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INTRODUCTION

1 INTRODUCTION

Living cells can be regarded as miniaturized faetoperforming a tremendous amount of
complicated tasks.g, the internal energy supply or the production aft@ins and other
bio macromolecules and their directed, coordinatedivery to highly specialized
compartments. Moreover, cells are able to sense ¢ngironment and respond to it by
generating motility or adaptation of their shapd arorphology.

Motility is a decisive feature of life. Nature has/olved a large number of
sophisticated protein machines to maintain the rdevamotility and transport functions
within cells. Such machines can be classified mtary motors including flagellar motors
of bacteria (Berg, 1995; Berg, 200énd the ATP-synthase (Engelbrecht and Junge, 1997,
Montemagno and Bachand, 1999; Cross, 2000) or rlimaators including RNA-
polymerases and the cytoskeleton-associated m@@eBes and Landick, 1998; Wang
1999). The high specificity of the particular mofwoteins involved in motility generation,
especially their high potency to bind distinct hgis makes them superior to be employed
as archetypes for constructing molecular machin#gsawighly specialized functionality.

Specialized cytoskeleton-associated motors are iamabiological machines
responsible for different forms of movement likdl étecomotion, muscle contraction, and
the active intracellular transport of cell orgaaslbhnd macromolecules. A property that no
man-made machine possesses is the ability to cotheechemical energy of ATP directly
into mechanical energy without the usage of arrmmégliate like heat or electrical energy.
Motor proteins are able to move micrometer-sizegeab at relatively high velocities
along proteinaceous filamentous rails, constituthmg cytoskeleton network. In eukaryotic
cells different types of cytoskeletal motor progifmyosins, dyneins, kinesins) are
ubiquitously expressed.

The present work is focused on kinesin-1, whiclfursdamentally involved ine.g,
the realization of diverse functions within neurboalls, including the maintenance of a
distinct morphology and the signal transfer. Unldtber cell types, where cargoes have to
be transported a short distance only, the axonseofonal cells lack an own protein
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synthesis machinery and have developed an advatnaedport system being able to
transport biomolecules in the axon over wide distan

Kinesin is a linear motor that binds to and moves@ microtubules, which represent
proteinaceous filaments forming together with mikaments and intermediate filament
the cytoskeleton. The microtubules have a pronalirtemical polarity, essentially in
determining the direction into which a given kimesnoves. Opposite to the microtubule
binding site, kinesins possess a structural dorf@ircoupling diverse cellular cargoes,
such as neuronal vesicles and other cell organellesmiacromolecules. This structural
organization enables moving kinesins to realizegpart functions.

Especially the members of the kinesin-1 family enaracterized by their ability to
walk along the microtubule up to some micrometeithout being released (Vale et al.,
1985; Hancock and Howard, 1998), what makes theargur above other motor proteins
regarding their potential to be used for the dgwelent of artificial nanomachines. It is
well documented that kinesin-mediated force germmratan be realized in cell-free
environment (Vale et al., 1985; Block et al., 19@0pss, 1995; Mazumdar and Cross,
1998). In addition, the kinesin was found to beepbtto transport cargoes, made of
technologically relevant materials like silicon,agtz, polystyrene or gold (Limberis and
Stewart, 2000; Bohm et al., 2001; Hiratsuka et2001; Doot et al., 2007; Yokokawa et
al., 2008). These results have awaken great inteyaategrate this biological machinery
in the development of novel nanoscaled actuatrg, to transport chemical components
into or out of microreactors to support chemicalcteons, or to deliver diverse micro- and
nanoparticles or single molecules.d. delivery system to convey therapeutic drugs) to
predefined destinations (Yokokawa et al., 2004;H3ad et al., 2006; Dinu et al., 2006;
Ramachandran et al., 2006; van den Heuvel and DeRkR67).

However, to approach the ambitious aim of nanotelduyical exploitation of
kinesins, methodological and technical problemsehstl to be solved. Such problems
concern not only the thermal and temporal stabitifythe kinesin machinery and its
directional control, but also the track fidelity lahesin movementdditionally, a detailed
understanding of the molecular mechanisms of niyptieneration is still lacking.

In the viscous, dense intracellular matrix of liyicells the kinesin-mediated transport
represents a highly complex mechanism exposed goeat number of associated cell
constituents which might interact with the motaelf or with the microtubule rail. There
seems to be a high probability that a kinesin md&moving along its track encounters

other proteins, which might compete for the sammlibg site on the microtubule. Such

2
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interactions could sterically hinder the kinesineia¢ed transport and finally cause cargo
stalling, comparable with a traffic jam (Martin ak, 1999; Seitz et al., 2002n the
artificial environment of cell-free systems, irrégyuties in the microtubule structure,g,
defects in tubulin-tubulin binding or tubulin dim&ilure might additionally impair the
kinesin-mediated transport.

Kinesin functions and interactions are also relatedsevere neurodegenerative
diseases (Alzheimer's disease, amyotrophic lasmlakosis) where in most cases the long-
distance transport of physiological cargoes is tamged. Aggregations of proteins or
macromolecular crowding lead to steric blocking afidally to cargo stalling.
Understanding the molecular mechanisms and evemierlying the inhibition of the
cellular activity of motor proteins are believedpmvide the basis to design strategies to
treat diseases.

In this context, one main question is what happem®n a kinesin molecule
encounters defective sites of kinesin binding durimovement along the microtubule. The
present work contributes to deeper understandinghef molecular mechanisms of
cytoplasmic transport processes over long distaridespite the progress that has been
made in explaining the maintenance of kinesin ntgtdlong microtubules covered by
blocking molecules, the detailed mechanism of pasdilockages is controversially
discussed. It has been reported that moving kinesmpeting with a motility-deficient
kinesin construct for binding sites on the micratiegbsurface stops at the site where this
construct is located. Movement is suggested toimoatonly after freeing the blocked site
(Seitz and Surrey, 2006)In another approach where the surface of biotiegat
microtubules was decorated by streptavidin (Koded Diez, 2008)kinesin molecules
were found to stop frequently upon encounters Wehblockages. The authors considered
that passing would be possible only in cases whenstreptavidin does not block the
kinesin binding site. In cases when the kinesirinig site is not accessible the motor was
suggested to temporarily detach from the microtepuliffuse along the microtubule
lattice, and rebind. Both mechanisms are baseti@principle of contingency. Therefore,
they seem to be insufficient to realize a relialtansport of cell organelles or
macromolecules. The existence of a more efficieethanism, enabling to overcome
permanent obstacles or, additionally, defects m riicrotubule lattice (Chretien et al.,
1992) along the protofilament track, has to be etque

The main goal of this work was to elucidate howekin can overcome irreversibly

bound blockages on the microtubule. Using ianvitro single-molecule approach the

3
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effects of microtubule crowding by different proteiconstructs (kinesin-1, Eg5,
microtubule-associated proteins) on main parametdrskinesin motility (transport
velocity, dwell time, transport distance) were stdd Kinesin binding sites on the
microtubule were artificially occupied by the blogftoteins and chemically cross-linked to
avoid their exchange. Thereafter, native kinesguypted to nanometer-sized gold beads,
was allowed to move along the partially blocked notigbules. To reveal basic insights in
the binding frequency of block proteins on the wigbule surface electron microscopic
studies were additionally performed.

The present work provides evidence that kinesabie to overcome even irreversibly
bound blockages along the microtubule. To explaaresult, a bypassing mechanism is
proposed. Bypassing blockages can be regardeduasiamental mechanism by which the
track fidelity of a molecular motor, transportingnanoscaled cargo, along filamentous
rails can be improved. Elucidation of this mechanis of great relevance not only for
understanding the biomolecular mechanisms of ofga@ed macromolecule transport
within living organisms, but also for engineeringtor protein-based nanotransport and
sorting machines delivering various kinds of biat@d and inorganic cargoes to

predetermined destinations.




FUNDAMENTALS

2 FUNDAMENTALS

2.1 The cytoskeleton

A cell undergoes permanent changes to react omagmaental alterations. Eukaryotic cells
have developed an efficient dynamic network thaabées the fast rearrangement and
adaption of its compartments to respond to sigridiss network, called the cytoskeleton
(Figure 1) supports both, the cellular architectarel motility. The diverse functions,
including the maintenance of the cell shape, movenaed positioning of organelles,
segregation of genetic material during cell diuisimtracellular transport, reinforcement
of the plasma membrane, and regulation of tensien performed by three types of
filamentous structures: actin microfilaments, intediate filaments, and microtubules.
Intermediate filaments are responsible for mectarstrength and drags against shear
forces whereas actin microfilaments enable moveroenthole cells and maintaining the
cell shape. Microtubules arrange the position omim&anous organelles and chromosomes
during mitosis, and guide the intracellular trangalberts et al., 2002).

The dynamic and adaptable design of the cytoskeletmables rapid structural
changes without large energy input due to low aaviabonds between the subunits. But,
to maintain intracellular functions, additional f@ims are necessary. Such proteins (motor
proteins) are adsorbed to the cytoskeletal strasttor controlling the dynamic behaviour

and the spatial distribution.
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Figure 1: The cytoskeleton.

The cytoskeleton is a filamentous cytoplasmrmetwork of eukaryotic cells. E
endoplasmatic reticulum, Mi: mitochondria, MTOC: aratubule-organizing centeiN:
nucleus, PM: plasma membrane. Figure designed bysibardt, H. Hadrich (ZIME
Jena).

2.1.1 Microtubules

Microtubules are ubiquitious and obligate protegwmcs structures that can be found in
almost all eukaryotic cells (Figure 2). The mailmpomnent is a 50-kD globular protein
called tubulin. There are two closely related basions, a- and B-tubulin, forming

heterodimers of 8-nm length (Figure 3a).

Figure 2: Electron microscopy images of microtubules.

a,b) Uranylacetate-stained microtubules.

c) Pt/W-shadowed microtubules.

The longitudinal striations represents the prodofients constituting the microtubule wall.

6



FUNDAMENTALS

Microtubules are rigid hollow-cylindrical structwé25 nm - 30 nm outer diameter)
buildup by linear polymers, the protofilaments (kig 3b). Protofilaments are formed by
longitudinal association aip-tubulin heterodimers. The cylindrical structureg{ife 3c)
of the microtubule is based on lateral associatdnparallel protofilaments axially
staggered by 0.94 nm in a left-handed directionr¢@én and Fuller, 2000; Neek-Amal et
al., 2008).In vivo, the microtubule wall normally consists of 13 pfdaments, even
though the number can change under particular tondi (Bohm et al.,, 1984)The
longitudinal association (head to tail) of altemgt tubulin monomers results in a
structural polarity whereby- andp-tubulin define the minus- and plus end, respeltive

The total length of microtubules varies widely acan reach up to 100 pm
(Kristofferson and Purich, 1981).

Each of the monomers binds GTP, but opHubulin is able to hydrolyze it what
has a high impact on microtubule dynamics. Wherh#iterodimers are associated to form
protofilaments, GTP if-tubulin is hydrolyzed to GDP as a consequencé@iriteraction
with a-tubulin at the adjacent dimer (Amos, 2004)special feature of tubulin dimers is
their ability to form microtubules by self-assembiyitro at physiological temperatures in
the presence of Mg and GTP. But, in the cold microtubules easily sgable into
dimers. Based on this, microtubules can be purified repeated cycles of
assembly/dissasembly, especially from mammaliamtirssue which is the main source
for isolation. At steady state the association obutin dimers from the pool of
unpolymerized protein dominates at the plus endereds dissociation preferentially
occurs at the minus end. When growing and shrinkiregin equilibrium state, the whole
length of the microtubule remains constant (tredldrgi effect). In addition, it has been
reported that phases of elongation and rapid simgnkKristofferson et al., 1986) can
occur within microtubule populations (dynamic irsligy). Microtubules depolymerize on
GDP-containing ends 100-fold faster than on a GoRaining end. Therefore, a GTP-cap

conveys growing, but its disappearance leads falshg.
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Figure 3: Microtubule structure and its subunits.

a) Ribbon model of arup-tubulin dimer, which is the basic building unit dlfie
microtubule. Bothg- andp-tubulin contain one GTP (red) bound.

b) Single protofilaments formed by longitudinal @sation ofap-tubulin dimers.

c) The lateral association of protofilaments fotme hollow cylinder of the microtubu
The figure is adapted from Alberts (2002).
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2.1.2 Microtubule-associated proteins

Microtubules in different tissues were found to deompanied by a set of additional
proteins, the so-called microtubule-associatedemet(MAP). These non-motile proteins
bind to the surface of microtubules (Figure 4) with the requirement of nucleotides.
MAPs are playing an essential role in stabilizingcnotubules against disassembly by
changing their dynamic behaviour. Moreover, they anvolved in inter-bridging
cytoplasmic microtubules with each other and alsth \nicrofilaments or intermediate
filaments.

MAPSs consist of a conserved carboxyl-terminal dioncantaining the microtubule
binding site and an amino terminal projection domaf varying size (Dehmelt and
Halpain, 2004).

The most prominent associated proteins MAP1, MARR tau were preferentially
found in mammalian brain. The high molecular weighAP1 and MAP2 consist of
various subspecies of 270 kD - 350 kD. Tau existsaveral isoforms with a molecular
mass ranging between 53 kD — 70 kD (Cleveland.efl@l'7 (a,b); Drubin and Kirschner,
1986).

Figure 4: Electron microscopy images showing MAPs.

a) Microtubule in the absence of associated prsteilows a smooth surface.

b) Microtubules in the presence of associated pretevhich are visibleas filamentot
projections along the surface (arrows).

c) Quick-freeze, deep-etched image of a microtubatgaining associated proteins.
The pictures were taken from Unger et al. (1990).
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2.1.2.1 Tau

Tau was the first associated-protein identified t@nsists of a complex of polypeptides.
The number of polypeptides varies from speciepgxies, ranging between three and six
(Olmsted, 1986).

Important functions of tau are the stabilizationnoicrotubules, determination of
neuronal polarity, and promoting microtubule nutitga and growth as well as the
outgrowth of axons.

Tau mostly occurs as a mammalian neuronal prot@ist mbundant in axons. But,
it has been also found in other cells and tissikesHeart, skeletal muscle, lung, kidney,
testis, stomach, and liver (Friedhoff and Mandelk&@99).

The protein appears as a rod-like structure wituad 35-nm length (Wille et al.,
1992 a) behaving like a natively unfolded protesch{weers et al., 1994). Special features
of tau are the hydrophilic character and the rast# against diluted acids and heat
(Weingarten et al., 1975; Lindwall and Cole, 19&4at seems to be consistent with the
unfolded structure.

Tau is thought to bind stochastically to multipies on the microtubule. Evidence,
that tau binds to the outer surface by forming msiens has been found, likewise the
binding in the inner lattice of microtubules (Am@g§04).

Recently, researchers are interested in understgrbde relevance of tau, since in
the neurons of Alzheimer’s disease patients tau faasd in abnormal phosphorylated
form. As a consequence, hyperphosphorylated tattro@ntribute in the destabilization of
the microtubule network, impaired axonal transgortl neurofibrillary tangle formation.
The collapse of the microtubule network leads tetalzted nerve cells. The intracellular
transport processes are stalled resulting in nelraell death (Mandelkow and
Mandelkow, 1998).

2.1.2.2 MAP2

Like tau, MAP2 is found in neuronal cells, but dfieally segregates to the dendrites. It
appears as an elongated protein with an estimaea&185-nm length (Kim et al., 1979).
The domain organization comprises a microtubuléibm site (35 kD - 40 kD), occupying

much as one third of the total length, and a ptmacdomain (240 kD) (Vallee, 1980;
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Gottlieb and Murphy, 1985)he large projection domain can serve as a spaterelen
microtubules and as an anchoring point for orgasetind proteins, including enzymes
(Chen et al., 1992).

On the microtubule surface MAP2 forms lateral fieartous projections (Kim et al.,
1979).The projections were found to extend out of theeputicrotubule surface. These
long sidearms are suggested to represent obstaclesotor proteins (Lopez and Sheetz,
1993). Inhibition of motor protein movement is sagtgd to be due to steric competition
of MAP2 with motor proteins for binding to the mitubule surface (Lopez and Sheetz,
1993; Hagiwara et al., 1994; Seitz et al., 2002)
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2.2 Molecular Motors

Motility is an essential feature of life. During@ution nature has evolved a great number
of highly specialized protein machines, the soethlimolecular motors that realize
biological movement. Motility generation is realizby energy-dependent conformational
changes resulting in unidirectional movement altg cytoskeleton. Among them, three
classes of cytoskeletal motors are known: myosumsch move along actin filaments, and
the microtubule-associated motors (Figure 5). Kimesd dynein constitute the class of
microtubule motors which generate motility alongcratubules. Motor proteins perform
specific cargo transport functions within the cé&lhe general constitution of these motors
is quite similar. All of them comprise a globulaotor domain (head domain) with an
ATP-binding site and a binding site for the filarheAdditional domains outside the head
unit are responsible for dimerization, regulatiand the interaction with the cargo to be
transportede.g, organelles or biomacromolecules.

