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Chapter 1
INTRODUCTION TO 
  KINESIN ILLUMINATED
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1.1 Abstract

Inside the cell, processes such as cell division, cell propulsion and intracellular 
transport rely on the coordinated action of molecular motors of the kinesin,  
myosin and dynein superfamilies. These motor proteins use ATP as their energy 
source to undergo conformational changes in order to perform work. Stepping 
along microtubules (MTs) or actin filaments (AFs) that function as intracellu-
lar highways allows them to exert picoNewton forces on their surroundings and 
produce mechanical work. Comprehension of motor-driven processes requires  
thorough understanding of motor behavior, including their regulation, coopera-
tion, and individual properties. In the past, the characteristics of these intriguing 
nanomachines have been extensively studied in classical biochemical and bio- 
physical studies probing the behavior of large ensembles, which has contributed 
greatly to our knowledge about these machines. A technique called “single-mol-
ecule fluorescence microscopy” truly revolutionized motor studies. Its single- 
molecule sensitivity and selectivity is a result of the one-to-one coupling of the 
motor protein to a fluorescent molecule of which the fluorescence can be reliably 
detected. This allows for detailed examination of the behavior of single-motor 
proteins, and even for studying their individual conformational changes using a 
related form of fluorescence microscopy called “Förster Resonance Energy Trans-
fer (FRET)” microscopy, sensitive on the nanometer length scale and sub-milli-
second time scale. Single-molecule studies are technically very challenging, there-
fore most of the work has been performed in vitro, which allows full control of 
the environmental conditions. In vitro studies often use a minimal amount of 
components (e.g. MTs, motor proteins and an ATP-containing buffer solution) 
minimizing system complexity. The intracellular environment is, however, very 
different: many other proteins are regulating the molecular motors while they 
are on duty, moreover other structures and the crowded intracellular environ-
ment can influence motor activity. Therefore, a deeper understanding into how 
motor protein activity gives rise to the overall dynamics of motor-driven systems 
requires their study in vivo. This introduces additional challenges such as the re-
striction to certain labeling techniques and the high autofluorescent background. 
Recently, we have succeeded to reach single-molecule detection sensitivity deep 
inside living Caenorhabditis elegans nematodes. As described in this thesis, a com-
bination of a custom-built single-molecule fluorescence microscope, a highly spe-
cialized and selective form of protein labeling called MosSCI (Mos1 mediated 
Single Copy transgene Insertion) and sophisticated imaging and data analysis 
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techniques, has made it possible to unravel the intraflagellar transport system 
(IFT) in the chemosensory cilia of C. elegans, an essential transport mechanism 
responsible for generating and maintaining cilia, the microtubule-based sensory 
organelles of eukaryotic cells. The results demonstrate the power of in vivo sin-
gle-molecule fluorescence microscopy to unravel motor cooperation and, more 
generally, intracellular processes driven by motor proteins.

1.2 Microscopy – Taking a closer look

Curiosity provides the main driving force behind our efforts to try to understand 
the world around us. The art of making observations is crucial for scientific ex-
ploration, but there is only so much the human eye can see. Objects smaller than 
about one tenth of a millimeter (the average thickness of a human hair) are barely 
observable by the naked eye making most of the world around us invisible. This 
would radically change, however, when Antonie van Leeuwenhoek (1632 - 1723) 
and Robert Hooke (1635  -  1702) started applying their simple microscopes 
(Fig. 1A, B) to study biological samples thereby laying the foundation of micro-
biology. It was Robert Hooke that coined the name “cells” while studying slices of 
cork as described in his work “MICROGRAPHIA” in 1665 (Fig. 1C):

