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Chapter 4.2
 THE TIP OF THE CILIUM: 
   WHAT LIES AHEAD?
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4.2.1 Abstract

A novel combination of single-molecule fluorescence microscopy, advanced 
quantitative data-analysis techniques and Caenorhabditis elegans strains expres- 
sing fluorescently labeled intraflagellar transport (IFT) components at or close to 
endogenous expression levels has been described in this thesis (see Chapter 3.1 
and 3.2). This combination of techniques is a powerful approach that can provide 
new, detailed insight into the functional cooperation of the two different kine-
sin-2 motors that maintain anterograde IFT (see Chapter 4.1). In this chapter 
an outlook is provided on how this combination of research tools could be used 
to address other outstanding transport-related questions regarding cilium for-
mation and functioning. For example, how does dendritic cargo become ciliary 
cargo? And how do anterograde IFT-trains turn into retrograde IFT-trains? Some 
other techniques and approaches that can be used to increase our understanding 
of IFT are also briefly discussed. This chapter aims to stimulate discussion about 
IFT, and motor-driven systems in general, and is by no means comprehensive but 
provides a glimpse of what might lie ahead.

4.2



233kinesin illuminated

4.2.2 Behavior of anterograde IFT-trains and kinesin-2 assemblies

The IFT-system in the chemosensory cilia of Caenorhabditis elegans revolves 
around the coordinated action of three different motor proteins: two kine-
sin-2-family members, kinesin-II and OSM-3, and one dynein-family member, 
IFT-dynein (1). Both kinesins are responsible for anterograde transport of IFT-
particles and associated cargo whereas IFT-dynein is responsible for transport in 
the opposite, retrograde direction. Chapter 4.1 has revealed that the two kine-
sin-2 motors have different IFT functions fitting their individual characteristics. 
Kinesin-II the slower and less processive motor of the two, functions as a loader 
and navigator, while OSM-3, the faster and more processive motor, functions as 
a fast and long-range transporter. Their cooperation is crucial for optimal IFT, 
ensuring efficient loading, handover and transport of IFT-cargo. The dynamic ex-
change of the kinesin-2 motors on the backbone of the anterograde IFT-trains is 
a vital part of their cooperation and results in a gradual acceleration of the whole 
IFT-train. However, the experiments presented in Chapter 4.1 have not yet an-
swered how the dynamics of the individual motor proteins give rise to the dy-
namics of the motor assembly (2). For example, how does the exchange between 
kinesin-II and OSM-3 result in a gradual acceleration of the IFT-train (Fig. 1)? 
And how do their individual characteristics contribute to IFT-train behavior? It 
is possible that the overall IFT-train dynamics arise from mechanical competition 
between the kinesin-II and OSM-3 motor proteins but it could also be a result of 
their alternating action (3). What is clear is that more thorough studies on motor 
behavior are necessary to resolve this puzzle.

One of the complicating factors hindering our understanding of the behavior of 
motor assemblies is that the motor-cargo compliance might play an important 
role in how motility parameters of coupled motor proteins are affected (2). More-
over, the sheer amount of (unknown) parameters that can influence the dynamics 
of motor transport in vivo, make modeling of the IFT-system rather challenging. 
Quantitative modeling, however, is very important for our understanding of the 
IFT-system and has been used to obtain more detailed insight into the link be-
tween IFT and length regulation of the cilium (4). For in vivo studies, the options 
for control of motor properties and configuration are currently limited to only a 
few characterized mutations that affect IFT-train motor composition. For exam-
ple, a mutation in the MAP kinase DYF-5 has been linked to the undocking of 
the kinesin-II motor (5), and could be used to study the dynamics of IFT-trains 
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with altered motor composition. The changes in the motor composition are, 
however, not well defined in this mutant. Furthermore, the mutation also leads to 
changes in cilium structure (e.g. length changes and displacements), which make 
interpretation of IFT-dynamics data complicated. Therefore, in vitro experiments 
using well-controlled motor assemblies, for example using DNA origami scaf-
folds (6), might be the preferred way to get more insight into the behavior of IFT-
trains, especially regarding the contributions of the kinesin-2 motors (Fig. 1). For 
such motor assemblies, the motor ratios, their relative positions, motor structure, 
and the properties of the motor-cargo linkages can be tightly controlled. In addi-
tion, the environment, including the properties of the microtubule (MT)-tracks 
can be altered in a controlled manner. In vitro assays can also be used to assess 
whether the confinement of the motors and cargos to the track, as might occur in 
the tight space in the cilium between the MTs and ciliary membrane, affects the 
motility parameters of the IFT-motors in vivo.

