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CHAPTER

1

Introduction

Fundamental processes like cell division, internal cell organization and intracellular
transport rely on the proper functioning of microtubules. The microtubule cytoskeleton is
a dynamic network of filaments that interact with and influence other cytoskeletal com-
ponents (for example the actin network localization and organization). In turn, micro-
tubule dynamics is highly regulated both spatially and temporally by a wide family of mi-
crotubule associated proteins. Microtubules have a complex architecture and dynamic
behavior. To understand how microtubule associated proteins influence and regulate
microtubule dynamics, information on the molecular mechanisms involved is required.
Of special interest are a particular class of proteins that are specialized in tracking only
the tips of the microtubules, the so called +TIPs. In this thesis, an in vitro approach was
used in order to shed light on the molecular details of the microtubule self-assembly pro-
cess itself, as well as the molecular mechanism by which selected microtubule associated
proteins interact and influence microtubule dynamics.

Tubulin [1-3], the protein that forms microtubules, is a highly conserved protein. It
is perhaps the most ubiquitous throughout the eukaryotic kingdom and homologs can
even be found in bacteria (FtsZ [4] and bacterial tubulins [5]). Tubulin self-assembles
into hollow tubes, microtubules, in the presence of GTP both in vivo and in vitro [6].
In vivo microtubules form a dynamic array of filaments that confer structural support
and shape to the cell, and are involved in intracellular organization and fundamental
processes like division and transport. In most eukaryotic interphase cells, the micro-
tubule cytoskeleton radiates from a nucleating center near the nucleus (the centro-
some) forming a filament network with various morphologies (figure 1.1left). Before
mitosis this array is rapidly disassembled and reorganized to form the mitotic spin-
dle (figure 1.1 right). This remarkable ability to switch between different morphologies
relies on the intrinsic property of microtubules: dynamic instability [7]. Dynamic insta-
bility is the microtubule behavior of switching between periods of growth and shrink-
age [8]. This property makes microtubules unique among polymers. Microtubule dy-
namics are highly regulated within cells in order to achieve specific functions at the
right time and the right place within the cell. This coordinated regulation is done by a
large network of microtubule associated proteins. Regulation occurs at all levels during
a microtubule lifetime: tubulin monomer folding, microtubule nucleation, growth and
shrinkage, and post translational modification of the microtubule lattice.

11
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Figure 1.1: Microtubule organization in vivo. Left: interphase mouse fibroblasts cell display-
ing the aster like network of microtubules radiating from a nucleating center close to the nu-
cleus. The fine network of actin filaments can also be observed throughout the cell. Right: a
dividing kangaroo epithelial cell with the microtubules rearranged to form the mitotic spindle.
The extra signal from the spindle region comes from the chromosomes. One major microtubule
role in the spindle is to align the chromosomes and pull apart (this snapshot) the sister chro-
matids. The punctate pattern is due to the signal from EBI, an end binding protein that local-
izes at the growing microtubule ends. Images were acquired by Torsten Wittmann (images from
http://www.ucsf.edu/sciencecafe/2007/wittmann.html).

Large effort is put into understanding the specific interactions between regulatory
factors and microtubules. Malfunction in the regulation of microtubule dynamics re-
sults in erroneous mitosis and cell morphologies that are characteristic features in can-
cer and neurodegenerative diseases. It is established that the main players in micro-
tubule regulation are microtubule associated proteins (MAPs) that function by target-
ing both soluble tubulin and microtubules [9-11]. Recent studies emphasized the im-
portance of a special class of MAPs that are able to accumulate at and follow micro-
tubule growing ends, the so called +TIPs [12-20]. Due to their specific localization at
the microtubule tip, +TIPs have profound effects on the dynamics of the growing end.
At the same time, +TIPs at microtubule ends could be delivered at specific locations in
the cell or function as linkers to various cellular structures (e.g. the cell cortex or the
kinetochores). Therefore, +TIPs are the main candidates to investigate when trying to
understand microtubule regulation in cells. Current knowledge about +TIPs comprises
important information about their function, the structure-function relationship and
about the regulation of their activity [12,21-24]. However, there is limited information
about the end-tracking mechanism employed by individual +TIPs and the molecular
mechanisms underlying their function. Also, +TIP influence on microtubule dynamics
is usually inferred from experiments performed in living cells and in cell extracts, where
it is hard to decouple the effect of other regulators. Recent in vivo and in vitro studies
([25-30] and work presented in this thesis) start to reveal the mechanisms of +TIP end-
tracking and the regulation of microtubule dynamics by individual +TIPs. The advan-
tage of an in vitro investigation is the minimal environment in which the influence of
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various +TIPs can be dissected individually. The next logical step is to combine mul-
tiple +TIPs in order to reconstitute the in vivo microtubule dynamics and observe the
collective effect of +TIPs.

This introductory part is focused on the the system we investigated: dynamic mi-
crotubules in the presence of associated proteins (XMAP215 and the fission yeast Mal3,
Tea2 and Tip1). I will present the current state of knowledge and open questions about
the self-assembly process of microtubules and about the molecular mechanism used
by associated proteins to interact with microtubules and influence their dynamics. The
work presented in this thesis is based on in vitro experiments, in a minimal environ-
ment. In these experiments, growing microtubules are sometimes subject to opposing
forces. At the end I will discuss the questions that fueled the research contained in this
thesis and the approach taken to answer them.

1.1 Microtubules

1.1.1 Structural features

Microtubule architecture. Microtubules are hollow tubes of 25 nm in diameter, made
of parallel protofilaments that comprise «{3-tubulin heterodimers arranged in a head-
to-tail fashion [31] (figure 1.2a). In vivo, microtubules are typically comprised of 13
protofilaments, but in vitro, the protofilament number can vary from 9 to 17, even
within the same microtubule [32,33]. Tubulin dimers are arranged in a helical pattern
within the microtubule wall, with a typical pitch of 1.5 the dimer size. The pitch results
in a discontinuity in the lateral interactions, called the seam, were «- and {3-tubulin
monomers neighbor each other (figure 1.2a). At the seam, the lateral interactions be-
tween the adjacent protofilaments are therefore weaker and it was proposed that mi-
crotubules grow as protofilament sheets that zipper closed at the seam [34]. Recently
it was also shown that the seam might have a functional role because an end-binding
protein, fission yeast Mal3, specifically recognizes and binds the microtubule seam [25].

In cells, the microtubule lattice is subject to post-translational modification (PTM)
that alters the surface properties [35]. The older the microtubules are, the more PTMs
they accumulate. The modified lattice was shown to have an influence on the micro-
tubule associated proteins: the plus-end-tracking protein CLIP-170 (cytoplasmic linker
protein), known to stabilize microtubules by increasing rescues, is no longer properly
localized on the modified microtubules [36]. Different kinesin motors are sensitive to
specific PTMs and sometimes bind preferentially to the modified lattice [37], or, on the
contrary, they have a lower affinity for microtubules [38].

Microtubules have polarity. Polarity is a feature of the microtubules derived from
the intrinsic polarity of the tubulin heterodimer. The [3-tubulin monomer is exposed at
the dynamic and fast growing microtubule plus end, whereas «-tubulin is exposed at
the slower and less dynamic minus end (figure 1.2 a). In cells, minus ends are usually
capped (by the nucleating templates in the centrosomal matrix) and are often non-

13
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Figure 1.2: Microtubule structure and dynamic instability. (a) Schematic drawing of micro-
tubule structure showing the arrangement of 3-tubulin dimers within the lattice. The disconti-
nuity marked by the thick black line represents the seam. (b) Schematic drawing of dynamic in-
stability. GTP-tubulin assembles at the end of a microtubule forming a stabilizing structure that
prevents microtubules from switching to a shrinking state. Upon assembly GTP is hydrolyzed. A
catastrophe occurs when the stabilizing 'GTP cap’ is lost (the molecular details of this process are
not well understood). The cycle is completed by exchanging, upon depolymerization, the GDP of
the tubulin subunits with GTP. (¢) Electron microscopy images of what are believed to be grow-
ing (top) and shrinking (bottom) microtubules. Slightly outward curved sheet-like structures are
often observed at the ends of growing microtubules. Shrinking microtubules are recognized by
individual tightly-curved protofilaments peeling from the end. In addition, blunt ends are also
observed and they are believed to represent an intermediate, the paused state of microtubules.
Images adapted from [39]. (d) Artistic impression of structural intermediates of a dynamic micro-
tubule: 1) nucleation starts by protofilament lateral association to form a sheet like structure that
spontaneously closes into a cylinder. 2) A similar sheet intermediate forms at the ends of growing
microtubule. 3) Loss of the GTP cap induces 4) rapid microtubule disassembly by protofilament
peeling. Images adapted from [40].

dynamic. Microtubule plus ends radiate throughout the cell continuously exploring
the cytoplasmic space while growing and shrinking. Microtubule polarity is exploited
within the cell to create gradients by local accumulation of proteins or signaling agents:
motor proteins such as kinesin and dynein follow the orientation of the microtubules
and transport cargo either towards the plus end (to the cell periphery) or towards the
minus end of the microtubules (to the cell interior). These motor proteins and their
cargo can accumulate at the microtubule ends and be delivered at specific locations in
the cell, for example when the microtubules come in contact with the cell membrane
(see, for example, [41]).
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Microtubules are stiff polymers. Due to their architecture microtubules are quite
rigid polymers [42] conferring structural support and form to the cell. Microtubules
have a persistence length [, in the order of millimeters. [, defines the length at which
a filament displays significant bending due to thermal fluctuations. The persistence
length, I, of a filament is related to its stiffness, x: I, = x/kgT, where kg is Boltz-
mann’s constant and T is the temperature (1 kg T corresponds to 4.1 pNnm at room
temperature). For microtubules x =~ 25 pN um?, although values measured in different
studies vary over an order of magnitude. Recent work showed that short microtubules
are easier to bend [43] and slow-growing microtubules are more stiff [44]. The length
dependence was interpreted based on the complex architecture of the microtubules:
shearing between adjacent protofilaments is non-negligible for short microtubules and
contributes to their fluctuations [43,45]. External factors could also affect stiffness. For
example taxol-stabilized microtubules have lower stiffness [46] and it was suggested
that MAPs increase microtubule rigidity [25,46-48]. The matter, though, needs further
investigation. It is clear that microtubules can not be seen as simple cylinders and that
the details of the molecular lattice are important for their rigidity.

1.1.2 Dynamics

Microtubule nucleation. Microtubules are known to self-assemble from GTP-tubulin
dimers. At high enough temperatures and tubulin concentrations, nucleation of new
microtubules is a spontaneous process [49]. It has been proposed that nucleation starts
with lateral association of short protofilaments to form a sheet, which spontaneously
closes into a cylinder [50, 51] (figure 1.2 d-1). Below a critical concentration nucleation
needs to be seeded by a nucleation site. In cells the soluble amount of tubulin is be-
low critical concentration and microtubule nucleation is restricted primarily to y-tuRC
(tubulin ring complexes that include the y-tubulin isoform and other stabilizing pro-
teins) [52]. In in vitro experiments the typical nucleation sites are purified centrosomes,
axonemes or short stabilized microtubules.

Microtubule dynamic instability. Dynamic microtubules switch stochastically be-
tween periods of assembly and disassembly [6]. This non-equilibrium behavior is known
as dynamic instability [8]. Transition from a growing phase to rapid shortening is termed
catastrophe and the reverse transition is called rescue. Figure 1.3 shows dynamic in-
stability of a microtubule visualized with differential interference contrast (DIC) mi-
croscopy. Dynamic instability is best described by four parameters: growth speed (vgro),
shrinkage speed (vg,;) and the two transition frequencies (fear and fres)-

Vgro = 6 (Kon Ctub — Koff) (1.1)
Vshr = =0 Ky 1.2)
JSeat = Neat/ tgro (1.3)
Jfres = Nres/ tshr (1.4)

15



1. INTRODUCTION

16

length (um)

ol Ll

time (min)

Figure 1.3: Microtubule dynamic instability. Left: Microtubules visualized by differential inter-
ference contrast (DIC) microscopy. Scale bar is 5um. Right: A kymograph (length vs time plot)
showing microtubule length changes in time. The microtubule switches back and forth between
periods of growth and shrinkage. One catastrophe (transition from growth to shrinkage) and
a rescue (transition from shrinkage to growth) are indicated. The kymograph was constructed
from a time sequence of DIC images by measuring in each frame the intensity profile along a
chosen microtubule (automated in ImageJ). The microtubule was assembled in the presence of
a microtubule associated protein, Mal3.

6 is the average microtubule length increase after one tubulin subunit incorporation.
Because of the helical pattern of tubulin dimers within the microtubule wall for a 13
protofilament microtubule and single dimer addition, on average, § = 8/13 nm. The
growth speed depends on the soluble tubulin concentration (cg,p) available for poly-
merization and on the rate constants for GTP-tubulin association (ko) and dissociation
(kofr) during net growth. The shrinkage speed is independent of tubulin concentration
and it is characterized only by the dissociation rate of GDP-tubulin from the depoly-
merizing end (k). Usually vgp, is an order of magnitude higher than vgy,. It is be-
lieved that shrinking is described by detachment of multiple subunits (oligomers) with
average size 6*. The molecular details of tubulin addition and loss is still not fully un-
derstood. The catastrophe frequency is given by the number of catastrophes observed
(Ncat) during the total time growing microtubules were monitored (Zg,). Rescues are
defined in a similar way. The rescue rate of dynamic microtubules is extremely low in
vitro and cannot be reliably measured. Only an upper bound can be estimated [53].

Dynamic microtubules have been directly observed by light microscopy both in
vivo [54, 55] and in vitro [56, 57]. These studies show discrepancies in the measured
dynamic instability parameters. Microtubule growth speed can be up to 10 times faster
in vivo than in vitro and highly dynamic microtubules are a signature of mitosis. These
observations reflect the regulation of microtubule dynamics by microtubule associated
proteins.

GTP hydrolysis fuels dynamics. Microtubule dynamic instability is driven by bind-
ing, hydrolysis and exchange of GTP on the 3-tubulin monomer [58] (figure 1.2b). The
following paradox exists: tubulin binds and hydrolyzes GTP, though there is no energy
requirement for assembly of tubulin. Only GTP binding is required for tubulin assem-
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bly. GTP hydrolysis takes place after a tubulin subunit has been incorporated into the
lattice, tubulin acting as its own GTPase. Studies with a slow hydrolyzable GTP ana-
logue, GMPCPP, demonstrated the role of GTP hydrolysis: it is essential for the dynamic
behavior of microtubules, the switching between growth and shrinkage. The GMPCPP-
microtubules continuously assembled without transitions to a shrinkage phase [59].
The disassembly of microtubules is a fast process that does not require energy and re-
leases GDP-tubulin back to the soluble pool of tubulin. In solution, GDP can be ex-
changed for GTP and the tubulin dimer is thus reconverted into a polymerization com-
petent subunit.

Structural transitions associated with dynamics. 1t has been shown that GTP hy-
drolysis changes the conformation of the tubulin dimer from a slightly curved GTP-
tubulin to a more kinked GDP-bound conformation [51]. Yet, in the microtubule lat-
tice the GDP-tubulin dimer can not relax to its preferred curved conformation and is
forced to remain straight. The free energy of the GTP hydrolysis is stored in the lattice
as mechanical strain [60], which is released when the GDP-tubulin subunits are ex-
posed at the microtubule end and provides the driving force for the rapid depolymer-
ization phase of the dynamic instability. The straighter conformation of GTP-tubulin
allows for lateral contacts between protofilaments and thus it is believed that a 'GTP
cap’ exists at the end of growing microtubules and stabilizes the labile microtubule lat-
tice. Although generally accepted, the structural and biochemical details of a stabiliz-
ing cap at the microtubule growing end are still unclear. Figure 1.2 d-2 shows a possible
microtubule end-structure, an open sheet of protofilaments extending while the mi-
crotubule is growing. When the GTP cap is stochastically lost (due to detachment of
GTP-tubulin subunits at the end and by GTP hydrolysis catching up with addition of
new subunits) (figure 1.2 d-3), the protofilaments peel outwards and the microtubule
lattice collapses by rapid depolymerization (figure 1.2 d-4). This scenario is supported
by the observation from electron microscopy studies that revealed the structural differ-
ence between growing and shrinking microtubule ends [34, 39] (figure 1.2 ¢). Growing
microtubules often terminate in sheet-like structures of laterally connected protofil-
aments that appear to slightly bend outwards, corresponding to GTP-tubulin. At the
end of shrinking microtubules individual protofilaments curl outward more strongly
indicating the conformational change of GDP-tubulin. What exactly are the molecular
events that trigger the switching between growing and shrinking states (catastrophes
and rescues), remains poorly understood. Recent models and computer simulations
based on the energetics of tubulin-tubulin bonds and the elastic properties of tubu-
lin protofilaments are able to reproduce the growing and shrinking phases of micro-
tubules [61-63]. They also predict a metastable intermediate state, which suggests a
mechanism for rescue [61, 63] and that the GTP-cap can be composed of only a couple
of GTP-tubulin subunits [62, 63].

The differences in the tubulin conformation at the growing end, shrinking end, and
within the microtubule lattice could be seen as a fine-tuned mechanism of regulating

17
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interactions with microtubule associated proteins (MAPs). MAPs could directly detect
and make use of structural differences in the microtubule growing or shrinking state, a
possible mechanism employed by +TIPs that recognize and follow microtubule growing
ends (discussed below in section 1.2.1).

Regulation of microtubule dynamics. Many cellular functions of microtubules re-
quire that their dynamic properties are precisely controlled. The regulation is primarily
done by MAPs. How could MAPs change microtubule dynamic instability parameters?
If we look at equations 1.1-1.4 there are several options. Enhanced growth speed could
be achieved by i) a biochemical increase in the affinity of tubulin association rate (kqp).
The MAP could either bind first at the microtubule tip or form a tubulin-MAP com-
plex in solution. ii) Increasing the added subunit size (§) would also result in faster
growth. This implies that MAPs would be capable of templating formation of oligo-
mers that subsequently are incorporated at the growing microtubule end. There are
experimental studies indicating that XMAP215/TOGp [64, 65] and CLIP-170 [29, 66, 67]
could bind and induce formation of tubulin oligomers in vitro. XMAP215 and the bud-
ding yeast homologue Stu2 were also shown to destabilize microtubules [68, 69]. It is
possible that a protein like XMAP215 increases both rates of tubulin association (kgp)
and dissociation (k). Depending on the exact conditions (temperature, salt, tubulin
concentration) the protein can accelerate growth or, on the contrary, enhance tubulin
dissociation that could result in, for example, more frequent catastrophes. It is less ob-
vious how MAPs could increase or reduce k;ff, the dissociation rate of tubulin from a
depolymerizing end. Most probably there is a correlation with the lattice stability and
the interaction between protofilaments. Also the transition frequencies might depend
on the stability of the lateral interactions between protofilaments and on the details
of tubulin association and dissociation. We still miss information about the molecu-
lar details accompanying regulation of microtubule dynamics by MAPs. The research
presented in this thesis includes new insights into the molecular mechanism of micro-
tubule dynamics influence by two MAPs: XMAP215, known to dramatically enhance
growth speed (chapter 3) and Mal3, a microtubule end-binding protein, known to have
an important role in maintaining microtubule stability within cells (chapter 5).

1.1.3 Force generation

Several studies show that microtubules can produce both pushing and pulling forces
[70,71]. On one hand, during microtubule polymerization, the free energy gain asso-
ciated with addition of tubulin subunits is sufficient to generate a force of several tens
of piconewton. On the other hand, the mechanical strain stored in the GDP-lattice can
fuel pulling forces on a target coupled to shrinking microtubule ends. Microtubules
can thus perform mechanical work [72, 73] and drive intra-cellular movement of or-
ganelles. A well known example is chromosome separation during anaphase in divid-
ing cells, which is partly powered by depolymerization of kinetochore-attached micro-
tubules [74]. Also, microtubule growth generates forces that help position organelles
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and microtubule organizing centers within the cell [75]. The biophysical aspects of
microtubule force generation have been studied in experimental [70, 76, 77] and theo-
retical [78-80] work by several groups.

The simplest mechanistic way to think about force generation by growing micro-
tubules is provided by the Brownian ratchet model [81]. In this model, thermal fluctu-
ations of a confining barrier allow for occasional addition of new subunits to a growing
filament. The filament can grow even in the presence of an opposing external force.
Since the amplitude of the fluctuations reduces as the force increases, the rate at which
new subunits can insert slows down. The force at which no net growth occurs any-
more and subunits only occasionally detach is defined as the stall force. The Brownian
ratchet predicts an exponential dependence of the filament growth rate on the applied
force (F):

Vgro(F) = 8 (koncrube™ 70" — ko) (1.5)

For microtubules, more elaborate models accounting for multiple filaments predict a
slightly different force-velocity curve, whose functional details depend on the assumed
structure of the growing microtubule end [78-80].

Microtubule growth is influenced by force in the crowded intracellular environ-
ment. In the cell, microtubules often grow against obstacles like organelles, mem-
branes and the cell cortex. In mitosis, microtubules push and pull chromosomes in
order to align and separate them. There is still a lack of quantitative knowledge about
the magnitude of these forces. A recent study analyzed the shapes of bent microtubules
in the cell and concluded that microtubules can withstand much higher loads than ex-
pected from in vitro studies [82]. The authors explain this discrepancy by microtubule
mechanical reinforcement from the surrounding elastic cytoskeleton [82,83]. Although
not studied from this perspective, the microtubule end-binding proteins that decorate
the tips of growing microtubules could also influence microtubule stability under force.
There is still an open question: do MAPs regulate the force generation of microtubules
and if so, what is the molecular mechanism underlying this regulation?

1.2 Microtubule plus-end tracking proteins, +TIPs

In vivo, the regulation of microtubule dynamics is largely the responsibility of micro-
tubule associated proteins (MAPs) [9-11]. As their name says, the shared feature is the
affinity for tubulin and microtubules. Their activity covers a wide range of regulation.
There are MAPs that control microtubule nucleation and microtubule bundle orga-
nization. MAPs, like Op18/stathmin, have been proposed to sequester soluble tubu-
lin [84, 85]. Classical MAPs such as tau and MAP2 bind to the microtubule lattice and
stabilize it, but other lattice binding MAPs have the opposite effect (e.g. the severing
protein katanin [86]). Microtubule associated motors are a class of MAPs that have the
ability to walk along the microtubules (kinesins and dyneins). Motor proteins transport
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Figure 1.4: Plus-end tracking proteins, +TIPs. (a) Fluorescent comets of EB1, a mammalian
plus end-binding protein, at the growing microtubule ends in an interphase COS-7 cell. The cell
shows immunofluorescence staining of endogenous EB1. Image courtesy of Anna Akhmanova.
Right: Schematic drawing of microtubule organization in a similar fibroblast cell in interphase.
Dynamic microtubule plus ends radiate towards cell periphery. +TIPs, like EB1, are able to specif-
ically localize at the growing plus ends. (b) Fluorescence images of microtubules (top image) and
Tip1-GPF decorating the microtubule plus ends (lower image) in fission yeast cells. Tubulin was
tagged with mCherry. Images courtesy of Christian Tischer. Below: Schematic drawing of mi-
crotubule organization in an interphase fission yeast cell. Microtubules are organized in parallel
bundles and grow with the plus ends towards the cell poles.

and deliver material throughout the cell [87,88], they are involved in maintaining the in-
tegrity and function of microtubule bundles, for example, in the mitotic spindle [89] or
in the beating flagella. Motors can anchor microtubules at the cell cortex [90] or to kine-
tochores [91], and by themselves can influence the stability of microtubules [92-95].

An important class of MAPs are the end-binding proteins, generally termed +TIPs
[12-20], including both microtubule associated motors and non-motor proteins. Their
distinguishing feature is the microtubule end localization (figure 1.4). When marked
with a fluorescent tag, the +TIPs appear as comets at microtubule tips moving through-
out the cell as the microtubules are growing. Some +TIPs also have the ability to follow
the shrinking microtubule ends.

The +TIPs most obvious function is the regulation of microtubule plus-end dynam-
ics, where tubulin is incorporated and forms the stabilizing cap. 'Traveling’ on micro-
tubule ends provides a mechanism for cargo delivery at specific locations in the cell.
An emerging role for +TIPs is in cell motility and polarized cell growth where signals are
delivered to the cortex to control actin assembly, organization and contractility (one ex-
ample can be found in fission yeast [96]). A scenario for protein delivery at the cell pe-
riphery would require the combined effect of several +TIPs: stabilization of the growing
end such that the microtubules reach the target and continuous presence of the cargo
at the plus end. As a consequence the +TIPs form a highly interactive protein network
where several +TIPs act together to achieve one function [12, 21, 24]. Some +TIPs can
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directly interact with membrane proteins, actin associated proteins and kinetochore
proteins and thus provide coupling between microtubules and other cellular compo-
nents [14, 24]. For example, EB1, a microtubule plus-end-tracking protein, interacts
with a transmembrane protein STIM1, which is localized to the endoplasmic reticulum
(ER) (membranous network within cells). EB1-STIM1 interaction mediates ER remod-
eling by coupling the dynamic microtubule plus-ends to the ER membrane [97]. Some
of the coupling +TIPs have been proposed to transduce the pulling forces generated by
the microtubule disassembly during chromosome segregation. A peculiar example of
force coupling through a +TIP is the alignment and positioning of the mitotic spindle in
the budding yeast [98]. In this example the +TIP is dynein, a minus end directed motor.
Here, the force is produced by both the +TIP motor tracking the shrinking microtubule
ends and by disassembly of microtubules. The force generated results in spindle mo-
tion through coupling of dynein to the cell cortex.

1.2.1 End-tracking mechanisms

Structural and cellular studies together with recent in vitro experiments (including part
of the work presented in this thesis) start to unravel the molecular mechanisms of plus-
end localization. Possible mechanisms are described below.

Copolymerization implies that a +TIP is incorporated together with tubulin at the
growing microtubule end (figure 1.5-1). There are some requirements in order to get
tip tracking through copolymerization. The +TIP should have high affinity for solu-
ble tubulin to form relatively stable complexes with tubulin in solution. +TIP affinity
for the microtubule lattice should be low. Upon end incorporation the +TIP releases
from the older parts of the filament by stochastic detaching or induced by a conforma-
tional (straightening of protofilaments) and/or biochemical (GTP hydrolysis) change.
Modification of +TIP affinity for the microtubule by other proteins is also possible. In
the copolymerization scenario the +TIP would appear stationary on the microtubule
while the end elongates. After a delay, the +TIP would then release its fixed point on the
microtubule. As defined above, the copolymerizing +TIPs would only follow growing
microtubules.

Among +TIPs, CLIP-170 was shown to bind tubulin in vitro and copolymerization
was suggested to be a likely mechanism of CLIP-170 end-tracking [29, 66, 67]. This con-
clusion was recently challenged in a study showing rapid turnover of the protein at mi-
crotubule ends in vivo [30]. The underlying mechanism of CLIP-170 end-tracking was
suggested to be, therefore, a tip recognition mechanism.

Tip recognition requires the existence of a specific structure at the growing micro-
tubule end that is recognized by +TIPs (figure 1.5-2). Cryo-EM studies show the ex-
istence of slightly curved protofilaments at the ends of growing microtubules. Fur-
ther, GTP-tubulin is assembled at the tip, while GDP-tubulin represents the majority
within the microtubule lattice. The structural and biochemical details of the micro-
tubule end-structure remain to be clarified. Assuming the existence of such a struc-
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Figure 1.5: Microtubule end-tracking mechanisms. Cartoon of a cell with dynamic micro-
tubules radiating from the centrosome. The enlarged image gives an artistic impression of the
complex interactions at the growing microtubule plus-end. Specialized proteins, so called +TIPs,
can bind and track dynamic microtubule ends, where they control microtubule dynamics, deliver
cargo or mediate interactions with the cell cortex. Possible end-tracking mechanism of +TIPs in-
clude: (1) copolymerization with tubulin and later detachment from the microtubule lattice, (2)
specific end-structure recognition, (3) direct movement of kinesins and dyneins, (4) hitchhiking
on other motor or non-motor +TIPs already present at the tip, and (5) 1-D diffusion on the lattice
to facilitate end-finding.

ture, +TIPs could recognize either the presence of GTP-tubulin, specific protofilament
arrangement, protofilament curvature and/or might bind to exposed tubulin sites oth-
erwise hidden in the rest of the tube. Also, the +TIPs should not prevent the progressive
conversion of the end structure into a regular lattice conformation (a closed tube). The
GTP-cap was predicted to be quite small (< 0.5 um) [56,99-101], while in cells +TIP
comets are in general covering a more extended area (0.5-2 pum). However, biochemi-
cal recognition of the tip cannot be excluded as the GTP-cap size prediction is based on
limited experimental evidence. A structural recognition of the growing end by EB pro-
teins is supported by a recent electron microscopy study of Mal3 [25]. Mal3, the fission
yeast EB homologue, showed specific binding at the microtubule seam. At the seam,
the lateral interactions between adjacent protofilaments are different than elsewhere
in the lattice. It is possible that the EB binding sites of tubulin are only available at
the seam. A similar picture can be envisioned at the growing end. An open structure of
protofilaments could provide exposed EB binding sites. Experimental results presented
in chapter 4 and chapter 5 bring new information about the molecular mechanism of
Mal3 end-tracking.
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Some +TIPs are able to follow shrinking microtubules, commonly known as back-
tracking. In this case, the proteins would recognize the highly curved protofilaments
observed at the ends of disassembling microtubules. The budding yeast Bik1 (CLIP-170
homologue) and kinesin Kip2 were observed to follow shrinking microtubules [102].
The backtracking of Bikl was dependent on the kinesin Kip2 that seems to transport
Bik1 to the plus end. It is possible that the two yeast +TIPs together or independently
recognize the curved disassembling protofilaments. Future experimental investiga-
tions are needed to fully understand the mechanism of Bikl and Kip2 backtracking.

Directed motion is a potential end-tracking mechanism used by motors, provided
that the motors walk faster than the microtubules grow (figure 1.5-3). A simple explana-
tion for motor accumulation at the tip could be that newly formed parts of the micro-
tubule 'receive’ motors both from solution and from the older lattice. The extent of the
end accumulation would depend on the run length of individual motors. Some of the
kinesins, like the fission yeast Tea2 [103], are known to end-track growing microtubules.
It is not yet established if their directed movement is solely responsible for their end-
tracking behavior. It is possible that once reaching the ends, these motors are retained
due to specific affinity for the end-structure or by interaction with other +TIPs already
present there. A motor dependent end-tracking mechanism does not exclude tracking
of shrinking ends. The protein directed motion would be sufficient to produce accu-
mulation. The Kip2 kinesin shows backtracking in budding yeast, but the molecular
mechanism has not yet been investigated.

Hitchhiking by association with motors and other microtubule end-binding pro-
teins seems to be common for many +T1IPs [17] (figure 1.5-4). This type of mechanism
involves an intermediate protein at the microtubule tip, implying that hitchhikers do
not efficiently interact with tubulin or microtubules. Several +TIPs were proposed to be
transported as cargo to the growing microtubule ends. For example, the yeast homologs
from the CLIP family, Bik1 and Tip1, are moved processively by the Kip2 and Tea2 kine-
sis, respectively [102,103]. STIM1 is another example of hitchhiker that is involved in
linking the ER membrane to microtubule tips by direct binding to EB1 [97].

1-D diffusion on microtubules is common for nonprocessive motors or proteins
that have weak affinity for the microtubule lattice. Affinity for the microtubule will tar-
get these MAPs to the lattice where they diffuse for a short period exploring the 1-D
space (figure 1.5-5). If they land close to the tip they might accumulate at the micro-
tubule end but only through another mechanism (tip recognition or interaction with
other +TIPs). 1-D diffusion is therefore not per se an end-tracking mechanism. It can
rather be seen as a microtubule-end targeting mechanism employed by proteins that
do not use active motion. The kinesin-13 MCAK was shown to target microtubule ends
by lattice diffusion [26], together with recognition of the protofilament curvature at the
microtubule tips.

One common feature of the end-tracking mechanisms is that +TIPs are transiently
present at the microtubule end. Interaction with the tip is dynamic and new proteins
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from solution are constantly repopulating the tip. The majority of +TIPs have low affin-
ity for tubulin in solution and most +TIPs are dimers (EBs, CLIPs, tip tracking kinesins)
or have multiple binding sites for tubulin indicating that cooperativity might be nec-
essary for end-tracking [21]. Some interactions within the +TIP network seem to be
based on similar amino acid motifs as some +TIP-tubulin interactions [104, 105]. The
competition raised by this similarity could prevent overcrowding at the microtubule
tip and, more importantly, could induce sequential recruitment of +TIPs at the micro-
tubule end.

