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1 Summary
1.1 Overview
Cell division requires precise coordination between the cleavage plane and the
position of the nucleus to properly segregate nuclei between the daughter cells.
The equatorial plane of the mitotic spindle in animal cells generally specifies the
site of division although variations exist (Almonacid and Paoletti, 2010;
Kaltschmidt et al., 2000; Knoblich, 2008, 2010; Uyeda et al., 2004). In budding
yeast, the division plane is predetermined by cortical cues that control bud site
selection (Chant and Pringle, 1995; Freifelder, 1960). Thus, the predefined
budding pattern first establishes polarity and subsequently forces the spindle to
align accordingly.

Migration of the yeast nucleus to the bud neck is mediated by astral
(cytoplasmic) microtubules, which are nucleated by the spindle pole bodies, the
yeast equivalents of centrosomes (Jacobs et al., 1988; Kusch et al., 2002; Miller
et al., 1999). Nuclear movement strictly depends on an intact microtubule
cytoskeleton since disrupting astral microtubules through specific mutations in
the β-tubulin subunit completely ablates nuclear migration (Huffaker et al.,
1988). The assembly and disassembly of these microtubules together with
associated factors produce the forces required for spindle positioning during cell
division (Dogterom et al., 2005).

1.2 Analysis of microtubule dynamics
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1.2 Analysis of microtubule dynamics
During the process of spindle positioning, astral microtubules undergo
substantial rearrangements, which require changes in their dynamic properties.
Analysis of astral microtubule dynamics in budding yeast cells has proven
challenging and a rigorous assessment has not yet been done. In the first part
of my thesis I present an approach to analyze astral microtubule dynamics at a
large-scale high precision data level. Using this approach I analyzed
microtubule dynamics in wild type and mutant cells, providing an atlas of each
parameter and its variations with respect to covariates such as microtubule
length, position and spindle movement.

1.3 Microtubule asymmetry
In preanaphase budding yeast cells astral microtubule organization is highly
asymmetric with respect to the two spindle poles. The bud-proximal spindle pole
stably grows long astral microtubules while microtubules growing from the buddistal spindle pole are short in lifetime and length. How microtubule dynamics is
differentially regulated on the two spindle poles is not known. In the second part
of my thesis, I demonstrate that transitions are important determinants of
microtubule length and that transitions are differentially regulated on the two
sets of astral microtubules. I show that this differential regulation of microtubule
dynamics is achieved through Cdk1, which phosphorylates the kinesin-like
motor protein Kip2p and thereby modulates its microtubule-stabilizing activity.

1 Summary
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1.4 Initiation of transitions in vivo
How transitions are established in vivo is largely unknown. Data on a few
microtubule-associating proteins inducing a specific type of transition in vitro
does exist. However, high-resolution data of in vivo transitions is still lacking. In
the third part of my thesis I discuss how Kip2p and Kip3p establish catastrophes
and rescues in vivo, showing that at the resolution of light-microscopy
transitions appear as two distinct classes. I postulate a model in which so-called
transient transitions are precursors of a second class of transitions which are
classically observed in vivo and which I term persistent transitions.

In summary, this work provides for the first time a spatial quantification of astral
microtubule dynamics in mitotic budding yeast cells. It further provides a
systematic analysis of all dynamics parameters relevant for spindle positioning
at an unprecedented high spatial and temporal resolution and sets these
parameters in the context of specific covariates such as microtubule length and
position. In addition, this thesis provides the first analysis of the two sets of
astral microtubules emanating from the proximal and the distal spindle poles,
providing a mechanism that involves Kip2p and Cdk1 to establish microtubule
asymmetry in preanaphase budding yeast cells. Finally, this work elucidates
how the two types of transitions, catastrophes and rescues, are established and
how the kinesin-like motor proteins Kip2p and Kip3p define microtubule
assembly and disassembly phases.

2.1 Übersicht
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2 Zusammenfassung
2.1 Übersicht
Während der Zellteilung muss sichergestellt werden, dass jede Tochterzelle
einen Zellkern erhält. Hierfür müssen die Teilungsachse und die Position des
Kerns in der Zelle exakt miteinander koordiniert werden. In höheren
Organismen wird die Teilungsachse durch die Äquatorialebene der Zelle
bestimmt (Almonacid and Paoletti, 2010; Kaltschmidt et al., 2000; Knoblich,
2008, 2010; Uyeda et al., 2004). In Bäckerhefe hingegen wird die
Teilungsebene durch Faktoren determiniert, die den Knospungspunkt an der
Oberfläche der Mutterzelle bestimmen. Die Zellknospung ist die Basis der
Zellpolarität in Hefezellen (Chant and Pringle, 1995; Freifelder, 1960). Deshalb
richtet sich die mitotische Spindel an der Teilungsachse aus.

Die Kernwanderung zur Teilungsebene benötigt astrale Mikrotubuli, die an den
Polkörpern der Spindel (Zentrosomen in höheren Eukaryoten) gebildet werden
(Jacobs et al., 1988; Kusch et al., 2002; Miller et al., 1999). Versuche, bei
denen die β-tubulin-Untereinheit von Mikrotubuli mutiert wurde, haben gezeigt,
dass die Kernwanderung ein intaktes Mikrotubuli-Zytoskelett benötigt (Huffaker
et al., 1988). Der dynamische Auf- und Abbau von Mikrotubuli erzeugt dabei die
für die Positionierung des Spindelapparates benötigten Kräfte (Dogterom et al.,
2005).

2 Zusammenfassung
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2.2 Analyse der Dynamik von astralen Mikrotubuli
Während der Kernwanderung verändert sich die Organisation der astralen
Mikrotubuli

laufend.

Diese

Änderungen

basieren

auf

einer

adaptiven

Regulierung der Mikrotubuli-Dynamik. Im ersten Teil meiner Doktorarbeit stelle
ich ein System vor, mit dessen Hilfe

habe ich die Dynamik von astralen

Mikrotubuli in Hefezellen mit einer sehr hohen zeitlichen und räumlichen
Auflösung analysiert. Durch die Untersuchung von Wildtyp Hefezellen und
solchen, in denen verschiedene regulierende Faktoren deletiert wurden, konnte
ich die Abhängigkeit des dynamischen Verhaltens von Mikrotubuli von ihrer
Länge und Position in der Zelle nachweisen. Die Abhängigkeit von
Bewegungen der Spindel in der Zelle vom dynamischen Verhalten ihrer
Mikrotubuli wird ebenfalls diskutiert.

2.3 Asymmetrie des astralen Mikrotubuli-Zytoskeletts
Während der Metaphase ist das astrale Mikrotubuli-Zytoskelett asymmetrisch
organisiert, da meist nur der Polkörper Mikrotubuli ausbildet, der näher an der
Teilungsachse liegt. Dieser Polkörper generiert stabile, langlebige Mikrotubuli,
während am gegenüberliegenden Polkörper höchstens temporär Mikrotubuli
beobachtet werden können. Wie diese Asymmetrie zustande kommt und
während der gesamten Metaphase aufrechterhalten wird, ist unbekannt. Im
zweiten Teil meiner Doktorarbeit zeige ich, dass die Übergänge zwischen Aufund Abbau von Mikrotubuli die Stabilität von astralen Mikrotubuli und deren
Asymmetrie während der Metaphase bestimmen. Diese Übergänge werden je
nach Polkörper unterschiedlich reguliert, was dazu führt, dass Mikrotubuli, die

2.4 Übergänge zwischen Auf- und Abbau von Mikrotubuli in vivo
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auf dem distalen Polkörper gebildet werden, weniger stabil sind. Die
unterschiedliche Dynamik der Mikrotubuli auf den beiden Polkörpern wird durch
die Regulation des Motorproteins Kip2p mittels Phosphorylierung erreicht.

2.4 Übergänge zwischen Auf- und Abbau von Mikrotubuli in
vivo
Wie die Übergänge zwischen Mikrotubuli Auf- und Abbau in vivo initiiert werden
ist weitgehend unbekannt. Für bestimmte Mikrotubuli-bindende Faktoren sind in
vitro Modelle bekannt, eine in vivo Verifizierung dieser Modelle fehlt jedoch bis
heute. Im letzten Teil meiner Doktorarbeit analysiere ich wie die beiden Proteine
Kip2p

und

Kip3p

solche

Übergänge

in

vivo

initiieren.

An

der

lichtmikroskopischen Auflösungsgrenze können zwei Gruppen von Übergängen
unterschieden werden, transiente und persistente Übergänge. Transiente
Übergänge bewirken nur kurzfristige Änderungen des dynamischen Zustands
von Mikrotubuli, während persistente Übergänge längerfristige Wechsel
zwischen Mikrotubuli Auf- und Abbau einleiten. Das von mir vorgeschlagene
Modell verbindet diese zwei Gruppen und postuliert, dass transiente Übergänge
Vorläufer persistenter Übergänge sind.

Die vorliegende Arbeit ermöglicht zum ersten Mal eine quantitative Analyse der
Dynamik von astralen Mikrotubuli in Hefezellen. Die technischen Werkzeuge,
die in dieser Arbeit entwickelt wurden, ermöglichen die Analyse verschiedener
Dynamik-Parameter mit sehr hoher räumlicher und zeitlicher Auflösung, welche
auch die Identifizierung und Charakterisierung von wenig offensichtlichen

2 Zusammenfassung
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Phänotypen erlaubt. Zudem wurden in dieser Arbeit erstmals Dynamiken der
Mikrotubuli an den verschiedenen Polkörpern analysiert und verglichen. Die
Analyse zeigt auf, dass vor allem die Übergänge zwischen Auf- und
Abbauphasen von Mikrotubuli die Organisation der Metaphasenspindel
bestimmen. Dabei sind die Motorproteine Kip2p und Kip3p entscheidend für
Regulation der Dynamik von Mikrotubuli.

3.1 Open questions in the field
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3 Aim of this thesis
3.1 Open questions in the field
Mitotic spindle movement and positioning relies on astral microtubules, which
emanate from the spindle poles and contact the cell cortex. Microtubules grow
and shrink, and transitions between these phases appear to be random.
Paradoxically, this stochastic behavior leads to a specific outcome: proper
spindle positioning. However, the relationship between dynamic instability and
spindle positioning remains largely unknown. This is due to the fact that a
detailed analysis of microtubule dynamics in vivo is still lacking. In addition it is
unknown whether different microtubule dynamics parameters are regulated
depending on microtubule length or position. Finally, how microtubule dynamics
relates to force generation and therefore spindle movement has not been
determined yet. To answer these questions we have undertaken the following
approach.

3.2 Approach
Microtubule visualization: We tagged spindle poles and plus ends of astral
microtubules using GFP fusion proteins. We filmed microtubule growth and
shrinkage relative to spindle poles in very high temporal and spatial resolution
providing the accuracy required to describe microtubule dynamics in vivo.

3 Aim of this thesis
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Microtubule tracking: We established a particle-filter based tracking software in
collaboration with Janick Cardinale, a PhD student in Ivo Sbalzarini’s lab
(ETHZ). Using this software we tracked 3D positions of spindle poles and
microtubule plus ends using computational tools for subpixel resolution
detection. These tools are published under the GNU open source license and
are thereby made available for public use.

Microtubule dynamics analysis: We established robust statistical analysis tools
in collaboration with Dr. Gregory Paul, a post-doctoral researcher in Ivo
Sbalzarini’s lab. The method was validated against cryofixed microtubules and
in silico data and allows the analysis of microtubule dynamics at an
unprecedented level of precision.

4.1 General overview of microtubules
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4 Introduction
4.1 General overview of microtubules
4.1.1 Basic introduction to microtubules
Microtubules are essential components of the eukaryotic cytoskeleton, along
with actin and intermediate filaments. They have been studied extensively over
the past four decades and have been found to have diverse functions, including
intracellular transport, cell morphogenesis, organelle movement, chromosome
separation and cytokinesis.

Microtubules are stiff, hollow polymers built of

repeating α,β-tubulin dimers, which assemble head to tail to form linear
protofilaments. In general, thirteen filaments align to form a microtubule (Lowe
et al., 2001; Nogales, 2001). Microtubule assembly is polar, with the β-subunit
oriented towards the plus end and the α-subunit determining the minus end.
This assembly is associated with GTP-hydrolysis in β-tubulin, leading to a
microtubule lattice consisting mainly of GDP-bound β-tubulin and a capstructure containing GTP-bound β-tubulin. GTP-hydrolysis is the basis for the
dynamic behavior of microtubules in vitro and in vivo. Cells harness the
resulting dynamic instability of these polymers in order to carry out different
microtubule mediated functions.

One critical function of microtubules is nuclear movement. Nuclear position
needs to be controlled throughout cell division to ensure proper segregation of

4 Introduction
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the two daughter nuclei. Animal cells use different strategies to position their
nuclei depending on the cell type, and nuclear positioning has been studied in
various model systems, including C.elegans embryos, the Drosophila eye
imaginal disc, and cultured vertebrate cells (Dupin and Etienne-Manneville,
2011). In fungi, nuclear positioning has been extensively studied and many of
the different mechanisms of nuclear positioning in various fungal cell types are
well described (Gladfelter and Berman, 2009; Pearson and Bloom, 2004).
Perhaps unsurprisingly, these mechanisms depend on the cell’s geometry. For
example, S.pombe, which has a cylindrical shape and a symmetrical division
plane, relies on microtubule dynamics only to center the nucleus during division
(Gladfelter and Berman, 2009). Fungal cells with more complex geometries,
such as S.cerevisiae, require a correspondingly more complex system for
nuclear migration (Gladfelter and Berman, 2009). In these cells, nuclear
positioning relies on different motors, including kinesin-like motors, dynein and
the actin-based type V myosin Myo2p (Gladfelter and Berman, 2009; Pearson
and Bloom, 2004).

During the process of nuclear migration, chromosomes are aligned and
separated. Chromosome separation is a complex process that relies on
microtubules and associating motor proteins (Walczak et al., 2010).
Chromosome motion has been shown to differ between species; thus a
comprehensive understanding on how microtubules separate chromosomes is
still lacking. While microtubule-associating proteins play a role in chromosome

4.1 General overview of microtubules
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separation, microtubules can also provide the necessary forces on their own, as
has been shown in yeast cells (McIntosh et al., 2010).

For microtubules to carry out their different functions, they must organize into
specific spatial and temporal patterns. Microtubule assembly comprises two
components, on one side the inherent dynamic instability of the microtubule
polymer and on the other side the regulatory factors present in the cell that
modulate microtubule dynamics. The stoichiometry of the different components
determines organization of microtubules (Glade et al., 2002; Karsenti, 2008;
Kurakin, 2005; Nedelec et al., 1997). Determinants of cytoskeleton organization
are feedback mechanisms (structural and force), timer mechanisms (GTP
hydrolysis in microtubules), competitive binding and signaling pathways (Huber
and Kas, 2011). In vivo, these components act together, enabling the
cytoskeleton to acquire virtually any organizational pattern. In the following I will
discuss these components with a focus on budding yeast microtubules.

4.1.2 Microtubules in S.cerevisiae
S.cerevisiae has four tubulin genes: two encoding α-tubulin (TUB1, TUB3) one
encoding β-tubulin (TUB2), and one encoding γ-tubulin (TUB4) (Neff et al.,
1983; Schatz et al., 1986a; Sobel and Snyder, 1995). TUB1 and TUB3 encode
closely related proteins (91% identical and 96% similar) that are functionally
equivalent in vivo (Schatz et al., 1986b). Both TUB1 and TUB2 are essential,
whereas deletion of TUB3 results in increased sensitivity to benomyl, a
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microtubule-destabilizing drug (Neff et al., 1983; Schatz et al., 1986b). The ratio
between α- and β-tubulin is tightly regulated in vivo and overexpression of
TUB1, TUB2 or TUB3 is highly toxic (Katz et al., 1990). TUB4 is essential for
microtubule nucleation and mutations cause defects in astral microtubule
organization and dynamics (Cuschieri et al., 2006; Kollman et al., 2011; Vogel
and Snyder, 2000a, b).

The astral microtubule cytoskeleton in budding yeast is relatively simple, since
only a few single microtubules emanate into the cytoplasm (Kilmartin and
Adams, 1984). In unbudded G1 cells, approximately 3 to 6 astral microtubules
emanate from the single spindle pole (Carminati and Stearns, 1997; Shaw et
al., 1997). During G1, dynamic microtubules from a single spindle pole push
against the cell cortex and propel the nucleus in the opposite direction (Maddox
et al., 2000; Shaw et al., 1998; Shaw et al., 1997). In these cells, microtubules
grow out towards the cell cortex and exert a pushing force on the associated
spindle pole, which results in movement of the nucleus through the cytoplasm
(Carminati and Stearns, 1997; Shaw et al., 1998; Shaw et al., 1997). This
movement has been proposed to be either directed or random (Adames and
Cooper, 2000; Shaw et al., 1997). Further, it has been proposed that backpushing of the nucleus in G1 eventually leads the microtubules to the site of the
incipient bud, followed by a capture-shrinkage event that results in pulling of the
nucleus towards the site where the bud is formed (Huisman et al., 2004;
Huisman and Segal, 2005; Segal and Bloom, 2001). However, these models

4.1 General overview of microtubules
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remain largely untested, and a quantitative assessment of spindle trajectories in
unbudded cells is still lacking.

