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Chapter 1

Introduction

1.1 What is biophysics?

The distinction between living and non-living matter was already established by the

ancient Greek philosophers. Nevertheless, it was only in the early nineteenth century

that biology as the study of living matter emerged as a separate discipline, distinct from

the physical sciences that build models for lifeless phenomena such as falling stones and

electricity. However, this separation has never been absolute as it was obvious from the

beginning that in many ways living matter also obeys the laws of physics. For example,

one can learn more about gravity by looking at falling apples almost as well as falling

stones.

Biophysics operates at the border line of these two disciplines and tries to apply

tools and concepts from physics to biological problems. To a large extent, this means

that physical principles are used to develop new tools and techniques for biology. This

is perhaps most apparent in the numerous imaging techniques that exist today. Using

principles found from the study of how light interacts with glass and other materials, a

long series of developments have resulted in optical methods that allow visualizing dy-

namic processes ranging from the motility of individual molecules to the development

of the heart in embryos. In addition, electron microscopy and X-ray diffraction can re-

veal very detailed information on protein structure and cellular architecture. Besides

these imaging tools, many more biophysical techniques have been established, includ-

ing ultracentrifugation, fluorescence spectroscopy and mass spectrometry, together with

many ways of micromanipulation.

However, biophysics not only provides tools for the exploration of living matter,

but also tries to establish new concepts and methodology for a better understanding

of living matter, in general by developing quantitative approaches and searching for

mechanistic explanations. In such a broad sense, William Harvey, the physician who

1



2 INTRODUCTION

discovered the blood circulatory system in 1628 can also be considered a biophysicist.

He challenged the existing view that blood was consumed by the body and that newly

synthesized blood moved away from the heart without returning. To test this model, he

determined the amount of blood pumped out by the heart per hour and found that it by

far exceeds the mass of the entire body, indicating that the blood must be recycled by the

body. He furthermore demonstrated that in certain vessels in the arm blood flows from

the hand towards the body, which is evidence for circular motion. Finally, he showed

that the heart is muscular and that the heart contraction caused the circular motion of

the blood. Such a combined approach of quantitative arguments combined with elegant

experiments and a convincing mechanistic model is a goal of many biophysicists.

The identification of the cell as the fundamental unit of life further obscured the

boundaries between physics and biology, because it suggests that all individual parts of

the cell are lifeless and hence fall in the domain of physics and chemistry. Biophysicists

are therefore certainly not alone in their interest for physics inside the cell and molec-

ular cell biology has become an interdisciplinary field in which biologists, chemists,

physicists as well as mathematicians and computer engineers work together trying to

understand how molecules team up to form cells.

1.2 Molecular motors

Harvey’s discovery that the heart is the pump that drives the circulation of blood through

our body revolutionized our understanding of the human body. However, at a more

fundamental level, the mechanisms that let the heart beat still remained elusive for a

long time. Although it had long been known that muscles operate through contraction,

it was only with the molecular perspective of the twentieth century that a detailed

understanding of this process could be obtained.

Electron and special light microscopy on muscle tissue revealed very ordered struc-

tures with parallel arrays of thick and thin filaments (Figure 1.1A). Based on this struc-

ture, the sliding filament mechanism was proposed in which arrays of special enzymes

(myosin, thick filaments) are located between polarized biopolymers (actin, thin fil-

aments), upon which they can generate forces in a fixed direction, the actin plus end

(Figure 1.1B) [65, 66]. The specific anti-parallel arrangement of actin filaments and the

bipolar structure of the myosin filaments would then result in contractile movement of

the muscle fibers. More detailed images indeed revealed cross bridges between the thick

and thin filaments. It was hypothesized that each myosin ’head’ uses the energy derived

from ATP-hydrolysis to cycle between actin-bound and -unbound conformations. In the

actin-bound state, an additional conformational change could occur that changes the

position of the actin filament relative to the myosin. Together this would allow the

enzyme to generate the force required to slide the actin filament [67].

In the past 25 years these ideas have been thoroughly tested by approaches that re-
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Figure 1.1: (A) Electron microscopy image of muscle tissue reveals a very ordered structure with

thin and thick filaments. Picture taken from [4]. (B) Schematic picture of the organisation of

myosin and actin filaments into bipolar arrays that can contract. Picture adapted from [4].

constitute motility with purified components. This has revealed the capability of myosin

molecules to drive the motility of actin filaments [139]. Extremely sensitive biophysical

techniques have made it even possible to detect the interaction of individual motors

with the actin filament [46, 103]. In addition, many more molecular machines have

been found that are capable of generating directed motion along biopolymers or can

perform other mechanical tasks [4]. A spectacular example is the whole transcription

machinery that converts the genetic code into proteins.

1.3 Cell division

Another wonderful manifestation of molecular machines at work can be observed when

a cell divides into two daughter cells. Such a division requires that the (replicated)

genetic material of a cell is equally distributed among the two daughter cells. Because

DNA winds up into very large chromosomes during this process, the highly ordered sep-

aration process could be visualized already in the nineteenth century. Since then, many

cell biologist have tried to unravel the mechanisms governing this separation [100].

Electron microscopy and early live cell imaging experiments that studied cell divi-

sion, revealed the presence of threadlike structures connected to chromosomes. These

filaments form an ordered structure in which filaments radiating from two poles con-

nect to the mid zone between the poles where the chromosomes are (Figure 1.2A). The

filaments became known as microtubules and the bipolar array that forms around the

chromosomes is called the mitotic spindle [100]. It is now known that the formation

of the bipolar spindle is essential for the proper alignment and segregation of chromo-

somes and that microtubules are the major structural component of the mitotic spindle.

Like actin filaments, microtubules have a well defined polarity that can be exploited by

motor proteins to generate uni-directional motility along these filaments [119]. In the
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spindle, most microtubules are oriented with their plus ends towards the spindle mid

zone, which means that microtubules radiating from opposing poles are oriented anti-

parallel to each other [95]. Since microtubules that do not attach to chromosomes can

grow beyond the spindle midzone, many microtubules have anti-parallel overlap with

microtubules growing from opposite directions (Figure 1.2B).

Figure 1.2: (A) fluorescence micrograph of a mitotic spindle. Microtubules are labeled in green,

kinetochores in red, and chromosomes in blue. Picture taken from [37]. (B) Cartoon illustrating

the bipolar microtubule arrangement in the spindle and the proposed activity of molecular motors

and other microtubule bundlers.

This anti-parallel arrangement of microtubules in the spindle is reminiscent of the

orientation of actin filaments in muscle sarcomeres as described in the previous section.

Based on this similarity, an analogous sliding-filament model for spindle formation and

cell division was proposed over 30 years ago [98]. In this model, the spindle was de-

scribed as a kind of "mitotic muscle" in which by then unidentified motor ensembles

drive the sliding of microtubules in polarity specific manner (Figure 1.2B). The discov-

ery of the kinesin family of microtubule-based motor proteins in 1985 [143] inspired

the search for kinesin motors that are involved in mitosis. One of the mitotic kinesins

that emerged from this search was the tetrameric plus-end directed kinesin Eg5 [117].

This motor was found to be crucial for establishing a bipolar spindle and its structural

organization, with two motor domains at each end of a central stalk [82], makes it

an attractive candidate for being the "myosin analog" that drives the relative sliding of

anti-parallel microtubules (Figure 1.2B).

However, it has also become clear that microtubules themselves are active elements

that can grow and shrink and generate forces [99, 38, 43]. Furthermore, many more

factors and filamentous structures have been discovered in the spindle, revealing that

the spindle is a much more intricate and dynamic than the quasi-static muscle structure.

To obtain a deeper understanding of how the spindle forms and functions, biochemical

approaches that determine the building blocks of the spindle need to be augmented

with in vitro approaches that try to build functional parts from these components. Such

reconstitutions allow careful analysis of the capabilities of known components, and have

for example revealed the force-generating properties of kinesin [143] and the intrinsic

dynamic instability of microtubules [99].
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1.4 This thesis

In this thesis, I address the proposed analogy between force generation in muscle and

in the mitotic spindle. To what extend can Eg5 be considered the myosin analog for

spindle formation? Can this motor drive the relative sliding of microtubules? Does it

multimerize into thick filaments like myosin or can individual molecules operate inde-

pendently? How is activity regulated? Additionally, as these motors are not the only

proteins that organize microtubules during spindle formation, I have also examined a

non-motile microtubule-bundling protein, Ase1. For both proteins, the single-molecule

dynamics as well as ensemble effects on the organization of microtubules are explored

using controlled in vitro assays in combination with high-resolution microscopy.

Chapter 2 first reviews how powerful single-molecule techniques that have emerged

during the last 20 years have contributed to our understanding of kinesin motor pro-

teins. It discusses experiments that examine the precise mechanochemistry of kinesin

motor as well as experiments that explore the behaviour of non-conventional kinesins

such as Eg5. Several approaches that are described here are further developed in the

experimental part of this thesis.

The combination of multiple single-molecule techniques into one instrument allows

for experiments that are likely to yield new insights into molecular machines. One

of the approaches that establishes such a combination is described in Chapter 3. It

demonstrates how new experimental challenges that arise from this combination can

be tackled. The setup described in this chapter has been used for most other work

presented in this work.

Chapter 4 introduces an in vitro assay that allows careful study of crosslinking pro-

teins in action between two microtubules. When it was applied to Eg5, it revealed the

ability of Eg5 to drive the relative sliding of microtubules. Additional results indicated

that Eg5 was likely to be a processive motor and might have an additional microtubule

binding mode.

To directly test these ideas, single molecules of Eg5 needed to be visualized. Chap-

ter 5 presents experiments on a fluorescently tagged Eg5 construct, Eg5-GFP, which

revealed that while Eg5 is indeed capable of active processive movement it also has an

passive diffusive motility mode on microtubules. The allosteric Eg5 inhibitor monastrol

could modulate the relative occurence of these two motility modes.

Chapter 6 bridges the previous two Eg5 chapters by exploring Eg5-GFP motility in

a variety of conditions and geometries, including between two microtubules. These

experiments showed that, in close to physiological conditions, microtubule crosslinking

switches Eg5 motility from passive to active, revealing an new regulatory mechanism

for Kinesin-5 motors.

In addition to active crosslinkers like Eg5, microtubules also get organized by passive

crosslinking proteins, i.e. proteins without motor activity. An important example of

such a passive crosslinker is Ase1, which specifically crosslinks microtubules pairs that
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are oriented anti-parallel to each other. Ase1 appears to localize specifically to regions

where two microtubules overlap. In Chapter 7, the assays developed for Eg5 are used

to explore the localization dynamics of fluorescently labeled Ase1, revealing that the

specific localization of Ase1 depends on its ability to multimerize on the microtubule

lattice.



Chapter 2

Single-molecule experiments

and the kinesin superfamily

2.1 Introduction

The kinesin family is the last known family of cytoskeletal motors that was discovered.

Other motor families had been discovered before. First, myosin was found to be the

protein that drives muscle contraction through interactions with actin filaments. Later,

dynein was found to be the protein responsible for the beating of sperm tails and cilia,

by interacting with microtubules [50]. The discovery of these two motors provided a

molecular explanation for many large-scale motility phenomena in organisms. On the

other hand, intracellular motility had remained largely elusive and it was unclear to

what extent active transport played a role inside the cell. For very large and extended

cells like neurons, however, there were several indications for active transport and the

giant axon of squid had emerged as a model system to explore transport phenomena.

The development of Video-Enhanced Differential Interference Contrast (VE-DIC) mi-

croscopy (by Allen and Inoué in 1981) opened up the fascinating world of intracellular

motility for exploration. This new technique allowed visualization of objects substan-

tially smaller that the wavelength of light inside living cells and revealed that, in the

giant axon, a dazzling amount of vesicles moves back and forth like traffic on a rush-

hour highway. In addition, VE-DIC made it possible to image individual microtubules in

vitro, which was an essential prerequisite for the reconstitution of motility using purified

components. In 1985, this resulted in the discovery of a novel force-generating protein

involved in motility along microtubules, for which the name kinesin was coined [143].

Within the next ten years, many proteins related to kinesin have been discovered:

the human genome codes for 41 kinesin-like proteins. The sequences of all these pro-

This chapter will be published in the book Single molecule biology

7



8 SINGLE-MOLECULE EXPERIMENTS ON KINESIN

teins contain a homologous globular domain that can hydrolyze ATP and interact with

microtubules. On the basis of phylogeny, the kinesin superfamily has been subdivided in

14 families [32]. From in vivo and in vitro experiments it was found that the members

of the kinesin superfamily not only function in the transport of vesicles and other cargo

(Kinesin-1, Kinesin-2, Kinesin-3), but also play crucial roles in organizing the micro-

tubule cytoskeleton during cell division and in interphase. Kinesin family members

can regulate the growth and shrinking of microtubules (Kinesin-14, Kinesin-8, Kinesin-

4), generate polarity-specific microtubule arrays (Kinesin-5, Kinesin-6, Kinesin-13) and

mediate interactions between chromosomes and microtubules (Kinesin-7).

Understanding the precise function of these different motors requires knowledge of

how they act. For Kinesin-1, experiments that allow for the observation and manip-

ulation of individual motor proteins have played an important role in achieving this

understanding. For most other kinesins, such single-molecule studies have just begun,

profiting greatly from the tools of molecular biology that allow over-expression, modi-

fication, affinity purification and specific labelling of truncated and full-length protein

complexes. In this chapter, we will highlight key experiments that helped addressing

the motility mechanism of Kinesin-1 and we will focus on novel assays and findings for

several other kinesins.

2.2 Global mechanical parameters of kinesins

Multimotor surface gliding and bead assays

To understand how kinesins convert the chemical energy obtained from the hydrolysis of

ATP into the mechanical work of force generation and/or translocation, well-controlled

in vitro motility assays are required. These assays permit precise observation of the

motor’s mechanical activity, while environmental factors such as temperature, buffer

conditions and ATP concentrations can be well controlled. As already mentioned in

the introduction, the discovery and isolation of Kinesin-1 from axoplasm of squid gi-

ant axons depended strongly on these assays [143]. The axoplasm was fractionated

in different ways and fractions that showed motility in these assays were selected for

further purification, until only the two subunits of Kinesin-1 (the heavy chain and the

light chain) were left. Two distinct motility assays were used, surface gliding assays

and bead assays [63, 145], based on assays developed to monitor myosin motion along

actin [125].

In surface gliding assays, motors are adsorbed onto a glass surface using specific

or non-specific interactions (Figure 2.1B). Upon addition of microtubules and ATP, the

action of the motor proteins can be observed in the gliding of the microtubules over the

surface, just like a crowd surfer at a rock concert is passed overhead by other spectators,

from person to person, driven by the muscle power of the individual spectators. In the
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Figure 2.1: In vitro assays commonly used for kinesin. (A) Walking assays in which motors that

are fluorescently labeled or coated onto a bead walk along surface-immobilized microtubules or

axonemes. ( B) Gliding assays in which motors that are adsorbed onto the surface drive the

motility of microtubules landing from solution. When the surface concentration of motors is low

enough, individual processive motors can drive motility, resulting in the pivoting of microtubules

around a single anchor point.

surface gliding assay, the microtubules can be observed using VE-DIC microscopy or,

when fluorescently tagged tubulin is used, wide-field fluorescence microscopy. Micro-

tubules marked for polarity (with axoneme fragments or differently labelled micro-

tubules as seeds to nucleate plus-end elongations) can be used to determine the direc-

tionality of the motors.

Another frequently applied assay is the bead assay (Figure 2.1A). In this assay,

microtubules are stuck to the cover slip surface using antibodies, silanes with positively

charged amino groups, or non-specific interactions. A glass or polystyrene bead with a

size on the order of a micrometer is coated with motors, using either specific or non-

specific interactions. When these beads are added to the sample in the presence of ATP,

their binding to microtubules and motion along them can be observed using bright-field

microscopy methods.

Using these two motility assays it was demonstrated that Kinesin-1 is a motor that

moves towards the microtubule plus end [144]. Furthermore it was shown that its

ATP-dependent velocity obeys Michaelis-Menten kinetics, with a maximal velocity of

∼600 nm s−1 at saturating ATP concentrations [62]. It should be noted that these two

motility assays are often used under such conditions that many motors are interacting

with a single microtubule. As such, the activity of the ensemble of motors is measured,

not that of a single motor.

Kinesin-1 is a processive motor

To study the mechanical properties of individual Kinesin-1 motor proteins, surface glid-

ing assays were performed with a decreasing number of motors attached to the sur-

face [62]. Even at very low surface concentrations of kinesin, microtubules were still

landing and subsequently moved at similar velocity. At these low kinesin concentrations,
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microtubules attached to the surface at only one point, around which they swiveled,

while moving for several micrometers (Figure 2.1B). These observations indicated that

single Kinesin-1 motors can move continuously for several micrometers along a micro-

tubule. This property of a motor is called processivity. Similar results were obtained

using bead assays in which the number of motor absorbed onto the beads was titrated

down until no more than half of the beads still bound to a microtubule [13, 48]. Under

those conditions, only a single motor is expected to interact with a microtubule, yet

continuous motion of the bead over a distance of 1.4 micrometer was observed [13].

In these experiments the use of an optical trap to park the beads on a microtubule was

important to accurately determine the mobile fraction of beads.

The motion of single kinesin motors along microtubules can be observed more di-

rectly by using single-molecule fluorescence microscopy [141]. The assay used in

these experiments is similar to the bead assay, except that fluorescently tagged motors

are used instead of motor-coated beads (Figure 2.1A). Kinesins can be made fluores-

cent either by fusion with an autofluorescent protein such as GFP (green fluorescent

protein) or by chemically labelling the protein. Chemical labelling has the advantage

that smaller and more photostable dyes can be used (such as Cy3 or Alexa555) and tar-

geted to specific amino-acid residues. This requires, however, the tedious preparation of

kinesin mutants with a single cystein residue in a specific location, to which maleimide

or iodacetamide modified dyes can be attached with high specificity [111, 112].

Using laser excitation and wide-field epi- or total-internal-reflection illumination the

motion of individual fluorescent spots can be detected with a sensitive CCD-camera.

From these recordings the velocity and run length of individual motors can be deter-

mined, although it should be noted that in these experiments the observed end of a run

can be due to either detachment or photobleaching of the attached fluorophores.

In addition, the intensities of fluorescent spots can be calibrated to directly report

on the amount of fluorophores and, in case the stoichiometry is known, on the amount

of proteins. Individual fluorophores tend to bleach in abrupt steps and the observation

of for example two such steps is an indication that the fluorescent spot contained two

fluorophores. In this way it was shown that a dimeric construct of Kinesin-1 with two

motor domains is required for processive motility [141].

Kinesin-1 walks with 8 nm steps and can work against loads of 6pN

Optical tweezers have been the method of choice to measure forces of individual walk-

ing kinesin motors or apply controlled loads to them. Such experiments use the single-

motor bead assay as described earlier, but leaving the laser trap on when the beads

interacts with the microtubule. The motor will then pull the bead out of the center of

the trap, such that it experiences an increasing counteracting force (Figure 2.2A). This

force will pull the elastic connection between bead and motor taut and will decrease

the Brownian motion of the bead. Under these conditions, stepwise motion of the bead
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due to kinesin’s stepping along the microtubule can be observed (Figure 2.2A) [133].

These steps of the bead reflect the center-of-mass motion of the kinesin. The step size of

Kinesin-1 as measured in such assays with a calibrated optical trap is 8 nm, independent

of the load applied and the ATP concentration [133]. This 8 nm step size corresponds

to the length of a α-β -tubulin dimer, the building block of a microtubule [6], indicating

that kinesin steps between consecutive tubulin dimers. The step size of Kinesin-1 does

not depend on the applied load, whereas the velocity of the motor decreases with load

until the movement is stalled at a force of ∼6 pN [131]. From the product of step

size and maximum force the maximum mechanical work per Kinesin-1 step can be cal-

culated to be about 48 pN nm, corresponding to 12 kT, approximately 50% of the free

energy associated with the hydrolysis of a single ATP in cellular conditions (∼25 kT).

Figure 2.2: Kinesin-1 stepping and Kinesin-14 powerstrokes. (A) Cartoon of the single-bead assay

used in optical tweezers studies on processive motors, together with an example of a recording

that shows clear 8 nanometer steps. Data taken from [120]. (B) Cartoon of the three-bead assay

used to study non-processive motors with optical tweezers, together with an example recording.

Binding events restrict the motion of the filament and can be determined by calculating the

windowed standard deviation. Data taken from [36].

Kinesin-1 has been studied in great detail, much more so than the other members of

the kinesin superfamily. Before addressing more advanced properties of the mechanism

of Kinesin-1, we will first address other kinesin-like motor proteins the motility of which

has been studied with single-molecule methods.
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Other processive kinesins

Nkin, a Kinesin-1 from the fungus Neurospora crassa has been studied in detail. Un-

like the motor domain, the sequence of this motor’s neck is quite different from other

well-characterized, but phylogenetically distant, animal Kinesin-1’s. Like these motor

proteins, Nkin is processive and makes 8 nanometer steps in the microtubule plus end

direction. Nkin is, however, more than twice faster, with a velocity of ∼ 2 µm s−1 [90].

The molecular basis of this velocity difference remains unclear. Another kinesin, Kip3p,

a fungal Kinesin-8, which plays a key role in regulating the length of cytoskeletal and

mitotic spindle microtubules by promoting their depolymerization from the plus end,

has recently been shown to be a slow (∼50 nm s−1) processive motor with an unusually

long run length of more than 10 micrometers [151]. It has been proposed that this high

processivity helps Kinesin-8 to regulate the length of microtubules, since it would lead

to an enrichment of depolymerizing motors on the plus ends of longer microtubules

[151]. A heterodimeric Kinesin-2, Kif3A/B has also been shown to be processive in

surface gliding assays, moving microtubules with a speed of 184 nm s−1. Homodimeric

constructs of these motors showed different behaviour: Kif3A/A was found to be five

times slower and non-processive, while Kif3B/B is twice as fast as the heterodimer and

processive, indicating that in the heterodimer the two distinct heads influence each

other’s properties [163]. Dimeric constructs of the Kinesin-3 motor Unc104 (from C.

elegans) have been shown to be highly processive, with a run length of several microme-

ters and a velocity of 2 µm s−1 [136]. However, Kinesin-3 isolated from tissue is mostly

in a monomeric form. We will address later in this chapter the distinctive motility of

these monomers and the suggested role of cargo-induced dimerization in the regulation

of the activity of this motor. The tetrameric, bipolar Kinesin-5 Eg5 (from vertebrates)

is a processive motor [88, 147] that can crosslink and slide microtubules apart by mov-

ing on both microtubules it crosslinks [76]. Also the motility of this motor has unique

characteristics that will be discussed below.