Motor exchange on IFT-trains in vivo

Single-motor velocities in vitro

Velocities of motor assemblies in vitro

?

?

Figure 1: Cartoon showing the exchange (green and red arrow) of the kinesin-II (green) 
and OSM-3 (red) on anterograde IFT-trains that results in gradually acceleration of the 
IFT-trains in vivo (top left). How the different motor ratios contribute to overall IFT-train 
velocity is not known. In vitro assays on single motor proteins (bottom left) and well-defined 
motor protein assemblies (right) might help to gain more detailed insight into their collabo-
rative dynamics.

The kinesin-2-family motors that contribute to IFT in C. elegans chemosensory 
cilia are structurally very different: OSM-3 is homodimeric and kinesin-II is het-
erotrimeric, consisting of three polypeptide chains, KLP-11, KLP-20 and KAP-1. 
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These differences in the structure of kinesin-2 motor proteins have been con-
nected to different in vitro motility properties (7, 8, 9), which might reflect their 
difference in behavior and function in the IFT-system in the chemosensory cilia 
of C. elegans (see Chapter 4.1) but also in other systems and organisms (10, 11). 
Kinesin-II’s two different motor domains might be necessary for decreasing pro-
cessivity and allowing efficient switching between MT-protofilaments or even 
MTs (12). Hence, multiple kinesin-II motors coupled to an IFT-train might give 
rise to train dynamics that are ideal to pass around obstacles. The in vitro as-
says proposed above could be employed to test this “navigator hypothesis” by 
using MT-tracks with artificial roadblocks (13). Furthermore, artificial kinesin-II 
dimers can be constructed, for example containing two KLP-11 or two KLP-
20 motor domains, to help to elucidate the structure-function relationship of  
heterotrimeric kinesin-2 motor proteins. In conclusion, more insight into func-
tion and cooperation of the IFT kinesin-2 motors might be obtained by using 
in vitro motility experiments. Chimeric motor proteins might provide further in-
sight into how motor structure is connected to function, and artificially coupled 
motor proteins into motor cooperation.

4.2.3 IFT-dynein and retrograde transport

In IFT, retrograde transport driven by IFT-dynein is crucial to sustain the turna-
round behavior of both kinesins, in order to replenish motor supplies at the base 
(mainly of kinesin-II) and at the distal segment of OSM-3 (see Chapter 4.1). It 
has been shown that, in the absence of IFT-dynein, ciliary components accumu-
late at the distal tip (14). In contrast to the kinesins, IFT-dynein must be capable 
of performing fast and processive transport along the axoneme as well as being 
able to efficiently traverse the transition zone. How does IFT-dynein accomplish 
this feat? It is clear that characterization of the wild-type behavior of IFT-dynein 
as well as that of retrograde IFT-trains is important. This can be accomplished 
through fluorescent labeling of the IFT-dynein motor and performing in vivo 
single-molecule IFT-assays similar to those described in Chapter 4.1.

A particularly interesting aspect is the turn-around behavior of IFT-trains and 
IFT-dynein at the axonemal tip (Fig. 2). It is thought that anterograde IFT-trains 
arriving here have to be remodeled into retrograde IFT-trains (15), one reason 
being that retrograde trains appear to be structurally different from anterograde 
ones ((16) and Chapter 4.1). Moreover, IFT-dynein, initially an inactive cargo 
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on anterograde IFT-trains, has to become active in order to recycle components 
to the base. It has been suggested that the transition from anterograde to retro-
grade transport could be regulated by a tip complex (17) (Fig. 2). 

IFT-dynein turnaround and activation

?

?

A ciliary tip complex?

?

Turnarounds without the distal segment?

Figure 2: Cartoon of anterograde IFT-trains arriving at the end of the distal segment that 
have to be remodeled before they can return as IFT-dynein-driven retrograde IFT-trains 
(top). This process should involve activation of IFT-dynein (blue) and most likely disassembly 
and assembly of IFT-trains and associated cargoes. It could be that a tip complex (green) is 
needed to regulate and coordinated the remodeling process (bottom left), however, without 
the presence of a normally functioning OSM-3 motor the distal segment is lacking (bottom 
right) and efficient turnarounds of kinesin-II are still observed, indicating that retrograde IFT- 
trains are properly functioning.

