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I. Abstract

I. Abstract

Fast

synaptic

transmission

is

mediated

by

the

triggered

release

of

neurotransmitters from synaptic vesicles (SVs). To regulate synaptic transmission and
neuronal activity, neurons also release neuropeptides and hormones from dense-core
vesicles (DCVs). While SVs can be recycled, DCVs have to be newly synthesized in the
cell body after release. DCVs are believed to be generated at the trans-Golgi network
(TGN) as immature DCVs, which subsequently undergo a maturation process through
clathrin-mediated membrane remodeling events. This maturation process is required for
efficient processing of neuropeptides within DCVs and removal of factors that would
otherwise interfere with DCV release. It has been shown that only mature DCVs are able
to undergo stimulus-dependent exocytosis.
Previously, we showed that the small Rab GTPase, RAB-2, and its effector, RIC19/ICA69, are involved in neuronal DCV maturation in Caenorhabditis elegans. In rab-2
mutants, specific cargo is lost from maturing DCVs and mis-sorted into the endosomallysosomal degradation route. This cargo loss could be prevented by blocking endosomal
delivery. This suggested that RAB-2 is involved in retention of DCV components during
the sorting process at the Golgi-endosomal interface. To understand how RAB-2 activity
is regulated at the Golgi, we screened for RAB-2 specific GTPase activating proteins
(GAPs). We identified a potential RAB-2 GAP, TBC-8, which is exclusively expressed in
neurons, and when depleted, shows similar DCV maturation defects as rab-2 mutants.
We could demonstrate that RAB-2 binds to its putative GAP, TBC-8.
Furthermore, we found novel factors involved in DCV maturation, RUND-1 and
CCCP-1. Interestingly, both RAB-2 effectors, RUND-1 and RIC-19, interacted with the
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negative regulator of RAB-2, the GAP TBC-8, in binding studies. Therefore, RAB-2
might recruit its own GAP via its effector complex, which would enhance its
deactivation. This suggests that the regulation of RAB-2 at the Golgi is highly-dynamic
during DCV maturation. This negative feedback loop might represent a novel mechanism
to regulate Rab function.
Moreover, we have shown for the first time that retrograde trafficking is also
required during DCV maturation by analyzing the involvement of the multi-subunit
Golgi-associated retrograde protein (GARP) tethering complex. We propose that active
RAB-2 might facilitate the reception of retrograde trafficking vesicles delivered back to
the maturing DCV compartment at the Golgi-endosomal interface.
All these findings indicate that DCV maturation is a highly-regulated process that
relies on the cooperation of various proteins, such as Rab GTPases and large multisubunit tethering complexes.
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II.1 Characteristics of neuropeptides
Like low-molecular-weight neurotransmitters, neuropeptides are neuronal
signaling molecules. They are small polypeptides consisting of 3-100 amino acids and are
about 50 times larger than classical, low-molecular-weight neurotransmitters. Therefore,
neuropeptides contain usually more recognition sites for receptors than neurotransmitters
(Salio et al, 2006). As a consequence, they show a higher binding affinity and selectivity
for their own receptors compared to neurotransmitters resulting in downstream biological
effects, even at lower concentrations (Salio et al, 2006). Previously, it has been shown
that neuropeptides have a high half-life in the extracellular space suggesting that their
activity is longer lasting than that of classical neurotransmitters (Mens et al, 1983).
The most important task of neuropeptides is to play an essential role in direct
neuronal communication and in modulating chemical neurotransmission (Salio et al,
2006). Furthermore, neuropeptides contribute in morphological plasticity in the nervous
system (Theodosis et al, 1986). In addition to regulating neuronal functions in close
proximity to the site of release, neuropeptides are also particularly important for
regulating overall behaviors of an organism, such as growth, reproduction and satiety
(Hagan & Niswender, 2012; Kumar, 2011; Messinis et al, 2010) and also act during
inflammation (Hopkins & Rothwell, 1995; Rothwell & Hopkins, 1995).

3

PhD Thesis – Mandy Hannemann

II. General Introduction

II.2 Coexistence of neuropeptides and neurotransmitters in neurons
Coexistence of two or more transmitters is a common feature of neurons (Hokfelt,
1991; Lundberg, 1996; Merighi, 2002). It has been shown that different neuropeptides
can coexist with each other or together with other neurotransmitters. In general, neurons
produce a combination of one (or more) low-molecular-weight transmitter(s) and one (or
more) neuropeptide(s), whereby the classical neurotransmitter is generally believed to be
the main fast-acting messenger (Salio et al, 2006).
Due to the discovery of coexistence, two classes of vesicles have been reported,
small clear synaptic vesicles (SSVs) for classical transmitters and large dense-core
vesicles (LDCVs) for neuropeptides (Fried et al, 1985; Zhu et al, 1986). In some cases
LDCVs also contain neurotransmitters, whereby peptides have never been detected
within SSVs (Pelletier et al, 1981) (Figure II.1). Furthermore, it has been shown that a
neuron that expresses two (or more) types of neuropeptides, stored this mixture within the
same LDCVs and did not selectively package them into different LDCV subpopulations
[reviewed in (Salio et al, 2006)] (Figure II.1).

Figure II.1. Subcellular localization of neuropeptides at central synapses in mouse (a) and
rat (b) by double-immunogold labeling of CGRP/SP. A glomerulus is shown that contain both
SSVs and LDCVs, whereby only in LDCVs both neuropeptides were detected (double-labeling of
large and small gold particles). SSVs were unlabeled. Furthermore, all LDCVs were never seen to
cluster at synaptic densities (arrowheads), away from SSVs. Insert: Magnification of the costorage of CGRP (large 20-nm gold) and SP (small 10-nm gold) within the two LDCVs indicated
by the arrow in (a). CGRP: calcitonin gene-related peptide, SP: substance P. Bars represent 500
nm (insert 50 nm). Source: picture taken from (Salio et al, 2006), Figure 2, © Springer-Verlag
2006, with kind permission from Springer Science and Business Media.
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II.3 Mechanisms of SSV and LDCV exocytosis
This coexistence of LDCVs filled with neuropeptides and SSV containing
neurotransmitters in a single neuron is a general characteristic of central and peripheral
neurons (Hokfelt, 1991; Lundberg, 1996; Merighi, 2002). The release of both,
neurotransmitters and neuropeptides, from one neuron allows fast (2-5 ms) and slow
(100-500 ms) synaptic communication, respectively (Salio et al, 2006). SSVs are
abundant in neurons, clustering close to the plasma membrane. LDCVs are less
frequently observed at synapses and show a spatially distribution throughout the synapse
(Bruns & Jahn, 1995) (Figure II.1). Whereas a certain amount of SSVs are docked to the
pre-synaptic density, known as the readily releasable pool, LDCVs are usually located
distant from the pre-synaptic membrane (Salio et al, 2006) (Figure II.1). Interestingly, it
was observed that LDCVs can be released at plasma membranes without any synaptic
specialization (Buma, 1988; De Camilli & Jahn, 1990; Karhunen et al, 2001; Zhu et al,
1986). In general, vesicle release is triggered by an intracellular increase of Ca2+
concentration, whereby a focal increase in Ca2+ at the synaptic density releases SSVs and
diffuse elevation of Ca2+ inside the synaptic terminal leads to release of LDCVs (Verhage
et al, 1991).
Two different mechanisms of transmitter release were described for SSV and
LDCV exocytosis (Artalejo et al, 1998; Harata et al, 2001; Tsuboi & Rutter, 2003).
Beside the classical exocytosis event resulting in the complete fusion of the vesicle with
the plasma membrane, a “kiss and run” mechanism was observed at synapses. Here, the
vesicle undergoes incomplete fusion and releases its content by the formation of a
transient pore. This mechanism in LDCVs would only allow the secretion of small amine
transmitters that may be present in these vesicles. Neuropeptides remain trapped inside
the vesicle because of their larger size relative to the formed pore and thus are released
slowly from LDCVs (Balkowiec & Katz, 2000; Barg et al, 2002). For these vesicles, it
could be shown that a complete fusion of LDCVs is usually required to release the
neuropeptide content into the synaptic cleft (Barg et al, 2002). Therefore, it is believed
that “kiss and run” may be an important mechanism only for SSVs.
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II.4 Mode of action of neuropeptides
It is believed that neuropeptides have diverse direct or modulatory effects on its
target cell, and when co-released with neurotransmitters, the effects increase dramatically
(Kupfermann, 1991). The different types of possible modulations are depicted in Figure
II.2. It is possible that both transmitters from one single neuron act on different
postsynaptic targets (Figure II.2A) (Yang et al, 1996). However, both types of
transmitters normally act on the same postsynaptic membrane (Figure II.2B-D). Usually,
neuropeptides bind to G protein-coupled receptors (GPCRs), whereas neurotransmitters
activate either GPCRs or ligand-gated ion channels both of which are located in the postsynaptic membrane. Neuropeptides can modulate neurotransmitter triggered postsynaptic
responses by altering the gating properties of the ligand-gated ion channels or their
response to further signals (Figure II.2B). These changes occur either by direct
interaction with the channel or by the activation of second messengers. Furthermore,
neuropeptides may alter the number of receptors at the post-synapse or the affinity of the
receptor to other (simultaneously) released neurotransmitter (Figure II.2C). In addition to
modulating the properties of receptors in the post-synapse, neuropeptides can also
regulate the release properties of neurotransmitters and neuropeptides from the presynapse (Figure II.2D). The localization of specific neuropeptide receptors on the presynapse allows for such a feedback regulation of neuropeptide release (Malcangio &
Bowery, 1999) and or the release of the co-transmitter (Glowinski et al, 1993).
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Figure II.2. Simplified representation of possible modulations by neuropeptides at synapses.
(A) The post-synaptic membrane lacks neuropeptide specific GPCRs, and thus no modulation at
the post-synapse occurs. It is likely that the released neuropeptide acts on a neighboring synapse.
(B) For both neurotransmitters and neuropeptides, receptors are located at the postsynaptic
membrane and direct interaction or via second messenger can occur. In this way, the gating
properties of the neurotransmitter specific channel or its response to further signals can be altered.
(C) Neuropeptides may alter the number of receptors at the post-synapse or the affinity of the
receptor to other (simultaneously) released neurotransmitter. (D) Activation of pre-synaptic
neuropeptide autoreceptors alters release of one or both co-transmitters. Large dense core vesicles
depicted in blue, neuropeptides in black squares; synaptic vesicles containing neurotransmitter
shown in green. Receptors for neurotransmitter are shown in red. GPCR, G protein-coupled
receptor (depicted in purple). Source: picture based on (Salio et al, 2006), Figure 3, © SpringerVerlag 2006, with kind permission from Springer Science and Business Media.

II.5 Dense-core vesicles (DCVs) biogenesis
Contrary to SVs that can be recycled locally at the site of release after exocytosis,
DCVs have to be synthesized de novo in the cell body after release (Kim et al, 2006).
Despite their importance for the modulation of neurotransmission, neuronal DCV
biogenesis is not well understood. Much of our knowledge about neuronal DCVs is based
on studies of secretory granules (SG) released from endocrine cells [also known as dense7
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core secretory granules (DCSG), or dense-core granules (DCG)], which are thought to be
similar to neuronal DCVs. Figure II.3 summarizes all steps necessary to obtain functional
DCVs.

Figure II.3. Steps involved in DCV biogenesis and maturation. General steps during DCV
biogenesis in (neuro)endocrine cells are depicted. Source: picture taken from (Kim et al, 2006).
Copyright © 2006, The American Physiological Society.

Neuropeptides are generated as large precursors at the rough endoplasmic
reticulum (rER), inserted into the ER cisternae, where they are properly folded by ERspecific chaperones (Anelli & Sitia, 2008). Subsequently, they are transported through
the Golgi apparatus until they reach the trans-Golgi network (TGN). Here, the precursors
are packaged into immature DCVs (iDCVs). These iDCVs are also loaded with
processing enzymes and other proteins such as granins (Huttner et al, 1991) (section
II.5.2), processing enzymes (e.g. carboxypeptidase E (CPE), proprotein convertases
(PC1/3, PC2) (Fricker, 1988; Halban & Irminger, 1994; Milgram et al, 1997; Seidah &
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Chretien, 1999), H+ V-ATPase (Schoonderwoert & Martens, 2001), phogrin, and IA-2
(Lu et al, 1996; Wasmeier & Hutton, 1996).
After the budding of iDCVs from the TGN, a number of maturation steps follow
to obtain mature, exocytosis-competent DCVs (mDCVs). During this maturation process
the size of iDCVs increases (Tooze et al, 1991), by means of syntaxin 6 and
synaptotagmin IV dependent homotypic fusion events of iDCVs to form a functionally
distinct compartment from the Golgi (Morvan & Tooze, 2008).
Furthermore, continuous acidification of DCVs occurs to activate the enzymes
(PCs, CPE), which are required for processing of proneuropeptides. The pH decrease
from the TGN (pH ~6.5-6.2) via iDCVs (pH ~6.3-5.7) to mDCVs (pH ~5.5-5.0) is
achieved by increases in the density of H+ V-ATPase pumps and by decreases in H+
permeability through the membranes (Wu et al, 2001a). It has been shown that an acidic
pH is not only crucial to activate processing enzymes, but also required for the formation
of DCVs (Tanaka et al, 1997; Taupenot et al, 2005).
It has been shown that syntaxin 6 and synaptotagmin IV, along with mis-sorted
lysosomal enzymes, furin and other proteins such as constitutive secretory pathway
proteins are removed by budding of clathrin coated vesicles from maturing DCVs (Kim et
al, 2006; Tooze et al, 1991). Clathrin binding from DCVs is dependent on the adaptor
complex AP-1 whose recruitment is mediated by the small GTPase Arf1 (Dittie et al,
1996). Previously, it was observed that other clathrin adaptor proteins such as GGAs
(Golgi associated, γ ear containing, ADP ribosylation factor binding protein) are also
involved in this remodeling step (Kakhlon et al, 2006). The fate of these removed,
constitutive vesicles is diverse (Kim et al, 2006): In some cases, these vesicles undergo
constitutive secretion, whereas in other cases they are destined to fuse with endosomes
and some are transported back to the TGN, which carry TGN-resident processing
enzymes, like furin (Dittie et al, 1997; Molloy et al, 1994).
This clathrin-dependent membrane remodeling process functions as a proofreading mechanism to ensure proper DCV content and correct membrane composition of
mDCVs (Morvan & Tooze, 2008). This is necessary, since it has been shown that only
mDCVs are able to undergo efficient, stimulus-dependent exocytosis (Eaton et al, 2000).
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The final steps of DCV maturation, prior to fusion, are condensation of cargo
molecules by further acidification and removal of water (Kim et al, 2006). After all
maturation steps, mDCVs are transported along microtubules from the cell body to their
releasing sites, where they are stored until they undergo stimulus dependent exocytosis
(Park et al, 2009).

II.5.1 Lipids necessary for vesicle budding at the TGN
It has been shown that lipids like diacylglycerol (DAG) and phosphatidic acids
(PAs) are important to initiate vesicle budding. Due to the conical molecular shape of
these molecules at conditions found in the TGN provides sufficient force to induce a
negative curvature of the Golgi membrane (Corda et al, 2002; Shemesh et al, 2003).
Moreover, phosphoinositides are also contributors to vesicular budding by recruiting
adaptor proteins whose interaction facilitates membrane traffic (Godi et al, 2004). A
significant role in vesicle formation plays cholesterol. Together with other lipids such as
sphingomyelin, it forms “lipid rafts” microdomains, from which vesicles bud at the TGN
(Dhanvantari & Loh, 2000).

II.5.2 Granins and its role in aggregation within DCVs
Granins represent an important protein family that is crucial during vesicle
formation. These proteins are abundant in DCVs. Well-studied representatives are
chromogranin A (CgA), B (CgB), and secretogranin II-IV (SgII-IV) (Taupenot et al,
2002). Granins are rich in acidic amino acids, possess a high binding capacity for Ca2+,
and self-aggregate at mildly acidic pH (pH 5-6) and high Ca2+ concentrations (10-40
mM) (Kim et al, 2006). These conditions are found in the TGN (Colomer et al, 1996;
Tooze et al, 1991). This aggregation behavior of granins is essential in the sorting of
DCV cargo, since it was shown that cargo proteins can be efficiently incorporated into
the granin aggregates, whereas constitutively secreted proteins are excluded (Colomer et
al, 1996; Tooze et al, 1991).
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Previously, it has been shown that secretogranin III (SgIII) plays an essential role
in DCV biogenesis. It possesses three functional domains: a cholesterol-binding domain,
a CgA-binding domain, and a carboxypeptidase E (CPE)-binding domain (Figure II.4),
allowing simultaneously binding to CgA, cholesterin-rich membrane and CPE (Hosaka et
al, 2005). In addition to its processing activity, CPE is predicted to be a sorting receptor
for DCVs (Loh et al, 2002). By utilizing all these three domains, SgIII may function as a
molecular bridge between the aggregated core and the cholesterol-rich membrane of
DCVs (Hosaka & Watanabe, 2010) (section II.6.).

Figure II.4. Protein domain structure of CgA and SgIII. Rat SgIII (471 aa) contains at least
three functional domains, including a cholesterol-binding domain (aa 40-186, yellow), a CgAbinding domain (aa 214-373, red), and a CPE-binding domain (aa 374-471 turquois). The CgAbinding domain of SgIII is specifically associated with an SgIII-binding domain within the rat
CgA molecule (CgA 41-109). CgA, chromogranin A; SgIII, secretogranin III; CPE
carboxypeptidase E. Source: picture taken from (Hosaka & Watanabe, 2010). Copyright ©
Endocrine Journal 2010.

II.6. Models for DCV formation
Two main models have been proposed to explain how the appropriate cargos are
sorted into newly generated DCVs: sorting by entry and sorting by retention. The sorting
by entry model assumes the existence of sorting signals and receptors that would actively
sort cargo into forming DCVs (Arvan & Castle, 1998; Borgonovo et al, 2006; Kim et al,
2006; Tooze et al, 2001). Such short signal motifs have been identified in DCV cargos
such as provasopressin, pro-oxytocin, pro-opiomelanocortin, CgA, and CgB, which are
sufficient for DCV targeting (Cool et al, 1995; Glombik & Gerdes, 2000; Huttner et al,
1991; Tooze, 1998). In contrast, the sorting by retention model suggests that DCV cargo
could passively enter maturing DCVs and then be retained during DCV maturation either
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by active retention in lipid domains or by its aggregation within iDCVs (Glombik &
Gerdes, 2000; Hosaka & Watanabe, 2010). It has been shown in the case of SgIII that
there are direct interactions between aggregated DCV cargos and cholesterol-rich
membrane domains of DCVs (Hosaka & Watanabe, 2010). In this way, SgIII binds to
forming micro-aggregates containing CgA and proneuropeptides through protein-protein
interactions and keeps these aggregates at the cholesterol-rich membrane, which contains
processing enzymes (Figure II.5, step 1). In this way, proneuropeptides can be easily
transferred from the premature aggregate to the neighboring processing enzymes. After
processing, mature neuropeptides aggregate and are incorporated into the neighboring
aggregates, which are tethered to the lipid raft (Figure II.5, step 2). Thus, the aggregates
increase in size and density. After formation of a vesicle is completed, aggregates are
further concentrated inside the DCV forming the dense-core (Figure II.5, step 3).

Figure II.5. Key steps for neuropeptide sorting mediated by SgIII and cholesterol-rich
membrane at the TGN.
STEP 1. Micro-aggregates, including neuropeptides/prohormone and CgA, can be tethered to a
cholesterol-rich membrane domain at the TGN or the immature SG with SgIII, which can bind to
both CgA and cholesterol. In parallel, processing enzymes (CPE, PC1-3) are also recruited to the
raft-like microdomains. These function as a membrane platform, on which the processing
enzymes and a large amount of prohormones in the micro-aggregate are closely gathered. Source:
picture taken from (Hosaka & Watanabe, 2010). Copyright © Endocrine Journal 2010.

12

PhD Thesis – Mandy Hannemann

II. General Introduction

STEP 2. On the cholesterol-rich membrane platform, prohormones in the premature aggregates
are transferred to the neighboring processing enzymes and then processed to small fragments. In
turn, processed mature hormones are incorporated into the neighboring premature aggregates,
including CgA, tethered to the membrane domain with SgIII. As the processed mature hormones
and granin fragments are incorporated, the aggregate matures to be larger in size and concentrated
with hormones. Source: picture taken from (Hosaka & Watanabe, 2010). Copyright © Endocrine
Journal 2010.

STEP 3. After the secretory granule is established as an independent compartment, mature
hormones and granin fragments move from the periphery to the inside of the secretory granules
where they are further concentrated to form a dense core aggregate. Within the mature aggregate,
neuropeptides/hormones are ready to be released upon a membrane fusion event. Source: picture
taken from (Hosaka & Watanabe, 2010). Copyright © Endocrine Journal 2010.
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II.7 Regulation of DCV biogenesis
After stimulus-dependent exocytosis of DCVs, the DCV pool has to be
replenished by the generation of newly synthesized DCVs in the (neuronal) cell bodies
(Tooze, 1991). Regulation of DCV biogenesis occurs at different various levels ranging
from the initial transcription of DCV related genes to the final maturation of DCVs (Kim
et al, 2006). Each regulatory step influences the quantity of available DCV proteins in the
cell and therefore, determines the amount of formed DCVs.
It could be observed that after secretion, the expression of cargo molecules
(neuropeptides) and proteins involved in DCV biogenesis are upregulated (Kim et al,
2006). It has been shown that signals that trigger exocytosis, called secretogogs, activate
the transcription of mRNAs encoding DCV proteins in the nucleus, possibly through a
feedback mechanism (Eiden et al, 1984; Mahapatra et al, 2003; Mahata et al, 2003; Tang
et al, 1997).
Besides this transcriptional regulation of DCV proteins, a post-transcriptional
control mechanism was observed. For many 3’-UTRs of DCV mRNAs, a binding site for
polypyrimidine-tract binding protein (PTB) was identified (Knoch et al, 2004). It was
reported that such a binding stabilizes the mRNA, protects it against early degradation
and results in increased translation of DCV proteins and DCV formation in insulinsecreting β-cells (Knoch et al, 2004).
Interestingly, CgA itself might be actively involved in the regulation of DCV
formation by an unknown mechanism (Kim et al, 2006; Kim et al, 2005; Mahapatra et al,
2005). It has been shown that CgA protects against active degradation of DCV proteins in
the Golgi by induction of a protease inhibitor, protease nexin-1 (PN-1) (Kim & Loh,
2006).
Recent studies indicate that another protein, insulinoma-associated protein 2 (IA-2
or ICA512), is involved in the regulation of formation of DCVs in insulin-secreting βcells (Harashima et al, 2005). This transmembrane protein is present on DCV membranes
and upon secretion of DCV, IA-2 is inserted into the plasma membrane where its
cytosolic tail is cleaved off in a Ca2+-dependent manner. This fragment is then
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translocated into the nucleus, inducing insulin expression in β-cells (Harashima et al,
2005).
All the described findings indicate that DCV biogenesis in (neuro)endocrine cells
is regulated at transcriptional, post-transcriptional, and post-translation levels, which are
summarized in Figure II.6.

Figure II.6. Regulation of DCV biogenesis. To maintain the steady-state pool of DCVs as well
as to replenish amount of stored DCVs after secretion, DCV biogenesis is regulated at different
levels: transciptional, post-transcriptional, and post-translational. Source: picture taken from (Kim
et al, 2006). Copyright © 2006, The American Physiological Society.
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II.8 Role of RAB-2 and its effector RIC-19 in DCV maturation in C. elegans
Previously, our lab and others have demonstrated that the small GTPase RAB-2 is
crucial for DCV maturation in C. elegans (Edwards et al, 2009; Sumakovic et al, 2009).
These studies suggested a role of RAB-2 for the retention of soluble and transmembrane
cargos within maturing DCVs. Loss of RAB-2 function resulted in mis-sorting of cargo
into the endosomal-lysosomal pathway (Edwards et al, 2009; Sumakovic et al, 2009)
(Figure II.7A). Blockage of this pathway by over-expressing a constitutively active, GTPbound RAB-5 (Q79L) could rescue the loss of cargo (Sumakovic et al, 2009) (Figure
II.7B). The same effect was observed when endosomal PI(3)P was sequestered by
expressing the FYVE domain of EEA-1 (early endosome antigen-1), which leads to
blockage of early-endosomal function (Edwards et al, 2009). These data indicate that
inhibition of the constitutive-like secretory pathway from maturing DCVs during
biogenesis suppresses DCV maturation defects in unc-108/rab-2 mutants.

Figure II.7. The small GTPase RAB-2 is involved in the retention of cargo during DCV
maturation. (A) RAB-2 prevents the loss of cargo during DCV maturation into the endosomallysosomal pathway. (B) Loss of RAB-2 (indicated by rab-2) leads to loss of cargo into
endosomal-lysosomal pathway. Over-expression of constitutively active, GTP-bound RAB-5
(Q79L) inhibits early endosomal function and suppresses loss of cargo in rab-2 mutants (red
arrow). Source: picture adapted from (Tooze et al, 2001), with permission from Elsevier.
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Co-localization studies revealed that RAB-2 is localized to the Golgi complex and
cannot be detected at synapses, indicating that RAB-2 function is mainly restricted to the
neuronal cell body (Sumakovic et al, 2009).
Interestingly, RAB-2 was assigned to have a role in acidification of phagosomes
during the degradation of engulfed apoptotic cells in the germ line (Mangahas et al,
2008). However, it is unlikely that RAB-2 is also involved in the acidification of DCVs,
since processing enzymes are only active under acidic pH conditions and neuropeptides
are fully processed in unc-108/rab-2 mutants, evaluated by a Matrix-assisted laser
desorption/ionization time of flight (MALDI TOF) mass spectrometry analysis
(Sumakovic et al, 2009). Therefore, RAB-2 likely does not have a role in neuropeptide
processing.
Furthermore, EM analysis discovered no changes in DCV numbers at synapses,
indicating that RAB-2 might not be involved in the formation of DCV at the Golgi
(Sumakovic et al, 2009).
It was shown that the C. elegans ICA69 homolog, RIC-19, is an effector of RAB2 (Sumakovic et al, 2009). The localization of RIC-19 is dependent on RAB-2. Only
GTP-bound RAB-2 recruits RIC-19 to Golgi membranes, whereas GDP-bound RAB-2
causes cytosolic distribution of RIC-19 in neurons (Sumakovic et al, 2009). Interestingly,
ric-19 mutants displayed similar DCV maturation defects to unc-108/rab-2 mutants. By
utilizing their BAR (Bim/amphiphysin/Rvs) domains, RIC-19 and its human homolog
ICA69 are predicted to bind to curved membranes found on vesicular structures (Gallop
& McMahon, 2005; Habermann, 2004; Zimmerberg & McLaughlin, 2004). Therefore,
RAB-2 together with RIC-19 are predicted to create and stabilize membrane domains on
maturing DCVs that might be important to maintain specific cargo within these vesicular
structures (Sumakovic et al, 2009).
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II.9 The family of small Rab GTPases
Rab2 belongs to the family of small Rab GTPases. With over 60 members in
humans, 28 members in C. elegans and 11 members in yeast, small Rab GTPases
constitute the largest family of the Ras superfamily (Hutagalung & Novick, 2011; Zerial
& McBride, 2001). This Ras superfamily consists of five families: Arf, Rab, Ran, Ras,
and Rho GTPases (Wennerberg et al, 2005). Rab (Ras-like proteins in rat brain) GTPases
are master regulators of intracellular membrane trafficking, mediating all steps of vesicle
transport (section II.11). It has been shown that Rab proteins localize to distinct
compartments in the cell and regulate vesicle transport between organelles of the
endocytic and secretory pathways (Zerial & McBride, 2001) (Figure II.8).

Figure II.8. The intracellular localization of Rab GTPases. They regulate vesicular transport
between organelles. Their localizations label distinct intracellular compartments in eukaryotic
cells. For detailed information on each Rab function, please see (Hutagalung & Novick, 2011).
CCV, clathrin-coated vesicle; ER, endoplasmic reticulum; IC, ER–Golgi intermediate
compartment; TGN, trans-Golgi network. Source: picture reprinted by permission from
Macmillan Publishers Ltd: (Stenmark, 2009).
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Ras (Rat sarcoma) proteins act within signaling networks in the regulation of gene
expression, cell proliferation, differentiation, and survival (Wennerberg et al, 2005). The
Rho (Ras homologous) family also plays an essential role in extracellular-stimulusmediated signaling networks in order to control actin organization, cell cycle progression
and gene expression (Etienne-Manneville & Hall, 2002). Ran (Ras-like nuclear) proteins
are required for the nucleocytoplasmic transport of both proteins and RNA (Weis, 2003).
Furthermore, Ran GTPases are involved in mitotic spindle assembly, DNA replication
and nuclear envelope assembly (Li et al, 2003). Like Rab GTPases, Arf (ADPribosylation factor) proteins are also involved in the regulation of vesicular transport by
recruiting coat proteins to membranes (Wennerberg et al, 2005).

II.9.1 The conserved protein structure of Rab GTPases
Protein crystallization studies of different Rab GTPases revealed similarities and
differences in the protein structure of Rab GTPases (Figure II.9). Like the other members
of the Ras superfamily, Rab proteins possess a common GTPase fold, consisting of sixstranded β-sheet surrounded by five α-helices (Itzen & Goody, 2011). The N-terminus of
Rab proteins contains the so-called P-loop, which is required for binding phosphate and
coordinating Mg2+ (Dumas et al, 1999).

Figure II.9. General protein structure of Rab GTPases. Overall structure of the Rab3 GTPase
with its functional regions that are indicated by different colors. Source: picture taken with
permission from (Lee et al, 2009). DOI: 10.1111/j.1600-0854.2009.00942.x. © 2009 John Wiley
& Sons A/S.
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Further important regions of the GTPase fold are the switch I and II regions that
are in contact with the γ-phosphate of the GTP (Hutagalung & Novick, 2011). Dependent
on the nucleotide-binding state, these switches undergo dramatic changes in their
conformation (Milburn et al, 1990; Schlichting et al, 1990). While the switch regions
show a disordered structure when bound to GDP (Figure II.10A), upon GTP binding
these regions change to an ordered structure (Figure II.10B).

Figure II.10. General protein structure of Rab GTPases. (A) Comparison of inactive GDPbound Rab GTPase structures after superposition with Rab2. Note that both switch regions
(purple and green) are poorly ordered. (B) Comparison of active Rab GTPase structures (bound to
non-hydrolysable analog of GTP, GppNHp) after superposition with Rab3. Both switch regions
adopt stable active conformations. Note that switch II exhibits large conformational differences
between Rab GTPases. For the color codes of domains, see Figure II.9. Source: picture taken with
permission from (Lee et al, 2009). DOI: 10.1111/j.1600-0854.2009.00942.x. © 2009 John Wiley
& Sons A/S.

Besides both switch domains, the α3/β5 loop (Figure II.9,10, brown) that is
located adjacent to the switch II region shows the highest structural heterogeneity of the
Rab structure (Hutagalung & Novick, 2011). The variation in this loop is likely to
account for the recruitment of the diverse set of effectors to each Rab protein. Close to
the GTPase fold, a hyper-variable region followed by the CAAX box is found in the
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protein structure of Rab GTPases (Hutagalung & Novick, 2011). This CAAX box
normally includes two cysteine residues, which geranylgeranyl moieties are covalently
linked to. The hyper-variable region is essential for the regulated localization of Rab
GTPases to specific membranes, whereas the prenyl moieties allow the reversible
insertion of these proteins into membranes (Hutagalung & Novick, 2011) (Figure II.11).

Figure II.11. Prenylation of the C-terminus of Rab proteins leads to reversible membrane
localization. (A) Schematic protein domain representations of a typical Rab GTPase. Rab
proteins are modified with prenyl groups at their C-terminal cysteines allowing for insertion into
membranes (B). Their extended hyper-variable region (brown) connecting the protein to the lipid
anchor allows bound effectors to move further from the bilayer. Source: picture adapted from
(Gillingham & Munro, 2007) with permission from ANNUAL REVIEW OF CELL AND
DEVELOPMENTAL BIOLOGY.

Additional conserved stretches of amino acids, RabF1-F5, were identified in Rab
proteins, which are specific to this Ras-like family and are not found in other GTPases
(Pereira-Leal & Seabra, 2000). Furthermore, subfamily specific regions (RabSF1-4) have
also been discovered, which define ten groups of Rab subfamilies (Pereira-Leal &
Seabra, 2000). It is believed that RabF stretches are important for effectors and regulators
to discriminate between the nucleotide-binding state of the Rab, while RabSF stretches
are required for specificity of effector and regulator binding (Pereira-Leal & Seabra,
2000).
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II.9.2 Regulation of Rab GTPase activity
The ability of Rab GTPases to exist either in an inactive guanosine nucleotide
diphosphate (GDP)-bound state or an active guanosine nucleotide triphosphate (GTP)bound state, allows them to act as molecular switches (Figure II.12). Dependent on the
bound guanosine nucleotide, Rab proteins undergo dramatic changes in their threedimensional protein structure. In their active, GTP-bound state Rab proteins can intact
with effector proteins, whose interaction is temporally and spatially regulated by the
(intrinsic and catalyzed) rates of nucleotide exchange and hydrolysis of the Rab protein.
Diverse effector proteins for Rab GTPases have been identified, ranging from tethering
factors, kinases, phosphatases to motor proteins [reviewed in (Hutagalung & Novick,
2011)].
In general, Rab proteins have a low intrinsic GTP binding and GTP hydrolysis
activity (Pfeffer, 2005). Therefore, accessory proteins are needed to either activate or
inactivate Rab GTPases (Figure II.12). The exchange of GDP with GTP is catalyzed by
the action of guanine nucleotide exchange factors (GEFs). GEFs bind to the switch
regions and facilitate GDP release. Due to the high cytosolic concentration of GTP in the
cell, it immediately binds to the Rab, after GDP has been released from the nucleotidebinding pocket. The intrinsic GTP-hydrolysis of Rab proteins is accelerated by GTPaseactivating proteins (GAPs) leading to the release of inorganic phosphate Pi (Pfeffer,
2005) (Figure II.12).
GDP-bound Rab proteins are recognized by Rab GDP dissociation inhibitors
(GDI) that chaperones the geranylgeranyl moieties within the cytosol and mediates the
transport of Rab GDP to their destined donor compartment (Soldati et al, 1994; Ullrich et
al, 1994; Ullrich et al, 1993) (Figure II.12).
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Figure II.12. The Rab cycle. Rab GTPases cycle between an active, GTP-bound state and an
inactive, GDP-bound state. Activation of the Rab leads to interaction with effector proteins that
mediate membrane traffic in the pathway regulated by its associated Rab. For the exchange of
GDP with GTP guanine nucleotide exchange factors (GEFs) are required in order to activate Rab
proteins. GTP hydrolysis is accelerated by GTPase activating proteins (GAPs) leading to
inactivation of the Rab. The inactivated Rab is removed from the membrane by guanine
nucleotide dissociation inhibitor (GDI) and is transported to the target membrane. By the action
of GDI dissociation factor (GDF) the Rab is released from GDI and inserted into the target
membrane to start a new cycle. The C-terminus located prenyl tail is indicated by red wave lines.
Source: picture adapted from (Hutagalung & Novick, 2011). Copyright © 2011 the American
Physiological Society.