“Observ. XVIII. Of the Schematisme or Texture of Cork, and of the Cells 
and Pores of some other frothy Bodies. I took a good clear piece of Cork, 
and with a Penknife sharpen’d as keen as a Razor, I cut a piece of it off, 
and thereby left the surface of it exceeding smooth, then examining it very 
diligently with a Microscope, me thought I could perceive it to appear a 
little porous; but I could not so plainly distinguish them, as to be sure that 
they were pores, much less what Figure they were of: But judging from the 
lightness and yielding quality of the Cork, that certainly the texture could 
not be so curious, but that possibly, if I could use some further diligence, I 
might find it to be discernable with a Microscope, I with the same sharp 
Penknife, cut off from the former smooth surface an exceeding thin piece 
of it, and placing it on a black object Plate, because it was it self a white 
body, and casting the light on it with a deep plano-convex Glass, I could 
exceeding plainly perceive it to be all perforated and porous, much like 
a Honey-comb, but that the pores of it were not regular; yet it was not 
unlike a Honey-comb in these particulars.” (1)
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4 introduction to kinesin illuminated

Nowadays, the cell is widely regarded as being the most fundamental unit of 
life. The work described in this thesis is about what goes on inside the cell. A 
world at the scale of a millionth of a millimeter (1 × 10-9 meter, a nanometer), 
too small to observe using conventional bright-field microscopy techniques, 
where the sample is illuminated using a white-light source and some of the light 
absorbed by dense areas of the sample and therefore only the light transmit-
ted observed. Visualization of the intracellular world requires more advanced  

A

B

C

Figure 1: (A) The microscope as used by Antonie van Leeuwenhoek employing a single-lens 
design capable of imaging with 275× magnification and approaching 1 micrometer resolution 
(2). (B) The microscope as used by Robert Hooke using a double-lens design to study cork 
and other objects (3). (C) The cover of micrographia in 1665, by R. Hooke, Fellow of the 
Royal Society (4).
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microscopy techniques. Fluorescence microscopy is an important microscopy 
technique that relies on the accurate detection of light (fluorescence) emitted by 
fluorescent molecules. It exploits the key phenomenon called the “Stokes’ shift”, 
which means that the photons emitted by the fluorescent molecule have a longer 
wavelength (lower energy) than the photons that were originally absorbed due 
to fast relaxation of the excited state to the lowest vibrational energy level. This 
allows the use of specific wavelength filters to separate the excitation light from 
the emitted light, thereby drastically enhancing contrast. Through fluorescent  
labeling of specific intracellular structures, high contrast is achieved local-
ly, making these particular structures of dominating appearance in the image. 
Fluorescence microscopy forms the basis of a more specialized technique called  
“single-molecule fluorescence microscopy”. This specialized form of fluorescence 
microscopy relies on the highly specific labeling of proteins, one fluorophore 
attached to each individual protein of interest, and highly sensitive detectors or 
cameras capable of detecting the fluorescence emitted by a single fluorophore.  
In this way, single proteins can be observed and the total fluorescence intensity 
is directly related to the number of proteins studied. Single-molecule fluores-
cence microscopy is most straightforwardly applied to in vitro samples, because 
these allow optimal control of the amount of fluorescently labeled proteins and 
the imaging environment (e.g. cover glass and imaging buffer) to suppress the  
fluorescent background in order to achieve optimal image contrast. Applying 
these techniques in vivo, where these conditions can be less readily controlled, can 
be quit challenging, in particular due to the high autofluorescent background. 
Moreover, the labeling techniques required for a high labeling specificity tend to 
increase the experimental challenge.

Single-molecule fluorescence microscopy is a technique capable of providing de-
tailed insight into the inner workings of the cell, and is described in Chapter 2.1. 
In that chapter, the phenomenon of fluorescence is introduced and an overview 
is provided of the history of single-molecule fluorescence microscopy. Next, 
the characteristics of different fluorescent labels are described, allowing an ex-
perimentalist to choose the most suitable label for the proposed single-molecule  
experiment. The chapter also provides information on the different components 
that are critical for optimal performance of the fluorescence microscope, and ends 
with a small overview on how single-molecule fluorescence microscopy can be 
used to study the motion and the location of single molecules.
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1.3 The intracellular world – Molecular motors