1.2.2 Regulation of microtubule dynamics

+TIPs in general promote microtubule growth and/or enhance the dynamic behavior
of microtubules. The first +TIP discovered, CLIP-170, was found to stabilize micro-
tubule growth. CLIP-170 functions as a rescue factor [106] and the fission yeast homo-
logue, Tip1, suppresses microtubule catastrophes [107,108]. The mechanism of rescu-
ing shrinking microtubules remains puzzling as CLIP-170 does not seem to bind the
depolymerizing ends. The EB (end binding) family members are also known as stabi-
lizers. EB proteins were reported to suppress catastrophes in fission yeast [109] and
in Xenopus egg extracts [110]. In extract experiments, stabilization of microtubules was
achieved also by EB1 increasing the rescue rate. In vitro experiments supported the idea
that the EBs promote polymerization [25, 111, 112], but might dependent on the pres-
ence of other +TIPs [111]. On the other hand, in budding yeast [113] and Drosophila
[114], EB1 enhances both the catastrophe and the rescue rate. However, it remains
unclear if EBs can modulate microtubule dynamics on their own and if the in vivo ef-
fects can be attributed solely to the EB proteins. Among the destabilizers are kinesin-8
(Kip3 [115, 116]), kinesin-13 (MCAK [117], KLP10A [118]) and kinesin-14 (Kar3 [119])
family members that are known to catalyze microtubule depolymerization. One pos-
sible mechanism is based on structural changes at the microtubule tip where these ki-
nesins can force protofilaments into a more bent conformation.

1.3 This thesis

The work presented in this thesis concerns the regulation of microtubule dynamics by
microtubule associated proteins. Our effort was directed towards understanding the
molecular mechanisms underlying this regulation. We chose to investigate a number of
representative MAPs, individually, in vitro. The advantage of an in vitro minimal system
is the possibility it offers to uncouple the regulation of different MAPs. If desired, the
level of complexity can be increased by introducing a combination of MAPs.

In order to achieve molecular resolution on the microtubule assembly process, we
developed a high resolution technique based on optical tweezers. Chapter 2 contains
a detailed description of the technique. Dynamic microtubules could be followed with
unprecedented resolution of a few nanometers and allowed us to zoom in on micro-
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tubule assembly process. In chapter 3, molecular details of microtubule growth are
discussed and how this process is altered, on a molecular scale, by the microtubule
associated protein XMAP215. XMAP215, a Xenopus MAP, attracted out attention due
to its effect on microtubule assembly, XMAP215 being probably the most potent mi-
crotubule growth enhancer known [120]. Previous in vitro experiments showed that
XMAP215 sped up microtubule growth up to 10-fold [121, 122], similar with its be-
havior in vivo. Using our high-resolution technique we observed fast length changes
during microtubule growth, that correspond to the size of the XMAP215 protein itself.
The implications of this new finding are discussed. Triggered by the observations at
high-resolution, we further attempted to investigate XMAP215-tubulin interactions in
solution and the possibility that XMAP215 templates formation of tubulin oligomers
(XMAP215 could bind multiple tubulin dimers along its length [64, 123]). Our observa-
tions using two independent techniques, fluorescence speckle microscopy and fluores-
cence correlation spectroscopy, are presented and discussed.

Chapters 4 and 5 present experiments related to a set of end-tracking proteins,
namely three fission yeast +TIPs: the EB1 homologue Mal3, the kinesin Tea2 and the
CLIP-170 homologue Tip1l. These +TIPs were shown to have an important role in regu-
lating microtubule dynamics in vivo. However, due to lack of in vitro investigations, it
is not clear if EBs, for example, can regulate microtubule dynamics independently or if
they only modulate the influence of other +TIPs. First in vitro reconstitution of micro-
tubule plus-end tracking by the three fission yeast +TIP system is presented in chap-
ter 4. We found experimental evidence for the molecular mechanisms utilized by the
three proteins, individually and together, to specifically end-track microtubule grow-
ing ends [124]. Among the three +TIPs only Mal3 was able to autonomously end-track
microtubule growing ends. Tea2 and Tipl needed each other and Mal3 to end-track.
As Mal3 is able to localize at microtubule growing ends on its own, it is possible that
the EB1 homologue has also an effect on microtubule dynamics. Chapter 5 contains
our results on Mal3 regulation of microtubule dynamics in vitro. The experimental
work includes quantification of microtubule dynamic instability parameters by light
microscopy, quantification of Mal3 localization on microtubules by fluorescence mi-
croscopy, and investigation with the optical tweezers based technique of the modifi-
cations induced by Mal3 at the microtubule dynamic tip. The sole presence of Mal3
induced a surprising and complex effect on microtubule dynamics. Combining results
from the three independent techniques, we propose a mechanism of Mal3-regulation.

Chapter 6 focuses on microtubule catastrophes, the transitions from a growing to a
shrinkage phase. Knowledge about a mechanism for catastrophes has been limited to
models based on structural details of the microtubule ends imaged with cryo electron-
microscopy. Information about how MAPs act on a molecular level to regulate catas-
trophes is even less extensive. Using our optical tweezers based technique we followed
dynamic microtubule ends with near molecular resolution. When zooming in at the
events just before microtubule fast disassembly, we observed a slow decrease in micro-
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tubule length of several tens of nanometers. Our observations suggest that catastrophes
are represented by loss of the stabilizing end-structure or a conformational change at
the microtubule tip. The influence of XMAP215 and Mal3 on the molecular details pre-
ceding fast depolymerization were also investigated. First observations are presented.

Chapter 7 includes a general discussion of the results comprised in this thesis and
future directions of investigation:

(i) From the in vitro end-tracking experiment we found that Tea2 and Tipl need
Mal3 to localize at the plus end. It is possible that the presence of Tea2 and Tip1, indi-
vidually or in combination, at the microtubule tip affect Mal3-induced regulation. Pre-
liminary experiments were done to assess the interplay between the two +TIPs (Tea2
and Tip1) and Mal3 and their combined regulation of microtubule dynamics.

(ii) Mal3 is the fission yeast homologue of mammalian EB proteins. The high se-
quence homology between Mal3 and EB1/EB3 would suggest a similar behavior of the
three proteins on microtubules, but in vivo studies indicated that EB1 effect on micro-
tubule dynamics might depend on the presence of another +TIP, the dynactin compo-
nent p15061u€d [125]. First in vitro reconstitution of the EB3 end-tracking is presented.
Fluorescently tagged EB3 autonomously end-tracked growing microtubules, similarly
with Mal3, but also showed an intriguing interaction with the microtubule lattice at
high concentrations.

(iii) An important aspect of microtubule dynamics is regulation by force. This ef-
fect has relevance for the intracellular crowded environment where microtubules often
encounter barriers. The presence of MAPs might affect the behavior of microtubules
growing against force. Our high-resolution technique involves optical tweezers allow-
ing for quantification of the force generation by growing microtubules. The first ob-
servations of microtubule force generation in the presence of XMAP215 and Mal3 are
presented.



CHAPTER

2

Measuring microtubule dynamics
with near molecular resolution

To gain insight into the molecular mechanism of microtubule self-assembly process and
its regulation by MAPs we developed a high resolution technique that allows us to follow
dynamic microtubules with near molecular resolution in vitro. The technique combines
optical tweezers, microfabricated rigid barriers and high-resolution video tracking of mi-
crobeads. The experimental method, the special features of the optical trap and consid-
erations regarding microtubules in the context of our set-up are presented. The unprece-
dented resolution provided by our technique allowed us to observe details of growth and
shrinkage of dynamic microtubules.

Microtubule self-assembly process is a dynamic, complex phenomenon. Another
level of complexity is added by the fact that microtubule dynamics is regulated by phys-
ical (force) and cellular (microtubule associated proteins) factors. Our understanding
of both microtubule dynamic instability and influence of microtubule associated pro-
teins on the assembly process of microtubules has been limited to low-resolution light
microscopy studies and static electron microscopy imaging. As a consequence, we still
miss an understanding of the molecular events underlying these dynamic processes.
The advent of single molecule techniques based on optical tweezers allowed us to de-
sign a new experimental method with which we can follow the microtubule assembly
dynamics with near molecular resolution. Optical tweezers [126,127] have been proven
a powerful technique to detect piconewton forces and nanometer features describing
the mechanics and movement of biological molecules: stepping of motors [128-135],
interaction of proteins with DNA and RNA [136-138], folding/unfolding of proteins
[139-141] being few examples. In an optical tweezers set-up a trapped micrometer-
sized bead is used as a sensor. Traditionally, the protein of interest is attached to the
bead and details in the motion of the bead reflects the action of the protein. The bead
position can be detected with nanometer resolution using light microscopy or optical
interferometry of the trapping beam. In this way molecular resolution can be achieved
without directly imaging the protein of interest.

Based on these known facts, we developed a method integrating optical tweez-
ers, micro-fabricated rigid barriers and high-resolution video tracking of micro-beads
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[142,143] (figure 2.1). The rigid barriers were used to obstruct microtubule growth. By
detecting the position of a bead attached to a microtubule nucleating object instead
of imaging the end of the growing microtubule, we could follow microtubule polymer-
ization with near molecular resolution (~10 nm as compared with the ~200 nm, the
resolution of light microscopy). In our experiments the bead was held by optical tweez-
ers allowing us to also measure the force experienced by the growing microtubule.

2.1 Experimental method

The optical tweezers set-up is schematically shown in figure 2.1 a. Microtubules were
nucleated by a naturally occurring microtubule bundle, an axoneme, to which a poly-
styrene bead was attached near one end. The bead-axoneme construct was suspended
in a 'keyhole’ optical trap and positioned nearby a microfabricated rigid barrier. The
keyhole trap was used to control both the position of the bead and the direction of
the axoneme. After positioning the construct in front of the barrier, the microtubule
growth from the axoneme was triggered by flowing a polymerization mix into the sam-
ple. When a growing microtubule encountered the barrier, subsequent length increases
lead to displacement of the bead in the trap. In (statistically) half of the cases, the minus
end of the axoneme was pointing towards the barrier. In these cases slow or no micro-
tubule growth was observed. In the other cases, after some time, the bead started to
move away from the barrier at a speed that was comparable to the microtubule growth
speed. Displacement of the bead in the optical trap lead to an increasing restoring force
on the bead that pushed the growing microtubule tip against the barrier. In all exper-
iments the microtubules were kept short (< 1 um) to avoid buckling under the com-
pressive load exerted by the optical trap (discussed below in section 2.3.1). The relation
between the microtubule length increase and the bead displacement depends on the
stiffness of the bead-axoneme construct, which we measure independently (described
in section 2.3.2).

The rigid barriers. Photoresist barriers were made using standard microlithogra-
phy techniques [144] (figure 2.1b). A layer of SU-8 photoresist (MicroChem), 7 um in
height, was deposited on pre-cleaned glass coverslips and soft-baked. The SU-8 layer
was exposed to UV light through a chromium mask containing the chamber pattern
and post-exposure baked. The illuminated areas were removed with developer (XP
SU8-developer, MicroChem) leaving on the coverslip an array of chambers with slightly
negative side walls. The SU-8 layer with chambers was hard-baked to further cross-link
and increase the rigidity of the photoresist. One corner of a chamber was typically used
as the rigid barrier against which microtubules were grown (figure 2.1 b, right).

The axonemes. Microtubules were nucleated from axonemes, naturally occurring
microtubule bundles (figure 2.1 c). The axonemes were kindly prepared by Matthew
Footer from sea urchin sperm following published protocols [145,146] and stored frozen
with a method modified from [147]. Purified axonemes have a 9 + 2 microtubule con-
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Figure 2.1: Experimental set-up. (a) Schematic drawing (left, not to scale) and DIC image (right)
of a bead-axoneme construct held by optical tweezers near a rigid barrier. The arrow in the DIC
image indicates the position of the optical trap on the bead. (b) Scanning electron micrographs
of an overview on microfabricated chambers (left), and a detail view on the corner of a chamber
showing the rather smooth vertical wall (right). The chambers were fabricated using standard
micro-lithography techniques in a layer of SU-8 photoresist (5 - 7 um high) deposited on a glass
coverslip. The corner of such a chamber was typically used as the rigid barrier against which
microtubules were grown. (c) DIC image (left) and cryo-EM picture (right) of microtubules nu-
cleated from an axoneme piece. The high-resolution micrograph of the axoneme-end frozen in
polymerization conditions (right) reveals that the doublets comprised in the axoneme nucleate
normal microtubules. The black arrow points to one microtubule that was nucleated from a dou-
blet (white arrow).
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figuration consisting of nine microtubule doublets that surround two singlet micro-
tubules [148]. The outer membranes and most of the microtubule associated motors
and proteins were removed during the purification process. Cryo-EM imaging! showed
that the axoneme doublets nucleate normal singlet microtubules when exposed to mi-
crotubule polymerization conditions (figure 2.1 c, right). As a result, an axoneme could
nucleate up to 11 parallel microtubules depending on the tubulin concentration and
the temperature in the sample. We tuned these parameters such that most of the time
only one or two microtubules were growing from the plus end of the axoneme.

Sample preparation. A coverslip carrying SU-8 barriers was assembled into a home-
built flow chamber. The chamber allowed injection of small samples (a couple of mi-
croliters by pipetting at an entrance opening) and continuous slow flow by adjusting
the height of the drain. The drain and the chamber were connected by teflon tubing
and a computer-linked flow sensor (Seyonic, Switzerland) was inserted between the
drain and the chamber in order to monitor the flow magnitude. Prior to any sample
injection, the flow chamber was passivated by applying a layer of 0.2% agarose and
by incubation with 50 mg/ml BSA. The surface coating prevented undesired sticking
of beads and axonemes on the glass and SU-8 surfaces. Streptavidin coated polysty-
rene beads (2 pm in diameter, Spherotech) were flowed in the chamber together with
axoneme pieces. Using the optical trap a construct was assembled by non-specific at-
tachment of a bead to one end of an axoneme and then positioned in front of a barrier.
Before introducing the polymerization mix, the chamber was incubated for 5 min with
1 mg/ml k-casein to avoid non-specific attachment of axoneme and microtubule tips
when in contact with the SU-8 walls. After passivation of the chamber surfaces, mi-
crotubule growth was initiated and maintained by flowing the polymerization mix that
typically contained tubulin, GTP, with or without microtubule associated proteins, in
assay buffer (MRB80: 80 mM K-Pipes, 1 mM EGTA, 4 mM MgCl,, pH 6.8). The poly-
merizing conditions are mentioned in the following chapters for each experiment. The
measurements were done at constant temperature, 25°C.

Data acquisition. DIC images of our experiments were recorded at a sampling rate
of 25 Hz on DVD using a CCD camera (Kappa) and a commercial DVD recorder (Philips
DVD-R80). The displacement of the bead in the trap was measured off-line from the
digital images using a standard auto-correlation method (in-house developed image
processing software written and run in IDL). Displacements were either multiplied with
the trap stiffness to determine the force (section 2.2.3) or corrected for the construct
stiffness to determine the microtubule length changes (section 2.3.2).

The cryo-EM imaging of axonemes was done together with Linda Sandblad at EMBL, Heidelberg.
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2.2 ’Keyhole’ optical trap

2.2.1 Optical tweezers set-up

An Nd:YVO, laser beam (A = 1064 nm, 10 W, Millenia™ IR, Spectra Physics) was cou-
pled into an inverted microscope (DMIRB, Leica) equipped with a 100x/1.4 NA oil im-
mersion lens (PL APO, Leica). The infrared laser beam was used for trapping the bead-
axoneme construct. To create the 'keyhole’ trap, consisting of multiple traps, the laser
beam was time-shared with a pair of orthogonal acousto-optic deflectors (AODs) (DTD-
274HAG, Intra Action). The trap position can be accurately controlled with microsec-
ond resolution by changing the sound wave propagating within each AOD crystal. The
sound waves were generated by a synthesizer board (DVE-40, Intra Action and later
changed with two Direct Digital Synthesizers, DDS8m 100MHz, Novatech Instruments)
and amplified before reaching the AODs with a dual RF power amplifier (DPA502, In-
tra Action). The synthesizer boards were controlled using in-house developed software
(LabVIEW, National Instruments). For the calibration of the trap stiffness we used a
low-power HeNe laser beam (A = 633 nm, 1125P, Uniphase) that was superimposed af-
ter the AODs on the infrared path. The HeNe laser beam was focused on a trapped bead
and imaged onto a quadrant-photodiode (QD50-0O-SD, Centro Vision) positioned in a
plane conjugated with the back focal plane of the microscope condenser. The sam-
ple was mounted on a high-resolution xy-piezo stage (P-730.4c, Physik Instrumente),
providing the ability to move the sample with nanometer precision both manually and
automatically (an in-house developed LabVIEW program controls the automation).

2.2.2 ’Keyhole’ trap design and features

The "keyhole’ trap consists of a normal point-trap that holds the bead, which was used
as a force sensor and a row of tightly-spaced optical traps of lower power, which to-
gether form a line trap [142, 143] (figure 2.2b). This line trap is used to orient the ax-
oneme in the direction of the barrier, thereby forcing the growing microtubule to en-
counter the barrier. With the axoneme in the line trap, the bead can resist forces up to
tens of piconewton without sideways motion. Figure 2.1 a, right and figure 2.2 a, show
DIC microscopy images where such a trap was holding a bead attached to an axoneme
close to a wall. The keyhole trap was set up as follows: a single laser trap was quickly
moved from one position to another using the acousto-optic deflectors (open markers
in figure 2.2 b). The leftmost position is visited most often and is separated from the
others to serve as the point trap for the bead. The others are spaced much closer to-
gether along a line. In the example shown in figure 2.2, the whole cycle was run at a
finite frequency: 2190 Hz over a total distance of about 6 um. In other experiments the
cycle frequency was up to 12.5 kHz. This is much faster than a trapped bead or an ax-
oneme can follow given the viscosity of the medium and the stiffness of the trap (which
together determine the response time). When a construct suspended in this trap was
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Figure 2.2: ’Keyhole’ trap. (a) DIC microscopy image of a trapped bead-axoneme construct near
a microfabricated wall. The small round object near the barrier is a piece of debris stuck to the
axoneme. (b) Time-shared laser positions (open triangles) and potential well (solid line) of the
time-averaged keyhole trap. (c) Power spectrum of a bead trapped in the keyhole trap, with the
writing frequency of the trap indicated. The dotted line indicates the role-off frequency, which is
used to calculate the trap stiffness.

pushed to the left, only the bead experienced a restoring force from the trap since the
axoneme was free to move along its length in the line trap. As shown in figure 2.2 a and
b, the outer points of the line trap were kept far from the ends of the axoneme, to min-
imize a potential influence of the axoneme ends on the force-displacement behavior
of the whole construct. Keeping the laser away from the barrier also prevented inter-
ference with the vertical edges. The potential well of the keyhole trap was determined
as follows. First, loose beads were repeatedly trapped and released in a highly viscous
medium and their velocity was measured as a function of distance from the trap center.
At every position, the viscous drag force on the bead F = yv is equal to the trap force. In-
tegrating the force-distance profile gives us a measure of the effective trap potential of
a single isolated trap. The total well shape of the keyhole trap (solid line in figure 2.2 b)
was obtained by simply time-averaging the trap potential for all the individual trap po-
sitions. Note that the interaction of the trapping laser with the axoneme will be less and
the axoneme will therefore experience a shallower potential well.

2.2.3 Determining the trap stiffness

To determine the trap stiffness and confirm that the writing frequency of the trap is
much faster than the response time of the bead, we measured the power spectrum of
the motion of a loose bead trapped in the leftmost point of the keyhole trap using a



Experimental considerations

low power HeNe laser and a quadrant photo diode (QPD) as detector (fsampling = 30
kHz) (figure 2.2 c). This spectrum gives the trap stiffness kiap = 27y fc, where y = 67na
is the viscous drag (for viscosity 1) on the bead (with radius a) and f; is the roll-off
frequency (indicated by the dotted line). The trap stiffness was typically between 0.01
and 0.03 pN/nm. In addition, the power spectrum shows some sharp peaks, of which
the lowest in frequency (arrow) indicates the writing frequency of the keyhole trap. In
the experiments with higher cycle frequency (> 10 kHz), these peaks did not appear in
the spectrum as the QPD signals were filtered through an anti-aliasing filter (fgjer = 10
kHz). At the cycle frequency the bead will experience very small regular excursions due
to the fact that the trap is periodically moved to another position. We note that the mag-
nitude of these excursions is proportional to the surface below the peak, whereas the
total Brownian motion is proportional to the surface below the whole spectrum. This
implies that in a displacement vs time plot such as in a microtubule growth experiment,
these excursions are entirely negligible and the keyhole trap can be considered smooth
and continuous as in figure 2.2 b.

2.3 Experimental considerations

2.3.1 Mechanics of microtubules under load

When trying to measure microtubule growth under load, an experimental difficulty that
needs to be overcome is the finite rigidity of the polymer. In our experimental set-up,
when a growing microtubule is pushing against the rigid wall, a compressive force is
generated that may cause the microtubule to bend or buckle. If a microtubule buck-
les or bends under the compressive force, the increase in length cannot be detected
anymore by the response of the bead. Elasticity theory tells us that a filament of finite
length L and stiffness x will only remain straight as long as the force stays below a crit-
ical buckling force given by F, = Ax/L? [149], where the prefactor A depends on how
the filament is attached at its extremities. For a filament that is clamped at one end
and free to fluctuate at its other end this prefactor is approximately 20. This means that
for microtubules (assuming a stiffness ¥ = 25 pNum?) subjected to a compressive load
of a few piconewton, the maximum filament length that remains straight is a few mi-
crometers. Recent results showed that microtubule stiffness is length dependent. For
microtubules shorter that 2 - 3 um, stiffness can be a factor 500 lower than for 10 um
long microtubules [43]. This effect could be explained by the internal friction between
protofilaments that contributes to the fluctuation dynamics [45]. In our experiments,
we measured forces below 5 pN and the microtubules were mostly shorter than 600
nm. Due to the complicated geometry in out set-up it is not easy to theoretically pre-
dict the conditions at which the microtubules will buckle. In a test experiment we no-
ticed that when a growing microtubule was in contact with the barrier the Brownian
noise on the bead was low (~5 nm RMS) as compared to the noise on the bead when
the microtubule starts buckling and the situation when there is no contact between the
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Figure 2.3: Measuring the construct stiffness. (a) Response of the trapped bead (open circles)
when the rigid barrier is bounced (thick line) against the axoneme. The wall was moved in a
controlled way by an automated piezo stage. (b) Bead displacement from the same experiment
plotted as a function of the wall displacement. In the linear regime, the slope depends on the of
trap stiffness, kirap, and the construct stiffness, k¢ (see text). Dotted line indicates a slope of 1.

microtubule and the barrier (~10 nm RMS). Buckling was also accompanied by a drop
in force. We therefore only used data that displayed low Brownian noise (~5 nm RMS)
during microtubule length changes.

2.3.2 Finite stiffness of the bead-axoneme construct

When a microtubule grew or the wall was pushed against the axoneme, the bead moved
from the trap center over a distance that was generally smaller than the motion of
the axoneme tip (figure 2.3 a). A one-to-one relation is only expected when the bead-
axoneme construct is infinitely stiff, which in practice is not the case. The stiffness
of the bead-axoneme construct, k¢, includes the effect of the non-rigid bead-axoneme
connection together with the finite stiffness of the axoneme. We measured k. by repeat-
edly pushing the wall against the construct and plotting the subsequent bead displace-
ment, Apead, @s a function of the wall displacement, A,y (figure 2.3b). In the linear
regime, the slope of this plot is given by:

Apead _ ke
Awan ke + Kirap

(2.1)

Microtubule length changes can therefore be inferred from the bead displacement cor-
rected for the construct stiffness. Before each experiment we performed a similar cal-
ibration as shown in figure 2.3 to determine Apeadq/Awa- We only analyzed bead dis-
placements above the initial non-linear regime due to the softness of the construct at
contact (see figure 2.3b). The main cause of this initial softness is most probable the
spatial arrangement of the contact point between the bead and the axoneme. As long as
the microtubule remains straight and no buckling occurs, the stiffness of the construct
should remain constant and any length increase of the growing microtubule should
lead to a proportional displacement of the bead in the trap.
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2.4 Dynamic instability of microtubules measured with optical
tweezers

2.4.1 High-resolution details of microtubule dynamics

With our technique we can follow bead displacement and therefore microtubule growth
with nanometer resolution, giving unprecedented high-resolution and the possibility
to gain insight into the molecular details of how microtubules grow and shrink. Fig-
ure 2.4 shows dynamic instability of microtubules measured with our optical tweezers
based technique. In these experiments growth (g), stalling (st), catastrophes (c), and
subsequent shrinkage (s) of microtubules are readily observed. Microtubule length
changes were determined from the bead displacement corrected for the construct stiff-
ness and the force was determined as Apeaq X kirap. Growth often stalls at a few piconew-
ton of force before a catastrophe occurs, which is consistent with previous measure-
ments of microtubule stall force [70, 76, 77]. The upper panel shows a couple of growth
and shrinking events of individual microtubules. When zooming in on the growth and
shrinking phases in our trap data (insets in figure 2.4, top panel), details can be ob-
served that were previously not possible to detect due to the limited resolution of con-
ventional light microscopy, typically used to image microtubules. For example, we
observed that microtubule growth does not always occur through a smooth process,
but sometimes fast length excursions are observed (figure 2.4, top panel, inset). We
could also identify molecular details associated with catastrophes, the transitions from
growth to shrinkage. One can see a length reduction of ~ 20 nm before the fast shrink-
age in the event plotted in the inset of figure 2.4, top panel. This length decrease might
correspond to the depolymerization of the microtubule end-structure, the loss of which
triggers microtubule disassembly.

2.4.2 Dynamics and force generation of multiple microtubules

One axoneme can nucleate up to 11 microtubules. The average number of micro-
tubules nucleated from the axoneme end can be tuned by adjusting the tubulin con-
centration and the temperature. In the experiments included in this thesis, we chose
the conditions in such a way that only one microtubule was growing on average from
the axoneme (inset in figure 2.4, lower panel). At these conditions, multiple micro-
tubules can sometimes simultaneously grow from the axoneme. Lower panel in fig-
ure 2.4 shows such an example. The signature of multiple microtubules is occurrence
of incomplete shrinkage events (black arrows) followed by immediate resumption of
growth that appear as rescues (indicated by open triangles). In our experimental con-
ditions the rescue rate for individual microtubules is extremely low and we do not ex-
pect to observe switching events from shortening to elongation. The apparent rescues
can be explained as follows. When one microtubule was shrinking, the bead-axoneme
construct moved towards the barrier until another growing microtubule was in contact
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Figure 2.4: Dynamic instability of microtubules measured with optical tweezers. Dynamic mi-
crotubules were nucleated by an axoneme in the presence of 15 uM tubulin at 25°C. In these
polymerizing conditions, mostly one microtubule was nucleated by the axoneme (upper panel),
but sometimes 2 - 3 microtubules were growing simultaneously from the axoneme end (lower
panel). The inset in the lower panel shows the distribution of the number of microtubules grow-
ing from the plus and minus ends of n = 27 axonemes. Growth (g), stalling (st), catastrophes (c),
and shrinkage (s) of microtubules can be easily identified. Both the microtubule length and the
opposing force on the microtubules are indicated. The insets in the upper panel show at higher
magnification one growth and one shrinkage event. In the lower panel the presence of multi-
ple microtubules is identified by the incomplete shrinkage events (black arrows) during which
an apparent rescue occurred (open triangles). These apparent rescues are due to the growing
microtubules that reach the rigid barrier while another microtubule was depolymerizing.
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with the barrier. From that moment on the bead moved again away from the barrier fol-
lowing the growth of the second microtubule. During growth we sometimes observed
plateaus indicating stalling of the microtubule, followed by short length decrease and
resumption of growth. In these cases, it is not clear if we detected growth of multiple
microtubules or a single one that posed and resumed growth. Variability during sin-
gle microtubule growth, without a catastrophic event leading to depolymerization, was
also observed in experiments using a similar high-resolution technique [150]. We also
noticed that a bundle of microtubules could generate higher forces that we typically
observed for single microtubules. This implies that microtubules are able to divide a
resisting force between them, allowing them to collectively push more strongly than
alone (discussed in [151,152]).

The optical tweezers based technique enabled us to follow dynamic microtubule
ends with unprecedented resolution. We used this technique to gain new information
on the sequence of molecular details underlying microtubule dynamic instability and
understand how, on a molecular scale, microtubule associated proteins regulate micro-
tubule dynamics.
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CHAPTER

3

Influence of XMAP215 on
microtubule dynamics

XMAP215 is a microtubule-associated protein that is known to dramatically enhance the
microtubule growth velocity. The molecular mechanism by which this effect is achieved
is not yet understood. We used optical tweezers to observe the assembly dynamics of
individual microtubules at molecular resolution. We find that microtubules can near-
instantaneously increase their overall length by amounts exceeding the size of individual
dimers (8 nanometer). When the microtubule-associated protein XMAP215 is added, this
effect is dramatically enhanced and fast length increases around 60 nanometer are ob-
served (which corresponds to the length of the XMAP215 protein itself). The enhanced ad-
dition of tubulin at the growing end of the microtubule in the presence of XMAP215 can
have several interpretations: The XMAP215 protein might act as a template to assemble
long tubulin oligomers, either in solution or at the microtubule tip. In order to further
shed light on the molecular mechanism of interaction between tubulin and XMAP215
we used fluorescence speckle microscopy and fluorescence correlation spectroscopy. In
these experiments we attempted to measure XMAP215-tubulin complex formation. We
did not detect big size complexes that would correspond to the full length of XMAP215
protein covered with tubulin dimers. Therefore, the fast length increases observed during
microtubule growth at high resolution, might be due to a local acceleration of tubulin
dimer addition when XMAP215 is present at the microtubule end. Further experiments
are necessary to elucidate the molecular mechanism of interaction between XMAP215
and tubulin.

Microtubules are highly dynamic protein polymers [6] that form a crucial part of the
cytoskeleton in all eukaryotic cells. The core structure of a microtubule consists of typ-
ically 13 or 14 protofilaments forming a hollow tube (Figure 3.1 a). Microtubule assem-
bly is accompanied by the hydrolysis of tubulin-bound GTP, which occasionally triggers
the microtubule to undergo a catastrophe and switch to a state of rapid disassembly [6].
Information about the structure of growing and shrinking microtubule ends as well as
the (preferred) conformational state of GTP-bound and GDP-bound tubulin in these
situations comes from static electron microscopy studies [34, 50, 51], which indicate
that growing microtubule ends consist of sheets of slightly outward-curved protofila-
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ments and that shrinking microtubule ends consist of individual protofilaments that
curve outwards more strongly. Information on the assembly dynamics of microtubules
has been limited, both in vitro [56,57] and in vivo [54, 55] to measurements of average
growth and shrinkage rates over several thousands of tubulin subunits.

To obtain dynamic information on the growth and shrinkage of microtubules at
the resolution of single tubulin dimers (8 nm) we used a technique based on optical
tweezers (chapter 2). We show results for microtubule assembly from pure tubulin, and
then show how, on a molecular scale, the growth process is altered by the presence of
XMAP215, an evolutionary conserved protein [120] that enhances the growth rate of
microtubules [121,122,153].

3.1 Microtubule assembly in the presence of XMAP215

3.1.1 XMAP215 enhances microtubule growth and catastrophes

To test the effect of XMAP215 on the dynamics of freely growing microtubules, we fol-
lowed the growth and shrinkage of microtubules nucleated from axonemes and seeds
(short stable microtubules) using DIC microscopy (see section 3.3.1).

The changes in the dynamic instability parameters in the presence of XMAP215 are
summarized in table 3.1. As expected from previous observations [121, 122], XMAP215
had a potent effect on the microtubule growth velocity. The growth speed enhancement
was stronger with increasing XMAP215 concentration. Microtubules grew 4 times faster
when XMAP215 was present in solution at a ratio of 1: 20 XMAP215: tubulin. XMAP215
had also a destabilizing effect on microtubules by stimulating catastrophes and in-
creasing the shrinkage speed. This effect can not be explained only by the presence
in the sample of extra salts from the protein buffer, which also induced destabilization
of microtubules. In the presence of XMAP215 the increase in the catastrophe rate was
stronger. We also observed that XMAP215 induces depolymerization of the GMPCPP
stabilized microtubules, used as nucleation sites in these experiments. The depolymer-
ization of GMPCPP microtubules by XMAP215 was also reported earlier [68]. XMAP215
was proposed to destabilize the microtubule 'blunt’ ends (that are believed to repre-
sent a paused microtubule state), which would increase the chance of transition to the
shrinkage phase.