II.9.3 Function of Rab GTPases in vesicular transport
It is well established that an active Rab cycle is important for Rab function. In the
active state, Rab proteins interact with various effector proteins. These effectors function
during all aspects of vesicular membrane traffic: a) vesicle formation, b) vesicle
uncoating, c) vesicle movement, d) vesicle tethering, and e) vesicle fusion (Stenmark,
2009) depicted in Figure II.13.
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a) Cargo selection and vesicle formation
Several Rab proteins have been implicated in the process of recruiting coat
complexes to membranes and facilitating vesicle formation (Hutagalung & Novick,
2011). Rab9, for example, regulates retrograde transport of mannose-6-phosphate
receptors from late endosomes to the TGN (Lombardi et al, 1993). Activated Rab9
interacts with the effector TIP47 that binds to the cytoplasmic tail of mannose-6phosphate receptors. This interaction is essential for the retrograde transport of the
receptor to the TGN (Aivazian et al, 2006; Carroll et al, 2001; Diaz & Pfeffer, 1998).
During vesicle formation, the binding between Rab9 and TIP47 enhances the affinity of
TIP47 for the receptor (Carroll et al, 2001).

b) Vesicle uncoating
Uncoating is an important step before vesicle fusion with the target membrane can
occur. It has been previously shown that Rab5 is involved in uncoating of clathrin coated
vesicles (CCVs) [reviewed in (Hutagalung & Novick, 2011)]. Furthermore, Ypt1, the
yeast homolog of Rab1, is required for ER-to-Golgi traffic by recruiting factors important
for uncoating of COPII vesicles (Lian et al, 1994; Moyer et al, 2001).

c) Vesicle motility
Rab proteins are also involved in the motility of vesicles along cytoskeletal
structures like actin filaments or microtubules. Rab6 interacts with its effector
Rabkinesin-6, a kinesin-like protein, which is important for microtubule-dependent
transport of vesicles and organelles (Echard et al, 1998). It was shown that Rab11
regulates plasma membrane recycling through its interaction with its effector, Rab11FIP2, which binds to myosin Vb (Hales et al, 2002). Furthermore, Rab27a is involved in
the transport of melanosomes to the plasma membrane by recruiting its effector
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melanophilin/Slac2-a that interacts with the actin motor, myosin Va (Bahadoran et al,
2001; Hume et al, 2001; Strom et al, 2002; Wu et al, 2001b).

d) Vesicle tethering
Before vesicles fuse, they have to be tethered to the target membrane. Tethering
complexes are important in this step, because they ensure fidelity of transport pathways
(Hutagalung & Novick, 2011). Many studies show that different tethering complexes are
effectors of Rab GTPases regulating fidelity of vesicle fusion [reviewed in (Hutagalung
& Novick, 2011)].

e) Vesicle fusion
Rab proteins are also involved in the last step of vesicle transport, in vesicle
fusion. They regulate SNARE-(soluble N-ethylmaleimide-sensitive factor attachment
protein receptors) mediated fusion of the vesicles to the target membrane. Effectors of
Rab GTPases are either SNARE proteins (Schardt et al, 2009) or proteins that mediate
SNARE function [reviewed in (Hutagalung & Novick, 2011)].
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Figure II.13. Rab GTPase functions in vesicle trafficking. Distinct membrane trafficking steps
that can be controlled by Rab GTPases (blue) and their effectors (orange). (a) Rab proteins recruit
an adaptor protein to sort a receptor into a budding vesicle. (b) Through recruitment of effectors,
Rab proteins cause uncoating through the dissociation of coat proteins. (c) Rab GTPases can
mediate vesicle transport along actin filaments or microtubules (cytoskeletal tracts) by recruiting
motor proteins or motor adaptors. (d) Rab GTPases can mediate vesicle tethering by recruiting
tethering complexes. (e) Rab proteins (in)directly interact with SNAREs to mediate SNAREdependent fusion of vesicles with the plasma membrane. Source: picture reprinted by permission
from Macmillan Publishers Ltd: (Stenmark, 2009).

II.9.4 Specific functions of Rab GTPases in neurons
Neurons are highly-specialized cells that have a demand for highly regulated
membrane trafficking. Cargo that is required for synaptic transmission, remodeling and
neurite outgrowth has to be generated in the cell body and transported over long distances
to the axons.
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It has been shown that Rab GTPases are involved in several aspects of neuron
specific trafficking processes, like polarized outgrowth of neurites, neuronal anterograde
transport, axonal endocytosis, retrograde transport, and SV exocytosis (Ng & Tang,
2008). Different Rab proteins could be identified on purified SVs from rat brain,
including Rab3a/b/c, and Rab27b (exocytotic Rab machinery of SVs) and Rab4b,
Rab5a/b, Rab10, Rab11b, and Rab14 (endocytic Rab machinery of SVs) (Pavlos et al,
2010). The involvement of Rab3 and Rab27 for tethering SVs to the synaptic density and
exocytosis has been shown before (Geppert et al, 1994; Gracheva et al, 2008; Li et al,
1994; Mahoney et al, 2006; Ng & Tang, 2008).
Previously, we and others could show that Rab GTPases are also required for
DCV trafficking. As described above, Rab2 and Rab5 play a role in neuronal DCV
maturation in C. elegans (Edwards et al, 2009; Sumakovic et al, 2009) (section II.8).
Interestingly, the isoform Rab3D is localized to SGs in non-neuronal tissues, like
pancreatic cells. Since Rab3D is not expressed in neurons, it was hypothesized that in
secretory cells Rab3D might have the same function as Rab3A in neurons (Morvan &
Tooze, 2008). However, it appears that Rab3D is not involved in SG exocytosis, but in
SG maturation (Riedel et al, 2002). Rab3D-deficient mice showed an increased size of
SGs in pancreatic cells, whereby the intragranular protein concentration seems to be
unchanged (Riedel et al, 2002). In C. elegans an involvement in SV trafficking has been
shown for RAB-3 (Richmond, 2005), however, whether it has also a role in DCV
maturation has to be elucidated, since only one RAB-3 isoform exists in C. elegans
(www.wormbase.org).

II.10 Studying DCV function in C. elegans
The nervous system of C. elegans is less complex than that one of higher
organisms, which makes it advantageous to study DCV function in C. elegans. The cell
bodies of (cholinergic) motoneurons are located in the ventral nerve cord (VNC) and
project to the dorsal site, where they innervate dorsal muscle cells (Figure II.14). In this
way, the cell bodies, where DCVs are generated and their synapses, where DCVs are
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released, are clearly distinguishable from each other, allowing the study of DCV
transport.

Figure II.14. Cholinergic motoneurons of the ventral nerve cord (VNC) project to the dorsal
nerve cord (DNC) in C. elegans. This enables the follow of DCV trafficking from the neuronal
cell body, the location where they are generated to the sites where they are released, at the DNC.

In order to analyze DCV function, we used an integrated C. elegans strain
[nuIs183] stably expressing fluorescently-labeled proneuropeptide, NLP-21-VENUS,
specifically in the cell bodies of DA and DB cholinergic motoneurons (Sieburth et al,
2007). NLP-21-VENUS is a fusion protein of the proneuropeptide NLP-21 with the
yellow fluorescent protein VENUS. It has been shown that the proneuropeptides NLP-21VENUS is packaged into DCVs together with their processing enzymes (Figure II.15),
transported to axons of the dorsal nerve cord (DNC), and released into the body cavity
(Sieburth et al, 2007). Once secreted, NLP-21-derived VENUS is subsequently
endocytosed by six macrophage-like scavenger cells (called coelomocytes), which
constantly filter the body fluid by bulk endocytosis (Fares & Greenwald, 2001a) (Figure
II.16).
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Figure II.15. DCVs can be labeled by expressing the proneuropeptide NLP-21 fused to
VENUS in cholinergic motoneurons in C. elegans. This precursor protein is packaged together
with its processing enzymes (EGL-3, EGL-21) into DCVs. After processing into bioactive
neuropeptides NLP-21, peptides aggregate and form the dense-core, whereas VENUS is present
in the soluble fraction of DCVs.

Figure II.16. NLP-21-VENUS assay to detect DCV trafficking and secretion defects.
Schematic representation of DCV assay used in this study. The proneuropeptide NLP-21-VENUS
fusion protein is expressed in dorsally projecting DA and DB cholinergic motoneurons. VENUS
labeled DCVs are transported to the DNC where VENUS is secreted into the body cavity
(Gracheva et al, 2007; Sieburth et al, 2007). Here, VENUS is taken up by coelomocytes of C.
elegans (Fares & Greenwald, 2001b).
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In this study, the DCV assay was utilized to identify further proteins involved in
DCV biogenesis and maturation in C. elegans. This PhD thesis is separated into three
chapters, which all cope with RAB-2-related DCV maturation in C. elegans. The first
chapter focuses on the identification of a TBC-domain containing GAP, which was found
to specifically regulate RAB-2 activity. The second and third chapters elucidate the
functions of novel molecules, which were found to work alongside RAB-2 to regulate the
biogenesis/maturation of DCVs. Individual aims are explained at the start of the
respective chapters.

30

PhD Thesis – Mandy Hannemann

Chapter 1: III. Specific Introduction

Chapter 1
Regulation of the small GTPase RAB-2 during dense-core
vesicle maturation

III. Specific Introduction

Rab GTPases are important regulators of membrane trafficking. They act as
molecular switches. In their active, GTP-bound form, they initiate downstream events by
recruitment of effector proteins to specialized membrane domains (Hutagalung &
Novick, 2011). The interaction between Rab GTPases and effector proteins is spatially
and temporally tightly controlled by regulating proteins, guanine nucleotide exchange
factors (GEFs) and GTPase activating proteins (GAPs). Whereas GEFs mediate
activation of Rab GTPases, GAPs terminate the activity of Rab proteins (Stenmark, 2009)
(Figure III.1). Therefore it is believed that GEFs control the location at which a Rab is
activated and GAPs control the lifetime of the activated state of the Rab (Rybin et al,
1996; Stenmark, 2009).
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Figure III.1. The Rab cycle. The recruitment of inactive, GDP-bound Rab from the acceptor to
the donor membranes is facilitated by the Rab-specific GDP dissociation inhibitor (RABGDI).
The inactive Rab associates with the donor membrane through its prenylated C-terminus (not
shown). A Rab-specific GEF (RABGEF) activates the Rab by accelerating the exchange of the
bound GDP for GTP. Active, GTP-bound Rab interacts with effectors. Rab-specific GTPase
activating proteins (RABGAPs) stimulate GTP hydrolysis, and GDP-bound Rab is delivered for
the next cycle. Source: Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews
Molecular Cell Biology] (Frasa et al, 2012), copyright 2012.

III.1 The Rab GAP family: TBC-domain containing proteins

Most of the mammalian Rab GAPs identified so far contain a conserved TBCdomain (Tre-2/Bub2/Cdc16), except for Rab3GAP (Fukui et al, 1997). The TBC-domain
consists of approximately 200 amino acids and harbors the catalytic motif ‘IxxDxxR’
(Barr & Lambright, 2010; Neuwald, 1997). It was shown that the TBC-domain alone was
sufficient to conduct GAP activity in vitro (Albert et al, 1999).
In mammals about 44 TBC-domain containing proteins (referred as TBC proteins
hereafter) were identified until now (Frasa et al, 2012), whereas over 60 Rab proteins
(including splice variants) exists in humans (Pereira-Leal & Seabra, 2000). This indicates
either that additional non-TBC-domain containing GAPs may exist, or that multiple
GAPs may exhibit activity towards more than one Rab. Interestingly, it was also shown
that a single Rab can be regulated by two different GAPs, depending on its localization
(Barr & Lambright, 2010). The yeast Rab, called Ypt1p, is inactivated by Gyp8p (GAP
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for Ypt) at the ER membranes (De Antoni et al, 2002; Haas et al, 2007), whereas Gyp1p
has GAP activity towards Ypt1p at the Golgi complex (De Antoni et al, 2002; Du &
Novick, 2001). This suggests that Ypt1p is required for different membrane trafficking
steps and is, therefore, controlled by distinct GAPs localized at specific sites (Barr &
Lambright, 2010).
Noteworthy to mention is the fact that Rab proteins can also bind to Rab GAPs,
even though they are not substrates for these GAPs (Fukuda, 2011). This interaction
normally occurs via a domain outside of the TBC-domain: The Rab GAP, EVI5, binds to
Rab10 via a coiled-coil-domain (Fukuda et al, 2008) and GAPCENA binds to Rab36 via
its PTB-domain (Kanno et al, 2010) (see also Figure III.3). This suggests that TBCdomain Rab GAPs can also be Rab effectors at the same time. Thus, several Rab GAPs
might be recruited by a specific Rab GTPase to inactivate the Rab from a previous
trafficking step or exclude another Rab GTPase from its domain. Through these
mechanisms directionality during membrane tracking and sorting can be achieved
(Rivera-Molina & Novick, 2009).

III.2 Mode of action of Rab GAPs by a dual-finger mechanism

Several signature motifs within TBC-domains have been identified for Rab GAPs
(Neuwald, 1997). These sequences include the motifs “IxxDxxR” and “YxQ” (whereby x
can be any amino acid) (Neuwald, 1997). Mutational analysis of the “IxxDxxR” motif
defined the catalytic “arginine finger”, which is also essential for GAPs of Ras and Rho
GTPases (Albert et al, 1999; Du & Novick, 2001). The crucial role of the arginine was
further confirmed by the crystal structure analysis of the GAP Gyp1p in complex with
Rab33 and the transition state mimic AlF3 (Pan et al, 2006) (Figure III.2A). It revealed
that the arginine inserts into the nucleotide site to stabilize the GDP-AlF3-H2O transition
state by mediating hydrogen bonding interactions with GDP and AlF3 (Barr & Lambright,
2010; Pan et al, 2006) (Figure III.2B). Furthermore, the glutamine in the DxxGQ motif of
Rab GTPases engages the backbone of the TBC-domain, allowing the glutamine finger of
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the “YxQ” motif to mediate polar interaction with the AlF3-H2O moiety (Pan et al, 2006).
Since both arginine and glutamine fingers are essential for GAP activity, the mode of
action of Rab GAPs is referred to as “dual-finger mechanism” (Pan et al, 2006).
There is one Rab GAP identified so far, which does not possess a TBC-domain,
Rab3GAP. It shows specificity towards the small GTPase Rab3 (Fukui et al, 1997;
Nagano et al, 1998). However, it is believed that it might also act on other GTPases of the
Ras superfamily, since plants have a Rab3GAP homolog, but lack Rab3 (Barr &
Lambright, 2010). Although, there is no crystallization data available for Rab3GAP, it is
believed that this GAP uses a similar arginine-finger catalytic mechanism to conduct
GAP activity that is described above (Clabecq et al, 2000).

Figure III.2. Protein structure of the transition state of the TBC-GAP, Gyp1p, in complex
with Rab33–GDP–AlF3. (A) Ribbon representation of the complex with the TBC-domain of
Gyp1p and functional regions of Rab33. Source: Reprinted by permission from Macmillan
Publishers Ltd. [Nature] (Pan et al, 2006), copyright 2006. (B) Enlargement into the nucleotide
site of the complex with GDP and AlF3. Source: Reprinted from (Barr & Lambright, 2010), with
permission from Elsevier.

III.3 Functions of Rab GAPs

It has been shown that Rab GAPs are not only negative regulators of Rab proteins,
but also regulate cellular processes such as autophagy (Behrends et al, 2010; Itoh et al,
2011), cytokinesis (Faitar et al, 2005), and macropinocytosis (Frittoli et al, 2008) by
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integrating signaling between different Rabs or between Rabs and other small GTPases
(Frasa et al, 2012). Therefore, TBC Rab GAPs might be required for the crosstalk
between different small GTPase families during intracellular trafficking (Frasa et al,
2012). For a detailed list of identified functions of each mammalian TBC GAP, see
review (Frasa et al, 2012). Furthermore, an emerging role of Rab GAPs in diseases has
been shown (Frasa et al, 2012; Hutagalung & Novick, 2011). Mutations in the Rab3GAP
lead to neurodevelopmental and ophthalmological phenotypes summarized as the
Warburg Micro and Martsolf syndromes (Aligianis et al, 2005; Aligianis et al, 2006).

III.4 Regulation of GAPs

When the first Rab GAPs were identified, it was surprising that many GAPs
showed little substrate specificity in vitro (Albert & Gallwitz, 1999; Albert et al, 1999). It
was difficult to assign a single GAP to a specific trafficking pathway in vitro, because it
was often the case that an individual GAP would stimulate Rabs functioning in opposing
pathways (Albert et al, 1999). This indicated that specificity of GAPs towards their Rab
proteins had to be further regulated in vivo, either by their subcellular localization or by
additional regulatory mechanism like phosphorylation (Barr & Lambright, 2010). The
finding that functional fragments of TBC-domains were more active than their full-length
proteins further supported the idea that these GAPs harbor regions important for
regulating activity through interactions with other proteins (Albert et al, 1999).
In summary, Rab GAPs can be regulated by various mechanisms: alteration of
their localization, auto-inhibition or regulation of catalytic activity (Frasa et al, 2012).
These mechanisms can be accomplished by direct protein-protein interactions that can be
mediated by additional protein domains within Rab GAPs (Frasa et al, 2012; Fukuda,
2011) (Figure III.3). For a list of all detectable protein domains in C. elegans Rab GAPs,
see Table III.1 and Figure III.4. Interestingly, for one of these domains [RUN-(RPIP8,
UNC-14, and NESCA) domain], it has been shown that they are required for interaction
with other small GTPases (Callebaut et al, 2001; Yang et al, 2007).
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Figure III.3. Mechanisms to regulate RAB GAP activity or localization. Phosphorylation of
TBC1D4 and TBC1D1 leads to their inactivation, which consequently allows for the translocation
of GLUT4-containing vesicles. The Rab GAP, ARMUS, is activated by binding to Rac1, which
in turn inactivates Rab7 and regulates the transport of cadherin-containing cargos to lysosomes.
The localization of RAB GAPs to different intracellular compartments can be regulated by other
domains: PH-domains (ARMUS) or PTB domains (TBC1D1, GAPCENA). Note, interaction of
GAPCENA with Rab36 is GTP independent, thus Rab36 might be an effector rather than a
substrate. AMPK, AMP-activated protein kinase; CC, coiled-coil; GLUT4, glucose transporter 4;
IRAP, insulin-regulated aminopeptidase; PH, pleckstrin homology; PTB, phosphotyrosinebinding. Source: Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews
Molecular Cell Biology] (Frasa et al, 2012), copyright 2012.

III.5 TBC-domain containing proteins in C. elegans

Utilizing knockout animals is a great tool to analyze protein function in vivo.
However, no TBC knockout (KO) mice have been reported so far [whereas KO mice
exist for the catalytic domain p130 of the Rab3GAP, which does not possess a TBCdomain (Sakane et al, 2006)]. Contrary to this, more than a half of all tbc-genes in C.
elegans mutant alleles exist (www.wormbase.org) (Table III.1). Furthermore, knockdown
of gene expression by RNAi is a well-established technique in C. elegans (Xu & Kim,
2011). These readily available genetic tools make it reasonable to study the function of
TBC-containing RAB GAP in C. elegans.
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Table III.1. List of C. elegans tbc genes and available mutant alleles.
Gene /
sequence name

Alleles

tbc-1/F20D1.2

tm2282

tbc-2/ZK1248.10

qx20
tm2241

tbc-3/F32B6.8

xh23

tbc-4/T24D11.1

tm3255
ok2928
ok3041

tbc-5/rbg-3/B0393.2

tm1910

tbc-6/C04A2.1

tbc-8/C38H2.1

n.a.
tm1856
(lethal)
tm3802

tbc-9/Y45F10A.6

n.a.

tbc-10/R06B10.5

n.a.

tbc-11/F35H12.2

ok2576

tbc-12/R11B5.1
tbc-13/F45E6.3
tbc-14/E01G4.1
tbc-15/Y48E1C.3
tbc-16/F49E10.1
tbc-17/Y46G5A.1

gk362
ok1812
n.a.
n.a.
n.a.
n.a.

Expression in pharynx, intestine, reproductive
system, vulval muscle, hypodermis, nervous
system
Expression in pharynx, intestine, reproductive
system, uterus, spermatheca, uterine valve,
nervous system
n.a.
Expression in intestine, hypodermis
n.a.
n.a.
Expression in nervous system
n.a.

tbc-18/F41D9.1

ok2374

Expression in nervous system.

tbc-19/C31E10.8
tbc-20/Y54E2A.12

n.a.
n.a.
ok2038
ok2064

n.a.
n.a.

SH3-domain
RUN-domain
PH domain
TM domain

n.a.

STYKc domain

tbc-7/C31H2.1

tbck-1/C33F10.2

Expression pattern
(www.wormbase.org)

Additional
domains

n.a.
Ubiquitously expression in the embryo, expression
in pharyngeal muscle, hypodermis and intestine,
gonadal sheath cells, neuronal expression
Expression in pharynx, several unidentified
neurons in the head, distal tip cell, seam cell, and
several cells in the tail region

RHOD-domain

Expression in pharynx, pharyngeal-intestinal
valve, nervous system

PH-domain
CC domain

CC domain

Specific expression in amphid neurons and
phasmid neurons
n.a.
n.a.

TLDc-domain

Neuronal expression

RUN domain
GRAM domain
CC domain

Expression in pharynx and intestine

PTB-domain
CC domain

Available expression pattern of tbc genes are given. Some of TBC-domain containing proteins
also possess additional domains, which are listed. For abbreviations see Figure legend III.5. n.a.,
not available. Note tbc-14 and tbc-15 might be one gene. RHOD-domain of TBC-1 is predicted to
be inactive. For further details, see www.wormbase.org. Abbreviations: CC, coiled-coil domain;
RHOD, rhodanese homology domain; SH3, Src homology domain 3; STYKc, protein kinase
domain of undetermined specificity; TLDc, TBC and LysM domain-containing; TM,
transmembrane; TBC, Tre-2/Bub2/Cdc16; PH, Pleckstrin homology; RUN, RPIP8, UNC-14, and
NESCA; PTB, phosphotyrosine-binding domain; GRAM, Glucosyltransferases, Rab-like GTPase
activators and Myotubularins.
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In C. elegans, 20 TBC-domain containing proteins have been identified (Table
III.1) and almost half of these have homologs in humans (Fukuda, 2011) (Figure III.4).

Figure III.4. Molecular dendrogram of human (Homo sapiens) and nematode (C. elegans)
TBC proteins. TBC proteins that are conserved between humans and C. elegans are shown in
blue. Human TBC proteins associated with diseases are highlighted by a red background, and
solid red circles and broken red circles indicate nematode TBC proteins, whose deficiency causes
lethality and certain abnormalities respectively (www.wormbase.org). Ce, C. elegans. Source:
reproduced with permission from (Fukuda, 2011), © the Biochemical Society.

Protein structures of all predicted C. elegans TBC-proteins are shown in Figure
III.5. TBC-2 and TBC-5 are the only TBC-proteins in C. elegans that have been
described so far (Chotard et al, 2010; Mukhopadhyay et al, 2005). It could be shown that
TBC-2 is a putative RAB-5 GAP (Chotard et al, 2010).
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Figure III.5. Structure of TBC-domain containing proteins in C. elegans. Protein domains of
C. elegans TBC-domain containing proteins were identified by using the SMART (Simple
Modular Architecture Research Tool) program (http://smart.embl-heidelberg.de/). Protein and
domain sizes are indicated. Abbreviations: CC, coiled-coil domain; RHOD, rhodanese homology
domain; SH3, Src homology domain 3; STYKc, protein kinase domain of undetermined
specificity; TLDc, TBC and LysM domain-containing; TM, transmembrane; TBC, Tre2/Bub2/Cdc16; PH, Pleckstrin homology; RUN, RPIP8, UNC-14, and NESCA; PTB,
phosphotyrosine-binding domain; GRAM, Glucosyltransferases, Rab-like GTPase activators and
Myotubularins. Note: gene product of tbc-14 and tbc-15 might be one protein.
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III.6 Aims of this study
DCV biogenesis is an important and highly regulated mechanism in neuronal and
endocrine cells. An established DCV assay allowed the identification of various protein
families, which are implicated in the biogenesis and regulation of DCVs. In this assay the
fluorescence levels of the transported VENUS cargo derived from the neuropeptide NLP21 at its axonal release sites in the DNC in C. elegans can be measured. By utilizing this
assay the small GTPase RAB-2 was identified to be involved in DCV maturation
(Edwards et al, 2009; Sumakovic et al, 2009). There is accumulating evidence that a
cycling of RAB-2 between a GDP-bound and a GTP-bound state is especially required
for DCV maturation (Sumakovic et al, 2009). Due to the low intrinsic nucleotide
exchange and hydrolysis rate of Rab2 (Sumakovic et al, 2009), it is obvious that
accessory regulatory proteins such as GTPase hydrolyzing proteins (GAPs) and guanine
nucleotide exchange factors (GEFs) must exist that regulate Rab2 function during DCV
maturation. Therefore, we attempted to identify regulators for RAB-2, which are also
involved in DCV maturation in C. elegans. After the identification of a putative (TBCdomain containing) RAB-2 GAP, we studied its role in DCV maturation in cholinergic
motoneurons and its function in other non-neuronal tissues. We observed similarities and
differences in phenotypes between mutants of RAB-2 and the GAP of interest indicating
the presence of additional GAPs in neurons and other tissues.
This study was performed with the help of other members of the lab: Electron
microscopy (EM) analysis was performed by Dr. Jan Hegermann and protein expression
tests in bacteria were conducted by Dr. Sabine König. The “protein expression and
purification core facility” at the EMBL, Heidelberg supported us with the protein
expression in insect cells.
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IV.1 tbc-8 mutants display DCV maturation defects

To identify the Rab GAP that regulates RAB-2 during neuronal DCV
maturation, we systematically tested mutants of TBC-domain containing GAPs in C.
elegans. We concentrated on tbc genes that are predicted to be expressed in neurons
and on those where mutants were available (www.wormbase.org; Table III.1). These
tbc mutants were analyzed for trafficking defects of the DCV marker NLP-21VENUS (Figure IV.1).

Figure IV.1. Analysis of mutants of TBC-domain containing GAPs in C. elegans for
DCV trafficking defects of the NLP-21-VENUS marker. This assay revealed that from the
set of mutants analyzed only tbc-8(tm3802) deletion mutants displayed decreased
fluorescence levels of VENUS derived from NLP-21 in the dorsal nerve cord similar to unc108/rab-2 mutants (Figure IV.7). Error bars = s.e.m. (***, P < 0.0001; ANOVA with
Bonferroni post test). Source: (Hannemann et al, 2012).
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In this screen, only tbc-8(tm3802) deletion mutants displayed decreased NLP21-derived VENUS levels in the DNC axons, similar to unc-108/rab-2 mutants
(Edwards et al, 2009; Sumakovic et al, 2009) (Figure IV.1; IV.8). Interestingly, all
other tested tbc mutants showed wild type like or slightly (non-significantly)
increased VENUS fluorescence in the DNC axons (Figure IV.1). Inactivation of TBC8 led to a 74.95±3.51% decrease of NLP-21-derived VENUS fluorescence in axons
compared to wild type (Figure IV.2).

Figure IV.2. tbc-8(tm3802) mutants show decreased NLP-21-derived VENUS levels in
the dorsal nerve cord and coelomocytes. Inactivation of TBC-8 led to a 74.95±3.51% and
68.17±6.94% decrease of NLP-21-derived VENUS fluorescence in (A) axons and (B)
coelomocytes, respectively, compared to wild type. Scale bar represents 5 µm. Error bars =
s.e.m. (***, P < 0.0001; Student’s t-test). Source: (Hannemann et al, 2012).

Currently, there is no other mutant tbc-8 allele available besides the deletion
mutant tbc-8(tm3802). The databank “Wormbase” (www.wormbase.org) lists another
allele, tbc-8(gk2897), which harbours a silent mutation. Therefore, we did not include
this allele in this study. However, to independently test whether TBC-8 is involved in
DCV maturation, we analyzed tbc-8 knockdown by RNAi in C. elegans.
Downregulation of tbc-8 expression led to a similar DCV trafficking defect as seen in
tbc-8(tm3802) deletion mutants (Figure IV.3).
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Figure IV.3. Downregulation of tbc-8 expression leads to decreased fluorescence levels of
VENUS derived from NLP-21 in the dorsal nerve cord. RNAi of tbc-8 expression in an
eri-1(mg366); nuIs183 background caused a decreased VENUS fluorescence level in the
dorsal nerve cord by 37.67±5.80% compared to the control strain. Control: The mock vector
(L4440) was used. Similar results were observed in tbc-8(tm3802) deletion mutants (Figure
IV.2). Scale bar represents 5 µm. Error bars = s.e.m. (***, P < 0.0001; Student’s t-test).
Source: (Hannemann et al, 2012).

Similar to the decreased fluorescence levels of VENUS in the DNC of tbc8(tm3802) mutants, the accumulation of secreted VENUS in coelomocytes was
accordingly decreased by 68.17±6.94% (Figure IV.4) suggesting that less VENUS
was secreted from the DNC. To determine whether the observed DCV phenotype was
caused by TBC-8 malfunction in the nervous system and is, therefore, cellautonomous, we expressed tbc-8 cDNA pan-neuronally under the control of the rab-3
promoter. Both, pan-neuronal expression of tbc-8 as well as expression of tbc-8 under
the DA and DB cholinergic motoneuron specific unc-129 promoter (2641 bp promoter
fragment upstream of the start ATG of unc-129) was able to rescue the NLP-21derived VENUS fluorescence levels in DNC and in coelomocytes (Figure IV.4). This
demonstrated that TBC-8 is cell-autonomously required in cholinergic motoneurons
for proper DCV trafficking. Furthermore, the catalytic GAP activity of TBC-8 was
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also shown to be crucial for DCV trafficking as expression of a catalytically inactive
TBC-8 (R697A) was unable to rescue the NLP-21-VENUS trafficking phenotype
(Figure IV.4) (Pan et al, 2006). This result highlights that TBC-8 acts as a RAB GAP
required for effective DCV trafficking.

Figure IV.4. tbc-8(tm3802) showed decreased NLP-21-derived VENUS levels in the DNC
(A) and in the coelomocytes (B), similar to unc-108/rab-2(n501) mutants. NLP-21-derived
VENUS levels were rescued by expressing tbc-8 pan-neuronally (rab-3 promoter) as well as
specifically in DA and DB cholinergic motoneurons (unc-129 promoter) demonstrating that
TBC-8 acts cell autonomously. Strikingly, the catalytically inactive TBC-8 (R697A) (Pan et
al, 2006) protein was not able to rescue the DCV phenotype, emphasizing that its GAP
activity is responsible for decreased NLP-21-derived VENUS levels at the axons and in
coelomocytes. Scale bars in DNC and coelomocytes represent 5 µm. Error bars = s.e.m. (***,
P < 0.0001; **, P < 0.001; *, P < 0.05; Student’s t-test). Source: (Hannemann et al, 2012).
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Previously, the role of RAB-2 in DCV maturation was examined (Edwards et
al, 2009; Sumakovic et al, 2009). It was shown that in unc-108/rab-2 mutants NLP21-VENUS-derived cargo is partially lost in the endosomal-lysosomal degradation
route during DCV maturation and therefore, less cargo is packaged into mature DCVs
(Edwards et al, 2009; Sumakovic et al, 2009). These trafficking defects resulted in
aberrant NLP-21-derived VENUS accumulation in the cell bodies of unc-108(n501)
mutants. In order to test whether tbc-8(tm3802) mutants displayed the same
trafficking defects as unc-108/rab-2 mutants, we analyzed the size distribution of
VENUS positive vesicles in the cell bodies. Similar to unc-108(n501) mutants, tbc8(tm3802) deletion mutant animals contained more of these large VENUS positive
vesicles in the cell bodies of the VNC, whereas smaller vesicles filled with NLP-21derived VENUS are less present compared to wild type animals (Figure IV.5). These
results indicate that tbc-8(tm3802) mutants have comparable DCV trafficking defects
like unc-108/rab-2 mutants.

Figure IV.5. tbc-8(tm3802) mutants show similar DCV trafficking defects as unc108/rab-2(n501) mutants. (A) Representative pictures of NLP-21-derived VENUS
fluorescence in the cell bodies of cholinergic motoneurons in the ventral nerve cord of wild
type worms, tbc-8(tm3802) and unc-108(n501) mutants are shown. Scale bar represents 2 µm.
Size distribution of VENUS positive vesicles in these mutants were analyzed in (B). Error
bars = s.e.m (N=15-21). (***, P < 0.0001; **, P > 0.001, ANOVA with Bonferroni post test).
Source: (Hannemann et al, 2012).
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To determine whether neuropeptides other than NLP-21 are also affected in
tbc-8(tm3802), we tested the fluorescence levels of FMRFamide related peptide FLP3-derived VENUS and the insulin-like neuropeptide INS-22-VENUS in the DNC
(Figure IV.6). FLP-3-derived VENUS levels in the DNC of tbc-8 mutants were
decreased by 87.90±1.19%, suggesting that VENUS derived from other neuropeptides
was also lost (Figure IV.6A). However, analysis of INS-22-derived VENUS
fluorescence levels was unchanged in tbc-8(tm3802), like in unc-108/rab-2 mutants
(Edwards et al, 2009; Sumakovic et al, 2009) (Figure IV.6B).

Figure IV.6. The VENUS-tag derived from other neuropeptides than NLP-21 was also
lost in tbc-8(tm3802) mutants (A) The FMRFamide related peptide FLP-3-derived VENUS
fluorescence was decreased in tbc-8(tm3802). (B) Fluorescence intensity of VENUS-tagged
insulin-like neuropeptide, INS-22, was unchanged in tbc-8(tm3802) mutants. Scale bars in
DNC represent 5 µm. Error bars = s.e.m. (***, P < 0.0001; Student’s t-test). Source:
(Hannemann et al, 2012).

In addition to different neuropeptides, we also tested a transmembrane protein
localized on DCVs, IDA-1-GFP, in the DNC. IDA-1-GFP levels were unchanged in
the tbc-8 deletion mutants when compared to wild type animals, suggesting no
changes in the numbers of DCVs in tbc-8 mutants (Figure IV.7).
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Figure IV.7. IDA-1-GFP trafficking is not affected in tbc-8(tm3802) mutants. The
fluorescence level of the transmembrane protein, IDA-1-VENUS, was unaltered in tbc8(tm3802) deletion mutant worms. Scale bars in DNC represent 5 µm. Error bars = s.e.m. (ns,
P > 0.05, Student’s t-test). Source: (Hannemann et al, 2012).

This observation was verified by a high-pressure freeze electron microscopy
(HPF-EM). This analysis revealed that the DCV numbers and distribution at synapses
in tbc-8 mutants were unaltered compared to wild type (Figure IV.15B). Therefore,
we conclude that in tbc-8 mutants, DCVs are loaded with less soluble NLP-21-derived
VENUS, as it has also been shown for unc-108/rab-2 mutants (Edwards et al, 2009;
Sumakovic et al, 2009). Thus, DCV maturation is disrupted in tbc-8 mutants in a
manner similar to unc-108/rab-2 mutants.