The human body consists of about 3.72 × 1013 of cells (5), and life inside each 
single one of them is truly intriguing and complex. Cells are small biochemical 
factories that work around-the-clock to produce different components, such as 
adenosine triphosphate (ATP, the “energy packets” of life), amino acids, and a 
large variety of proteins. The genetic information (deoxyribonucleic acid, better 
known as DNA) that is stored in the cell nucleus contains the blueprint of life 
with specific regions called “genes” encoding for different proteins. Proteins are 
key players within the cell and often form multi-protein assemblies that perform 
dedicated intracellular tasks at certain locations. It is this intracellular organiza-
tion that is vital for proper functioning of the cell. Intracellular transport is one 
of the many intracellular processes that contribute to intracellular organization. 
It is driven by a special class of proteins called “motor proteins” that use the free 
energy released upon the conversion of ATP into ADP to perform work. More 
specifically, their ATP consumption is responsible for inter protein conforma-
tional changes that lead to stepping motion, which allows the motor to exert 
force and move along the cell’s dense network of intracellular highways. Kinesin 
and dynein motor proteins use the dense network of microtubules (MTs) that are 
part of the cytoskeleton as intracellular highways, whereas the myosins use the 
actin filaments (AFs) located just underneath the cell cortex as scaffolds to walk 
along (Fig. 2). 

The myosins were the first motor proteins to be discovered, in 1864 by Wilhem 
Kühne, while studying the contraction of muscles (7). It was about hundred years 
later that the first MT-dependent motor, dynein, was discovered by Gibbons and 
Rowe, using biochemical techniques such as ATPase assays and density-gradient 
fractionation (8). The existence of so-called “ATPases” (proteins that require the 
hydrolysis of ATP to perform their function) that were MT-dependent was a hot 
topic of debate around that time, because studies involving spindle dynamics and 
intracellular transport indicated that ATP and MTs were required for activity. 
Twenty years later (in 1985), kinesin, the other MT-dependent motor, was iden-
tified by three different research groups, using three different organisms; squid, 
chicken and sea urchin (9-11).

The motor proteins of the kinesin, myosin, and dynein superfamilies are the 
main topic of Chapter 2.2, which introduces their key properties. Crucial to 
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understanding their function and mechanism was the development of assays to 
probe motor motility. These assays are explained in that chapter, as well as how 
they have been used to study motor properties. The main focus of the chapter 
is on the application of single-molecule fluorescence microscopy to study motor 
protein action, including a description of fluorophores, instrumentation, sample 
preparation and image acquisition and analysis. In the remainder of the chapter 
an overview is presented of key studies of kinesin, myosin and dynein motor 
proteins utilizing single-molecule fluorescence microscopy.

Figure 2: A schematic representation of the intracellular transport system responsible 
for the organization of the cytoplasm from Ross and coworkers (6). Along the AFs (red)  
myosin Va (black) is walking towards the plus end and myosin VI (light blue) towards the  
minus end. Along the MTs (green) originating from the MT organizing center (MTOC) 
(green) next to the nucleus (blue) dynein (dark blue) is walking towards the minus end of the 
MT and kinesin (yellow) towards the plus end. The MTs and AFs cross just underneath the 
cell membrane, which is highlighted by the black arrowheads (lower right). MTs can cross 
each other, an example can be found next to the green arrowhead in the center of the cell. 
The AFs can cross each other as well, which is highlighted by the red arrowheads on the left. 
(Reprinted from (6) with permission from Elsevier)
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1.4 Kinesin – Motor mechanics

The limbs of the human body have to make well-timed conformational changes 
in a specific order to produce coordinated movement of a single arm or leg. Walk-
ing is even more complicated, because it requires our two legs to be out of phase 
to propel ourselves forward, remaining in touch with the ground at all times. It 
is likewise for the motor protein Kinesin-1, arguably the most studied motor 
protein. Kinesin-1 consists of two motor domains, each one responsible for ATP 
and MT-binding, connected to a coiled coil stalk (two intertwined -helices) via 
specialized regions called the neck linkers (Fig. 3A). 