Motors proteins constitute superfamilies with dazeof members. The single
members of these superfamilies show a variety ¢timiped structures due to the highly
specialized functions they have to perform insluedell. Additionally, they differ in basic
properties like working as monomers, dimers, trgndetramers, moving to the plus or
minus end of their track, or taking one or multigsteps before dissociation. Taking the
modular design into consideration 18 different stssof myosins, 10 different kinesin
families, and two groups of dyneins, each with saloeen members can be distinguished
(Schliwa and Woehlke, 2003).

The number of motors varies not only between tlgammsms but also between the
different cell types an organism is built of. Inage for example, genes for 6 kinesins,
5 myosins, and 1 dynein cover all the motility ftiags. In contrast, mammals have genes
for 40 kinesins, 40 myosins and more than a dogeeids (Schliwa and Woehlke, 2003).

Though, notable insights into mechanochemistry famdtion have been gained in
the past years, there are numerous unsolved gonestancerning the understanding of

motor protein function on molecular level.
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Figure 5: Cytoskel eton-associated motors.

a) The microtubule motors kinesin (left), dyneiigl(t), and the microfilamerdssociate
myosin (middle) are dimers with globular motor damsa(yellow) The stalk regiol
forming extended coiledeils is shown in blue. Additional associated pelypdes, c
light chains (2 in conventional kinesin, 4 in m@schyosin, and a set of intermedmte
light-intermediates and light chains in dynein) digplayed in purple. Thdynein motc
domain exhibits antenndiée extensions containing the microtubule bindisige. Ir
contrast the microtubule binding site of kinesin and myos incorporated within tl
complex head domain. The picture was adapted framiviga and Woehlke (2003).

b-d) High-resolution electron micrographs of qufodzen, rotaryshadowed kinesi
myosin, and dynein molecules, respectively. Theupgcwas adapted from Woehllagc
Schliwa (2000).

2.2.1 Kinesin superfamily

The kinesin superfamily contains various microteblbbhsed motor proteins performing
diverse functions, including the transport of vesic organelles, chromosomes, protein
complexes, or the regulation of microtubule dynan(icawrence et al., 2004The first
member of the kinesin family was discovered in 188%he axoplasm of the squid giant
axonand mammalian brain (Brady, 1985; Vale et al., 1984&le et al. (1985) described a
protein being able to move microtubules on glassrddver, it was shown to move latex
beads and axoplasmic organelles along microtubtiles.name given based on the greek
word “kinein” what means “to move”. Subsequentlyynrerous kinesins have been
discovered by molecular biological and genetic exeseand named by diverse criteria. To
prevent confusion a standard kinesin nomenclatuaie @stablished (Miki et al., 2001;
Lawrence et al., 2004).
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The kinesin family members (KIFs) can be grouped three types corresponding to
the location of their motor domain. The so-callediNesins have the motor domain at the
NH,-terminus, M-kinesins in the central part of thetpm sequence, and the C-kinesins at
the COOH-terminus, respectively. The intramolecwasition of the motor domain is
crucial for the directionality of the motor. Whil-kinesins drive a plus-end directed
movement, C-kinesins are characterized by a mindsdeected motility.

The KIF genes in human and mouse have been systaihaidentified and are
described in a phylogenic tree along with the Kilesn D. melanogasterC. elegansand
S. cerevisiagMiki et al., 2001).Presently, it can be distinguished between 14 famil

including one M-kinesin family, 1 C-kinesin familgind 12 N-kinesin families (Figure 6).
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Figure 6: Kinesin superfamily.

Phylogenic analysis of all kinesin family memberspressed in mouse/humam.
melanogaster, C. elegans, and S. cerevisidee picture was adapted from Miki et al
(2001); Kim et al (2000).

To describe the different domains of kinesin mo@rspecial terminology is used.
Kinesin molecules commonly reveal a distinct a glab motor domain, the coiled-coll
stalk region and the globular tail domain (Figuje Yhe motor domain represents the

force-producing element and is divided into two ongjarts: the globular catalytic core
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and the neck region. The catalytic core comprides ATP-binding site and the
microtubule binding site. The neck region consadtabout 40 amino acids and works in
concert with the catalytic core to generate movami&dditionally, the neck region plays a
major role in dimerization. Beyond the motor domaimost of the kinesins contain a
flexible stalk region built up by a long coiled-tolt the end of the stalk an additional
globular domain follows (Vale and Fletterick, 199¥Vhe so-called tail region is thought to
target the motor to a particular cargo. Throughbet family members the motor domain
shows 30% - 60% sequence homologies whereas tle otlyions are quite variable
(Hirokawa and Noda, 2008).

Kinesins occur in different oligomerization statd$e kinesin-1 is a homodimer
consisting of two identical protein chains (Figuiie). The kinesin-5 family members are
composed of a bipolar tetrameric motor being sedeaiated through the tail domain

(Figure 7c).

Motor domain

-
Core  Neck Stalk Tail
Y
Neck Linker

b @ =m©
‘:——Q

Figure 7: Domain organization of kinesins.

a) A single kinesin chain.

b) A homodimeric kinesin molecule, like observedKmesin-1.
c) A bipolar homotetrameric molecule, like obserf@dkinesin-5.
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2.2.2 Conventional kinesin

2.2.2.1 Structure

Conventional kinesin (kinesin-1) is the first digeced kinesin superfamily member and
the best studied one (Vale, 1985; Hirokawa et1#89). There are three closely related
subtypes of kinesin-1: KIF5A, KIF5B, and KIF5C (Awa et al.,, 1992; Kanai et al.,

2000).While KIF5B is ubiquitiously expressed in differemdsues, KIF5A and KIF5C are

specifically expressed in the nervous system. KiFeins form homodimers through the
2000).

Functionally active kinesin-1 consists of two 14D-lchains, each of which

coiled-coil region located in their stalk regiongfkai et al.,

possessing a globular head with ~10 nm in diamatéong stalk (60 nm - 80 nm) with
alternating flexible and coiled-coil segments, anthn-like globular tail domain (Figure
8). On cellular level, the kinesin-1 dimers arerfduo be associated with two 64-kD light
chains, tightly binding at the C-terminus (Brad®85; Vale et al.1985; Bloom et al.,

1988). These light chains most probably have céigding and regulatory functions
(Stenoien and Brady, 1997; Vale and Fletterick,719Gindhart et al., 1998; Verhey et al.,

1998) and are not essential for motility generafidang et al., 1990).
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Figure 8: Domain organization of conventional kinesin.
The figure is adapted from Woehlke and Schliwa (800
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Like other kinesin family members, the motor domafitonventional kinesin consists
of the catalytic core and the neck region. Thelgiitacore comprises the microtubule-
binding site and a nucleotide-binding pocket crufma ATP-hydrolyis. The two heads of
dimeric kinesin bind along one microtubule protfilent, rather than bridging
two protofilaments (Hoenger et al., 2000)he contact between kinesin and the
microtubule is mediated through electrostatic atéons of positively charged amino
acids from kinesin interacting with the highly negely charged surface on tifietubulin
(Hoenger et al., 2000). The neck region conned@dwio 120-kD chains by forming stable
dimers essential for processive movement. Prodgssiy an important property of
conventional kinesin that maintains the long-distanntracellular transport by taking
hundreds of steps without being released from thearatubule track. Another feature
essential for kinesin motility is the directiongliof movement. Conventional kinesin
moves towards the plus end of the microtubule whikhhought to be a property
determined by the neck (Endow and Barker, 2003).

The catalytic core and the neck region are condecia the flexible neck linker.
During kinesin motility generation the neck linkerdergoes large conformational changes
depending on the nucleotide-bound state. The cordtional changes are accompanied by
alternating phases of weak and strong binding efrtiotor domain on the microtubule
which guarantees that during the catalytic cyclleast on head remains bound (Hackney,
1995).

Distal to the neck region, the stalk contains twded-coil regions whose function is
still unknown. Torsional flexibility of the stalksigained by two hinge regions (Vale and
Fletterick, 1997). It is suggested that they sexsea swivel point for the motor domain,
allowing them to rotate and position themselvesspahdently of the geometry of the
stalk/tail domain (Vale and Fletterick, 1997).

Conventional kinesin binds their intracellular czeg through the tail region at the
carboxyl terminal end either directly or via lighhains (Stenoien and Brady, 1997,
Gindhart et al., 1998; Verhey et al., 1998; Hirokaand Noda, 2008).
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2.2.2.2 Functions

KIF5 proteins play an essential role in the axdratsport of neurons. Neurons are highly
specialized cells consisting of a central somaaiairtg the nucleus and other typical cell
organelles. In this part of the neuron, most prot®ynthesis occur. Around the soma
numerous widely branched dendrites are arrangedriking cable-like projection, the so-
called axon extends from the soma. The axon, whacks an own protein synthesis
machinery is extremely thin and might be up to lonmg. It transfers signals away from
and back to the soma. Therefore, unlike other tgles, where cargoes have to be
transported over short distances only, the neumms developed an advanced transport
system being able to transport biomolecules iratten over wide ranges. Considering the
fact that diffusion of membranous organelles toirthpace of destination is a time
consuming process, it becomes clear that the eelis:ia reliable transport mechanism.

In axons, the microtubule plus end points towafus d¢ell periphery. Therefore,
anterograde motors drive the cargo delivery froertburonal cell body to the pre-synaptic
region of the axon (Figure 9). Proximal dendritagéna mixed polarity of microtubules, in
which anterograde and retrograde moterg, kinesin and dynein, respectively, can work
(Baas et al., 1988; Burton, 1988).

In Drosophila, where only one KIF5 gene exists, mutants show reeweotor
neuronal disease phenotypes and lethality (Saxtah,e1991; Hurd et al., 199ah cells,
kinesin and dynein functions are interdependemized. Beside the so-called fast axonal
transport, where cargoes are transported at vigscitf about 0.5 pm™s- 10 pm &
(Duncan and Goldstein, 2006), KIF5 proteins aregested to play a role also in the slow
axonal transport (0.01 pmts 0.001 um §; Duncan and Goldstein, 200®y the slow
axonal transport cytoskeletal proteins like tubulamd neurofilament proteins are
transported. But, the detailed transport mecharmssstill unknown (Hirokawa and Noda,
2008).
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Figure 9: Coordination of motorswith opposite polarity in axonal transport.

Kinesin motors carry the cargo in anterograde tiwactowards the microtubule plus ¢
(cell periphery). Dynein is carried along with thieterograde cargo in a repressed forn
the turnaround zone dynein is activatadl kinesin is repressed. The retrograde trar

is now performed carrying the cargo back to thélwadly. The figure is adapted from Vale
(2003).

Within the cell body microtubule-associated motmteins support the recruitment
and integration of membrane organelles (Figure Y@kicular structures and organelles
are transported from the endoplasmatic reticulumatds the Golgi apparatus, amite
versa The concerted transport is performed bidireclignahereas KIF5 proteins moving
the vesicles back to the endoplasmatic reticulumectid toward the microtubule plus end.
In the course of intracellular transport, kinesinowes anterogradely various
macromolecular complexes, mitochondria, lysosomeskulin oligomers.

Additionally, KIF5 proteins are involved in the pesses of endosomal recycling
by supporting the transport of recycled vesiculauctures between the subcellular

compartments and the plasma membrane (Hirokaw&ladd, 2008).
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Figure 10: Motor protein-mediated transport in the cell.
The picture was adapted from Hirokawa N., Takenkuran Molecular Motors (2003).

Taken the amount of essential cellular functiorte ronsideration one can easily
imagine that the inhibition or interruption of tHeng-distance transport leads to a
catastrophe for the cell. Many neurodegeneratigeaties (amyotrophic lateral sclerosis,
Alzheimer's disease, Parkinson's disease) candiibed to an impaired transport system

whereby the molecular mechanisms are still a maftdebate.
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2.2.2.3 Hand-over-hand model for kinesin motility

Kinesin uses the energy derived from ATP-hydrolysigienerate mechanical energy for
its transport along microtubules. In the past, gedforts have been made to gain insights
in the transduction of chemical energy into mecbanivork at single molecule level.

The most widely accepted model is the hand-ovedhandel in which, the rear
head takes a step while the front head remain®séay bound on the track (Rice et al.,
1999; Yildiz et al., 2004 During movement each step comprises a 16-nm displacerhent o
the moving head and an 8-nm displacement of tHk @#andelkow and Johnson, 1998)
what is consistent with the longitudinal distancgween adjacent tubulins (Yildiz and
Selvin, 2005).Per step, kinesin hydrolyzes a single ATP moledtiaa et al., 1997;
Schnitzer and Block, 1997 he energy release per hydrolysis cycle is relbtivegh
(50 kJ mot") enabling the powerful movement of kinesin (Betgak, 2003).The motor
protein can complete about ~100 ATP turnovers oerage and move at a velocity of
~800 nm & along a single microtubule protofilament (Kamimarad Mandelkow, 1992;
Ray et al., 1993)A single powerstroke of the motor generates a fofce6 pN (Svoboda
et al., 1993)On the basis of the step size and the maximum theeenaximum work done
per step is 48 pN-nm. Kinesin is doing this workeath single step. Under cellular
conditions, the free energy derived from ATP hygsd is about 100 pN-nm.e. the
kinesin motor works with a 50% efficiency (Howag01).

Within cells, kinesin pulls the cargo over longtdites to a predefined destination.
The highly processive movement requires a tightraioation of both motor domains
during the catalytic cycle to prevent a simultarseedissociation.

The unidirectional movement of kinesin is accompdry a large conformational
change within the neck linker. A crucial step toabnate the teamwork between both
heads is the affinity of kinesin to the microtubulbat depends on the type of nucleotide
bound. Free in solution, the molecule rests innactive ADP-bound form where the neck
linker is in equilibrium between a disordered andoaked conformation (Sindelair et al.,
2002). The catalytic cycle is initiated upon microtubulending (Figure 11). During
hydrolysis chemical and mechanical cycles are @pA chemical step (nucleotide
binding/release) catalyzes a mechanical step (agadhment/detachment) anide versa
Microtubule binding leads to a rapid release of A&l its replacement by ATP. During
this step only 50% of the ADP is released immetigt00 s'). The other half comes off

with a low rate (0.01§ indicating that when one kinesin head is attadhettie absence
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of a bound nucleotide, the other head cannot aitaehconformation that promotes ADP
release (Howard, 2001yhe binding of ATP causes a large conformationaingie within
the catalytic core pulling the trailing head (B) @6 forward to the next tubulin dimer.
Within this conformational change, the C-termindsttee neck linker, formerly pointed
rearward to the microtubule minus end (Figlte frame 1, red linker), points now towards
the microtubule plus end, what is accompanied lzk+ieker docking (Figurd 1, frame 2,
yellow linker). The immobilized, docked neck linkeauses to the detachment of the
trailing head (B). After a diffusional search, thew becoming leading head (B) binds
tightly to the tubulin. In this intermediate statapth heads are temporarily bound to
adjacent tubulins. Upon binding of the new leadimepd (B), the release of ADP is
accelerated. At the same time, ATP hydrolyzes td*A®) in the trailing head (A). After Pi
release conformational changes cause neck-linkdoaking (Figure 11, frame 4, red
linker). ATP binding in the leading head (B) causedocked neck-linker conformation
(Figure 11, frame 4, orange linker). The trailirepd (A), which has released its Pi, is now
in the state of being pulled forward starting thextncycle (Schief and Howard, 2001;
Kasprzak and Hajdo, 2002; Asbury et al., 2003; SHam., 2006; Skowronek et al., 2007).

The conformational changes within the kinesin maleare nucleotide dependent
and arise from an intrinsic communication of thecnoiubule-binding site with the
nucleotide site and the neck linker. The presencabsence of phosphate groups are
sensed by a so-called nucleotide-state sensor éall., 1996; Sack et al., 1997; Kikkawa
et al., 2001). Depending on the nucleotide stdies $ensor performs a small move,
resulting in the transmission to the catalytic core

In the past, researchers focused on the questiat Wwhd of walking machine
kinesin represents. Recently, Kaseda e{26l03) and Asbury et al. (2003) found evidence
that kinesin exhibits alternating fast and slow ecalar steps. This kind of limping
suggests that kinesin moving underlies a left-rigatking action, called asymmetric hand-
over-hand motion.

Alternatively to the hand-over-hand model, a sdechlinchworm model is
proposed. Similar to the movement of a caterpiltayas thought that kinesin extends the
leading head and drags the other one to meet thisnmodel, always the same head is
leading and the other one drags behind (Hua eR@02).But, this model has not found
general approval due to experimental results wfaebur the hand-over-hand model.
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Figure 11: Hand-over-hand model for kinesin motility.

The two heads of the kinesin dimer work in coortiidamanner to move processively
along the microtubule protofilament (greditubulin, light grey:a-tubulin). The kinesi
molecule is depicted up to its coiled-coil regiaark grey). During the catalytic cycle t
neck linker undergoes a series of conformationahges (partly docke orange, docke
yellow, undocked: red). The picture is adapted fidae (2000).

