selected roles during robust development and function (Manuscript 2; Kohrs et
al., 2021), as well as a transgenic toolbox based on the published RUSH system to identify
intracellular localization and trafficking dynamics of Rab GTPases (Manuscript 3; Kohrs et
al., unpublished) (Boncompain et al., 2012). Additionally, the experimental work was
corroborated by extensive literature research on Rab-mediated membrane trafficking events
and neurodegenerative diseases, establishing possible ‘cause and effect’ relations in
Manuscript 1 (Kiral et al., 2018). In the following sections of this chapter, I will discuss the

major results of my doctoral studies and set them in relation to previously published work.
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6.1 The associations between Rab GTPases and neurodegenerative
diseases are more correlative than causative

Coordinated membrane trafficking is essential for neurons, not only during their
development and function. They also rely on it to maintain neuronal and synaptic
homeostasis, as well as their health over extended periods of time. Especially synapses, sites
of extensive membrane turnover, depend on functional maintenance mechanisms. Hence, it
1s not surprising, that the loss of synaptic integrity has been identified as an early hallmark
of numerous neurodegenerative diseases (Bezprozvanny and Hiesinger, 2013; Henstridge et
al., 2019; Wang et al., 2013). As reviewed in detail in Manuscript 1 (Kiral et al., 2018),
several Rab GTPases and the intracellular membrane trafficking pathways these mediate in
the nervous system, have been both directly and indirectly linked to the onset and
progression of neurodegenerative diseases, such as Alzheimer’s (AD) and Parkinson’s

disease (PD).

Impairment of certain trafficking pathways, especially of the early endosomal and
endolysosomal degradation pathway, have been identified as so called ‘drivers of pathology’
in diseases like PD, AD, and the rare sensory neuropathy Charcot-Marie-Tooth (CMT).
However, the relationship between specific Rab GTPases and neurodegeneration has been
mostly correlative rather than causative. So far, no other rab mutant was causatively linked
to neurodegenerative disease pathology, apart from Rab7 and Rab39b, where a clear causal
link between mutations in the rab loci and CMT2B and familial PD, respectively, could be
identified (Guadagno and Progida, 2019; Kiral et al., 2018; Kuwahara and Iwatsubo, 2020;
Singh and Mugit, 2020). Often the defects or changes in the levels of Rabs are not the

primary cause, but rather are secondary or downstream of disease pathology.

Therefore, it is crucial to first identify the individual requirements of neurons to stay
healthy as well as functional and second to establish the specific roles of Rab proteins in
intracellular membrane trafficking. This needs to happen prior to investigating the intricate
relations between Rab GTPases, Rab-mediated trafficking events, and neurodegenerative

disease pathology.
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6.2 Nervous system-enriched Rab GTPases serve modulatory roles in
membrane trafficking, differentially affecting robust development
and function

Previously, a systematic expression profiling effort revealed that all 26 Drosophila Rab
GTPases are expressed in the nervous system, albeit with different localization patterns.
Surprisingly, half of these are enriched or strongly enriched in the nervous system and
predominantly located in the synaptic neuropil in the developing and adult brain (Chan et
al., 2011; Jin et al., 2012). However, the majority of these nervous system-enriched Rab
proteins have remained largely uncharacterized so far, which motivated the experimental
work presented in Manuscript 2 (Kohrs et al., 2021). We posed the following questions:
With so many Rab GTPases being nervous system-enriched, do they have specific roles in
development as well as in the function and maintenance of neurons? Are these neuronal
roles essential or rather more specialized and modulatory? And can varying environmental

conditions reveal context-dependent Rab functions?

To address these questions, 17 molecularly defined null mutants (rab 2, 4, 9, 10, 14,
18, 19,21, 23, 26, 30, 35, 39, 40, X1, X4, and X6) were generated to complete the rab null
mutant collection. 9 rab mutants already existed before this study (rab 1, 3, 5, 6, 7, 8, 11,
27, and 32). Over the years, the family of small Rab GTPases has been analyzed multiple
times to gain insight into the membrane trafficking networks they regulate. For instance,
effector analyses (Gillingham et al., 2014), expression profiling efforts with endogenously
tagged or wild type Rab variants (Chan et al., 2011; Dunst et al., 2015; Jin et al., 2012), and
cell type-specific systematic RNAi knockdown analyses (Best and Leptin, 2020) have been
performed. Further, the gene family has been reviewed in their capacity as compartment
identifiers, trafficking coordinators, and intracellular membrane organizers (Gurkan et al.,
2005; Pfeffer, 1994; Stenmark, 2009; Zerial and McBride, 2001). However, so far, no
systematic functional analysis in a multicellular organism has been performed to elucidate

Rab functions.