IV.2 TBC-8 and RAB-2 are involved in the same genetic pathway

In order to analyze whether TBC-8 acts in the same genetic pathway as RAB2, we compared tbc-8(tm3802) with different unc-108/rab-2 mutants. We utilized two
different alleles of RAB-2, (n501) D122N, which is dominant active and
constitutively bound to GTP (Sumakovic et al, 2009), and the deletion (nu415) that
serves as a molecular null allele since the protein product could not be detected on
Western blots (Chun et al, 2008). In unc-108/rab-2(n501) NLP-21-derived VENUS
fluorescence levels in the DNC were more strongly decreased as compared to the
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deletion allele (nu415) by 91.13±1.38% and 43.89±5.59%, respectively (Figure IV.8).
If TBC-8 is the GAP for RAB-2, then in tbc-8 mutants, RAB-2 should predominantly
be in the constitutively GTP-bound form and therefore, tbc-8 mutants should resemble
the dominant unc-108/rab-2(n501) mutant. Consistent with this hypothesis, the tbc8(tm3802) deletion allele indeed showed a decrease in NLP-21-derived VENUS
fluorescence (74.00±2.51%), similar to unc-108(n501) mutants (91.13±1.38%)
(Figure IV.8). Comparatively, the decrease in NLP-21-derived VENUS fluorescence
was not as pronounced in the unc-108(nu415) null allele (43.89±5.59%) (Figure
IV.8). This result suggests that RAB-2 is indeed in the active GTP-bound form in tbc8 mutants. Therefore, inactivation of RAB-2 in a tbc-8 mutant background should
lead to a weaker NLP-21-VENUS phenotype, identical to the unc-108/rab-2(nu415)
null allele. In agreement with this hypothesis, unc-108(nu415); tbc-8(tm3802), a
combination of both deletion alleles, showed an identical phenotype (46.88±5.20%) as
the single unc-108(nu415) deletion allele (43.89±5.59%) (Figure IV.8). Furthermore,
unc-108(n501); tbc-8(tm3802), a double mutant with unc-108/rab-2 gain of function
allele, (91.84±1.37%) also resembled the single unc-108(n501) allele (91.13±1.38%)
(Figure IV.8). Both double mutants followed the phenotype of the respective unc-108
single mutant indicating that both proteins are involved in the same genetic pathway.

Figure IV.8. TBC-8 is involved in the same pathway as UNC-108/RAB-2. Double mutants
of tbc-8(tm3802) and dominant active unc-108/rab-2(n501) or null allele unc-108/rab2(nu415), respectively, followed the phenotype of the unc-108/rab-2 single mutants. Scale bar
represents 5 µm. Error bars = s.e.m. (***, P < 0.0001; Student’s t-test). Source: (Hannemann
et al, 2012).
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Previously, we and others have shown that cargo was lost in the endosomallysosomal pathway in unc-108/rab-2 mutants (Edwards et al, 2009; Sumakovic et al,
2009). In order to block this loss of DCV cargo to early endosomes, we overexpressed
a constitutively GTP-bound form of RAB-5 (Q79L) in neurons and could rescue the
DCV phenotype in the unc-108(n501) mutants by returning NLP-21-derived VENUS
fluorescence levels back to wild type levels in the DNC (Sumakovic et al, 2009).
Since TBC-8 and RAB-2 function in the same pathway, expression of RAB-5 (Q78L)
should also rescue the decreased VENUS levels in the DNC in the tbc-8(tm3802)
deletion allele. Consistent with this hypothesis, expression of RAB-5 (Q78L) in the
neurons of tbc-8(tm3802) mutants restored the decreased NLP-21-derived VENUS
fluorescence levels at the synapses up to 86.47±10.90% (Figure IV.9). This result
indicates that TBC-8, like RAB-2, is required for retaining specific cargo in maturing
DCVs by preventing its entry to the late endosomal system.

Figure IV.9. Loss of the soluble VENUS cargo in tbc-8(tm3802) mutants is rescued by
overexpression of constitutively active, GTP-bound RAB-5 (Q78L), like in unc-108/rab-2
mutants (Sumakovic et al, 2009). Interfering with the endosomal-lysosomal pathway by
overexpression of RAB-5 (Q78L) in a tbc-8(tm3802) mutant background restored the NLP21-derived VENUS fluorescence at the DNC back to wild type level. Scale bar represents 5
µm. Error bars = s.e.m. (***, P < 0.0001; Student’s t-test). Source: (Hannemann et al, 2012).
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IV.3 TBC-8 is not involved in neuropeptide processing
Neuropeptides are synthesized as larger inactive proneuropeptides, which are
processed by the action of different enzymes such as proprotein convertases EGL3/PC2. It was previously shown that EGL-3/PC2 is the major convertase in the
biogenesis of active neuropeptides (Husson et al, 2006; Kass et al, 2001). In egl-3
mutant worms no active FMRFamide neuropeptides and neuropeptide-like proteins
(NLP) could be detected by mass spectrometry (Husson et al, 2006). Due to absence
of the proprotein convertase EGL-3, egl-3 mutants display defects in neuropeptide
signaling like movement defects (Sumakovic et al, 2009) and defects in
mechanosensory responses (Kass et al, 2001) like egg-laying behavior (Trent et al,
1983).
In order to test whether TBC-8 is involved in neuropeptide processing, we
generated a double mutant of the prohormone convertase PC2, egl-3(gk238), and tbc8(tm3802), and tested it for defects in DCV maturation (Figure IV.10). The data was
compared with the respective single mutants to identify possible genetic interactions.
If TBC-8 and EGL-3 function in the same pathway, one would expect that double
mutants of tbc-8 and egl-3 display the same phenotype like egl-3 single mutants.
However, in egl-3(gk238); tbc-8(tm3802) double mutants, NLP-21-derived VENUS
levels were restored to wild type levels (72.50±9.90%) (Figure IV.10). Previously, it
has been shown that the loss of NLP-21-derived VENUS from maturing DCVs in
unc-108/rab-2 mutants could also be rescued by inactivation of EGL-3 (Sumakovic et
al, 2009). Thus, the lack of proneuropeptide processing retains NLP-21-VENUS into
the insoluble dense core of DCVs of egl-3(gk238); unc-108/rab-2 and egl-3(gk238);
tbc-8(tm3802) double mutants. These findings indicate that primarily soluble NLP-21derived VENUS is lost in unc-108/rab-2 and tbc-8(tm3802) mutants.
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Figure IV.10. TBC-8 is not involved in the generation of active NLP-21 neuropeptides.
The double mutant egl-3(gk238); tbc-8(tm3802) restored NLP-21-derived VENUS cargo in
the DNC back to wild type levels. Scale bar represents 5 µm. Error bars = s.e.m. (***, P <
0.0001; Student’s t-test). Source: (Hannemann et al, 2012).

Although unc-108/rab-2; egl-3(gk238) double mutants had restored levels of
NLP-21-derived VENUS in the DNC, analysis of the movement phenotype in the
double mutants revealed that they were more severely uncoordinated than either
single mutant (Sumakovic et al, 2009). This result suggests that, despite rescuing the
NLP-21-derived VENUS marker in the DNC, the combined loss of soluble cargo and
functional neuropeptides in DCVs leads to additive locomotion defects in unc108/rab-2; egl-3(gk238) double mutants. Interestingly, tbc-8(tm3802) mutants do not
display a movement defect (Figure IV.11) and double mutants of tbc-8(tm3802); egl3(gk238) do not yield animals that are similarly uncoordinated to unc-108/rab-2; egl3(gk238) mutants (Figure IV.12) (Sumakovic et al, 2009). These data suggest that role
of RAB-2 in regulating movement may predominantly occur in a subset of neurons
that do not express tbc-8, but most likely express another GAP.
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Figure IV.11. tbc-8(tm3802) mutants do not display movement defects. Young adult
worms of each strain were transferred to non-seeded plates, adjusted for several minutes
before the number of body bends per min of each worm was recorded. tbc-8 mutants
displayed normal rate of locomotion when compared to wild type animals. Error bars = s.e.m.
(ns, P > 0.05; Student’s t-test). Source: (Hannemann et al, 2012).

Figure IV.12. Unlike egl-3(gk238); unc-108/rab-2(n501) mutants, double mutants of egl3(gk238) and tbc-8(tm3802) display no additive movement defects. It was previously
shown that the combined loss of soluble cargo and functional neuropeptides in DCVs leads to
additive locomotion defects in unc-108/rab-2(n501); egl-3(gk238) double mutants
(Sumakovic et al, 2009). However, double mutants of tbc-8(tm3802); egl-3(gk238) do not
show similarly uncoordinated movement to unc-108/rab-2(n501); egl-3(gk238) mutants.
Error bars = s.e.m. (***, P < 0.0001; Student’s t-test).

All these findings highlight that TBC-8 is indeed in the same pathway as
RAB-2 and thus, TBC-8 is a likely candidate to be a RAB-2 GAP. However,
differences in movement defects between tbc-8 and unc-108/rab-2 mutants suggest
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the existence of additional GAPs, which may regulate RAB-2 activity in the absence
of TBC-8.

IV.4 tbc-8 mutants show no morphological defects in motoneurons and no SV
defects

For unc-108/rab-2 mutants, it has been shown that DCV maturation is
specifically affected while SV trafficking and function are unaltered (Edwards et al,
2009; Sumakovic et al, 2009). To exclude that the lack of TBC-8 would lead to
general membrane trafficking defects in neurons, we analyzed SV localization,
distribution and morphology. We first examined synaptic morphology by analyzing
the localization of the synaptic marker proteins, RAB-3 and Synaptobrevin-1 (SNB1), using integrated strains expressing YFP-RAB-3 and GFP-SNB-1 in cholinergic
motoneurons (Sieburth et al, 2005). The fluorescence of YFP-RAB-3 (90.12±11.96%)
(Figure IV.13A) and GFP-SNB-1 (90.82±9.32%) (Figure IV.13B) was unchanged in
the DNC of tbc-8(tm3802) when compared to wild type.

Figure IV.13. tbc-8(tm3802) mutants display no defects in synaptic vesicle trafficking.
The transport of synaptic vesicles to the synapses in the DNC was visualized by VENUStagged RAB-3 (VENUS-RAB-3) (A) and GFP-tagged synaptobrevin (GFP-SNB-1) (B). No
differences were observed in transport of both SV markers in tbc-8(tm3802) mutants. Scale
bar represents 5 µm. Error bars = s.e.m. (ns, P > 0.05; Student’s t-test). Source: (Hannemann
et al, 2012).
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Second, we used HPF-EM to detect obvious changes in the morphology of
synapses, neuronal cell bodies and neuronal Golgi complexes in tbc-8(tm3802)
mutants compared to wild type worms (Figure IV.14). Here, we did not observe any
abnormal accumulation of vesicles or degeneration of the Golgi stacks in tbc8(tm3802) mutants compared to wild type animals.

Figure IV.14. tbc-8(tm3802) mutants do not show morphological changes. High-pressure
freeze electron microscopic analysis of tbc-8(tm3802) mutants revealed no obvious
differences in the morphology of synapses, motoneuronal cell bodies and neuronal Golgi
stacks compared to wild type. EM pictures were taken by Dr. Jan Hegermann. Source:
(Hannemann et al, 2012).

Furthermore, we analyzed SV distributions surrounding the presynaptic dense
projection of cholinergic motoneurons in tbc-8(tm3802) mutants by HPF-EM. There
were no changes in SV distribution, SV numbers or SV diameter as compared to wild
type (Figure IV.15). This analysis suggests that SV function is unaffected in tbc8(tm3802) mutants, similar to what has been reported for unc-108/rab-2 mutants
(Edwards et al, 2009; Sumakovic et al, 2009). For unc-108/rab-2 gain of function
mutants, it has been demonstrated that DCV diameters are more variable (Edwards et
al, 2009; Sumakovic et al, 2009) (Figure IV.15B). However, this was not the case for
tbc-8(tm3802) mutants, where DCV diameters are not significantly different from
DCVs in wild type worms (Figure IV.15B).
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Figure IV.15. tbc-8(tm3802) mutants display no defects in synaptic vesicle trafficking
and localization. (A) The synaptic vesicle distribution relative to the presynaptic density at
synapses of tbc-8(tm3802) mutants was similar to wild type worms (Student’s t-test). (B) SV
and DCV analysis determined by HPF EM. Only significant differences of mutant strains
compared to wild type worms are indicated. Mean ± s.e.m. are shown (**, P < 0.001;
Student’s t-test). The mean diameter of DCVs in unc-108(n501) mutants was more viable,
which was shown previously (Sumakovic et al, 2009). EM was performed by Dr. Jan
Hegermann. Source: (Hannemann et al, 2012).

IV.5 tbc-8 codes for an evolutionarily conserved Rab GAP specifically expressed
in neurons

The tbc-8 gene (C38H2.1) of C. elegans is predicted to consist of 18 exons
that are composed of 2712 base pairs (bp) (Figure IV.16). Based on the published
genome sequence of C. elegans, tbc-8 is located on the third chromosome on the plus
strand between the nucleotides 10,365,002 and 10,373,138 (Wilson et al, 1994)
(www.wormbase.org). In this study the complete coding region of tbc-8 could be
confirmed by sequencing of the tbc-8 cDNA. The immediate neighbors of tbc-8 are
umps-1 (T07C4.1) and the gene C38H2.2, which encode an uridine-5'-monophosphate
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synthase and a core 1 UDP-Gal:GalNAc alpha1-Ser/Thr beta1,3-galactosyltransferase
(EC2.4.1.122), respectively (www.wormbase.org).
The tbc-8(tm3802) deletion allele, which was used in this study leads to a stop
codon after the 8th exon (Figure IV.16), truncating the protein after aa 482 just before
the TBC-domain starts (Figure IV.17).

Figure IV.16. Gene structure of tbc-8. Exons are represented by black boxes and introns by
black lines. The position of the tm3802 deletion is indicated by a red line. The genomic region
of the tbc-8 locus consists of 8137 bp, whereas the cDNA of tbc-8 consists of 2712 bp. This
figure was created by the software “X-on”, developed by Dr. Christian Olendrowitz. Source:
(Hannemann et al, 2012).

The gene tbc-8 encodes a 903 amino acid (aa) protein. This protein product
has a predicted size of 104 kDa and a theoretical pI of 6.5 TBC-8 is predicted to be a
cytoplasmic protein as the TMHMM program did not find any transmembrane
domains (http://www.cbs.dtu.dk/services/TMHMM/). TBC-8 possesses two predicted
protein domains, a TBC domain and a RUN domain (http://smart.emblheidelberg.de/). The TBC-domain of TBC-8 is located at the C-terminus between aa
621 and 862 (Figure IV.17). The conserved RUN [after RPIP8 (RaP2 interacting
protein 8)/UNC-14/NESCA(new molecule containing SH3 at the carboxyl-terminus)]
domain is located at the N-terminus between aa 96 and 228 (Figure IV.17), which has
been shown to bind to small GTPases of the Rab and Rap family (Callebaut et al,
2001; Janoueix-Lerosey et al, 1998). TBC-domain proteins with the same domain
structure can be found in Drosophila melanogaster and the mammalian system
(Fukuda, 2011) (Figure IV.17). The orthologs in D. melanogaster (CG32506-PC,
FlyBase ID: FBpp0300194) and in H. sapiens (SGSM1 (Yang et al, 2007), accession
number: NP_001035037) are about 250 aa longer than C. elegans TBC-8. The RUN
domains of these proteins show a 64% (SGSM1) and a 63% (CG32506-PC) similarity
to the RUN domain of TBC-8, whereas both TBC-domains are about 58% (SGSM1)
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and 57% (CG32506-PC) similar to the TBC-domain of C. elegans TBC-8. For full
protein sequences of TBC-8 and its orthologs see Appendix (Figure XV.1).

Figure IV.17. TBC-8 is evolutionarily conserved. Orthologs of TBC-8 are found in H.
sapiens and D. melanogaster. TBC-8 contains two predicted domains, a RUN domain (blue)
and a TBC-domain (purple). Percentage similarities for both domains are shown relative to C.
elegans TBC-8. For full protein sequences of TBC-8 and its orthologs, see Appendix (Figure
XV.1). RUN, RPIP8/UNC-14/NESCA; TBC, Tre-2/Bub2/Cdc16. Source: (Hannemann et al,
2012).

In order to determine the expression pattern of tbc-8, a construct containing a
2873 bp genomic fragment of the tbc-8 promoter region was fused to gfp and injected
into wild type worms (Figure IV.18A). The expression pattern using this
transcriptional reporter revealed that tbc-8 is exclusively expressed in neurons
including the head and tail neurons as well as neurons in the ventral nerve cord (VNC)
(Figure IV.18B). Interestingly, analysis of the expression pattern of unc-108/rab-2
showed a similar high expression in neurons (Edwards et al, 2009; Sumakovic et al,
2009).
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Figure IV.18. tbc-8 is expressed in the nervous system of C. elegans. (A) Schematic
representation of a construct containing a 2873 bp tbc-8 promoter fused to gfp. This
transcriptional reporter construct was injected into wild type worms and gfp expression was
imaged in stage three larval (L3) worms by confocal microscopy. (B) tbc-8 expression was
observed in the neurons of the head including amphid neurons, the ventral nerve cord (VNC)
neurons and in neurons of the tail (phasmid neurons). The right panel shows magnifications of
the respective regions. Scale bars represent 50 µm. DNC, dorsal nerve cord. Source:
(Hannemann et al, 2012).

IV.6 TBC-8 shows no defects in postendocytic trafficking and is not required for
degradation of apoptotic cell corpses

Based on our expression analysis, we could show that tbc-8 is expressed in the
nervous system (Figure IV.18). To exclude the possibility that our transcriptional
reporter missed important regulatory regions and elements, we tested TBC-8 function
in other tissues in which RAB-2 was shown to be required (Chun et al, 2008; Lu et al,
2008; Mangahas et al, 2008). We analyzed the possible role of TBC-8 in
postendocytic trafficking in coelomocytes (Figure IV.19-21) and in the degradation of
apoptotic cell corpses in the germ line (Figure IV.22).

58

PhD Thesis – Mandy Hannemann

Chapter 1: IV. Results

In order to observe defects in the steady-state endocytosis of coelomocytes, we
used the integrated strain arIs37[pmyo-3::ssGFP], which continuously secretes
ssGFP from muscle cells into the body cavity of C. elegans (Fares & Greenwald,
2001). Subsequently, ssGFP is endocytosed by the macrophage-like coelomocytes,
which continuously filter the body fluid. By imaging the endocytosed ssGFP
fluorescence in coelomocytes, we did not detect any changes during the steady-state
endocytosis of ssGFP in tbc-8(tm3802) mutants compared to wild type coelomocytes
(Figure IV.19).

Figure IV.19. Steady-state endocytosis of coelomocytes in tbc-8 mutants is unaffected.
(A) Schematic representation of the C. elegans strain arIs37[pmyo-3::ssGFP] (Fares &
Greenwald, 2001). This strain constitutively secretes ssGFP from muscle cells, which is
endocytosed by the six coelomocytes of C. elegans. (B) tbc-8(tm3802) mutants were crossed
into the strain arIs37[pmyo-3::ssGFP]. The fluorescence of endocytosed GFP in
coelomocytes of tbc-8 mutants was imaged and compared to the fluorescence levels seen in a
wild type background. Representative pictures of ssGFP in coelomocytes are shown. Scale
bar represents 5 µm. Error bars = s.e.m. (ns, P > 0.05, Student’s t-test). Source: (Hannemann
et al, 2012).
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In order to test the kinetics of ssGFP uptake and the degradation of
endocytosed GFP in coelomocytes, we used a strain that expresses ssGFP under a
heat-shock promoter (arIs36[phsp::ssGFP] (Fares & Greenwald, 2001), which
allowed us to perform an in-vivo pulse-chase experiment in C. elegans. In this strain,
there is no gfp expression at normal growth temperature of 20°C. A heat shock at
33°C for 30 min results in the secretion of a finite pulse of GFP into the body cavity.
Subsequently, the uptake and degradation of GFP can then be followed as a function
of time by returning the heat-shocked worms back to 20°C. While following the fate
of secreted GFP within coelomocytes, no defects were observed in tbc-8(tm3802)
mutants compared to wild type worms for all measured time points (Figure IV.20).
This result indicates that, like the steady-state endocytosis, the rate of fluid-phase
endocytosis in coelomocytes is also unaffected in tbc-8 mutant worms.

Figure IV.20. The fluid-phase endocytosis is unaffected in tbc-8 mutants. The strain
arIs36[phsp::ssGFP] was crossed into tbc-8(tm3802). Both strains, arIs36 (wild type) (upper
panel) and tbc-8(tm3802); arIs36 (lower panel) were grown at 20°C, heat-shocked for 30 min
at 30°C and returned at 20°C to allow recovery. After various time points (3.5 hours, 6 hours
and 28 hours after heat-shock) both strains were monitored for uptake of ssGFP into
coelomocytes and degradation of endocytosed GFP by confocal microscopy. All fluorescence
pictures were taken with the same settings. Dashed lines indicate outlines of coelomocytes.
Scale bar of worm sections represent 50 µm. Scale bar of coelomocytes represent 5 µm.
Source: (Hannemann et al, 2012).
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In addition, we also examined postendocytic trafficking of the fluid-phase
marker Texas red conjugated to the carrier protein bovine serum albumin (TR-BSA)
in coelomocytes of tbc-8(tm3802) mutants. TR-BSA was microinjected into the
pseudocoelom of young adult worms. Using a marker for endosomes, RME-8-GFP
(Zhang et al, 2001), we analyzed the migration of injected TR-BSA through RME-8GFP positive vesicles into later postendocytic compartments (Figure IV.21). Within
the first 5 to 10 min after injection, the dye TR-BSA is readily endocytosed by
coelomocytes in wild type and tbc-8 mutant worms and accumulates in RME-8-GFP
positive vesicles. After 30 min the marker leaves early endosomes and migrates into
late endosomal compartments which are RME-8-GFP negative. This TR-BSA traffic
was comparable in both wild type and tbc-8 mutants. Finally, after 50 min almost all
TR-BSA accumulates in late compartments/lysosomes, in which Texas red is stable,
and cannot be degraded (except for the BSA moiety). In summary, we did not see
obvious defects at any time point in tbc-8(tm3802) mutants compared to wild type
animals.

Figure IV.21. Fluid-phase endocytosis of Texas red-BSA was unaltered in tbc-8(tm3802)
mutants. The endocytosis marker TR-BSA was injected into the body cavity of tbc8(tm3802) worms and its fate within coelomocytes was followed over time (10 min, 30 min,
50 min). For this purpose, the strain bIs34[prme-8::rme-8-gfp], which labels RME-8 positive
endosomes, was crossed into tbc-8(tm3802). After 10 min, TR-BSA (red) was endocytosed
and was visible in RME-8-GFP (green) positive vesicles in both tbc-8(tm3802) mutants and in
wild type worms. Therefore, endocytosis of the fluid-phase marker seemed to be unaffected in
tbc-8(tm3802) mutants. Further observation of the kinetics in postendocytic trafficking of TRBSA (30 min, 50 min) did not revealed any defects in tbc-8(tm3802) mutants. Scale bar
represents 5 µm. Source: (Hannemann et al, 2012).
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Previously, it was shown that RAB-2 is also required for the degradation of
apoptotic cell corpses in C. elegans (Lu et al, 2008; Mangahas et al, 2008). During
this process, RAB-2 is crucial for the recruitment and fusion of lysosomes to
phagosomes as well as the acidification of the phagosomal lumen (Lu et al, 2008;
Mangahas et al, 2008). To identify whether TBC-8 plays a role together with RAB-2
in the germ line, we assayed the presence of apoptotic cell corpses in tbc-8(tm3802)
mutants (Figure IV.22). Unlike unc-108/rab-2 deletion mutants, tbc-8(tm3802)
mutants showed similar numbers of apoptotic cell corpses (CED-1-GFP labeled) as
wild type worms (Figure IV.22).

Figure IV.22. tbc-8(tm3802) mutants do not show defects in degradation of
apoptotic cell corpses in the germ line. CED-1-GFP [bcIs39; (Schumacher et al,
2005)] was used as a marker to visualize apoptotic cell corpses in the germ line of C.
elegans. Imaging stacks of one gonad arm were captured and the number of CED-1GFP positive apoptotic cell corpses was recorded. tbc-8(tm3802) mutants displayed
similar numbers of apoptotic cell corpses like wild type worms, whereas unc108(nu415) mutants have defects in the degradation of apoptotic cell corpses resulting
in high numbers of corpses in their gonad arms, which was described previously (Lu
et al, 2008; Mangahas et al, 2008). Scale bar represents 20 µm. Error bars = s.e.m.
(***, P < 0.0001; Student’s t-test). Source: (Hannemann et al, 2012).
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These postendocytosis data together with the expression analysis indicate that
TBC-8 likely regulates RAB-2 function only in the nervous system of C. elegans.
Therefore, it is tempting to speculate that RAB-2 is controlled by another GAP in
non-neuronal tissues.

IV.7 TBC-8 localizes to the Golgi-endosomal interface

In order to examine where TBC-8 functions in the nervous system, we
expressed fluorescently labeled TBC-8 under the rab-3 pan-neuronal promoter and
determined its sub-cellular localization in motoneurons of the VNC. Fluorescently
labeled TBC-8 showed a cytosolic localization with some punctate membrane staining
(Figure IV.23) reminiscent of RAB-2. In order to identify which subcellular
compartments these cytoplasmic puncta correspond to, we co-localized fluorescentlylabeled TBC-8 with different markers in neurons (Figure IV.23). We observed partial
localization of TBC-8 with medial (mannosidase II) and trans-Golgi (APT-9) markers
and an almost complete co-localization with the early endosomal marker RAB-5.
However, we could not observe any localization of TBC-8 to RAB-7-positive late
endosomes. This suggests that TBC-8 acts at the Golgi-endosomal interface, similar to
RAB-2, where DCV maturation is also believed to take place (Tooze et al, 2001).
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Figure IV.23. TBC-8 localizes to the Golgi-endosomal interface. The subcellular
localization of fluorescently-labeled TBC-8 expressed in motoneurons was analyzed by
confocal microscopy. Fluorescently-labeled-TBC-8 localized partially with medial and transGolgi markers and showed full co-localization with the early endosomal marker mCherryRAB-5. No co-localization to RAB-7-positive late endosomes was observed. Manns,
mannosidase II. Scale bars represent 3 µm. Source: (Hannemann et al, 2012).

IV.8 TBC-8 full length and fragments of TBC-8 are not soluble when expressed
in E. coli strains or insect cells.

The NLP-21 rescue experiments suggested that TBC-8 possess a catalytic
GAP domain, represented by the TBC-domain, since a catalytic inactive TBC-8
(R697A) protein was not able to rescue the decreased NLP-21-derived fluorescence
levels in tbc-8 deletion mutants. The proof-of principle experiment to determine GAP
activity of TBC-8 towards RAB-2 would be an in-vitro GAP assay. Therefore, we
attempted to express full-length TBC-8 or TBC-domain fragments of TBC-8 in E.
coli. For this purpose, we cloned different constructs of TBC-8 (Figure IV.24) into
expression vectors (Table IV.1).
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Figure IV.24. Representation of TBC-8 fragments that were used to test expression and
solubility in E. coli. Protein fragment sizes and lengths are depicted.

Table IV.1. Different constructs used for solubility test of recombinant TBC-8
Construct

TBC-8 fragment

Fusion tag

Predicted
GST-TBC-8 size

pGST-tbc-8 full
length

1-903 aa

GST

~130 kDa

pGST-tbc-8 large

329-903 aa

GST

~94 kDa

pGST-tbc-8 medium

451-903 aa

GST

~80 kDa

pGST-tbc-8 small

587-903 aa

GST

~64 kDa

For the expression and solubility test of all fragments, we transformed the
according vectors into the E. coli BL21-CodonPlus(DE3)-RIL strain and tested
different growth conditions. While expression was successful for all four TBC-8
fragments (Figure IV.25A), none of these proteins were found in the supernatant
fraction, but were enriched in the pellet after sonication of E. coli, indicating that
TBC-8 fragments were insoluble (Figure IV.25B).
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Figure IV.25.TBC-8 fragments are not soluble when expressed in E. coli. (A) Expression
and (B) solubility test of TBC-8 fragments in E. coli. After expression, TBC-8 fragments
(only TBC-8 small fragment is shown) were present in the pellet, indicating insolubility of
TBC-8. This experiment was conducted by the author and Dr. Sabine König.

It is possible that posttranslational modifications were important for protein
stability of TBC-8, which cannot be accomplished in bacteria. Therefore, we switched
to the baculovirus expression system, which has been used for the production of
properly post-translationally modified, recombinant proteins in insect cells. This work
was done in cooperation with the Protein Expression and Purification Core Facility at
the EMBL in Heidelberg (http://www.embl.de/pepcore/pepcore_services/index.html).
For the expression of proteins in insect cells, we used His- and GST- tagged full
length TBC-8 and the small TBC-8 (587-903 aa) fragment. Unfortunately, these
protein fragments were also insoluble, when expressed in insect cells (Table IV.2).
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Table IV.2. Expression and solubility test of recombinant TBC-8 fragments used
in insect cells.

As a final attempt to obtain soluble TBC-8, we ordered a codon-optimized full-length
TBC-8 for insect cells (from GeneArt), since the Protein Expression and Purification
Core Facility at the EMBL had good experiences in improving the solubility of
proteins by using codon-optimized proteins in the past. Unfortunately, using this tbc-8
codon-optimized gene did not result in obtaining soluble TBC-8 protein.
In summary, all our efforts to conduct an in-vitro GAP assay failed, since
TBC-8 was not soluble. Therefore, we attempted to examine GAP activity of TBC-8
in vivo.

IV.9 TBC-8 is a putative RAB-2 GAP

Previously, RAB-2 was shown to localize to the Golgi (Sumakovic et al,
2009). Attempts to co-localize TBC-8 and RAB-2 were proven to be difficult, because
when YFP-TBC-8 fusion proteins were co-expressed with mCherry-RAB-2 in
motoneurons, we observed that RAB-2 was mainly cytosolic (Figure IV.26, cell
bodies 2-4). However, in neurons where YFP-TBC-8 was not expressed due to the
mosaic nature of extra-chromosomal arrays in C. elegans, a distinct Golgi staining of
mCherry-RAB-2 was visible in these cell bodies (Figure IV.26, cell body 1). This is a
strong indication that TBC-8, when overexpressed, inactivates RAB-2, which in turn
would be redistributed from the Golgi to the cytosol. This co-localization experiment
points to a possible GAP activity of TBC-8 towards RAB-2 in vivo and reinforces the
idea that TBC-8 might be a RAB-2 GAP as evident from the genetic data.
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Figure IV.26. TBC-8 is a putative RAB-2 GAP. In motoneurons of the VNC, mCherryRAB-2 localizes to the Golgi (left cell body; cell boundary is highlighted by a dashed line).
However, when YFP-TBC-8 is overexpressed, mCherry-RAB-2 is redistributed to the cytosol
(cell bodies 2-4). Arrows one to four point to individual cell bodies of depicted motoneurons.
Scale bars represent 3 µm. Source: (Hannemann et al, 2012).

It was previously demonstrated that TBC-domain containing Rab GAPs
possess an essential arginine finger located within the TBC-domain, which is crucial
for its catalytic GAP activity (Pan et al, 2006). When this catalytic arginine finger was
mutated to alanine, the TBC-domain could still bind to its Rab partner but was unable
to activate the intrinsic GAP activity of the Rab, which would lead to GTP hydrolysis
(Pan et al, 2006). TBC-8 also contains a conserved arginine finger residue (R697)
(Figure IV.27A) within the catalytic motif that is conserved among its orthologs in
humans (SGSM1) and D. melanogaster (CG32506-PC) (Figure IV.27B).

Figure IV.27. TBC-8 contains a conserved catalytic arginine finger within the TBCdomain. (A) Mutation of the catalytically active arginine (R697) to alanine within the TBCdomain renders the protein inactive. (B) Alignment of the catalytic motif of TBC-8 and its
homologs in humans (SGSM1) and in Drosophila melanogaster (CG32506-PC) are shown.
The arrowhead indicates the catalytic arginine residue necessary for GAP activity. Source:
(Hannemann et al, 2012).
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If TBC-8 is the GAP specific for RAB-2, the interaction of both proteins
should be detectable in the yeast two-hybrid system (Y2H). However, it was
previously shown that interaction of wild type or GTP-bound Rab with its GAP was
barely detectable using the Y2H system (Haas et al, 2005). The authors speculated
that the interaction of the Rab GAP with its target GTP-bound Rab is transient and
leads to a release of the Rab after triggering GTP hydrolysis. They solved this issue
by introducing a mutation of the catalytic arginine finger within the TBC-domain of
the GAP to alanine that made a detection of the Rab/GAP pair possible within the
Y2H system (Haas et al, 2005).
In order to identify the RAB/TBC-8-GAP pair, we screened TBC-8 and the
catalytically inactive TBC-8 (R697A) with all constitutively active, GTP bound C.
elegans RAB proteins in a Y2H experiment (Figure IV.28). Interaction of TBC-8 with
RAB proteins was captured by growth on histidine selection plates. As expected,
RAB-2 (Q65L) interacted with the TBC-8 (R697A) and not with the wild type TBC-8
(Figure IV.28). This suggests that TBC-8 is a GAP for RAB-2 and the interaction
between TBC-8 and RAB-2 is confined to the TBC-domain.

Figure IV.28. TBC-8 is a putative RAB-2 GAP. In a yeast two-hybrid assay, all C. elegans
RABs in their constitutively GTP-bound form were tested against wild type TBC-8 (upper
panel) and a catalytically inactive form of TBC-8 (R697A) (lower panel), respectively.
Strikingly, RAB-2 (Q65L) interacted with TBC-8 (R697A) but not with wild type TBC-8,
suggesting that TBC-8 is the GAP for RAB-2. Unlike RAB-2, RAB-19 (Q69L) interacted
weakly with both forms of TBC-8, which makes it unlikely that TBC-8 is the GAP for RAB19 (Haas et al, 2005). AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding
domain fusion; His, histidine; RABGTP: constitutively GTP-bound RAB GTPase. Source:
(Hannemann et al, 2012).
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In this screen, we also detected a specific binding of the GTP-bound form of
RAB-19 (Q69L) to TBC-8. However, in this case RAB-19 binds to both wild type
TBC-8 and the catalytically inactive TBC-8 (R697A) in a GTP-dependent manner
(Figure IV.29). This indicates that TBC-8 might be an effector and not a GAP of
RAB-19.

Figure IV.29. Interactions of TBC-8 with RAB-2 and RAB-19 are GTP-dependent.
Constitutively active RAB-2 (Q65L) and RAB-19 (Q69L) interacted with TBC-8 whereas
their dominant inactive forms [RAB-2 (S20N), RAB-19 (T24N)] did not. The closest paralog
of RAB-2, RAB-14, did not show interaction with TBC-8 wild type or R697A in a yeast twohybrid analysis. AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain
fusion; His, histidine; RABGTP, constitutively GTP-bound RAB GTPase; “–“, empty vector
pGADT7 was used for testing self-activation. Source: (Hannemann et al, 2012).

