
European Neuroscience Institute 
International Max Planck Research School for Neurosciences 

 
 
 
 
 

Analysis of the RAB family of GTPases in  
C. elegans and their role in regulating 

neuronal membrane trafficking 
 
 
 

PhD Thesis 
 
 
 

in partial fulfilment of the requirements  
for the degree “Doctor of Philosophy (PhD)” 

in the Neuroscience Program  
at the Georg August University Göttingen,  

Faculty of Biology 

 
 

Submitted by 
 

Nikhil Sasidharan 
 
 
 
 

Born in 
 

Attingal, India 
 
 
 
 
 
 
 
 

2011 



I hereby declare that the PhD thesis entitled, “Analysis of the RAB 
family of GTPases in C. elegans and their role in regulating neuronal 
membrane trafficking”, was written independently and with no other 
sources and aids than quoted.  
 

 

 

Göttingen, 14th March, 2011 

 

 

------------------------------------------- 

Nikhil Sasidharan 

 
 
 
 
 
 
 
 
 
 
 
 
 

Thesis Committee Members: 
 
Dr. Stefan Eimer European Neuroscience 

Institute 
 
Prof. Dr. Nils Brose Max Planck Institute for 

Experimental Medicine 
 
Prof. Dr. Walter Stühmer   Max Planck Institute for 
       Experimental Medicine 



PhD Thesis – Nikhil Sasidharan                Table of Contents 

 i 

TABLE OF CONTENTS 
 
Table of Contents i 
List of Figures iv 
List of Tables vi 
Abbreviations vii 
Acknowledgements ix 
 
I. Abstract 1 
 
Chapter 1: Systematic analysis of the RAB GTPase family in C. elegans 3 
 
II. Introduction 4 
 
 2.1 Intracellular transport is regulated by GTPases 4 
 2.2 Monomeric GTPases 6 
 2.3 Principles of Rab GTPase structure 8 
 2.3.1 The Rab GTPase fold 8
 2.3.2 Structural insights on Rab-GAP interactions 10 
 2.3.3 Structural insights on Rab-GEF interactions 10 
 2.3.4 Structural insights on Rab-Effector interactions 11 
 2.3.5 Structural insights on Rab localization 12 
 2.4 Principles of Rab GTPase function 13 
 2.4.1 Rabs define sub-cellular compartments 13
 2.4.2 Role of Rab GTPases in vesicle budding and uncoating 15 
 2.4.3 Role of Rab GTPases in vesicle motility 16 
 2.4.4 Role of Rab GTPases in vesicle tethering 17 
 2.4.5 Role of Rab GTPases in vesicle fusion 19 
 2.5 Integration of Rab function 19 
 2.5.1 Rabs form microdomains 19 
 2.5.2 Rab conversion cascades 21 
  2.5.3 Rab exclusion cascades 22 
 2.6 Cell-type specific functions of Rabs 22 
 2.7 Redundancy in Rab function 23 
 
III. Aims 24 
 
IV. Results 27 
 
 4.1 Expression pattern analysis of C. elegans RABs 27 
 4.2 Sub-cellular localization analysis of C. elegans RABs in neurons 30 

4.3 Functional analysis of rab mutants 32 
 4.3.1 Movement analysis 34 
 4.3.2 Defecation motor program analysis 36 
 4.3.3 Egg-laying analysis 37 
 4.4 Pharmacological analysis of synaptic transmission 38 
 4.4.1 Aldicarb sensitivity 38 
 4.4.2 Levamisole sensitivity 40 



PhD Thesis – Nikhil Sasidharan                Table of Contents 

 ii 

 4.5 Analysis of ciliated sensory neurons in rab mutants 41 
 4.5.1 DiI staining of amphids and phasmids 41 
 4.5.2 Analysis of amphid neuron function 43 
 4.5.3 Synthetic RNAi analysis of rab mutants 44 
 
V. Discussion 46 
 
 5.1 The C. elegans genome encodes 28 differentially expressed RABs 46 
 5.2 Multiple RABs localize to the Golgi in neurons 48 
 5.3 RAB function in the C. elegans nervous system 48 
 5.3.1 Role of RABs in regulating simple behaviors 48 
 5.3.2 Role of RABs in regulating synaptic transmission 50 
 5.3.3 Role of RABs in regulating chemosensation  51 
 5.4 C. elegans RABs function redundantly together 52 
  
Chapter 2: Regulation of dense core vesicle secretion by RAB GTPases 54 

  in C. elegans 
 
VI. Introduction 55 
 
 6.1 The SV exocytosis machinery 55 

6.2 The DCV exocytosis machinery 60 
6.3 DCV biogenesis and maturation 60 
6.4 DCVs function to regulate synaptic transmission 61 
6.5 Studying DCV function in C. elegans 62 

 
VII. Aims 65 
 
VIII. Results 67 
 
 8.1 RAB-5 and RAB-10 are novel RABs essential for DCV release 67 
 8.2 DCV trafficking defects are autonomous to the nervous system 69 

8.2.1 Development of a neuron-specific RNAi system 69 
8.2.2 RAB-5 and RAB-10 cell-specifically regulate DCV release 70 

8.3 Identification of RAB regulators involved in DCV release 71 
8.4 RAB-5, TBC-2, RAB-10 and TBC-4 also affect secretion of INS-22 73 
8.5 Endocytosis in coelomocytes is not affected 74 
8.6 Synaptic vesicle release is not affected 74 

8.6.1 Analysis of SV markers: SNB-1 and RAB-3 74 
8.6.2 EM analysis of SV distributions in synapses 76 
8.6.3 EM analysis of neuron morphology 78 
8.6.4 Electrophysiological analysis of synaptic transmission 78 

8.7 TBC-4 is a potential GAP for RAB-10 78 
8.8 Rabaptin-5 bridges RAB-5 and RAB-10 function 82 
8.9 EHBP-1 also regulates DCV release and interacts with RAB-10 84 
8.10 Colocalization analysis of novel factors involved in DCV release 84 

 
IX. Discussion 88 
 
 9.1 RAB-5 and RAB-10 are novel regulators of DCV secretion 88 



PhD Thesis – Nikhil Sasidharan                Table of Contents 

 iii 

 9.2 A RAB-5 / RAB-10 exclusion cascade 90 
9.3 Localization of the RAB-5/RAB-10 exclusion cascade: cell body 93 
  or synapse? 

 
X. Materials and Methods 96 
 

10.1 Molecular Cloning 96 
10.2 C. elegans genetics 97 

10.2.1 Strains 97 
10.2.2 Crosses 97 
10.2.3 Generation of transgenic lines 98 

 10.3 C. elegans behavioral assays 99 
10.3.1 Movement analysis 99 
10.3.2 Defecation motor program analysis 99 
10.3.3 Egg-laying analysis 99 
10.3.4 Pharmacological assays 99 

10.4 DiI staining 100 
10.5 Chemosensation assays 100 
10.6 RNAi by feeding 100 
10.7 Confocal microscopy and image analysis  101 
10.8 TR-BSA endocytosis assay 101 
10.9 High-pressure freeze electron microscopy 102 
10.10 Electrophysiology 102 
10.11 Yeast-2-hybrid 102 
10.12 Protein expression and purification 103 
 

XI. References 104 
 
XII. Appendix 122 
 

12.1 Constructs and bacteria/yeast strains 122 
12.2 C. elegans strains 132 
12.3 Injection mixes for extrachromosomal arrays 136 
12.4 Deletion alleles 138 
12.5 DNA sequences of primers 138 
12.6 Media 144 
12.7 Buffers and solutions 145 
12.8 Gene structures of tbc-4 and rabn-5 deletion alleles 147 
12.9 Multiple sequence alignment of TBC-4 148 

 
Curriculum Vitae 149 
 
List of publications 151 
 
 



PhD Thesis – Nikhil Sasidharan                     List of Figures 
   

  iv 

LIST OF FIGURES 
 
 
Figure II.1 The major sub-cellular compartments of eukaryotic cells 4 

Figure II.2   Vesicular transport between organelles occurs in  5 
 four distinct steps 

Figure II.3  Regulation of vesicular transport by GTPases 7 

Figure II.4  Detailed structure of Rab GTPases    9 

Figure II.5   Structure of a Rab-GAP complex in its transition state  10 

Figure II.6 Variations in Rab-Effector complexes    12 

Figure II.7 Role of REP, RabGGTase and RabGDI on Rab localization 13 

Figure II.8 Rabs localize to a variety of compartments   14 

Figure II.9 Rabs interact with motor proteins    16 

Figure II.10 Model for tethering by Golgins     18 

Figure II.11 Rabs localize to microdomains     20 

Figure II.12 Model of a Rab conversion cascade    21 

Figure II.13 Model of Rab conversion and exclusion cascade  22 

Figure III.1 Comparison of the H. sapiens and C. elegans Rab families 25 

Figure III.2 Schematic representation of project aims   26 

Figure IV.1 Strategy for expression pattern analysis   27 

Figure IV.2 Expression patterns of C. elegans rabs    28 

Figure IV.3 Strategy for sub-cellular localization analysis   30 

Figure IV.4 Sub-cellular localization of C. elegans RABs in   31 
 nervous system 

Figure IV.5 Gene structures of all rabs     33 

Figure IV.6 The neuro-muscular system of C. elegans   34 

Figure IV.7 Movement analysis of rab mutants    35 

Figure IV.8 The defecation motor program     36 

Figure IV.9 Defecation analysis of rab mutants    37 

Figure IV.10 Egg-laying analysis of rab mutants    38 

Figure IV.11 Analysis of synaptic transmission through    39 
 responses to aldicarb 

Figure IV.12 Analysis of synaptic transmission through    40 
 responses to levamisole 

Figure IV.13 Anatomic depiction of C. elegans chemosensory neurons 41 



PhD Thesis – Nikhil Sasidharan                     List of Figures 
   

  v 

Figure IV.14 DiI staining of rab mutants 42 

Figure IV.15 Responses of rab mutants to copper and isoamyl alcohol 43 

Figure IV.16 Synthetic RNAi screen with rab mutants 45 

Figure VI.1 The synaptic vesicle cycle and its machinery 56 

Figure VI.2 Domain structure of Munc13-1 57 

Figure VI.3 Domain structure of CAPS-1 59 

Figure VI.4 DCV maturation       61 

Figure VI.5  Regulation of SV release by GPCRs    62 

Figure VI.6 Studying DCV function in C. elegans    63 

Figure VII.1 A rab-5 mutant suppresses DCV defects in rab-2 mutants 66 

Figure VIII.1 NLP-21-YFP analysis of all rabs    68 

Figure VIII.2 Validation of neuron-specific RNAi    69 

Figure VIII.3 Neuron-specific knockdown of rab-5 and rab-10  71 

Figure VIII.4 TBC-2 and TBC-4 are novel regulators of DCV secretion 72 

Figure VIII.5 rab-5 (Q78L), tbc-2, rab-10 and tbc-4 mutants also have 73 
 defects in INS-22 secretion 

Figure VIII.6  Assessment of coelomocyte function through   75 
 TR-BSA injection 

Figure VIII.7 Analysis of SV markers      76 

Figure VIII.8 HPF-EM analysis of synapses     77 

Figure VIII.9 HPF-EM analysis of neuron morphology   79 

Figure VIII.10 Electrophysiological analysis of synaptic function  80 

Figure VIII.11 Y2H analysis of TBC-4 binding    81 

Figure VIII.12 Y2H analysis of TBC-4 interaction with RABN-5  82 

Figure VIII.13 NLP-21-YFP analysis of RABN-5 and EEA-1   83 

Figure VIII.14 Y2H and NLP-21-YFP analysis of a RAB-10 effector  85 

Figure VIII.15 Fine mapping of the sub-cellular localization of  86 
 RAB-10 in neurons 

Figure VIII.16 Sub-cellular localization analysis of RAB-5 (Q78L),  87 
 TBC-4, RABN-5 and EHBP-1 

Figure IX.1 Model of a RAB-5 / RAB-10 exclusion cascade  92 

Figure XII.1 Gene structures of tbc-4 and rabn-5    147 

Figure XII.2 Multiple sequence alignment of TBC-4    148 

 



PhD Thesis – Nikhil Sasidharan                      List of Tables 
 

  vi 

LIST OF TABLES 
 
 
Table IV.1 Tabulated representation of expression pattern data 29 

Table IV.2 Tabulated representation of sub-cellular localization data 32 

Table XII.1 List of all bacterial/yeast strains and constructs  122 
 used in study 

Table XII.2 List of all strains used in this study 132 

Table XII.3 List of all injection mixes used to generate transgenic lines 136 

Table XII.4  List of all deletion alleles with respective worm  138 
 PCR primers used in this study 

Table XII.5 List of DNA sequences of all primers used   138 

 



PhD Thesis – Nikhil Sasidharan                  Abbreviations 

  vii 

ABBREVIATIONS 
 

aBoc  Anterior body contraction  
ACh  Acetylcholine 
AChE  Acetylcholinesterase 
Arl  Arf-like 
CaM  Calmodulin 
CAPS  Ca2+-dependent activator protein for secretion 
CC Coiled coil 
CCV  Clathrin coated vesicle 
CH Calponin homology 
COG  Conserved oligomeric complex 
COPI  Coat protein complex I 
COPII  Coat protein complex II 
DAG Diacylglycerol 
DBD  Dynactin binding domain 
DCV  Dense core vesicle 
DENN  Differentially expressed normal versus neoplastic 
DGK  Diacylglycerol kinase 
DNC  Dorsal nerve cord 
ECM Extra-cellular milieu  
EEA-1 Early endosomal antigen-1 
EGF  Epidermal growth factor 
Emc  Enteric motor contraction 
EPSC Excitatory postsynaptic current 
ER  Endoplasmic reticulum  
ERGIC  ER-Golgi intermediate compartments 
FGFR Fibroblast growth factor receptor 
FIP2  Rab11 family interacting protein-2 
GABA  γ-Aminobutyric acid 
GAP  GTPase activating protein 
GARP  Golgi associated retrograde protein complex  
GDI  GDP dissociation inhibitor 
GDP  Guanosine diphosphate 
GEF  Guanine nucleotide exchange factors  
GFP Green fluorescent protein 
GGTase Geranylgeranyl transferase 
GLUT4 Glucose transporter-4 
GPCR  G-protein coupled receptor 
GST Glutathione-S-transferase 
GSV  Glucose transporter-4 containing secretory vesicle 
GTP  Guanosine triphosphate 
HOPS  Homotypic vacuole protein sorting complex 
HPF-EM High pressure freeze-electron microscopy 
HSN  Hermaphrodite specific neuron 
iDCV  Immature dense core vesicle 
IP3  Inositol (1,4,5) trisphosphate 
IPTG isopropyl β-D-thiogalactopyranoside 
M6P  Mannose-6-phosphate 
M6PR  Mannose-6-phosphate receptors 
MANNS Mannosidase 



PhD Thesis – Nikhil Sasidharan                  Abbreviations 

  viii 

MDCK  Madin-Darby Canine Kidney 
mDCV  Mature dense core vesicle 
nAChR  Nicotinic ACh receptor 
NGM Nematode growth medium 
NMJ  Neuro-muscular junction 
NSF  N-ethylmaleimide-sensitive factor 
OCRL  Oculocerebrorenal syndrome of Lowe 
ORP1L  Oxysterol-binding protein related protein 1L 
pBoc  Posterior body contraction 
PH  Pleckstrin homology 
PIP2  Phosphoinositol (4,5) bisphosphate  
PLC  Phospholipase C 
PM  Plasma membrane 
Rab  Ras genes from rat brain 
RABN-5 Rabaptin-5 
REP  Rab escort protein 
RFP  Red fluorescent protein 
RILP  Rab interacting lysosomal protein 
SNAREs Soluble N-ethylmaleimide-sensitive factor attachment protein receptors 
SV  Synaptic vesicle 
Syt-1 synaptotagmin-1 
TBC  Tre-2/Cdc16/Bub2 
TGN  Trans-Golgi network 
TIP47  Tail-interacting protein of 47 kDa 
TR-BSA Texas-red conjugated to bovine serum albumin 
TRAPP  Transport protein particle complex 
VNC  Ventral nerve cord 
VSV-G  Vesicular stomatitis virus glycoprotein 
WT  Wild type 
Y2H  Yeast-2-hybrid 
YFP  Yellow fluorescent protein 
 



PhD Thesis – Nikhil Sasidharan                           Acknowledgements 
 

  ix 

 

   
 
 
 
ACKNOWLEDGEMENTS 
 

The last three and a half years have been an intensive, wonderful experience 

and there have been a number of individuals whom I must acknowledge for the part 

they played. 

First I would like to thank Dr. Stefan Eimer for giving me the opportunity to 

work in his lab, for sharing his knowledge and his never-ending enthusiasm for 

science.  Moreover, I am thankful for his supervision and introducing me to the field 

of C. elegans neurobiology. 

I extend my gratitude to Prof. Dr. Nils Brose and Prof. Dr. Walter Stühmer for 

their interest, advices and suggestions during the thesis committee meetings.  

Furthermore, I am also grateful to Prof. Dr. Mikael Simons for agreeing to be an 

additional member of my thesis committee, for his excitement and advices during the 

course of the project 

The Göttingen Graduate School for Neurosciences and Molecular Biosciences 

(GGNB) and Neurosciences coordination offices have helped me immensely through 

administrative work and also through assisting in the overall organization of the PhD.  

For this I am thankful to Prof. Dr. Michael Hörner, Dr. Steffen Burkhardt, Sandra 

Drube and Kirsten Poehlker.  Being a recipient of the GGNB excellence fellowship, I 

further acknowledge the GGNB graduate school for financial support during the 

course of my PhD. 

I am thankful to Dr. Jan Hegermann for electron microscopy experiments.  

Special thanks to Prof. Dr. Alexander Gottschalk for electrophysiology experiments 

and Prof. Dr. Barth Grant for discussions and sharing of reagents.  I am also grateful 

to Dr. Aymelt Itzen for a lot of advice and suggestions in handling proteins.  I must 

acknowledge Jonas Barth, Alejandro Mendoza and Aniket Ghosh for help during their 

internships and lab rotation projects. I am especially thankful to all the members of 

my lab for assisting me with experiments and pushing the Rab project forward.  



PhD Thesis – Nikhil Sasidharan                           Acknowledgements 
 

  x 

Additionally I cannot forget to recognize the excellent technical assistance provided 

by Dr. Sabine Koenig and Katrin Schwarze.      

I have never regretted any of my decisions because they have always led me 

into the company of good people. To Dr. Sumakovic, I am simply lucky to have had 

shared an office and a lab with you. Cloning, imaging, injections, coffee, cloning, 

imaging, injections, coffee, coffee and a little bit of SDS gel on the side.  I loved it all.  

To Mandy, thank you for being exactly the person that was missing in our office.  I 

am thankful also for all the bowling, and the table tennis games (I will win 1 day!!!) 

and more importantly for teaching an Indian what it means to be German. I am also 

thankful to the other members of our lab: Christian Olendrowitz, Nora Wender, Ling 

Luo and Maike Kittelmann for creating a friendly atmosphere and for their support.   

I am thankful to the other members of my batch: Ramya Nair, Raunak Sinha 

and Dr. Chou-hua Huang for their friendship. I also acknowledge, Dr. Shahaf Peleg 

for his friendship, making me laugh and for the many schnitzel sessions. 

I am particularly thankful to my flat mate Dr. Peer Hoopmann for agreeing to 

live with me, which is not an easy decision to make.  I enjoyed it all. There is always 

going to be some food waiting for him on Saturdays. 

I am also thankful to my buddies Sagar Bora, Eugen Nacu, Tadas Jucikas and 

Andrew Jack Knott for their friendship, and for their constant willingness to help 

wash clean my brain.   

And last I would like to thank my bebek, for making every day more beautiful.  

 



PhD Thesis – Nikhil Sasidharan                           Acknowledgements 
 

  xi 

 

 

 

 

 

 

 

 

Dedicated to my parents and my brother Rinosh, 

for their constant love and support 
 



PhD Thesis – Nikhil Sasidharan        I. Abstract 
 

  1 

 
 
 
 
I. ABSTRACT 
 
 

Rab GTPases are master regulators of intracellular trafficking.  They are 

involved in every aspect of membrane transport from vesicle budding to vesicle 

fusion.  Their functions are regulated by guanine nucleotide exchange factors (GEFs) 

and GTPase activating proteins (GAPs). The mammalian genome encodes over 60 

different Rab proteins.  Each of these Rabs localizes to specific compartments.  The 

actions of multiple Rabs are coordinated through Rab cascades where a single Rab 

recruits the machinery to activate or inactivate a secondary Rab.  Considering the 

large Rab family size, very little is known about the majority of its members and how 

they work together. 

 As opposed to the human system, the C. elegans RAB family encodes 28 

members with normally just one isoform per Rab member. The smaller Rab family 

size, together with the genetic tractability of C. elegans allowed for a broad-scale 

analysis of each RAB protein.  For this analysis it was decided to initially determine 

the expression pattern and sub-cellular localization of all C. elegans RABs. 

Expression pattern analyses revealed that C. elegans rabs are differentially expressed 

with a pattern of preference for the nervous system. Additionally, the sub-cellular 

localization analysis of the Rabs showed that they localize to specific sub-cellular 

compartments with many displaying partial staining to the Golgi apparatus. The 

availability of mutants for 90% of the rabs in C. elegans further provided the 

opportunity to elucidate novel RAB functions.  Since most RABs were neuronally 

expressed, all rab mutants were tested for changes in a set of nervous system 

mediated behaviors: movement, defecation motor program, and egg laying.  Analysis 

revealed that several RABs are important regulators of these behaviors.  Additionally 

all rab mutants were also tested for defects in synaptic transmission through 

sensitivity to aldicarb.  Several new RABs were identified to modulate aldicarb 

sensitivity. Mutant analysis showed that although several rab mutants displayed 
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phenotypes of nervous system dysfunction, the majority of animals were healthy.  

This suggested that many RABs function redundantly together in C. elegans.  To 

elucidate which RABs cooperate together, a synthetic RNAi screen was conducted 

where each rab mutant was co-depleted with the remaining 27 Rabs.  Co-depletion of 

multiple rabs has provided novel insights into the higher order RAB network. 

 In the second chapter of this study, we aimed to identify novel RABs involved 

in dense core vesicle (DCV) signaling. Interestingly rab-5 and rab-10 mutants 

showed defects in DCV secretion.  Additionally, two TBC (Tre-2/Cdc16/Bub2) 

domain-containing molecules, TBC-2 and TBC-4, were identified to function as 

potential GAPs for RAB-5 and RAB-10 respectively. Lastly we have identified an 

interaction between a RAB-5 effector, Rabaptin-5 (RABN-5), and TBC-4, which 

provides a link between RAB-5 and RAB-10 function. Taken together, these results 

suggest the existence of a novel Rab exclusion cascade in the regulation of DCV 

release, where active RAB-5 recruits TBC-4 for the local inactivation of RAB-10. 
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II. INTRODUCTION 
 
 
 
 
2.1 Intracellular transport is regulated by GTPases 

 

 Eukaryotic cells are defined by their compartmentalized endo-membrane 

system.  As opposed to prokaryotes, these cells evolved the ability to organize 

biomolecules to form sub-cellular organelles, such as the endoplasmic reticulum (ER), 

the Golgi apparatus, endosomes and lysosomes (Fig. II.1). Each organelle is 

membrane-bound, spatially segregated and specialized to carry out a particular 

function. The ER serves as a center to synthesize membrane proteins, lysosomal 

hydrolases and proteins destined for secretion (Alberts et al., 2008).  The Golgi acts as 

a sub-cellular hub by receiving proteins from one compartment, processing them and 

sorting them to other compartments.  

 

 

 

 

 

 

 

 

 

 

 
Figure II.1. The major sub-cellular compartments of eukaryotic cells.  Eukaryotes have membrane 
bound compartments, which carry out specific functions.: ER, Golgi, Endosomes, Lysosomes.  Proteins 
and membrane are continuously transported between these compartments and to the plasma membrane 
(PM). Source: Picture taken and adapted from Oka and Krieger, 2005.  
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It is a polarized structure composed of multiple cisternae with the early cis-faced 

cisternae oriented towards the ER and the late trans-faced cisternae oriented away 

from the ER (Lowe, 2010; Glick and Nakano, 2009). Endosomes and lysosomes are 

cellular stations for recycling and degradation of biomolecules (Seaman, 2008; 

Alberts et al., 2008).  Each compartment also maintains a highly specialized 

microenvironment to facilitate their functions.  For example the ER has a highly 

oxidizing environment, which allows disulfide formation during protein folding and 

endosomes / lysosomes are acidic allowing for efficient function of degradative 

enzymes called hydrolases (Alberts et al., 2008).   

The transport of proteins between these organelles is organized by membrane-

bound vesicles.  There are four essential steps in vesicle transport: vesicle budding 

from a donor compartment, vesicle motility, vesicle tethering and vesicle fusion to a 

target compartment (Fig II.2.). These processes demand the coordinated effort of a 

cohort of proteins: coat proteins, molecular tethering factors, monomeric guanosine 

nucleotide triphosphatases (GTPases) and soluble N-ethylmaleimide-sensitive factor 

attachment protein receptors (SNAREs) (Cai et al., 2007). Among these factors, 

monomeric GTPases have emerged as the major regulators due to their involvement 

in all steps of vesicular transport (Segev, 2011).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.2.  Vesicular transport between organelles occurs in four distinct steps.  Vesicles bud 
from the donor compartment through the recruitment of coat proteins (COPI, COPII and Clathrin).  
Cargo proteins are then loaded into newly formed vesicles and transported to the acceptor compartment 
via motor proteins.  Upon arrival, vesicles are tethered to the acceptor compartment and subsequently 
undergo fusion.  Monomeric GTPases of the Arf/Sar, Rho, Dynamin and Rab families control and 
regulate each of these steps. (Cai et al., 2007; Donaldson and Segev, 2009).  Source: picture taken and 
adapted from Segev, 2011.   
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2.2 Monomeric GTPases 

 

Four major families of GTPases function to regulate intracellular transport: the 

Arf/Sar family, the Rho family, the Dynamin family and the Rab family (Donaldson 

and Segev, 2009; Itzen and Goody, 2011).  The hallmark of these GTPases is that they 

act as molecular switches cycling between an active guanosine nucleotide 

triphosphate (GTP)-bound form and an inactive guanosine nucleotide diphosphate 

(GDP)-bound form (Fig. II.3). With the exception of dynamin, these GTPases require 

accessory enzymes named guanine nucleotide exchange factors (GEFs) to catalyze the 

exchange of GDP to GTP and GTPase activating proteins (GAPs) to catalyze the 

hydrolysis of GTP to GDP (Hinshaw, 2000; Itzen and Goody, 2011).  In the active 

GTP-bound form, GTPases bind to a multitude of effector proteins (Takai et al., 

2001).  The complex array of GTPase-effector interactions allows them to participate 

at multiple steps in vesicular transport. 

The Arf/Sar family of small GTPases (~ 20 kDa) is composed of 7 members: 

Arf1-Arf6 and Sar1. Members of this family are structurally distinguished by the 

presence of an N-terminal amphipathic helix.  Normally buried, this helix is exposed 

upon binding to GTP allowing for localization to membranes (Gillingham and Munro, 

2007). Most members of the Arf family are additionally myristoylated at the N-

terminus (Wennerberg et al., 2005). These proteins are best characterized for their 

role in vesicle budding at the ER-Golgi interface. Arf1 localization to the Golgi leads 

to the recruitment of coat protein complex I (COPI) and facilitates membrane 

deformation during vesicle budding (Pucadyil and Schmid, 2009).  In contrast to 

Arf1, Sar1 localizes to the ER and recruits components of the coat protein complex II 

(COPII) also facilitating membrane deformation during budding at ER exit sites.  

Furthermore, members of the Arf family have been proposed to act as timers 

promoting disassembly of COP coats post-vesicle budding (Barlowe et al., 1994; 

Gillingham and Munro, 2007). 

The Rho family of small GTPases are composed of 3 members: RhoA, Rac 

and CDC42.  Rho GTPases all share a conserved –CAAX motif at the C-terminus, 

which serves as a site for isoprenylation (Hakoshima, 2003).  Once activated, this 

lipid modification allows Rho proteins to localize to membranes. Rho GTPases are 

involved in regulating many processes, but their best-documented role is in  
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Figure II.3. Regulation of vesicular transport by GTPases. A. Four major GTPase families regulate 
vesicular transport: The Arf/Sar, Rho, Dynamin and Rab families. B. All GTPases cycle between an 
active GTP-bound form and an inactive GDP-bound form. Since most monomeric GTPases have slow 
intrinsic rates of GDP release and GTP hydrolysis they require the assistance of GEFs and GAPs to 
catalyze these reactions. (Goody and Hoffman-Goody, 2002). Pi: Inorganic phosphate 

 

regulating actin dynamics within the cell.  Rac GTPases stimulate the formation of 

plasma membrane extensions called lamellipodia, Cdc42 regulates the formation of 

finger-like protrusions called filipodia and Rho controls the formation of actin 

bundles such as stress fibers (Nobes and Hall, 1995). Constitutively active and 

inactive mutants of Rho GTPases also show defects in clathrin-mediated endocytosis 

of transferrin and epidermal growth factor (EGF) suggesting its role in vesicular 

transport (Lamaze et al., 1996).  It has been proposed that this effect of Rho GTPases 
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on endocytic trafficking is mediated via its modulation of the actin network. However, 

the precise mechanisms of such a function remains unknown (Symons and Rusk, 

2003). 

The dynamin family of GTPases is composed of 3 members: Dynamin 1-3.  

As a GTPase family, they are relatively large proteins (~ 100 kDa) that are composed 

of several domains: a GTP hydrolysis domain, a middle domain, a pleckstrin 

homology domain for membrane localization, a GTPase effector domain and a C-

terminal proline-rich domain (Low and Löwe, 2010).  Unlike the small GTPases, 

dynamins have high rates of intrinsic GTPase activity. This relieves them from the 

need for GAPs to regulate their function (Hinshaw, 2000). Once activated, they 

polymerize around the necks of newly budded vesicles and assist mainly in the 

pinching reaction that separates newly formed vesicles from the donor compartment 

(Hinshaw, 2000).   

With over 60 members encoded in the human genome, the Rab family is by 

far the largest family of GTPases  (Pereira-Leal and Seabra, 2001). Most Rabs have 

also been shown to localize to specific compartments creating the idea that they give 

identity to these compartments. Together with the fact that each Rab binds a vast 

number of effector proteins, this has raised much interest in unraveling their potential 

role as the master regulators of intracellular transport (Zerial and McBride, 2001).  

 

2.3 Principles of Rab GTPase structure 

 

 2.3.1 The Rab GTPase fold 

 Being a sub-group of the Ras superfamily of GTPases, Rab proteins share the 

common GTPase fold consisting of six β-sheets (β1-6) and five α-helices (α1-5). 

Rabs start at the N-terminus with a distinct GxxxxGK(S/T) motif named the P-loop 

(loop between β1α1), which is important for binding phosphate and coordinating 

Mg2+.  The GTPase fold additionally contains two switch regions (switch I and switch 

II), which stabilize the γ-phosphate of GTP (Hutagalung and Novick, 2011).  In the 

GDP bound state, the switch regions are disordered, but upon GTP binding they 

undergo a conformation change to an ordered state (Fig II.4). This active 

conformation of the switch regions varies largely between Rabs and is thought to 

contribute towards functional specificity, along with the interswitch region and the  



PhD Thesis – Nikhil Sasidharan         II. Chapter 1: Introduction 

  9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 
 
 
 
 
 
Figure II.4. Detailed structure of Rab GTPases. 
A.  Schematic representation of the secondary 
structure of the Rab GTPase: Rab5A. The switch 
(green) / interswitch (red) regions and α3β5 loop 
are important for Rab-Effector interactions.  The 
hydrophobic triad (F57, W74 and Y89) are enlarged 
and underlined. The hypervariable region (purple) 
and the C-terminal cysteines are needed for 
localization (Hutagalung and Novick, 2011). B. 
Tertiary structure of the Rab5A bound to GDP and 
the non-hydrolyzable GTP analogue (GppNHp).  
Upon GTP binding, the switch I and switch II 
regions enter an ordered state (Lee et al., 2009). C.  
Scheme of a Rab protein attached to a membrane 
via its geranylgeranyl group.  Source:   Crystal 
structure of Rab5A-GDP and GppNHp (B)  were 
taken and adapted from Zhu et al., 2004; Terzyan et 
al., 2004. Scheme of Rab bound to membrane (C) 
was taken and adapted from Gillingham and 
Munro., 2007. 
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α3β5 loop (Lee et al., 2009).  An individual Rab protein binds its cognate GAP, GEF 

and effector proteins via these distinct motifs (Itzen and Goody, 2011). 

 

2.3.2 Structural insights on Rab-GAP interactions 

 RabGAPs stimulate the rate of GTP hydrolysis of Rabs. They are defined by a 

characteristic TBC (Tre-2/Cdc16/Bub2) domain. Over 40 members have been 

identified in the human genome (Fukuda, 2011).   The crystal structure of the yeast 

GAP, Gyp1p, in complex with the mammalian GDP-Rab33-AlF3 revealed that 

IxxDxxR and YxQ motifs of GAPs contribute to GTP hydrolysis through a dual-

finger mechanism. Mutation of either the arginine or glutamine finger to alanine 

abolishes GAP activity (Pan et al., 2006).  Unlike other small GTPases, the DxxGQ 

motif of switch II is not thought to participate directly in the catalysis by RabGAPs, 

but instead binds at another site on the GAP backbone (Fig II.5) (Pan et al., 2006). 

Although, the catalytic mechanism of GAP action has been elucidated, it is not fully 

clear how Rabs recognize their cognate GAPs. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure II.5.  Structure of a Rab-GAP complex in its transition state. A. Overview of the Gyp1p-
GDP-Rab33 complex in the presence of the transition state mimetic AlF3.  B.  Selected view of the 
active site of the complex displaying the catalytic IxxDxxR and YxQ motifs of Gyp1p. The arginine 
and the glutamine residues make contact with AlF3, whereas the glutamine of the DxxGQ motif from 
Rab33 does not.  Source: Picture is taken from Pan et al., 2006.   

 

2.3.3 Structural insights on Rab-GEF interactions 

RabGEFs catalyze the exchange of GDP to GTP by increasing the rate of GDP 

dissociation of Rabs. In addition, it has also been shown that they contribute to Rab 
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localization by locally activating and concentrating them (Schoebel et al., 2009). To 

date, approximately 25 RabGEFs have been identified to be encoded by the human 

genome (Barr and Lambright, 2010).  However, in contrast to RabGAPs, there is no 

major consensus domain for RabGEFs making it difficult to identify them.  They exist 

in many shapes and sizes: Vps9-domain containing GEFs such as Rabex5, the GEF 

for Rab5, operate by binding to the switch/interswitch regions, opening switch I and 

inserting an aspartate finger to destabilize the Mg2+ / phosphate binding sites (Itzen 

and Goody, 2011).  Coiled coil domain containing GEFs such as Sec2, found in yeast, 

act on the Rab GTPase Sec4, through a similar mechanism of binding to the 

switch/interswitch region and distorting switch I  (Barr and Lambright, 2010).  