While loss of ubiquitously expressed rab genes leads to lethality under
homozygosity, null mutants for all 13 nervous system-enriched rabs are viable and fertile
under laboratory conditions. Although, some mutant chromosomes show a competitive
disadvantage. Yet, laboratory conditions exert only minimal selection pressure, food and
water are provided ad libitum, and flies are reared in non-crowded conditions under room

temperature. Therefore, we hypothesized that these 13 nervous system-enriched Rab
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GTPases have likely non-essential, more specialized functions in the organism and that these
only reveal themselves in a context-specific manner, under non-laboratory and more
stimulating conditions. Previously, modulatory roles for nervous system-enriched Rab
proteins have already been proposed and discussed, based on the findings that expression of
dominant negative variants did not affect neuronal survival in flies, nor did the expression
of the constitutively active and dominant negative variants cause any obvious defects during
development and function (Chan et al., 2011; Harris and Littleton, 2011). However,
phenotypic differences have already been described between several loss-of-function
mutants and the corresponding dominant negative variants, not only in Drosophila but also
for mammalian Rabs. Examples include Rab7, where functional loss of rab7 leads to a
stimulus-dependent degeneration of Drosophila photoreceptors, starting at the synapses.
Contrary to this, expression of the dominant negative variant does not lead to any
morphological or functional defects. More importantly, dominant negative Rab7 could
partially rescue the null mutant phenotype, indicating retained wild type function to some
degree (Chan et al., 2011; Cherry et al., 2013). Another example is mammalian Rab18.
Here, the silencing of rabl8 function strongly impairs the radial migration of developing
primary cortical neurons in mice. While neuronal migration is only very mildly affected
when the dominant negative variant is expressed in the same cell-type (Wu et al., 2016).
Therefore, the careful analysis of single rab mutant phenotypes can provide reliable evidence

for their modulatory, specialized roles.

Correctly operating membrane trafficking machineries are essential during
development and function of the nervous system. Given the Rabs’ proposed modulatory
role, we devised a series of assays to systematically analyze the developmental and
functional robustness of the nervous system in the homozygous viable and fertile rab mutant
flies. Here in this context, robustness is defined as the ability of a given system to tolerate
variations in a prevalent environmental condition to a certain extent (Hiesinger and Hassan,
2018). For instance, Drosophila, amongst other animals, has evolved to robustly develop a
functional brain under a variety of developmental temperatures (Kiral et al., 2021). As such,
rab mutant development was specifically challenged with different temperatures, while
continuous light stimulation was used to challenge neuronal function as well as maintenance
in a controlled manner. The systematic analysis revealed context-specific roles, where every

individual rab mutants affected different aspects of development or neuronal function and
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might contribute to a deeper understanding of functional requirements of neurons under

evolutionary selection.

In more detail, environmental temperature has a strong effect on developmental
processes, physiology and overall fitness of ectotherms, like flies, which have only very
limited abilities to regulate their own body temperature (Cheung and Ma, 2015; Dillon et al.,
2009; Gillooly et al., 2002). The physiological permissive temperature range for wild type
Drosophila is roughly between 18°C - 29°C, with its thermal preference being 25°C for
optimal growth (Economos and Lints, 1986; Hamada et al., 2008; Siddiqui and Barlow,
1972). In general, robust development will result in a ‘normal’ outcome (here a functioning
adult fly), even under more variable conditions as long as these are inside a certain tolerable
range. Interestingly, the majority of viable and fertile ab null mutants, developed at one of
the three tested temperatures (18°C, 25°C, and 29°C), differentially affected the
developmental timing and robustness of the flies. While some mutants (rabX! and rabX4)
exhibited specific developmental phenotypes, independent of the environmental
temperature, other mutants exhibited a stronger sensitivity towards higher (rabi8, rabli9,
and rab32) or lower temperatures (rab4 and rab40) during their development. This indicates
that the majority of homozygous viable and fertile rab mutants represent, to varying extents,

sensitized genetic backgrounds during development under more variable temperatures.

To specifically test the function and maintenance of neurons under challenging
conditions, we used white light to continuously stimulate mature photoreceptor neurons. In
invertebrates, like Drosophila, as well as in vertebrates, already continuous light stimulation
of wild type photoreceptors can cause a reduction in photoresponse, eventually affecting
neuronal maintenance, leading to retinal blindness and degeneration (Lee and Montell, 2004;
Noell et al., 1966). With our light stimulation paradigm, the tested populations of white-
eyed wild type flies showed a gradual decrease in synaptic transmission as well as
depolarization over a period of seven days, with two days of light stimulation representing a
highly sensitized time window. Testing inside this dynamic range allows for the
identification of changes in the neuronal function of mutant photoreceptors. The systematic
screen of all homozygous viable rab null mutants, using ERG recordings, revealed four
nervous system-enriched rab mutants (rab 3, 19, 26, and X6), which showed a stimulus-
dependent functional transmission defect without any pre-existing functional or
morphological defects of the eye. Furthermore, these four Rab GTPases exhibited a strong

protein localization to the synaptic neuropil in the adult fly brain, highlighting a correlation
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between adult neuronal expression with synaptic localization and robust synaptic function
under challenging, continuous stimulation. Analyzing the morphology of outer rhabdomeres
and photoreceptor axon projections before and after light stimulation revealed 10 rab
mutants with possible roles in activity-dependent membrane turnover in rhabdomeres, two
of them (rab!9 and rab26) showing an additional phenotype, in form of membrane protein

accumulations in axon terminals in the lamina.

