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Chapter 1

The best possible way

Ultimately, life is about finding the best possible way. The best possible way of creating 
order out of chaos, while obeying the laws of physics. The best possible way to form 
complex, self-organizing, living systems that exist in a remarkable non-equilibrium state. 
Finding the best possible form to perform a function. The best way to move cellular 
components up a concentration gradient to give rise to highly specialized compartments 
within itself. About finding the best possible way to enable an organism to translocate 
to a more favorable environment. Fundamental questions addressed in this thesis by 
describing how sensing- and motor proteins work together in the cellular antennae, the 
cilium, to allow for an adept organismal-level response to the ever changing environment. 

Molecular motors and their tubulin road

In smaller living units, such as bacteria, diffusion suffices to transport cellular 
components to their desired location. In the larger, eukaryotic cells, however, this 
thermal driven motion is not sufficient to transport cellular cargo. Especially in axons, 
the nerve-cell protrusions that can reach one meter in humans alone, one can imagine 
that active, directed transport is necessary, as diffusion is too slow and undirected. On 
the cytoskeletal filaments that act as roads, motor proteins drive active transport (Figure 
1.1). First discovered in the giant axon of squid, these proteins transport cargo ranging 
from membranous organelles to protein complexes and mRNA (Allen et al., 1982; Vale 
et al., 1985b). The conformational changes that enable these proteins to move are fueled 
by the hydrolysis of ATP. 

Motor proteins can be divided in three superfamilies that evolved in eukaryotes: 
myosins, kinesins and dyneins. The myosin motors use the cytoskeletal filament actin 
as track, and aside from moving cargo in the cell’s periphery, are known for their role 
in cytokinesis and muscle contraction (Hartman and Spudich, 2012). Contrary to the 
myosins that move along the mostly peripheral actin network, kinesins and dyneins 
walk on the microtubule (MT) network (Paschal et al., 1987; Vale, 2003; Vale et al., 
1985a).

Microtubules are polarized biopolymers consisting of heterodimers of alpha and beta 
tubulin (Luduena and Woodward, 1975). They act as the cellular scaffold and serve 
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as a motor-protein track. In most cells, the dynamic microtubules emanate from the 
centrosome, which acts as microtubule organizing center (MTOC), often near the middle 
of the cell (Sanchez, Ariana D; Feldman, 2015). The MTOC harbors the stabilized 
microtubule minus end, whereas the dynamic plus ends generally radiate towards the 
cell’s periphery. Microtubule networks can form impressive structures supporting cell 
shape and dynamics, and help sort cargo in the differentially organized microtubule 
networks of the dendrites and axons of nerve cells (Coyle et al., 2018; Tas et al., 2017). 

Kinesin motor proteins use microtubules as a track. Kinesins generally contain a 
motor, a coiled-coiled and a tail domain, the latter two used for dimerization and cargo 
interaction respectively (Hirokawa et al., 2009a). While some kinesins have their motor 
domain at the C-terminus of the protein and walk towards the microtubule minus ends, 
most kinesins have their motor domain situated at the N-terminus and are plus-end 
directed (Hirokawa et al., 2009b). The kinesin-13 family is the only family that has the 
motor domain in the middle, and function as microtubule depolymerizers. 
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Figure 1.1: Cartoon of intracellular transport and the cytoskeleton.                                               
Molecular motor cytoplasmic dynein-1 (purple) and a kinesin (yellow) motor walking 
towards the minus and plus end, respectively, of the microtubules (green). Myosin-V, a 
myosin motor involved in intracellular transport (pink) walks along the actin network 
(red).
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Dynein motor proteins belong to the AAA+ superfamily (ATPases associated with 
diverse activities) and are large (~1.4MDa), minus-end-directed motor proteins (Bhabha 
et al., 2016; Toropova et al., 2019). Functionally, Dyneins can be divided into three 
classes. Cytoplasmic dynein-2, or IFT-dynein, drives active transport in cilia and flagella 
(Gibbons, 1981). Axonemal dynein slides the microtubules inside flagella, resulting 
in a beating movement of the organelle. Cytoplasmic dynein-1 has a broad range of 
functions, from positioning the nucleus and the mitotic spindle to transporting cargo 
along the cytoplasmic microtubules. For most of its cellular functions, it requires the 
regulatory proteins LIS1 and NUDE, and the dynactin complex (Neuwald et al., 1999; 
Roberts et al., 2013). 