Ncd is a minus-end directed, non-processive Kinesin-14

Kinesin-14 motors are unique in the kinesin superfamily because their motor domain

is on the C-terminus of their amino acid chains. Like many kinesins, Kinesin-14’s are

dimeric, but unlike other kinesins their dimerizing coiled coil is not attached to the C-

terminus of the catalytic motor domain but to the N-terminus, leading to a uniquely dif-

ferent connection of the two motor domains, potentially leading to different mechanical

properties of these motors. Indeed, these motors are the only kinesins known to drive

motility towards the microtubules minus end, as observed in surface gliding assays us-

ing polarity-marked microtubules and Ncd, a Kinesin-14 from Drosophila melanogaster

[153]. In single-molecule fluorescence motility assays, no processive motility was ob-

served for GFP-tagged Ncd constructs, under conditions where Kinesin-1 showed reli-
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able processive motion [20]. These results suggested that Ncd does not processively

step along a microtubule, but behaves like myosin II and binds only for a short period,

makes a single power stroke and then releases from the track [63].

More direct confirmation of Ncd being non-processive came from optical trapping

experiments [36]. The single-bead trapping assay as depicted in Figure 2.2A is not

well suited to study non-processive motors. The short, isolated non-processive interac-

tions between motor and track can be more efficiently and reliably observed using the

so-called dumbbell or three-bead assay (Figure 2.2B), which was pioneered in studies

of the mechanism of myosin II [46, 103]. Using this assay for Ncd, data as displayed

in Figure 2.2B were observed: noisy displacement time traces, reflecting the Brownian

motion of the optically trapped microtubule, which contain periods in which the motion

of the filament is restricted due to attachment of the motor (Figure 2.2B). The binding

events can be detected by calculating the standard deviation of the data within a short,

moving window (Figure 2.2B). The duration of the binding events is ATP-concentration

dependent, indicating that ATP binding takes place when a motor domain is bound

to the microtubule. Individual binding events can be aligned and ensemble averaged,

yielding traces with much higher signal-to-noise ratio. These traces show that Ncd binds

to a microtubule, most probably in de ADP-bound state, followed by ADP release, with-

out significant conformational change. After an ATP-concentration dependent delay,

ATP binds and Ncd makes a power stroke of ∼9 nm followed by release. This power

stroke model has later been confirmed in surface gliding assays and electron microscopy

of Ncd constructs with varying lever arm length [45].

It is unclear whether other kinesins, not from the Kinesin-14 family, are non-processive.

For some plus-end directed motors, for example NcKin3 (a dimeric, fungal Kinesin-

3) [2] and Xklp1 (a Kinesin-4 from Xenopus leavis) [15], gliding motility assays and

kinetic arguments suggest non-processivity. But to be conclusive, single-molecule stud-

ies are required.

2.3 Advanced mechanochemistry of Kinesin-1

Kinesin-1 makes one step per ATP hydrolyzed

In the previous section, we have discussed that Kinesin-1 makes 8 nm steps and dur-

ing such steps can produce the mechanical work corresponding to about half the free

energy obtained from the hydrolysis of a single ATP-molecule. On the basis of this

insight it was hypothesized that Kinesin-1 might hydrolyze one ATP per 8 nm step

and that stepping and hydrolysis are strongly coupled. Convincing evidence for this

idea came from optical trapping experiments at low ATP concentrations, when ATP-

binding is the single rate-limiting step [120]. Under these conditions, displacement

time traces were recorded for single Kinesin-1’s. Since a single motor makes steps sep-
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arated by randomly distributed dwell times, the motion is not smooth and the motor’s

displacement exhibits a time-dependent variance. The variance measured at limiting

ATP-concentrations revealed that the dwell times between individual steps are due to

a single rate-limiting transition, which, in these conditions, must be the binding of a

single ATP. The same measurements at higher ATP-concentrations indicated that then

different and more transitions become rate limiting. This last observation does not fully

exclude the possibility that the number of ATP hydrolyzed per step per Kinesin-1 is one

at limiting ATP-concentrations, but higher at higher ATP-concentrations. This possibility

was excluded by comparing the ATP-concentration dependent velocity in single-motor

bead motility assays with ATPase rate determinations [64]. In a later study both these

assays were even performed on exactly the same sample: single Kinesin-1’s attached to

beads [27]. These experiments showed that at all ATP-concentrations dimeric Kinesin-1

hydrolyzes one ATP molecule per step.

Kinesin-1 walks hand over hand

Two mechanisms have been postulated to explain how the motion of two motor do-

mains can drive Kinesin-1’s processive motion. In the hand-over-hand model the two

motor domains alternate in their role of leading and trailing head and both heads step,

in turn, 16 nm, resulting in a centre-of-mass motion of 8 nm (Figure 2.3). In the other

model, the inchworm model, only one of the motor domains is catalytically active and

leading all the time, making 8 nm steps, while the other motor domain follows without

using ATP. A number of single-molecule experiments addressing the exact choreography

of Kinesin-1’s two motor domains have shown that Kinesin-1 walks hand-over-hand.

Optical tweezers recordings from a heterodimeric Kinesin-1 construct with one motor

domain slowed down by a mutation in the ATP-binding pocket convincingly showed

alternating short (due to the wild-type motor domain) and long (due to the mutated

motor domain) dwell times between 8 nm steps, indicating that both motor domains

hydrolyze ATP and step one after the other [79]. Similar experiments on certain ho-

modimeric constructs showed that some of the motors ’limp’, exhibiting subsequent fast

and slow steps. Careful analysis of the dwell times led to the same conclusion: the two

motor domains step in succession, although it has remained unclear what the cause is

of this asymmetric stepping behaviour of these homodimeric constructs [8].

In another approach, a dimeric Kinesin-1 construct was fluorescently labelled in

the motor domain [162]. Using wide-field single-molecule fluorescence imaging the

location of the fluorophore can be determined with an accuracy of better than a few

nanometers, by fitting the Gaussian point-spread function to the image. For high ac-

curacy this approach requires a relatively large amount of detected photons and conse-

quently long acquisition times (330 ms), demanding slowed down motion of the motors

at limiting ATP-concentrations, when ATP-binding is the single rate limiting process. In

this way, the stepping of individual motor domains was observed with an average step-
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size of 16 nm, as expected in the hand-over-hand model. Furthermore, the distribution

of the dwell times between these 16 nm steps could not be described by a single expo-

nential distribution, but by a convolution of two identical exponential processes. Again,

this is in full agreement with the hand-over-hand model, since it requires the sequential

hydrolysis of two ATP-molecules (one by each motor domain) before the same motor

domain can step again.

A conformational change of the neck linker drives kinesin’s motility

In Kinesin-1 the neck linker, 15 amino acids connecting the motor domains with the

coiled coil neck, has been identified as a key mechanical element driving motility. Us-

ing a combination of electron microscopy, electron paramagnetic resonance, and (bulk)

Förster resonance energy transfer (FRET) measurements on monomeric constructs, it

was observed that during kinesin’s catalytic cycle this neck linker switches between two

states: in the ATP and ADP-Pi bound states it is ’docked’ on the motor domain, in the

ADP bound and no-nucleotide states it is unzippered and flexible [116], in agreement

with X-ray structural models of Kinesin-1 [142] and other kinesins [83]. In dimeric con-

structs, similar conformational changes of the neck linker were observed using electron

microscopy [126].

To confirm that the neck linkers of dimeric Kinesin-1 switch conformations during

processive motion, single-molecule fluorescence assays were performed. First it was

shown that locking the neck linker in place by introduction of disulfide links between

engineered cysteins prevented processive motion, indication that flexibility of this struc-

tural element is a prerequisite for Kinesin-1’s motility [138]. Processive motion of these

’chained’ motors could be switched on again by reduction of the disulphide bonds. Later

it was shown using single-molecule fluorescence polarization measurements on walking

Kinesin-1 that the neck linker indeed undergoes the predicted conformational reorien-

tation [9]. In these measurements, a bifunctional fluorescent probe was attached to two

engineered cysteins in the neck linker, such that its orientation is fixed with respect to

the structural element it was attached to. Conformational switching of the neck linker

was later confirmed in single-molecule experiments that dynamically measured the dis-

tance between the neck linker and specific location on the motor domain in dimeric

Kinesin-1 [137]. In this study FRET was measured between probes attached to engi-

neerd cysteins in the motor domain and the neck linker in one of the amino acid chains

of a heterodimeric Kinesin-1 construct.

Models for Kinesin-1 motility based on single-molecule experiments

On the basis of single-molecule and other experiments a consistent picture is emerging

of the molecular basis of Kinesin-1’s processive motility (Figure 2.3) [7, 30, 121]. Key

ingredients are:
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Figure 2.3: Model for processive Kinesin-1 stepping. Microtubule-binding of a motor domain

induces ADP-release, subsequent ATP binding stabilized a conformation in which the unbound

head is positioned in front of the attached head and can bind to the microtubule. This binding

induced ADP-release and the ATP-hydrolysis in the other head, followed by phosphate release and

detachment. Model adapted from [51] and [30].

• The affinity of the motor domains for microtubules is coupled to their nucleotide

states, such that the motor domains switch between strongly (ATP, ADP-Pi and no

nucleotide) and weakly (ADP) microtubule-bound states.

• The neck linkers switch between docked (ATP and ADP-Pi) and undocked, disor-

dered states (ADP and no nucleotide) [9, 116, 137, 138].

• The two motor domains step in a hand-over-hand fashion, with each motor do-

main making, in turn 16 nm steps [8, 79, 162].

• The motor domains keep each other out-of-phase, such that when one is weakly

bound, the other is strongly bound.

These ingredients lead to models like the one depicted in Figure 2.3. The fourth

element implies that that the heads ’sense’ the state of the other head such that they

decrease the possibility to be both in a weakly microtubule-bound state at the same

time, which will lead to the end of a run. How could this sensing mechanism work?

The most obvious mechanism would be mechanical strain between the motor domains

reducing or increasing the rate of specific reaction steps. An attractive mechanism could

be that the ATP-affinity of the leading motor domain is decreased when the trailing

motor domain is bound (increased strain, Figure 2.3D,E) compared to when it is not

bound (less strain, Figure 2.3A,F). Evidence for such a mechanism comes from optical

trapping measurement using a trace of a non-hydrolyzable ATP-analogue [51]. The

analogue was shown to induce long pauses in the runs, with the analogue bound to the

trailing motor domain. Stepping could only resume after a single back step, indicating

that the nucleotide affinity is lower for the leading motor domain than for the trailing

one.
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2.4 Lattice diffusion as an additional motility mode

In the previous section we have addressed the motility properties of several kinesin mo-

tor proteins and we have shown how single-molecule experiments have contributed to

distinguishing between possible motility schemes. In this section we will give examples

of new, unanticipated motility modes revealed by single-molecule experiments.

As discussed earlier, Kinesin-1 needs two motor domains for processive motility.

Kinesin-1 maintains attachment during stepping, because the heads keep each other out

of phase in such a way that while one is in a weakly microtubule-bound nucleotide state,

the other is strongly bound. Therefore, the observation that certain monomeric con-

structs of the Kinesin-3 motor KIF1A appeared to pile up at the microtubule plus-end

came as quite a surprise [106]. Closer inspection with single-molecule fluorescence mi-

croscopy revealed that individual monomeric motors indeed moved directionally along

the microtubule lattices, although in a far more irregular fashion than Kinesin-1 (Fig-

ure 2.4A) [106].

Analysis of these motility traces indicated that the mean displacement increased

linearly with time, as did the variance around the mean [106]. The latter feature, an

indication of diffusive motion, suggested that the motility of KIF1A can be understood

as a biased random walk. In an unbiased one-dimensional random walk, a stepping

object can step backwards and forward with equal probability, resulting in a stochastic

trajectory with, on average, no specific direction. The variance of the displacement in

these trajectories is expected to increase linearly with time, i.e. when many objects are

released from one point at the same time, they will spread out in both directions from

the origin and the width of the distribution of the objects (proportional to the square-

root of the variance) will increase with the square-root of time. In case of a biased

random walk, the objects can still step backwards and forward, but with probabilities

that are not equal. The mean displacement, as obtained by averaging over many time

traces, will increase linearly with time. The variance around the mean will also grow

linearly with time, since the movement is still stochastic.

Further experiments have shown that the KIF1A motor domains cycle through a

weakly-bound state and a strongly-bound state like most other motors, but that, during

the weakly bound state, it can freely slide along the microtubule [107]. KIF1A’s diffusive

interaction with microtubules was found to be mediated by the lysine-rich, positively

charged K-loop unique to the KIF1A motor domain interacting with the glutamate-rich,

negatively charged C-terminal region of the microtubule (E-hook). It has been hy-

pothesized that this E-hook is disordered and mobile enough to generate an attractive

landscape along the whole tubulin subunit, preventing the motor from moving away,

but allowing the motor to freely move along the microtubule lattice. In addition, the

plus-end directed power stroke during the strongly bound state is thought to impose a

bias on the motor domain, such that binding to the next plus-end binding site of the

microtubule is slightly favored over binding to the minus-end site. This combination
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Figure 2.4: Lattice diffusion as an additional motility mode for various non-conventional ki-

nesins. (A) Biased diffused for Kinesin-3. Video frames of KIF1A motility along a microtubule

(data taken from [106]).The mean-squared displacement (MSD) will have a quadratic term cor-

responding to its overall directionality (v2 t2), as well as a large linear term corresponding to its

diffusive spreading (2Dt). In the presence of ADP, the motility is only unbiased and the MSD

is linear. (B) Unbiased diffusion for Kinesin-13. Video frames of MCAK motility along a micro-

tubules (data taken from [59]). (C) Biased or unbiased diffusion of Kinesin-5, depending on ionic

strength.

of a power stroke and delocalized interactions provides a simple mechanism for the

diffusive, directional and processive motility of KIF1A [106, 107].

It should however be noted that, while these experiments and models represent an

important conceptual advance to our understanding of molecular motion, the biological

relevance of this motion remains unclear in the case of Kinesin-3 (see also the next

section). This typical motility behavior has only been observed for certain chimeric

constructs at ionic strength considerably lower than physiological and has not been

detected for other monomeric family members [106, 136].

Apart from Kinesin-3, also other kinesin have been found capable of lattice diffusion.

Kinesin-13 family members have an unusual structure in which the motor domain is not

at the C- or N-terminus, but located in the middle of the amino acid chain. These motors
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are shown to depolymerize microtubules [40]. Immuno-staining indicated that these

motors interact specifically with the ends of microtubules and it had remained unclear

whether and how these motors interact with the remaining microtubule lattice away

from the ends [40]. Single-molecule fluorescencence experiments using a recombinant

GFP-tagged MCAK construct have shown that these motors exhibit unbiased diffusion

along the microtubule axis, without directional bias (Figure 2.4B) [59]. It has been

argued that this lattice diffusion helps MCAK to target both microtubule plus and minus

ends at enhanced rates. At ionic conditions close to physiological, MCAK lattice diffu-

sion was less apparent and binding events were much shorter, hence the importance of

this motility mode for Kinesin-13’s function in vivo is still unclear [59].

Kinesin-5 family members are tetrameric motor proteins with two motor domains

at each end of a central stalk [82]. This structure allows the motor to crosslink two

microtubules and drive there relative sliding by walking towards the plus-end of each

microtubule [76]. This sliding mechanism resembles the force-generating system in

muscle, where aggregates of non-processive myosin motors cooperate to drive sliding

of actin filaments [76]. Optical tweezers experiments examining the motility of sin-

gle truncated dimeric constructs of human Kinesin-5 have shown that these motors can

move processively, but only make very short runs of on average 8 steps [147]. In con-

trast, fluorescence experiments using GFP-tagged full-length Kinesin-5 from Xenopus

leavis revealed much longer runs [88]. These runs, however, were very irregular and

appeared similar to those observed for KIF1A, representing a biased random walk (Fig-

ure 2.4C). In the presence of ADP unbiased one-dimensional diffusion was observed.

These observations suggested that the motility of the full-length motor is a mixture of

short processive runs and diffusive intervals. In contrast to KIF1A, the diffusive in-

teraction is likely to be mediated by microtubule-binding regions outside the motor

domain, since no diffusive interaction was observed for the dimeric construct. Indeed,

experiments examining a series of tetrameric mutants from the Drosophila Kinesin-5

KLP61F, have revealed that tetrameric constructs lacking the motor domains are still

capable of crosslinking microtubules, indicating the existence of such passive binding

modes [134].

In addition to these examples, diffusive features corresponding to additional micro-

tubule binding modes have been found for various other motor enzymes for which they

are believed to enhance processivity [31]. Further work is required to find out the pre-

cise mechanisms of such diffusional motility. In one picture, the interaction between

an individual binding domain and the microtubule is so much non-localized, i.e. the

binding domain feels a smeared-out potential, that the protein easily gets kicked along

the lattice by thermal excitation. This mechanism resembles that of certain processiv-

ity factors of DNA-bound motors, which can prevent off-axis displacement by forming

a (partial) loop around the DNA, while still allowing free displacement along the it

[84, 129]. Alternatively, binding modes could have transient (localized) interactions

with the microtubule, but conspire with other binding regions to maintain attachment
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[92].

2.5 Regulation of kinesin motors

In order to perform specific tasks in the cell, molecular motors need to be regulated,

for example to control the type of cargo or the activation of the motors during various

stages of the cell cycle. In general, these mechanisms involve complicated pathways and

a large variety of proteins participating in processes varying from expression regulation

and post-translational modifications (such as phosphorylation) to motor-cargo complex

formation and possibly even the modification of microtubule surface [3, 93, 115]. At

the moment, the exact regulatory pathways are not known for most motors and are

being studied mainly using biochemical and genetic approaches that are outside the

scope of this chapter. Nevertheless, single-molecule experiments have revealed several

activation mechanisms of kinesin motor proteins.

Early biochemical experiments exploring kinesin’s kinetic cycle used tissue-purified

Kinesin-1 to measure parameters such as microtubule affinity and ATP-hydrolysis rate [30].

It was found that the ATPase-activity of Kinesin-1 was greatly enhanced in the presence

of microtubules, revealing a basic regulatory mechanism that prevents futile hydrolysis

in the case that motors are not bound to their track [87]. However, these experiments

often yielded conflicting and ambiguous results. Eventually, it was found that many

of these problems could be overcome by measuring on truncated kinesins, consisting

of either only the motor and dimerization domains or only the motor domain. These

constructs exhibited higher and more monodisperse ATPase activity, suggesting an addi-

tional regulatory mechanism in which the tail of can fold back on the motor domain to

inhibit microtubule binding [53, 54, 128]. Cargo binding to the tail would prevent such

back-folding and hence facilitate microtubule binding and motility. This back-folding

was speculated to be facilitated by a hinge that interrupts the coiled coil of the stalk.

These ideas have been tested in vitro by single-molecule fluorescence studies com-

paring the motility of a series of recombinant kinesin constructs [47]. A truncated

kinesin construct lacking the tail domains moved rapidly and smoothly. In contrast,

full-length constructs with and without associated light chains were found to interact

with microtubules more than ten times less frequently and their runs were very irregu-

lar, showing frequent pausing interspersed with bursts of rapid motility (Figure 2.5A).

Inhibition could be suppressed almost completely by introducing mutations that re-

placed the hinge region by a stable coiled coil such that back folding was prevented

(Figure 2.5A). In addition, mutations in the neck region also suppressed inhibition,

indicating that the back-folded tail docks onto the neck region to prevent motility.

Recent in vivo experiments have revealed an additional conformational change as-

sociated with inhibition and activation [18]. Complete inhibition of MT-binding is es-

tablished by the back folding of the tail onto the neck region, in combination with an
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Figure 2.5: Regulatory mechanisms revealed by single molecule experiments (A) Binding of

Kinesin-1’s tail to the its neck region disfavours microtubule binding and inhibits motility. Re-

placement of the hinge region by a stable coiled coil suppressed this inhibition. Data adapted

from [47]. (B) Dimerization of monomeric Kinesin-3 activates fast processive motility. Addition

of increasing amounts of non-fluorescent monomers of Unc104 triggers a switch towards proces-

sive motion. Addition of non-fluorescent analogs does not change the motility of Kinesin-1 or a

Unc104 mutant that cannot dimerize (Kinesin-3M). Data adapted from [136]. (C) Microtubule

crosslinking of Kinesin-5 activates directional motility. Eg5 molecules exhibit unbiased lattice

diffusion on single microtubules, but become directional upon binding to a second microtubule.

increased separation of the motor domains induced by the light chains. Activation re-

quires the binding of the cargo binding protein JIP1 to the tail as well as the binding of

FEZ1 to the light chains [12].

A similar form of inhibition by back-folding and activation by cargo binding has been

demonstrated recently for the Kinesin-2 OSM-3 from C. elegans [69]. Neither motility

nor microtubule binding of the full-length construct was observed in single-molecule

fluorescence experiments, whereas single copies of these constructs could drive the

processive movement of beads in an optical tweezers assay. As for Kinesin-1, replacing

the hinge region by a stable coiled coil yielded motors that were also activate in the
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fluorescence assay, without attached cargo. Amazingly, a single point mutation in the

hinge region, corresponding to a chemosensory defect in C. elegans, was also sufficient

to fully activate this motor.

In the previous section, we have described experiments on the Kinesin-3 KIF1A

that revealed its capability to move directionally as a monomer. Sequence analysis of

the related Kinesin-3 Unc104 from C. elegans indicated that while these motors are

predominantly monomeric in solution, they do have potential coiled coil regions in

the neck region [136]. It was then speculated that these motors could dimerize at

high enough concentrations, allowing them to move processively like Kinesin-1 (Fig-

ure 2.5B). However, the concentrations required to directly test this hypothesis using

fluorescent Unc104 monomers were too high to still allow detection of single motors

by fluorescence. Therefore, the amount of fluorescent monomers was kept low at 7

nM, while the overall Unc104 concentration was increased by adding non-fluorescent

monomers up to 7 µM [136]. At concentrations above 1 µM, processive runs were

observed, consistent with the idea of concentration-dependent multimerization (Fig-

ure 2.5B). Additional experiments using fluorescent lipid vesicles capable of binding

GFP-tagged Unc104 monomers, revealed that these vesicles could be transported with

only very few monomers attached, suggesting that dimerization switched the motors

to move processively. This was confirmed by the observation that mutants unable to

dimerize could only drive vesicle motility at much higher amounts [136].

For the Kinesin-5 Eg5, single-molecule experiments revealed that increasing ionic

the strength to physiological levels induced a transition towards a non-directional dif-

fusive state, raising questions about how the motor gets activated in vivo (Figure 2.4C)

[75]. To examine how these motors drive relative sliding of microtubules at close to

physiological salt conditions, the assay mix used for single-molecule imaging was sup-

plemented with additional microtubules [75]. Occasionally, these microtubules became

crosslinked onto an immobilized microtubule by Eg5 and then started sliding along it.

While on single microtubules Eg5 motility was diffusive and unbiased, individual direc-

tional runs of Eg5-GFP could be observed in the overlap zone of a sliding microtubule

pair. The speed of these runs was on average half that of the sliding microtubule, in-

dicating that these motors were driving the microtubule sliding by moving directionaly

on both microtubules that they crosslinked. These results indicated that the motility

of bipolar tetrameric Kinesin-5 can be regulated from diffusive to directional by micro-

tubule crosslinking (Figure 2.5C) [75].