The different stimulation assays revealed a range of context-specific phenotypes for
all nervous system-enriched rab mutants which would have remained phenotypically sub-
threshold if kept under non-stimulating laboratory conditions (Hiesinger, 2021). The fact
that all nervous system-enriched rab mutants are viable and differentially affect development
or function when challenged, supports the hypothesis of evolutionary selected, specialized
Rab functions involved in the modulation of membrane trafficking in order to maintain
robust development and function under varying conditions. Here, variable environmental
conditions revealed context-dependent Rab functions, where many of the viable mutants did
not display obvious developmental or functional phenotypes under laboratory conditions.
Different Rab GTPases might have more or less context-dependency. In our functional
analysis we used varying environmental conditions as a form of context. However,
examining Rabs with respect to different contexts, which also include subcellular
localization, availability of downstream binding effectors, as well as cell type, might reveal
new or conserved regulatory roles during membrane trafficking. An integrative analysis of
contextual roles of individual Rab proteins across species could be the next step in

understanding why there are so many Rab GTPases.

Finally, the generation of the rab mutant collection, its systematic mutant
characterization in combination with the expression pattern analysis, provides the basis for
more in-depth analyses of single nervous system-enriched rab mutants, of which many still
have unclear or unknown functions. Interestingly, an overwhelming amount of known Rab
functions is inferred from analyses of constitutively active and dominant negative Rab
variants (see Supplementary Tables of Kohrs et al., 2021). However, the amino acid
substitutions, which are used to stabilize the different variants in their active or inactive state,
might affect the molecular properties of Rabs in unpredicted and more complex ways.
Previously, it has been shown that two mammalian Rab proteins, which were assumed to be
constitutively active, could actually not be activated by the respective GEFs. However, only

four Rab-GEF combinations in total were examined in this study, suggesting that more Rabs
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could be misidentified as constitutively active, given the high number of Rab GTPases and
interacting GEFs (Langemeyer et al., 2014; Nottingham and Pfeffer, 2014). Further,
phenotypic differences between null mutants and dominant negative Rab variants have
already been described, as discussed earlier in this section. And dominant negative variants
might retain some wild type function, as is the case of Rab7 (Cherry et al., 2013). Thus,
findings based on Rab variants may be ambiguous to some extent and need to be interpreted
with caution. Loss-of-function analyses are a well-established way to elucidate wild type
gene functions. Yet, for the majority of Drosophila Rab GTPases no molecularly defined
null mutant was even available until now and for the mammalian Rabs, still not all mouse
models exist (see Supplementary Tables of Kohrs et al., 2021). The functional
characterization of the nervous system-enriched Drosophila Rab26 highlights the

importance and necessity of a careful mutant analysis, as discussed in the next section.

6.3 The nervous system-enriched Rab26 functions in stimulus-
dependent, synapse-specific receptor trafficking in Drosophila

Although many Rab GTPases, across different species, are enriched in or specific to the
nervous system, only few of those, including Rab3, Rab27, as well as Rab26, have been
examined for their neuronal roles (Chan et al., 2011; D'Adamo et al., 2014; Jin et al., 2012;
Kiral et al., 2018). Rab3 and Rab27 regulate, somewhat redundantly, synaptic vesicle
exocytosis and neurotransmitter release at the presynapse (Binotti et al., 2016; Fischer von
Mollard et al., 1991; Guadagno and Progida, 2019; Schluter et al., 2004), while in
Drosophila, additional roles were identified. Rab3 functions in the localization of crucial
active zone proteins in the larval NMJ (Chen et al., 2015; Graf et al., 2009), while Rab27
has been shown to modulate Drosophila lifespan and mutant flies exhibit circadian rhythm
defects (Chan et al., 2011; Lien et al., 2020). Nervous system-enriched Rab26 has been
proposed to link synaptic vesicle recycling to the autophagic pathway in both mammals and
Drosophila (Binotti et al., 2015). However, in this study, which was primarily based on the
overexpression of Rab26 variants, no direct connection between the Rab protein, synaptic
vesicles, and autophagy was established in Drosophila. During our systematic functional
mutant analysis, we could observe several phenotypes in the rab26 mutant flies, which
would indicate a possible role of Rab26 at synaptic terminals: Displaying no defects prior
to stimulation, rab26 mutant flies show a stimulus-dependent synaptic transmission defect

after two days. Furthermore, after continuous light stimulation, membrane proteins, such as
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Chaoptin, accumulate specifically in the proximal region of the lamina, where outer R1-R6
photoreceptor axon projections terminate. Photoreceptor-specific knockdown of Rab26
using a RNA1 approach mimics the whole-body mutant phenotype. In addition, this
accumulation phenotype can be rescued by photoreceptor-specific expression of Rab26 in
the mutant background, indicative of a cell-autonomous phenotype. Moreover, endogenous

Rab26 shows a predominant localization to the synaptic neuropil.