Elegant in vitro single-molecule experiments using optical tweezers or fluorescence 
microscopy have enabled studies of the mechanism of motor proteins, allowing 
elucidation of velocity, generated force, processivity and step size. It was also shown 
that kinesin and Myosin-V (a myosin motor involved in intracellular transport) take 
hand-over-hand steps corresponding to the periodicity of their track: ~8 nm and ~36 
nm steps, respectively (Mehta et al., 1999; Svoboda et al., 1993). Although Dynein was 
found to mostly have a 8 nm step size, it was reported to make steps ranging from 8-32 
nm (Bhabha et al., 2016). 

Studies of the molecular mechanisms of motor proteins and their tracks have also shown 
that motor proteins are involved in a broad array of diseases, including neurodegenerative 
diseases and developmental disorders (Aridor and Hannan, 2000; Fliegauf et al., 2007; 
Hirokawa and Takemura, 2003; Millecamps and Julien, 2013). The complex interplay 
between molecular motors, their tracks, cargos and regulators is vital for proper cellular 
function, and cannot be investigated by in vitro single-molecule studies alone. Addressing 
these issues thus requires a systems approach. In this thesis, we study the dynamics of the 
intracellular transport machinery and their role in sensing in chemosensory cilia, and 
employ single-molecule microscopy. 

Cilia and IFT

Unaware of their function, cilia were first described as ‘dunne pootgens’, Dutch for ‘little 
feet’, on the surface of protozoa in a letter by van Leeuwenhoek to the Royal Society 
(van Leewenhoeck, 1676). 
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Since their rediscovery in 1898, cilia were hypothesized to be a vestigial organelle and 
it took until the 1990s, before cilia gained more attention (Pazour and Witman, 2003; 
Zimmermann, 1898). 

We now know that cilia are membrane-enveloped organelles harboring a microtubule 
axoneme (see below) and rely on active transport for their development and function in 
cell motility and signal transduction. Protruding from the surface of almost all human 
cell types, cilia perform a wide array of functions, including serving as mechanosensor, 
signaling hub and are required for normal sense of smell and sight, hence dubbed as 
cellular antennae (Fliegauf et al., 2007; Sherpa et al., 2019; Xu et al., 2007).  

Amphid cilia Phasmid cilia

Cilia pair

Base TipAxon Soma Dendrite

Figure 1.2: Cartoon of the sensory cilia of C. elegans.     
Top: Adult C. elegans with its amphid and phasmid cilia, protruding from their respective 
dendrites. Bottom: zoom of part of the tail, showing the PHAL, PHBL, PHAR and 
PHBR neurons with their cilia located in pairs in the two open phasmid channels.
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Cilia can be subdivided into motile and non-motile, or primary, cilia (Gibbons, 1981; 
Pazour and Witman, 2003). Motile cilia (also called eukaryotic flagella) beat because 
axonemal dynein moves one pair of microtubule doublets relative to the other, resulting 
in bending of the microtubules thanks to the radial spokes linking the doublets (Satir et 
al., 2014). Motile cilia either move their environment, for example mucus in our lungs 
and oocytes towards the uterus or move the cell they are attached to, like sperm and 
many single-cell eukaryotes (Satir and Christensen, 2007; Wan, 2018). Primary cilia 
only contain one kind of dynein, IFT-Dynein, and thus do not beat, and have a sensing 
function. 

Confusingly, the transport system carrying out intracellular transport in eukaryotic 
flagella and cilia is called Intraflagellar Transport (IFT) (Kozminski et al., 1993; 
Rosenbaum et al., 1999). Before ciliary components are allowed to cross the transition 
zone (TZ) and enter the cilium, they are off-loaded from dendritic transport in the 
periciliary membrane compartment (PCMC). Here, transmembrane proteins (TPs) will 
fuse with the PCMC membrane and attach to IFT-trains that are assembled at the 
transition fibers at the ciliary base (Wingfield et al., 2017). IFT-trains are transport 
units consisting of molecular motors that drive a train backbone consisting of the 
IFT-A, IFT-B, and BBSome protein complexes that serve as a docking place for ciliary 
cargo (Nachury, 2018; Prevo et al., 2017). The TZ forms a ~1 μm barrier between the 
cytoplasm and membrane of the dendrite and cilium (Garcia-Gonzalo and Reiter, 2017; 
Gilula and Satir, 1972). The ciliary axoneme consists of nine microtubule doublets whose 
minus ends are at the ciliary base. In the TZ, the axoneme is linked to the membrane 
with Y-shaped linkers, forming a dense environment. Entry or exit depends on size and 
is regulated by ciliary targeting sequences and attachment to the IFT-train backbone. 
Inside the cilium, kinesin-driven IFT-trains travel towards the MT plus ends at the tip 
of the cilium. Here, cargo docks on and off, and trains remodel before they are travel 
back towards the base driven by IFT-dynein. 