In budded S/G2 cells there are at most 3 microtubules per spindle pole
(Carminati and Stearns, 1997). During mitosis migration of the spindle to the
bud neck and its orientation along the mother-bud axis during metaphase is
dependent on astral microtubules (Huffaker et al., 1988; Jacobs et al., 1988;
Miller et al., 1999; Sullivan and Huffaker, 1992). However, astral microtubules
are not required for spindle elongation during anaphase B (Sullivan and
Huffaker, 1992). Migration of the spindle requires these microtubules to
establish contact with the cell cortex (Adames and Cooper, 2000; Carminati and
Stearns, 1997; Shaw et al., 1997). Whereas nuclear migration requires
microtubules-cortex interactions, maintenance of nuclear position at the neck
has been reported to be independent of stable cortical attachments (Shaw et
al., 1997).

Thus astral microtubules are essential for the process of spindle migration
during budding yeast mitosis. How microtubule asymmetry is established in
preanaphase is however not known. In addition how microtubule dynamics
contributes to the process of spindle migration has not been quantitatively
assessed.

4 Introduction
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4.2 Shaping the cytoskeleton – Timer mechanisms
4.2.1 GTP hydrolysis in microtubules
The central mechanism to regulate microtubule organization is GTP-hydrolysis
on β-tubulin. The classic allosteric model of microtubule assembly posits that
tubulin-dimers exist in two different conformations: GTP-bound β-tubulin
subunits, which exhibit a more straight conformation, and GDP-bound β-tubulin
subunits, which are slightly more bent (Gigant et al., 2000; Lowe et al., 2001;
Ravelli et al., 2004). Microtubule assembly is concomitant with hydrolysis of the
GTP molecule bound to the β-subunit of the tubulin dimer. Upon GTP
hydrolysis, GDP-tubulin within the microtubule lattice is forced to remain in the
straight conformation as long as the plus end is still capped with GTP-bound βtubulin subunits. Part of the GTP hydrolysis energy is therefore stored in the
polymer wall (Desai and Mitchison, 1997; Nogales and Wang, 2006). As a
result, microtubules consist of a labile GDP-tubulin based core and a stabilizing
GTP-based cap. The microtubule can polymerize as long as a cap is present on
its plus end. Once the GTP-cap is lost through either hydrolysis or dissociation
of GTP-tubulin subunits (e.g. through destabilizing proteins), the labile GDPbased core is exposed, leading to outward curling of the individual
protofilaments and thus microtubule shrinkage.
4.2.2 Microtubule dynamics
In vitro, the dynamics of microtubules are highly variable (Kerssemakers et al.,
2006; Schek et al., 2007). These fluctuations have been proposed to originate
either from random tubulin oligomer addition to the microtubule or from
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variations on the microtubule cap length (Howard and Hyman, 2009). Recently,
tubulin dimers have been observed to form oligomeric protofilaments in solution
independent of the nucleotide binding state (Mozziconacci et al., 2008).
Because these sheet-like intermediate structures, upon closure into tubes, set
the basis for microtubule nucleation, it has been proposed that, on growing
microtubule ends, individual dimers or oligomers can be added during growth
(Mozziconacci et al., 2008). Because of their stronger lateral interactions,
tubulin oligomers could support sheet closure, whereas individual dimers would
be more likely to be added to the tip of a sheet.

The plus end structure of the microtubule, the so-called cap, defines the
dynamic state (i.e. growth or shrinkage) of a microtubule. Despite being a major
component of all microtubule dynamics models, the GTP-tubulin cap has only
recently been visualized in microtubules by immunofluroescence (Dimitrov et
al., 2008). In addition to microtubule tips, long internal stretches inside
microtubules, termed ‘GTP-remnants’, were also observed (Dimitrov et al.,
2008). These observations, together with other studies, suggest that GTPremnants serve as rescue-initiators (Dimitrov et al., 2008; Tropini et al., 2012).
Because rescue initiators are stored in the microtubule, the cell may use these
islets for efficient microtubule reorganization (Dimitrov et al., 2008). How GTP
remnants in the microtubule lattice are created is unclear, and two mechanisms
have been proposed. One model is that they are the result of incomplete GTP
hydrolysis (Dimitrov et al., 2008). Alternatively, GTP exchange on β-tubulin has
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been proposed to occur both at the + end and along microtubule lattice
(Cassimeris, 2009; Inoue, 1981).

The high dynamicity of microtubules both in vitro and in vivo has made it
challenging to provide a detailed analysis of their growth and shrinkage
behaviors. In budding yeast, only nuclear microtubules have been characterized
at a high spatial and temporal resolution using automated tracking and analysis
algorithms (Dorn et al., 2005; Jaqaman et al., 2006; Jaqaman et al., 2007). A
detailed description of astral microtubule dynamics in vivo has not been done
yet.

4.3 Shaping the cytoskeleton – Force feedback
4.3.1 Force generation and microtubule dynamics
Forces are essential for organizing a cell’s interior. The forces a microtubule
exerts on its associated microtubule-organizing center (MTOC) or a plus-end
bound structure include both pushing and pulling forces (Dogterom et al., 2002;
Dogterom et al., 2005; Inoue and Salmon, 1995; Mogilner and Oster, 2003;
Theriot, 2000). In order to exert a force at the cell cortex, microtubules must first
grow to the cell boundary and interact with cortical force generating structures.
These forces can then for example be used to move the MTOC through the
cytoplasm.

4.3 Shaping the cytoskeleton – Force feedback
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Experiments in mammalian cells suggest, that if cortical elements are evenly
distributed, continuous growth in the cell interior will reach the force generating
structures most efficiently (Komarova et al., 2002). However, if cortical cues are
distributed

asymmetrically,

dynamic

growth

and

shrinkage

will

allow

microtubules to find them significantly faster (Holy and Leibler, 1994). Thus,
depending on where cortical forces are to be generated, microtubule dynamics
need to be regulated more or less tightly to adjust the microtubule length
distribution (Howard and Hyman, 2007). Microtubule plus ends at the cortex
either must be stabilized or sequentially captured and destabilized in order to
create pushing or pulling forces respectively.

Thermodynamic models have been used to predict how microtubules could
perform work in a cell (Hill and Kirschner, 1982). In addition, a more
mechanistic description of the force generating mechanism by polymerizing
cytoskeletal filaments has been outlined in the “Brownian ratchet” model. This is
based on the assumption that subunits are subsequently added to a polymer
growing against an obstacle by rectifying the Brownian motion of the obstacle
(Mogilner and Oster, 1996a, b, 2003; Peskin et al., 1993; Theriot, 2000). A
generalized ratchet model has also been recently proposed to explain force
generation by microtubules in vitro (Dogterom and Yurke, 1997; Janson and
Dogterom, 2004; Mogilner and Oster, 1998; van Doorn et al., 2000).
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4.3.2 Pushing force generation
Polymerizing microtubules can generate sufficient forces to deform membranes
and move chromosomes in vitro (Barton and Goldstein, 1996; Fygenson et al.,
1997; Hotani and Miyamoto, 1990; Inoué, 1996). In order to produce a pushing
force on an associated organelle, a microtubule must continue to grow once its
plus-end encounters a rigid barrier. The polymerization ratchet model implies
that the speed of polymer assembly depends on the tubulin-dimer concentration
(Mogilner and Oster, 2003). A local increase in GTP-tubulin dimers could be
achieved by microtubule polymerases. These proteins serve as a template to
promote preassembly of short tubulin protofilaments, which can then be added
to the growing microtubule sheet or tip (Howard and Hyman, 2007). Another
way to enhance microtubule growth is by facilitating sheet closure of the
growing microtubule, which is the mechanism of the S.pombe EB1 homolog
Mal3 (Kikkawa and Metlagel, 2006; Sandblad et al., 2006).

Pushing of a microtubule against an obstacle can provide a centering force for
associated structures such as the nucleus in a symmetric environment
(Dogterom and Yurke, 1997; Fygenson et al., 1997; Holy et al., 1997; Hotani
and Miyamoto, 1990). In fission yeast, microtubule pushing is sufficient to
position the nucleus during cell division (Daga et al., 2006; Tolic-Norrelykke,
2010; Tolic-Norrelykke et al., 2005; Tran et al., 2001). The time a microtubule
pushes at the cortex is important for efficient positioning of the nucleus,
because dwell-times of the growing microtubule at the cortex too small or too
large ultimately result in an off-center position of the nucleus (Tran et al., 2001).
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For example, the CLIP-170 homologue Tip1 caps growing microtubule ends
and increases the time the tip spends at the cortex before it shrinks back (Daga
et al., 2006). In addition, Tip1-capping is position-dependent; an off-centered
nucleus accumulates Tip1 on proximal microtubules, thereby stabilizing them,
and releases Tip1 from distal microtubules, causing premature microtubule
catastrophe events (Daga et al., 2006). Thus, in fission yeast tight coordination
of cortical pushing forces is achieved by transient stabilization of the
microtubule tip.

Nuclear positioning through a purely pushing force mechanism has not been
observed outside of fission yeast. Microtubules buckle when subjected to a
sufficiently large axial force both in vitro and in vivo (Elbaum et al., 1996;
Fygenson et al., 1997; Heidemann et al., 1999; Kurachi et al., 1995; Odde et al.,
1999). Microtubule bending causes deflection of the force vector and therefore
reduces the effective amount of force produced by the microtubule. This could
explain why only fission yeast has been observed to utilize pushing forces for
nuclear centering (Dogterom et al., 2005). Whether budding yeast employs
pushing forces at any stage of the positioning process is unclear. It has been
proposed that early in mitosis astral microtubules push the nucleus through the
cytoplasm (Shaw et al., 1997). However, whether these movements contribute
to the nuclear positioning process is not known. No pushing forces have been
identified during other stages of the cell cycle.
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4.3.3 Pulling force generation
Early experiments suggested that microtubules can act as force generators by
pulling on chromosomes during anaphase A and by supporting spindle
elongation during anaphase B (Aist and Berns, 1981; Aist et al., 1993; Inoué et
al., 1975; Inoué and Sato, 1967; Joglekar et al., 2010; Kronebusch, 1982). That
dynamic microtubules can produce a pulling force has been investigated
subsequently in vitro and in vivo (Biggins and Walczak, 2003; Coue et al., 1991;
Inoue and Salmon, 1995; Koshland et al., 1988; Lombillo et al., 1995; McIntosh
et al., 2002; Mitchison and Salmon, 2001).

Astral microtubules and their centrosomes are essential for asymmetric cell
division in animal cells to generate pulling forces required for proper spindle
positioning (Betschinger and Knoblich, 2004; Cowan and Hyman, 2004). In
C.elegans single-cell embryos, astral microtubules attach to asymmetrically
distributed force generators at the cell cortex, producing pulling forces which
place the spindle off-center to create daughter cells of unequal size
(Betschinger and Knoblich, 2004; Gönczy, 2002, 2008; Grill et al., 2003).
However, not all asymmetric cell divisions require centrosomes. Drosophila
larval neuroblasts do not strictly depend on centrosomes and astral microtubule,
since a second, microtubule-independent pathway also ensures asymmetric
division in these cells (Basto et al., 2006; Betschinger and Knoblich, 2004; Raff,
2001; Siegrist and Doe, 2005).
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These experiments provide evidence that microtubules can generate pulling
forces. However, the molecular mechanism of how pulling forces are generated
by depolymerizing microtubules remains unknown (McIntosh et al., 2010). It has
been suggested that strain energy stored in the lattice as mechanical tension is
set free during microtubule depolymerization and used to perform mechanical
work (Caplow et al., 1994; Desai and Mitchison, 1997). In a depolymerizing
microtubule, individual protofilaments curl into the "ram's horn" configuration
(Arnal et al., 2000; Mandelkow et al., 1991). Force generation by microtubule
disassembly requires the microtubule tip to remain connected to the cortex or
the object to be pulled (e.g. chromosome) in some way. However, the
mechanistic details of such a mechanism are not known.

Micotubule-associated motor proteins can also generate pulling forces. These
factors use two distinct mechanisms: attaching the head of a microtubuleassociated minus-end directed motor protein to the cortex and attaching the
head of an actin-based motor to the microtubule. Both mechanisms result in
dragging the microtubule, either by the motor’s head domain (actin-associated
motor) or by its motor domain (microtubule-associated motor).

In budding yeast, different pulling force generating mechanisms have been
identified. The type V myosin Myo2p pulls microtubule plus ends towards the
bud, thereby contributing to the process of spindle orientation and positioning in
preanaphase cells (Kusch et al., 2003; Pearson and Bloom, 2004). Septindependent kinases at the bud neck have been suggested to induce capture-
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shrinkage events prior to anaphase, thereby pulling the spindle apparatus
towards the division plane (Kusch et al., 2002). Finally, during anaphase, the
minus-end directed motor protein dynein pulls one half of the mitotic spindle into
the daughter cell (Moore and Cooper, 2010). In general, the mechanisms by
which these motor proteins modulate the dynamics of microtubules and
generate force remain poorly understood (Moore and Cooper, 2010). For
example, it is not known how microtubule dynamics parameters are adjusted by
pulling motors, such as Myo2p and Dynein, or by proteins that induce captureshrinkage, such as the septin-dependent kinases Hsl1p and Gin4p and kinesinlike proteins such as Kar3p. In addition, the spatial and temporal regulation of
duration and effectiveness of force-generation by these factors has not been
assessed.

4.4 Shaping the cytoskeleton – Signaling pathways
4.4.1 Overview microtubule regulatory factors
One way to create specific microtubule organizational patterns is through
microtubule-associating proteins (MAPs), including microtubule plus-end
tracking proteins (+TIPs) and motor proteins (Akhmanova and Hoogenraad,
2005; Akhmanova and Steinmetz, 2008; Carvalho et al., 2003; Galjart, 2010;
Gouveia and Akhmanova, 2010; Howard and Hyman, 2003, 2007; Schuyler and
Pellman, 2001; Wu et al., 2006). These proteins modulate microtubule
dynamics and bind to microtubules in different ways, including treadmilling,
transport and hitchhiking (Carvalho et al., 2003).
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In budding yeast most of the proteins known to modulate microtubule dynamics
are associated with two pathways important for spindle positioning during
mitosis: the so-called “early” or Kar9p-pathway and the “late” or dyneinpathway. The Kar9p-pathway ensures proper spindle orientation and positioning
in preanaphase and the dynein-pathway is required for spindle movement
through the bud neck upon anaphase onset. These pathways have been
extensively reviewed (Gladfelter and Berman, 2009; Huisman and Segal, 2005;
Kusch et al., 2003; Miller et al., 2006). In the following I discuss some of these
regulator factors, their proposed functions in vivo and the limits of the
understanding of their function.

4.4.2 Microtubule assembly promoters: Bik1p
CLIP-170 and its homologues constitute a family of microtubule binding +TIP
proteins containing two N-terminal CAP-Gly domains, a central coiled-coil
domain and two zinc finger-like domains at the C-terminus (Akhmanova and
Hoogenraad, 2005; Miller et al., 2006; Steinmetz and Akhmanova, 2008). The
N-terminal CAP-Gly domain of CLIP-170 is sufficient to bind to microtubules in
vitro and in vivo and is functionally exchangeable with the equivalent domain in
the S.cerevisiae protein Bik1p, suggesting that both structure and function are
conserved in this family (Diamantopoulos et al., 1999; Lin et al., 2001; Pierre et
al., 1994; Rickard and Kreis, 1990; Scheel et al., 1999; Vaughan et al., 1999).
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Bik1p localizes to spindle poles, kinetochores, and both nuclear and
cytoplasmic microtubules, accumulating at their plus-ends (Berlin et al., 1990;
Lin et al., 2001). Bik1p tracks growing, shrinking and pausing astral
microtubules during the entire cell cycle (Carvalho et al., 2004). In order to
achieve its complex localization pattern, Bik1p appears to “hitchhike” on
kinesins to reach microtubule plus ends. Bik1p and the kinesin Kip2p directly
interact in vitro and co-migrate along microtubules towards the plus end,
suggesting that Kip2p transports Bik1p towards microtubules tips (Carvalho et
al., 2004). Interestingly, in a kip2∆ mutant, Bik1p localization to short
microtubules is normal but is strongly reduced on longer microtubules,
suggesting that Kip2p is required to carry Bik1p over longer microtubule
distances (Carvalho et al., 2004). Bik1p localization is also dependent on the
post-translational modification of α-tubulin, specifically by the addition or
removal of a C-terminal aromatic residue (Barra et al., 1988). In cells
expressing α-tubulin that cannot be modified (tub1-Glu), Bik1p is defective in
microtubule plus-end localization (Badin-Larcon et al., 2004; Caudron et al.,
2008). In these cells, recruitment of Bik1p depends on Bim1p rather than Kip2p,
suggesting that Bik1p can bind to microtubules using multiple mechanisms
(Caudron et al., 2008).