To pinpoint the role of Rab26 at synaptic terminals, we first performed similar
experiments as Binotti and colleagues, using our newly generated null mutant in addition to
Rab26 variants expressed in larval NMJs as well as in adult fly photoreceptors. While we
observed partial colocalization of Rab26 variants and endogenous Rab26 with several
endosomal markers, no colocalization with the autophagosomal marker Atg8 and only a
partial overlap with a synaptic vesicle marker in NMJs was discernable. Additionally, no
level changes for autophagosomal and synaptic vesicle markers were observed in the rab26
mutant. Our findings suggest that Drosophila Rab26 is not directly linked to synaptic
vesicles and autophagy in NMlJs during development or in functional neurons of the visual
system. Moreover, until now no other study has demonstrated a direct or indirect link
between Drosophila Rab26 and autophagy, irrespective of cell type. Besides Binotti and
colleagues (2015), others have examined the role of mammalian Rab26 in connection to
autophagy, mainly using Rab26 variants in non-neuronal cell lines for their analyses (Dong
et al., 2018; Luningschror et al., 2017; Siadous et al., 2021; Witte et al., 2020). However, a
functional analysis of mammalian rab26 in neurons has not been performed so far and it

would be interesting to see if the link to autophagy will be corroborated by the mutant.

Yet, endogenous Rab26 localizes to a subset of synapses marked by the synaptic
scaffold protein Bruchpilot in the proximal region of the adult Drosophila lamina. The same
region where continuous light stimulation leads to characteristic accumulations of the
photoreceptor membrane protein Chaoptin, as well as of the choline acetyltransferase
(ChAT) in the rab26 mutant. Based on a recent transcriptome study, outer photoreceptors
R1-R6, which terminate in the lamina, are not known to be cholinergic themselves but are
predicted to express a single acetylcholine receptor subunit nAChRalpha4 (Do4, rye) (Davis
et al., 2020). Cholinergic L4 neurons, so far known for their role in progressive motion
detection, exhibit the distinct stimulus-dependent upregulation of ChAT in the rab26 mutant.
Furthermore, they are the only lamina neurons that specifically form connections to the

proximal end of axon terminals of outer photoreceptors, providing synaptic input most likely

197



via Do4 (Davis et al., 2020; Fischbach and Dittrich, 1989; Kolodziejczyk et al., 2008; Luthy
et al., 2014; Rivera-Alba et al., 2011; Tuthill et al., 2013). Using a Da4 RNAIi approach,
established in Amita Sehgal’s lab (Shi et al., 2014), we could mimic the rab26 mutant
phenotype, by specifically knocking down Da4 in photoreceptors, highlighting a function
for Rab26 in the stimulus-dependent receptor trafficking at specific cholinergic synapses in
the fly visual system. Yet, it is still unknown at which exact step in the postsynaptic

trafficking process Rab26 plays a role and this would need further investigation.

The postsynaptic identity of outer photoreceptors, which are mostly known as the
main presynaptic input source of the fly visual system, is quite interesting. It has been shown
that direct synaptic feedback onto photoreceptors comes from local excitatory interneurons,
namely L4 neurons with their collaterals from directly neighboring cartridges and lamina
wide-field neurons type 1 and 2 (Lawf, cholinergic), as well as from amacrine cells
(glutamatergic) (Dau et al., 2016; Davis et al., 2020; Kolodziejczyk et al., 2008; Rivera-Alba
et al., 2011). The exact role of these feedback connections is unknown, but previously, it
has been proposed that local interneurons can function as fine-tuning regulators of
photoreceptor function (Dau et al., 2016). In Manuscript 2 we could show that Rab26 is
overall strongly associated with the cholinergic system in the fly visual system, showing an
expression pattern similar to that of the cholinergic marker ChAT in the optic lobe. As such,
Rab26 localizes to the presynaptic terminals of Lawf type 2 neurons in the distal region of
the lamina. It would be interesting to expand on possible postsynaptic roles of Rab26 in
other cholinergic neuron types and examine if the role in receptor-subunit trafficking is
conserved in these neurons. Furthermore, Drosophila Rab26 likely exerts a so far unknown
presynaptic function in membrane trafficking as well, as this nervous system Rab
endogenously localizes to larval NMlJs, which form glutamatergic synapses (Chou et al.,
2020; Kohrs et al., 2021). Ultimately, determining the specific, context-dependent wild
type functions of individual Rab proteins and the membrane trafficking events these regulate,
will be critical for causative disease analyses and help expand our understanding of what

keeps neurons alive and functional in the first place.

6.4 Localization dynamics of Rab GTPases revealed by the RUSH
system

Analysis of acute Rab functions in a spatiotemporally controlled manner in differentially