I observed, however, that without normally functioning OSM-3 motor proteins 
(resulting in a cilium without a distal segment) kinesin-II is still efficiently recy-
cled by retrograde IFT-trains. This raises the question whether the remodeling of 
IFT-trains, IFT-dynein regulation and behavior without OSM-3 and the distal 
segment is similar to that observed in wild-type, and whether a tip complex is 
indeed involved (Fig. 2).
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Understanding how the anterograde and retrograde homeostasis is maintained 
within cilia might shed light on the transition process at the tip and provide 
insight into the mechanism of ciliarylength maintenance (18, 19). In wild-type 
C. elegans adults, IFT maintains steady-state conditions, the axoneme does not 
change in length and the amount of IFT-particles and motors within the cilium 
does not change notably, although certain pheromones have been shown to affect 
cilium morphology and kinesin-2-motor coordination (20). Since the cilium is 
essentially a membrane-enclosed compartment, changes in the anterograde trans-
port must be reflected by changes in the retrograde transport. One interesting av-
enue to explore is whether anterograde and retrograde IFT-train sizes and trans-
port frequencies are correlated. To this end, it might be insightful to disrupt the 
steady state of the IFT-system or the conditions inside the cilium. This could be 
done by supplying chemicals such as sodium azide to block ATP production (21), 
drugs such as ciliobrevin to disrupt motor function (22), or pheromones and 
other chemicals to change cilium morphology. Other perturbations that could be 
applied are changing the temperature, damaging the dendrite or ciliary tracks us-
ing laser ablation (23), or changing the growth conditions (for example inducing 
starvation or crowdedness). Studying IFT during ciliogenesis might also greatly 
enhance our understanding of how IFT contributes to building and maintenance 
of the cilium (24).

Another puzzling question regarding retrograde IFT is why it employs a spe-
cialized dynein, IFT-dynein. Other minus-end directed intracellular transport 
processes, such as dendritic transport, are driven by cytoplasmic dynein and its 
accompanying regulators (25). Why would a specialized dynein, different from 
cytoplasmic dynein, be necessary to drive retrograde IFT? One reason could be 
that fundamentally different motility properties are required. Cytoplasmic dynein 
generally appears to be engaged in a tug-of-war with kinesin motors while trans-
porting cargoes, whereas IFT-dynein appears to function in a more regulated way 
(e.g. no directional switches are observed except for “turnarounds” at the base 
and at the tip) (2, 26). The activity of all IFT-motors appears to be under tight 
controls: motors are either active as drivers, or passive as passengers. The motility 
properties of dynein can be altered by modifications to the MT-binding domain 
(26). It could be interesting to modify IFT-dynein in a similar way and study how 
this affects the dynamics of the IFT-system.
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4.2.4 The IFT-particles 

The IFT-particles are multi-protein complexes that assemble into linear arrays to 
form the backbone of IFT-trains (16, 27). They consist of multiple IFT-proteins 
containing protein-protein interaction domains that are used as docking sites by 
the IFT-motors and ciliary cargo (28, 29, 30) (Fig. 3). 

What is the role of the IFT-particle subunits in IFT?

IFT-particle A:

DYF-2
CHE-11
ZK328.7
DAF-10
IFTA-1

IFT-particle B:

OSM-1
OSM-5
IFT-81
CHE-2
IFT-74

CHE-13
OSM-6
DYF-6
Y110A7A.20

Putative IFT-B components:

DYF-1
DYF-3
DYF-11
DYF-13

Figure 3: Cartoon of the IFT-system with IFT-particle A (yellow) and IFT-particle B 
(green). The specific components of both particles as found in C. elegans are listed next to the 
particles (adapted from “IFT at a glance” by Hao and Scholey - 2009). The specific proteins 
that were used to track the IFT-particles in the studies described in Chapter 4.1 are high-
lighted in red.

The experiments described in Chapter 4.1 have revealed that the kinesin-2 mo-
tor composition of the IFT-trains is highly dynamic. Initially, kinesin-II motors 
are the dominant drivers of the anterograde IFT-train ensuring proper loading 
and navigation, right after the transition zone, kinesin-II motors start to un-
dock, docking as passengers onto IFT-dynein driven retrograde IFT-trains. At 
the same time, OSM-3 motors undock from these retrograde IFT-trains to dock 
on the anterograde IFT-trains, gradually taking over as the new drivers. These 
intricate motor dynamics could very well be regulated by specific proteins that 
make up the IFT-particles. It has been shown, for example, that DYF-1 (an IFT- 
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particle B associated component) is necessary for OSM-3 activity (27, 31), pos-
sibly by relieving the autoinhibition of the OSM-3 motor (32). While there are 
clear links between mutations of specific IFT-particle components and different 
ciliary phenotypes, their precise role in the regulation of IFT is not well un-
derstood (33). Therefore, careful dissection of the function of all the individu-
al components of the IFT-particle complexes and other associated components 
regarding IFT would greatly improve our understanding about this fascinating 
system. This would require fluorescence microscopy assays and analysis as de-
scribed in Chapter 3.1 and 3.2 of the behavior of the three different motor 
proteins in different IFT-particle mutants (i.e. where IFT-proteins are malfunc-
tioning or completely missing). Moreover, different biochemical approaches as 
used by Bhogaraju and coworkers (28), or yeast two-hybrid assays can be used to 
shed light on interaction/affinity of the motors to different IFT-particle subunits. 
Finally, reconstitution of the IFT-dynamics in vitro using purified IFT-motors 
and IFT-particle components could give more specific insight into the regulation 
of motor activity by specific IFT-particles components.