Deletion of BIK1 results in short/absent cytoplasmic microtubules and defects in
spindle elongation and mispositioned nuclei, resulting in DNA segregation
defects and a cell cycle arrest (Berlin et al., 1990). How Bik1p stabilizes
microtubules is unclear. Its mammalian counterpart CLIP-170 has been shown
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to induce rescue events, but no such activity has been identified for Bik1p
(Miller et al., 2006).

4.4.3 Microtubule disassembly promoters: Kip3p, Kar3p
KIP3 belongs to the kinesin-8 family and encodes a 91kDa protein with an Nterminal motor domain containing putative ATP-binding and microtubule-binding
domains and a C-terminal domain that is predicted to mediate protein
multimerization (DeZwaan et al., 1997; Verhey and Hammond, 2009). Kip3p
localizes symmetrically to spindle poles and both nuclear and astral
microtubules, and is enriched at plus ends throughout the cell cycle (Gupta et
al., 2006; Miller et al., 1998; Varga et al., 2006). Kip3p is a microtubule
destabilizer, since kip3∆ cells have long astral and spindle microtubules during
metaphase and increased benomyl resistance (Cottingham and Hoyt, 1997;
DeZwaan et al., 1997; Miller et al., 1998; Straight et al., 1998; Yeh et al., 2000).
The destabilizing activity of Kip3p is important for mitosis since in kip3Δ
mutants, nuclear migration in preanaphase is defective and spindle orientation
is perturbed (DeZwaan et al., 1997; Yeh et al., 2000). Prior to anaphase, Kip3p
has been proposed to oppose the action of dynein, thereby preventing the
spindle from entering the bud (Yeh et al., 2000).

At higher resolution, Kip3p appears to affect different microtubule dynamics
parameters. Deletion of KIP3 causes a decrease in catastrophe frequency and
pause time and an increase in growth time of microtubules (Gupta et al., 2006).
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In addition, shrinkage speed is higher and rescue frequency is decreased
(Gupta et al., 2006). Catastrophe frequency is decreased specifically at the cell
cortex, suggesting that Kip3p regulates microtubule dynamics in this region of
the cell (Gupta et al., 2006). However, although Kip3p is important for
microtubule destabilization, deletion of KIP3 does not affect microtubule
orientation towards the bud or capture-shrinkage events at the bud cortex
(Gupta et al., 2006).

Of all the budding yeast microtubule dynamics regulators, the mechanism of
Kip3p is most clearly understood. Kip3p is a highly processive plus end-directed
microtubule motor and depolymerizes microtubules specifically from their plus
ends (Gupta et al., 2006; Varga et al., 2006). Kip3p depolymerizes long
microtubules faster than short ones, suggesting that since Kip3p is a slow,
highly processive motor, the microtubule funnels Kip3p molecules towards the
plus end, thereby establishing a Kip3p concentration gradient with its maximum
at the plus end (Varga et al., 2006). It has been proposed that destabilization
occurs by Kip3p binding a tubulin dimer at the end but remaining attached to the
microtubule until a second Kip3p molecule arrives, causing the first Kip3p
protein to fall off and remove its associated tubulin dimer (Varga et al., 2009).

Other studies have provided a model to explain the dual role of Kip3p in
microtubule dynamics regulation (Su et al., 2011). This model proposes that
Kip3p accumulates at the plus end of growing microtubules and that the high
motor concentration triggers Kip3p depolymerization activity. Conversely, on
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shrinking microtubules with a lower motor density, Kip3p stabilizes microtubules
leading to a decrease in shrinkage speeds and an increase in rescue frequency.
Microtubule catastrophes have been recently shown to occur in vitro as a
multistep process (Gardner et al., 2011b). They suggest that during growth the
microtubule “collects” destabilizing features, which are stored in the lattice and
that over time increase the likelihood of the microtubule to undergo a
catastrophe. Kip3p affects catastrophes by shortening this process, thereby
fine-tuning the distribution of catastrophe lengths (Gardner et al., 2011b).
Regardless of the model, Kip3p clearly affects microtubule dynamics in budding
yeast in a concentration-dependent manner. It is therefore important to
investigate the counteracting forces required to balance Kip3p activity.

Kar3p is a second microtubule-destabilizing factor in budding yeast. KAR3 was
first identified for its requirement in karyogamy (Meluh and Rose, 1990) and it is
the only kinesin-14 protein in budding yeast with its motor domain located at the
C-terminus of the protein (Endow et al., 1994; Meluh and Rose, 1990; Middleton
and Carbon, 1994). Yeast cells containing only Cin8p and either Kar3p or Kip3p
but with no other motor proteins are viable, underscoring the importance of
these motors (Cottingham et al., 1999). Deletion of KAR3 causes an increase in
number and length of astral microtubules, suggesting a role in microtubule
destabilization (Cottingham and Hoyt, 1997; Huyett et al., 1998; Saunders et al.,
1997). In a kar3∆ kip2∆ double mutant, astral microtubules are intermediate in
length and number compared to a kar3Δ single mutant, suggesting that Kar3p
and Kip2p are antagonistic (Huyett et al., 1998).
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Kar3p interacts with two proteins, Cik1p and Vik1p (Manning et al., 1999; Page
et al., 1994). Both Cik1p and Vik1p localize to spindle poles in a Kar3pdependent manner but independently of each other, suggesting that Cik1p and
Vik1p are not present in the same Kar3p complex (Manning et al., 1999; Page
et al., 1994). Kar3p localization to spindle pole depends on Cik1p during mating
and on Vik1p during the vegetative cycle, suggesting that these complexes
have different functions in vivo (Manning et al., 1999; Meluh and Rose, 1990;
Page et al., 1994).

In vitro, Cik1 and Vik1 cause differential regulation of microtubule stability by
Kar3p. Kar3p-Cik1p induces microtubule depolymerization by a sequential
release of tubulin heterodimers at the microtubule plus end while remaining
attached to the microtubule (Sproul et al., 2005). In contrast, Kar3p-Vik1p does
not promote robust microtubule depolymerization in vitro, but instead stabilizes
the lattice against depolymerization (Allingham et al., 2007). In addition, the
Kar3p-Vik1p complex shows less plus end specificity compared to the Kar3pCik1p complex (Allingham et al., 2007; Sproul et al., 2005). Based on these
observations, it has been proposed that the role of the Kar3p-Vik1p complex is
to tether and crosslink microtubule minus ends at spindle poles for spindle
assembly and stabilization of the spindle apparatus (Allingham et al., 2007).
The exact role of the Kar3p-Cik1p complex in mitotic cells remains unclear, as
does the respective contributions of the two destabilizing factors Kip3p and
Kar3p in regulating microtubule dynamics.
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4.4.4 Microtubule stabilization through cortical interactions: Kar9p,
Dynein
KAR9 was identified in a screen for karyogamy mutants exhibiting nuclear
congression and astral microtubule defects (Kurihara et al., 1994; Miller and
Rose, 1998). KAR9 is a nonessential gene that encodes a protein with no clear
metazoan homologues. Deletion results in nuclear migration defects, spindle
mispositioning and failure of microtubules extension into the bud during
anaphase (Miller and Rose, 1998).

Kar9p localization to astral microtubules depends on Bim1p (Liakopoulos et al.,
2003; Miller et al., 2000) and accumulation at plus ends requires Kip2p
(Maekawa et al., 2003; Moore et al., 2006). During metaphase, Kar9p localizes
asymmetrically to the bud-proximal spindle pole (Liakopoulos et al., 2003;
Maekawa et al., 2003). Asymmetric localization of Kar9p to only one spindle
pole and associated astral microtubules is regulated by different pathways
including phosphorylation, sumoylation the spindle assembly checkpoint and
the mitotic-exit network (Cepeda-Garcia et al., 2010; Hotz et al., 2012;
Kammerer et al., 2010; Leisner et al., 2008; Liakopoulos et al., 2003; Meednu et
al., 2008).

The type V myosin Myo2p directly interacts with Kar9p (Yin et al., 2000) and
this interaction is important for spatial organization of astral microtubules
(Beach et al., 2000). Loss of Kar9p causes random interactions between astral
microtubules and the cell cortex and decreased microtubule-neck interactions
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(Kusch et al., 2002; Miller et al., 1999; Miller and Rose, 1998; Yeh et al., 2000).
In kar9∆ cells, spindles are misoriented and spindle oscillations at the neck are
increased (Miller and Rose, 1998; Yeh et al., 2000). Despite these defects,
Kar9p has not been shown to affect microtubule dynamics (Beach et al., 2000).
As Kar9p does not directly bind to microtubules it seems unlikely that it directly
affects microtubule dynamics. However, Kar9p is an important linker protein
between the microtubule and the actin cytoskeleton since it binds Myo2p, an
actin-based motor and Bim1p, a microtubule binding protein. In addition, Kar9p
might be involved in recruiting additional microtubule dynamics regulatory
proteins to plus ends.

Another important cortical factor involved in microtubule dynamics regulation is
dynein. Reviews about dynein/dynactin function have been recently provided
(Moore and Cooper, 2010; Moore et al., 2009; Yamamoto and Hiraoka, 2003).
Members of the dynein/dynactin complex can be grouped into the dynein motor
chains Dyn1-3p and Pac11p; dynactin complex members Nip100p, Ldb18p,
Arp1&11p, Cap1/2p, and Jnm1p; and additional factors, including Bik1p, Kip2p,
Pac1p, Ndl1p and the cortical factor Num1p (Moore et al., 2009).

Dynein localization is cell cycle regulated: it is more strongly associated with the
bud proximal spindle pole and associated microtubules prior to anaphase, and
its localization becomes symmetric upon anaphase onset (Moore et al., 2008;
Sheeman et al., 2003; Yeh et al., 1995). Plus end targeting of dynein depends
on a range of factors, including Bik1p, Pac1p and Kip2p (Markus et al., 2009).
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Different pathways define asymmetric dynein distribution in metaphase. A first
pathway acts at the bud neck and involves the septin-dependent kinases
Elm1p, Hsl1p and Gin4p. A second pathway is active at spindle poles involving
Cnm67p, Clb1p, Clb2p and Cdc28p (Grava et al., 2006; Yeh et al., 2000).

Deletion of dynein does not affect nuclear orientation and migration during
preanaphase, suggesting that dynein is not required in the early spindlepositioning pathway (DeZwaan et al., 1997). However, sweeping and captureshrinkage events associated with spindle movement are greatly reduced in
dhc1∆ cells (Carminati and Stearns, 1997). In addition, deletion of DHC1
increases the proportion of binucleated cells, indicating that dynein is important
for pulling of the mitotic spindle into the bud during anaphase (Eshel et al.,
1993; Li et al., 1993). Dhc1∆ cells also have altered astral microtubules
dynamics, including decreased speeds and transition frequencies and an
increased time spent in pause (Carminati and Stearns, 1997). In these cells,
astral microtubules spend more time at the cortex (Carminati and Stearns,
1997) and their average length is increased (Carminati and Stearns, 1997;
Knaus et al., 2005). Interestingly, deletion of KAR9 causes microtubule sliding
along the bud cortex, suggesting that Kar9p attenuates dynein function before
anaphase (Grava et al., 2006; Yeh et al., 2000). Whether the observed changes
in microtubule dynamics in dhc1∆ cells are a direct cause of loss of dynein is
unclear, since dynein consists of two multi-protein complexes that are
somewhat interdependent.
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4.4.5 Microtubule stabilization proteins with mitosis-specific functions:
Kip2p
KIP2 encodes a 78kDa kinesin-related protein (Roof et al., 1991, 1992). Kip2p
localizes to growing and shrinking astral microtubules and its expression is cell
cycle regulated with a peak during mitosis (Carvalho et al., 2004; Caudron et
al., 2008; Huyett et al., 1998; Miller et al., 1998). Deletion of KIP2 results in
nuclear migration defects during metaphase, suggesting that Kip2p is required
for stabilizing microtubules during mitosis (Cottingham and Hoyt, 1997).

Kip2p transports several other microtubule-interacting proteins to plus ends,
complicating the analysis of its function in vivo. For example, kip2Δ mutants
have shorter astral microtubules than wild type, suggesting that Kip2p stabilizes
microtubules (Cottingham and Hoyt, 1997; Huyett et al., 1998; Miller et al.,
1998). However, this reduction has been proposed to require Kar3p, suggesting
that the stabilization effect of Kip2p is indirect (Huyett et al., 1998). Also, kip2∆
cells have decreased amounts of Bik1p at microtubule plus ends, and these two
proteins have been found both to interact and to co-migrate along astral
microtubules in vivo (Carvalho et al., 2004; Caudron et al., 2008). These
observations suggest that Kip2p transports Bik1p along astral microtubules.
Because the microtubule stabilizing activity of Kip2p depends on its transport of
Bik1p to microtubule plus ends, again Kip2p may only indirectly stabilize
microtubules. Finally, Kip2p is important for Kar9p localization to astral
microtubules (Miller et al., 1998).

4.4 Shaping the cytoskeleton – Signaling pathways

36

4.4.6 Other factors: Rho1p, Tor1p, Cdc28p/Clb4p
While the MTOC is an essential organizer of microtubules, regulation of
microtubule dynamics at the cell cortex are important as well to establish
defined microtubule networks. RHO1 family GTPases are essential for polarized
growth in both animal and fungal cells. Budding yeast has six Rho-type
GTPases, Rho1p-5 and Cdc42p. Rho1p is a key regulator of the cell wall
integrity (CWI) pathway and its function therein has been extensively reviewed
(Levin, 2005, 2011). Different Rho1p effectors have been identified, including
the protein kinase C homolog Pkc1p, which is involved in CWI signaling (Levin,
2005, 2011). How Rho1p regulated microtubule dynamics is not known. Pkc1p
genetically interacts with Bim1p, suggesting a role of Rho1p-mediated signaling
in regulating microtubule dynamics (Hosotani et al., 2001). In addition, Rho1p
physically interacts with components of TOR complex 1 (TORC1) (Yan et al.,
2012).

The target of rapamycin TOR is a protein kinase central in its role of metabolism
and growth in eukaryotic cells (Laplante and Sabatini, 2012). In budding yeast it
exists in two distinct complexes called TOR complex 1 (TORC1) and 2
(TORC2) (De Virgilio and Loewith, 2006). Deletion of BIK1 confers
hypersensitivity to rapamycin, which inhibits Tor1p (Choi et al., 2000). Tor1p
and Bik1p directly interact with each other and inhibition of Tor1p by rapamycin
results in short microtubules and spindle positioning defects similarly as
observed in bik1Δ mutant cells (Choi et al., 2000). Microtubule-binding activity
of the mammalian homolog of Bik1p, CLIP-170 is positively regulated by
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FKBP12-rapamycin-associated protein (FRAP, also called mTOR/RAFT) (Choi
et al., 2002).

These results suggest a role of Rho1p-mediated signaling in microtubule
dynamics linked potentially via Tor1p to Bim1p and Bik1p. However, it remains
unclear whether Tor1p directly phosphorylates Bik1p and how inhibition of
Tor1p activity regulates Bik1p localization to microtubule tips. Cortical
localization of Rho1p changes throughout mitosis, and it remains unclear when
Rho1p-mediated regulation of microtubule dynamics occurs. Finally it will be
important to assess which specific microtubule dynamics parameters are
regulated by Rho1p.

Another important regulator of microtubule dynamics in yeast is Cdk1. Cdk1 is
the only cyclin dependent kinase in S.cerevisiae, and is regulated by its
associating cyclins, which change throughout the cell cycle (Mendenhall and
Hodge, 1998; Nasmyth, 1993). Cdc28p localizes to spindle poles and to
microtubules in a cell cycle-dependent manner. It is not present on spindle
poles in G1 but starts to appear on spindle poles and at the bud neck during
G1/S and localizes to the bud tip in G2/M (Maekawa et al., 2003). Cdc28p
localization to microtubules depends on various factors including Kar9p, Bim1p,
and Kip2p as the cyclin Clb4p (Maekawa and Schiebel, 2004; Maekawa et al.,
2003).
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Clb4p localizes to the daughter bound pole and moves along astral
microtubules towards their plus end (Maekawa and Schiebel, 2004).
Localization of Clb4p to spindle poles and astral microtubules depends on
Kar9p but not vice versa. Clb4p appears to regulate microtubule – bud cortex
interactions, causing a shift from bud tip during G1/S to neck and central bud
cortex region during G2/M (Maekawa and Schiebel, 2004). Loss of CLB4 alters
growth and shrinkage rates and increases microtubule length, suggesting that
Cdc28p/Clb4p is important for regulating microtubule dynamics (Maekawa and
Schiebel, 2004). However, aside from Kar9p, the targets of Cdlc28p/Clb4p
remain unknown.