Recently a third group of DENN (differentially expressed normal versus neoplastic) 

domain containing GEFs have been discovered, however their mechanism of action 

remains unclear.  It is likely that they also function via switch I displacement (Barr 

and Lambright, 2010; Sato et al., 2008; Yoshimura et al., 2010).  

 

  2.3.4 Structural insights on Rab-Effector interactions 

 Rab proteins bind a plethora of structurally unrelated effector proteins to carry 

out downstream functions. Much of the structural data available on Rab-Effector 

interactions suggest that the interaction interface occurs between one or two alpha-

helices / coiled coils of an effector and the switch/interswitch/α3β5 loop of the Rab as 

seen with Rab3A-Rabphilin-3A, Rab4-Rabenosyn-5, Rab5A-Rabaptin-5C, Rab6-

GCC185, Rab7-RILP and Rab11-FIP2 (Ostermeier and Brunger, 1999; Eathiraj et al., 

2005; Zhu et al., 2004; Burguete et al., 2008; Jagoe et al., 2006; Wu et al., 2005).  

Some of these structures are depicted in Figure II.6. Interestingly, all Rab-Effector 

interactions demand the requirement of a conserved hydrophobic triad of residues: a 

phenylalanine at the beginning of the interswitch region, a tryptophan in the second 

half of the interswitch region and a tyrosine at the end of switch II (shown for Rab5A 

in Fig.II.4).  Among these residues, the phenylalanine helps coordinate Mg2+, while 

the tryptophan and tyrosine interact directly with the effector protein (Itzen and 

Goody, 2011).  

Currently only a fraction of Rab-effector complexes have been crystallized. 

From genetic and biochemical studies, it is clear that rabs also bind to cargo 

molecules, kinases, phosphatases, motor proteins and large multi-subunit tethering  
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Figure II.6.  Variations in Rab-Effector 
complexes. Crystal structures of Rab3A-
Rabphilin-3A, Rab4-Rabenosyn-5 and Rab5A-
Rabenosyn-5C are depicted along with 
magnification of the interaction interface between 
effector (orange/pink) and switch/interswitch 
(blue) regions. The effector residue for Rab 
binding is circled.  The hydrophobic triad residues 
of the Rab are underlined. A. Rabphilin-3A 
interacts with Rab3 through a single alpha helix 
motif. B. Rabenosyn-5 interacts with Rab4 
through a helix-turn-helix motif and C. Rabaptin-
5C interacts with Rab5A through a homodimeric 
coiled coil with the stoichiometric ratio of 2 coils : 
2 Rab5 molecules (only one Rab5A molecule 
shown). Source: Pictures taken and adapted from 
Kawasaki et al., 2005. 

 

complexes (Grosshans and Novick, 2006; Guo et al., 1999; Siniossoglou and Pelham, 

2002).  However, the nature of these interactions remains to be understood at atomic 

resolution. 

 

2.3.5 Structural insights on Rab localization 

Downstream of the switch regions necessary for GAP, GEF and effector 

interactions, is a C-terminal hypervariable region (Fig II.4). The hypervariable region 

of a Rab is the most divergent part of its structure and has hence been proposed to act 

as a targeting signal (Chavrier et al., 1991).  Recent evidence has suggested that the 

localization of Rabs is more complex and dependent on other elements of its structure 

as well as on its interaction with effectors (Ali et al., 2004; Schoebel et al, 2009).  

Lastly, the C-terminus of rab proteins contains a characteristic cysteine motif (CC, 

CXC, CCX, CCXX or CCXXX), a target for geranylgeranylation. De novo  
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Figure II.7. Role of REP, RabGGTase and RabGDI on Rab localization. REP, RabGGTase and 
RabGDI are additional factors, which contribute to the localization and function of Rabs.  Newly 
synthesized Rabs are recognized by REP and delivered to the RabGGTase for prenylation.  After 
prenylation, they are inserted into the donor compartments.  A simplistic model suggests that upon 
activation by RabGEFs and interaction with effectors they mediate vesicular transport to an acceptor 
compartment.  At the acceptor compartment Rabs are inactivated by RabGAPs.  Upon inactivation, 
RabGDIs scoops GDP bound Rabs out of the acceptor compartment and deliver them back to the donor 
compartment (Hutagalung and Novick, 2011). 
 

synthesized Rabs are recognized by Rab Escort Protein (REP) and taken to the rab 

geranylgeranyl transferase (RabGGTase) where these cysteine residues are lipid 

modified.  After modification REP escorts the prenylated Rab to its appropriate 

compartment (Wennerberg et al., 2005).   Once inactivated, a molecule structurally 

similar to REP named Rab GDP dissociation inhibitor (GDI) is necessary to recycle 

GDP bound Rabs to their original compartments (Fig. II.7) (Hutagalung and Novick., 

2006). 

 

2.4 Principles of Rab GTPase function 

 

 2.4.1 Rabs define sub-cellular compartments 

  One of the distinguishing features of Rab GTPases is that they provide a 

blueprint of all major sub-cellular compartments. The following are several examples: 

Rab1 localizes to ER-Golgi intermediate compartments (ERGIC), Rab2/Rab6/Rab33  
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Figure II.8.  Rabs localize to a variety of compartments.  There are over 60 rabs encoded in the 
human genome.  Most of these Rabs localize to specific compartments and regulate the transport of 
membrane and proteins from a donor compartment to an acceptor compartment.  Often a single Rab 
has multiple localizations depending on the tissue that it is expressed.  Source: Picture taken from 
Stenmark, 2009. 
 
 
to the Golgi, Rab9 to the TGN (trans-Golgi network), Rab3/Rab27 to synaptic 

vesicles, Rab8 to the basal bodies, Rab10, Rab11 and Rab35 to recycling endosomes, 

Rab5 to early endosomes, Rab7 to late endosomes, and Rab18 to lipid droplets etc. 

(Figure II.8) (Babbey et al., 2006; Fischer von Mollard et al., 1990; Kouranti et al., 

2006; Meresse et al., 1995; Nachury et al., 2007; Ozeki et al., 2005; Stenmark et al., 

1994; Ullrich et al., 1994; Stenmark, 2009).  Furthermore, the localizations of Rabs 

can differ between cell-types adding an additional level of complexity. For example, 

Rab10 localizes to Golgi/ endosomes in Madin-Darby Canine Kidney (MDCK) cells, 

to cilia in renal epithelial cells, to glucose transporter 4 storage vesicles (GSVs) in 

adipocytes and to synaptic vesicles (SVs) in hippocampal neurons (Schuck et al., 
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2007; Babbey et al., 2006; Babbey et al., 2010; Larance et al., 2005; Sano et al., 2008; 

Pavlos et al., 2010). These diverse and intricate patterns of sub-cellular localizations 

allow Rabs to regulate all steps of intracellular trafficking ranging from budding to 

fusion. 

 

 2.4.2 Role of Rab GTPases in vesicle budding and uncoating 

As described previously, vesicle budding is primarily controlled by the Arf 

GTPase family.  However, there are certain cases where Rabs take on specific roles.  

Lysosomal hydrolases are synthesized in the ER and transported via the secretory 

pathway to lysosomes.  In order for these enzymes to reach the destination, they must 

undergo an N-linked mannose-6-phosphate (M6P) attachment at the Golgi.  Once 

modified, the hydrolases are recognized by M6P receptors, which transport the 

hydrolases to endo-lysosomes, release them and recycle back (Alberts et al., 2008).  

The recycling of M6P receptors back to the Golgi was found to be mediated by a 

cytosolic protein named tail-interacting protein of 47 kDa (TIP47), which binds the 

receptors on their cytosolic domain (Diaz and Pfeffer, 1998).  Interestingly, Rab9 was 

found to bind TIP47 leading to a model where Rab9 acts as an initiator of vesicle 

formation for M6P receptor recycling (Carroll et al., 2001).   

Another example of Rabs participating in vesicle formation is seen through the 

interaction of Rab7 with the retromer complex. The retromer is involved in the 

transport of cargo from endosomes to the Golgi.  It consists of sorting nexins and the 

Vps26-Vps29-Vps35 trimer, which binds directly to cargo (Seaman et al., 1998).  The 

trimer is an effector of Rab7. Depletion of Rab7 leads to the disassembly of retromer 

and defects in endosome to Golgi trafficking (Rojas et al., 2008).   

Newly budded vesicles must shed their coats (COP I, COPII or clathrin) upon 

budding to allow for competent fusion to an acceptor compartment (Hutagalung and 

Novick, 2011).  Recently, a new role of Rab5 in clathrin uncoating was established. 

During clathrin coat formation, the clathrin adaptor protein, AP2, is recruited to 

membranes containing phosphatidylinositol-4,5-bisphosphate (PIP2) (Owen, et al., 

2004).  Upon recruitment, the µ2 subunit of AP2 is phosphorylated by a µ2 kinase 

(AAK1). Kinase activity is required for cargo recruitment (Jackson et al., 2003). After 

clathrin coat formation, a Rab5 GEF named hRme-6 displaces AAK1 leading to 
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decreased levels of phospho-µ2.  This is likely to occur through the activation of Rab5 

and recruitment of an effector with phosphatase activity (Semerdjieva et al., 2008).   

 

 2.4.3 Role of Rab GTPases in vesicle motility 

 Vesicles are transported from the donor compartment to the acceptor 

compartment through the cellular cytoskeleton.  In yeast, the Rab, Ypt31/Ypt32, 

localizes to the Golgi and to Golgi derived secretory vesicles.  It has been shown that 

Ypt31/Ypt32 interacts directly with the type V myosin motor, Myo2. Since Myo2 is 

an actin-based motor, this interaction allows Golgi derived vesicles to move, via the 

actin cytoskeleton, towards the plasma membrane tip of budding yeast cells (Lipatova 

et al., 2008).  Although, initially the transport of these vesicles was thought to be 

mediated by the Rab, Sec4, a direct interaction between Sec4 and Myo2 remains to be 

elucidated (Wagner et al., 2002). Mammalian Rabs have also been shown to regulate 

vesicle motility, albeit through indirect interactions with motors.  Rab11 binds to the 

C-terminus of an effector called FIP2 (Rab11 family interacting protein-2).  FIP2 

consequently binds myosin Vb at a site closer to its N-terminus. This ternary complex 

is suggested to be important for vesicular transport from recycling endosomes to the 

plasma membrane (Hales et al., 2002). Similarly, Rab27 also interacts with myosin 

 

 

 

 

 

 

 

 

 

 
 
 
Figure II.9. Rabs interact with motor proteins.  In melanocytes, Rab27 localizes to lysosome related 
organelles named melanosomes.  Melanosomes contain the pigment melanin, which protects skin cells 
against UV radiation. Melanosomes are trafficked to the cell periphery via an indirect interaction of 
Rab27a with the myosin Va motor protein.   This interaction is mediated through the synaptotagmin-
like protein, melanophilin (Fukuda et al., 2002).  Source: picture taken and modified from Wu et al., 
2002. 
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Va, through an adaptor protein named melanophilin to regulate the transport of 

melanosomes to the cell periphery (Fig II.9) (Wu et al., 2002). Mutations in Rab27, 

myosin Va and melophilin are associated with Griscelli syndrome a pigmentary 

disorder of the skin resulting from perturbed melanin trafficking (Menasche et al,. 

2000; Van Gele et al., 2009). 

Rab mediated motility is not restricted to the actin cytoskeleton.  Several Rabs 

have also been shown to interact with the microtubule motor proteins: kinesin and 

dynein / dynactin complex.  Rab6 binds to the kinesin-like motor Rabkinesin-6 to 

regulate intra-Golgi transport (Echard et al., 1998). Rab7 interacts indirectly to dynein 

/ dynactin via forming a complex with Rab-interacting lysosomal protein (RILP) and 

oxysterol-binding protein-related protein 1L (ORP1L) complex (Johansson et al., 

2007). Interestingly, certain pathogens such as Salmonella enterica prevent RILP 

recruitment by Rab7 to modulate endo-lysosomal trafficking while entering host cells 

(Harrison et al., 2004). 

 

 2.4.4 Role of Rab GTPases in vesicle tethering 

 Specificity and directionality in vesicular transport is mediated by highly 

regulated tethering of vesicles to the acceptor compartment.  Among all roles of Rab 

GTPases in vesicular transport, its role in vesicle tethering is by far the most 

pronounced.  Rabs bind to two major classes of tethering factors:  long coiled-coil 

proteins and large multisubunit protein complexes.  

 Golgins are the most prominent member of the long coiled-coil class of 

proteins. Golgins localize to distinct Golgi cisternae and are thought to form a 

proteinacous meshwork surrounding it (Yu and Hughson, 2010).  They extend long 

homodimeric-coiled coils away from the Golgi membrane, which serve as sites for 

Rab GTPase binding. Additionally they typically have C-terminal GRIP/GRAB 

domains, which are recognized by Arf and Arl (Arf-like) GTPases (Ramirez and 

Lowe, 2009).  A model for the interaction of the TGN-localized Golgin, GCC185 

with both GTPases was recently published (Fig. II.10) (Burguete et al., 2008).  The 

precise sequence of events, which takes place, still remains elusive. The most recent 

hypothesis of Golgin function, suggests that they are targeted to the Golgi through the 

interaction of their GRIP domains with Arfs and that they use their coiled coil 

domains as tentacles to tether incoming vesicles by contacting Rab GTPases (Sinka et 

al., 2008). 
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Figure II.10.  Model for tethering by Golgins. A. Since Golgins form a meshwork around the Golgi 
and because they harbor multiple binding sites for Rabs, it is currently believed that they behave like 
tentacles attracting incoming vesicles from donor compartments.  Golgins contain N-terminal GRIP 
domains, which bind Arfs and C-terminal coiled coils, which bind Rabs. (Yu and Hughson, 2010) B. A 
model of the entire Rab6-GCC185-Arl1 complex based on the crystal structures of Rab6-GCC185 and 
Arl1-GCC185.  Source:  Pictures taken from Yu and Hughson, 2010; Burguete et al., 2008. 
 

There are seven conserved multisubunit tethering complexes identified: COG 

(conserved oligomeric complex), CORVET, Dsl1, exocyst, GARP (Golgi associated 

retrograde protein complex), HOPS (homotypic vacuole protein sorting) and TRAPP 

(Transport protein particle complex) (Cai et al., 2007). Among these complexes, 

several have been shown to interact with Rabs.  One of the first large multisubunit 

complex – Rab interaction was identified in yeast between Sec4 and the Sec15 

subunit of the exocyst.  This interaction is important for vesicle tethering and 

polarized exocytosis at the bud tip (Guo et al., 1999).  Furthermore, in yeast, a subunit 

of COG interacts with the GTPase Ypt1p as well as the COPI coat to regulate 

recycling of Golgi resident enzymes to their rightful cisternae (Suvorova et al., 2002; 

Hutagalung and Novick, 2011). The Vps52 subunit of the GARP also interacts with 

Rab6 to regulate retrograde transport from the endosomes to Golgi (Liewen et al., 

2005; Siniossoglou and Pelham, 2001). Unlike other complexes, the TRAPP and 

HOPS complexes act as GEFs for Rab1 and Ypt7p (yeast orthologue of Rab7) 

respectively (Yamasaki et al., 2009; Wurmser et al., 2000).  However, it must be 

mentioned that the claim of HOPS mediated GEF activity on Ypt7p is a subject of 

recent controversy (Nordmann et al., 2010).  It has also been suggested that CORVET 

may act as a GEF on Vps21 (yeast orthologue of Rab5) (Peplowska et al., 2007). 
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 2.4.5 Role of Rab GTPases in vesicle fusion 

 SNAREs were believed to form the minimal machinery necessary for vesicle 

fusion.  In vitro, the neuronal SNAREs; Synaptobrevin-2, SNAP-25 and syntaxin-1, 

were shown to autonomously fuse membranes. However, these reactions displayed 

slow kinetics  (half-life of 10 minutes) and required relatively high concentrations of 

SNAREs (mg range) (Weber et al., 1998).  Since, in vivo, these reactions occur in the 

sub-millisecond time scale and given that as few as 3 SNARE complexes are needed 

for fast vesicle fusion, it is conceivable that additional factors are necessary for 

efficient neuronal membrane fusion (Katz et al. 1969; Mohrmann et al., 2010). 

Interestingly, in line with this argument, two recent studies have already provided 

evidence for the integral role of Rabs in endo-lysosomal homotypic fusion. Rab5 and 

its effectors, Rabenosyn-5 and Rabaptin-5, have been shown to be essential for 

synthetic endosomes fusion bearing endosomal SNAREs (Ohya et al., 2009). The 

yeast orthologue of Rab7, Ypt7p, and its GEF, the HOPS complex are necessary to 

drive fusion of proteoliposomes bearing yeast vacuolar SNAREs (Stroupe et al., 

2009).  It is important to note that even though Rabs are essential for fusion, it is 

likely through their interactions with tethering factors that they increase the efficiency 

and specificity of SNARE driven vesicle fusion. 

 

2.5 Integration of Rab function 

 Although many Rabs have been shown to localize to distinct compartments for 

their functions, it is clear that the number of Rabs far exceed the number of cellular 

compartments.  This leads to multiple Rabs localizing to the same compartment. This 

phenomenon has brought forth the concept of the fine localization of Rabs to 

microdomains and the maturation of these domains via Rab cascades (for a recent 

review see Stenmark, 2009).   

 

 2.5.1 Rabs form microdomains 

 Pioneering studies from Zerial and colleagues, showed, for the first time, that 

Rab4, Rab5 and Rab11 localize to distinct domains on endosomes (Sönnichson et al., 

2000). Early endosomes predominantly consist of Rab5 and Rab4 domains, with few 

Rab11 domains, whereas recycling endosomes contain mostly Rab4 and Rab11 
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Figure II.11.  Rabs localize to microdomains.  It has been shown that Rab proteins, which localize to 
the same compartment, often exist in microdomains.  This is seen with Rab4 and Rab5, which localize 
to microdomains on early endosomes.  It is also evident with Rab11 and Rab4 on recycling endosomes. 
Source: Picture taken from Sönnichson et al., 2000. 
 
 
domains (Fig. II.11) (Sönnichson et al., 2000). Through results from transferrin 

recycling assays, it was shown that newly endocytosed transferrin accumulates in 

Rab5-Rab4 positive compartments and then upon saturation enters the Rab11-Rab4 

positive compartments (Sönnichson et al., 2000). 

In an independent study, it was also revealed that Rab9 and Rab7 localize to 

distinct microdomains on late endosomes. It is believed that Rab9 positive 

microdomains function in M6P receptor recycling to the Golgi, whereas the Rab7 

microdomains continue on to undergo homotypic fusion (Barbero et al., 2002).  

Although it must be mentioned that a recent study established a role for Rab7 also in 

M6P receptor recycling to the Golgi via an interaction with retromer (Rojas et al., 

2008).  However, it is believed that there are two pools of Rab7, one pool of Rab7 

localized at the early endosomes in the proximity of Rab5 and another pool of Rab7 

localized at the late endosomes in the proximity of Rab9, which would explain these 

conflicting data. 
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 2.5.2 Rab conversion cascades 

 The existence of microdomains allows for the spatial segregation of Rabs on a 

single compartment.  This, in turn, permits efficient sorting of cargos. Recently, it has 

come to light that an individual Rab-microdomain can temporally mature into another 

Rab-microdomain.  This gives rise to the idea of compartmental maturation by Rab 

cascades. Rab conversion is a type of cascade where an individual Rab recruits the 

GEF of a secondary Rab thereby activating it and initiating the next trafficking step 

(Figure II.12) (Stenmark, 2009). Such cascades are thought to provide directionality 

in trafficking. 

 The first Rab conversion was described, in yeast, between the GTPases; 

Ypt31/32 and Sec4.  Ypt32/31 localizes to the late Golgi.  However, as secretory 

vesicles form at the TGN, Ypt32/31 recruits Sec2. Sec2 is a GEF, which subsequently 

recruits and activates its substrate Sec4. Sec4 labeled secretory vesicles then move 

towards their acceptor membrane (Ortiz et al., 2002). A second Rab conversion 

between Rab5 and Rab7 has also been elucidated.  Early Rab5 positive endosomes 

recruit the HOPS complex through an interaction between Rab5 and Vps41 (a subunit 

of HOPS).   Vps39, another subunit of HOPS harboring GEF activity, is thought to 

recruit and activate Rab7 allowing for maturation of early endosomes into late 

endosomes (Rink et al., 2005).  Recently a new complex named, Mon1-Ccz1 has been 

implicated in this conversion. Interestingly Mon1-Ccz1 binds and displaces Rabx5 

(GEF for Rab5) and in parallel binds to the Vps39 subunit of HOPS, perhaps 

contributing to the fidelity of this conversion (Poteryaev et al., 2010; Nordmann et al., 

2010).  

 

 

 

 

 

 

 

 
Figure II.12.  Model of a Rab conversion cascade. Rabs label compartments and as one compartment 
matures into another compartment, a specific label is exchanged for another through Rab cascades.  
Rab conversion occurs when an upstream Rab recruits the GEF of a downstream Rab. Source: Picture 
taken and adapted from Stenmark, 2009. 



PhD Thesis – Nikhil Sasidharan         II. Chapter 1: Introduction 

  22 

 2.5.3 Rab exclusion cascades 

 During the process of compartmental maturation, not only is it important to 

recruit a new Rab, but also to displace the previous upstream Rab. This is achieved by 

a process whereby the downstream Rab recruits a GAP to inactivate the upstream 

Rab. An example of such a cascade is seen also in yeast between Ypt1 and Ypt31. 

Early Golgi compartments labeled with Ypt1 eventually mature into Ypt31 positive 

compartments.  To accomplish this, Ypt31 recruits Gyp1, the GAP for Ypt1p, to 

exclude Ypt1 from Ypt31 positive membranes (Rivera-Molina and Novick, 2009). 

Figure II.13 illustrates how such a Rab exclusion cascade would look like.   

 

 

 

 

 

 

 

 

 
Figure II.13.  Model of Rab conversion and exclusion cascade. In a counter Rab exclusion cascade, 
a downstream Rab recruits the GAP for an upstream Rab to displace it and complete the maturation.  
The Rab conversion cascade is also depicted, as it is thought that both cascades occur in synchrony. 
Source: Picture taken from Stenmark, 2009. 
 

2.6 Cell-type specific functions of Rabs 

 Given the large number of Rabs, it was thought that they may be important for 

cell-type specific functions (Elferink et al., 1992). The first mammalian Rab genes 

were identified from rat brain and hence termed ras genes from rat brain (Rab) 

(Touchot et al., 1987).  Since then, many more studies have elucidated the role of Rab 

proteins in the brain.  A proteomic analysis of synaptic vesicles revealed a large 

number of Rabs on SVs (Takamori et al., 2006).  Furthermore, Rab3 and Rab27 have 

been shown to be important for SV exocytosis (Mahoney et al., 2006a; Yu et al., 

2008; Pavlos et al., 2010). It appears that the evolution of a nervous system has placed 

greater demands for regulated membrane trafficking.  Since neurons are highly 

polarized, these cells perhaps require a large number of Rabs to regulate their 
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function.  Interestingly, there still remain many neuronally expressed Rabs whose 

functions remain uncharacterized (Elferink et al., 1992; Olkkonen et al., 1994). 

 

2.7 Redundancy in Rab function 

 An important underlying theme in Rab function is redundancy, a strategy 

employed by the cell allowing multiple proteins to functionally replace each other and 

to efficiently modify a working mechanism.  This was first observed for Rab3.  There 

are four different genes encoding isoforms of Rab3: Rab3A, Rab3B, Rab3C and 

Rab3D.  All four isoforms are highly expressed in the brain (Schlüter et al., 2002).  

Knockout studies in mice revealed that deletions in a single Rab3 gene resulted in no 

visible defect in SV exocytosis.  Only when all four Rab3 genes are deleted, can a 

mild decrease in exocytosis be observed (Schlüter et al., 2004).  Rab27A and Rab27B, 

in mice, were also shown to regulate dense granule secretion from blood platelets in a 

partially redundant manner (Tolmachova et al., 2007). Lastly Rab8 and Rab10 were 

also shown to cooperate in basolateral sorting of VSV-G (Vesicular stomatitis virus 

glycoprotein) in MDCK cells. Co-depletion of both Rabs leads to missorting of VSV-

G to the apical membrane (Schuck et al., 2007). 
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III. AIMS 
 

 

 

 

 Rab GTPases are the major regulators of membrane trafficking in the cell.  

Considering that there are over 60 members encoded in the mammalian genome, very 

little is known about the function of the majority of Rab GTPases.  Where are they 

expressed?  How do they all localize with respect to each other?  Which effector 

proteins do they bind to? And how are their functions integrated? 

 Conducting a family-wide analysis of the Rab family in the mammalian 

system is a challenge.  This arises, not only due to the expanded family size, but also 

due to the inherent redundancy present in the system.  Additionally the generation of 

genetic tools for such a study would require significant time, before functional 

analyses could be performed. Therefore, we turned to the model organism 

Caenorhabditis elegans.  C. elegans nematodes have a relatively much smaller Rab 

family encoding 28 Rab members (Fig. III.1) (Pereira-Leal and Seabra, 2001). 

Additionally, a major advantage is that deletion mutants for 90% of the Rab genes are 

available for analyses. Considering also that C. elegans retains major mammalian 

tissue-types, is transparent for imaging and equipped with versatile genetic tools it 

was decided to conduct the family-wide characterization of RAB GTPases in C. 

elegans.   

The project is divided into 7 parts aimed at analyzing different properties of 

each C. elegans RAB.  (I) Firstly an expression pattern analysis was conducted to 

understand if RABs are expressed in a cell-type specific manner.  (II) Then, a detailed 

sub-cellular localization analysis was conducted in their respective tissues. (III) As a 

third step, the Rab deletion mutants were analyzed for insights into function.  Since it  
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Figure III.1. Comparison of the H. sapiens and C. elegans Rab families.  The human family 
encodes over 60 members, often with multiple isoforms for a single Rab.  This is observed with Rab3, 
for which there exists 4 isoforms: Rab3A, Rab3B, Rab3C and Rab3D.  The nematode Rab family is 
significantly smaller encoding only 28 members.  Often there is only one isoform per Rab and never 
more than two.  Source: Picture taken from Pereira-Leal and Seabra, 2001. 
 

has already been shown that Rabs function redundantly together, we anticipated that 

this would still hold true in C. elegans despite the smaller Rab family. (IV) Therefore 

we conducted synthetic RNAi screens to elucidate, which RABs cooperate together. 

(V) We are also analyzing the biochemical properties of individual RABs by studying 

their intrinsic rates of GTP hydrolysis and affinities for GTP/GDP (conducted in 

collaboration with Roger Goody, Max Planck Institute for Molecular Physiology in 

Dortmund).  (VI) As a sixth step we aimed to identify novel RAB effectors using a 

large scale yeast-2-hybrid approach (conducted in collaboration with Ralf Baumeister, 

Albert-Ludwigs-University in Freiburg).  (VII) As a final step, to understand how 

Rabs evolved in nematodes and other species, we are conducting a detailed 

phylogenetic analysis of Rabs over multiple organisms (conducted in collaboration  
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Figure III.2.  Schematic representation of project aims.   Information about the properties of each 
C. elegans RAB was collected by an analysis of its expression pattern and sub-cellular localization.  
This information was then used to analyze the rab mutants, followed by a synthetic RNAi analysis to 
determine which RABs function together.  In collaboration with other laboratories, we are currently 
also analyzing the biochemical properties of each RAB, screening through a yeast-2-hybrid approach 
for novel effectors and investigating how the Rab family evolved in multiple organisms. 

 

with Dirk Fasshauer, University of Lausanne). For the thesis, only data from the parts 

I – IV are included, as these were the parts that represented most of the author’s PhD 

work.  Parts V- VII were mostly initiated through collaborations and are currently 

ongoing. The aims of the project are summarized in Figure III.2.  

Additionally it must be mentioned that experiments for parts I and II were 

completed solely by the author, part III was done by the author and with help from 

other members of the lab (Christian Olendrowitz and Marija Sumakovic) and part IV 

was conducted by the author with assistance from a lab technician (Sabine Koenig).  

Experiments where the author received help are indicated in the figure legends. 

This study represents the first family-wide characterization of Rab GTPases 

within a model organism including an analysis of mutants.  This work will serve as a 

reference and catalogue for scientists in the field of membrane trafficking.   
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IV. RESULTS 
 
 
 
 
4.1 Expression pattern analysis of C. elegans RABs 

 The broad-scale analysis of the C. elegans RAB family was initiated by 

analyzing the expression patterns of each individual rab. For this purpose, a 

transcriptional promoter::gfp fusion approach was taken.  The upstream promoter 

region of each rab gene was PCR amplified and cloned by fusing it to green 

fluorescent protein (GFP). Promoter regions for C. elegans are typically defined as 

the genomic loci between the start codon of the gene of interest and the stop codon of 

the upstream gene (Boulin et al., 2006).  For this study, most promoter regions cloned 

were approximately 3 kb in size, and also incorporated 15-20 base pairs from the start 

of the rab gene. A 3’UTR is also necessary for expression. The classical 3’UTR from 

the unc-54 gene was used. All cloned promoters were injected into wild type animals 

to analyze GFP expression in all major C. elegans tissues (Fig IV.1, Fig. IV.2).  

 

 

 

 

 

 

 

 

 
 
Figure IV.1. Strategy for expression pattern analysis.  rab promoters were cloned and fused to GFP.  
The classical 3’UTR from the unc-54 gene was used (vector: pPD115.62). C. elegans retains many 
major tissue types found in vertebrates.  The expression of GFP in these tissues was analyzed for each 
Rab.  Source: Picture adapted from Altun and Hall, 2008) 
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Figure IV.2. Expression patterns of C. elegans rabs.  Transcriptional fusions of all rab promoters 
revealed that C. elegans rabs are differentially expressed in a tissue-specific manner. All animals are 
presented on an anterior to posterior axis.  The majority of rabs show preference for the nervous 
system and the intestine in adult animals. A few predicted rab genes displayed no promoter activity 
(rab-18.1, rab-y4 and rab-y5). Additionally, attempts to clone rab-1 and rab-y1 promoters were 
unsuccessful.  Scale bar represents 200 µm. 
 

Primary expression pattern analysis revealed that rabs are differentially 

expressed in C. elegans.  Some rabs, such as rab-5, rab-6.1, rab-6.2, rab-8, rab-10 

and rab-11.1 were ubiquitously expressed in all tissues. Almost all rabs were 

expressed in neurons.  The second major RAB containing tissue was the intestine.  

Additionally, some rabs displayed very specific expression patterns.  For example, 

rab-28 expression was restricted to a sub-type of neurons; the ciliated sensory 

neurons. The expression of rab-30 was observed only in the glial sheath cells of the 

worm. rab-21 and rab-y6 were specifically expressed in the intestine.  Interestingly 

rab-18, rab-y4, rab-y5 promoters did not display any activity.  Therefore, from this 

point onwards rab-18.2 was denoted as rab-18, rab-y4 and rab-y5 were regarded as 

non-functional pseudo-genes. Attempts to amplify these from a cDNA library also 
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failed, further suggesting that they were not expressed. The original number of 

predicted rab genes was annotated at 31.  After this expression pattern analysis, it was 

confirmed that there are a total of 28 rab genes expressed in C. elegans. 

All the primary expression pattern data was tabulated to create a list of each 

rab matched with the respective tissues in which it is expressed (Table IV.1).   It is 

important to note that the promoters of rab-1 and rab-y1 could not be amplified by 

PCR.  Information on their expression patterns was available on www.wormbase.org 

from an ongoing genome wide promoterome project and incorporated into Table IV.1.   

 
Table IV.1. Tabulated representation of expression pattern data 

 *Indicates that the promoters for these genes could not be cloned.  The expression 
pattern data was consequently extracted from wormbase (www.wormbase.org) 
CC: Coelomocytes and H-cell is the same as the excretory cell. 
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4.2 Sub-cellular localization analysis of C. elegans RABs in neurons 

 Since the expression pattern analysis revealed that the majority of RABs are 

expressed in the nervous system, it was decided to analyze the sub-cellular 

localization of these RABs in neurons.  For this purpose, all RABs were cloned with 

an N-terminal fusion to red fluorescent protein (mCherry/tagRFP) and expressed 

under a neuron specific promoter (rab-3 promoter).  These constructs were then co-

injected with different compartmental markers (Figure IV.3). MANNS II-YFP 

(Mannosidase II) was used as a marker for the Golgi. GFP-2xFYVE was used as a 

marker for early endosomes. CTNS-1-YFP was used as a marker for lysosomes.  

GFP-RAB-6.1 was used as a marker for TGN and endosomes (Eimer et al., 2007; 

Roggo et al., 2002). 

 

 

 

 

 

 

 

 

 

 
Figure IV.3. Strategy for sub-cellular localization analysis.  All rab genes were cloned and N-
terminally fused with mCherry/tagRFP.  The fusions were expressed in neurons under the rab-3 
promoter. Compartmental markers for Golgi, endosomes, and lysosomes were fused to GFP/YFP and 
co-injected to assess co-localization.  Source: Picture adapted from Altun and Hall, 2008 
 

Most neuronally expressed RABs were well localized to the Golgi (Fig. IV.4). 

RAB-6.1 and RAB-6.2 colocalized with the TGN and endosomes. RAB-8 and RAB-

10 displayed partial overlap with Golgi and endosomal markers. RAB-14 showed a 

strong co-localization with RAB-6.1. RAB-35 appeared to localize specifically to 

neurites and neuronal processes.  We are currently testing its localization relative to 

cytoskeletal markers. RAB-3, RAB-10, RAB-27 and RAB-37 showed strong overlap 

with synaptic marker proteins (data not shown). RAB-7 and RAB-28 were specific to 

late endosomes and lysosomes. There were a few RABs, which showed only partial  
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Figure IV.4. Sub-cellular localization of C. elegans RABs in nervous system. Each row represents 
1-3 neuronal cell bodies, generally imaged from the VNC. Only RAB-30 was imaged in glial cells due 
to its restricted expression pattern. The C. elegans RABs localize to distinct compartments.  Many 
show a pattern of preference for the Golgi. Images for RAB-2 were kindly provided by Marija 
Sumakovic. Scale bar represents 5 µm.   
 
colocalization to the Golgi: RAB-1, RAB-18, RAB-Y2 and GLO-1. Additionally the 

RAB-Y1 and RAB-37.1 showed no colocalization with the Golgi.  More markers 

need to be tested to fine map the localizations of these RABs. 
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All primary data from the sub-cellular localization analysis of RABs in the C. 

elegans nervous system was tabulated and is represented in Table IV.2.  Please note 

that additional markers were tested that are not depicted in Fig IV.4, but are described 

in Table IV.2. 

 
Table IV.2. Tabulated representation of sub-cellular localization data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To investigate the localizations of C. elegans RABs in non-neuronal tissues, 

we are collaborating with Barth Grant at Rutgers University, New Jersey, USA. The 

Grant lab is currently analyzing the localization of several RABs in the intestine.   