4.2.5 Staying on track – MT-regulated motility 

It is known that the properties of the MT-tracks are important for regulation of 
many cellular processes including intracellular transport (34). Posttranslational 
modifications (PTMs) of tubulin and MT-associated proteins (MAPs) directly 
modify the properties of the track and hence influence motor dynamics. Dety-
rosination of -tubulin for example has been shown to influence OSM-3 motility 
(35). Interestingly, the axonemal MTs are known to be modified in different 
ways. In Chlamydomonas, for example, it has been shown that in comparison to 
the A-tubules of the MT-doublets the B-tubules are more detyrosinated (36). 
Although, this could be different for different organisms it is likely that different 
PTMs of the axonemal tracks regulate IFT-dynamics in C. elegans. Most likely, 
the doublet MTs of the middle segment in C. elegans are more PTMrich, because 
of their presumably higher stability compared to the singlet MTs of the distal 
segment (Fig. 4) (37).

It would be very interesting to know whether PTMs and MAPs regulate the  
preferences of the IFT-motors for interacting with the A- or B-tubule and influ-
ence the behavior of the motors when transiting from doublet to singlet MTs 
or from singlet to doublet MTs. This could first be tested in vitro using similar  
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motility assays as described above, involving differently modified MTs or ax-
onemes. The future development of specific C. elegans mutants that have altered 
ciliary track composition will be necessary to shed more light on this form of 
regulation using in vivo experiments.

MT-modifications of the ciliary tracks MT-modifications in vitro

A

B

Figure 4: Cartoon of a chemosensory cilium (left) and different behaviors of single mo-
tors in vitro (right). The middle segment of the axoneme consists of doublet MTs, each con-
sisting of an A-tubule of 13 protofilaments (blue) and a B-tubule of 10 protofilaments (green). 
Only the A-tubule extends from the middle segment all the way towards the tip forming the 
distal segment. The different MT-tracks can contain different forms of post-translationally 
modified (PTM) tubulin and different microtubule-associated proteins (MAPs) (red dots) can 
be associated with the MT tracks. These MT-track modifications can affect the motility of 
motors in different ways, which could be tested in vitro.

4.2.6 The ciliary gate – getting in and out

The cilium is a membrane-enclosed compartment separated from the cytoplasm 
by a transition zone that functions as a “ciliary gate” (38). The transition zone 
consists of different multi-protein modules that are responsible for forming and 
maintenance of the “ciliary necklace” providing structural integrity to the cilium, 
and controlling entry and exit (39, 40, 41). One example are the Y-shaped link-
ers that anchor the MT-tracks to the ciliary membrane (42). The gate also acts 
as a diffusion barrier by only allowing proteins < ~10 nm to diffuse across (43). 
Since the proteinsynthesis machinery is located outside of the cilium, most com-
ponents have to be actively moved towards the ciliary gate from the cell body of 
the neuron, a process that most likely involves active transport by motor proteins 
such as cytoplasmic dynein. When off-loaded, the dendritic cargo has to find its 
way into the cilium via an unknown mechanism, which might require specialized 
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structures such as the transition fibres (44) and the involvement of kinesin-2 
motors (Chapter 4.1) (Fig. 5).

How does dendritic cargo enter the cilium??

Figure 5: Cartoon of the dendrite-to-cilium transition. A vesicle (yellow) is transported to 
the end of the dendrite by cytoplasmic dynein (orange). The vesicle is off-loaded and its cargo 
(green) needs to enter the cilium.

Do the dendritic off-loading sites and ciliary cargo-loading sites share similar 
structures and are they located in close proximity to each other? What controls 
and regulates the logistics of the vesicles, and its different cargo components (45, 
46)?  These questions could be answered by mapping the position of structures, 
the spatial dynamics of cargo components, motors and tracks both in the den-
drite and the cilium, using the single-molecule fluorescence assays discussed in 
this thesis. These approaches might provide insight in function and mechanism 
of the ciliary gate, and more general how cilium and dendrite are connected.