Although cilia are highly conserved in evolution, important differences in cilium 
physiology occur between and inside species. In this thesis, I study the chemosensory 
cilia of the nematode Caenorhabditis elegans as a model to study the cooperation between 
transport machinery components and their involvement in sensing extracellular signals 
(Figure 1.2). C. elegans is a transparent, soil-dwelling, bacterium-eating, ~1 mm short 
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nematode (Brenner, 1974). Under normal conditions, the vast majority of worms are 
hermaphrodites (Brenner, 1974). The cell lineage is completely known, and, as a first 
for multicellular organisms, its complete genome and connectome is mapped (Cook 
et al., 2019; Sulston and Horvitz, 1977; The C. elegans Sequencing Consortium, 
1998). Furthermore, C. elegans can be easily grown, has a short generation time, can be 
readily genetically manipulated and can be studied with high-resolution fluorescence 
microscopy, properties that make it a powerful and versatile model organism (Brenner, 
1974; Paix et al., 2017; van Krugten and Peterman, 2018). 

IFT in C. elegans

An intriguing difference between mammalian cilia and the chemosensory cilia of C. 
elegans lies in the bipartite structure of the MTs of the latter, composed of nine MT 
doublets in the proximal segment (PS) and nine MT singlets emanating from the 
doublets to the ciliary tip in the distal segment (DS), Figure 1.3). Furthermore, in C. 
elegans chemosensory cilia, anterograde transport is not carried out by one, but two 
kinesin motors that work together: the heterotrimeric kinesin-II and homodimeric 
OSM-3 (Snow et al., 2004, Figure 1.3). Interestingly, whereas OSM-3 mutant cilia lack 
a DS, kinesin-II mutants appear mostly wildtype, suggesting partial redundancy of the 
two motors. The kinesin-II mutant phenotype, including accumulations of TPs in the 
PCMC and slightly altered MT structure in the PS, hint to the distinct functions of 
kinesin-II and OSM-3 (Oswald et al., 2018; Snow et al., 2004). As previous research 
from our lab suggests, kinesin-II appears to be the ciliary import motor, slowly ferrying 
trains across the TZ. Once kinesin-II driven trains arrive in the PS, they gradually hand 
over the trains to OSM-3, a faster, long-range motor. On its own, kinesin-II travels at 
~0.5 μm/s, but trains driven by kinesin-II and OSM-3 in the PS travel at ~0.7 μm/s, 
whereas OSM-3 alone travels ~1.2 μm/s in the DS. On the way back, IFT-dynein is the 
sole retrograde motor, which travels at ~1.7 μm/s (Mijalkovic et al., 2017; Prevo et al., 
2015; Snow et al., 2004). 

Ciliary signal transduction

Besides cargo necessary for structural maintenance of the chemosensory cilia, IFT also 
transports an array of functional cargo including adenylate cyclase and G protein-
coupled receptors (GPCRs) (Lechtreck, 2015). GPCRs are a large class of receptors 
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with seven transmembrane domains that sense specific extracellular signals and transmit 
them to the cell by activating G proteins. These signals, regulating diverse physiological 
processes, are further relayed through a range of second messengers. These include cyclic 
AMP and calcium ions, whose concentration are regulated by adenylyl cyclases and 
ion channels, respectively (Nachury and Mick, 2019; Schou et al., 2015). Signaling 
pathways depend upon the ciliary abundance and dynamic redistribution of receptors 
and downstream effectors to transduce signals (May et al., 2005; Ye et al., 2018). In 
addition to diffusion, IFT and intracellular transport play a major role in the localization 
and redistribution of the receptors and downstream effectors (Nachury, 2018; Rohatgi 
et al., 2016; Ye et al., 2018). This is reflected by a number of severe diseases, including 
sensory malfunctions, attributed to defects in IFT components and ciliary structural 
elements (Tobin and Beales, 2009).

 

Dendrite and PCMC Transition zone

+

Proximal segment Distal segment 

+IFT-dynein kinesin-II OSM-3

OCR-2 IFT-A IFT-B

PS DS

9 doublets 9 singlets

Figure 1.3: Schematic representation of intracellular transport to and inside 
C. elegans chemosensory cilium.      
Microtubule structure (green) and cell shape are displayed, showing vesicular transport 
in the dendrite that arrives in the PCMC and IFT-train compositions in their respective 
cilia parts (BBSome and other cargo not shown). 