specialized cells of intact tissues would further increase our knowledge of Rab-mediated
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endomembrane trafficking. However, experimental approaches in Drosophila have been
limited so far, and therefore, my collaborator Bojana Pavlovic, a member of Prof. Dr.
Michael Boutros’ lab (DKFZ, Heidelberg) and I tried to establish the ‘retention using
selective hooks’ (RUSH) system in several developing multicellular tissues in Drosophila
to facilitate studies on intracellular localization and trafficking dynamics of Rab GTPases
(Manuscript 3). First generated and published by the lab of Frank Perez, the assay is based
on the selective retention and acute synchronous release of a tagged protein of interest from
a ‘hook compartment’ by the addition of the small molecule Biotin and was originally
designed for mammalian cell culture (Boncompain et al., 2012). So far, published findings
on synchronized trafficking kinetics of various proteins based on the RUSH assay have
solely been made in mammalian cell lines and not in intact tissues of any multicellular
organism (Lisse et al., 2017; Moti et al., 2019; Niu et al., 2019; Pacheco-Fernandez et al.,
2020; Pawar et al., 2017; Petkovic et al., 2014). In developing photoreceptors, we could
identify conditions that allowed for the release of tagged Rab proteins from our selected
‘hook compartment’ the Golgi within minutes, based on proof-of-principle experiments
using the well-characterized late endosomal marker Rab7. This release protocol was further
corroborated by proof-of-principle experiments performed in 3™ instar salivary glands by
Bojana Pavlovic. Retention and acute, synchronous release from the hook allowed for the
identification of ‘fast-releasing’ Rabs most of them being recruited to distinct membrane
compartments inside the photoreceptor cell body, ‘slow-releasing’ Rabs which show a
diffuse cytoplasmic localization in the cell body, as well as two Rab GTPases that re-localize
to the photoreceptor axon terminals in the lamina within one hour of release from the Golgi-
hook in photoreceptor cell bodies. Interestingly, one of these two was the nervous system-
enriched Rab26, for which we could already show a predominant synaptic localization using
our Rab26 antibody, as well as the endogenously tagged protein (Dunst et al., 2015).
Moreover, in our mutant analysis, we could identify a role of this Rab protein in receptor
subunit trafficking in outer R1-R6 photoreceptor terminals in the lamina (see Manuscript 2).
Additionally, future analyses of localization and trafficking dynamics of the Rab proteins
should include the mapping of ‘target compartments’. That is to say, to which compartments
the Rab proteins traffic first after release from the hook, would play a part in the
identification of their regulatory roles in membrane trafficking. Yet, this might be more
feasible in a Biotin-independent assay which shows less detrimental effects, as discussed

below. In general, studying the intracellular localization dynamics of single neuronal Rab
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GTPases in combination with the functional 7ab mutant analyses more closely will surely

reveal new details on Rab-mediated trafficking pathways specifically required in neurons.

However, the applicability of the RUSH assay was limited to some extent depending
on the tested tissue. Already the expression of different RUSH hooks alone, localized to ER
or Golgi, had varying detrimental effects on the development, where the wing disc proved
to be the most sensitive. Additionally, Biotin-deficient fly food, necessary for successful
retention to the hook compartment, caused developmental delays especially during larval
stages as well as a reduction in offspring number and viability. Several Rab proteins formed
aggregates at the Golgi-hook in the developing photoreceptor cell bodies, prior to Biotin
stimulation. Unfortunately, in the wing imaginal discs, no conditions to use the RUSH

system could be established, as the discussed detrimental effects were too extensive.

Targeting the hook to a different intracellular location like the plasma membrane or
mitochondria might prove to be beneficial for the applicability of the RUSH system in ex
vivo cultures of developing multicellular tissues in Drosophila. Tissue defects, which can
already be observed under the constant expression of the Golgi-hook, might in part be due
to disruptions of the secretory pathway. The Golgi apparatus is an essential organelle in the
eukaryotic cell and part of the intracellular secretory pathway, regulating post-translational
modifications, such as glycosylation, of newly synthesized proteins and lipids, as well as the
sorting of secretory cargoes to their final destination (Boncompain and Perez, 2013;
Rothman, 2010). Further, high levels of overexpressed Golgin-84, functioning here as
Golgi-hook protein, have been shown to cause Golgi ribbon fragmentation in HeLa cells
(Diao et al., 2003). Additionally, when selecting the localization of the hook, it is important
to consider the possibility that the tested Rab protein or in general the protein of interest
might have a previously unknown function at this organelle. The rationale of the RUSH
system is to sequester the tagged protein away from its place of action and follow its acute,
synchronized release. Consequently, release dynamics from the hook compartments would
not be as informative and might even be misinterpreted as a lack of release from the hook if
the Rab protein endogenously functions at the hook compartment. In the case of the Golgi-
hook, several predominantly ubiquitous Rab GTPases are known to associate with the Golgi
apparatus membrane. Further, Golgins, coiled-coil proteins which form a cytomatrix around
the Golgi complex, are known to have multiple Rab binding sites (Goud et al., 2018;
Muschalik and Munro, 2018; Sinka et al., 2008). Thus, a set of experiments using different