It is still not known how XMAP215 can exert a dual effect on microtubule dynamics.
It is possible that the protein can enhance both the on- and off-rate of GTP-tubulin
assembly at the growing microtubule tip. Depending on the conditions, either mi-
crotubule growth or catastrophes would be favored. To find more information on the
mechanism by which XMAP215 influences the microtubule growth dynamics, we fol-
lowed microtubule assembly process at molecular resolution.
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tub  XMAP215 buffer vgy Vshr feat
[UM ] [nM] (+/-) (wm/min) (wm/min) (min~1)
mean + sem (n) mean+sem (n) mean =+ sd (Ncat)

10 0 - 0.58 £ 0.02 (24) 19+2(18) 0.19 £ 0.04 (21)
15 0 - 0.91 £ 0.19 (64) 18 +1 (23) 0.16 £ 0.02 (63)
20 0 - 1.08 £0.04 (27) 22+1(21) 0.13 +0.03 (23)
25 0 - 1.24 + 0.05 (15) 10+1(9) 0.07 £0.02 (13)
15 0 + 0.91 +£0.03 (44) 29+1 (44 0.35 + 0.05 (47)
15 150 + 1.40 £ 0.12 (8) 46 + 3 (6) 0.60 + 0.21 (8)
15 255 + 1.49 +£0.07 (21) 38+4(16) 0.71 £ 0.15 (24)
15 675 + 3.78+0.39 (16) 25+3(13) 1.40 £+ 0.35 (16)

teat = (L) /Vgro

(sec) MT end
20 0 + 1.70 £ 0.14 (8) - plus
20 150 + 2.30+£0.30(11) 140 plus
20 0 + 0.30 + 0.05 (5) - minus
20 150 + 1.00 £ 0.15 (4) 500 minus

Table 3.1: Dynamic instability parameters of microtubules growing freely from seeds (upper
half) or axonemes (lower half) were measured. Growth velocities, vgro, were measured as lin-
ear fits to individual growth events (total n). Shrinkage velocities were measured in a similar way
from the moment a catastrophe occurred until the microtubule disappeared (no rescues were
observed). Errors represent s.e.m. The catastrophe frequency, fcat, was calculated by dividing the
total number of catastrophes observed, Ncat, by the total growth time. The errors were evaluated
as fcat/vNeat. For the microtubules nucleated by axonemes an estimate for the average catas-
trophe time, tcat, is given as the average microtubule length over the entire observation time, (L),
divided by the growth velocity, vgro. Minus ends had very few catastrophes, even in the presence
of XMAP215.

3.1.2 Assembly dynamics at molecular resolution

To follow dynamic microtubules with high-resolution, we used a method based on opti-
cal tweezers (chapter 2). The experimental set-up is shown schematically in figure 3.1 b.
Shortly, we allowed dynamic microtubule plus ends to grow and shrink against a micro-
fabricated barrier and we monitored the response of a microbead attached at the other
end of the microtubule nucleation site, an axoneme. The bead-axoneme construct was
held by a 'keyhole’ optical trap.

Figure 3.1 c shows the restoring force exerted by the trap during a sequence of mi-
crotubule growth and shrinkage events. The upper panel shows regular microtubule
growth, with an initial tubulin concentration of 20 uM. The protein concentration slowly
decreases as indicated by the smooth curves (as the result of a slow buffer flow). Growth
often comes to an apparent halt at a few piconewtons of force before catastrophes oc-
cur, which is consistent with what is known for the effect of force on the assembly
dynamics of microtubule plus ends [70, 76, 77]. The frequent occurrence of catastro-
phes confirms that the observed growth is that of a plus end of a microtubule. The
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Figure 3.1: Measuring growth dynamics of microtubules with optical tweezers. (a) Schematic
view of a growing microtubule. (b) Schematic and DIC image of a ’keyhole’ optical trap holding
a bead-axoneme construct in front of a microfabricated barrier. (¢) Growth and shrinkage events
of individual microtubules in the absence (upper panel) and presence (lower panel) of XMAP215.
The smooth curves give estimates of the gradually decreasing protein concentration (maximum
tubulin concentration 20 pM).

lower panel shows growth from the same construct after replacement of the surround-
ing solution with 20 uM tubulin and 150 nM XMAP215. With XMAP215 present, growth
is faster and catastrophes occur more frequently, in agreement with previous reports
[68,121,122,153] and our own observations in the absence of force (section 3.1.1).
Figure 3.2 shows part of the same data at higher resolution, this time with the mi-
crotubule length, corrected for the stiffness of the bead-axoneme construct, on the y
axis. These data gives us unprecedented resolution on the growth dynamics of indi-
vidual microtubules, limited only by the thermal noise on the bead in the trap and the
stiffness of the bead-axoneme construct (about 5-10 nm root-mean-square in practice).
In these data we occasionally observe step-like length increases that are clearly distin-
guishable from the experimental noise, even by eye (figure 3.2 a, arrows). When we add
XMAP215 (figure 3.2 b), fast increases occur more frequently and are also larger, on the
order of several tens of nanometers, occurring on a timescale of about 100 ms or less
(the average microtubule growth rate under these conditions corresponds to at most
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Figure 3.2: High-resolution details of growth and shrinkage events. Length traces are shown
for events without (a) and with (b) XMAP215. Arrows indicate fast length changes (steps) that are
distinguishable from the noise by eye. During subsequent growth and shrinkage events in the
presence of XMAP215, steps sometimes appear in register with each other ((b), middle, lines).
The insets show schematic drawings of an XMAP215 molecule (left) and a microtubule (right) at
the same scale as the length data.

1 or 2 nm per 100 ms). In the presence of XMAP215, steps are also clearly observed
during shrinkage events (figure 3.2 b, right). These steps are of similar sizes to those ob-
served during growth, sometimes even in marked registry with previous growth steps
(figure 3.2 b, middle). The sizes of the large steps often seem close to the known length
of the XMAP215 protein itself [64], as indicated in figure 3.2 b. In addition to steps we
observe periods with more gradual increases in length, in which steps are not clearly
distinguishable. Given our experimental resolution this is to be expected: microtubule
ends are likely to have multiple binding sites for tubulin dimers at unequal positions
along the microtubule axis (see figure 3.1 a), and growth due to single dimer additions,
for example, should lead to mostly small steps with a maximum of 8 nm.

To be able to analyze in an unbiased way the steps observed by eye, we developed
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Figure 3.3: Quantifying the sizes of the large steps with our step-fitting algorithm. Step fits and
associated step histograms are shown for regular microtubule growth (a), growth with XMAP215
present (b) and shrinkage with XMAP215 present (c). (d) Step sizes for six different growth ex-
periments with conditions and analyzed growth times as listed in the table (experiments 1a, 1b
and 5 were performed with the same bead-axoneme construct; shrinkage was analyzed only for
experiment 5 (63 s); experiment 4 involves data obtained previously with a different 'buckling’
method [76]). Top: individual step sizes plotted against the time between steps. Bottom: the
same data averaged over 20 steps (the last data point may contain fewer steps). (e) Averaged
step sizes as in (d) but plotted against 'instant velocity’ (step size divided by time between steps).
Error bars in (d) and (e) represent s.e.m.

a step-fitting algorithm as outlined in section 3.3.2. Because in our system many of the
steps were smaller than the noise, we could use the algorithm only to find and quantify
the largest steps (figure 3.3). In the histograms presented, any steps (or lack thereof)
close to or below the noise level are therefore insignificant. For regular tubulin growth,
the step fit result and the associated histogram (figure 3.3 a) confirm the presence of
steps up to 20 - 30 nm in size. This is significantly larger than the tubulin dimer size of
8 nm. In the presence of XMAP215, the histograms for growth (figure 3.3 b) and shrink-
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Figure 3.4: Microtubule growth and shrinkage events. (a) Length traces of microtubules as-
sembled in the absence (upper panel, experiment 2), in the presence of protein buffer (middle
panel, experiment 3), and in the presence of XMAP215 (lower panel, experiment 6) were moni-
tored.The protein concentrations used in these experiments are listed in table in figure 3.3 e. In
the experiments without XMAP215 we did not detect catastrophes as the growing microtubule(s)
later adhered with the tip non-specifically to the photoresist wall that prevented them from de-
polymerization. (b) Part of the same data at higher resolution and the step fit result. The starting
point of each segment (both length and time) is relative.

age (figure 3.3 ¢) show larger step-like changes, around 40 - 60 nm in size. The observed
step sizes are independent of how quickly steps follow each other (i.e. the rate at which
microtubules grow). Our experiments were performed at various tubulin concentra-
tions and forces (both of which affect the average microtubule growth velocity [76]), as
well as for two different XMAP215/tubulin ratios. When we plot individual (figure 3.3 d,
top) and averaged (figure 3.3 d, bottom) step sizes as a function of the time between
steps for six different experiments, we find that the step sizes are always larger in the
presence of XMAP215, even when the resulting (instant) growth velocity is the same
(plotted in figure 3.3 e). Figure 3.4 shows microtubule growth traces from the exper-
iments used to evaluate step sizes, other than the data included in figure 3.3 a-c (see
table in figure 3.3 e).
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Figure 3.5: Microtubule end mechanics. (a) Schematic drawing of a microtubule end under a
compressive force (roughly to scale). Top: a microtubule with a sheet-like extension of 125 nm
(preferred radius of curvature Ry =~ 250 nm) adopts a force-induced radius of curvature Rg = 200
nm under a compressive force of 2.5 pN (conservative estimate of the sheet stiffness 1.2x10°
pNnm?; that is, about 1/100 that of a microtubule). Middle: the same microtubule appears
about 8 nm longer (AL;7) on full sheet closure. Bottom: the addition of a single, 60-nm-long
protofilament (preferred radius of curvature 76 nm; stiffness 2.4x10* pNnm?) under a similar
compressive force will lead to an apparent length increase (ALp) of about 50 nm (R = 60 nm).
(b) Possible mechanisms for XMAP215-enhanced addition of long oligomers.

3.2 Discussion

The observation of fast increases in length larger than the dimer size might have two
interpretations: either we were observing extended closure events of outward-curved
sheets existing at the ends of growing microtubules, or we were observing the addi-
tion of tubulin oligomers larger than individual tubulin dimers. To estimate the ex-
pected length increase in these two cases, we must consider the geometry and rigid-
ity of tubulin oligomers and microtubule sheets as well as the distortions that one ex-
pects in the presence of a few piconewtons of force. In our experiments microtubules
grew relatively slowly and never very long (typically a few hundred nanometers). In fig-
ure 3.5 a we show schematically a reasonable estimate, based on electron microscopy
studies [34, 154], of a typical microtubule sheet under these conditions, drawn to scale.
The estimates shown in figure 3.5 (see also section 3.3.1) indicate that length increases
due to oligomer addition, as opposed to sheet closure events, should be readily de-
tectable.

Our observations therefore indicate that microtubule assembly might not always
occur simply by the addition of individual tubulin dimers. Small oligomers of up to
three tubulin dimers seem to be able to attach to growing microtubules as well. This is
consistent with observations that microtubule assembly is reduced when tubulin oli-
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gomers are centrifuged away from microtubule polymerization solutions [51]. The step
sizes of 40 - 60 nm in the presence of XMAP215 indicate that XMAP215 might facilitate
the addition of even longer oligomers. Again, there are two ways in which this could
be accomplished [63, 65]. First, XMAP215 could template the assembly of a tubulin
oligomer in solution and this whole complex could subsequently attach to the end of
the growing microtubule (figure 3.5b, top). Because the overall growth velocity of mi-
crotubules is enhanced by the addition of even a small amount of XMAP215, this would
have to mean that the XMAP215-tubulin complex has a higher affinity for the micro-
tubule end than tubulin alone (possibly because of ’'pre-straightening’ of the tubu-
lin oligomer by the XMAP215 molecule). To us, this seems a likely mechanism be-
cause it is known from electron microscopy studies that XMAP215 can bind free tubulin
dimers in a protofilament-like fashion, resulting in XMAP215-tubulin complexes with
lengths up to 60 nm [64]. In addition, there is indirect evidence that other microtubule-
binding proteins such as CLIP170 bind tubulin dimers before attaching to growing mi-
crotubules as well [29, 66, 67].

The second possibility is that XMAP215 could first bind to the microtubule end and
then accelerate the build-up of an oligomer along the length of the XMAP215 molecule
(figure 3.5b, bottom). In both cases it is possible that the XMAP215-tubulin complex
first binds under an angle to the microtubule end and then straightens out the lon-
gitudinal bond in some kind of power stroke. In fact, the instant straight addition of
an oligomer 40 - 60 nm long through a purely brownian ratchet mechanism would re-
quire an unusually large fluctuation of the microtubule end away from the barrier [76].
Finally, the step-like nature of shrinkage events indicates that XMAP215 might stay at-
tached to the microtubule lattice for at least some time after arrival, where it hampers
microtubule depolymerization. The shrinkage phases are further discussed in chap-
ter 6.

The method described here for detecting the molecular details of microtubule as-
sembly also paves the way for understanding the action of other classes of microtubule
associated proteins [20,22,155]. Microtubule-associated proteins and end-binding pro-
teins mediate the interaction of microtubules with cellular targets such as the kineto-
chore and the cell cortex. Understanding, at a molecular level, the operating principles
of these proteins will be essential for understanding the regulation of microtubule dy-
namics in cells.

3.3 Methods

3.3.1 Measuring microtubule dynamics

DIC measurements on freely growing microtubules. Dynamic microtubules were nu-
cleated from stabilized seeds or axonemes. The stabilized seeds were prepared by incu-
bation of a tubulin mix containing biotin-labelled and non-labelled tubulin (Cytoskele-
ton) in a ration of 1:5 (total of 100 uM tubulin) with 1 mM GMPCPP (Jena Bioscience) at
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36°C for 30-60 minutes. The biotin-labelled seeds were specifically bound to a strepta-
vidin functionalized surface in a flow chamber. The surface was realized by incubating
the chamber with 2.5 mg/ml biotin-BSA in acetate buffer (21 mM acetic acid, 79 mM
CpH30,Na, pH 5.2) and after rinsing, subsequent incubation with 1 mg/ml streptavidin
in assay buffer (MRB80, pH 6.8). All chemicals were purchased from Sigma, otherwise
mentioned. The axonemes, the same as used for the trap experiment, were directly
bound to the pre-cleaned glass coverslip by non-specifically interactions and the sur-
face was subsequently passivated by incubation with 10 mg/ml BSA. Microtubules were
imaged by video-enhanced differential interference contrast (VE-DIC) microscopy for
60-90 min. Movies of the experiments were recorded on video tape and digitized off-
line at a rate of 2 Hz. Microtubule length versus time traces were measured using an in-
house developed software written and run in IDL. Growth and shrinkage speeds were
evaluated from individual events by a linear fit. More details about the sample prepa-
ration and the data analysis are given for a similar experiment in section 5.5.1.

Optical tweezers based technique (see chapter 2 for details). We used an Nd:YVO4
1064-nm laser (Spectra Physics) to trap a construct: a bead connected to a rigid ax-
oneme (figure 3.1b). The laser was time-shared to create a 'keyhole’ trap [142], con-
sisting of a point trap holding the bead and a line trap directing the axoneme towards
a microfabricated barrier. Photoresist (SU-8) barriers [144] were made using standard
microlithography techniques. Axonemes from sea urchin sperm were prepared by M.
Footer from published protocols [146] and were bound to streptavidin-coated beads (2
um diameter, Spherotech) by non-specific binding. Microtubule growth was initiated
by flowing in a mixture of tubulin and GTP, with or without the addition of XMAP215.
The conditions were chosen such that most of the time only one or two microtubules
were nucleated by the plus end of the axoneme. When a microtubule reached the bar-
rier, further length increases led to displacement of the bead in the trap. The relation
between the increase in microtubule length and the displacement of the bead depends
on the stiffness of the bead-axoneme construct, which we measured independently by
pushing the barrier against the construct (figure 3.6 a) before growth was initiated. Dis-
placement of the bead in the optical trap led to an increasing restoring force on the bead
(given by the trap stiffness, kirap, multiplied by the bead displacement) that pushes the
growing microtubule tip against the barrier. We kept the growing microtubule short
(less than 1 um) to prevent the microtubule from buckling under this compressive
load [70]. DIC images of our experiments were recorded on DVD with a charge-coupled
device camera (Kappa) and a standard DVD recorder (Philips DVD-R80). The displace-
ment of the bead in the trap was measured from the digital images at a sampling rate of
25 Hz with the use of a standard auto-correlation method (image processing software
home-written in IDL).

A step-fitting algorithm was developed and written in MatLab (section 3.3.2). To test
how well our set-up is able to distinguish stepped from linear growth and to verify that
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Figure 3.6: Step detection test. (a) Measurement of the construct compliance by a bouncing
procedure: repeatedly pushing the wall against the construct and monitoring the bead response
as a function of the wall displacement. In the linear regime, the slope of this plot is given by
Apead/ Awall = ke (ke +ktrap). The dotted line indicates a slope of 1. (b) Trap measurements (small
open circles) of piezo-stage-induced linear and stepped motions of the wall against the axoneme
tip (solid lines). The thin solid lines depict 3-fold enhanced difference signals.

no artificial steps are introduced or detected, we pushed the wall against the construct
in a linear, as well as in a stepped manner using a piezo stage. We recorded the bead
displacement, corrected for the construct stiffness and compared the detected motion
with the wall motion (figure 3.6 b). We used steps of 20 nm and the speed was chosen
to be in the range of typical microtubule growth speeds, on the order of 1 pm/min. The
solid lines depict the programmed motion of the piezo stage. The open circles indi-
cate the response of the bead, after the linear correction. The difference between the
detected motion and the wall motion (thin solid lines, magnified by a factor 3) shows
no significant features that can be interpreted as steps of several tens of nanometer as
observed in the microtubule growth experiments. On the other hand, the purposely-
introduced steps of 20 nm are all correctly detected.

Microtubule growth. Microtubule growth was initiated by flowing tubulin into the sam-
ple, which was kept at a constant temperature of 25 + 1°C. Growth solutions contained
MRB80 buffer (80 mM K-Pipes, 1 mM EGTA, 4 mM MgCl,, pH 6.8) + 250 uM GTP and 5-
10 mg/ml BSA. Growth solutions with XMAP215 additionally contained small amounts
of Tris, Bis-Tris-propane, NaCl, DTT, and glycerol (resp. 0.8 mM, 0.8 mM, 26.4 mM, 80
uM, and 0.8% in Exp 5 and 0.7 mM, 0.7 mM, 5.5 mM, 16 uM, and 0.16% in Exp 6) and
some protease inhibitors. Exp 3 in figure 3.3 and 3.4 (the control with buffer) contains
data with very similar buffer additions. Recombinant XMAP215 was expressed in Sf+
insect cells, purified as described previously [153] and stored in liquid nitrogen. The
protein concentration was determined with a Bradford assay and the molar extinction
coefficient at 280 nm. To be able to periodically inject fresh solutions, we kept the sam-
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ple open and maintained a small flow of buffer during our experiments, which led to
a slow drop in protein concentration. This drop in concentration was estimated sep-
arately from the fluorescence changes caused by flow-through of fluorescent proteins.
Undesired sticking of microtubule tips to surfaces was prevented by coating the home-
built flow chamber with agarose and BSA or casein.

Microtubule end mechanics. To estimate the reduction in effective length AL of a mi-
crotubule sheet or short protofilament under a compressive force F (figure 3.5a), we
use the following estimate of the extra amount of elastic energy that is stored in the

sheet or filament:
Lmax 4 (1 12
AE=[ —|=—-—1dI, 3.1)
0 2\Ro Rg

where Ry is the preferred radius of curvature, Ry is the force-induced (smaller) radius of
curvature, and « is the stiffness of the sheet or protofilament. The projected length, on
the direction of detection, of a curved sheet or filament is given by L(R) = Rsin(Lmax/R),
where Ly is the length of the sheet or filament when it is completely straight. We
further use AL = L(Ry) — L(Rg) and F = AE/AL. From this we estimate that for a sheet
length of 125 nm, with a preferred radius of curvature of 250 nm and estimated stiffness
100 times less than a microtubule, full closure of the sheet under a compressive force
of 2.5 pN leads to an observed length increase of only a few nm. On the other hand, the
addition of a 60 nm long oligomer (preferred radius of curvature of 76 nm and estimated
stiffness 500 times less than a microtubule) leads to an increase of several tens of nm,
even when it is not supported by lateral connections to other protofilaments and/or
stiffened by an associated XMAP215 molecule.

3.3.2 Step fitting algorithm

Evaluating possible step-like processes in otherwise noisy data sets is a returning prob-
lem in many biophysics studies. With non-constant step sizes and small numbers of
step events, a classical method like evaluating pairwise distance distribution functions
does not suffice. Similarly, if there is no clear distinction between noise and very small
steps, itis not straightforward to separate background noise from true molecular events.
We developed a simple, practical algorithm that allows us to distinguish pronounced
step-like behavior from gradual non-stepped growth, and to return the size distribution
of the steps that are distinguishable from the noise (see for more details our published
article [143]). The sole assumption we make is that the original data is a step train with
steps of varying size and duration, hidden in Gaussian noise.

The step-fitting algorithm involves 3 steps:

1. Finding steps. The algorithm starts by fitting a single large step to the data, finding
the size and location of this first step based on a calculation of the Chi-squared. Sub-
sequent steps are found by fitting new steps to the plateaus of the previous ones, each
time selecting the most prominent one first. This eventually leads to a series of 'best’
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Figure 3.7: Step fitting procedure. (a) Iterations of the step-fitting algorithm on a simulated,
noisy track of stepped data (step size 10 nm, RMS noise 2.5 nm). Curves are shifted vertically
for clarity. The arrowheads point to every new step that is added to the fit. Underfitting means
that significant steps in the data are not yet located, while overfitting means that merely noise
is fitted. (b) A "best" fit (thick line) to noisy steps (step size 10 nm, RMS noise 2.5 nm) together
with a "counter" fit (thin line, see text). The quality of these two fits differs strongly for a stepped
signal, while for linear noisy growth (lower curve), the location of any step is arbitrary and the
quality is equal. (c) Simulation result and calculation of the quality ratio S of best fit and counter
fit, plotted vs. the relative number of fitted steps f. Upper curves are for a noisy stepped signal.
Lower curve is for a noisy linear signal. S only peaks sharply if there are steps present, and if the
correct number of steps is fitted (when f =1).

fits that differ only by one step (figure 3.7 a). The fits with a very low number of steps are
likely to underestimate or 'underfit’ the real number of steps in the data, whereas the
small steps that are added in the last iterations will merely be fitting the noise, thereby
‘overfitting’ the data.

2. Evaluating the quality of the step fits. Each best fit in the series is compared to
a ’counter fit’ that has an equal number of steps as the original one but with step lo-
cations in between the step locations found by the best fit (figure 3.7b). We define a
'step-indicator’ S as the ratio between the Chi-squared of the counter fit and the Chi-
squared of the best fit. When the number of steps in the best fit is very close to the real
number of steps in the data, the value of S will be large (figure 3.7 c). If however the
data are severely under- or overfitted, or when the data consist of gradual non-stepped
growth, the value for S will be close to 1.

3. Finding step distributions. To construct a histogram of the step sizes, an 'optimal’
fit (the one representing best the real steps in the data) has to be chosen. Ideally this is
the one with the number of steps that produces the highest value of S. In practice, we
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Figure 3.8: Fitting experimental data for pure tubulin growth. (a) Part of the raw data of a
pushing microtubule with a series of increasingly finer step-fits. The numbers refer to the cor-
responding value of the parameter X, which represents the average size of the fitted steps. X is
calculated as X = Lot/ Ny, where Liot is the total length of the data trace and Ny is the number
of fitted steps (b) S as a function of X for the complete data set, showing values above 1 over a
wide range of length scales. Arrowheads and numbers refer to the specific step-fits shown in (a).
(c) Associated step-distributions. Step sizes up to 20 - 30 nm are found even when the data are
clearly 'overfitted’ (for X = 8). Note that overfitting mostly leads to the addition of alternating up
and down steps.

usually choose a fit that appears to slightly overfit the data (see figure 3.8).

This procedure allows us to i) distinguish step-like growth from gradual non-stepped
increases in length in a quantitative way, and ii) identify and quantify the steps that are
distinguishable from the noise. The individual steps do not have to be equal in size or
duration, and no a-priori assumptions about the signal to noise ratio are necessary. Of
course, if the underlying steps are small compared to the noise, the algorithm will not
be able to reliably distinguish a train of steps from linear non-stepped growth, which
will manifest itself through a low value of S. If, as is the case for tubulin growth, the
data consist of combinations of steps that are large and small compared to the noise,
the algorithm will ensure that we find the sizes of the large ones. However, the optimal
fit that we find based on the size of the large steps, will also put arbitrary steps on the
rest of the data. A recent study compared the performance of different step detection
methods and found that the Chi-squared based algorithm, developed in our group, is
the simplest to optimize and has excellent temporal resolution [156].

In figure 3.8 we show the result of this procedure for the growth data with pure tubu-
lin presented in this chapter. Note that in this case a substantial fraction of the growth
occurs through steps that are indistinguishable from the noise and/or linear growth.
Our algorithm is designed to find the sizes of steps that are distinguishable from the
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noise, but also forces steps on the rest of the data. These last step sizes vary strongly
when we vary the number of steps fitted to the data, but the 20 - 30 nm peak remains
present even when we clearly start to overfit the data (figure 3.8 ¢).

3.4 Towards understanding the molecular mechanism of interaction
between XMAP215 and tubulin

Our high-resolution observations suggested that XMAP215 might template formation
of long tubulin oligomers. XMAP215 is an elongated protein that could accommo-
date along its length 7-8 tubulin dimers. Previously, it was shown that incubation of
XMAP215 with tubulin at 4°C yielded formation of tubulin partial rings in a complex
with XMAP215 [64]. Results from microtubule binding studies suggest that XMAP215
comprises two tubulin binding domains: a ’high-affinity’ domain (with dissociation
constant Kp < 1 uM) near the middle of the protein and a ‘'moderate-affinity’ domain
(Kp = 2-5 uM) broadly distributed near the N terminus [120, 157].

In an attempt to find out whether XMAP215 could bind multiple dimers along its
length, at similar experimental conditions as the high-resolution measurements, we
used fluorescently speckled microtubules and fluorescence correlation spectroscopy.
The formation of tubulin oligomers with sizes comparable to the XMAP215 protein it-
self, should be easily observed with both methods. In our experiments, we did not iden-
tify big oligomers induced by the presence of XMAP215. An independent technique and
further controls would be necessary to exclude a technical artifact. For example, the
presence of the fluorescent dye on tubulin might interfere with the XMAP215-tubulin
interaction. However, it is still possible that XMAP215 interacts with the fluorescently-
labelled tubulin, but binds only 1-3 tubulin dimers. In this case both methods pre-
sented here would fail to identify the complex formation due to the limited resolution.
Our results and observations are presented in this section.

3.4.1 Speckled microtubules

Fluorescence speckle microscopy (FSM) was developed to visualize movement, assem-
bly and turnover of microtubules and actin filaments in living cells [158,159]. When a
low amount of fluorescently-labelled tubulin is microinjected into cells, microtubules
appear 'speckled’. Both in vivo and in vitro experiments confirmed that microtubules
obtain the fluorescent speckle pattern from the stochastic association of labelled and
unlabelled tubulin subunits with the growing ends [160, 161].

We used FSM to investigate in vitro the assembly of microtubules in the absence
and in the presence of XMAP215. XMAP215 was pre-incubated with the labelled frac-
tion of tubulin. By analyzing the speckle pattern along microtubules we were aiming to
gain information on the XMAP215-induced oligomerization of tubulin.

Principles of speckle image formation. Microtubules assemble by random associ-
ation of tubulin subunits (figure 3.9 a). When a fraction f of labelled tubulin is present

53



3. INFLUENCE OF XMAP215 ON MICROTUBULE DYNAMICS

54

a © C _MT 1% labeled-tubulin
growth => %0 X0 g0 05
w%mm mean+sd=18+13
f59) 04 contrast = 0.8
Lo
tubulin
1 pixel (110 nm)
0 1 2 3 4 5 6 7 8
b MT 1% labeled-tubulin number of labeled tubulin per pixel d
MT 1% x PSF
05 1.0
meantsd=15+0.7
0.4 contrast = 0.4 L
£ 03 (6] \
'1% B 05 .\¢
o2 £ .
MT 1% x PSF g T
- - o
T R B B R S %o 05 10 15 20
number of labeled tubulin per pixel fraction of labeled tubulin, f (%)

Figure 3.9: Speckle formation. (a) Schematic drawing of a microtubule growing in the presence
of a small fraction of fluorescently labelled tubulin dimers. The microtubule elongates by ran-
dom association of tubulin subunits at the growing end. (b) Pixel intensity along a theoretical
microtubule 'grown’ from a pool of tubulin containing 1% labelled tubulin. Each pixel corre-
sponds to 110 nm microtubule length. The pixel intensity is given by the number of fluorescent
subunits and was calculated using a discrete binomial distribution. The microtubule is 5.5 pm
in length. When the theoretical microtubule is 'imaged’ with our confocal microscope, the pixel
distribution is convolved with the microscope point spread function (PSF). The PSF was experi-
mentally determined from images of a surface sparsely coated with rhodamine-labelled tubulin.
(c) Distributions of fluorescent subunits per pixel along microtubules, theoretically assembled at
similar conditions with the ones shown in (b). The distributions show the percentage of pixels
with a corresponding number of fluorescent tubulin subunits and were constructed from the-
oretical microtubules with a total length of 550 pm. The convolution with the PSF reduces the
pixel contrast, C = sd/mean. (d) Calculated speckle contrast, C, as a function of labelled-tubulin
fraction.

in the tubulin pool, the fluorophore distribution along microtubules is described by a
discrete binomial distribution (see Methods). The microtubule image through a mi-
croscope is a convolution of the fluorophore distribution along the microtubule with
the point spread function (PSF) of the microscope. Figure 3.9b shows an example of a
theoretical microtubule and the effect of PSF on the speckle pattern.

The PSF of our confocal microscope can be approximated by a Gaussian with a
standard deviation of 1 pixel (110 nm). One pixel corresponds in length to N = 180
tubulin dimers. As N is sufficiently high, the distribution of fluorescent dimers per
pixel can be approximated with a normal distribution with a mean given by m = N f
and a standard deviation given by sd = \/Nf(1 - f). Speckle contrast was defined as
C =sd/m = /(1 - f)/(Nf) [160], which can be approximated by C = 1/,/Nf for low
fractions of fluorescent subunits, f. This formula suggests that the contrast, C, in-
creases when decreasing the fraction of labelled tubulin, f (figure 3.9d). In practice,
how low f can be is limited by the fluorophore properties and the imaging system. The
convolution with the PSF of the fluorophore distribution per pixel will effectively lower
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Figure 3.10: Theoretical speckled microtubules in the presence of XMAP215. (a) Schematic
drawing of a microtubule assembled from a tubulin pool containing a small fraction of fluores-
cently labelled dimers that was pre-incubated with XMAP215. We assume here that XMAP215
forms stable complexes with the labelled tubulin that are subsequently incorporated into the
growing microtubules. (b) Pixel contrast, C, as a function of the XMAP215 occupancy with la-
belled tubulin subunits. XMAP215-induced oligomerization results in increased speckle con-
trast. Calculations were performed using discrete binomial distributions (see Methods) for dif-
ferent labelled tubulin fractions, indicated in the graph. (c) Images and (d) pixel intensity dis-
tributions of theoretical microtubules assembled from 1% labelled tubulin in the absence and
in the presence of XMAP215 in the pre-incubation step (1:10 XMAP215:labelled-tubulin). When
more tubulin binds to XMAP215, fewer and brighter speckles are formed. Maximum occupancy
corresponds to 8 tubulin dimers bound to each XMAP215 molecule. The distributions were de-
termined from a total microtubule length of 550 pm.

the speckle contrast (figure 3.9b and c). Previous studies found that the experimental
optimal contrast is obtained when f is in the range of 0.5% to 2% [161, 162].