2.6 Conclusion

In this chapter, we have highlighted a variety of experiments that explored the be-

haviour of individual kinesin motor proteins using single-molecule techniques. These

experiments have helped to unravel the molecular mechanisms underlying the remark-
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able capabilities of these cellular workhorses. More and more single-molecule studies

currently explore non-conventional kinesins and report new features corresponding to

additional binding modes and regulatory pathways. Additionally, the interaction be-

tween these motors and other proteins is increasingly becoming a subject of in vitro

assays. Furthermore, experiments addressing the motility of individual motor proteins

in living cells are now within reach. Since many members of the kinesin super family

are still unexplored, new and exciting findings are likely to be revealed with the aid of

these powerful techniques.

However, not only has our knowledge of kinesin benefited greatly from these kind

of experiments, the reverse is also true. Experiments developed to study kinesin have

resulted in new tools, insights and concepts that have been successfully applied to other

biological systems. For example, the development of optical tweezers technologies that

allow detecting steps or powerstrokes as well as the application of well-controlled forces

has been pioneered to a large extent for the study of kinesin, but the techniques have

been applied to numerous other biological systems afterwards. More or less the same

holds for the approach to assay protein dynamics using single molecule fluorescence

in combination with site-specific mutagenesis, which allows to conclude that single-

molecule experiments and the kinesin superfamily are walking hand-in-hand to progress

our understanding of molecular mechanisms in the cell.
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Chapter 3

Combined optical trapping and

single-molecule fluorescence

spectroscopy

To obtain high-resolution information on position or conformation of a mole-

cule and at the same time apply forces to it, one can combine optical trap-

ping with single-molecule fluorescence microscopy. The technical challenge

in such an experiment is to discriminate a minute fluorescence signal from

the much larger background signals caused by the trap and the fluorescence

excitation laser light. We show here that this is feasible even when the flu-

orophore is directly attached to the trapped particle, by using optimized op-

tical filters. We found, however, that the photostability of the fluorophores

we tested suffered from the presence of the additional laser light used for

trapping. We found that bleaching rates increased linearly both with the in-

tensity of the trapping laser and the intensity of the fluorescence excitation

light. Photobleaching rates were unaffected by the presence or absence of

oxygen, but were significantly diminished in the presence of antioxidants.

Our results indicate that the enhanced photobleaching is caused by the ab-

sorption of a visible photon followed by the excited-state absorption of a

near-infrared photon. The higher excited singlet states generated in this way

readily form non-fluorescent dye cations. We found that different dyes suffer

to a different extent from the excited-state absorption, with Cy3 being worst

and tetramethylrhodamine least affected.

Reproduced with permission from Journal of Physical Chemistry B 108, 6478-6484. Copyright 2004

American Chemical Society. [149]
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3.1 Introduction

Over the last decade single-molecule techniques, such as single-molecule fluorescence

spectroscopy [102, 154] and optical trapping or optical tweezers [10, 130, 17], have

become important and successful tools in biology, chemistry and physics. Optical twee-

zers can be used to 3-dimensionally trap micrometer-sized particles near the focus of a

laser beam, using laser powers of up to one Watt. In general, near-infrared lasers that

are not resonant with electronic transitions of the molecules present in the sample are

used in order to reduce photo damage caused by the high light intensities (up to 100

MW cm−2) [104]. In single-molecule fluorescence microscopy, individual fluorophores

are excited with laser light and the resulting fluorescence is measured with a fluor-

escence microscope. In general, excitation intensities on the order of hundreds of W

cm−2 are applied, generating fluorescence intensities on the order fW (assuming a typi-

cal emission rate of 10000 photons per second). An important limitation of the organic

dyes used in single-molecule fluorescence experiments is photodamage, which limits

the total number of emitted photons typically to 105−106 [74]. A well-known cause of

photodamage is oxidation of the dye by singlet oxygen. Singlet oxygen can be formed

by sensitization of ground-state triplet oxygen present in the sample by dye in the triplet

state [157]. Under typical illumination conditions the triplet state of most dyes is sub-

stantially populated. This source of photodamage can be reduced substantially by de-

creasing the oxygen concentration using deoxygenation or oxygen scavengers such as

the glucose oxidase/catalase system [56]. In fluorescence experiments using 2-photon

excitation, excited states are generated with high intensity light (most often femto- or

picosecond laser pulses with peak intensities of order 100 GW cm−2 [160]) of half the

photon energy needed for excitation of the dye molecules. It has been shown that the

photobleaching rate under these excitation conditions is proportional to the third power

of the excitation intensity, indicating that it is a process caused by three photons [108].

This bleaching behavior was explained by a mechanism not involving triplet states, but

higher excited singlet states. These states are populated by 3-photon excitation of the

fluorophores and couple, in polar solvents like water, efficiently to ionized states involv-

ing a solvated electron and a non-fluorescent dye cation [44]. Schwille and coworkers

have shown that the efficiency of this photobleaching channel can be reduced substan-

tially by addition of antioxidants such as ascorbic acid to the sample at concentrations

of 1 mM and higher [42]. The idea is that these reducing agents recover the fluor-

escence signal by donating an electron to a bleached dye cation. A similar recovery

effect of electron donors has recently been observed on the on-and-off-blinking of the

fluorescence from quantum dots [61]. This blinking phenomenon is due to ejection of

an electron out of the core of the dot leading to a dark state and subsequent recombi-

nation leading to recovery of the fluorescence signal. It was shown that electron donors

such as dithiothreitol and β -mercaptoethanol substantially reduce the off times [61].

In recent years there have been several attempts to apply single-molecule fluor-
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escence spectroscopy and optical tweezers simultaneously in order to obtain detailed

information on conformation and location using fluorescence, while at the same time

manipulating the molecules with the optical tweezers. In one study two optical traps

were used to extend a DNA molecule while the location of a single RNA-polymerase

molecule moving along the DNA searching for promoter sites was measured with fluor-

escence [55]. In another experiment the same researchers held an actin filament be-

tween two traps and measured single fluorescent ATP turnovers by a myosin motor

bound to the actin [70]. In both studies the traps and the area from which fluorescence

was detected were separated by several microns, which avoided potential problems

caused by the high intensity of the trapping lasers, such as larger background signals

and enhanced photobleaching. In a more recent study, the distance between trap and

fluorescent molecules was smaller, only several hundred nanometers [91], on the order

of the trap diameter. A short length of double-stranded DNA was unzipped using an

optical trap while at the same time the separation of the two single strands of DNA was

measured with fluorescence. In this study it was demonstrated that detection of fluor-

escence from a single fluorophore close to an optical trap is feasible when the proper

optical filters and excitation methods are used. There are indications that enhanced

photobleaching in the presence of the intense trapping beam could be a problem in

such experiments [91].

Here, we investigate photobleaching of fluorophores in combined fluorescence and

optical tweezers experiments when the dye molecules are located directly in the center

of the trap. In these experiments two laser beams are present, a relatively weak one for

fluorescence excitation, resonant with the optical transition, and another non-resonant

one for optical trapping, with intensity 5 to 6 orders of magnitude higher. It should be

noted that the wavelength of the trapping beam is similar to what is generally used in

2-photon excitation of the fluorophore, but the intensity is 3 to 4 orders of magnitude

lower. In the present study we investigate whether enhanced photobleaching indeed

occurs in combined trapping and fluorescence experiments, we quantify the effect, we

examine under what experimental conditions it occurs and whether measures can be

taken to reduce it. We also explore the mechanism of photobleaching under these

conditions, in order to find out whether bleaching occurs through one of the known

mechanisms (see above) or another, unknown one.

3.2 Results and discussion

To study the possibility of measuring fluorescence from individual fluorophores in the

center of the trap and the influence of the trap laser light, we measured the fluorescence

from the dye Cy3, attached with short linkers (about a nanometer) to trapped silica

beads of 444 nm diameter. It proved to be rather difficult to measure signals from single

fluorophores, due to (i) the residual movement and rotation of the trapped beads, which
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led to substantial fluctuations of the fluorescence intensity, and (ii) the rapid bleaching

of the signal. The former problem was solved by reducing the mobility of the beads

by working in an agarose gel (1% w/v). In most biophysical assays used for combined

trapping and fluorescence experiments this problem does not exist because the bead is

attached to the cover glass or largely immobilized via the molecule to be manipulated.

An example of the fluorescence signal from a single Cy3 molecule attached to a trapped

bead (7.4 mW trapping laser power) in an agarose gel is shown in Figure 3.1A. The

signal bleached in two steps, indicating that two fluorophores were bound to the bead.

From the time trace it is clear that fluorescence arising from a single fluorophore in an

optical trap can be detected above the background signal, although the Cy3 molecules

appeared considerably more susceptible to photobleaching than without trap.

To quantify the photo stability we determined from traces like shown in Figure 3.1A

the time before bleaching for 36 single fluorophores, shown as a histogram in Fig-

ure 3.1B. The histogram can be fitted by a single exponential with a bleaching rate of

0.17± 0.06 s−1 (the accuracy of the fitted value is rather low due to the low amount

of data points). At higher power of the trapping laser (25 mW) the bleaching rate

increased substantially to 0.32± 0.09 s−1 (data not shown).

Figure 3.1: (A) Time trace of the fluorescence intensity of two Cy3 molecules attached to a

trapped bead. (B) Histogram of the times before bleaching of 32 such Cy3 molecules with an

exponential fit with decay constant 0.17 ± 0.06 s−1. The power of the 850 nm trapping laser

was 7.4 mW (in the sample), the intensity of the 532 nm fluorescence excitation laser was 350

W cm−2.

To track down the origin of the increased bleaching rate in the presence of the trap-

ping laser more statistics were needed. Since there is no necessity to do this experiment

with single molecules we used beads coated with 10-100 fluorophores (as judged from

fluorescence intensity). At this surface density the fluorophores were far enough apart
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on the beads to not interact and to not transfer excitations. The advantages of this ap-

proach are that (i) the bleaching rate could be determined from the intensity time trace

of a single trapped bead, which is also expected to decay exponentially; (ii) the fluor-

escence intensities are about 10-100× higher, so that the experiments could be done in

water and no gels were needed to improve the signals.

Figure 3.2: Effect of the power of the trap laser on photobleaching. (A) Time trace of the

fluorescence intensity of many Cy3 molecules attached to a trapped bead (diamonds) with an

exponential fit with decay constant 0.78±0.01 s−1 (grey line). The power of the 850 nm trapping

laser was 25 mW, the intensity of the 532 nm fluorescence excitation laser was 350 W cm−2. (B)

Trap laser power dependence of the bleaching rate. Shown are the average bleaching rates from

about ten beads per power (solid circles, the error bars represent the standard error of the mean),

and a linear fit to the averaged data (solid line), with intercept 0.16± 0.02 s−1 and slope 25± 1

s−1 W−1. The intensity of the 532 nm fluorescence excitation laser was 350 W cm−2.

Figure 3.2A shows an example of such a time trace, fitted with a single exponen-

tial. Using this approach we determined that the bleaching increased substantially with

trapping laser intensity (Fig. 3.2B). The bleaching-rate dependence on trapping power

was linear, indicating that the enhanced bleaching was caused by a process involving

one and not two 850 nm photons. Note that the straight line does not extrapolate to the

origin, reflecting the fact that at zero trapping power, but with fluorescence excitation

light present, bleaching still occurs. In similar measurements performed with 1000 nm

trapping light (data not shown), lower bleaching rates were observed (70±10% of those

with 850 nm trapping light). This difference can be explained by the smaller area of

the focal spot at 850 nm (about 70%) than at 1000 nm. We also measured the effect of

the intensity of the fluorescence excitation light on photobleaching. Figure 3.3A shows

that the bleaching rate again increased linearly with the excitation intensity. The data

can be well fitted with a straight line through the origin, indicating that the absorption
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of a green photon is necessary for photobleaching to occur. To prove this point we per-

formed an experiment with fluorescence excitation light that was repetitively switched

on and off. The resulting time trace (Figure 3.3B) clearly shows that the fluorescence

intensity was equal before and after a dark period during which only the trapping laser

was present. These results indicate that the enhanced bleaching of fluorescence in the

optical trap is a 2-photon process, involving the absorption of first a visible and then

an NIR photon. In all our experiments we did not observe fluorescence arising from

multiphoton excitation by the NIR trapping laser. Fluorescence was only detected when

green excitation light was present (as can be seen in Figure 3.3B).

Figure 3.3: Effect of the intensity of the fluorescence excitation light on photobleaching. (A)

Fluorescence excitation intensity dependence of the bleaching rate of hundreds of Cy3 molecules

attached to a trapped bead. Shown are the fitted rates, the average bleaching rates from about

ten beads per power (solid circles, the error bars represent the standard error of the mean), and a

linear fit to the averaged data (solid line), with slope 1.96±0.05 cm2 s−1 kW−1 and the origin as

intercept. The power of the 850 nm trapping laser was 25 mW. (B) Time trace of the fluorescence

intensity of many Cy3 molecules attached to a trapped bead with the fluorescence excitation

laser chopped as indicated by the black bar in the bottom of the figure marked "exc". The three

horizontal lines are drawn to indicate that no bleaching takes place when only the laser trap is

present. The power of the trapping laser was kept constant at 25 mW, as indicated by the grey bar

in the bottom of the figure marked "nir". In the inset the periods without fluorescence excitation

light are cut out of the trace. The transitions between two periods with the green laser on are

indicated by the vertical dashed lines.

The 2-photon bleaching process could involve triplet and ionized states of the dye.

In order to find out whether triplet states are involved we measured the bleaching rate in

the presence of an oxygen scavenging mixture based on glucose oxidase, glucose, cata-

lase and dithiothreitol. In Table 3.1, it is shown that the oxygen scavenger decreases
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Condition Relative bleaching rate

untreated 1

degassed under argon 0.97± 0.03

oxygen scavenger 0.46± 0.03

ascorbic acid 0.25± 0.01

Table 3.1: Effect of antioxidants and oxygen depletion on the bleaching rates. The data were

measured with 89 mW trapping power and 350 W cm−2 fluorescence excitation intensity and are

represented relative to the values for the untreated sample under the same optical conditions.

the bleaching rate more than twofold. It should be noted that the oxygen scavenger

mixture consists of dithiothreitol, an antioxidant. It could well be that the decrease

of the bleaching rate is caused in this case by the antioxidant and not the oxygen-free

conditions. To confirm this, we measured the bleaching rate under oxygen-free condi-

tions achieved by degassing the sample and found that the absence of oxygen does not

influence the bleaching rate. However, in the presence of the antioxidant ascorbic acid

the rate decreased fourfold (Table 3.1). From these results it can be concluded that

triplet states are no intermediates in the enhanced bleaching process, since reduction of

the oxygen concentration does not influence the bleaching rate. It has been shown that

oxygen-free conditions can cause increased triplet state life times [152] and preven-

tion of the production of singlet oxygen (a well-documented cause for photobleaching

[157]). Based on the strong effect of antioxidants we suggest a model for the photo-

bleaching process consisting of the sequential absorption of two photons, ending up in a

higher excited (singlet) state, from which the dye can readily ionize to a non-fluorescent

state, forming a solvated electron and a dye cation (see Figure 3.5 and conclusion be-

low). In the presence of antioxidants this cation can be reduced back to its neutral,

fluorescent form [42].

To further characterize the bleaching process we studied the dependence of bleach-

ing rates on the relative polarization of the fluorescence excitation and the trapping

beams. In these experiments we measured a bleaching rate that was 1.7± 0.3 times

higher with parallel polarizations of the two beams than with perpendicular polariza-

tions (data not shown). Given our model for the bleaching process as the consecu-

tive absorption of first a visible and then an NIR photon, this experiment is in some

ways equivalent to a fluorescence anisotropy [19] or a pump-probe transient-absorption

anisotropy measurement [148]. The NIR photon plays the role of the fluorescence or

the probe pulse in the respective cases. Any anisotropy measured by comparing parallel

and perpendicular polarizations of visible and NIR beams reflects relative orientations

of the transition dipoles of first and second absorption process. These transition dipoles

can be intrinsically non-parallel, or they can become non-parallel due to rotation of the

molecule during the two events (absorption-absorption or absorption-fluorescence).
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Using the formula for anisotropy (r = (k‖ − k⊥)/(k‖ + 2k⊥), with k‖ the bleaching

rate with parallel polarization and k⊥ the bleaching rate with perpendicular polariza-

tion) the anisotropy in our experiments was calculated to be 0.19± 0.07. For perfectly

aligned transition dipoles the anisotropy would be 0.4 [148, 19]. The measured lower

value indicates that the two absorption processes have transition dipole moments that

are not exactly parallel and/or that some polarization is lost by rotational motion of

the chromophores during the life time of the (first) excited state. To find out which of

the two possiblities is the cause of the decreased anisotropy, we also determined the

fluorescence anisotropy of the same bead/dye system, which was 0.150.03. In Cy3 the

transition dipole moments of absorption and emission are nearly parallel [1], so it can

be assumed that the fluorescence depolarization is due to rotation of the dye within the

excited state lifetime (due to their size the beads hardly rotate in this time). The rela-

tively low value of the fluorescence anisotropy indicates that the linkage of the dye to

the bead is rather flexible, even more so than in previous studies using similar chemistry

for dye attachment to proteins, in which values of 0.25-0.32 were observed [109, 1].

The higher flexibility in our experiments could be caused by the longer linker we used

than in those studies (the silane is flexible as well) and the absence of non-specific in-

teractions between protein and dye [74]. The fluorescence anisotropy is nearly equal

to the bleaching anisotropy. This provides additional evidence that the timescale of

the two-photon bleaching process is set by the lifetime of the first excited singlet state.

If this were not the case, the fluorophores would have more (or less) time to rotate,

leading to a bleaching anisotropy substantially lower (or higher) than the fluorescence

anisotropy. Within this model, the fact that the dye rotation already accounts for the

observed bleaching anisotropy leads us to conclude that the dipole moments of the two

transitions involved are approximately parallel.

In the measurements described so far we used the dye Cy3, a dye that is widely used

in single-molecule fluorescence experiments because of its high photostability upon di-

rect excitation with green light [44, 74]. When used in two-photon excitation mi-

croscopy (with NIR light) this dye bleaches rather fast [72]. In a last set of experiments

we therefore compared the bleaching of Cy3 in combined trapping and fluorescence ex-

periments with that of other frequently used dyes in the same wavelength range, TMR

and Alexa 555. The measured bleaching rates, shown in Figure 3.4, clearly show that

Cy3 is much more sensitive to the enhanced bleaching effect than the other two dyes. In

fact, the dye that is least photostable in one-photon experiments, TMR (which therefore

also has the highest bleaching rate extrapolated to zero trapping power in Figure 3.4),

is most resilient to the presence of the high-intensity trapping beam. The difference

between the three dyes can be caused by three photophysical properties. One would

expect that (i) the shorter the singlet excited state lifetime of the dye is, the lower the

bleaching rate is, (ii) the lower the absorption cross sections of the excited state absorp-

tion from the first singlet excited state to higher singlet states is, the lower the bleaching

rate is, and (iii) the lower the coupling between the higher singlet excited states and
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Figure 3.4: The dependence of the bleaching rate on trapping laser power with many dye mole-

cules attached to a trapped bead, for three different dyes: Cy3, Alexa555, and TMR. Shown are

the average bleaching rates from about ten beads per power (solid circles, the error bars represent

the standard error of the mean), and linear fits to the averaged data, with intercept 0.16± 0.02

s−1 and slope 25± 1 s−1 W−1 for Cy3, intercept 0.17± 0.02 s−1 and slope 15± 1 s−1 W−1 for

Alexa555, and intercept 0.33± 0.03 s−1 and slope 4.5± 0.5 s−1 W−1 for TMR. The intensity of

the 532 nm fluorescence excitation laser was kept constant at 350 W cm−2.

ionized states is, the lower the bleaching rate is. Unfortunately, to our knowledge, nei-

ther experimental data nor quantum-chemical calculations on excited state absorption

spectra or on ionization potentials are available to compare the three dyes with re-

spect to the latter two properties. However, there should be large differences between

the dyes in these respects, since the lifetime (property (i)) of Cy3 (<0.3 ns, data from

Amersham Biosciences) is substantially smaller than that of TMR (∼ 2.5 ns [86]), while

it nonetheless bleaches substantially faster in our experiments.

3.3 Conclusions

In experiments that combine single-molecule fluorescence spectroscopy with optical

tweezers, attention has to be paid to limiting additional photobleaching of the fluo-

rophores by the trapping laser. We have shown that an additional channel for photo

destruction of the dyes is opened up in such experiments, causing, in general, a sub-

stantial increase of photobleaching. The bleaching mechanism we propose, which is

consistent with all our results, is shown in Figure 3.5. The visible laser used for fluor-

escence excitation generates dye molecules in their (lowest) singlet excited state (S1),

from which fluorescence can take place. The intensity of the near-infrared trapping
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Figure 3.5: Proposed model for the photobleaching process. Electronic energy level scheme

indicating the states and transitions involved. S0, S1, and Sn are the singlet ground state, the

lowest singlet excited state and higher excited singlet states, respectively. Dye+ e− is an ionized

state consisting of a dye cation and a solvated electron.

light is so high that even during the short life time (∼ns) of this state there is a consid-

erable chance that a second photon is absorbed and higher excited states are generated

(Sn). In general, these states couple efficiently to bleached, ionized states, in particular

in polar solvents such as water [44], and as a consequence dye cations and solvated

electrons are readily produced. We noticed that for Cy3 the bleaching is not much dif-

ferent when trapping light with a wavelength of 1000 nm is used instead of 850 nm.

The bleaching process we observed in the presence of a visible, resonant fluorescence

excitation and a much stronger non-resonant, near-infrared trapping beam is related

to enhanced photobleaching in 2-photon excited fluorescence experiments, which show

a bleaching rate proportional to the third power of the excitation intensity [108, 42].

In those experiments, where only a non-resonant near-infrared laser beam is present

at much higher power, bleaching takes place from higher excited states produced via a

3-photon process, either by direct 3-photon excitation, or by 2-photon excitation into

the lowest singlet state immediately followed by an additional excitation by one photon

into the higher excited states. In contrast, in our experiments the lowest singlet state

is populated with 1-photon excitation and higher excited singlet states, from which

photobleaching can occur, are populated via excited-state absorption of one photon of

different energy, from a different laser. In summary, we have shown that measuring

fluorescence from a single fluorophore in an optical trap is difficult, but possible. Sev-

eral measures can be taken to reduce the additional photobleaching in the combined

fluorescence and trapping experiments: (i) choice of the right fluorophore (TMR is bet-

ter than Alexa 555, which is better than Cy3); (ii) use of low trapping and fluorescence

excitation powers; (iii) use of antioxidants such as ascorbic acid; (iv) use of perpendic-

ular polarization of the fluorescence excitation and trapping laser beams.
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3.4 Material and methods

Setup

A custom-built instrument, capable of high-sensitivity fluorescence imaging and optical

trapping, was used for the experiments (Figure 3.6). Trapping light was provided by a

continuous-wave Ti:Sapphire laser (Coherent Mira 900F with a triple-plate birefringent

filter, pumped by a Coherent Verdi V10 frequency-doubled Nd:YVO4 laser (532 nm)),

tunable from 730 to 1000 nm. The laser was used at 850 nm unless stated otherwise.