2.2.3 Eg5 kinesin

The Eg5, which belongs to the kinesin-5 family,aiso a plus-end directed molecular
motor. The protein is crucial for the assembly amdanization of the mitotic spindle,
representing a dynamic microtubule-based structilvat orchestrates chromosome
segregation in dividing cells.

In contrast to kinesin-1, Eg5 is a homotetrameratein of two dimers forming an
antiparallel coiled-coil tetramer containing fountor domains (Figure 7). The tetrameric
structure of Eg5 makes it superior for cross-ligkiwo adjacent microtubules (Figure 12)
and sliding them apart (Kapitein et al., 2005; Kiak et al. 2006)it has been shown that
Eg5 deletion leads to abnormal spindle formation.

To gain insights into the mechanochemical cycle€Egh, recombinant truncated
monomeric and dimeric constructs were expressedhi@a et al., 2004; Krzysiak et al.,
2006). Like kinesin-1, the dimeric Eg5 is a processive angirotein, albeit it moves at

23



FUNDAMENTALS

very low velocities of around 40 nmi*gKalchishkova and Bohm, 2008) along the
microtubule. Both kinesin family members share railsir mechanochemical cycle. But,
unlike kinesin-1 taking hundreds of steps befossaltiating, Eg5 was found to take 8-10
steps. The limited processivity is suggested tadumpiired for the cooperative work of

multiple motors within the spindle to realize eiict sliding (Valentine et al., 2006).

Figure 12: Eg5 cross-linking anti-parallel microtubules.
Eg5 can slide microtubules apart by walking toghes end of each microtubule.

The interaction of different kinesin family membersside the cell is complex.
Recently, it was found that Eg5 plays a key roléhimm development of the nervous system
(Myers and Baas, 2007). Therefore, it can be asduhe KIF5A encounters the slowly
moving Eg5 during its long-distance transport. Testion what happens if both motor

proteins converge is still unanswered.
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3 MATERIALS AND METHODS

3.1 Protein preparation

3.1.1 Expression and purification of motor protein constucts

The kinesin constructs (KIF5AKIF5As60, KIF5A330, EQSs13 Tablel) were expressed in
E. coli as recombinant proteins after the protocol recedégcribed Kalchishkova and
Bohm, 2008; Kalchishkova, 2008).

Construct Molecular mass (kD)
KIF5A¢ 120

KIF5As560 63.5

KIF5A330 36.9

KIF5A330S 38

EgSis 57.6

Table 1: Theoretically calculated molecular masses of the constructs used.
The molecular masses were calculated on the bigigioamino acid sequence.

The corresponding pTYB vectors encoding the C-teafly truncated kinesin
constructs or chimeric proteins were transforme#.igoli strain ER 2566 (New England
Biolabs) and expressed as fusion proteins with tar@inal chitin-binding intein tage.
coli cells were grown first in LB-medium with 5@ mI* carbenicillin at 37°C overnight
and sedimented (5000 rpm, 5 min, 4°C in a Sonatitrifuge, using an angle-fixed rotor
SLA-1000). The pellet was resuspended in cultureiome, containing 0.1% N-Z-amine,
94.2 mM NaCl, 72 mM NaPQ,, 2.2 mM KHPQ, 18.6 mM NHCI, 1 mM MgSQ,
0.4% glucose, and 50g ml* carbenicillin, and grown at 37°C until reaching @ptical
density of ~0.8 at 600 nm. Protein expression wdaded by adding 0.1 mM IPTG.
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After growing for 16 h at 16°C, the cells were hested (5000 rpm, 5 min, 4°C in a
Sorvall centrifuge, using an angle-fixed rotor SBBO0) and resuspended in lysis buffer
(PBS, with additional 360 mM NaCl, 0.1 mM EDTA, @1TritonX-100, pH 7.4),
supplemented with 1 mM Pefabloc (Roche, GermanyM sodium ATP, and 40 ng #hl
DNase |. A crude extract was obtained by a tridesage of the cells through a French
Press. After obtaining a clear extract by a higbespcentrifugation (35000 rpm, 45 min,
4°C, using a Beckman Optima ultracentrifuge anérmgie-fixed Ti 50.2 rotor), the fusion
protein was bound to chitin beads (New Englandd&is) by 1 h incubation at 4°C. After
washing with lysis buffer, the beads were incubartedlution buffer (20 mM NakPO,,
500 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, pH 7.ddntaining 1 mM Pefabloc and
50 mM DTT for 40 h at 4°C under rotation. At thtes, the DTT induces the release of the
intein tag from the motor protein construct, whtblereafter can be easily separated from
the chitin beads by high speed centrifugation (20 €om, 45 min, 4°C in a Beckman
Optima ultracentrifuge, using an angle-fixed Tizfotor). The proteins were concentrated
by centrifugation (6000 rpm, 45 min, 4°C in an anfgked rotor 8 x 50 ml, Sigma 3K30
centrifuge; Sigma Laborzentrifugen GmbH, Germany) Amicon ultra filter units
(Millipore) with different pore diameters accordit@their molecular weight and stored in
motility buffer (50 mM imidazole, 0.5 mM MgGJ 0.5 mM EGTA, and 0.5 mM DTT, pH
6.8) supplemented with 150 mM NaCl and 1 M glycerol&°C (Kalchishkova, 2008).
The resulting protein samples lack any artifici@gd or sequences. The protein
concentration was determined by the Lowry methoowly et al., 1951) using BSA as
standard.

Analogously, the fusion protein (KIF34S) consisting of the KIF5A motor
domain and a streptavidin-binding tag was expressed purified Table 1). The
KIF5A330S was cloned into the pTYB2 vector (New Englandl&is) after amplification
using 5- ttt aageta gcatgg cgg aga cca aca acg -3° as N-terminal priméh (Whel

cloning site in italics) and 5'- ttt a@éc gagttt ttc gaa ctg cgg gtg gct ceat gtt ctt aat ggt

ctt tgc ccg ¢ — 3" as C-terminal primer (with Xlsite in italics) and the parental vector
encoding for the KIF54s. The sequences underlined encode for the tag (VQHHR)
which had been added to the C-terminal end of thH&5Ks3. Concerning its
mechanochemical properties, the KIR5#& was undistinguishable from the KIFRA

lacking the streptavidin-binding tag.
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3.1.2 Electrophoretic characterization of motor protein constructs

The expressed and purified motor proteins were adharized by electrophoresis using
7.5% SDS-polyacrylamide (Carl Roth, Germany) géligyre 13, Figurel4, Figurel5,
Figure 16). The samples were incubated at 95°C5fonin in Laemmli sample buffer
(50 MM TRIS-HCI, pH 6.8, 25 mM EDTA, 2% SDS, 5% ygtrol, 2.5%
B-mercaptoethanol, 0.01% bromphenol blue; Laemn8ly0). The proteins were loaded
onto the gel (6ug per lane) and separated in running buffer (2.5 WRAS-HCI, 0.01%
SDS, 19.2 mM glycine) at 25 mA for at least 1 hbrdad range protein standard (covering
the range between 6.5 kD and 205 kD) was used (SMAMDRICH, Germany). Gels
were stained for 30 min in 0.2% Coomassie Blue Ritem (Carl Roth, Germany).
Thereafter, the gels were rinsed with distilled evadestained with a solution of 10%
acetic acid and 20% ethanol, and treated for 20im&nmixture of 10% glycerine and 20%

methanol. Before drying, the gels were documentea Duoscan T1200 scanner (AGFA).

M KIF5A M KIF5A5g0 M KIFSA 33
205kD 205 kD [N 205 kD -
116 kD & 115kD = e
e 97 KD — KD —
97 KD | | 84 kD e 84 kD -
o N 66 kD —— 66 kD  ummmm
S5K0 . 55 kD M- S5 kD .
’ 45 kD ” 45KkD .
0D ! 36 kD S— 36kD e o
[ S %-‘ 1 .

Figure 13: SDS gels of the purified KIF5A constructs.
M: molecular mass standard.
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M  Egds13
205 kD

116 kD

97 kD

84 kD
66 kD

55 kD

45 kD
36 kD

Figure 14: SDS gel of the purified Eg5s;3.
M: molecular mass standard.

M KIF5A 3537S

205 kD -
116 kD

97 kD

66 kD

55 kD

45 kD (

36 kKD e —

| e— —

Figure 15: SDS gel of the purified KIF5A33,S.
M: molecular mass standard.

28



MATERIALS AND METHODS

M Tau MAPZ

205 kD = WS
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i e
i
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66 kD W
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Figure 16: SDS gels of the purified MAPs.

Electrophoresis revealed four subspecies of tauh witolecular massedetwee!
~56 kD - 64 kD and a MAP2 fraction with a molecufaass of ~280 kD. M: molecular
mass standard.

3.1.3 Preparation of tubulin and microtubules

The tubulin was purified from porcine brain homoges by two cycles of temperature-
dependent disassembly/reassembly (Shelanski €1943) followed by phosphocellulose
column chromatography (Weingarten et al., 19™icrotubules were formed by taxol-
promoted self-assembly at 37°C from tubulin (20 piMassembly buffer (20 mM PIPES,
80 mM NaCl, 1 mM EGTA, 0.5 mM Mgglat pH 6.8). The microtubules prepared were

free of associated proteins and typically consistet? protofilamentsgohm et al., 1984).

3.1.4 Preparation of MAPs

3.1.4.1 MAP2 and tau purification

The tubulin was purified from porcine brain homoges by two cycles of temperature-

dependent disassembly/reassemilglanski et al., 1973pllowed by phosphocellulose
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column chromatographyWeingarten et al., 1979)lhe MAP fraction, eluted from the
cellulose by 0.6 M KCI in assembly buffeontaining 1 mM DTT wagoncentrated by
centrifugation (10 kD filter, Millipore) for 3 hoar Theretentate was dialyzed fa5 hours
against 2 | cold assembly buffer. Thealysatwas hold for 5 minutes at 95°C. After
centrifugation (40000 rpm, 45 min, 2°C, using thetor 50.2Ti, Beckman Optima
ultracentrifuge) the extract was sieved by usind08 kD filter (Millipore). The tau
proteins which passed the the filter were concésdrly ultrafiltration using a 10-kD filter
(Millipore) and stored in assembly buffer at -80°The retentate, @ntaining MAP2

(molecular mass ~280 kD), was stored in assembfgibat -80°C.

3.1.4.2 Determination of assembly promoting activity

The activity of MAP2 and tau to promote microtubtdemation was proved by recording
tubulin assembly at different MAP-to-tubulin ratid%or this, purified tubulin (20 uM) was
allowed to form microtubulelsy self-assembly at 37°C in the presence of vargimgunts
of tau Figurel7a) or MAP2 Figurel7b) and 0.5 mM GTPMicrotubule formation was
recorded by measuring the turbidity at 360 nm (UN/\Spectrophotometer Cary 4E,
Varian).After 45 minutes, 20 uM taxol was added.

a 025 b 0.25
——0.00 uM Tau
——1.67 uM Tau ——0.00 uM MAP2

] ——333pMTau | ——0.27 uyM MAP2
020 5.00 uM Tau 0.20 ——0.53 uM MAP2
——6.67 uM Tau —1.34 uM MAP2

T T T T T T T T T T
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)

Figure 17: Promotion of tubulin assembly by purified MAPs.
a) Tubulin assembly in the presence of tau.
b) Tubulin assembly in the presence of MAP2.
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3.1.4.3 Demonstration of tau binding to microtubules

Microtubules were formed by tubulin (20 uM) seltambly at 37°C in the presence of
5.7 uM tau and 0.5 uM GTP corresponding to a tatHbailin ratio of ~0.3. After 45 min
assembly, taxol (final concentration of 20 uM) waslded. The tau-complexed
microtubules were allowed to sediment by centrifioya (45 min, 40000 rpm, TLA45
rotor, Beckman Optima TLX). The sediment was sepdrdrom the supernatant and
resuspended in assembly buffer. SDS-gel electr@gi®was performed for each fraction
(Figure 18). Control experiments were performed accordiogthe same protocol
ommitting the addition of tau (FigurE8, supernatant 1 and sediment 1). Around 60% of

the whole amount of tau added, sedimented withnicetubules.

205 kD ——
116 kD —
97 kD —
84 kD —
66 kD | - - i L —
. L
45 kD [ = S
Supernatant Sediment
M 1 2 1 2

Figure 18: SDS gel documenting tau binding to microtubules.

Supernatant 1: Control-microtubules obtained frommeptubulin in the absence of tau
supernatant 2: microtubules obtained from pure ltnba the presence of 5.7 uM tau
sediment 1: sedimented microtubules in the absehdau; sediment 2: tacemplexe:
microtubules; M: molecular mass standard.
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3.2 Motility measurements and ATPase activity determinéon

3.2.1 Motility measurements

3.2.1.1 Gliding assay

Kinesin (40 nM; final concentration), taxol (10 pMyaCl (1 mM; final concentration),
and MgATP (5 mM, final concentration) in motilityutier were mixed with microtubules
(final concentration of 8 UM tubulin). The mixtureas transferred onto the glass slide
pretreated with casein (5 mg Tl SIGMA-ALDRICH) and covered by a coverslip.
Microtubule gliding was monitored by AVEC-DIC migoopy (see 3.3.1). Gliding
velocities of individual microtubules were deteretinfrom video records by measuring
the distance the microtubules were moved withirefndd time or, alternatively by using

Argus-20 software during observation.

3.2.1.2 Bead assay

The bead assay was performed in a flow chamberddretween a glass slide (76 mm x
26 mm) and a coverslip (18 mm x 18 mrR&)gure 19. The kinesin-bead suspension was
applied to the one end and excess of liquid suokiedith filter paper from the other end.
The 20-nm gold beads were needed to visualize tbheement of kinesin along the

microtubules.

glass slide spacer

cover slip

— ( D ~

=

suction area of application area
kinesin-bead of kinesin-bead
suspension suspension

Figure 19: lllustration of the flow chamber used for bead assga
The bead assay was performed in a narrow flow clkarbbtweerma glass slide and
coverslip spaced by rubber cement.
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Preparation of block protein-complexed microtubules

For irreversible block protein binding on the micidoule surface taxol-stabilized
microtubules (2QuM tubulin) were mixed with different amounts of bking proteins in
the presence of the non-hydrolyzable ATP analoguMPA#NP (2 mM) or
tripolyphosphate (pentasodium salt, SIGMA-ALDRICHGermany). Under these
conditions both motor domains (heads) of a kinemer are believed to bind to the
microtubule. For blocking, beside the dimeric KIF5&nd KIF5A560 also the monomeric
KIF5A330 was applied. Correspondingly, the head-to-tubrdiio was used to compare the
effects of block proteins with different dimensiomsfter binding to the glass surface
(pretreated with PDDA, SIGMA-ALDRICH) and casein 8g mlY), the microtubules
were chemically fixed for 15 min by fresh glutamhgde (0.1%, grade I, SIGMA-
ALDRICH), which guarantees an irreversible bindofgolock proteins to the microtubule
surface. Residual active aldehyde groups were aleagd by 15-min treatment with
glycine (0.1 mM, SIGMA-ALDRICH;B6hm et al., 2001)As a result, microtubules were
obtained with a reproducible density of blockingleroles, which occupy kinesin binding
sites on the microtubule surface. For control expents, microtubules without block
proteins were bound to pretreated glass slideschrthically fixed. Chemical fixation of
microtubules by low-concentrated glutaraldehyde sdoet impair the kinesin-driven
transport of gold bead86hm et al., 2001; Boal et al., 2006; Dreblowlet2009).

In the case of reversible binding, glutaraldehyitation and glycine treatment
were omitted to keep the block proteins in natitates The other preparation steps

coincide with those described for irreversible logd

Kinesin binding and gold bead transport

As transporter protein, KIF5Awas used throughout this study. Kinesin (90 ng in
motility buffer) was 100-fold diluted in distillevater and allowed to bind to 9.1°1feads
(20-nm gold colloid, SIGMA-ALDRICH). After adding Qtfold concentrated motility
buffer to restore normal motility buffer conditign0 pl of this bead suspension were
mixed with 9 pl casein (10 mg i SIGMA-ALDRICH) and 1 pl MgATP (10 mM;
SIGMA-ALDRICH) and allowed to bind to the blockedarotubules, immobilized onto
the glass slided~{gure20). The transport of the gold beads was monitored Y£B-DIC

microscopy (see 3.3.1).
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S 33 00 10

Figure 20: Illustration of bead assay preparation.

Microtubules were decated with block proteins and immobilized on a glassface
Afterwards, kinesin-complexed 20-nm gold beads vai@ved to bind andanove alon
the microtubules in the presence of ATP.