 

4.3 Functional analysis of rab mutants  

 The expression pattern data also suggested that most C. elegans Rab proteins 

must function in modulating nervous system function.  Since, nematodes display 

several robust nervous system mediated behaviors it was decided to systematically 

assay these behaviors with the rab mutants that were available.  Figure IV.5 shows  
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Figure IV.5. Gene structures of all rabs. The gene structures of all rab genes are depicted.  Exons are 
shown as blocs and introns as connecting lines. Lethal genes are highlighted with red exons. The 
deletion alleles used in this study are underlined in red below the respective gene. Only mutants with 
nonsense mutations were available for rab-3 and glo-1. No Mutants for rab-30, rab-y2 and rab-y6 were 
available. Although rab-7 is lethal, it is a maternal effect lethality, which allows one generation to be 
assayed. Sizes of the deletions and official allele names are described in the appendix. 
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the gene structures of all the C. elegans rab genes, along with a depiction of which 

mutants were available for analysis and which mutants were lethal. 

 

 4.3.1 Movement analysis 

 C. elegans movement is a complex behavior, which is coordinated by the 

neuro-muscular system.  The body wall muscles of C. elegans run in eight quadrants 

along the nerve cords of the animal.  Four quadrants flank the dorsal nerve cord and 

four quadrants flank the ventral nerve cord (Fig. IV.6). There are 6 major classes of 

motor neurons, which are responsible for locomotion: VA, VB, VD, DA, DB and DD  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure IV.6. The neuro-muscular system of C. elegans.  A. C. elegans has a ventral and dorsal nerve 
cord, which run through the length of the animal’s body. B.  A cross-section of the animal reveals that 
the body wall muscles important for movement run as four quadrants flanking each nerve cord C. All 
motor neurons are located in the VNC.  VA, VB and VD neurons form neuro-muscular junctions 
(NMJs) with the ventral muscles and DA, DB and DD neurons form NMJs with the dorsal muscles.  
Worms move in a sinusoidal fashion.  This is achieved by stimulation of muscles on one side of the 
animal, along with simultaneous inhibition of the muscles on the contralateral side (Schuske et al., 
2004).  Source:  Pictures for A. and B. were provided by Stefan Eimer. Image for C was adapted from 
Schuske et al., 2004. 
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(von Stetina et al., 2006). The cell bodies of all these neurons are located in the 

ventral nerve cord (VNC).  VA, VB, and VD form synapses with adjacent muscles in 

the VNC, whereas DA, DB and DD sent contralateral commissures to form synapses 

at the dorsal nerve cord (DNC) (Riddle et al., 1997). 

 The VA, VB, DA and DB motor neurons are cholinergic, whereas the VD and 

DD motor neurons are γ-Aminobutyric acid (GABA)ergic. Nematodes move in a 

sinusoidal fashion.  This movement is mediated by the simultaneous contraction and 

relaxation of the ventral and dorsal muscles.  The VB motor neurons activate muscles 

on the ventral side, and in parallel activate the DD motor neurons, which relax the 

muscles on the dorsal side.  On the other hand, the DB motor neurons activate 

muscles on the dorsal side, and in parallel activate the VD motor neurons to relax the 

muscles on the ventral side (Figure IV.6) (von Stetina et al., 2006).   

 To assess if the rab mutants were capable of coordinated movement, we 

measured their movement rates.  This was done by counting the number of sinusoidal 

body bends per minute (Figure IV.7). Wild type animals displayed a rate of 23.47 ± 

0.72 body bends per minute.  rab-2 mutants were severely uncoordinated and had an 

average rate of 11.98 ± 0.46 body bends per minute.  rab-2 was previously identified 

in a screen for uncoordinated mutants and is hence also called unc-108 (Brenner, 

1974). All other rab mutants displayed normal rates of locomotion. 

 

 

 

 

 

 

 

 
 
 
Figure IV.7. Movement analysis of rab mutants.  The movement of all rab mutants was analyzed by 
measuring their body bends per minute.  rab-2 mutants are strongly uncoordinated.  All other rab 
mutants display normal locomotion.  At least N = 10 animals were tested per strain. Error bars = SEM 
(***, P < 0.005; ANOVA with Bonferroni post test). Source: This experiment was conducted by the 
author, Marija Sumakovic and Christian Olendrowitz. 
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4.3.2 Defecation motor program analysis 

 Another stereotypic behavior of C. elegans regulated by the nervous system is 

defecation. The defecation motor program of C. elegans occurs through a series of 

defined stages: The first stage involves the contraction of the posterior body muscles 

(pBoc), where the intestinal contents are pushed to the head. This stage is then 

followed by an anterior body contraction (aBoc), where the intestinal contents are sent 

back to the tail.  The last step is the enteric muscle contraction (Emc), where the anus 

is opened to allow contents to be released (Fig. IV.8). This cycle occurs 

approximately every 45-50 seconds, when animals are kept on food. Cycle length is 

thought to be controlled by the intestine.  Two neurons are important for Emc: DVB 

and AVL (Schuske et al., 2004).  These neurons form atypical excitatory GABAergic 

synapses onto the anal depressor muscles. Ablation of AVL and/or DVB neurons 

abolishes the Emc and leads to accumulation of feces in the intestine (McIntire et al., 

1993).   

To investigate if RABs are involved in regulating the defecation motor 

program, we tested the rab mutants for defects in defecation (Fig. IV.9). Two 

different parameters were measured: the length of the defecation cycle (time between 

subsequent pBocs) and the expulsion efficiency (ratio of expulsions to pBocs). Wild 

type animals had a cycle length of 46.13 ± 0.80 sec and a 100% expulsion efficiency.  

rab-6.2, rab-7, rab-8, rab-18 and rab-35 mutants displayed over 10% increases in 

 

 

 

 

 

 

 

 

 

 

 
Figure IV.8. The defecation motor program. A. C. elegans defecation occurs in three steps: pBoc, 
aBoc and Emc.  The cycle repeats itself approximately every 50 seconds when animals are on food  B. 
Two neurons, AVL and DVB control the Emc by synapsing onto the anal depressor muscles. Source: 
Pictures taken from Schuske et al. 2004.   



PhD Thesis – Nikhil Sasidharan  IV. Chapter 1: Results 
 

  37 

  

 

 

 

 

 

 

 

 
 

Figure IV.9. Defecation analysis of rab mutants.  Defecation was analyzed by measuring the average 
cycle length (the time taken between pBocs). Additionally the expulsion efficiency for each mutant 
was measured.  Green indicates no defect in expulsion efficiency, yellow indicates a mild defect and 
red indicates a severe defect. At least N = 10 animals were per strain were tested.  Error bars = SEM 
(***, P < 0.005; **, P < 0.01; ANOVA with Bonferroni post test). Source: This experiment was 
conducted by the author, Marija Sumakovic and Christian Olendrowitz. 
 
cycle length compared to wild type animals. rab-10 and rab-27 mutants displayed 

over 10% decreases in cycle length.  Many rab mutants displayed defects in expulsion 

efficiency.  rab-27 mutants displayed the strongest defect in expulsion with an 

efficiency of 0.02 ± 0.01 %. Other severely affected mutants were rab-2 (63.76 ± 0.07 

%),  rab-7 (58.89 ± 0.11 %), rab-10 (54.35 ± 0.09 %), rab-19 (55.72 ± 0.07 %), rab-

28 (51.38 ± 0.05 %)  and rab-35 (69.82 ± 0.03 %). 

 

 4.3.3 Egg-laying analysis 

 Another nervous system mediated behavior is egg-laying. Newly fertilized 

eggs remain in the uterus for 2-3 hours before being released from the vulva. The egg-

laying behavior is mediated by a pair of motor neurons called the hermaphrodite 

specific neurons (HSNs). HSNs form serotonergic synapses with the vulval muscles.  

Ablation of these cells leads to defects in the frequency of egg-laying.   Since these 

animals can still lay eggs, it is thought that they also co-release a secondary 

neurotransmitter (Schafer, 2005).  In addition, VC motor neurons of the VNC are also 

important for the regulation of egg-laying (Waggoner et al., 1998).  

Eggs can be categorized into three developmental stages: 0-8 cell stage, 8 cell 

to comma stage and postcomma stage.  In wild type animals, the majority of laid eggs 

are in the 8-cell to comma stage. Egg-laying defective animals retain their eggs longer 

in the uterus and therefore lay more eggs in the postcomma stage.  To investigate if  
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Figure IV.10. Egg-laying analysis of rab mutants. To assess egg-laying behavior, the eggs were 
divided into three developmental stages: 0-8 cell stage, 8 cell-comma stage and postcomma stage.  In 
wild type animals the majority of laid eggs are in the 8 cell-comma stage.  Some rab mutants displayed 
severe defects in egg-laying by laying over 30 % of their eggs in the postcomma stage. N = 20 animals 
per strain were tested. Source: This experiment was conducted by the author and Marija Sumakovic. 
 

RABs are important in serotonergic neurons to modulate egg-laying, the distribution 

of eggs in these three stages was analyzed (Fig IV.10).  rab-2, rab-10 and rab-27 

animals displayed the strongest egg-laying defects. rab-2 mutants laid 33.33 %, rab-

10 mutants laid 70.59 %  and rab-27 mutants laid 37.50 % of their eggs in the 

postcomma stage. rab-8, rab-28, rab-y1 and glo-1 displayed milder egg-laying 

defects by retaining 10-20% of their eggs in the postcomma stage. All other rab 

mutants appeared to display normal egg-laying behavior. 

 

4.4 Pharmacological analysis of synaptic transmission  

It has been previously shown that rab-3 mutants are important for tethering of 

SVs at neuronal synapses (Nonet et al., 1997).  In order to identify if other neuronally 

expressed RABs are involved in regulating synaptic transmission, we made use of an 

aldicarb-based pharmacological assay. 

 

 4.4.1 Aldicarb sensitivity 

 Aldicarb is an inhibitor of acetylcholinesterase (AChE), which breaks down 

acetylcholine (ACh) in the synaptic cleft. Aldicarb exposure creates a build-up of 

ACh leading to hyper-stimulation of postsynaptic ACh receptors at the neuro-
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muscular junction (NMJ).  This ultimately leads to hyper-contraction of muscles and 

death of animals (Fig IV.11) (Mahoney et al., 2006b).  

 The rab mutants were analyzed for their responses to aldicarb.  Animals were 

exposed to 2 mM aldicarb and then observed after 90 minutes.  The percentage of 

paralyzed worms in the population was measured.  After exposure, 39.81 ± 3.34 % of 

wild type animals were paralyzed. rab-3, rab-14 and rab-27 animals were 

significantly resistant to aldicarb with only 13.00 ± 3.51 %, 10.00 ± 5.77 % and 6.53 

± 3.85 % animals paralyzed respectively.  rab-2, rab-6.2, rab-8, rab-35 and rab-y1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

 
 
 
Figure IV.11. Analysis of synaptic transmission through responses to aldicarb. A.  Aldicarb is an 
inhibitor of AChesterase.  C. elegans animals, which are exposed to aldicarb, accumulate acetylcholine 
at the synaptic cleft of NMJs eventually leading to hyperstimulation of ACh receptors and subsequent 
death by hyper-contraction (Mahoney et al., 2006b).  B. Percent paralysis of the rab mutants to 2 mM 
aldicarb after 90 minutes of exposure was measured.  Several rab mutants were resistant to aldicarb, 
while others were hypersensitive. N = 30 animals per strain were tested. Error bars = SEM (**, P < 
0.01; *, P < 0.05 Student’s t test; all strains were compared with wild type). Source: This experiment 
was done by the author and Marija Sumakovic. Picture A. was kindly provided by Marija Sumakovic. 
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were hypersensitive to aldicarb with 87.78 ± 6.12 %, 100.00 ± 0.00 %, 76.67 ± 6.67 

%, 90.00 ± 5.77 % and 69.64 ± 3.71 % animals paralyzed respectively (Fig. IV.11). 

 

4.4.2 Levamisole sensitivity 

The results of aldicarb sensitivity assays indicated that there were several rab 

mutants with defects in synaptic transmission.  In order to elucidate whether these 

defects were a consequence of a perturbed postsynapse, the rab mutants were tested 

for sensitivity to levamisole.  Levamisole is an agonist of a subgroup of nicotinic ACh 

receptors (nAChRs) at NMJs.  Upon exposure to levamisole, animals hyper-contract 

and die (Fig.IV.12) (Lewis et al., 1980). An animal’s response to levamisole is largely  

 

                                            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure IV.12. Analysis of synaptic transmission through responses to levamisole. A. Levamisole is 
an agonist of ACh receptors.  C. elegans animals, which are exposed to levamisole, undergo hyper-
activation of ACh receptors and subsequent death by hyper-contraction (Lewis et al., 1980). B. Percent 
paralysis of the rab mutants to 1 mM levamisole after 80 minutes of exposure was measured.  Several 
rab mutants were resistant to levamisole, while others were hypersensitive. N = 30 animals per strain 
were tested. Error bars = SEM (***, P < 0.005; **, P < 0.05; *, P < 0.01; Student’s t test; all strains 
were compared with wild type). Source: This experiment was done by the author and Marija 
Sumakovic. Picture A. was kindly provided by Marija Sumakovic. 
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dependent on the number, integrity and clustering of postsynaptic ACh receptors 

(Eimer et al., 2007; Gally et al., 2004). The effect of levamisole on the rab mutants 

was analyzed. Animals were exposed to 1 mM levamisole and then observed after 80 

minutes.  The percentage of paralyzed worms in the population was measured.  

Levamisole causes 50 ± 5.77 % of wild type animals to paralyze. rab-14, rab-18 and 

rab-37 mutants were resistant to levamisole with only 15.25 ± 3.23 %, 29.83 ± 5.23 

% and 29.73 ± 1.84 % of animals paralyzed respectively. rab-2, rab-6.2 and rab-10 

were hypersensitive to levamisole with 100.00 ± 0.00, 100.00 ± 0.00 and 89.68 ± 5.20 

% animals paralyzed respectively (Fig. IV.12). 

 

4.5 Analysis of ciliated sensory neurons in rab mutants 

 Among the 302 neurons present in C. elegans, a significant number (60) are 

ciliated sensory neurons dedicated to sensing the external environment (Heiman and 

Shaham, 2007).  Since the RABs are expressed in the nervous system and are 

important regulators of membrane trafficking, we reasoned that they may regulate 

either the formation of these ciliated sensory neurons or the function of these neurons.  

 

4.5.1 DiI staining of amphids and phasmids  

To assess the integrity of the chemosensory neurons, we took advantage of 

DiI.  DiI is a lipophilic dye that fills specifically the amphid sensory neurons in the 

head and also the phasmid sensory neurons in the tail.  The mechanism of dye uptake 

is not clearly understood, but it is thought to enter via the endings of the ciliated 

sensory neurons, which are open to the environment. Figure IV.13 shows the 

anatomical location of the amphids and phasmids (Tong and Bürglin, 2010).    

All the rab mutants were stained with DiI and their amphids and phasmids 

neurons were imaged (Fig. IV.14).  dyf-11 was used as a control because these  

 

 

 

 

 
Figure IV.13. Anatomic depiction of C. elegans chemosensory neurons. The amphid neurons are 
located in the head and the phasmid neurons are located in the tail of the worm.  Both sets of neurons 
are readily stained by DiI, which migrates up the sensory openings.  Source: Picture taken and adapted 
from Bargmann, 2006.  
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Figure IV.14. DiI staining of rab mutants. A. DiI staining of the amphid sensory neurons revealed 
that the morphology of these neurons and their ability to uptake external dyes was intact in all rab 
mutants. Bar represents 60 µm. B. DiI staining of the phasmid sensory neurons revealed that the 
morphology of these tail neurons was largely unaffected in rab mutants. Interestingly, only rab-2 
mutants appeared to have a strong defect in phasmid dye uptake.  Bar represents 60 µm. 
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mutants have a severe failure to uptake DiI (Bacaj et al., 2007). Interestingly, the rab-

2 mutants had a defect in the uptake of DiI in the phasmid sensory neurons. Aside 

from rab-2 all other rab mutants did not display any obvious abnormalities in dye 

filling. 

 

4.5.2 Analysis of amphid neuron function 

Despite normal morphology, it is still possible that these neurons are impaired 

in their function. Therefore, we tested the responses of the amphid neurons to 

chemical substances. C. elegans displays attraction and avoidance responses to a 

variety of substances. Among these, copper creates a robust avoidance response 

through the ASH sensory neuron and isoamyl alcohol creates a robust attraction 

response through the AWC sensory neuron (Bargmann, 2006). A qualitative assay 

was set up to test these two responses.  Unseeded plates with a line of 150 mM CuSO4 

drawn through the middle were prepared.  Strains of interest were then spotted to one 

half of the plate and a drop of isoamylalcohol (1:10) was spotted onto the other half of 

the plate (Fig. IV.15) (Wicks, 2000).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure IV.15. Responses of rab mutants to copper and isoamyl alcohol. A. An attraction/avoidance 
assay was set up to chemosensory responses of the rab mutants. Plates lined with 150 mM CuSO4 
were prepared.  Animals were placed on one half of the plate and a drop of isoamyl alcohol (1:10) was 
placed on the opposite side.  After 45 minutes, the animals that crossed the copper line were 
qualitatively assessed. B. All Rab mutants were tested with this assay.  They displayed mostly normal 
sensory responses to copper and isoamyl alcohol.  rab-10 mutants displayed a mild defect in avoiding 
copper. ++ Indicates at least 40% of the population crossed the copper line and + indicates between 10-
20 % of population crossed the copper line. Source: Picture was originally prepared by Alejandro 
Mendoza (lab rotation student). 
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The number of animals, which crossed the line of copper, was then assessed 

qualitatively.  All rab mutants were normally attracted to isoamyl alcohol and avoided 

copper.  rab-10 mutants displayed a mild defect in sensing copper. 

 

4.6 Synthetic RNAi analysis of rab mutants   

 Strikingly, most functional assays revealed that rab mutants are healthy and 

have fairly mild phenotypes.  We reasoned that this is most likely due to redundancy 

in RAB function.  To understand, which RABs overlap in their function a synthetic 

RNAi screen was conducted.  For this purpose, all rab mutants were crossed into an 

RNAi hypersensitive strain (either eri-1 or rrf-3: to increase RNAi efficiency) and 

then co-depleted by RNAi with the remaining 27 Rabs. Initially the rrf-3 strain was 

used.  However, due to the sickness in this background, the healthier eri-1 strain was 

used.  Furthermore, RNAi potency appeared stronger with eri-1 as judged by the 

recapitulation of known phenotypes. Synthetic phenotypes were then scored 

independently by two observers.  All synthetic interactions are displayed in Fig IV.16.  

A large variety of interactions were observed including synthetic lethality, 

uncoordinated behavior, egg-laying defects, sterility etc.  For example rab-8 and rab-

10 displayed reciprocal synthetic lethality. rab-6.1 and rab-6.2 were also observed to 

be synthetically lethal.  rab-3 and rab-21 were also synthetically lethal, as were rab-

19 and rab-21.  Furthermore, rab-35 was uncoordinated when co-depleted with rab-7.  

This was further verified by analysis of the double mutants (data not shown).  The 

rab-3; rab-27 double mutant displayed synthetic uncoordinated behavior with rab-37.  

Interestingly, among all the mutants that were screened, rab-2 mutants showed the 

largest number of genetic interactions with other rabs. 
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Clr : clear body    Dpy : dumpy       Egl-c : egg-laying constitutive 
Egl-d : egg-laying defective   Emb : embryonic lethal      Gom : gut out morphology 
Gon : gonad defect   Gum : gut morphology abnormal   Let : lethal 
Lon : long body size   Muv : Multi vulva    Pvul : protruding vulva 
Qui : quick growing   Sik : sick     Slo : slow growing 
Sma : small body size   Ste : sterile     Thin : Thin 
Unc : uncoordinated     
 
Figure IV.16. Synthetic RNAi screen with rab mutants. Each rab mutant was crossed into either the 
eri-1 or rrf-3 RNAi hypersensitive background. Initially the rrf-3 background was used, but because 
these animals were relatively unhealthy, we chose to use the healthier eri-1 background.  Furthermore 
the potency of RNAi, as judged by specific phenotypes, was stronger in the eri-1 background. The 
majority of rab mutants are in the eri-1 background, unless otherwise indicated. Each rab mutant was 
co-depleted with the remaining 28 rabs via feeding RNAi.  Additionally a rab-3; rab-27 double mutant 
was also screened. Two independent observers scored phenotypes.  All phenotypes are described by 
their three letter acronyms, which are explained in the legend. 
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V. DISCUSSION 
 
 
 
 
5.1 The C. elegans genome encodes 28 differentially expressed rabs  

 Rabs are the largest family of small GTPases. With over 60 members encoded 

in the human genome, they are involved in multiple steps of membrane trafficking.  

Despite, the large family size, relatively little is known about these proteins.  In order 

to gain insights on rab function we exploited the model organism C. elegans.  Being a 

genetically tractable organism, with a short generation time, it provided several 

advantages in contrast to other model organisms.  Furthermore, mutants for 90% of 

the rabs were available for analysis.  

In C. elegans, originally it was predicted that there are 31 rab open reading 

frames expressed (www.wormbase.org). This study was initiated through a systematic 

analysis of the expression patterns of each of these 31 genes.  By analyzing the 

promoter activity of these genes, it was determined that there are only 28 actively 

expressed rab genes in C. elegans. rab-18.1, rab-y4 and rab-y5 did not reveal any 

expression and appear to be pseudogenes. The expression of these genes in other 

developmental stages also revealed no expression, nor could these genes be amplified 

out of a cDNA library. Interestingly, rab-y4 and rab-y5 have high similarity to rab-2 

suggesting that they are possibly recent duplications, which have not become active.  

Alternatively, it is also possible that these genes are expressed in very low levels, or 

that longer promoter constructs incorporating additional regulatory elements are 

necessary to observe expression. An RT-PCR experiment to measure mRNA levels of 

rab-y4 and rab-y5 would help to detect low-level expression. 

An important finding from the expression pattern analysis was that although 

some rabs were ubiquitously expressed, the majority was expressed in a tissue 

specific manner.  When comparing with the mutants available, it was observed that 
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most of the ubiquitously expressed rabs (rab-1, rab-5, rab-6.1, rab-7 and rab-11.1) 

were lethal when depleted suggesting that these have a more general role in 

membrane trafficking.  Furthermore, the orthologues of these rabs have been shown 

in the mammalian system to be essential regulators of trafficking (Nuoffer et al., 

1994; Stenmark et al., 1994; Martinez et al., 1994; Feng et al., 1995; Ullrich et al., 

1996).  The nervous system expressed the highest number of RABs in C. elegans.  

Due to the highly polarized nature of neurons, it is likely that they have a greater 

demand for regulated membrane trafficking than other cell-types.  In line with our 

results, an alternative approach to study neuronally expressed genes in C. elegans via 

microarray profiling also identified many RABs (von Stetina et al., 2007). 

Furthermore studies in H.sapiens and D. melanogaster, have also showed that many 

Rabs are tissue-specific and enriched in the nervous system (Takamori et al., 2006; 

Pavlos et al., 2010; Elferink et al., 1992; Olkkonen et al., 1994; Zhang et al., 2007).  

Among the neuronally expressed rabs, rab-3, rab-27 and rab-37 were the 

most specific. Interestingly, when looking at the C. elegans rab phylogenetic tree, 

these RABs fall into the functional group III by virtue of their similar structures 

(Pereira-Leal and Seabra, 2001). This suggests that these three Rabs coordinate 

together in regulating neuronal membrane trafficking.  Interestingly, it has already 

been shown that two of these Rabs: RAB-3 and RAB-27 function together in SV 

exocytosis in C. elegans (Mahoney et al., 2006a).  

 The expression patterns of rab-28 and rab-30 were particularly interesting 

because they were restricted to just a few cells.  rab-28 was identified to be expressed 

only in a subset of neurons, the ciliated sensory neurons (amphids and phasmids). 

rab-30 was found to be expressed only in the glial sheeth cells which ensheath the 

amphid and phasmid neurons. These expression patterns suggest that these RABs play 

a role in the formation of sensory organs or in the trafficking of specific cargos in 

these cells.  Interestingly, rab-28 mutants did not display any obvious defects in 

sensory neuron function.  However, preliminary data suggests that, when RAB-28 is 

co-depleted with RAB-Y3 or RAB-Y6, a defect in avoiding copper was identified 

(data not shown). Copper avoidance is mediated by the alpha subunit of a G-protein 

coupled receptor (GPCR), GPA-3, which is specifically expressed by the ASH 

chemosensory neuron (Bargmann, 2006).  It is possible that RAB-28, RAB-Y3 and 

RAB-Y6 may be involved in the transport of the GPCR involved in copper sensation. 

Unfortunately, a rab-30 mutant was not available for analysis. 
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5.2 Multiple RABs localize to the Golgi in neurons 

 An important task to understanding RAB function is to identify which 

compartments they localize to.  Since many of the C. elegans RABs were expressed 

in neurons, we decided to systematically analyze their sub-cellular localizations in 

these cells.  Results revealed that RABs localize to distinct compartments in neurons.  

For example RAB-1 and RAB-2 localized to the Golgi, RAB-6.1, RAB-6.2 and RAB-

14 localized to the TGN-endosomal interface, RAB-5 localized to 

endosomes/synapses, RAB-3, RAB-27, RAB-37 localized to the Golgi/synapses and 

RAB-28 localized to lysosomes. Despite the varied localization patterns, surprisingly 

a lot of RABs also showed partial or full co-localization with the Golgi.  Since the 

Golgi is a major hub of intracellular trafficking, where most cargos travel through, it 

would make sense that many RABs are required to ensure efficient sorting.  The 

precise localization of some of the RABs (RAB-1, RAB-8, RAB-10, RAB-18, RAB-

Y1, RAB-Y2 and GLO-1) could not be identified, as they showed only partial or no 

overlap with the markers tested.  A tempting idea would be that some of these label 

novel compartments. 

 When compared with their mammalian orthologues, C. elegans RABs display 

conserved localization patterns. In agreement with our study, a recent analysis of the 

localization of Rabs in primary hippocampal neurons showed that many Rabs are 

localized to the perinuclear region most likely at the Golgi or endosomes (Pavlos et 

al., 2010). Additionally, Rab3 and Rab27 have been found to localize to synapses, 

Rab5 has been reported to localize to endosomes, Rab6 and Rab14 were shown to 

localize to the TGN-endosomal system (Griffiths et al., 1994; Pavlos et al., 2010; 

Stenmark et al., 1994; Mallard et al., 2002; Junutula et al., 2004). 

 Second to the nervous system, the C. elegans intestine expressed the largest 

number of Rabs. We are currently analyzing the localization of these intestinally 

expressed Rabs with the help of Barth Grant at Rutgers University, New Jersey, USA. 

 

5.3 RAB function in the C. elegans nervous system 

 

 5.3.1 Role of RABs in regulating simple behaviors 

 After having established that RABs are predominantly found in neurons, we 

attempted to analyze their functions in these cells.  This was carried out first by 

assaying several nervous system controlled behaviors: movement, defecation and egg-
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laying. Movement is controlled by a set of cholinergic and GABAergic motor neurons 

that function in parallel together (Fig. IV.6). Analysis of rab mutants showed that 

only rab-2 mutants were defective in movement. It has recently been shown that the 

movement defect of rab-2 mutant animals arises from a defect in dense core vesicle 

signaling (Sumakovic et al., 2009; Edwards et al., 2009).  

Analysis of defecation revealed that a number of rab mutants had a severe 

decrease in expulsion efficiency. Among these were rab-2, rab-7, rab-10, rab-19, 

rab-27, rab-28 and rab-35 mutants. rab-27 also called aex-6 (aboc expulsion 

defective) has been previously identified in a screen for Aex mutants, but the precise 

role of RABs in regulating expulsion is unclear (Thomas, 1990).  Expulsion is 

controlled by two motor neurons DVB and AVL (Fig. IV.8). It has been suggested 

that RAB-27 functions in the intestine to regulate the secretion of neuropeptides, 

which consequently activate the excitatory GABAergic DVB and AVL motor neurons 

(Mahoney et al., 2008).  It is possible that additional RABs could participate together 

with RAB-27 to fine-tune this process. Since rab-27 is also expressed in the nervous 

system and since it has been shown to be involved in synaptic vesicle exocytosis, it is 

possible that RAB-27 regulates the secretion of GABA directly from the DVB and 

AVL neurons.  In such a scenario, the expulsion defective RABs, which were 

identified in this study, may also work alongside RAB-27 in SV exocytosis.  

   The length of the defecation cycle was also measured for each rab mutant 

and several mutants displayed increased cycle length while others had shorter cycle 

lengths. It has been demonstrated that cycle length is controlled by a calcium 

dependent mechanism.  In synchrony with the pBoc, albeit occurring slightly earlier 

in time are a series of calcium transients in the intestine (Branicky and Hekimi, 2006).   

Mutations in an ER localized Inositol(1,4,5)trisphosphate (IP3) receptor (ITR-1), 

displayed a loss of intestinal calcium transients and a consequent increased cycle 

length.  Overexpression of ITR-1 led to shorter cycles (Dal Santo et al., 1999).  

Additional genes involved in the generation of IP3 such as phospholipase C (PLC) 

have also been implicated in regulating cycle length (Espelt et al., 2005). Rab 

GTPases have been shown to directly interact with phosphoinositide kinases and 

phosphatases (Shin et al., 2005; Stenmark, 2009). As a result of these interactions, 

they modulate the phosphoinositol pools in the cell.  It is possible that rab mutants 

may change the levels of Phosphoinositol (4,5) bisphosphate (PIP2).  Since PIP2 is a 

precursor for the formation of IP3, changes in PIP2 levels may affect the length of the 
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defecation cycle.  Interestingly rab-3, rab-6, rab-8, and rab-35 mutants displayed an 

increase in cycle length.  The mammalian orthologues of these Rabs were shown to 

bind the inositol-polyphosphate 5-phosphatase, OCRL (Oculocerebrorenal syndrome 

of Lowe) (Fukuda et al., 2008).  

 Movement and defecation are primarily controlled by cholinergic and 

GABAergic neurons. To verify if RABs were also important in regulating monoamine 

transmitter release, we tested the rab mutants for defects in egg-laying.  Egg-laying is 

mediated by the hermaphrodite specific neurons (HSNs) as well as VC neurons, both 

of which secrete serotonin (Schafer, 2005).  The egg-laying assay revealed that rab-

10 mutants displayed the strongest egg-laying defect.  It is possible that RAB-10 may 

either regulate the development of the HSN and VC cells or be directly involved in 

the secretion of serotonin containing vesicles. 

 

 5.3.2 Role of RABs in regulating synaptic transmission 

 RAB-3 and RAB-27 have been shown to function together in regulating SV 

exocytosis at the C. elegans NMJ (Mahoney et al., 2006a). To investigate if additional 

RABs were involved in SV exocytosis, we used a pharmacological aldicarb based 

assay that allows an assessment of secreted ACh levels.  Generally, aldicarb 

hypersensitivity suggests increased secretion, whereas aldicarb resistance suggests 

decreased secretion. However, sensitivities to aldicarb may also change as a 

consequence of an altered postsynapse. To distinguish between the two possibilities, 

aldicarb response assays are done in parallel to levamisole response assays.  rab-3 and 

rab-27 mutants were, as previously shown, less sensitive to aldicarb, but responded 

normally to levamisole.  This suggests a decrease in SV release and correspondingly 

less ACh release.  Previous aldicarb assays on rab-3 and rab-27 mutants support this 

(Mahoney et al., 2006b). In addition to these two rabs, rab-14 mutants were also 

aldicarb resistant. Interestingly rab-14 mutants also showed a resistance to levamisole 

suggesting fewer nAChRs at the postsynaptic muscle cell surface.  It is possible that 

RAB-14 functions in the transport of nAChRs or perhaps in the degradation/recycling 

of these receptors.  In accordance with this, it was recently shown that the mammalian 

orthologue of RAB-14 is indirectly involved in fibroblast growth factor receptor 

(FGFR) trafficking to the plasma membrane (Ueno et al., 2011).   

 Other rab mutants displayed hypersensitivity to aldicarb: rab-2, rab-6.2, rab-

8, rab-35 and rab-y1. Interesting, rab-2 mutants were also hypersensitive to 



PhD Thesis – Nikhil Sasidharan      V. Chapter 1: Discussion 

  51 

levamisole suggesting that in these mutants there is in increase in nAChRs at the 

postsynaptic side.  This could occur due to a failure in efficient receptor degradation 

or recycling. It has been shown that at glutamatergic synapses, AMPA receptors are 

endocytosed and sorted into late endosomes for degradation or into recycling 

endosomes for replacement at the cell surface (Ehlers, 2000). It is possible that a 

similar mechanism exists at cholinergic synapses for nAChRs. RAB-2 has already 

been suggested to be involved in the recycling of AMPA receptors at glutamatergic 

synapses in C. elegans (Chun et al., 2008). The hypersensitive response of rab-6.2 

mutants to aldicarb and levamisole is not likely to be due to changes in synaptic 

transmission. Observation of these mutants showed that they are very sick and burst 

upon reaching adulthood. Further experiments demonstrated that these mutants have 

blisters on their cuticula (data not shown).  It is possible that a weaker cuticle would 

allow drugs to penetrate more easily, causing the animals to be hypersensitive.  

The phenotype of rab-10 mutants was especially interesting because they 

displayed no change in aldicarb sensitivity, but were hypersensitive to levamisole. 

The hypersensitivity to levamisole is indicative of a postsynaptic defect. One possible 

explanation could be that the channel properties of the nAChRs are affected in rab-10 

mutants rendering them more sensitive to levamisole.  This could potentially occur 

due to erroneous post-translational modifications as the receptors are transported to 

the cell surface or due to perturbed receptor recycling. In agreement with this, a 

previous study has implicated RAB-10 in AMPA receptor recycling in C. elegans 

neurons (Glodowski et al., 2007).  It could also be that rab-10 mutants have both, a 

presynaptic defect and a postsynaptic defect.  In such a case, rab-10 mutants could be 

secreting less ACh, but the results of the aldicarb assay would be masked by a 

hypersensitive postsynapse. Repeating these experiments with rab-10 mutants rescued 

with rab-10 expression only in the muscles would help to differentiate these 

possibilities. rab-8, rab-35 and rab-y1 mutants showed hypersensitivity to aldicarb 

and normal sensitivity to levamisole. These results are indicative of increased levels 

of steady state SV exocytosis.  It could be that the basal secretion levels are increased 

in these mutants.   

 

 5.3.3 Role of RABs in regulating chemosensation 

 Since a large portion of the C. elegans nervous system is dedicated to sensing 

the environment, we verified if rab mutants had obvious defects in the chemosensory 
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system. DiI staining of the amphids and phasmids showed that all mutants were 

similar to wild type except rab-2 mutants.  rab-2 mutants displayed normal dye filling 

in the amphids, but failed to efficiently fill in the phasmids.  Interestingly, mutants 

with similar defects have been identified in dye filling screens (Herman and Horvitz, 

1994). Interestingly, one such mutant, eor-1, has also been shown to have defects in 

movement, similar to rab-2 mutants. EOR-1 is a transcription factor important for cell 

differentiation (Hoeppner et al., 2004). Rab GTPases involved in membrane 

trafficking have previously been shown to bind effectors, which translocate to the 

nucleus to alter gene expression (Miaczynska et al., 2004). Additional experiments 

are necessary to understand if there is a link with RAB-2 and the regulation of gene 

expression. 