Calculated speckle distributions in the presence of XMAP215. In our experiments
we pre-incubate the labelled tubulin fraction with XMAP215. Our hypothesis is that
XMAP215 is inducing oligomerization of tubulin. We assumed that the labelled tubulin
subunits bind stochastically to XMAP215 molecules and the XMAP215-tubulin com-
plexes are stable and can incorporate into the growing microtubule. A fully occupied
XMAP215 molecule carries 8 tubulin dimers, arranged in a straight line. In our calcu-
lations we considered several levels of XMAP215 occupancy with tubulin, occupancy
defining the percentage of the molecule length filled with tubulin dimers. 50% occu-
pancy means that, on average, 4 tubulin dimers are bound to one XMAP215 molecule.
We further assumed that the number of dimers bound to each XMAP215 molecule also
follows a discrete binomial distribution. The XMAP215 molecules carrying labelled-
tubulin and the tubulin dimers not associated with XMAP215 bind stochastically to the
growing microtubule end (figure 3.10 a).

Figure 3.10 shows the effect of XMAP215-induced oligomerization on the pixel in-
tensity distributions. In our calculations we considered a ratio of XMAP215 to labelled
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tubulin of 1:10, similar to the experimental conditions. For various labelled tubulin
fractions, f, and XMAP215 occupancy, we determined an increase in the pixel con-
trast in the presence of XMAP215, as compared with the absence of the protein (fig-
ure 3.10b). With XMAP215 we expect fewer, but brighter speckles along microtubules
(figure 3.10 c and d).

Experimental results and discussion

We assembled microtubules in the presence of 0.5%-2% rhodamine-labelled tubulin
(figure 3.11 a) and we compared the pixel intensity distributions along microtubules in
the absence and in the presence of XMAP215.

The pixel intensity contrast and distributions measured in the absence and in the
presence of XAMP215 in the pre-incubation step were very similar for all experimental
conditions investigated. One example is shown in figure 3.11 b and compared with the
expected difference in the theoretical distributions at similar conditions (figure 3.11 c).
The difference predicted by the calculations are not observed in the experimental data.
This observation could have several explanations. Itis possible that upon dilution in the
polymerization mix, the rhodamine tubulin bound to XMAP215 is exchanged with the
unlabelled tubulin. In our experiments the amount of unlabelled tubulin in solution is
typically 1000 fold higher than the amount of XMAP215 molecules. Therefore the ki-
netics of the XMAP215-tubulin interaction might favor the release of the labelled tubu-
lin and rebinding of unlabelled dimers. The alternative explanation is that XMAP215
does not bind multiple tubulin subunits. We therefore used an additional technique
(fluorescence correlation spectroscopy) to investigate directly the interaction between
XMAP215 and tubulin in solution (section 3.4.2).

Methods

Theoretical distributions. The number of labelled tubulin dimers per pixel, the num-
ber of XMAP215 molecules per pixel, and the number of labelled tubulin bound to each
XMAP215 molecule were determined using discrete binomial distributions.

The binomial distribution gives the discrete probability distribution P, (n|N) of ob-
taining exactly n successes (n subunits incorporated in a pixel-size length of a mi-
crotubule) out of N trials (total number of tubulin subunits comprised in a pixel-size
length, N = 108 for a 110 nm pixel), where the result of each trial is true with probabil-
ity p and false with probability g = 1 — p. In our case, the probability p is given by the
fraction, f, oflabelled subunits or of XMAP215 molecules. The binomial distribution is
therefore given by:

_L ne _ AN-n
Py(n|N) = n!(N—n)!f 1-5n (3.2)

The number of labelled tubulin dimers bound to each XMAP215 molecule is calcu-
lated in a similar way, with N = 8 and probability given by the occupancy (percentage
of XMAP215 filled with dimers).
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Figure 3.11: Speckled microtubules assembled in vitro. (a) Dual color images (rhodamine-
tubulin and Oregon green taxol) of microtubules assembled from a tubulin pool containing indi-
cated fractions of rhodamine-labelled tubulin. Microtubules were imaged with a spinning-disc
confocal microscope. (b) Pixel intensity distributions and cumulative distributions for micro-
tubules assembled in the absence and in the presence of XMAP215. XMAP215 was pre-incubated
with the rhodamine-labelled tubulin in a ration of 1:10 XMAP215:tubulin. In the polymerization
mix, the fraction of labelled tubulin was 1%. (c) Pixel intensity distributions and cumulative dis-
tributions calculated for theoretical microtubules assembled at similar conditions as in (b). We
assumed that each XMAP215 molecule had bound on average 4 tubulin dimers (50% occupancy).
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In vitro assembly of speckled microtubules. Microtubules were assembled by in-
cubation of 20 uM tubulin, containing 0.5%, 1%, or 2% rhodamine-labelled tubulin
and 10% biotin-labelled tubulin, with 1 mM GMPCPP (Jena Bioscience, Germany) in
MRBB80 at 36°C for 50 minutes. In the XMAP215 containing samples, the fraction of
rhodamine-labelled tubulin was pre-incubated with XMAP215 as follows. A mix of 5
UM rhodamine-tubulin, 0.5 pM XMAP215 and 1 mM GTP was incubated for a couple
of minutes at room temperature or, alternatively, for up to 1 h on ice. After incubation,
the XMAP215 mix was diluted in the polymerization mix to the final concentration of
rhodamine-tubulin. The incubation was done in the presence of GTP to avoid artifacts
of oligomer formation due to spontaneous nucleation. The microtubules were assem-
bled in the presence of GMPCPP to suppress dynamic instability. In this way, the pos-
sible XMAP215-templated oligomers formed in the incubation step are locked in the
microtubule lattice. Otherwise, in the presence of GTP, microtubules will undergo sev-
eral polymerization-depolymerization cycles and the rhodamine-tubulin comprised in
oligomers, if formed, would be randomized. After polymerization, the stable GMPCPP
microtubules were diluted with a taxol solution containing 3 pM Oregon green-labelled
taxol (Invitrogen) and 7 pM unlabelled taxol. The green taxol marks the entire length
of the microtubule, allowing for microtubule localization when imaging the sample.
Tubulin and unlabelled taxol were purchased from Cytoskeleton.

Confocal imaging of microtubules and pixel intensity distributions. Speckled mi-
crotubules were attached via streptavidin-biotin bonds to a functionalized surface. The
surfaces of cleaned coverslips were covered with a compound layer of biotin-BSA and
streptavidin as described in section 3.3.1. Microtubules were imaged with a dual-color
spinning-disc confocal microscope, as described in section 4.3. Microtubules were
localized by imaging the Oregon green taxol and a second image of the rhodamine-
tubulin in the same field of view was recorded. Typical exposure was 2 s for the rho-
damine image. Images were captured by a cooled EM-CCD camera (C9100, Hama-
matsu Photonics) that has 16 pm square pixels and a 14 bit linear range of photon
detection. Figure 3.11 a shows images of speckled microtubules grown at different frac-
tions of rhodamine-tubulin.

Digital images were further analyzed in Matlab (MathWorks) to extract the pixel in-
tensity distributions along microtubules. First, the images were corrected for the spa-
tial illumination profile of our set-up, that had a 2D-Gaussian shape. Line profiles were
drawn on the Oregon green-taxol images to localize the microtubules. The line coordi-
nates were further used in the red-channel images to measure intensity line profiles of
rhodamine-speckles on individual microtubules. One microtubule profile was the sum
of three adjacent line scans to account for the PSF of the microscope. In one sample
30-90 microtubules were analyzed, comprising a total length of 200-500 pm.
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3.4.2 FCS measurements on XMAP215-tubulin complex formation

Fluorescence correlation spectroscopy (FCS) allows for the determination of the dif-
fusion characteristics of fluorescent molecules and their interaction with other parti-
cles [163]. We used FCS to measure diffusion coefficients of tubulin in dilute solutions
in the absence and in the presence of XMAP215, in an attempt to investigate XMAP215-
tubulin complex formation in solution.

Principles of FCS. In FCS the kinetics of fluorescent molecules are measured by
monitoring the fluctuations of their emission intensity in a confocal excitation vol-
ume [164]. The detection volume is defined by the diffraction-limited focal spot of a
strongly focused laser beam in combination with a confocal detection pinhole, lead-
ing to a Gaussian intensity profile. Fluorescent molecules enter and exit the excitation
volume due to Brownian motion giving rise to fluctuations in the detected emission
intensity. In FCS, the detection volume is typically in the femtoliter range, i.e. approxi-
mately the volume of a bacterial cell, and concentration of fluorescent molecules is in
the nanomolar range, resulting in only a few molecules being present in the detection
volume. The auto-correlation function, G(7), of the recorded intensity signal is related
to the characteristic diffusion time, 74, during which a molecule resides in the obser-
vation volume. Equation 3.3 gives the analytical form of the auto-correlation function
when two populations of diffusing particles are present in solution:

G) 1( 1 ) 1 N 1( 1
T)=— —
N 1+% 1+f2% N 1+TTE

where N is the average number of fluorescent particles within the excitation volume
and can be calculated, for a single diffusing species, from the initial correlation am-
plitude, G(tr — 0) = 1/N (figure 3.12). f is the ratio between the axial, w,, and lateral,
wyy, dimensions of the observation volume. wyy and w, denote the radii of the Gaussian
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profile at 1/e? of its maximal intensity. In a calibrated observation volume with an exact
Gaussian profile, 1/ ¢? radial dimension wyxy, and known f, the diffusion coefficient, D,
of a fluorescent species can be determined as D = w)z(y/ 414, where 14 is evaluated from
a fit to the auto-correlated signal (figure 3.13).

Results and discussion

Figure 3.12 shows the auto-correlation function of the fluorescence signal detected
by FCS in an aqueous solution of 2.5 nM Rhodamine 6G. The diffusion coefficient of
Rhodamine 6G is known, D = 2.8 x 10710 m2/s, at 20°C [166], and therefore we used
the Rhodanime 6G samples to calibrate our system (determining wyy and f). The di-
mensions of the focal volume were determined from a one-component fit to the auto-
correlation function (figure 3.13, left) and were typically found to be wxy = 470 nm and
f =10 (w, = 4700 nm). Figure 3.13, left, also shows the fit residual, representing the
difference between the fitted and the measured autocorrelation function. The noisy
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Figure 3.12: Auto-correlation function measured in FCS. The intensity signal was recorded in a
solution of 2.5 nM Rhodamine 6G for 200s and fed into a hardware correlator that computes the
auto-correlation of the signal as a function of the lag time 7. From the auto-correlation function,
the number of particles in the detection volume, N, and the characteristic diffusion time of the
particles in the detection volume, 74, can be determined (see text).

residual is flat indicating that our observation volume has a Gaussian shape. A wavy
shape pattern present in the residual would indicate a non-Gaussian observation vol-
ume or a wrong assumption in the fitted function (for example a one-component fit of
a signal from a two-component sample) [167].

In control samples we measured a diffusion coefficient for tubulin of (4.0 + 0.3)
x 10711 m?/s (table 3.2), similar to previously reported values measured using FCS [168]).
The theoretically predicted value for the diffusion coefficient of a single tubulin dimer,
5.5 x 10711 m?/s (table 3.2), is somewhat higher than our measurements. One expla-

tubulin XMAP215 ratio D
[nM] tub:xmap x107!' (m?/s)
experiment

0.2 - - 4.0+0.3
0.4 - - 3.6 +0.1
0.2 + 3:1 3.44+0.2
0.4 + 1:1 39+05
theory
tubulin dimer 5.5
XMAP215 + 1 tubulin dimer 3.9
XMAP215 + 7 tubulin dimers 1.7

Table 3.2: Diffusion coefficients of tubulin in the absence and in the presence of XMAP215. The
experimental values were evaluated from a two-component fit to the auto-correlation function
(see also figure 3.13). The diffusion coefficient of the fast component (free rhodamine) was fixed
t0 3.0x 1071 m2/s. The theoretical values were calculated by using the formula for the transla-
tional diffusion coefficient of rod like molecules [165] (see also Methods).
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Figure 3.13: FCS measurement of tubulin-XMAP215 complex. The top panels show the auto-
correlation function (open symbols) of the fluorescence signal recorded in a solution containing
2.5 nM Rhodamine 6G (left) and solutions containing 0.2 nM rhodamine-labelled tubulin in the
absence and in the presence of XMAP215 (middle and right). The solid line is the respective two-
component fit. The dotted lines indicate the characteristic diffusion time, 74, as evaluated from
the fit. The lower panels show the difference between the auto-correlation function and the fit.

nation could be that the tubulin samples contain not only single dimers, but rather
a mixed population of small oligomers that cannot be distinguished separately. The
auto-correlation function and the residual are plotted in figure 3.13, middle. A two-
component model was used to fit the experimental auto-correlation function, in order
to account for the presence of free rhodamine dye (remainder from the tubulin labelling
process). The diffusion coefficient of rhodamine (TAMRA, thetramethyl-rhodamine)
was fixed to 3.0 x 107!} m?/s, value that was measured in a separate experiment. We
noticed that the fit residual displays a wavy shape. This indicates the presence of multi-
ple components in our sample, as we can exclude artifacts induced by a non-Gaussian
shape of the observation volume (see the flat residuals in the case of a Rhodamine 6G
sample, figure 3.13 left). There are limits, however, to the resolution of detecting mul-
tiple species. Theoretical and experimental studies show that the distinction between
different molecular species depends on differences in their molecular brightness, size,
and the concentration of each component in solution [169]. Molecules must differ in
diffusion time by a factor of ~1.6 to be distinguished easily (more than 4 dimers in the
case of tubulin, as estimated from calculations). From our FCS observations, if oligo-
mers are present in the tubulin solution, their size must be small (2-3 dimers) or, if
bigger, they represent a minority.

Atheoretical calculation of diffusing particles predicts that a tubulin-XMAP215 com-
plex would have a diffusion coefficient 1.4-fold lower when 1 tubulin dimer is bound
to XMAP215 and up to 3.3-fold lower when 7 tubulin dimers are bound (table 3.2).
Given the FCS resolution we would not be able to clearly identify XMAP215-tubulin
complexes with less than 3-4 tubulin dimers bound to XMAP215. In the presence of
XMAP215 we measured auto-correlation curves and diffusion coefficient of tubulin sim-
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ilar to what we measured in the absence of XMAP215 (table 3.2). Figure 3.13 shows that
the fit residual has also a slightly wavy pattern, similar to the tubulin solutions. As ra-
tionalized above, this indicates the presence of multiple components. The XMAP215-
tubulin sample might contain a mixed population of tubulin single dimers, small oligo-
mers, and XMAP215-tubulin complexes. We can not resolve whether these complexes
are formed, but if so their size must correlate with only 1 or 2 tubulin dimers bound to
XMAP215, given the limited resolution of FCS. If bigger oligomers or XMAP215-tubulin
complexes are present, they represent a minority. It is also possible that XMAP215-
tubulin complexes dissociate upon dilution to the nanomolar concentrations used in
FCS. Another issue could be the presence of the fluorescent dye on tubulin, which could
interfere with the interaction between XMAP215 and tubulin.

Further investigations are required to distinguish whether XMAP215-complexes are
formed and to determine their typical size. A better option to study XMAP215-tubulin
interaction using FCS is to measure nM labelled XMAP215 in the presence of pM con-
centrations of unlabelled tubulin.

Methods

Sample preparation. For the control samples, rhodamine-labelled tubulin (Cytoskele-
ton) was diluted to 6 uM in MRB80 supplemented with 1.2 mM GTP and 2.4 mg/ml BSA.
The tubulin solution was centrifuged for 10 min at 16,100 x g at 4°C to remove protein
aggregates and further diluted to a final concentration of 0.2 nM or 0.4 nM in assay
buffer (40 mM K-Pipes, 0.5 mM EGTA, 2 mM MgCl,, pH 6.8) + 0.3 mg/ml BSA. Accord-
ing to the manufacturer, the labeling stoichiometry of tubulin is 1-2 dyes per tubulin
dimer. In solution, we measured 20-30% free rhodamine dye from the total number of
fluorescent molecules.

For the samples containing tubulin and XMAP215, rhodamine-labelled tubulin was
diluted to 6 uM and centrifuged similar to the preparation for the control samples. The
clarified tubulin (5 uM) was incubated for 1-2 min at room temperature with unlabelled
XMAP215 at two different ratios of XMAP215:tubulin, 1:1 and 1:3. In this incubation
step a total of 1 mM GTP and 2 mg/ml BSA was present in solution. The samples were
further diluted to 0.2 nM or 0.4 nM tubulin, in a similar way as the control samples.

Diluted protein solutions were transferred into the wells of a glass bottom micro-
plate (Whatman). The microplate wells used for measuring were first passivated, to
reduce protein loss on surfaces, by incubation with 2.5 mg/ml BSA and subsequently
rinsed with MRB80. All FCS measurements were performed in a sample volume of 100
ul at room temperature, 21+1°C.

FCS measurements. Experiments were performed on a home-built FCS setup. The
laser beam of a frequency doubled Nd:YAG laser at 532 nm (Crystalaser) is coupled
into an inverted optical microscope (Nikon Eclipse TE2000-U) and focused into the
sample by a 63x 1.4 NA oil immersion objective (Nikon). The beam diameter was ex-
panded through a two-lens telescope to slightly underfill the objective aperture. Fluo-
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rescent signal from the sample and the excitation laser light are separated by a dichroic
mirror (Chroma, z532rdc) in combination with a long-pass filter (Chroma, hq5501p)
that blocks the remaining laser light reflected from the sample. The fluorescence light
passes through a pinhole (50 um in diameter), which blocks the photons produced out-
side the focal volume, and is detected by an avalanche photodiode (APD, Eg&G). The
APD signal is fed into a hardware correlator (ALV/5000E), which computes the auto-
correlation function of the fluorescence intensity signal.

Both the diameter of the excitation beam and the pinhole size have been chosen to
minimize possible artifacts like a non-Gaussian intensity distribution in the focus [167].
Typical laser power at the sample was between 50-100 pW. In this regime the photo-
bleaching should be negligible. The system was calibrated by collecting FCS curves
of an aqueous solution of Rhodamine 6G molecules prior to each measurement. The
auto-correlation of tubulin and tubulin-XMAP215 were typically recorded for 200 s and
all samples were measured 3 times. The curves were further analyzed in Mathemat-
ica by fitting a two-component model (free dye and tubulin dimers) to determine the
diffusion coefficients, D, of tubulin.

Theoretical diffusion coefficients of rod-like particles. We used a model described
in [165]. For a cylinder of length L and diameter d, the translational diffusion coeffi-
cient, D, can be expressed as:

ksT
D=— (ln
3nnL

i [7)-01(2))
—1+0.312+0.565( — [ - 0.1 = , (3.4)
d L L

where kg T is the Boltzmann factor and 7 is the viscosity of the solvent. This model is
correct for L/d approximately in the range 2 - 30. For the XMAP215-tubulin complexes
we evaluated L from the total molecular volume and the average diameter, d, as esti-
mated from published values.

3.5 Additional remarks and discussion

Two recently published studies [27,150] report additional information on the molecular
details of microtubule growth and the interaction between XMAP215 and tubulin. Here
our data is further discussed in the light of this new information.

At high spatial resolution, we measured fast length increases during microtubule
polymerization corresponding to 2-3 tubulin dimers in size. The fast length increases
could be caused either by instantaneous addition of small oligomers or subsequent ad-
dition of single dimers. We cannot resolve between the two possibilities due to the
limited response time of our system (i.e. presence of drag forces on the bead-axoneme
construct) and due to the time resolution of our detection method, limited to video
rate. On the other hand, small tubulin oligomers are most probably present in our
sample as we assembled microtubules in the presence of a relatively high amount of
Mg?* ions, which was previously shown to induce tubulin oligomerization [168]. Con-
sidering the presence of small oligomers and previous biochemical data suggesting that
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GDP-tubulin can incorporate at the growing end [50, 170], we think that oligomer addi-
tion can be a mechanism contributing to microtubule elongation, as discussed earlier
in this chapter (section 3.2). In contrast, a recent study by Scheck et al. [150] proposes
that microtubule assembly takes place predominantly via single dimer addition. Us-
ing an optical tweezers based technique similar to the one presented in this thesis, the
authors monitored microtubule assembly dynamics at high spatial and temporal reso-
lution. However, the results from Scheck et al., and their interpretation thereof, cannot
be directly compared with our results due to differences in the experimental conditions
(tubulin concentration, Mg?* ion concentration, temperature) and the differences be-
tween the two methods (nucleation sites used - axoneme vs microtubule and presence
of an increasing force vs constant force against the microtubule, details that might af-
fect the response time). Further experiments would be necessary to resolve the issue.

We also measured fast length increases during microtubule growth in the presence
of XMAP215, with sizes up to the length of the XMAP215 protein itself. The sequence of
molecular events underlying the XMAP215-catalyzed addition of tubulin at the grow-
ing end is still under discussion. We proposed two possible scenarios as exemplified
in figure 3.5b. One possibility is that XMAP215 templates formation of large oligomers
in solution, which are subsequently incorporated at the growing microtubule tip, or
XMAP21S5 first binds at the growing end where it facilitates addition of tubulin dimers
along its length. Using FSM and FCS we did not detect formation of large oligomers
in solution, although it was not clear whether we were not able to measure the large
oligomers due to the experimental realization, e.g. low regime of protein concentra-
tions and the presence of fluorescent dye on tubulin. Our FCS experiments suggested
that, rather, only 2-3 dimers bind to XMAP215 in solution. Recently Brouhard et. al
[27] also reported new insights into XMAP215-tubulin interactions by visualizing sin-
gle XMAP215-GFP proteins interacting with dynamic microtubules. The authors pro-
pose that XMAP215 binds free tubulin in a 1:1 complex forming a closed configuration.
The complex ’surfs’ on the growing ends by a diffusion-facilitated mechanism, where
it catalyzes the addition of multiple tubulin dimers (~300 at the specific experimental
conditions). The idea that XMAP215 forms a complex with only 1 tubulin dimer corre-
lates with our FSM and FCS observations. However, this idea is in contrast with previ-
ous experiments, where incomplete rings of tubulin in a complex with XMAP215 were
observed to form in solution, the complex size matching the length of the XMAP215
protein [64]. However, taking into consideration our measurements in solution and
the recently published data of Brouhard et. al, the second mechanism proposed by us
could underly the fast length increases observed in our high-resolution data: XMAP215
at the tip facilitates the addition of tubulin subunits along its length. The multiple in-
teraction sites between XMAP215 and tubulin would also insure the presence of the
protein at the microtubule lattice for a while upon binding, supporting our observation
of stepped depolymerization that indicates 'obstacles’ on the microtubule lattice.
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CHAPTER

4

Reconstitution of a microtubule
plus-end tracking system in vitro

Growing microtubule plus ends have emerged as dynamic regulatory sites in which spe-
cialized proteins, called plus-end-tracking proteins (+TIPs), bind and regulate the proper
functioning of microtubules [19,20,22,23]. However, the mechanism by which +TIPs reg-
ulate microtubule dynamics and the molecular mechanism underlying the +TIP ability
to track the growing end are not well understood. An in vitro approach is necessary to
understand the effect of individual +TIPs. Here we report the in vitro reconstitution of
a minimal plus-end tracking system consisting of the three fission yeast proteins Mal3,
Tipl and the kinesin Tea2. Using time-lapse total internal reflection fluorescence mi-
croscopy, we show that the EB1 homologue Mal3 has an enhanced affinity for growing
microtubule end structures as opposed to the microtubule lattice. This allows it to track
growing microtubule ends autonomously by an end recognition mechanism. In addi-
tion, Mal3 acts as a factor that mediates loading of the processive motor Tea2 and its
cargo, the CLIP170 homologue Tipl, onto the microtubule lattice. The interaction of all
three proteins is required for the selective tracking of growing microtubule plus ends by
both Tea2 and Tipl. Our results dissect the collective interactions of the constituents of
this plus-end tracking system and show how these interactions lead to the emergence of
its dynamic behavior. We expect that such in vitro reconstitutions will also be essential
for the mechanistic dissection of other plus-end tracking systems.

Microtubules are polar, dynamic tubulin polymers that have a variety of functions in
eukaryotic cells [6]. The dynamics and the spatial organization of microtubules are
regulated by several highly conserved microtubule-associated proteins. An important
class of these proteins, called +TIPs, accumulates selectively at growing microtubule
plus ends in living cells. A wealth of fluorescence microscopy studies in various or-
ganisms have identified numerous +TIPs that belong to conserved subfamilies: CLIP-
170 [171], APC [172], EB1 [173], CLASPs [174], p150 [175] and spectraplakins [176]. In
the fission yeast Schizosaccharomyces pombe, classical genetics combined with real-
time fluorescence microscopy [177] demonstrated that multiple aspects of cellular or-
ganization depend on a defined distribution of microtubules [178,179]. This distribu-
tion is mediated by, among others, three +TIPs: the EB1 homologue Mal3 [109], the
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CLIP170 homologue Tip1 [107] and the kinesin Tea2 [41, 180]. A hierarchy of molecu-
lar events required for plus-end tracking has been established from observations inside
living yeast cells: the motor Tea2 and its putative cargo Tipl move along the micro-
tubule lattice towards its growing plus ends, where they accumulate [41, 103]. Efficient
recruitment to microtubules and the plus-end accumulation of Tea2 and Tip1 depend
on the presence of Mal3, which itself tracks the microtubule plus ends independently
of Tea2 and Tipl [41, 103, 109]. It is not yet known whether additional factors or post-
translational modifications are required, or whether Mal3, Tea2 and Tip1 constitute a
minimal system that is sufficient to show plus-end tracking. In fact, a mechanistic un-
derstanding of plus-end tracking is still missing, in part because of the lack of an in
vitro assay in which plus-end tracking can be reconstituted with a minimal set of pure
components [17].

4.1 Results and discussion

Here we reconstitute microtubule plus-end tracking of three fission yeast purified pro-
teins, namely Mal3, Tea2, and Tip1, in vitro. The experimental set-up is schematically
shown in figure 4.1a. We observed fluorescently labelled +TIPs and dynamic micro-
tubules by two-color spinning-disc confocal! and total internal reflection fluorescence
(TIRF)? microscopy. Dynamic microtubules were nucleated from short stabilized mi-
crotubule seeds attached specifically to a passivated glass surface (see section 4.3).

We firstimaged dynamic microtubules in the presence of all three +TIPs: Mal3, Tea2
and green fluorescent protein (GFP)-tagged Tip1 using confocal microscopy. Remark-
ably, Tip1-GFP was able to accumulate and follow the growing ends of the dynamic mi-
crotubules (figure 4.1b). As Tip1 is at the top of the hierarchy among the three proteins
(being the cargo of the kinesin Tea2 and depending on the presence of Mal3 to accu-
mulate at microtubule plus-ends in vivo), the three proteins were probably all present
at the microtubule tip forming an end-tracking ternary complex. The movie sequence
in figure 4.1b reveals the end-tracking features of Tipl-GFP: i) In the presence of the
three +TIPs, Tip1-GFP followed the growing microtubules ends and did not accumu-
late at the ends of shrinking microtubules or at the static ends of the seeds. ii) Both
the plus and the minus ends showed Tip1-GFP accumulation. iii) The intensity of the
GFP signal at the microtubule plus end was higher than at the minus end. Also, at the
minus end the signal was often blinking during the microtubule elongation, whereas at
the plus end the intensity was not visibly fluctuating. The differences in the signal at
the two ends indicate that Tip1-GFP in the presence of the three protein complex accu-
mulates preferentially at the microtubule plus-end. The high fluorescence intensity of
the tip accumulation indicates the presence of multiple Tip1-GFP molecules following
the microtubule end and, most probable, multiple Tea2 and Mal3 molecules.

The confocal microscopy of dynamic microtubules and +TIPs was done at AMOLF.
2The TIRF microscopy of dynamic microtubules and +TIPs was done at EMBL.
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Figure 4.1: Reconstitution of plus-end tracking in vitro. (a) Diagram of the experimental set-
up and (b) image sequence showing dynamic microtubules (red) assembled from rhodamine-
labelled tubulin in the concomitant presence of Mal3, Tea2 and Tip1-GFP (green). Microtubules
were nucleated from surface bound seeds and observed by dual-color spinning-disc confocal
microscopy. Schematic guiding lines (shifted with respect to the image) indicate dynamic mi-
crotubules (white lines, arrowed if the end is growing) and the corresponding seeds (black lines).
Tip1-GFP accumulated and followed only growing microtubule ends, both the plus and the mi-
nus end. The intensity of the GFP signal at the plus end (white arrowhead) was higher and less
variable during growth as compared with the signal at the minus end. The time elapsed from the
first image is indicated in min: sec. Scale bar is 5 um.
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Figure 4.2: Tracking of growing microtubule ends by Mal3 in vitro. (a) Overlaid TIRF images of
Mal3-Alexa 488 (green) and dynamic Alexa 568-labelled microtubules (red). The time sequence
of images taken at the indicated times in min:sec (middle) and the corresponding kymograph
of the same microtubule (right) shows Mal3 following both growing microtubule ends. Mal3 was
used at 200 nM in all end-tracking experiments, unless otherwise stated. The kymograph displays
a period of 5 min. Scale bars, 5 um. (b) Confocal images of static microtubules (left image in
each pair) in the presence of 100 nM Mal3-Alexa488 (right image in each pair). Mal3 did not
accumulate at the ends of static microtubules neither for the taxol-stabilized GDP microtubules
(left pair of images) nor for the microtubules assembled with GMPCPP (equivalent with a GTP-
tubulin lattice) (right pair). Scale bars, 5 pm.

This first experiment showed that the minimal complex formed by the three pro-
teins is sufficient to reconstitute in vitro the microtubule end-tracking by Tip1-GFP.
This specific end-tracking behavior seemed to be insensitive to the exact protein con-
centrations over a wide range of concentrations (lowest combination: 100 nM Mal3, 20
nM Tea2, 8.5 nM Tip1; highest combination: 2.5 uM Mal3, 100 nM Tea2, 45 nM Tipl).
We next studied the three +TIPs individually and then in various combinations with
fluorescently labelled and unlabelled +T1IPs.

4.1.1 Mal3 recognizes and autonomously tracks microtubule growing ends

Only one of the three proteins, the EB1 homologue Mal3, was able to bind efficiently
to dynamic microtubules in the absence of the others. Alexa 488-labelled Mal3 selec-
tively accumulated at growing microtubule ends (figure 4.2 a, left) at considerable ionic
strength over a wide range of protein concentrations [124]. A Mal3 signal at micro-
tubule tips could be detected even at Mal3 concentrations as low as 7 nM. (see also sec-
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Figure 4.3: Mechanism of plus-end tracking by Mal3. (a) Images of individual Mal3-Alexa 488
comets at the indicated growth velocities (in um min~!) (left) and averaged intensity profiles of
the comets (right). The Mal3-Alexa 488 concentration was 200 nM. The data (dots) were fitted
(lines) using Gaussian (area to the left from the intensity peak) and exponential (area to the right
from the intensity peak) functions. The inset shows the dependence of the growth velocities on
tubulin concentrations. Error bars indicate s.d. (b) The Mal3-Alexa 488 signal at the peak of the
Mal3 comet (black symbols) as obtained from the averaged intensity profiles, and the signal on
the microtubule lattice behind the comet (red symbols) as quantified separately from intensity
line scans. Error bars indicate the s.d. of the maximum tip intensity and the s.d. of the averaged
line scans for the lattice intensity. (c) Mal3 comet tail lengths as obtained from single-exponential
fits to the averaged intensity profiles. Error bars indicate standard errors as obtained from the
exponential fits. (d) The characteristic decoration time of the Mal3 signal in the Mal3 comet
tail at different microtubule growth speeds as obtained by dividing the comet tail length by the
microtubule growth speed. Errors were calculated by error propagation.

tion 5.2.2). Movie sequences and the corresponding kymographs (time-space plots),
revealed that Mal3 was tracking both the fast-growing plus ends and the more slowly
growing minus ends (figure 4.2 a, middle and right). However, Mal3 did not accumu-
late at the ends of depolymerizing microtubules (figure 4.2 a, middle and right) or static
microtubules (figure 4.2b). Selective tracking of free, polymerizing microtubule ends
is therefore an inherent property of Mal3. Mal3-Alexa 488 also bound weakly along
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the entire length of microtubules (figure 4.2 a), a behaviour that was enhanced at lower
ionic strength (figure 4.2 b). This binding might reflect the previously shown preferen-
tial association of Mal3 with the lattice seam of taxol-stabilized microtubules [25].