3.2.2 ATPase activity determination

The catalytic activities of the recombinant kinasim the presence of MAPs were
determined by measuring the free inorganic phogpheleased during ATP hydrolysis,
using a Malachite green staining technique (Bior@armany; Martin et al., 1985).
Taxol-stabilized microtubules complexed with MARsvarying MAP-to-tubulin
concentrations (MAP2 0.13 pM - 1.32 uM, tau 0.12 pNI.19 puM) were mixed with
35 nM KIF5A660. ATP hydrolysis was initiated by adding MgATP (SIA-ALDRICH) at
final concentrations of 2 mM. After 25 min inculmatiat 37°C the reaction was stopped by
addition of HCI (0.1 N final concentration). The gaphate content was assayed after
addition of the Malachite-green stain and 25-migulmation in the dark by reading
extinctions at 650 nm in triple aliquots. The vauebtained were plotted against the
microtubule (tubulin) concentration. Exponentidifig of the plot, using Microcal Origin

7.5 software (Additive GmbH, Germany) provided kijgvalue.
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3.3 Microscopy

3.3.1 Light microscopy

Movement of the gold beads along the microtubules wisualized by Allen video-
enhanced differential interference contrast miawpgc(AVEC-DIC) using an Axiophot
microscope (ZEISS, Germany) with an oil immersibeotive (100x/1.30), equipped with
a Chalnicon video camera (HAMAMATSU PHOTONICS Gmb8ermany) and the
image processing system Argus 20 (HAMAMATSU), whi@nables background
subtraction and electronic contrast enhancement.

The differential interference contrast microscapybased on the visualization of
structures by contrast. Hereby, light first passemlarizer and becomes laterally split-up
by a Normaski prism into two coherent wave frontsthwequal amplitude, but
perpendicular oriented oscillations plane. At tams time, the Normaski prism induces an
optical retardation between both wave fronts. Toedenser parallelizes the wave fronts
which have to pass the object level at a certastadce to each other. This distance is in
real below the resolution limit. The wave frontspa second Normaki prism where they
get merged. The second polarizer, called analyssylts in interferences between the
merged wave frontsF{gure 21). The relief-like image contrast obtained, reftethe
optical retardation of both wave fronts. Steepefsliare preferentially detected at edges of
the sample due to the greatest density differenides.steepness of the reliefs depends on
the difference in the refractive indices of a detad its surround shape of details and the
optical retardation (Allen et al., 1981). Finalllge video image processing system removes
background noise and electronically amplifies thetiast.

The application of AVEC-DIC microscopy enables tweamination of natural
occurring proteins lacking any tags or fluorochremequired by alternative methods like
fluorescence microscopy. Moreover, an excessivdirtgeaf the sample at high light
intensities can be excluded.

Movement was documented on a digital hard-diskndgr. The video sequences,
were digitized resulting in single images of 30nfes per second which were analyzed
using a Plug-In Beeg et al, 2008)for ImageJ (public domain software,
http://rsbweb.nih.gov/ij/). The mean transport vy transport distance, and dwell time

were calculated from trajectories the single beadsed. The motility parameters were
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analyzed from the moment of bead binding to a nidrole up to final stopping or its

detachment.

analyzer

second modified
Wollaston prism
(Normaski prism)

objective -
focal plane

objective

object

condenser

first modified
Wollaston prism
(Normaski prism)

polarizer

Figure 21: Principle of the differential interference contrast (DI C).
Images obtained by differential interference castexhibit shadowcast details due
gradients of the optical path introduced by integka(microtubules).
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3.3.2 Transmission electron microscopy

To determine the number of block proteins bounthémicrotubulgransmission electron

microscopy was used.

3.3.2.1 Visualization of KIF5A30S on the microtubule surface

KIF5A330S was bound to the taxol-stabilized microtubuledenrconditions described for
KIF5A330 blockages and labeled by a total amount of 2'81@-nm streptavidin-colloidal
gold (SIGMA-ALDRICH, Germany). Afterwards, the geklF5A330S-microtubule
complexes were fixed with glutaraldehyde (0.1%, AKGALDRICH), transferred to the
Formvar/carbon-coated 400-mesh copper grids, armmiered in a ZEISS CEM 902
transmission electron microscope (ZEISS, Germafy). control preparations, in the
absence of blockages, taxol-stabilized microtubwese transferred t&ormvar/carbon-

coated 400-mesh copper grids and negatively staiutbdl% uranyl acetate.

3.3.2.2 Immunogoldlabeling

MAP2 (1.7 mg mf: — 3.7 mg mf) and tau (0.4 mg rifl—- 0.7 mg mt), respectively, were
bound to taxol-stabilized microtubules (120 uM) arashsferred to Formvar/carbon-coated
400 mesh gold grids. Afterwards, block protein-cterpd microtubules were fixed for
15 min with glutaraldehyde (0.5%, SIGMA-ALDRICH) drsubsequently washed with
PBS (5 min; 137 mM NacCl, 2.7 mM KCI, 8.1 mM MPQO,, and 1.5 mM KHPO, at pH
7.2). Free aldehyde groups were blocked by 15-maubation with freshly prepared
NaBH; (26 mM) in PBS. Grids were washed once with PBSn{B) and twice with
PBS/0.5% Tween20 (15 min) to prevent unspecificbanlty binding. The diluted primary
antibody (anti-MAP2 (V:V 1:125) or anti-tau (V:V 1000), respectively, SIGMA-
ALDRICH) was allowed to bind to the microtubules byh incubation in a wet chamber.
After triple washing with PBS/Tween20 (5 min) thedg were incubated for 1 h with the
secondary antibody (anti-mouse 1gG 10-nm gold agatje, SIGMA-ALDRICH; V:V 1:2).
Subsequently, before drying on air, the grids wemeshed twice with PBS/Tween20
(5 min) and double distilled water (5 min), respeadiy.
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4 RESULTS AND DISCUSSION

4.1 Kinesin motility assay

A special feature of the motor protein kinesin i rielative robustness enabling force
generation in cell-free environment. This, togetivéh the possibility to be expressed in
recombinant bacterial systems in large quantitieskes kinesin superior for exploitation
in artificial force-generating devices.

To study the molecular mechanisms of kinesin-medidorce generatiom vitro,
two approaches, which mimic the intracellular tr@ors, can be applied.

A simplified approach, the so-called gliding asgkigure 22, Figure 23), can be
used where the microtubules are propelled by seuifmzind motor proteins. The high
flexibility of the kinesin hinge (Figur8) enables the motor domain to turn into one aerd th
same orientation allowing microtubule binding andwvement with their minus end

leading.

AR

microtubule };/ kinesin

Figure 22: Gliding assay.
The plus-end directed motor kinesin, adsorbed turéace, propels a microtubuleth
their minus end leading.
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000 005 010 015

Figure 23: Gliding assay image sequence.

Microtubule gliding across a kinesin-coated glasgfage. The mang microtubule i
marked by an arrow. The time scale indicates sexand tenth of a second. AVHUC
microscopy.

An alternative method to study kinesin-mediated ilityptis the so-called bead
assay (Figure 24, Figure 25). Here, the microtubale immobilized on a substratum and
kinesin acting as a locomotive that is able to pudhrgo towards the microtubule plus end.
Such cargo might be not only cell organelles or iiacromolecules, but also subjects
made of technologically relevant materials likécsih, quartz, polystyrene or gold.

Throughout the present work, the bead assay wak dige to its better control of

single molecule behaviour, assembly, actuation,fanctionalization.

E microtubule }:’okinesin—gold complex

Figure 24: Bead assay.
The kinesin pulls its cargo like a locomoti®m the minus to the plus end of

microtubule, immobilized on a substratum.
13.2 um

2 um

=
000 005 010 015 020 025 030 035 040

Figure 25: Bead assay image sequence.

Movement of a kinesin-complexed 20-nm gold bead@la microtubule The movin
bead is marked by an arrow. The time scale indicagconds and tenth of a sec
AVEC-DIC microscopy.
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In the gliding assay, microtubules were found tonbeved by kinesin at a mean
velocity of 927 nm $+ 104 nm & (arithmetic mean + SD). Kinesin-complexed golddzea
were transported at a mean velocity of 784 265 nm & along the microtubule.
Main differences become evident when the velodiggdiency histograms are compared
(Figure 26). For the bead assay the width of tleguency histogram was found to be
strikingly greater. This discrepancy can be ex@dimy the number of involved motor
molecules. In the bead assay, 20-nm gold beads uga@ as artificial cargo. Due to the
small surface area of a 20-nm bead, it is unlikleft multiple motors bind (see also 4.3.7).
In this assay, single kinesin molecules, transpgrthe cargo along the rail, can easily be
disturbed by irregularities in the microtubuleilztor by blocked binding sites resulting in
a lowered mean velocity and a broader frequencthdngliding assay, the microtubule is
moved by the concerted work of multiple motors hasg in a uniformly velocity

distribution.
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Figure 26: Velocity histogram of kinesin motility assays.

Velocity frequency histograms for the bead and dghding assay, respectively. The x-
values indicate velocity intervals + 50 nrit. s158 micrdubules and 186 beads w
measured for the gliding assay and bead assagatbsgy.
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4.2 Immobilization of microtubules by chemical fixation

By chemical fixation, proteins become cross-linked fine structural details are stabilized
without destruction. With cross-linking, two or neomolecules are chemically joined by
covalent bonds.

Due to its small size, glutaraldehyde rapidly peatets into cells and insolubilizes
proteins. Glutaraldehyde possesses two reactive-GiaQps which react with the amino
groups of proteins to cross-link them (Figure 2Hegreby, both inter- and intramolecular
protein bridges can be formed. Under neutral combt{ glutaraldehyde exists as a
monomer whereby both aldehyde groups are fullytreacUpon nucleophilic attack by
the lysine residues in the protein, aldehydes alieved to form Schiff bases. Schiff bases
are unstable and break down to regenerate theyaldednd amine. Therefore, reducing
agents convert the Schiff base into a stable sezgnamine (Walt and Agayn, 1994).
Nonetheless, cross-linking by glutaraldehyde (@81 0.1 %) was shown to effectively
stabilize microtubules and extend their lifetime topseveral days without affecting the

ability of kinesin to bind to and move along miarotiles (Boal et al., 2006).
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Figure 27: Principle of glutaraldehyde fixation.
Schiff base formation by glutaraldehyde.

a) Intermolecular cross-linking between proteins.
b) Intramolecular cross-linking.

Beside stabilization of proteins, glutaraldehyd® edso be used to immobilize

proteins onto solid matrices, functionalized byg, substances with free amino groups. In
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the experimental approach used in this study, tbeklproteins were bound to the kinesin
binding sites along the microtubule and chemicalfyss-linked by glutaraldehyde.

Under these conditions, the microtubule loosedytsamic behaviour, becomes stabilized,
and the kinesin blockages were irreversibly boumdhie microtubule. To stabilize the
cross-linked complex and to prevent unspecific ggrobinding, residual aldehyde groups
were blocked by glycine.

To test whether under the conditions used in thiglysglutaraldehyde treatment
impairs the kinesin-mediated movement, control expents were performed with
kinesin-complexed 20-nm beads moving along eitfveed or native microtubules in the
absence of block proteins.

After fixation, the beads were observed to be parted continuously at a mean
velocity of 789 nm 3 + 233 nm &. Resting events were observed rarely. Experiments
with native microtubules, not treated with glutdetiyde, proved that chemical fixation
does not affect the transport velocity (Figure 28).this case, an average velocity of
784 nm & + 265 nm & was measured. These results confirm the stateofidhtrner et al.
(1996) that microtubule cross-linking by glutardigide does not impair kinesin-mediated
movement. Glutaraldehyde represents a small maewatl changing the charge of tubulin.

Consequently, it is assumed not to hinder kinegsidibg to the microtubule sterically or
electrostatically.
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Figure 28: Frequency diagram of velocity distribution of control experiments.
Gaussian-like fitted velocity distribution measuffed kinesineoated beads moving alc
either glutaraldehyde fixed or non-fixed microtutsilvithout block proteins. Thevalue:
of the data points reflect the velocities of indival beads + 50 nm'™s For statistic:
individual beads were followed from the moment ofding to a microtubule up to th
detachment. 185 and 163 beads were apdlyz the case of native and of chemically f
microtubules, respectively.
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4.3 Kinesin-mediated cargo transport in the presence oKIF5A

4.3.1 Strategy

In the crowded environment of a living cell, vasoumotor proteins coexist while
performing different motility functions. In additioto diverse kinesins and dynein, non-
motile microtubule-associated proteins competeniarotubule binding with transporter
proteins which might result in blocking motilityittle is known how kinesin maintains the
long-distance transport when its path is blockemhd@rning this subject, Seitz and Surrey
(2006) reported that the presence of a mutant kinest being able to step efficiently
reduces the average speed without significant ahaoig processivity. The authors
concluded that kinesin waits in a strongly bouratestill the blockage detaches and frees
the binding site enabling kinesin to continue moeatn In another approach where
biotinylated microtubules were decorated with da@eplin (Korten and Diez, 2008)
kinesin molecules were found to rest upon encoingdslockages. The authors assume
that passing is possible if the streptavidin blggkand kinesin do not occupy the same site
on the microtubule. Alternatively, they suggestéettkinesin temporarily detaches,
diffuses along the microtubule lattice, and rebinds

Intracellular transport processes might be impamet only by reversibly bound
blockages, but also by rigid blockages which mighise from stalled cargoes or by
irregularities in the microtubule structure. So, fiahas been not clear what happens when
kinesin stalls or continues movement.

To contribute to understanding the molecular mecnas in the case when
transporting kinesin encounters blocked or defecthinding sites, an experimental
approach was worked out, were KIF5A was employed&th blocking and transporting.
This approach guarantees that exactly the kinesititiy sites along microtubules were
occupied. In addition, the block proteins were ciovafty fixed by glutaraldehyde to
prevent exchange.
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4.3.2 Construct design

Usually, microtubules reconstituted from pure tutbuwithout additional proteins were
used to investigate kinesin-dependent motility sTiady the kinesin-dependent transport in
the case of crowded microtubule rails, 20-nm gaddds were driven by kinesin along
immobilized microtubules whose surface was covdrgdifferent block proteins. The
block proteins were chosen due to their abilitgdmpete with the transporter kinesin for
the same microtubule binding site. Therefore, hufaidength KIF5A with 1032 amino
acids was used both as block protein and as traiespo

Additionally, truncated constructs were expressedtudy how the length of a
blockage affects motility. Experiments with a trated KIF5A and the KIF5A motor
domain, including amino acids 1-560 and 1-330, @éespely, were performed (Figure 29).

The KIF5A constructs were produced En coli without an artificial tag. KIF5A
and KIF5As60 are dimeric proteins being able to move microtabudcross glass surfaces
at velocities between 800 nrit s1000 nm €, which is in the same range as determined
for kinesins purified from brain tissue (von Massetval., 1989; Bohm et al., 2000) or
from Drosophilaembryos (Saxton et al., 1988). The KIF5A motor dioms amonomeric
immotile protein lacking parts of the neck-linkendathe complete neck, stalk, and tail

region.
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Figure 29: Bar diagrams depicting the domain structures of KIF5A constructs.
Full-length KIF5A served as both transporter pmotend blockage. Additionally,hé
truncated construct KIF589 and the motor domain KIF54y were adopted to bloc
kinesin binding sites. The motor domain is dispthye green, neckinker/neck region i
ochre, stalk in red, and the tail domain in blue.
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4.3.3 Effect of block protein size on kinesin motility paameters

4.3.3.1 Comparison of KIF54 and KIF5Ase0 as block proteins

In the presence of a non-hydrolyzable ATP analogUB5Ay or KIF5Ase0 Was tightly
bound to microtubules and additionally cross-linkedglutaraldehyde. As a result, this
KIF5A, irreversibly occupies kinesin-binding sites the microtubule surface. Following,
kinesin motility parameters were analyzed in depacd on the kinesin head-to-tubulin
ratio, which determines the density of blockagasnloto the microtubule surface.

In control preparations without block proteins, themds were found to be moved
by kinesin continuously at a mean transport vejoaft783 nm & + 194 nm &.

When block proteins were irreversibly attached tee tmicrotubules, bead
movement was characterized by phases of transfierhating with resting ones (Figure
30, Figure 31). Accordingly, the mean transportoui#) decreased. Between resting
phases, the velocity was found to be nearly theesasin control experiments (compare
the ascent of Figure 31b with that of the contsgdeziment in Figure 31a).
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Figure 30: I mage sequences of kinesin-mediated bead transport along microtubules.

a) Continuous transport in the absence of blockeprs.

b) Discontinuous transport in the presence of Kif-blckages at a head-tobulin ratic
of 0.2.

The movirg beads are marked by arrows. The time scale itredicgeconds and tenth ¢
second. AVEC-DIC microscopy.
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Transport distance (um)

24

Time (s)

Figure 31: Distance-time diagram in the presence of KIF5A;,.

a) Continuous transport in the absence of blockeprs. Wthin the time interval of th
sequence the mean transport velocity was 1061 hm s

b) Discontinuous transport with alternating phasesnovement and restingbserved i
the presence of KIF5Ablockages (mean velocity including resting pha&s nm ).
KIF5A4 head-to-tubulin ratio 0.1. This value, whicdetermines the density of blc
proteinsbound along the microtubule, was calculated ornbtsas of the number of mo
domains (heads) the blockages comprises. The da obtained by measuring the X-Y-
shift of single beads on digitized video sequer{88drames per second).