Furthermore, we could not detect defects in NLP-21-derived VENUS
trafficking in rab-19(ok1845) deletion mutants (Figure IV.30) indicating that TBC-8
together with RAB-19 has another role besides DCV trafficking.
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Figure IV.30. rab-19(ok1845) mutants do not display defects in DCV trafficking of the
NLP-21-VENUS marker in the DNC. rab-19(ok1845) mutants have similar fluorescence
levels of NLP-21-derived VENUS (89.83±10.69%) in the DNC like wild type worms. Scale
bar represents 5 µm. Error bars = s.e.m. (ns, P > 0.05; Student’s t-test). Source: (Hannemann
et al, 2012).

All the data introduced in this chapter suggest that TBC-8 might be a putative
neuronal GAP for the small GTPase RAB-2 in C. elegans. This hypothesis is mainly
supported by the yeast two-hybrid analysis and by the co-localization studies of wild
type TBC-8 and RAB-2 where we could show GAP activity of TBC-8 towards RAB2 in vivo.
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Chapter 1
V. Discussion

V.1 TBC-8 is a putative neuron specific RAB-2 GAP

Previously, we and others have shown that RAB-2 is involved in neuronal DCV
maturation in C. elegans (Edwards et al, 2009; Sumakovic et al, 2009). A functional
RAB-2 cycle is required to maintain specific (soluble and transmembrane) cargo in
maturing DCVs. Due to the low intrinsic nucleotide exchange and hydrolysis rate of most
of the Rab proteins, like RAB-2, additional proteins, GEFs and GAPs, are involved in
regulation of Rab cycling (Segev, 2001; Zerial & McBride, 2001). The identification of
RAB-2 specific GAPs and GEFs would allow gaining insights into the spatio-temporal
regulation of RAB-2 during DCV maturation. Therefore, we attempted to identify
regulators for RAB-2, which are also involved in DCV maturation. In this study, we
focused on the specific class of TBC-(Tre2/Bub2/Cdc16) domain containing Rab GAPs,
because their catalytic domains are structurally conserved and functionally characterized
(Pan et al, 2006). In addition, our previous study on RAB-2’s role in DCV maturation
was mainly conducted using dominant active alleles, rab-2 (n501) and rab-2 (n777). We
hypothesized that eliminating a RAB-2 GAP, would render RAB-2 into a predominantly
active state phenocopying the dominant active allele of rab-2. Therefore, using the
previously established NLP-21-VENUS assay (Sieburth et al, 2007), we screened all
TBC-domain containing RAB GAPs in C. elegans for a rab-2-like DCV maturation
defect. From this screen, we identified TBC-8, an evolutionarily conserved RAB GAP.
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We demonstrated that the GAP activity of TBC-8 is crucial for its role in regulating DCV
maturation because a mutation in its catalytic motif “IxxDxxR” within the TBC-domain
(R697A), unlike the wild type variant, failed to rescue the DCV phenotype in tbc-8
deletion mutants. These data suggested that TBC-8 must act on a substrate Rab.
Expression pattern analysis of tbc-8 using a transcriptional reporter construct
revealed that tbc-8 was specifically expressed in neurons. The strong neuronal expression
along with the observed DCV maturation in tbc-8 deletion mutants, suggested that TBC-8
is a neuron specific GAP. Given the similarity in DCV maturation phenotypes of tbc-8
and rab-2 mutants and the overlapping expression patterns of both genes, we postulated
that TBC-8 may be the GAP for RAB-2.
RAB-2 has previously been reported to also function in several trafficking events
within non-neuronal tissues of C. elegans (Chun et al, 2008; Lu et al, 2008; Mangahas et
al, 2008). If TBC-8 were the only GAP for RAB-2, then tbc-8 mutants would have
similar trafficking defects in these non-neuronal tissues. Analysis of the removal of
apoptotic cell corpses in the germ line and post-endocytic trafficking in coelomocytes
revealed that TBC-8 does not regulate RAB-2 activity these tissues. These results indicate
other GAPs exist that regulate RAB-2 activity in the germ line and in coelomocytes. In
addition, we cannot exclude that in different subtypes of neurons, RAB-2 function may
be regulated by GAPs other than TBC-8.
Unfortunately, due to the inability of obtaining soluble TBC-8 when expressed in
bacteria or insect cells, we were unable to show GAP activity towards RAB-2 in vitro.
Further efforts should be made to obtain soluble TBC-8 by expressing TBC-8 (or TBCdomain fragments) by using cell-free “in vitro translation systems”. Another possibility
could be to purify TBC-8 from mammalian cell culture, since we could show that TBC-8
seems to be soluble (at least in some extent) in HEK293 cells during coimmunoprecipitation experiments (this study and our unpublished data). GAP activity
assays could be performed with these TBC-8-containing cell lysates and with TBC-8-free
cell lysates as control.
Despite the inability of performing a GAP assay in vitro at the moment, three
findings indicate that TBC-8 act as a RAB-2 specific GAP in vivo. First, the analysis of
the two double mutants of tbc-8 and unc-108/rab-2 revealed that both proteins are
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involved in the same pathway. Second, in the yeast two-hybrid system, the GTP-bound
form of RAB-2 interacted with TBC-8 but only if the TBC-domain is catalytically
inactive. Previously, it was shown that an exchange of the catalytic arginine to alanine
within the TBC-domain could be used to detect interaction of a GAP with its cognate Rab
(Haas et al, 2005). Third, TBC-8 influences the membrane localization of its binding
partner RAB-2 when over-expressed in neurons. It was shown that active GTP-bound
RAB-2 localizes to discrete puncta at the Golgi apparatus while inactive GDP-bound
RAB-2 is mainly cytosolic (Sumakovic et al, 2009). However, when TBC-8 was overexpressed, RAB-2 was redistributed to the cytosol. Such redistribution of a Rab upon
expression of its GAP has been previously used as an indication to screen for functional
Rab/GAP pairs (Ishibashi et al, 2009). All these results strongly suggest that TBC-8 is
indeed a likely RAB-2 GAP in neurons.

V.2 TBC-8 is conserved throughout evolution

Via BLAST searches we could show that TBC-8 is conserved throughout
evolution. There are two possible orthologs in mammals: SGSM1 (small G protein
signaling modulator 1) also called RUTBC2 (RUN and TBC1 domain containing 2)
(Yang et al, 2007) and SGSM2/RUTBC1 (Nottingham et al, 2011; Yang et al, 2007).
Although TBC-8 shares domain structure with SGSM1 and SGSM2, it is more similar to
SGSM1 based on sequence alignments. The TBC-domain of SGSM2 is about 162 aa
longer than the TBC-domain of TBC-8, leading to a higher gap penalty when both
proteins were aligned. However, multiple splice variants can be found for both SGSM1
and SGSM2. Thus, we cannot exclude the possibility that one of those variants is even
more closely related to TBC-8.
Whereas SGSM2 and SGSM3 were ubiquitously expressed, SGSM1 was
predominantly expressed in brain, heart, and testis (Yang et al, 2007). It was
demonstrated that SGSM1 localized to the TGN in neuronal cell culture (Yang et al,
2007). Furthermore, SGSM1 weakly interacted with different Rab proteins in co-IP
experiments; however, interactions with specific domains of SGSM1 were not studied
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(Yang et al, 2007). In addition, SGSM1 bound to members of the Rap GTPase family in
co-IP experiments (Yang et al, 2007). The authors postulated a role of SGSM family
proteins in neuronal, intracellular transport (Yang et al, 2007).
Recently, SGSM2/RUTBC1 has been found as a Rab9 effector (Nottingham et al,
2011). Furthermore, functional GAP activity of SGSM2 towards Rab32 and Rab33 has
been demonstrated in vitro (Nottingham et al, 2011). However, the C. elegans genome
does not encode a Rab9 homolog, nor could we detect any interaction between TBC-8
and RAB-33 or GLO-1, the C. elegans Rab32 homolog. Based on the fact that
Drosophila contains two SGSM1/2 homologs, it is likely that C. elegans has lost the
SGSM2 homolog along with Rab9 and Rab32 during evolution. Thus, we reason that
SGSM1 is more closely related to TBC-8, consistent with their strong neuronal
expression.
TBC-8 and its homologs SGSM1/2 also contain an N-terminal RUN
(RPIP8/UNC-14/NESCA) domain, which consists of α-helices (Callebaut et al, 2001;
Kukimoto-Niino et al, 2006). It is proposed that RUN domains are required to facilitate
protein-protein interactions, specifically with small GTPases of the Rab and Rap family
(Janoueix-Lerosey et al, 1998; Recacha et al, 2009; Yang et al, 2007). Consistently, a
SGSM1 fragment containing the RUN domain co-precipitated with both Rap1 and Rap2
in a co-IP experiment (Yang et al, 2007). We have also tested all C. elegans Rab and Rap
proteins with TBC-8 and only RAB-19, besides RAB-2, interacted with TBC-8, whereas
no binding of the RAP family with TBC-8 was observed within the yeast two-hybrid
system, suggesting that the interaction between the RUN domain and Rap GTPases might
not be conserved (Appendix, Figure XV.2).

V.3 TBC-8 regulates DCV maturation

By utilizing the NLP-21-VENUS DCV assay we could demonstrate that TBC-8 is
involved in DCV maturation, since tbc-8(tm3802) deletion mutants had similar defects in
NLP-21-VENUS trafficking as unc-108/rab-2 mutants. Similar to the defects seen with
NLP-21-VENUS, the FRMF-like neuropeptide FLP-3-VENUS was also affected by tbc-8
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deletion and showed decreased VENUS levels at the DNC in these mutants compared to
wild type. As in the case of unc-108/rab-2 mutants (Edwards et al, 2009), we did not
detect defects in the trafficking of the insulin-like neuropeptide, INS-22-VENUS. Unlike
NLP-21 and FLP-3, INS-22 lacks proprotein convertase 2 (PC2) cleavage sites (Edwards
et al, 2009; Pierce et al, 2001). Due to the presence of these PC2 sites, proneuropeptides
are cleaved into shorter, bioactive fragments (Li, 2005) leading to the simultaneous
aggregation of the processed neuropeptides and the liberation of the C-terminally tagged
soluble YFP in the DCVs (Edwards et al, 2009) (Figure II.15). This is not the case with
INS-22-VENUS because the VENUS-tag is not cleaved from the proneuropeptide INS22 during the maturation process within DCVs, so that the VENUS-tag is aggregated
together with INS-22 and other neuropeptides within the insoluble core of DCVs (Pierce
et al, 2001; Sieburth et al, 2007). These data suggest that it is mainly the soluble cargo
that is lost in tbc-8 mutants, as observed also in the unc-108/rab-2 mutants. Since soluble
VENUS cargo is lost in tbc-8 and unc-108/rab-2 mutants, the question arises whether
neuropeptides are also affected by mutations in tbc-8 and unc-108/rab-2. Different data
indicate that neuropeptides are per se not affected in unc-108/rab-2 mutants. Mass
spectrometry analysis showed that all detected neuropeptides were fully processed in unc108/rab-2 mutants (Sumakovic et al, 2009). Furthermore, immunostaining of processed
FRMF-amide neuropeptides in the DNC of unc-108/rab-2 mutants revealed that similar
levels of these neuropeptides were present in the DNC in unc-108/rab-2 mutants
compared to wild type worms (Edwards et al, 2009). This is consistent with EM analysis
showing wild type numbers of DCVs at synapses in both, tbc-8 and unc-108/rab-2
mutants (Edwards et al, 2009; Sumakovic et al, 2009). Moreover, immunostaining of
FMRF-amide neuropeptides also indicates that neuropeptide processing is unaffected in
unc-108/rab-2 mutants (Edwards et al, 2009). It could be shown before that disturbed
neuropeptide processing affected the binding of the antibody with FRMF-amide
neuropeptides, resulting in low antibody signals (Jacob & Kaplan, 2003).
Surprisingly, we did not detect any differences in the axonal fluorescence levels of
the DCV integral membrane protein, IDA-1-GFP, in tbc-8(tm3802) mutants. This result
indicates that transmembrane cargos might not be affected by tbc-8 deletion. However, in
unc-108/rab-2 mutants, the axonal fluorescence of the transmembrane cargo IDA-1-GFP
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was strongly decreased (Edwards et al, 2009). This suggests that both soluble and
transmembrane cargos are lost from DCVs in unc-108/rab-2 mutants (Edwards et al,
2009), unlike in tbc-8 mutants. This discrepancy in transmembrane cargos being affected
in unc-108 mutants but not in tbc-8 mutants implies that in neurons, another GAP than
TBC-8 may exist at the site where RAB-2 functions to retain transmembrane cargos.
Despite this difference, the axonal DCV numbers were unchanged by rab-2/unc-108 or
tbc-8 mutations compared to wild type worms as determined by electron microscopy [this
study; (Edwards et al, 2009; Sumakovic et al, 2009)].
All these data demonstrate that TBC-8 contributes together with RAB-2 in the
retention of specific (soluble) cargo in DCVs during the maturation process. Since a
blockade of the endosomal delivery by over-expression of constitutively active GTPbound RAB-5 (Q79L) could rescue the loss of soluble NLP-21-derived VENUS, TBC-8
and RAB-2 are likely involved in cargo sorting processes during maturation at the Golgiendosomal interface.

V.4 Unlike unc-108/rab-2 mutants, tbc-8 deletion mutant worms display no
movement defects

Despite the similarities observed in DCV maturation, there is an obvious
difference in behavioral phenotype in both tbc-8(tm3802) and unc-108/rab-2(n501)
mutants. tbc-8(tm3802) deletion mutants display no defects in locomotion behavior,
whereas unc-108/rab-2 mutants are strongly impaired in movement (Edwards et al, 2009;
Sumakovic et al, 2009).
There are several possible explanations why both mutants show different
locomotion phenotypes.
First, tbc-8 may not be expressed in all subtypes of neurons that are necessary to
coordinate locomotion, whereas unc-108/rab-2 is broadly expressed in (all) neurons and
other tissues (Chun et al, 2008; Sumakovic et al, 2009). Interestingly, it was shown that
the locomotory defect in unc-108/rab-2 mutants could only be rescued by expressing
unc-108 under a pan-neuronal promoter (psnb-1), but not when unc-108 was expressed
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under the unc-17 promoter, which is expressed in a specific subtype of motoneurons, the
cholinergic motoneurons (Chun et al, 2008). This indicates that unidentified subtypes of
neurons exist, which are “master” regulators of locomotion. Therefore, we hypothesize
that TBC-8 does not function in all the specific subtypes of neurons where locomotion is
coordinated, resulting in wild-type-like movement observed in tbc-8 deletion mutants.
Secondly, in the absence of tbc-8 in some neurons, another GAP might
redundantly substitute for TBC-8 function. This hypothesis is further supported by the
fact that the transmembrane protein IDA-1 is unaffected by tbc-8 deletion, but is affected
by unc-108/rab-2 mutations, suggesting that another GAP must exist in neurons.
Thirdly, in the absence of TBC-8, it is possible that the low intrinsic activity of
RAB-2 might partly rescue some of the phenotypes in tbc-8 mutants that are observed in
unc-108/rab-2 mutants.
Fourthly, an unknown transmembrane factor, which is normally present on DCVs
could be lost in unc-108/rab-2 mutants during DCV maturation and thus be responsible
for the uncoordinated phenotype. This transmembrane factor could still be present in tbc8 mutants since no defects in IDA-1 trafficking were observed in tbc-8 mutants.
Collectively, our results indicate that, despite differences in behavioral
phenotypes, tbc-8(tm3802) and unc-108/rab-2(n501) dominant active mutants share
similar defects in DCV maturation, reiterating the idea that TBC-8 is a putative GAP for
RAB-2 in neurons (Figure V.1).
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Figure V.1. Schematic representation of neuronal DCV maturation in C. elegans. The
maturing DCV compartment might exhibit different domains on its surface, which are important
for specific function ensured by a particular set of proteins (e.g. RAB-2 domains). The RAB-2
GAP, TBC-8, required for deactivation of RAB-2, is also involved in DCV maturation. From our
previous work, we predict that RAB-5 might form a domain from which mis-sorted cargo is
removed to the endo-lysosomal pathway [our unpublished data; (Sumakovic et al, 2009)]. Source:
picture modified from (Tooze et al, 2001), with permission from Elsevier.

This study raises now additional questions. How is TBC-8 activity regulated?
How do RAB-2 and TBC-8 play together in DCV maturation? Does TBC-8 have
additional roles in neurons? Since TBC-8 interacted with active GTP-bound RAB-19 in a
Y2H assay, but rab-19(ok1845) deletion mutants did not display defects in NLP-21VENUS trafficking, it is likely that TBC-8 together with RAB-19 might act in another
DCV-independent pathway that has to be identified. Further studies have to be conducted
to answer all these open questions.
The next chapters provide a deeper insight into DCV maturation by identifying
new players involved in this process. Furthermore, we highlight on additional possible
roles that TBC-8 might have during DCV maturation.
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Chapter 2
Role of a RAB-2 effector complex during dense-core vesicle
maturation

VI. Specific Introduction

VI.1 Role of RAB-2 and its effector RIC-19 in DCV maturation in C. elegans

Previously, our lab and others have demonstrated that the small GTPase RAB-2 is
crucial for DCV maturation in C. elegans (Edwards et al, 2009; Sumakovic et al, 2009).
These studies suggested a role of RAB-2 for the retention of soluble and transmembrane
cargos within maturing DCVs. Loss of RAB-2 function resulted in mis-sorting of cargo
into the endosomal-lysosomal pathway (Edwards et al, 2009; Sumakovic et al, 2009). Colocalization studies revealed that RAB-2 is localized to the Golgi complex and cannot be
detected at synapses, indicating that RAB-2 function is mainly restricted to the neuronal
cell body (Sumakovic et al, 2009). Furthermore, EM analysis discovered no changes in
DCV numbers at synapses, indicating that RAB-2 might not be involved in the formation
of DCV at the Golgi (Sumakovic et al, 2009).
It was shown that the C. elegans ICA69 homolog, RIC-19, is an effector of RAB2 (Sumakovic et al, 2009). The localization of RIC-19 is dependent on RAB-2. Only
GTP-bound RAB-2 recruits RIC-19 to Golgi membranes, whereas GDP-bound RAB-2
causes cytosolic distribution of RIC-19 in neurons (Sumakovic et al, 2009). Interestingly,
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ric-19 mutants displayed similar DCV maturation defects to unc-108/rab-2 mutants. By
utilizing their BAR (Bim/amphiphysin/Rvs) domains, RIC-19 and its human homolog
ICA69 are predicted to bind to curved membranes found on vesicular structures (Gallop
& McMahon, 2005; Habermann, 2004; Zimmerberg & McLaughlin, 2004). Therefore,
RAB-2 together with RIC-19 are predicted to create and stabilize membrane domains on
maturing DCVs that might be important to maintain specific cargo within these vesicular
structures (Figure VI.1) (Sumakovic et al, 2009).

Figure VI.1. RAB-2 and its effector, RIC-19 are involved in DCV maturation. Activated,
GTP-bound RAB-2 recruits its effector, RIC-19 to membranes. This interaction is required to
prevent loss of cargo during DCV maturation into the endosomal-lysosomal pathway. Source:
picture adapted from (Tooze et al, 2001), with permission from Elsevier.
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VI.2 Aims of this study
Based on the impaired locomotion, unc-108/rab-2 mutant alleles were isolated in
C. elegans. When unstimulated, these alleles hardly moved and displayed an
“unmotivated” movement phenotype, which is caused by disturbed DCV signaling
(Edwards et al, 2009; Sumakovic et al, 2009). The characteristic “unmotivated”
locomotion largely resembles that of unc-31/CAPS mutants, which is indicative to
mutants in the DCV signaling pathway. To find new factors involved in RAB-2
dependent DCV maturation, our collaborator Michael Ailion (University of Washington,
USA) conducted a screen for mutants that display an unmotivated locomotion. This
screen identified mutants in 6 novel genes (M. Ailion, unpublished data). Two of these
genes were characterized in this chapter. We investigated how these molecules function
together with RAB-2 during DCV maturation. Moreover, we demonstrate a possible
connection of the known RAB-2 effector, RIC-19, with the RAB-2 GAP, TBC-8
(identified in chapter 1). Furthermore, we provide possible explanations how all factors
cooperate to either regulate the small GTPase, RAB-2 or to facilitate RAB-2 functions in
neuronal DCV maturation in C. elegans.
This project was conducted in cooperation with Dr. Michael Ailion, (University
of Washington, USA). The results presented in chapter 2 were performed by the author of
this thesis, unless otherwise stated as “M. Ailion, unpublished data”.

82

PhD Thesis – Mandy Hannemann

Chapter 2: VII. Results

Chapter 2
VII. Results

VII.1 TBC-8 interacts with the RAB-2 effector RIC-19/ICA69
Previously, it has been shown that the BAR-domain (Bin/amphiphysin/Rvs)
containing protein, RIC-19/ICA69, is an effector of RAB-2 (Buffa et al, 2008;
Sumakovic et al, 2009), since GTP-bound, activated RAB-2 recruited RIC-19 to Golgi
membranes (Sumakovic et al, 2009). As highlighted in chapter 1, the TBC-domain
containing protein, TBC-8, is likely to be a RAB-2 specific GAP in C. elegans neurons.
To determine whether TBC-8 and RIC-19 act in the same pathway during RAB-2
dependent DCV maturation we constructed a tbc-8(tm3802); ric-19(ok833) double
mutant and analyzed this mutant for loss of the DCV marker NLP-21-VENUS from
maturing DCVs. As shown in Figure VII.1, NLP-21-derived VENUS fluorescence in the
dorsal nerve cord (DNC) was decreased in tbc-8 mutants by 71.61±3.53%, in tbc8(tm3802); ric-19(ok833) by 78.25±1.90%, whereas ric-19(ok833) single mutants
showed a weaker decrease in fluorescence by 57.44±4.55%. Similar results were
observed for the NLP-21-derived VENUS fluorescence in the coelomocytes (Figure
VII.1B). These findings suggest that TBC-8 and RIC-19 act in the same pathway to
prevent the loss of soluble cargo during DCV maturation.
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Figure VII.1. The RAB-2 effector, RIC-19/ICA69 genetically interacts with the putative
RAB-2 GAP, TBC-8. NLP-21-VENUS analysis of the single mutants ric-19(ok833), tbc8(tm3802) and the double mutant of both in the DNC (A) and the coelomocytes (B) revealed that
RIC-19 and TBC-8 act in the same genetic pathway. Scale bar represents 5 µm. Error bars =
S.E.M. (***, P < 0.0001; **, P < 0.001, Student’s t-test). Source: (Hannemann et al, 2012).

We reasoned that overexpression of the GAP, TBC-8, should cause inactivation of
RAB-2 in neurons, which should lead to a completely cytosolic localization of the
effector RIC-19. Unexpectedly, when tagRFP-TBC-8 was co-expressed with RIC-19YFP in neurons, both proteins co-localized into huge cytosolic puncta in the cell bodies
of motoneurons (Figure VII.2, upper panel). This co-localization of the putative RAB-2
GAP and the RAB-2 effector suggested that both proteins might interact and form a
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complex that localizes to intracellular membranes. The extent of co-localization and the
size of the puncta indicate that TBC-8 and RIC-19 strongly drive the membrane
recruitment of the other. Interestingly, this cooperative membrane localization of TBC-8
and RIC-19 forced by overexpression is independent of RAB-2, since it can also be
observed in unc-108/rab-2(nu415) null mutant backgrounds (Figure VII.2, lower panel).

Figure VII.2. TBC-8 and RIC-19 co-localize in neurons. Overexpression of tagRFP-TBC-8
and RIC-19-YFP led to a full co-localization of both proteins in neurons. This co-localization of
TBC-8 and RIC-19 is RAB-2-independent, since it was also detected in a unc-108/rab-2(nu415)
null mutant background. Scale bar represents 3 µm. Source: (Hannemann et al, 2012).

The co-localization and the cooperative membrane recruitment strongly suggested
that RIC-19 and TBC-8 might directly interact. We tested this idea by a coimmunoprecipitation (co-IP) experiment of RIC-19 and TBC-8 in HEK293 (Human
Embryonic Kidney 293) cells as well as by a yeast two-hybrid analysis (Y2H) (Figure
VII.3). Both experiments revealed that there is a direct interaction between the RAB-2
effector, RIC-19, and the putative RAB-2 GAP, TBC-8. Moreover, we confirmed by coIP and Y2H analysis that an N-terminal fragment of TBC-8 (1-597 aa) containing the
RUN-domain was sufficient for binding to RIC-19 (Figure VII.3). Furthermore, we
observed interaction between TBC-8 and the human RIC-19 ortholog, ICA69, by Y2H
analysis (Figure VII.3B). Thus, the interaction between TBC-8 and RIC-19 seems to be
evolutionarily conserved.
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Figure VII.3. The RAB-2 effector, RIC-19, and the putative RAB-2 GAP, TBC-8, interact in
yeast two-hybrid analysis (Y2H) and co-immunoprecipitation (co-IP) (A) Schematic
representation of TBC-8 constructs: full-length and RUN domain (1-597 aa) used for Y2H (B)
and co-IP (C). Y2H: RIC-19 and its human ortholog, ICA69, interacted with full length TBC-8
and TBC-8 RUN domain (1-597 aa) suggesting conservation of this interaction. Co-IP: HEK293
cells were co-transfected with constructs expressing GFP-tagged RIC-19 (or GFP alone as
control) and V5-TBC-8 [full length or RUN domain (1-597 aa)]. An anti-GFP antibody was used
to precipitate GFP-RIC-19 or GFP as control (GFP-IP). Interactions were visualized on Western
blots. AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain fusion; His,
histidine; IN, Input; IP, immunoprecipitation; “–“, empty vector pGADT7 was used for testing
self-activation. Source: (Hannemann et al, 2012).
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Any attempt to shorten the TBC-8 RUN-domain construct resulted in a loss of the
interaction with RIC-19 (Figure VII.4). Since the minimal interaction fragment of TBC-8
contains regions in addition to the RUN-domain, it is likely that the interdomain fragment
from 329-597 aa provides additional binding motifs that are necessary along with the
RUN-domain for RIC-19 binding.

Figure VII.4. Domain mapping of TBC-8 for interaction with RIC-19. Full-length TBC-8 as
well as a TBC-8 construct harboring the RUN-domain (1-597 aa) interacted with RIC-19 in a
yeast two-hybrid analysis. Attempts to shorten the TBC-8 RUN-domain resulted in a loss of the
interaction. AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain fusion;
His, histidine.

Our data suggest that active GTP-bound RAB-2 might recruit its own GAP via its
effector RIC-19. However, this hypothesis has to be confirmed in further studies.
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VII.2 The novel factor, RUND-1, involved in DCV function
When unstimulated, unc-108/rab-2 mutant animals show a slow locomotion and
hardly move. This characteristic “unmotivated” phenotype, which largely resembles that
of unc-31/CAPS mutants, is indicative to mutants in the RAB-2 dependent DCV
maturation pathway. To find new factors involved in RAB-2 dependent DCV maturation,
our collaborator Michael Ailion (University of Washington, USA) conducted a screen for
mutants that display an unmotivated locomotion. This screen identified mutants in 6
novel genes (M. Ailion, unpublished data). One of the identified genes was rund1/T19D7.4. Two point mutation rund-1 alleles were identified (M. Ailion, unpublished
data). In addition, the Japanese knock out consortium had generated a deletion allele of
rund-1, tm3622, which was mainly used in this study (www.wormbase.org). rund1(tm3622) represents a deletion allele removing exon 7, 8 and the first part of exon 9
(Figure VII.5A). However, since the deletion starts within intron 6, the exact fate of the
partially translated product is still unclear and has to be further studied.

Figure VII.5. Schematic representation of the gene rund-1 and the protein domain structure
of RUND-1. (A) The gene structure of rund-1. Exons are depicted as black boxes and introns as
black lines. The deletion allele tm3622 is indicated by a red line. (B) RUND-1 contains two Nterminal located coiled-coil (CC)-domains and a C-terminal RUN-domain, predicted by the
SMART program (http://smart.embl-heidelberg.de/). aa, amino acid; bp, base pairs.
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The protein RUND-1 consists of 549 amino acids and contains two N-terminal
coiled-coil domains and a C-terminal RUN-(RPIP8/UNC-14/NESCA)domain (Figure
VII.5B).
Similar to unc-108/rab-2 mutants, rund-1 mutants exhibit movement defects, but
to a lesser extent (M. Ailion, unpublished data). The overall speed of rund-1(tm3622)
(15.20±1.52) mutants was reduced by about 30% of wild type worms (21.92±1.21)
(Figure VII.6). Furthermore, rund-1 mutants showed little spontaneous movement on
food (own observation, M. Ailion, unpublished data). Interestingly, these mutants
displayed coordinated movement as a respond to stimuli like touches, which indicates
that RUND-1 plays a role in regulating movement, rather than in executing it (own
observation, M. Ailion, unpublished data).

Figure VII.6. rund-1 mutants display movement defects. Young adult worms of each strain
were transferred to non-seeded plates, adjusted for several minutes before the number of body
bends per min of each worm was recorded. rund-1(tm3622) mutants displayed a lower rate of
locomotion compared to wild type animals. Error bars = s.e.m. (**, P < 0.001; Student’s t-test).
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In order to test whether rund-1 mutants exhibit a slow movement phenotype due
to defects in DCV trafficking, we subjected these mutants to the NLP-21-VENUS assay
(Sieburth et al, 2007). Like unc-108/rab-2 mutants, a decreased NLP-21-derived VENUS
fluorescence was observed in the DNC in rund-1(tm3622) mutants. Inactivation of
RUND-1 led to a 77.99±2.42% decrease of VENUS fluorescence in the axons of the
DNC compared to wild type worms (100.00±5.69%) (Figure VII.7).

Figure VII.7. RUND-1 is involved in DCV trafficking. rund-1(tm3622) mutants display
decreased NLP-21-derived VENUS fluorescence in the DNC by 77.99±2.42%. Scale bar
represent 5 µm. Error bars = s.e.m. (***, P < 0.0001; Student’s t-test).

These findings suggest that RUND-1 plays a role in DCV trafficking. Since unc108/rab-2 mutants showed comparable defects to rund-1 mutants, it was likely that both
proteins act in the same pathway. The analysis of the locomotion and DCV maturation
defects of unc-108, rund-1 double mutants revealed that indeed RUND-1 and RAB-2 are
in the same genetic pathway (M. Ailion, unpublished data).
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VII.3 RUND-1 interacts with RAB-2 in a yeast two-hybrid analysis
Since RUND-1 and RAB-2 act in the same pathway, we attempted to test whether
there might be also a direct interaction of active GTP-bound RAB-2 and RUND-1 using
Y2H analysis. We could show that RUND-1 bound to RAB-2 in a GTP-dependent
manner (Figure VII.8A). To determine whether the interaction between RUND-1 and
RAB-2 is specific, we screened all C. elegans RAB proteins against RUND-1 in Y2H
(Figure VII.8B). We found that only RAB-2 in its constitutively GTP-bound form
interacted with RUND-1. This result suggests that the interaction between RAB-2 and
RUND-1 is highly specific and that RUND-1 is a novel RAB-2 effector.

Figure VII.8. RUND-1 specifically interacts with constitutively active, GTP-bound RAB-2 in
Y2H. (A) Interaction between RUND-1 and RAB-2 is GTP-dependent suggesting that RUND-1
is an effector of RAB-2. (B) All C. elegans RAB proteins in their constitutively GTP-bound form
were tested against RUND-1. RUND-1 specifically interacted with RAB-2 (Q78L). AD, Gal4p
DNA activation domain fusion; BD, Gal4p DNA binding domain fusion; His, histidine; RABGTP,
constitutively GTP-bound RAB GTPase; WT, wild type.

We, then, determined the domain of RUND-1, which is required for the
interaction with the small GTPase RAB-2. For this, we constructed different fragments of
RUND-1 based on the domain structure of RUND-1 and tested for interaction in Y2H
analysis (Figure VII.9). A fragment containing only the two N-terminal coiled-coil (CC)
domains did not interact with GTP-bound RAB-2. In contrast, for a RUND-1 fragment
containing the RUN-domain (262-549 aa) we observed an interaction with GTP-bound
RAB-2. Attempts to further shorten this fragment resulted in loss of interaction with
RAB-2 (data not shown). Interestingly, it was previously shown that an upstream α-helix
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is important for proper folding of RUN-domains (Kukimoto-Niino et al, 2006). This
upstream α-helix was missing in our shorter RUN-domain fragments, which might have
resulted in the loss of interaction. These findings indicate that RUND-1 interacts via its
RUN-domain with RAB-2.

Figure VII.9. RUND-1 might interact with RAB-2 via its RUN-domain. Different fragments
of RUND-1 were tested in Y2H for interaction with constitutively GTP-bound form of RAB-2
(Q78L). A RUND-1 fragment containing both coiled-coil (CC)-domains did not interact with
RAB-2 (Q78L), whereas a fragment harboring the RUN domain (262-549 aa) bound to RAB-2
(Q78L). AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain fusion; His,
histidine.

Previously, it has been shown that other RUN-domains served for interaction with
small GTPases of the Rab and Rap families (Yang et al, 2007). Therefore, we tested
possible interactions between RUND-1 and the C. elegans RAP proteins, as well as RAS1 and RAL-1 (Figure VII.10). However, no interaction between RUND-1 and these tested
small GTPases in their wild type state as well as in their predicted constitutively GTPbound state (Chen et al, 2011; Frische et al, 2007; Lundquist, 2006) were observed. Thus,
the RUN-domain of RUND-1 seems to specifically interact with active GTP-bound RAB2.
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Figure VII.10. RUND-1 does not interact with other small GTPases in a Y2H analysis. Since
RUN-domains were shown to contribute to interaction with Rap GTPases, we tested interaction
with C. elegans RAP proteins, as well as with RAS-1a and RAL-1 in their wild type and their
predicted constitutively GTP-bound state (GV mutation) (Chen et al, 2011; Frische et al, 2007;
Lundquist, 2006). However, no interaction between tested proteins was detected in Y2H. AD,
Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain fusion; His, histidine.

VII.4. RUND-1 interacts with the putative RAB-2 GAP, TBC-8
In section VII.1, we could show that the putative RAB-2 GAP, TBC-8, interacted
with the RAB-2 effector, RIC-19, which was surprising. To determine whether RUND-1
also interacts with TBC-8, we tested possible interaction using Y2H and coIP
experiments in HEK293 cells (Figure VII.11). We detected interactions between TBC-8
and RUND-1 in both, Y2H (Figure VII.11A) and co-IP analysis (Figure VII.11B),
whereas this binding seemed to be less strong than the interaction between TBC-8 and
RIC-19. More V5-TBC-8 could be pulled down with GFP-RIC-19 (Figure VII.3C).
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Figure VII.11. RUND-1 interacts with the putative RAB-2 GAP, TBC-8. (A) Interaction
could be detected between RUND-1 and TBC-8 in Y2H. The empty vector pGADT7 was used
for testing self-activation of TBC-8. (B) A co-IP experiment confirmed interaction between TBC8 and RUND-1. HEK293 cells were co-transfected with constructs expressing GFP-tagged TBC8 (or GFP alone as control) and V5-RUND-1. An anti-GFP antibody was used to precipitate GFPTBC-8 or GFP as control (GFP-IP). Interactions were visualized on Western blots. AD, Gal4p
DNA activation domain fusion; BD, Gal4p DNA binding domain fusion; His, histidine; IN, Input;
IP, immunoprecipitation.