Two fundamentally different molecular mechanisms can be envisaged for how Mal3
accumulates at the growing microtubule end. Mal3 could co-polymerize in a complex
with tubulin to the growing microtubule end, and subsequently be released. Alterna-
tively, instead of binding to free tubulin, Mal3 could recognize a characteristic struc-
tural feature at the microtubule end. This structural feature could either be a collec-
tive property of several tubulin subunits such as the previously observed protofilament
sheet [34] or a property of individual tubulin dimers that are in a GTP-bound versus a
GDP-bound state [99].

We investigated the binding of Mal3 on static microtubules that mimic either GTP-
bound or GDP-bound tubulin lattice. The microtubules assembled in the presence of
GTP and stabilized by taxol will have predominantly GDP-tubulin within the lattice,
whereas the microtubules assembled in the presence of GMPCPP, a slowly hydrolyzable
analogue of GTP, are equivalent with a microtubule composed of GTP-tubulin subunits.
Mal3 had similar affinity for both type of microtubules (figure 4.2b), indicating that
Mal3 most probably does not recognized the growing microtubule end by preferential
binding to GTP-tubulin, which is prevalent at the growing tips.

To distinguish between a co-polymerization mechanism and an end-recognition
mechanism, we measured the spatial distribution of Mal3 along microtubule plus ends
that were growing in the presence of various tubulin concentrations but a constant
Mal3 concentration.

Increased microtubule growth velocities resulting from increased tubulin concen-
trations led to a more comet-shaped accumulation of Mal3-Alexa 488 at growing micro-
tubule plus ends (figure 4.3 a). Averaged fluorescence intensity profiles of Mal3-Alexa
488 comets demonstrated that after an initial peak in fluorescence the signal decreased
exponentially towards the basal lattice signal (figure 4.3a). The peak fluorescence of
Mal3 was largely insensitive to changes in the tubulin/Mal3 ratio (figure 4.3b). This
argues against a simple co-polymerization mechanism, because such a mechanism
would lead to peak signals that varied with the tubulin/Mal3 ratio. Furthermore, gel-
filtration experiments showed that Mal3 does not bind to unpolymerized tubulin [124].
This agrees with the observation that the amount of Mal3 binding along the micro-
tubule lattice is also independent of the tubulin concentration (figure 4.3b). Together
these data support a mechanism in which Mal3 tracks microtubule ends by recognizing
a structural feature.

The characteristic comet tail length obtained from exponential fits to the decays
of the averaged Mal3 fluorescence intensity profiles increased linearly with the micro-
tubule growth velocity (figure 4.3 ¢). This suggests that microtubule ends are decorated
with Mal3 for a characteristic time of about 8 s, independently of microtubule growth
velocity (figure 4.3d). In contrast, the dwell time of individual Mal3-Alexa 488 mole-
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Figure 4.4: Tea2 and Tipl individually and in combination do not track microtubule ends at
physiological conditions. Kymographs of (a) Tipl-GFP, (b) Tea2-Alexa 488, and (c) Tea2-Alexa
488 together with Tipl (labelled +TIPs in green) on dynamic Alexa 568-labelled microtubules
(red). The sensitivity for GFP and Alexa 488 detection was strongly increased in comparison with
that in figure 4.2a. Concentrations were 50 nM for Tipl and 8 nM for Tea2 in all end-tracking
experiments unless otherwise stated. The kymographs display a period of 5 min. Scale bars, 5
pm.

cules at growing microtubule plus ends, measured with greater temporal resolution
under single-molecule imaging conditions, was only 0.282 £ 0.003 s [124]. This indi-
cates that individual Mal3 molecules turn over rapidly on a plus-end-specific structure
that has a lifetime of about 8 s before it transforms into a normal microtubule lattice
structure. A similarly fast turnover of Mal3 was also observed in vivo [103].

4.1.2 Tea2 and Tipl need each other and Mal3 for efficient plus-end
tracking

In contrast to Mal3, Tipl-GFP and Alexa 488-labelled Tea2 did not bind significantly
to the microtubules in conditions under which selective end tracking of Mal3 was ob-
served (figure 4.4a and b). Under single-molecule imaging conditions, however, rare
interactions of the kinesin Tea2 (0.5 nM) with the microtubule could be observed at
low ionic strengths with the use of higher frame rates [124]. The analysis of the mo-
tion of single Tea2 motors yielded a mean velocity of 4.8+0.3 um min~! and an average
run length of 0.73 £ 0.01 pm [124]. At the same low ionic strength, but at higher con-
centration, Tea2 (50 nM) bound efficiently to microtubules (figure 4.5 a and b). A Tea2
profile with continuous increase towards the plus-end and a higher accumulation at
the tip was observed on static microtubules. The end accumulation could be due to the
motors that land close to the microtubule tip (at a distance from the tip smaller than
the average run length) leading to the motors dwelling for a while at the tip before re-
leasing from the microtubule. Intensity profiles along microtubules revealed that more
Tea2 motors were present on the taxol-stabilized GDP microtubules (figure 4.5 a) than
on the GMPCPP microtubules (figure 4.5b). It is possible that Tea2 has higher affinity
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Figure 4.5: Tea2 binds, walks on and end-tracks growing microtubules at low salt conditions.
(a) and (b) Overlaid spinning-disc confocal images of stabilized microtubules (red) and Tea2-
Alexa 488 (green). At low salt conditions and in the absence of free tubulin Tea2-Alexa 488 binds
efficiently and walks on static microtubules. The kinesin accumulates at the microtubule plus
ends. The line intensity profiles along one microtubule shows that more Tea2 was present on
(a) taxol-stabilized GDP microtubules than on (b) the GMPCPP microtubules. (c) Kymograph
of Tea2-Alexa 488 tracking the plus-end of a dynamic microtubule (same low salt condition as
in (a) and (b). On the microtubule lattice Tea2-Alexa 488 motors moved towards the plus end
with a speed higher than the microtubule growth speed. Two lines are drawn as guidance to the
eye: one indicating microtubule growth and one indicating Tea2 speckle movement along the
microtubule lattice. The kymograph displays a period of 400 sec. Scale bars, 5 um.

for the GDP-tubulin lattice and/or the run length of the motor is increased on the GDP-
microtubules. Both the single molecule experiments and the binding on the static mi-
crotubules were performed in the absence of free tubulin. When we imaged Tea2-Alexa
488 on dynamic microtubules (where free tubulin is present), at low ionic strength con-
ditions, surprisingly, we observed Tea2 tracking the growing plus-ends. The efficiency
of binding to the microtubules was though much lower than in the absence of free tubu-
lin. The mechanism of tracking dynamic ends could be understood in a similar way
with the accumulation at the microtubule static ends, as the Tea2 kinesin walks faster
than the microtubules grow. Using kymograph analysis of the Tea2 motion on dynamic
microtubules we measured an average motor speed of 3.5 + 0.8 ummin~!, which was
6-fold higher than the microtubule growth speed 0.6 + 0.1 um min~!. We cannot com-
pletely exclude the possibility of Tea2 accumulation at the end due to an unnatural
aggregation induced by the low ionic strength. Though, if aggregation of the motor
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Figure 4.6: Efficient microtubule plus-end tracking of Tea2-Tip1 in the presence of Mal3. (a)
Overlaid TIRF images showing Tea2-Alexa 488 (green) and Alexa 568-labelled microtubules (red)
in the presence of the two other +TIPs (left). Middle, time sequence of images (at the times
shown, in min:sec); right, the corresponding kymograph. Protein concentrations for Mal3 are
as in figure 4.2 and for Tea2 and Tip1 as in figure 4.4. Kymographs display periods of 5 min. Scale
bars, 5 pm. (b) Histograms of the velocities of microtubule plus-end growth (red, left axis) and
Tea2-Alexa 488 speckle movement along the microtubule lattice (black, right axis). The increased
velocity of Tea2 speckles in comparison with single Tea2 molecules is mostly a consequence of an
increased temperature. (c) Run-length distribution of Mal3-Alexa 488 (green), Tipl-GFP (black)
and Tea2-Alexa 647 (blue) moving along the microtubule lattice, always in the presence of the
other two +TIPs. Concentrations were 100 nM Mal3, 50 nM Tip1 and 8 nM Tea2. (d) Kymograph
showing Mal3-Alexa 488 (green) in the presence of Tea2 and Tipl. The signal intensity can be
directly compared with figure 4.2 a.

would predominate, artifacts would appear also on the lattice of static microtubules as
local accumulations, which we do not observe in our sample. This experiment suggests
that microtubule plus-end tracking is an intrinsic ability of Tea2, but at higher ionic
strengths (physiological conditions) Tea2 is not able to efficiently follow growing plus-
ends on its own. The preference of Tea2 for the GDP lattice (observed in the absence of
free tubulin) could entail that the main role of Tea2 is to assure the efficient transport of
other +TIPs to the microtubule tip where these hitchhikers could accumulate and exert
a specific function.

Because Tea2 binds in vivo [109] and in vitro [124] to Tipl, and because the motor
might be auto-inhibited without its putative cargo, we tested whether Tipl could en-
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Figure 4.7: All three +TIPs and the motor activity of Tea2 are required for microtubule plus-end
tracking of the Tea2-Tip1 complex. (a) Tea2-Alexa 488 (green) in the presence of Mal3 alone does
not bind efficiently to microtubules (red). The fluorescence signal can be directly compared with
figure 4.4 middle. (b) Tip1-GFP (green) in the presence of Mal3 alone does not bind efficiently to
microtubules (red). The fluorescence signal can be directly compared with figure 4.4 left. (c) The
motor activity of Tea2 is required for its microtubule plus-end tracking ability: Tea2-Alexa 488
(green) in the presence of Mal3, Tipl and ADP instead of ATP. The signal intensity can be directly
compared with figure 4.6 a. Standard concentrations of 200 nM Mal3, 50 nM Tip1 and 8 nM Tea2
were used. Kymographs display periods of 5 min. Scale bars, 5 um.

hance the binding of Tea2-Alexa 488 to dynamic microtubules. However, this was not
the case (figure 4.4 ¢).

In vivo, the presence of Mal3 is needed for the plus-end tracking of Tea2 and Tipl
[41,103,109]. Triggered by this observation together with our first successful in vitro
reconstitution of the end-tracking by the three protein complex we examined whether
the autonomous plus-end tracking protein Mal3 is sufficient to mediate microtubule
plus-end tracking of Tea2 and Tip1 alone. We investigated in further detail the localiza-
tion and the end-tracking behavior of the individual +TIPs when all three proteins were
present.

At high ionic strengths, in the presence of Mal3 and Tip1l, Tea2-Alexa 488 strongly
accumulated at growing microtubule plus ends (figure 4.6 a). No accumulation of Tea2-
Alexa 488 was visible at growing minus ends (figure 4.6 a) or depolymerizing ends at
this condition. Furthermore, Tea2-Alexa 488 speckles appeared along the microtubule
lattice and moved towards the plus end (figure 4.6 a, right). The speed of these par-
ticles was on average 9.8 +2.9 ummin~! and therefore 4.4-fold faster than the veloc-
ity of microtubule growth (2.2 + 0.3 um min~!; figure 4.6 b). Tip1-GFP moved similarly
along the microtubule lattice and also tracked growing microtubule plus ends, but not
depolymerizing ends or the ends of static microtubules [124]. Some accumulation at
the growing minus ends was though observed at increased concentrations of proteins
(see figure 4.1). Mal3-Alexa 488, in contrast, was not observed to move along the mi-
crotubule to the same extent as Tea2 and Tip1 (figure 4.6d). These observations very
closely mimic the situation in vivo [41,103, 109].
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In addition, Mal3-mediated recruitment of the Tea2-Tip1 complex requires the pres-
ence of both Tea2 and Tipl. Tea2-Alexa 488 was hardly present on the microtubules
in the absence of Tipl (figure 4.7 a) and Tip1-GFP was not significantly bound to mi-
crotubules in the absence of Tea2 (figure 4.7 b), whereas binding of Mal3-Alexa 488 to
microtubules was unaffected in both cases. The results with the double combinations
of proteins (figure 4.4 c and figure 4.7 a and b) exactly mimic the in vivo single-deletion
mutants of Mal3, Tea2 and Tip1 [41, 103, 109].

4.1.3 Mal3 acts as a loading factor for the Tea2-Tipl complex

Gelfiltrations demonstrated that in solution Mal3, Tea2 and Tip1 exist as a stable ternary
complex [124]. It is therefore most likely that the formation of this complex is required
for efficient binding of Tea2-Tip1 to the microtubule. However, the three proteins do
not behave in the same way once bound to the microtubule. Imaging the movements of
the three proteins on the microtubule lattice with greater temporal resolution showed
that Tip1-GFP and Alexa 647-labelled Tea2 co-migrate [124], indicating that Tea2 in-
deed transports Tipl. Consistent with this was the observation that the average run
lengths for Tea2 and Tip1 were very similar, at 0.90 + 0.01 and 1.10 £ 0.01 pum, respec-
tively (figure 4.6 ¢). In contrast, Mal3-Alexa 488 showed only short runs with an average
run length of 0.29+0.01 pm (figure 4.6 ¢). This demonstrates that Mal3 is initially trans-
ported by Tea2, but dissociates shortly after a productive binding event.

We confirmed that Mal3-mediated recruitment of Tea2-Tip1 to the microtubule lat-
tice requires the interaction of Mal3 with the amino-terminal extension of the kinesin
Tea2 [181]. Replacing full-length Tea2 with a construct lacking the N-terminal exten-
sion (ANTea2) abolished efficient binding of Tip1-GFP to the microtubule [124].

Replacing ATP with ADP eliminated the efficient binding of Tea2-Alexa 488 along
the microtubule lattice and the tracking of microtubule plus ends, despite the pres-
ence of all three proteins (figure 4.7 ¢). Only a very weak fluorescence signal could be
observed at growing microtubule ends, but without a preference for the plus or minus
end (figure 4.7 ¢). This demonstrates that in vitro the processive motor activity of Tea2 is
essential for efficient microtubule-end tracking of Tea2-Tip1 and also for their plus-end
preference.

4.1.4 Microtubule dynamics in the presence of Mal3, Tea2 and Tip1

In living cells, single deletions of Mal3, Tea2 or Tip1l suggested that these three +TIPs
mainly decrease the frequency of microtubule catastrophes without strongly affecting
the other parameters of microtubule dynamic instability [107, 109, 180]. We tested the
direct effect of Mal3 alone and of Mal3 with Tea2 and Tip1l on microtubule dynamics
under conditions of selective end tracking. We imaged microtubules in the presence
of unlabelled +TIPs by differential interference contrast microscopy. At the conditions
selected for the end-tracking experiments, neither Mal3 alone nor the combination of
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Vgro Vshr Teat Nres
Mal3 Tea2 Tipl (um/min) (um/min) () in total time
(n) (n) (Ncat)  of shrinkage
- - - 1.2+0.2(62) 26+9(41) 650+ 80 (69) 0in322s
+ - - 1.3+£0.2(63) 26+8(74) 230+20(132) 8in314s
+ + + 1.3+02(54) 27+9(40) 410+50(61) 4in321s

Table 4.1: Dynamic instability parameters of microtubules in the absence and presence of
+TIPs. Dynamic instability parameters under conditions of selective end-tracking (200 nM Mal3,
50 nM Tip1 and 8 nM Tea2). The mean growth velocity (ng) and mean shrinkage velocity (vgp,)
represent the weighted averages (weights are the time spanned by each event) over a total of n
events. The error on the mean is the weighted standard deviation (s.d.). The average time until
a catastrophe occurred (Tcat) is the total growth time (summed over individual events) divided
by the number of catastrophes observed (N¢at). The error on Tey¢ is the standard deviation (s.d.)
calculated as Tcat/v/Neat. The number of rescues (Nyes) in total shrinkage time is given. The
time until a rescue occurred and its statistical error could not be determined due to the limited
number of events observed.

all three proteins had a strong effect on the growth and shrinkage velocities of micro-
tubule plus ends (table 4.1). However, Mal3 alone increased the frequencies of catas-
trophes and rescues (table 4.1). In chapter 5 the effect of Mal3 was investigated in more
detail revealing that Mal3 has a complex influence on microtubule dynamics, affect-
ing all dynamic instability parameters. The addition of Tea2-Tip1 counteracted the ob-
served effects of Mal3 (table 4.1). Preliminary experiments on the mechanism of regu-
lation of microtubule dynamics by the combination of all three +TIPs are presented in
chapter 7 (section 7.2.1). Our results discussed above show that especially the effect of
Mal3 on the catastrophe frequency is different from what would be expected from the
corresponding deletion in vivo. This is not surprising, because several other proteins
not studied here are known to affect the catastrophe frequency [182, 183]. By includ-
ing these other modulators of microtubule dynamics in the future, our in vitro system
promises also to lead to the identification of the more complex minimal system that
reproduces physiological microtubule dynamics.

4.2 Conclusions

Thus, we have identified Mal3 as an autonomous tracking protein of growing micro-
tubule ends in vitro. Mal3 most probably recognizes a structural feature at microtubule
ends rather than co-polymerizes as a tubulin-Mal3 complex. As in vivo, the behavior
of Mal3 in vitro does not depend significantly on the presence of Tea2 or Tip1. Further-
more, we identified Mal3-Tea2-Tip1 as a minimal system producing plus-end tracking
behavior of Tea2 and Tip1 in vitro. This suggests that in vivo Tea2, Tipl and Mal3 may
also work as a microtubule plus-end tracking system, independently of other +TIPs.
However, in vivo part of the Mal3 pool might simultaneously function in "parallel’ end-
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tracking systems. The role of Mal3 as a loading factor of Tea2-Tip1 involves the initial
formation of a ternary complex that promotes productive encounters of Tea2-Tip1 with
the microtubule lattice. Tip1 is subsequently transported by the processive motor Tea2,
whereas Mal3 rapidly dissociates and is transported for only short distances.

Our in vitro system provides a powerful new tool to test the proposed mechanisms
for microtubule end targeting of different +TIPs [17,29, 110] and to analyse the inter-
play between plus-end tracking and the dynamic properties of microtubules that are
ultimately responsible for the morphogenetic function of the microtubule cytoskele-
ton.

4.3 Methods

4.3.1 End-tracking assay using TIRF microscopy>

Experimental method. Flow chambers consisting of a biotin-PEG-functionalized cov-
erslip (as described in [184]) and a PLL-PEG passivated glass were assembled. To block
the residual nonspecific binding sites on the surface, the flow chamber was incubated
with 1% Pluronic F-127 and 50 pg/ml k-casein in assay buffer on ice. Brightly labelled,
short GMPCPP microtubules (containing 20% Alexa 568-labelled tubulin and 7.7% bi-
otinylated tubulin) were attached by means of neutravidin to the biotin-PEG function-
alized coverslip. With the use of a custom TIRF microscopy system [124], dynamic mi-
crotubules and +TIPs either tagged with GFP or labelled with Alexa fluorophores were
observed in the presence of 11 uM dimly labelled tubulin (containing 6.7% Alexa 568-
labelled tubulin) in assay buffer (80 mM K-PIPES pH 6.8, 85 mM KCl, 4 mM MgCl,, 1
mM GTP, 1 mM EGTA, 10 mM 2-mercaptoethanol and 2 mM MgATP or 5 mM MgADP)
containing 0.1% methylcellulose (4,000 cP; Sigma) and an oxygen scavenger system
(20 mM glucose, 200 pug/ml glucose-oxidase, 400 png/ml catalase). In some experi-
ments with Mal3, the tubulin concentration was varied in order to vary the microtubule
growth rate (figure 4.3). Unless stated otherwise, the final concentrations of the labelled
and unlabelled +TIP proteins were kept constant at 200 nM Mal3, 50 nM Tip1 and 8 nM
Tea2. These protein concentrations were chosen after systematic variation of concen-
trations to allow the easy visualization of both end tracking and transport along micro-
tubules. The temperature was 30 + 1°C. The experimental conditions for other mea-
surements mentioned here (determination of individual run length and speed of +TIPs
on the microtubules, the speed of single Tea2 molecules on static microtubules, and
the dwell time of single Mal3 molecules at the microtubule plus-end) are given in [124].
The +TIP proteins were expressed, purified and labelled as described in [124].

Data analysis. The growth trajectories of microtubules and walking tracks of Tea2-
Tipl speckles were analyzed with kymographs in Image]J (plug-in developed by Arne

3The TIRF experimental set-up is located at EMBL.
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Seitz). Single-molecule motility was analyzed with kymographs and by automated par-
ticle tracking implemented in a custom software environment [124].

Average run lengths of Tea2, Tipl and Mal3 speckles and their standard error (fig-
ure 4.6 ¢c) were obtained from exponential fits to ’1-cumulative probability’ distribu-
tions of the individual travel distances as determined by kymograph analysis from two
independent experiments for each protein. The total number of events analyzed was
n = 198 for Mal3-Alexa 488, n = 520 for Tea2-Alexa 647, and n = 182 for Tip1-GFP.

To analyze the shape of Mal3 comets (figure 4.3), line profiles of the fluorescence in-
tensity of Mal3-Alexa 488 at growing microtubule plus ends were aligned and averaged.
An exponential fit to the tail of the profile was then used to quantify the decay of the
signal. Detailed analysis methods are described in [124].

4.3.2 End-tracking assay using confocal microscopy*

Experimental method. Flow chambers were assembled between a pre-cleaned glass
coverslip and a microscopy slide. The chamber was incubated with 0.2 mg/ml PLL-
PEG-biotin (Susos AG, Switzerland) in assay buffer or 2.5 mg/ml biotin-BSA in acetate
buffer (21 mM acetic acid, 79 mM C,H30,Na, pH 5.2) and after rinsing, with 1 mg/ml
streptavidin in assay buffer. Short GMPCPP microtubules (containing 17% biotin-tubu-
lin and 7% rhodamine-tubulin) were specifically attached to the functionalized sur-
face by biotin-streptavidin links. The flow chamber was passivated by incubation with
1 mg/ml k-casein. Dynamic microtubules were assembled in the presence of 21 uM
tubulin (containing 5% rhodamine-labelled tubulin) and +TIPs in assay buffer (80 mM
K-PIPES pH 6.8, 55 mM KCIl, 4 mM MgCl,, 1 mM EGTA) supplemented with 1 mM
GTB 0.2 mg/ml k-casein, 0.2 mg/ml «-casein, and an oxygen scavenger system (50 mM
glucose, 400 pg/ml glucose-oxidase, 200 pg/ml catalase, 4 mM DTT). When Tea2 was
present in solution, additional 1 mM ATP was added. The final concentrations of +TIPs
for the experiment presented in figure 4.1 were 2.5 uM Mal3, 100 nM Tea2 and 40 nM
Tip1-GFP. In the experiment with only Tea2 on dynamic microtubules (figure 4.5 c), the
ionic strength of the assay buffer was lowered (12 mM K-PIPES pH 6.8, 4 mM MgCl,, 1
mM EGTA), the tubulin concentration was 15 uM and the solution contained 100 nM
Tea2. Labelled and unlabelled tubulin was purchased from Cytoskeleton. The sam-
ple was sealed with candle wax. During experiments the sample was kept at constant
temperature of 25 + 1°C.

Confocal microscopy. Fluorescently labelled +TIPs and dynamic microtubules were
imaged with a confocal spinning disc microscope, comprising a confocal scanner unit
(CSU22, Yokogawa Electric Corp) attached to an inverted microscope (DMIRB, Leica)
equipped with a 100x/1.3 NA oil immersion lens (PL FLUOTAR, Leica) and a built-in
1.5x magnification lens. The sample was illuminated using a 488 nm laser (Sapphire
488-30 CHRH, Coherent Inc.) or a 561 nm laser (85-YCA-015, Melles Griot). Images

4The spinning-disc confocal set-up is located at AMOLF.
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were captured by a cooled EM-CCD camera (C9100, Hamamatsu Photonics) controlled
by software from VisiTech International. Images were acquired with a typical 500 ms
exposure time. Laser intensity was varied depending on the labelled protein concen-
tration. The temperature was controlled by maintaining the room at 25 + 1°C.

Data analysis. The growth trajectories of microtubules and walking tracks of Tea2
speckles were analyzed from kymographs in Image] (plug-in developed by Arne Seitz).
Weighted averages and weighted standard deviation (see section 4.3.4) were calculated
for the microtubule growth speed (n=13) and the speed of Tea2 speckles (n=65) on
microtubules from one experiment with Tea2 alone on dynamic microtubules.

4.3.3 +TIPs on static microtubules analyzed by confocal microscopy

The samples were prepared in a similar way as for the end-tracking assay. The stabi-
lized microtubules were specifically bound to the biotin-PEG functionalized glass sur-
face by biotin-streptavidin links. The GMPCPP microtubules were prepared by incu-
bation of 30 uM tubulin (containing 17% biotin-tubulin and 2% rhodamine-tubulin)
with 1 mM GMPCPP (Jena Bioscience, Germany) at 36°C for 50 minutes. The GTP mi-
crotubules were prepared from 50 pM tubulin (containing 17% biotin-tubulin and 2%
rhodamine-tubulin) and 1 mM GTP by incubation at 36 °C for 50 minutes and addi-
tional 10 minutes after 10-fold dilution with 10 uM taxol (Cytoskeleton) warm solution.
Mal3 at a concentration of 100 nM was introduced in assay buffer as described for the
end-tracking assay. Tea2 was used at a concentration of 50 nM in low ionic strength
assay buffer (12 mM K-PIPES pH 6.8, 4 mM MgCly, 1 mM EGTA) supplemented with
1 mM ATP, 0.3 mg/ml k-casein, 0.3 mg/ml «-casein, and an oxygen scavenger system.
The solutions did not contained free tubulin or GTP. In the experiments with taxol sta-
bilized microtubules 10 M taxol was maintained in the protein mix. Temperature was
25 + 1°C. Samples were imaged with the same confocal spinning disc microscope as
above. Line intensity profiles along microtubules were measured in Image].

4.3.4 DIC assay to measure microtubule dynamics

Experimental method. Samples were prepared in a similar way as for the TIRF end-
tracking assay. The functionalized surface was created with 0.2 mg/ml PLL-PEG-biotin
and 1 mg/ml streptavidin and passivation was done with 0.5 mg/ml k-casein. The nu-
cleating seeds contained 15% biotin-labelled tubulin only. Protein concentrations were
as for the TIRF end-tracking assay. Samples were maintained at 30 + 1°C.

DIC microscopy. Dynamic microtubules nucleated from surface bound seeds were
imaged by video-enhanced differential interference contrast (VE-DIC) microscopy us-
ing an inverted microscope (DMIRB, Leica) equipped with a 100x/1.3 NA oil immersion
objective (HCX PL FLUOTAR, Leica). The temperature in the sample was adjusted and
maintained constant by Peltier elements (Melcor) mounted on a sleeve around the ob-
jective and controlled by in-house built electronics. Images were acquired with a CCD
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camera (CF8/1, Kappa), further processed for background substraction and contrast
enhancement with an image processor (C5510 Argus 20, Hamamatsu Photonics) and
digitized on-line at a rate of 1 frame per 2 seconds with an in-house developed software
(written and run in IDL). Simultaneously with the on-line digitization, the processed
images were recorded on a DVD at video rate with a commercial burner (DVD R-80,
Philips).

Data analysis. For the analysis of microtubule dynamics, for every condition DIC
data was collected from three independent experiments and for every experiment a
minimum of 10 microtubules were analyzed with kymographs. The average growth
and shrinkage speeds (table 4.1) were calculated as weighted averages over all events
asv= (Z{‘ viti)! (Z? t;). Individual speeds (v;) were estimated from manual fits to the
growth or shrinkage parts of the kymograph. The weights are represented by the times
(t;) spanned by the individual events (i). The error was calculated as weighted stan-
dard deviation, derived from sd? = (X - )2t/ (X1 t;). The catastrophe time
(Tcar) was calculated as the total growth time divided by the number of catastrophes
observed (Ny) and the statustical error on Teat as Teat/ vNeat - The number of rescues
observed (Nyes) in total shrinkage time are mentioned (table 4.1).
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CHAPTER

5

Regulation of microtubule
dynamics by the autonomous
microtubule-end tracker Mal3

+TIPs are intriguing proteins that have the special ability to localize at the microtubule
growing ends. This advantageous position enables +TIPs to directly regulate the micro-
tubule dynamics. EBI protein family members were shown to affect microtubule dy-
namics and organization in vivo, but it is still unclear if the EB proteins exert an effect on
microtubule dynamics on their own. In this chapter we investigated the effect of such a
+TIP from the EBI protein family, namely the fission yeast homologe, Mal3. Our results
show that, in vitro, Mal3 is an autonomous end tracker of growing microtubule ends.
Here we investigate the effect of Mal3 on the microtubule plus-end growth dynamics us-
ing light microscopy, fluorescence microscopy and our high-resolution technique based
on optical tweezers. Using time-lapse DIC and fluorescence imaging of individual mi-
crotubules we find that Mal3 binds differentially to the lattice and at the tip of a growing
microtubule and the presence of Mal3 affects all the parameters of microtubule dynamic
instability. Mal3 binds efficiently at the microtubule tip where it enhances tubulin dimer
net addition and the chance for a microtubule to switch from a growing to a shrinking
phase. Microtubules in the presence of Mal3 grew up to 3-fold faster and had up to 4-fold
enhanced catastrophe rate. Using our high-resolution technique we could identify in-
complete microtubules, most probably resembling the end-structures at the growing tip,
that were formed in the presence of Mal3. In the fluorescent measurements we identi-
fied longer Mal3-decorated end-structures with increasing Mal3 concentrations. At the
microtubule lattice Mal3 binds less potently than at the tip. With Mal3 present at the
lattice, the microtubules disassembled slower and rescues were highly promoted. Our
results suggest that Mal3 has a complex influence on microtubule dynamics, both stabi-
lizing and destabilizing and that Mal3 induced effects are correlated with a differential
binding of Mal3 at the tip and on the lattice of a growing microtubule.
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5.1 Introduction

Mal3 is the fission yeast homolog of end-binding 1 (EB1) protein. EB1 family members
are highly conserved regulators of microtubule dynamics belonging to the core part
of the interaction network formed by the microtubule plus-end binding proteins [14].
Human EB1 added to Xenopus egg extracts promotes microtubule growth by increasing
the rescue rate and decreasing the catastrophe rate [110, 185]. The fission yeast homo-
logue Mal3 was also shown to promote initiation of microtubule growth and to inhibit
catastrophes. Cells that are lacking Mal3 have shortened microtubules with premature
catastrophes [108,109].

In order to dissect the influence of the end-binding proteins on the microtubule
dynamics we need an in vitro assay, in which the in vivo localization of the proteins
on dynamic microtubules is preserved and individual microtubules can be monitored
in the presence of one protein or a system of end-binding proteins. The growth pro-
moting effect of EB1 and Mal3 on microtubules was previously suggested from bulk
turbidity assays [25, 112] that reflect the influence of the proteins on the total polymer
formed [170] and do not give information about the influence on the dynamics of indi-
vidual microtubules. Experiments were also performed on individual microtubules in
egg extracts [110] and in cells [109, 113, 114]. In these experiments, the environment in
which the microtubules assemble contains a cocktail of proteins and therefore the sole
influence of EB1 or Mal3 on microtubule dynamics cannot be inferred.

As described in chapter 4, Mal3 is a microtubule-end tracker in vitro with similar
end-tracking behavior as in vivo. Mal3 is able to accumulate both at the plus and minus
ends of growing microtubules and not on the ends of shrinking or stable microtubules.
Strikingly, this behavior does not depend on the presence of other end-tracking pro-
teins. Here we investigate the influence of Mal3 on the dynamics of individual micro-
tubules and the molecular mechanism of interaction with the microtubule end. Dy-
namic microtubules were nucleated from centrosomes in order to selectively probe the
plus end dynamics of microtubules.

5.2 Results

5.2.1 Mal3 enhances the dynamic instability of microtubules in vitro.

In the presence of Mal3 we observed a change in all dynamic instability parameters:
growth speed, shrinkage speed, catastrophe rate and rescue rate.

For Mal3 concentrations ranging from 20 nM to 200 nM, the growth speed was en-
hanced in a concentration dependent manner: the more Mal3 present, the faster the
microtubules grew (figure 5.1 b). Mal3 sped up the microtubule growth to a maximum
of 3-fold achieved at a ratio of Mal3 : tubulin of approximatively 1 : 70. For Mal3 concen-
trations higher than 200 nM, the average growth speed remained constant at the 3-fold
enhanced level (figure 5.1b). The effect of Mal3 on shrinkage speed was less strong.
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The presence of the end binding protein slowed down depolymerizing microtubules.
For concentrations less than 200 nM Mal3, the effect on the shrinkage speed was con-
centration dependent (figure 5.1 ¢c). We measured a constant 1.5-fold reduction in the
shrinkage speed in the presence of more than 200 nM Mal3.