Figure 3: Cartoon depiction of kinesin motor proteins from Vale (12). The motor domains 
(blue) are connected to the coiled coil stalk (grey) via the neck linkers (light blue), the tail do-
mains (purple) are important for cargo binding and interact with associated proteins (green). 
(A) Heterotetrameric Kinesin-1. (B) Heterotrimeric Kinesin-II. (C) Homodimeric OSM-3. 
(Reprinted from (12) with permission from Elsevier)

At its top speed of ~800 nm s-1 Kinesin-1 takes about ~100 steps s-1 while moving 
through the highly crowded and viscous environment of the cell. This doesn’t 
sound impressive but a racewalker (e.g. the famous Denis Nizhegorodov) walking 
at this stepping rate would travel at ~360 km h-1 (assuming that every step results 
in a center of mass displacement of 1 meter), improving his world record on the 
50 km from 3h 34m 14s (8th of June 2008) to 8m 20s! One can imagine that it 
must be crucial for the different parts of the motor protein to undergo specific 

A
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and well-coordinated conformational changes upon ATP hydrolysis, otherwise 
the motor’s marvellous stepping motion could be easily compromised. How is 
it able to accomplish this feat? It is clear that if we want to understand overall 
protein function we have to understand how the different protein domains can 
work together so fast and efficiently. If we would like to unravel the mechanics of 
a single Kinesin-1 step, however, we need to have << 16 nm spatial resolution and 
<< 10 ms temporal resolution, far beyond the reach of conventional fluorescence 
microscopy.

A specialized form of fluorescence microscopy, however, called “Förster Reso-
nance Energy Transfer (FRET)” microscopy can provide distance information 
on the 110 nanometer length scale with sub-millisecond time resolution and is 
therefore capable of providing detailed insight into the inner workings of pro-
teins. Application of FRET to kinesin is the topic of Chapter 2.3. The chapter 
first gives the physical foundations of the FRET-phenomenon and its capabili-
ties and limitations. I describe how FRET can be used to study conformational 
changes of proteins, thereby focusing on FRET-studies performed on Kinesin-1. 

1.5 Single motor proteins in vivo – Tools for quantitative studies

The majority of single-molecule research on motor proteins has been performed 
using in vitro reconstitution assays. A very powerful approach since it has pro- 
vided detailed biophysical insight into the molecular mechanism of motor ac-
tion. Key motility parameters of motor proteins, such as run lengths, forces and 
step sizes have been determined (see Chapter 2.2 and Chapter 2.3). The pre-
cise control of the environmental conditions allows for suppression of the (auto) 
fluorescent background in order to reach single-molecule imaging conditions. 
The intracellular environmental conditions, however, are far more complex.  
Accessory proteins control and regulate motor activity and motor proteins have 
to navigate the structural complexity of the cell. It is not known, how motility pa-
rameters are affected under such circumstances. To gain a more thorough under-
standing in how these intriguing nanomachines operate, one has to study them in 
their natural environment, in vivo. This poses quite a challenge due to fluctuating 
autofluorescent background caused by naturally occurring fluorescent molecules, 
such as collagen, elastin and flavin. The background spectrum is generally broad 
including most of the visible spectral region hence decreasing the signal-to-back-
ground ratio limiting the localization accuracy and single-molecule selectivity. 
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Moreover, the in vivo environment prevents control of the environmental con-
ditions and limits the options that can be used for fluorescent labeling. Here, 
I have overcome these problems by using the model organism Caenorhabditis 
elegans in combination with sophisticated labeling techniques and ultrasensitive 
fluorescence microscopy. 