In summary, various microtubule dynamics regulatory proteins have been
identified to this date. However, many questions remain unsolved. Except for
Kip3p, the mechanism by which these proteins regulate microtubule dynamics
remains unknown. In addition, parameters affected by most of these factors are
also unknown. Finally a quantitative assessment of their activities in vivo is not
available.

4.5 Shaping the cytoskeleton – Structural feedback
Microtubules are also organized by structural elements in cells. Mitotic budding
yeast cells exhibit a highly asymmetric environment including a large mother
cell, a small daughter cell and a narrow bud neck through which the spindle
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passes through. These different structural elements are important for
microtubule guidance in the cell.

One critical structural element is the septin ring at the bud neck, which forms a
capture site for astral microtubule plus ends during spindle positioning (Kusch et
al., 2002). The septin-dependent kinases Hsl1p and Gin4p are required for
inducing microtubule capture-shrinkage events, which produce directed
movement of the mitotic spindle towards the division plane (Kusch et al., 2002).
The neck provides therefore an important structural control center for spindle
positioning.

To ensure proper microtubule orientation towards the neck, budding yeast cells
connect the microtubule and the actin cytoskeleton. Filamentous actin cables
are therefore another element required for microtubule organization (Gladfelter
and Berman, 2009; Huisman and Segal, 2005; Kusch et al., 2003; Pearson and
Bloom, 2004). Specifically, Kar9p and Myo2p are required to orient astral
microtubules along actin cables in the mother cell and to allow the nucleus to
reach the division plane (Gladfelter and Berman, 2009; Huisman and Segal,
2005; Kusch et al., 2003; Pearson and Bloom, 2004). Spindle position and thus
microtubule organization by structural elements is monitored by the spindle
position checkpoint (Adames et al., 2001). Once activated, the checkpoint
prolongs mitosis by inhibiting the mitotic exit network until one end of the
anaphase spindle migrates into the daughter cell (Adames et al., 2001). The
spindle position checkpoint relies on microtubule-neck interactions, again
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suggesting that structural elements in yeast are critical for astral microtubule
organization.

These findings indicate that the division plane serves as an important control
station to assess spindle position. However, a quantitative assessment of the
different force-generating mechanisms and their organization in budding yeast
cells is still lacking.

4.6 Shaping the cytoskeleton – Competitive binding
Competitive binding of various microtubule interacting proteins can – either
alone or in combination with other mechanisms- very efficiently create activity
gradients (Huber and Kas, 2011). For example, microtubule length is set by a
dynamic equilibrium between microtubule polymerases and depolymerases
(Howard and Hyman, 2007). In vivo, motors walking along the same
cytoskeletal filament may influence each other, leading to specific group
behaviors that are not observed when single motors are studied in vitro (Guerin
et al., 2010).

In fungi, microtubule organization is simpler and thus the motor systems
working in the different fungal organisms are better understood (Steinberg,
2007). Budding yeast has six kinesin-related motor proteins: Cin8p, Kip1-3,
Kar3p, Smy1p and a single dynein heavy chain protein, Dyn1p (Hildebrandt and
Hoyt, 2000; Hoyt et al., 1997). With the exception of Smy1p, all motors are
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implicated in spindle function (Hoyt et al., 1997; Stearns, 1997). The different
mechanistic aspects of these motors have been investigated, though no
quantitative assessment has been done (Huyett et al., 1998; Miller et al., 1998).
In addition to motor proteins, other microtubule-associated proteins also
compete for microtubule-binding sites. In principle, any microtubule-associating
protein will ultimately influence protein stoichiometry at microtubule plus ends.
Currently, only one study has undertaken the challenge to investigate how
different +TIP proteins influence each other in regulating microtubule dynamics
(Wolyniak et al., 2006). Intriguingly, +TIP proteins interactions vary throughout
the cell cycle, adding additional levels of complexity to the question of how
motors and +TIPs work together to modulate microtubule dynamics (Wolyniak
et al., 2006).

4.7 Open questions in the field
Although many of the factors required to regulate microtubule dynamics have
been identified in budding yeast several questions remain open.
4.7.1 Are astral microtubule dynamics regulated spatially in budding
yeast cells?
An important aspect of regulation of microtubule dynamics is whether it is
dependent on features of the cell’s geometry exhibiting dynamics depending on
the position of the microtubule(s). In several model systems, spatial regulation
of microtubule dynamics has been described. In CHO and NRK cells for
example, microtubules exhibit persistent growth phases close to the cell center
while undergoing frequent transitions close to the cell membrane (Komarova et
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al., 2002). In this case, the responsible factors have not been identified. In
migrating cells, cytoplasmic microtubules are selectively stabilized at the cell
edge by GTPases of the Rho family, including Rac1, RhoA and Cdc42
(Wittmann and Waterman-Storer, 2001). Different pathways have been
elucidated in how microtubules are stabilized at the cortex of migrating cells
involving CLIP-170, Stathmin or EB1 (Watanabe et al., 2005). From these
proteins, CLIP-170 (Bik1p) and EB1 (Bim1p) are conserved in budding yeast.
Additionally, in yeast, five small GTPases are present: Rho1-4 and Cdc42p.
However, their potential role in regulation of microtubule dynamics in budding
yeast has not been investigated yet. In C.elegans embryos, microtubules are
spatially regulated by the PAR-2 and PAR-3 proteins leading to an increase in
their dynamicity at the posterior cortex compared to the anterior end of the
embryo (Labbe et al., 2003). Finally, in S.pombe, the kinesin-8 proteins Klp5/6
were found to spatially regulate catastrophes leading to an increase in
catastrophe frequency specifically at the cell poles (Tischer et al., 2009). Thus,
there is good evidence for spatial regulation of microtubule dynamics in different
model organisms. In budding yeast, it is however unclear whether spatial
regulation of microtubule dynamics occurs and if so, what purpose it might
serve. In order to understand in more detail the role of astral microtubule
dynamics regulation in processes such as spindle positioning and microtubulebased force generation, it will be key to obtain high-resolution data in order to
identify potential spatial regulations of microtubule dynamics.
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4.7.2 What are the contributions of the different microtubule dynamics
parameters to microtubule organization in budding yeast cells?
While the four basic microtubule dynamics parameters, g/s speeds, catastrophe
and rescue frequencies, have been measured in detail it is unclear whether they
all are important for specific functions of the microtubule in vivo. Throughout
mitosis the astral microtubule cytoskeleton undergoes a complex series of
rearrangements changing from multiple microtubules in G1 to a single
microtubule in metaphase and again several microtubule emanating from both
poles in anaphase cells. Which of the microtubule dynamics parameters are
adjusted accordingly to induce these organizational changes has not been
determined yet. However to understand how for example the observed
microtubule asymmetry in metaphase cells is built and maintained would require
a precise analysis of microtubule dynamics on the more active, bud-proximal
and the largely inactive, bud-distal spindle pole. In vitro experiments suggest
that catastrophe frequency is the key determinant to set microtubule length.
These results remain to be tested in vivo and also the roles of growth and
shrinkage speeds and rescue frequency needs to be assessed to understand
which of these parameters is essential to regulate microtubule length in vivo.

4.7.3 How are transition frequencies and speeds regulated in vivo and
what are their functions?
For none of the four microtubule dynamics parameters it is known whether they
are regulated in a manner depending on certain covariates, such as microtubule
length or position. In vitro data suggests that catastrophes regulate microtubule
length being regulated themselves in a length-dependent manner by the motor
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protein Kip3p (Gupta et al., 2006; Varga et al., 2006; Varga et al., 2009). In a
recent in vitro study, it has been suggested that catastrophes are induced
depending on microtubule age (Gardner et al., 2011b). For rescues, the
situation is less clear. No clear mechanism of how rescues can be promoted
has been suggested so far and no in silico model is available. From antibody
studies it has been suggested that GTP-remnants in the body of microtubules
might serve as rescue-templates (Dimitrov et al., 2008; Tropini et al., 2012).
Whether such a mechanism takes place in vivo and what factor(s) would be
involved in the process is however not clear. To understand the roles of
catastrophes and rescues in vivo it will be essential to analyze their regulation in
respect to different covariates of the system such as microtubule length or its
position in the cell. Additionally, it will be important to determine factors that
promote rescues and analyze the role of rescues in the process of microtubule
growth and shrinkage.

4.7.4 Are microtubule dynamics required for the process of spindle
movement during mitosis?
In different systems correlations between microtubule dynamics and the
process of spindle positioning has been described. In S.pombe for example,
spatial regulation of catastrophes at cell poles is required for the process of
spindle centering (Foethke et al., 2009; Tischer et al., 2009). In this process, the
motor Tea2p (Kip2p), as well as Tip1p (Bik1p) and the calls V myosin Myo52
are required (Daga et al., 2006; Martin-Garcia and Mulvihill, 2009). In C.elegans
embryos, PAR-2 and PAR-3 proteins have been implicated in regulating
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microtubule dynamics to ensure nuclear rotation in the asymmetrically dividing
embryonic cells (Cowan and Hyman, 2004; Tsou et al., 2003). However, what
becomes clear from these studies is only that microtubules are in some way
involved in the actual force-generating process (Manneville and EtienneManneville, 2006). This does not provide insight into the question whether
microtubule dynamics are specifically regulated in order for force-generating
mechanisms to be actually established. This is true also for budding yeast
where different motor proteins including Myo2p, Kar3p or dynein have been
studied in the context of spindle movement and attributed the ability to pull on
astral microtubules (Pearson and Bloom, 2004). The first study that starts to
shed light on the question to which extent microtubule dynamics regulation is
required for microtubule-dependent force generation comes from the Dogterom
lab (Laan et al., 2012). From their studies on dynein it appears that this motor
can inhibit microtubule growth and initiating catastrophes, thereby controlling
microtubule length and allowing for efficient dynein-mediated pulling forces to
be established. Therefore to understand to which extent microtubule dynamics
is required for the process of spindle positioning it will be important to analyze
microtubule dynamics in correlation with spindle movement.
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5.1.1 Introduction
Tubulin and microtubules
Microtubules are a major component of the cytoskeleton in all eukaryotic cells.
Microtubules are built of repeating α,β-tubulin heterodimers, which assemble
head to tail to form polarized linear protofilaments, 13 of which form the
microtubule lattice (Lowe et al., 2001; Nogales, 2001).

Lateral contacts

between subunits in these protofilaments can form two types of lattices, the Alattice form (α-β contact), or the B-type lattice (α-α or β-β contacts) (Amos and
Klug, 1974).

In the classic allosteric model heterodimers can exist in two different
conformations: GTP-bound α,β-tubulin, which exhibits a more straight
conformation and GDP-bound tubulin, which is slightly more bent (Gigant et al.,
2000; Lowe et al., 2001; Ravelli et al., 2004). Hydrolysis of the GTP molecule
bound to the β-subunit occurs within the lattice, and heterodimers at the
growing end tend to be in the GTP bound state (GTP cap). Dynamics of
microtubules at the resolution of single tubulin dimers are highly variable as
recently shown in vitro (Kerssemakers et al., 2006; Schek et al., 2007). The
cause of these fluctuations in the growth rates is not known. Two alternative
explanations have been proposed: the fluctuations could originate either from
random addition of tubulin oligomers from solution or they could be based on
variations in the length of the GTP-tubulin cap (Howard and Hyman, 2009).
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Tubulin in budding yeast
Saccharomyces cerevisiae has three essential tubulin genes: one α (TUB1)
(Schatz et al., 1986a), one β (TUB2) (Neff et al., 1983) and one γ (TUB4) (Sobel
and Snyder, 1995). TUB3 encodes a non-essential α-tubulin (Schatz et al.,
1986a) and deletion of TUB3 results in increased sensitivity to benomyl, a
microtubule-destabilizing drug (Neff et al., 1983; Schatz et al., 1986b). On a
functional level, TUB1 and TUB3 are identical (Schatz et al., 1986b). The ratio
between α and β tubulin is tightly regulated at both the transcriptional and
translational level in vivo and over-expression of either subunit is highly toxic to
cells (Katz et al., 1990).

Tub4p is associated with the spindle pole bodies (SPBs) and does not
assemble into microtubules (Marschall et al., 1996; Sobel and Snyder, 1995;
Spang et al., 1996). Tub4p is part of the budding yeast γ-tubulin complex
(Geissler et al., 1996; Knop et al., 1997; Rout and Kilmartin, 1990; Soues and
Adams, 1998; Wigge et al., 1998). This complex comprises Spc97p and
Spc98p, two evolutionarily conserved proteins that are core components in γtubulin complexes in budding and fission yeast and metazoans. The γ-tubulin
complex anchors the minus ends of nuclear and cytoplasmic microtubules at
both the inner and outer plaque of the SPB (Knop et al., 1999; Vogel and
Snyder, 2000b). Tub4p has a post-nucleation role in organizing both spindle as
well as cytoplasmic microtubules and is regulated by phosphorylation in vivo
(Vogel et al., 2001). Due to its key role in microtubule nucleation depletion or
mutation of TUB4 leads to aberrant nuclear and cytoplasmic microtubule
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organization (Marschall et al., 1996; Sobel and Snyder, 1995; Spang et al.,
1996). Tub4p function at the SPB is required for proper assembly of +TIP
complexes on cytoplasmic microtubules (Cuschieri et al., 2006).

Microtubule organization by the numbers
Numerous studies using combinations of fluorescent fusion proteins that label
microtubules, SPBs, centromeres or microtubule ends have provided
quantitative information regarding microtubule number, organization and
dynamics during the budding yeast cell cycle (Figure 5-1).

In G1, the astral microtubules are organized as a radial array of 2-3 astral
microtubules emanating from the single SPB (Kilmartin and Adams, 1984).
Kinetochores remain attached to the SPB and cluster adjacent to the SPB. The
astral microtubules extending from the SPB push against the cell cortex and
propel the nucleus in the opposite direction (Maddox et al., 2000; Shaw et al.,
1998; Shaw et al., 1997). This movement has been proposed to be either
directed (Adames and Cooper, 2000) or random (Shaw et al., 1997), although a
quantitative assessment of spindle trajectories in unbudded cells is still lacking.
It has been proposed that back-pushing of the nucleus in G1 eventually leads
the astral microtubules to the site of the incipient bud, followed by a captureshrinkage event that results in pulling of the nucleus towards the site where the
bud is formed (Huisman et al., 2004; Huisman and Segal, 2005; Segal and
Bloom, 2001).
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SPB duplication and insertion into the nuclear envelope is completed during Sphase. The bipolar spindle is composed of ~40 spindle (32 pole-kinetochore, 8
pole-pole) microtubules. The number of astral microtubules is much lower, and
prior to anaphase is biased with respect to the old bud-bound SPB (~2) and
new mother-bound (~1) SPB. In anaphase B the length of the anti-parallel polepole microtubules increases ~5X and the poles separate at two distinct
velocities: initially at ~0.50 µm min-1 and later at ~0.2 µm min-1 (Straight et al.,
1997; Straight et al., 1998). Anaphase B continues until the spindle attains an
average curvilinear length of ~9 µm (Vogel et al., 2001) and chromosomes have
been cleared from the future plane of cytokinesis at the bud neck (Mendoza et
al., 2009). Throughout the vegetative cell cycle and during mating, individual
astral microtubules can be detected and their dynamical properties and +end
trajectories measured. Examples of spindle and astral microtubules labeled with
GFP-Tub1p are shown in Figure 5-1. Astral microtubules projecting from an unaligned (Figure 5-1a) or an aligned (Figure 5-1b) pre-anaphase spindle
terminate in the bud. Astral microtubules project from both poles of an
anaphase spindle (Figure 5-1c).

The majority of studies published to date have been performed using manual or
semi-manual pixel limited methods for measuring the curvilinear length of
microtubules or spindles and the position of SPBs or centromeres with respect
to the spindle axis or future plane of cytokinesis (bud neck).

Manual

measurement places a practical limit to the number of objects (microtubule
ends, microtubule and spindle length) measured, thus sample sizes in most
studies are small (n<10). Important advances in analysis of cellular objects
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have arisen from experimental condensed matter physics, in particular from 2dimensional and 3-dimensional tracking of particles and rods in successive time
steps. The advantages of these methods are that they are not limited by pixel
size are suited for data acquisition using sensitive cameras. The application of
high resolution, semi-automated and automated methods to the analysis of
microtubule dynamics and function in yeast cells will be discussed in section 4.