Microtubules grow and shrink with intrinsically variable speeds [186]. This variabil-
ity is reflected by the standard deviation, sd, over the speeds of individual growth and
shrinkage events. We typically measured sd values of 20% to 30% of the average micro-
tubule growth and shrinkage speeds. We did not observe an influence of Mal3 on the
sd, indicating that Mal3 had no effect on the intrinsic variability of microtubule growth
and shrinkage.

The most striking effect we measured in the presence of Mal3 was the increased
catastrophe rate (figure 5.1 d), as opposed to the in vivo case where the absence of Mal3
results in more dynamic microtubules [108,109]. We observed that the catastrophe rate
in vitro was increasing with the concentration of Mal3, to a maximum of 0.20 + 0.02
min~!, which is 4-fold higher than the catastrophe rate we measured in control sam-
ples (no Mal3: 0.050 + 0.006 min~!). This maximum was reached around 100 nM Mal3
corresponding to a Mal3: tubulin ratio of 1:150. For Mal3 concentrations higher than
100 nM, the catastrophe rate was slowly decreasing to 0.14 +0.02 min~!, which was still
3-fold higher than the control level.

Mal3 had a strong concentration dependent effect on the rescue frequency as well
(figure 5.1 e). We measured a more than 10-fold increase in the rescue rate in the range
from 100 nM to 2.5 uM Mal3. The increase was approximately linear with the Mal3
concentration and the rescue rate did not saturate in the range of concentrations we
investigated. For Mal3 concentrations below 200 nM we were not able to calculate a
reliable rescue frequency due to the low number of events observed and only an upper
bound could be estimated (data analysis described in section 5.5.1).

The addition of new tubulin subunits, reflected in the growth speed, as well as the
initiation of a shrinkage phase, reflected in the catastrophe rate, happens at the mi-
crotubule tip. We saw a similar influence of Mal3 on the two processes: at low Mal3
concentrations, the Mal3-induced enhancement was proportional with the amount of
Mal3 present in solution and above a certain concentration, the effect saturated. The
rapid disassembly of tubulin, evaluated as shrinkage speed, and the chance of switch-
ing from a shrinkage to a growing phase, the rescue rate, depend mostly on the mi-
crotubule lattice properties. We observed a different behavior for the rescue rate as
compared with the catastrophe rate: we measured a continuously increasing rescue
rate proportional to the Mal3 concentration and no saturation of this effect. Shrinkage
speed had yet similar behavior as the growth speed and catastrophe rate. These differ-
ences between the effects of Mal3 on the dynamic instability parameters might reflect a
differential interaction of Mal3 with the tip and with the microtubule lattice. Therefore
we next investigated the localization of Mal3 on the dynamic microtubules at similar
conditions used to determine the dynamic instability parameters.
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Figure 5.1: Dynamic instability parameters. (a) A video-enhanced DIC micrograph of centro-
some nucleated microtubules (left) and a confocal image showing the Mal3-Alexa 488 (100 nM)
tracking the microtubule growing ends (right). Scale bars are 5 um. (b) Growth speeds, (c) shrink-
age speeds, (d) catastrophe rates and (e) rescue rates of microtubules in the presence of different
concentrations of Mal3. Microtubules were assembled from 15 uM tubulin and with 50 mM KCI
present in solution, at 25 °C. For each data point we cumulated data from 3 - 6 independent ex-
periments. Data are presented as (mean + sd) (data analysis described in section 5.5.1).
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5.2.2 Mal3 interacts differentially with the tip and with the lattice of
growing microtubules.

We showed in chapter 4 that Mal3 tracks the ends of growing microtubules by an end
recognition mechanism, i.e. having an enhanced binding at the growing end structure
as compared with the lattice [124]. In order to investigate if there is a correlation be-
tween the observed changes in the microtubule dynamics and the differential binding
of Mal3 on the microtubules, we used confocal microscopy to image Alexa 488 labelled
Mal3 on dynamic microtubules.

For each Mal3 concentration we analyzed profiles from 3 - 4 independent experi-
ments and in each experiment 10 - 70 microtubules were analyzed. We first evaluated
the average Mal3-Alexa 488 background intensity in each experiment in order to test the
quality of our method employed for the image processing and the profile analysis (sec-
tion 5.5.2). We expect a linear dependency between the Mal3 concentration and the av-
erage Mal3-Alexa 488 background intensity measured in each experiment. Figure 5.2b
shows indeed a linear dependency of the average background intensity, Ihackground, 0N
the Mal3 concentration. The spread in the background intensity between the samples
prepared at the same Mal3 concentration was significant, especially at low Mal3 con-
centrations (inset in figure 5.2 b). This spread is due to the errors in the protein concen-
trations resulting from the sample preparation. In order to exclude the experimental
errors, we chose to present quantities evaluated from the profile analysis as a function
of the background intensity.

The microtubule profiles of Mal3-Alexa 488 showed a clear difference between the
signal at the tip and on the microtubule lattice (figure 5.2 a) for the whole range of Mal3
concentrations investigated. From the microtubule profiles we evaluated three quan-
tities: the relative amount, as compared with a control sample, of Mal3 bound on the
microtubule lattice, Ijaice, the amount interacting with the microtubule growing end,
Iiip, and the typical length of the tip signal, oy, (see section 5.5.2).

The average signal on the lattice was increasing proportionally with the amount of
Mal3 present in solution (a linear fit seems to be a good approximation to the data, fig-
ure 5.2 d), indicating a simple first-order interaction of the protein with the microtubule
lattice. Mal3 was shown to bind preferentially at the seam [25], but we do not exclude
binding elsewhere on the lattice. The lattice binding sites for Mal3 did not saturate
in the range of Mal3 concentrations investigated here. This linear-increase behavior
is very similar with the one observed for the rescue rate in the presence of Mal3 (fig-
ure 5.1 e). The similarity of the two results indicates that the Mal3 bound on the micro-
tubule lattice affects rescue rates. One of the possible underlying mechanisms, recently
revealed by cryo electron-microscopy [25], is the increased stability of the microtubule
lattice, primarily due to the microtubule seam stabilization by Mal3.

At the microtubule tip, remarkably, the average signal showed elevated intensity
even at very low Mal3 concentrations demonstrating a potent binding of Mal3 at the
growing end. This elevated efficiency of binding could be due to a low dissociation con-
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Figure 5.2: Mal3-Alexa 488 binds differentially on growing microtubules. (a) Mal3 intensity
profiles along microtubules measured at the indicated concentrations of Mal3. Each profile is
the average of about 10 - 70 microtubules from one experiment. (b) The normalized background
intensity, Ihackground> as a function of the Mal3 concentration follows a linear relationship, as
expected. (c) The spatial extent of the Mal3 signal at the microtubule tip, oyjp as a function of
the background intensity. The data (open symbols in the inset) were binned over 3 data points.
The x-errors represent s.d. and the y-errors are s.e.m. (d) Normalized intensity of Mal3 present
at the tip, fjp, (solid symbols) and on the microtubule lattice, Jjatice, (Open symbols) as a func-
tion of the background intensity. Dotted lines are linear fits to the data. The intensity Iyjp was
evaluated over the tip region, oyp. The difference, (Itip — ljattice), is shown in (e). The normal-
ized intensities presented in (d) and (e) represent values per image pixel (110x110 nm?) and are
proportional with the amount of Mal3 (see section 5.5.2). Data was collected from 24 indepen-
dent experiments. Insets: zoom in the initial part of the data. Error bars represent s.e.m. For the
difference signal, the errors were calculated by error propagation.
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stant (Kp = koft/ kon) of Mal3 at the tip compared with the lattice and/or due to a higher
number of available binding sites. The sharp transition of the tip signal from zero (no
Mal3 present in solution) to the condition with Mal3 present, followed by an almost lin-
ear increase in the tip signal (figure 5.2 d), indicate different interaction kinetics of the
protein at the growing end as compared to the interaction with the microtubule lattice.
When we plot the difference signal between the tip and the lattice (figure 5.2 e) we no-
ticed a similar saturation behavior of the signal as for the microtubule growth speed and
the catastrophe rate (figure 5.1 b and d). This observation implies that, at the tip, there
are lattice-like binding sites that do not saturate in the regime of concentrations inves-
tigated and tip-specific binding sites that saturate, similarly with the growth speed and
catastrophe rate. This correlation suggests that Mal3 present at the tip induces struc-
tural and/or biochemical changes at the tip that affect both the tubulin incorporation
rate and the chance of switching to a shrinking phase.

We also measured an increase in the spatial extent of the tip signal with the Mal3
concentration (figure 5.2 c¢). The region with higher Mal3 concentration at the micro-
tubule tip was increased more than 4-fold in the presence of Mal3 to a length of approx-
imately 800 nm. At low concentrations of Mal3 we measured a spatial extent of the Mal3
signal of 250 nm, but the measurement is probably limited by the optical resolution. As
shown in chapter 4 and [124], Mal3 most probably recognized an end-structure at the
growing microtubule tip. Our result suggests that in the presence of Mal3 microtubules
have longer end-structures. To further investigate the influence of Mal3 on these tip-
specific structures we followed microtubule assembly and disassembly with our optical
tweezers based technique that provides near molecular resolution.

5.2.3 Mal3 promotes formation of microtubule end-structures.

When Mal3 was present in high concentration (1 M and higher), we sometimes ob-
served curved, elongated structures at the end of growing microtubules (figure 5.3).
These structures could be malformed tubes or some specific end structure different
than a closed tube. The fact that the curved structure can be straightened while the mi-
crotubule is growing suggests that there is no defect in the tube growth, but rather an ex-
tended end-structure before closing into a tube. These observations together with the
fluorescent measurements on Mal3 spatial extent at the tip suggest that Mal3 promotes
formation of elongated microtubule end-structures. In order to gain more information
about the changes induced by Mal3 at the microtubule tip we measured microtubule
growth at high-resolution using optical tweezers (method described in chapter 2). Our
preliminary experiments and observations are presented below.

Figure 5.4 a shows microtubule growth traces in the absence (upper panel) and in
the presence of 200 nM Mal3 (lower panel) measured with optical tweezers. In these ex-
periments, microtubules grew under force (indicated on the right axis), which is known
to affect their dynamics [70, 76, 77]. In both experiments shown in figure 5.4 a the aver-
age and the maximum force experienced by the growing microtubules were similar.
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Figure 5.3: Microtubule end-structure in the presence of Mal3. Time sequence of DIC images
of a growing microtubule in the presence of 1 uM Mal3. Schematic guiding lines (shifted with
respect to the image) of the dynamic microtubule are drawn. An arrowed line indicates growth.
A curved structure, 2 - 3 um in length, (white part of the line) is elongating at the microtubule tip
and straightens while the microtubule is growing (the black part of the line represents the straight
microtubule). The end-structure had a catastrophe (asterisk in frame 2:10) and depolymerized
until the straight part of the microtubule. The time elapsed from the first image is indicated in
min: sec. Scale bar is 3 um.

Zooming in on the high-resolution traces, we noticed variabilities in speeds during
one continuous event both for the growth and for the shrinkage phases (figure 5.4 b).
For the depolymerization events we could clearly identify two types of processes: slow
and fast depolymerization (empty and solid arrow heads, respectively, in figure 5.4 b).
The microtubule depolymerization events often started with a slow phase followed by a
fast shrinkage. Sometimes multiple slow and fast length reductions were identified dur-
ing a depolymerization event. We also observed shrinkage events that could be entirely
described by slow depolymerization, mostly in the Mal3 samples (figure 5.4 b).

In order to quantify the effect of Mal3 on microtubule assembly and disassembly, we
evaluated growth and shrinkage speeds of short data stretches where the growth and,
respectively, the shrinkage speed was approximately constant (data analysis described
in section 5.5.3). For the two conditions investigated (absence and presence of Mal3),
we analyzed the growth and the shrinkage events of microtubules from two indepen-
dent experiments (part of the two data sets are shown in figure 5.4 a). The distributions
of speeds are shown in figure 5.5. In the optical tweezers experiments, the microtubule
average length was much shorter (100-400 nm) as compared to the average length in
the absence of force, in the DIC experiments (couple of micrometer). Therefore, our
data from the high-resolution experiments refer to growth and shrinkage speeds on a
smaller length and time scale. In the time scale there is typically a factor 10 difference
between the two methods.

For the growth events we evaluated growth speeds only on stretches that displayed
predominantly microtubule length increase and we excluded the more extensive pauses
and length reductions during growth. Therefore the mean values are overestimated
and the comparison between the effect of Mal3 on the growth speed measured with
the two methods, optical tweezers and DIC, is only qualitative. In the absence of Mal3
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Figure 5.4: Microtubule assembly measured with optical tweezers. (a) Growth and shrinking
events of individual microtubules in the absence (top panel) and in the presence of 200 nM Mal3
(lower panel). The microtubules grow and shrink in the presence of an opposing force (indi-
cated on the right axis). (b) Selected growth and shrinkage events shown at higher magnification.
Empty arrowheads indicate slow depolymerization phases and solid arrowheads indicate fast
length decreases.

we measured reduced growth speeds with a weighted average of 0.48 + 0.08 pm min !

(mean + s.e.m.; n=18) as compared with the average growth speed measured on freely
growing microtubules in the DIC experiment, 0.88+0.03 pm min~! (n=99) (figure 5.5 a,
top panel). This effect was expected due to the fact that microtubules in the optical
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Figure 5.5: Quantifying growth and shrinkage speeds. Weighted distributions of (a) growth
speeds and (b) shrinkage speeds for microtubules grown in the absence (top panels) and in the
presence of 200 nM Mal3 (lower panels). The empty-bar distributions were evaluated from the
DIC experiments with microtubules growing freely from centrosomes. The black solid-bar distri-
butions were evaluated from the high-resolution measurement with optical tweezers (OT). The
contribution of each speed in the distributions was weighted with the time extent of the corre-
sponding event for the DIC data, growth and shrinkage events, and for the OT data, only growth
events. Each shrinking event measured with the OT was weighted with the length reduction dur-
ing the event. The total number of data stretches (n) used to compute the distributions are indi-
cated.

tweezers experiment were growing against a force, which reduces the growth speed
[70,76,77]. In the presence of Mal3 the average growth speed was reduced more strongly
from 2.18 +0.03 um min~! without force (n = 143) to 0.53 + 0.07 um min~! under force
(n=26) (figure 5.5 a, lower panel). This effect could be interpreted in two ways: i) force
has a different effect on microtubule growth when Mal3 is present at the end, consistent
with an altered end-structure in the presence of Mal3 or ii) the presence of an oppos-
ing force impedes Mal3 to exert its effect at the microtubule tip. More experiments are
necessary to elucidate the underlying mechanism.

Shrinkage speed distributions evaluated from the high-resolution traces displayed
an interesting behavior as compared to the DIC data analyzed at low-resolution. We
measured a relatively high number of data stretches that displayed a much lower shrink-
ing speed than the average speed measured in the DIC experiment, both for the tubulin
alone and in the presence of 200 nM Mal3. These slow events appear in the weighted
distribution as peaks in the speed range below 5 ummin~! (figure 5.5b). The slow
events were typically present at the onset of the depolymerization phases, spanning
few tens of nanometers and a couple of seconds. In DIC we would not be able to mea-
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Figure 5.6: Quantifying the slow and the fast shrinkage events. Weighted distributions of (a)
fast and (b) slow shrinkage speeds for microtubules grown in the absence (top panels) and in
the presence of 200 nM Mal3 (lower panels). The empty-bar distributions were evaluated from
the DIC experiments with microtubules growing freely from centrosomes. The black solid-bar
distributions were evaluated from the high-resolution measurement with optical tweezers (OT).
The contribution of each speed in the distributions was weighted with the time extent of the
corresponding event. (c) Length distributions of the slow disassembly stretches in the presence
and absence of Mal3. The slow events are the same as used in (b).

sure such events, given the typical resolution of microscopy. Therefore, the most prob-
able explanation for the lack of peaks below 5 ummin~! in the DIC data is the limited
resolution of the DIC method.

Due to the fact that almost all shrinkage events started with a slow length-decrease
followed by fast depolymerization, we think that the slow length-decrease represents
the event that triggers microtubule fast depolymerization. As further discussed in chap-
ter 6 this event could be the disassembly of the end-structure or loss of lateral contacts
between the protofilaments at the microtubule tip. Following this idea, the shrinkage
events that are completely described by slow length-decrease could represent disas-
sembly of incomplete microtubules that only have an end-structure, which did not yet
close into a tube to form a regular microtubule lattice.

To further investigate the possible influence of Mal3 on these slow depolymeriza-
tion phases we evaluated weighted speed distributions separately for the fast and the
slow events (figure 5.6). Slow speeds were selected as speeds in the range below the
minimum shrinkage speed measured in the DIC experiment (< 5.5 ummin~'). The fast
speeds represent the speeds higher than this threshold (> 5.5 um min~'). For the fast
length reductions we measured similar average speeds at high- and low-resolution (fig-
ure 5.6 a). Mal3 slowed down depolymerizing microtubules in both experiments: from
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13+5 um min~! (n=6) for tubulin alone to 10 +2 pm min~! (n=13) in the presence
of Mal3 measured with optical tweezers, similar to the decrease from 14 +1 pm min~!
(n=50) to 11+ 0.4 ummin~! (n=108) in the DIC experiment (weighted average speeds
are presented as mean + s.e.m.). This similarity suggests that the fast length decreases
measured with optical tweezers are underlined by regular microtubule depolymeriza-
tion.

In contrast, the slow shrinkage events most probably reflect depolymerization of a
different microtubule structure, e.g. an open tube or a sheet-like structures, or a confor-
mational change at the tip (see also chapter 6). The speed and length distributions for
the slow length-decreases are shown in figure 5.6 b and c. From the total microtubule
length in the shrinkage phases approximately 60% was lost through slow disassembly in
the presence of Mal3, while for tubulin alone only 33% of the total length was covered
by the slow stretches. In the presence of Mal3 slow shrinkage occurred at an average
speed of 2.4+ 0.3 um min~! (n=24) and the slow events had an average length of 67 + 6
nm. In the absence of the protein the slow phases of depolymerization had an average
speed of 1.0 +0.3 ummin~! (n=9) and an average length of 28 + 7 nm. Average speeds
and lengths are presented as mean +s.e.m. The differences in speed and average length
might reflect different events at the microtubule end: one prior to fast shrinkage, both
in the absence and in the presence of Mal3, and one representing depolymerization of
incomplete microtubules, observed mostly in the Mal3 sample. Only in the presence
of Mal3 we frequently observe complete slow depolymerization events, pointing to fact
that Mal3 promotes formation of end-structures. Further experiments are necessary to
elucidate the nature of slow depolymerization and the influence of Mal3 on the end-
structure (see also discussion in chapter 6).

5.3 Discussion

We found that Mal3 influences microtubule dynamics in various ways. Mal3 bound
potently to the tip of growing microtubules. The protein presence at the tip enhanced
the addition of tubulin dimers and increased the chance of catastrophes. On the other
hand Mal3 had a stabilizing effect on the pre-existing protofilaments that form the lat-
tice as we measured reduced shrinkage speeds and increased microtubule rescue rates.

The enhancement of tubulin net incorporation at the microtubule end in the pres-
ence of Mal3 could be explained by two scenarios: i) Mal3 binds to tubulin in solution
and the formed complexes have higher affinity for the microtubule tip or ii) Mal3 binds
atthe microtubule growing end and induces changes that in turn facilitates the addition
of new tubulin subunits. As described in chapter 4, the average time Mal3 decorated the
microtubule-ends was much higher than the dwell time of individual Mal3 molecules
(the time one molecule stayed bound) at the microtubule tip. This indicates that Mal3
recognizes the growing end-structure where it turns over rapidly. Also, gel filtration
experiments revealed a weak interaction between tubulin and Mal3 in solution [124].
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Taken together, these observations support the second scenario, in which Mal3 binds at
the tip and changes the microtubule end-structure, most probably both biochemically
and structurally. The tubulin dimers will have higher affinity for this Mal3-decorated
end-structure. However, some contribution of the first scenario cannot be excluded,
but due to the weak interaction between tubulin and Mal3 in solution, only a small
amount of tubulin will be incorporated through enhanced co-polymerization of Mal3-
tubulin complexes. The fact that we saw a saturation in the Mal3-induced enhance-
ment of the growth speed indicates that the binding sites for Mal3 at the microtubule
tip are limited. This idea is also supported by the observed saturation of the fluores-
cent Mal3 signal at the microtubule end (the tip signal above the lattice one) in the high
range of concentration investigated. We observed a concentration lag between the sat-
uration regime for the amount of Mal3 interacting at the microtubule tip and the satu-
ration regime of the microtubule growth speed. This could mean that the microtubule
end-structure recognized by Mal3 includes a higher number of Mal3 binding-sites than
the ones where Mal3 affects tubulin incorporation.

In the presence of Mal3, we measured longer end-structures at the microtubule
tip by monitoring the spatial extent of the region decorated with fluorescent protein
at the microtubule tip. Longer end-structures in the presence of Mal3 could be ex-
plained by the increased microtubule growth speed, as previous electron microscopy
experiments showed that faster growing microtubules display longer sheet-like struc-
tures at the growing end [34]. Indeed, the length enhancement of the Mal3 decorated
end-structure correlated with the growth speed enhancement in the presence of Mal3.
This effect was measured also when tubulin concentration was varied resulting in faster
growing microtubules decorated by longer Mal3 comets (chapter 4).

According to previous data measured on dynamic microtubules [56,57], an increase
in the growth speed correlates with a lower catastrophe rate. We measured an opposite
effect in the presence of Mal3. The increased catastrophe rate induced by Mal3 corre-
lated with the increase of the growth speed, showing that the protein bound at the mi-
crotubule end is not only enhancing the net rate of tubulin subunit incorporation, but
also the chance of having a catastrophe. Our high-resolution data on disassembling mi-
crotubules revealed that Mal3 promotes formation of end-structures that depolymerize
before closing into a regular microtubule. This effect could contribute to the increased
switching from a growing to a shrinking phase. Previous work done in vivo suggested
that removal of Mal3 from microtubule tips may be a prerequisite for a catastrophe to
occur [109]. Our data suggest that Mal3 is most probably "removed" together with the
tubulin by disassembly of the end-structure.

After a maximal Mal3-induced enhancement of the catastrophe rate we observed
a slow decrease in the rate with Mal3 concentration. The catastrophe rate remained
though elevated as compared with the tubulin control. These observations indicate
that Mal3 present at the tip had both destabilizing and stabilizing effects. In vivo, the
ratio Mal3:tubulin is in the order of 1:200 as roughly estimated from a bulk experiment
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Figure 5.7: Schematic drawing of a growing microtubule end in the absence (left) and in the
presence of Mal3 (right). Mal3 interacts differentially at the microtubule end and on the lattice.

[25]. This ratio, in our experiments, correlates with a region of Mal3 concentration after
the maximum enhancement of the catastrophe rate induced by Mal3.

The dual effect of Mal3 observed on the catastrophe rate is underlined by the in-
teraction of Mal3 and tubulin at the microtubule tip. As the end-structure present at
the tip is continuously growing and changing into a tube, the interaction of Mal3 at
the tip could be most probably described by a combination of end-specific interactions
and lattice-like interactions. The destabilizing effect of Mal3, probably due to the end-
specific interactions, seemed to be predominant. The end-structure that resemble the
lattice could be responsible for the second stabilizing effect, though less potent.

We did not detect an accumulation of Mal3 at the tip of shrinking microtubules.
Therefore the observed increase in the rescue rate and the decrease in the shrinkage
speed might be correlated with a change in the lattice properties. The rescue rate in-
crease was proportional with the amount of Mal3 on the lattice and in solution, whereas
the shrinkage speeds after an initial decrease remained constant when we increased
Mal3 concentration. This could suggest that Mal3 has a dual effect also at the lattice.
Previous work showed that Mal3 binds preferentially to the seam of microtubules and
increases the lattice stability [25]. This increased stability could be dependent on the
amount of Mal3 bound to the seam. Shrinkage speed might be mainly influenced by
the seam stability. Assuming this correlation between the amount of Mal3 present at
the seam and the shrinkage speed (the more Mal3 at the seam, the more stable lattice
and slower shrinking microtubules), we expect a saturation in the down-regulation by
Mal3 of the shrinkage speed when the seam binding sites are saturated with Mal3. Our
data supports this idea. However, the amount of Mal3 bound on the lattice did not sat-
urate in the range of concentrations investigated. This could be an indication that Mal3
binds on the whole lattice, not only at the seam. The rescue rate enhancement corre-
lates with the amount of Mal3 interacting with the lattice, suggesting that the protein
on the lattice has an influence on the recovery of microtubules during shrinking events.
Although we did not detect fluorescent signal of Mal3-Alexa 488 at the tip of shrinking
microtubules, we cannot exclude an end-effect of Mal3 that enhances rescue rates. Fur-
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ther experiments are needed to elucidate the extent of Mal3-binding sites at the lattice
and whether Mal3 has an interaction with the shrinking microtubule ends.

In conclusion, Mal3 affects differentially the tip and the microtubule lattice (fig-
ure 5.7). At the microtubule end, Mal3 binds efficiently, where it enhances the tubu-
lin incorporation and promotes catastrophes. At the lattice, Mal3 binds and stabilizes
lattice-specific structures that are also present, to some extent, within the microtubule
end-structure. As a result Mal3 slows down shrinking microtubules and has a second,
though less potent, stabilizing effect at the microtubule end-structure. At the lattice
Mal3 binds with low affinity and promotes microtubule rescues.

5.4 Additional remarks

Two recently published studies report the influence of EB1, the human end-binding
protein, on microtubule dynamics in vitro[111,187]. Manna et. al [111] reports that EB1
had minimal effect on the microtubule growth speed and the rescue rate. The main ef-
fect was observed on the shrinkage speed and the catastrophe rate, the presence of EB1
decreasing disassembly speed and suppressing catastrophes. The only common obser-
vation between this study and our measurements with Mal3, is the observed decrease
in the shrinkage speed. In the second report [187], Vitre et.al reveals yet an influence
of EB1 on all dynamic instability parameters. The authors found that EB1 stimulates
spontaneous nucleation and growth of microtubules, and promotes both catastrophes
and rescues. The extent of the EB1 influence on microtubule dynamics is almost iden-
tical with our Mal3 measurements. Using cryo-electron-microscopy, the authors could
observe longer tubulin sheets at the microtubule ends in the presence of EB1. Our sim-
ilar observation corroborates with this result.

The differences between the two studies remain to be clarified. The experimental
method used in [187] resembles closely our DIC method. Given the similarity between
our observations, presented in this chapter, and the results from [187], one can con-
clude that the two homologs, EB1 and Mal3, rely on the same molecular mechanism to
interact with microtubules and to influence microtubule dynamics.

Vitre et. al [187] propose a mechanism for catastrophes and growth enhancement
based on EB1-stimulated growth and closure of the tubulin sheets: EB1 favors lateral
association of free tubulin at microtubule-sheet edges. Based on our observations on
the dynamic microtubule ends at high-resolution, we propose a mechanism in which
Mal3 promotes formation of end-structures that frequently depolymerize, before hav-
ing the chance to close into a tube. This mechanism might contribute to the observed
enhancement of the catastrophe rate. Further experimental work is needed to clarify
the molecular mechanism underlying the influence of Mal3 at microtubule ends.
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5.5 Experimental procedures and data analysis

5.5.1 Measuring the parameters of microtubule dynamic instability by DIC
microscopy.

Sample preparation. Experiments were performed in a flow chamber constructed be-
tween a microscope slide and a glass coverslip. Both glass surfaces were cleaned by
immersion in chromosulfuric acid for few hours and subsequently rinsed with mili-Q
water. The glass surfaces were separated by two parallel lines of silicone grease (high-
vacuum silicone grease, Sigma) that were applied with a syringe on the microscope
slide approximately 5 mm apart. The chamber was then filled with 6 pl of assay buffer
(80 mM K-PIPES, 1 mM EGTA, 4 mM MgCl,, pH 6.8) and the volume was adjusted by
pressing the coverslip down until the liquid completely filled the chamber. Subsequent
solutions were flowed in by pipetting on one side of the chamber and blotting with tis-
sue or filter paper at the other side.

We used centrosomes (a kind gift from Bornens lab, Curie Institute; isolated from
cultured human lymphoblastic cells [188]) as microtubule nucleation sites. First, the
centrosomes were non-specifically adhered on the glass coverslip. The glass surface
was then passivated in two steps by incubation with 0.2 mg/ml PLL-PEG (poly-L-lysine
(20 kDa) grafted to polyethylenglycol (2 kDa) with 3.5 lysine units per PEG chain) (Su-
sos AG, Switzerland) in assay buffer, and further with 1 mg/ml k-casein in assay buffer.
After each step, except the last incubation with k-casein, the flow chamber was washed
with 30-100 pl assay buffer. Passivation is necessary in order to minimize protein loss
on the glass surfaces. Microtubule growth was initiated by flowing in a solution con-
taining 15 uM tubulin (bovine, Cytoskeleton, USA), 1 mM GTP and Mal3 (with a con-
centration ranging from 20 nM to 2.5 uM) in assay buffer supplemented with 50 mM
KCl, 0.1% methyl cellulose (4000cP, Sigma), 0.6 mg/ml k-casein and an oxygen scav-
enger system (50 mM glucose, 400 pg/ml glucose-oxidase, 200 pg/ml catalase, 4 mM
DTT). Methyl cellulose acts as a crowding agent preventing the microtubules to fluc-
tuate away from the surface. Mal3 was a kind gift from Linda Sandblad (Brunner lab,
EMBL) [25]. Before injection in the flow chamber, the tubulin solution was spun for 6
minutes in an airfuge (Beckman Coulter, A-100/30 rotor) at maximum speed (167000 x
g) in order to remove protein aggregates from solution. The spinning was done with a
cooled rotor in order to keep the tubulin solution below 10°C. After the tubulin solu-
tion was injected, the flow chamber was sealed with candle wax and transferred onto
the microscope stage. Sample preparation was done at room temperature, 21°C. Dur-
ing the experiment, the temperature in the flow chamber was maintained at 25+1°C.

DIC microscopy. Dynamic microtubules nucleated from the centrosomes were im-
aged by video-enhanced differential interference contrast (VE-DIC) microscopy (fig-
ure 5.1 a, left), using an inverted microscope (DMIRB, Leica) equipped with a 100x/1.3
NA oil immersion objective (HCX PL FLUOTAR, Leica). The temperature in the sam-
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ple was adjusted and maintained constant by Peltier elements (Melcor) mounted on a
sleeve around the objective and controlled by in-house built electronics. Images were
acquired with a CCD camera (CF8/1, Kappa), further processed for background sub-
straction and contrast enhancement with an image processor (C5510 Argus 20, Hama-
matsu Photonics) and digitized on-line at a rate of 1 frame per second (fps) with an
in-house developed software (written and run in IDL). Simultaneously with the on-line
digitization, the processed images were recorded on a DVD at video rate, 25 fps, with a
commercial burner (DVD R-80, Philips).

After mounting on the microscope stage, the sample was first equilibrated to the
set temperature, 25°C, for about 10 minutes. Each sample was then imaged for 30-45
minutes.

Data analysis. Microtubule length vs time traces were measured using Image]J soft-
ware. Microtubule length changes below five pixels could not be observed, resulting
in a spatial resolution of our assay of ~0.5 um. Growing and shrinking speeds were
determined from linear fits on individual events. One event is defined as a continu-
ous growth or shrinking phase of a dynamic microtubule. For each sample an average
growth and shrinkage speed was determined as the average over all events weighted
with the time of the individual events (equation 5.1). The weighted standard deviation
was determined as well (equation 5.2).

Xl

Vg = S (5.1)

| n Xwi-vy?t
sds = \/n 1 ST (5.2)

where i denotes an individual event, v; is the speed (growth or shrinkage) of the event
i, t; is the time spanned by the event i, and 7 is the total number of events measured in
the sample.