The laser beam was expanded and coupled into an oil-immersion microscope objective

(Nikon Sfluor 100×, 1.3 NA), using a 700 nm short-pass dichroic mirror (Chroma Tech-

nology, 700DCSX). Fluorescence excitation light was provided by the 532 nm laser. The

beam was slightly decollimated in order to provide widefield epi-illumination and cou-

pled into the objective with a 565 nm long-pass dichroic mirror (Chroma Technology,

Q565LP). Fluorescence from the sample was collected with the same objective, filtered

by the dichroic mirrors, a color-glass filter (Schott, BG39) or a short-pass filter (Chroma,

E750SP), a 532 nm notch filter (Kaiser Optical Systems HPFN-532.0), and a bandpass

filter (Chroma Technology, HQ610/75m) and detected with a back-illuminated, frame-

transfer CCD camera (Roper Scientific, Micromax 512FTB).

In most experiments, the fluorescence excitation light was circularly polarized with

a Berek’s variable wave plate (New Focus, 5540) while the trapping light was vertically

polarized. In the combined trapping / fluorescence experiments in which the effect of

polarization was investigated, the polarization of the fluorescence excitation light was

altered using the variable wave plate and converted into horizontal and vertical (linear)

polarizations.

Silica beads used for trapping were visualized using trans-illumination with a blue

LED (470 nm). The light from the LED was coupled into the sample with a condenser

(Nikon, Achromat Aplanat) and detected with a CCD video camera (Watec 902B). The

(green) laser intensity was calibrated by measuring the Gaussian fluorescence profile

from a sample of homogeneously spin-coated DiI (Fluka, dissolved in toluene). The in-

tensity at the position of the laser trap (the maximum of the Gaussian) was determined

from the width of the Gaussian. The half width at 1/e2 times the maximum (the waist)

was 8.06 µm, leading to a peak intensity of 981 W cm−2 per mW (transmitted) power.

As a measure for the intensity of the trapping laser we used the total transmitted power,

P. The exact intensity, I , the trapped bead is exposed to in the focus is not very well

defined, because the bead performs Brownian motion in an approximately Gaussian

intensity profile, but is on the order of 600 kW cm−2 per mW transmitted power, as

calculated from I = P · NA2/(0.61)2, with the numerical aperture NA = 1.3 and the

wavelength λ = 850 nm [160].

Fluorescence anisotropy was measured with the same setup. In these experiments,

the fluorescence excitation light was alternated between horizontal and vertical polar-
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izations using an electro-optical modulator (Conoptics 350-80), driven by a D/A com-

puter board (National Instruments PCI-6733), in synchronization with the read-out of

the camera. In these experiments the beads were non-specifically attached to the glass

surface by adding NaCl (∼1 M).

Figure 3.6: Diagram of the instrument used for combined fluorescence and trapping measure-

ments and structures of two of the dyes used, carboxytetramethylrhodamine (TMR) and Cy3. For

details, see text.

Preparation of fluorescent beads

Silica beads with a diameter of 444 nm were a kind gift of the Colloid Synthesis Facility,

Utrecht University. To attach fluorophores, beads were derivatized with reactive amine

groups on the surface by incubation in a solution of 33% v/v aminopropyl-triethoxy-

silane (Aldrich) in water for 15 minutes. After washing the beads in water (by several

centrifugation/resuspension cycles), they were incubated for 90 minutes in a sodium-

carbonate buffer (100 mM, pH 8.3) with a small quantity of aminoreactive fluorophores

(Cy3 succinimidyl-ester (Amersham Biosciences), Alexa555-maleimide (Molecular Probes)

or carboxytetramethylrhodamine-succinimidyl-ester (TMR, Molecular Probes)) dissolved

in dimethylformamide. Finally, the beads were washed twice to remove unreacted dye.

The structures of TMR and Cy3 are shown in Figure 3.6. For Alexa555 no structural

information is available from the manufacturer.

In some of the experiments oxygen-free conditions were created in either one of

two ways: (i) by vacuum degassing and flushing the sample with argon gas and (ii) by

adding an oxygen scavenging system (0.02 mg ml−1 glucose oxydase, 25 mM glucose,

0.035 mg ml−1 catalase, and 4 mM dithiothreitol), and subsequently sealing the sample

chamber with vacuum grease. In another experiment ascorbic acid (100 mM, dissolved

in water, pH set to 7) was added.
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Chapter 4

The bipolar kinesin Eg5 moves

on both microtubules that it

crosslinks

During cell division, mitotic spindles are assembled by microtubule-based

motor proteins [122, 24]. The bipolar organization of spindles is essential

for proper segregation of chromosomes and requires plus-end directed ho-

motetrameric motor proteins of the widely conserved Kinesin-5 (BimC) fam-

ily [81]. Hypotheses for bipolar spindle formation include the “push-pull mi-

totic muscle” model in which Kinesin-5 and opposing motor proteins act be-

tween overlapping microtubules [98, 124, 24]. The precise roles, however, of

Kinesin-5 during this process are unknown. Here we show that the vertebrate

Kinesin-5 Eg5 drives sliding of microtubules dependent on their relative ori-

entation. We found in controlled in vitro assays that Eg5 has the remarkable

capability of simultaneously moving at ∼ 20 nm s−1 towards the plus-ends

of each of the two microtubules it crosslinks. For anti-parallel microtubules,

this resulted in relative sliding at ∼ 40 nm s−1, comparable to spindle pole

separation rates in vivo [16]. Furthermore we found that Eg5 can tether

microtubule plus-ends, suggesting an additional microtubule-binding mode

for Eg5. Our results demonstrate how Kinesin-5’s are likely to function in

mitosis, pushing interpolar microtubules apart, as well as recruiting micro-

tubules into bundles that are subsequently polarized by relative sliding.

This chapter has been published in Nature [76]
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4.1 Introduction

Unlike most other kinesins characterized thus far, Kinesin-5 proteins have four identical

motor domains configured like a “dumb-bell”, with two motor domains at each end

of a rod [82] (Fig 4.1A). Based on this bipolar structure, it has long been suggested

that Kinesin-5 proteins contribute to the bipolar organization of mitotic spindles by

cross-linking and sliding overlapping interpolar microtubules [82, 123]. Evidence for

Kinesin-5-induced crosslinking comes from electron microscopy [123]. “Whole system”

approaches using cell extracts and pharmacological inhibition suggest an essential role

for Eg5 in spindle morphogenesis and poleward flux [117, 156, 96, 101, 89, 78]. Such

approaches, however, do not directly explore how the motors work. It has remained

unknown if Kinesin-5 motors act as individual molecules between microtubules, in some

aggregated form, or associated with other structures [101]. These questions need to be

resolved by well-controlled in vitro assays.

4.2 Results and discussion

To directly test the sliding hypothesis, we have set up an in vitro assay with microtubules

and purified Eg5, the vertebrate Kinesin-5. In the assay, axonemes (bundles of micro-

tubules) are attached to a glass surface while motors and fluorescent microtubules bind

to them from solution (Fig. 4.1A. Fixing one of the interacting partners to the surface as

a track for the other eliminates translational diffusion and allows motor-driven motions

to be resolved clearly. A major experimental challenge in the assay was to make sure

that motors and microtubules bind only to fixed axonemes and not to the glass surface.

The problem was solved by blocking the surface with a polyethylene-glycol polymer

brush after attaching the axonemes.

We found that single microtubules readily bound and aligned to axonemes in the

presence of Eg5. A fraction of the attached microtubules was immobile or moved very

slowly (<10 nm s−1). The rest, roughly equal in number, moved along the axonemes

with an average speed of 40.2 ± 1.8 nm s−1 (s.e.m., N = 52) (Fig. 4.1B and 4.2A).

To exclude artefacts generated by the use of axonemes (e.g. dynein contamination),

we performed two controls. First, the same assay conditions without Eg5 produced no

microtubule binding or sliding. Second, we observed relative sliding between micro-

tubules in samples containing no axonemes (Fig. 4.1D and 4.1F). To exclude the pos-

sibility that aggregates of Eg5 produced the observed crosslinking and sliding, we per-

formed two more controls. First, we used Eg5 immediately after gel filtration, taking

only the mono-dispersed peak fraction of the elution profile [78]. This control yielded

results consistent with those found with frozen-and-thawed motors. Second, we re-

peated the microtubule-microtubule interaction experiment using a truncated Eg5 (aa.

1-591) [77] that, based on its sequence, is not likely to form a homotetramer, and found
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Figure 4.1: Eg5 can slide microtubules apart. (A) Sketch of the in vitro assay with microtubules

(green) attached via Eg5 motors (yellow) to surface-immobilized axonemes (magenta). The

cover slip surface is blocked by a polymer brush. Beads (1 µm diameter) (blue) coated with anti-

tubulin antibodies were used in some experiments for manipulation with optical tweezers. (B)

Video frames of both a sliding (white arrow, 40 nm s−1) and a static (yellow arrow) fluorescent

microtubule on a darkfield-detected axoneme. (C) Sketch of the in vitro assay with polarity-

marked microtubules. (D) Anti-parallel microtubules sliding apart. The arrow marks the plus

end of the long microtubule, relative to which the small one moved at 35 nm s−1. (E) Two

parallel microtubules (one marked with white line) that were cross linked and remained static.

(F) Sliding in a bundle of microtubules. Two bundles first joined and aligned, seeds marked with

identical arrows remained stationary relative to each other, but moved at 36 nm s−1 relative to

those marked differently. Scale bar 1 µm.
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no crosslinking of microtubules in the presence of ATP. Motility in surface gliding assays

was comparable to that of full-length motors (data not shown). Combined, our results

demonstrate that full-length, tetrameric, bipolar Eg5 can crosslink microtubules, align

them and drive their relative sliding.

To understand Eg5 function in spindle assembly, one must know how the relative

orientation of microtubules affects bundling and sliding. It is tempting to hypothesize

that a bipolar motor with catalytic domains at two opposite ends generates force and

motion independently at both ends. We therefore looked for motility events in geome-

tries where the motions along the two tracks could be separated. This was possible in

the cases where microtubules were not aligned with the axis of the microtubule they

were linked to. The two velocities of the crossing point with respect to both filaments

could then be separately measured, provided that this point had not yet reached the

end of one track. The average speed along the respective microtubules was in these

cases 20.0± 1.0 nm s−1 (s.e.m., N = 40) (Fig. 4.2A-C) with no apparent dependence

on the relative angle between the tracks. This observation shows that Eg5 can simul-

taneously move on both the microtubules it crosslinks with a speed comparable to that

we observed in surface gliding assays (24.0± 0.4 nm s−1 (s.e.m., N = 46)) (arrow in

Fig. 4.2C). In the case of alignment one would expect a relative sliding velocity corre-

sponding to either the sum (anti-parallel) or the difference (parallel) of the single-end

speeds. This is consistent with the bimodal distribution, < 10 nm s−1 and ∼40 nm s−1,

of relative velocities we observed in the aligned cases (Fig. 4.1B and 4.2C). To directly

probe the correlation between relative orientation and speed, we performed assays with

polarity marked microtubules (Fig. 4.1C). These experiments confirmed that parallel

microtubules remained static, whereas an anti-parallel configuration was required for

double-speed relative gliding (Fig. 4.1D-F).

To observe transitions in sliding velocity for a given pair of microtubules, we looked

for events showing changes in the microtubule/microtubule orientation. This hap-

pened spontaneously in several cases when the moving microtubule flipped by 180˚,

mostly when it had moved beyond the end of the axoneme. In these cases micro-

tubules switched from moving to stationary, which is consistent with changing from

anti-parallel to parallel orientation. In order to have direct control over the relative ori-

entations between microtubules, we used optical tweezers to manipulate microtubules

through attached handle beads. Fig. 4.2D shows a twofold decrease in the velocity

along the microtubule axis when the relative orientation changed from anti-parallel to

orthogonal. In another case, we were able to start motility by inverting the orienta-

tion of a microtubule that had been immobile near the end of an axoneme. We cannot

derive probabilities for parallel/anti-parallel crosslinking from frequencies observed,

because microtubules should eventually all become trapped in the parallel state. Never-

theless, these data provide clear evidence that bipolar Eg5 can crosslink microtubules in

all orientations and that it moves with orientation-independent speed relative to each

microtubule.
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Figure 4.2: Eg5 moves on both filaments. (A) Example of motility along one filament. The plus

end of one microtubule (blue dot) moved towards the plus end of the other microtubule (yellow

cross) at 21 nm s−1. (B) Sliding between two crossed bundles of microtubules, the far ends of

which were fixed to axonemes. The blue dot marks the actual contact point, white dots mark the

initial contact point on both microtubules, demonstrating simultaneous movement along both

microtubules. (C) Histograms of all measured velocities in aligned (N = 60) and not aligned

(N = 40) geometries. For each microtubule, movement in either of the two configurations was

counted as separate event (microtubule on axoneme: N = 67, microtubule on microtubule: N

= 33). Arrow marks average speed in surface gliding assays. (D) Transition from aligned (top

left insert) to orthogonal (bottom right) sliding for a single microtubule (microtubule plus end

suspended by optical tweezers). White lines show the angle between interacting filaments. The

displacement along the microtubule axis is plotted against time. Scale bar 1 µm.
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The majority of moving microtubules continued sliding with their leading minus-

end beyond the end of the axonemes, but then, surprisingly, did not release from the

axonemes after the trailing plus-end had reached the plus-end of the axonemes. Micro-

tubules usually stayed attached longer than our typical recording times of minutes,

while thermally pivoting around the axoneme plus-end (Fig. 4.3). While scanning a

sample, many microtubules were found thermally pivoting, attached only with one end

to an axoneme end. In most cases only a single microtubule was attached to an ax-

oneme, occasionally two or three were bound. This was probably limited by the low

microtubule concentration used rather than by the binding capacity of the ends. End

attachment was maintained even at salt concentration as high as 150 mM potassium or

sodium acetate.

Figure 4.3: Eg5 can keep microtubule ends cross linked. Two representative plots of the distance

between microtubule and axoneme plus ends against time. Sliding stops at axoneme ends, micro-

tubules stay attached. Inserts show the corresponding superimposed video frames of the sliding

microtubules, demonstrating pivoting around the axoneme end (progression of time colour-coded

from dark to light). Scale bar 1 µm. Time step between frames: 1 s - red, 1.5 s - green.

The end tethering of microtubules suggests that motors remain attached to micro-

tubule ends considerably longer than their typical ATP-turnover time. At the motor

concentrations used in our experiments, it is likely that the end tethering was caused

by more than one motor. The large rotational freedom in the connection, on the other

hand, implies that the cross bridges were formed by at most very few motors (Fig. 4.3,

inset) [62]. The observed bundling and alignment of microtubules is evidence for bind-

ing of motors all along the filaments and therefore excludes a specific affinity of Eg5 for

microtubule ends only, which has been observed for kinesins of the KinI family [39].



EG5 DRIVEN SLIDING 45

The simplest explanation of our data is that there is an additional ATP-independent

binding mode that is long-range enough to allow free sliding along the track, but pre-

vents release at the end. This is consistent with evidence for a low-friction binding mode

of dimeric Eg5 in the presence of the drug monastrol [29]. An additional electrostatic

microtubule binding motif has been identified in the related BimC motor [127], but is

absent in Eg5. The capability of Eg5 to tether opposing microtubule plus-ends might

play a role in the mitotic spindle, particularly for overlapping interpolar microtubules,

and contribute to the dynamics and targeting of the motor [78].

We have shown that bipolar Eg5 can, most likely in a non-clustered form, slide anti-

parallel microtubules apart. It is difficult to reconcile this finding with tetrameric Eg5

being non-processive as has been reported for a truncated (dimeric) construct [28] and

suggested from indirect experiments in spindles assembled in cell-free extracts [101].

Transmission of force from one microtubule to the other strictly requires a motor to be

simultaneously attached via both ends if the tetramer is not part of a physically linked

cluster (i.e. in contrast to muscle myosin). For a non-processive motor, the probability

for simultaneous binding could be extremely low, scaling with the square of the fraction

of the time bound (duty ratio). The majority of motors would at any point in time

be bound to only one track and consume ATP without transmitting force. In contrast,

the chance that a processive motor crosslinks two microtubules is large, and efficiency

would be high. It appears thus likely that full-length Eg5 is a doubly-processive kinesin.

Other mitotic kinesins can slide microtubules apart as well, although the exact mech-

anisms differ or are unknown. Minus-end directed dimeric ncd (Kinesin-14) is thought

to stably anchor onto one filament with an ATP-independent binding site in the tail and

generate force non-processively along the other microtubule [97] The speed doubling

we found with Eg5 clearly excludes an ncd-like anchored mechanism. The tetrameric

Kinesin-6 family member MKLP1 [22] slides anti-parallel microtubules apart [105], al-

though it is not known if motility is generated along both tracks simultaneously, as we

have shown here for Eg5.

Our findings suggest specific roles for Eg5 in spindle morphogenesis. First, our re-

sults provide direct evidence that Eg5 can push anti-parallel microtubules apart, which

has been a long-standing, but never proven hypothesis and is a primary function as-

signed to bipolar motors in the "push-pull mitotic spindle model" (Fig. 4.4A). Further-

more, in a cloud of short microtubules, Eg5 can first condense the microtubules into

aligned bundles and subsequently sort them apart according to orientation, possibly

aligning the plus-ends of parallel microtubules. Such a process might operate around

the centrosomes in the initial phase of spindle morphogenesis (Fig. 4.4B), and may also

contribute to the formation of microtubule bundles important for chromosome-spindle

attachment (Fig. 4.4C).

We anticipate our assay to be a starting point for more sophisticated in vitro models

of mitotic spindles, for example testing the individual and combined action of multiple

mitotic motors, including minus-end directed motors opposing Eg5 motility. Further-
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Figure 4.4: Model for Eg5’s contribution to mitotic spindle morphogenesis. (A) “Push-pull model”

with opposing motors acting on microtubules. The plus-end motors can be Kinesin-5, minus-end

motors dynein or Kinesin-14. (B,C) Potential roles of Eg5 near centrosomes (B) and chromo-

somes (C). Eg5 could recruit and sort microtubules, resulting in bundles of parallel microtubules

anchored either to chromosomes or centrosomes.

more, Eg5 inhibition is a major target of anti-cancer drug development, and a well-

defined and quantitative assay for motor function will be relevant for further such de-

velopments.

4.3 Material and methods

Protein purification

Full-length Eg5 with an N-terminal 6-histidine tag was expressed in insect cells, purified

as described in the literature [78], and stored at –80˚C. For controls, tetrameric Eg5 was

further purified using gel filtration on a Superose 6 column [78] and used immediately,

without freezing. Truncated Eg5 with amino acids 1-591 and a C-terminal polyhistidine

tag was expressed in bacteria and purified as described [77]. Axonemes were puri-

fied from sea urchin sperm essentially as described [49]. Fluorescent axonemes were

prepared by incubating with mono-reactive NHS-Ester Cy5 (Amersham Biosciences),

followed by 3 rounds of centrifugation and resuspension.
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Tubulin was purified from porcine brain by two cycles of assembly and disassembly,

followed by chromatography on phosphocellulose [158]. Microtubules were polymer-

ized by incubating 7.5 µM unlabeled tubulin and 2.5 µM rhodamine-labeled tubulin

(Cytoskeleton) in the presence of 1 mM GpCpp (Jena Bioscience) and 2 mM DTT at

35˚C for 15 minutes. For polarity-marked microtubules, non-fluorescent seeds were

polymerized from 13.5 µM unlabeled tubulin. These were then labeled with Cy5

and stored at –80˚C. Cy5-stained seeds were elongated by adding 0.3 µM rhodamine-

labeled tubulin, 4.5 µM unlabeled tubulin, 4.5 µM N-ethyl maleimide (NEM)-tubulin

[68], 1 mM GTP and 2 mM DTT, followed by incubation at 35˚C for 20 minutes. NEM-

tubulin was added to inhibit minus-end growth, resulting in rhodamine-microtubule

growth from the plus end of the Cy5-seeds only. Polymerized microtubules were stabi-

lized with 10 µM paclitaxel (Sigma).

In vitro assays

Assays were performed at 21˚C using an epi-illuminated wide-field fluorescence micro-

scope capable of optical trapping and laser-darkfield detection as described in Chap-

ter 3 [149]. 532 nm excitation light was coupled into the objective with a polychro-

matic dichroic mirror (Chroma 532/633PC), allowing combined excitation with a 633

nm HeNe laser (Coherent) as well as transmission darkfield imaging with a 650 nm

diode laser (Roithner Lasertechnik). Emission was first short-pass filtered (Chroma

E750sp), further filtered with holographic notch filters against 532 nm and 633 nm

(Kaiser Optical Systems HNPF-532 and HNPF-632.8), then separated with a dichroic

mirror (Chroma 645DCXRlp) and imaged side by side on the CCD-camera, allowing si-

multaneous imaging of rhodamine emission and either darkfield light or Cy5 emission.

For darkfield detection of axonemes we used a darkfield condensor (Nikon) in combi-

nation with a decreased numerical aperture (NA) of the objective to block illumination

light. Trapping experiments required full NA and hence we used fluorescence imaging

of axonemes in those experiments. The trapping laser was used at 850 nm at a power

of typically 150 mW in the sample.

Hydrophobic sample chambers were assembled by joining dimethyl-dichlorosilane-

treated slides and cover slips using two layers of double-stick tape (∼150 µm inner

height). A chamber was first incubated with axonemes in PEM80 (80 mM Pipes, 1 mM

EGTA, 2 mM MgCl2, pH 6.8) for 10 minutes, then blocked by washing with 5 volumes

of PEM80 with amphiphilic copolymers (0.2 % (w/v) Pluronic F108 (BASF) and 0.1 %

(w/v) polyethylene-block-poly(ethylene glycol) (PEPEG, Aldrich)). Finally the chamber

was filled with the motility sample, consisting of PEM80 with microtubules, 6-12 µg/ml

Eg5, 6-10 mM ATP, 4 mM DTT, 25 mM glucose, 20 µg/ml glucose oxidase, 35 µg/ml

catalase, 10 µM paclitaxel, 0.1 % (w/v) methyl cellulose (Fluka), 0.2 % (w/v) Pluronic

F108 and in some cases 0.1 % (w/v) PEPEG. For trapping experiments, 1 µm fluores-

cent silica beads (Kisker Biotech), treated with anti-α-tubulin antibodies (Sigma), were
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added, and methyl cellulose was left out. Measurements at high salt were performed

with 150 mM Na-acetate in PEM80 or 150 mM K-acetate in PEM12 (= PEM80, except

for 12 mM Pipes), together with a 2-3-fold increase in Eg5 concentration. This was

necessary to compensate for a lower probability of microtubule capture at higher salt.

For controls without axonemes, sample mix was used with an increased concentration

of both microtubules and Eg5 (full length or truncated) to enhance crosslinking in so-

lution.

Assays with polarity-marked microtubules were performed in sample chambers of

5 µm inner height (set by the addition of spacer beads (Seradyn)) to confine micro-

tubules near the focal plane. Both surfaces were pre-incubated with the copolymers

and dried, after which the sample mix was put onto one surface and covered with the

other. Surface blocking was not perfect in these samples, but good enough to keep

sufficient microtubules and motors in solution. Imperfect blocking was an advantage

because, for stable imaging, we could chose events where at least one microtubule was

partially stuck to the surface.

Surface gliding assays were performed under the same buffer conditions, but with-

out surface blocking.