hooks might be needed here to accurately examine individual Rab dynamics.
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Another possibility for the examination of the intracellular localization dynamics of
Rab GTPases would be to use a different molecular tool based on ligand-modulated antibody
fragments (LAMASs). This system allows for the selective retention and acute, synchronized
release of proteins upon addition of small molecules and was recently published by the lab
of Kai Johnsson (Farrants et al., 2020). Briefly, this method uses a chimeric protein
consisting of a nanobody selectively binding to GFP or GFP-based proteins and a circular
permuted form of bacterial dihydrofolate reductase (cpDHFR). Instead of Biotin as an
external stimulus, two small non-toxic, cell-permeable molecules are administered:
nicotinamide adenine dinucleotide phosphate (NADPH), a cofactor of DHFR, and
trimethoprim (TMP), an anti-bacterial drug and DHFR inhibitor. Upon binding, cpDHFR
changes into its folded form, sterically blocking the binding to the fluorescently-tagged
protein and thereby releasing it. Here, the major advantage compared to the RUSH system
is that no Biotin-free conditions are necessary to achieve retention, thus avoiding detrimental
effects on developmental timing and robustness. So far, proof-of-principle experiments with
Rab7 and the chimeric LAMA protein stably expressed either at the Golgi or on the outer
mitochondrial membrane have been successfully conducted in the Drosophila wing imaginal
disc by my collaborator Bojana Pavlovi¢. The expression of the Golgi-hook needs to be
temporally restricted, by using the temperature-sensitive Gal80 mutant (Gal80ts), to avoid
cell toxicity resulting in massively deformed wing discs. However, the newly generated
Mitochondria-hook allows for its constant expression without causing toxicity or death of
cells. This indicates that mitochondria are more robust compartments for protein retention.
Perspectively, an efficient LAMA assay could be used to sequester endogenously-tagged
Rab proteins away from their place of action, thereby creating conditional rab mutants.
Previously, a RNAi approach was used to systematically knockdown endogenously-tagged
Rabs by targeting the fluorescent tag (Best and Leptin, 2020; Dunst et al., 2015). However,
the advantage here would be to be able to initiate an acute ‘rescue’ of the Rab depleted cells
and examine phenotypic consequences before and after release from the hook compartments.
However, further proof-of-principle analyses will be needed to investigate the exact
retention rates of Rab proteins and to show the system’s applicability in other developing

tissues in Drosophila such as pupal eye-brain complexes.
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7. Concluding remarks and future directions

The primary goal of my doctoral thesis was to provide a first systematic and comparative
functional analysis of the nervous system-enriched Rab GTPases in Drosophila. Previously
available comparative studies were often based on the expression profiling of endogenously
tagged Rab proteins and Rab variants, or on cell type-specific knockdown/knockout
approaches (Best and Leptin, 2020; Chan et al., 2011; Dunst et al., 2015; Harris and Littleton,
2011; Homma et al., 2019; Jin et al., 2012; Udayar et al., 2013). Until now, no systematic
and comparative rab null mutant analysis for any multicellular organism was available to
further investigate evolutionary selected functions of Rab GTPases and the membrane
trafficking events these regulate in neurons. During our systematic mutant analysis, we
observed that, although a high number of nervous system-enriched Rab GTPases exist in
Drosophila these are not individually required for the viability of neurons or the survival of
the organism under laboratory conditions. However, we identified context-dependent roles
where every single viable rab mutant affected a different aspect of development or neuronal
function. These roles only became apparent under more challenging environmental
conditions, as mutant phenotypes were sub-threshold under laboratory rearing conditions.
Nervous system-enriched Rab GTPases seem to be involved in the modulation of membrane
trafficking in order to maintain the robustness of development and function under variable
environmental conditions. It would be interesting to reveal additional contextual roles of
individual Rab GTPases. For example, by using other environmental stimuli, such as
nutrient availability, or by examining different (neuronal) cell types. An integrative analysis
of context-dependent Rab functions will surely contribute to a better understanding of why

there are so many Rab GTPases.

Building on our systematic null mutant analyses, which revealed a range of context-
dependent phenotypes, in-depth characterizations of individual Rab GTPases could now be
performed. For many of them, especially the nervous system-enriched Rabs, their complete
functionality is still unknown. Using a multi-method approach combining detailed, cell
type-specific functional analyses with other approaches, such as subcellular localization
profiling or live-imaging of intracellular compartment dynamics, will surely lead to the
identification of specific functions. In our comparative study, we could establish a so far
unknown role of Drosophila Rab26 in receptor-subunit trafficking at cholinergic synapses

of outer photoreceptors. Moreover, intracellular trafficking pathways have been described
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in neurons where up to now no regulatory Rabs have been identified. For instance, it was
recently demonstrated that autophagosomes selectively form at tips of synaptogenic
filopodia in developing R7 photoreceptors, leading to their destabilization through
degradation of synaptic building materials. Thereby, the bulk degradation mechanism
autophagy contributes to the restriction of synapse formation and synaptic partner choice by
regulating axonal filopodial dynamics during synaptogenesis (Kiral et al., 2020). It will be
exciting to discover if Rab GTPases are involved in the regulation of autophagy during

neuronal wiring in Drosophila, and if they are, which ones exactly.

Further, the complete null mutant collection provides a valuable tool to
experimentally establish functional redundancies between individual Rab proteins using
double mutant combinations. Small Rab GTPases constitute a highly conserved protein
family with great evolutionary plasticity, exhibiting individual losses as well as
diversification and expansion of paralogues (Klopper et al., 2012). Closely related
paralogous with high sequence conservation or Rab proteins exhibiting identical subcellular
localization profiles may share redundant or similar functions (Chan et al., 2011; Jin et al.,
2012; Zhang et al., 2007). Thus, the absence of a phenotype in a single mutant background
does not necessarily mean that the Rab protein is not functional in the tested context, but that
another Rab GTPase might act redundantly. A careful double mutant analysis can provide

more insight into functional properties of individual Rab GTPases.