Compared with the non-continuous movement (Fi@lne the transport velocity decreased
exponentially in dependence on the head-to-tubdiio (Figure32). For both, KIF54
and KIF5As60, @ comparable exponential dependence of the wglptotted against the
head-to-tubulin ratio was observed, which is doaue by similar decay constants (0.14

vs 0.18), respectively.
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Figure 32: Effect of KIF5Aq and KIF5Asg on the velocity.

a) Dependence of the mean transport velocity orh#eal-totubulin ratio in the case
blocking by KIF5A; and KIF5As60, respectively.

b) Velocity frequency histogram in the absencelotking proteins.

c,d) Velocity frequency histograms in the presenéeKIF5A; and KIF5As60 block
proteins, respectively. The x-values indicate viggoiatervals + 50 nm’S.

n - number of beads measured.

Parallel to the decrease of the mean transporcigldhere was a decrease of the
mean distances the beads moved along the micrewilfbigure 33a). The final level the
beads moved was found at ~2 pm. Increasing the-toetadbulin ratio up to 0.4 did not
cause a stronger decrease. However, there waseaddvirequency of bead binding at high
head-to-tubulin ratios.

Moreover, with increasing density of block proteorsthe microtubule surface, the
mean dwell time of the beads moving along the ntidrole showed a tendency to higher
values (Figure 33b). But as a rule, once boundh& niicrotubule, moving beads were
usually observed to be able to continue movemeet aésting phases without diffusion

from the microtubule rail.
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Figure 33: Effect of KIF5Aq and KIF5As6, on the transport distance and dwell time.

a) Dependence of the mean transport distance (lesfgthe trajectory single bes wer
moved from the moment of association with a midoata upon its final stopping

detachment) on the head-to-tubulin ratio.

b) Dependence of the mean dwell tiiftiene period single beads were moved from
moment of association with a microtubulpon their final stopping or detachment) or
head-to-tubulin ratio.

For statistical analysis40 single beads per head-to-tubulin ratio wereyaeal.

Both KIF5A constructs represent dimeric proteinsieCto the flexibility of the
coiled-coil region, KIF5A and KIF5As6, are partially compacted bound to the microtubule
surface rather than fully extended (Kerssemakersl.e2006). Correspondingly, both
constructs exerted a comparable inhibition of nitgtdf the transporter kinesin. It can be
assumed that not only the kinesin binding sitea@lbe microtubule are blocked. But, the
stalk and the tail region might additionally act assteric hindrance constraining the
binding and movement of the transporter kinesitigaarly at high head-to-tubulin ratios
(Figure 34).
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Figure 34: Illustration of steric hindrance of kinesin binding and movement along the
microtubule by KIF5A;.

KIF5A; contains a pair of motor domains at the @mal, followed by a long, high
flexible stalk and tail. The protein binds in a quawt configuration with a height of im
on the microtubule surface (Kerssemakers et al6R00

In the case of blocking by KIF5Ared) two subsequefittubulins along the protofilame
track are occupied. Beside the direct competitmmbinding sites along the microtubt
the stalktail part is considered to cause additionally aistmhibition of binding an
movement of the transporter kinesin (bluéhe gold beads transported are depicte
yellow spheres.

49



RESULTS ANDDISCUSSION

4.3.3.2 Comparison of KIF54 and KIF5A30 as block proteins

It was shown that KIF5Aand KIF5As60 exert a comparable effect on kinesin motility. To
prove whether steric hindrance is caused by thg Rtexible stalk and tail region, the
KIF5A was C-terminally truncated to obtain the nradomain, only. The kinesin-mediated
transport was impeded in the presence of both|jaig KIF5A; and the short KIF540
(Figure 35). But, in the presence of KIFh#the resting phases were shorter than observed
for KIF5Af ones.
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Figure 35: Distance-time diagram in the presence KI F5Ay and KI F5A330.

a) Continuous transport in the absence of blpkeins. Within the time interval of tl
sequence the mean transport velocity was 1061 hm s

b,c) Discontinuous transport with alternating plsasemovement and restirapserved i
the presence of KIF5A and KIF5A30 blockages, respectively. The are velocitie
including the resting phases were 651 ritmaad 365 nm§ respectively. The head-to-
tubulin ratio was 0.1. This value, which determirles density of block proteinsounc
along the microtubule, was calculated on the bafsise number of motor domains (heads)
the blockages comprises. The data were obtainethdgsuring the X-¥hift of single
beads on digitized video sequences (30 framesgoens).

Both block proteins (KIF5A0r KIF5Ag30) caused the transport velocity to decrease
exponentially in dependence on the kinesin headiialin ratio. But, at low head-to-
tubulin ratios, the decrease was more pronouncethencase of the short KIF24
compared to KIF5A (Figure 36), which is manifested by a significgnbwer decay
constant (0.0¥s.0.18) determined by exponential fitting of theoty data.
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Figure 36: Effect of KIF5Aq and KIF5A33, on the velocity.

a) Dependence of the mean transport velocity orh#deal-totubulin ratio in the case
blocking by KIF5A; and KIF5A3,, respectively.

b) Velocity frequency histogram in the absencelotking proteins.

c,d) Velocity frequency histograms in the presenéeKIF5A; and KIF5A30 block
proteins, respectively. The x-values indicate viggoiatervals + 50 nm’S.

n - number of beads measured.

Remarkably, in the case of KIF34, increasing the head-to-tubulin ratio up to
values >0.1 did not result in stronger velocity rdase. The microtubule surface seems
rather to be saturated by block proteins. Increpsie head-to-tubulin ratio only caused
the binding frequency of kinesin-complexed beadsh® microtubule to be lowered,
obviously due to the reduced number of free binditgs. But, even in this situation, more
than 80% of the moving beads were able to overcbloekages after pausing without
being released from its microtubule rail. In thbestcases, the beads either detached from
the microtubule or finally stalled.

Regardless of KIF5Q or KIF5As30 used as block proteins, movement was still

observed over relatively long distances. Even athighest blockage density the beads
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were moved on average over 3 (for KIF5As30 blockages; Figure 37a) and 2ut (for
KIF5A¢ blockages; Figure 37a) without bead diffusion.
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Figure 37: Effect of KIF5A; and KIF5A33, on the transport distance and dwell time.

a) Dependence of the mean transport distdlergth of the trajectory single beads v
moved from the moment of association with a midoata upon its final stopping
detachment) on the head-to-tubulin ratio.

b) Dependence of the mean dwell time (time perindls beads were moved frometh
moment of association with a microtubule upon tffieal stopping or detachment) on
head-to-tubulin ratio.

For statistical analysis40 single beads per head-to-tubulin ratio wereyaieal.

It has to be mentioned that lowering the mean lesasport velocity caused by the
KIF5A motor domain was more pronounced. The resatt be explained as follows: in the
case of the dimeric full-length KIF5A two subsequ@rtubulins are blocked along the
protofilament track. But, when KIF54, is bound, the same number of kinesin heads is
randomly distributed and not pairwise bound alohg protofilament track. When the
transporter kinesin encounters the blocked sitgains to be unimportant whether the next
but one kinesin binding site is free or not.

Moreover, the globular monomeric KIF54 with dimensions around 7 nm -8 nm
seems to bind more efficientlfFigure 38 to microtubules than the KIF5Awith the
complete neck, the long stalk and tail (Fig@#). Especially at higher head-to-tubulin
ratios, the KIF5A blocks need more space which causes additionadiergac hindrance
preventing binding and movement of the transpditeesin along the microtubule surface.
The observation that in the case of blocking by3#df-the decrease of the mean transport
distance (Figure 37a) was stronger and the regtiages were longer than with KIFRA

strengthen this suggestion.
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Figure 38: Illustration of hindrance of kinesin binding and movement along the
microtubule by KI F5Az30.

The monomeric KIF54g used as block protein (red) is a globular molecwiéh
dimensions not exceeding those of tubulin dimeheré&fore, it des not additionally cau
steric effects. As a consequence, all free kindsnding sites around the blockage
practically accessible for the transporter kindbine) without any steric interferencehe
gold beads transported are depicted by yellow gsher
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4.3.4 Visualization of block proteins on the microtubulesurface

The final velocity level achieved with KIF34 as block protein was reached at the
relatively low head-to-tubulin ratio of about OAn increase of this ratio to 0.4 did not
cause stronger effects on the bead transport. Tibstign arises how mamgolecules of
the block proteins did really bind per microtubigegth under the conditions realized in
this study.

To get information on the density of block protebmsund along microtubules, a
modified KIF5A motor domain construct, containindddionally a streptavidin binding
motif (KIF5A330S) was expressed. This construct was allowed td tmrmicrotubules in
the presence of a non-hydrolyzable ATP analogueoaditions comparable to those
applied for preparation of KIF5Ax-blocked microtubules. The ATPase activity andigpbil
to bind to microtubules of the KIF34S construct could not be distinguished from the
KIF5A330 used for blocking.

KIF5A330S bound to the microtubules was visualized by sd@ciicroscopy after
labelling with 10-nm streptavidin-coated gold beddsdependence on the head-to-tubulin
ratio, the mean distance between the blocking Kiz§Amolecules decreasdeigure 39.

At a ratio of one kinesin head per 10 tubulin dispeheoretically corresponding to one
blocking molecule per 80-nm protofilament lengthise mean distance between single
KIF5A330S blockages was 266 nm = 214 nm. This value cooredp well with the data
obtained from the motility assay, where at the sdrmead-to-tubulin ratio, the mean
distance the beads were moved along KlizgAecorated microtubules between resting
phases was 226 nm + 139 nm. Remarkably, increabmdead-to-tubulin ratio did not
result in a more dense binding of KIFR4S.
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Figure 39: Distribution of KIF5A33,S along microtubules.

a,b) Images of microtubules showing the distributaf KIF5A330S blockagesprotein:
along microtubules at a head-to-tubulin ratio @0and 0.1, respectively.

c) Mean distances between single KIE5S molecules as a function of the KIFR45-to-
tubulin ratio. The mean distances were calculated on the ludsthe total length «
12 protofilaments constituting the microtubule walheThigher standard deviations at

ratios might reflect a more random binding.
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4.3.5 Transport of individual beads along a microtubule

Following the transport along a selected microtaldor a period significantly exceeding
the dwell time of a single bead, the transportustifer beads along the same microtubule
rail was analyzed. The distance-time diagram inufggl0, within the interval from 5 s to
25 s suggests that the beads No. 1 and 2 follovandehe same protofilament. Thereafter,
resting phases were observed for these two bealifeaient positions suggesting that after
passing sites of blocking they moved on along cffié protofilaments (corresponding to
transport distance of ~3 pum). The distance-timgrdia of bead No. 3 suggests the usage
of another protofilament track immediately from thiart point. Remarkably, the three
beads rest at one and the same position (corresmptal transport distance of ~2.4 um),
obviously due to blocking of more than one kindsimding site on the microtubule
surface. But nevertheless, all three beads were @blovercome the blockages on the

microtubule surface after different resting times.
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Figure 40: Distance-time diagram of individual beads.

Three individual beads were transported along anethe same microtubul@he mea
transport velocities including the resting phasesrew142 nm § 146 nm &, anc
350 nm & for bead No. 1, 2, and 3, respectively. The KIfB®ad-to-tubulin ratio was
0.2. This value, which determines the density obckl proteins bound along tt
microtubule, was calculated on the basis of the bamof motor domains (head#)e
blockages comprises. The data were obtained byuriegshe X-Yshift of single beac
on digitized video sequences (30 frames per second)
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4.3.6 Bypassing mechanism

The mechanism of overcoming blocked kinesin bindiigs proposed by Seitz and Surrey
(2006) explains how the transporter kinesin canranee sites along the protofilament
which are occupied by reversibly attached proté&ee also 4.3.1). However, realization of
the cargo transport over long distances seemsquireza more efficient mechanism by
which an obstacle blocking the kinesin binding siteng the microtubules can be passed.

In the absence of blockages, kinesin is suggestddlibw a linear trajectory by
moving along a single protofilament (Kamimura andndelkow, 1992; Ray et al., 1993)
even under sideways load (Block et al., 2008)contrast, Yildiz et al(2008) recently
reported that, even in the absence of a laterakfat3% of the kinesin molecules were
able to perform ~6 nm sideways steps with equdepeace to the left or right side. Such
sideways steps might reflect that a single kinesaving along the microtubule is able to
change to a neighbouring protofilament. The fregyenf sideways steps and the
corresponding step size were found to depend ottetigth of the neck linkers (Yildiz et
al., 2008). The ability of wild-type kinesin to perforsideways steps can be regarded as
exceptional cases possibly due to irregularitieshin microtubule lattice that have to be
overcome.

In the present study, kinesin was shown to be #@blmove along microtubules
decorated with irreversibly bound blockages comnmgetor binding sites. Unlike observed
for control preparations lacking blockages, moveim&as a non-continuous onee.
phases of transport alternated with resting phasssa result, the mean velocities were
lowered (Figure32, Figure 36).

Kinesin moves in a hand-over-hand like fashion, iehg the leading head remains
bound until the trailing head attaches to the niulin dimer. In the case of an
irreversibly bound blockage the trailing head i$ able to bind to the next tubulin dimer
and the leading head cannot detach what in gesbmlld cause cargo stalling. But as a
rule, bead movement was observed to continue iedsting at sites of blockages, strongly
suggesting a bypassing mechanism which is basateohigh molecular flexibilty of the
kinesin dimer, allowing different relative posit®iof both heads to each other. Bypassing
is predicted on the assumption that the leadingd heanains bound to the original
protofilament whereas the trailing one turns sidelwaand contacts a tubulin binding site
at a neighbouring protofilament. Finally, the leaglhead leaves the blocked protofilament

and follows the trailing one along its new trackeTkinesin step size is defined by
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geometrical and mechanical limitatioresg, 8-nm centre-of-mass migration (Mandelkow
and Johnson, 1998) or the torsional strain in #dslihg head to throw the trailing head
forward, restricting possible paths to bypass (Fegti).

The conclusion that a single kinesin molecule walkialong an individual
microtubule is able to change the protofilamentckravithout being released can be
strengthened by the following consideration: Cdnéxperiments with microtubules free
of block proteins clearly demonstrated that, dependn actual length of microtubules,
the gold beads moved over distances up tui0 Under the conditions realized in this
study, the taxol-stabilized microtubules reassethbieem pure tubulin had mostly
12 protofilaments (Bohm et al., 1984l. is known that the protofilaments of such
microtubules are tilted with respect to their langs resulting in a right-handed helix with
a super twist pitch of 3.4m (Ray et al., 1993)/hen a single kinesin molecule uses only
one protofilament as track, the helical arrangenoéiibhe protofilaments enables transport
distances of maximal aboutun. Otherwise the kinesin, including its 20-nm cargad to
pass the space between the microtubule and th&awins to which the microtubules were
immobilized.

It is concluded that bypassing is an evolutionargchanism enabling the

maintenance of the long-distance transport in theous matrix of the cell.
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Figure 41: Variations of overcoming blockages.

The transporter kinesin is a dimer with two heddgh{ and dark blue) moving along
microtubule and encounteg a blockage (red). Excluding backward stepspwercom
the block protein the trailing head can theorelycalccess four-tubulin binding site
(yellow dots) both at the right and the left rethte the moving direction.

It is assumed that two free neighbouring protofigus on the right and on the left,
corresponding to movement direction, are accessibiealize bypassing (Figurd). For
the single modes of bypassing described (see 2-3.8.6.4) step sizes were calculated
between 8.6 and 20.6 nm for the first step (T&)leThese values are considered to be
rather realistic as single kinesin heads take stéd3.3 nm = 3.3 nm (Yildiz et al., 2004).
In the proposed models, backward steps of thergaldead are excluded, as in this case
the regular ATPase cycle and the resulting cootdahalternating movement of both heads
would be disturbed. However, the bypassing modesnat mutually exclusive and it is
likely that kinesin employs more than one strategy.
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Bypassing to the Bypassing to the next but
neighbouring protofilament one protofilaments

Step width (nm)

Mode | Mode I Mode I Mode IV
Bypassing right in moving 8.6 15.8 11.7 17.2
direction
Bypassing left in moving 10.2 17.7 14.1 20.6
direction

Table 2: Theoretical step widths of the trailing head to a free p-tubulin upon
encountering the blockages.

Calculations were performed using the following adatateral spacing between
protofilaments — 5 nm; axial shift between adjagamtofilaments -1 nm; tubulin dime
length — 8 nm.