Image analysis

Digital images were analyzed using custom-written routines in LabVIEW (National In-

struments). Speeds were determined by measuring displacement relative to a reference

point on one of the filaments. For figure 4.3, every 5-10 frames were averaged to reduce

the number of frames. Microtubules were automatically tracked and the position of the

trailing end was measured relative to its final position.
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Chapter 5

Allosteric inhibition of Eg5

modulates its processive

directional motility

Small-molecule inhibitors of Kinesin-5 [96, 26, 35], a protein essential for

eukaryotic cell division [124], represent alternatives to anti-mitotic agents

that target tubulin [73, 11]. While tubulin is needed for multiple intracel-

lular processes, the known Kinesin-5 functions are limited to dividing cells,

making Kinesin-5 inhibitors likely to have fewer side-effects than tubulin-

targeting drugs. Kinesin-5 inhibitors, such as monastrol [96], act through

poorly understood allosteric mechanisms, not competing with ATP binding

[94, 161]. Moreover, the microscopic mechanism of full-length Kinesin-5

motility is not known. Here we characterize the motile properties and al-

losteric inhibition of Eg5, a vertebrate Kinesin-5, using a GFP-fusion protein

in single-molecule fluorescence assays [111]. We find that Eg5 is a proces-

sive kinesin whose motility includes, in addition to ATP-dependent directional

motion, a diffusive component not requiring ATP hydrolysis. Monastrol sup-

presses the directional processive motility of microtubule-bound Eg5. These

data on Eg5’s allosteric inhibition will impact these inhibitors’ use as probes

and development as chemotherapeutic agents.

This chapter has been published in Nature Chemical Biology [88]
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5.1 Results and discussion

Eg5 is a homotetrameric plus-end directed motor protein, with two motor domains lo-

cated at each end of a central stalk [117, 82]. In Chapter 4, it has been shown that

Eg5 can slide microtubules apart, an activity that can directly contribute to assembling

the bipolar mitotic spindle [76]. To directly observe the motility of single molecules

we purified a recombinant C-terminal GFP-fusion Eg5 (Eg5-GFP). We first tested if

Eg5-GFP was functional using spindle-assembly assays in Xenopus egg extracts, a cell

division system compatible with biochemical manipulations [40]. As expected, Eg5 de-

pletion yielded mostly monopolar spindles (Fig. 5.1A) [117, 89]. Add-back of Eg5-GFP

rescued bipolar spindle formation as efficiently as the wild-type protein (Fig. 5.1A-C).

Fluorescence imaging revealed that Eg5-GFP localized in bipolar spindles similarly to

endogenous Eg5 [78]: it was enriched at spindle poles and also targeted the spindle

midzone where oppositely oriented microtubules overlap (Fig. 5.1A,B). Recombinant

Eg5-GFP can thus functionally replace endogenous Eg5 in mitotic spindles.

To examine the oligomeric state of Eg5-GFP, we used two methods. First, size exclu-

sion chromatography revealed that Eg5-GFP had a Stokes radius comparable to that of

recombinant full-length tetrameric Eg5 [123, 78] (Fig. 1D). Second, the fluorescence

characteristics of surface-attached Eg5-GFP were analyzed. The fixed Eg5:GFP stoi-

chiometry in the fusion construct could be used to determine the number of motor

domains by counting the number of fluorophores. For a multimeric protein the blinking

dynamics of GFP can obscure individual photobleaching events [41, 110]. However,

traces with four bleaching steps were repeatedly observed, demonstrating that at least

some Eg5-GFP was tetrameric (Fig. 5.1E, F). To estimate the tetrameric fraction, we

measured the initial fluorescence intensities of the Eg5-GFP spots and compared these

values to those of a dimeric Kinesin-1 GFP fusion (NKin-GFP) (average: 1541±42 units

(s.e.m.), Fig. 5.1H). Fluorescence intensity traces of NKin-GFP frequently revealed two

photobleaching steps, indicating an average intensity for one GFP molecule of 773±14

units (s.e.m., Fig. 5.1E-G). The intensity distribution for immobilized Eg5-GFP (Fig.1I)

showed a peak with an average intensity of 2814± 100 units (s.e.m.), corresponding

to ∼ 3.6 GFPs. Less than 10% of the total spots had intensities greater than 6000 units,

indicating that larger aggregates of Eg5-GFP are not common under our experimental

conditions. Together, these data suggest that Eg5-GFP was predominantly tetrameric.

To examine the motile properties of individual Eg5-GFP molecules on microtubules,

we used an in vitro motility assay. Microtubules were immobilized on coverslip surfaces

using an antibody to tubulin. Eg5-GFP readily bound to these microtubules in the pres-

ence of MgATP. We observed persistent movements of most fluorescent spots towards

one end of the microtubule, as shown by kymograph analysis (Fig. 5.2A-C). The in-

tensity of moving spots confirmed that most were individual Eg5 tetramers (Fig. 5.2B,

average intensity = 2728 ± 80 units (s.e.m.)). These data directly demonstrate that

tetrameric Eg5-GFP is a processive kinesin.
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Figure 5.1: Recombinant Eg5-GFP is a homo-tetramer and can functionally replace endogenous

Eg5. (A) Xenopus egg extracts were used for spindle assembly assays. Spindle structures observed

in Eg5-depleted extracts supplemented with buffer alone or Eg5-GFP. Red: Tubulin, Green: GFP,

Blue: DNA. Bar, 10 µm. (B) 2x magnifications of framed areas in (a) show Eg5 and tubulin in the

spindle mid-zone. Bar, 5 µm. (C) Western blot analyses for Eg5 and tubulin in extracts that were

mock-depleted (1), Eg5-depleted and supplemented with buffer (2), wild-type Eg5 (3), Eg5-GFP

(4). (D) Biochemical characterization of Eg5-GFP by size-exclusion chromatography. The trace

corresponds to absorbance at 280 nm and arrows indicate elution volumes for wild-type Eg5

(s1) and catalase (s2), with Stokes radii 13.5 and 5.2 nm, respectively. Peaks corresponding to

Eg5-GFP (*) and bovine serum albumin, used as a blocking agent (#), are indicated. (E-I) Photo-

bleaching analysis of Eg5-GFP. (E-F) Representative traces of fluorescence intensity (in arbitrary

units, a.u.) over time for individual fluorescent spots of GFP-Eg5 and Nkin-GFP non-specifically

immobilized on a coverslip. (G) Histogram of intensity reductions due to photobleaching of

NKin-GFP (n = 112). Mean intensity (Iavg) reduction is indicated. (H, I) Histograms of initial

fluorescence intensities of Nkin-GFP (n = 151) and Eg5-GFP (n = 95). Mean intensities (Iavg) are

indicated.



52 EG5 INHIBITION

To quantitate Eg5 motility we first measured the average speed of runs and the du-

rations of microtubule interactions. A run was defined as the total trajectory of a single

motor between appearance and disappearance of a fluorescent spot on a microtubule.

We found an average speed of 14.2±0.7 nm s−1 (s.e.m., n = 80), estimated from aver-

ages of linear fits. The histogram for the durations of Eg5-GFP-microtubule interactions

can be fitted by a single exponential (time constant t = 41±3.6 s) (Fig. 5.2D). Multiply-

ing average speed with average duration yields ∼ 580 nm as an estimate of run length.

A striking feature of these movements was that, while a clear overall directionality was

observed, single motor trajectories showed variations in speed and even reversals in

direction (Fig. 5.2C, yellow arrowheads). These observations suggest that Eg5 has two

microtubule associated modes, one in which the motor walks stepwise and directionally

along microtubules and another diffusive state.

To test this we performed a statistical analysis of our data. For unbiased one-

dimensional diffusion, the mean square displacement (MSD) would be a linearly in-

creasing function of time difference τ [114, 118] (MSD = Dτ, where D is diffusion co-

efficient). In contrast, for periodic directional stepping motion, the MSD would increase

quadratically. If a motor steps stochastically or if it switches between directional and dif-

fusive modes, the MSD will have both a linear and a quadratic term (MSD = v2τ2+2Dτ,

where v is velocity). Fitting our Eg5-GFP motility data with this function gave a speed

v = 14.6± 0.7 nm s−1 (n = 80) and an apparent diffusion coefficient D = 822± 137

nm2 s−1 (n = 80, Fig. 5.2E), significantly larger than expected for a stochastic 8 nm

stepper with 15 nm s−1 speed (D ∼ 120 nm2 s−1) [132], but consistent with processive

stepping being interrupted by a diffusive mode of motion.

To examine how allosteric inhibition affects the movement of individual Eg5 tetra-

mers on microtubules, we used monastrol (Fig. 5.3A), the first known cell-permeable

Eg5 inhibitor [96]. As expected, monastrol reduced Eg5’s speed (Fig. 5.3B-D). Interest-

ingly, the irregularity in the directional runs became more prominent as monastrol con-

centration increased. MSD analyses (Fig. 5.3E-G) revealed that the speed and diffusion

constant for Eg5 motility in the presence of DMSO (0.5%), used to dissolve monastrol,

were similar to those without added solvent (v = 13.5±0.7 nm s−1, D = 799±153 nm2

s−1, n = 105, Fig. 5.3E). At 25 µM monastrol, the speed decreased to 8.5± 1.2 nm s−1

whereas D increased to 1457± 145 nm2 s−1 (n = 91, Fig. 5.3F). Larger changes were

observed at 100 µM monastrol (v = 6.7±2.7 nm s−1, D = 2135±255 nm2 s−1, n = 61,

Fig. 5.3G). An inactive monastrol analog, DHP2 [96], at 100 µM yielded results similar

to those obtained from experiments with DMSO (data not shown) indicating that the

effects observed with monastrol are due to specific allosteric inhibition of Eg5.

To determine whether monastrol affects the duration of Eg5 binding to microtubules,

we measured duration of Eg5-GFP-microtubule interactions (Fig. 5.3H, I). We found that

the average duration increased in the presence of DMSO (66±6.1 s vs. 41±3.6 s in the

absence of DMSO, Fig. 5.3H and 5.2D). The reason for this difference is not known, but

may include conformational changes of Eg5 or the microtubule lattice in DMSO. In the
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Figure 5.2: Full length tetrameric Eg5 is a processive kinesin. (A) Frames from time-lapse record-

ings showing Eg5-GFP (green) moving along a microtubule (red). An asterisk (*) highlights one

Eg5-GFP tetramer. The direction of motor movements is indicated by the green arrow. Bar, 2

µm. (B) Histogram of initial intensities of moving Eg5-GFP spots (n = 116). Mean intensity (Iavg)

is indicated. (C) Kymographs depicting the motion of Eg5-GFP along microtubules in the pres-

ence of ATP (2 mM). The starting and ending points of a run are indicated by the green and the

red arrows, respectively. Two examples of irregularities in the directional motility (i.e. reversal

in direction) are marked with yellow arrowheads. Bar, 2 µm. Inset: 3× magnifications of the

framed area. Bar, 1 µm. (D) Histogram for the durations of Eg5-GFP-microtubule interactions of

individual runs fitted by a single exponential. Average duration (t) is indicated (n = 239). (E)

Mean square displacement (MSD) calculated from Eg5-GFP motility recordings (see Methods).

The solid curve is a fit to MSD= v2τ2+ 2Dτ+offset. Values of v and D are indicated (n = 80).
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Figure 5.3: Monastrol decreases the speed and enhances microtubule-bound diffusive motion of

individual Eg5 molecules. (A) Chemical structure of monastrol, 1. (B-D) Kymographs depicting

the motion of Eg5-GFP along microtubules in the presence of ATP (2 mM) and DMSO (0.5%) or

monastrol (25 and 100 µM). Bar, 2 µm. (E-G) Mean square displacements (MSDs) calculated

from motility recordings in the presence of DMSO (number of averaged runs n = 105), 25 µM (n

= 91) and 100 µM Monastrol (n = 61). Values for v and D from fits of the data to MSD= v2τ2+

2Dτ+offset are indicated. (H, I) Histograms for durations of Eg5-GFP-microtubule interactions

in the presence of DMSO (n = 243) or 100 µM monastrol (n = 262). The indicated average

durations (t) are determined by fitting the data to single exponentials.
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presence of 100 µM monastrol, the mean duration of Eg5-GFP-microtubule interactions

decreased (24± 2.4 s, Fig. 5.3I). Together, these data suggest that allosteric inhibition

of Eg5 by monastrol enhances a microtubule-bound diffusive state and reduces both the

duration and average speed of runs.

Directional motility of Eg5 requires ATP hydrolysis. We speculated that diffusive

motility would not. We therefore performed motility assays in the presence of ADP

(and DMSO for comparison with the monastrol experiments). In these assays Eg5-GFP

moved along microtubules, but without obvious directionality (Fig. 5.4A). MSD analysis

confirmed that there was essentially no directional motion (v = 4.0± 2.3 nm s−1, n =

50), and the diffusion coefficient (D = 662 ± 134 nm2 s−1, n = 50) was similar to

that seen in the presence of ATP. The data could be fitted equally well as pure diffusion

(D = 771±43 nm2 s−1, Fig. 5.4C). Since it is likely that the diffusive state observed with

ADP is what causes the irregularity of Eg5 motion with ATP, these findings strengthen

our hypothesis that Eg5 can switch between a diffusive mode that does not require ATP

hydrolysis, and an ATP-consuming directional mode.

To determine if the diffusive behavior of ADP-bound Eg5 is also affected by monas-

trol, we repeated the motility assay with ADP and 100 µM monastrol (Fig. 5.4B). A

linear fit to the MSDs indicated that monastrol increased the diffusion coefficient ap-

proximately 5-fold to 3824± 127 nm2 s−1 (n = 66, Fig. 4D). In the presence of ATP, an

increased apparent diffusion coefficient can result both from a suppression of processive

periods and from an increase in the actual mobility in the diffusive state. Since there

can be no processive state in the presence of ADP, these results indicate that monastrol

can increase the axial mobility of Eg5 along the microtubule.

Our observation that Eg5 can move processively suggests a mechanism for Eg5 in the

spindle in which each pair of motor domains in the tetramer can independently interact

with a microtubule and transmit force through its central stalk. The presence of an ad-

ditional diffusive binding mode may allow the motor to stay microtubule-associated for

longer times to increase the probability of crosslinking to another microtubule. Recently,

diffusive microtubule binding modes have been found for other motor proteins and the

precise mechanisms and roles are likely be a topic of further research [107, 106, 59].

The enzymology of monomeric and dimeric Eg5 constructs has been examined re-

cently [94, 23, 85]. Based on these analyses it has been proposed that Eg5-nucleotide-

monastrol ternary complexes may adopt a conformation that facilitates ATP re-synthesis

from the ADP-Pi-bound state, allowing another round of ATP hydrolysis while staying

microtubule-bound [23]. Such a process is likely to involve an intermittently close inter-

action with the microtubule and may explain the lower apparent diffusion coefficient

observed for Eg5 in the presence of monastrol-ATP versus monastrol-ADP (Fig. 5.3G

and Fig. 5.4D). A comparison between the structures of ADP-bound and monastrol-

ADP-bound single motor domains of Eg5, from X-ray crystallography and electron mi-

croscopy (EM) studies, indicates that monastrol binding changes the motor’s neck-linker

geometry [140, 161, 85]. This conformational change has been suggested to explain
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Figure 5.4: The microtubule-bound diffusive motion of individual Eg5 molecules does not need

ATP hydrolysis. (A-B) Kymographs depicting the motion of Eg5-GFP along microtubules in the

presence of ADP (2 mM) and DMSO (0.5%) or monastrol (100 µM). Bar, 2 µm. (C-D) Mean

square displacements (MSDs) calculated from motility recordings in the presence of ADP+DMSO

(number of averaged runs n = 50) and ADP + 100 µM monastrol (n = 66). Values for D from

fits of the data to MSD= 2Dτ+offset are indicated.

the lower microtubule affinity observed for monastrol-inhibited dimers compared to

monomers that lack the neck-linker [140, 161]. Our single molecule studies suggest

that the increased diffusive motion of monastrol-inhibited Eg5 represents a correspond-
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ing conformational state adopted by the motor domains in the tetramer. This state

could facilitate longer-range interactions with microtubules allowing 1-D diffusion, as

opposed to processive 8 nm stepping, along the microtubule lattice. This is also consis-

tent with the report that monastrol stabilizes a low-friction microtubule-bound state of

Eg5, as found from multi-motor surface gliding assays with truncated constructs of Eg5

and conventional kinesin [29].

Our data on the allosteric inhibition of Eg5 by monastrol has implications for inter-

preting experiments in which monastrol is used to probe Eg5 function in the mitotic

spindle. In the presence of monastrol, Eg5-dependent microtubule sorting would be

suppressed, but microtubules would still be held together in bundles by the inhibited

motor proteins. This might interfere with redundant motility mechanisms, including

other motor proteins and microtubule crosslinking proteins, and may increase the ef-

ficacy of these allosteric Eg5 inhibitors to arrest mitotic progression. Many recently

reported Eg5 inhibitors were found to target the same monastrol-binding pocket and

some are being tested as potential chemotherapy agents [26, 35, 11]. Using our in vitro

assays, one could also establish a correlation between monopolar mitoses in in vivo

contexts and microtubule association of Eg5 in vitro for inhibitors that target different

binding sites on Eg5. Such analyses could impact the development of potent inhibitors

of mitotic microtubule transport as chemotherapeutic agents that do not suffer from the

adverse side-effects and resistance profiles of currently used anti-mitotic drugs.

5.2 Material and methods

Cloning, expression and purification of Eg5-GFP

To generate a full-length N-terminal polyhistidine-tagged Xenopus Eg5-GFP baculovirus

expression construct, a C-terminal Eg5 fragment was amplified by PCR to remove the

stop codon and to fuse in-frame with GFP. The resulting DNA fragment was verified

by sequencing and inserted into pFastbac-Htb-Eg5 [78] to yield an Eg5-GFP fusion

construct. Three amino acids (GAP) were inserted between Eg5 and GFP. Full-length

Eg5-GFP protein was expressed in insect cells and purified as described [78] with the

following modifications: After elution from Nickel-NTA resin (Qiagen), fractions con-

taining Eg5-GFP protein were pooled and buffer was exchanged by passing through a

PD-10 column equilibrated with Buffer A (10 mM HEPES, 150 mM sucrose, 250 mM

KCl, 1 mM MgCl2, 10 ţM ATP, 1 mM DTT, protease inhibitors, pH 7.7). Peak fractions

were pooled and protein concentration was determined by a Bradford assay (Bio-Rad).

To remove the N-terminal polyhistidine tag, Tobacco Etch Virus (TEV) protease (Invitro-

gen) was added at 330 units/mg protein to the affinity-purified sample and incubated at

room temperature for one hour. The resulting mixture was then re-adsorbed to Ni-NTA

resin (pre-blocked with 5 mg ml−1 bovine serum albumin to reduce protein loss and
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extensively washed with Buffer A) to remove the protease and any un-cleaved protein

by incubation at 4˚C for one hour. TEV protease-cleaved Eg5-GFP recovered from the

supernatant was filtered through a 0.2 µm filter disc and purified over a size-exclusion

column (Superose 6; Amersham Pharmacia Biotech) as described [78]. Sucrose (5%

(w/v)) was added prior to flash freezing in liquid nitrogen.

In vitro spindle assembly reactions and fluorescence imaging.

Eg5-depletion from Xenopus egg extract was carried out as previously described [89].

Spindle assembly reactions were carried out in depleted cytostatic-factor-arrested (CSF)

extract in the presence of de-membranated sperm nuclei at 16˚C. X-rhodamine-conjugated

tubulin (at 300 nM), was added to extract samples during both the mock and the en-

dogenous Eg5 depletion process for the detection of assembled spindle structures. DNA

was labeled with Hoechst 33342 dye (Sigma) at 1 µg ml−1. Fluorescence imaging of

live squashes was done using a Carl Zeiss Axioplan 2 with a 40× (Plan Neofluar, NA

0.7) objective and a Zeiss Axiocam MRm camera.

Single-molecule experiments

Single-molecule fluorescence experiments were performed using a widefield microscope

(Axiovert 200M, Carl Zeiss MicroImaging, Inc.) equipped with a 100× (Plan Apo, NA

1.4) objective and a Cascade 512B cooled CCD camera (Photometrics). All data were

taken with excitation from a 488 nm laser source (at 20 W cm−2, Dynamic Laser,

Solamere Technology) with 1 or 1.5-s exposure time at a frame rate of 0.5 s−1. Eg5 is a

slow kinesin and observing movements can require several minutes of total fluorescence

excitation. Therefore, imaging conditions were optimized to limit photobleaching. The

bleach-rate for one GFP was estimated to be 0.01 s−1. Since the average duration of

Eg5-GFP-microtubule interactions was about 60 s, resulting in a total exposure of 45

s (calculated for 1.5-s exposure per frame), the likelihood of bleaching all four GFPs

(Pbleaching ) was calculated to be less than 2% (Pbleaching = (1 − exp(−0.01s−1 × 45

s))4 = 1.7%). This implies that most Eg5 runs can be reliably observed under these

imaging conditions.

Cover slips were cleaned by three rounds of 10-minute ultra-sonification in Milli-Q

ultrapure water. For photobleaching experiments, motors ( 60 pM) in PEM80 (80 mM

PIPES, 1 mM EGTA, 2 mM MgCl2) were perfused into flow chambers and incubated for

10 minutes. After washing the chamber with PEM80, the chamber was filled with motil-

ity buffer (PEM80, 4 mM DTT, 2 mM ATP, 25 mM glucose, 40 µg ml−1 glucose oxidase,

35 µg ml−1 catalase). For motility experiments, sample chambers were first incubated

with monoclonal tubulin antibody (50 ng ml−1, Serotec) for 10 minutes, followed by

5 minutes incubation with GMP-CPP-stabilized, rhodamine-labeled microtubules. The

remaining surface was then blocked by a 10-minute incubation with 0.5 mg ml−1 ca-
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sein. Finally, the chamber was filled with motors (∼ 60 pM) in motility buffer. For

inhibition experiments, monastrol was added at a concentration of either 25 or 100 µM

in 0.5% DMSO. Photobleaching recordings of surface immobilized Eg5-GFP or NKin-

GFP (a kind gift from Günther Woehlke) were acquired and analyzed using Metamorph

software (Universal Imaging Corp.).

Fluorescent spots were quantified by integrating the intensity of single spots per

frame (integrated area = 52 pixels) and subtracting the background. Photobleaching

events were detected by visual inspection and the drops in intensity were calculated

from averaged values before and after the bleaching events. The initial intensities of

immobilized or moving spots in the motility experiments were measured from the initial

steady intensity levels averaged over at least 3 frames.

Motility data were analyzed by kymography using Metamorph. Events that last only

one image frame (2 s) were excluded from all analyses. Measurements were capped at

360 s to avoid effects due to photobleaching. Spots that were immotile for more than

60 s were not included in the analysis. Durations of Eg5-GFP-microtubule interactions

were measured from all identifiable events in a kymograph. The average duration was

determined by a single-exponential fit to the histograms using KaleidaGraph (Synergy

Software). The first bin was excluded and the standard deviations (
p

N) were used

for weighting. To track the position of each moving fluorescent spot for speed mea-

surements and mean square displacement (MSD) analysis, kymographs were analyzed

using the Integrated Morphometric Analysis function in Metamorph. The position of

each spot was determined as the intensity center of the identified object and tracked

over time. To allow reliable and uniform analyses for all conditions, only traces over

46 s were analyzed. For extremely long runs, a 150-s segment (usually the beginning

segment) was used.