In order to study which domains of TBC-8 and RUND-1 contribute to the
interaction, we performed a domain mapping analysis of these proteins using the Y2H
system. We observed that the RUN-domain of TBC-8 is required for interaction with
RUND-1 (Figure VII.12), the same fragment, which was required for the interaction with
RIC-19 (Figure VII.4). In contrast, the TBC-domain did not seem to be important for
binding to RUND-1 (Figure VII.12A). The involvement of the RUN-domain of TBC-8 in
the interaction with RUND-1 could be confirmed by co-IP experiments, however, the
observed interaction was again rather of low affinity (Figure VII.12B).
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Figure VII.12. Domain mapping of TBC-8 for interaction with RUND-1. (A) Full-length
TBC-8 as well as a TBC-8 construct harboring the RUN-domain (1-597 aa) interacted with
RUND-1 in a Y2H analysis, whereas no interaction was detected between RUND-1 and TBC-8
fragments harboring the TBC-domain. Attempts to shorten the TBC-8 RUN-domain resulted in a
loss of the interaction. (B) A co-IP experiment confirmed interaction between the RUN-domain
of TBC-8 and RUND-1. HEK293 cells were co-transfected with constructs expressing GFPtagged RUND-1 (or GFP alone as control) and V5-TBC-8-RUN (1-597 aa). An anti-GFP
antibody was used to precipitate GFP-RUND-1 or GFP as control (GFP-IP). Interactions were
visualized on Western blots. AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding
domain fusion; His, histidine; IN, Input; IP, immunoprecipitation.
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VII.5 RUND-1 interacts with the RAB-2 effector, RIC-19
Since RUND-1 interacts with TBC-8 and RAB-2, and TBC-8 binds to RIC-19, we
wondered whether RUND-1 and RIC-19 might also bind to each other. Unfortunately, we
could not test interaction of RUND-1 with RIC-19 in the Y2H system, because both
proteins displayed strong self-activation when fused to the GAL4 DNA binding domain
within the Y2H system (data not shown). Therefore, we utilized the co-IP experiment to
detect possible interaction of RUND-1 with RIC-19. GFP-tagged RIC-19 was able to
pull-down V5-RUND-1 from transfected HEK293 cells (Figure VII.13). However, this
interaction seemed also to be of low affinity.

Figure VII.13. RUND-1 interacts with the RAB-2 effector, RIC-19 in a co-IP experiment.
HEK293 cells were co-transfected with constructs expressing GFP-RIC-19 (GFP alone as
control) and V5-RUND-1. Anti-GFP antibodies were used to precipitate GFP-RIC-19 or GFP
alone as control (GFP-IP). Western blots were performed to detect protein interaction. Note: this
experiment and the co-IP shown in Figure VII.11B were performed at the same time, therefore,
the same GFP/V5-RUND-1-transfected cell-lysate served as the same control. IN, Input; IP,
immunoprecipitation.

All these findings indicate that the studied proteins involved in DCV trafficking
are able to interact with each other (Figure VII.14). It is thus likely that these proteins are
forming a functional complex that is controlled by the activity of RAB-2. The question
arises whether they also interact in vivo during DCV trafficking. Therefore, further
studies have to be performed to study protein interactions in C. elegans.
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Figure VII.14. Schematic representation of detected interactions of proteins involved in
DCV trafficking. We could show that the small GTPase, RAB-2, can interact with the two
effectors, RUND-1 and RIC-19 (Sumakovic et al, 2009) and with the Rab GAP, TBC-8. TBC-8
in turn is able to bind to both RAB-2 effectors, RUND-1 and RIC-19. In addition, both effectors
interact with each other.

To get a deeper insight into this process, we attempted to study possible genetic
interactions between TBC-8, RIC-19 and RUND-1. Therefore, we constructed double
mutants of these genes and subjected them to the NLP-21-VENUS assay. This assay
revealed that TBC-8 and RIC-19 act in the same pathway (section VII.1), as well as TBC8 and RUND-1 (Figure VII.15). Interestingly, both RAB-2 effectors, RIC-19 and RUND1 showed additive defects in NLP-21-derived VENUS trafficking to the axons, when codepleted (Figure VII.15). These findings indicate that RIC-19 and RUND-1 are involved
in parallel branches of the RAB-2 dependent DCV maturation pathway, whereby TBC-8
seems to operate bi-functionally in both pathways.
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Figure VII.15. Double mutant analysis of TBC-8 and the RAB-2 effectors, RIC-19 and
RUND-1 using the NLP-21-VENUS DCV assay. NLP-21-VENUS analysis of the single
mutants ric-19(ok833), tbc-8(tm3802) and the double mutant of both in the DNC revealed that
RIC-19 and TBC-8 act in the same genetic pathway. Furthermore, TBC-8 genetically interacts
with RUND-1, since double mutants of both genes followed the phenotype of rund-1(tm3622)
single mutants. Interestingly, both RAB-2 effectors, RIC-19 and RUND-1, function in different
pathways within DCV maturation, because double mutants of rund-1(tm3622); ric-19(ok833)
show additive effects in the NLP-21-VENUS analysis. Error bars = S.E.M. (***, P < 0.0001;
Student’s t-test).
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VII.6 CCCP-1 is likely to be another RAB-2 effector important for DCV trafficking
Another factor, which was identified in the screen for unmotivated mutants
performed by Michael Ailion, was CCCP-1 (conserved coiled-coil protein). Mutant
alleles of cccp-1 gene also showed defects in movement and DCV trafficking like rund-1
and unc-108/rab-2 mutants (M. Ailion, unpublished data).
Like RUND-1, CCCP-1 is also an evolutionarily conserved protein found in
Drosophila melanogaster as well in humans (M. Ailion, unpublished data). CCCP-1
possesses three coiled-coil domains distributed along the protein (Figure VII.16).

Figure VII.16. Schematic representation of protein domains detected in CCCP-1. The
protein CCCP-1 possesses three coiled-coil (CC)-domains of different lengths predicted by the
SMART program (http://smart.embl-heidelberg.de/).

In order to test whether CCCP-1 might also be an effector of RAB-2, we
performed interaction studies using a Y2H assay. CCCP-1 interacted with both wild type
RAB-2 and constitutively GTP-bound RAB-2 (Q78L) in a Y2H analysis (Figure
VII.17A). Unlike many Rab effectors, which only display Y2H interactions towards the
constitutively GTP-bound state of the Rab, CCCP-1 also bound to the wild type RAB-2.
This suggests a strong binding between CCCP-1 and RAB-2 considering that only a subpopulation of wild type RAB-2 molecules exists in the GTP bound state. Interestingly, we
did not observe an interaction between wild type RAB-2 and the effector RUND-1 in a
Y2H analysis, which would argue for a binding of low affinity (Figure VII.8A).
Furthermore, we tested if other RAB GTPases bind to CCCP-1 in a Y2H assay. Figure
VII.17 depicts the highly specific interaction between CCCP-1 and RAB-2, since other
RAB GTPases in their constitutively, active state did not bind to CCCP-1 in Y2H.
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Figure VII.17. CCCP-1 interacts with RAB-2 in a GTP-dependent manner. (A) CCCP-1
interacts with wild type RAB-2 and constitutively GTP-bound RAB-2 (Q78L) in Y2H indicating
a strong binding between CCCP-1 and RAB-2. (B) Interaction between CCCP-1 and RAB-2 is
highly specific, since other RAB GTPases in their constitutively, active state did not bind to
CCCP-1 in Y2H. AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain
fusion; His, histidine.

In order to determine whether CCCP-1 also interacts with the other players of
DCV trafficking, we performed a Y2H analysis among all RAB-2 interaction partners.
Interestingly, CCCP-1 did not bind to TBC-8 or the other RAB-2 effectors, RIC-19 and
RUND-1 in Y2H (Figure VII.18). This suggests that CCCP-1 is recruited separately to
the RAB-2/RIC-19/RUND-1/TBC-8 complex during DCV trafficking. To support this
idea, respective double mutants analysis of defects in movement and in the NLP-21VENUS assay would allow deeper insights into CCCP-1 function.

Figure VII.18. CCCP-1 does not interact with TBC-8 nor to the RAB-2 effectors, RIC-19
and RUND-1 in a Y2H analysis. AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA
binding domain fusion; His, histidine.

100

PhD Thesis – Mandy Hannemann

Chapter 2: VIII. Discussion

Chapter 2
VIII. Discussion

VIII.1 RUND-1 and CCCP-1 are novel effectors of the small GTPase RAB-2 for
DCV maturation in C. elegans.
In this study, we presented two novel factors involved in DCV maturation,
RUND-1 and CCCP-1. These proteins were initially identified by a suppressor screen for
mutants defective in DCV function in C. elegans (M. Ailion, unpublished data). rund-1
and cccp-1 mutant alleles exhibited similar defects in locomotion and DCV maturation
like unc-108/rab-2 mutants (own observation, M. Ailion, unpublished data). At the
molecular level, all three mutants showed defects in the sorting of soluble and
transmembrane DCV cargo to the axons of the dorsal nerve cord, which is thought to
cause the observed uncoordinated locomotion (M. Ailion, unpublished data) (Edwards et
al, 2009; Sumakovic et al, 2009). Genetic interaction analysis revealed that rund-1 and
cccp-1 act together with rab-2 in the same pathway (M. Ailion, unpublished data). There
is a direct interaction between the novel factors and RAB-2, which occurs in a GTPdependent manner. All these findings indicate that RUND-1 and CCCP-1 are novel
effectors of the small GTPase RAB-2 functioning during DCV maturation along with
RAB-2. Consistent with this hypothesis, RUND-1 and CCCP-1 co-localize with RAB-2
to the trans-Golgi network (TGN) (M. Ailion, unpublished data). However, the
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localization of both factors to the TGN is RAB-2-independent (M. Ailion, unpublished
data). This suggests that RUND-1 and CCCP-1 are non-classical RAB-2 effectors.
The localization of classical RAB-2 effectors, such as RIC-19/ICA69, depends on
the nucleotide-binding state of RAB-2 (Sumakovic et al, 2009). It has been shown that
RIC-19 is recruited to RAB-2 positive compartments in a GTP-dependent manner,
whereas RIC-19 is mainly localized in the cytosol when RAB-2 is in its inactive, GDPbound state (Sumakovic et al, 2009). This places RIC-19 together with other classical
effectors that are recruited to their sites of action by binding to activated, GTP-bound Rab
proteins (Stenmark, 2009). Noteworthy to mention is the existence of other non-classical
Rab effectors, which affect the localization of their cognate Rab. An example of such an
unconventional effector is the protein EHBP-1, which is an effector of RAB-10 (Shi et al,
2010). It has been shown that EHBP-1 acts upstream of RAB-10 by controlling RAB10’s localization to the endosomal compartments in C. elegans (Shi et al, 2010).
However, a similar scenario can be excluded for RAB-2 and the effector proteins RUND1 and CCCP-1, since RAB-2 was localized to the Golgi complex independently of its
effectors (M. Ailion, unpublished data). Moreover, the localization of RUND-1 and
CCCP-1 was also not dependent on each other (M. Ailion, unpublished data). Domain
mapping of RUND-1 revealed that the RUN-domain was responsible for the localization
of RUND-1 to Golgi membranes, whereas a RUND-1 fragment containing only the
coiled-coil domains was mis-localized to the cytosol (M. Ailion, unpublished data).
These findings indicate that RUND-1 and CCCP-1 are non-classical effectors of RAB-2.

VIII.2 The function of different protein domains during DCV maturation
In this study we identified novel factors involved in DCV trafficking, called TBC8, RUND-1 and CCCP-1. Former studies showed that the RAB-2 effector, RIC-19, also
plays a role in this process (Edwards et al, 2009; Sumakovic et al, 2009). These four
factors possess essential protein domains, such as a TBC-domain, RUN-domains, a BARdomain and coiled-coil (CC) domains (Figure VIII.1).
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Figure VIII.1. Schematic representation of protein domains found in DCV factors, TBC-8,
CCCP-1, RUND-1 and RIC-19. Domain sizes are indicated. Protein domains were predicted by
the SMART program (http://smart.embl-heidelberg.de/). CC, coiled-coil; TBC, Tre2/Bub2/Cdc16; RUN, RPIP8/UNC-14/NESCA; BAR, Bin/Amphiphysin/Rvs.

It is interesting to mention that two domains are mainly present in proteins of the
RAB-2 effector complex, the RUN-domain and CC-domains. What might be the
functions of these protein domains during DCV trafficking?
The crystal structures of two isolated RUN-domain containing proteins (referred
to as RUN-domain proteins hereafter) were solved until now, which revealed that RUNdomains form a single globular fold consisting of α-helices (Fernandes et al, 2009;
Kukimoto-Niino et al, 2006; Recacha et al, 2009). In general, the exact cellular roles of
RUN domains are not known yet, but they seem to have diverse and important roles in
various cellular signaling processes (Yoshida et al, 2011). Originally, RUN domain
proteins were predicted to function in Ras-like GTPase signaling, since it was shown that
they act as specific Rab and Rap effectors (Callebaut et al, 2001; Janoueix-Lerosey et al,
1995; Janoueix-Lerosey et al, 1998). Consistent with this prediction, both RUN-domain
proteins, RUND-1 and TBC-8, were also able to interact with Rab proteins: RUND-1
specifically bound to RAB-2 and TBC-8 interacted with RAB-2 and RAB-19 in a Y2H
assay. In contrast, other RUN domain proteins could not be linked to GTPase function
until now, such as UNC-14 and NESCA (Fukuda et al, 2011; MacDonald et al, 2004;
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Ogura et al, 1997). Furthermore, it has been shown that RUN domain proteins interact
with motor proteins of actin-filaments or microtubules (Lee et al, 2004; Yoshida et al,
2011). The RUN-domain of Rabip4 was shown to be required for the localization of
Rabip4 to endosomes, most likely by the association with a filamentous network, that is
likely to be linked to the actin cytoskeleton (Mari et al, 2001). The RUN-domain protein,
UNC-14, interacts with the kinesin light chain and might mediate kinesin-1-dependent
transport (Sakamoto et al, 2005). Interestingly, a fragment of RUND-1 possessing the
RUN-domain localized to the Golgi, whereas a fragment harboring the two CC-domains
could not (M. Ailion, unpublished data). Therefore, it is tempting to speculate that the
RUN-domain of RUND-1 might also associate with cytoskeletal elements leading to the
proper localization of the protein in neurons. During our studies we observed that the
RUN domains needed adjacent sequences for their interaction with GTPases or other
binding partners [this study, (Recacha et al, 2009)]. It is therefore likely that RUN
domains might switch conformation upon binding, inducing a higher order in its
structure, which is then able to recruit other factors, because a new interaction surface has
been formed.
Surprisingly, the C. elegans genome encodes only six RUN-domain proteins
(Figure VIII.2) (www.wormbase.org). We have described two of these, TBC-8 and
RUND-1, in this study. The other proteins are TBC-18, UNC-14, and the two
uncharacterized proteins Y51H1A.2 and C52E12.4 (www.wormbase.org). The human
homolog of TBC-18, called SGSM3, has been identified to be a Rab5 GAP (Haas et al,
2005), whereas UNC-14 is important for axonal elongation and guidance of many
neurons by functioning as an adaptor protein of kinesin-1 (Lai & Garriga, 2004; Ogura et
al, 1997; Sakamoto et al, 2005). The human homolog of C52E12.4 has been shown to
interact with Rab6 and is therefore called Rab6IP1 (Rab6-interacting protein 1). It
contains a DENN-domain, a protein domain found in Rab GEFs (Marat et al, 2011).
Since TBC-8 and RUND-1 are involved in DCV maturation, it is tempting to speculate
that RUN-domains might have a novel role in C. elegans. They all might interact with
Rab proteins serving in DCV signaling, which has to be further studied.
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Figure VIII.2. The C. elegans genome encodes for six RUN-domain containing proteins.
TBC-8 and TBC-18 are potential Rab GAPs, whereas C52E12.4 is likely to be a Rab GEF.
RUND-1 was characterized in this study. UNC-14 was shown to be involved in axonal guidance
(Ogura et al, 1997). Y51H1A.2 is an uncharacterized protein in C. elegans (www.wormbase.org).
Protein domains were predicted by the SMART program (http://smart.embl-heidelberg.de/). CC,
coiled-coil; DENN, differentially expressed in normal versus neoplastic cells; uDENN, upstream
DENN; dDENN, downstream DENN; SH3, Src homology 3; TBC, Tre-2/Bub2/Cdc16; RUN,
RPIP8/UNC-14/NESCA.

Interestingly, many RUN-domain proteins also possess additional CC-domains,
such as RPIP8 (Janoueix-Lerosey et al, 1998), Rabip4 (Cormont et al, 2001; Mari et al,
2001), and RUFY1 (Yang et al, 2002). It is tempting to speculate that CC-domains
facilitate the functions of RUN-domains. In general, CC-domains form extended rod like
structures that are known to mediate multiple protein-protein interactions (Zhang et al,
2009). It has also been shown that CC-domains of Golgins assist the localization of Rab
GTPases to Golgi membranes [reviewed in (Munro, 2011)]. In the case of RAB-2, none
of the effectors, RUND-1 or CCCP-1, both possessing CC-domains were required for the
localization of RAB-2 to Golgi membranes (M. Ailion, unpublished data). CC-domains
consist of two or more α-helices, which associate in a supercoiled bundle (Lupas &
Gruber, 2005; Zhang et al, 2009). These domains are able to fold and interact
autonomously, independently of their remaining amino acid sequences (Lupas & Gruber,
2005). Previously, a combined computational-experimental screen demonstrated that
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proteins necessary for vesicular trafficking are enriched in CC-domains mediating
interactions (Zhang et al, 2009). For example, SNARE (soluble N-ethylmaleimidesensitive-factor attachment receptor) proteins promote membrane fusion by assembling
into coiled-coil tetramers [reviewed in (Jahn & Scheller, 2006; Ungar & Hughson,
2003)]. Long coiled-coil proteins, called Golgins that localize to specific Golgi
subdomains are important to bridge incoming transport vesicles to their target membrane
prior to fusion (Gillingham & Munro, 2003; Sinka et al, 2008). Other proteins, such as
GTPase regulators, motor proteins, cytoskeleton regulators and multi-subunit tethering
complexes possess coiled-coil domains important for exhibiting their function in
vesicular transport (Zhang et al, 2009).
In summary, RUN-domains and CC-domains are found in many proteins involved
in vesicular trafficking and might be important for the correct localization of these
proteins. Moreover, they might also mediate interactions with other proteins in order to
fulfill their functions within vesicular trafficking.

VIII.3 Regulation of the putative RAB-2 GAP, TBC-8, during DCV maturation
It is currently unclear how the activity of the putative RAB-2 GAP, TBC-8, is
regulated. In general, GAP activity might be controlled in vivo either by their subcellular
localization or by additional regulatory mechanism like phosphorylation (Barr &
Lambright, 2010). There are indications that GAP proteins contain regions important for
regulating activity through interactions with other proteins (Albert et al, 1999).
In the case of TBC-8, we showed this potential Rab GAP binds to the RAB-2
effector, RIC-19, in Y2H and co-IP experiments, suggesting that both proteins might
form a complex when recruited to RAB-2-positive membranes. This interaction might be
important for regulating TBC-8 activity. On the one hand, TBC-8 can be inactive when
recruited by active RAB-2 via RIC-19 and then activated after recruitment. On the other
hand, TBC-8 can be constitutively active while bound to RIC-19, which then would lead
to an immediate deactivation of RAB-2 after recruitment of the this complex. We mapped
the binding region of RIC-19 to TBC-8 and showed that RIC-19 binds outside of the
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TBC-domain, to the N-terminal part of TBC-8 containing the RUN domain. Thus, it is
currently unlikely that RIC-19 would mask the TBC-domain and inhibit GAP activity.
However, the change in TBC-8 localization through RIC-19 might lead to specific
interaction with RAB-2, negatively regulating this RAB during DCV maturation in C.
elegans. Further studies should aim to reveal whether the recruitment of RIC-19 and
TBC-8 to RAB-2-positive membranes occurs independently of each other or not. This
would give further indications whether RIC-19 possesses regulating activity towards
TBC-8.
Interestingly, the interaction between RIC-19 and TBC-8 seems to be conserved
because the human homolog of RIC-19, the diabetes autoantigen ICA69, could also bind
to TBC-8 in the Y2H system. This indicates that ICA69 might also play an important role
in regulating insulin secretion from pancreatic ß-cells since the human homolog of TBC8, SGSM1, is also expressed in the pancreas (Buffa et al, 2008).
TBC-8 activity might also be regulated by its interaction with active GTP-bound
RAB-19. However, we did not detect any defects in DCV maturation in rab-19(ok1845)
deletion mutant animals. This result suggests that RAB-19 might not be involved in DCV
trafficking and that TBC-8 together with RAB-19 might act in another DCV-independent
pathway.

VIII.4 The RAB-2 effector complex might be highly dynamic
The involvement of several Rab GTPases in Rab/GAP/GEF cascades during
membrane trafficking has been demonstrated [reviewed in (Hutagalung & Novick,
2011)]. During Rab GAP cascades, the downstream Rab recruits the Rab GAP for the
upstream Rab via its effector complex (Stenmark, 2009). For example in yeast, in the
Ypt1p/Ypt32p cascade Ypt1p associates with the Golgi and regulates ER to Golgi
trafficking (Sclafani et al, 2010). The GAP for Ypt1, Gyp1p, is recruited by interaction
with activated Ypt32p, the downstream Rab (Rivera-Molina & Novick, 2009a). It has
been shown that this counter-current GAP cascade limits the overlap between activated
Rab GTPases within the yeast secretory pathway (Barrowman et al, 2010; Rivera-Molina
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& Novick, 2009b). Therefore, a GAP cascade sharpens the boundaries during the Rab
conversion cascades supporting sorting of cargo into the downstream Rab domain and
thus, enhancing the directionality of the transport process (Hutagalung & Novick, 2011).
However, the situation might be different in the case of RAB-2 and TBC-8 where
the active Rab GTPase would recruit its own GAP through its effector complex. This
would suggest that RAB-2 might not participate in a traditional Rab conversion cascade.
Further support for this view comes from the fact that we were unable to identify a
second Rab GTPase in C. elegans showing the same DCV maturation phenotype despite
screening all Rab GTPases in C. elegans (our unpublished data). It is therefore likely that
RAB-2 participates in DCV maturation through a membrane trafficking mechanism
distinct from the previously described Rab cascades. However, since we were unable to
test RAB-2 specific GTPase activity of TBC-8 due to protein insolubility, we cannot
completely exclude that RAB-2 might be part of a Rab cascade. Interestingly, as far as we
are aware, there is only one example in literature where a Rab effector binds to the
respective Rab GAP to enhance deactivation of the Rab (Hokanson & Bretscher, 2012).
Therefore, such a negative feedback loop might represent a novel mechanism to regulate
Rab function. We propose that the recruitment of the TBC-8 GAP might ensure that the
effector complex is short-lived and thus, highly dynamic. It is likely that the effector
complex just exists to bring several components together important for DCV maturation
and then has to be rapidly disassembled to allow another round of assembly.

VIII.5 The role of the RAB-2 effector complex during DCV maturation
How does the putative RAB-2 GAP, TBC-8, regulate RAB-2 activity and how do
all the other identified factors contribute to DCV maturation? We have previously shown
that RAB-2 dependent cargo retention is achieved by a dynamic ON/OFF cycle of RAB-2
at the Golgi-endosomal interface, since both constitutively active and constitutively
inactive rab-2 mutants exhibited the same DCV phenotype (Edwards et al, 2009;
Sumakovic et al, 2009). Thus, RAB-2 most likely undergoes several rounds of activation
and deactivation in order to fulfill its task during DCV maturation. The finding that the
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RAB-2 effector, RIC-19, interacts with the putative RAB-2 GAP, TBC-8, supports this
view. Thus, once RAB-2 is locally activated at the Golgi-endosomal interface, it might
recruit the RIC-19/TBC-8 complex, which in turn will lead to its deactivation and release
from its membrane localization. This will also then cause a cytosolic redistribution of
RIC-19 and TBC-8. The fact that over-expressed RIC-19 and TBC-8 showed remarkable
membrane localization even in the absence of RAB-2 suggests that RIC-19 and TBC-8
might also bind to another factor that is membrane-localized, independent of RAB-2.
This factor might be either RUND-1 or CCCP-1, because both proteins localize to the
Golgi complex in a RAB-2-independent manner (M. Ailion, unpublished data). The
observation that this massive membrane localization of RIC-19 and TBC-8 is only seen
by over-expression of both proteins suggests that the interactions might be of low affinity
in vivo. Thus, in a normal situation, the effective concentrations would be insufficient for
a productive interaction and thus recruitment. In this case, the interaction would require
activated RAB-2 for efficient recruitment of RIC-19 and TBC-8 to membranes. This
would postulate that active GTP-bound RAB-2 would interact with the RIC-19/TBC-8
complex as well as with this Golgi-localized factor that might be RUND-1 or CCCP-1.
Accordingly, an inactivation of RAB-2 by its GAP, TBC-8, would lead to a rapid
disassembly of the complex and a release of its components for a new round of
recruitment. This low-affinity hypothesis would allow a fast and transient interaction of
the required players in order to guarantee a dynamic regulation of RAB-2, which in turn
provides the basis for a series of remodeling events at the Golgi-endosomal interface.
However, from our current set of data, we cannot exclude the possibility that RIC-19 and
TBC-8 are recruited separately from each other to the Golgi and start to interact at RAB-2
positive vesicles. Furthermore, it is possible that another RAB-2 effector is also able to
recruit TBC-8 to the Golgi in the absence of RIC-19 explaining the less severe DCV
phenotype of ric-19(ok833) mutants compared to tbc-8(tm3802) deletion mutants.
More efforts have to be made to solve the function of the TBC-8/RIC-19
interaction. One possibility to study the dependence of recruitment of TBC-8 and RIC-19
is to use different mutant background and study recruitment of the other factors. Since we
favor the low-affinity hypothesis, it is necessary to use single-copy insertions of
transgenes into the genome of C. elegans, since we demonstrated that over-expression of
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effectors led to autonomous membrane recruitment, which would make the recruitment
study impossible.
What are the functions of CCCP-1 and RUND-1 during DCV maturation? We
could show that these proteins are Golgi-localized independently of RAB-2 (M. Ailion,
unpublished data). Since both proteins contain CC-domains, especially CCCP-1 is
predicted to form coiled-coils along most of its entire length, it is possible that they have
similar functions like the so-called Golgins. Golgins are long, coiled-coil proteins, which
are resident in the Golgi membranes [reviewed in (Munro, 2011)]. They label the identity
of specific Golgi regions and bind to vesicles through the interaction with various Rab
proteins. It is believed that they form a tentacular matrix allowing them to capture
vesicles in the vicinity of the Golgi stacks (Munro, 2011). In a similar way, RUND-1 and
CCCP-1 could bind to RAB-2-positive dense-core vesicles in order to prevent them from
diffusion away from the Golgi during DCV maturation. Accordingly, inactivation of
RUND-1 and CCCP-1 would cause loss of these vesicles into the endosomal-lysosomal
pathway resulting in less DCV cargo at the axons.
In addition, RUND-1 might be required to preserve structural integrity of the
Golgi and generates certain membrane domains on the Golgi that are important for RAB2 functions. These RAB-2-labeled Golgi membranes might ensure rearrangement events
induced by RAB-2 effectors, which are required for efficient maturation (Tooze et al,
2001). The recruitment of RIC-19 might help to create or stabilize these membrane
domains by its BAR domain, which recognizes curved membranes found on vesicles
[reviewed in (Frost et al, 2009; Rao & Haucke, 2011)]. By recruitment of the negative
regulator of RAB-2, TBC-8, a dynamic network is ensured to retain specific cargo in
DCVs in order to prevent their mis-sorting to the endosomal-lysosomal pathway. In
summary, all these players along with RAB-2 might be specifically required to stabilize
membrane domains on DCVs to facilitate sorting and the retention of cargo during DCV
maturation (Figure VIII.3).
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Figure VIII.3. Schematic representation of a novel RAB-2 effector required for DCV
maturation in C. elegans neurons. The maturing DCV compartment might exhibit different
domains on its surface, which are important for specific function ensured by a particular set of
proteins (e.g. RAB-2 domains). The recruitment of the RAB-2 effector complex (RIC-19/TBC-8)
to RAB-2 positive membranes might be important for dynamic cycling of RAB-2. All these
players along with RAB-2 might be specifically required to stabilize membrane domains on
DCVs to facilitate sorting and the retention of cargo during DCV maturation. From our previous
work, we predict that RAB-5 might form a domain from which mis-sorted cargo is removed to
the endo-lysosomal pathway [our unpublished data; (Sumakovic et al, 2009)]. However, the
specifics of this schematic representation are highly speculative, because the molecular
mechanisms of interactions have not yet been elucidated. Source: picture modified from (Tooze et
al, 2001), with permission from Elsevier.

It is conceivable that active RAB-2 would also help to accept retrograde
trafficking carriers within the Golgi-endosomal interface to be delivered back to the
maturing DCV compartment. This would explain why in rab-2 mutants, cargo from
maturing DCVs is lost to the endosomal-lysosomal pathway (Edwards et al, 2009;
Sumakovic et al, 2009). Thus, the next chapter of this study elucidates the function of the
retrograde transport pathway in DCV maturation. It has to be highlighted again, that
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cargo which is retained within maturing DCVs by most likely binding to a cargo receptor
is not affected in rab-2 mutants. Neuropeptides itself, for example that are aggregated
within the dense-core are not removed in rab-2 mutants (Sumakovic et al, 2009). In
contrast, soluble cargo (represented by soluble VENUS) and some of the transmembrane
cargo (represented by the transmembrane protein IDA-1) are lost from maturing DCVs in
rab-2 mutants.
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Chapter 3
Role of the retrograde transport pathway in dense-core vesicle
maturation

IX. Specific Introduction
IX.1 Role of tethering factors in intracellular transport
The transport of cargo molecules between organelles of the endomembrane
system is organized by vesicular membrane carriers. Their transfer from the donor to the
acceptor membrane is characterized by four essential steps: vesicle budding from a donor
membrane/compartment, vesicle transport, vesicle tethering and vesicle fusion to a
acceptor membrane/compartment (Figure IX.1). Each step requires the coordination of a
cohort of proteins, such as small GTPases, coat proteins, motor proteins, soluble Nethylmaleimide-sensitive-factor attachment receptor proteins (SNAREs) and tethering
factors to guarantee specificity and efficiency [reviewed in (Cai et al, 2007)].
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Figure IX.1. Transport of cargo-loaded vesicles between organelles occurs in four distinct
steps. Vesicles bud from a donor compartment, are transported to the acceptor compartment,
where they are tethered to the membrane and subsequently undergo fusion to release their cargo.
Source: reprinted from (Segev, 2011), with permission from Elsevier.

During the last steps, SNARE proteins present on the vesicle and the acceptor
compartment assemble into a tight bundle, which brings the two membranes into close
proximity leading to fusion of the lipid bilayers (Jahn & Scheller, 2006; Sudhof &
Rothman, 2009). Small GTPases and tethering factors cooperate with SNARE proteins
during the tethering and fusion events (Cai et al, 2007; Stenmark, 2009; Yu & Hughson,
2010). Tethering factors are large coiled-coil proteins or protein complexes that facilitate
long-range interactions between the two distinct membranes, before SNARE proteins are
able to interact (Cai et al, 2007; Yu & Hughson, 2010).
Tethering factors are classified into two groups, homodimeric long coiled-coil
proteins and heteromeric multi-subunit tethering complexes (MTCs) based on their
protein structure (Figure IX.2) [reviewed in (Barr & Short, 2003; Bonifacino & Hierro,
2011; Cai et al, 2007; Gillingham & Munro, 2003; Yu & Hughson, 2010)]. Both types of
tethering factors are structurally unrelated but share properties and functions, such as
being Rab effectors (Yu & Hughson, 2010). So far, the localization of long coiled-coil
proteins is restricted to the Golgi complex (e.g. Golgins) and to endosomes (e.g. EEA1
[early endosome antigen 1]) (Figure IX.2). They are characterized by long stretches of
heptad repeats and form extended rod-like structures (Sztul & Lupashin, 2006). Many of
these coiled-coil tethers exist as dimers (Sztul & Lupashin, 2006). Besides their role in
tethering vesicles to the target membrane, a function in maintaining the structural
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integrity of the Golgi matrix is described (Gillingham & Munro, 2003). Furthermore,
they might act as scaffold proteins for the assembly of other factors important for fusion
(Gillingham & Munro, 2003).

IX.2 Multi-subunit tethering complexes
Subgroups of multi-subunit tethering complexes (MTCs) are represented by
TRAPP (transport protein particle), HOPS (homotypic fusion and vacuole protein
sorting), CORVET (class C core vacuole/endosome tethering complex) and CATCHR
(complex associated with tethering containing helical rods) complexes (Figure IX.2).

Figure IX.2. Classification of tethering factors based on their structure. This classification is
based on (Cai et al, 2007; Yu & Hughson, 2010). CATCHR, complex associated with tethering
containing helical rods; COG, the conserved oligomeric Golgi; CORVET, class C core
vacuole/endosome tethering complex; Dsl1, dependence on SLY1–20; EEA-1, early endosome
antigen-1; GARP, Golgi-associated retrograde protein complex; HOPS, homotypic fusion and
vacuole protein sorting; MTC, multi-subunit tethering complex; TF, tethering factor; TRAPP,
transport protein particle. Source: picture based on (Bonifacino & Hierro, 2011), with permission
from Elsevier.
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There are at least three forms of the TRAPP complex described, which comprise
distinct and overlapping subunits (Lynch-Day et al, 2010; Sacher et al, 2008). In yeast,
these complexes function in endoplasmic reticulum (ER) to Golgi transport and also act
at the trans-Golgi network (TGN) and at phagosomes (Lynch-Day et al, 2010; Sacher et
al, 2008). It has also been shown that yeast TRAPP complexes possess GEF activity
towards the Rab proteins, Ypt1p and Ypt31/32p (Jones et al, 2000).
The HOPS and CORVET complexes possess four common subunits, whereby
each complex contains two additional subunits (Peplowska et al, 2007; Wurmser et al,
2000). In yeast it has been demonstrated that the CORVET complex binds to the Rab5like GTPase Vps21 at the endosome, whereas the HOPS complex interacts with
Ypt7/Rab7 at the late endosomes (Epp et al, 2011).
The CATCHR subgroup consists of structurally related complexes (Figure IX.3),
such as Dsl1 (dependence on SLY1–20), the COG (conserved oligomeric Golgi)
complex, the exocyst, and the GARP (Golgi-associated retrograde protein) complex (Yu
& Hughson, 2010).

Figure IX.3. The CATCHR subgroup of multi-subunit tethering complexes is structurally
related. Crystal structures of C-terminal fragments from yeast Vps53 (Vasan et al, 2010) and
human Vps54 (Perez-Victoria et al, 2010a) and the yeast Sec6 subunit of the exocyst complex
(Sivaram et al, 2006) and the full-length yeast Tip20 subunit of the Dsl1 complex (Tripathi et al,
2009) are shown. Structures are displayed as ribbon diagrams with the tandem a-helical-bundle
domains (A–E) represented in different colors. Source: reprinted from (Bonifacino & Hierro,
2011), with permission from Elsevier.
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The Dsl1 complex has only three subunits and is important for the retrograde
transport from the Golgi complex to the ER (Kamena & Spang, 2004; Kraynack et al,
2005). The exocyst is formed by eight subunits, which are required for trafficking of
Golgi-derived vesicles to the plasma membrane (He & Guo, 2009). The COG complex is
formed by eight subunits exhibiting distinct functions (Ungar et al, 2002). It has been
shown that the COG complex is involved in the retrograde transport from both endosome
to Golgi and within the Golgi (Bruinsma et al, 2004; Ram et al, 2002; Whyte & Munro,
2001). Furthermore, the COG complex also functions in the transport of ER-derived
vesicles to the Golgi (VanRheenen et al, 1998; VanRheenen et al, 1999). The role of the
GARP complex is described in the next section. Figure IX.4 summarizes the sites of
action of the above mentioned MTCs.