4.3.6.1 Mode |

To perform an energetically efficient step the sg@orter tends to bind the nearest available
free binding site on the microtubule (Figu4€). Therefore, the leading head remains
bound to the original protofilament whereas thditrg one turns sideward and contacts a
tubulin binding site located side by side at aliuim distance to the leading head (Figure
42b) on the adjacent protofilament. It is assunted kinesin can overcome the blocked
site to the left (10.2 nm step width) or right (&6n step width, see also Tahk
corresponding to the movement direction. During tlext ATPase cycle the former
leading head is pulled through the gap betweenbtbekage and the trailing head and
becomes the leading head again (Figure 42c). Theski molecule continues now its
movement along the new protofilament track.

This mode includes steps in which kinesin heads lacated side by side.
According to Hoenger et al. (1998) kinesin heads abvle to bind in equimolar ratio to
tubulin. That means, that at least under conditiminsuppressed ATP activity a side by
side location of both heads of the dimeric trantsgdkinesin or of one of its heads and a
blocking molecule (see also Mode IlI) seems to leordtically possible. However, the
probability that the free head of the moving diroékinesin, looking for an alternative
binding site by diffusional search, binds directlge by side to another head or blocking
protein is considered to be lower than the bindihgreater distance (see also Mode llI,
V).
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Figure 42: Concept of kinesin bypassing: Model .

The trailing head (light blue) binds to tietubulin of the adjacent protédiment an
becomes located side by side with the leading l@adk blue). In the 2ndtep, the forme
leading head is pushed forward and binds to the free B-tubulin of the adjace
protofilament and becomes located side by side thigtblockage (red).

4.3.6.2 Mode Il

Like in Mode I, the trailing head is pulled forwaehd bypasses the blocked site by
binding to an adjacent protofilament. Therebyi,iitds side by side to the blockage on the
adjacent protofilament (Figurd3b). The step is performed either to the adjacent
protofilament on the left or the right, corresparglio step widths of 17.7 nm and 15.8 nm
(Table 2), respectively, with respect to the moving di@ct During the 2nd step, the
former leading head is either pulled clockwise ourtterclockwise in moving direction
over the blocked site (Figud8b/c) realized by a ~162° turn. A counterclockwise in
moving direction is considered to be energeticatlyfavoured.

It is suggested that transitions to the adjacentifitament (Mode |, 1), with a side

by side location of one head with the other onwitin a disturbance might occur in cases
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when the kinesin binding site to the next dimemgldhe original protofilament track is
hindered by structural discontinuitiesg, by defects of the microtubule lattice. In theecas
of disturbed kinesin binding sites bg,g, obstacle with dimensions in the range of a
kinesin head, it is rather possible that the mgilhead being pulled forward collides with

the blockage which leads to transporter stallingy subbsequent detachment.

Figure 43: Concept of kinesin bypassing: Mode 1.

The trailing head (light blue) binds side by sidighvihe blockage (red). In the 2rstiep
the former leading head (dark blue) is pushed foivead binds to the next fr@etubulin
along the new protofilament track.
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4.3.6.3 Mode Il

It has been discussed that in the case of largmadbs a side by side arrangement of both
heads or of one head and the blockage (see Mdljeséems to be less probable. It is more
likely, that the free head of the moving kinesemsits to the next but one protofilament.

The leading head remains bound to the originalgfitament whereas the trailing
one contacts a tubulin binding site on the nextdng protofilament located approximately
perpendicular to the leading head (Figure 44b).eKim might take this step in both, left
(14.1 nm step width) and right (11.7 nm step widdee also Table?) direction,
corresponding to the moving direction. Finally, tbemer leading head is pushed through
the free space between the blocked site and follinestrailing one on the new track
(Figure44b/c).

Figure 44: Concept of kinesin bypassing: Model11.

The trailing head (light blue) turns sideward and binds apprately perpendicular to t
B-tubulin of the next but one protofilament. In thed step, the former leading head (c
blue) is pushed forward and also binds to thisgfilament. The blockage is depect ir
red.
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4.3.6.4 Mode IV

Additionally, it is possible when encountering thlecked site, the trailing head makes a
sideways step and changes to the next but onefipaotent. Kinesin overcomes the
blocked site by binding to th@-tubulin located approximately perpendicular to the
blockage (Figurel5b). The performed step is accompanied by stephwidf the trailing
head of either 20.6 nm (bypassing left in movingdion) or 17.2 nm (bypassing right in
moving direction; see also TabB). During the 2nd step, the leading head is pulled
clockwise in moving direction through the gap beiwehe blockage and the former
trailing head and binds also on the new protofilameack.

Though, in single cases kinesin heads were denatedtto be able to perform
steps of 17.3 nm = 3.3 nm width (Yildiz et al., 200Bypassing left in moving direction is
considered to be exceptional case as the largensti#p should be accompanied by raised

intramolecular tension within the neck region.

Figure 45: Concept of kinesin bypassing: Mode I V.

The trailing head (light blue) is pushed forwardl dminds to theg-tubulin of the next b
one protofilament approximately perpendicular te bhockage (red). In the 2rsdep, th
former leading head (dark blue) binds to the nende f3-tubulin along the ne
protofilament track.
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4.3.7 Evaluation of the number of KIF5A molecules bound ¢ the gold bead

Throughout the present study, 20-nm gold beads wemglexed with KIF54 to follow
kinesin movement along microtubules by AVEC-DIC rmagcopy. The question arises
how many kinesin molecules were involved in thenggort of a single gold bead. To
answer this question, the KIF5A-complexed beadsewmnsferred to Formvar/carbon-
coated grids and either negatively stained by dracgtate or platinum-shadowed and
examined by transmission electron microscopy. Ieddpntly of the preparation
procedure, about 76% of the beads were observeavio bound only one KIF5A molecule
(Figure 46).

Percentage of beads complexed with KIF5A

1 2 3 and more

Number of transporter molecules per bead

Figure 46: Classification of the gold beads based on the number of KIF5A molecules
bound.

Altogether, 361 beads to which KIF5A was observedo¢ boundwere evaluated fi
statistical analysis.

Insert: Transmission electron microscopy image tifplan-shadowed sample) depicts a
20-nm gold bead loaded with one KIFb#olecule.

4.3.7.1 Bypassing in the case of transport by multiple nsto

Electron microscopic studies revealed that thers avfraction of beads (~25%) to which
three and more motor molecules were bound. Incése, bypassing can be realized by the
cooperative work of multiple motors. When the kindsead complex encounters a
blockage, the kinesin molecule which is activelyalved in the bead transport detaches
from the protofilament track and another kinesinenole binds at a position sideward or
in front of the blockage (Figure 47).
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However, also in the case of binding of multipletars to one and the same bead,
bypassing might be realized by one active kinesoleoule whereas the other kinesin

molecule remains passive.

Figure 47: Mechanism of bypassing blockages by multiple motors.

Encountering the site of blockage, the bead osedlaand turns until a second kine
contacts the microtubule wall leaving the blockdgind. After detaching of énfirst
kinesin from the microtubule the bead moves on.
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4.4 Kinesin-mediated cargo transport in the presence dEg5

4.4.1 Strategy

It was found that Eg5 plays not only a major ralemitosis but is also suggested to be
essential in developmental processes of the nerggatem. For example, tubulin is
reported to be delivered by the Eg5 motor to mairitae axonal growth (Myers and Baas,
2007).

Therefore, it seems to be likely, that in neurocells, Eg5 and KIF5A motors
might encounter. In the previous chapter it wasashthat kinesin overcomes irreversibly
blocked kinesin binding sites. This result contcéliwith the clonclusion of Seitz and
Surrey (2006) whose experiments with motility-inteld kinesin mutants might
appropriately explain how kinesin overcomes rewdysblocked binding sites (see also
4.3.1). The question arises if nature has evolvetee effective mechanism still enabling
the proper transport of organelles in the presasicether transporter proteins,g, by
performing bypassing.

To study effects of competing motors performingirtheormal physiological
function Eg5 seems well suiteable. In comparisoKIlt&€b family members it represents a
motor protein with about 20-fold lower transportoaty. This raises the question, whether
the presence of a slowly moving motor thwarts atfansporter.

To gain further insights into the interplay of castipg motors with normal motility
activity, the transport of the gold beads by KIF&As investigated in the presence of Eg5.
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4.4.2 Construct design

To study KIF5A-mediated motility in the presenceaaiotile competitor for binding sites
along the microtubule a truncated Eg5 construct exgsessed irE. coli without having
any artificial tag or sequence.

The construct Eghs (57.6 kD) is a dimeric protein (DeBonis et al. 03D lacking
parts of the stalk and tail region (Figure 48)mkbves processively along the microtubule
with a mean velocity of 58 nm'st 27 nm &,

357
397
—829

—

Eg54 1057

Egbs1a E:

Figure 48: Bar diagram depicting the domain structures of Eg5 constructs.

The truncated construct Egbwas used as motile competitor for KIF5A binding sit
along the microtubule. The motor domain is dispthie pink, necKinker/neck region i
mauve, stalk in green and the tail region in yellow

4.4.3 Exchangeable Egbizas a motile competitor for KIF5A

Eg513 was allowed to bind to microtubules, under condgiqreserving its ability to
move. The Eg5-decorated microtubules were immaddlito PDDA-coated glass slides,
without glutaraldehyde treatment. Thereafter, KIF&#nplexed gold beads were added
and the movement was observed via AVEC-DIC micrpgco

The motility-efficient Egs3 was found to slow down the bead transport whereby,
phases of movement alternated with resting onets.aBer pausing, the bead transport was

usually continued (Figure 49).
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Transport distance (um)
£
1

Figure 49: Distance-time diagram in the presence of exchangeable EQ5s;3.

a) Continuous transport in the absence ofsgBVithin the time interval of this sequel
the mean transport velocity was 952 rifn s
b) Discontinuous transport with alternating phasesnovement and restingbserved i
the presence of exchangeable £g5The mean Jecity including resting phases w
354 nm &. The head-tdubulin ratio was 0.5. This value, which determittes density ¢
block proteinsbound along the microtubule, was calculated onbtss of the number
motor domains (heads) the blockages comprisesdateewere obtained byeasuring th
X-Y-shift of single beads on digitized video seqces (30 frames per second).

Depending on the Eghk head-to-tubulin ratio the mean transport velocity

decreased exponentially (Figure 50a, Figure 5lipupfinal velocity level of 463 nm's:

56 nm & at a head-to-tubulin ratio of 0.5. Correlatinghs, the transport distance a bead

was moved along the microtubule decreased (FigQky. E=ven at the highest head-to-

tubulin ratio (one Eghs head per two tubulin dimers), the beads were pansd up to

2.8 um.
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Figure 50: Effect of exchangeable Eg5s;3 on the velocity and transport distance.

a) Dependence of the mean transport velocity on thd-te-tubulin ratio.

b) Dependence of the transport distafieagth of the trajectory single beads were m
from the moment of association with a microtubulpom their final stopping c
detachment) on the head-to-tubulin ratio. For stiaal analysi$50 single beads per head-
to-tubulin ratio were analyzed.
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Figure 51: Frequency diagram of velocity distribution in the presence of exchangeable
EgSs13.

Velocity frequency histograms in the absence of sikg@nd in the presence
exchangeable Egh. The x-values indicate velocity intervals + 50 s

n - number of beads measured.

4.4.4 Irreversibly bound Eg5s:13

It was shown that exchangeable, motile-competiggs;13 competing with the KIF5A for
binding sites along the microtubule, decelerates libad transport. The extent of the
decrease is comparable to KIF5A blockages descrdaelier (see 4.3). It is not clear if
exchangeable Egh frees the binding site for kinesin or if kinesimn able to bypass
blocked sites. Therefore, additional experimentsewperformed where Egh was
artificially inactivated by chemical fixation. Du® this, Egs:3 molecules were neither
able to move nor to detach from the microtubuléasgr and act as rigid blockages.

As expected, the irreversibly bound Egbalso decreased the transport velocity
(Figure 52a, Figure 53) significantly. Surprisingtie final velocity level at a head-to-
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tubulin ratio of 0.5 ratio was 496 nrit & 75 nm &, i.e. not significantly lower than in the

case of exchangeable Egb Also the mean transport distance was found toobbeparable
to the values measured for the exchangeable;E@5gure 52b).
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Figure 52: Effect of irreversibly bound Eg5s;3 on the velocity and transport distance.

a) Dependence of the the mean transport velocity eméad-to-tubulin ratio.

b) Dependence of the the mean transport distédeogth of the trajectory single be:
were moved from the moment of association with erotubule upon their final stoppi
or detachment) on the head-to-tubulin ratio.

For statistical analysis50 single beads per head-to-tubulin ratio wereyaieal.
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Figure 53: Frequency diagram of velocity distribution in the presence of irreversibly
bound Eg5s;3.

Velocity frequency histograms in the absence ofsigind n the presence of irreversil
bound Eg8:s The x-values indicate velocity intervals + 50 s

n - number of beads measured.

Noticeably, when irreversibly bound, Eg5 exerted longer resting phases on the
kinesin-mediated transport (Figusd) than in its native, exchangeable state (Figi®e
When exchangeably bound the competitive slowly mgvEg3:3 is in equilibrium
between its binding and detachment which enablestidinsporting kinesin relatively
easily to pass the blocked site. But, when irralbrsdbound Eg5:3 represents a rigid
blockage unable to detach from the microtubule tvmaght be the reason for longer

resting phases.
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Figure 54: Distance-time diagram in the presence of irreversibly bound Eg5s;s.

a) Continuous transport in the absence ofsg8Vithin the time interval of this sequel
the mean transport velocity was 1061 rilm s

b) Discontinuous transport with alternating phasesnovement and restingbserved i
the presence of irreversibly bound Eg5The mean velocity including resting phases
223 nm &. The head-taubulin ratio was 0.5. This value, which determittes density ¢
blockage proteins bound alg the microtubule, was calculated on the basth@humbe
of motor domains (heads) the blockages compriskes.data were obtained Inyeasurin
the X-Y-shift of single beads on digitized videmgences (30 frames per second).

4.4.5 Comparison of the effect of exchangeable Egh and of irreversibly bound

Eg5s13 0n the kinesin-mediated transport

Independently of whether Eg3 was exchangeable or irreversibly bound on the
microtubule surface, it exerted a decrease onrtdresport velocity. The decrease depend
on the Eghis head-to-tubulin ratio and could be fitted by amp@xential curve (Figure
55a). Interestingly, chemical fixation did not letm a stronger effect on the transport
velocity. In both cases, the mean transport digtaofcthe beads was slightly diminished
(Figure 55b).
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Figure 55: Effect of exchangeable Egbs:3 and irreversibly bound Egbs;3 on the velocity
and transport distance.

a) Dependence of the mean transport velocity on tlad-e-tubulin ratio.

b) Dependence of the mean transport distfleeth of the trajectory single beads v
moved from the moment of association with a midoata upon their final stopping
detachment) on the head-to-tubulin ratio.

The data refer to FigurgO for exchangeable Egh and Figures2 for irreversibly boun
Eg513 respectivelyFor statistical analysis50 single beads per headttdaulin ratio wer
analyzed.

In solution, both kinesin heads have ADP bound tvidcreleased upon one head
binds to the microtubule. The ATP-stimulated redead nucleotides varies between
kinesin family members. Egh is characterized by a relatively slow nucleotigéease
(Kp: 5 s*- 10 §%) whereas kinesin-1 releases it nucleotides ragiity 100 s') (Valentine
et al., 2007). The slow release, in the case ofgiauses a stronger binding of the motor
protein during passing its ATPase cydléce versathe transporting kinesin should unbind
faster when encountering the slowly moving blocka®eat, diffusion of kinesin from the
microtubule surface which should become evident“joynps” in the corresponding
distance-time diagram was not observed (Figure B@@n at high Eghs head-to-tubulin
ratios the beads were transported over mean desamicabout 2.4 um - 2.8 um (Figure
55b). But, with increasing head-to-tubulin ratice thinding efficiency of transporter
molecules was reduced.

Remarkably, transport velocities which are typigafleasured for Eg5 (40 nm's-
Kalchishkova and Bohm, 2008) were not observed estgyy that transporting kinesin
uses alternative mechanisms to overcome blocked s#éther than running behind the
slowly motor.

These results contradict with the observations mad&eitz and Surrey (2006)
who concluded that kinesin waits until an immotietor releases the track. In general, it
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seems to be possible that also the exchangeablargbds and frees the binding site for
kinesin. However, the coincidence of the resultsaioled with the exchangeable and
irreversible bound Eg5 strongly supports the pastal bypassing mechanism (4.3.6)
where also sites occupied by a slowly moving mbtmund to the protofilament track can
be overcome. To maintain an efficient long-distatremsport, waiting for the release of

blockages seems to be disadvantageous from algaigtogical point of view.
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4.5 Kinesin-mediated cargo transport in the presence df1APs

45.1 Strategy

It has been shown that the kinesin-mediated trahspefficiently sustained even in the
presence of irreversibly bound blockages (see ehapB8 and 4.4). In the corresponding
experiments microtubules reconstituted from purbulim have been used. These
microtubules have a smooth surface free of accegsmteins. This situation however,
does not reflect the physiological reality withinliging cell where the motor proteins
frequently encounter non-motile microtubule-assecigroteins (MAP) along their path.