Additionally, integrative analyses of null mutant observations and intracellular
protein localization dynamics are useful to gain more insight into the role of Rab GTPases
and the membrane trafficking pathways they regulate during neuronal development and
function. Two-state assays, based on the selective retention and acute, synchronous release
of proteins of interest, have the potential to reveal the trafficking dynamics of tagged Rab
proteins. However, while the RUSH system exhibits several disadvantages in developing
multicellular tissues in Drosophila and would need additional improvements, the LAMA
system might prove to be a more reliable choice to study the intracellular localization
dynamics of single Rab GTPases and initial proof-of-principle experiments conducted by

my collaborator Bojana Pavlovic seem promising.

Identifying more of the different, context-dependent functions of Rab GTPases and
the trafficking events these mediate, will not only expand our understanding of how they

contribute to the development, function, and maintenance of a robust nervous system, but
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also if and how their impairment is causally linked to the onset and progression of various
neurodegenerative diseases, such as AD or PD. Finally, while I could answer many of the
more ‘Rab-centric’ questions, the bigger more ‘neuron-centric’ questions still await
clarification. For example, what are the molecular machineries behind neuron-specific
membrane trafficking networks? And ultimately, what keeps neurons and their synaptic
connections healthy and functional over extensive periods of time? The small Rab GTPases
and the intracellular membrane trafficking events these mediate will play a key role

answering those queries.
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8. Summary

One common feature of all eukaryotic cells is the presence of various specialized organelles,
separated by membranes, which necessitates a coordinated trafficking of materials between
these subcellular membrane-bound compartments. Especially neurons, with their long
lifespan, polarized and often complex morphology, as well as their specialized functions,
have particular requirements for membrane trafficking. Not surprisingly, membrane
trafficking is involved in all aspects of neuronal development, function, and long-term
maintenance. The evolutionary conserved family of small Rab GTPases functions as key
regulator of coordinated vesicular trafficking in the endomembrane system. Expression
profiling efforts revealed that in Drosophila half of all Rab GTPases are enriched in or
specific to the nervous system, in humans it is one-third. However, the exact functions of the
majority of nervous system-enriched Rab proteins are still unknown. Thus, studying the
individual roles of those Rab GTPases more closely provides a great opportunity to gain
more insight into the membrane trafficking networks in neurons. Ultimately, this will surely
contribute to the understanding of what keeps neurons and in particular synapses healthy and
functional over extended periods of time. In the nervous system, Rab GTPases and the
membrane trafficking events these mediate have been widely associated with many
neurodegenerative diseases. However, the established relations are often more correlatively

than causatively linked, as discussed in Manuscript 1.

Regarding the importance of an intact intracellular trafficking machinery for the
development as well as neuronal function and maintenance, I primarily focused on the
systematic functional analysis of nervous system-enriched Rab GTPases in Drosophila
during my doctoral work. Previously, no systematic rab mutant characterization in any
multicellular organism had been performed. The analysis, presented in Manuscript 2,
revealed that the homozygous mutants of all nervous system-enriched Rab GTPases, raised
under laboratory conditions, are viable and fertile, whereas, null mutants of ubiquitously
expressed Rabs are all lethal under homozygosity. Thus, suggesting that Rab proteins, with
high expression in the nervous system, serve more modulatory, specialized functions which
are not essential for the survival of the organism. Further, we could show that all viable rab
mutants differentially affect the development or neuronal function under variable, more
challenging environmental conditions, such as temperature and light. This highlights the
evolved robustness of developmental processes and nervous system function towards

varying conditions. Additionally, during the in-depth functional analysis of nervous system-
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enriched Rab26, we revealed a stimulus-dependent role in the trafficking of the single
acetylcholine receptor subunit Da4 at cholinergic synapses of outer photoreceptors.
However, we could not verify a role for Rab26 in the autophagic turnover of synaptic

vesicles in neurons.

Additional assays, such as the RUSH system, can be useful to support functional
analyses. While this acute, synchronous release system could be established for Rabs in
developing photoreceptors and salivary glands, wing imaginal discs proofed to be more
sensitive and no working conditions could be established. Using the RUSH assay, different
release dynamics with ‘fast’ as well as ‘slow’ releasing Rab GTPases could be identified as
shown in Manuscript 3. Further, two nervous system-enriched Rab proteins, namely Rab23
and Rab26, show a clear re-localization from the cell body to the axon terminals, which is
in agreement with their predominant synaptic neuropil localization revealed by expression

profiling.

In conclusion, the findings made during my doctoral work will contribute to a better
understanding of the functional requirements of neurons regarding Rab-mediated membrane
trafficking. The complete rab null mutant collection as well as the RUSH and LAMA
transgenic toolbox provide a strong basis for further investigations of individual Rab

functions during development and homeostasis.
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9. Zusammenfassung