17

Introduction



18

Chapter 1

Scope of the thesis

The work presented in this thesis is focused on the dynamics of IFT and its cargo in 
the chemosensory cilia of C. elegans. Sensitive and specialized fluorescence microscopy 
techniques were employed to be able to detect, perturb and elucidate the mechanisms 
underlying sensory signal transduction. Single-copy insertion of fluorescent labels, and 
single-molecule imaging and tracking allowed us to observe the dynamics of the proteins 
involved in a close to natural state inside living C. elegans. 

Chapter 2 describes and considers the main instrument and technique used in this 
thesis: sensitive widefield epifluorescence microscopy. This approach enables us to 
perform single-molecule imaging on endogenously labeled ciliary components. One of 
the challenges of this technique lies in the sample preparation and mounting. Nematodes 
are sedated and subsequently placed between a coverslip and a microscope slide with an 
agarose pad. Since the orientation of the worm, and thus the phasmid cilia, is random, 
many worms end up in an unsuitable orientation to image IFT. 

One of the objectives of the light-sheet microscope, described in chapter 3, was to 
provide more degrees of freedom in positioning the sample. To this end, accurate piezo 
motor stages were implemented in the instrument providing accurate and repeatable x, 
y, z, and rotational movement. Although we figured out that the imaging sensitivity of 
the instrument was not suitable to image the low-fluorescence-intensity signals of IFT, 
the stages made the instrument ideal for recording volumetric movies of for example the 
C. elegans nervous system. 

The C. elegans chemosensory cilia emanate from their dendrites which locates the cilia 
away from the protein synthesis sites in the soma. In chapter 4, dendritic input of ciliary 
components was shut off by ablating the dendrites just before the cilia, whilst imaging 
IFT components. The response to the ablation takes place in three stages, and results in 
the redistribution of ciliary components out of the DS. Eventually, some components 
leave the cilium entirely. Together, it shows that the cilium is capable to rapidly react to 
environmental cues.

Situated furthest away from the soma is the ciliary tip, where anterograde IFT trains turn 
around before returning to the base. Chapter 5 describes the single-molecule dynamics 
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of four major IFT components at the tip of the cilium. We find that the motors OSM-3 
and IFT dynein, and an IFT-A component turn around almost instantaneously, whilst 
an IFT-B component pauses for about three seconds. This indicates that IFT trains 
disassociate in at least these four components, before forming a retrograde train. 

Looking this closely at C. elegans cilia, one would almost forget that their function is 
to sense the environment and to trigger organism-level behavior. To assess the real-time 
response of C. elegans chemosensory cilia to external chemical cues, we exposed them 
to repellent chemicals while imaging IFT dynein, the axoneme and the ion channel 
OCR-2, which is involved in ciliary signal transduction (chapter 6). We find that 
these ciliary components are reversibly redistributed out of the DS after exposure. The 
observation that not all OCR-2 molecules leave the DS prompted us to investigate the 
mechanisms of its motility. Single-molecule fluorescence imaging and advanced analysis 
of its trajectories demonstrate its ciliary distribution and that its dynamics rely on an 
intricate, location-specific interplay between passive diffusion and active transport by 
IFT. 

Supplemental movies

Live-cell imaging is a major research tool used in this thesis. Most chapters are therefore 
accompanied by supplemental movies. However, as the medium of this thesis does not 
(entirely) support moving images, I put the supplemental movies on my website, www.
jaapvankrugten.com/phd-thesis-movies, accessible with the password ‘SensingCilia’.

Trajectory animations

To illustrate the content, or position in the thesis of a chapter, and to demonstrate 
the nature of intracellular transport and single-molecule imaging, I added flip book 
animations to the tabs indicating the chapters on the right side of the right pages. The 
trajectories show: for chapter 1: anterograde active transport of OCR-2 through the 
transition zone, for chapter 2: anterograde active transport of OCR-2 through the 
proximal segment, for chapter 3: IFT-B component OSM-6 pausing at the ciliary tip 
before retrograde active transport, for chapter 4: retrograde active transport of IFT-B 
component OSM-6 in the distal segment, for chapter 5: a sharp ciliary tip turn of 
IFT-dynein component XBX-1, for chapter 6: saltatory movement of OCR-2 in the 
proximal segment, and for chapter 7: subdiffusive motion of OCR-2 at the ciliary tip.
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