The mean square displacement, MSD(τ), was obtained by averaging the squared

displacements calculated for all independent (i.e. non-overlapping) intervals τ= i∆t in

the discretely sampled position traces x(t) (sampling time∆t) for all the runs recorded

[114]:

MSD(i∆t) =
1∑
l Nl,i

∑

l

[(x(i∆t)− x(0))2 + (x(2i∆t)− x(i∆t))2+

· · ·+ (x(Nl,i i∆t)− x((Nl,i − 1)i∆t))2], (5.1)

where the summation over l represents the averaging over all the individual runs

recorded, and Nl , i is the total number of such non-overlapping intervals of length i∆t

that could be fit into each individual run l. For each time point, the standard error of

the mean was used as error bar. The diffusion constant and drift velocity were then de-

termined from a weighted quadratic fit (MSD = v2τ2 + 2Dτ+ offset) to about the first

quarter of the τ resulting curves, because the error becomes quickly very large when be-

comes large. The offset parameter reflects the localization uncertainty of an immobile
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fluorescent spot due to limited photostatistics, background noise and errors intrinsic

to the localization algorithm and was approximately constant (2900± 500 nm2) in all

experiments, implying a localization uncertainty of ∼38 nm.
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Chapter 6

Microtubule crosslinking

triggers the directional motility

of Eg5

During eukaryotic cell division, tetrameric Kinesin-5 motor proteins are needed

for the assembly of a bipolar mitotic spindle. Assembly and maintenance of

the spindle is a highly controlled process, and it is not clear yet how the par-

ticipating motors are regulated. Some kinesins have been found to be cargo-

activated, but for a tetrameric motor such as Eg5 it is not obvious how a

corresponding mechanism could function. It has been shown that the motil-

ity of Eg5 includes a substantial diffusive component that does not require

ATP-hydrolysis. Here we examine if this phenomenon is part of a regulatory

mechanism by exploring factors that influence the switching of Eg5 between

the modes, varying buffers and microtubule-binding geometries. We found

that at moderate ionic strength, Eg5 moves persistently towards one end of

a microtubule, as reported previously. In contrast, at higher ionic strength

Eg5 diffuses along microtubules without directional bias. Remarkably, un-

der these conditions Eg5 still moves directionally on axonemes (microtubule

bundles) or when bound between two microtubules. In the spindle, this

functional specialization might allow Eg5 to diffuse on single microtubules

without hydrolyzing ATP until the motor gets (cargo-)activated by binding

another microtubule.

61
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6.1 Introduction

During cell division, the bipolar mitotic spindle is assembled to orchestrate the equal

segregation of the genetic material into two daughter cells. Shape, size and dynamic

function of the mitotic spindle depend on the motile properties of microtubule-based

motor proteins [159, 124]. Eg5, an evolutionarily conserved member of the Kinesin-5

family, plays a key role in organizing microtubules into a bipolar spindle [81, 117]. Its

tetrameric configuration is crucial for its in vivo function [60] and is arranged such that

one pair of motor domains is located at each end of a central stalk [80]. Consistent

with this structure, it has been demonstrated that Eg5 can crosslink two microtubules

and slide them apart (Chapter 4, [76]).

In Chapter 5, we explored the motility characterics of Eg5 using single-molecule

fluorescence experiments and found that the movement of single tetrameric Eg5 mole-

cules includes a non-ATP-consuming diffusive component in addition to its directional

processive runs [88]. Monastrol, a specific inhibitor of Eg5, reduced the duration of

microtubule-binding events and also enhanced the diffusive state. Similar non-localized

interactions between motors and tracks, leading to one-dimensional diffusion, are in-

creasingly found for microtubule-based motor proteins and are believed to play func-

tional roles in the cell [146, 31, 59]. In the case of Eg5 the diffusive state might be

part of a regulatory mechanism. It is well known that the ATPase cycle of kinesins

is allosterically controlled by microtubule binding [87]. This prevents unproductive

ATP hydrolysis when the motor is not interacting with a microtubule. Evidence has

furthermore been found that full-length Kinesin-1 can be switched from an inhibited,

microtubule un-bound state to a motile state by cargo binding [53, 47]. For Eg5, how-

ever, microtubules are both track and cargo. Therefore, in order to be properly cargo

activated, the molecule would need to differentiate between one and two microtubules

bound.

Here we set out to examine how the switching between the active and passive modes

of motility is controlled in full-length Eg5. We studied the motile properties of Eg5-GFP

in buffers of different ionic strengths and in different interaction geometries with its

track, using individual microtubules, axonemes and pairs of microtubules. We found

that the switching between diffusive and directional motility on microtubules can be

modulated by either ionic strength on single microtubules, or by bi-polar binding be-

tween two microtubules. Our data suggest that in the mitotic spindle Eg5 might only

move processively when crosslinking two microtubules.
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6.2 Results

Eg5 motility on single microtubules switches from directional to dif-

fusive in increasing ionic strengths

Ionic strengths are known to influence motor microtubule interactions [107]. To ex-

plore the effect of ionic strength on Eg5 motility, we used in vitro single-molecule fluor-

escence motility assays to directly study Eg5-GFP motility on individual microtubules

under various buffer conditions. We found that in buffers with relatively low ionic

strength (below 100 mM potassium in total) motors clearly moved unidirectionally to-

wards one end of the microtubule with a speed of about 10-15 nm s−1, as observed

before [88] (Fig. 6.1A,B). To our surprise, after increasing ionic strength (by addition

of 20-50 mM potassium chloride), the movement of Eg5-GFP was no longer directional.

Instead, motility appeared diffusive along the microtubule axis, as shown in the ky-

mograph (Fig 6.1C, D). Motors moved back and forth along the microtubule without

clear directionality. We tried different buffers and salts and found that a switch from

directional to diffusive behaviour could not only be triggered by changing the concen-

tration of PIPES buffer from 20 mM to 100 mM (Fig. 6.1A, C), but also by adding 40

mM potassium chloride to 70 mM PIPES (Fig. 6.1B, D). We then used 140 mM MOPS

(to maintain a buffering strength comparable to 70 mM PIPES) and found that the ad-

dition of ∼100 mM monovalent salt again resulted in one-dimensional diffusion along

the microtubule axis (data not shown). These results demonstrate that the motility of

Eg5 along microtubules strongly depends on ionic conditions.

To systematically explore the dependence of Eg5-GFP motility on ionic strength,

we kept the buffer concentration and pH constant (70 mM PIPES, pH 6.8) and added

increasing amounts of potassium chloride. 70 mM PIPES was used as the lowest con-

centration, because the buffer capacity at lower concentrations was not sufficient to

maintain a constant pH after adding the various other ingredients (e.g. Eg5-GFP, ATP

etc.). Motility events were recorded using single-molecule fluorescence microscopy. For

each buffer condition, over 60 trajectories of individual Eg5-GFP tetramers were then

extracted from the recordings and analyzed.

A common way to analyze stochastic motion of an object, the position of which

is recorded at regular time intervals, is to calculate the mean squared displacement

(MSD) for increasing time intervals [88, 114]. This method would present the linear

increase in positional variance typical for diffusive motion as a straight line, and, at the

same time, can reveal possible sub- or super-diffusive behavior. Super-diffusive motion

can be caused by a directional bias in the diffusion, but the same signature would also

show up for non-directional motion if the variance grows faster than linear with time.

In addition to calculating the mean squared displacement, one can also calculate the

mean displacement (MD) for increasing time intervals. For a purely diffusing object this

would always be zero. For motility with a directional bias, however, the directionality is



64 EG5 ACTIVATION

Figure 6.1: Eg5 motility on single microtubules depends strongly on buffer conditions. (A, C)

Kymographs of displacement of Eg5-GFP over time in the presence of 20 mM PIPES (A) and 100

mM PIPES (C). (B, D) Kymographs made in the presence of 70 mM PIPES (B) and 70 mM PIPES

plus 40 mM KCl (D). Scale bar: 1 µm.

preserved in the MD, while it is lost in the MSD analysis. At the same time, additional

diffusive motion would show up as a linear increase of the variance around the mean.

The MSD analyses of Eg5-GFP trajectories in 70 mM PIPES with varying salt con-

centrations added are shown in Figure 6.2. The diffusion constants and velocities as

obtained from linear fits to MD(τ) and var(MD(τ)) as well as from a second order poly-

nomial fit to MSD(τ) are summarized in Table 6.1. From these data it can be concluded

that upon addition of salt, Eg5-GFP’s motility changes from a combination of directional

motion and diffusion (below 20 mM KCl) to purely diffusive motion (40mM KCl and

higher). The diffusion constant clearly increases with salt from D = 0.63± 0.06× 103

nm2 s−1 at 0 mM KCl to D = 3.6± 0.3× 103 nm2 s−1 at 80 mM KCl (70 mM Pipes, pH

6.8). At the same time the velocity drops from ∼ 10 nm s−1 at low salt to zero at higher

salt concentrations. The diffusion constant at 0 mM additional KCl is still much higher

than what would be expected for a Poisson stepper with a step size of 8 nm, such as

Kinesin-1, and an average stepping time of 0.8 s, corresponding to the observed aver-

age speed of 10 nm s−1 : D ∼ 80 nm2 s−1 [132]. This indicates that, even at low salt,

during their runs, motors appear to switch between periods of processive directional

motion and periods of one-dimensional lattice diffusion [88]. Our data suggest that

this switching between diffusive and directional motion is modulated by ionic strength,

such that at high salt concentrations, full-length tetrameric Eg5 motility appears to be

only diffusive, without any measurable directionality.

To further characterize the diffusive state, we investigated motility in the presence
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Figure 6.2: Eg5-GFP motility switches from directional to diffusive upon increasing ionic

strength. (A-D) Mean displacement (MD) calculated from Eg5-GFP motility in the presence of

PEM70 plus 0, 20, 40 or 60 mM potassium chloride (KCl). Fits represent MD = vτ. (E-I) Mean

square displacement (MSD) calculated from Eg5-GFP motility in the presence ATP and ADP and

at the indicated ionic strengths. Fits represent M D = vτ and MSD =v2τ2 + 2Dτ+ offset for ATP

data and MSD = 2Dτ+ offset for the ADP data. For fitting the MSDADP-data at 80 mM KCl, only

the first 5 seconds of the traces were used. All obtained numerical values are shown in Table 1.

(J) Histograms of the duration of binding events for 0 mM KCl added and for 60 mM KCl added.

Lines show single exponential fits (exp(−t/tavg)) to the data (0 mM: tavg = 34± 3, N = 212. 60

mM: tavg = 162, N = 119).
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of ADP. In the presence of ATP, all four motor domains within an Eg5 tetramer can adopt

the various nucleotide states. It is likely that the nucleotide states of these domains

correlate in some way with the motility mode of the motor. Performing the experiment

in the presence of only ADP limits the possible nucleotide state of the heads to two

(ADP or rigor). Previously, we have shown that the diffusive interaction of Eg5 with

microtubules does not require ATP-hydrolysis, because diffusive motility could also be

observed in the presence of ADP [88]. We therefore studied Eg5 motility in the presence

of ADP for various salt concentrations. We found that the dependence of the diffusion

constant on ionic strength was very similar to that in the presence of ATP; it increased

about 4-fold, from ∼ 1000 nm2 s−1 at 0 KCl to ∼ 800 nm2 s−1 in the presence of 60 mM

KCl (Fig. 6.2B, D, F, H, I and Table 6.1).

Interestingly, we have previously found a remarkably similar increase of the diffu-

sion constant in the presence of ADP upon addition of 100 µM Monastrol, an allosteric

inhibitor of Eg5, which may reflect a common mechanism [88]. Monastrol was also

found to decrease the average duration of binding events in the presence of ATP ap-

proximately 2-3 fold, indicating that the non-localized diffusive state was also a more

weakly bound state. To further compare the effect of monastrol and increased ionic

strength, we measured the average duration of motile events both at low and high salt

concentrations and found that it decreased from 34± 3 seconds with no KCl added to

16±2 seconds in the presence of an additional 60 mM KCl (Fig. 6.3J), again comparable

to the effect of Monastrol.

Eg5 moves directional on microtubule bundles at high ionic strength

We have shown in Chapter 4 that Eg5 can crosslink two microtubules and drive their

relative movement by moving towards both plus-ends in an ATP-dependent manner

even at high ionic strength [76]. This appears to be inconsistent with the behaviour of

Eg5-GFP observed here. A possible explanation for this discrepancy is that the inter-

action of individual Eg5-motors with two microtubules, one bound to each end of the

bipolar tetramer, enhances directional motion. Therefore, we next examined the mo-

tion of Eg5-GFP on bundles of microtubules (axonemes) which might allow individual

Eg5 molecules to interact with more than one microtubule at the same time (Fig. ref-

fig:switching3B). On axonemes, single Eg5 motors made directional runs of several mi-

crons, even at salt concentrations (PEM 70, 60 mM KCl added) at which Eg5’s motility

on single microtubules was purely diffusive (Fig. 6.3A). From MD and MSD analyses of

these runs we found that the mean displacement grew linearly with time with a slope

of 23 nm s−1 (Fig. 6.3C), whereas the MSD is best described by diffusion with drift with

v = 26 nm s−1 and D = 1.7± 0.3× 103 nm2 s−1 (Fig. 6.3D, Table 6.1. To confirm that

the directional component of Eg5 motion on microtubules is ATP-dependent, we exam-

ined Eg5 motility on axonemes in the presence of ADP. As on single microtubules, the

motion was diffusive without bias (Fig. 6.3D, D = 1.3± 0.1× 103 nm2 s−1). This indi-
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cates that the motility of Eg5 on microtubule bundles has an ATP-dependent directional

component in addition to 1D-diffusion, even at a high ionic strength.

Figure 6.3: Eg5 motility at high ionic strength is directional on microtubule bundles (axonemes).

(A) Kymographs of Eg5-GFP motility over time on an axoneme in the presence of ATP. (B) A pos-

sible microtubule interaction geometry of Eg5 on microtubule bundles. (C) Mean displacement

(MD) calculated from motility recordings in the presence of ATP. Fit represents MD = vτ (v = 23

nm s−1). ( D) Mean square displacement (MSD) calculated from different motility recordings in

the presence of ATP (black) or ADP (red). Fit for ATP represents MSD= v2τ2+ 2Dτ (v = 26 nm

s−1, D = 1.8× 103 nm2 s−1). Fit for ADP represents MSD= 2Dτ(D= 1.3× 103 nm2 s−1).

Eg5 can switch from diffusive to directional upon binding a second

microtubule

To directly test whether Eg5 switches gears upon binding a second microtubule, we used

Eg5-GFP in a microtubule-microtubule sliding assay (Chapter 4. Microtubules were

attached to the glass surface, which was subsequently blocked against further protein

binding. Both Eg5-GFP and additional microtubules were then added in a buffer with a

high ionic strength (70 mM PIPES + 60 mM KCl, occasionally 80 mM PIPES prepared

from the basic form, see Methods). As observed before, Eg5 diffused along individual
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microtubules without observable bias. Microtubules out of solution occasionally became

cross linked by Eg5 to an immobilized microtubule and were then moved by the motor

along the stationary microtubule. Imaging the GFP-tagged Eg5 and the fluorescently

labeled microtubules allowed us to simultaneously observe the motility of the motor

proteins and the microtubules.

Figure 6.44 A and B shows two examples of microtubules sliding relative to each

other with individual motors imaged in between. In the microtubule overlap region sev-

eral motor trajectories with a clearly directional character can be distinguished (Fig. 6.4A,

B, lower panels), whereas Eg5 motility on the individual microtubules outside of the

overlap region remained diffusive. The directionally moving Eg5 molecules in the re-

gion where the two microtubules overlap could be motors that are freely diffusing on

the sliding microtubule and are transported with it, which would make them appear to

move processively. On average, however, the single motor speed in the overlap region

was lower (∼ 24 nm s−1 in Fig. 6.4A and ∼ 13 nm s−1 in Fig. 6.4B) than the micro-

tubule gliding speed (35 nm s−1 and 28 nm s−1, respectively). From seven different

events of relative sliding where single motor motility could be discerned, we found the

ratio between motor speed and microtubule speed to be 0.6 (± 0.1, s.d.). This suggests,

as observed before (Chapter 4, [76]), that microtubule gliding is driven by the simul-

taneous directional movement of Eg5 on both crosslinked microtubules. In contrast to

the earlier experiments, individual moving motors were now visible moving at half the

microtubule speed confirming the model. The fact that the motors only moved direc-

tionally between microtubules could indicate that Eg5 only gets activated after binding

to a second microtubule.

To further test the hypothesis that the observed directionality in the overlap region

reflects an activation of individual motors to processive motion, rather than passive

translocation on the gliding microtubule, we quantitated the diffusive component of

these traces. If the majority of motors were diffusing on top of the translocated micro-

tubule, they should exhibit a high speed and a high diffusion constant, whereas acti-

vated motors are expected to move at half the microtubule speed with a relatively low

diffusion constant. We therefore traced with high resolution several single molecules of

Eg5 between microtubules and compared them with motors outside the overlap region,

either on the surface-attached microtubules or on the overhanging end of the moving

microtubule (see Fig. 6.4C). The relatively high number of motors in the overlap zone

precluded high-resolution tracing in most cases, but it could be done acceptably in two

events of relative sliding. Fig. 6.4D shows the mean displacements calculated for mo-

tors from these events (geometries 2 and 3). The graph shows that motors on the

overhanging end moved at speeds similar to that of the microtubule and were therefore

not actively moving themselves, whereas the average speed in the overlap region was

a factor of two lower. Calculation of the variances around these mean displacements

revealed that the diffusion constant differed as well between these two populations.

Diffusion of motors at the overhanging end (2.5± 0.4× 103 nm2 s−1) was comparable
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Figure 6.4: Eg5-GFP motility switches from diffusive to directional upon binding to a second

microtubule. (A-B) Upper kymographs show sliding of a microtubule relative to a surface-

attached microtubule at 35 nm s−1 (A) and 28 nm s−1 (B). Below, corresponding kymographs

of Eg5-GFP show directional runs ( 25 nm s−1 (B) and 13 nm s−1 (C)) between two overlapping

microtubules and diffusive motility in regions without overlap. The overlap region is indicated

in red in the Eg5-kymographs. (C) Cartoon illustrating three different microtubule interaction

geometries of the Eg5 motors: 1. Eg5 diffuses on a single surface-attached microtubule, 2. Eg5

moves directionally between two microtubules, 3. Eg5 diffuses on the sliding microtubules and

moves along with it at twice the single motor speed. (D-E) Quantitation of Eg5 motility during

relative sliding. (D) Mean displacements calculated from Eg5 traces in geometries 2 and 3 (see

sketch in C) and compared to results from single microtubules (geometry 1, Figure 2). Fits repre-

sent MD = vτ, v2 = 25± 1 nm s−1, v3 = 52± 2 nm s−1). (E) Variance of the mean displacements

calculated in Fig. 6.4D. Fits represent varMD = 2Dτ with D = 3.3± 0.1× 103 nm2 s−1 for geom-

etry 1, D = 1.0±0.1×103 nm2 s−1 for geometry 2 and D = 2.5±0.4×103 nm2 s−1 for geometry

3. Scale bars, 2 µm.
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ATP ADP

MD MSD MSD

v D N v D N D N

(nm s−1) (×103 nm2 s−1) (nm s−1) (×103 nm2 s−1) (×103 nm2 s−1)

0 mM 8.9±0.1 0.67±0.02 77 9.1±0.6 0.63±0.06 77 1.06±0.06 72

20 mM 10.1±0.3 1.34±0.04 62 11±1 1.2±0.2 62 1.18±0.06 66

40 mM 0.0±0.4 2.38±0.07 50 0±3×104 2.6±0.2 81 3.3±0.1 60

60 mM 0.3±0.6 3.3±0.1 48 0±1×106 3.8±0.3 123 3.8±0.2 103

80 mM ND ND - 3±8 3.6±0.3 60 3.3±0.3* 90

Axonemes 23.0±0.4 2.39±0.07 42 26.0±1.3 1.8±0.3 42 1.29±0.09 54

Rel.sliding

overhang 52±2 2.5±0.4 10 ND ND - ND -

Rel.sliding

overlap 25±1 1.0±0.1 9 ND ND - ND -

Table 6.1: Summary of the obtained values for the speed and diffusion constant at the indicated

conditions. *Fit to first 5 seconds.

to that on single surface-attached microtubules (3.3± 0.1× 103 nm2 s−1), whereas the

diffusive component in the overlap region was much lower (1.0± 0.1× 103 nm2 s−1).

These results indicate that Eg5 can switch from diffusive motility to directional motility

upon binding to a second microtubule.

6.3 Discussion

We have shown that Eg5 maintains a subtle balance between directional motion and dif-

fusion, sensitive to both ionic conditions and the geometry of microtubule interactions.

What mediates the diffusive interaction and what is the cause of switching towards di-

rectionality? Recent experiments exploring the motility of dimeric human Eg5 using

optical tweezers have revealed that these truncated motor constructs are only capable

of very short processive runs [147]. In the presence of 200 mM NaCl, dimeric Eg5 was

observed to make on average only 8 steps of 8 nanometers. No diffusive motility was

reported, which could indicate that the diffusion we observed for full-length, tetrameric

Eg5 is mediated by additional microtubule-binding regions outside the motor domain

not present in the truncated dimeric construct. Recent work has provided evidence for

such additional, passive microtubule binding sites for the Drosophila Kinesin-5 KLP61F

by examining a series of tetrameric mutants [134]. This revealed that tetrameric con-

structs lacking the motor domains are still capable of crosslinking microtubules [134].

For the full-length motor that we have used in our assays, both active and passive

binding sites are present and the observed mixture of directional and diffusive motion

depends on the relative occurrence and duration of processive periods versus diffusive

binding. Since we did not resolve directional motion for full-length Eg5 at high ionic

strength, we can conclude that in these conditions the diffusive interaction largely dom-
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Figure 6.5: Graph summarizing Eg5 behavior in various conditions. The diffusive component

of Eg5 motility increases with increasing salt concentrations, making the molecule increasingly

inactive, i.e. less directional. At low salt concentrations this effect can also be established by

adding monastrol [88], whereas at high salt motility can be activated (i.e. become directional)

by allowing interactions with more than one microtubule.

inates over the processive mode. It is not unlike that in absence of regulation from the

distal catalytic domains, a dimeric motor construct behaves differently. Further work

would require examining the motility of tetrameric Eg5 constructs lacking either the

directional or diffusive microtubule binding side.

A somewhat different combination of passive diffusive binding and active ATP-driven

transport has been reported for certain monomeric Kinesin-3 (KIF1A) constructs [106,

107]. These motors contain a unique microtubule-binding K-loop which is thought

to maintain non-localized microtubule attachment while at the same time the other

binding site cycles from strongly bound to weakly bound during ATP-hydrolysis. The

result is unbiased (K-loop mediated) diffusion in the presence of ADP, which becomes

biased towards the plus end in the presence of ATP-dependent unidirectional power

strokes [107]. In this case, however, there was no evidence of any regulatory process

controlling these binding modes.