Ein gemeinsames Merkmal von allen eukaryotischen Zellen ist das Vorhandensein von
verschiedenen spezialisierten Organellen, welche durch Membranen voneinander getrennt
sind. Daher miissen die Zellen den koordinierten Transport von Materialien zwischen diesen
subzelluliren membrangebundenen Kompartimenten sicherstellen. Besonders die
langlebigen Nervenzellen, mit ihrer polarisierten und oftmals komplexen Morphologie,
sowie spezialisierten Funktionen, stellen besondere Anforderungen an den
Membrantransport. Es ist nicht weiter {iberraschend, dass der Membrantransport in allen
Aspekten der neuronalen Entwicklung, Funktion und langfristigen Erhaltung involviert ist.
Die evolutiondr konservierte Familie von kleinen Rab GTPasen fungiert als zentraler
Regulator ~ des  koordinierten = Vesikeltransports im  Endomembransystem.
Expressionsanalysen zeigen, dass in Drosophila die Halfte aller Rab GTPasen im
Nervensystem angereichert oder spezifisch vorhanden ist, wohingegen es im Menschen ein
Drittel sind. Jedoch sind die genauen Funktionen fiir die Mehrzahl der im Nervensystem
angereicherten Rab Proteine noch unbekannt. Daher bietet die genauere Untersuchung der
individuellen Rollen dieser Rab GTPasen die groBartige Moglichkeit einen besseren
Einblick in die Netzwerke des Membrantransports innerhalb von Neuronen zu erhalten.
Letztendlich wird dies sicherlich zum Verstindnis beitragen, was Nervenzellen und ins
Besondere deren Synapsen gesund und funktionell iiber ldngere Zeit hélt. Rab GTPasen und
die von ihnen im Nervensystem regulierten Membrantransportwege wurden schon oftmals
mit verschiedenen neurodegenerativen Erkrankungen in Verbindung gebracht. Allerdings
stehen diese gefundenen Verbindungen oftmals eher korrelativ als kausativ miteinander im

Zusammenhang, wie in Manuskript 1 ndher erldutert.

Hinsichtlich der Bedeutung einer intakten Membrantransportmaschinerie fiir die
Entwicklung als auch fiir die Funktion und den Erhalt von Nervenzellen, habe ich mich
wihrend meiner Doktorarbeit hauptsdchlich auf die systematische funktionelle Analyse von
Rab GTPasen fokussiert, die im Nervensystem von Drosophila angereichert sind. Bislang
ist keine systematische Charakterisierung von rab Mutanten, in multizelluldren Organismen,
durchgefiihrt worden. Die Analyse, wie dargestellt in Manuskript 2, ergab, dass die
homozygoten Mutanten, der im Nervensystem angereicherten Rab GTPasen, lebensfdhig
und fruchtbar sind, wenn diese unter Laborbedingungen aufwachsen. Wohingegen die

Nullmutanten von ubiquitir exprimierten Rab GTPasen homozygot letal sind. Folglich liegt
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es nahe, dass Rab Proteine, mit einer hohen Expression im Nervensystem, vermehrt
modulatorische, spezialisierte Funktionen ausiiben, welche nicht essentiell flir das
Uberleben des Organismus sind. Weiter konnten wir zeigen, dass alle lebensfihigen rab
Mutanten die Entwicklung oder neuronale Funktion bei variablen, schwierigen
Umweltbedingungen, wie zum Beispiel Temperatur und Licht, unterschiedlich beeinflussen.
Dies unterstreicht die evolutionir entstandene Robustheit des Nervensystems, im Hinblick
auf dessen Entwicklung und Funktion, gegeniiber verdnderlichen Bedingungen. Zusétzlich
identifizierten wir wéhrend der eingehenden Funktionsanalyse des im Nervensystem
angereicherten Rab26, bei diesem eine stimulusabhidngige Rolle im Transport der
Acetylcholinrezeptor-Untereinheit Da4 in  cholinergen Synapsen der duBleren
Photorezeptoren. Jedoch konnte eine Rolle fiir Rab26 in der autophagischen Degradation

synaptischer Vesikel in Neuronen nicht verifiziert werden.

Zusitzliche Assays, wie etwa das RUSH System, sind niitzlich, um
Funktionsanalysen weiter zu untermauern. Wiahrend dieses auf einer akuten und synchronen
Proteinfreisetzung basierende System, fiir Rabs in sich entwickelnden Photorezeptoren und
Speicheldriisen etabliert werden konnte, stellten sich die Imaginalscheiben der Fliigel als
weitaus empfindlicher heraus und es konnten keine funktionierenden Versuchsbedingungen
ermittelt werden. Mittels des RUSH Assays konnten verschiedene Freisetzungsdynamiken
mit ‘schnell’ sowie ‘langsam’ freigesetzten Rab GTPasen identifiziert werden, wie wir in
Manuskript 3 aufzeigen. Weiterhin weisen zwei im Nervensystem angereicherte Rab
Proteine, namentlich Rab23 und Rab26, eine deutliche Re-lokalisierung vom Zellkorper zu
den prasynaptischen Endigungen auf. Dies stimmt mit ihrer iiberwiegenden Lokalisierung

im synaptischen Neuropil iiberein, was mittels Expressionsanalysen gezeigt wurde.

Abschlielend mochte ich feststellen, dass die wihrend meiner Doktorarbeit erzielten
Ergebnisse zu einem besseren Verstindnis der funktionellen Anspriiche von Neuronen
beziiglich des von Rab Proteinen vermittelten Membrantransports beitragen werden. Die
komplette Kollektion an rab Nullmutanten sowie die transgenen RUSH und LAMA
Toolboxen bilden eine solide Basis fiir weitere Untersuchungen von individuellen Rab

Funktionen wéhrend der Entwicklung und Homdostase.
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