In the last decade various vitro studies were performed dealing with the
molecular mechanisms of motor protein interactiath WIAPs. Nevertheless, the results
are controversially discussed. It is thought thatRd affect the attachment frequency of
transporting kinesin but not its motion (Seitz bf 2002; Trinczek et al., 1999Dn the
other hand, Lopez et 411993) showed that kinesin motility is inhibited BYAP2 but not
by tau. In contrast, it was recently reported tlaat completely inhibits kinesin-mediated
transport at a tau-to-tubulin ratio of 0.2 (Vershiet al., 2008). The inconsistence of the
results is most probably due to the different expental procedures, including the actual
type of applied associated protein, the concentmatonic strength or buffer constituents.

To gain further insights into the mechanisms ofekin motility generation in the
presence of MAPs, the kinesin-mediated transp@tdeen systematically studied using a
long stretched MAP (MAP2) and a short one (tauthbo exchangeable state and after

irreversible cross-linking to the microtubule.
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4.5.2 Kinesin-mediated transport in the presence of theamplete set of neuronal of

MAPs

To maintain the great number of specialized ceficfions, the motor protein-based
transport along microtubules plays a fundament#. r@ifferent cellular cargoes are
moved by diverse motors from the cell center to ¢bk periphery andiice versa The
cargo transport into different directions must bghly regulated and coordinated. It is
suggested to be controlled by filament-based réignla mechanisms, whereby
microtubule-associated proteins seem to be invoivetuning the amount of allowed
transport in a favoured direction (Reed et al.,&@00ershinin et al., 2007; Vershinin et al.,
2008).

Within the mammalian brain, typically three classd#sassociated proteins are
expressed: MAP1, MAP2, and tau. These MAPs bintheéomicrotubule surface and form
projections.

To prove the interaction of kinesin with the natiyraoccurring set of MAPS,
microtubules were reconstituted from tubulin, ob¢ai from porcine brain tissue by
temperature-dependent microtubule disassemblygeddy cycles (Shelanski et al.,
1973). These microtubules, which contained circ Hssociated proteins (MAP1, MAP2,
tau) by mass, were used to study the kinesin-medliansport after immobilization. It
was found that the complete set of MAPs inhibite transport (Figuré6), which is
expressed by the lowered mean transport veloc@i§ (2n § + 155 nm & vs.730 nm & +
194 nm &), determined for the control with purified micrbtes lacking associated

proteins.
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Figure 56: Effect of the complete set of brain-specific MAPs on the mean velocity.

Mean transport velocities measured for microtubylesfied from associated prote
(n=45) and in the presence of the full set of MARs32), respectively.

n - number of beads measured.

MAPs are more or less regularly distributed aldhg microtubules. Electron
microscopic analysis of thin sections revealed MatP2 appears in form of long side
projections along the microtubule surface withg@utar spacing.

The distribution of MAPs on the microtubule sudasas studied by immunogold
labelling and electron microscopy. Therefore, ntigboles, containing MAPs, were
labelled by MAP2 or tau antibody, respectively, andualized by a gold-conjugated
secondary antibody (Figu&). Both, MAP2 and tau exhibited mean spacings7ohm +
5 nm and 16 nm £ 6 nm, respectively, along the otidyule which is in the range of a
MAP-to-tubulin ratio of 0.04, calculated on the isasf a 12 protofilament microtubule.
The value is in agreement with the data given by Kt al. (1979).

Figure 57: Distribution of MAPs on the microtubule surface.
Image of a microtubule showing the distributionMAP2 at a MAP2-to-tubulin ratiof
0.1.
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The question arises if the long MAP2 affects thangporting kinesin in more
pronounced fashion than the relatively small tam.afiswer this question the influence of

either purified MAP2 or tau on the kinesin-mediaggdd transport was studied.

4.5.3 Kinesin-mediated transport in the presence of MAP2

4.5.3.1 Exchangeable MAP2

Purified MAP2 was added to the microtubules anddhnlits native state. Under such
conditions, MAP2 remains exchangeable, whereby ihiequilibrium between phases of
attachment and detachment. After microtubule imtediion to the substrate, kinesin-
complexed gold beads were added and induced to.nB@asl movement was observed to

rest frequently, but usually could be continued)(iFe58).

Transport distance (um)

Figure 58: Distance-time diagram in the presence of exchangeable MAP2.

a) Continuous transport in the absence of MARZhin the time interval of this sequel
the mean transport velocity was 952 rifn s

b) Discontinuous transport with alternating phasesnovement and restingbserved i
the presencef exchangeable MAP2. The mean velocity includregting phases w
176 nm &. The MAP2-to-tubulin ratio was 0.5. The data webtained bymeasuring th
X-Y-shift of single beads on digitized video seqees (30 frames per second).

Correspondingly, the mean velocity decreased inedégnce on the MAP2-to-
tubulin ratio (Figures9), determining the density of MAP2 bound along thicrotubules.
The final velocity level, found at 452 nnmi & 37 nm &, was reached at a MAP2-to-

tubulin ratio of 0.5, significantly exceeding thiygiologically relevant ratio (Vershinin et
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al., 2008).At higher MAP2-to-tubulin ratios, binding of kinestomplexed beads was

completely abolished.
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Figure 59: Effect of exchangeable MAP2 on the velocity.

a) Dependence of the mean transport velocity orhdeal-to-tubulin ratio in # case ¢
blocking by exchangeable MAP2.

b,c) Velocity frequency histograms in the absenteVidP2 and in the presence
exchangeable MAP2, respectively. The x-values atdiwelocity intervals + 50 nn's

n - number of beads measured.
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Parallel to the motility experiments, the effectMAP2 on the catalytic activity of the
kinesin was determined by measuring the ATP turnoe¢es. The K values (ATP
molecules hydrolyzed per head and second, meastir@t’C) were found to be lowered
with increasing MAP2-to-tubulin ratio (Figure 60)he plot of the k; values against the
MAP2-to-tubulin ratio correlates with the motilittneasurements (Figure 59a). The
decrease of the ATPase activity is ascribed tdcstehibition of kinesin binding to the
microtubules during the ATPase cycle at sites altimg surface of the microtubule
occupied by MAP2 molecules.
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Figure 60: Effect of exchangeable MAP2 on the catalytic activity of kinesin.
Determination of the ATPase activity of KIF5A ingndence on the MAP2-tabulin
ratio.

4.5.3.2 Irreversibly bound MAP2

Reversibly bound MAP2 has been demonstrated tot exesignificant decrease on the
velocity. As MAP2 changes between binding and udibip the question arises if
irreversibly bound MAP2 exerts a stronger effecttha transport velocity. Therefore,
MAP2 was cross-linked by glutaraldehyde to the otidoule surface. In this case, MAP2
became unable to detach from the microtubule serfac

Also in the case of irreversible MAP2 binding tmansport velocity significantly
decreased (Figur@l). The lowest mean velocity was 367 rimtst1 nm & measured at a
MAP2-to-tubulin ratio of 0.2, which theoreticallpresponds to one MAP2 molecule per

40-nm protofilament length, assuming a complete KAIding. Increasing the MAP2-
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to-tubulin ratio resulted in a practically completdibition of kinesin-complexed bead

binding to the microtubules.
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Figure 61: Effect of irreversibly bound MAP2 on the velocity.

a) Dependence of the mean transport velocity orhdeal-totubulin ratio in the case
blocking by irreversibly bound MAP2.

b,c) Velocity frequency histograms in the absenteVldP2 and in the presence
irreversibly bound MAP2, respectively. The x-vaudndicate velocity interva
+ 50 nm §. n - number of beads measured.
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4.5.3.3 Visualization of MAP2 by immunogold-labelling

Independently of whether MAP2 was exchangeablerewersibly bound, the transport
velocity showed an exponentially decreasing pragoeswith a certain kind of saturation
reached at MAP2-to-tubulin ratios of 0.2 to 0.5fufther increase of MAP2 did not lead to
stronger effects.

As MAP2 is usually in a dynamic state between gdand unbinding, the actual
number of MAP2 molecules bound to the microtubulefaxe is unknown. To gain
insights into the real density of MAP2 bound, imragald-labelling experiments were
performed in which MAP2 was bound to the microt@suand chemically cross-linked.
MAP2 was detected by an anti-MAP2 antibody andaliged by a 10-nm gold conjugated
secondary antibody.

Depending on the MAP2-to-tubulin ratio, the meastatice between single MAP2

molecules decreased (Figu62a). At a ratio of one MAP2 molecule per 2 tubulimers,
a mean distance between the MAP2 molecules alangtbrotubule surface of 133 nm +
35 nm per protofilament length (corresponding tdl ~im along a 12-protofilament
microtubule) was measured. This value corresponel with the mean distances, the
beads moved between resting phases which wererh32 31 nm at the same MAP2-to-
tubulin ratio.

Along microtubules, purified from brain tissue lnperature-dependent cycles of
disassembly/reassembly, containing the completofs&tAPs (MAP1, MAP2 and tau),
MAP2 was found to be spaced at 195 nm + 66 nm. WMARP2 was bound to taxol-
stabilized microtubules reassembled from pure faball a MAP2-to-tubulin ratio of 0.1,
theoretically corresponding to one MAP2 bound pgetubulin dimers, the mean distance
between MAP2 molecules was 163 nm + 55 nm (Fidi#e). This lower value can be
explained by the absence of MAP1 and tau which lesaldAP2 to bind denser on the
microtubule surface.

At a KIF5A head-to-tubulin ratio of 0.5, the meaistdnce between KIF5A0:S
molecules was found to be 263 nm + 124 nm (seer&ig§Q) which is significantly
different from MAP2 (133 nm = 35 nm). The resulticates a more dense binding of
MAP2 on the microtubule surface which is reflectada stronger inhibition of kinesin
binding. In contrast to KIF5A, MAP2 forms a looseat on the microtubule surface by
binding longitudinally (Al Bassam et al., 200&png severadf-tubulin dimers (McEwen

et al., 1983) which might cause a more dense oticupa

83



RESULTS ANDDISCUSSION
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Figure 62: Distances between MAP2 molecules along the microtubule.

a) Mean distances between single, irreversibly ddWAP2 molecules as a functiarf the
MAP2-to-tubulin ratio.The higher standard deviations at low ratios mrgifiect a mor
random binding.

b) Mean distance between MAP2 molecules on theaserdf microtubules equipped w
the complete set of MAPs naturally occurring initrizssue and MAP2 irreversibly bou
on the microtubule surface at a MAP2-to-tubulinaaif 0.1. The mean distances w
calculated on the basis of the total length of d&qgdilaments constituting the microtub
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4.5.3.4 Comparison of the effect of exchangeable MAP2 dndeversibly bound MAP2

on the kinesin-mediated transport

Independently of whether MAP2 was exchangeable rogveérsibly bound to the
microtubule surface, a significant decrease onkihesin transport velocity was exerted
(Figure63).

When MAP2 molecules were irreversibly bound, tmalfilevel of kinesin binding
was reached at a MAP2-to-tubulin ratio of 0.2, tleioally corresponding to one MAP2
molecule per 40-nm protofilament length. In thise&saMAP2 is considered to act as a
block protein, whose action is quite similar tottb&the KIF5A blockages. Interestingly,
the MAP2 which binds to microtubules at a site afigint from the KIF5A binding site
(Song and Mandelkow, 1993) exerted a more sigmifigzhibition on kinesin binding than
KIF5A blockages (see also chapter 4.3). But needeis, the velocity levels of KIF5A
blockages and MAP2 at a block protein-to-tubulimelr ratio of 0.2 are in the same range
(~350 nm & - 400 nm ¥). The high molecular weight MAP2 forms projectiansre than
twice as long as KIF5A which seems to explain ttrergjer steric inhibition of kinesin
binding to the microtubule surface.

In addition, MAPs are basic proteins which eledaesally interact with tubulin.
When kinesin binds to the microtubules surface,pitsitive charged neck-coiled coil
interacts with the negatively charged COOH-termioligibulin enabling a proper binding
(Thorn et al., 2000)n the presence of MAP2, the negatively chargedahibule surface
becomes neutralized which might cause an inhibwiokinesin binding.
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Figure 63: Effect of exchangeable MAP2 and irreversibly bound MAP2 on the velocity.
Dependence of the mean transport velocity on thé’Rtfo-tubulin ratio The data refer
Figure 59 for exchangeable MAP2 and Figued for irreversibly bound MAP:
respectively.
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Recent studies indicate that in solution MAP2 istwrctured, where extended it has
dimensions up to 11 nm. Upon microtubule binding R&fare suggested to change into an
elongated configuration, binding along the protofient ridges on the outer surface of
microtubules (longitudinal binding) (Al-Bassam &t 2002; Kawachi et al., 2003t is
likely that MAP2 binds in the groove between prad&wmhents accompanied by binding to
several subsequeag-tubulin dimers (McEwen et al., 1983)is assumed that this coating
and the fact that MAP2 forms long sidearms (Votedt &rickson, 1982) represent severe
obstacles that sterically hinder kinesin to movepgz and Sheetz, 1993). The inhibitory
effect of MAP2 on kinesin motility was more pronaed in the case of irreversibly bound
block proteins (Figures3). Irreversibly bound MAP2 cannot be released asdong
sidearms might cover the microtubule surface coantasg the binding of kinesin by
masking its binding sites.

Especially at high MAP2-to-tubulin ratios, it israeivable that kinesin binding to
microtubules with irreversibly bound MAP2 is striymgnhibited by tangled MAP2
molecules (Figur&4) which are rigidly attached on the microtubuleface. Additionally,
chemical fixation by glutaraldehyde might resultimermolecular cross-links leading to

tangle formation.

Figure 64: Illustration of inhibited kinesin attachment to the microtubule by MAP2 at
high MAP2-to-tubulin ratios.
At high MAP2 densities kinesin cannot penetratetdrgled filaments and does rimhd
to the microtubule surface.
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At low MAP2-to-tubulin ratios kinesin binding is de affected, independently of
whether the MAP2 is exchangeable or irreversiblyriab Although, MAP2 is bound along
the protofilament ridges and across dimers, thesparter will find options to overcome
blockages by bypassing (Figuss).

Seitz et al(2002)reported that due to their high detachment/attacthmate MAPs do
not represent serious obstacles since they caruiged aside by a firmly bound motor.
This contradicts with observations made by Will@lke{1992b)who characterized MAP2
subspecies (MAP2c) as a protein tightly bindingh® microtubule. The results presented
in this study strongly suggest that MAP2 molecuasnot be easily pushed away and free
the binding site for kinesin which should result gargo stalling. As the beads were
transported even in the presence of irreversiblyndoMAP2, it is more likely that the
transporter protein binds to an adjacent protofdatrand bypasses the obstacle.

Figure 65: Illustration of kinesin attachment to the microtubule in the case of low
MAP2-to-tubulin ratios.

At low MAP2 density kinesin is considered lte able to access its binding sites to n
along the track and to bypass the filamentous sieaMAP2 only partially inhibits
kinesin binding and consequently leads to a redtreedport velocity.
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4.5.4 Kinesin-mediated cargo transport in the presence afwu

4.5.4.1 Exchangeable tau

Purified tau was added to taxol-stabilized MAP-fneerotubules. Under these conditions,
tau was exchangeably bound and was in equilibrietwvéen detachment and attachment.
The transport of individual beads was characterizg@lternating phases of moving and
resting (Figure66). The beads followed, were usually able to awere resting phases

without being detached from the microtubule surface
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Figure 66: Distance-time diagram in the presence of exchangeable tau.

a) Continuous transport in the absence of Wdithin the time interval of this sequence
mean transport velocity was 952 nih s

b) Discontinuous transport with alternating phasesnovement and restingbserved i
the presence of exchangeable tau. The mean velawityding resting phases was
202 nm &. The tau-to-tubulin ratio was 1. The data wereistatd by measuring the X-Y-
shift of single beads on digitized video sequer{88drames per second).

Depending on the tau-to-tubulin ratio the transpetbcity decreased (Figure 67).
At equimolar tau-to-tubulin ratio the final velogilevel was found at 252 nm‘st
55 nm §.
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Figure 67: Effect of exchangeable tau on the velocity.

a) Dependence of the mean transport velocity orh#eal-totubulin ratio in the case
blocking by exchangeable tau.

b,c) Velocity frequency histograms in the absendetan and in the presence
exchangeable tau, respectively. The x-values inelicalocity intervals + 50 nmi’s

n - number of beads measured.
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Additionally, the effect of tau on the catalytidiaity of kinesin was determined by
measuring the ATP-turnover rates. Thg kvalues were found to be lowered with
increasing tau-to-tubulin ratios (Figu6s8), which is consistent with the reduced mean
transport velocity. The diminished ATPase activityght reflect a steric inhibition of
kinesin binding to the microtubule. Noticeably, thecrease of the microtubule-stimulated
ATP-release was more pronounced for MAP2 (Figiemost probably due to a stronger
steric effect on kinesin binding evoked by largesj@ction domains on the microtubule

surface.
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Figure 68: Effect of exchangeable tau on the catalytic activity of kinesin.
Determination of the ATPase activity of KIF5A inggndence on the tau-to-tubulin ratio.