We observed that an increase of ionic strength, as well as the addition of monastrol,

resulted in a decrease in directionality of Eg5 and a concomitant increase of diffu-

sion. It is tempting to speculate that multimeric Eg5 can diffuse along the microtubule

only if both motor domains at the attached end of the tetramer have an ADP molecule

bound. ADP-release by one head would promote a strongly bound state until a new

ADP molecule binds, and the result would be an effective diffusion constant reflecting
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the alternation between weakly and strongly bound state. The effects of increasing salt

or monastrol can the be explained if both conditions slow down ADP-release, thereby

promoting an ADP-ADP state. Indeed, kinetic studies on Eg5-inhibition indicate that

monastrol stabilizes the ADP bound state [23, 34]. In addition, a strong decrease in

microtubule-stimulated ATPase activity at increased ionic strength has been reported

for a monomeric construct of human Eg5 [34]. Furthermore, several kinetic studies

on conventional Kinesin-1 have also explored the effect of increased ionic strength and

found that the affinity for microtubules is reduced, leaving the motor longer in an ADP-

bound state [21, 52]. ADP-release thus appears as a potential actuator candidate in the

regulatory pathway of Eg5 motility.

We have furthermore shown that bipolar binding of microtubules by Eg5 can also

alter the balance between diffusive and directional motion. The question remains how

the signal gets transmitted from one end of the molecule to the other end. It is difficult

to visualize how a conformational change could be transmitted through the α-helical

coiled-coil of the tetrameric stalk. A possible mechanism might be one that employs

relative sliding of the coils. Alternatively, one could envision an entropic mechanism

that could generate allosteric effects without large conformational changes [25]. Con-

straining protein conformations by anchoring specific sites affects the intramolecular

thermal fluctuations, the consequences of which can be felt far away from the anchoring

point [57, 113]. Such mechanisms have been hypothesized to play a role in molecular

motors [14, 58]. For Eg5, one could imagine that changes in the thermal motions of

the distal catalytic domains are transmitted to fluctuations in the stalk which, in turn,

control the balance between diffusive modes and processive bursts in the proximal do-

mains. Such a mechanism could also explain why surface-immobilized Eg5 can drive

microtubule gliding even at high ionic strength. Further experimental work exploring

full-length Eg5 using optical tweezers to apply well-controlled loads are needed to fur-

ther explore how a mechanical signal on one end of the molecule can switch the motility

of tetrameric Eg5.

Potential role of diffusive interactions

Unbiased diffusive motility on single microtubules, as we have observed for Eg5, has

been reported previously for other kinesin constructs (for Kinesin-3, see above). Single-

molecule studies of the microtubule-depolymerizing kinesin MCAK (Kinesin-13) have

shown that this motor diffuses along microtubules with a diffusion constant of 3.8×105

nm2 s−1 [59]. These motors are thought to use lattice diffusion to efficiently target both

ends of the microtubule, but, in contrast to Eg5, they have not been shown to be ca-

pable of directional motility. In addition, diffusive modes have been found for various

directional motors, including the dynein-dynactin complex, where a diffusive interac-

tion enhances processivity by promoting the interaction with the microtubule [146, 31].

Our results provide evidence for a functional specialization of Eg5 that seems so far
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unique among the kinesins, namely the capability to switch between different modes of

motion on microtubules in response to binding another microtubule (Figure 6.5). For

a tetrameric motor designed to slide microtubules apart, this is exactly what is needed

to prevent futile ATP hydrolysis not only when there is no microtubule bound, but also

when there is only one microtubule bound. Our data suggest that ATP-dependent di-

rectional motility is suppressed when Eg5 interacts with only one microtubule, thus in-

creasing motor efficiency by avoiding futile ATP hydrolysis while remaining microtubule-

associated. Non-specifically attaching to (single) microtubules at the same time en-

hances the chance of crosslinking to another microtubule. These findings provide a

further step towards understanding the complex regulatory machinery at work in the

mitotic spindle during cell division.

6.4 Material and methods

Protein constructs

A recombinant full-length Xenopus laevis Eg5-GFP construct was expressed and purified

as described previously [88]. Axonemes (from sea urchin sperm) and Cy5-labeled tubu-

lin (from porcine brain) were prepared following published procedures [49, 68, 76].

Motility assays

Single-molecule experiments were performed at 21˚C using a custom-built widefield

microscope described in Chapter 3 (100x Nikon S-Fluor objective (NA=1.3), [76]),

but modified for GFP detection by addition of a 488 nm excitation laser (Sapphire

488-20, Coherent) and appropriate filters (dichroic mirror Z488RDC/532/633RPC and

bandpass filter HQ525/50M, Chroma). For simultaneous observation of GFP and Cy5,

emission light was first filtered with a triple bandpass (Z488/532/633M, Chroma), then

separated with a dichroic (565DCXR, Chroma) and finally redirected onto the tube

lens at slightly different angles, resulting in two separate images on the camera chip

(Micromax, Roper Scientific). All data was taken with continuous excitation (20-30 W

cm2) and a one-second integration time, unless stated otherwise.

Cover slips were cleaned by ultra-sonication in ∼0.2 M potassium hydroxide, fol-

lowed by three rounds of ultra-sonication in ultrapure water. Coverslips were rendered

positively charged by amino-silanization with DETA (3-[2-(2-aminoethylamino)ethyl-

amino]propyl-trimethoxysilane, Aldrich). In some experiments, coating with poly-l-

lysine (Aldrich) was used for the same purpose. Sample chambers were first incubated

with Cy5-labeled microtubules (in some experiments rhodamine-labeled, Fig. 6.4B) or

axonemes for 10 minutes, followed by 5-10 minutes incubation with 0.2 mg ml−1 ca-

sein. Finally, chambers were perfused with motors (60 pM) in motility buffer. For
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relative sliding experiments, the number of surface-attached microtubules and the mo-

tor concentration were increased ∼3-fold to enhance landing rates of free microtubules

that were added to the motility buffer.

Motility buffer

In most case, PIPES was used as buffering agent. This buffer has two acid groups

and buffering at the pK (6.8) requires an equimolar amount of HPIPES− and PIPES2−.

Buffering 70 mM of the acid form of PIPES (H2PIPES) requires the addition of 105

mM KOH, while buffering the basic form (K2PIPES) requires the addition of 35 mM

HCl. However, in the latter case, 140 mM K+ is also present. Consistently, additional

experiments with buffer made from the basic form (80 mM K2PIPES, 160 mM K+ in

total) yielded results similar to those reported here in the presence of an additional

60/80 mM KCl. MOPS has a pK of 7.2 and the pH was set to 6.8. This means that

approximately 40 mM KOH was added to 140 mM MOPS to set the pH. Therefore, more

salt had to be added to observe diffusive motility. In addition to the variable amount

of potassium chloride, the motility buffers contained 1 mM EGTA, 3 mM MgCl2, 2 mM

ATP or ADP, 14 mM DTT, 10 µM paclitaxel, 25 mM glucose, 20 µg/ml glucose oxidase,

35 µg/ml catalase.

Data analysis

Motility data were acquired using Winview (Roper Scientific) and were analyzed with

custom-written routines in LabVIEW (National Instruments). The x-y-coordinates of

moving spots were determined by fitting a 2D-Gaussian to the observed intensity profile

in each frame. The microtubule position was determined from fitting a straight line to

all the motor coordinates of a run. The motor coordinates were then transformed into

coordinates along and perpendicular to the microtubule by projection.

The MSD, diffusion constant and speed were determined as described [88]. For

the calculation of the mean displacement (MD), the squaring of displacements was

omitted. For the calculation of D from the variance of the mean displacement, the

standard error of the variance was used as error bar [135]. At high ionic strengths, the

microtubule orientation could not be obtained from the directionality of the motors,

but could, for some microtubules, be inferred from obvious motor aggregates (high

fluorescence intensity) that still moved directionally (∼4% of total events, intensity at

least four times that of single motors)
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Chapter 7

Microtubule-driven

multimerization recruits Ase1

towards microtubule overlap

zones

Polarity-specific microtubule organization is important both during cell divi-

sion and interphase. Bipolar microtubule-dependent motor proteins such as

Eg5 and passive microtubule bundling proteins such as Ase1 play important

roles in such processes. Ase1 has been shown to preferentially crosslink anti-

parallel microtubules and localizes to the zones where microtubules overlap

with remarkable prevalence. Here we show that this localization to the over-

lap zone depends on the capability of Ase1 dimers to form multimers on the

microtubule lattice. We find that single dimers diffuse along the microtubule

lattice, but can form multimers when concentrated enough. At intermediate

concentrations, Ase1 multimerization is restricted to regions of microtubule

overlap. These findings reveal a powerful cooperative mechanism that facili-

tates the efficient targeting of Ase1.

7.1 Introduction

The active organization of the microtubule cytoskeleton is important throughout the cell

cycle, in particular during mitosis when the mitotic spindle is formed. A large variety

of proteins has been found that interact with microtubules to affect their polymeriza-

tion dynamics or arrange their relative orientations. Eg5 is a bipolar kinesin that can

77
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crosslink both parallel and anti-parallel microtubules and is capable of generating bun-

dles of uniform polarity by specifically sliding apart microtubules that are anti-parallel

(Chapter 4 [76]). In contrast, recent work has revealed that the passive microtubule

bundling protein Ase1 preferentially crosslinks anti-parallel microtubules [71]. It has

been shown that Ase1 specifically localizes with high afinity to regions where micro-

tubule overlap, but a satisfying explanation for this has remained elusive. In this study,

we address this question using controlled in vitro assays and high-resolution imaging

to study the dynamics of individual Ase1-GFP molecules on individual and bundled

microtubules.

7.2 Results

We first examined the oligomeric state of Ase1-GFP in our assays using quantitative

photo-bleaching. The Ase1:GFP stochiometry in the fusion construct is fixed and can

be used to determine the number of motor domains by counting the number of fluo-

rophores. Fluorophores photobleach abruptly after illumination for some time [110].

Intensity times traces recorded for Ase1-GFP adsorped to the coverslip surface often

revealed two of such sudden drops in intensity, indicating that these spots correspond

to dimers of Ase1-GFP (Figure 7.1B, Inset). However, the intensity of GFP fluctuates

due to blinking, which precludes unambiguous detection of all bleaching steps. For

additional quantification of the number of Ase1-GFP’s per fluorescent spot, the initial

intensity of all spots was compared to the intensity drops of evident bleaching steps.

Figure 7.1B-D shows histograms of this analysis, indicating that the average intensity

drop due to bleaching of a single GFP is 193± 20 (s.e.m), while the average initial in-

tensity of a fluorescent spot is about twice (1.8±0.2) as high: 351±19 (s.e.m.). These

data indicate that Ase1-GFP is predominantly dimeric under our assay conditions.

To explore the interaction of dimeric Ase1 with individual microtubules, we used an

in vitro assay in which biotin-labeled microtubules were specifically attached to the cov-

erslip surface, which was subsequently covered with a polymer brush to prevent further

protein binding [76]. Finally, Ase1 molecules were washed into the sample chamber at

a low concentration (50 ng ml−1) and allowed to interact with the microtubules. Us-

ing this assay, we observed fluorescent spots binding from solution to the microtubule

and subsequently scanning the microtubule lattice by one-dimensional diffusion (Fig-

ure 7.1A). The average intensity of the diffusing spots was 410 ± 18 (Figure 7.1D),

indicating that they are due to individual Ase1-GFP dimers.

In a diffusive process, random interactions drive particles away from their initial

position without preferred direction. As a result, the particles spread out over a dis-

tance that increases with the square root of time, but on average they do not move

in any specific direction. To quantify such stochastic motion, the mean squared dis-

placement (MSD) can be calculated for increasing time intervals [114]. For unbiased
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Figure 7.1: Ase1 dimers diffuse along single microtubules. (A) Frames form a time-lapse record-

ing showing Ase1-GFP diffusing along a microtubule. Scale bar: 2 µm. (B) Distribution of indi-

vidual bleaching steps in Ase1-GFP. Average intensity of a single GFP is 193±20 (s.e.m, N = 40).

Inset shows representative bleaching traces. (C) Distribution of the initial intensities of surface

immobilized Ase1-GFP. Average intensity is 351± 19 (s.e.m, N = 41). (D) Distribution of the ini-

tial intensities of microtubule bound Ase1-GFP. Average intensity is 410±18 (s.e.m, N = 52). (E)

Eight representative single-molecule trajectories. (F) Mean squared displacement (MSD) calcu-

lated from 54 Ase1 trajectories. Fit represents MD= 2Dτ+ offset, with D = 5.5±0.5·104 nm2 s−1

(G) Fraction of motile Ase1-GFP still visibly attached at time t . Line shows single exponential fit,

tav = 11± 2 seconds.

diffusion, the MSD increases linearly with time as MSD = 2Dτ, with D the diffusion

constant. We tracked individual Ase1-GFP dimers diffusing on a microtubule using a

high-resolution tracking algorithm, calculated the MSD (Figure 7.1E,F), and obtained a

diffusion constant of 5.5± 0.5 · 104 nm2 s−1. We also measured that the average time

that indivual spots interacted with a microtubule was 11± 2 seconds. This is a lower

limit of the interaction time, since under the excitation condition required to visualize

the rapid Ase1-motility, a large fraction of the events is terminated before dissociation
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due to photo bleaching. Nevertheless, these results demonstrate that Ase1 dimers can

interact for more than 10 seconds with an individual microtubule and scan its lattice by

one-dimensional diffusion.

Occasionally, we observed two Ase1 dimers colliding and subsequently remaining

connected for a while. To further explore this observation, we repeated the experi-

ment at higher Ase1 concentrations and found that bright, immobile spots covered the

microtubules (Figure 7.2A). We determined that the average intensity of these spots

was ∼ 18 times that of a dimer. These results suggest that Ase1 can form immobile

multimers on individual microtubules (Figure 7.2B). To test the possibility that these

multimers had formed in solution before attaching to a microtubule, we inspected the

assay mix in sample chambers whose surfaces were not treated to avoid non-specific

protein binding and without microtubules. In these experiments, Ase1 bound to the

glass surface. Within our experimental range of Ase1 concentrations, the fluorescent

spots on the glass surface had similar intensities and a concentration-dependent aggre-

gation was not apparent. These results suggest that, under our experimental conditions,

Ase1 forms multimers only when attached to a microtubule, revealing that Ase1 can be

stably docked onto the microtubule lattice by microtubule-driven multimerization.

To explore the formation of these structures, we tried to visualize the addition of new

dimers. To this end, it was convenient that the intensity of the multimers was largely

reduced due to photobleaching during the typical recording times of several minutes.

This allowed for the observation of the landing of indivual dimers from solution, without

them being drowned in the much larger signal of multimers. We found that, at high

concentration of Ase1 (500 ng ml−1), dimers directly bound from solution to a multimer

(Figure 7.2C). At lower concentrations (< 200 ng ml−1), less multimers formed and we

observed many individual dimers that landed from the solution onto a microtubule,

diffused along its lattice and became incorporated in a multimer after running into

it (Figure 7.2D, E). In some cases we observed a dimer releasing from a multimer,

followed by diffusion of the liberated dimer along the microtubule (Figure 7.2E). These

results demonstrate that the microtubule-driven multimerization of Ase1 dimers is a

dynamic process with continuous addition (and removal) of subunits.

We next set out to explore the dynamics of Ase1 when cross linking two micro-

tubules. First, we determined the polarity preference of Ase1 under our buffer con-

ditions by mixing Ase1 with polarity-marked microtubules, followed by deposition a

microtubule-binding surface [71]. From these experiments, we found that the number

of anti-parallel pairs was three times higher than the number of parallel pairs (data

not shown). However, in such assays no precautions are taken to prevent Ase1 from

interacting with the surface, which precludes to study Ase1 dynamics. To overcome

this problem, we used our single microtubule assay (Figures 7.1 and 7.2), but sup-

plemented the assay mix with a small number of non-biotinylated microtubules (Fig-

ure 7.3A). These microtubules could not bind to the coverslip surfaces unless cross

linked by Ase1 to a surface-immobilized microtubule. Using this assay, many micro-
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Figure 7.2: Ase1 can multimerize on the microtubules lattice. (A) Video frames showing micro-

tubules decorated with Ase1 multimers. (B) Intensity distribution of Ase1 multimers, normalized

by the intensity of Ase1-dimers. Average intensity is 6.3±1.3·103 (s.e.m., N= 50), corresponding

to 18 Ase1 dimers. (C) Kymograph of a microtubule incubated with Ase1 at a high concentration

(500 ng ml−1). (D) Kymograph of a microtubule at lower concentration of Ase1 (150 ng ml−1).

(E) Five examples of binding or release from multimers. Scale bars: 2 µm.

tubule pairs were observed on the coverslip surfaces and the distribution and dynamics

of Ase1-GFP could be imaged. At high Ase1-concentrations, Ase1 multimers were ob-

served both bound to individual microtubules and cross-linked pairs. Interestingly, at
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lower Ase1 concentrations with only few multimers on single microtubules (150 ng

ml−1), many more multimers were observed on cross-linked microtubule pairs (Fig-

ure 7.3B-D), indicating that the additional number of lattice-diffusing Ase1 supplied

by the second microtubule and the altered interaction geometry enhance the chance

that Ase1 molecules form multimers. These results demonstrate that, at intermediate

concentrations of Ase1, concentration-dependent multimerization facilitates the specific

targeting of these crosslinkers to the overlap zone.

Figure 7.3: Ase1 can specifically multimerize between two microtubules. (A) Sketch of the in

vitro assay used to examine Ase1 dynamics on single microtubules and between two microtubules.

(B) Video frame showing two microtubules partially joined together. (C) Video frame of the Ase1

distribution corresponding to the situation in B. (D) Kymograph showing the dynamics of Ase1

multimers between two microtubules.

One could imagine that the two microtubule-binding domains in an Ase1 dimer are

arranged in such a way that they cannot simultaneously interact with two microtubules

and that higher-order multimerization is required for microtubule cross linking. To test

this possibility, we attempted to crosslink microtubules at very low concentrations of

Ase1 and did find many cases with only a small number of independent dimers hold-

ing two microtubules together. For microtubules tethered in this way did we did not

observe translational motility, indicating that multimers are not required to crosslink

microtubules. We further hypothesized that Ase1 multimers are required to guarantee



ASE1 DYNAMICS 83

preferential anti-parallel crosslinking (Figure 7.5C). Unfortunately, in our experiments

where individual Ase1 dimers and not multimers mediate crosslinking, most micro-

tubules did not have clear polarity marks, precluding determination of the polarity

preference at this time.

Figure 7.4: Microtubule crosslinking slows down Ase1 diffusion. (A) Kymograph showing the

motility of single Ase1 dimers between two microtubules (see arrow for location of the second

microtubule). (B) Traces from Ase1 dimers on a single microtubules (same as Figure 1E), shown

for reference. (C) Five representative traces of dimeric Ase1 motility in the microtubule over-

lap zone. (D) Distributions of instantaneous diffusion constants quantified for either all traces

(white), traces on individual microtubules (dark grey, average value is 5.2± 0.2 · 104 nm2 s−1),

or traces from microtubule overlap zones (light grey, average value is 8.9± 0.5 · 103 nm2 s−1).

Interestingly, the diffusion of individual Ase1 dimers in the overlap zone of two

microtubules often appeared to be less rapid than on a single microtubule (Figure 7.4A).

Indeed, motility time traces of mobile dimers in overlap regions diverged less than traces

of Ase1 dimers on individual microtubules (Figure 7.4B and C). In the overlap region

we determined that the diffusion constant was 1.0± 0.1 · 104 nm2 s−1, more than five

times lower than the diffusion on single microtubule. However, in this analysis also

Ase1 dimers that move faster on just one of the two overlapping microtubules, are

taken into account, potentially leading to an underestimate of the difference in mo-
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bility. Therefore, we calculated an approximately ’instantaneous’ diffusion constant by

calculating the MSD within a short moving window of time. When calculated for many

time traces, one can obtain a histogram of diffusion constants, characterizing the motil-

ity at different times for different dimers. This procedure was first performed for all

traces (Figure 7.4D, white bars), then only for the traces of Ase1 on individual micro-

tubules (Figure 7.4D, dark grey bars) and finally for all traces in the overlap zone (Fig-

ure 7.4D, light grey bars). This analysis confirmed the existence of two motility regimes

for individual Ase1-dimers, one of which correlates well with the fast motility on indi-

vidual microtubules (average ’instantaneous’ diffusion constant on single microtubules

of 5.2± 0.2 · 104 nm2 s−1 compared with overall diffusion constant of 5.5± 0.5 · 104

nm2 s−1). It also illustrates that in the overlap zone, Ase-1 dimers exhibit both fast and

slow diffusion, in such a way that while the average ’instantaneous’ diffusion constant

in overlap zone is 8.9± 0.5 · 103 nm2 s−1, the slow mode has a diffusion constant of

∼ 3.5 · 103 nm2 s−1, almost 15 times slower than the fast diffusion observed on single

microtubules. These results demonstrate that the mobility of Ase1 dimers is strongly

decreased in the presence of a second microtubule.

Figure 7.5: Models for Ase1 diffusion and multimerization (A) Diffusion mediated by non-

localized binding of individual binding domains. (B) Diffusion mediated by alternating binding

of two binding domains. (C) Multimerization might enhance polarity preference.

7.3 Discussion

We have shown that single Ase1 dimers can diffuse along the lattice of individual micro-

tubules. One-dimensional diffusion along the microtubule lattice has been reported

previously for a number of kinesin motor proteins (Chapter 2). In all these cases, the

diffusion is believed to be mediated not by the conserved ATP-dependent microtubule

binding site in the motor domain, but by additional passive binding modes.
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Free proteins dissolved in water diffuse with a diffusion constant of ∼ 107 − 108

nm2 s−1 (depending on their size). Within the camera exposure time we used in our

experiments, 1 s, they scan too large a volume to be detected over background signals.

We could detect individual Ase1 dimers diffusing along the microtubule lattice because

the dimensionality of diffusion was reduced and the diffusion constant was reduced 3-4

orders of magnitude by the interaction with the microtubule.

For a protein with two microtubule binding sites like Ase1, two complementary dif-

fusion mechanisms can be envisioned (Figure 7.5). In the first place, the interaction

between individual binding domains and the microtubule might be non-localized, i.e.

the interaction potential is such that the protein feels an attractive interaction with the

microtubule surface that is effectively smeared out, keeping the protein close to the

surface but allowing the protein to ’slide’ along it. Microtubules contain long, flexible

negatively charged loops (the so-called E-hooks), which are believed to interact attrac-

tively and in a non-localized way with certain kinesins that posses specific positively

charged loops, such as Kinesin-3 and Kinesin-13 [106, 59].

Second, proteins that have multiple microtubule binding domains can interact with

different microtubule sites at the same time, possibly spaced apart tens of nanometers.