 It would also be interesting to test the functionality of the phasmid neurons in 

rab-2 mutants.  It has been shown that these neurons, PHA and PHB, are negative 

modulators of sensory avoidance behaviors (Hilliard et al., 2002).  Since we only 

tested for copper avoidance, which is mediated by ASH neurons, it would explain 

why no phenotype was observed in this assay. Interestingly, rab-10 mutants displayed 

a mild defect in copper avoidance.  This may be due to a missorting of the GPCR 

necessary for copper sensation in these mutants (Bargmann, 2006).   

 

5.4 C. elegans RABs function redundantly together 

 Knockout and knockdown analysis of mammalian Rabs showed a high degree 

of functional redundancy.  Rab3A, Rab3B, Rab3C and Rab3D work together in SV 

exocytosis (Schlüter et al., 2004).  Furthermore, Rab27A and Rab27B were shown to 

work together in dense granule secretion from platelets (Tolmachova et al., 2007).  

Based on these data, we thought initially that the C. elegans RABs may be less 

redundant due to its smaller family size. However, from the results of this study, it 

was striking to see that despite the smaller C. elegans RAB family, many of the rab 

mutants were healthy and few displayed strong defects.  To understand which RABs 

were working together, a synthetic RNAi screen was conducted with the rab mutants.  

Each rab mutant was co-depleted with the remaining 27 rabs.  Overall, the screen 

revealed that simultaneous removal of more than one RAB leads to more obvious 

phenotypic alterations.  The strongest genetic interactions observed were synthetic 

lethalities.  It was found that rab-8 and rab-10 mutants are synthetically lethal in a 

reciprocal manner.  Additionally it was observed that rab-3 and rab-19 mutants were 



PhD Thesis – Nikhil Sasidharan      V. Chapter 1: Discussion 

  53 

synthetically lethal with rab-21 RNAi.  However, these interactions were not 

reciprocal.  One possible explanation for this is that the RNAi of rab-3 and rab-19 

was not efficient enough to cause a synthetic lethality. Therefore, in this case it would 

be a good idea to try other RNAi methods; RNAi by injection or soaking have been 

shown for certain genes to cause a better knockdown (Kamath et al., 2001; Tabara et 

al., 1998).   

 Other nervous system mediated phenotypes were also observed such as Unc 

and Egl.  Unc was observed when rab-35 mutants were knocked down with rab-7.  A 

double mutant of these two rabs recapitulated the RNAi phenotype (data not shown).  

Interestingly, rab-27 mutants were Unc when co-depleted with rab-3, in accordance 

with a previous analysis of these mutants (Mahoney et al., 2006a).  Among all the rab 

mutants, rab-2 animals displayed the largest number of genetic interactions with other 

rabs.  Considering that RAB-2 is also the most highly conserved RAB GTPase across 

all species, it is likely that it is a central regulator of Golgi trafficking. 

 Out of interest, we also screened the rab-3; rab-27 double mutant to look for 

additional genetic interactions. We found that rab-3; rab-27 double mutants, which 

were co-depleted with rab-37, were more severely Unc.  This suggests that RAB-37 

may have a previously unidentified role in regulating SV release.  Interestingly, rab-

37 displayed very specific expression in neurons similar to rab-3 and rab-27.  

Additionally all three of these genes are classified in one functional group by virtue of 

structural similarities (Pereira-Leal and Seabra., 2001).   

 Through these screens we have identified novel combinations of RABs that 

may function together. In a next step it is necessary to validate and characterize these 

interactions using the mutants available to gain a more mechanistic understanding of 

how different RABs work together. It is also conceivable that double mutants can 

additionally be screened to identify triply redundant RABs.   
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VI. INTRODUCTION 
 
 
 
 

 As the second chapter of the thesis will deal with the role of RAB GTPases in 

regulating dense core vesicle (DCV) secretion C. elegans, a brief introduction into the 

protein machinery behind SV and DCV exocytosis is provided. 

 

6.1 The SV exocytosis machinery 

 Neurotransmitter release through SV exocytosis is the principle mode of 

intercellular communication in the brain. During this process, SVs filled with 

neurotransmitters move towards the presynaptic active zone, where they dock with the 

plasma membrane. After docking, SVs prepare for release through a process called 

priming, which renders them more competent to fuse. Upon an influx of calcium, 

vesicles fuse with the plasma membrane. After a fusion event, SVs are recycled most 

likely by endocytosis (Fig. VI.1) (Richmond, 2005). A number of critical proteins, in 

addition to Rabs, have been identified to make up the SV release machinery: 

Synaptobrevin-2, syntaxin-1, SNAP-25, Munc18, synaptotagmin-1, Munc13, 

complexin, tomosyn, and CAPS (Ca2+-dependent activator protein for secretion) 

(Richmond, 2005; Soerensen, 2009). These components are shown in figure VI.1. 

 SNAREs were the first basic components identified shown to be necessary for 

fusion (Weber et al., 1998). Synaptobrevin-2 is an R-SNARE localized on the 

membrane of synaptic vesicles. Syntaxin-1 (Qa SNARE) and SNAP-25b (Qbc 

SNARE) are localized at the plasma membrane of presynaptic terminals (Sutton et al., 

1998; Fasshauer et al., 1998).  These three SNAREs are capable of assembling rapidly 

into a trans-SNARE complex via an N to C terminal zippering mechanism (Pobbati et 

al., 2006).   The assembly of R and Q SNAREs into a four helical bundle 
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Figure VI.1. The synaptic vesicle cycle and its machinery. A. Synaptic vesicles are loaded with 
neurotransmitter at the synapses and subsequently undergo fusion at the presynaptic terminal.  Fusion 
has been described to occur through docking, priming, calcium sensing and subsequent fusion.  The 
discreteness of these steps is becoming more clear as better understandings of the protein machinery 
are emerging (Richmond, 2005) .  B.  A number of proteins are implicated in SV docking, priming and 
fusion: SNAREs, Munc18-1, Synaptotagmin-1, Munc-13-1 and complexin.  CAPS and tomosyn have 
also shown to be involved, but are not depicted above (Rizo and Rosenmund, 2008). Source: Pictures 
taken from Richmond, 2005; Rizo and Rosenmund, 2008. 
 

is thought to provide the energy necessary for membrane fusion (Jahn and Scheller, 

2006).  

Munc18 is a 60 kDa cyotosolic protein, which has been shown to bind to the 

closed conformation of Syntaxin-1 (Habc domain closed onto the SNARE domain) 

(Dulubova et al., 1999). However, more recently it has been shown that Munc18 can 

also bind to the assembled SNARE complex through a previously unidentified N-

terminal peptide of Syntaxin-1a (Shen et al., 2007; Burkhardt et al., 2008). The 

mechanism of action on SNARE assembly is a subject of controversy as results from 

in vitro studies yield conflicting data. Shen et al. suggested that N-peptide binding 

accelerates SNARE complex assembly, whereas Burkhardt et al. suggest that 

abolishing the N-peptide interaction allows SNARE complex formation  (Shen et al., 

2007; Burkhardt et al., 2008).  In vivo studies have showed that deletion of Munc18 in 

mice leads to a sharp decline in SV release suggesting that Munc18 has a stimulatory 

function for SNARE driven exocytosis (Verhage et al., 2000). The precise sequence 

of events in which Munc18 interacts with Syntaxin-1 and the SNARE complex 

remains to be elucidated.    

 Early studies by Katz showed that the release of SVs is triggered by the influx 

of Ca2+ (Katz, 1969).  This process intuitively demanded the requirement of a calcium 

sensor. Since then, it has been determined that C2 domain containing proteins called 
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synaptotagmins (65 kDa) could take up this role. C2 domains possess dual functions: 

Ca2+ binding (∼ Kd 50 µM) as well as phospholipid binding (Nalefski et al., 2001). 

Considering also that synaptotagmin-1 (syt-1) localized to SVs, syt-1 was proposed to 

be the major calcium sensor. In accordance with this, mice knockouts of syt-1 

revealed that it is essential for synchronous evoked SV release (Geppert et al., 1994; 

Chapman, 2008). Interestingly there are 16 mammalian synaptotagmins, the majority 

of which remain functionally uncharacterized (Pang and Südhof, 2010).  

 Munc13s are large (∼200 kDa) multi domain containing proteins.  Munc13-1 

is involved in SV priming (Augustin et al., 1999).  It contains a C1 domain, three C2 

domains (C2A, C2B and C2C), a calmodulin (CaM) binding domain and a MUN 

domain (Fig. VI.2) (Brose et al., 1995; Shin et al., 2010). The C1 domain was shown 

to act as a receptor for binding phorbol esters such as diacylglycerol (DAG) (Ahmed 

et al., 1992; Betz et al., 1998).  The three C2 domains are thought to differ in their 

functions (Brose et al., 1995).  Recently it was shown that only the C2B is important 

for binding calcium (< Kd 100 µM) and phosphoinositolphosphate lipids (Shin et al., 

2010).  The CaM domain was also shown recently to bind to Ca2+-CaM, which is 

thought to further facilitate SV priming (Rodriguez-Castaneda et al., 2010). Finally, 

the MUN domain is thought to directly or indirectly bind and open syntaxin-1 (Habc 

domain from SNARE domain) to allow for SNARE complex assembly (Madison et 

al., 2005; Richmond et al., 2001; Basu et al., 2005). However, the biochemical 

mechanism of how the MUN domain of Munc13 regulates SNARE assembly and also 

how it works in concert with Munc18 remains unclear. Interestingly the N-terminus of 

Munc-13 has also been shown to bind the Rab3 effector, RIM1 (Betz et al., 2001; 

Wang et al., 1997).  In vivo deletions of Munc-13 or RIM1 lead to similar decreases in 

SV release (Varoqueaux et al., 2002; Schoch et al., 2006). Furthermore, 

 

 

 

 

 
Figure VI.2. Domain structure of Munc13-1. Munc13-1 is a multidomain protein.   It consists of a 
C1 domain important for DAG binding, three C2 domains of which C2B is important for calcium 
binding, a CaM domain important for binding calmodulin and a MUN domain which is suggested to 
regulate SNARE assembly. Source: Picture taken and adapted from Shin et al., 2010. 
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RIM1, like Munc13, is also thought to be necessary for opening syntaxin-1 (Koushika 

et al., 2001).  

 Complexins are small 15 kDa cyotosolic proteins (complexin 1 and 2) that 

were identified to bind with high affinity to the assembled SNARE complex in a 1:1 

ratio (McMahon et al., 1995; Chen et al., 2002). The role of complexins on SV release 

has been studied in a wide variety of model systems, yielding conflicting data.  

However, in general it has been described that changes in cellular levels of complexin 

(overexpression or depletion) leads to a decrease in spontaneous and evoked 

exocytosis (Brose, 2008).  Furthermore, from mouse knockout studies it is clear that 

the function of complexin is carried out through its binding to the assembled SNARE 

complex (Reim et al., 2001; Xue et al., 2007). Studies with complexin mutants in D. 

melanogaster and C. elegans have revealed similar results for complexins’ role in 

evoked release, but a contradictory increase in spontaneous release (Huntwork and 

Littleton, 2007; Hobson et al., 2011). Interestingly knockdown, as opposed to 

knockout, of complexin in mice reveals similar phenotypes as in flies and worms 

(Yang et al., 2010). This suggests that complexin may have an additional clamp 

function to minimize calcium-independent secretion events.  With respect to the other 

components of SV fusion, it is thought that complexin binds to the SNARE complex 

keeping it in a primed state and that calcium entry triggers complexin displacement by 

synaptotagmin (Brose, 2008).   

 Tomosyn is a 130 kDa cyotosolic protein that is found to be an inhibitor of SV 

release.  It consists of two major domains: an N-terminal domain with WD40 repeats 

as well as a C-terminal R-SNARE domain. The inhibitory action of tomosyn was 

identified to be a result of competition with the neuronal R-SNARE, synaptobrevin-2, 

for SNARE assembly leading to less fusion (Hatsuzawa, 2003).  The Tomosyn-

SNARE complex and the Synaptobrevin-SNARE complex represent end products of 

the assembly reaction.  The N-ethylmaleimide-sensitive factor (NSF) is necessary for 

disassembly (Pobbati et al., 2004).  In accordance with this role of tomosyn, in vivo 

studies have also shown that deletion of tomosyn leads to more sustained SV release 

(Hatsuzawa, 2003; Gracheva et al., 2007). 

 CAPS is a 145 kDa cyotosolic protein originally identified to be a component 

of the DCV secretion machinery (Walent et al., 1992). Since then it has also been 

shown to be control SV release (Jockusch et al., 2007). CAPS is a multidomain  
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Figure VI.3. Domain structure of CAPS-1. CAPS is also a multidomain protein.  At the N-terminus 
it has a dynactin binding domain (DBD).  This is followed by a C2 domain, a PH domain a MUN 
domain and a C-terminal DCV binding domain. Source: picture taken from Stevens and Rettig, 2009. 
 

protein containing an N-terminal dynactin binding domain (DBD), followed by a C2 

domain, a Pleckstrin homology (PH) domain, a MUN domain and a C-terminal DCV 

binding domain (Fig. VI.3).  Not much is known about the DBD except that it is 

likely to have a sorting function.  The C2 domain is suggested to be important for 

Ca2+ mediated membrane binding, although it was showed to have only moderate 

affinity for Ca2+ (∼ Kd 270 µM) (Ann et al., 1997).  The PH domain was identified to 

be important for membrane binding, perhaps through cooperating with the C2 domain 

(Grishanin et al., 2002).  The MUN domain of CAPS is similar to the MUN domain 

of Munc13 and is thought to be perhaps important for SV priming via interaction with 

SNAREs (Stevens and Rettig, 2009). The C-terminal DCV domain has been shown to 

be necessary for localization onto DCVs (Grishanin et al., 2002). In vivo analysis of 

CAPS knockout mice (double CAPS1 and CAPS2 knockout), have revealed that 

CAPS1 is essential for evoked SV release and is partially redundant with CAPS2 

(Jockush et al., 2007).  It has been suggested that it may also participate in opening 

syntaxin-1, together with Munc13, although electrophysiological evidence for this is 

not yet available for neurons (Hammarlund et al., 2008).   

 The exact sequence in which all of the SV exocytosis machinery work 

together remains still a mystery.  Currrent working models with some of these factors 

suggest that as SVs approach the active zone, docking is likely mediated by a Rab 

GTPase (Rab3 / Rab27) in an interaction with a Rab effector (RIM-Munc13) in 

complex with SNAP-25, syntaxin-1, Munc18 (the acceptor complex).  After docking 

synaptobrevin on SVs binds to the acceptor complex with its N-terminus to form an 

intermediate SNARE complex, where the C-terminus of synaptobrevin would be kept 

unstructured. At this point, it is also thought that synaptotagmin and complexin bind 

to this intermediate SNARE complex stabilizing it to facilitate priming. Upon an 

influx of calcium, complexin is displaced and synaptotagmin is thought to provide the 

force for the final fusion and full SNARE assembly (Sorensen, 2009; Brose, 2008). 
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6.2 The DCV exocytosis machinery 

 In contrast to SVs, dense core vesicles are loaded with bioactive peptides and 

function to modulate fast synaptic transmission. Most of our current understanding of 

the DCV secretion machinery comes from experiments conducted on neuroendocrine 

chromaffin cells of the peripheral nervous system. These cells contain mostly large 

DCVs (∼200 nm) that fuse in a calcium dependent manner. These events are 

detectable through capacitance measurements and amperometry (Neher and Marty, 

1982; Chow et al., 1994; Voets, 2000). Genetic analysis in chromaffin cells has 

revealed that many of the components necessary for SV release are also necessary for 

DCV exocytosis.  First it has been shown that the same SV SNAREs were necessary 

(Xu et al., 1998). Subsequently, the need for Munc18-1, synaptotagmins, Munc13-1, 

complexin, tomosyn and CAPS have also been elucidated for DCV secretion (Voets 

et al., 2001; Schonn et al., 2008; Ashery et al., 2000; Cai et al., 2008; Yizhar et al., 

2004; Liu et al., 2010).  Interestingly, a new specific role of CAPS function at the 

TGN has been suggested (Sadakata et al., 2010).  It was shown that CAPS also 

localizes to the cell body and regulates DCV release through an interaction with many 

Golgi localized proteins such as Arf GTPases  (Sadakata et al., 2010). 

  

6.3 DCV biogenesis and maturation 

 Despite similarities in their exocytic machinery, SV and DCV turnover occurs 

through entirely different mechanisms. After release SVs are recycled through local 

endocytosis (Südhof, 2004).  DCVs, on the other hand, must be synthesized de novo 

at the TGN (Kim et al., 2006; Morvan and Tooze, 2008). At the TGN, DCVs are 

initially generated in an immature form (iDCVs). Prior to reaching the synapse, these 

iDCVs undergo a maturation process whereby neuropeptides are retained and 

lysosomal enzymes, M6P receptors and constitutive secretory cargo is removed (Fig. 

VI.4). The removal of components during maturation is thought to occur through 

clathrin coated vesicle (CCV) sorting (Tooze et al., 2001; Lui-Roberts et al., 2005). 

Before maturation into mDCVs, iDCVs also undergo a process of homotypic fusion 

where vesicle size is increased or decreased (Tooze et al., 1991). Interestingly several 

proteins have been identified specifically to localize to iDCVs and not on mDCVs: 

Syntaxin 6, VAMP 4 and Synaptotagmin IV (Wendler et al., 2001; Eaton et al., 2000).  

Additionally, during the process of maturation, iDCVs are acidified and 
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Figure VI.4. DCV maturation.  Before reaching the synapse DCVs must undergo a maturation 
process.  Maturation of iDCVs to mDCVs requires the retention of neuropeptides, and respective 
processing enzymes and parallel removal of cargo such as lysosomal hydrolases and M6P receptors.  
Removal of components is suggested to occur via a CCV pathway to the endosomes.  During 
maturation the size of iDCVs becomes larger or smaller as a consequence of homotypic fusion events 
(Tooze et al., 2001). Source: Picture taken and adapted from Tooze et al., 2001. 
 

propeptides are cleaved at mono- or di-basic residues (-K / -R) through the action of 

proprotein convertases to form active peptides (Rouille et al., 1995).  This 

endoproteolysis produces short peptides with C-terminal basic resides, which are 

subsequently cleaved by carboxypeptidase E (Rouille et al., 1995). 

 

6.4 DCVs function to regulate synaptic transmission  

Although, it is clear that DCVs are modulators of synaptic transmission, the 

precise function of their peptide load remains to a large extent unknown. There are 

approximately 100 neuropeptide encoding genes identified in the human genome 

(Burbach, 2010). Recent work has suggested that certain neuropeptides can alter 

spontaneous and evoked release of SVs through a G-protein coupled receptor (GPCR) 

pathway. In this model, neuropeptides would activate a Gαq-PLC pathway (in a 

manner similar to monoamine neurotransmitters). This would consequently lead to the 

increased production of DAG and IP3 from PIP2  (Perez-Mansilla and Nurrish, 2009; 

Lackner et al., 1999).  Since Munc13 contains a phorbol ester-binding domain, 

increased DAG levels lead to an increased level of SV release (Rhee et al., 2002; Lou 

et al., 2008). This stimulation of SV release is counter-balanced by a Gαo pathway  
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Figure VI.5. Regulation of SV release by GPCRs.  Neuropeptides are thought to activate the Gαq-
PLC pathway, which leads to an increased production of DAG. DAG consequently binds to the C1 
domain of UNC-13 and potentiates SV release. This pathway is counterbalanced by a Gαo pathway 
and DGK-1 (C.e orthologue of DAG kinase).  DGK-1 phosphorylates DAG to generate phosphatidic 
acid (PA). Note that these pathways can also be activated by monoamine neurotransmitters (Perez- 
Mensilla and Nurrish, 2009).  Source: Picture taken and adapted from Perez-Mansilla and Nurrish, 
2009. 
 

and DAG kinase (DGK) which downregulates DAG levels. Figure VI.5 illustrates this 

pathway depicting the C. elegans orthologues of the molecules involved (many of the 

components were identified initially through screens in C. elegans) (Perez-Mansilla 

and Nurish, 2009). To date, the molecular identity of the neuropeptide GPCR of this 

pathway remains elusive and is a topic of much attention. 

 

6.5 Studying DCV function in C. elegans 

 C. elegans has proven to be a useful system for the genetic dissection of DCV 

function. Like in the mammalian system, approximately 100 neuropeptide precursor 

genes have been identified in the nematode genome. Furthermore, much of the protein 

machinery involved in DCV maturation and release is conserved (Li and Kim, 2008). 

Recently a fluorescent-based assay to study DCV function in vivo has been developed 

in C. elegans (Fig.VI.6) (Sieburth et al., 2007). A neuropeptide (NLP-21) tagged to 

yellow fluorescent protein (YFP) is expressed in C. elegans DA and DB cholinergic 

motor neurons. The NLP-21-YFP is packaged into DCVs and transported to the NMJ.  

Prior to reaching the synapse, like other neuropeptides, NLP-21 is cleaved from the 

proform into the short bioactive form through the action of proprotein convertases  
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Figure VI.6. Studying DCV function in C. elegans. A. DCV trafficking can be studied using a 
fluorescence-based assay in C. elegans. A construct containing neuropeptide tagged to YFP (NLP-21-
YFP) is used.  NLP-21 is processed like other peptides and packaged into DCVs.  B.  NLP-21 is 
expressed in the cholinergic motor neurons of the worm (using the unc-129 promoter).  NLP-21-YFP is 
trafficked to the DNC NMJs and released into the body cavity.  Scavenger cells called coelomocytes 
endocytose the YFP.  Fluorescence intensity in the coelomocytes is used as an indirect readout of 
secretion.  Fluorescence intensity in the DNC is also analyzed to measure the transport of DCVs to the 
NMJ. Scale bar in DNC represents 6 µm and bar in coelomocytes is 3 µm (Sieburth et al., 2007).  
Source: Pictures taken and adapted from Gracheva et al., 2007; Sumakovic et al., 2009. 
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(EGL-3) and carboxypeptidase E (EGL-21). After DCV maturation the NLP-21-YFP 

peptides are released into the synaptic extracellular milieu (ECM). C. elegans 

possesses 6 macrophage-like cells called coelomocytes which continuously filtrate the 

body fluid of the pseuodocoelem through bulk endocytosis.  The amount of YFP 

endocytosed by these coelomocytes can be measured as an indirect reporter of DCV 

secretion levels.  Additionally YFP levels can, in parallel, be measured in the 

synapses of the motor neurons to analyze DCV trafficking (Sieburth et al., 2007).  

Strikingly, most mutants, which displayed defects in DCV release in the mammalian 

system, have also been detected through this assay: CAPS (C.e UNC-31), Munc-13 

(C.e UNC-13), tomosyn (C.e TOM-1) (Sieburth et al., 2007; Gracheva et al., 2007).   

 In a previous project from our laboratory, this assay was used to detect a DCV 

maturation defect in rab-2 mutants in C. elegans (Sumakovic et al., 2009). To our 

surprise, rab-2 mutants displayed a genetic interaction with rab-5 in DCV function. 

This led us to believe that multiple RAB GTPases may coordinate together to regulate 

DCV trafficking.  
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VII. AIMS 
 

 

 
 
  A large cohort of proteins are necessary for the regulation of DCV function. 

Some of these molecules, such as Munc18 and Munc13 were first identified in C. 

elegans (Maruyama and Brenner, 1991; Hosono et al., 1992; Brenner, 1974).  The 

recent development of novel in vivo imaging assays has permitted more rigorous 

analyses of DCV function in C. elegans (Fig. VI.6) (Sieburth et al., 2007). Although, 

the NLP-21-YFP assay developed by Sieburth et al. is an indirect means to measure 

DCV function, many previously identified factors involved in DCV secretion were 

shown defective also in NLP-21-YFP secretion: CAPS (C.e UNC-31), Munc-13 (C.e 

UNC-13), tomosyn (C.e TOM-1) (Sieburth et al., 2007; Gracheva et al., 2007). 

This assay recently allowed for the elucidation of RAB-2 as a regulator of 

DCV function (Sumakovic et al., 2009; Edwards et al., 2009). rab-2 mutants 

displayed decreased NLP-21-YFP levels in the DNC compared to wild type animals 

(approximately 20% of wild type). Since RAB-2 localizes to the Golgi, it was 

established that it plays an early role in the maturation of DCVs by ensuring that 

necessary cargo is retained (Sumakovic et al., 2009; Edwards et al., 2009). In rab-2 

mutants, it was thought that there is a loss of DCV cargo into the endo-lysosomal 

system. Therefore, to block this loss of cargo, a constitutively active mutant of rab-5 

(Q78L) was overexpressed in a rab-2 mutant background.  Interestingly, the rab-5 

(Q78L) suppressed the decreased levels of NLP-21-YFP in the DNC of rab-2 mutant  

animals (Fig. VII.1). These results showed, for the first time, that RAB GTPases 

cooperate in regulating DCV trafficking in C. elegans. 

Considering that there are 28 RABs encoded in the C. elegans genome and 

that mutants for these RABs were available, we aimed to determine novel Rabs 

involved in the regulation of DCV secretion.  Since we had mutants for several 
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Figure VII.1. A rab-5 mutant suppresses DCV defects in rab-2 mutants.  rab-2 mutants were found 
to display a defect in DCV maturation.  The NLP-21-YFP levels in these strains were strongly 
decreased in the DNC.  Strikingly when a constitutively active rab-5  (Q78L) mutant was expressed in 
a rab-2 mutant background, the NLP-21-YFP levels in the DNC returned to wild type levels. Scale bar 
in DNC represents 8 µm. Error bars = SEM (***, P < 0.005 ANOVA with Bonferroni post test) 
(Sumakovic et al., 2009) Source: This experiment was not conducted in this study and is only used as a 
means to explain the rationale of the project. The original data for this figure was kindly provided by 
Marija Sumakovic. 
 

regulators of RAB function (TBC domain containing RABGAPs), we also analyzed 

the role of these molecules in DCV secretion. After identification of new RABs and 

RABGAPs, we determined if they were DCV-specific regulators or if they were also 

involved in the regulation of SV secretion.  As a last step we investigated how the 

function of all molecules may be integrated together to regulate secretion. 

 It must be mentioned that most experiments in this chapter were done together 

by the author and by Marija Sumakovic, as this was a shared project. The author was 

involved together with Marija Sumakovic in conducting experiments and producing 

the data for every figure, unless otherwise stated in the figure legend.   
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VIII. RESULTS 
 
 
 
 
8.1 RAB-5 and RAB-10 are novel RABs essential for DCV release 

 

 In order to identify if additional RABs were involved in DCV trafficking we 

tested all rab mutants through the NLP-21-YFP assay (Fig. VIII.1). The rab genes 

with no available mutant, were tested by RNAi knockdown and data from glo-1 and 

rab-y1 to rab-y6 were excluded for simplicity. Please note that knockdown of lethal 

genes (rab-1, rab-7, rab-11.1) were conducted using a tissue specific RNAi technique 

to bypass the lethality and analyze adult worms. This technique is described in section 

8.2. A rab-5 (Q78L) was used since it was available from a previous study 

(Sumakovic et al., 2009). Analysis revealed that both, an overexpression of rab-5 

(Q78L) and the rab-10 deletion mutants displayed severe defects in NLP-21-YFP 

release. In contrast to rab-2 mutants, the rab-5 (Q78L) and the rab-10 mutants had 

wild type levels of YFP in the DNC, but drastically decreased levels in the 

coelomocytes. Coelomocyte fluorescence levels were 16.76 ± 0.04% and 0.00 ± 0.00 

% in rab-5 (Q78L) and rab-10 mutants respectively when compared to wild type. 

unc-31 mutants were used as a control and displayed a significant increase in the 

DNC with 159.60 ± 0.18 % and a significant decrease in the coelomocytes to 30.36 ± 

0.08 % of wild type. From this point on, the overexpressed rab-5 (Q78L), will be 

referred to as rab-5 (Q78L) mutants.  To ensure that the defects that we observed 

were cell autonomous, we generated transgenic lines of rab-10 mutants expressing 

mCherry-rab-10 in the cholinergic DA and DB motor neurons. Transgenic lines 

rescued the YFP intensity levels in the coelomocytes of rab-10 mutants, supporting 

the idea that RAB-10 is indeed a regulator of DCV secretion (data not shown).   
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Figure VIII.1. NLP-21-YFP analysis of all rabs. The trafficking of NLP-21-YFP was analyzed for all 
rab mutants.  The assay revealed that rab-5 (Q78L) and rab-10 mutants display a severe defect in DCV 
release. Scale bar in DNC represents 6 µm and bar in coelomocytes is 3 µm. At least N = 10 animals 
were tested per strain. Error bars = SEM (***, P < 0.005; **, P<0.01, *, P<0.05 ANOVA with 
Bonferroni post test). Note: RNAi experiments were normalized to mock, L4440, knockdown. 
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8.2 DCV trafficking defects are autonomous to the nervous system 

  

 8.2.1 Development of a neuron-specific RNAi system 

 NLP-21-YFP analysis revealed that rab-5 (Q78L) and rab-10 mutants have 

defects in DCV release. Since rescue experiments were only feasible with rab-10 

mutants and not rab-5 (Q78L) mutants, we developed a neuron-specific RNAi 

technique to determine cell-specificity of the observed DCV release defects.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure VIII.2. Validation of neuron-specific RNAi.  Neuron-specific knockdown was achieved using 
an rde-4 mutant, which is deficient in RNAi.  These mutants were rescued with rde-4 expression only 
in the DA and DB motor neurons using the punc-129 promoter (Note: transgenic animals express pttx-
3::gfp in head neurons. This was used as a co-injection marker).  All RNAi experiments were done in 
the classical eri-1 background for enhanced sensitivity to RNAi and also in the nuIs183 background, 
nuIs183 expresses GFP in the pharynx (selection marker) and NLP-21-YFP (assay marker).  
Knockdown of GFP revealed that RNAi was neuron-specific. Scale bar in pharynx represents 50 µm 
and bar in DNC is 6 µm. Error bars = SEM (***, P < 0.005; ANOVA with Bonferroni post test) 
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RDE-4 encodes a double stranded RNA binding protein, which is important 

for stabilizing DNA for recognition by dicer. rde-4 (RNAi deficient-4) mutant animals 

exhibit an inability to carry out RNAi (Duchaine et al., 2006).  Therefore, using an 

rde-4 mutant background, we transgenically rescued rde-4 expression only in the DA 

and DB cholinergic motor neurons.  This strain was then crossed into an eri-1 

background (classical mutant background with increased RNAi sensitivity) and also 

the NLP-21-YFP assay strain (nuIs183) (Timmons, 2004; Sieburth et al., 2007). The 

nuIs183 strain expresses GFP in the pharynx (myo-2 promoter) and the NLP-21-YFP 

in the DA and DB cholinergic motor neurons (unc-129 promoter). To validate if the 

tissue-specific RNAi was working, we conducted a control experiment knocking 

down GFP. Knockdown of GFP just in the eri-1; nuIs183 background led to 

significantly decreased XFP levels in the pharynx and the DNC.  Fluorescence 

intensity was decreased to 0.83 ± 0.58 % and 11.76 ± 3.75 % in the pharynx and DNC 

respectively when compared to knockdown with a mock vector (L4440). Surprisingly, 

knockdown of GFP in the tissue specific RNAi strain, eri-1; rde-4; nuIs183 Ex[punc-

129::rde-4], lead to no significant decrease of XFP levels in the pharynx, but a 

reduction in the dorsal nerve cord.  Fluorescence intensity values were 85.31 ± 2.57 % 

and 15.89 ± 6.10  % in the pharynx and DNC respectively when compared to L4440 

knockdown (Fig.VIII.2). 

 

8.2.2 RAB-5 and RAB-10 cell-specifically regulate DCV release  

After having validated that the neuron-specific RNAi strain was working.  We 

tested if we could phenocopy the rab-5 (Q78L) and rab-10 mutant phenotypes using 

RNAi. Interestingly, knockdown of rab-5 and rab-10 in the cholinergic motor 

neurons led to a similar significant decrease in fluorescence levels in the 

coelomocytes and normal levels in the DNC.  Knockdown of rab-5 and rab-10 led to 

coelomocyte fluorescence intensities of 12.78 ± 0.05 % and 0.01 ± 0.00 % 

respectively compared to mock (Fig. VIII.3). This suggested that RAB-5 and RAB-10 

play a cell autonomous function in regulating DCV secretion.   Interestingly, further 

evidence which suggested that our tissue-specific RNAi was working was the ability 

of rab-5 RNAi animals to bypass lethality.  Normal knockdown of rab-5 leads to late 

embryonic lethality.   
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Figure VIII.3. Neuron-specific knockdown of rab-5 and rab-10.  Knockdown of rab-5 and rab-10 in 
the cholinergic motor neurons phenocopied the DCV secretion defect observed in the respective 
mutants. Scale bar in DNC represents 6 µm and bar in coelomocytes is 3 µm. Error bars = SEM (***, P 
< 0.005; ANOVA with Bonferroni post test) 
 

8.3 Identification of RAB regulators involved in DCV release 

 In order to identify novel molecules involved in the regulation of DCV 

secretion, it was decided to screen regulators of RAB GTPases.  Since RAB function 

is regulated by GEFs and GAPs, we focused on these two families of proteins.  At the 

time of this experiment, more C. elegans RAB GAP mutants were available than 

RAB GEF mutants.  Therefore, all neuronally expressed TBC (tre-2/cdc16/Bub2) 

domain containing RABGAP mutants were screened through the NLP-21-YFP assay 

(all data not shown).  Interestingly, analysis revealed that two Rab GAP mutants 

displayed similar defects to rab-5 (Q78L) and rab-10 mutants.  Two mutant alleles of 

tbc-2 were tested: tbc-2 (qx20) and tbc-2 (tm2241) had coelomocyte fluorescent 

intensities of 28.64 ± 14.10 % and 18.99 ± 4.00 %, respectively, of wild type.  Two 

mutant alleles of tbc-4 were also tested: tbc-4 (ok2928) and tbc-4 (tm3255) had 

coelomocyte fluorescent intensities of 5.36 ± 2.10 % and 4.18 ± 1.39 % of wild type. 