Figure IX.4. Different transport pathways are mediated by multi-subunit tethering
complexes. COG, conserved oligomeric Golgi complex; CORVET, class C core
vacuole/endosome tethering complex; ERGIC, endoplasmic reticulum-Golgi intermediate
compartment; GARP, Golgi associated retrograde protein complex; HOPS, homotypic fusion and
vacuole protein sorting; CORVET, class C vacuolar protein sorting; TRAPP, transport protein
particle. Source: picture taken from (Yu & Hughson, 2010), with permission from ANNUAL
REVIEW OF CELL AND DEVELOPMENTAL BIOLOGY.
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IX.3 The GARP complex in retrograde trafficking
The GARP tethering complex is evolutionarily conserved from yeast to mammals
and consists of four subunits, termed Vps51, Vps52, Vps53, Vps54 (Luo et al, 2011;
Perez-Victoria et al, 2010b; Siniossoglou & Pelham, 2002). In yeast the GARP complex
is localized to the TGN to tether retrograde vesicles derived from endosomes to the post
Golgi (Conibear et al, 2003; Conibear & Stevens, 2000; Siniossoglou & Pelham, 2001;
Siniossoglou & Pelham, 2002). This retrograde transport facilitates the recycling of cargo
material such as Vps10, a transmembrane sorting receptor for hydrolase precursors, and
the v-SNARE Snc1 (Conibear & Stevens, 2000; Quenneville et al, 2006; Siniossoglou &
Pelham, 2001; Siniossoglou & Pelham, 2002). Like in yeast, mammalian and C. elegans
GARP was found to be located to the TGN but also at endosomes (Ho et al, 2006;
Liewen et al, 2005; Luo et al, 2011; Perez-Victoria et al, 2008; Perez-Victoria et al,
2010b). Human GARP is required for the retrograde transport of mannose-6-phosphate
receptors as well as TGN-resident proteins and some SNAREs, supporting a general role
in endosome to TGN transport (Perez-Victoria et al, 2008; Perez-Victoria et al, 2010b).
It is believed that the GARP complex simultaneously binds to the incoming
vesicles and to the acceptor membrane achieved by interactions with SNARE proteins
and small GTPases of both Rab and Arl families (Bonifacino & Hierro, 2011) (Figure
IX.5). In yeast, the subunit Vps52 interacts with Ypt6/Rab6 (Siniossoglou & Pelham,
2001), and Vps53 with Arl1p (Panic et al, 2003). The yeast subunit Vps51 interacted with
the t-SNARE, Tlg1 (Conibear et al, 2003; Siniossoglou & Pelham, 2002). This binding
seems to be conserved because human Vps51 also interacts with the human ortholog of
Tlg1, Syntaxin-6 (Perez-Victoria et al, 2010b). Furthermore, Vps53 and Vps54 also bind
to SNAREs, such as Syntaxin-16 and Vamp4, which are involved in endosome to TGN
transport (Perez-Victoria & Bonifacino, 2009). Interestingly, it has been shown that the
loss of GARP caused reduced formation of TGN SNARE complexes (Perez-Victoria &
Bonifacino, 2009). Thus, GARP might contribute to the TGN SNARE assembly and/or
stabilization (Perez-Victoria & Bonifacino, 2009). In consistent with this, all C. elegans
GARP subunits bound to a specific set of Golgi SNAREs by using the yeast two-hybrid
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system (Luo et al, 2011). Thus, it is likely that the GARP complex facilitates retrograde
trafficking to the Golgi though various SNARE interactions.

Figure IX.5. The GARP complex interacts with small GTPases and SNARE proteins during
retrograde trafficking. (A) Schematic representation of the GARP complex. Subunits that
interact with SNARE proteins and small GTPases are indicated. Names of interaction partners in
yeast have been used. Source: picture based on (Oka & Krieger, 2005). (B) Speculative
representation of tethering mediated by the GARP complex. GARP is shown as a heterotetramer
complex assembled through the N-terminal regions of its subunits. The interaction with small
GTPases might contribute to GARP recruitment to the TGN, whereby binding to SNAREs might
promote SNARE complex formation. Source: reprinted from (Bonifacino & Hierro, 2011), with
permission from Elsevier.

Besides the role in retrograde trafficking from endosomes to the TGN, it has been
shown that the GARP complex is also involved in other cellular processes, such as
autophagy,

mitochondrial

morphology

and

function,

motor

neuron

survival,

spermiogenesis as well as embryonic development and viability [reviewed in (Bonifacino
& Hierro, 2011)].
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IX.4 The role of the GARP subunit, Vps51, in C. elegans
Previously, we have characterized the subunits of the GARP complex in C.
elegans (Luo et al, 2011). Like in mammals (Liewen et al, 2005), orthologs of yeast
Vps52, Vps53, Vps-54 were readily identified in C. elegans by sequence homology
searches (www.wormbase.org). The identification of Vps51 in mammals and C. elegans
turned out to be more difficult, since the metazoan Vps51 exhibits low sequence
similarities and is much larger (≥700 aa) than its yeast counterpart (~150 aa) (Ho et al,
2006; Luo et al, 2011; Perez-Victoria et al, 2010b). Remarkably, mutations in the subunit
Vps51 in yeast and metazoans caused less severe defect phenotypes compared to
mutations in the remaining subunits Vps52-54, e.g. changes in vacuolar/lysosomal
morphology (Luo et al, 2011; Siniossoglou & Pelham, 2002). Furthermore, the formation
and stability of the yeast GARP complex in yeast did not depend on the subunit Vps51,
but on the remaining core subunits (Conibear & Stevens, 2000; Siniossoglou & Pelham,
2002). All these findings suggest that Vps51 might be an auxiliary subunit. It might be
required for more specialized functions of the GARP complex in multi-cellular organisms
(Ho et al, 2006; Luo et al, 2011; Perez-Victoria et al, 2010b). In agreement with this,
Vps51 seems to be the subunit that is most modified during evolution compared to the
remaining GARP subunits in order to adapt to the newly specialized tasks. These
functions might have been dispensable in yeast, which led to a shortened minimal Vps51
protein.

IX.5 Aims of this study
This chapter describes a novel role for the GARP complex in C. elegans. We
studied its involvement in DCV maturation. We further investigated possible interactions
with Rab GTPases in C. elegans. Moreover, we provide explanations how the GARP
complex in cooperation with RAB-2 and its effectors might contribute to DCV
maturation.
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The results presented in chapter 3 were performed by the author of this thesis with
the help of a lab rotation student, Katharina Lindner. Experiments where the author
received help are indicated in the figure legends.
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Chapter 3
X. Results

X.1 The GARP complex is involved in DCV trafficking

Through our previous work to characterize retrograde trafficking events within
the Golgi-endosomal interface we characterized the subunits of the Golgi-associated
retrograde protein (GARP) tethering complex (Luo et al, 2011). The GARP complex is
known to be required for tethering of endosome-derived vesicles to the late Golgi during
retrograde transport (Conibear & Stevens, 2000). Similar to humans and yeast (PerezVictoria et al, 2010; Siniossoglou & Pelham, 2002), it has been shown that the C. elegans
GARP complex also consists of four subunits: VPS51, VPS52, VPS53, VPS54 (Vacuolar
Protein Sorting factor) (Luo et al, 2011). Its function in retrograde trafficking has been
characterized in C. elegans and other organisms (Bonifacino & Hierro, 2011; Luo et al,
2011). C. elegans mutant alleles for each subunit exist, such as vps-51(tm4275), vps52(ok853), vps-53(ok2864), and vps-54(ok1463), which were used in this study
(www.wormbase.org) (Luo et al, 2011).
During our initial phenotypic characterization of mutants in the GARP complex
subunits we realized that GARP mutants exhibited strongly decreased locomotion by
about 50% as compared to wild type animals (Figure X.1). This suggests that the GARP
complex functions in neurons and might be required for normal locomotion. Consistent
with this hypothesis, vps genes are ubiquitously expressed with strong expression in
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neurons in C. elegans (Luo et al, 2011). Interestingly, the locomotion of mutants in the
subunits of the GARP complex (vps-51, -52, -53 and -54) strongly resembled the slow,
“unmotivated” locomotion of unc-108/rab-2 mutant animals. Mutations in the GARP
subunits vps-52 and vps-53 were also recovered in screens for mutants displaying unc108/rab-2-like unmotivated locomotion phenotypes (M. Ailion, unpublished results).

Figure X.1. GARP mutants display movement defects. Young adult worms of each strain were
transferred to non-seeded plates, adjusted for several minutes before the number of body bends
per min of each worm was recorded. Like unc-108/rab-2 mutants, movement rates of GARP
mutants were decreased by about 50% to wild type animals: for vps-51(tm4275) mutants
12.54±0.69; for vps-52(ok853) mutants 13.57±0.51; for vps-53(ok2864) mutants 14.14±0.51; for
vps-54(ok1463) mutants 11.41±0.85; for unc-108(n501) mutants 13.33±1.91 and for wild type
animals 26.08±0.78 body bends per minute were counted. Error bars = s.e.m. (***, P < 0.0001;
Student’s t-test). Source: this experiment was conducted by Suekyoung Jeon and Katharina
Lindner in our lab. The original data was kindly provided by them.

Due to the observed slow locomotion rates and similarities to unc-108/rab-2
mutants we wondered whether the GARP complex might also be involved in DCV
trafficking or maturation. We subjected the GARP mutants to the DCV assay and
analyzed them for trafficking defects of the DCV marker NLP-21-VENUS (Sieburth et
al, 2007). We observed decreased fluorescence levels of NLP-21-derived VENUS in the
dorsal nerve cord (DNC) and in coelomocytes of all GARP subunits mutants (Figure
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X.2). vps-51(tm4275) mutants showed 12.66±2.36%, vps-52(ok853) mutants 8.70±2.51%
and vps-53(ok2864) mutants 9.87±2.17% VENUS fluorescence in their axons compared
to wild type animals 100±8.90% (Figure X.2). Surprisingly, unlike the other GARP
subunits, vps-54(ok1463) mutants displayed a less severe defect in VENUS trafficking to
the DNC, with 61.07±8.32% VENUS fluorescence in the DNC compared to wild type.

Figure X.2. GARP mutants show defects in DCV trafficking in the DNC. vps-51(tm4275),
vps-52(ok853), and vps-53(ok2864) mutants displayed similar decreased NLP-21-derived
VENUS fluorescence in the DNC, whereas vps-54(ok1463) mutants showed a less severe DCV
phenotype. Scale bar represent 5 µm. Error bars = s.e.m. (**, P < 0.001; ***, P < 0.0001;
Student’s t-test).

Despite the morphological defects observed in lysosomal compartments of GARP
mutants, the fluid phase uptake and the degradation of endocytosed material were shown
not to be strongly affected by this (Fares & Greenwald, 2001; Luo et al, 2011). Therefore,
we can utilize the coelomocyte VENUS uptake to assay NLP-21-derived VENUS
secretion from the DNC in these mutants. Consistent with the observed VENUS
fluorescence in the DNC, vps-52 and vps-53 deletion mutants showed a decrease in
VENUS fluorescence in their coelomocytes (Figure X.3). Surprisingly, in vps-51 mutants
higher levels of endocytosed VENUS fluorescence in coelomocytes compared to the
DNC were detected (Figure X.3), suggesting lower rates in VENUS degradation in
coelomocytes, which would result in accumulation of VENUS within endocytic
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compartments. Furthermore, in vps-54 mutants almost no VENUS fluorescence in their
coelomocytes could be detected (Figure X.3), whereas about 60% VENUS fluorescence
in the DNC compared to wild type animals were present (Figure X.2). This suggests that
vps-54 mutants might harbor additional defects in the regulation of DCV secretion or
defects in VENUS uptake within coelomocytes that have to be further studied.

Figure X.3. GARP mutants show less fluorescence of endocytosed VENUS in the
coelomocytes. Less VENUS fluorescence in coelomocytes was detected in all vps-mutants
compared to wild type worms. However, vps-51 mutants displayed higher fluorescence levels of
endocytosed VENUS in their coelomocytes compared to the VENUS present in their DNC,
whereas vps-54 mutants displayed the opposite phenotype (Figure X.2). Scale bar represent 5 µm.
Error bars = s.e.m. (***, P < 0.0001; Student’s t-test).

It is possible that GARP mutants display general membrane trafficking defects in
neurons leading to decreased NLP-21-derived VENUS fluorescence in their axons. In
order to test whether only DCV trafficking and not SV trafficking, is specifically affected
in GARP mutants, we analyzed the localization of the synaptic marker proteins, RAB-3
and Synaptobrevin-1 (SNB-1), using integrated strains expressing YFP-RAB-3 and GFPSNB-1 in cholinergic motoneurons (Sieburth et al, 2005). The fluorescence of YFP-RAB3 (97.32±8.25%) (Figure X.4A) and GFP-SNB-1 (113.50±6.53%) (Figure X.4B) was
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unchanged in the DNC of vps-53(ok2864) or vps-52(ok853) mutants, respectively, when
compared to wild type axons. These findings indicate that SV trafficking might not be
affected in GARP mutants. In order to detect more subtle changes in SV and DCV
morphology and localization, vps-mutants are currently being investigated by highpressure freeze electron microscopy in our lab. In this way, we further attempt to analyze
the synaptic ultrastructure of the GARP mutants.

Figure X.4. GARP mutants display no obvious defects in synaptic vesicle trafficking. The
transport of synaptic vesicles to the synapses in the DNC was visualized by VENUS-tagged
RAB-3 (VENUS-RAB-3) (A) and GFP-tagged synaptobrevin (GFP-SNB-1) (B). No differences
were observed in transport of these SV markers in vps-53(ok2864) or vps-52(ok853) mutants,
respectively. Scale bar represents 5 µm. Error bars = s.e.m. (ns, P > 0.05; Student’s t-test).

X.2 GARP subunits interact with individual RAB GTPases in Y2H

In order to regulate vesicle fusion to the donor membrane, tethering factors are
known to function as effector proteins of Rab GTPases (Cai et al, 2007; Yu & Hughson,
2010). To test whether the GARP complex acts in cooperation with these small GTPases
in DCV trafficking, we attempted to identify possible GARP-RAB interactions in C.
elegans. Therefore, we tested the four VPS proteins against all C. elegans Rab GTPases
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using the Y2H system (Figure X.5). We detected weak interaction between the GARP
subunit VPS-51 with activated, GTP-bound RAB-8 and RAB-19, whereas VPS-53
specifically bound to activated RAB-30. Surprisingly, VPS-52 and VPS-54 did not bind
to any analyzed RAB proteins within the Y2H system. The identified RAB interaction
partners of the GARP subunits VPS-51 and VPS-53 do not display defects in locomotion
or DCV trafficking (Nikhil Sasidharan, unpublished data; chapter 1 this study).
Therefore, these interactions might play a role in GARP functions besides DCV
trafficking.

Figure X.5. The GARP subunits VPS-51 and VPS-53 interact with different RAB GTPases
in a Y2H screen. All C. elegans RAB proteins in their constitutively GTP-bound form were
tested for interaction with all four GARP subunits. VPS-51 weakly interacted with GTP-bound
RAB-8 and RAB-19, whereas VPS-53 bound to activated RAB-30. No interactions between RAB
GTPases and the subunits VPS-52 or VPS-54, respectively, were detected in this Y2H screen.
AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain fusion; His,
histidine; RABGTP, constitutively GTP-bound RAB GTPase; “+” represents internal positive
control; “-” represents internal negative control. Note: VPS-51 was not tested against GTP-bound
RAB-39, which still has to be done. Source: this experiment was conducted by the lab rotation
student Katharina Lindner in our lab.

127

PhD Thesis – Mandy Hannemann

Chapter 3: X. Results

X.3 The GARP subunit VPS-51 interacts with RAB-2 effectors, RIC-19 and RUND1 as well as with the putative RAB-2 GAP, TBC-8

Since we could show that the GARP subunits play a role in DCV trafficking, we
analyzed interactions of VPS-51 with the novel DCV players, TBC-8, RIC-19 and
RUND-1 via Y2H (Figure X.6A). Interestingly, all these three proteins interacted with
VPS-51 in Y2H. In addition, we detected interaction between the GARP subunit VPS-53
and TBC-8. Due to self-activation properties of all three proteins, RIC-19, RUND-1 and
VPS-53, when expressed as the DNA-binding domain-fusion (data not shown), these
interactions could not be studied by Y2H. The binding affinity of VPS-51 to TBC-8,
RIC-19 and RUND-1 were confirmed by co-IP experiments (Figure X6B).

Figure X.6. The GARP subunit VPS-51 interacts with TBC-8, RIC-19 and RUND-1 in Y2H
and in co-IP experiments. (A) Y2H analysis revealed that TBC-8 interacts with VPS-51 and
VPS-53, whereas no interactions between TBC-8 with VPS-52 and VPS-54 were detected.
Furthermore, VPS-51 also bound to the RAB-2 effectors, RIC-19 and RUND-1. Due to selfactivation properties of VPS-53 and RIC-19 when expressed as a DNA-binding domain-fusion,
this interaction could not be performed. Interaction analysis between RUND-1 and VPS-52, -53, 54 were not conducted in this study. (B) HEK293 cells were co-transfected with constructs
expressing GFP-tagged TBC-8, RIC-19 and RUND-1 (or GFP alone as control) and V5-VPS-51.
An anti-GFP antibody was used to precipitate GFP-tagged fusion proteins or GFP as control
(GFP-IP). Interactions were visualized on Western blots. V5-tagged VPS-51 bound to all three
tested GFP-fusion proteins, GFP-TBC-8, GFP-RIC-19 and GFP-RUND-1. AD, Gal4p DNA
activation domain fusion; BD, Gal4p DNA binding domain fusion; His, histidine; IN, Input; IP,
immunoprecipitation.
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In order to test which domain of TBC-8 is required for the interaction with VPS51, we performed a domain mapping analysis. We studied the binding properties of VPS51 to the detectable protein domains of TBC-8 within the Y2H system (Figure X.7A).
The interaction could be mapped to the RUN-domain of TBC-8 with VPS-51 determined
by Y2H and co-IP (Figure X.7).

Figure X.7. VPS-51 interacts with the RUN-domain of TBC-8 in Y2H and in co-IP
experiments. (A) Domain mapping experiment revealed that VPS-51 interacts with TBC-8
fragments harboring the RUN-domain, whereas VPS-51 did not bind to the TBC-domain of TBC8. (B) Interaction between VPS-51 and the RUN-domain of TBC-8 were confirmed by co-IP
analysis. HEK293 cells were co-transfected with constructs expressing GFP-tagged VPS-51 (or
GFP alone as control) and a V5-tagged RUN-domain of TBC-8 (1-597 aa). An anti-GFP antibody
was used to precipitate GFP-VPS-51 or GFP as control (GFP-IP). Interactions were visualized on
Western blots. AD, Gal4p DNA activation domain fusion; BD, Gal4p DNA binding domain
fusion; His, histidine; IN, Input; IP, immunoprecipitation.

X.4 The GARP subunit VPS-51 and RUND-1 act in the same pathway

Interaction studies revealed that the GARP complex binds to RAB-2 effectors,
RUND-1 and RIC-19 and to the putative RAB-2 GAP, TBC-8. In order to test whether
VPS-51 acts together with these factors in the same pathway, we constructed double
mutants of these players and subjected them to the NLP-21-VENUS assay.
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Unfortunately, we were not able to obtain double mutants for ric-19 and vps-51, because
both genes are located on chromosome I, only separated by 2 Mb (www.wormbase.org).
Future RNAi experiments should overcome this genetic linkage issue.
Double mutants of vps-51 and tbc-8 caused an additive defect (6.58±1.34%) in the
decrease of VENUS fluorescence in the dorsal nerve cord, compared to vps-51
(10.92±1.30%) and tbc-8 (24.96±2.64%) single mutants (Figure X.8). This suggests that
the GARP complex and the putative RAB-2 GAP act in parallel pathways during DCV
maturation. In contrast, double mutants of vps-51 and rund-1 revealed that these proteins
act in the same pathway, since double mutants displayed similar defects in the NLP-21derived VENUS fluorescence in the DNC (10.55±1.53%) like vps-51 (10.92±1.30%) and
rund-1 (13.41±1.64%) single mutants (Figure X.8).

Figure X.8. VPS-51 and RUND-1 act in the same pathway during DCV trafficking, whereas
VPS-51 and TBC-8 do not. Double mutant analysis of vps-51 with tbc-8 and rund-1 are
depicted. Single mutants of tbc-8 (24.96±2.64%) and vps-51 (10.92±1.30%) displayed a less
severe NLP-21-VENUS phenotype than double mutants of both (6.58±1.34%), suggesting that
TBC-8 and VPS-51 act in parallel pathways contributing to DCV trafficking. RUND-1 and VPS51 act in the same pathway, since double mutants of both genes did not lead to additive effects of
NLP-21-derived VENUS fluorescence at the DNC. Error bars = s.e.m. (ns, P > 0.05; *, P < 0.05;
***, P < 0.0001; Student’s t-test).
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XI.1 Function of the retrograde transport during DCV maturation

The involvement of the multisubunit Golgi-associated retrograde protein (GARP)
tethering complex in retrograde trafficking between endosomes and post Golgi
compartments has been characterized in C. elegans and other organisms (Bonifacino &
Hierro, 2011; Luo et al, 2011). Its function in tethering of endosome-derived vesicles to
the trans-Golgi during retrograde transport is described (Conibear & Stevens, 2000).
Since the transport of TGN cargo receptors and the localization of resident TGN
membrane proteins, such as TGN46, are impaired in GARP mutants, it was proposed that
the GARP complex plays a general role in the delivery of retrograde cargo (Conibear &
Stevens, 2000; Perez-Victoria et al, 2008; Siniossoglou & Pelham, 2002).
Previously, it has been shown that loss of the GARP complex caused alterations
in lysosomal morphology (Conboy & Cyert, 2000; Perez-Victoria et al, 2008). In C.
elegans GARP mutants, severely enlarged lysosomes were observed (Luo et al, 2011). A
reason for this phenotype might be the disturbed transport from endosomes to the Golgi
resulting into an increased membrane flow into the lysosomal pathway (Luo et al, 2011).
Despite the detected morphological changes of lysosomes, we could demonstrate that
these compartments are functional in degrading endocytosed cargo (Luo et al, 2011).
Here, we identified an additional function of the GARP complex in C. elegans
neurons. Mutants in the subunits of the GARP complex, vps-51, -52, -53 and -54,
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displayed a slow unmotivated locomotion as compared to wild type animals.
Surprisingly, this locomotion phenotype resembled the slow, unmotivated locomotion of
unc-108/rab-2 mutant animals (Chun et al, 2008; Edwards et al, 2009; Sumakovic et al,
2009). Thus, we predict that the GARP complex might also be required for normal
locomotion like RAB-2 in C. elegans (Edwards et al, 2009; Sumakovic et al, 2009).
Interestingly, mutations in the GARP subunits vps-52 and vps-53 were also identified in a
screen for mutants displaying unc-108/rab-2-like unmotivated locomotion phenotypes
(M. Ailion, unpublished results). Using the NLP-21-VENUS assay, we studied the DCV
trafficking effects in mutants of the GARP complex subunits vps-51, -52, -53 and -54.
This analysis revealed that the GARP complex mutants displayed the same RAB-2 like
DCV maturation defects. The GARP complex is specifically involved in DCV
trafficking, since GARP mutants did not display defects in the trafficking of SV-markers,
RAB-3 and Synaptobrevin-1 (SNB-1) to axons, which suggest that SV trafficking might
not be affected in GARP mutants. Future electron microscopy analysis of these mutants
will reveal potential subtle defects in the morphology, number and size of SVs and DCVs
at synaptic zones.
In this study we could show that the GARP complex exhibited defects in DCV
trafficking, indicating that the retrograde transport of cargo from endosomes to the Golgi
is essential for proper DCV maturation. To our knowledge, such a necessity of membrane
cycling between the Golgi and endosomes for DCV maturation was not described before.
However, it is conceivable that mis-sorted cargo and TGN-resident proteins, such as
receptors have to be recycled back to the Golgi to ensure cycling of the pathway. Since
the GARP mutants and unc-108/rab-2 mutants exhibited similar uncoordinated
locomotion and similar decreased levels in VENUS cargo at the axons, it is tempting to
speculate that active RAB-2 facilitates the acceptance of retrograde trafficking carriers at
the maturing DCV compartment. This would explain why in unc-108/rab-2 mutants,
soluble and transmembrane cargo from maturing DCVs is lost into the endosomallysosomal pathway (Edwards et al, 2009; Sumakovic et al, 2009).
The fact that C. elegans GARP mutants are viable indicates that a redundant
pathway exists, which compensates for the loss of GARP function during retrograde
trafficking of cargo to the Golgi (Luo et al, 2011). In consistent with this, it has been
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suggested that the COG and GARP complexes share overlapping functions (Luo et al,
2011). Therefore, further studies have to be performed to analyze the possible
involvement of other multimeric tethering factors, such as COG complex and exocyst in
DCV trafficking. This analysis would reveal whether the GARP complex is specifically
required during this process.
Double mutant analysis of C. elegans mutants in rund-1 and vps-51 revealed that
the GARP complex and the RAB-2 effector, RUND-1, act in the same pathway. In
addition, both proteins RUND-1 and VPS-51 interact in Y2H and co-IP experiments. It is
tempting to speculate that RUND-1 might be recycled to the Golgi by the GARP
complex. It is unlikely that RUND-1 represents a receptor, since no transmembrane
domain was detected for RUND-1. However, by association with membrane-bound
proteins, RUND-1 might label vesicles for the retrograde transport by binding to the
GARP complex. Further studies should aim to identify RUND-1’s exact role in DCV
maturation.
Since CCCP-1 possesses three coiled-coil domains, it might form a tethering
complex at the Golgi with the GARP complex to accept the incoming retrograde vesicles.
In this way, regulated by RAB-2, CCCP-1 might confer specificity for the fusion process
by contributing to the tethering of these vesicles to the acceptor membrane. Double
mutant analysis and interaction studies would allow a deeper insight into CCCP-1’s
function.
In addition to RUND-1, we could demonstrate that the effector RIC-19 and the
putative RAB-2 specific GAP, TBC-8, also bound to VPS-51 in Y2H and co-IP
experiments. However, TBC-8 and the GARP complex seem to act in parallel pathways
during DCV maturation, or they have additional functions, independent of the other
protein. Unfortunately, the genetic interaction between RIC-19 and VPS-51 could not be
tested in this study. Future attempts should be made to study the dependence of these
factors.
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XI.2 Specific role of VPS-51 in DCV maturation
It has been shown that the GARP complex is involved in a broad range of cellular
processes such as cell growth, fertility, transport and sorting of cargo proteins [reviewed
in (Bonifacino & Hierro, 2011)]. Loss of GARP function caused various defects in yeast,
zebrafish, C. elegans and mammals (Conibear & Stevens, 2000; Ho et al, 2006; Luo et al,
2011; Perez-Victoria et al, 2008; Perez-Victoria et al, 2010). Interestingly, the loss of
Vps51 in yeast had a milder effect on growth compared to the other subunits
(Siniossoglou & Pelham, 2002). A similar phenotype was observed in C. elegans (Luo et
al, 2011). Here, vps-51 mutant animals exhibited less severe defects in the brood sizes
and in lysosomal morphology compared to mutants in the subunits vps-52-54 (Luo et al,
2011). Therefore, it has been proposed that the subunit VPS-51 might be an auxiliary
subunit, whereas the subunits VPS-52/-53/-54 form the core of the GARP complex in
yeast and in C. elegans (Conibear & Stevens, 2000; Luo et al, 2011; Siniossoglou &
Pelham, 2002). However, the phenotypes observed in vps-51 mutants are similar but
weaker compared to mutants the other GARP subunits. This demonstrates that the
putative auxiliary VPS-51 subunit also contributes to GARP functions, but might have
more specialized functions, which were not detected until now (Luo et al, 2011). DCV
maturation might represent such a process. In this study, vps-51 mutants displayed the
similar decreased NLP-21-derived VENUS fluorescence in the DNC axons like other vps
mutants (except vps-54). Furthermore, inactivation of vps-51 had the same impact on the
movement impairment like the loss of the remaining subunits. Moreover, VPS-51
interacted with other factors involved in DCV maturation such as TBC-8, RUND-1 and
RIC-19. These data indicate that VPS-51 has additional or supporting function during
DCV maturation and might be therefore essential for this process. Surprisingly, the
VENUS fluorescence levels at the axons in vps-54 mutants were less decreased than
those of the remaining vps mutants, although vps-54 mutants exhibited severe defects in
other GARP functions (Luo et al, 2011). It has been shown that a missense mutation
(L967Q) within mouse Vps54 causes spinal muscular atrophy and defective
spermiogenesis summarized as the wobbler mouse phenotype (Boillee et al, 2003;
Schmitt-John et al, 2005). The Vps54 (L967Q) still assembles with other GARP subunits
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but leads to a shortened half-life of the complex in vivo resulting in destabilization and
reduced levels of the complex (Perez-Victoria et al, 2008). Therefore, it is surprising that
mutations in vps-54 caused a milder phenotype in DCV maturation compared to the other
subunits, when it might be responsible for stability of the complex. This suggests that
VPS-54 might represent an auxiliary subunit of the GARP complex during its function in
DCV maturation, whereas VPS-51 might be the main player in this function. Since VPS54 might contribute to DCV maturation by increasing complex stability during GARP
function, it is unlikely that different GARP sub-complexes exist in vivo constituting of
different assembled subunits.

XI.3 An extended model for DCV maturation
In this study we could show that the GARP complex exhibited defects in DCV
trafficking, indicating that the retrograde transport of cargo from endosomes to the Golgi
is essential for proper DCV maturation. Therefore, the existing model of DCV maturation
has to be extended (Tooze et al, 2001), in which a retrograde transport of e.g. TGNresident proteins has to be included (Figure XI.1). It is conceiving that important proteins,
such as cargo receptors, have to be recycled back to the Golgi-endosomal interface to
ensure cycling of the pathway. We speculate that active RAB-2 might facilitate the
acceptance of retrograde trafficking carriers at the maturing DCV compartment.
Furthermore, we could show that neuronal DCV maturation requires the dynamic
exchange and recycling of material within the Golgi-endosomal interface, emphasizing
the fact that DCV maturation is a highly-regulated process.
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Figure XI.1. Graphic representation of neuronal DCV maturation in C. elegans. Our
findings indicate that retrograde transport from endosome to the Golgi is required for DCV
maturation. Thus, the existing model has to be extended. The maturing DCV compartment might
exhibit different domains on its surface, which are important for specific function ensured by a
particular set of proteins (e.g. RAB-2 domains). RAB-2 might be required to accept retrograde
cargo vesicles to ensure dynamic remodeling of the maturing DCV. From our previous work, we
predict that RAB-5 might form a domain from which mis-sorted cargo is removed to the endolysosomal pathway [our unpublished data; (Sumakovic et al, 2009)]. However, the specifics of
this schematic representation are highly speculative, because the molecular mechanisms of
interactions have not yet been elucidated. Source: picture modified from (Tooze et al, 2001), with
permission from Elsevier.
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Despite the importance of dense-core vesicles (DCVs) for the modulation of
neurotransmission by the regulated secretion of neuropeptides, hormones and trophic
factors, DCV biogenesis in neurons is not well understood. Knowledge was mainly
gained from studies in endocrine and neuroendocrine cells, which contain dense-core
secretory granules (DCSGs).
Newly synthesized DCVs undergo several maturation steps at the Golgiendosomal interface to obtain mature, exocytosis-competent DCVs. During this
maturation process clathrin-mediated remodeling occurs to remove mis-sorted proteins
into the endosomal-lysosomal pathway. C. elegans offers a useful model system to study
DCV maturation in neurons. Besides the simple nervous system and the possibility to
study DCV biogenesis in vivo, the existence of established DCV assays in C. elegans
enabled us to get deeper insights into neuronal DCV maturation.
Previously, we have shown that the small GTPase RAB-2 together with its
effector, RIC-19, are involved in the retention of cargo within maturing DCVs in C.
elegans. In the present study, we identified TBC-8, a neuronally expressed GTPase
activating protein (GAP) regulating RAB-2 function during DCV maturation.
Furthermore, in addition to RIC-19, we found two novel RAB-2 effectors involved in
DCV maturation, such as RUND-1 and CCCP-1. Interestingly, RUND-1 and RIC-19
interacted with the negative regulator of RAB-2, the GAP TBC-8, in binding studies.
This suggests a highly-dynamic regulation of RAB-2 during DCV maturation. Our results
indicate that active RAB-2 might recruit its own GAP through its effector complex RIC-
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19/TBC-8 to enhance its own deactivation. Thus, this negative feedback loop might
represent a novel mechanism to regulate Rab function.
Furthermore, we have shown, for the first time, that retrograde traffic from
endosomes to the trans-Golgi is also required for proper DCV maturation. We identified
the Golgi associated retrograde tethering complex GARP to cooperate with the RAB-2
effector complex for retention of soluble cargo in maturing DCVs. We propose that
active RAB-2 might facilitate the retrieval of endosome-derived vesicles back to the
maturing DCV at the post-Golgi compartment. This suggests that neuronal DCV
maturation requires the dynamic exchange and recycling of material at the Golgiendosomal interface.
All these findings indicate that DCV maturation is a highly-regulated process and
we are just beginning to understand the mechanistic role of all factors involved.
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XIII.1 Material and Reagents
A list of all chemicals, kits, reagents, enzymes, antibodies, oligonucleotides,
plasmids, (E. coli, S. cerevisae, C. elegans) strains, cell lines and laboratory
equipments are listed in the Appendix.

XIII.2 Molecular biological methods

XIII.2.1 Maintenance of E. coli
Liquid bacterial overnight cultures containing the appropriate antibiotic
(Appendix) to maintain plasmids were grown to stationary phase at 37°C and 225 rpm
on an orbital shaker after inoculating a single isolated colony from a freshly grown
agar plate into sterile Luria-Bertani (LB) medium (Appendix).

XIII.2.2 Preparation of chemical competent E. coli
An overnight culture of E. coli was subcultured 1:100 in LB media and
incubated at 37°C with shaking at 220 rpm until an OD600 of 0.5 was reached. The
culture flask was chilled on ice for 20 min and cells were collected by centrifugation
at 5000 rpm for 15 min at 4°C. Cells were resuspended in 10 ml ice-cold TSS solution
(Appendix) and transferred as 100 µl aliquots into 1.5 ml Eppendorf tubes. These
tubes were snap-frozen in liquid nitrogen and stored at -80°C. Protocol was taken
from (Chung et al, 1989).
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XIII.2.3 Molecular cloning
In this study, molecular cloning was performed by using classical molecular
biology techniques (Sambrook and Russel, 2001). List of all materials, equipments
and reagents are shown in the Appendix.