Figure 5-1 Cytoplasmic and nuclear microtubule organization in budding yeast. Microtubules are labeled
with EGFP-Tub1p. Cytoplasmic microtubules project from the old (bud-bound) spindle pole into the bud
(a,b) during pre-anaphase spindle alignment. Cytoplasmic microtubules extend from both poles of the
anaphase spindle (c); note the increase in intensity at the spindle mid-zone, where anti-parallel
microtubules overlap. Images were collected using a spinning disk confocal microscope, 63X 1.4 NA
objective, 493 solid-state laser (Coherent) and EM-CCD camera (Hamamatsu ImageEM).
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When using GFP-tubulin fusions to study microtubule dynamics the following
points have to be considered:
1) Endogenous tagging of both TUB1 and TUB2 leads to a synthetic sick
phenotype. Therefore a second copy of a GFP-Tub1p protein fusion is
introduced into the genome with expression driven by a weak promoter
(Straight et al., 1997).
2) Overexpression of TUB2 is highly toxic for the cell. TUB1 and TUB3
overexpression is tolerated by the cell as a consequence of translational
control, although this does not rule out possible changes in microtubule
dynamics due to alterations in the stoichiometry of α and β tubulin and
therefore microtubule composition. For this reason, it is recommended
that the second copy of the labeled tubulin be maintained in the genome
rather than on a plasmid.
3) When microtubule bending can be excluded it is possible to analyze
microtubule dynamics by staining only the ends of the microtubule. The
length can be obtained from the three dimensional vector between the
minus and the plus end of the microtubule. We will discuss possibilities
further below.

5.1.2 The cellular toolbox for analysis of microtubules in budding yeast
The uses (and abuses) of fluorescent fusion proteins and mutations
Budding yeast has long been viewed as an excellent model organism due to its
facile genetics, short cell cycle (90-120 minutes depending on growth
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conditions) and highly stereotyped correspondence between specific cell
morphologies and cell cycle states. Extensive functional annotation of genes
and proteins has occurred since the complete genome sequence was obtained
in 1995. Currently, ~80% of non-essential genes are organized into functional
sub-networks (Costanzo et al., 2010) and thousands of proteins have been
placed into interaction networks (Tarassov et al., 2008). Budding yeast offers
numerous tools and methods suitable for quantitative analysis of microtubule
dynamics and function in living cells, including collections of strains bearing loss
of function (ORF deletion) mutations (Winzeler et al., 1999) or expressing
carboxyl terminal-EGFP fusion proteins (Huh et al., 2003). These resources
offer tremendous potential for discovery when used with care.

The following are key concepts for quantitative analysis of microtubules in living
cells:
1) The fusion of a genetically encoded tag (e.g. GFP) to the protein of
interest should not impact the protein’s function. Two tests for the
function of a fusion protein should be performed: 1) assessment of its
ability to support normal growth and 2) its synthetic genetic interaction
profile. An example of quality control using the Stu2p-EGFP fusion is
shown in Figure 5-2. The progeny of a STU2-EGFP:HIS3 strain crossed
to a wild-type reference strain (BY4742), and to a mad2∆ strain (BY4742
background) are shown with genotypes for each spore. This test
revealed that expression of the Stu2p-GFP fusion did not perturb growth
on YPAD. The Stu2p-EGFP fusion did not exhibit synthetic sickness or
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lethality in combination with mad2∆, indicating that the presence of the
carboxyl terminal EGFP does not perturb Stu2p function with respect to
spindle assembly.
2) The genetic background must not confound the cellular framework in
which the protein will be analyzed. A common mutation in yeast strains
that increases non-specific fluorescence is ade2. Medium can be
supplemented with adenine, but cell-to-cell variation in non-specific
fluorescence remains an issue. Thus for single cell analysis it is advised
to use an ADE+ strain background (e.g. YBR4741-2-3; (Brachmann et al.,
1998)).
3) The natural variation in intensities of the reporter(s) of interest cannot be
exceeded by experimentally introduced noise. Noise can arise from
medium or dirt in the imaging system, including glass slides used to
prepare the sample. Commonly used media and reagents may interfere
with fluorescent signals/measurements. Increasing the signal of a fusion
protein through over-expression is not a solution, as this introduces
artificial variation across cells in even a homogeneous population. When
expressing fusion proteins from centromeric plasmids, variation in copy
number is sufficient to confound many types of single cell analyses.
Thoughtful selection of fluorophores, the introduction of genetically
encoded fluorescent tags at the chromosomal locus that are expressed
at the endogenous level, and optimization of imaging parameters will
provide the best data for quantitative analysis.
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4) The process of imaging should not perturb the either function of
microtubules or cell viability. Optimization of imaging parameters will be
discussed in greater detail later in this chapter.

Figure 5-2 Genetic analysis used to test the function of a fusion protein. A strain expressing Stu2p-EGFP
from the (Huh et al., 2003) collection was tested for growth defects and synthetic lethality/ sickness in
combination with a mad2∆ mutation. The growth of cells expressing the fusion, and the fusion in
combination with mad2∆, does not differ from wild type. This analysis indicates Stu2p-EGFP is
functional with respect to the spindle microtubules.
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Proteins contributing to the regulation of microtubule dynamics
Regulation of microtubule dynamics requires microtubule-associating proteins
(MAPs) including microtubule plus-end tracking proteins (+TIPs) and plus-and
minus-end directed motor proteins (Akhmanova and Hoogenraad, 2005;
Akhmanova and Steinmetz, 2008; Carvalho et al., 2003; Howard and Hyman,
2003, 2007; Schuyler and Pellman, 2001; Wu et al., 2006). Potential
mechanisms for +TIP tracking of microtubule plus-ends include treadmilling,
transport and hitchhiking (Carvalho et al., 2003). It is important to note that
these mechanisms are not mutually exclusive and that many +TIPs have the
capability to track plus-ends by different mechanisms (Caudron et al., 2008).
The following section introduces a few of the different +TIPs in budding yeast.
We provide a short overview of each protein and discuss its applicability to
study microtubule dynamics.

Depending on what aspect of microtubule dynamics is studied the following
features of these proteins need to be considered:
1) Localization of +TIPs may include nuclear and cytoplasmic microtubules
and spindle poles. In addition, they may move along microtubules and
preferentially localize to specific subsets of astral microtubules.
2) Expression levels may be constant or undergo cell cycle-dependent
fluctuations.
3) Fluorophore fusions should ideally be made using the endogenous gene
locus, and may require various constructs, such as multi-fluorophore
fusions. Most of the proteins are available as part of a collection of
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functional EGFP carboxyl terminal fusions (Huh et al., 2003). It is
strongly suggested that strains from the GFP collection (provided as
MATa haploids) be backcrossed to the reference wild-type MATa strain
BY4742 and re-isolated by dissection of tetrads prior to their use. If
additional fusions are needed, it is recommend that these be introduced
into the diploid strain resulting from the backcross, as dissection of this
diploid will verify the functionality of the new fusion protein and reveal
synthetic genetic interactions that may exist between two or more fusion
proteins. This “cleaning” approach is recommended prior to using any
strain from a large collection (e.g. GFP, knockout collections).

Microtubule assembly promoters
BIM1
Overview: Bim1p belongs to the EB1 protein family, a ubiquitous group of
evolutionarily conserved microtubule binding proteins (Tirnauer and Bierer,
2000). EB1 proteins are highly interactive and are key for various regulatory
processes occurring at plus-ends of both nuclear and cytoplasmic microtubules
(Lansbergen

and

Akhmanova,

2006;

Morrison,

2007).

EB1

proteins

preferentially bind to the plus ends of microtubules (Tirnauer et al., 2002). In
vitro, the fission yeast EB1 homologue Mal3p has been shown to bind both plus
and minus ends of growing microtubules (Bieling et al., 2007). BIM1 is
transcriptionally regulated with its expression peaking during G1-S and
decreasing during mitosis (Tirnauer et al., 1999). Consequently, the effect of
Bim1p on dynamic instability has been found to be most prominent during G1,
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where it has been shown to increase growth/shrinkage rates and transition
frequencies, resulting in a net increase in microtubule dynamicity (total tubulin
turnover) (Adames and Cooper, 2000; Tirnauer et al., 1999; Wolyniak et al.,
2006).

Applicability to analyze MT dynamics: Bim1p can track both growing and
shrinking microtubules (Wolyniak et al., 2006) and localizes to both sets of
microtubules (nuclear and cytoplasmic) as well as to spindle poles at every
stage in the cell cycle. Bim1p can be tagged endogenously and a bim1∆ null
mutant is viable. Single and multi-fluorophore constructs have been used
extensively and are therefore available (Badin-Larcon et al., 2004; Cuschieri et
al., 2006; Fridman et al., 2009; Gardner et al., 2008b; Khmelinskii et al., 2007;
Liakopoulos et al., 2003; Schwartz et al., 1997; Tirnauer et al., 1999; Wolyniak
et al., 2006). Given Bim1p functions on both nuclear and cytoplasmic
microtubules, Bim1p fusions must be tested for functionality with respect to both
spindle and cytoplasmic contexts.

STU2
Overview: Stu2p was originally identified in a screen for tub2-423 suppressors,
a mutation in the β-tubulin gene that causes spindle defects at low temperature
(Wang and Huffaker, 1997). Stu2p is a member of the Dis1/TOG protein or
MAP215/TOG family (Gard et al., 2004; Ohkura et al., 2001) which is defined by
the presence of 2 or more N-terminal TOG domains, each of which contains
several HEAT repeats (Gard et al., 2004; Ohkura et al., 2001). Dimerization of
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Stu2p is essential for its proper function in vivo (Al-Bassam et al., 2006; De Wulf
et al., 2003; Van Breugel et al., 2003). Depletion of Stu2p decreases the
number but not the length of cytoplasmic microtubules in G1 and metaphase
(Kosco et al., 2001) and reduces the dynamicity of microtubules (Kosco et al.,
2001; Wolyniak et al., 2006). The first TOG domain of Stu2p is required to
stabilize cytoplasmic and nuclear microtubules in vivo (Al-Bassam et al., 2006).
Contrary to its role in microtubule stabilization in vivo, recombinant Stu2p
destabilizes microtubules and increases catastrophe frequency in vitro, clearly
reducing microtubule length (Van Breugel et al., 2003). The complexity of Stu2p
function in microtubule dynamics regulation has been discussed in (Al-Bassam
et al., 2006).

Applicability to analyze MT dynamics: Stu2p localizes to spindle poles and to
both nuclear and cytoplasmic microtubules throughout the cell cycle (Kosco et
al., 2001; Wang and Huffaker, 1997). Stu2p was shown to track the plus ends of
both growing and shrinking cytoplasmic microtubules throughout the cell cycle
(Wolyniak et al., 2006). STU2 is an essential gene however the endogenously
tagged single as well as multi Stu2p-fluorophore fusions are viable (Al-Bassam
et al., 2006; Chen et al., 1998; Kosco et al., 2001; Ma et al., 2007; Usui et al.,
2003; Wang and Huffaker, 1997; Wolyniak et al., 2006).

BIK1
Overview: Bilateral karyogamy defect 1 (BIK1) was originally discovered as a
gene required for nuclear fusion during mating (Berlin et al., 1990; Kurihara et
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al., 1994; Trueheart et al., 1987). Structural analysis predicts that Bik1p
contains three different structural domains (Berlin et al., 1990). Both yeast
CLIP-170 homologues ScBik1p and SpTip1 are proposed to hitchhike on a
plus-end directed motor (Busch et al., 2004; Carvalho et al., 2004). Whether
Bik1p binds tubulin dimers and thus can bind to plus-ends of microtubules by an
endloading/treadmilling mechanism is not fully understood (Miller et al., 2006).
A recent study suggests that transport along microtubules and end tracking of
Bik1p are two distinct processes (Caudron et al., 2008). Deletion of BIK1 results
in short or undetectable cytoplasmic microtubules, defects in spindle elongation,
and mis-positioned nuclei (Berlin et al., 1990; Molk et al., 2006). In mating cells
Bik1p is required for maintaining cytoplasmic microtubule attachment to the
shmoo tip once the nucleus is properly oriented and may function in anchoring
MT plus ends to the shmoo tip similarly to Kar3p (Molk et al., 2006). An
extensive review on Bik1p structure and in vivo function have been recently
published (Miller et al., 2006).

Applicability to analyze MT dynamics: Bik1p localizes to spindle poles,
kinetochores and both nuclear and cytoplasmic microtubules (Carvalho et al.,
2004; Lin et al., 2001). Bik1p tracks both growing and shrinking astral
microtubules throughout the cell cycle although its backtracking ability is less
robust in G1 (Carvalho et al., 2004). Many different multi-fluorophore fusions
are available for Bik1p providing a very bright signal for the microtubule plus
ends (Badin-Larcon et al., 2004; Carvalho et al., 2004; Caudron et al., 2008;
Grava et al., 2006; Li et al., 2005; Lin et al., 2001; Molk et al., 2006). The fact
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that Bik1p is transported along microtubules via the motor protein Kip2p
(Carvalho et al., 2004) must to be considered when using Bik1p as a reporter
for plus ends: its distribution along the length of a microtubule can give rise to
difficulties for tracking Bik1p when applying automated tracking algorithms.

Microtubule disassembly promoters
KIP3
Overview: The KIP3 gene was identified in a BLAST search for kinesin-related
genes and encodes an 805 amino acid (91 kD) motor protein (DeZwaan et al.,
1997). Deletion of KIP3 results in long cytoplasmic microtubules (Miller et al.,
1998; Yeh et al., 2000). In vitro, Kip3p has been shown to be a highly
processive

plus

end-directed

microtubule

motor

that

depolymerizes

microtubules specifically from their plus ends (Gupta et al., 2006; Varga et al.,
2006). The destabilizing activity of Kip3p is length dependent, leading to faster
depolymerization of long microtubules (Varga et al., 2006; Varga et al., 2009).

Applicability to analyze MT dynamics: Endogenously expressed Kip3p localizes
along nuclear and cytoplasmic microtubules with enrichment at plus ends in all
cell cycle stages (Gupta et al., 2006; Varga et al., 2006). However, Kip3p
accumulates on growing but not on shrinking microtubules (Gupta et al., 2006;
Varga et al., 2006) limiting its use for microtubule dynamics analysis.
Endogenous tagging of Kip3p is possible and multi-fluorophore fusions are
available (Gardner et al., 2008a; Gupta et al., 2006; Tytell and Sorger, 2006;
Varga et al., 2006; Varga et al., 2009).
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KAR3
Overview: Kar3p defines a subclass of kinesin-related minus-end-directed
motor proteins that have their motor domains located at the C-terminus of the
protein (Endow et al., 1994; Meluh and Rose, 1990; Middleton and Carbon,
1994). Kar3p forms functionally different complexes with two proteins, Cik1p
and Vik1p (Manning et al., 1999; Page et al., 1994). In vitro, Kar3p shortens
microtubules in a plus-to-minus-end fashion and it has been suggested that
Kar3p induces microtubule depolymerization by a sequential release of tubulin
heterodimers while remaining attached to the microtubule (Sproul et al., 2005).
These observations support earlier in vivo observations in mating cells, where
Kar3p depolymerizes microtubules specifically at the mating projection (Maddox
et al., 2003). Kar3p also depolymerizes microtubules in preanaphase cells
(Saunders et al., 1997). However, during anaphase, Kar3p is required for
spindle assembly and stability both at the spindle poles, where it tethers and
crosslinks microtubule minus ends and along the spindle where it bundles
microtubules (Allingham et al., 2007; Gardner et al., 2008b).

Applicability to analyze MT dynamics: Kar3p localizes to cytoplasmic
microtubules and to spindle poles in mating cells (Meluh and Rose, 1990). In
these cells Kar3p accumulates at the ends of shmoo tip microtubules (Maddox
et al., 2003; Zaichick et al., 2009). During vegetative growth, Kar3p localizes to
spindle poles and nuclear microtubule throughout the cell cycle but not to
cytoplasmic microtubules (Gardner et al., 2008b; Manning et al., 1999). Thus
the use of Kar3p as an end marker is therefore restricted to either mating cells
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or to the analysis of phenotypes in the spindle. Single fluorophore fusions have
been reported (Gardner et al., 2008b; Maddox et al., 2003; Zaichick et al., 2009)
but no multi-fluorophore-Kar3p protein is currently available.