4.5.4.2 Irreversibly bound tau

Even exchangeably bound tau exerted a significaaotedise on the transport velocity. To
prove if irreversible binding causes stronger déffetau was chemically cross-linked on the
microtubule surface. In this case the detachmertdwivas avoided, so that tau should act
as a rigid blockage.

In the case of irreversibly bound tau, the transpelocity decreased significantly
(Figure69). The lowest velocity (427 nrits 114 nm &) was measured at a tau-to-tubulin
ratio of 0.1 which theoretically corresponds to daa per 80-nm protofilament length
assuming that all applied tau was bound. Howevalikel the exchangeable tau, the
irreversibly bound protein caused a complete iniwbi of kinesin binding to the

microtubules at tau-to-tubulin ratios above 0.1.
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Figure 69: Effect of irreversibly bound tau on the velocity.
a) Dependence of the mean transport velocity orhdeal-totubulin ratio in the case
blocking by irreversibly bound tau.

b,c) Velocity frequency histograms in the abserfdaw and in the presencéigeversibly
bound tau, respectively. The x-values indicate sigfdntervals + 50 nm§

n - number of beads measured.
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4.5.4.3 Comparison of the effect of exchangeable tau andefersibly bound tau on the

kinesin-mediated transport

Both, exchangeable and irreversibly bound tau vasd to decrease the velocity of
kinesin-complexed beads (Figuf@). But, unlike exchangeable tau, irreversibly fwbtau

prevented the binding of kinesin at a tau-to-tubuditio >0.1, completely.
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Figure 70: Effect of exchangeable tau and irreversibly bound tau on the velocity.
Dependence of the mean transport velocity on theddubulin ratio The data refer
Figure67 for exchangeable tau and FigG&efor irreversibly bound tau, respectively.

In the case of exchangeable binding, tau is coreid® be in equilibrium between
attachment and detachment enabling kinesin binaimtgmovement even at equimolar tau-
to-tubulin ratios. The relative weak interactiontafi with the microtubule seems to be an
additional argument for its easy displacement (Buamd Kirschner, 1991).

When tau was chemically fixed it forms rigid obst¢gcthat have to be overcome.
In solution, tau has no defined structure and ram#éexible (Schweers et al., 1994). Upon
microtubule binding, tau transits into ordered confation accompanied by a reduced
flexibility (Kotani et al., 1990)In this state, tau molecules have a rod-like stadpbout
35-nm length (Wille et al., 1992a), forming extems along the microtubule surface,
which might cause a severe steric inhibition likserved in the case of irreversibly bound
tau.

The inhibition of kinesin attachment exerted by veas less pronounced than for
MAP2. This might be due to the much longer propatsi (185 nm) causing a more distinct
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steric inhibition. Consequently, transporting kimewas still able to move at high tau-to-
tubulin ratios.

It was found that tau binds to distinct sites o thicrotubule surface. When tau
was added to preassembled microtubules, it wasrgige bound and remained
exchangeable. But, tau was irreversibly bound th® microtubule wall when tau was
present already at the beginning of microtubuleermédy (Makrides et al., 2004k the
presented work tau was added to preassembled oheides. It is suggested that only a
small fraction of tau follows the protofilament geks while the majority remains flexible
bound and fills up the gaps between protofilamemid also binds across protofilaments
(Santarella et al., 2004Ynder the conditions used in this study, it is assd that tau
forms a loose coat on the microtubule masking kime#ding sites.

Evidence concerning the binding an or B-tubulin is contradictory. Santarella et
al. (2004) reported that the major tau binding sitéoated ona-tubulin at the opposite
site of the outer protofilament rim where kinesinds. Taken the distinct binding sites
into consideration (kinesin binds @atubulin), one could expect that kinesin and tau do
not compete for microtubule binding and tau shaubd affect kinesin motility. On the
other hand, it was reported that tau binds longitity along the outer ridges of
microtubule protofilaments (Al-Bassam et al., 200Bhe inhibitory effects of tau on
kinesin motility might argue for a steric inhibitidy the filamentous structures of tau (see
also Vershinin et al., 2008But nevertheless, kinesin was able to bind to andeteven in
the case when the microtubule rail was decoratéd weversibly bound tau, presumably
by changing to a neighbouring protofilament (ses® &lypassing 4.3.6).

It has to be mentioned that the bypassing modehsde contradict conclusions
drawn by Dixit et al (2008) who studied the behaviour of kinesin migtiin the presence
of tau. The authors reported that exchangeablantaibit kinesin-mediated motility by
causing the detachment of the motor from the midrole rails at patches of bound tau.
Tau patches were reported to be formed by tau @dsor into clusters along the
microtubule surface. Under the conditions usedhis study, cluster formation can be
excluded as the tau proteins passed a 100-kD fiteaduring purification, whereby in the
residual fraction no tau was found (Figus®).

It was reported that the microtubule stabilizimggltaxol reduced the amount of
tau incorporated into the microtubule wall (Karagt 2003). Taxol and tau are thought to
share an overlapping binding site on the microtelsurface located gttubulin which

weakens the binding efficiency of tau. In the pmesgtudy, microtubules co-assembled
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with taxol have been used. As previously mentionedder these conditions tau is
preferentially located on the microtubule surfabe get more insights into the effect of tau
on kinesin, motility experiments were additionalljyerformed with microtubules,
reconstituted from pure tubulin plus tau in theemaz® of taxol. Under these experimental
conditions, tau is allowed to bind both, in excheadge fashion on the microtubule surface
and incorporated within the microtubule wall. Inistrcase, kinesin motility was not
affected by tau (Figur&@1l), suggesting that the majority of tau is intéggainside the
microtubule structure. There was obviously a misidual fraction of tau, exchangeable

on the microtubule surface that could be easilyalsgpd by kinesin (Figuig2).
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Figure 71: Effect of tau present during microtubule formation in the absence of taxol on
the velocity.

Dependence of the mean transport velocity on thetddubulin ratioadded to tubuli
during assemblyror statistical analysis50 single beads were analyzed.
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Figure 72: lllustration of tau bound both, inside the microtubule wall and on the
microtubule surface.

a) Tau binds on the microtubule surface in exchabligeform or

b) is incorporated into the microtubule structure.

The surface-bound tau is able to interfere withtthesport of kinesin complexed beads.
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4.6 Concluding discussion

In general, kinesin is commonly believed to mowengla single protofilament (Kamimura
and Mandelkow, 1992; Ray et al., 1993) which setnige thermodynamically favoured.

A single-motor-molecule approach was presented lichv kinesin binding sites
along the microtubules were artificially occupiediddock proteins, which were inactivated
and chemically cross-linked after binding to thbulin to avoid an exchange. Thereatter,
native kinesin was coupled to 20-nm gold beads alowed to move along such
microtubules.

First, KIF5A constructs were used for blocking therotubule track. Independent
of the construct used as block protein, the tramspdinesin was able to continue
movement after resting at blocked sites. The resalitained strongly suggest that single
kinesin molecules are able to overcome irreverdiaynd blockages on the microtubule
surface without diffusing from the microtubule ra@ven in the case when exactly the
kinesin-binding sites were firmly occupied. Howevire size of the block protein seems
to play an important role in the efficiency of harothg the kinesin transport. In contrast to
the bigger constructs KIF5Aand KIF5As60, the globular monomeric motor domain
KIF5A330 appears to bind more efficiently on the microtebsiirface which was reflected
in a more steep velocity decrease (FigdBg On the other hand, the long stalk and tail of
KIF5A¢ additionally exert a steric effect on kinesin-bimgl

But nevertheless, moving beads were able to overcdmhocked sites, most
presumably by a bypassing mechanism. It is hypatedshat the leading head remains
bound to the original protofilament whereas thditg one turns sidewards and contacts a
binding site on a neighbouring protofilament. Supstly, the leading head leaves the
blocked site and follows the trailing head alorsgniew track.

The results contradict with the findings of Seitd&Surrey (2006) who reported
that a kinesin mutant, which was able to bind terotubules but not to move, would free
the binding site for the transporter. To corroberdihe bypassing model additional
experiments were performed using the slowly mowg$ also occupying kinesin binding
sites on the microtubule. Both, Eg5 in the exchabigeand in the irreversibly bound state
were observed to inhibit the movement of the trangp kinesin, whereby the effects were
comparable. Surprisingly, transport velocities vihare typically measured for Eg5 were

not observed suggesting that transporting kinegpasses the occupied binding site rather
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than running behind the slowly motor. These ressiipport the postulated bypassing
mechanism and indicate that under the conditioabzezl in this study, the block protein
cannot be simply pushed away.

Moreover, structural microtubule-associated prateilso exerted a significant effect
on kinesin motility. In contrast to KIF5A and Eglbbk proteins, MAPs do not bind to the
kinesin binding site, but rather form extensiongtmmicrotubule surface masking kinesin
binding sites along several protofilaments whicidke to inhibition of kinesin binding. It
was shown that MAPs slow down the kinesin-medidtadsport which might argue for
complex regulatory functions controlling the int#alar transport (Reed et al., 2006;
Vershinin et al., 2007; Vershinin et al., 2008).tBunder the conditions applied in this
study, the transporter kinesin was able to overcalse the MAPs without diffusing from
the microtubule, independently of the type of binglii.e. exchangeable or irreversible.
This mechanism is considered to be of great relmvas in living organisms structural
MAPs and motor proteins coexist and each of thesrtdaulfill their special tasks.

The present study describes for the first time rtlevement of kinesin-complexed
gold beads, along immobilized microtubules to whidbck proteins were irreversibly
attached. A so far unknown mechanism was propogadhwensures the long-distance
movement of kinesin. The ability to bypass bloclaigeregarded as a basic mechanism by
which the track fidelity of a molecular motor, cang not only cell organelles but also
nanoscaled cargoes, along filamentous rails campeoved. The results obtained seem to
provide a good basis for future nanotechnologicaplieations of kinesins and its
integration in the development of novel nanoscaletiators. Future medical applications
can benefit from the fact that kinesin bypassesHlalges. Drugs can be encapsulated into
artificial particles and be transported by such tgiro shuttles to a predetermined
destination even in the case of blocked or defecthicrotubules (plaques or amyloid
fibrilles in Alzheimer's disease; Pissuwan et2006; Waltham, 2006). It is conceivable to
use molecular motors transporting antibody-labetiachoes to pick-up virus particles or
proteins from solutions, which can be useful insseg applications. The ability to perform
bypassing can be also advantageous for lab-oneldsgns with desireable applications in
sorting, separation and purification requiring coléd motion along a specific route.
Moreover, using molecular motors, target molecual®s be captured and concentrated to

increase detection sensitivity (van den Heuvel Rakker, 2007).
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But, to reach the ambitious aim of nanotechnoldgagplication of kinesin motors
further studies have to be performed to fully ustierd the transport mechanisms and

motor-cargo or cargo-cargo interaction, respecfivel
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5 SUMMARY

Within cells, kinesin molecules moving along a sngrotofilament track encounter other
proteins which hinder kinesin to bind to the miakmile surface and consequently inhibit its
movementThis might finally cause cargo stalling, comparabléh a traffic jam.The present
thesis describes the movement of kinesin-complegetd beads along immobilized
microtubules to which block proteins that compettathe transporter protein for microtubule
binding sites were irreversibly attached.

It was clearly demonstrated that block proteinsHA constructs) exerted a significant
decrease on the transport velocity of kinesiime transport was interrupted at sites of
blockages, but continued after a certain restimgetiwithout bead detaching from the
microtubule surface. The results strongly suggeat single kinesin molecules are able to
bypass sites of blockages by changing to a neigimmpyrotofilament if the next tubulin
dimer along the protofilament track is occupiedisTdypassing mechanism is supported by the
observation of Yildiz et al(2008) that in single cases kinesin molecules goerf6-nm
sideways steps, which correspond to the laterabnii® between the protofilaments of the
microtubule wall.

To prove whether a moving motor can be overtakethbyast moving transporter kinesin
by bypassing, the bead transport was studied ipbgence of the slowly moving motor Eg5.
It was found that, exchangeable bound Eg5 exertedte@ease on the velocity of the
transporter kinesin. But, the low velocities typiganeasured for Eg5 were not reached. This
result provides evidence that upon encounterindoakhge, transporting kinesin performs
bypassing rather than waiting till the obstacleadbes and frees the binding site.

In living cells diverse microtubule-associated pino$ (MAP) are expressed and found to
bind to microtubules. The study revealed that thes@nce of two typical neuronal MAPs
(MAP2 and tau) led to a significantly decreaseddport velocity and, parallel, to a lowered
ATPase activity. This inhibition seems to be duetsteric hindrance caused by filamentous
side-projections leading to cargo stalling espécati high MAP-to-tubulin ratios. Vershinin et
al. (2008) suggest that the cargo transport is higkdgylated and coordinated, presumably by a
filament-based regulation mechanism, whereby mitnaie-associated proteins seem to be
involved in tuning the amount of allowed transporta favoured direction. The observation
that MAPSs inhibit the kinesin-mediated transpopsurts this idea.

Bypassing can be regarded as a so far unknown misamavhich ensures the long-

distance movement of kinesin.
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6 ZUSAMMENFASSUNG

Kinesine sind maRgeblich an intrazellularen Trartspogdngen beteiligt. Es wird allgemein
akzeptiert, dass die Kinesinbewegung entlang edivezelnen Protofilaments der thermodynamisch
bevorzugte Transportmechanismus ist. Dabei komieesinmolekile auf andere Proteine treffen, die
deren Bindung auf der Mikrotubulusoberflache bekindLetztendlich kann d& zum Erliegen der
Transportprozesse, unter bestimmten Bedingungedtffelsten vergleichbar mit einem Verkehrsstau,
fuhren Die vorliegende Arbeit beschreibt den Transpam \Kinesin-komplexierten Goldkugeln
entlang immobilisierter Mikrotubuli, an deren Oliégche Blockproteine, die mit dem
Transporterprotein um Bindungsplatze konkurrigheaversibel gebunden wurden.

Es konnte gezeigt werden, dass in Gegenwart voteiRitockaden (KIF5A-Konstrukte) die
Transportgeschwindigkeit signifikant erniedrigt der Dabei war der Transport unterbrochen, konnte
aber nach einer Verweilzeit fortgesetzt werden,eotiass das Kinesins vom Mikrotubulus abgeldst
wurde. De Ergebnisse der Studie deuten darauf hin, daseski in der Lage ist blockierte
Bindungsstellen zu Uberwinden, indem es auf einei@sd Protofilament wechselt und dort den
Transport fortsetzt. Der vorgeschlag&ypassing-Mechanismugrd durch Beobachtungen von Yildiz
et al (2008), dass in Einzelfdllen Kinesin 6-nm Schritte Seite machen kann, unterstiitzt. Diese
Schrittweite entspricht der lateralen Entfernungseten Protofilamenten.

Zur Bestétigung des postulierten Mechanismus wurdisétzlich Experimente durchgefihrt, bei
denen getestet wurde, ob der langsame Motor EgSleanschnelleren Kinesin tberholt werden kann.
Mit reversibel gebundem Eg5 wurde zwar eine diskargrliche Bewegung von Kinesin beobachtet,
aber fir Eg5 typische Geschwindigkeiten wurdentnggmessen. Im Fall der irreversiblen Bindung
wurde ein vergleichbarer Effekt der Geschwindigidinahme beobachtet. Die Untersuchungen mit
Eg5 stitzen die These, dass Kinesine blockierteduBigstellen mit Hilfe einesBypassing
Mechanismus tberwinden.

In Zellen werden diverse Mikrotubulus-assoziiemet&ine (MAP) exprimiert, die an Mikrotubuli
binden. Es wurde gezeigt, dass die Gegenwart ven typischen neuronalen MAP (MAP2 und Tau)
sowohl zu einer verringerten Transportgeschwindigte auch zu einer verringerten ATPase-Aktivitat
von Kinesin fuihrte. Aufgrund der filamentdsen Staukn der MAP werden sterische Behinderungen
erzeugt, die zur Inhibiton des Transports, besandbei hoher MAP2-Dichte auf der
Mikrotubulusoberflache fuhren. Untersuchungen venstinin et al(2008) deuten darauf hin, dass die
Koordination des Zellorganell-Transports vermutlibrch komplexe Regulationsmechanismen, bei
denen MAP involviert sind, erfolgt. Die Beobachtudgss MAP den Kinesin-vermittelten Transport
inhibieren, unterstiitzt die Annahme.

Der in dieser Arbeit prasentierBypassing-Mechanismuzeschreibt einen bislang unbekannten
Mechanismus, der den Kinesin-vermittelten Fracra@sport Uber lange Strecken ermdglicht.
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