Attachment at a second site followed by the release at the first will let the protein ’hop’

to a new location without full detachment [92]. The total attachment time of proteins

with two domains that can simultaneously interact with a microtubule is expected to

be substantially longer than that of a single domain. Fluorescence recovery after photo-

bleaching (FRAP) studies of monomeric Ase1-GFP overexpressed in yeast cells yielded

an average binding time of monomeric Ase1-GFP to microtubules of only 0.6 s [71],

which is much lower than the more that 11 seconds we observed for full-length dimeric

Ase1 (Figure 7.1). This indicates that both microtubule-binding domains of dimeric

Ase1 can at the same time interact with a single microtubule, in this way enhancing the

total binding time.

In our experiments, we observed a 15-fold decrease of the diffusion constants of

Ase1-GFP diffusing between two cross-linked microtubules as compared to those on a

single microtubule. It is difficult to explain this observation if only ’sliding’ contributes

to the diffusion, since the mobility of a complex would not be expected to change much

when its two domains bind to two different microtubules instead of to the same. The

presence of a second microtubule does, however, increase the number of available bind-

ing sites per unit length and is likely to decrease the average axial distance spanned by

the two binding sites of Ase1 (Figure 5B). As a consequence, the diffusion constant that

can be achieved by hopping will decrease due to the lower average step size.

The hopping process (Figure 5B) can be treated as a random walk with a diffusion

constant depending on an average step size and average step time: D = (∆x)2/2∆t.

For a dimeric molecule like Ase1 a step consists of the release of one of the two binding

domains (with rate 2koff) followed by rebinding. Only in half of the cases this leads

to displacement since the domain can also rebind to the binding site it just detached
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from. Assuming that detachment of an individual binding domain is much slower than

its rebinding (in the case it is still tethered to the microtubule by the other binding

domain), the step time can be approximated by 1/2koff, yielding D = koff · (∆x)2. If the

koff of an individual domain is not affected by crosslinking, the observed difference in

diffusion constant indicates a fourfold decrease in the average step size. (with koff ∼
2− 20 s−1 and D = 5 · 104 nm2 s−1, ∆x = 160− 50 nm on a single microtubule and

40-12 nm between two microtubules (D = 3.5 · 103 nm2 s−1))

A striking, unanticipated effect that we observed is the microtubule-driven multi-

merization of Ase1-dimers. We found that this multimer formation is strongly Ase1-

concentration dependent and is substantially enhanced in the overlap zone of two

crosslinked microtubules. The Ase1 concentration could be tuned such that multimers

were numerous in regions of microtubule overlap but hardly formed on single micro-

tubules. In general, the nucleation of polymeric protein structures such as filamen-

tous actin, microtubules and RecA filaments is a cooperative process that depends in a

highly non-linear way on the concentration of free subunits. Such polymers often grow

by the incorporation of monomers with a concentration-dependent on-rate and shrink

by release of subunits with a concentration-independent off-rate, leading to a critical

concentration, koff/kon, below which stable filaments do not form.

Such a non-linear concentration dependence of multimer formation can explain that

an approximately twofold increase in Ase1-concentration as expected in a zone of micro-

tubule overlap is enough to trigger the formation of multimers, while on single micro-

tubules Ase1 remains dimeric. Moreover, not only the concentration of microtubule-

bound Ase1 is different in the overlap zone. For example, Ase1 dimers bridging two

microtubules have a different orientation (Figure 7.5), which might make them more

prone to interact with other Ase1’s and enhance the nucleation of multimers.

It thus appears that the highly cooperative formation of Ase1 multimers on the

microtubule lattice functions as a switching mechanism that specifically recruits Ase1

to regions of microtubule overlap. This explains the specific localization of Ase1 in the

overlap zone observed in earlier in vitro and in vivo experiments. It is likely that in the

mitotic spindle, many more of such critical processes are at play to facilitate the rapid

switching between transient structures that occur during cell division.

7.4 Material and methods

Protein constructs

A recombinant full-length Ase1-GFP construct was expressed and purified as described

previously [71]. (Biotinylated) microtubules were polymerized from a mixture of 0.1

µM Cy5-labeled tubulin, (0.8 µM biotin-labeled tubulin) and 10 µM unmodified tubu-

lin in the presence of 1 mM GpCpp (Jena Bioscience) and 2 mM DTT at 35˚C for 25
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minutes. To obtain polarity-marked microtubules, microtubules were further incubated

in the presence of a mixture of 0.4 µM NEM-tubulin, 0.1 µM rhodamine-labeled tubulin

and 0.4 µM unmodified tubulin for 30 minutes. After stabilization with 10 µM pacli-

taxel, microtubules were pelleted through a glycerol cushion (50% (v/v), airfuge at 25

psig) to remove free tubulin and subsequently resuspended.

Assays

Assays were performed at 21˚C using an epi-illuminated wide-field fluorescence micro-

scope as described in Chapter 3 [149], but modified to allow simultaneous imaging

of GFP emission, rhodamine emission and Cy5 emission as in Chapter 6. Excitation

light was coupled into the objective with a polychromatic dichroic mirror (Chroma

Z488RDC/532/633RPC) that allowed for combined excitation with a 633 nm laser,

a 532 nm laser and a 488 nm laser (all from Coherent). Emission was first short-

pass filtered by the polychromatic dichroic mirror, bandpass-filtered (Z488/532/633M,

Chroma), then separated into the three colors with two dichroic mirrors (565DCXR

and 645DCXR, Chroma) and imaged side by side on the CCD-camera (Micromax 512B,

Roper Scientific). The exposure time in all experiments was 1 second.

Hydrophobic sample chambers were assembled by joining dimethyl-dichlorosilane-

treated slides and cover slips using two layers of double-stick tape (∼150 µm inner

height). A chamber was first incubated with BSA-biotin in PEM80 (80 mM K2Pipes,

1 mM EGTA, 2 mM MgCl2, pH 6.8 with HCl), then washed with buffer, incubated

with streptavidin, washed with buffer, incubated with biotinilated microtubules for 5-10

minutes and futher blocked by incubation with amphiphilic copolymers (0.2 % (w/v)

Pluronic F108 (BASF) in PEM80).

Finally the chamber was filled with 6-12 µg ml−1 Ase1 in the imaging buffer; PEM80

supplemented with 4 mM DTT, 25 mM glucose, 20 µg ml−1 glucose oxidase, 35 µg ml−1

catalase, 10 µM paclitaxel and 0.2 % (w/v) Pluronic F108. For crosslink experiments,

non-biotinilated microtubules were added to this mixture. To prevent predominant

crosslinking in solution, the concentration of these microtubules was kept low.

To measure the polarity preference of Ase1, microtubules and Ase1 were mixed

in imaging buffer and washed into a sample chamber with microtubule-binding sur-

faces, obtained either by amino-silanization with DETA (3-[2-(2-aminoethylamino)-

ethylamino]propyl-trimethoxysilane, Aldrich) or by incubation with anti-tubulin anti-

bodies (Serotec) and subsequent blocking with 0.2 % (w/v) Pluronic F108.

Analysis

Motility traces were analyzed as described in Chapters 5 and 6. For the calculation of

the ’instantaneous’ MSD, traces were merged into one array and the MSD was calculated

for a sliding sub-array of size 10. Different window sizes yielded similar results.
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Epilogue

When I started doing research I was sometimes puzzled by the fact that so many labs

were competing to tackle similar questions using similar techniques. Were there only

so few questions left or were there just too many scientists? Looking back at my thesis

period, however, I realize that it is actually quite beneficial to have a community of

researchers working on similar projects. In most groups that study individual motor

proteins, projects proceed rather slowly and are often limited by experimental chal-

lenges that are not necessarily specific to that project. Because various groups tried to

establish similar techniques, I could often profit from the ideas and solutions presented

by others. In this final chapter, I will briefly summarize the major results of my thesis

work and explain their relation to earlier and simultaneous work performed by other

groups.

Five years ago, many single-molecule laboratories were specialized in a specific

technique, either single-molecule fluorescence, optical tweezers, magnetic tweezers or

scanning-force microscopy. Establishing such a technique requires a lot of time and ev-

ery technique has its own specific demands and often requires dedicated custom-built

setups. As optical filters and objectives continued to improve and solid state lasers and

high-sensitivity cameras became cheaper, several labs considered combining multiple

techniques in one instrument. Chapter 3 describes our version of a high-sensitivity

fluorescence microscope combined with optical tweezers. After subsequent modifica-

tions (Chapters 4, 6 and 7), this microscope now allows for simultaneous detection

of three different fluorophores down to the single-molecule level combined with the

possibility of mechanical manipulation and force measurements with two independent

optical traps. Chapter 3 shows that, instrumentally, such a combination is relatively

straightforward to establish and depends to a large extent on the right selection of opti-

cal filters and laser wavelengths. However, it also demonstrates that fluorophores suffer

significantly from the presence of the high intensity near-infrared laser and bleach faster,

which greatly increases the challenge of experiments exploring individual proteins using

these two techniques. While various labs have now established similar combinations of

optical tweezers and fluorescence there is still a large barrier between proof-of-principle

experiments and actual biophysical measurements. The pioneering work from Toshio

89



90 EPILOGUE

Yanagida’s lab ([70], performed in 1998!) continues to be the most exciting example of

a truly successful combination. In their experimental approach, a filament is optically

trapped with two optical traps and the binding of individual fluorescent ATP molecules

to a motor protein located in between the two traps can be monitored in correlation

with the filament displacement induced by the action of the motor protein..

At the time I started working on Eg5, not much biophysical experiments had been

performed on this motor protein and I could start my experiments without the need

to go down to the single-molecule level (Chapter 4), thereby avoiding the challenges

mentioned above. In fact, many other labs also turned their attention towards non-

conventional kinesins at that time and in a few years many different kinesins have been

assayed (Chapter 2). Establishing new assays for these motors proteins was not always

an easy task. It appears that the firstly discovered kinesin, Kinesin-1, is in many ways

an ideal motor protein. It can easily be tissue-purified in high concentrations, is highly

processive in many different buffer conditions and can be attached to glass surfaces

using non-specific interactions, interactions that can be prevented by pre-coating with

different proteins. For many other kinesins, more elaborate protein expression systems,

surfaces preparation techniques and balanced buffer conditions are required to obtain

consistent results. The work of me and many others have shown that the most successful

strategies use polyethylene glycol-based surface blocking in combination with antibody

or biotin-streptavidin mediated attachments (Chapter 4 and 7, [36, 147, 59, 155]).

In addition, motor proteins are now commonly expressed in prokaryotic or eukaryotic

expression systems to yield fusion constructs of a motor and a genetically encoded flu-

orescent protein (Chapter 5 and 7, [112]).

The experiments described in Chapter 4 directly demonstrated the ability of a bipo-

lar motor to slide microtubules apart and revealed a sorting mechanism that can gen-

erated polarity specific microtubule arrays. In principle, these findings did not come

as a surprise, since such a mechanism had already been proposed based on structural

and functional evidence and the real advance of this work was more experimental than

conceptual. The careful attachment and surface-blocking strategies combined with the

use of optical tweezers to position filaments in well-defined orientations established a

new level of reconstitution of a cell mechanical processes and opened the way towards

building increasingly complex systems. A similar movement towards higher-order sys-

tems can be observed in recent studies of DNA-organizing factors, such as H-NS [33]

and Rad51 [150].

In addition to the observation of relative sliding of microtubules, the work in Chap-

ter 4 revealed the capability of Eg5 to tether microtubule ends, which suggests the

presence of an additional microtubule binding mode. Furthermore, our results indi-

cated that Eg5 was likely to be a processive motor, contrary to common belief. Before

we could examine the relative sliding induced by Eg5 in more detail, i.e. measuring

forces between microtubules and studying the effects of opposing motors, experiment

that examine single-molecules of Eg5 were required. Exploring the single molecule be-
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havior of Eg5 proved to be a confusing enterprize that took most of the remainder of

my thesis work, but a consistent picture of Eg5 motility is now emerging.

Chapter 5 describes the creation of our Eg5-GFP construct and shows that this con-

struct can functionally replace endogenous Eg5 in spindle formation. We found that,

like Kinesin-1, this motor can move processively, which means that it can take multiple

steps along a microtubule before detaching. However, unlike Kinesin-1, the motility of

Eg5 is very irregular and looks more like a biased random walk. In the presence of

either ADP or the specific Eg5-inhibitor monastrol, we only observed one-dimensional

diffusion along the microtubule. While we performed our experiments on a full-length

tetrameric construct, an other group successfully created a dimeric construct and found

it capable of moving on average eight steps, without apparent diffusive features [147].

This indicates that the diffusive features we found are likely to correspond to a full-

length specific region, presumably located in the tail region of Eg5. Suprisingly, when

we studied Eg5 motility at elavated salt concentration, closer to physiological, we found

that the diffusive motility mode dominated completely. Motors still attached to the

microtubule, but instead of moving in a specific direction they diffused along the micro-

tubule lattice regardless of whether ATP or ADP was present (Chapter 6). This suggested

that the motors were in an inhibited state and that binding to an additional microtubule

was required to activate their directional motility. Figure 6.4 is perhaps the most excit-

ing picture of this thesis, because it directly demonstrates that Eg5 indeed gets activated

upon binding to a second microtubule, which reveals a novel regulatory mechanism for

molecular motors. It thus appears that Eg5 saves its powers, until it can do what it is

supposed to: generating force between microtubules.

In the same period that we observed one-dimensional for Eg5, various others groups

reported similar behaviour for the microtubule-binding proteins that they were exam-

ining (Chapter 2) and a recent paper even showed that the actin-based motor Myosin V

can diffuse along microtubules [5]. It thus appears that the charged surface of micro-

tubules facilitates a very general type of interaction for many proteins. Indeed, when we

examined the microtubule crosslinker Ase1 in single-molecule experiments, we again

observed such diffusion (Chapter 7). This allowed us to explore the process with a less

complex protein and we could distinguish two different mechanisms for this process.

In addition, we found that this protein can multimerize along the microtubule lattice in

such a way that it facilitates the specific targeting of the protein to zones of microtubule

overlap.

Because of the interesting behaviors of individual Eg5 molecules, I have had little

opportunity to follow up on Chapter 4 by measuring the forces that single and multiple

Eg5 molecules generate between two microtubules, as well as the effect of opposing

motors. These experiments will certainly require a combined optical tweezers/single-

molecule fluorescence setup, because one needs to quantify the number of motors that

interact with the microtubules. In fact, such experiments that probe motor action by de-

tecting filament displacement might more generally prove to be the best way to examine
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molecular motors in a combined tweezers/fluorescence setup. In such a geometry (as

in Yanagida’s), the traps can be kept away from the region where motors function, pre-

venting the enhanced bleaching described earlier. I am curious to see who will succeed

to integrate all these elements and study the single-molecule and collective force gen-

eration of Eg5 and opposing motors between the two microtubules that they crosslink.



Samenvatting

Biofysici vinden het interessant om met een natuurkundige bril naar biologische pro-

cessen te kijken. Niet alleen bedenken ze allerlei slimme trucs om zulke processen te

bekijken, ook proberen ze deze processen dieper te begrijpen door middel van nauw-

keurige metingen en wiskundige modellen. De samentrekking van spieren, die bijna

elke beweging van dieren en mensen mogelijk maakt, is een heel mooi voorbeeld van

een biologisch proces waarvoor dit goed gelukt is. Door middel van een heel nauw-

keurige vorm van microscopie, elektronen microscopie, is de ruimtelijke structuur van

spierweefsel ontrafeld. Dit bleek een heel regelmatig patroon te zijn waarin zogeheten

dikke eiwit structuren netjes tussen dunne eiwit buisjes liggen. Deze dikke structuren

bestaan uit clusters van motor moleculen, myosine, die door samen te werken in een

vaste richting over de dunne buisjes, actine, kunnen bewegen. Doordat de actine buisjes

om en om georienteerd zijn, kan een myosine cluster de actine buizen naar elkaar toe

trekken, waardoor de spier samentrekt (Figuur S.1A). De afgelopen 10–20 jaar hebben

allerlei nieuwe microscopische technieken heel precieze kracht en positiemetingen aan

dit systeem mogelijk gemaakt, zodat zelfs de minuscule krachten en verplaatsingen van

afzonderlijke moleculen konden worden gedetecteerd.

Inmiddels is het heel duidelijk dat myosine niet het enige motoreiwit is dat we nodig

hebben om te functioneren. Eigenlijk elke belangrijke taak in de cel wordt uitgevoerd

door een machinerie van eiwitten. Wij zijn bijvoorbeeld allemaal ooit begonnen als een

bevruchte eicel en om te kunnen groeien, moest deze cel zich vermenigvuldigen door

zich in twee dochtercellen te delen, een proces dat mitose heet. Voordat een cel zich

echter kan delen, moet eerst het volledige genetisch materiaal, het DNA, gekopieerd

worden en hiervoor is een hele collectie motoreiwitten beschikbaar die het DNA splitst,

leest en aanvult.

Maar ook het eerlijk verdelen van het verdubbelde DNA over de twee dochtercellen

is geen gemakkelijke taak. Om dit mogelijk te maken wordt het celskelet, verschillende

soorten eiwitbuizen die de cel zijn vorm geven, volledig opnieuw georganiseerd en

ook bij dit proces zijn weer tal van motoreiwitten betrokken. Voor aanvang van de

reorganisatie zijn de grootste buizen, microtubuli, geordend in een stervorm met een

duidelijk centrum of pool. Na de reorganisatie heeft het celskelet twee polen met daar
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Figuur S.1: (A) Moleculaire basis van spiersamentrekking. (B) Model voor de vorming van de

mitotische spoel.

tussenin het DNA en zijn de buizen georganiseerd in een spoel-vorm, ongeveer zoals

de veldlijnen van een magneet met twee polen. Echter, lopen bij de magnetische spoel

alle lijnen van de ene naar de andere pool, in de mitotische spoel lopen alle buizen van

de pool naar het DNA en liggen de buizen dus ongeveer om en om georienteerd in het

midden van de spoel (Figuur S.1B). Als de spoelvorm eenmaal gereed is, wordt het DNA

langs de buizen naar de twee polen getrokken en kan de cel zich verder delen. Hoewel

dit proces al heel lang kan worden bekeken onder de microscoop, is het nog lang niet

begrepen hoe dit allemaal gebeurt.

De orientatie van de microtubuli in de mitotische spoel doet een beetje denken aan

de orientatie van de actine-filamenten in spieren. Daarom werd door sommigen al

gauw verondersteld dat er ook myosine-achtige eiwitten moesten zijn die over micro-

tubuli kunnen lopen. In 1985 werd een eiwit ontdekt dat dit inderdaad kon en het kreeg

de naam kinesine. Inmiddels blijken er heel veel verschillende kinesine eiwit families

te zijn, waarvan sommige belangrijk zijn tijdens celdeling. De beste kandidaat voor

de myosine-taak, het langs elkaar schuiven van tegenovergesteld georienteerde micro-

tubuli, leek de Kinesine-5 familie te zijn, waarvan de variant in gewervelde organismen

Eg5 wordt genoemd.

In dit proefschrift heb ik getest in hoeverre Eg5 inderdaad opereert op microtubuli

zoals myosine dat doet op actine. Kan Eg5 deze buizen langs elkaar schuiven en zo

de reorganisatie van het celskelet veroorzaken? Vormt Eg5 ook ’dikke’ clusters of kun-

nen deze motoren individueel opereren? Hoe wordt Eg5 geactiveerd? Om deze vragen

te beantwoorden, moest ik eerst een microscoop bouwen waarin een paar belangrijke

technieken kunnen worden gecombineerd, zoals het zichtbaar maken van afzonderlijke

eiwitten en het mechanisch manipuleren—vastpakken en verplaatsen—van motor ei-

witten of eiwit-buizen. Deze microscoop is beschreven in Hoofstuk 3, waarin ook wordt

aangetoond dat beide technieken inderdaad tegelijk gebruikt kunnen worden.

In Hoofdstuk 4 beantwoord ik de eerste vraag en laat ik zien dat Eg5 microtubuli

langs elkaar kan schuiven en ze zo sorteert, door tegelijkertijd naar het plus-uiteinde

van beide buizen te lopen. Alleen bij buizen die tegenovergesteld georienteerd zijn,

leidt dit lopen tot het schuiven van de buizen, terwijl buizen met een gelijke orientatie
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niet verplaatst worden. Deze resultaten onthullen een fundamenteel mechanisme voor

de ruimtelijke organisatie van microtubuli tijdens celdeling.

Eg5 is dus een speciaal motor eiwit dat tegelijkertijd met vier voeten over twee

buizen in tegengestelde richting kan lopen (zie voorkant). Om meer over dit proces

te leren, wordt in de volgende twee hoofdstukken (Hoofstuk 5 en 6) de beweging van

afzonderlijke motoren zichtbaar gemaakt en bestudeerd. Het laat zien dat afzonder-

lijke Eg5 moleculen zich onafhankelijk kunnen voortbewegen over de buizen en dus

geen clusters hoeven te vormen, in tegenstelling tot myosine. Verder hebben we het

effect van een klein molecuul getest waarvan bekend is dat het Eg5 kan remmen. Het

blijkt dat toevoeging van dit stofje een speciaal soort beweging versterkt, waarbij Eg5

niet meer continu naar de plus kant loopt, maar over de microtubulus heen en weer

zwerft in een soort dronkenmansloop, ook wel diffusie genoemd. Verdere bestudering

van de beweging van Eg5 in allerlei condities heeft aangetoond dat deze diffusie niet

alleen plaatsvindt met het stofje in de buurt, maar een natuurlijk aanwezige toestand is.

Sterker nog, in de omstandigheden die het meest lijken op die in de levende cel, loopt

Eg5 niet meer naar het plus eind maar diffundeert het zomaar wat over de microtubuli.

Dat lijkt tamelijk doelloos en is dus raar. Ook roept het onmiddelijk de vraag op hoe

het op deze manier buizen langs elkaar kan schuiven. De oplossing voor deze paradox

wordt beschreven in Hoofdstuk 6 en is bijna te mooi om waar te zijn: Alleen als het

eiwit aan twee buizen tegelijk gebonden is gaat het in een specifieke richting lopen. Tot

die tijd wacht het af en spaart het dus zijn krachten.

Tot slot bestudeer ik in Hoofdstuk 7 nog een ander eiwit dat microtubuli kan bun-

delen, Ase1. Het is alleen geen motor eiwit en daarom heet het een passieve bundelaar

in plaats van een actieve bundelaar. Het blijkt echter dat dit eiwit wel net als Eg5 over

microtubuli kan diffunderen. Verder laat ik zien dat, in tegenstelling tot Eg5, dit eiwit

wel weer aggregaten vormt om goed te kunnen bundelen. Dit lijkt een beetje op myo-

sine, maar we tonen tevens aan dat het eigenlijk heel anders gebeurt, namelijk alleen

op de buizen.

Door deze experimenten en resultaten weten we iets meer van de processen waarmee

het geraamte van de cel wordt opgebouwd en omgevormd. De beschreven methoden

kunnen verder worden uitgebreid om ook andere microtubulus bindende eiwitten of

combinaties van eiwitten te bestuderen. Een andere uitdaging is om deze processen

in de cel beter zichtbaar te maken en te onderzoeken. De komende jaren hoop ik dat

te doen in hersencellen, die hun ingewikkelde vormen te danken hebben aan een heel

dynamisch celskelet.
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