DNC intensity levels of these mutants were unchanged (Fig.VIII.4). 
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Figure VIII.4. TBC-2 and TBC-4 are novel regulators of DCV secretion.  A screen of all mutants 
containing (Tre-2/Cdc16/Bub2) domains revealed that tbc-2 and tbc-4 mutants are defective in NLP-
21-YFP release. Two different alleles of tbc-2 and tbc-4 were tested.  To demonstrate cell-specificity of 
the observed phenotype, tbc-4 mutants were rescued by expressing tbc-4 exclusively in neuron (using 
the rab-3 promoter). To show that the rescue was dependent on the TBC domain, a catalytically 
inactive R155A mutant of tbc-4 was also tested. Scale bar in DNC represents 6 µm and bar in 
coelomocytes is 3 µm. Error bars = SEM (***, P < 0.005; ANOVA with Bonferroni post test) 
 
To demonstrate that the phenotype of tbc-4 mutants was cell-type specific, we 

conducted neuron-specific (with rab-3 promoter) rescue experiments. Neuron-specific 

rescue restored coelomocyte fluorescence intensities back to wild type levels. To 

determine if the regulatory function of TBC-4 was dependent on its catalytic domain, 

we tested a catalytically inactive mutant, tbc-4 R155A, for rescue. Interestingly, the 

tbc-4 R155A, was unable to rescue tbc-4 mutants suggesting that the role of TBC-4 in 

DCV secretion is indeed dependent on its ability to regulate the catalytic activity of a 

RAB (Fig.VIII.4) 
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8.4 RAB-5, TBC-2, RAB-10 and TBC-4 also affect secretion of INS-22 

 From the results of the NLP-21-YFP assay it was clear that RAB-5, TBC-2, 

RAB-10 and TBC-4 are important for the secretion of NLP-21-YFP.  However, to 

rule out the possibility that the observed defect was limited only to NLP-21, we also 

tested a second DCV marker, INS-22-YFP. In accordance with the NLP-21-YFP 

results, all four mutants showed decreases in INS-22-YFP in coelomocytes (Fig. 

VIII.5). rab-5 (Q78L), tbc-2 (tm2241), rab-10 (ok1494) and tbc-4 (ok2928) had 

coelomocyte fluorescence intensities 48.53 ±  5.86 %, 30.10 ±  8.71 %, 7.98 ±  3.16 

% and 2.82 ±  0.31 % respectively.  It is interesting to note that a trend observed so 

far is that the rab-5 and the tbc-2 mutants display slightly weaker phenotypes than the 

rab-10 and tbc-4 mutants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure VIII.5. rab-5 (Q78L), tbc-2, rab-10 and tbc-4 mutants also have defects in INS-22 secretion. 
In order to verify if the observed defects in DCV secretion were limited to NLP-21-YFP, a second 
neuropeptide marker, INS-22-YFP was also analyzed.  In accordance with the NLP-21-YFP data, 
mutants of all four genes displayed defects in INS-22-YFP release. Scale bar in DNC represents 6 µm 
and bar in coelomocytes is 3 µm. Error bars = SEM (***, P < 0.005; *, P < 0.01 ANOVA with 
Bonferroni post test) 
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8.5 Endocytosis in coelomocytes is not affected 

 Both the NLP-21-YFP and INS-22-YFP assays rely on coelomocyte 

endocytosis of YFP as reporter.  To ensure that the observed defects were indeed due 

to altered DCV release and not due to altered coelomocyte endocytosis, we examined 

the integrity of coelomocyte endocytosis. This was tested through the injection of 

soluble Texas-Red conjugated to bovine serum albumin (TR-BSA), into the worm 

body cavity.  In wild type animals, the TR-BSA is readily endocytosed by the 

coelomocytes and enters early endosomes (labeled with RME-8-GFP marker) within 

the first 5 minutes post injection.  The dye then starts to migrate out of the RME-8-

GFP positive endosomes and onto late endosomes after 30 minutes. Usually after 45-

50 minutes almost all of the TR-BSA is found in the late endosomes. rab-5 (Q78L), 

tbc-2 (tm2241), rab-10 (ok1494) and tbc-4 (ok2928) were all tested by TR-BSA 

injection and results showed that the ability of these mutants to endocytose and the 

kinetics of endocytosis were unaltered (Fig. VIII.6).  

 

8.6 Synaptic vesicle release is not affected 

 

 8.6.1 Analysis of SV markers: SNB-1 and RAB-3 

 The TR-BSA endocytosis assay signified that RAB-5, TBC-2, RAB-10 and 

TBC-4 are factors required for DCV secretion.  Since, it has been shown that much of 

the DCV secretion machinery is also necessary for SV release, we verified if our 

molecules of interest were also important for SV exocytosis.  This was first studied by 

imaging two different SV markers: GFP-Synaptobrevin and YFP-RAB-3. These 

markers were expressed in the cholinergic motor neurons (DA and DB).  In the 

neurons, both markers localize to SVs at the DNC synapse and can be viewed as 

discrete puncta. Each puncta is thought to correspond to the presynapse of a neuro-

muscular synapse (Sieburth et al., 2005).  Fluorescence intensities of puncta, number 

of puncta and puncta size of GFP-SNB-1 and YFP-RAB-3 were measured for rab-5 

(Q78L), tbc-2, rab-10 and tbc-4 mutants.  Interestingly, analysis of both SV markers 

revealed no significant changes suggesting that SVs were localized correctly and were 

unaffected (Fig VIII.7). 
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Figure VIII.6. Assessment of coelomocyte function through TR-BSA injection. Analysis of rab-5 
(Q78L), tbc-2, rab-10 and tbc-4 mutants to endocytose TR-BSA showed that these mutants had no 
defects in the ability to endocytose or in the kinetics of endocytosis.  RME-8-GFP was used as an early 
endosomal marker. TR-BSA (Red) and RME-8-GFP (Green).  Scale bar represents 5 µm. 
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Figure VIII.7. Analysis of SV markers. A. GFP-SNB-1 fluorescence levels were unchanged in rab-5 
(Q78L), tbc-2, rab-10 and tbc-4 mutants.  Additionally, the number and size of GFP-SNB-1 puncta 
were also unaffected in these mutants.  B. YFP-RAB-3 fluorescence levels were unchanged in rab-5 
(Q78L), tbc-2, rab-10 and tbc-4 mutants.  Additionally, the number and size of YFP-RAB-3 puncta 
were also unaffected in these mutants. Scale bar in DNC represents 6 µm. Error bars = SEM (ANOVA 
with Bonferroni post test). 
 

8.6.2 EM analysis of SV distributions in synapses 

 The analysis of GFP-SNB-1 and YFP-RAB-3 markers was limited to the 

resolution of the confocal microscope. In order to assess, at high resolution, the 

integrity of synapses, we analyzed rab-5 (Q78L), tbc-2, rab-10 and tbc-4 mutants 

using high-pressure freeze electron microscopy (HPF-EM). An overall morphological 

observation of mutant synapses revealed that mutant synapses were largely similar to 

wild type (Fig. VIII.8). Some rab mutants, such as rab-3, have been shown to display 

altered SV distributions in synapses as a result of a tethering defect.  In order to 

determine if rab-5, rab-10, tbc-2 and tbc-4 mutants had similar defects in tethering, 
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Figure VIII.8. HPF-EM analysis of synapses. A.  Morphological analysis of rab-5 (Q78L), tbc-2, 
rab-10 and tbc-4 mutant synapses appeared similar to wild type. Scale bar represents 400 nm. B. 
Analysis of SV distributions in mutants showed that they are unaffected. Error bars = SEM (ANOVA 
with Bonferroni post test). Source: This experiment was conducted by Christian Olendrowitz and Jan 
Hegermann. The original pictures and data were kindly provided by them. 
 

we analyzed the distribution of SVs from the active zone in the mutant synapses.  

Statistical analysis showed that SV distributions were also unaffected (Fig. VIII.8). 

From the same synapses, the number and size of DCVs were also analyzed and 

appeared like wild type. 
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8.6.3 EM analysis of neuron morphology 

 After confirming that the neuronal synapses and the SV distributions were 

normal, we analyzed the neuronal cell bodies of rab-5 (Q78L), tbc-2, rab-10 and tbc-

4 mutants to verify if there were any upstream changes, which may affect nervous 

system function.  Neuronal cell somas and neuronal Golgis were analyzed by HPF-

EM for each mutant. Results revealed that all four mutants had no obvious 

abnormalities in neuronal morphology (Fig. VIII.9). 

 

8.6.4 Electrophysiological analysis of synaptic transmission 

 Both confocal and EM data showed that there were no defects in SV 

localizations, synapse morphology and neuron morphology.  In order to determine if 

there was any changes in SV exocytosis, we measured excitatory postsynaptic 

currents (EPSCs) at the NMJs by whole cell patch clamp.  This experiment was done 

in collaboration with Alexander Gottschalk‘s lab, Johann Wolfgang Goethe 

University in Frankfurt. All rab-5 (Q78L), tbc-2, rab-10 and tbc-4 mutants were 

crossed into a strain expressing channelrhodopsin-2 in the cholinergic motor neurons.  

Photo-evoked responses revealed that there were no changes in EPSCs (Fig. VIII.10). 

These results indicated that rab-5 (Q78L), tbc-2, rab-10 and tbc-4 mutants are most 

likely factors involved in DCV release and not SV exocytosis.   

 

8.7 TBC-4 is a potential GAP for RAB-10 

 Considering the strong similarity in phenotypes between rab-5 (Q78L), tbc-2, 

rab-10 and tbc-4 mutants, an obvious interpretation is that TBC-2 and TBC-4 may be 

GAPS for RAB-5 and RAB-10.  In line with this, a very recent study showed that 

TBC-2 is indeed the GAP for RAB-5 (Chotard et al., 2010). This was revealed 

through an in vitro GAP assay with recombinant RAB-5 and TBC-2 purified from 

E.coli. These results led us to believe that TBC-4 could potentially be the GAP for 

RAB-10.  Although, it was possible to purify TBC-4, attempts to recombinantly 

purify RAB-10 in E.coli failed.  Thus, in the meantime, we attempted a yeast-2-hybrid 

(Y2H) strategy to show the substrate specificity of TBC-4.  Since RAB-GAP 

interactions are in the order of 200 µM (personal communication with Aymelt Itzen, 

MPI for Molecular Physiology), it is difficult to detect such transient interactions. A 

previous study by Francis Barr’s lab showed that RAB-GAP interactions could be  
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Figure VIII.9. HPF-EM analysis of neuron morphology.  Morphological analysis of rab-5 (Q78L), 
tbc-2, rab-10 and tbc-4 mutant neurons and their Golgis revealed that were no obvious defects. N: 
Nucleus and G: Golgi. Scale bar represents 500 nm in somas and 200 nm in Golgis.  Source: This 
experiment was conducted by Jan Hegermann and the images were kindly provided by him. 
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Figure VIII.10. Electrophysiological analysis of synaptic function. rab-5 (Q78L), tbc-2, rab-10 and 
tbc-4 mutants were crossed into a strain expressing channelrhodopsin-2 in the cholinergic motor 
neurons. Photo-evoked responses from whole cell patch clamp experiments of NMJs showed that 
evoked EPSCs were normal in all four mutants. Error bars = SEM (ANOVA with Bonferroni post test). 
Source: This experiment was conducted by a member of Alexander Gottschalk‘s lab, Johann Wolfgang 
Goethe University in Frankfurt.  The original data was kindly provided by them. 
 

detected through Y2H (Haas et al., 2005). However, for capturing such interactions 

the catalytic arginine residue of the GAP must be mutated to alanine.  This enabled 

Haas et al., to show that Rabgap-5 is the GAP for Rab5 in mammals.  We chose to use 

a similar approach to test TBC-4 and RAB-10. The TBC domain of TBC-4 is between 

residues 106 and 316 (SMART prediction).  Additionally it contains four coiled coil 

(CC) domains (please see appendix for full protein sequence). The catalytic R155 was 

mutated to A and tested against a constitutively active RAB-10 (Q68L) as well as 

other C. elegans RABs. Surprisingly, results showed that RAB-10 binds to TBC-4 

(R155A) in a GTP-dependent manner because the constitutively inactive RAB-10  

(T23N) did not bind to TBC-4 (R155A) (Fig. VIII.11). This provided evidence that 

TBC-4 may indeed be a RAB-10 specific GAP. Through our interaction analysis we 

also found that TBC-4 binds two additional RABs: RAB-8 and RAB-11.1.  Since 

these interactions were found also in the wild type TBC-4 and the TBC-4 R155A, it is 

likely that these RABs are binding to sites outside the TBC domain (Fig. VIII.11).  
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Figure VIII.11. Y2H analysis of TBC-4 binding. A. TBC-4 is a 825 aa protein, which contains 
multiple domains.  The TBC domain (purple) is predicted to be between 106 to 316 aa.  Additionally 
there are 4 coiled coil (CC) domains.  Please see appendix for protein sequence. B. Y2H analysis 
showed that TBC-4 binds to RAB-8, RAB-10 and RAB-11.1. Strikingly the interaction with RAB-10 is 
dependent on the R155A mutation. C. The binding to TBC-4 was abolished in constitutively inactive 
RABs. Source: This experiment was conducted by the author and Mandy Hannemann. 
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Preliminary data suggests that they are binding to the N-terminal CC domain, which 

lies upstream of the TBC domain (data not shown). 

 

8.8 Rabaptin-5 bridges RAB-5 and RAB-10 function 

 Since the phenotypes of RAB-5 and TBC-2 were surprisingly similar to RAB-

5 and TBC-4, we hypothesized they belonged to the same pathway and function 

together to regulate DCV release.  To answer this, we screened with Y2H all known 

RAB-5 effectors against RAB-10 and TBC-4 to identify if there were any common 

molecules.  To our surprise, we found that Rabaptin-5 (RABN-5), a RAB-5 effector 

shown to be important in endosomal fusion (Stenmark et al., 1995), interacted with 

TBC-4. After testing different domains of TBC-4, it was identified that RABN-5 

interacted with the C-terminal CC domains downstream of the TBC-domain (Fig. 

VIII.12). 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure VIII.12. Y2H analysis of TBC-4 interaction with RABN-5.  TBC-4 interacts with RAB-10 in 
a GTP dependent manner.  Additionally the interaction occurs at the C-terminal coiled coil domains 
(377-825) of TBC-4. Source: This experiment was conducted by Mandy Hannemann and the data was 
kindly provided by her. 
 
 
 The Y2H interaction of RABN-5 with TBC-4 suggested that there may be a 

RAB cascade between RAB-5 and RAB-10 that is necessary for DCV function.  

Furthermore, RABN-5 would act as a bridging molecule between these two RABs.  

To verify if RABN-5 was also a regulator of DCV release, we tested the effect of 

RABN-5 knockdown on NLP-21-YFP secretion.  Since the rabn-5 locus is on the 
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same chromosome and in close proximity to the NLP-21-YFP insertion, we could not 

test the mutant. Therefore, we relied on neuron-specific RNAi. Interestingly, 

knockdown of rabn-5 led to a decrease in NLP-21 secretion. Fluorescence intensity 

values were 32.75 ± 14.80 % compared to knockdown of mock, L4440 secretion (Fig. 

VIII.13). Intensity levels in the DNC were unchanged.  Since RABN-5 has also been 

shown to be involved in the endocytic pathway (Stenmark et al., 1995), we wanted to 

verify if the observed defect of RABN-5 on NLP-21-YFP release was due to 

perturbation of endocytosis. Therefore, another molecule involved in early endocytic 

transport, early endosomal antigen-1 (EEA-1) (Simonsen et al., 1998), was knocked 

down by RNAi and analyzed for NLP-21-YFP secretion (Fig. VIII.13). Interestingly 

depletion of EEA-1 showed no defect, suggesting that the observed role of RABN-5 

in DCV secretion is a novel secondary role of this protein.  To confirm this we also 

tested rabn-5 mutants in the INS-22-YFP secretion assay. In accordance with the 

NLP-21-YFP data, rabn-5 mutants had coelomocyte intensities of 43.13 ± 3.71 % of 

wild type and normal levels of INS-22-YFP in the DNC (data not shown). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure VIII.13. NLP-21-YFP analysis of RABN-5 and EEA-1.  Neuron specific RNAi of rabn-5 
showed a decrease in coelomocyte intensity levels suggesting a role in DCV release. Knockdown of 
another RAB-5 effector, eea-1, displayed no defect in DCV secretion. Scale bar in DNC represents 6 
µm and bar in coelomocytes is 3 µm. Error bars = SEM (*, P < 0.05; ANOVA with Bonferroni post 
test) 
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8.9 EHBP-1 also regulates DCV release and interacts with RAB-10  

 During the course of this study, one of our collaborators had identified a novel 

RAB-10 effector in C. elegans, named EHBP-1 (Personal communication with Barth 

Grant, Rutger’s University, New Jersey).  EHBP-1 contains a calponin homology 

(CH) domain and a CC domain.  Firstly we verified the specificity of the RAB-10-

EHBP-1 interaction, by Y2H screening of EHBP-1 against all C. elegans RABs.  The 

full length EHBP-1 was tested as well as a shorter fragment containing only the CC 

domain. Interestingly, the full length EHBP-1 did not interact with any RABs and the 

shorter EHBP-1(662-901) interacted with RAB-8 and RAB-10 (Fig. VIII.14).  

 To determine if EHBP-1 is also involved together with RAB-10 in DCV 

secretion, we tested it through the NLP-21-YFP assay.  The ehbp-1 mutant is lethal, 

so we chose to test it through the neuron-specific RNAi strain.  Results revealed that 

knockdown of ehbp-1 leads to a severe defect in DCV release (Fig. VIII.14). The 

fluorescence intensity in coelomocytes was 1.00 ± 0.20 % of the mock knockdown.  

This suggested that EHBP-1 is also involved in this pathway.    

 

8.10 Colocalization analysis of novel factors involved in DCV release 

 Six different molecules were identified in this study to participate specifically 

in DCV secretion: RAB-5, TBC-2, RAB-10, TBC-4, RABN-5 and EHBP-1. To 

determine where these molecules function in the cell, a sub-cellular localization 

analysis was done.  Proteins of interest were tagged with fluorescent proteins and co-

injected with compartmental markers.  Since, the localization of RAB-5 and TBC-2 to 

the endo-lysosomal system has already been well characterized in C. elegans 

(Chotard et al., 2010), we started by focusing on RAB-10. The localization of RAB-

10 with respect to ER (CB5-GFP), COPI coat (GFP-εCOP), Golgi (MANNSII-YFP), 

Endosomes (GFP-2xFYVE), iDCVs/endosomes (tagRFP-SYX-6) and synapses 

(GFP-SNB-1 and YFP-RAB-3) was verified (Fig. VIII.15).  Co-localization analysis 

revealed that RAB-10 puncta are detectable in the neuronal cell soma and at the 

synapse.  In the soma, RAB-10 showed a partial overlap with Golgi and endosomal 

markers.  At the synapses, RAB-10 showed almost full colocalization with SNB-1 

and RAB-3. However, the SV markers appeared more concentrated and brighter 

whereas RAB-10 staining was weaker and diffuse. This suggests that RAB-10 could  
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Figure VIII.14. Y2H and NLP-21-YFP analysis of a RAB-10 effector.  A. The full length EHBP-1 
did not interact with any Rabs.  A shorter fragment, which included the CC domain (662-901), 
interacted with RAB-10 and RAB-8. B. Neuron specific RNAi of ehbp-1 showed a decrease in 
coelomocyte intensity levels. Scale bar in DNC represents 6 µm and bar in coelomocytes is 2.5 µm. 
Error bars = SEM (***, P < 0.005; ANOVA with Bonferroni post test) 
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Figure VIII.15. Fine mapping of the sub-cellular localization of RAB-10 in neurons. A detailed 
analysis of the sub-cellular localization of RAB-10 showed that it was localized to discrete puncta in 
the neuronal cell soma and at the synapses of DNC. Neuronal cell somas from the VNC were chosen 
for imaging and each picture depicts two neuronal cell bodies. In the cell bodies, RAB-10 showed 
partial colocalization with Golgi and endosomal markers, but no full colocalization with any of the 
markers tested. At the synapses, RAB-10 showed a complete localization with SNB-1 and RAB-3.  
However, the RAB-10 staining was less concentrated than the SV markers. Note: GFP-RAB-10 and 
tagRFP-SYX-6 are false colored to enable simpler viewing. Scale bar in somas is 4 µm and DNC is 5 
µm.   
 
be localizing to DCVs, since there are fewer DCVs than SVs at C. elegans synapses 

(Fig. VIII.8). 

 After having analyzed the localization of RAB-10, the localization of the 

RAB-5 (Q78L), TBC-2, RABN-5, TBC-4 and EHBP-1 was elucidated.  RAB-5 

(Q78L) localized on domains adjacent to RAB-10. TBC-4 had a full overlap with 

RAB-10, which is in accordance with the previous data that it is a potential GAP for 

RAB-10.  Additionally, TBC-4 showed a full colocalization with RABN-5. This is 

also in accordance with the previous Y2H binding data. EHBP-1 had a rather diffuse 

and tubular staining, but it did show a partial overlap with RAB-10 (Fig. VIII.16).  
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Figure VIII.16. Sub-cellular localization analysis of RAB-5 (Q78L), TBC-4, RABN-5 and EHBP-
1. All images were taken of neurons from the VNC. RAB-5 (Q78L) appeared to localize adjacent to 
RAB-10.  TBC-4 displayed full colocalization with RAB-10.  A significant amount of TBC-4 was also 
cyotosolic. RABN-5 and RABN-5 also showed a full overlap in localization.  EHBP-1 and RAB-10 
displayed a partial overlap.  EHBP-1 staining was diffuse and tubular in the neuronal cell bodies. Note: 
GFP-RAB-10, mCherry-RAB-5 (Q78L), tagRFP-TBC-4 and EHBP-1-tagRFP were false colored to 
allow simpler viewing. Scale bar in somas is 4 µm.   
 

This concludes the experiments conducted during the course of this study.  

The results point towards the existence of a RAB cascade necessary for DCV 

secretion whereby RAB-5 recruits TBC-4 via RABN-5.  After recruitment, TBC-4 

would then exclude RAB-10 from nearby membranes allowing for mDCVs to form. 

Details of this cascade can be found in the IX. Chapter 2: Discussion section.  Further 

experiments are ongoing to elucidate the mechanism of this process.   
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IX. DISCUSSION 
 
 
 
 
9.1 RAB-5 and RAB-10 are novel regulators of DCV secretion 

 RAB GTPases are master regulators of membrane trafficking. To understand 

the role of RABs in regulating DCV release, we took advantage of a novel in vivo 

fluorescence based assay to study DCVs in C. elegans (Sieburth et al., 2007). In wild 

type animals NLP-21-YFP is secreted from the motor neurons into the ECM. 

Consequently, macrophage-like cells called coelomocytes endocytose the YFP.  

Secretion of YFP can be indirectly quantified by means of fluorescence intensities in 

the coelomocytes.  Although, this is an indirect measure of secretion, previously 

identified molecules involved in DCV release in mammalian cells have also been 

shown to be defective in NLP-21-YFP secretion: CAPS (C.e UNC-31), Munc-13 (C.e 

UNC-13), tomosyn (C.e TOM-1)  (Sieburth et al., 2007; Gracheva et al., 2007). 

Furthermore, this assay is amenable for conducting larger scale analyses of multiple 

mutants. Therefore we tested all available rab mutants through this assay to study the 

role of RABs in regulating DCV function. 

 Analysis of all rab GTPase mutants showed that constitutively active rab-5 

Q78L and rab-10 mutants had severe defects in NLP-21-YFP secretion. These results 

were further confirmed by testing with a second DCV marker, INS-22-YFP, 

suggesting these mutants have a general defect in DCV secretion. To ensure that the 

observed defect was cell-autonomous in neurons we developed a neuron-specific 

RNAi technique. In accordance with the analysis of the mutants, neuron-specific 

knockdown of rab-5 and rab-10 also suggested that they are essential for DCV 

release.  Since the RNAi results of rab-5 phenocopied rab-5 Q78L, for simplicity the 

rab-5 Q78L mutants will be referred to as rab-5 mutants for the remainder of the 

discussion.   
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 Unlike the unc-31 (CAPS) mutants, which also have a defect in DCV 

secretion, the rab-5 and rab-10 mutants displayed no buildup of unsecreted YFP at 

the synapses.  Rather, the fluorescence intensities at the DNCs of these mutants were 

like wild type. An explanation for this stems from the finding that de novo DCV 

biogenesis is genetically regulated by a DCV transmembrane protein, IA2/ICA512, 

through a feedback mechanism (Trajkovski et al., 2008). Upon fusion, the 

cytoplasmic tail of IA2/ICA512 is cleaved and translocates to the nucleus to 

positively regulate the expression of DCV proteins (Trajkovski et al., 2008). In the 

absence (or severe decrease) of fusion, like in rab-5 and rab-10 mutants, such a 

feedback loop could be inhibited. This would consequently arrest the production of 

new DCVs, preventing an accumulation at synapses. C. elegans has a single 

orthologue of IA2/ICA512 called IDA-1 and interestingly, it has been recently shown 

to localize to DCVs in neurons and to be involved in the regulation of DCV genes 

(Cai et al., 2009). 

In order to identify novel molecules that may function together with RAB-5 

and RAB-10 we analyzed the TBC-domain containing family of proteins, which act 

as regulators of RAB GTPase function.  Screening of all available neuronally 

expressed tbc mutants showed that tbc-2 and tbc-4 are also involved in the DCV 

secretion pathway. To distinguish whether RAB-5, TBC-2, RAB-10 and TBC-4 were 

specific regulators of DCV release and not SV release, we analyzed the SVs in these 

mutants. Examination of fluorescent synaptic markers (GFP-SNB-1 and YFP-RAB-3) 

showed that rab-5, tbc-2, rab-10 and tbc-4 mutants had no changes in the amount of 

SVs, the size of synapses or the number of synapses.  Ultrastructural analysis of these 

mutants further revealed that the numbers of SVs were normal and that the 

distribution of SVs from the active zone were unchanged. Measurement of EPSCs 

revealed that evoked SV release was also unaffected in rab-5, tbc-2, rab-10 and tbc-4 

mutants. This suggested that RAB-5, TBC-2, RAB-10 and TBC-4 were indeed 

specific regulators of DCV exocytosis and not SV release. 

Considering the results that were obtained, we had hypothesized that TBC-2 

and TBC-4 may function as GAPs for RAB-5 and RAB-10.  Interestingly, in line with 

this prediction, recent in vitro studies showed that TBC-2 displayed GAP activity 

specifically for RAB-5 (Chotard et al., 2010).  This intuitively suggested to us that 

TBC-4 may be the GAP for RAB-10. Since, attempts to recombinantly express RAB-

10 were unsuccessful, we used a Y2H approach to determine the substrate specificity 



PhD Thesis – Nikhil Sasidharan     IX. Chapter 2: Discussion 
 

  90 

of TBC-4. Interestingly, TBC-4 bound to RAB-10 at its TBC domain suggesting that 

RAB-10 is indeed the GAP for RAB-10. Interestingly, TBC-4 also interacted with 

RAB-8 and RAB-11.1 at sites away from its TBC domain.  Since depletion of rab-8 

and rab-11.1 showed no DCV secretion defect, the meaning of these interactions is 

unclear.  It could be that TBC-4 is recruited by RAB-8 and RAB-11.1 to regulate 

other trafficking pathways. 

A major question in this study was to determine how RAB-5 and RAB-10 

cooperate together in regulating DCV secretion? In order to answer this question and 

identify a link between RAB-5 and RAB-10, we screened known RAB-5 effectors for 

interaction with RAB-10 and its effectors. RABN-5, a RAB-5 effector, was found to 

bind to TBC-4 at CC domains distinct from the TBC domain. Interestingly 

knockdown of RABN-5 phenocopied the DCV defect of rab-5 and rab-10 mutants 

confirming its involvement in this pathway.  Mammalian rabaptin-5 has been shown 

to form a complex with Rab5 and Rabex-5, and acts as stimulator of the GEF activity 

of Rabex-5 on Rab5.  This in turn leads to a polymerization of Rab5 in the early 

endocytic pathway (Stenmark et al., 1995; Lippe et al., 2001). From the phenotype of 

rabn-5 mutants it was not clear if the effect of RAB-5 and RABN-5 on DCV release 

was an indirect consequence of a perturbed endocytic pathway. To distinguish these 

two functions, we tested another molecule necessary for homotypic fusion during 

endocytosis, EEA-1 (Simonsen et al., 1998).  Interestingly, knockdown of EEA-1 did 

not result in decreased DCV secretion. This suggests that RABN-5 has a specific 

secondary function in regulating DCV exocytosis by recruiting TBC-4 for the local 

inactivation of RAB-10. 

 

9.2 A RAB-5 / RAB-10 exclusion cascade 

It has been shown that, inside the cell, multiple Rab GTPases can work 

together in a cascade to provide directionality during compartment maturation. Two 

distinct types of cascades have been identified: Rab conversions and Rab exclusions. 

In a Rab conversion, a specific Rab recruits the GEF of a secondary Rab allowing for 

a compartment to sequentially acquire a new Rab label.  The best example of such a 

cascade is seen between Rab5 and Rab7. Early endosome localized Rab5 molecules 

recruit the HOPS complex, which possesses GEF activity for Rab7, leading to 

maturation of Rab5 positive compartments to a Rab7 positive compartments (Rink et 

al., 2005).  In contrast, during Rab exclusion, a specific Rab recruits the GAP of 
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secondary Rab allowing for inactivation of the secondary Rab during compartmental 

maturation.  This is seen between the yeast Rabs, Ypt1 and Ypt31. Ypt31 recruits 

Gyp1, which is a GAP for Ypt1. This allows for exclusion of Ypt1 from Ypt31 

positive membranes during transport through the Golgi (Rivera-Molina and Novick, 

2009).  

The results of this study provide evidence for the existence of a potential Rab 

exclusion cascade between RAB-5 and RAB-10 to regulate DCV function. In this 

cascade, RAB-5 would indirectly recruit TBC-4 through its interaction with RABN-5.  

The presence of TBC-4 on RAB-5 positive membranes would then locally inactivate 

RAB-10 excluding it from a RAB-5 domain. Considering that the binding of RAB-10 

to EHBP-1 is also essential for DCV release, it is likely that the inactivated RAB-10 

would be recruited to an EHBP-1 positive compartment (Fig. IX.1). The finding that, 

EHBP-1, unlike classical Rab-Effectors, is autonomously targeted to membranes, 

would support this (Shi et al., 2010).  An interesting result was that RAB-10 did not 

interact with the full length of EHBP-1, but only to the isolated CC domain. An 

explanation could be that the CC binding site for RAB-10 is kept inaccessible until 

the end of the RAB-5 / RAB-10 cascade. Additional studies need to be done to 

determine how the full length EHBP-1 interaction with RAB-10 is modulated.  RAB-

8 also interacted with the CC domain of EHBP-1, but the function of this interaction 

is unclear since rab-8 mutants displayed no defect in DCV secretion. It is possible 

that RAB-8 still contributes a mild role, which can be compensated by RAB-10, but 

not vice versa. The fact that both genes are synthetically lethal and that rab-8 mutants 

generally display milder phenotypes would support this (Chapter 1). 

The necessity for DCVs to mature through a RAB-5 / RAB-10 cascade may 

explain why disruption of any one component leads to a defect in DCV secretion.  

Multiple studies have suggested that constitutively active Rabs display phenotypes, 

which are distinctly different from constitutively inactive Rabs (Stenmark et al., 1994;  

Ullrich et al., 1996; Junutula et al., 2004).  This was not the case in our study, as we 

observed similar phenotypes between dominant mutants of RABs and depletion  (by 

deletion or RNAi) of the same RABs.  This suggests that certain complex processes 

such as DCV maturation and secretion require many molecules to ensure fidelity. In 

such a process, there is a demand for fully functional Rab cycles, which would be 

equally disrupted by a constitutively inactive or active Rab.  Instances where a 

constitutively inactive or active Rab displays similar phenotypes have been previously  
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Figure IX.1. Model of a RAB-5 / RAB-10 exclusion cascade.  A. The results of this study suggest the 
existence of a RAB exclusion cascade, which regulates DCV function. In this cascade RAB-5 
recruitment to a compartment simultaneously leads to the recruitment of RABN-5.  The presence of 
RABN-5 stimulates the GEF activity of RABX-5 towards RAB-5 (Lippe et al., 2001) and at the same 
time locally inactivates RAB-10. The inactivated RAB-10 would then re-localize to a neighboring a 
neighboring microdomain containing EHBP-1. All molecules would need to work in concert for the 
formation of fusion competent DCVs.  B.  A schematic representation of how all molecules would 
work in concert. TBC-2 is not depicted as it is a negative regulator of this pathway and it is likely that 
it is necessary to switch off this entire process. 
 

 

reported.  Expression of constitutively active or inactive mutants of Rab27 in neurons 

displayed defects in recycling of SVs (Pavlos et al., 2010).  Expression of 

constitutively active or inactive Rab6 in HeLa cells displayed decreased 

hemaggluttinin transport to the cell surface (Martinez et al., 1994).  
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9.3 Localization of the RAB-5/RAB-10 cascade: cell body or synapse? 

 Considering that RAB-5 and RAB-10 localize to discrete compartments in 

neuronal cell somas as well as to synapses (Brown et al., 2009; this study), a major 

question, which remains to be answered is, where does the RAB-5 / RAB-10 

exclusion cascade occur? Given the current set of data, it is difficult to discriminate 

between the neuronal cell soma and the synapse.  If it were to take place in the cell 

soma, then this cascade would likely occur in synchrony with the maturation process 

of iDCVs to mDCVs.  In this scenario, disruption of the RAB-5 / RAB-10 cascade 

would lead to missorting of essential factors necessary for mDCV formation.  Three 

such factors are: Syntaxin 6, VAMP4 and Synaptotagmin-IV. All three of these 

proteins are found on iDCVs and not on mDCVs in neuroendocrine PC12 cells 

(Tooze et al., 2001).  Syntaxin 6 has been shown to be necessary for the homotypic 

fusion events preceding mDCV formation and is subsequently sorted to the endo-

lysosomal system  (Wendler et al., 2001). Synaptotagmin-IV has been shown to bind 

to syntaxin 6 to regulate homotypic fusion events (Ahras et al., 2006).  Interestingly, 

recent studies in neurons has shown that certain amounts of synaptotagmin IV are also 

found on mDCVs and that it acts as an inhibitor of DCV release (Dean et al., 2009; 

Zhang et al., 2009). These results suggest the modulation of synaptotagmin-IV levels 

have consequences on DCV secretion. It will be interesting to determine the 

localization of syntaxin 6 and synaptotagmin IV in rab-5 and rab-10 mutants.  It is 

possible that these factors are missorted onto mDCVs.  It will also be interesting to 

conduct a proteomic analysis of DCV content in rab-5 and rab-10 mutants to identify 

additional factors that may be missorted in these mutants.   