The interdisciplinary approach allows, for the first time, detection of single motor 
proteins deep inside a living C. elegans nematode, gaining quantitative insight 
into intracellular systems. The methods I used to generate the constructs and to 
perform the measurements are described in Chapter 3.1. First, a general over-
view is provided on the use of C. elegans as a model organism. Next, the different 
techniques that can be used to generate strains that express fluorescently labe-
led proteins at natural expression levels are introduced. The chapter ends, with 
a description of the fluorescence microscope that can be used to detect single  
fluorescently-labeled proteins in C. elegans.

1.6 Semi-automated quantitative kymograph analysis

Movements of fluorescently labeled motor proteins are captured by the EMCCD 
camera as a sequence of images at a specific frame rate. The movement of motor 
proteins produces slight displacements of the signal in each specific image frame, 
often in a specific area due to confined directional movement along the underly-
ing intracellular tracks. The motion of motor proteins is often bidirectional and 
can be easily captured in the form of a kymograph. A kymograph is a space-time 
plot obtained from an image series by plotting the intensity along a line drawn 
along a track of interest as a function of time. This means that static or moving 
proteins appear as lines with a slope directly related to their velocity. A proper 
quantitative understanding of the motor behavior, however, requires reliable ex-
traction of the motility parameters from the kymograph. Currently, kymographs 
are most often analyzed manually, which is a time-consuming task sensitive to 
user bias. In order to overcome these problems, newly developed quantitative ky-
mograph analysis tools can be used, which are described in Chapter 3.2. The first 
part of the chapter revolves around KymographClear, a new tool that generates 
reliable kymographs using ImageJ and color codes motion events depending on 
their directionality. The second part of the chapter is about KymographDirect, 
a novel quantitative analysis tool that uses the kymographs generated by Ky-
mographClear to automatically extract motility parameters from them.
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1.7 Motor cooperation – Heterotrimeric kinesin-II, homodimeric   
 OSM-3 and IFT-dynein

Inside the cell, distinct motors with different motility properties often work to-
gether transporting the same cargo. For example, motor proteins that have the 
same directionality but different individual velocities or run lengths, or motor 
proteins with opposing directionality in a so-called “tug-of-war” configuration. 
It is very likely that their coupling might affect each other’s motility parameters, 
and that their collective behavior is important for the intracellular process that 
they are part of (13). An intriguing example of such a system is intraflagellar 
transport (IFT) in the chemosensory cilia of C. elegans (Fig. 4). This transport 
system revolves around the collaboration between three different motor proteins; 
two different kinesin-2-family motors having the same directionality; heterotri-
meric kinesin-II (Fig. 3B) and homodimeric OSM-3 (Fig. 3C), and one motor 
with the opposite directionality; IFT-dynein. 

Figure 4: A simplified version of the cartoon depiction of IFT from Scholey (14).  
Heterotrimeric kinesin-II and homodimeric kinesin-2 (OSM-3 in C. elegans) work together 
on the doublet MTs of the ciliary axoneme while OSM-3 alone maintains the singlet MTs. 
IFT-dynein is responsible for transport in the retrograde direction. Together, these motor pro-
teins maintain a continuous “transport loop”, transporting cargoes such as axoneme precursors 
and membrane proteins. (Modified reprint from (14) with permission from author)
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In Chapter 4.1 the tools introduced in Chapter 3.1 and Chapter 3.2 are ap-
plied to quantitatively dissect the intraflagellar transport system of C. elegans, 
yielding some rather unexpected results regarding the how and why of motor  
cooperation. The two kinesin-2-family motor proteins are shown to have differ-
ent roles, closely connected to their individual motility parameters. The described 
results demonstrate the power of the in vivo single-molecule fluorescence micros-
copy approach, to unravel motor cooperation and, more generally, motor-driven 
intracellular processes.

Chapter 4.2 provides an outlook on the further use of these tools to study pro-
teins in living systems, and how in vitro reconstitution can broaden our under-
standing of intraflagellar transport. It explores some other biological and physical 
methods that can be used in combination with our novel quantitative approach 
to further dissect (other) motor-driven systems. 
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