Microtubule stabilization through cortical interactions
KAR9
Overview: In S.cerevisiae, Kar9p is considered to be the functional homologue
of APC because it shares limited similarity with a part within the C-terminal EB1binding region of APC (Bienz, 2001). Kar9p encodes a 644 AA, 74 kDa basic
protein with no significant homology to any known protein (Miller and Rose,
1998). Deletion of KAR9 results in spindle misorientation (Miller and Rose,
1998; Yeh et al., 2000) but does not affect microtubule dynamics (Beach et al.,
2000). Kar9p binds to microtubules via Bim1p (Korinek et al., 2000; Lee et al.,
2000). The type V myosin Myo2p directly interacts with Kar9p (Yin et al., 2000)
and is important for spatial organization of Kar9p, since mutating Myo2p results
in Kar9p redistribution between mother and bud (Beach et al., 2000). Kar9p is
therefore important to link cytoplasmic microtubules to the actin cytoskeleton.

Applicability to analyze MT dynamics: Endogenously expressed Kar9p-GFP
localizes along microtubules and to the plus ends of growing and shrinking
microtubules (Kusch et al., 2002; Lee et al., 2000; Liakopoulos et al., 2003;
Maekawa et al., 2003; Miller et al., 2000). During metaphase, Kar9p localization
is biased towards the bud-proximal spindle pole and associated astral
microtubules (Liakopoulos et al., 2003; Maekawa et al., 2003), which may limit
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its use as a plus end marker. Endogenous fluorophore tagging of Kar9p has
been widely used and multi-fluorophore fusions are available (Beach et al.,
2000; Grava et al., 2006; Huisman et al., 2004; Korinek et al., 2000; Kusch et
al., 2002; Lee et al., 2000; Leisner et al., 2008; Liakopoulos et al., 2003;
Maekawa and Schiebel, 2004; Maekawa et al., 2003; Miller et al., 1999; Miller
and Rose, 1998; Miller et al., 2000; Miller et al., 1998; Moore et al., 2006; Moore
and Miller, 2007; Sagot et al., 2002; Segal et al., 2000).

DYNEIN (DYN1, DHC1)
Overview: DHC1 was identified in a PCR-based search for dynein homologues
in S.cerevisiae and it is the only dynein heavy chain isoform in budding yeast
(Eshel et al., 1993; Li et al., 1993). Extensive reviews about dynein function in
S.cerevisiae (Moore et al., 2008; Moore et al., 2009) and different dynein
isoforms in fungi (Yamamoto and Hiraoka, 2003) are available.

Dynein is critical for spindle elongation during anaphase. Different models have
been provided to describe the process of dynein recruitment to plus ends and
off-loading at the cell cortex. In summary, dynein is recruited to plus ends via
Pac1p, Ndl1p, Kip2p and Bik1p. Upon attachment, dynein and Pac1p are offloaded from the MT tip and anchored at the cortex, where dynein is transferred
to the membrane. Activation of dynein results in pulling on microtubules and the
associated spindle pole (Lee, 2003; Li et al., 2005; Sheeman et al., 2003). In
dynein mutant cells, astral microtubules spend more time at the cortex
(Carminati and Stearns, 1997) and the average length of microtubules is

5 Results

65

increased (Carminati and Stearns, 1997; Knaus et al., 2005). In these cells,
astral microtubules are less dynamic, with decreased speeds and transition
frequencies and an increase in pausing times (Carminati and Stearns, 1997).

Applicability to analyze MT dynamics: Dyn1p-3GFP is found along growing and
shrinking astral microtubules (Sheeman et al., 2003). Localization of dynein to
SPBs and cytoplasmic microtubules is cell cycle dependent. While it localizes
asymmetrically to the proximal SPB and astral microtubules during G1 and
metaphase, its localization to SPBs and astral microtubules becomes symmetric
during anaphase (Grava et al., 2006; Lee, 2003; Sheeman et al., 2003; Yeh et
al., 1995). Dynein can be tagged endogenously and different multi-fluorophore
constructs are available (Carvalho et al., 2004; Caudron et al., 2008; Lee, 2003;
Lee et al., 2005; Li et al., 2005; Sheeman et al., 2003; Woodruff et al., 2009).

5.1.3 Microscopy and data collection
Overview
In the past decade the field of microscopy and in particular fluorescence
microscopy has evolved rapidly, providing a vast number of new microscope
setups. Each system has different traits expanding spatial and temporal
resolution and the effective amount of signal collected. Three parameters define
which restrictions apply when choosing among these possible setups; the type
of microtubules to be imaged (nuclear or cytoplasmic), whether a +end reporter
(e.g. a +TIP fusion) or a reporter for curvilinear length (e.g. GFP-Tub1p) is
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used, and the temporal/spatial constrains imposed by the biological process
itself. Imaging single microtubules requires a different setup (confocal, sensitive
camera) than observing a population of microtubules (speckle microscopy,
FRAP, FLIP). Depending on what the biological question is, the required
resolution on space and time may vary and thus the microscope setup as well.

Numerous reviews organize the vast amount of information available to
biologists new to the field of microcopy (Combs, 2010; Lichtman and Conchello,
2005; Salmon et al., 2005; Schulz and Semmler, 2008; Taylor and Salmon,
1989; Waters, 2007; Wolf, 2007). Acquisition optimization involves balancing
signal-to-noise ratio and spatial and temporal resolution (Combs, 2010; Dorn et
al., 2008). Fluorophore bleaching and phototoxic effects ultimately restrict
parameter optimization (Combs, 2010; Dorn et al., 2008).

Microtubules can be imaged using different microscope setups including DIC,
wide-field or confocal microscopes. Single-beam confocal microscopes are
widely used and provide an increase in spatial (but not temporal) resolution
compared to wide field microscopy. Multi-beam confocal microscopes (e.g.
spinning disk or swept-field confocal microscopes) are the preferred choice
when acquiring images at high spatial and temporal resolution. A detailed
comparison between the two different setups is available (Gräf et al., 2005;
Marcus, 2007) as well as a very good comparison between different microscope
setups and their advantages/disadvantages (Combs, 2010).
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Essential microscope parameters
In section two of this chapter we introduced the reader to different plus-end
tracking proteins. Careful selection of such a protein in combination with a multifluorophore tag will significantly influence the signal quality in recorded movies.
Several other parameters need to be carefully considered when establishing a
microscope system to ensure maximal signal readout at a high acquisition rate:
Spatial Resolution: The resolution of a light microscope defines the minimal
distance by which two adjacent objects can be separated. This minimal distance
d is defined by the diffraction limit of the optical system (criterions formulated by
Raleigh) and depends primarily on the wavelength of the illumination light (l)
and the numerical aperture (NA) of the lens the light is passing through (d =
0.61l/NA) (Heintzmann and Ficz, 2007; Hell, 2003). The resolution of the
microscope system will determine the sampling in space that is required to
resolve the spindle poles and microtubules (see (Dorn et al., 2008) and
references therein).

Camera Type: In order to image live yeast cells charge-coupled device (CCD)
or electron multiplying CCD (EM-CCD) cameras can be used. Guidelines which
type of camera should be used and a detailed discussion about their differences
are provided by (Hinsch, 2007; Moomaw, 2007; Rasnik et al., 2007; Spring,
2007). Significant amplification of low-light-level signals above the CCD read
noise is achieved by EM-CCD technology. In addition to the total amplification
of a signal and a background as in CCD camera, EM-CCD performs
amplification of only detected photons before converting them to a digital signal.
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Two types of EM-CCD cameras are used for high-resolution microscopy: frontilluminated (FI) and back-illuminated (BI) EM-CCD cameras (Heemskerk, 2007).
FI EM-CCD cameras bear some limitations in signal detection resulting in a low
stability of spatial and energy resolution upon decreasing the temperature. BI
EM-CCD cameras (cooled to -65˚C or lower) demonstrate relatively stable
results and significantly improve the imaging capabilities for high-resolution
microscopy.

Light source: The choice of a light is very important for quantitative microscopy.
The main requirements to a light source are stability and uniformity. Mercury
and Xenon Arc lamps, representing slightly different spectral radiation profiles,
were commonly used source of light for wide-field fluorescent microscopes as
they are much cheaper than lasers. Gas or solid-state lasers produce very
narrow light spectra, corresponding to almost one wavelength ± manufacture
st.dev. Gas lasers are less expensive than solid-state lasers and usually
produce multiple emission lines: 488 and 514.5 nanometers, which represent
approximately 75 percent of the total laser power. However, gas lasers are less
suitable when used for emissions in the red spectrum and require active cooling
(air or water). Solid-state lasers are the most stable and accurate light source.
Lasers do not require emission filters and therefore can be used to perform an
ultra fast switch between different wavelengths.
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Protocol: high-resolution imaging using a spinning disk confocal
Temperature
Temperature influences the dynamical properties of microtubules in vivo. Using
automated, sub-pixel tracking methods to identify the spindle poles (Figure 53a) within a volume (Figure 5-3b,c) and optimized parameters described in the
protocol below, we measured the temperature dependence of the velocity of
pole separation during the fast phase of anaphase.

FIgure 5-3 Tracking spindle poles using automated feature finding. Spindle poles labeled with Spc42pCFP are a point-like feature. Pole intensities (in xy, and z) are fit to a Gaussian as described in Section 4
(a) to give the position of the poles in the mother and bud cavities (b). Images were collected using the
protocol a spinning disk confocal microscope, 63X 1.4 NA objective, 493 solid-state laser (Coherent) and
EM-CCD camera (Hamamatsu ImageEM).
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The mean velocity (< v >; µm min-1) of pole separation is significantly slower at
25ºC (0.74± 0.272, n=24 cells) with respect to < v > measured at 30ºC
(1.08±0.153, n=10 cells). Similar temperature dependency has been found for
kinetochore microtubule dynamics (Dorn et al., 2005). Therefore temperature
must be considered when planning the experimental regime, and controlled
during data acquisition.

Cells are stressed by imaging and while it is impossible to avoid stress,
phototoxicity (generally resulting from the formation of reactive oxygen species)
must be minimized. We have observed that >90% of pre-anaphase spindles
(n>300) fail to execute anaphase when high laser power is combined with rapid
pulses (30 frames x 50 msec per stack, acquired at 5 sec intervals). In cells that
are minimally stressed, the trajectories of pole displacement are stereotyped
and fast anaphase pole separation is concomitant with spindle movement into
the bud (Figure 5-4). Spindles < 3 µm in length (defined as population N) are
considered to be pre-anaphase spindles.

The proportion of spindles that undergoes anaphase with respect to those
expected to undergo anaphase (defined here as Fma) is high when cells are pretreated for 60-90 minutes with 1 mM ascorbate in SD medium, and image
stacks are collected at 10 or 20 sec intervals (Table 5-1). Deletion of the
checkpoint protein Mad2 (mad2∆) did not reduce Fma indicating that, under
these conditions, anaphase onset is not delayed by activation of the spindle
checkpoint. Sampling at 60 sec intervals reduced Fma. The distribution of values
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for Fma obtained (0.70 – 0.45) is in part due to the intrinsic variability of the time
between spindle assembly and the completion of bi-orientation of all 16
chromosomes.

The quality of images largely depends on the method of cell culture preparation
and slide cleaning. In order to collect data from cells in all possible cell cycle
stages, the samples must be prepared from exponentially growing culture (OD
0.4 – 0.6 at 600 nm). Cells are generally grown in low fluorescence medium, for
example SD medium. Clean slides improve the signal to noise ratio, which is
highly important for single cell analysis. Uniform and appropriate thickness (0.17
mm) of coverslips improves results.
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Figure 5-4 Spindle dynamics during the metaphase-anaphase transition. High-resolution tracking of
spindle poles (upper panel). Spindle entry into the bud (lower panel); negative values indicate pole is
located in the bud. Spindle poles are labeled with Spc42p-CFP (cerulean). Image stacks (z= 6 µm; 300
nm step size) were collected at 20 sec intervals (described in Section 3) using a spinning disk confocal
microscope and Metamorph software, 63X 1.4 NA objective, 440 solid-state laser (Coherent) and EMCCD camera (Hamamatsu ImageEM). Automated tracking was performed with particle tracking software
implemented in MatLab.
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Table 5-1: Optimization of imaging conditions. †Laser power, integration time, stack depth (6 µm) and zspacing (300 nm) were uniform. N is the population of cells with a pre-anaphase spindle < 3 µm at t=0.
NE is defined as the population of cells expected to undergo the metaphase-anaphase transition in the 10minute window of acquisition, at 25ºC. Fma = anaphase transitions observed for NE

Laser pulse interval†
10 sec
Condition -----

20 sec

+ ascorbate -----

60 sec

+ ascorbate + ascorbate + ascorbate
mad2∆

N

47

102

76

91

75

94

NE

17

23

25

29

24

29

0.29

0.70

0.65

0.58

0.58

0.45

Fma

Cleaning microscope slides and coverslips
Slides and coverslips should be cleaned shortly before the beginning of the
imaging process. Commercial pre-cleaned slides are dirty enough to produce
stochastic results from single cell-based fluorescence measurements. Slides
and coverslips should be rinsed thoroughly on both sides with a large amount of
ultrapure water, then ethanol, acetone and finally a second ethanol rinse. The
washed slides and coverslips are dried with compressed air, using a cotton
baffle to trap any particulates or oil that may exist in the compressed air line.

Concavalin A (ConA) is a lectin that will cause yeast cells to adhere tightly to
glass. It is important to consider that ConA may alter the cytoskeleton, and to
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perform appropriate control experiments. To prepare ConA coverslips, the glass
must be first cleaned with 1N NaOH for 2 h, washed with ultrapure water and
dried. ConA solution ~(10 µl) is then applied to one side of the coverslip for 1020 minutes (do not let it dry) and removed with two water washes. The coverslip
is then air dried, marked to indicate the side coated with ConA and used
immediately. Important: the coverslip must be marked such that the ConA side
is indicated clearly, as ConA will damage objective lenses!

Preparing the cells
1) Pre-incubate cells for 1 hour in SC medium with 1mM ascorbate.
2) Pellet cells in 1 ml of yeast cell culture (OD 0.4 – 0.6) by centrifugation
(500 rpm, 30 sec)
3) Vortex the cell suspension for 30 – 40 sec. This sample can be used for
in vivo microscopy for 20 min (max 30 minutes). Keeping yeast cells
concentrated in a small volume can change their metabolism and cell
cycle progression.
4) Pipet 5µl of the concentrated cell culture on to a clean slide and apply a
clean coverslip (Ted Pella 0.16-0.19 mm). Avoid air bubbles.
5) Press gently on two of the coverslip edges with a Kimtech wipe to
wick/remove excessive liquid. Avoid compressing the cells. The coverslip
can

be

sealed

with

clear

nail

polish

or

VALAP

(1:1:1

vasoline:lanolin:paraffin). Use minimal sealant and ensure the seal is dry
before imaging to prevent damage to objective lenses. For experiments
where data is collected for less than 10 minutes, sealing is not required.
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Optimization of the imaging regime
To optimize conditions for imaging the following parameters should be
considered:
-

The objective magnification and NA should satisfy experimental goals.
Imaging +TIPs proteins requires 63x or 100x Plan-Apochromat objective
with NA 1.4 or higher.

-

Electron Multiplication Gain of the EM-CCD camera should be adjusted
to optimize signal-to-noise ratio of the outcome image. The gain of EMCCD and CCD cameras can also be adjusted to improve signal.

-

Photon Counting Mode is available for some EM-CCD cameras. Low
intensity signals can be amplified with Photon Counting Mode (set to “1”),
without significant perturbation of background readout.

-

The illumination source (laser) together with exposure time should be
adjusted according to the temporal resolution required and to minimize
photobleaching. Fast imaging (10+ fps) will require short exposure time
and thus higher laser power. Applying higher laser power will produce
more photon noise. High laser power or long exposures (i.e. the total
number of photons the sample is exposed to during the experiment)
contributes to fluorophore bleaching and phototoxicity and therefore both
parameters should be optimized.

-

It is essential to avoid signal saturation for quantification of a fluorescent
signal. All parameters should be adjusted in a range satisfying
characteristics of the camera used, typically 16-bit range.
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5.1.4 Methods of analysis
In this section we provide an overview of methods suited for analysis of
microtubule dynamics in yeast. Factors such as sample size, dimensionality and
accuracy determine the information content of the dataset therefore influence
what analysis strategy is employed.

Ensemble (large-scale, averaged) versus single cell analysis
Microtubule growth and shrinkage are dynamic sub-cellular processes.
Therefore any analysis of the dynamical properties of microtubules has to be
performed at the single cell level. Moreover, the process of dynamic instability is
highly variable not only at the level of light microscopy but even at singlemolecule resolution (Gardner et al., 2008c; Kerssemakers et al., 2006; Schek et
al., 2007). This has two important consequences: (A) microtubules may exhibit
a variety of different behaviors, some of which can be rare, and (B) individual
comparisons, or direct averaging, of microtubule trajectories between cells (or
microtubules) is meaningless.