For each Mal3 concentration, 30 - 75 microtubules were analyzed from 3 - 6 inde-
pendent experiments. A weighted average speed (growth and shrinkage), v, was deter-
mined in each of these experiments. The speeds v (3 - 6 per Mal3 concentration) were
further used to calculate an average speed, v, per Mal3 concentration. Figure 5.1b,c
shows (v+sd). The standard deviation, sd, reflects the precision between different ex-
periments at the same Mal3 concentration. We do not show the standard deviation,
sd;, on the average speed, v, within one experiment, which mostly reflects the intrin-
sic variability of the microtubule growth and shrinkage processes (see also text in sec-
tion 5.2, page 85).

The catastrophe and rescue rates were determined by dividing the total number of
catastrophes or rescues observed, N, by the total time the microtubules spent in the
growing phase or, respectively, in the shrinking phase. For each Mal3 concentration
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data was cumulated from the independent experiments. As both catastrophes and res-
cues are random events, the statistical error with which N was measured could be ap-
proximated by v'N (68.3% confidence level, corresponding to the standard deviation).
This approximation only holds for large N (> 8). For Mal3 concentrations below 500
nM, we observed very few rescues (< 8). In this case only an upper bound (90% confi-
dence level) could be estimated in determining N [53]. Another experimental consid-
eration in measuring N is the limited spatial (~0.5 pm) and temporal (1 s) resolution
of our assay. Missing the short and/or the fast events results in the underestimation of
the catastrophe and the rescue rate, as well as apparent slower growth and shrinkage
speeds. This effect could be important at high Mal3 concentrations (> 1 uM).

Control experiments. In our assay we used centrosomes as the microtubule nucle-
ation sites. To check that our measurements on the dynamic instability parameters
were not influenced by the possible residual proteins from the centrosome preparation,
we prepared control samples in which microtubules were nucleated from seeds (short,
stable GMPCPP microtubules) bound specifically on the surface of the flow chamber.
The seeds were prepared by incubation of 30 uM tubulin mix containing 17% biotin-
labelled tubulin with 1 mM GMPCPP (Jena Bioscience, Germany) at 36°C for 40 min-
utes. We used the same tubulin batch to prepare seeds and in the polymerization mix.
The seeds were bound to a biotin-functionalized surface via biotin-straptavidin links.
The surface was prepared by subsequent incubations with 0.2 mg/ml PLL-PEG-biotin
(poly-L-lysine (20 KDa) grafted to polyethylenglycol (2 KDa) with 3.5 lysine units per
PEG chain and with 48% biotin attached to PEG (3.4 KDa)(Susos AG, Switzerland) and
with 1 mg/ml streptavidin in assay buffer.

We compared the dynamic instability parameters of microtubule plus-ends grown
from centrosomes and from the seeds for five different experimental conditions: tubu-
lin alone and in the presence of 50 - 500 nM Mal3. We measured similar microtubule
dynamics in the samples with centrosomes and with seeds.

5.5.2 Evaluating the amount of Mal3 bound on microtubules by confocal
microscopy

Sample preparation. The samples were prepared in a similar way as for the DIC exper-
iments, with the exception that Mal3-Alexa 488 was used in the protein mix. The Mal3
protein was purified and labelled as described previously [19, 124] (see also chapter 4).
The labelling ratio was 0.9 of Alexa488 dye per Mal3 protein molecule. Experiments
were performed at 15 uM tubulin.

Confocal microscopy. The fluorescently labelled Mal3 on dynamic microtubules was
imaged with a confocal spinning disc microscope, comprising a confocal scanner unit
(CSU22, Yokogawa Electric Corp) attached to an inverted microscope (DMIRB, Leica)
equipped with a 100x/1.3 NA oil immersion lens (PL FLUOTAR, Leica) and a built-in
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1.5x magnification lens. The sample was illuminated using a 488 nm laser (Sapphire
488-30 CHRH, Coherent Inc.). Images were captured by a cooled EM-CCD camera
(C9100, Hamamatsu Photonics) controlled by software from VisiTech International.
Images were acquired with exposures between 500 ms and 1 s. The laser intensity was
varied depending on the Mal3 concentration in order to achieve a good signal to noise
ratio. The temperature was controlled by maintaining the room at 25+1°C.

Image processing and profile analysis. We analyzed intensity profiles along growing
microtubules. As we used different illumination conditions (laser intensity, exposure
time and camera gain) for different samples, the raw images were first processed in
order to be able to compare the microtubule profiles measured in different samples.
Through the image processing we also corrected for the spatial illumination profile of
our set-up, that had a 2D-Gaussian shape.

The intensity measured in each pixel of the raw image, IM4,, was the summed
contribution of several signals:

IMpaw (%, y) =N(x,y) - E(x,y) ‘f(Ilaser;gy texp) +IMo(x,y) (5.3)

IMy(x,y) =co-E(x,¥) - f(Liaser, & texp) + fo(g, texp) (5.4)

where (x,y) is the pixel position, N is the number of Mal3-Alexa 488 molecules con-
tributing to the signal of the pixel (x, y), E is the 2D-Gaussian profile of the illumination,
f is a term that includes the non-linear dependency of the signal on the laser intensity;,
I1aser, and on the camera gain, g, and the linear dependency on the exposure time, Zexp.
IMj is the image acquired when there are no fluorescent molecules in the sample and
it comprises two main contributions. One that depends on the laser intensity and was
mainly due to laser leakage through the filters, and partly due to the autofluorescence of
the glass and of the protein solution. This contribution can be written as the equivalent
signal from a number ¢ of fluorescent molecules (cy should not depend on pixel posi-
tion unless there are inhomogeneities on the filters or on the camera chip). The other
contribution in IMy was the dark camera noise f; (camera signal when the sample was
not illuminated). We processed the raw image IM;4,, as indicated in equation 5.5 and
obtained a normalized intensity, I;,, that does not depend anymore on the illumination
conditions.

IMpaw (%, y) = IMp(x, y) N(x,y)
M, (x, y) = = In(x, ) o —2 ¥ (5.5)
P M) Mo ) - Y Nem(x, )

where IM is an image acquired in a control sample containing a solution of 300 nM
Mal3-Alexa 488 together with all the other components of the polymerization mix and
no centrosomes on the surface, thus no growing microtubules. N represents the
number of fluorescent Mal3 molecules contributing to the signal in the control sam-

ple. These molecules were mainly diffusing and only a very small fraction were non-
specifically adhered on the surface. In the raw image, along a microtubule, the main
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Figure 5.8: Image processing. From left to right: IMraw, IMg, My, and IMp. The raw image
was acquired in a sample with 300 nM Mal3-Alexa 488 and dynamic microtubules.

fraction of N was represented by the Mal3-Alexa 488 molecules interacting with the lat-
tice or with the tip of the microtubule. Due to the different localizations within the
point spread function of the microscope of the molecules (diffusing in solution or on
surface) included in N and Ny, the normalized intensity I,, which we evaluated in the
processed image IMp, it is not equal, but proportional to the ratio N/N¢gi. As Ny was
constant, any change in I, along a microtubule or between samples directly reflects and
it is proportional to real changes in N. The images IMy, IM(¢1, and IM;4, were taken at
identical illumination conditions and at similar depth in the sample, i.e. close to the
surface where the dynamic microtubules were localized. For IMy and IM| ten images
were average to decrease imaging noise. An example of a processed image is shown in
figure 5.8.

For almost half of the illumination conditions the signal measured in the control
sample was low resulting in a very noisy difference image, IM —IMy, with the average
intensity approximatively zero. In these cases we computed I, (x, y) using a control
image acquired at different illumination conditions, IM/, ;, that had a better signal to
noise ratio (equations 5.6 and 5.7).

IMpaw (x, y) = IMyp(x, y) _ 7/

=1,(x,9) (5.6)
M (e ) - IMg e y) )

M (x, y) =

b
L,y = (x,)- o (5.7)

where b is the background intensity evaluated in IM}, (equation 5.5) by averaging the
pixel intensities in a couple of rectangles that included only surface without micro-
tubules. b’ was evaluated in a similar way in the processed image IM/, which was cal-
culated using the control image acquired at the different illumination condition. We
did not detect any bias in I, between the two ways of evaluating it.

In the processed images, intensity line profiles were measured on individual mi-
crotubules (figure 5.9). One microtubule profile was the average of three adjacent line
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Figure 5.9: Microtubule line profile. Left: Fluorescent image of Mal3-Alexa 488 (500 nM) on
dynamic microtubules. The line used to measure the profile (dotted line) was manually drawn
and the initial guess of the microtubule tip (thick line) was evaluated from a step fit. Scale bar is 3
pum. Right: The profile measured in the left image is shown and superimposed is the result of a fit
combing two half-Gaussians. The fit yielded the microtubule tip position (xp = 58) indicated by
the dotted line and the standard deviation of the microtubule half-Gaussian (ojp =4 + 1 pixels)
indicated by the double arrowed line.

scans to account for the point spread function (PSF) of the microscope. The intensities
along a line scan were binned to pixel-size bins (the length of one pixel corresponded
to 110 nm). A profile typically included 1 -5 pum stretch of the microtubule continuing
with a 1 -5 um stretch on the surface, along the microtubule line. An initial guess of the
tip location was evaluated from a step fit on the profile. This value was used as initial
parameter for a fit with the functional form given by two half-Gaussians, one for the
microtubule stretch and one for the background stretch (equations 5.8 and 5.9).

(xfxtip)z
202
Gmt = Ibackground + lattice + loe ~ P (5.8)
(X—xtip)z
202,
Gbkg = Ibackground +le P (5.9)

The fit had three parameters: the microtubule tip location, xp, the standard deviation
of the microtubule half-Gaussian, ojp, and the shared maximum value of the Gaus-
sians, Iy. The standard deviation, Opsr of the half-Gaussian for the background part,
Gpkg, was fixed to one pixel, corresponding to the PSF of our confocal microscope. The
signal along the microtubule end region is also convolved with the PSE Therefore, the
standard deviation determined at the microtubule tip, op, includes also the ot
From the fit parameters we used the microtubule tip location, xyjp, to align the mi-
crotubule profiles in one sample and we next averaged the aligned profiles (figure 5.2 a).
In each sample 10 - 70 microtubules were analyzed. The standard deviation of the mi-
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crotubule half-Gaussian, oip, was evaluated from the fit on each individual profile. This
value indicates the average spatial extent of the Mal3 interacting with the microtubule
tip.

The average background, Iyackground, Was evaluated as the average pixel intensity in
a rectangle on a surface area close to the microtubule, or as the average pixel inten-
sity of the surface stretch of the profile starting three pixels away from the microtubule
tip. The amount per pixel of Mal3 interacting with the lattice, given as the normalized
intensity jaice, Was evaluated in each sample from the average profile as the average
pixel intensity more than 20, away from the microtubule tip minus Ihackground- The
amount per pixel of Mal3 bound at the tip, Iip, was evaluated as the average intensity
of the pixels within the spatial extent gy, from the microtubule tip, minus Ipackground-
The mean values and the corresponding s.e.m. for Iyackgrounds lattices Itip, and op (fig-
ure 5.2 b-e) were calculated averaging all the values estimated from fits on individual
profiles in one sample.

Control experiments. We checked whether the Alexa488 labelled Mal3, used for the
confocal imaging, had the same behavior on microtubule dynamics as the unlabelled
Mal3, used in the DIC experiment. We measured the dynamic instability parameters
of microtubules grown in the presence of 100 nM and 200 nM Mal3-Alexa 488 and we
found similar values with the ones evaluated for unlabelled Mal3. This agreement indi-
cated that the presence of the Alexa label on Mal3 did not affect the protein interaction
with the microtubules.

We also checked whether the binding of Mal3-Alexa 488 on microtubules was possi-
bly influenced by residual proteins from the centrosome preparation. For this purpose
we measured profiles on microtubules growing from the plus-ends of seeds (short sta-
ble GMPCPP microtubules). We did not find a difference in the amount of Mal3 present
at the growing tip or on the microtubule lattice between the samples prepared with
different nucleation sites.

5.5.3 Microtubule end dynamics measured with optical tweezers

Microtubules were nucleated from an axoneme. Growth and shrinkage of dynamic mi-
crotubules were monitored with high resolution using an optical tweezers based tech-
nique (method described in chapter 2).

Sample preparation. Microtubules grew against rigid barriers that were made from
SU-8 photoresist (MicroChem) using standard lithography techniques [144, 150]. The
coverslip carrying the SU-8 barriers were assembled into a home-made flow chamber.
The chamber allowed injection of small samples (couple of microliters) by pipetting at
an entrance opening and continuous slow flow by adjusting the hight of the drain. The
drain and the chamber were connected by teflon tubing and a computer-linked flow
sensor (Seyonic, Switzerland) was inserted between the drain and the chamber in or-



Experimental procedures and data analysis

N
a
[=]

250

’é 0.7 um/min 0.6 um/mi
£ 200 . 200 2 wm/min
= 0.9 um/min
2 150 03 “m/m‘”// 150
2 . / 13.7 um/min
o 0.2 pm/min
S 100 g 1.8 pm/min 100
o]
2 0.5 um/min
S 50 50
O 0.3 pm/min 10s 3s
e —

0 0 I I

time (s) time (s)

Figure 5.10: Evaluating growth and shrinkage speeds. Microtubule growth event (left) and the
shrinkage event of the same microtubule (right). Solid black lines are linear fits on data stretched
that have approximatively constant speed. The speed values resulted from the fits are indicated.

der to monitor the magnitude of the flow. Prior to the sample injection, the chamber
was passivated with 50 mg/ml BSA. Streptavidin coated polystyrene beads (2 pm in di-
ameter) were flowed in the chamber together with axoneme pieces (a kind gift from M.
Footer). Using the optical trap a construct was assembled by non-specific attachment
of a bead to one end of an axoneme. The construct was then positioned and held in
front of a barrier by a ‘key-hole’ optical trap. Microtubule growth was initiated by flow-
ing in the polymerization mix prepared in a similar way as for the DIC experiments.

Data acquisition and analysis. Microtubule growth against the rigid barrier resulted
in bead displacement, which was measured off-line at a sampling rate of 25 Hz with the
use of a standard auto-correlation method (in-house developed image processing soft-
ware written and run in IDL). From the bead displacement we can evaluate the force
against the growing microtubule (bead displacement multiplied with the trap stiffness)
and the microtubule length after correction for the construct compliance. The con-
struct compliance was determined before each experiment. With this method the mi-
crotubule length changes in time were processed with few nanometer resolution. Sin-
gle events of growth and shrinkage were broken into a series of shorter events, stretches
that could be approximated as having constant speed (figure 5.10). The growth and
shrinkage speeds were evaluated from linear fits on these short data intervals and the
corresponding weighted distributions were constructed. Each speed contribution was
weighted with the time extent of the corresponding event (for the growth events) and
with the total length change during the corresponding event (for the shrinkage events).
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CHAPTER

6

Microtubule catastrophes at
molecular resolution

Catastrophes, transitions from growth to shrinkage, are highly regulated in living cells.
Information about the molecular events underlying catastrophes are limited to static
cryo-EM images of growing and shrinking microtubules and modeling based on mechano-
chemical properties of tubulin. Here we used our high-resolution technique to zoom in
on catastrophes of dynamic microtubule ends. We observed that fast disassembly events
are typically preceded by a slow decrease in microtubule length of several tens of nanome-
ters. We investigated whether this slow decrease is changed when microtubule associated
proteins that affect the catastrophe rate, XMAP215 or Mal3, are added.

In cells, microtubule dynamics are highly regulated in order to achieve specific func-
tions at the right time and place. For example high turnover of microtubules at the
onset of mitosis allows rapid reorganization of the microtubule array to form the mi-
totic spindle. How regulatory proteins interfere with the molecular events leading to a
catastrophe, is still an open question. This is partly due to the lack of understanding
of the molecular mechanism associated with catastrophes. It is well established that
the dynamic instability of microtubules is driven by GTP hydrolysis. It was proposed
that a stabilizing 'GTP-cap’ is required for stable microtubule growth. When this cap is
lost the microtubule will transition to rapid depolymerization. Based on cryo-EM mi-
crographs it is believed that the stabilizing cap is represented by a sheet-like structure
at the ends of growing microtubules. As shrinking microtubules are characterized by
highly curved protofilaments, it is obvious that catastrophes must involve a structural
change [39]. It was proposed that closure of the sheet results in a blunt end, corre-
sponding to an intermediate between polymerization and depolymerization [61, 189].
Another idea emerging from cryo-EM studies was that during microtubule elongation,
once in a while less stable lattice configurations form at the growing end that could be
the origin of catastrophes [190].

In an attempt to shed more light on the molecular events underlying catastrophes,
we used our high spatial-resolution technique to follow microtubule growth and shrink-
age, and focused on the events right before a fast disassembly event.
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Figure 6.1: Dynamic instability of microtubules measured with optical tweezers. Microtubule
length changes (left axis) and the force experienced by the dynamic microtubules (right axis)
are plotted. Numbers indicate events with clearly recognizable catastrophes. Microtubules were
grown from 5-20 uM tubulin in the absence of MAPs at 25°C. The events presented in the two
panels were measured using the same bead-axoneme construct.

6.1 Results

Figure 6.1 shows several growth and shrinking events of individual microtubules, mea-
sured with our optical tweezers based technique (chapter 2). Microtubules were grown
from axonemes against a rigid barrier. In the trap, microtubules experience a force
while growing, indicated on the right axis. A single microtubule growing and shrink-
ing is exemplified by event 5 in figure 6.1. Events 2, 3, and 4 can be explained by the
subsequent growth of multiple microtubules, as we do not expect to observe rescues
in our experimental conditions. When the first microtubule was shrinking, the bead-
axoneme construct moved towards the barrier until another growing microtubule came
in contact with the barrier. From that moment on the bead moved again away from the
barrier following the growth of the second microtubule. The axonemes used as nu-
cleation centers are nucleating, on average, 1-2 microtubules under our experimental
conditions. Even when multiple microtubules were growing from the axoneme, we at-
tributed the shrinking events to single microtubules, as in this situations probably only
one microtubule stayed in contact with the barrier.



Results

6.1.1 Isthere a molecular signature of catastrophes?

In order to identify a molecular signature of catastrophes, we focused on the events at
the onset of fast disassembly events. Figure 6.2 shows individual shrinking events (a
and b) for regular tubulin disassembly. For all the events we noticed a common fea-
ture: a slow microtubule length decrease prior to a fast disassembly event. Most of the
slow length decreases display an approximately constant speed and can take up to sev-
eral seconds before the microtubule undergoes fast disassembly. There is however a
high variability between individual events in the spatial extent of this initial slow length
decrease, which ranges from 0 nm to 150 nm (figure 6.2b). There is also some vari-
ability in the total time spanned by the length decrease and in the speeds of the length
decrease at short time scale: sometimes the length decrease includes several periods
characterized by different depolymerization speeds.

In order to identify microtubule average behavior prior to a fast disassembly event,
we aligned the individual segments at the onset of fast shrinkage. The average event
is shown in figure 6.2 d. We could identify a reduction in length, which was character-
ized by a slow speed of 3.1+ 0.2 um min~! (mean +s.e.m.) as evaluated by a linear
fit over 0.65 s before the onset of the fast disassembly and a length extent of ~ 30 nm.
We were wondering if this length decrease was not due to the presence of force against
which microtubules were growing. Microtubules experienced, on average, a stall force
of 1.4+ 0.2 pN (mean +s.e.m.) (figure 6.2c). It is possible that under force the bead-
axoneme construct constantly rearranges its contact position at the wall, which might
appear as a length decrease. To test this option we aligned at a random position pieces
of data where the microtubules were stalled and calculated an average event. The aver-
age event measured from 14 data stretches showed a flat plateau (figure 6.2 f). Therefore
we attribute the decrease in length to molecular events leading to fast shrinkage.

6.1.2 Microtubule catastrophes in the presence of XMAP215 and Mal3

As both XMAP215 (chapter 3) and Mal3 (chapter 5) had clear effects on the catastrophe
rate of microtubules, we also investigated whether the two MAPs have a distinguishable
effect on the microtubule length evolution just before a fast disassembly event.
Analysis of XMAP215 shrinking events (figure 6.3) revealed a similar length decrease
prior to fast disassembly. Figure 6.3 d shows the average event in comparison with
the one measured in the absence of XMAP215. The two events are almost identical.
However, the individual events in the presence of XMAP215 often display a length de-
crease prior to fast disassembly that includes several periods of short length decreases,
which are characterized by various speeds, together with periods of no length changes.
This variability in shape is more often observed with XMAP215 than in the absence of
XMAP215, when most of the events prior to fast disassembly are characterized by al-
most monotonous length decrease. The individual events in the presence of XMAP215
are plotted in figure 6.3 a. We also noticed pauses during the fast periods of shrinkage.
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Figure 6.2: Microtubule dynamics before fast depolymerization. (a) Individual shrinking events
of microtubules assembled in the presence 20 uM tubulin. Numbered traces correspond to the
shrinking phases of the events with the same numbers in figure 6.1. The black traces display clear
events of fast shrinkage and were aligned at the onset of the fast disassembly phase (indicated by
asterisks) with respect to both time and length. The aligned segments are shown in (b), in which
the zero’s of the coordinate system correspond to the alignment point. In the gray events from
(a) we did not identify a fast disassembly event. (c) Histogram of stall forces including only the
plateaus before a complete microtubule depolymerization event. Average stall force experienced
by microtubules was 1.4 + 0.2 pN (mean + s.e.m.). (d) Average behavior of microtubules prior to
a fast disassembly phase. The event was determined by averaging the aligned segments from (b)
(n=14). Error bars represent s.e.m. (e) Microtubule length changes during 1.5 seconds just before
the fast disassembly phase are compared with (f) length changes during 1.5 seconds during the
microtubule stall phase. Error bars are s.e.m. The slow reduction in microtubule length before
fast disassembly had a speed 0of 3.1 +£0.2 pm min~! and it was determined from a linear fit (solid
line in (e)) over 0.56 s until the onset of fast microtubule disassembly. The error on the speed
represents standard error as determined from the linear fit.
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Figure 6.3: Microtubule shrinkage in the presence of XMAP215. (a) Individual shrinking events
of microtubules assembled in the presence of 20 uM tubulin and 150 nM XMAP215. Black traces
display clear events of fast shrinkage and were aligned at the onset of shrinkage (indicated by
asterisks). The aligned segments are shown in (b). (c) Histogram of stall forces. The average
force experienced by microtubules before a catastrophe was 2.4 + 0.3 pN (mean + s.e.m.). (d)
Average event prior to microtubule fast shrinkage in the presence of XMAP215 (solid symbols),
determined from the aligned segments (n=15) shown in (b). The average event evaluated in the
absence of XMAP215 (open symbols) (figure 6.2 d) is plotted for comparison. Error bars represent
s.e.m. (e) Microtubule length changes during 1.5 seconds just before the fast disassembly phase
are compared with (f) length changes during the microtubule stall phase. Error bars are s.e.m.
The slow microtubule length reduction was characterized by a speed of 2.7 +0.2 um min~! as
determined from a linear fit (solid line in (e)) over 0.56 s until the onset of fast microtubule dis-
assembly. The error on the speed was evaluated from the linear fit.

111



6. MICROTUBULE CATASTROPHES AT MOLECULAR RESOLUTION

112

These pauses resemble the slow length decrease prior to fast disassembly.

In the presence of Mal3 we identified two types of shrinkage events: fast and slow
(figure 6.4 a, see also chapter 3). When we averaged the fast events we observed a sim-
ilar length decrease prior to fast disassembly as in the absence of Mal3 (figure 6.4 d).
We also averaged the slow shrinking parts of all events in the following way. The align-
ment point for the fast ones was the onset of fast disassembly, whereas for the slow
ones the alignment point was the end of the slow shrinkage event. The average slow
event when all events were included, shown in figure 6.4d, displays a small up-shift
compared with the tubulin or the average fast event. This means that, on average, the
length loss through slow depolymerization was more extended in the presence of Mal3
as compared with the absence of the protein. The main contribution comes, however,
from the shrinkage events entirely characterized by slow length decrease. The average
shrinkage speed of these events is 4.5+ 0.2 um min~! (figure 6.4 e), which is higher
compared with the one measured for the length decrease prior to fast disassembly in
the absence of Mal3.

6.2 Discussion on the mechanism of catastrophes

We can imagine two scenarios for the slow length decrease leading to microtubule fast
shrinkage: i) disassembly of a stabilizing sheet-like structure at the microtubule end
or ii) stochastic opening of the closed lattice configuration (cylinder) that exists at the
end of a stalled microtubule. It is also possible that both scenarios occur sequentially
before a fast disassembly event. In the first scenario, the end-structures should survive
for up to a minute under force, as we measured stalled microtubules in this time regime
prior to the event triggering fast disassembly. In the second scenario, the opening of the
cylinder would possibly involve a length extent of several hundred nanometers in order
to explain the apparent reduction of 30 nm, given the mechanics of microtubule ends
(see section 3.3.1).

XMAP215 does not seem to have an obvious effect on this loss of tubulin dimers or
tube opening prior to a fast shrinkage. The pauses during fast period of shrinkage in
the presence of XMAP215 might be an indication that XMAP215 is present at the lattice
where it has a stabilizing effect: the microtubule can undergo normal fast disassem-
bly, preceded by the slow length decrease, until it encounters an XMAP215 molecule.
XMAP215 temporarily prevents the fast disassembly and only when XMAP215 dissoci-
ates from the lattice, the microtubule can resume shrinkage.

In the presence of Mal3 we might observe different microtubule structures. The
fast events could be interpreted as shrinkage of normal microtubules, that undergo a
slow length decrease prior to fast disassembly. This mechanism that triggers micro-
tubule depolymerization seem to be unaffected by the presence of Mal3. The events
described entirely by slow shrinkage might represent depolymerization of incomplete
microtubules, e.g. sheet-like structures. Mal3 seems to promote formation of such
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Figure 6.4: Microtubule shrinkage in the presence of Mal3. (a) Individual shrinking events of
microtubules assembled in the presence of 20 uM tubulin and 200 nM Mal3. Black traces com-
prise events of fast shrinkage and were aligned at the onset of shrinkage (indicated by asterisks).
The aligned segments are shown in (b), top panel. Slow depolymerization events (gray) were
aligned approximatively at the beginning of the shrinking phase (asterisks). The aligned slow
segments are shown in (b), lower panel. We also identified a couple of events comprising both
slow and fast events, shown in light gray in (a). Asterisks indicate the onset of a slow or a fast
disassembly phase. (c) Histogram of stall forces. The average force experienced by microtubules
before a catastrophe was 1.2 £ 0.1 pN (mean + s.e.m.). (d) Averaged events prior to microtubule
fast shrinkage in the absence of Mal3 (open squares) (figure 6.2 d) and in the presence of Mal3 are
plotted for comparison. Error bars represent s.e.m. The average events in the presence of Mal3
were determined from the aligned fast events (solid triangles) and from all events aligned in such
a way that the slow depolymerization part overlapped (alignment point for the fast ones was the
beginning of fast shrinkage, whereas the alignment point for the slow events was the end point of
the slow shrinkage event) (open triangles). (e) Averaged event calculated from the aligned slow
events in (b), lower panel. The alignment point was the beginning of the slow depolymerization.
Error bars represent s.e.m. The slow depolymerization was characterized by a speed of 4.5+ 0.2
um min~! as determined from a linear fit.
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structure at the growing microtubule, as we rarely measure shrinkage events fully de-
scribed by slow depolymerization in the absence of Mal3.

Our observations suggest that catastrophes involve loss of tubulin dimers or a con-
formational change at the microtubule end. As Mal3 recognizes the growing ends we
could probably gain new information on the end-structure under force or prior to a fast
disassembly event by monitoring the presence of Mal3 at the end, at the mentioned
conditions. Prior in vivo experiments suggested that, when microtubules reach the cell
cortex, Mal3 signal is lost from the microtubule end some time before shrinkage [109].
We also performed preliminary experiments in vitro where microtubules were grown
against rigid barriers. The localization of fluorescent Mal3 at the tip was monitored.
We observed similar behavior as in vivo (data not shown in this thesis). One possible
explanation is that first, the end-structure depolymerizes or closes into a tube, hence
the disappearing of the Mal3 from the tip, and subsequently, a second event triggers
microtubule depolymerization. This event could be the loss of lateral contacts between
protofilaments at the tip and might be the slow length decrease observed in our high-
resolution measurements. Further experiments on the localization of fluorescent Mal3
at the tip before shrinkage and experiments with other +TIPs that affect the catastro-
phe rate would be necessary to better understand the molecular events underlying the
transition from growth to shrinkage.
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CHAPTER

7

Discussion and future directions

This thesis gives a high-resolution perspective on the process of microtubule assembly, in
vitro, in the presence of regulators. The near molecular resolution was provided by our
optical tweezers based techniques. The effect of two representative microtubule associ-
ated proteins, XMAP215 and Mal3, on microtubule dynamics and assembly was investi-
gated.

7.1 Discussion

Our goal was to investigate on a molecular scale what is the influence of regulators on
microtubule dynamics and possibly identify the underlying mechanisms of regulation.
Our optical tweezers based technique made this study possible because it allows us
to follow microtubule assembly and disassembly with near molecular resolution while
still preserving the dynamics of the process.

We found that XMAP215, a protein known to dramatically enhance microtubule
growth, altered the molecular details accompanying microtubule assembly. Fast length
increases, equivalent to 7-8 tubulin dimers, were measured in the presence of XMAP215.
This suggests a mechanism of regulation based on local enhancement of tubulin addi-
tion, possibly along a single protofilament. The extent of the fast jumps during growth
correlated with the length of XMAP215 protein itself, indicating possible mechanism of
action at the growing tip: i) XMAP215 might promote elongation of a tubulin protofil-
ament along its length or ii) XMAP215 could facilitate formation of long tubulin oligo-
mers in solution. Another potential mechanism, recently proposed in ref. [27], is based
on XMAP215 tracking growing ends: diffusion-facilitated end-tracking of XMAP215 en-
sures the presence of XMAP215 for a while at the growing tip, where it catalyzes addition
of several tens of tubulin subunits.

We also investigated microtubule regulation by another class of proteins, the +TIPs.
+TIPs are specialized in tracking the ends of dynamic microtubules and most of them
are known to have a profound effect on microtubule dynamics. We focused our study
on a complex of three +TIPs from fission yeast: the EB1 homologue Mal3, the kinesin
Tea2 and the cargo Tipl. Preserving functionality of the end-tracking proteins is a cru-
cial requirement when trying to understand how they regulate microtubule dynamics.
Therefore, we first reconstituted the end-tracking behavior of the fission yeast complex
in vitro. Strikingly, we found that Mal3 is an autonomous end-tracker. Mal3 seems to
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recognize a specific structure at the ends of growing microtubules and does not need
other proteins or post-translational modifications (e.g. phosphorylation) to achieve its
function. In contrast, both Tea2 and Tip1 need Mal3 and each other to efficiently track
growing microtubule plus-ends. This minimal system of three proteins is an example
of the complex interactions in the +TIP network.

We next wondered whether a +TIP such as Mal3, due to its autonomous accumu-
lation at the growing end, can individually regulate microtubule dynamics and if so,
what is the molecular mechanism underlying Mal3 regulation. We could show that
Mal3 affects all dynamic instability parameters. We measured enhanced microtubule
growth, slower depolymerization and increased number of rescues and catastrophes in
the presence of Mal3. This complex behavior correlats with Mal3 localization on micro-
tubules and suggests that Mal3 acts differentially at the tip and on the microtubule lat-
tice. One probable scenario is that Mal3 binding on the microtubules is dependent on
the tubulin arrangement within the microtubule: at the lattice, most of the MAP bind-
ing sites are obscured by lateral contacts between protofilaments; at the seam, these
binding sites are better accessible; and at the tip, the exposed protofilaments offer most
optimal binding of Mal3. This model is consistent with Mal3 being primarily localized
at the tip and moderately on the lattice. Based on its influence on microtubule dynam-
ics we could also identify a possible molecular mechanism of regulation by Mal3. At
the growing tip, the presence of Mal3 enhances the incorporation of tubulin subunits
and alters the microtubule end in such a way that microtubules switch more often to
a depolymerization phase, as compared to the absence of the protein. Using our high-
resolution technique we also observed that Mal3 promotes formation of elongated end-
structures, most probably representing incomplete microtubules. When present on the
lattice, Mal3 hampers disassembly and promotes microtubule rescues. It is interesting
to investigate whether this mechanism of regulation is conserved throughout the other
homologs or other +TIPs that are able to autonomously end-track growing microtubule
ends.