XIII.2.3.1 Polymerase Chain Reaction (PCR)
PCR was conducted for the amplification of different genes (Appendix) using
a cDNA library (ProQuest, Invitrogen) with specific primers (Appendix) and cloned
into different vectors (Appendix). Genomic promoter loci was PCR amplified using
purified C. elegans genomic DNA (provided by Dr. Nikhil Sasidharan). For cloning
of PCR fragments the PfuUltra II Polymerase (Stratagene) was used. In general the
PCR mix contained: 40 µl ddH2O, 5 µl 10x PfuUltra II Reaction Buffer, 1 µl dNTPs
[12.5 mmol], 1 µl forward primer [10 µM], 1µl reverse primer [10 µM], 1 µl PfuUltra
II Polymerase and 1 µl template DNA (~20 ng). PCR reactions were placed into a
thermocycler (eppendorf) and run with following general parameters: 95°C 1 min;
35x [95°C 20 sec → x°C 20 sec → 72°C x min]; 72°C 3 min; 4°C. To mutate the
catalytic arginine of TBC-8 a site-directed mutagenesis approach was utilized. PCR
products were analysed on 1% agarose gels (section XIII.2.3.3). Positive DNA clones
were verified by sequencing reaction (Qiagen).

XIII.2.3.2 Digestion of DNA
The backbone plasmids and the amplified DNA inserts were digested using the
appropriate restriction enzymes (Appendix). In general, the 20 µl reaction digest
contained 1 µg vector or insert DNA, 2 µl 10x Buffer and 1 µl of appropriate
restriction enzymes. This mixture was incubated for 2-3 hours at 37°C. DNA was
analysed on a 1 % agarose gel (section XIII.2.3.3). Digestion was also used to find
clones harbouring the correct plasmids after cloning.

XIII.2.3.3 Agarose gel electrophoresis
The success of PCR reactions and the size of restriction products were verified
using agarose gel electrophoresis. Standard melting point agarose with 1x TBE buffer
(Appendix) and 0.1 µl/ml ethidium bromide were used to prepare 1 % agarose gels.
Samples were mixed with 5x DNA loading buffer (Appendix) and run 30-40 min in
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1x TBE buffer at 140 V in a horizontal electrophoresis system unit. Desired DNA was
cut out and extracted using commercial Gel Extraction Kits.

XIII.2.3.4 Ligation
Ligations of backbone plasmids with amplified DNA inserts were performed
by mixing the following reagents: 14 µl digested insert DNA, 4 µl digested vector, 2
µl 10x ligation buffer containing 10 mM ATP and 1 µl ligase [5 U/µl]. Reaction
mixes were incubated either overnight at 15°C or 3 hours at room temperature (RT)
and transformed into E. coli DH5α (section XIII.2.3.5).

XIII.2.3.5 Chemical transformation of E. coli
One hundred microlitres of chemical transformation competent E. coli DH5α
were thawed on ice and placed into 1.5 ml Eppendorf tubes. After the DNA was
added and incubated on ice for 20 min, the mixture was heat shocked for 2 min at
42°C and incubated for 2 min on ice. Nine hundred microlitre of LB medium was
added, incubated for 1 hour with shaking at 225 rpm at 37°C and plated on LB
medium plates containing the appropriate antibiotic. The plates were then incubated at
37°C overnight.
DNA of promising bacterial colonies was purified by using a commercial
MiniPrep Kit and control digested (section XIII.2.3.2). The product sizes were
checked by agarose gel electrophoresis (section XIII.2.3.3). Finally, the sequences
were verified by sequencing (Qiagen, Hilden). In order to purify high amounts of
plasmid DNA, a commercial MidiPrep Kit (Appendix) was used.

XIII.3 Protein biochemical methods

XIII.3.1 Expression and solubility test of recombinant proteins
To test the expression and solubility of GST-tagged proteins TBC-8 full length
and different fragments of TBC-8 (Table XIII.1) were transformed into E. coli BL21CodonPlus(DE3)-RIL and examined as follows. Overnight cultures were subcultured
1:50 into sterile flasks containing LB medium with the appropriate antibiotic, grown
to an OD600 of 0.4 and were induced with a final concentration of 50 µM isopropylbeta-D-thio-galactopyranoside (IPTG) overnight at 37°C. The bacteria were harvested
141

PhD Thesis – Mandy Hannemann

XIII. Materials and Methods

by centrifugation at 4000 rpm for 10 min (Eppendorf 5810 R, rotor A-4-62). The
pellet was resuspended in cleavage buffer (Appendix) and cells were disrupted by
several rounds of sonication on ice (60% amplitude, 0.5 cycle). Cell debris and other
insoluble material were removed by centrifugation at 10.000 rpm (Sorval RC6, rotor
SS-34) for 30 min at 4°C. Both supernatant and pellet fractions were solubilised by
boiling 5-10 min in 4x SDS sample buffer (Appendix) and subjected to SDS-10%
polyacrylamide gels using 1x SDS running buffer (Appendix) at 160 V for 60-90 min
to verify whether GST-tagged TBC-8 full length and fragments were soluble. Gels
were stained with Coomassie Brilliant Blue R250 stain (Appendix) by emersion in
stain for 30 min at RT on a rocking platform. Gels were then destained by Coomassie
destaining buffer (Appendix) until bands appeared.

Table XIII.1: Different constructs used for expression and solubility test of
recombinant TBC-8
Construct
pGST-tbc-8 full length
TBC-8 fragment: 1-903 aa
pGST-tbc-8 large
TBC-8 fragment: 329-903 aa
pGST-tbc-8 medium
TBC-8 fragment: 451-903 aa
pGST-tbc-8 small
TBC-8 fragment: 587-903 aa

Amplified with
primers

fusion tag

Predicted
GST-TBC-8
size

oGQ1622/oGQ1752

GST

~130 kDa

oGQ1801/oGQ1752

GST

~94 kDa

oGQ1802/oGQ1752

GST

~80 kDa

oGQ1792/oGQ1752

GST

~64 kDa

XIII.3.2 SDS PAGE and Western blot analysis
Prepared samples were boiled for 5 min and run on SDS-polyacrylamide gels
(Appendix) using a BioRad Mini-PROTEAN® 3 Cell electrophoresis system and 1x
SDS running buffer (Appendix) at 160 V for 60-90 min. Protein ladder (PageRulerTM
Prestained Protein Ladder, Fermentas) was used as a marker. The proteins were
transferred to a nitrocellulose membrane (Protran® Whatman®) following standard
protocols using 1x transfer buffer (Appendix) at 100 mA for 60 min in a semidryblotting device. Membranes were then blocked in Tris-buffered saline (TBS)
(Appendix) containing 0.1% (v/v) Tween 20 (TBST) and 3% (w/v) powdered fat-free
skim milk for 30 min at RT and probed with the primary antibodies (Appendix)
overnight at 4°C. After washing 3x 10 min with 1x TBST, 1:10,000 diluted goat anti-
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mouse or anti-rabbit, respectively, horseradish peroxidase (HRP)-conjugated
secondary antibody (Jacksons Laboratory, Bar Harbor, Me) was incubated for 45 min
at RT. After washing with TBST as above, antibody complexes were detected using a
mixture of luminol, parahydroxycoumarinacid and H2O2 (Appendix) and exposing the
membrane for different lengths of time depending on the signal strength. A FujiFilm
LAS 3000 processor was used to develop images which were edited using the ImageJ
software (National Institutes of Health).

XIII.4 C. elegans based methods

XIII.4.1 Maintenance of C. elegans strains
C. elegans strains were maintained on nematode growth medium (NGM) agar
plates seeded with E. coli OP50 bacteria and kept at 20°C (Brenner, 1974). General
protocols of culturing worms, e.g. general maintenance instructions, NGM plates and
seeding preparations, freezing and recovering of C. elegans stocks are described in
wormbook (http://wormbook.org/). Mutant strains were obtained from the C. elegans
Gene Knockout Consortium (CGC-Vancouver, Canada and Minnesota/Oklahoma,
USA) and the National Bioresource Project for the Nematode C. elegans (Tokyo,
Japan). All C. elegans strains used in this study are listed in Appendix. Descriptions
of respective strains are listed in wormbase (www.wormbase.org).

XIII.4.2 Freezing and recovery of C. elegans stocks
C. elegans strains of six freshly starved 10 cm plates containing mainly L1-L2
larvae stages were washed with S buffer (Appendix) for 5 min at 800 rpm at RT.
Supernatant was removed and 3 ml of worm suspension was mixed with the equal
volume of freezing solution and aliquoted into 6 cryotubes, each filled with one
millilitre worm solution. These tubes were placed into a Styrofoam box and slowly
frozen at -80°C. After 24 hours, one cryotube was used to test whether the freezing
was successful and the worms were able to recover.
For recovery of C. elegans strains, a frozen aliquot was thawed at RT and
transferred onto a fresh NGM plate. On the next day, the plate was inspected for
recovered worms and if required, those were transferred onto a fresh NGM plate.
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XIII.4.3 Synchronization or decontamination of C. elegans (egg
preparation)
Worms grown on a 10 cm plate were washed in M9 buffer (Appendix) and
concentrated to 3.5 ml. To this worm solution, 500 µl 5 M NaOH and 1 ml bleach
solution (5 %) were added. Worms were resolved by vortexing for circa 10 min.
During vortexing, the success of egg release was assessed by light microscopy. This
worm solution was centrifuged for 0.5 min at 1300 g and washed with 10 ml H2O.
The supernatant was removed and eggs were placed onto a fresh NGM plate.

XIII.4.4 Crossing of C. elegans
To cross deletion mutants of interest [e.g. tbc-8(tm3802)] into stable
integration lines [e.g. nuIs183] following procedure was used: First males of the
integrated line was generated by placing 3 to 4 hermaphrodites together with 10-15
males of ccIs4251, him-8 onto a new NGM plate for 3-5 days at 20°C. From this plate
10-15 male F1 worms were picked that showed both markers, pmyo-3::mt-gfp; pmyo3::nls-gfp [ccIs4251; (Fire et al, 1998)] and pmyo-2::gfp [nuIs183; (Sieburth et al,
2007)] (confirming success of the cross) and were placed together with 3-4
hermaphrodites of the deletion strain [e.g. tbc-8(tm3802)]. F1 progeny were singled
onto new NGM plates and allowed to lay eggs. [When double mutants were
generated, F1 progeny was tested for heterozygosity of both alleles by single worm
PCR (section XIII.4.6)]. F2 progeny was selected for corresponding markers and
singled again on NGM plates to lay eggs. By using single worm PCR (section
XIII.4.6), F2 progeny was tested for homozygosity of the deletion allele and the
presence of fluorescence markers was analysed by microscopy.

XIII.4.5

Generation

of

transgenic

C.

elegans

worm

lines

via

microinjection
For expression pattern analysis and co-localization studies of proteins of
interest with different intracellular markers, transgenic worm strains carrying
extrachromosomal

arrays

were

created

via

microinjection.

Young

adult

hermaphrodites were immobilized under oil on a pad of dried 2%-agarose.
Microinjection of DNA mixtures (Appendix) into the distal gonads was performed
using a micromanipulator and a pump as described earlier (Mello & Fire, 1995). After
injection worms were rescued with M9 buffer (Appendix) and placed onto a new
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NGM plate seeded with E. coli OP50. Different co-injection markers were used to
analyse successful transformation of C. elegans: the dominant mutant rol-6(su1006)
allele of the collagen gene rol-6 (Kramer et al, 1990) which causes the so-called
“roller phenotype” because the worms move in circles and rotate around their body
axis or the fluorescence marker ttx-3::gfp which labels two head neurons, AIY left
and right interneurons, in C. elegans (Hobert et al, 1997). These co-injections markers
enable the identification of positive F1 progeny which were singled to identify
positive F2 progeny carrying the extrachromosomal array with a good transmission
rate.

XIII.4.6 Single worm PCR / Worm PCR
Worm PCR was used to test heterozygosis of deletion strains. At first, worms
were lysed in lysis buffer (Appendix) by freezing worms for at least 10 min at -80°C
and incubating them at 65°C for 1 hour followed by a 95°C step for 20 min to
inactivate proteinase K. The 25 µl PCR mix contained 19.25 µl ddH2O, 2.5 µl 10x
worm PCR Reaction Buffer (Appendix), 0.5 µl dNTPs [12.5 mmol], 0.25 µl forward
primer [10 µM], 0.25 µl reverse primer [10 µM] (Appendix), 0.25 µl Tag Polymerase
and 2 µl template DNA (worm lysis). The reaction was placed into a thermocycler
and run with following parameters: 94°C 4 min; 35x [94°C 15 sec → x°C 30 sec →
72°C x sec]; 72°C 5 min; 4°C. PCR products were analysed on 1% agarose gels
(section XIII.2.3.3).

XIII.4.7 Movement assay
To analyse the locomotion behaviour of C. elegans strains, worms were
transferred without any E. coli OP50 traces to a non-seeded NGM plate. After an
initial adaptation period of 30 min, the body bends of every worm were counted for 3
min. Ten to thirty non-starved young adult worms per strain were analysed, and the
total body bends (corresponding to a whole 360° sine wave) were divided by three to
obtain the body bends per min.

XIII.4.8 Co-immunoprecipitation of proteins from C. elegans extracts
Two big plates with mixed staged worms were harvested and washed once
with M9 buffer (Appendix). Supernatant was removed and 200 µl M9 buffer mixed
with worms were transferred to an eppendorf tube and snap-frozen in liquid nitrogen
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before storing the tube in -80°C freezer. The frozen worm pellet was grounded with a
mortar and pestle in the presence of liquid nitrogen to keep the protein extract lower
than 4°C. While thawing about 1 ml homogenization buffer (Appendix) was added.
After well-grounding the worms, the protein extract was transferred to an eppendorf
tube and centrifuged for 10 min at 500 g at 4°C to remove cell debris. From here, 100
µl “input” sample were taken and mixed with 25 µl 4x Laemmli buffer (Appendix).
The supernatant was then incubated with 4 µg antibodies (Appendix) for at least 3
hours at 4°C. Thirty µl of equilibrated protein G-sepharose were added and incubated
for 2-3 hours at 4°C. Beads were washed 3 times with 1 ml cooled homogenization
buffer and centrifuged for 0.5 min at 10.000 rpm at 4°C. Supernatant was removed
and protein complexes were eluted from the beads by adding 1x Laemmli buffer
(Appendix). Prepared samples were subjected to Western blot analysis (section
XIII.3.2).

XIII.4.9 RNA interference (RNAi) by feeding
RNAi by feeding was performed essentially as described in (Kamath et al,
2001). Briefly, HT115 (DE3) bacteria were transformed with L4440 feeding vector
[L4440 empty vector (negative control) or L4440-gene-of-interest, respectively]
(Figure XIII.1) (Appendix) and cultured on LB plates with 100 μg/ml ampicillin. A
single colony was inoculated into 20 ml LB with ampicillin and grown overnight.
These cultures were used for seeding NGM plates containing 100 µg/ml ampicillin
and 1 mM IPTG.
Ten L4 eri-1(mg366), nuIs183 hermaphrodites were put on each plate (seeded
with the E. coli HT115 strain containing the respective L4440 vector) to allow egg
laying for about 12 hours and were transferred onto a new RNAi plate. Usually, the
progeny (in their young adult worm stage) of the third plate was used to analyse the
VENUS-fluorescence level in the dorsal nerve cord by confocal microscopy (section
XIII.4.10). Fluorescence of NLP-21-derived VENUS in the dorsal nerve cord was
normalized to the VENUS fluorescence of mock RNAi (L4440) worms.
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Figure XIII.1. RNAi feeding vector L4440. The vector L4440 harbouring the gene of
interest were transformed into E. coli HT115. These cultures were used for seeding NGM
plates containing IPTG to induce expression of T7 polymerase that is encoded by HT115 to
produce double-stranded RNA of the gene of interest.

XIII.4.10 Microscopic analysis of C. elegans
For confocal microscopy, live worms were paralyzed with 50 mM NaN3 on
2% agarose pads. An inverted Confocal Laser Scanning Microscope (SP2, Leica) with
a 100x oil objective (NA = 1.4) (co-localization studies) or a 63x oil objective (NA =
1.32) (DCV assay, expression pattern studies) was used. GFP was excited with a laser
at 488 nm, YFP at 514 nm and tagRFP as well as mCherry at 561 nm. The scan was
performed with a resolution of 1024 x 1024 pixels, and the pinhole was set to 1 airy
unit. For co-localization studies, the scan was performed sequentially to prevent
excitation of RFP through the GFP or YFP excitation light. Here, images of neuronal
cell bodies from the ventral nerve cord were taken. Image stacks were captured and
average intensity projections were obtained using the Leica software. These images
were then edited using ImageJ software (National Institutes of Health).
Furthermore, images of expression pattern were taken using a Perkin Elmer
Spinning Disc Confocal Microscope. These images were edited using Adobe
Photoshop® software.
For quantification studies from DNC, neuronal cell bodies and coelomocytes
(DCV assay, imaging of endocytosed ssGFP in coelomocytes secreted from muscle
cells), young adult worms were imaged as described previously (Sieburth et al, 2007).
For cell body and DNC imaging, the neuronal cell bodies and DNC were oriented
toward the objective, whereas for coelomocytes imaging, the posterior coelomocytes
were oriented laterally. Image stacks of the regions of interest were captured and
maximum intensity projections were obtained using the Leica software. For all
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obtained images, the same settings were used. These projections were thresholded and
quantified using the ImageJ software (National Institutes of Health). All these data
were normalized to wild type.
For quantification of vesicle sizes in neuronal cell bodies in nuIs183
background strains, obtained images of cell bodies (explained above) were analyzed
using the ImageJ software (National Institutes of Health).
In order to image apoptotic cell corpses, image stacks of the distal gonad arms
were captured and projections were obtained using the Perkin Elmer Spinning Disc
Confocal Microscope. From these pictures the number of cell corpses in the distal
gonad arm and in the gonad loop was counted manually for each strain.

XIII.4.11 High pressure freezing / Freeze substitution / Electron
microscopy
A 100 µm deep aluminum platelet (Microscopy Services, Flintbek) was filled
with E. coli OP50 suspension. About 20 young adult worms were transferred into the
chamber and immediately frozen using a BalTec HPM 10. Freeze substitution was
carried out in a Leica AFS2. Incubations were performed at -90°C for 100 h in 0.1%
tannic acid, 7 h in 2% OsO4, and at -20°C for 16 h in 2% OsO4, followed by
embedding in EPON at RT (Rostaing et al, 2004) (all solutions w/v in dry acetone).
Fifty nanometer sections were mounted on copper slot grids and placed for 10 min on
drops of 4% (w/v) uranyl acetate in 75% methanol and then washed in distilled water.
After air drying, the grids were placed on lead citrate (Reynolds, 1963) for 2 min in a
CO2-free chamber, and rinsed in distilled water. Micrographs were taken with a 1024
× 1024 CCD detector (Proscan CCD HSS 512/1024; Proscan Electronic Systems,
Scheuring, Germany) in a Zeiss EM 902A, operated in the bright field mode. The SV
and DCV diameter and distribution at the synapse of motoneurons were analyzed by a
semi-automated analysis software XtraCount (manuscript in preparation).
For the analysis of presynaptic terminals and SV and DCV distributions, cross
sections of young adult animals were used to image cholinergic neuro-muscular
junction (NMJ) synapses in the ventral nerve cord, posterior to the nerve ring. These
cholinergic NMJ synapses were defined as polyadic synapses projecting onto muscle
arms as well as other neurons according to the standard convention in the C. elegans
EM field. Axons showing a clearly visible presynaptic density and synaptic vesicles
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were defined as synapse. The mean area of presynaptic terminal was measured in
cross sections using the surrounding axonal membrane as border.
For the morphological analysis of neurons, ten motoneuronal cell bodies
localized in the ventral nerve cord in wild type worms were compared with seven cell
bodies in tbc-8(tm3802) worms.

XIII.4.12 Texas red-conjugated BSA endocytosis assay
For the analysis of postendocytic trafficking within coelomocytes of the fluidphase endocytosis marker TR-BSA, the integrated strain bIs34[prme-8::rme-8-GFP]
was crossed into tbc-8(tm3802) to label RME-8 positive endosomes. TR-BSA (1
mg/ml) was injected into the body cavity in the pharyngeal region of young adult
worms as described previously (Zhang et al, 2001). Uptake and postendocytosis was
analyzed after 10, 30 and 50 min after injection by confocal microscopy. At least five
animals were injected for each time point. Single fluorescence images at the middle
plane of each coelomocyte were taken and line-averaged. Images were edited using
ImageJ software (National Institutes of Health).

XIII.4.13 ssGFP endocytosis assay
To analyze the kinetics of endocytosis and degradation of ssGFP, the strain
arIs36[phsp::ssGFP] (Fares & Greenwald, 2001) was crossed into tbc-8(tm3802).
Young adult worms were grown at 20°C before a heat-shock at 33°C for 30 min was
performed. Afterwards, worms were placed back to 20°C to recover until they were
used for imaging. The uptake of ssGFP into coelomocytes and degradation of
endocytosed GFP was monitored after 3.5, 6 and 28 hours after heat-shock. All
fluorescence pictures were taken with the same settings. At the time points where
fluorescence was hard to detect during imaging, Differential Interference Contrast
(DIC) Microscopy images of the respective specimen were taken. Later, these images
were used to outline the cell boundaries of coelomocytes. Images were edited using
the ImageJ software (National Institutes of Health).
To analyze the steady-state endocytosis of ssGFP within coelomocytes, the
strain arIs37[pmyo3::ssGFP] (Fares & Greenwald, 2001) was crossed into tbc8(tm3802). Endocytosed GFP was analyzed by confocal microscopy described in
section XIII.4.10.
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XIII.5 Tissue culture based methods

XIII.5.1 Maintenance of cell lines
HEK293 cells were grown in high glucose (4.5 g/l) DMEM supplemented with
10% FBS, 110 mg/l sodium pyruvate, 2 mM glutamine, 100 U/ml penicillin, and 10
μg/ml streptomycin in a 5% CO2 incubator at 37°C. When reaching a confluence of
about 90 %, cells were split by washing them once in 8 ml PBS and incubating them
for 5-10 min in 4 ml Trypsin-EDTA (1:20 dilution in PBS). After stopping the trypsin
digestion with the addition of media, the cells were appropriately diluted for further
maintenance or transfection.

XIII.5.2 Transfection of cell lines
For co-immunoprecipitation, 1.6x106 HEK293 cells were plated onto 10 cm
Petri dishes 24 hours before transfection, which was performed using TurboFectTM in
vitro Transfection Reagent according to the manufacturer’s protocol (Fermentas). Per
transfection two 10 cm Petri dishes were prepared. For each Petri dish the following
transfection mixture was prepared: 1.6 ml serum-free media, 8 µg of each plasmid, 24
µl TurboFectTM in vitro Transfection Reagent. Mix immediately by vortexing and
incubate the mixture for 15-20 min at RT. HEK293 cells were taken out of the
incubator and were not subjected to any further washing or other treatment before the
transfection suspension was slowly dropped onto the cells. Petri dishes were carefully
shaken to evenly distribute the transfection mixture within the media and placed back
into the incubator for 24 hours at 37°C.

XIII.5.3 Co-immunoprecipitation of proteins from transfected HEK293
cells
Twenty four hours after transfection HEK293 cells were washed with PBS and
harvested in lysis buffer (Appendix) for 30 min at 4°C. Lysates were pre-cleared by
centrifugation at 4°C before supernatant was incubated with 2 µg monoclonal antiGFP antibody (clone 3E6, invitrogen) for 3 h at 4°C. Protein G Plus-sepharose
(Pierce) beads were added. After an another incubation time of 2 hours, the beads
were washed three times with washing buffer (Appendix) and resuspended in
Laemmli loading buffer. Prepared samples were subjected to Western blot analysis to
detect co-precipitated proteins (section XIII.3.2).
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XIII.6 Yeast based methods

XIII.6.1 Maintenance of yeast strains
Liquid yeast overnight cultures were grown to stationary phase at 30°C and
180 rpm on an orbital shaker (New Brunswick Scientific, Innova40) after inoculating
a single isolated colony from an agar plate into sterile yeast full media (YAPD)
(Appendix).

XIII.6.2 Yeast tansformation
Short transformation protocol
Seven hundred microlitres of a yeast overnight culture (section XIII.6.1) were
spun down for 2 min at 2000 rpm in a bench centrifuge. The supernatant was removed
and the pellet was resuspended with 100 µl One-Step-Buffer (Appendix). Two µg of
each plasmid was added and mixed by vortexing. This mixture was incubated for 15
min at RT. A heat-shock for 30 min at 45°C followed before the suspension was
plated onto selection plates with glass beads. Plates were incubated at 30°C for 3-4
days.
Long transformation protocol
An overnight yeast culture was subcultured 1:100 to an OD600 of 0.1 and
incubated at 30°C in a shaker until an OD600 of 0.8 was reached. One millilitre culture
was used per transformation reaction. Yeast was pelleted for 2min at 8000 rpm and
cells were washed in 1 ml 100 mM lithium acetate before resuspended in 240 µl 50%
PEG 3350 (Appendix), 36 µl 1M lithium acetate, 10 µl carrier DNA (10 mg/ml
salmon sperm DNA), 1 µg of each plasmid DNA and 70 µl H2O. After a heat-shock at
42°C for 40 min, the yeast/DNA suspension was directly centrifuged for 2 min at
8000 rpm and washed in 1 ml H2O. The cells were resuspended in 1 ml YAPD media
(Appendix) and recovered for 1 hour at 30°C in a shaker. Subsequently, the cells were
washed again in 1 ml H2O and plated with glass beads onto yeast selection plates.

XIII.6.3 Yeast-Two Hybrid system
The Matchmaker yeast two-hybrid assay was performed according to the
manufacturer’s

protocol

(Clontech).

The

appropriate

plasmid

(Appendix)

combinations were transformed (section XIII.6.2) into the yeast strain AH109
151

PhD Thesis – Mandy Hannemann

XIII. Materials and Methods

(Clontech) and spread onto selective growth media lacking leucine and tryptophane
for plasmid selection (Appendix). Protein interactions were tested as follows: several
clones of transformants were mixed and diluted to OD600 of 0.4. Five microlitre of this
yeast dilution was spotted onto selective plates lacking leucine, tryptophan and
histidine. Interactions were identified by growth after 3-4 days. All interacting
proteins were tested for self-activation as described above using the appropriate empty
vector pGBKT7 or pGADT7, respectively.

XIII.7 Bioinformatics
The molecular weight and the isoelectric point of proteins were calculated
using the expasy program (http://web.expasy.org/compute_pi/). Transmembrane
domain

predictions

were

done

using

the

TMHMM

program

(http://www.cbs.dtu.dk/services/TMHMM-2.0/). Scans for known protein domains
were performed using the SMART program (http://smart.embl-heidelberg.de/)
In order to find orthologs of TBC-8 sequence comparisons in non-redundant
databases

was

carried

out

using

the

Blastp

algorithm

(http://www.ncbi.nlm.nih.gov/BLAST/). Sequence alignments were performed with
the MUSCLE program (Edgar, 2004) (http://www.ebi.ac.uk/Tools/msa/muscle/) using
default

parameters

and

exhibited

with

(http://www.ch.embnet.org/software/BOX_form.html).
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XV.1 Materials and Reagents
XV.1.1 Laboratory equipment
Table XV.1. Laboratory equipment used in this study
Equipment

Manufacturer

Equipment

Centrifuges
Centrifuge 5424

eppendorf

Mini-centrifuge

eppendorf

Microscopes
Stereo Microscope
system
Olympus
Olympus SZX9
Fluorescence
Stereomicroscope
Leica MZ16 FA
Leica
Light source: KL2500
LCD

Refrigerated
eppendorf
Microcentrifuge
Model 5417
Eppendorf 5810 R,
eppendorf
rotor A-4-62
Sorval RC6, rotor SSThermo Scientific
34
Electrophoresis systems
Mini-PROTEAN® 3
Cell electrophoresis
BioRad
system
horizontal
PEQLAB
electrophoresis system
Biotechnologie GmbH
unit
Semi-Dry-Blotter

Manufacturer

Plate pouring machines
Plate pouring pump
ISMATIC
MCP
Plate pouring machine
New Brunswick
PourMatic MP-1000
Scientific, N.Y., USA
Power supplies
Consort

Power supply

Invitrogen

Power supply Consort
EV213
Shakers

Phase

Incubators
worm incubator
Sanyo
MPR-1410
Incubators
memmert
for 30°C and 37°C
Block heater SBH130
stuart
Lauda EcoLine 003
Gemini BV Laboratory
E100 waterbath

Power supply EV231

Orbital shaker for 37°C
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Orbital shaker
Rotamax 120
Thermomixer comfort

Consort

New Brunswick
Scientific, Innova40
Heidolph, Germany
eppendorf
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Injection machine

Zeiss

Eppendorf
Mastercycler
epGradient S PCR
Machine
Thermal Cycler

Eppendorf

Eppendorf

Sonicator UP200S

hielscher

Leica

Speedweck
Concentrator
Eppendorf 5301
Heat Agitator
Type MR3001

Eppendorf
Heidolph, Germany

Microscope:
Zeiss Axiovert 200
Pump:
Eppendorf FemtoJet
Micro manipulator

others

Measuring machines
Precision scale

Kern&Sohn GmbH

scale
pH-Meter
WTW Series
BioPhotometer
UV systems
LAS3000,
intelligent dark box

Kern&Sohn GmbH
inoLab
Eppendorf
INTAS
Fujifilm

XV.1.2 Chemicals
Table XV.2. Chemicals used in this study
Chemical

Manufacturer

Chemical

Manufacturer

Adeninsulfate

AppliChem

Lithium acetate

Roth

Agar Kobe I
Agarose
Alanine
Ampicillin
Arginine
Asparagine
Aldicarb
Boric acid

AppliChem
Invitrogen
AppliChem
Roth
AppliChem
AppliChem
Sigma
Roth

AppliChem
Sigma
Rewe
Sigma
AppliChem
Invitrogen
Sigma
Roth

Bromphenol blue

Roth

Chloramphenicol

Roth

Cholesterol
Coomassie Brilliant
Blue R250 stain
Dithiothreit (DTT)

Roth

DMEM

PAA

DMSO

Roth

EDTA

Roth

L-Lysine
Luminol
Milk powder low fat
Mercaptoethanol
Methionine
salmon sperm DNA
Sodium azide
Sodium chloride
Sodium
dihydrogenphosphate
di-sodium
hydrogenphosphate
Sodium hydroxide
Sodium hypochloride
12%
Sodium sulfate
Sodium hydroxide
32%
Nystatine
Prefabloc SC-Protease
Inhibitor

BioRad
Roth
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Roth
Roth
Roth
AppliChem
Roth
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Ethanol absolute 100%

Roth

Ethidium bromide 1%

Roth

Glucose
Glutamine
Glutamic Acid
Glycerol
Glutathione
Yeast extract
Histidine
Monohydrochloride
IPTG
Imidazole
Immersion oil
Isoleucine
Isopropanol
Potassium chloride
Kanamycin
LB media
Leucine
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Roth

Roth
AppliChem
AppliChem
Roth
Roth
Roth

Peptone
Polyethylene glycol
PEG
Phenylalanine
Proline
Rotiphorese gel
Hydrochloric acid 32%
Select Agar
Serine

Sigma

Threonine

AppliChem

Roth
Roth
Roth
AppliChem
Roth
Roth
Roth
Roth
Sigma

Tris
Triton X 100
Tryptophan
Tween 20
Tyrosine
Valine
Hydrogen peroxide
Yeast Nitrogen Base
YPD Media

Roth
Roth
Sigma
Roth
AppliChem
AppliChem
Roth
Invitrogen
Roth

Enzyme/Kits

Supplier

Roth
AppliChem
AppliChem
Roth
Roth
Invitrogen
AppliChem

XV.1.3 Kits/Enzymes/Reagents
Table XV.3. Enzymes and kits used in this study
Enzyme/Kits

Supplier

Cloning enzymes, reagents
dNTP Set, 100 mM
Fermentas
Solutions
Restriction Enzymes

Fermentas

T4 DNA Ligase

Fermentas
Kits

Mini Kit
Qiagen Plasmid Plus
Midi Kit
TurboFectTM in vitro
Transfection Reagent

Invitrogen

Gel Extraction Kits

Fermentas

PCR purification Kits

Fermentas

Qiagen

Markers
GeneRulerTM 1kb
DNA ladder
PageRulerTM
Prestained Protein
Ladder

Fermentas
Fermentas
Polymerases

TaqA Polymerase

self-made, recombinant

pTC Polymerase
PfuUltra II Fusion HS
DNA Polymerase

self-made, recombinant

Fermentas

Stratagene

Protein inhibitors
Complete Mini
Protease Inhibitor
(EDTA-free)

Roche
others

Proteinase K
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XV.1.4 Antibodies
Table XV.4. Antibodies used in this study
Antibody

Host

Company

Catalog
Number

Application

Dilution

Invitrogen

A11120

IP

3 µg per IP

Roche

11814460001

WB

1:1000

Invitrogen

R960-25

IP, WB

4 µg per IP,
1:5000

Primary
antibodies
anti-gfp
0.2 mg/ml
anti-gfp
0.4 mg/ml
anti-V5
Secondary
antibodies
Peroxidaseconjugated
AffiniPure
anti-mouse
IgG
0.8 mg/ml
Peroxidaseconjugated
AffiniPure
anti- rat IgG
Peroxidaseconjugated
AffiniPure
anti-rabbit

mouse,
monoclonal,
clone 3E6
mouse,
monoclonal,
clones 7.1 and
13.1
mouse,
monoclonal

goat

Jackson

WB

1:10,000

goat

Jackson

WB

1:10,000

goat

Jackson

WB

1:10,000

XV.2 Strains and cell lines
Table XV.5. Strains and cell lines used in this study
Strains

Description

Source

strain used for general molecular cloning
strain used for molecular cloning of vectors
containing the ccdB gene. It contains the gyrA462 allele,
which confers resistance to ccdB. For gateway cloning
strain for protein expression. It contains DE3 lysogen:
expression of T7 polymerase is inducible by IPTG. It
contains additional mutation in rne131, an RNAase.
Cmr, strain for protein expression; contains DE3 lysogen:
IPTG-inducible expression of T7 promoter controlled
genes; contains extra copies of the argU, ileY and leuW
tRNA genes

Invitrogen

Bacterial strains
E. coli DH5α
E. coli DB3.1
E. coli Bl21-Star (DE3)
E. coli BL21CodonPlus(DE3)-RIL
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E. coli HT115 (DE3)

strain for feeding induced RNAi in C. elegans.
IPTG-inducible T7 polymerase expression, lacking the
dsRNA-specific RNase III

E. coli OP50

strain for feeding C. elegans
uracil auxotroph

(Kamath et
al, 2003;
Timmons et
al, 2001)
(Brenner,
1974)

Yeast strains
S. cerevisae AH109

strain used for yeast two-hybrid
MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ,
gal80Δ,LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UASGAL2TATA-ADE2,URA3::MEL1UAS-MEL1TATA-lacZ