Capturing the full dynamic phenotype
The natural variation of microtubule behaviors implies the acquisition and
analysis of large datasets. The size of the data set is largely determined by the
tools available to obtain and analyze the data. In the case of microtubule
tracking, use of (semi-) automated tracking software is required for the
acquisition of a homogeneous large-scale data set (Dorn et al., 2008). If a
dynamic process exhibits only a limited number of stereotypical behaviors,
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manual analysis of a small (<100) number of cells can be used to obtain
information on a variety of perturbations of the microtubule cytoskeleton – see
e.g. (Adames and Cooper, 2000; Carminati and Stearns, 1997; Cuschieri et al.,
2006; Shaw et al., 1997; Tirnauer et al., 1999; Wolyniak et al., 2006) for manual
tracking of astral microtubules. The minimal sample size increases for subtle
phenotypes and the number of behaviors under study; more cells have to be
analyzed in order to obtain an accurate view of a complex phenotype. In
addition, if there is phenotypic heterogeneity between cells, large amounts of
data are needed to be able to statistically discriminate between the different
populations. It is therefore essential to minimize variation in experimental
regime and in strain construction. Manual analysis of such numbers of cells is
unrealistic, and thus, automated computational image and data analysis are
required (Dorn et al., 2005; Jaqaman et al., 2006; Jaqaman et al., 2007).

It should be noted that great care has to be taken when developing the analysis
schemes, since rigid assumptions during design may make the software discard
rare behaviors. Therefore, although the analysis of microtubule dynamics
requires the development of automated analysis pipelines, a high level of
interaction between software developers and experimenters is required to
ensure that the full dynamic phenotype is captured (Jaqaman and Danuser,
2006).
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Characterizing microtubule dynamics
The stochastic nature of microtubule dynamics makes it impossible to average
individual microtubule length trajectories. To obtain information about
populations of microtubules, it is therefore key to define salient descriptors of
the dynamics, and to average those as long as there is no population
heterogeneity (Dorn et al., 2008).

Microtubule analysis based on the characterization and comparison of the
classic parameters such as transition frequencies and speeds is difficult
because small variations are likely to be lost in the noise part of the dataset. At
least for kinetochore microtubules, these parameters are not unique; it is
possible to obtain similar parameter sets for real and randomized data
(Jaqaman et al., 2006). Furthermore, the parameters are highly sensitive to
undersampling and to missing data points (Dorn et al., 2005; Jaqaman et al.,
2006).

Different approaches have been proposed to circumvent this problem. As an
alternative to comparing speed distributions and transition frequencies,
microtubule-length life histories can be characterized by analyzing their
oscillating behavior (Odde and Buettner, 1995; Odde et al., 1996). (Jaqaman et
al., 2006) further expanded the application of regression analysis to study
microtubule dynamics by developing an approach based on autoregressive
moving average models (ARMA). These statistical models can be used to
extract the coupling of the microtubule length state in time series. To access
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biologically meaningful information, an ARMA model can be used to help
generate in silico microtubule length series. Since in silico microtubule length
series do not suffer from data undersampling, they can be used to study
microtubule speeds and transition frequencies (Jaqaman and Danuser, 2006;
Jaqaman et al., 2006).

When image datasets do not provide the required resolution in both space and
time to address specific biological questions, in silico modeling of microtubule
behavior can be used to gain insights into the mechanisms investigated. These
models can be used to simulate microtubule distributions in cells in order to
estimate physical parameters from the model distributions (Shariff et al., 2010)
or gain understanding on how specific microtubule organization patterns are
achieved in cells (Gregoretti et al., 2006; Janson et al., 2007; Nédélec, 2002;
Pinot et al., 2009). Model development needs to be constantly tested against
experimental data in order to validate the output of the simulation (Gardner et
al., 2007; Jaqaman and Danuser, 2006).

Global analysis of microtubule behavior does not require detailed modeling of
events at individual microtubule ends (Karsenti et al., 2006), greatly simplifying
the task of model building and evaluation. In budding yeast, where the
dimension of the cell restricts analysis of events such as resolving individual
spindle microtubules, modeling of spindle microtubule dynamics can be
important to understand how these microtubules are organized (Pearson et al.,
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2006; Sprague et al., 2003). A detailed summary on how microtubule dynamics
can be simulated has been provided recently (Gardner and Odde, 2010).

Considerations with respect to temporal and spatial resolution
Microtubule movements occur in three dimensions. Rates of growth and
shrinkage and the frequency of switching between states are relatively fast.
Capturing the dynamics at an accurate spatial and temporal resolution is key for
accurate tracking. Likewise, accurate tracking requires a sufficient high signalto-noise ratio throughout the entire experiment. Finally, the length of the
experiment must be sufficient to capture all possible states of the microtubule.
These prerequisites are tightly linked and optimizing one parameter will
ultimately downgrade one or several of the other parameters (Dorn et al., 2008).

Dimensional data analysis: achieving high spatial resolution
In light microscopy resolution is diffraction limited to about 200nm in the x/y
plane and 600nm in the z plane (Gustafsson, 1999). To overcome these limits
and determine object positions below the diffraction limit different approaches to
enhance spatial resolution have been developed. Methods available can be
divided into approaches that either manipulate the point spread function or the
optical transfer function and techniques that apply prior knowledge such as
shape and dynamical behavior of the analyzed objects in an image (Danuser,
2001; Gustafsson, 1999). Model-based resolution enhancement techniques are
especially powerful when the tracked object has a simple geometrical shape
such as a sphere (Thomann et al., 2003; Thomann et al., 2002). Although
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microscopy-based resolution-enhancing approaches (reviewed in (Gustafsson,
1999)) are not fast enough to fully capture dynamics of budding yeast
microtubules, application of prior knowledge to achieve subpixel localization and
enhanced resolution has been applied to track both astral and nuclear
microtubules (Cardinale et al., 2009; Dorn et al., 2005). It is important to note
that these studies provide positional uncertainties for each measurement, which
is essential to statistically analyze the microtubule length series.

Dimensional data analysis: temporal sampling
The appropriate choice of sampling frequency requires a priori knowledge of the
process that is studied (ICRU, 2006). Ideally, a noisy signal (spatial or temporal)
should be sampled by at least 3 times its characteristic frequency. Limited
information is available for rates of microtubule growth and shrinkage in cells.
Reported rates of growth and shrinkage are ~ 1 µm min-1, and the frequency of
switches between states (growth, shrinkage) are < 1 min-1 (Cuschieri et al.,
2006; Vogel et al., 2001). For kinetochore microtubules these parameters are in
the range of 5µm min-1 for speeds and below 1 sec-1 for the transition
frequencies (Dorn et al., 2005). The sampling frequency and the timescale over
which data must be collected must accommodate the spectrum of dynamical
behavior of microtubules in the experimental regime (e.g., wild type versus
mutant or temperature).

Simple tests can be used to determine whether

sampling frequency is sufficient for accurate tracking, and are described in
(Dorn et al., 2008). It is important to note that temporal undersampling results in
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an apparent reduction of both speeds and transition frequencies (Dorn et al.,
2005).

Methods of analysis
Manual tracking of microtubules in 4D
Manual analysis of microtubule dynamics requires a careful experimental setup
to ensure completeness and consistency of the data set. First, each movie must
be analyzed several times and tracks must be averaged to minimize tracking
bias introduced by the investigator (see (Tirnauer et al., 1999) for an example of
manual analysis of MT dynamics). Then, the necessary amount of data points
to estimate each descriptor of microtubule dynamics needs to be determined
(Dorn et al., 2008; Jaqaman et al., 2006). Finally, movies need to be analyzed
in an unbiased manner to avoid artificially enriching for a specific phenotype.
This can be achieved by having different investigators pre-select cells for
analysis.

Manual tracking of microtubule lengths is generally done in three dimensions.
To track microtubules in a single plane rather than in 3-dimensional image
stacks requires both ends to be in the same focal plane (Adames and Cooper,
2000; Sprague et al., 2003). However, a single focal plane is rarely sufficient to
accurately measure the length of a microtubule over its entire lifetime (Dorn et
al., 2008; Dorn et al., 2005). The coordinates of the microtubule ends can be
found and linked in an image stack or measured in a 2-dimensional projection of
the stack, followed by counting the planes with in-focus signal of the
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microtubule (Kosco et al., 2001; Tirnauer et al., 1999; Wolyniak et al., 2006).
The curvilinear length can then be reconstructed by calculating the hypotenuse.
A method to calculate microtubule dynamics from kymograph images has been
described in (Mennella et al., 2005).

While individual astral microtubules can be resolved in the light microscope, this
is not possible for individual spindle microtubules, which restricts manual
analysis of microtubule dynamics to cytoplasmic microtubules. In anaphase, the
ensemble dynamics are reported by increase in curvilinear length, and velocity
of pole displacement (shown in Figure 5-4). In certain mutants and to a lesser
extent in wild-type cells ((Vogel et al., 2001) and our observations), curvilinear
length and pole separation become uncorrelated as spindle length increases >
6 µm.

Semi-automated/automated tracking of microtubules in 4D
Although automated tracking of microtubules requires a substantial initial
investment to establishment the necessary software tools, it provides several
advantages over manual microtubule tracking. First, microtubules can be
tracked at subpixel localization, increasing tracking precision significantly.
Second intra- and inter-user variability of tracking results is eliminated when
using automated tracking methods. Third the amount of data that can be
analyzed when using computer-aided tracking is unmatched. To increase
tracking precision, resolution in space and time must be as high as possible.
Depending on the experimental setup and the biological question behind the
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experiment different tracking approaches can be applied. In the following
section we briefly discuss different methods available for automated microtubule
tracking.

Tracking Methods –Microtubule filament tracking
Line tracking of microtubules relies on the successful detection of the curvilinear
structure in images. Different approaches have been developed for line feature
detection and subsequent microtubule segmentation in microscopic images
(Brangwynne et al., 2007; Danuser et al., 2000; Hadjidemetriou et al., 2008;
Hadjidemetriou et al., 2005; Jiang et al., 2004, 2005; Lichtenstein et al., 2003;
Shelden and Knecht, 1998). Many methods to detect and track curvilinear
features rely on steps involving image enhancing using filter and thresholdbased algorithms followed by morphological image processing to detect the
tubules. A variety of other methods exist (for an overview see (Hadjidemetriou
et al., 2008) and references therein). These methods work well when
microtubule intersections are scarce such as in budding and fission yeasts
(Tischer et al., 2008). In addition to quantifying microtubule dynamics, shape
based tracking methods allow quantitative analysis of microtubule bending
(Bicek et al., 2007).

The greatest obstacle in filament tracking lies in the successful identification of
the microtubule ends in successive time steps. In budding yeast, direct labeling
of tubulin with a fluorophore is restricted to α tubulin, in which an N-terminally
tagged TUB1 is introduced into the genome as a second copy (Straight et al.,
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1997). Sub-stoichiometric labeling of the microtubule lattice results in localized
intensities (“speckling”) distributed over the length of the MT, and lower intensity
at the dynamic plus end. This makes accurate detection of the microtubule end,
and thus precise measurement of length, difficult. As an alternative, a +TIP
protein that tracks growing and shrinking microtubules can be tagged with the
same fluorophore to enhance signal-to-noise ratio at the plus end (discussed
below).

Tracking Methods –Feature point tracking
Feature point tracking (FPT) algorithms have been developed to address single
and multiple particle tracking problems. These particles represent fluorescent
speckles of individual or aggregated proteins with an object size smaller than
the diffraction limit which results in their appearance in a point-spread function
based shape. Tracking algorithms are based on model fitting (Danuser et al.,
2000; Dorn et al., 2005; Gao and Kilfoil, 2009; Kerssemakers et al., 2009;
Thomann et al., 2003; Thomann et al., 2002) and filtering methods (Cardinale et
al., 2009; Sage et al., 2005; Sbalzarini and Koumoutsakos, 2005; Smal et al.,
2007, 2008a; Smal et al., 2008b). Performance and accuracy comparisons can
be found in (Gao and Kilfoil, 2009; Sbalzarini and Koumoutsakos, 2005;
Thomann et al., 2002).

High particle density leads to several problems such as overlapping objects
and/or object trajectories or temporary particle disappearance due to either outof-focus shift of the imaged object or fluorophore blinking. Several attempts
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have been made to overcome these difficulties (Gao and Kilfoil, 2009; Jaqaman
et al., 2008; Smal et al., 2007, 2008a; Smal et al., 2008b). These algorithms are
optimized for specific experimental conditions, and their suitability depends on
the assays used to acquire the image.

When particle density is low, FPT basically reduces to successful detection and
localization of particles. Low particle density eliminates or simplifies trajectory
linking and greatly reduces the complexity of the tracking algorithm and need for
optimization strategies (Cardinale et al., 2009).

Finding and tracking microtubule ends using +TIPs
In order to track yeast microtubules with FPT-based methods, both ends need
to be visualized as spots. Microtubule minus ends are visualized by tagging
components of the spindle pole body (Cardinale et al., 2009; Dorn et al., 2005).
Plus end visualization differs depending on whether nuclear or cytoplasmic
microtubules need to be stained.

In the yeast spindle, each of the 16 chromosomes is linked to one spindle
microtubule. So far no treadmilling has been detected (Maddox et al., 2000),
and so movement of kinetochores relative to the spindle pole appears to directly
reflect microtubule dynamics. In order to resolve dynamics of a single
kinetochore microtubule, the centromeric region of one specific chromosome
can be tagged with fluorophores (Dorn et al., 2005). Note that measured
dynamics may differ depending on the chromosome size (Jaqaman et al.,
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2007). Staining of individual plus ends is possible; however, since the yeast
spindle is small, resolution of the individual ends for tracking has not yet been
achieved and dynamics analysis is restricted to the entire kinetochore MT
population using FRAP analysis or model convolution (Gardner et al., 2005;
Pearson et al., 2006; Sprague et al., 2003).

Tracking of cytoplasmic microtubules requires the direct labeling of the plus
end. With the emphasis on FPT-based tracking of microtubules in this chapter
we do not recommend the labeling of TUB1 because, in this case, TUB1 is
overexpressed and thus microtubule dynamics may be altered. Instead, a
suitable tip tracking protein can be selected for plus end labeling. This method
is not suitable to track the length of long microtubules, such as those observed
during anaphase or specific mutants that cause microtubule bending.

Proteins that are suitable to track growing and shrinking microtubules have
been described above, and include Bim1p, Bik1p, Kip2p or Stu2p (Carvalho et
al., 2004; Caudron et al., 2008; Molk and Bloom, 2006; Wolyniak et al., 2006).
For these proteins, triple-fluorophore tagged fusion proteins exist that provide
high signal-to-noise ratios. In addition, these proteins localize symmetrically on
growing and shrinking microtubules emanating from both sides of the spindle. In
principle, all of these proteins are present on growing and shrinking astral
microtubules throughout the cell cycle, although small variations may occur
(Carvalho et al., 2004) which must be considered when deciding which end
tracking protein to use. In addition, these proteins are transported along the
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microtubule lattice towards the plus end. Upon arrival of the cargo at the
microtubule end the “fluorescent” shape of the tip will temporarily elongate, a
process, which has to be taken into account when tracking microtubules using
plus end proteins.

Acknowledgments
The authors thank members of the Barral and Vogel lab for discussions,
members of the Barral lab, Khouloud Jaqaman, and Jonas Dorn for critical
reading of the manuscript, and Vincent Pelletier, Kemp Plumb and Maria Kilfoil
(Department of Physics, McGill University) for their expertise and contributions
to tracking methods used in this study. The authors acknowledge support from
operating and equipment grants from CIHR and the Canadian Foundation for
Innovation (CFI) to JV and to the Developmental Biology Research Initiative
(Biology, McGill University) and from the ETH-Zurich to Yves Barral.

5 Results

89

5.2 Astral Microtubule Dynamics in S.cerevisiae

A. Rauch1, 4,*, G. Paul1,3,4,*, J. Cardinale3,4, I. F. Sbalzarini3, F. Caudron1, K.
Jaqaman2, G.Danuser2, Benita Heiz1, G. Szekely4, Y. Barral1†

1 Institute of Biochemistry, ETH-Zurich, 18 Schafmattstrasse Zurich 8093 CH, 2
Cell Biology - The Scripps Research Institute, Computational Cell Biology, La
Jolla, CA, USA, 3 Computer Science - ETH, Theoretical Computer Science,
Zurich, Switzerland, 4 Information Technology and Electrical Engineering - ETH,
Computer Vision, Zurich, Switzerland, * These two authors contributed equally
to the work

5.2.1 Contributions
The work presented here was carried out in collaboration between all authors.
Y.B., G.S. and A.R. defined the research theme. A.R. designed methods and
experiments, carried out the laboratory experiments, analyzed the data,
interpreted the results and wrote the paper. G.P. designed and implemented
time series analysis methods, co-worked on data analysis and data
presentation. J.C. designed and implemented the tracking software and coworked on data analysis. K.J. and G.D. supported A.R. in data analysis. B.H.
and F.C. supported A.R. in data acquisition.