 In the second scenario, it is possible that the RAB-5 / RAB-10 cascade occurs 

at the synapse, perhaps on DCVs.  A recent finding that mammalian Rab5 and Rab10 

are found on purified DCVs from rat spinal cord neurons, would support this (Zhao et 

al., 2011).  It is unlikely that these RABs are involved in DCV transport since the 

DCVs are able to reach the synapse in these rab-5 and rab-10 mutants. One 

possibility is that, once at the synapse, DCVs must form specific microdomains prior 

to fusion. A functional RAB-5/ RAB-10 cascade would lead to the formation of 

specific RAB-5 and RAB-10 microdomains. In the absence of these microdomains 

the DCVs may be rendered fusion incompetent. This raises the question: what is the 

purpose of these microdomains. A simple suggestion would be that they are necessary 

for efficient tethering of DCVs, prior to fusion. Previous studies have implicated 
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Rab10 in the insulin-triggered translocation of glucose transporter 4 (GLUT4) 

vesicles (GSVs) to the plasma membrane in adipocytes. Depletion of Rab10 leads to a 

drastic decrease in exocytosis of GSVs suggesting a role of this Rab in fusion (Sano et 

al., 2007; Sano et al., 2008). An appealing idea would be that the role of Rab10 in 

GSV fusion is analogous to its role in DCV fusion in C. elegans. Interestingly, in line 

with this, additional studies have implicated EHBP-1 and TBC1D4 (a mammalian 

Rab10 GAP) in GLUT4 translocation (Guilherme et al., 2004; Minea et al., 2005).  To 

date, a role of Rab-5 has not been established, nor a formal RAB-5 / RAB-10 

exclusion cascade described in GSV exocytosis.  Additional work needs to be 

conducted to elucidate the potential role of these molecules to verify if the GLUT4 

translocation pathway is similar to that of DCV release.   

 Alternatively, the requirement of the RAB-5 / RAB-10 exclusion cascade at 

the synapse may involve a role of the actin cytoskeleton. Presynaptic axon terminals 

have been shown to contain large amounts of filamentous actin  (Fifkova and Dilay, 

1982; Landis et al., 1988).  SVs of the reserve pool were shown to be linked to the 

actin cytoskeleton through proteins called synapsins (Hilfiker et al., 1999). Synapsins 

were shown to act as negative regulators of high frequency induced SV exocytosis 

(Pieribone et al., 1995; Li et al., 1995).  Interestingly, it has also been shown recently 

that synapsins act as negative regulators of DCV release in chromaffin cells 

(Villanueva et al., 2006). Parallel studies in chromaffin cells have also revealed that 

actin remodeling contributes significantly to the release of cargoes from DCVs 

(Felmy, 2007) and that the interaction between an actin motor protein, myosin-Va, 

and syntaxin-1 plays a role in DCV release (Watanabe et al., 2005).  These studies 

suggest that DCVs are anchored on actin filaments and that exocytosis of DCVs is 

modulated by actin rearrangements at the synapse.  Interestingly EHBP-1 contains a 

calponin homology (CH) domain.  Since, CH domains bind to actin filaments 

(Korenbaum and Rivero, 2002), it is possible that the interaction of RAB-10 with 

EHBP-1 is necessary for a remodeling of the synaptic actin cytoskeleton.  Such 

remodeling could be necessary to enable DCV mobility prior to fusion.  In this case, 

the disruption of the RAB-5 / RAB-10 exclusion cascade would trap the DCVs at the 

synapses preventing them from fusing.  Additional studies on the effect of EHBP-1 on 

synaptic actin dynamics would help to elucidate its role in DCV release.   
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 In summary, we have identified through a systematic analysis of all RABs that 

RAB-5 and RAB-10 are novel regulators of DCV secretion in C. elegans.  We have 

proposed that these molecules work together through a RAB exclusion cascade where 

active RAB-5 inactivates RAB-10 through recruiting TBC-4. This cascade is thought 

to occur in the neuronal cell soma or at the synapse. Furthermore, it was shown that 

disruption of the cascade perturbs DCV release. It is likely that this defect occurs 

either due to missorting of essential factors for fusion, failure to form the appropriate 

Rab microdomains necessary for tethering, or due to incorrect actin remodeling 

necessary for fusion.   
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X. MATERIALS AND METHODS 
 
 
 
 
10.1 Molecular Cloning 

 Molecular cloning was conducted using classical recombinant molecular 

biology techniques (Sambrook and Russel, 2001).  All bacterial strains and constructs 

used for cloning are listed in the Appendix.  Each construct is described with the 

primers used for PCR and restriction sites used for cloning. DNA sequences of all 

primers (Invitrogen) can also be found in the Appendix. All genes of interest were 

PCR amplified out of a C. elegans cDNA library (Proquest).  All genomic loci of 

interest were PCR amplified out of purified C. elegans genomic DNA (provided by 

Christina Pelzelt). PfuUltra II Polymerase (Stratagene) was used for all cloning PCR 

reactions.  For genotyping PCR reactions Taq Polymerase (Invitrogen) was used.  A 

standard 25 µl PCR mix contained 1 µl of each primer [10µM], 2.5 µl 10x PCR buffer 

(Stratagene/Invitrogen), 0.5µl dNTP’s [10mM], 0.5µl of Polymerase, 20-200 ng DNA 

template and the remaining volume was filled with double distilled H2O (ddH2O).  

Restriction enzymes, T4 DNA ligase and respective buffers were purchased 

from Fermentas and New England Biolabs. Restriction digest was typically conducted 

in a reaction volume of 20 µl, with 2 µl of 10x digestion buffer, 0.5 µl of each 

restriction enzyme, 1 µg of DNA, and remaining volume filled with ddH2O. 

Reactions were carried out for 2-3 hours at 37 °C.  Ligation reactions were conducted 

in a reaction volume of 20 µl, with 2 µl of 10x ligation buffer, 1 µl of ligase, 25 ng 

DNA (total mass of vector and insert), and remaining volume filled with ddH2O. 

Ligation reactions were carried out overnight at 15 °C. A subset of constructs was 

cloned using the Invitrogen Gateway cloning system. LR reaction mixes consisted of 

a total volume of 20 µl with 100 ng of the entry clone, 100 ng of destination vector, 2 

µl of LR clonase, 8 µl of TE buffer (Appendix) and the remaining volume filled with 
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ddH2O.  LR reaction mix was incubated at 25 °C for 1 hour. After reaction, 1 µl of 

proteinase K was added and incubated at 37 °C for 10 minutes to terminate the LR 

reaction. All PCR reactions and digestion products were analyzed on 1% agarose gels 

(Invitrogen), run on 1x TBE buffer (Appendix).   

All ligation mixes were transformed into 100 µl chemi-competent DH5α cells 

(Invitrogen) through the heat-shock transformation method.  After mixing of ligation 

products with DH5α cells, the mixture was allowed to stand for 25 minutes on ice.  

Then mixture was heat shocked for 2 minutes at 42°C and placed back on ice for 2 

minutes.  For recovery, 900 µl of LB medium (Appendix) was added and then placed 

on a shaker at 37 °C for 45 minutes. After recovery, cells were pelleted, resuspended 

and plated on to ampicillin or kanamycin containing LB-agar plates (Appendix).  

Following transformation, colonies were picked and inoculated with desired volume 

of LB media. Plasmid DNA was isolated using miniprep kits (Invitrogen) or midiprep 

kits (JetStar).  For transformation of LR reaction products, DB3.1 cells were used. 

 

10.2 C. elegans genetics 

 

 10.2.1 Strains 

 All strains were cultured at 20° C on OP50 E.coli-seeded Nematode Growth 

Medium (NGM) plates as previously (Brenner, 1974). All mutant C. elegans strains 

used in this study were ordered from the C. elegans Gene Knockout Consortium 

(CGC-Vancouver, Canada and Minnesota/Oklahoma, USA) and/or the National 

Bioresource Project for the Nematode C. elegans (Tokyo, Japan).  Strains used in this 

study are listed in the Appendix.     

 

 10.2.2 Crosses 

 Males for crosses were induced via heatshock. 6 large NGM plates (100mm), 

each containing 20 L4 N2 worms was prepared. Plates were kept at 30° C for 

heatshock.  2 plates were removed at 5 hours, 2 plates were removed at 5.5 hours, and 

2 plates were removed at 6 hours and kept at 20° C.  The F1 progeny were screened 

for males.  Usually, < 5 % of the population is positive.  Males were then isolated and 

used to cross an allele of interest into a desired genetic background.  After crossing, 
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homozygous F2 progeny were selected through phenotypic selection or by worm 

PCR. 

 For worm PCR, animals needed to be first lysed.  For worm lysis, few animals 

from a strain of interest were suspended in lysis buffer containing proteinase K 

(Appendix). Worms were first placed at -80 ° C for 20 min to allow ice crystals to 

initially rupture tissue.  Subsequently worms were transferred to 65° C for 1 hour to 

allow proteinase K to digest the worm extract.  After lysis, proteinase K was 

inactivated with a 95° C step for 20 min.  2 µl of lysate was used as template for the 

worm PCR reaction.  Note that worm PCR is carried for the detection of deletion 

mutant alleles.  Primers are designed to bind outside a deletion locus and also inside 

the locus to confirm homozygosity.  Lists of all deletion alleles that were used in this 

study along with the sizes of the deletions and the primers used to screen for the 

deletion can be found in the Appendix.  The DNA sequences of the screening primers 

can also be found in the Appendix.    

 

 10.2.3 Generation of transgenic lines 

 Transgenic lines carrying extrachromosomal arrays were generated through 

microinjection as previously described (Mello and Fire, 1995).  Injection mixes 

containing genes of interest, co-injection marker and pBluescript combined in a final 

concentration of 100 ng/µl were used for injections. All the injection mixes that were 

used describing the genes of interest, co-injection markers and respective 

concentrations used can be found in the Appendix.  Usually two independent 

transgenic lines per injection mix were generated. The transgenic lines generated in 

this study are also listed in the Appendix, after the mutant strains. 

 A number of integrated transgenic lines were obtained from the CGC and 

from other C. elegans labs: nuIs152[punc-129::gfp-snb-1], nuIs168[punc-129::venus-

rab-3], nuIs183[punc-129::nlp-21-venus] and nuis195[punc-129::ins-22-venus]  

were provided by Joshua Kaplan, (Massachusetts General Hospital, Boston, MA). 

ZxIs5[punc-17::chop-2(H134R)-yfp;lin-15(+)] X and zxIs6[punc-17::chop-

2(H134R)-yfp;lin-15(+)] IV were provided by Alexander Gottschalk (Johann 

Wolfgang Goethe-Universität , Frankfurt, Germany). BIs34[prme-8::rme-8–gfp] was 

provided by Barth Grant (Rutgers University, New Jersey, USA).  
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10.3 C. elegans behavioral assays 

  

 10.3.1 Movement analysis 

To assay worm movement, the number of body bends per minute was assayed.  

Individual animals were transferred from seeded NGM plates to non-seeded NGM 

plates.  The number of sinusoidal body bends per minute was visually measured.  

Each animal was tested for three minutes and at least 10 animals were assayed per 

strain.   

 

 10.3.2 Defecation motor program analysis 

For assaying defecation, two parameters were measured:  Success of expulsion 

events and the cycle length between subsequent posterior body contractions (Thomas, 

1990). A minimum of 10 animals per strain were analyzed and each animal was 

recorded for 5-10 minutes. 

 

 10.3.3 Egg-laying analysis 

 The egg-laying assay was performed as previously described (Patel et al., 

2006.)   20 Young adult worms were transferred to fresh plates and after 30 min, the 

developmental stage of each newly laid egg was assessed into three distinct stages:  

one-to-eight-cell stage, nine-cell-to-comma stage and postcomma stage.   

 

 10.3.4 Pharmacological assays 

 Pharmacological assays for synaptic transmission were conducted with 

aldicarb as described previously (Mahoney et al. 2006b).  Seeded NGM plates 

containing 2mM aldicarb were prepared (Riedel de Haen). 30 animals per strain were 

transferred onto aldicarb plates and assessed after 90 minutes of exposure.  The 

percentage of animals paralyzed was quantified. Paralysis was determined by failure 

to move after prodding with silver wire. Levamisole sensitivity assays were 

conducted as previously described (Lewis et al., 1980).  NGM plates containing 1mM 

levamisole were prepared (Sigma Aldrich). 30 animals per strain were transferred 

onto levamisole plates and observed after 80 minutes of exposure.  The percentage of 

animals paralyzed was quantified.    
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10.4 DiI staining  

A stock solution of 2 mg/ml 1,1’-dioctadecyl- 3, 3, 3’, 3’- 

tetramethylindocarbocyanine perchlorate (DiI) (Molecular Probes) in N,N-

dimethylformamide was stored at􏰇-20°. For the working solution, the stock was 

diluted 1:200 in M9 buffer (Appendix).  Strains were then soaked in the DiI working 

solution for 2-3 hours at room temperature.  After staining, worms were washed 2-3x 

with M9 buffer and spotted onto NGM plates for destaining.  1 hour later worms were 

mounted onto 2% agarose pads for imaging (Bacaj et al., 2008). 

 

10.5 Chemosensation assay 

 This assay was modified from a previously described protocol (Wicks, 2000). 

A solution of 150 mM CuSO4 with trace amounts of bromophenol blue was prepared.  

Bromophenol blue was used to color the solution to allow visibility under the light 

microscope.  A line of copper sulfate solution was drawn across the midline of an 

unseeded NGM plate.  The strain to be assayed was washed twice with S-Basal Buffer 

to remove bacteria and spotted to one side of the assay plate.  2 µl of an attractant, 

isoamyl alcohol (diliuted 1:10 in ethanol) was placed on the opposite side of the plate 

across the line of copper sulfate. Wild type worms approach the attractant, but do not 

cross the line of copper sulfate. The ability of worms to be attracted to isoamyl 

alcohol and avoid copper was qualitatively assessed. 

 

10.6 RNAi by feeding 

Genes of interest were knocked down by feeding RNAi as previously 

described (Kamath et al., 2001). All genes for RNAi experiments were cloned into 

L4440, a vector with two opposing T7 polymerase binding sites flanking the multiple 

cloning site. The vectors were then transformed into E.coli HT115 (DE3) strain. The 

overnight culture grown in LB media, was seeded onto NGM plates containing 100 

µg/ml ampicillin and 1mM isopropyl β-D-thiogalactopyranoside (IPTG). 10 L4 

animals of strains of interest in an eri-1(mg366) background, were transferred onto 

plates and allowed to lay eggs for 12 hours.  The animals were then transferred to a 

second round of plates and allowed to lay eggs for another 12 hours.  Parents were 

then removed and the progeny were analyzed/scored for phenotypes. All the RNAi 

constructs that were cloned can be found in the Appendix.  Table III.2 lists all the 
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strains of interest that were crossed into the eri-1(mg366) background.  For neuron-

specific RNAi, the eri-1(mg366);rde-4(ne301); gz133 [punc-129::rde-4] strain was 

used. 

 

10.7 Confocal microscopy and image analysis 

Animals were immobilized with 50mM Na-azide and placed on 2% agarose 

pads.  All imaging was performed on an inverted confocal microscope (SP2, Leica).  

Images were taken using a 63x NA 1.32 / 40x NA 1.25 oil immersion objectives at 20 

° C.  Stacks of regions of interest were taken and then compiled to generate maximum 

intensity projections using Leica software.  

For expression pattern analysis segments of worms were separately imaged 

and a composite image of a full-length worm was generated using Photoshop. For 

sub-cellular localizations, images of neuronal cell somas from the VNC were taken. 

Images for quantification from DNC and coelomocytes was carried out as described 

previously (Sieburth et al., 2005; Sieburth et al., 2007). Maximum stack projections 

taken from the confocal software were thresholded and quantified using ImageJ 

software (National Institutes of Health) as described previously (Sumakovic et al., 

2009). All data was normalized to wild type, where indicated.   

For imaging of the DyI stained worms an inverted Olympus IX81 microscope 

combined with a PerkinElmer Ultraview Vox spinning disk setup was used.  A 40x 

NA 0.75 air immersion lens was used for imaging.  Stacks of regions of interest were 

taken and then compiled to generate maximum intensity projections using 

PerkinElmer software.  

 

10.8 TR-BSA endocytosis assay 

The endocytosis of the fluid-marker (TR-BSA), was monitored as described 

previously (Zhang et al., 2001). Strains of interest were crossed into the bIs34 strain 

to label early endosomes.  1mg/ml of TR-BSA was injected into the pseudocoelom 

near the pharynx of adult animals.   After specific time points 10 mins, 30 mins, and 

45 mins, animals were transferred onto chilled NGM plates to retard trafficking and 

prepared subsequently for imaging.  At least 4 different animals were injected and 

imaged for each time point. 
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10.9 High-pressure freeze electron microscopy 

A 100 µm deep aluminium platelet (Microscopy Services, Flintbek) was filled 

with E.coli OP 50 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 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). 50 nm 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 destilled water. After air drying 

the grids were placed on lead citrate (Reynolds, 1963) for 2 min in a CO2-free 

chamber, and rinsed in destilled 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. 

 

10.10 Electrophysiology 

Recordings from dissected C. elegans body wall muscle cells were conducted 

as described previously (Liewald et al., 2008). After dissection, cells were treated for 

8 s with 0.5 mg/ml    collagenase (Sigma-Aldrich, Germany) in modified Ascaris 

Ringer’s (AR; 150 mM NaCl, 5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 10 mM 

glucose, 15 mM HEPES (pH 7.35), 340 mOsm) and washed with AR. Cells were 

clamped to a holding potential of -60 mV using an EPC10 amplifier and analyzed by 

Pulse software (HEKA Electronics, Germany). The bath solution was AR, the pipette 

solution was 120 mM KCl, 20 mM KOH, 4 mM MgCl2, 5 mM TRIS-HCl (pH 7.2), 

0.25 mM CaCl2, 4 mM ATP, 36 mM sucrose, and 5 mM EGTA (315 mOsm). Light 

activation was performed using a LED lamp (KSL-70, Rapp OptoElectronic, 

Germany) at a wavelength of 470nm (8mW/mm2), and controlled by the HEKA 

amplifier software. 

 

10.11 Yeast-2-hybrid 

The Matchmaker yeast two-hybrid assay was performed according to 

manufacturers protocol (Clontech). All dominant active and dominant negative Rabs 

were cloned into the bait vector pGBKT7, whereas tbc-4, tbc-4 (377-825), rabn-5 and 

tbc-4 R155A were cloned into the prey vector pGADT7 (Clontech). All yeast-2-

hybrid vectors are listed in table III.1. The plasmid combinations of interest were 
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transformed into the yeast strain AH109 (Clontech) and tested for interaction by 

spotting on selective plates lacking histidine.  Composition of YAPD, transformation 

and spotting plates can be found in the Appendix. 

 

10.12 Protein expression and purification 

All rab genes were cloned into the pGST (Glutathione-S-transferse) parallel II 

vector (Sheffield et al., 1999). Vectors were transformed into the E. coli BL21 star 

(DE3) strain (Invitrogen).  Protein expression was induced with 0.1-1mM IPTG at an 

OD range of 0.4-0.6.  Expression was stopped after 4 hours.  Cells were pelleted and 

resuspended in cleavage buffer (Appendix). The solution was sonicated on ice and 

centrifuged at 11500g (SS-34 rotor) for 30 minutes to remove cellular debris. The 

supernatant was incubated with GST-Sepharose beads (GE healthcare) for one hour 

on room temperature.  Then washed 3x with 3mL PBS and eluted with GST elution 

buffer (Appendix).  Purity of protein was then judged by boiling 10 µl of protein 

sample in SDS and running samples through SDS-PAGE.  SDS gels were prepared 

and run using a BioRad Mini-PROTEAN 3 cell electrophoresis system and 1x SDS 

running buffer (Appendix).  10% gels were used and run at 160 V for 60-90 minutes.  

Gels were stained with Coomassie Brilliant Blue R250 and destained with Coomassie 

destaining buffer (Appendix).   
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XII. APPENDIX 
 

12.1 Constructs and bacteria/yeast strains  

 All bacterial/yeast strains and constructs used in this study are listed in table 

XII.1.  A brief description is provided about all the backbone vectors used as well as 

the cloning strategies used for the generation of new vectors. 
Table XII.1. List of all bacterial/yeast strains and constructs used in study 

Bacteria and Yeast 
Strains 

Description Source 

DH5α E.coli strain used for general molecular cloning Invitrogen 
DB3.1 E.coli strain used for molecular cloning of vectors  

containing the ccdB gene.  Contains the gyrA462 
allele, which confers resistance to ccdB.  For gateway 
cloning 

Invitrogen 

Bl21-Star (DE3) E.coli Strain for protein expression.  DE3 indicate 
that the expression of T7 polymerase is inducible by 
IPTG.  Contains additional mutation in rne131, an 
RNAase. 

Invitrogen 

HT115 (DE3) E.coli Sttrain for feeding induced RNAi in C.elegans. 
Double stranded RNA induced by IPTG 

Kamath et al., 
2001 

OP50 E.coil strain for feeding C.elegans Brenner, 1974 
AH109 S.cerevisae strain used for yeast-2-hybrid Clontech 
Backbone Vectors Resistance 

Gene 
Description Source 

pBluescript SK (+) Ampr Entry vector used for cloning Stratagene 
pENTR4  Kanr Gateway entry vector Invitrogen 
pGEMT Ampr Entry vector for TA cloning Promega 
pPD115.62(pmyo-
3::gfp) 

Ampr Muscle expression vector for C.elegans 
Contains unc-54 3ÚTR 

Andrew Fire 
vector kit 

phsp-
16.41::tagRFP 

Ampr Heat shock induced expression vector 
for 
C.elegans. Based on pPD115.62 

Kindly provided by 
Katrin Schwarze 
and Sabine Koenig 

prab-3::mcherry Ampr Neuronal expression vector 
for C.elegans. Based on pPD115.62 

Kindly provided by 
Marija Sumakovic 

prab-3::tagRFP Ampr Neuronal expression vector 
for C.elegans. Based on pPD115.62 

Kindly provided by 
Marija Sumakovic 

prab-3::gfp Ampr Neuronal expression vector 
for C.elegans. Based on pPD115.62 

Kindly provided by 
Marija Sumakovic 

punc-129::mcherry Ampr DA and DB motoneuron expression 
vector for C.elegans. 
 Based on prab-3::mcherry 

Kindly provided by 
Marija Sumakovic 

L4440 Ampr Entry vector for feeding RNAi Kindly provided by  
Julie Ahringer 

pGST parallel 2 Ampr GST-Protein expression vector based 
on pGEX4T1 

Sheffield et al., 
1999 

pGBKT7 Kanr Yeast-2-hybrid vector containing  
DNA binding domain 

Clontech 

pGADT7 Ampr Yeast-2-hybrid vector containing  
DNA activating domain 
 

Clontech 
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Genes of interest 
in entry vectors 

Resistance 
Gene 

Cloning Strategy Source 

pBluescript rab-1 Ampr -- Kindly provided by 
Katrin Schwarze 

pBluescript rab-2 Ampr -- Kindly provided by 
Katrin Schwarze 

pGEMT rab-3 Ampr PCR with oGQ230/oGQ231 
TA cloning 

Cloned in this study 

pENTR4 rab-5 Kanr PCR with oGQ285/oGQ286 
Digested with BamH1/EcoRI 

Cloned in this study 

pENTR4 rab-6.1 Kanr -- Kindly provided by 
Katrin Schwarze 

pENTR4 rab-6.2 Kanr -- Kindly Provided by 
Katrin Schwarze 

pENTR4 rab-7 Kanr PCR with oGQ283/oGQ284 
Digested with BamH1/Xho1 

Cloned in this study 

pENTR4 rab-8 Kanr PCR with oGQ259/oGQ260 
Digested with BamH/EcoR1 

Cloned in this study 

pENTR4 rab-10 Kanr PCR with oGQ261/oGQ262 
Digested with BamH1/EcoR1 

Cloned in this study 

pGEMT rab-11.1 Ampr PCR with oGQ1127/oGQ1128TA 
cloning 

Cloned in this study 

pENTR4 rab-11.1 Kanr -- Kindly provided by 
Katrin Schwarze 

pGEMT rab-11.2 Ampr PCR with oGQ1129/oGQ1130 
TA cloning 

Cloned in this study 

pBluescript rab-14 Ampr -- Kindly provided by 
Katrin Schwarze 

pENTR4 rab-18 Kanr PCR with oGQ268/oGQ269 
Digested with EcoRV/EcoRI 

Cloned in this study 

pBluescript rab-18 Ampr Subcloned from pENTR4 rab-18 
Digested with Nde1/Xho1 

Cloned in this study 

pENTR4 rab-19 Kanr PCR with oGQ590/oGQ591 
Digested with EcoRV/EcoRI 

Cloned in this study 

pENTR4 rab-21 Kanr PCR with oGQ263/oGQ264 
Digested with BamH1/EcoR1 

Cloned in this study 

pENTR4 rab-27 Kanr PCR with oGQ265/oGQ266 
Digested with BamH1/Xho1 

Cloned in this study 

pENTR4 rab-28 Kanr PCR with oGQ277/oGQ278 
Digested with EcoRV/EcoR1 

Cloned in this study 

pBluesscript rab-28 Ampr PCR with oGQ851/oGQ278 
Digested with Not1/EcoR1 

Cloned in this study 

pENTR4 rab-30 Kanr PCR with oGQ281/oGQ282 
Digested with EcoRV/Xho1 

Cloned in this study 

pBluescript rab-30 Ampr PCR with oGQ852/oGQ282 
Digested with Not1/Xho1 

Cloned in this study 

pENTR4 rab-33 Kanr PCR with oGQ 279/oGQ280 
Digested with Nde1/EcoR1 

Cloned in this study 

pBluescript rab-33 Ampr Subcloned from pENTR4 rab-33 
Digested with Nde1/Xho1 

Cloned in this study 

pENTR4 rab-35 Kanr PCR with oGQ272/oGQ273 
Digested with BamH1/EcoR1 

Cloned in this study 

pENTR4 rab-37.1 Kanr PCR with oGQ274/oGQ275 
Digested with BamH1/EcoR1 

Cloned in this study 

pENTR4 rab-37.2 Kanr PCR with oGQ276/oGQ275 
Digested with BamH1/EcoR1 

Cloned in this study 



PhD Thesis – Nikhil Sasidharan    XII. Appendix 
 

  124 

pENTR4 rab-39 Kanr PCR with oGQ270/oGQ271 
Digested with EcoRV/Xho1 

Cloned in this study 

pGEMT rab-y1 Ampr PCR with oGQ1343/oGQ1344 
TA cloning 

Cloned in this study 

pENTR4 rab-y1 Kanr Subcloned from pGEMT rab-y1 
Digested with Age1/Xho1 

Cloned in this study 

pENTR4 rab-y2 Kanr PCR with oGQ640/oGQ641 
Digested with EcoRV/Xho1 

Cloned in this study 

pENTR4 rab-y3 Kanr PCR with oGQ642/oGQ643 
Digested with EcoRV/EcoR1 

Cloned in this study 

pGEMT rab-y6 Ampr PCR with oGQ648/oGQ649 
TA cloning 

Cloned in this study 

pENTR4 rab-y6 Kanr Subcloned from pGEMT rab-y6 
Digested with BamH1/EcoR1 

Cloned in this study 

pGEMT glo-1 Ampr PCR with oGQ1176/oGQ1177 
TA cloning 

Cloned in this study 

Genes of interest 
in RNAi vectors 

Resistance 
Gene 

Cloning Strategy Source 

L4440 rab-1 Ampr LR Gateway cloning Kindly provided by 
Katrin Schwarze 

L4440 rab-2 Ampr LR Gateway cloning Kindly provided by 
Marija Sumakovic 

L4440 rab-3 Ampr LR Gateway cloning Kindly provided by 
Marija Sumakovic 

L4440 rab-5 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-6.1 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-6.2 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-7 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-8 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-10 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-11.1 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-11.2 Ampr Subcloned from pGEMT rab-11.2 

Digested with Age1/Xho1 
Cloned in this study 

L4440 rab-14 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-18 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-19 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-21 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-27 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-28 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-30 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-33 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-35 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-37.1 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-37.2 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-39 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-y1 Ampr Subcloned from pGEMT rab-y1 

Digested with Age1/Xho1 
Cloned in this study 

L4440 rab-y2 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-y3 Ampr LR Gateway cloning Cloned in this study 
L4440 rab-y6 Ampr LR Gateway cloning Cloned in this study 
L4440 glo-1 Ampr Subcloned from pGEMT glo-1 

Digested with Age1/Xho1 
Cloned in this study 

L4440 tbc-4 Ampr PCR with oGQ1590/oGQ1697 
Digested with Age1/Xho1 

Cloned in this study 
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L4440 eea-1 Ampr PCR with oGQ941/oGQ942 
Digested with Age1/Xho1 

Cloned in this study 

L4440 ehbp-1 Ampr PCR with oGQ1583/oGQ1584 
Digested with Age1/Xho1 

Cloned in this study 

L4440 rabn-5 Ampr PCR with oGQ478/oGQ479 
Digested with Age1/EcoR1 

Cloned in this study 

L4440 GFP Ampr -- Kindly provided by 
Marija Sumakovic 

Genes of interest 
in protein 
expression vectors 

Resistance 
Gene 

Cloning Strategy Source 

pGST parallel 2 
rab-1 

Ampr -- Kindly provided by 
Katrin Schwarze 

pGST parallel 2 
rab-2 

Ampr -- Kindly provided by 
Marija Sumakovic 

pGST parallel 2 
rab-3 

Ampr -- Kindly provided by 
Katrin Schwarze 

pGST parallel 2 
rab-5 

Ampr -- Kindly provided by 
Katrin Schwarze 

pGST parallel 2 
rab-6.1 

Ampr -- Kindly provided by 
Katrin Schwarze 

pGST parallel 2 
rab-6.2 

Ampr -- Kindly provided by 
Katrin Schwarze 

pGST parallel 2 
rab-8 

Ampr Subcloned from pENTR4 rab-8 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-10 

Ampr Subcloned from pENTR4 rab-10 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-11.1 

Ampr Subcloned from pENTR4 rab-
11.1Digested with Nco1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-14 

Ampr -- Kindly provided by 
Katrin Schwarze 

pGST parallel 2 
rab-18 

Ampr Subcloned from pBluescript rab-18 
Digested with Nco1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-19 

Ampr Subcloned from pENTR4 rab-19 
Digested with Nde1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-21 

Ampr Subcloned from pENTR4 rab-21 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-27 

Ampr Subcloned from pENTR4 rab-27 
Digested with BamH1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-28 

Ampr Subcloned from pENTR4 rab-28 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-30 

Ampr Subcloned from pENTR4 rab-30 
Digested with BamH1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-33 

Ampr Subcloned from pBluescript rab-33 
Digested with Nco1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-35 

Ampr Subcloned from pENTR4 rab-35 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-37.1 

Ampr Subcloned from pENTR4 rab-37.1 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-37.2 

Ampr Subcloned from pENTR4 rab-37.2 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-39 

Ampr Subcloned from pENTR4 rab-39 
Digested with BamH1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-y1 

Ampr Subcloned from pGEMT rab-y1 
Digested with Nco1/EcoR1 

Cloned in this study 
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pGST parallel 2 
rab-y2 

Ampr Subcloned from pENTR4 rab-y2 
Digested with Nco1/Xho1 

Cloned in this study 

pGST parallel 2 
rab-y3 

Ampr Subcloned from pENTR4 rab-y3 
Digested wth BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
rab-y6 

Ampr Subcloned from pGEMT rab-y6 
Digested with BamH1/EcoR1 

Cloned in this study 

pGST parallel 2 
glo-1 

Ampr Subcloned from pGEMT glo-1 
Digested with Nco1/Xho1 

Cloned in this study 

pGST parallel 2 tbc-
4 

Ampr Subcloned from L4440 tbc-4 
Digested with Age1/Xho1 

Cloned in this study 

pGST parallel 2  
tbc-4 78-383 

Ampr PCR with oGQ2092/oGQ2093 
Digested with Age1/Xho1 

Cloned in this study 

Genes of interest 
in Y2H vectors 

Resistance 
Gene 

Cloning Strategy Source 

pGBKT7 rab-1 
(Q70L) 

Kanr -- Kindly provided by 
Katrin Schwarze 

pGBKT7 rab-2 
(Q65L) 

Kanr -- Kindly provided by 
Marija Sumakovic 

pGBKT7 rab-3 
(Q81L) 

Kanr Mutagenesis PCR with 
oGQ1133/oGQ1134 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-5 
(Q78L) 

Kanr Mutagenesis PCR with 
oGQ675/oGQ676 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-6.1 
(Q70L) 

Kanr -- Kindly provided by 
Katrin Schwarze 

pGBKT7 rab-6.2 
(Q69L) 

Kanr -- Kindly provided by 
Katrin Schwarze 

pGBKT7 rab-7 
(Q68L) 

Kanr Mutagenesis PCR with 
oGQ997/oGQ998 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-8 
(Q67L) 

Kanr Mutagenesis PCR with 
oGQ558/oGQ559 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-10 
(Q68L) 

Kanr Mutagenesis PCR with 
oGQ1137/oGQ1138Digested with 
Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-11.1 
(Q70L) 

Kanr Mutagenesis PCR with 
oGQ1141/oGQ1142 
Digested with Nco1/EcoR1 

Cloned in this study 

pGBKT7 rab-14 
(Q70L) 

Kanr Mutagenesis PCR with 
oGQ246/oGQ247 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-18 
(Q70L) 

Kanr Mutagenesis PCR with 
oGQ582/oGQ583 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-19 
(Q69L) 

Kanr Mutagenesis PCR with 
oGQ566/oGQ567 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-21 
(Q71L) 

Kanr Mutagenesis PCR with 
oGQ570/oGQ571 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-27 
(Q75L) 

Kanr Mutagenesis PCR with 
oGQ1150/oGQ1151 
Digested with NcoI/Xho1 

Cloned in this study 

pGBKT7 rab-28 
(Q95L) 

Kanr Mutagenesis PCR with 
oGQ574/oGQ575 
Digested with Nco1/EcoR1 

Cloned in this study 
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pGBKT7 rab-30 
(Q66L) 

Kanr Mutagenesis PCR with 
oGQ562/oGQ563 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-33 
(Q159L) 

Kanr Mutagenesis PCR with 
oGQ578/oGQ579 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-35 
(Q69L) 

Kanr Mutagenesis PCR with 
oGQ1154/oGQ1155 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-37.1 
(Q37L) 

Kanr Mutagenesis PCR with 
oGQ1158/oGQ1159 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-37.2 
(Q89L) 

Kanr Mutagenesis PCR with 
oGQ1158/oGQ1159 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-39 
(Q77L) 

Kanr Mutagenesis PCR with 
oGQ1162/oGQ1163 
Digested with Nco1/Xho1 

Cloned in this study 

pGBKT7 rab-y1 
(Q520L) 

Kanr Mutagenesis PCR with 
oGQ1347/oGQ1348 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-y2 
(Q262L) 

Kanr Mutagenesis PCR with 
oGQ1166/oGQ1167 
Digested with Nco1/Xho1 

Cloned in this study 

pGBKT7 rab-y3 
(M65L) 

Kanr Mutagenesis PCR with 
oGQ1170/oGQ1171 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-y6 
(Q115L) 

Kanr Mutagenesis PCR with 
oGQ1174/oGQ1175 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 glo-1 
(Q71L) 

Kanr Mutagenesis PCR with 
oGQ1180/oGQ1181 
Digested with Nco1/EcoR1 

Cloned in this study 

pGBKT7 rab-1 
(S25N) 

Kanr -- Kindly provided by 
Katrin Schwarze 

pGBKT7 rab-2 
(S20N) 

Kanr -- Kindly provided by 
Marija Sumakovic 

pGBKT7 rab-3 
(T36N) 

Kanr Mutagenesis PCR with 
oGQ1131/oGQ1132 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-5 
(S33N) 

Kanr Mutagenesis PCR with 
oGQ673/oGQ674 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-6.1 
(T25N) 