Clontech

human embryonic kidney cells

ATCC

Cell lines
HEK293

Table XV.6. C. elegans strains used in this study
Strain name
Genotype
CB5600
GQ669
MT1093
KG1900
VC461
RB946
RB1537
GQ688
GQ584
GQ026
GQ142
GQ143
GQ641
GQ640
GQ642
GQ643
GQ644
GQ645
GQ646
GQ647
GQ648
GQ649
GQ585
GQ650
GQ586
GQ651
KG1645
GQ652
KP3292
GQ653
KP3931
GQ654
Bristol
GQ655
GQ661
GQ662
GQ663

ccIs4251; him-8
tbc-8(tm3802)
unc-108(n501)
unc-108(nu415)
egl-3(gk238)
ric-19(ok833)
rab-19(ok1845)
rab-19(ok1845);nuIs183[punc-129::nlp-21–venus]
nuIs183[punc-129::nlp-21–venus]
unc-108(n501);nuIs183[punc-129::nlp-21–venus]
unc-108(nu415);nuIs183[punc-129::nlp-21–venus]
egl-3(gk238);nuIs183[punc-129::nlp-21–venus]
tbc-8(tm3802);nuIs183[punc-129::nlp-21–venus]
ric-19(ok833);nuIs183[punc-129::nlp-21–venus]
tbc-8(tm3802);unc-108(n501);nuIs183[punc-129::nlp-21–venus]
tbc-8(tm3802);unc-108(nu415);nuIs183[punc-129::nlp-21–venus]
tbc-8(tm3802);egl-3(gk238);nuIs183[punc-129::nlp-21–venus]
tbc-8(tm3802);ric-19(ok833);nuIs183[punc-129::nlp-21–venus]
tbc-8(tm3802);nuIs183;gzEx195[prab-3::tagRFPt-tbc-8]
tbc-8(tm3802);nuIs183;gzEx196[punc-129::tagRFPt-tbc-8]
tbc-8(tm3802);nuIs183;gzEx197[punc-129::tagRFPt-tbc-8(R697A)]
tbc-8(tm3802); nuIs183;gzEx198[prab-3::mcherry-rab-5(Q78L)]
nuIs195[punc-129::ins-22–venus]
tbc-8(tm3802);nuIs195[punc-129::ins-22–venus]
ceIs72[punc-129::ida-1–gfp]
tbc-8(tm3802);ceIs72[punc-129::ida-1–gfp]
ceIs61[punc-129::flp-3–venus]
tbc-8(tm3802);ceIs61[punc-129::flp-3–venus]
nuIs152[punc-129::gfp–snb-1]
tbc-8(tm3802);nuIs152[punc-129::gfp–snb-1]
nuIs168[punc-129::venus–rab-3]
tbc-8(tm3802);nuIs168[punc-129::venus–rab-3]
N2 (wild type)
N2;gzEx199[ptbc-8::gfp]
N2;gzEx205[prab-3::yfp–tbc-8; prab-3::mcherry–rab-2]
N2;gzEx206[prab-3::tagRFPt–tbc-8; prab-3::manns–yfp]
N2;gzEx207[prab-3::yfp–tbc-8; prab-3::mcherry–apt-9]
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GQ664
GQ665
GQ666
DH1336
GQ672
GS1826
GQ673
GS2526
GQ674
MD701
GQ675
GQ676
GQ677
GQ678
GQ679
XW1069
GQ680
GQ681
GQ682
RB1959
GQ683
VC821
GQ684
RB1516
GQ685
GQ686
GQ687
GQ700
VC625
GQ701
VC985
GQ689
GQ690
GQ691
GQ692
GQ702
GQ693
GQ694
GQ695
GQ696
GQ697
GQ698
GQ699
GQ145
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N2;gzEx208[prab-3::yfp–tbc-8; prab-3::mcherry–rab-5]
N2;gzEx209[prab-3::yfp–tbc-8; prab-3::mcherry–rab-7]
N2;gzEx210[prab-3::ric-19–yfp]
bIs34[prme-8::rme-8-gfp; rol-6(su1006)]
tbc-8(tm3802); bIs34[prme-8::rme-8-gfp; rol-6(su1006)]
arIs36[phsp::ssgfp]
tbc-8(tm3802);arIs36[phsp::ssgfp]
arIs37[pmyo-3::ssgfp]
tbc-8(tm3802);arIs37[pmyo-3::ssgfp]
bcIs39[plim-7::ced-1-gfp]
tbc-8(tm3802); bcIs39[plim-7::ced-1-gfp]
unc-108(nut415); bcIs39[plim-7::ced-1-gfp]
eri-1(mg366);nuIs183[punc-129::nlp-21–venus]
tbc-1(tm2282)
tbc-1(tm2282);nuIs183[punc-129::nlp-21–venus]
tbc-2(qx20)
tbc-2(qx20);nuIs183[punc-129::nlp-21–venus]
tbc-4(tm3255)
tbc-4(tm3255);nuIs183[punc-129::nlp-21–venus]
tbc-11(ok2576)
tbc-11(ok2576);nuIs183[punc-129::nlp-21–venus]
tbc-12(gk362)
tbc-12(gk362);nuIs183[punc-129::nlp-21–venus]
tbc-13(ok1812)
tbc-13(ok1812);nuIs183[punc-129::nlp-21–venus]
tbc-18(ok2374)
tbc-18(ok2374);nuIs183[punc-129::nlp-21–venus]
vps-51(tm4275)
vps-52(ok853)
vps-53(ok2864)
vps-54(ok1463)
vps-51(tm4275);nuIs183[punc-129::nlp-21–venus]
vps-52(ok853);nuIs183[punc-129::nlp-21–venus]
vps-53(ok2864);nuIs183[punc-129::nlp-21–venus]
vps-54(ok1463);nuIs183[punc-129::nlp-21–venus]
rund-1(tm3622)
rund-1(tm3622);nuIs183[punc-129::nlp-21–venus]
vps-53(ok2864);nuIs168[punc-129::venus–rab-3]
vps-52(ok853);nuIs152[punc-129::gfp–snb-1]
vps-51(tm4275);tbc-8(tm3802);nuIs183[punc-129::nlp-21–venus]
vps-51(tm4275);rund-1(tm3622);nuIs183[punc-129::nlp-21–venus]
rund-1(tm3622);ric-19(ok833);nuIs183[punc-129::nlp-21–venus]
rund-1(tm3622);tbc-8(tm3802);nuIs183[punc-129::nlp-21–venus]
unc-108(n501);egl-3(gk238);nuIs183[punc-129::nlp-21–venus]
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Table XV.7. Transgenic arrays used in this assay
Array name
Plasmid
gzEx195
gzEx196
gzEx197
gzEx198
gzEx199
gzEx205
gzEx206
gzEx207
gzEx208
gzEx209
gzEx210

20 ng/µl prab-3::tagRFPt–tbc-8
20 ng/µl punc-129::tagRFPt–tbc-8
20 ng/µl punc-129::tagRFPt–tbc-8(R697A)
5 ng/µl prab-3::mcherry–rab-5(Q78L)
15 ng/µl ptbc-8::gfp
20 ng/µl prab-3::yfp–tbc-8
5 ng/µl prab-3::mcherry–rab-2
20 ng/µl prab-3::tagRFPt–tbc-8;
10 ng/µl prab-3::manns–yfp
20 ng/µl prab-3::yfp–tbc-8;
10 ng/µl prab-3::mcherry–apt-9
20 ng/µl prab-3::yfp–tbc-8;
5 ng/µl prab-3::mcherry–rab-5
20 ng/µl prab-3::yfp–tbc-8;
5 ng/µl prab-3::mcherry–rab-7
20 ng/µl prab-3::ric-19–yfp

Markers
20 ng/µl pttx-3::gfp
20 ng/µl pttx-3::gfp
20 ng/µl pttx-3::gfp
20 ng/µl pttx-3::gfp
40 ng/µl pRF4-rol-6(su1006)
40 ng/µl pRF4-rol-6(su1006)
20 ng/µl pttx-3::gfp
40 ng/µl pRF4-rol-6(su1006)
20 ng/µl pttx-3::gfp
40 ng/µl pRF4-rol-6(su1006)
20 ng/µl pttx-3::gfp
40 ng/µl pRF4-rol-6(su1006)
20 ng/µl pttx-3::gfp
40 ng/µl pRF4-rol-6(su1006)
20 ng/µl pttx-3::gfp
40 ng/µl pRF4-rol-6(su1006)
20 ng/µl pttx-3::gfp
20 ng/µl punc-129::tagRFP

XV.3 Oligonucleotides
Table XV.8. DNA sequences of primers used in this study
Primer number

Primer sequence

oGQ315
oGQ316
oGQ318
oGQ591
oGQ592
oGQ601
oGQ983
oGQ1036
oGQ1037
oGQ1249
oGQ1250
oGQ1251
oGQ1278
oGQ1280
oGQ1283
oGQ1295
oGQ1297
oGQ1298
oGQ1542
oGQ1543
oGQ1544
oGQ1560
oGQ1561
oGQ1562
oGQ1622
oGQ1623
oGQ1654

ggatgtgttcacagttcctgccaatgatgattt
ctattcaaacataatgtcattaagcgactcgag
gagtggaataccatccttccttgtcacacttgg
cccgaattctcaagtgtactgacaacatcg
gggggtaccgccatggctgcacagttttacgaaaggaacaca
gttttgcccaacgattgtct
gctggaccggtaggatcccatatgtctagtgttttggacgtc
aatacgactcactataggttcacgtttcacttcgcgacgggcttccagat
gtgccactgggttgcgaattc
ggtatttcgaattcaggcaaccacgtg
aagtcttccaggccattgccaacatga
aattatctgtttacagtagatttatga
tcgtaacttccttcactacgctc
ccatcctcgacgaaacgctc
cttgattccgtttgcctcattg
gggcacactactttcaacactc
gtgtactgacaacatcgttgc
gcagctccgaatgttgtgaag
gaactgttggaacgtctttatactgcgat
gaaatgaaatctctcagccgaagtatgtcg
cttcaaaaccgtaataagatcttctcgttt
tgatcctccactttgggttg
cctctccagtagacccgttt
gtttggcagagagacgctgaa
ttcccgggttaccggttatgtggagggcgaagaagccaaca
ggggcggccgccctcgagctacttgaggtgttgcacaaggtt
ccaagaaagtatcaaaaacactccaaatag
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oGQ1656
oGQ1657
oGQ1666
oGQ1667
oGQ1698
oGQ1699
oGQ1735
oGQ1791
oGQ1793
oGQ1800
oGQ1801
oGQ1802
oGQ1843
oGQ2055
oGQ2144
oGQ2145
oGQ2230
oGQ2231
oGQ2462
oGQ2353
oSE227
oSE228
oSE270
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atcaatgcatcaggttcactgctcaacttg
cgtatcgtagataccttcataatagagtta
tgaagctagcacggtacccatggaaagatctatgatgaacgagttggaa
cctactcgagtcagcggccgctaaatgcgtctttgatttg
gacgtggaggcatgcgatagaaatttgatgttc
tctatcgcatgcctccacgtccttgtcaattct
cccaccatggatccgatgagcatgggatcaacgccgctgtctggt
cccgcggtaccggtaatgattaatacaaaagaagtccgaaga
cttaagcttctgcaggaacttttccatctg
gggctcgagctagcggccgccgggtacccattttagaga
ttcccgggttaccggttatgaatcaacttatgcacgcgag
ttcccgggttaccggttatgcgtttggtaagaacttctggtg
cccctcgagctagcggccgccatcttgcgtgagtcg
agtaaccggtgccctccacatatctgccgatgaatgccg
ttcccgggttaccggtttccatggaagaagacgtagtg
ggggcggccgccctcgagtcaattatcctgagttgt
ttaagtggaatcatcgggtgc
cttgcgtgagtcgagatgatg
gctttcggacaatagttaccac
gggctcgagctagcggccgcctcttcggacttcttttgtattaat
cagcttttgagcacaactgac
tggctcagctcgactctaact
cccaccggtatccatgggaatgcctcgaacacgtgtcaac

Table XV.9. Deletion alleles with respective worm PCR primers used in this study
PCR
PCR
band
band
Size of
Deletion
Outside deletion
Inside deletion
size
size
deletion
strain
primer pair
in
primer pair
in
(bp)
WT
WT
(bp)
(bp)
tbc-8
378
oGQ1560/oGQ1561
1100 oGQ1562/oGQ1560
666
(tm3802)
unc-108
201
oGQ1278/oGQ1280
1755 oGQ1278/oGQ1283
1179
(nu415)
egl-3
1460
oGQ1249/oGQ1250
2030 oGQ1251/oGQ1250
1000
(gk238)
rab-19
1257
oGQ1295/oGQ591
2000 oGQ1298/oGQ1297
1300
(ok1845)
ric-19
1671
oGQ592/oGQ601
3300 oGQ592/oGQ603
2000
(ok833)
rund-1
577
oGQ2230/oGQ2231
1140 oGQ2230/oGQ2462
600
(tm3622)
vps-51
267
oGQ1544/oGQ983
980
oGQ1543/oGQ1542
315
(tm4275)
vps-52
902
oSE270/oSE227
1600 oSE270/oSE228
560
(ok853)
vps373
oGQ1656/oGQ1657
1060 oGQ1654/oGQ1657
855
53(ok2864)
vps739
oGQ315/oGQ316
2600 oGQ315/oGQ318
1400
54(ok1463)
uncgÆa
oGQ1036/oGQ1037
2x PCR, digestion with Sau3AI
108(n501)
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Anneal.
temp/
Extens.
time
51°C/
1:10 min
58°C/
2 min
55°C/
2:10 min
52°C/
2:10 min
57°C/
3:30 min
55°C/
1:30 min
45°C/
1:30 min
47°C/
2:30 min
51°C/
1:30 min
54°C/
3:00 min
54°C/
0.5 min
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XV.4 Plasmids
Table XV.10. Plasmids used in this study
Backbone Vectors

Resistance

Description

Source

pPD115.62(pmyo3::gfp)

Ampr

prab-3::mcherry

Ampr

Andrew Fire
vector kit
Kindly provided by
Marija Sumakovic

prab-3::tagRFPt

Ampr

prab-3::yfp

Ampr

punc-129::tagRFPt

Ampr

Muscle expression vector for C.
elegans. Contains unc-54 3ÚTR
Neuronal expression vector
for C. elegans. Based on pPD115.62
Neuronal expression vector
for C. elegans. Based on pPD115.62
Neuronal expression vector
for C. elegans. Based on pPD115.62
DA and DB motoneuron expression
vector for C. elegans.
Based on prab-3::mcherry

L4440

Ampr

Entry vector for feeding RNAi

pFASTBAC m30b

Ampr

pFASTBAC HTc

Ampr

pGADT7

Ampr

pGBKT7

Kanr

GST-Protein expression vector in
insect cells
6xHis-Protein expression vector in
insect cells
Yeast-2-hybrid vector containing
DNA activating domain
Yeast-2-hybrid vector containing
DNA binding domain

pGST parallel 2

Ampr

GST-Protein expression vector based
on pGEX4T1

(Sheffield et al, 1999)

pHis parallel 2

Ampr

His-tag protein expression vector based
on pGEX4T1

(Sheffield et al, 1999)

pcDNA3.1 nV5DEST

Ampr

V5-Protein expression vector in
(mammalian) cell culture

Kindly provided by
Dr. John Chua

pcDNA6.2 NEmGFP-DEST

Ampr

N-terminal EmGFP expression vector
in (mammalian) cell culture

Kindly provided by
Dr. John Chua

Genes of interest
in RNAi vectors

Resistance

Cloning Strategy

Source

L4440 tbc-8

Ampr

PCR with oGQ1622/oGQ1623
Digested with AgeI/XhoI

Cloned in this study

Resistance

Cloning Strategy

Source

Ampr

Subcloned from pGADT7 tbc-8 small
Digested with AgeI/XhoI

Cloned in this study

Ampr

Subcloned from pGADT7 tbc-8
medium; Digested with AgeI/XhoI

Cloned in this study

Ampr

Subcloned from pGADT7 tbc-8 large
Digested with AgeI/XhoI

Cloned in this study

Ampr

Subcloned from pGADT7 tbc-8
Digested with AgeI/XhoI

Cloned in this study

Ampr

Subcloned from GST parallel tbc-8
Digested with NcoI/XhoI
Subcloned from GST parallel tbc-8
small; Digested with NcoI/NotI

Genes of interest
in protein
expression vectors
pGST parallel 2 tbc8 small 587-903 aa
pGST parallel 2 tbc8 medium
451-903 aa
pGST parallel 2 tbc8 large 329-903 aa
pGST parallel 2 tbc8 full length
1-903aa
pFASTBAC m30b
tbc-8
pFASTBAC m30b
tbc-8 small

Ampr
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Cloned in this study
Kindly provided by
Marija Sumakovic
Cloned in this study
Kindly provided by
Julie Ahringer
Invitrogen
Invitrogen
Clontech
Clontech

Cloned in this study
Cloned in this study
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pFASTBAC m30b
tbc-8 codon
optimized
pFASTBAC HTc
tbc-8
pFASTBAC HTc
tbc-8 small
pFASTBAC HTc
tbc-8 codon
optimized
Genes of interest
in mammalian
expression vectors
pcDNA3.1
nV5-tbc-8
pcDNA3.1
nV5- tbc-8 1-597aa
pcDNA3.1
nV5-rund-1
pcDNA3.1
nV5-vps-51
pcDNA6.2 NEmGFP-ric-19
pcDNA6.2 NEmGFP-tbc-8
pcDNA6.2 NEmGFP-rund-1
pcDNA6.2 NEmGFP-vps-51
Genes of interest
in Y2H vectors
pGBKT7 rab-1
(Q70L)
pGBKT7 rab-2
(Q65L)
pGBKT7 rab-3
(Q81L)
pGBKT7 rab-5
(Q78L)
pGBKT7 rab-6.1
(Q70L)
pGBKT7 rab-6.2
(Q69L)
pGBKT7 rab-7
(Q68L)
pGBKT7 rab-8
(Q67L)
pGBKT7 rab-10
(Q68L)
pGBKT7 rab-11.1
(Q70L)
pGBKT7 rab-14
(Q70L)
pGBKT7 rab-18
(Q70L)
pGBKT7 rab-19
(Q69L)
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Ampr

Subcloned from Clontech vector
Digested with NcoI/XhoI

Ampr

Subcloned from GST parallel tbc-8
Digested with NcoI/XhoI
Subcloned from GST parallel tbc-8
small; Digested with NcoI/NotI

Ampr

Cloned in this study
Cloned in this study
Cloned in this study

Ampr

Subcloned from Clontech vector
Digested with NcoI/XhoI

Cloned in this study

Resistance

Cloning Strategy

Source

Ampr

Gateway cloning

Cloned in this study

Ampr

Gateway cloning

Cloned in this study

Ampr

Gateway cloning

Cloned in this study

Ampr

Gateway cloning

Cloned in this study

Ampr

Gateway cloning

Cloned in this study

Ampr

Gateway cloning

Cloned in this study

Ampr

Gateway cloning

Cloned in this study

Ampr

Gateway cloning

Cloned in this study

Resistance

Cloning Strategy

Source

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kindly provided by
Katrin Schwarze
Kindly provided by
Marija Sumakovic
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Katrin Schwarze
Kindly provided by
Katrin Schwarze
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
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pGBKT7 rab-21
(Q71L)
pGBKT7 rab-28
(Q95L)
pGBKT7 rab-30
(Q66L)
pGBKT7 rab-33
(Q159L)
pGBKT7 rab-35
(Q69L)
pGBKT7 rab-37.1
(Q37L)
pGBKT7 rab-37.2
(Q89L)
pGBKT7 rab-39
(Q77L)
pGBKT7 rab-2
(S20N)
pGBKT7 rab-14
(S25N)
pGBKT7 rab-19
(T24N)

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

Kanr

--

pGBKT7 rab-2 wt

Kanr

--

pGBKT7 tbc-8

Kanr

pGBKT7 tbc-8
(R697A)
pGBKT7 tbc-8
1-597aa
pGBKT7 tbc-8
586-903 aa
pGBKT7 tbc-8
451-903 aa
pGBKT7 tbc-8
329-903 aa
pGBKT7 tbc-8
1-328 aa
pGBKT7 tbc-8
329-597 aa

Kanr

PCR with oGQ1622/oGQ1623
Digested with AgeI/XhoI
Mutagenesis PCR with
oGQ1698/oGQ1699
PCR with oGQ1622/oGQ2353
Digested with AgeI/XhoI
PCR with oGQ1791/oGQ1623
Digested with AgeI/XhoI
PCR with oGQ1802/oGQ1623
Digested with AgeI/XhoI
PCR with oGQ1801/oGQ1623
Digested with AgeI/XhoI
PCR with oGQ1622/oGQ2353
Digested with AgeI/XhoI
PCR with oGQ1801/oGQ1800
Digested with AgeI/XhoI

pGBKT7 rap-1

Kanr

--

pGBKT7 rap-2

Kanr

--

pGBKT7 rap-3

Kanr

--

pGBKT7 ral-1

Kanr

--

pGBKT7 ras-1

Kanr

--

pGBKT7 rap-1
(G12V)

Kanr

--

Kindly provided by
Sabine König

pGBKT7 rap-2
(G12V)

Kanr

--

Kindly provided by
Sabine König

Kanr
Kanr
Kanr
Kanr
Kanr
Kanr

Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Marija Sumakovic
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Nikhil Sasidharan
Kindly provided by
Marija Sumakovic
Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
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pGBKT7 rap-3
(G12V)

Kanr

--

Kindly provided by
Sabine König

pGBKT7 ral-1
(G26V)

Kanr

--

Kindly provided by
Sabine König

pGBKT7 ras-1
(G26V)

Kanr

--

Kindly provided by
Sabine König

pGBKT7 vps-51

Kanr

--

(Luo et al, 2011)

pGBKT7 vps-52

Kanr

--

(Luo et al, 2011)

pGBKT7 vps-53

Kanr

--

(Luo et al, 2011)

pGBKT7 vps-54

Kanr

--

(Luo et al, 2011)

pGADT7 tbc-8

Ampr

pGADT7 tbc-8
(R697A)
pGADT7 tbc-8
1-597aa

Ampr

PCR with oGQ1622/oGQ1623
Digested with AgeI/XhoI
Mutagenesis PCR with
oGQ1698/oGQ1699
PCR with oGQ1622/oGQ2353
Digested with AgeI/XhoI

pGADT7 ric-19

Ampr

--

pGADT7 ica69

Ampr

--

pGADT7 tbc-8
586-903 aa

Ampr

PCR with oGQ1791/oGQ1623
Digested with AgeI/XhoI

pGADT7 tbc-8
451-903 aa
pGADT7 tbc-8
329-903 aa
pGADT7 tbc-8
1-328 aa
pGADT7 tbc-8
329-597 aa

Ampr

PCR with oGQ1802/oGQ1623
Digested with AgeI/XhoI
PCR with oGQ1801/oGQ1623
Digested with AgeI/XhoI
PCR with oGQ1622/oGQ2353
Digested with AgeI/XhoI
PCR with oGQ1801/oGQ1800
Digested with AgeI/XhoI

pGADT7 rap-1

Ampr

--

pGADT7 rap-2

Ampr

--

pGADT7 rap-3

Ampr

--

pGADT7 ral-1

Ampr

--

pGADT7 ras-1

Ampr

--

pGADT7 rap-1
(G12V)
pGADT7 rap-2
(G12V)
pGADT7 rap-3
(G12V)
pGADT7 ral-1
(G26V)
pGADT7 ras-1
(G26V)

Ampr

--

Ampr

--

Ampr

--

Ampr

--

Ampr

--

Ampr

Ampr
Ampr
Ampr

Cloned in this study
Cloned in this study
Cloned in this study
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic
Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
Kindly provided by
Sabine König
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PCR with oGQ1666/oGQ1667
Digested with NcoI/XhoI
PCR with oGQ1666/oGQ1843
Digested with NcoI/XhoI
PCR with oGQ1735/oGQ1667
Digested with NcoI/XhoI
PCR with oGQ2144/oGQ2145
Digested with AgeI/XhoI

pGADT7 rund-1

Ampr

pGADT7 rund-1
1-261 aa
pGADT7 rund-1
262-549 aa

Ampr

pGADT7 cccp-1

Ampr

pGADT7 vps-51

Ampr

--

(Luo et al, 2011)

pGADT7 vps-52

Ampr

--

(Luo et al, 2011)

pGADT7 vps-53

Ampr

--

(Luo et al, 2011)

pGADT7 vps-54

Ampr

--

(Luo et al, 2011)

Resistance

Cloning strategy

Source

Ampr

PCR with oGQ1793/oGQ2055
Digested with Pst1/AgeI
Subcloned from L4440-tbc-8
Digested with AgeI/XhoI
Subcloned from pGADT7-tbc-8
(R697A); Digested with AgeI/XhoI
Subcloned from L4440-tbc-8
Digested with AgeI/XhoI

Genes of interest
in injection vectors
pPD115.62 ptbc8::gfp
prab-3::tagRFPtbc-8
prab-3::tagRFPtbc-8 (R697A)

Ampr

Ampr
Ampr

prab-3::yfp-tbc-8

Ampr

prab-3::mcherryrab2

Ampr

--

prab-3::mannsII-yfp

Ampr

--

prab-3::gfp-2xfyve

Ampr

--

prab-3::mcherryapt-9
prab-3::mcherryrab-5 (Q78L)
prab-3::mcherryrab-5
prab-3::mcherryrab-7

Ampr

--

Ampr

--

Ampr

--

Ampr

--

prab-3::ric-19-yfp

Ampr

--

punc-129::tagRFPtbc-8
punc-129::tagRFPtbc-8 (R697A)

Ampr

Subcloned from L4440-tbc-8
Digested with AgeI/XhoI
Subcloned from pGADT7-tbc-8
(R697A); Digested with AgeI/XhoI

pRF4-rol-6

Ampr

Ampr

Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study

Cloned in this study
Cloned in this study
Cloned in this study
Cloned in this study
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic
Kindly provided by
Marija Sumakovic

co-injection marker, rol-6(su1006)

Cloned in this study
Cloned in this study
(Mello & Fire, 1995)

co-injection marker, gfp expression in
head neurons (AIY left and right
(Hobert et al, 1997)
interneurons)
Amp, ampicillin; Cm, chloramphenicol; GST, glutathione-S-transferase; His, histidine; Kan,
kanamycin.
pttx-3::gfp

Ampr

186

PhD Thesis – Mandy Hannemann

XV. Appendix

XV.5 Media
Luria-Bertani (LB) Medium
5 g/l
2.5g/l
5 g/l
7.5 g/l

Peptone (Roth)
Yeast extract (Roth)
NaCl (Roth)
Agar (Roth), for plates

Nematode Growth Medium (NGM)
16 g/l
3 g/l
3 g/l
25 ml/l
1 ml/l
1 ml/l
1ml/l
1 ml/l

Agar
Peptone
NaCl
1M KPO4 Solution (Roth)
1M MgSO4 Solution (Roth)
1M CaCl2 Solution (Roth)
10 mg/ml Nystatin (Sigma)
5 mg/ml Cholesterol (Roth)

Complex (YAPD) yeast media
10 g/l
20 g/l
20 g/l
1 g/l
20 g/l

Yeast extract
Peptone
Glucose (Roth)
Adenine Sulfate (Roth)
Select agar (Invitrogen)

Yeast minimal growth medium
6.8 g/l
1.0 g/l
20 g/l

Yeast nitrogen base (Invitrogen)
amino acid mix (-leu. –trp, -his, -ura)
Select agar, for plates
pH 6-7

After autoclaving:
10 ml/l
amino acid solution
40 ml/l

(+his 480 mg/200 ml)
(+ura 480 mg/200 ml)

50% Glucose
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XV.6 Buffers and Solutions
10% APS solution
1g
10 ml

APS (Roth)
ddH2O

Blot buffer, 2 liter
11.6 g
5.8 g
0.74 g
400 ml
pH 8.9

Tris
Glycine
SDS
Methanol

Coomassie Blue Staining buffer
0.25 %
50 %
10 %

Coomassie Brilliant Blue R250 (BioRad)
Methanol (Roth)
Acetic acid (Roth)

Coomassie destaining buffer
5%
7.5 %

Methanol (Roth)
Acetic acid (Roth)

Egg Prep Buffer
3.5 ml
0.5 ml
1 ml

worm solution
5M NaOH
Bleach solution (5 %)

GST cleavage buffer
50 mM
150 mM
1 mM
2 mM
100 μM

Tris-HCl pH 7.0 - 7.3 (Roth)
NaCl
EDTA
DTT (Roth)
Pefabloc protease inhibitor cocktail (Roche)

GST elution buffer
50 mM
150 mM
20 mM

Tris-HCl pH 8.0
NaCl
reduced glutathione (Roth)
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Homogenization buffer for CoIP in C. elegans
50 mM
7.5 %
10 mM
1 mM
1 Tbl

HEPES
Glycerol
NaCl
EDTA
Complete Mini protease inhibitor (EDTA-free) (Roche)

Lysis buffer for CoIP in HEK293 cells
50 mM
150 mM
1%
0.5 mM
10%
1Tbl

Tris pH 7.5
NaCl
Triton X 100
EDTA
glycerol
Complete Mini Protease inhibitor (EDTA-free) (Roche)

M9 buffer
3 g/l
6 g/l
5 g/l
1 ml

KH2PO4 (Roth)
Na2HPO4 (Roth)
NaCl (Roth)
1M MgSO4 (Roth)

PBS buffer (1x)
8 g/l
0.2 g/l
1.44 g/l
0.24 g/l

NaCl
KCl
Na2HPO4
KH2PO4

50 % PEG
50 g

PEG 3350

Transfer 50 g PEG in a 150 ml glass beaker with 35 ml H2O and stir until dissolving by
warming up the solution for circa 30 min. Add H2O up to 100 ml and filter sterilize the
suspension (0.45 µm filter).

10 % Resolving Gel - 15ml
5 ml
5.9 ml
3.8 ml
150 µl
150 µl
6 µl

30 % Acrylamide/Bis
ddH2O
1.5 M Tris, pH 8.8
10 % SDS
10 % APS
TEMED
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Sample buffer for agarose gel loading (10x)
30 ml
20 ml
0.5 ml
A bit of
H2O up to 50 ml

100 % Glycerol
EDTA pH 8.0
1 M Tris pH 7.5
bromphenolblue

S buffer
129 ml
871 ml
5.85 g
pH 6.0

0.05 M K2HPO4
0.05 M KH2PO4
NaCl

Autoclave or filter sterilize!

SDS running buffer (10x)
30.3 g/l
144 g/l
10 g/l

Tris
Glycine (Roth)
SDS (Roth)
pH 8.3

2x SDS sample buffer
121.1 g/l
20 %
100 g/l
0.002 %
200 ml

Tris pH 6.8
Glycerol (v/v)
SDS
Bromophenol blue (w/v)
2-Mercaptoethanol

Solutions for developing Western blots
Solution A (store in refrigerator)
200 ml
0.1M Tris HCl (pH 8.6)
50 mg
Luminol (Sigma)
Solution B (store in the dark)
11 mg
para-hydroxycoumarin acid (dilute in 10 ml DMSO)
35 %
H2O2
Procedure:
Mix 1 ml Solution A, 100 µl Solution B and 3 µl H2O2 (enough for one Western blot).
Distribute solution mix onto the blot and incubate for 2 min in the dark before imaging the
blot.

5% Stacking gel – 5 ml
0.83 ml
3.4 ml
0.63 ml
50 µl
50 µl
5 µl

30 % Acrylamide/Bis (Roth)
ddH2O
1.0 M Tris, pH 6.8
10 % SDS
10 % APS (Roth)
TEMED (Roth)
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TBE buffer (10x)
108 g/l
55 g/l
9.3 g/l

Tris NaOH
Boric acid (Roth)
EDTA (pH 8.0)

TE buffer
10 mM
1 mM

Tris-HCl pH 8.0
EDTA (Roth)

Transformation and Storage Solution for chemical transformation (TSS)
85 %
10 %
5%
50 mM

LB medium (42.5 ml)
PEG (wt/vol, MW 8000) (5 g)
DMSO (vol/vol) (2.5 ml)
MgCl2 (pH 6.5) (0.51 g)

Autoclave or filter sterilize! Store at 4°C. Always prepare a fresh solution before preparing
competent cells!

Washing buffer for CoIP in HEK293 cells
50 mM
500 mM
0.1%
0.5 mM
10%
1Tbl

Tris pH 7.5
NaCl
Triton X 100
EDTA
glycerol
Complete Mini Protease inhibitor (EDTA-free) (Roche)

Worm freezing solution
S buffer + 30 % glycerol

Worm lysis/PCR buffer (1x)
100 mM
500 mM
20 mM
20 mg/ml

Tris pH 8.3
KCl (Roth)
MgCl2 (Roth)
Proteinase K added fresh prior to lysis (Roth)

Worm lysis/PCR buffer (10x)
1M
5M
200 mM

Tris pH 8.3
KCl
MgCl2

Yeast transformation one-step buffer
0.2 M
40 %
100 mM

Lithium Acetate (0.4g) (Roth)
PEG 4000 (12-15g) (Sigma)
DTT (0.46g)

Fill up to 30 ml with ddH2O and filtrate
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Amino acid 100x solutions
[100x] in mg/ml

Component

4.8

Tryptophane

2.4
7.2
2.0

Histidine
Leucine
Uracil

Amino acid mix minus 4 (without uracil, leucine, tryptophan, histidine)
Mass in g
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
0.2

Amino acid
adenine
L-alanine
L-arginine
L-asparagine
L-aspartic acid
L-cysteine
L-glutamine
L-glutamic acid
L-glycine
L-isoleucine
L-lysine
L-methionine
L-phenylalanine
L-proline
L-serine
L-threonine
L-tyrosine
L-valine
Paraaminobenzoic
acid

Pestle mix and store in the dark at RT

Table XV.11. Antibiotic concentrations used in this study
Working
concentration
100 µg/ml
15 µg/ml
25 µg/ml

Antibiotic
Ampicillin
Chloramphenicol
Kanamycin
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XV.7 Supplementary Figures

Figure XV.1. Protein sequence alignment of TBC-8 with its orthologs SGSM1 (H. sapiens) and
CG32506-PC (D. melanogaster). Multiple sequence alignment was performed using the program
MUSCLE and displayed using the program BOXSHADE. The predicted domains are color-coded. The
RUN domain is shown in blue and the conserved blocks forming the ‘core’ of the RUN domain (A-F)
are highlighted in black lines (Callebaut et al, 2001). The TBC-domain (prediction made by the
SMART program) is depicted in purple. The catalytic arginine residue, R697, is marked by a yellow
arrowhead within its catalytic motif (yellow line). Note: domain lengths predicted for TBC-8 are
shown. Accession number of SGSM1: NP_001035037; FlyBase ID of CG32506-PC: FBpp0300194.
Source: (Hannemann et al, 2012).
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Figure XV.2. TBC-8 does not interact with RAP proteins in a yeast two-hybrid analysis. All three
C. elegans RAP proteins, RAS-1 and RAL-1 in their native (upper panel) and their predicted activated
state (lower panel) (Chen et al; Frische et al, 2007; Lundquist, 2006) were tested for interaction with
TBC-8(R697A) in a yeast two-hybrid analysis. No growth on histidine-lacking plates was observed
after 3 to 4 days. AD: Gal4p DNA activation domain fusion, BD: Gal4p DNA binding domain fusion,
His: histidine. Source: (Hannemann et al, 2012).
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