One intriguing aspect of microtubule dynamic instability is the switching event
from growing to shrinkage, the catastrophe. Microtubule catastrophes are typically
regulated by a large number of proteins. The principles of catastrophe regulation are
currently not fully understood and whether there is a basic feature that associated pro-
teins exploit to alter microtubule switching frequency remains to be clarified. At high-
resolution, we observed a microtubule length decrease of several tens of nanometers
prior to fast microtubule disassembly. This suggests the loss of a stabilizing structure.
Two possible scenarios can be envisioned: either i) a stabilizing sheet-like structure at
the microtubule end disassembles or ii) a cylinder configuration describing the end of
a stalled microtubule opens by loss of lateral contacts between two or more protofil-
aments. It is possible that the events leading to a catastrophe comprise a sequence
of both scenarios. MAPs could regulate both aspects involved in catastrophes. Mal3,
for example, could be a MAP that affects first events in catastrophes by altering the
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microtubule end-structure. Higher catastrophe rates were observed in the presence
of XMAP215 as well, but we did not see an effect on the slow length decrease prior to
shrinkage.

In conclusion we have investigated aspects of microtubule assembly and dynamics
in the absence and in the presence of two microtubule associated protein systems. Our
high-resolution technique combined with an in vitro approach allowed us to dissect
the regulation by individual MAPs and identify possible mechanisms of regulation.

7.2 Future directions

Future directions of investigation naturally emerged from the experiments presented
in this thesis. Here, I present three lines of investigations and our preliminary observa-
tions.

7.2.1 Regulation of microtubule dynamics by the plus-end tracking
complex Mal3-Tea2-Tipl

Previous in vivo experiments in GFP-Mal3 fission yeast cells estimated that there is no
correlation between the amount of Mal3 present at the microtubule tip and the micro-
tubule growth speed [109]. In contrast, our in vitro experiments (chapter 5) show that
Mal3 increases growth speed, which correlates with the amount of Mal3 present at the
tip. This discrepancy might indicate that, in vivo, other +TIPs exert additional effects
on microtubule growth.

From the in vitro reconstitution we identified that both Tea2 and Tipl need each
other and Mal3 to end-track. The presence of Mal3, which is autonomously tracking
microtubule growing ends, influenced all dynamic instability aspects. We wondered
what is the combined effect of the three +TIPs and whether the ternary complex can
mimic in vivo microtubule dynamics.

We have investigated microtubule dynamic instability in the presence of various
combinations of the three +TIPs, using both DIC microscopy and the high-resolution
technique. Tea2-Tipl complex seemed to reduce the effect of Mal3 at the microtubule
tip. Table 7.1 summarizes the DIC measurements. The first part of the data are from
experiments performed at an ionic strength similar to the experiments with Mal3 only
(chapter 5). When the Tea2-Tipl complex was added, we measured more stable mi-
crotubules (2.5-fold reduction in f.,¢) compared with the presence of Mal3 alone. The
catastrophe frequency remained approximatively 2-fold higher than the control (only
tubulin present). The growth velocity was somewhat lower than in the presence of Mal3
only, but higher than in the control sample. Tea2-Tip1 background buffers did not seem
to have any effect on microtubule dynamics. Therefore, the observed stabilizing ef-
fect on Mal3-regulation was due to the presence of the two proteins, Tea2-Tipl. We
wondered whether the Tea2-Tip1l complex needed Mal3 to interfere with microtubule
dynamics. In a set of experiments performed at higher ionic strength, we measured
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salt | Mal3 Tea2 Tipl buf vg, (n) feat  (Neat)
(KCD) | [nM] [nM] [nM] (wm/min) (min~1)

= 0 0 0 - 1.2+0.1(14) 0.08(<0.13) (8)
£ 0 0 0 + 1.2+0.1(4) 0.07 (<0.15) (3)
9| 200 0 0 - 1.8+£0.1(17) 0.30+0.06 (23)

200 50 50 + 1.6 +£0.1(32) 0.12+0.02(35)
S 0 0 0 + 1.4+0.2(2) 0.17 (< 0.44) (2)
S 0 500 200 + 1.1 +£0.1(7) 0.22 (< 0.38) (6)
| 500 500 200 + 1.3 +£0.1(6) 0.14 (< 0.31) (3)
= 0 0 0 + 09+0.1(27) 0.05+0.01(17)
£ 0 50 0 + 0.8+0.1(33) 0.04+0.01(18)
Q| 200 0 0 + 1.8 +£0.1(45) 0.21 £0.02 (82)

200 50 0 + 22+0.1(33) 0.17+0.02 (49)

Table 7.1: Dynamic instability parameters of microtubules in the absence and presence of
+TIPs. Microtubules were grown in the presence of 15 pM (top and bottom part) and 20 uM
(middle part) tubulin at two different ionic strength conditions. Dynamic microtubules were im-
aged with DIC microscopy. Growth speeds were evaluated from linear fits on individual events.
The average vgro (mean + sem) was determined over the total number of events (n). The catastro-
phe frequency (f¢4t) was determined as the total number of catastrophes observed (Ncat + v/ Neat)
divided by the total growth time. When Nyt < 8 an upper bound was estimated [53].

growth speeds and catastrophe frequencies in a control sample, a sample with Tea2-
Tipl complex present and a sample where microtubules were grown in the presence
of all three +TIPs. The measured values were similar in all three conditions showing
that the presence of Mal3 is required for Tea2-Tip1 to exert their stabilizing effect. Tea2
alone did not seem to have an effect on the microtubule dynamics (lower part of the
data in table 7.1). However, in the presence of Mal3, Tea2 had a weak stabilizing effect.

At high resolution, we also observed changes in the microtubule dynamic behavior
in the presence of Tea2-Tip1, as compared with Mal3 sample (figure 7.1). Tea2 in the
presence of Mal3 already suppressed the fast dynamics induced by Mal3. It is possible
that the presence of Tea2 stabilizes the microtubule end-structure and fully closed mi-
crotubules can develop more often than in the presence of Mal3. Additional presence
of Tip1 did not seem to further affect the plus-end dynamics. It is not clear why the two
experiments, DIC and the optical tweezers measurements, do not correlate on the ef-
fect of Tea2 on microtubules. More experiments are required to elucidate the combined
effect of +T1Ps.

In conclusion, the effect of Mal3 on microtubule dynamics (increase in growth speed
and catastrophe frequency) seemed to be reduced by Tip1. The extent of Tip1 stabiliza-
tion does not seem to match the in vivo situation. Cells deleted for Tip1, Tea2 or Mal3
display very short and unstable microtubules. Tip1 is, most probably, no longer present
at the microtubule growing ends in all three cases and the result indicates a potent sta-
bilization by Tip1, which we do not measure to such extent in vitro. This suggest that in
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Figure 7.1: Dynamic microtubules in the presence of Mal3, Tea2 and Tipl measured with op-
tical tweezers. Microtubules were grown from 15 pM tubulin at 25°C in the presence of various
combinations of the fission yeast +TIPs, as indicated. Mal3 concentration was 500 nM in the ex-
periment with Mal3 and Mal3-Tea2 present. In the experiment with all three proteins present,
Mal3 was used at 100 nM. Tea2 concentration was 100 nM and Tip1 concentration was 40 nM.

vivo there are yet other modulators and the ternary complex Mal3-Tea2-Tip1l does not
fully describe microtubule regulation in vivo.

7.2.2 End-tracking of dynamic microtubules by EB proteins

EB3 is an autonomous microtubule end-tracker. We tested GFP-EB3 in our in vitro
set-up (as described in chapter 4 and 5). GFP-tagged EB3 was a kind gift from S. Gou-
veia and A. Akhmanova. Remarkably the human EB3, similarly to the yeast homologue
Mal3, showed autonomous microtubule end-tracking (figure 7.2 a). EB3 tracked both
plus and minus growing ends, though with a preference for the plus-end. EB3 end-
accumulation was not detected on shrinking microtubules. EB3 showed enhanced
affinity for the microtubule growing end as compared with the lattice for a wide range of
concentration. The interaction with microtubule lattice seemed to be inhibited, as we
only observed a faint signal from the lattice for the range of concentration investigated.
This observation suggests that there might be differences between the two homologs,
EB3 and Mal3, in the details of the interaction with microtubules.

EB3 C-tail is inhibiting lattice binding. EB3 with C-tail deletion (EB3 AC-GFP)
showed an enhanced affinity for the microtubule lattice (figure 7.2b). When GFP was
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Figure 7.2: EB3 end-tracks growing microtubules in vitro. (a) Confocal micrograph of GFP-
tagged EB3 (GFP at the protein N terminus) on dynamic microtubules. EB3 accumulation can
be identified at the ends of growing microtubules. GFP-EB3 also bound to the short stable mi-
crotubules used as nucleation sites. (b) EB3 AC-GFP (EB3 lacking the C-terminus tail) signal on
microtubules at 10-fold less concentration than in (a). (c) At high concentration (similar concen-
tration with (a)), EB3 AC-GFP did bind with high affinity along the entire length of microtubules
and altered their shape. Scale bars are 5 um.

attached to the C-terminus of the protein we also observed enhanced affinity of the
EB3-GFP protein for the microtubule lattice as compared with the protein having the
GFP fusion at the N-terminus. Though, the lattice binding was less extensive than for
the C-tail deleted mutant. Microtubules grown in the presence of high amounts of
EB3 AC-GFP displayed even higher signal on the lattice and microtubules mostly grew
with a curved shape (figure 7.2 c). EB3 presence on the lattice might interfere with the
seam closure and/or end-structure elongation. To understand this intriguing observa-
tion, more in depth investigations are necessary.

7.2.3 Influence of +TIPs on force generating microtubules

Force influences microtubule polymerization dynamics [70, 77]. Microtubules poly-
merizing against an opposing force grow slower and have more catastrophes. This reg-
ulation most probably occurs as well in living cells where microtubules often encounter
boundaries. What is the effect of MAPs on the force generation by growing or shrinking
microtubules is still unknown.

Our optical tweezers based technique allows us to evaluate the forces generated by
growing microtubules. We analyzed microtubule growth events by binning the length
vs time traces in short pieces (1-5 seconds) and evaluating, for each bin, an average
force and growth speed. Figure 7.3 shows the individual growth speeds as a function of
force in three conditions: (a) growth of microtubules from tubulin in the absence of any
MAPs, (b) growth in the presence of Mal3 and (c) growth in the presence of XMAP215.
We noticed that microtubules grown under force spent a large part of the time in a
paused state or in a slow polymerization phase. We also noticed a decrease in the
maximum speeds with increasing opposing force. If we compare the maximum growth
speeds at different forces in the presence of the end-binding protein Mal3 with tubulin
data, microtubules seem to slow down faster with force, while the presence of XMAP215
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Figure 7.3: Microtubule growth speed as a function of the force against which the microtubules
were growing. Data represent average speed and the corresponding average force of short data
stretches: 5 s for the tubulin, 2 s for the Mal3 samples and 1 s for the data in the presence of
XMAP215. The error bars represent s.d. The individual growth speeds are normalized with the
average speed of growth in the force interval 0.5 to 1.0 pN.

reduced the force-induced slowing down of microtubules. A force-feedback set-up
would be more appropriate when investigating difference in force-induced effect on
microtubule assembly. This method would allow measurements of growth speeds at
constant force for a large period of time providing sufficient data for an accurate esti-
mation of both force and growth speed.

Another experimental complication is the presence of multiple microtubules. In
these experiments we observe the growth of one to a couple of microtubules. When
multiple microtubules are present they most probably share the force introducing arti-
facts in the force estimation. A better control of the nucleation from axonemes would
improve the resolution of this method. This would allow us to construct force-velocity
curves and analyze microtubule dynamics close to the stall force.
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Summary

Cell division, internal cell organization, and intracellular transport rely on dynamic
properties of microtubules. In cells, microtubule dynamics is highly regulated both
spatially and temporally by a wide family of microtubule associated proteins (MAPs).
In this thesis, an in vitro approach was used in order to shed light on the molecular
details of the microtubule self-assembly process itself, as well as the molecular mecha-
nism by which representative MAPs interact with and influence microtubule dynamics.
The advantage of the in vitro minimal system is the possibility it offers to uncouple the
regulation of different MAPs.

To zoom in with molecular resolution on the dynamic processes at the microtubule
tip, we developed a high resolution technique that integrates optical tweezers, micro-
fabricated rigid barriers and high-resolution video tracking of microbeads (described in
chapter 2). In our experiments, microtubules are grown from a naturally occurring mi-
crotubule bundle, an axoneme, to which a polystyrene bead is attached near one end.
The bead-axoneme construct is suspended in a ’keyhole’ optical trap and positioned in
front of a rigid barrier. The keyhole trap is used to control both the position of the bead
and the direction of the axoneme. The rigid barriers are used to obstruct microtubule
growth. Therefore microtubule elongation results in bead displacement. By detecting
the position of the bead we can follow microtubule polymerization with near molecu-
lar resolution (~10 nm as compared with ~200 nm, the resolution of light microscopy).
The experimental method, the special features of the optical trap, and considerations
regarding microtubules in the context of our set-up are presented in chapter 2.

In chapter 3, molecular details of microtubule growth are discussed and how this
process is altered, on a molecular scale, by the microtubule associated protein XMAP215
that is known to dramatically enhance the microtubule growth speed. We found that
microtubule assembly is sometimes accompanied by fast length increases that corre-
spond, in length, to 2-3 tubulin dimers. In the presence of XMAP215, we measured
fast length increases equivalent to 7-8 tubulin dimers, corresponding to the size of the
XMAP215 protein itself. These observations indicate that microtubule assembly might
not always occur simply by the addition of individual tubulin dimers. Rather, small oli-
gomers (2-3 dimers) seem to be able to attach to growing microtubules as well, an effect
enhanced by the XMAP215 protein. XMAP215 might promote elongation of a tubulin
protofilament along its length or could facilitate formation of long tubulin oligomers in
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solution.

We also investigated another particular class of MAPs, the +TIPs, proteins that are
specialized in tracking the microtubule dynamic ends. Their localization at the micro-
tubule end enables direct regulation of microtubule dynamics. We focused our study
on the complex of three fission yeast +TIPs: the EB1 homologue Mal3, the kinesin Tea2
and the cargo Tip1l (chapters 4 and 5). Preserving the protein functionality in vitro is
a crucial requirement. Therefore, we first reconstituted in vitro the end-tracking be-
havior of the three proteins. From this experiment, presented in chapter 4, a hierarchy
among the three +TIPs became clear. Mal3 is an autonomous end-tracker by recogniz-
ing a specific structure at the ends of growing microtubules. Tea2 and Tipl need each
other and Mal3 to efficiently track growing plus-ends: Mal3 acts as a loading factor on
the microtubule for the Tea2-Tip1l complex and Tea2 motor activity ensures processive
transport of the Tea2-Tipl complex to the microtubule ends, where both proteins ac-
cumulate.

EB1 protein family members were shown to influence microtubule dynamics and
organization in vivo, but it is still unclear whether the EB proteins solely have an ef-
fect on microtubule dynamics. As Mal3 is able to localize at microtubule growing ends
independently of other proteins, we asked whether the EB1 homologue alone has an
influence on microtubule dynamics. The results are presented in chapter 5. The ex-
periments include three independent techniques: DIC microscopy to quantify the mi-
crotubule dynamic instability parameters in the presence of Mal3, fluorescence mi-
croscopy to quantify the Mal3 localization on microtubules, and the optical tweezers
based technique to investigate the modifications induced by Mal3 at the microtubule
dynamic tip. Mal3 had a complex effect on microtubules both at the lattice and at
the tip. At the tip Mal3 bound efficiently and altered the end-structure in such a way
that promoted tubulin dimer net addition and the chance for a microtubule to switch
from a growing to a shrinking phase. Using the optical tweezers based technique we
could identify microtubule end-structures that frequently disassembled before having
the chance to close into a regular microtubule lattice. At the microtubule lattice Mal3
bound less potently than at the tip. The presence of Mal3 at the lattice hampered mi-
crotubule disassembly and promoted rescues. Our observations suggest a mechanism
for Mal3-regulation based on local modification of the microtubule properties, which
might be a reflection of the molecular mechanism underlying Mal3-microtubule inter-
action. Most probably, Mal3-tubulin binding sites are hidden within the lattice due to
the protofilament lateral contacts and therefore, only occasional binding of Mal3 oc-
curs at the lattice. At the seam, these binding sites are better accessible and at the tip,
the exposed protofilaments offer most optimal binding of Mal3. This mechanism of
regulation takes advantage of the complex architecture of the microtubule and enables
proteins like Mal3 to act differentially at different locations on a dynamic microtubule.

Chapter 6 focuses on microtubule catastrophes, the transitions from a growing to a
shrinkage phase. Knowledge about a mechanism for catastrophes has been limited to



models based on structural details of the microtubule ends imaged with cryo electron-
microscopy. Information about how MAPs act on a molecular level to regulate catastro-
phes is even less extensive. Using our optical tweezers based technique, we observed a
microtubule length decrease of several tens of nanometers prior to microtubule disas-
sembly. This suggests the loss of a stabilizing structure. Two possible scenarios can be
envisioned: either i) the sheet-like structure present at the growing end depolymerizes,
leaving an exposed blunt end that is unstable and quickly collapses or ii) the stalled mi-
crotubule has a closed, cylinder configuration that becomes unstable only when the
lateral contacts between two or more protofilaments are lost. This 'opening’ of the
cylinder would appear as a length decrease in our measurement. It is possible that the
events leading to a catastrophe comprise a sequence of both scenarios. MAPs could
regulate both aspects involved in catastrophes. Mal3, for example, could be a MAP that
affects first events in catastrophes by altering the microtubule end-structure.

Chapter 7 describes future directions of investigation naturally emerging from the
experiments presented in this thesis. (i) It is known that in living cells usually +TIPs
interact with each other to affect microtubule dynamics. We performed preliminary
experiments on microtubule dynamics regulation by the Mal3-Tea2-Tip1l complex. We
found that Tea2-Tip1 need each other and Mal3, not only to localize at the microtubule
ends, but also to regulate microtubule dynamics. We observed that Tip1 has a stabi-
lizing effect by reducing the Mal3-enhanced catastrophe rate. (ii) We show that mam-
malian EB3, homologue of the fission yeast Mal3, is also an autonomous microtubule
end-tracker in vitro. However, the details of EB3-microtubule interaction might be dif-
ferent and need further investigation. EB3, lacking the C-terminus tail, bound with high
affinity to the microtubule lattice and promoted growth of intrinsically curved micro-
tubules. (iii) The presence of MAPs might effect the forces generated by dynamic micro-
tubules. In cells, microtubule pushing and pulling forces are constantly generated and
constitute the driving forces for intracellular movement and transport of cellular com-
ponents. Using the optical tweezers we measured microtubule force generation in the
presence of the MAPs investigated here, XMAP215 and Mal3. Both proteins seemed to
have an effect. The maximum forces generated by microtubules in the presence of Mal3
were lower than in the absence of the protein. With XMAP215 high forces were gener-
ated independently of the microtubule growth speed. More experiments are needed to
confirm our first observations.

In conclusion we have investigated aspects of microtubule assembly and dynam-
ics in the absence and in the presence of two representative microtubule associated
protein systems. Our high-resolution technique combined with an in vitro approach
allowed us to dissect the regulation of microtubule dynamics by individual MAPs and
identify possible mechanisms of regulation.
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Samenvatting

De interne organisatie van de cel en fundamentele processen als celdeling en intracel-
lulair transport zijn afhankelijk van de dynamische eigenschappen van microtubuli. In
de cel wordt de dynamica van de microtubuli zowel in de tijd als in de ruimte gere-
guleerd door een scala aan microtubulus-geassocieerde eiwitten (MAPs). In dit proef-
schrift is een in vitro methode gebruikt om licht te werpen op de moleculaire details
van zowel het zelf-assemblage-proces van microtubuli, als het mechanisme waarmee
representatieve MAPs de microtubulusdynamica beinvloeden. Het voordeel van een in
vitro minimaal systeem is de mogelijkheid tot ontkoppeling van de regulatie-effecten
van de verschillende MAPs.

Om met moleculaire resolutie in te zoomen op de dynamische processen aan het
uiteinde van de microtubuli, hebben we een hoge-resolutie techniek ontwikkeld, waar-
in een optisch pincet, micro-gefabriceerde wanden en hoge-resolutie 'video-tracking’
van micro-bolletjes geintegreerd zijn (beschreven in hoofdstuk 2). In onze experimen-
ten groeien microtubuli vanuit een natuurlijke microtubulusbundel, een axoneem,
waaraan een polystyreen bolletje is bevestigd aan een uiteinde. Het construct van axo-
neem en bolletje wordt vastgehouden in een optisch pincet met een ’sleutelgat’-profiel
en gepositioneerd voor een wand. Het sleutelgatprofiel wordt gebruikt om zowel de
positie van het bolletje als de richting van het axoneem te controlleren. De wand wordt
gebruikt om een groeiende microtubulus tegen te houden, zodat lengtetoenames re-
sulteren in een verplaatsing van het bolletje. Door de positie van het bolletje te bepalen
kunnen we microtubuluspolymerisatie volgen met schier moleculaire resolutie (resolu-
tie is ca. 10 nm, veel lager dan de ca. 200 nm resolutie van lichtmicroscopie). De experi-
mentele methode, de specifieke eigenschappen van het optisch pincet, en beschouwin-
gen betreffende microtubuli in de context van onze opstelling worden gepresenteerd in
hoofdstuk 2.

In hoofdstuk 3 worden de moleculaire bijzonderheden van microtubulusgroei be-
discussieerd en hoe deze processen op een moleculaire schaal beinvloed worden door
het microtubulus-geassocieerde eiwit XMAP215, waarvan bekend is dat het de groei-
snelheid van microtubuli drastisch verhoogt. We hebben gevonden dat de assemblage
van microtubuli soms vergezeld gaat van snelle toenames in lengte, die correspon-
deren met meerdere (2-3) tubuline-dimeren. In aanwezigheid van XMAP215 hebben
we snelle lengtetoenames gemeten, die overeenkomen met 7-8 tubuline-dimeren, wat
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correspondeert met de afmetingen van het XMAP215 eiwit zelf. Deze observaties wij-
zen erop dat de assemblage van microtubuli niet altijd simpelweg berust op de toevoe-
ging van individuele tubuline-dimeren. Het lijkt er eerder op dat kleine oligomeren (2-3
tubuline-dimeren) ook aan de groeiende microtubuli kunnen binden, en dat dit effect
versterkt wordt door het XMAP215-eiwit. XMAP215 zou langs zijn lengte de verlenging
van een tubuline-protofilament kunnen bevorderen, of de formatie van lange tubuline-
oligomeren in oplossing mogelijk kunnen maken. Deze scenario’s, die gebaseerd zijn
op een lokale verhoging van tubuline-additie (mogelijk langs een enkel protofilament),
zouden meer algemene mechanismen kunnen zijn die aangewend worden door ver-
sterkers van microtubulusgroei.

Een andere specifieke klasse van MAPs zijn de +TIPs, die gespecialiseerd zijn in het
volgen van de dynamische microtubuli-uiteinden. Hun positie aan het uiteinde van
microtubuli maakt directe regulatie van de microtubulusdynamica mogelijk. We heb-
ben onze studie gefocusseerd op het complex van drie +TIPs uit gistcellen (S. pombe):
Mal3 (homoloog van EB1), kinesine Tea2 en de cargo Tip1 (hoofdstukken 4 en 5). Het
behoud van de eiwitfunctionaliteit in vitro is een essentiéle vereiste. Daarom hebben
we eerst in vitro het gedrag (het volgen van het uiteinde) gereconstrueerd. Uit dit ex-
periment (hoofdstuk 4) kwam een hiérarchie onder de drie +TIPs naar voren. Mal3 is
een autonome eind-volger, die een specifieke structuur herkent aan het uiteinde van
microtubuli. Mal3 treedt ook op als een 'loading factor’ op de microtubuli voor het
Tea2-Tipl-complex. De motoractiviteit van Tea2 garandeert processief transport van
het Tea2-Tipl-complex naar de uiteinden van microtubuli, waar beide eiwitten accu-
muleren.

Het is bekend dat de leden van de EB1 eiwitfamilie invloed hebben op de dynamica
en organisatie van microtubuli in vivo, maar het is nog onduidelijk of de EB-eiwitten
een direct effect hebben op de dynamica van microtubuli. Aangezien Mal3 in staat is
te lokaliseren aan het uiteinde van groeiende microtubuli, vroegen we ons af of dit EB-
homoloog individueel een invloed heeft op de dynamica van microtubuli. De resul-
taten worden gepresenteerd in hoofdstuk 5. Er zijn drie onafhankelijke technieken ge-
bruikt: DIC-microscopie om de parameters te bepalen van de dynamische instabiliteit
van de microtubuli, fluorescentie-microscopie om te lokalisatie van Mal3 op de micro-
tubuli te kwantificeren, en een techniek gebaseerd op een optisch pincet om de ver-
anderingen te onderzoeken die door Mal3 aan het dynamische uiteinde van de micro-
tubulus geinduceerd worden. Mal3 heeft een complex effect op de microtubuli, zowel
op hetrooster, als op het uiteinde. Mal3 bindt efficiént aan het uiteinde en verandert de
eindstructuur op zo'n manier dat de netto toevoeging van tubuline-dimeren bevorderd
wordt, alsmede de kans dat een microtubulus schakelt van een groei- naar een krimp-
fase. Mal3 bindt minder goed aan het microtubulusrooster dan aan het uiteinde. De
aanwezigheid van Mal3 belemmert het uiteenvallen van de microtubuli en bevordert
‘rescues. Onze observaties suggereren een mechanisme van Mal3-regulatie dat ge-
baseerd is op de lokale verandering van de eigenschappen van de microtubulus, die



een weerspiegeling kunnen zijn van het moleculaire mechanisme dat ten grondslag ligt
aan de interactie tussen Mal3 en de microtubulus. Hoogstwaarschijnlijk zijn de Mal3-
tubuline-bindingsplaatsen verborgen binnen het rooster als gevolg van de laterale con-
tacten tussen de protofilamenten en bindt Mal3 daarom slechts incidenteel aan het
rooster. Op de naad zijn deze bindingsplaatsen beter toegankelijk en aan het uiteinde
bieden de vrije protofilamenten de meest optimale bindingsplaatsen voor Mal3. Dit
regulatiemechanisme maakt gebruik van de complexe architectuur van de microtubu-
lus en maakt het mogelijk dat eiwitten zoals Mal3 een verschillende werking hebben op
verschillende plaatsen op de microtubulus.

Hoofdstuk 6 concentreert zich op microtubulus-’catastrofes’, de overgangen van
groei naar krimp. Kennis van het mechanisme van de catastrofes is tot nu toe beperkt
tot modellen die gebaseerd zijn op de structurele eigenschappen van de uiteinden van
microtubuli zoals afgebeeld met cryo-electron-microscopy. Informatie over hoe MAPs
op een moleculair niveau de catastrofes reguleren, is nog gelimiteerder. Met onze tech-
niek, die gebaseerd is op het optisch pincet, konden we de dynamische uiteinden van
de microtubuli volgen met bijna moleculaire resolutie. Wij namen een daling waar van
de microtubuluslengte van tientallen nanometers voorafgaand aan het uiteenvallen
van de microtubuli. Dit suggereert het verlies van een stabiliserende structuur. Twee
mogelijke scenario’s zijn hier: (i) de bladvormige structuur aan het groeiende uiteinde
depolymeriseert, wat een stomp uiteinde oplevert, dat instabiel is en snel uiteenvalt,
of (ii) de geblokkeerde microtubulus heeft de vorm van een cilinder die die pas insta-
biel wordt wanneer de laterale contacten tussen twee of meer protofilamenten worden
verbroken. Dit ’openen’ van de cilinder zou waargenomen kunnen worden als een leng-
tevermindering in onze meting. Het is mogelijk dat bij de gebeurtenissen die leiden tot
een catastrofe beide scenario’s een rol spelen. MAPs zouden beide aspecten van de ca-
tastrofen kunnen reguleren. Mal3 zou bijvoorbeeld een MAP kunnen zijn die de initiéle
gebeurtenissen van catastrofes beinvloedt door de eindstructuur van de microtubulus
te veranderen.

Toekomstige richtingen binnen dit onderzoek vloeien direct voort uit de experi-
menten die gepresenteerd worden in dit proefschrift (hoofdstuk 7). (i) Het is bekend
dat in de cel +TIPs wisselwerkingen met elkaar kunnen hebben waardoor de assem-
blage van microtubuli beinvloed wordt. We hebben voorbereidende experimenten uit-
gevoerd aan de regulatie van de microtubulusdynamica door het Mal3-Tea2-Tip1-com-
plex. We hebben daarbij gevonden dat Tea2 en Tipl elkaar en Mal3 niet alleen nodig
hebben om te lokaliseren aan de uiteinden van microtubuli, maar ook om de dynamica
van de microtubuli te reguleren. We hebben waargenomen dat Tip1 een stabiliserend
effect had door het verlagen van de door Mal3 geinduceerde catastrofe-rate. (ii) We
laten zien dat ook EB3 (afkomstig van zoogdieren en een homoloog van Mal3) in vitro
autonoom het uiteinde van microtubuli kan volgen. Maar de details van de interac-
tie tussen EB3 en de microtubulus zijn mogelijk anders en vergen verder onderzoek.
EB3 waarvan de C-terminale einde verwijderd is, bindt met hoge affiniteit aan het mi-
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crotubulusrooster en bevordert de groei van intrinsiek gebogen microtubuli. (iii) De
aanwezigheid van MAPs zou de krachten die door de microtubuli gegenereerd worden
kunnen beinvloeden. In de cel worden duw- en trekkrachten voortdurend gegenereerd
door microtubuli en benut voor de intracellulaire verplaatsing en transport van andere
cellulaire onderdelen. Met het optisch pincet hebben we de krachtgeneratie van micro-
tubuli gemeten in de aanwezigheid van de hier besproken MAPs, XMAP215 en Mal3.
Beide eiwitten lijken een effect te hebben. De maximale kracht die gegenereerd wordt
door microtubuli in aanwezigheid van Mal3 was lager dan in afwezigheid van het eiwit.
Met XMAP215 werden hoge krachten gegenereerd, onafhankelijk van de groeisnelheid.
Er zijn meer experimenten nodig om onze eerste observaties te bevestigen.

Concluderend: we hebben aspecten onderzocht van de assemblage en dynamica
van microtubuli in af- en aanwezigheid van twee representatieve microtubulus-geasso-
cieerde eiwitsystemen. Onze hoge-resolutie-techniek in combinatie met een in vitro
aanpak maakte het mogelijk om de regulatie door individuele MAPs te ontleden en mo-
gelijke regulatiemechanismen te identificeren.
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PROPOSITIONS (STELLINGEN)
accompanying the thesis
Dynamics and regulation at the tip:
A high resolution view on microtubule assembly

. The optical tweezers technique described in this thesis allows us to unravel molec-

ular details of the microtubule assembly process and how this process is altered, on
amolecular scale, by microtubule associated proteins (MAPs). (chapters 3, 5, and 6)

. An in vitro approach is necessary when trying to understand the effect of individual

MAPs on microtubule dynamics. (chapters 3-5, see also proposition 4)

. Mal3 is an autonomous microtubule tip-tracker: it recognizes a specific structure at

the growing microtubule end. (chapters 4 and 5)

. Surprisingly, Mal3 enhances microtubule catastrophes in vitro (chapter 5), as op-

posed to the in vivo observation. In cells, microtubule dynamics are regulated by
the combined action of several MAPs.

. Most microtubule plus-end-tracking proteins (+TIPs) bind tubulin weakly. Weak

interactions together with close proximity of multiple binding sites might be a pre-
requisite to achieve specificity on a dynamic structure.

. Care should be taken when generalizing results found in one model organism. For

example, the end-tracking behaviors of CLIP170 homologs in fission and budding
yeast are different (Busch et al (2004) Curr Biol 14, Carvalho et al (2004) Dev Cell 6).

. Simple models are proposed to explain complex behaviors (e.g. interaction between

MAPs and microtubules). Their value lies in understanding the behavior as a first
approximation, but they should not be considered as a full description.

. Which came first: the question or the answer? Novel experiments often require re-

definition of the question upon initial results.

. "Climbing can be a state of consciousness where there are no distractions or expec-

tations, just the challenge" (Lynn Hill). Science would also benefit from such an
attitude.

Electricity turns into a survival need for the modern Homo sapiens.
Living in a foreign culture teaches genuine tolerance.

Sure, the journey to the summit is more important than reaching the summit. It is
then that one becomes a better and more skilled person. But, the journey should
not replace the summit as a goal.

LAURA MUNTEANU
Amsterdam, 2008