Kanr -- Kindly provided by 
Katrin Schwarze 

pGBKT7 rab-6.2 
(T24N) 

Kanr -- Kindly provided by 
Katrin Schwarze 

pGBKT7 rab-7 
(T23N) 

Kanr Mutagenesis PCR with 
oGQ995/oGQ996 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-8 
(T22N) 

Kanr Mutagenesis PCR with 
oGQ556/oGQ557 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-10 
(T23N) 

Kanr Mutagenesis PCR with 
oGQ1135/oGQ1136 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-11.1 
(S25N) 

Kanr Mutagenesis PCR with 
oGQ1139/oGQ1140Digested with 
Nco1/EcoR1 

Cloned in this study 
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pGBKT7 rab-14 
(S25N) 

Kanr Mutagenesis PCR with 
oGQ244/oGQ245 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-18 
(S25N) 

Kanr Mutagenesis PCR with 
oGQ580/oGQ581 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-19 
(T24N) 

Kanr Mutagenesis PCR with 
oGQ564/oGQ565 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-21 
(S26N) 

Kanr Mutagenesis PCR with 
oGQ568/oGQ569 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-27 
(T21N) 

Kanr Mutagenesis PCR with 
oGQ1148/oGQ1149 
Digested with NcoI/Xho1  

Cloned in this study 

pGBKT7 rab-28 
(T49N) 

Kanr Mutagenesis PCR with 
oGQ572/oGQ573 
Digested with Nco1/EcoR1 

Cloned in this study 

pGBKT7 rab-30 
(T21N) 

Kanr Mutagenesis PCR with 
oGQ560/oGQ561 
Digested with Nde1/Xho1 

Cloned in this study 

pGBKT7 rab-33 
(T114N) 

Kanr Mutagenesis PCR with 
oGQ576/oGQ577 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-35 
(S24N) 

Kanr Mutagenesis PCR with 
oGQ1152/oGQ1153 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-37.1 
(T11N) 

Kanr Mutagenesis PCR with 
oGQ1156/oGQ1157 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-37.2 
(T43N) 

Kanr Mutagenesis PCR with 
oGQ1156/oGQ1157 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-39 
(S31N) 

Kanr Mutagenesis PCR with 
oGQ1160/oGQ1161 
Digested with Nco1/Xho1 

Cloned in this study 

pGBKT7 rab-y1 
(S475N) 

Kanr Mutagenesis PCR with 
oGQ1345/oGQ1346 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-y2 
(T216N) 

Kanr Mutagenesis PCR with 
oGQ1164/oGQ1165 
Digested with Nco1/Xho1 

Cloned in this study 

pGBKT7 rab-y3 
(S20N) 

Kanr Mutagenesis PCR with 
oGQ1168/oGQ1169 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 rab-y6 
(T66N) 

Kanr Mutagenesis PCR with 
oGQ1172/oGQ1173 
Digested with Nde1/EcoR1 

Cloned in this study 

pGBKT7 glo-1 
(T25N) 

Kanr Mutagenesis PCR with 
oGQ1178/oGQ1179 
Digested with Nco1/EcoR1 

Cloned in this study 

pGBKT7 rabn-5 Kanr Subcloned from L4440 rabn-5 
Digested with Age1/EcoR1 

Cloned in this study 

pGADT7 tbc-4 Ampr Subcloned from L4440 tbc-4 
Digested with Age1/Xho1 

Cloned in this study 

pGADT7 tbc-4 
R155A 

Ampr Mutagenesis PCR with 
oGQ1700/oGQ1701 
Digested with Age1/Xho1 

Cloned in this study 

pGADT7 tbc-4 1-
100 

Ampr PCR with oGQ1590/oGQ2198 
Digested with Age1/Xho1 

Cloned in this study 
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pGADT7 tbc-4 78-
825 
R155A 

Ampr PCR with oGQ2092/oGQ1697 
Digested with Age1/Xho1 

Cloned in this study 

pGADT7 tbc-4 377-
825 

Ampr PCR with oGQ1601/oGQ1602 
Digested with Age1/Xho1 

Cloned in this study 

pGADT7 ehbp-1 Ampr PCR with oGQ1583/oGQ1584 
Digested with Age1/Xho1 

Cloned in this study 

pGADT7 ehbp-1 
662-901 

Ampr PCR with oGQ1715/oGQ1584 
Digested with Age1/Xho1 

Cloned in this study 

Genes of interest 
in injection vectors 

Resistance 
Gene 

Cloning strategy Source 

pPD115.62 prab-
2::gfp 

Ampr -- Kindly provided by 
Marija Sumakovic 

pPD115.62 prab-
3::gfp 

Ampr -- Kindly provided by 
Marija Sumakovic 

pPD115.62 prab-
5::gfp 

Ampr PCR with oGQ730/oGQ731 
Digested with Hind3/Kpn1 

Cloned in this study 

pPD115.62 prab-
6.1::gfp 

Ampr PCR with oGQ732/oGQ733 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
6.2::gfp 

Ampr PCR with oGQ734/oGQ735 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
7::gfp 

Ampr PCR with oGQ736/oGQ737 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
8::gfp 

Ampr PCR with oGQ484/oGQ485 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
7::gfp 

Ampr PCR with oGQ736/oGQ737 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
8::gfp 

Ampr PCR with oGQ484/oGQ485 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
10::gfp 

Ampr PCR with oGQ738/oGQ739 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
11.1::gfp 

Ampr PCR with oGQ740/oGQ741 
Digesed with Pst1/Kpn1 

Cloned in this study 

pPD115.62 prab-
11.2::gfp 

Ampr PCR with oGQ742/oGQ743 
Digested with Pst1/Age1 

 

pPD115.62 prab-
14::gfp 

Ampr -- Kindly provided by  
Stefan Eimer 

pPD115.62 prab-
18.1::gfp 

Ampr PCR with oGQ490/oGQ491 
Digested wth Hind3/Kpn1 

Cloned in this study 

pPD115.62 prab-
18.2::gfp 

Ampr PCR with oGQ492/oGQ493 
Digested wth Hind3/Kpn1 

Cloned in this study 

pPD115.62 prab-
19::gfp 

Ampr PCR with oGQ488/oGQ489 
Digested with Pst1/Kpn1 

Cloned in this study 

pPD115.62 prab-
21::gfp 

Ampr PCR with oGQ494/oGQ495 
Digested with Hind3/Kpn1 

Cloned in this study 

pPD115.62 prab-
27::gfp 

Ampr PCR with oGQ744/oGQ745 
Digested with Pst1/Age1 

Cloned in this study 

pPD115.62 prab-
28::gfp 

Ampr PCR with oGQ498/oGQ499 
Digested with Pst1/Age1 

Cloned in this study 

pPD115.62 prab-
30::gfp 

Ampr PCR with oGQ486/oGQ487 
Digested with Hind3/Kpn1 

Cloned in this study 

pPD115.62 prab-
33::gfp 

Ampr PCR with oGQ496/oGQ497 
Digested with Hind3/Kpn1 

Cloned in this study 

pPD115.62 prab-
35::gfp 

Ampr PCR with oGQ684/oGQ685 
Digested with Pst1/Kpn1 

Cloned in this study 
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pPD115.62 prab-
37.1::gfp 

Ampr PCR with oGQ866/oGQ867 
Digested with Pst1/Age1 

Cloned in this study 

pPD115.62 prab-
37.2::gfp 

Ampr PCR with oGQ866/oGQ869 
Digested with Pst1/Age1 

Cloned in this study 

pPD115.62 prab-
39::gfp 

Ampr PCR with oGQ677/oGQ678 
Digested with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
y2::gfp 

Ampr PCR with oGQ621/oGQ622 
Digested with Pst1/Kpn1 

Cloned in this study 

pPD115.62 prab-
y3::gfp 

Ampr PCR with oGQ623/oGQ624 
Digested with Pst1/Kpn1 

Cloned in this study 

pGEMT prab-y4 Ampr PCR with oGQ625/oGQ626 
TA cloning 

Cloned in this study 

pPD115.62 prab-
y4::gfp 

Ampr subcloned from pPD115.62/pGEMT 
prab-y4 
Digested with Kpn1/Spe1 

Cloned in this study 

pPD115.62 prab-
y5::gfp 

Ampr PCR with oGQ627/oGQ628Digested 
with Hind3/Age1 

Cloned in this study 

pPD115.62 prab-
y6::gfp 

Ampr PCR with oGQ679/oGQ680 
Digested with Pst1/Age1 

Cloned in this study 

pPD115.62 glo-
1::gfp 

Ampr PCR with oGQ943/oGQ944 
Digested with Hind3/Age1 

Cloned in this study 

prab-3::tagRFP-
rab-1 

Ampr -- Kindly provided by 
Mandy Hannemann 

prab-3::mcherry-
rab2 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::mcherry-
rab3 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::mcherry-
rab-5 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::mcherry-
rab-6.1 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::mcherry-
rab-6.2 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::mcherry-
rab-7 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::tagRFP-
rab-8 

Ampr Subcloned from pENTR4 rab-8 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::mcherry-
rab-10 

Ampr Subcloned from pETNR4 rab-10 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-11.1 

Ampr Subcloned from pGEMT rab-11.1 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::mcherry-
rab-14 

Ampr Subcloned from pBluescript rab-14 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-18 

Ampr Subcloned from pENTR4 rab-18 
Digested with Age1/Xho1 

Cloned in this study 

phsp-
16.41::tagRFP-rab-
19 

Ampr Subcloned from pENTR4 rab-19 
Digested with Age1/EcoR1 

Cloned in this study 

prab-3::tagRFP-
rab-19 

Ampr Subcloned from phsp-16.41::tagRFP- 
rab-19 Pst1/Kpn1 

Cloned in this study 

prab-3::tagRFP-
rab-27 

Ampr Subcloned from pENTR4 rab-27 
Digested with Age1/Xho1 

Cloned in this study 

prab-28::mcherry-
rab-28 

Ampr Subcloned 3-fragment ligation 
prab28::gfp, mcherry, pBluescript rab-
28. Digested with Kpn1/Not1/Xho1 

Cloned in this study 
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prab-30::mcherry-
rab-30 

Ampr Subcloned 3-fragment ligation 
prab30::gfp, mcherry, pBluescript rab-
30. Digested with Kpn1/Not1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-33 

Ampr Subcloned from pENTR4 rab-33 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-35 

Ampr Subcloned from pENTR4 rab-35 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-37.1 

Ampr Subcloned from pENTR4 rab-37.1 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-37.2 

Ampr Subcloned from pENTR4 rab-37.2 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-39 

Ampr Subcloned from pENTR4 rab-39 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-y1 

Ampr Subcloned from pENTR4 rab-y1 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-y2 

Ampr Subcloned from pENTR4 rab-
y2Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
rab-y3 

Ampr Subcloned from pENTR4 rab-y3 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
glo-1 

Ampr Subcloned from pGEMT glo-1 
Digested wit Age1/Xho1 

Cloned in this study 

prab-3::cb5-gfp Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::gfp-εcop Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::mannsII-yfp Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::gfp-2xfyve Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::tagRFP-
syx-6 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::apt-9-yfp Ampr -- Kindly provided by 
Mandy Hannemann 

prab-3::mcherry-
rab-5 (Q78L) 

Ampr -- Kindly provided by 
Marija Sumakovic 

prab-3::tagRFP-
tbc-4 

Ampr Subcloned from L4440 tbc-4 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::gfp-tbc-4 Ampr Subcloned from L4440 tbc-4 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::tagRFP-
tbc-4 (R155A) 

Ampr Subcloned from pGADT7 tbc-4 
(R155A) 
Digested with Age1/Xho1 

Cloned in this study 

prab-3::ehbp-1-
tagRFP 

Ampr Subcloned from L4440 ehbp-1 
Digeested with Age1/Not1 

Cloned in this study 

prab-3::gfp-rab-10 Ampr Subcloned from prab-3::mcherry-rab-
10. Digested with Age1/Xho1 

Cloned in this study 

prunc-
129::mcherry-rab-
10 

Ampr Subcloned from prab-3::mcherry-rab-
10 
Digested with Spe1/Kpn1 

Cloned in this study 

prab-3::ctns-1-yfp Ampr -- Kindly provided by 
Sabine Koenig 

prab-3::mcherry-
rabn-5 

Ampr Subcloned from L4440 rabn-5 
Digested with Age1/EcoR1 

Cloned in this study 
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12.2 C .elegans strains 

 All mutant and transgenic strains used in this study are listed in table XII.2.   
Table XII.2. List of all strains used in this study 

Strain name Genotype 
Bristol N2 (wild type) 
MT1093 rab-2(n501) 
GQ573 rab-2(nu415) 
NM791 rab-3(js49) 
GQ640 rab-6.1(tm2124) 
VC2117 rab-6.2(ok2254) 
VC308 rab-7(ok511) 
GQ574 rab-8(tm2991) 
VC1026 rab-10(ok1494) 
GQ575 rab-11.2(tm2081) 
GQ576 rab-14(tm2095) 
RB1638 rab-18(ok2020) 
RB1537 rab-19(ok1845) 
VC1372 rab-21(ok1879) 
GQ577 rab-27(tm2306) 
RB2484 rab-28(ok3424) 
RB1376 rab-33(ok1561) 
GQ578 rab-35(tm2058) 
GQ579 rab-37(tm2089) 
GQ580 rab-39(tm2466) 
VC830 rab-y1(ok1356) 
RB1553 rab-y3(ok1871) 
JJ1271 glo-1(zu391) 
DA509 unc-31(e928) 
GQ581 tbc-2(qx20) 
GQ582 tbc-2(tm2241) 
VC2256 tbc-4(ok2928) 
GQ583 tbc-4(tm3255) 
RB1370 rabn-5(ok1555) 
GR1373 eri-1(mg366) 
WM49 rde-4(ne301) 
SP1713 dyf -11 (mn392) 
GQ584 nuIs183 [punc129::nlp-21-venus] 
KP3292 nuIs152[punc-129::gfp-snb-1] 
KP3931 nuIs168[punc-129::venus-rab-3],  
GQ585 nuIs195[punc-129::ins-22-venus] 
GQ586 ceIs72[punc-129::ida-1-gfp] 
GQ587 zxIs5[unc-17::chop-2(H134R)-yfp;lin-15(+)] 
GQ588 zxIs6[unc-17::chop-2(H134R)-yfp;lin-15(+)] 
DH1336 bIs34[prme-8::rme-8-gfp] 
GQ153 gz110[prab-3::mcherry-rab-5Q78L]; nuIs183 [punc-129::nlp-21-venus] 
GQ026 unc-108(n501); nuIs183 [punc-129::nlp-21-venus] 
GQ445 rab-3(js49); nuIs183 [punc-129::nlp-21-venus] 
GQ446 rab-6.2(ok2254); nuIs183 [punc-129::nlp-21-venus] 
GQ447 rab-8(tm2991); nuIs183 [punc-129::nlp-21-venus] 
GQ448 rab-10(ok1494); nuIs183 [punc-129::nlp-21-venus] 
GQ449 rab-11.2(tm2081); nuIs183 [punc-129::nlp-21-venus] 
GQ450 rab-14(tm2095); nuIs183 [punc-129::nlp-21-venus] 
GQ451 rab-18(ok2020); nuIs183 [punc-129::nlp-21-venus] 
GQ452 rab-19(ok1845); nuIs183 [punc-129::nlp-21-venus] 
GQ453 rab-21(ok1879); nuIs183 [punc-129::nlp-21-venus] 
GQ454 rab-27(tm2306); nuIs183 [punc-129::nlp-21-venus] 
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GQ455 rab-28(ok3424); nuIs183 [punc-129::nlp-21-venus] 
GQ456 rab-33(ok1561); nuIs183 [punc-129::nlp-21-venus] 
GQ457 rab-35(tm2058); nuIs183 [punc-129::nlp-21-venus] 
GQ458 rab-37(tm2089); nuIs183 [punc-129::nlp-21-venus] 
GQ459 rab-39(tm2466); nuIs183 [punc-129::nlp-21-venus] 
GQ460 tbc-2(qx20); nuIs183 [punc-129::nlp-21-venus] 
GQ461 tbc-2(tm2241); nuIs183 [punc-129::nlp-21-venus] 
GQ462 tbc-4(ok2928); nuIs183 [punc-129::nlp-21-venus] 
GQ463 tbc-4(tm3255); nuIs183 [punc-129::nlp-21-venus] 
GQ464 tbc-2(tm2241); nuIs152 [punc-129::gfp-snb-1] 
GQ465 tbc-4(ok2928); nuIs152 [punc-129::gfp-snb-1] 
GQ466 rab-10(ok1494); nuIs152 [punc-129::gfp-snb-1] 
GQ467 gz110[prab-3::mcherry-rab-5Q78L]; nuis152 [punc-129::gfp-snb-1] 
GQ468 tbc-2(tm2241); nuIs168 [punc-129::venus-rab-3] 
GQ469 tbc-4(ok2928); nuIs168 [punc-129::venus-rab-3] 
GQ470 rab-10(ok1494); nuIs168 [punc-129::venus-rab-3] 
GQ471 gz110[prab-3::mcherry-rab-5Q78L]; nuis168 [punc-129::venus-rab-3] 
GQ472 rab-10(ok1494); zxIs5[unc-17::chop-2(H134R)-yfp;lin-15(+)] 
GQ473 tbc-2(tm2241); zxIs6[unc-17::chop-2(H134R)-yfp;lin-15(+)] 
GQ474 tbc-4(ok2928); zxIs6[unc-17::chop-2(H134R)-yfp;lin-15(+)] 
GQ475 gz110[prab-3::mcherry-rab-5Q78L];  

zxIs6[unc-17::chop-2(H134R)-yfp;lin-15(+)] 
GQ476 tbc-2(tm2241); nuIs195[punc-129::ins-22-venus] 
GQ477 tbc-4(ok2928); nuIs195[punc-129::ins-22-venus] 
GQ478 rab-10(ok1494); nuIs195[punc-129::ins-22-venus] 
GQ479 rabn-5(ok1555); nuIs195[punc-129::ins-22-venus] 
GQ480 gz110[prab-3::mcherry-rab-5Q78L];  nuIs195[punc-129::ins-22-venus] 
GQ481 tbc-2(tm2241); bIs34[prme-8::rme-8-gfp] 
GQ482 tbc-4(ok2928); bIs34[prme-8::rme-8-gfp] 
GQ483 rab-10(ok1494); bIs34[prme-8::rme-8-gfp] 
GQ484 gz110[prab-3::mcherry-rab-5Q78L];  bIs34[prme-8::rme-8-gfp] 
GQ485 rab-10(ok1494); ceIs72[punc-129::ida-1-gfp] 
GQ486 gz110 [prab-3::mcherry-rab-5Q78L]; ceIs72[punc-129::ida-1-gfp] 
GQ487 eri-1(mg366);rde-4(ne301) 
GQ488 eri-1(mg366);rde-4(ne301); gz133 [punc-129::rde-4] 
GQ489 rab-10(ok1494); nuIs183 [punc-129::nlp-21-venus];  

gz130 [punc-129::mcherry–rab-10] 
GQ490 tbc-4(ok2928); nuIs183 [punc-129::nlp-21-venus];  

gz131 [prab-3::tagRFP-tbc-4] 
GQ491 tbc-4(ok2928); nuIs183 [punc-129::nlp-21-venus];  

gz132 [prab-3::tagRFP-tbc-4 R155A] 
GQ492 N2;gz134 [prab-3::cb-5-gfp; prab-3::mcherry–rab-10] 
GQ493 N2;gz135 [prab-3::gfp-εcop; prab-3::mcherry–rab-10] 
GQ494 N2;gz136 [prab-3::manns II–yfp; prab-3::mcherry–rab-10] 
GQ495 N2;gz137 [prab-3::gfp–2xfyve ; prab-3::mcherry–rab-10] 
GQ496 N2;gz138 [prab-3::tagRFP-syx-6; prab-3::gfp–rab-10] 
GQ497 N2;gz139 [prab-3::tagRFP-tbc-4; prab-3::mcherry-rab-10] 
GQ498 N2;gz140 [prab-3::mCherry–rab-5Q78L; prab-3::gfp–rab-10] 
GQ499 N2;gz141 [prab-3::tagRFP-rabn-5;  prab-3::gfp-tbc-4] 
GQ500 N2:gz142 [prab-3::ehbp-1-tagRFP; prab-3::gfp–rab-10] 
GQ501 N2;gz143 [prab-3::yfp-apt-9;  prab-3::mcherry–rab-10] 
GQ502 rab-2(nu415);eri-1(mg366) 
GQ503 rab-3(js49);eri-1(mg366) 
GQ504 rab-6.2(ok2254);eri-1(mg366) 
GQ505 rab-8(tm2991);eri-1(mg366) 
GQ506 rab-10(ok1494);eri-1(mg366) 
GQ507 rab-11.2(tm2081);eri-1(mg366) 
GQ508 rab-14(tm2095);eri-1(mg366) 
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GQ509 rab-18(ok2020);eri-1(mg366) 
GQ510 rab-19(ok1845);eri-1(mg366) 
GQ511 rab-21(ok1879);eri-1(mg366) 
GQ512 rab-27(tm2306);eri-1(mg366) 
GQ513 rab-28(ok3424);eri-1(mg366) 
GQ514 rab-33(ok1561);eri-1(mg366) 
GQ515 rab-35(tm2058);eri-1(mg366) 
GQ516 rab-37(tm2089);eri-1(mg366) 
GQ517 rab-39(tm2466);eri-1(mg366) 
GQ518 rab-y1(ok1356);eri-1(mg366) 
GQ519 rab-y3(ok1871);eri-1(mg366) 
GQ520 glo-1(zu391);eri-1(mg366) 
GQ521 rab-3(js49);rab-27(tm2306);eri-1(mg366) 
GQ522 N2;gz144[prab-8::gfp] 
GQ523 N2;gz145[prab-28::gfp] 
GQ524 N2;gz146[prab-30::gfp] 
GQ525 N2;gz147[prab-19::gfp] 
GQ526 N2;gz148[prab-18.1::gfp] 
GQ527 N2;gz149[prab-18.2::gfp] 
GQ528 N2;gz150[prab-21::gfp] 
GQ529 N2;gz151[prab-33::gfp] 
GQ530 N2;gz152[prab-y2::gfp] 
GQ531 N2;gz153[prab-y3::gfp] 
GQ532 N2;gz154[prab-y5::gfp] 
GQ533 N2;gz155[prab-39::gfp] 
GQ534 N2;gz156[prab-y6::gfp] 
GQ535 N2;gz157[prab-y4::gfp] 
GQ536 N2;gz158[prab-11.1::gfp] 
GQ537 N2;gz159[prab-5::gfp] 
GQ538 N2;gz160[prab-6.1::gfp] 
GQ539 N2;gz161[prab-6.2::gfp] 
GQ540 N2;gz162[prab-7::gfp] 
GQ541 N2;gz163[prab-10::gfp] 
GQ542 N2;gz164[prab-11.2::gfp] 
GQ543 N2;gz165[prab-27::gfp] 
GQ544 N2;gz166[prab-35::gfp] 
GQ545 N2;gz167[prab-37.1::gfp] 
GQ546 N2;gz168[pglo-1::gfp] 
GQ547 N2;gz169[prab-37.2::gfp] 
GQ548 N2;gz170[prab-3::gfp] 
GQ549 N2;gz171[prab-3::mcherry-rab-1; prab-3::mannsII-yfp] 
GQ550 N2;gz172[prab-3::tagRFP-rab-8; prab-3::mannsII-yfp] 
GQ551 N2;gz173[prab-3::tagRFP-rab-11.1; prab-3::mannsII-yfp] 
GQ552 N2;gz174[prab-3::tagRFP-rab-33 prab-3::mannsII-yfp] 
GQ553 N2;gz175[prab-3::tagRFP-rab-35; prab-3::mannsII-yfp] 
GQ554 N2;gz176[prab-3::tagRFP-glo-1; prab-3::mannsII-yfp] 
GQ555 N2;gz177[prab-3::tagRFP-rab-y3; prab-3::mannsII-yfp] 
GQ556 N2;gz178[prab-3::tagRFP-rab-37.1; prab-3::mannsII-yfp] 
GQ557 N2;gz179[prab-3::tagRFP-rab-37.2; prab-3::mannsII-yfp] 
GQ558 N2;gz180[prab-3::mcherry-rab-3; prab-3::mannsII-yfp] 
GQ559 N2;gz181[prab-3::mcherry-rab-5; prab-3::mannsII-yfp] 
GQ560 N2;gz182[prab-3::mcherry-rab-7; prab-3::mannsII-yfp] 
GQ561 N2;gz183[prab-3::tagRFP-rab-27; prab-3::mannsII-yfp] 
GQ562 N2;gz184[prab-3::tagRFP-rab-39; prab-3::mannsII-yfp] 
GQ563 N2;gz185[prab-3::tagRFP-rab-y1; prab-3::mannsII-yfp] 
GQ564 N2;gz186[prab-3::tagRFP-rab-y2; prab-3::mannsII-yfp] 
GQ565 N2;gz187[prab-3::mcherry-rab-6.1; prab-3::mannsII-yfp] 
GQ566 N2;gz188[prab-3::mcherry-rab-6.2; prab-3::mannsII-yfp] 
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GQ567 N2;gz189[prab-3::tagRFP-rab-18; prab-3::mannsII-yfp] 
GQ568 N2;gz190[prab-3::tagRFP-rab-19; prab-3::mannsII-yfp] 
GQ569 N2;gz191[prab-28::mcherry-rab-28; prab-28::gfp-rab-6.1] 
GQ570 N2;gz192[prab-30::mcherry-rab-30; prab-30::gfp-rab-6.1] 
GQ571 N2;gz193[prab-28::mcherry-rab-28; prab-3::ctns-1-yfp] 
GQ572 N2;gz194[prab-14::mcherry-rab-14; prab-3::gfp-rab-6.1] 
GQ589 N2;gz144[prab-8::gfp] II 
GQ590 N2;gz145[prab-28::gfp] II 
GQ591 N2;gz146[prab-30::gfp] II 
GQ592 N2;gz147[prab-19::gfp] II 
GQ593 N2;gz148[prab-18.1::gfp] II 
GQ594 N2;gz149[prab-18.2::gfp] II 
GQ595 N2;gz150[prab-21::gfp] II 
GQ596 N2;gz151[prab-33::gfp] II 
GQ597 N2;gz152[prab-y2::gfp] II 
GQ598 N2;gz153[prab-y3::gfp] II 
GQ599 N2;gz154[prab-y5::gfp] II 
GQ600 N2;gz155[prab-39::gfp] II 
GQ601 N2;gz156[prab-y6::gfp] II 
GQ602 N2;gz157[prab-y4::gfp] II 
GQ603 N2;gz158[prab-11.1::gfp] II 
GQ604 N2;gz159[prab-5::gfp] II 
GQ605 N2;gz160[prab-6.1::gfp] II 
GQ606 N2;gz161[prab-6.2::gfp] II 
GQ607 N2;gz162[prab-7::gfp] II 
GQ608 N2;gz163[prab-10::gfp] II 
GQ609 N2;gz164[prab-11.2::gfp] II 
GQ610 N2;gz165[prab-27::gfp] II 
GQ611 N2;gz166[prab-35::gfp] II 
GQ612 N2;gz167[prab-37.1::gfp] II 
GQ613 N2;gz168[pglo-1::gfp] II 
GQ614 N2;gz169[prab-37.2::gfp] II 
GQ615 N2;gz170[prab-3::gfp] II 
GQ616 N2;gz171[prab-3::mcherry-rab-1; prab-3::mannsII-yfp] II 
GQ617 N2;gz172[prab-3::tagRFP-rab-8; prab-3::mannsII-yfp] II 
GQ618 N2;gz173[prab-3::tagRFP-rab-11.1; prab-3::mannsII-yfp] II 
GQ619 N2;gz174[prab-3::tagRFP-rab-33 prab-3::mannsII-yfp] II 
GQ620 N2;gz175[prab-3::tagRFP-rab-35; prab-3::mannsII-yfp] II 
GQ621 N2;gz176[prab-3::tagRFP-glo-1; prab-3::mannsII-yfp] II 
GQ622 N2;gz177[prab-3::tagRFP-rab-y3; prab-3::mannsII-yfp] II 
GQ623 N2;gz178[prab-3::tagRFP-rab-37.1; prab-3::mannsII-yfp] II 
GQ624 N2;gz179[prab-3::tagRFP-rab-37.2; prab-3::mannsII-yfp] II 
GQ625 N2;gz180[prab-3::mcherry-rab-3; prab-3::mannsII-yfp] II 
GQ626 N2;gz181[prab-3::mcherry-rab-5; prab-3::mannsII-yfp] II 
GQ627 N2;gz182[prab-3::mcherry-rab-7; prab-3::mannsII-yfp] II 
GQ628 N2;gz183[prab-3::tagRFP-rab-27; prab-3::mannsII-yfp] II 
GQ629 N2;gz184[prab-3::tagRFP-rab-39; prab-3::mannsII-yfp] II 
GQ630 N2;gz185[prab-3::tagRFP-rab-y1; prab-3::mannsII-yfp] II 
GQ631 N2;gz186[prab-3::tagRFP-rab-y2; prab-3::mannsII-yfp] II 
GQ632 N2;gz187[prab-3::mcherry-rab-6.1; prab-3::mannsII-yfp] II 
GQ633 N2;gz188[prab-3::mcherry-rab-6.2; prab-3::mannsII-yfp] II 
GQ634 N2;gz189[prab-3::tagRFP-rab-18; prab-3::mannsII-yfp] II 
GQ635 N2;gz190[prab-3::tagRFP-rab-19; prab-3::mannsII-yfp] II 
GQ636 N2;gz191[prab-28::mcherry-rab-28; prab-28::gfp-rab-6.1] II 
GQ637 N2;gz192[prab-30::mcherry-rab-30; prab-30::gfp-rab-6.1] II 
GQ638 N2;gz193[prab-28::mcherry-rab-28; prab-3::ctns-1-yfp] II 
GQ639 N2;gz194[prab-14::mcherry-rab-14; prab-3::gfp-rab-6.1] II 
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12.3 Injection mixes for extrachromosomal arrays 

All injection mixes used to generate transgenic lines bearing extrachromosomal arrays 

are listed in table XII.3 
Table XII.3. List of all injection mixes used to generate transgenic lines 

Array  
Name Plasmids of interest Markers 
gz130 5 ng/µl punc-129::mcherry–rab-10 20 ng/µl prab-28::tagRFP 
gz131 20 ng/µl prab-3::tagRFP-tbc-4 20 ng/µl pttx-3::gfp 
gz132 20 ng/µl prab-3::tagRFP-tbc-4 R155A 20 ng/µl prab-28::tagRFP 
gz133 20 ng/µl punc-129::rde-4 20 ng/µl pttx-3::gfp; 

40 ng/µl pRF4(rol-6(su1006))  
gz134 10 ng/µl prab-3::cb-5-gfp;  

3 ng/µl prab-3::mcherry–rab-10 
40 ng/µl pRF4(rol-6(su1006)) 

gz135 10 ng/µl prab-3::gfp-εcop;  
3 ng/µl prab-3::mcherry–rab-10 

40 ng/µl pRF4(rol-6(su1006)) 

gz136 10 ng/µl prab-3::mannsII–yfp;  
3 ng/µl prab-3::mcherry–rab-10 

40 ng/µl pRF4(rol-6(su1006)) 

gz137 10 ng/µl prab-3::gfp–2xfyve domain; 
 3 ng/µl prab-3::mcherry–rab-10 

40 ng/µl pRF4(rol-6(su1006)) 

gz138 3 ng/µl prab-3::tagRFP-syx-6; 
3 ng/µl prab-3::gfp–rab-10 

30 ng/µl pRF4(rol-6(su1006)) 

gz139 20 ng/µl prab-3::tagRFP-tbc-4; 
3 ng/µl prab-3::mcherry-rab-10 

30 ng/µl pRF4(rol-6(su1006))  

gz140 5 ng/µl prab-3::mCherry–rab-5Q78L; 
5 ng/µl prab-3::gfp–rab-10 

30 ng/µl pRF4(rol-6(su1006))  

gz141 15 ng/µl prab-3::tagRFP-rabn-5;  
20 ng/µl  prab-3::gfp-tbc-4 

30 ng/µl pRF4(rol-6(su1006))  

gz142 20 ng/µl prab-3::ehbp-1-tagRFP; 
5 ng/µl prab-3::gfp–rab-10 

20 ng/µl pttx-3::gfp 

gz143 20 ng/µl prab-3::yfp-apt-9;  
5 ng/µl prab-3::mcherry–rab-10 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz144 30 ng/µl pPD115.62 prab-8::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz145 30 ng/µl pPD115.62 prab-28::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz146 30 ng/µl pPD115.62 prab-30::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz147 30 ng/µl pPD115.62 prab-19::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz148 30 ng/µl pPD115.62 prab-18.1::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz149 30 ng/µl pPD115.62 prab-18.2::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz150 30 ng/µl pPD115.62 prab-21::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz151 30 ng/µl pPD115.62 prab-33::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz152 30 ng/µl pPD115.62 prab-y2::gfp 45 ng/µl pRF4(rol-6(su1006)) 
gz153 30 ng/µl pPD115.62 prab-y3::gfp 35 ng/µl pRF4(rol-6(su1006)) 
gz154 30 ng/µl pPD115.62 prab-y5::gfp 45 ng/µl pRF4(rol-6(su1006)) 
gz155 30 ng/µl pPD115.62 prab-39::gfp 35 ng/µl pRF4(rol-6(su1006)) 
gz156 30 ng/µl pPD115.62 prab-y6::gfp 35 ng/µl pRF4(rol-6(su1006)) 
gz157 30 ng/µl pPD115.62 prab-y4::gfp 35 ng/µl pRF4(rol-6(su1006)) 
gz158 30 ng/µl pPD115.62 prab-11.1::gfp 30 ng/µl pRF4(rol-6(su1006)) 
gz159 30 ng/µl pPD115.62 prab-5::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz160 30 ng/µl pPD115.62 prab-6.1::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz161 30 ng/µl pPD115.62 prab-6.2::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz162 30 ng/µl pPD115.62 prab-7::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz163 30 ng/µl pPD115.62 prab-10::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz164 30 ng/µl pPD115.62 prab-11.2::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz165 30 ng/µl pPD115.62 prab-27::gfp 40 ng/µl pRF4(rol-6(su1006)) 



PhD Thesis – Nikhil Sasidharan    XII. Appendix 
 

  137 

gz166 30 ng/µl pPD115.62 prab-35::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz167 30 ng/µl pPD115.62 prab-37.1::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz168 30 ng/µl pPD115.62 pglo-1::gfp 40 ng/µl pRF4(rol-6(su1006)) 
gz169 30 ng/µl pPD115.62 prab-37.2::gfp 35 ng/µl pRF4(rol-6(su1006)) 
gz170 30 ng/µl prab-3::gfp 35 ng/µl pRF4(rol-6(su1006)) 
gz171 5 ng/µl prab-3::mcherry-rab-1 