4.2.7 Ciliary diseases and IFT

Many C. elegans proteins required for cilium formation, maintenance and func-
tion have been linked to human ciliary diseases also called “ciliopathies” (47). For 
example, mutations in protein components of the transition zone cause Meckel- 
Gruber syndrome (MKS) and nephronophthisis (NPHP) (39), and mutations 
in components of an IFT-train protein complex are linked to Bardet-Biedl syn-
drome (BBS) (48). It has been shown that the transport properties of the IFT- 
system are affected in some of these disease-causing mutants. For example, 
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IFT-particles A and B move at different velocities without the presence of the 
BBS-8 protein (31) (Fig. 6). Also in the case of proper functioning MKSR-1 pro-
teins the anterograde and retrograde IFT-train dynamics are significantly affected 
(see Chapter 4.1). 

IFT in a bbs-8 mutant

IFT in a transition zone mutant

Figure 6: Cartoon showing that without the BBS-8 protein (top) the two IFT-particles A 
(green) and B (red) move separately at velocities resembling the individual motor veloc-
ities of kinesin-II and OSM-3 respectively. In transition zone mutants (bottom) the naviga-
tion of IFT-trains through the transition zone is affected (e.g. in this case the Y-shaped linkers 
are abnormal). This local perturbation affects IFT-dynamics in the whole cilium.

Although, it is clear that getting rid of both kinesin-2 motors results in complete 
lack of cilia (49) and hence induces ciliary malfunction it is not clear how more 
subtle changes in IFT, such as observed for some of the ciliopathies, are related 
to the physiology of disease. However, detecting and documenting these changes 
might still be important to unravel the link between IFT and ciliopathies in fu-
ture, hence we should continue to explore in this direction using new tools such 
as the ones described in Chapter 3.1 and 3.2.
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4.2.8 Does IFT make sense?

Employing two different kinesin-2 motors gives rise to IFT-dynamics that neither 
motor would be capable of producing on its own. Kinesin-II is only capable of 
driving IFT along the first part of the middle segment. OSM-3, on the other 
hand, can drive anterograde IFT along both middle segment and distal segment, 
albeit in a suboptimal way compared to wild type (see Chapter 4.1). In the ab-
sence of both motors, the complete axoneme is missing (49). In other organisms, 
such as Clamydomonas and mouse, loss of heterotrimeric kinesin-2 is sufficient to 
completely disrupt ciliary structure (50). Why did C. elegans evolve to utilizing 
two different kinesin-2 motors to drive anterograde IFT? To answer this question 
it is crucial to understand the link between IFT and sensory function (Fig. 7).

IFT in wild type C. elegans Normal C. elegans  behavior

IFT in mutant C. elegans Change in C. elegans behavior?

Figure 7: Cartoon of IFT in wild-type C. elegans nematodes (top). Kinesin-II (green) 
and OSM 3 (red) ensures efficient transport of different ciliary receptors (purple). Wild type  
C. elegans (green/white) effectively detects and reacts to chemical cues (yellow) for example 
related to food (top – right). In mutant C. elegans (white/red) IFT is affected (bottom), which 
could lead to changes in worm behavior (red circles) compared to the wild type (green/white).
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It is estimated that the C. elegans genome encodes over 1000 G protein-coupled 
receptors, many of which are believed to be chemoreceptors (51). For some of 
these receptors, it is known that IFT drives their transport along the cilium (29).

In this thesis it is reported that about twice more IFT-particles are present in 
the cilia of wild-type animals compared to those that lack functioning kinesin-II  
motor proteins (see Chapter 4.1). It is tempting to speculate that changes in 
IFT-efficiency affect chemosensation (e.g. altering flux and localization of recep-
tors). This hypothesis could be tested by testing the chemosensitivity of IFT- 
mutant animals using highly sensitive and quantitative behavioral assays under a 
variety of testing conditions (52, 53, 54, 55). A better understanding of the link 
between IFT and sensing would be an important breakthrough.

4.2.9 Conclusions

Up to now, surprisingly little has been known about cilium formation and func-
tion. A more detailed insight into IFT will contribute to our understanding of 
these specialized organelles. For this novel methodologies will be required. The 
interdisciplinary approach presented in this thesis, C. elegans strains expressing 
fluorescently labeled proteins at or close to endogenous expression levels in com-
bination with single-molecule fluorescence microscopy and quantitative data 
analysis, might provide the tools necessary to make important progress.
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