10 ng/µl prab-3::mannsII-yfp 
20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz172 5 ng/µl prab-3::tagRFP-rab-8 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz173 5 ng/µl prab-3::tagRFP-rab-11.1 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz174 5 ng/µl prab-3::tagRFP-rab-33 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz175 5 ng/µl prab-3::tagRFP-rab-35 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz176 5 ng/µl prab-3::tagRFP-glo-1 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz177 5 ng/µl prab-3::tagRFP-rab-y3 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz178 5 ng/µl prab-3::tagRFP-rab-37.1 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz179 5 ng/µl prab-3::tagRFP-rab-37.2 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz180 5 ng/µl prab-3::mcherry-rab-3 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz181 5 ng/µl prab-3::mcherry-rab-5 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz182 5 ng/µl prab-3::mcherry-rab-7 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz183 5 ng/µl prab-3::tagRFP-rab-27 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz184 5 ng/µl prab-3::tagRFP-rab-39 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz185 5 ng/µl prab-3::tagRFP-rab-y1 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz186 5 ng/µl prab-3::tagRFP-rab-y2 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz187 5 ng/µl prab-3::mcherry-rab-6.1 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz188 5 ng/µl prab-3::mcherry-rab-6.2 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz189 5 ng/µl prab-3::tagRFP-rab-18 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz190 5 ng/µl prab-3::tagRFP-rab-19 
10 ng/µl prab-3::mannsII-yfp 

20 ng/µl pttx-3::gfp; 
30 ng/µl pRF4(rol-6(su1006))  

gz191 5 ng/µl prab-28::mcherry-rab-28 
5 ng/µl prab-28::gfp-rab-6.1 

30 ng/µl pRF4(rol-6(su1006)) 

gz192 5 ng/µl prab-30::mcherry-rab-30 
5 ng/µl prab-30::gfp-rab-6.1 

30 ng/µl pRF4(rol-6(su1006)) 

gz193 5 ng/µl prab-28::mcherry-rab-28 
5 ng/µl prab-3::ctns-1-yfp 

45 ng/µl pRF4(rol-6(su1006)) 

gz194 5 ng/µl prab-14::mcherry-rab-14 
5 ng/µl prab-3::gfp-rab-6.1 

40 ng/µl pRF4(rol-6(su1006)) 
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12.4 Deletion alleles 

 All deletion alleles were genotyped using worm PCR.  Table XII.4 lists all the 

deletion alleles used in this study along with the respective primers used for 

genotyping. Expected band sizes for wild type (WT) are shown. 
Table XII.4. List of all deletion alleles with respective worm PCR primers used in this study 

Deletion strains 
used in study 

Size of 
deletion 
(bp) 

Outside deletion  
primers 

PCR 
band 
size 
in WT 
(bp) 

Inside deletion 
 primers  

PCR 
band 
size 
in WT 
(bp) 

rab-2 (nu415) 201 oGQ1278/oGQ1280 1755 oGQ1278/oGQ1283 1179 
rab-6.2(ok2254) 847 oGQ977/oGQ978 1736 oGQ979/oGQ980 673 
rab-8(tm2991) 314 oGQ1288/oGQ1290 2198 oGQ1288/oGQ1293 1638 
rab-10(ok1494) 663 oGQ1185/oGQ1188 1527 oGQ1186/oGQ1188 911 
rab-
11.2(tm2081) 647 oGQ1300/oGQ1302 1790 oGQ1300/oGQ1305 1140 

rab-14(tm2095) 702 oGQ362/oGQ363 1345 oGQ374/oGQ363 589 
rab-18(ok2020) 1316 oGQ1194/oGQ1195 2874 oGQ1193/oGQ1198 1329 
rab-19(ok1845) 1257 oGQ1295/oGQ591 1931 oGQ1298/oGQ1297 1286 
rab-21(ok1879) 1096 oGQ1307/oGQ264 1686 oGQ1310/oGQ264 1125 
rab-27(tm2306) 252 oGQ265/oGQ1314 1946 oGQ265/oGQ1317 1292 
rab-28(ok3424) 393 oGQ815/oGQ819 2739 oGQ815/oGQ1078 1935 
rab-33(ok1561) 742 oGQ1319/oGQ1321 2246 oGQ1319/oGQ1399 1937 
rab-35(tm2058) 480 oGQ1322/oGQ1324 2103 oGQ1322/oGQ1327 1262 
rab-37(tm2089) 1063 oGQ1329/oGQ1331 2458 oGQ1328/oGQ1333 1244 
rab-39(tm2466) 189 oGQ1334/oGQ1336 1343 oGQ1334/oGQ1339 608 
rab-y1(ok1356) 1349 oGQ1352/oGQ1354 2095 oGQ1353/oGQ1357 1045 
rab-y3(ok1871) 1668 oGQ1267/oGQ1268 2639 oGQ1267/oGQ1271 1467 
eri-1 (mg366) 23 

insertion 
oGQ1358/oGQ1359 155   

tbc-2(tm2241) 230 oGQ1556/oGQ1689 677 oGQ1688/oGQ1689 498 
tbc-4(ok2928) 821 oGQ1492/oGQ1493 1621 oGQ1492/oGQ1494 787 
tbc-4(tm3255) 249 oGQ1492/oGQ1493 1621 oGQ1492/oGQ1815 1033 
rabn-5(ok1555) 841 oGQ2020/oGQ2022 2255 oGQ1475/oGQ1476 1914 

 

12.5 DNA sequences of primers: 

Table XII.5 lists the DNA sequences of all primers that were used in this 

study.  All primers are numbered with an oGQ number, which is an internal reference 

number specific to the Eimer lab. 
Table XII.5 List of DNA sequences of all primers used 

Primer number Primer sequence 
oGQ230 GGGCATATGGCCATGGCGGCTGGCGGACAACCT 
oGQ231 GGGGGATCCCTCGAGTTAGCAATTGCATTGCTGTTG 
oGQ244 GTCGGAAAAAACTGTCTTCTTCATCAGTTCACA 
oGQ245 AAGAAGACAGTTTTTTCCGACACCCATATCACC 
oGQ246 GTCAGCGGACTGAAGATCAAGCTTCAAATCTGG 
oGQ247 CTTGATCTTCAGTCCGCTGACCTCAATAATCCT 
oGQ259 GGATCCCATATGGCAAAAACTTACGACTAC 
oGQ260 GGGGAATTCTTAAAGCAAATTGCAGCTCCA 
oGQ261 GGATCCCATATGGCTCGCCGACCGTATGAC 



PhD Thesis – Nikhil Sasidharan    XII. Appendix 
 

  139 

oGQ262 CCCGAATTCCTAGCAGCATCCTCCACTGCT 
oGQ263 GGATCCCATATGCTCGAAACCAACGTGGAT 
oGQ264 CCCGAATTCTCAGCGACAGCACTTTTTACT 
oGQ264 CCCGAATTCTCAGCGACAGCACTTTTTACT 
oGQ265 GGATCCGCCATGGGTGACTACGACTATCTC 
oGQ266 GGGCTCGAGTCAGCAATTTGCACATATGGA 
oGQ268 GGATCCCATATGTCCGACGACAGTTCAAGC 
oGQ269 CCCGAATTCCTAGCATCCACACATTCCGCC 
oGQ270 GGATCCGCCATGGAAACAAACTTCATTGGTG 
oGQ271 CCCCTCGAGTCAACATCCGCAAGCTCCTGC 
oGQ272 GGATCCCATATGGCGGGAACTCGGGATTAC 
oGQ273 GGGGAATTCTTATCCACATTTGCACTTCTT 
oGQ274 GGATCCCATATGCTACTTGGTGACAGCTGC 
oGQ275 GGGGAATTCTCAATTAAACGTGCAACATCT 
oGQ276 GGATCCCATATGCCATATCAAACAAACGAA 
oGQ277 GGATCCGCCATGGCAACAATGGGAGAAGACGAG 
oGQ278 GGGGAATTCTTAAGTAATGGAGCATACAGA 
oGQ279 AGATCTCATATGTCGGAGCATCATGTGAAC 
oGQ280 CCCGAATTCTCAGCAGCAGAATCCCTCTTC 
oGQ281 GGATCCCATATGGAGGATTACAAGTATCTA 
oGQ282 GGGCTCGAGCTAAGATTGTCGAGTACAACA 
oGQ283 GGATCCCATATGTCGGGAACCAGAAAGAAG 
oGQ284 CCCCTCGAGTTAACAATTGCATCCCGAATT 
oGQ285 GGATCCCATATGGCCGCCCGAAACGCAGGA 
oGQ286 CCCGAATTCTTATTTACAGCATGAACCCTTTTG 
oGQ362 GGGTAGATGGTCGAATAGTGA 
oGQ363 TGTAGGTAGAACGGCGAGTGA 
oGQ374 CATTTGTCTCTCTCTCCCCGT 
oGQ478 CCATGGTACCGGTACATATGACAGAACCGTCGGCTAGC 
oGQ479 GGGAATTCGTTACTTATCCTGCGTTGCAAAG 
oGQ484 CCCCAAGCTTCGGCTAGTTTATCCACTGAGA 
oGQ485 CCCTACCGGTACCGTTTTTGCCATTTTATTGGAGTGAGT 
oGQ486 GCGGAAGCTTGGGTTCATTCACTTACCATCC 
oGQ487 CCCTACCGGTACCGTCTTGTAATCCTCCATCCAATGA 
oGQ488 CCCCTGCAGATCAAGGCTGAAGGCTGCGAG 
oGQ489 CCCTACCGGTACCGTCAAATAGTCAAATCCATCATCGTT 
oGQ490 CCCAAGCTTTTGGAGGCGCAAACTTCTTGGAG 
oGQ491 CCCTACCGGTACCGTCACGAATCGTAGCATTAAGCT 
oGQ492 CCCAAGCTTTTGGAGGCGCAAACTTCTTGGAG 
oGQ493 CCCTACCGGTACCCTTGAACTGTCGTCGGACATC 
oGQ494 CCCAAGCTTAACATTCAACTTACGCTTTCC 
oGQ495 CCCTACCGGTACCGTCACGTTGGTTTCGAGCATTTA 
oGQ496 CCCAAGCTTCCACCGGAAAGCACTAAATTG 
oGQ497 CCCTACCGGTACCGTGTTCAGATGCTCCGACAT 
oGQ498 CCCCTGCAGCCCTTGTCATCGACTTCACAC 
oGQ499 CCCTACCGGTACCGCTTCTCCCATTGTTGTCATTT 
oGQ556 GTCGGCAAGAACTGCGTACTGTTCCGGTTCTCA 
oGQ557 CAGTACGCAGTTCTTGCCGACTCCACTGTCTCC 
oGQ558 ACAGCCGGGCTGGAGAGATTCAGAACTATCACA 
oGQ559 GAATCTCTCCAGCCCGGCTGTGTCCCAAATTTG 
oGQ560 GTTGGGAAAAACTGTCTAGTCAGAAAGTTCACA 
oGQ561 GACTAGACAGTTTTTCCCAACGCCCGCATTTCC 
oGQ562 ACGGCAGGTCTGGAGAGGTTTCGATCGATTACG 
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oGQ563 AAACCTCTCCAGACCTGCCGTATCCCAAATTTG 
oGQ564 GTCGGAAAGAACTGTGTAGTTCAACGCTTCAGA 
oGQ565 AACTACACAGTTCTTTCCGACTCCCATATCGCC 
oGQ566 ACTGGAGGCCTGGAACGATTCCGAACGATTACT 
oGQ567 GAATCGTTCCAGGCCTCCAGTATCCCAGATTTG 
oGQ568 GTTGGTAAAAACTCACTTGTGCTTCGATTCGTT 
oGQ569 CACAAGTGAGTTTTTACCAACACATCCTTCGCC 
oGQ570 ACCGCTGGACTGGAGAAATACCACGCACTCGGT 
oGQ571 GTATTTCTCCAGTCCAGCGGTATCCCAGATGTG 
oGQ572 AGTGGAAAGAACTCAATTTGCCAGAGATTTGCA 
oGQ573 GCAAATTGAGTTCTTTCCACTTGCTCCATCTCC 
oGQ574 ATTGGAGGACTGAGTATTGCTGGTGAAATGATC 
oGQ575 AGCAATACTCAGTCCTCCAATATCCCATACCTG 
oGQ576 GTCGGAAAAAACTGTCTTTCATTCCGTTTTTGT 
oGQ577 TGAAAGACAGTTTTTTCCGACGGCCGCGTTGCC 
oGQ578 ACTGCTGGACTGGAAAGATATCGACAATCGATT 
oGQ579 ATATCTTTCCAGTCCAGCAGTATCCCATAGCTG 
oGQ580 GTAGGGAAGAACAGCTTAATGCTACGATTCGTG 
oGQ581 CATTAAGCTGTTCTTCCCTACGCCACTTTCGCC 
oGQ582 ACCGCCGGCCTGGAGAGGTTCCGTACCCTCACG 
oGQ583 GAACCTCTCCAGGCCGGCGGTGTCCCAAATTGC 
oGQ590 AGATCTCATATGGACAACGATGATGGATTT 
oGQ591 CCCGAATTCTCAAGTGTACTGACAACATCG 
oGQ591 CCCGAATTCTCAAGTGTACTGACAACATCG 
oGQ621 CCCCTGCAGTCGGGATGATCTTCTATCTGG 
oGQ622 CCCTACCGGTACCGTCGTCGCCGACTCTACTTCCATCTA 
oGQ623 CCCCTGCAGGGGGAGTCATTTATCTCAAGTAAG 
oGQ624 CCCTACCGGTACCTGATGATTGTAGCTCATTGAAGA 
oGQ625 CCCACCTGCATGCAGCTTCGAAGATCTGTTGTGACTG 
oGQ626 CCCTACCGGTACCGTGAACACATGATCTGATGACATTT 
oGQ627 CCCAAGCTTTCGAAGATCTGTTGTGACTG 
oGQ628 CCCTACCGGTACCGTGTGATCAGGGTACATTTCGGA 
oGQ640 GGATCCTCCATGGAAGTAGAGTCGGCGACG 
oGQ641 CTCGAGTCAAATACAGCACCAGCTCCT 
oGQ642 GGATCCCATATGAGCTACAATCATCTTTTC 
oGQ643 GGGAATTCAGACAAAGGCGGGTTCCGG 
oGQ648 GGATCCCATATGCAAGTGCTCCGTCAACTA 
oGQ649 GAATTCCTAGAGCATTGAACAACACTT 
oGQ673  GTAGGCAAAAACTCTCTCGTATTGCGATTCGTC 
oGQ674 TACGAGAGAGTTTTTGCCTACAGCACTTTCTCC 
oGQ675 ACTGCAGGACTGGAAAGATATCATTCATTGGCA 
oGQ676 ATATCTTTCCAGTCCTGCAGTATCCCAGATTTC 
oGQ677 CCCAAGCTTGTTGATTTCCATTTGAATATGCGGCTAAAG 
oGQ678 CCCTACCGGTACCCGTCCATAGTCGTCACCAATGAAGTTTGTTTC 
oGQ679 CCCCTGCAGAAATTACTGAATGAACAACATCTTCGTCATATG 
oGQ680 CCCTACCGGTACCCGTAGTTGACGGAGCACTTGCATTATCTTGT 
oGQ684 CCCACCTGCATGCAGCTGTTTACAGGCTTTAGCTCCTCTTCTTCGAC 
oGQ685 CCCTACCGGTACCGTCAATTTGAACAAATGATCGTAATCCCGAGTTCC 
oGQ730 CCCAAGCTTGATATCTTTGAAATGTGTAAGATGGATTCG 
oGQ731 CCCTACCGGTACCGTGTTTGGACCTCCAGGCCGGG 
oGQ732 CCCAAGCTTGATATCTATTACGGGTGTCTAGGAGTAGC 
oGQ733 CCCTACCGGTACCTCGTTATTTGTGAAATCAGCCATCTGTA 
oGQ734 ATCAAGCTTGTAATCGCATATCAGGCCTC 
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oGQ735 CCCTACCGGTACCGGATTACCAAAGTCCGACATT 
oGQ736 ATCCCGCCAGCGACGGAATGAGG 
oGQ737 CCCTACCGGTACCGCCTTCTTTCTGGTTCCCGACATTT 
oGQ738 CCCAAGCTTGATATCCCTTCTTTCAGCCTCAGCTTCAGC 
oGQ739 CCCTACCGGTACCGCATACGGTCGGCGAGCCATTT 
oGQ740 CCCCTGCAGGATATCATTGTGAAATATCGACTTTCTTGC 
oGQ741 CCCTACCGGTACCGAGTCACGAGAGCCCATCTTTACTGC 
oGQ742 CCCCTGCAGGATATCATATGTATATATGTTGCGAACTCAC 
oGQ743 CCCTACCGGTACCGAGTAGTAGTATTCGTTGCCCATTT 
oGQ744 CCCCTGCAGGATATCTCCAGAAAGCAACCCTGGAGAAG 
oGQ745 CCCTACCGGTACCTGATAGTCGTAGTCACCCATCTTCCT 
oGQ815 GTCTCCTGCTCCGAGAGCTAA 
oGQ819 TGTAAATAAGACAATTTCGCCCGG 
oGQ851 GCTAGCGGCGGCCGCAGCGCTGGACCGGTAGGTATGACAACAATGGGAG

AAGACGAG 
oGQ852 GCTAGCGGCGGCCGCAGCGCTGGACCGGTAGGTATGGAGGATTACAAGT

ATCTATTC 
oGQ866 CCCCTGCAGAGGGACACCCATTACATTCTGAC 
oGQ867 CCCTACCGGTACCCTGTCACCAAGTAGCATAACCTTT 
oGQ869 CCCTACCGGTACCCTTTGATATGGCATTGTTGTGAGC 
oGQ941 CCCGGATCCGCGGTACCGGTACATATGCTTCGAAGGTTGAAAGAA 
oGQ942 CCCCCCCTCGAGTCATTTCTGGGAATCAGTGAAGCACGT 
oGQ943 CCCAAGCTTGTGACAATTCCATAGTTTCGGCAC 
oGQ944 CCCTACCGGTACCGCGTTATTTGTGAGTGCTGCCATTT 
oGQ977 CAAAATTCCGAAACGTTAAGTTGACCTCTATTCAAAAAACAA 
oGQ978 AGCGCAAGGTAAGTTTAGCTTGAACTAATTCTGTTTAGAATG 
oGQ979 CTTGATTTAATTTTAGAAAAATTACAGAAAAATGTCGGACTT 
oGQ980 GTTGGAGTCTGCAAAAAAGTTGGGGTTAAATGAAGCTTTTTT 
oGQ995 GTTGGAAAAAACTCTTTGATGAATCAATATGTA 
oGQ996 CATCAAAGAGTTTTTTCCAACGCCCGAATCTCC 
oGQ997 ACAGCCGGCCTGGAACGTTTCCAATCGCTCGGA 
oGQ998 GAAACGTTCCAGGCCGGCTGTATCCCAGATCTG 
oGQ1078 CTTCAGCAACGGCTTGTCTAA 
oGQ1127 GGGGTACCGGTATCCATGGGCTCTCGTGACGATGAA 
oGQ1128 CCCCGAATTCTCGAGTTATGGGATGCAACACTGCTT 
oGQ1129 GGGGTACCGGTATCCATGGGCAACGAATACTACTAC 
oGQ1130 CCCGAATTCTCGAGTTATGGAAAGCAACACTGGTT 
oGQ1131 GTTGGAAAAAACTCATTCCTCTTCCGTTACTGT 
oGQ1132 GAGGAATGAGTTTTTTCCAACTGATGAATTTCC 
oGQ1133 ACCGCCGGACTGGAGAGGTACCGTACCATCACC 
oGQ1134 GTACCTCTCCAGTCCGGCGGTATCCCAGATTTG 
oGQ1135 GTTGGAAAAAACTGCATTCTGTACAGATTTTCG 
oGQ1136 CAGAATGCAGTTTTTTCCAACTCCTGAGTCGCC 
oGQ1137 ACAGCTGGACTGGAACGATTCCACACAATCACA 
oGQ1138 GAATCGTTCCAGTCCAGCTGTGTCCCAGATTTG 
oGQ1139 GTCGGAAAGAACAATCTCCTGTCTCGTTTC 
oGQ1140 CAGGAGATTGTTCTTTCCGACGCCTGAGTCTCC 
oGQ1141 ACTGCTGGACTGGAACGTTACCGTGCCATCACA 
oGQ1142 GTAACGTTCCAGTCCAGCAGTATCCCAAATTTG 
oGQ1148 GTCGGAAAAAACTCGTTTTTGCATCGTTACACG 
oGQ1149 CAAAAACGAGTTTTTTCCGACTCCCGAATCGCC 
oGQ1150 ACTGCCGGACTGGAGAGATTCCGTTCTCTAACA 
oGQ1151 GAATCTCTCCAGTCCGGCAGTGTCCCATAACTG 
oGQ1152 GTCGGAAAGAACAGCTTGTTGCTCCGTTTTGCA 
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oGQ1153 CAACAAGCTGTTCTTTCCGACACCCGAATCTCC 
oGQ1154 ACTGCCGGGCTGGAGAGATTCCGTACAATTACA 
oGQ1155 GAATCTCTCCAGCCCGGCAGTATCCCAAATCTG 
oGQ1156 ACTGGAAAAAACTGCCTTCTGATTCGATACAAA 
oGQ1157 CAGAAGGCAGTTTTTTCCAGTGCAGCTGTCACC 
oGQ1158 ACCGCGGGACTGGAACGTTTTCGATCAGTGACC 
oGQ1159 AAAACGTTCCAGTCCCGCGGTGTCCCAAATCTG 
oGQ1160 GTTGGCAAAAACAGTCTTTTACGGTACTTCACA 
oGQ1161 TAAAAGACTGTTTTTGCCAACTGTTGAATCCCC 
oGQ1162 ACAGCAGGACTGGAAAAATTCAGATCAATTACA 
oGQ1163 GAATTTTTCCAGTCCTGCTGTATCCCATAGTTG 
oGQ1164 GTTGGAAAAAACTGTTTTCTACATAGATTTTGT 
oGQ1165 TAGAAAACAGTTTTTTCCAACAGCCGAATCACC 
oGQ1166 ACAGCAGGGCTGGAAAGATTCCGCTCAATCACA 
oGQ1167 GAATCTTTCCAGCCCTGCTGTATCCCATAACTG 
oGQ1168  TGCGGGAAAAACTGCATATTGCTGCGATTCGCT 
oGQ1169 CAATATGCAGTTTTTCCCGCAATTGTGATCTCC 
oGQ1170 ACCGCTGGACTGGAACGGTATAGGACTATATAC 
oGQ1171 ATACCGTTCCAGTCCAGCGGTATCCCATAGTTC 
oGQ1172 GTTGGAAAGAACTCAATTATCTATCGTCATCGA 
oGQ1173 GATAATTGAGTTCTTTCCAACACCAGAATCTCC 
oGQ1174 ACTGCTGGTCTGGAGAGGTTCCGATGCATGGTT 
oGQ1175 GAACCTCTCCAGACCAGCAGTATCCCACACTTG 
oGQ1176 GGGGTACCGGTATCCATGGCAGCACTCACAAATAAC 
oGQ1177 CCCCGAATTCTCGAGTTAGCAACATTTCGAGTCGTA 
oGQ1178 GTCGGTAAAAACTCTATTATTCGTCGATTTGTT 
oGQ1179 AATAATAGAGTTTTTACCGACACCTGGATCACC 
oGQ1180 ATTTCAGGCCTGGACCGATATGGGGTCATGACC 
oGQ1181 ATATCGGTCCAGGCCTGAAATATCCCAGATTTG 
oGQ1185 CTTCACACATCTCATGCCATC 
oGQ1186 TCGGATGATGCCTTTAACACC 
oGQ1188 CGTCAGTGGAATCAGGCATCT 
oGQ1193 TGTTAATTATCTGCAGTTTGGAG 
oGQ1194 AGCGTCTCGTGCAACGACATCTG 
oGQ1195 CGAAATTTGAGTGAATTTGCCGGAAA 
oGQ1198 CGAGAATTTCCTAGCATCCA 
oGQ1267 GTTGGCAACAAGGCAGATATGG 
oGQ1268 CCAGCCGTTATTCGTTCTCTC 
oGQ1271 CCAACTACACACCAGCATCG 
oGQ1278 TCGTAACTTCCTTCACTACGCTC 
oGQ1280 CCATCCTCGACGAAACGCTC 
oGQ1283 CTTGATTCCGTTTGCCTCATTG 
oGQ1288 CTGATCGCATCCGGCTAGTT 
oGQ1290 CGCTGGTATATGAATCTGAC 
oGQ1293 CGATCCACCGACGTTCACAC 
oGQ1295 GGGCACACTACTTTCAACACTC 
oGQ1297 GTGTACTGACAACATCGTTGC 
oGQ1298 GCAGCTCCGAATGTTGTGAAG 
oGQ1300 GCTACACTTTCTGGTCGATGAG 
oGQ1302 GATGGAGGAAATGCCAATGCG 
oGQ1305 GTTGTCGAGGGCAGATGTTTC 
oGQ1307 GTGACGAGAATTTCGAGCTG 
oGQ1310 GATCGTTTATTGCAGGACGAG 
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oGQ1314 GATATGAGGACAGGGTGTGTGTTG 
oGQ1317 CCTGAAATTACGTGGTGGCC 
oGQ1319 TCCATCTTTCTGGAAATGCC 
oGQ1321 TTGCAGTGACATGTTTCGGT 
oGQ1322 CCAGTTGCCAGAATTGATTTCG 
oGQ1324 CTGAAGTTTGACACGTTGTCC 
oGQ1327 GATGCCTAACCAGAGAAGGTG 
oGQ1328 CGATTCGCTTTCCTCAGCTCC 
oGQ1329 CTCAACGTCTGTCCTCATTGTTC 
oGQ1331 GTGGAAACTTGGGCTTTAGC 
oGQ1333 GGAGCAGGGTATTTGGAGAA 
oGQ1334 TAATCTTGCGAAGACAGCGGAG 
oGQ1336 GGTGACACTGGATGAAGGAG 
oGQ1339 CTGTCCTGCTGTATCCCATAG 
oGQ1343 CCCATGGTACCGGTACATATGTCGAAACCCGAGGTGGAG 
oGQ1344 CCCGAATTCTTAAGAACCACGACACTTTGAGAA 
oGQ1345 GTTGGAAAAAACAGTTTTGTAATGCGGGTGATC 
oGQ1346 TACAAAACTGTTTTTTCCAACAGCGGCGTCTCC 
oGQ1347 ACCGCGGGACTGGAACGTTTCCGATCACTTTGT 
oGQ1348 GAAACGTTCCAGTCCCGCGGTGTCCCATAGCTG 
oGQ1352 CAGCGATCCGAGTATTTGACG 
oGQ1353 GTCATCTGGTGTTCCTGCATTG 
oGQ1354 CCACTGTGTTTAACGTGACAGC 
oGQ1357 CATCTGACTTGTGCAAGCTCAC 
oGQ1358 ACTGATGGGTAAGGAATCGAAGACG 
oGQ1359 GATAAAACTTCGGAACATATGGGGC 
oGQ1399 CAATACTTCGCTCCATACGGTG 
oGQ1475 ATGACAGAACCGTCGGCTAGCGAA 
oGQ1476 TCAATAAAACAAATTTTAATGCAC 
oGQ1492 AGCTACTGCGTGGTATAATACTCTTCAGTA 
oGQ1493 ACTTTGGCGAGAAGCTAGAGTCAAATG 
oGQ1494 CGGTTGCCAATCAAGTTCAACTGAATGC 
oGQ1556 AACGAACACAATTCCTAACTGAA 
oGQ1583 GGATCCAGGGTACCGGTAATGGCGGGTATTCTTCGTCGACTT 
oGQ1584 CCCCTCGAGTCAGCGGCCGCCACGGCGCCACCATTGAATAAG 
oGQ1590 TTCCCGGGTTACCGGTTTCCATGGCAGCCACTGCAGCGCTACGT 
oGQ1601 TTCCCGGGTTACCGGTTCATATGAGAACCCGCGCCCAAATTGGA 
oGQ1602 GGGGCGGCCGCCCTCGAGCTAGTGGCTATCCGACAGTTGTACACC 
oGQ1688 TCTACAGATGCCAAAGGTAAGTGAACA 
oGQ1689 ACGAACTCGTCGAGCATTCATGCTATT 
oGQ1697 GGGCTCGAGCTAGCGGCCGCCGTGGCTATCCGACAGTTGTACACC 
oGQ1700 GACATTCCCGCTACCTACCCAGAGCTCGACTTT 
oGQ1701 TGGGTAGGTAGCGGGAATGTCGCGTTGAATAAC 
oGQ1715 ACCGGTAACAAATGGAAATCGGAACGAT 
oGQ1815 CACGAAGACGCATACATTGAC 
oGQ2020 TTTGGGTCCTGGAAAGAAAA 
oGQ2022 TTCTAGCACACGGATGATGC 
oGQ2092 CCCGGGTTACCGGTTTCCGAGGAAGACTTGTGGTCCGTG 
oGQ2093 GGGCTCGAGTTAGCGATTTTCGGTACGAAGTCG 
oGQ2198 CTCGAGCTAGGGACGCTTCTTGACTTCAAT 
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12.6 Media 
 

Luria-Bertani (LB) Medium 
 

5 g/l   Peptone (Roth) 
2.5g/l   Yeast extract (Roth) 
5 g/l   NaCl (Roth) 
7.5 g/l   Agar (Roth), for plates 

 100 µg/ml  Ampicillin  (Roth) 
 15 µg/ml  Kanamycin (Roth) 
 

Nematode Growth Medium (NGM) 
 
 16 g/l   Agar 
 3 g/l   Peptone 
 3 g/l   NaCl 
 25 ml/l   1M KPO4 Solution (Roth) 
 1 ml/l   1M MgSO4 Solution (Roth)  
 1 ml/l   1M CaCl2 Solution (Roth) 
 1ml/l   10 mg/ml Nystatin (Sigma) 
 1 ml/l   5 mg/ml Cholesterol (Roth) 
 

Complex (YAPD) yeast media 
 
 10 g/l   Yeast extract 
 20 g/l   Peptone 
 20 g/l   Glucose (Roth) 
 1 g/l   Adenine Sulfate (Roth) 
 20 g/l   Select agar (Invitrogen) 
 

Yeast minimal growth medium 
 
 6.8 g/l   Yeast nitrogen base (Invitrogen) 
 1.0 g/l   16 amino acid mix (-leu. –trp, -his, -ura) 
 20 g/l   Select agar, for plates 
    pH 6-7 
 
 After autoclaving: 
 

10 ml/l  amino acid solution (+his 480 mg/200 ml)  
 (+ura 480 mg/200 ml)  
 40 ml/l   50% Glucose 
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12.7 Buffers and solutions 
   

Worm lysis/PCR buffer (1x)  
 
 100 mM  Tris pH 8.3 
 500 mM  KCl (Roth) 
 20 mM   MgCl2 (Roth) 
 20 mg/ml  Proteinase K added fresh prior to lysis (Roth)  
 

Worm lysis/PCR buffer (10x)  
 
 1 M   Tris pH 8.3 
 5 M   KCl  
 200 mM  MgCl2 
 

TE buffer 
 
 10 mM   Tris-HCl pH 8.0 
 1 mM    EDTA (Roth) 
       
 

TBE buffer (10x) 
 
 108 g/l   Tris NaOH 
 55 g/l   Boric acid (Roth) 
 9.3 g/l   EDTA (pH 8.0)   
  

M9 buffer 
 
 3 g/l   KH2PO4 (Roth) 
 6 g/l   Na2HPO4 (Roth) 
 5 g/l   NaCl (Roth) 
 1 ml   1M MgSO4 (Roth) 
 
 

GST cleavage buffer 
 

50 mM   Tris-HCl pH 7.0 - 7.3 (Roth) 
150 mM   NaCl  
1 mM   EDTA  
2 mM   DTT (Roth) 
100 µM  Pefabloc protease inhibitor cocktail (Roche) 

 
GST elution buffer 

 
50 mM   Tris-HCl pH 8.0 
150 mM   NaCl 
20 mM   reduced glutathione  (Roth) 
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PBS buffer (1x) 
 
 8 g/l   NaCl 
 0.2 g/l   KCl 
 1.44 g/l  Na2HPO4 
 0.24 g/l  KH2PO4 

 
Yeast transformation 1-step buffer 

  
 0.2 M   Lithium Acetate (0.4g) (Roth) 
 40%   PEG 4000 (12-15g) (Sigma) 
 100 mM  DTT (0.46g) 
  

Fill up to 30 ml with ddH2O and filtrate 
   

10% APS solution 
 

1 g    APS (Roth) 
10 ml   ddH2O 

 
SDS running buffer (10x) 

 
30.3 g/l     Tris   
144 g/l     Glycine (Roth) 
10 g/l      SDS (Roth) 

   pH 8.3 
 

2x SDS sample buffer 
 

121.1 g/l  Tris pH 6.8 
20 %     Glycerol (v/v)  
100 g/l     SDS  
0.002 %     Bromophenol blue (w/v)  
200 ml        2-Mercaptoethanol (Sigma Aldrich) 

 
 

5% Stacking gel – 5 ml 
 

0.83 ml      30 % Acrylamide/Bis  (Roth) 
3.4 ml     ddH2O 
0.63 ml     1.0 M Tris, pH 6.8 
50 µl      10 % SDS  
50 µl      10 % APS (Roth) 

       5 µl      TEMED (Roth) 
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10 % Resolving Gel - 15ml 
 
 5 ml    30 % Acrylamide/Bis 

5.9 ml     ddH2O 
 3.8 ml    1.5 M Tris, pH 8.8 
 150 µl     10 % SDS 
 150 µl    10 % APS 

6 µl   TEMED 
  

Coomassie Blue Stain 
 
  0.25 %   Coomassie Brilliant Blue R250 (BioRad) 
     50 %     Methanol (Roth) 
     10 %     Acetic acid (Roth) 
 

Coomassie destainer 
 

5 %      Methanol (Roth) 
7.5 %      Acetic acid (Roth) 

 
 
 
12.8 Gene structures of tbc-4 and rabn-5 deletion alleles 
 

Since the tbc-4 and rabn-5 alleles used in this study were not published 

before, they are depicted below.  Gene structures for all the rab mutants used in this 

study are depicted in Chapter 1: Results (IV).   

 

 
 
Figure XII.1. Gene structures of tbc-4 and rabn-5. Two alleles of tbc-4: tbc-4 (ok2928), tbc-
4(tm3255) and one allele of rabn-5: rabn-5 (ok1555) were used in this study.  The red line depicts the 
region that is deleted for the corresponding mutant alleles. 
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12.9 Multiple sequence alignment of TBC-4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure XII.2. Multiple sequence alignment of TBC-4. The protein sequence of TBC-4 is shown 
aligned together with the closest human orthologues: Evi5 and Evi5-like.  TBC-4 contains one TBC 
domain (shown in purple) and four coiled coil (CC) domains (shown in green).  A white triangle 
depicts the catalytic arginine finger R155.  Source: Multiple sequence alignment was done using the 
MUSCLE tool and the output was generated using BOXSHADE.  
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