5.2 Astral Microtubule Dynamics in S.cerevisiae

90

5.2.2 Abstract
Microtubules are dynamic polymers, and a central component of the eukaryotic
cytoskeleton.

Paradoxically, while microtubules switch between phases of

growth and shrinkage in an apparently stochastic manner, they contribute very
reproducibly to precise processes, such as assembly and positioning of the
mitotic spindle in dividing cells. To better understand how microtubule behavior
is spatially controlled, we developed a framework to semi-automatically record
the dynamics of yeast astral microtubules at high spatial and temporal
resolution in metaphase. This study indicates that catastrophe frequency
increases with increasing microtubule length in vivo, while short microtubules
were more frequently rescued than long ones. Furthermore, at comparable
length, microtubules reaching into the bud underwent catastrophe at a
comparatively lower frequency than those in the mother cell.

The motor

proteins Kip2p, Kip3p, Kar3p and Dynein worked together to modulate
microtubule dynamics each in its own way and partially by antagonizing each
other. The small GTPase Rho1p contributed to this process by modulating the
effects of Kip2p and Dhc1p in the bud, thereby promoting dynein-mediated
spindle movement towards the future daughter cell. Taken together, our data
provide evidence that yeast motor proteins function as an integrated system to
promote

proper

microtubule

organization

and

function

positioning, and provide insights about their individual roles.

during

spindle
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5.2.3 Introduction
Cell division requires precise positioning of the cleavage plane and the nucleus
relative to each other to properly segregate nuclei between the daughter cells.
The equatorial plane of the mitotic spindle in animal cells generally specifies the
site of division (Almonacid and Paoletti, 2010; Kaltschmidt et al., 2000;
Knoblich, 2008, 2010; Uyeda et al., 2004). In budding yeast, the division plane
is determined at the site of bud emergence prior to spindle assembly (Chant
and Pringle, 1995; Freifelder, 1960). Therefore, the spindle must first migrate to
the neck and align with the mother-bud axis, prior to elongating. Migration of
the budding yeast nucleus to the division plane is mediated by astral
(cytoplasmic) microtubules (Huffaker et al., 1988).

These microtubules are

nucleated on the cytoplasmic face of spindle pole bodies (SPBs), the yeast
equivalents of centrosomes and an organelle embedded in the nuclear
envelope (Jacobs et al., 1988; Kusch et al., 2002; Miller et al., 1999).

Microtubules are stiff, hollow polymers built of repeating α,β-tubulin dimers,
which assemble head to tail to form linear protofilaments. In general, thirteen
protofilaments align in an oriented manner to form a microtubule (Lowe et al.,
2001; Nogales, 2001). These Microtubules are polar tubes. In each dimer, the
β-subunit orients towards the plus- and the α-subunit towards the minus-end of
the microtubule. While the minus-end exhibits little dynamics in vivo, the plusend alternates in a dynamic manner between phases of growth (polymerization)
and

shrinkage

(depolymerization).

Incorporation

of

new

α/β-tubulin-

heterodimers at the plus end is followed with GTP-hydrolysis in β-tubulin,
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leading to a microtubule lattice consisting mainly of GDP-bound β-tubulin and a
cap-structure at the microtubule plus-end containing GTP-bound β-tubulin.
Transition from growth to shrinkage is termed catastrophe and the switch from
disassembly to assembly is called a rescue. GTP-hydrolysis is thought to be
the basis for the dynamic behavior of microtubules in vitro and in vivo. In vivo,
microtubule dynamics integrate additional components, due to the effects of
regulatory factors present in the cell.

For microtubules to carry out their different functions in vivo, they must organize
into specific spatial and temporal patterns. The astral microtubule cytoskeleton
in budding yeast is relatively simple, since only a few single microtubules
emanate from the SPBs into the cytoplasm (Kilmartin and Adams, 1984). In
unbudded G1 cells, approximately 3 to 6 astral microtubules emanate from the
single SPB (Carminati and Stearns, 1997; Shaw et al., 1997). Upon SPB
duplication, shortly after bud emergence, there are at most 3 astral microtubules
per spindle pole (Carminati and Stearns, 1997), generally only one of which
establishes contact with the cell cortex. Most of the proteins known to modulate
the dynamics of astral microtubules are associated with two molecular
pathways acting in spindle positioning during mitosis: the Kar9p-pathway
ensures microtubule interaction with the actin cytoskeleton, and proper spindle
orientation and positioning in preanaphase cells.

The dynein-pathway is

required for microtubule interaction with the bud cortex and spindle entry into
the bud at anaphase onset (Gladfelter and Berman, 2009; Huisman and Segal,
2005; Kusch et al., 2003; Miller et al., 2006).
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Budding yeast provides an ideal system to study motor-based microtubule
functions since only dynein and five of the six kinesin-like proteins have been
implicated in mitotic spindle function (Hildebrandt and Hoyt, 2000). Four of
these motors, Kip2p, Kip3p, Kar3p and dynein, localize to the astral
microtubules and contribute to spindle positioning. Kip2p, Kip3p and Kar3p are
kinesin-related proteins and belong to the kinesin-7, -8 and -14 families
respectively (Verhey and Hammond, 2009). DHC1 encodes the only dynein
heavy chain isoform in budding yeast (Eshel et al., 1993; Li et al., 1993).

While previous studies have shown that Kip3p accumulates at microtubule plus
ends and induces catastrophes in a length-dependent manner in vitro (Gupta et
al., 2006; Varga et al., 2006; Varga et al., 2009), and that deletion of KIP2
decreases microtubule length (Cottingham and Hoyt, 1997; Huyett et al., 1998;
Miller et al., 1998), not much is known about how these different motor proteins
work together in the cell to determine the organization of the microtubules and
to support their function.

While Kip2p has been shown to transport Kar9p,

Bik1p and dynein towards the plus-end of astral microtubules, we know little
about how it regulates microtubule length and to which extend its function in this
process requires interaction with the other motor proteins.

The fact that Bik1p, a known microtubule stabilizing protein, uses multiple
mechanisms to localize to microtubule plus ends, only one of which involves
Kip2p (Caudron et al., 2008), illustrates the difficulty of these studies. Similarly,
while Kar3p forms functionally different complexes with two accessory proteins,
Cik1 and Vik1 (Manning et al., 1999; Page et al., 1994), and was shown to
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induce microtubule depolymerization in vitro (Sproul et al., 2005) and in vivo
(Maddox et al., 2003; Manning et al., 1999; Meluh and Rose, 1990; Molk et al.,
2006), its contribution to microtubule dynamics and function during spindle
positioning is still very unclear. In the case of Dhc1p, which forms part of the
dynein/dynactin complex (Moore et al., 2009), we start to understand much of
how it interacts with the cell cortex and functions in spindle movement (Markus
et al., 2012), but little about how it modulates microtubule dynamics (Carminati
and Stearns, 1997; Knaus et al., 2005). In all cases, whether the specific effects
of the mutants directly reflect the function of the corresponding motor protein, or
whether it is due to the global reaction of the system to the loss of one player, is
unknown.

To characterize the contribution of motor proteins on microtubule dynamics,
organization and function in vivo, we have established computational tools to
analyze microtubule dynamics in 4D (space/time) fluorescent microscopy
movies, at a resolution high enough to identify spatial variations in microtubule
dynamics in wild type and mutant cells.
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5.2.4 Results
A Framework to study microtubule dynamics in vivo at subvoxel
resolution

To analyze microtubule dynamics with high precision in vivo we developed an
integrated approach combining advanced imaging, tracking and time series
analysis methods to analyze microtubule dynamics in budding yeast cells
(Figure 5-5, 5-6).

To visualize microtubules we first tested different strategies. Visualization of the
entire microtubule using a GFP-tagged version of α-tubulin, similarly to (Straight
et al., 1997), did not yield a reliable detection of the microtubule plus-end
because the signal/noise ratio deteriorated towards these ends. We therefore
tagged the ends of microtubules, a strategy successfully employed before
(Matov et al., 2010; Smal et al., 2010; Thoma et al., 2010). To visualize
microtubule minus ends, we used a GFP-tagged version of Spc72p, a protein
anchored in the outer plaque of SPBs in budding yeast. To label microtubule
plus-ends, we required a protein that accumulated in sufficient quantities at the
tip, with a localization pattern sufficiently restricted to the end and not too much
to the microtubule lattice. Triple-GFP constructs of the two plus-end binding
proteins Bik1p (Bik1p-3GFP, (Carvalho et al., 2004)) and Bim1p (Bim1p-3GFP,
(Wolyniak et al., 2006)) and of the two motors Kip2p and Kip3p (Kip2p-3GFP,
Kip3p-3GFP, this study) were tried.
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Figure 5-5 Microtubule visualization. A) Visualization of astral microtubules and spindles using Bik13GFP and Spc72p-GFP as plus and minus end markers respectively. Red square indicates metaphase cell
visualized as a movie sequence in B) Movie sequence of a metaphase cell. Full stack (4µm width) was
projected (maximum projection) and every 5th frame is shown. Total movie length = 100 frames, 1 frame
= 0.55 s. C) Cell length axis and bud neck were manually measured in the x/y-plane of each movie to
obtain the cell reference system. All bars indicated = 2 µm.
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Figure 5-6 Microtubule Analysis Framework A) 2D illustration of the proposal and posterior probability
density functions (pdfs). (i) The particles in red represent the proposal pdf. Each particle stores 3 space
coordinates and 3 intensity values. The state space is sampled in the vicinity of the estimate of the
previous frame. The grayscale surface represents a simulated image using the image-formation model
from one particular particle (indicated in black in the x-y plane). The weight of the particle is calculated
based on the distance between the simulated image and the actually measured image. (ii) Particle
representation of the posterior pdf after adaptive MCMC annealing (c.f. Material and Methods). B) Time
series analysis to generate polynomial functions for microtubule length and speeds. Three time series are
indicated.

From these constructs, Bik1p-3GFP and Kip3p-3GFP exhibited the highest
signal-to-noise ratio on the plus end and the most accurate tracking results.
Therefore, these constructs were used subsequently to analyze microtubule
dynamics. It is important to note, however, that depending on the plus end
marker used, the average length of astral microtubules in metaphase cells
length differed by 20-30%. Using Bik1p-3GFP, median microtubule length was
1.21 µm (s.d. = 0.44, Figure 5-7A), while with Kip3p-3GFP median length was
1.57 µm (s.d. = 0.54). These differences forbid comparing the dynamics of
microtubules labeled with different plus end markers. Unless stated otherwise,
the reminder of our studies were therefore carried out using Bik1p-3GFP, as it
allows comparing with the results obtained by other authors (Carvalho et al.,
2004; Gupta et al., 2006).

Using this marker, we were able to image the cells at ~2Hz for 100 time points,
acquiring a 4 µm thick stack (20 layers) every 0.55 s (Figure 5-5B). Metaphase
cells were identified according to spindle length (1-1.5 micrometers) and
extracted from the raw movies (c.f. Figure 5-5C).

In every movie frame,

microtubule plus-ends and spindle poles were tracked at subpixel-resolution in
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3D, using custom-made software based on a particle filter algorithm (Material
and Methods, Figure 5-6A) (Cardinale et al., 2009). Because they were most
abundant, comparatively long-lived, and tracked with maximum precision, the
reminder of this study is focusing on the microtubules emanating from the SPB
oriented towards the bud.

The 3D positions were used to reconstruct

microtubule length time series with an average precision of ~50 nm (30’005
time points of 474 microtubules for the wild type). Microtubule length and
speeds were derived from the tracked positions of microtubule plus ends and
spindle poles using an algorithm based on local nonparametric regression (c.f.
Material and Methods, Figure 5-6B). Using this algorithm ensured a very robust
reconstruction of microtubule length, speeds and transitions. In summary, the
methods developed enabled us to acquire large-scale data sets of astral
microtubule dynamics at unprecedented spatial and temporal resolution in vivo.
This data is therefore amenable to refine statistical analysis in order to study
how microtubule dynamics is modulated in space and time in metaphase yeast
cells.

Astral microtubule dynamics in wild type cells

We first employed these computational tools to characterize the four key
parameters of microtubule dynamics, i.e. catastrophe (fcat) and rescue (fresc)
frequencies, and growth (vg) and shrinkage (vs) speeds in wild type cells (c.f.
Table 5-2). Transitions where defined as events following which the global
polymerization state of the microtubule was inverted for more than 10
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consecutive frames compared to the 10 previous frames. Using this criterion,
237 catastrophe events were detected in 328 growing microtubules (fcat = 0.52
min-1). To investigate how catastrophes are regulated in vivo we assessed
whether their frequency correlated with microtubule length and position.

We first calculated and plotted catastrophe frequency as a function of
microtubule length (Figure 5-7B; slope = 0.31; see Material and Methods). This
demonstrated that catastrophe frequency increases linearly with microtubule
length, and 6-fold over the total microtubule length range.

To assess whether catastrophes depend on microtubule position, i.e., in the
mother vs. the bud, we first needed to separate this parameter from microtubule
length alone. Indeed, we found that microtubule length and distance of
microtubule plus ends to the neck strongly correlate (ccorr = 0.63, p < 1 x 10-4),
thus length- and positional-dependent regulatory effects overlap. In order to
assess whether catastrophes occur at different frequencies in the mother cell
and the bud, we isolated from the entire population the 30% of spindles located
most distal and most proximal to the bud neck. For these two data sets,
microtubule length was similar while plus end positions were restricted to either
the mother cell (distal spindles) or to the bud (proximal spindles). At equivalent
length, microtubules growing in the mother (fcat = 0.63 min-1) exhibited a ~25%
higher catastrophe frequency than those growing in the bud (fcat = 0.50 min-1),
indicating that catastrophes are regulated not only as a function of microtubule
length but also of the position of the microtubule tip in the cell.
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Next, we analyzed rescue events. Analysis of 375 shrinking microtubules
identified only 48 such events (fresc = 0.12 min-1), indicating that they are rare in
vivo. Opposite to catastrophes, rescue frequency decreased with increasing
microtubule length (slope m = -0.14, c.f. Figure 5-7C). Furthermore, unlike
catastrophes, rescue frequency was identical for microtubules shrinking in
mother and bud (fresc = 0.11 min-1).

Thus, in wild type cells rescues are

stimulated as the microtubule shrinks and this effect may not depend on the
position of the microtubule plus-end.

Other parameters that may control microtubule organization and could be
modulated are growth and shrinkage speeds. Thus we next investigated how
growth speed is modulated in vivo. Median growth speed was 1.24 µm min-1
(s.d. = 1.78, c.f. Figure 5-7D). To assess the relationship between speed and
microtubule length we calculated median growth speed of short (25th-percentile)
and long (75th-percentile) microtubules (n = 375 microtubules, 11’643 time
points analyzed). Long microtubules (vg = 1.40 µm min-1) grew at a ~30%
higher speed than short microtubules (vg = 1.10 µm min-1, p < 1 x 10-4),
indicating that growth speed may be regulated in a length-dependent manner in
vivo.

However, a potential caveat may be that rapidly growing microtubules are more
likely to become long (Gardner et al., 2011b), leading to a measurement bias.
During microtubule disassembly, microtubules shrank at a median speed of
2.22 µm min-1 (s.d. = 2.24, c.f. Figure 5-7E). Long microtubules (vs = 2.23 µm
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min-1) shrank only ~5% faster than short ones, (vs = 2.32 µm min-1, p < 1 x 10-4),
suggesting that shrinkage speed is largely length-independent. In summary, our
data indicate that in metaphase cells’ growth speed and catastrophe frequency
augment with microtubule length, while rescue frequency decreases with this
parameter. Catastrophe events also appear to be regulated as a function of the
position of the microtubule tip in the cell. However, at first glance this appeared
to be the only parameter regulated in this manner.

Altogether, the values that

we observed for these parameters were in range with published results (Table
5-3), although these results vary greatly, depending on the experimental setup.

Motors modulate different aspects of microtubule dynamics

To better understand how microtubule regulatory factors contribute to regulation
of microtubule dynamics in vivo, we next investigated how microtubule-based
motor proteins modulate transition and speeds (c.f. Table 5-2). Movies were
acquired for the following mutants: kip3∆ (n = 522 microtubules, 37’371 time
points), kip2∆ (n = 480 microtubules, 19’487 time points), kar3∆ (n = 410
microtubules, 25’792 time points) and dhc1∆ (n = 194 microtubules, 11’118 time
points).
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Figure 5-7 Microtubule Dynamics in kip2∆, kip3∆, kar3∆ and dhc1∆. A) Microtubule length [µm]
histogram B) Correlation of catastrophe frequency [min-1] and microtubule length [µm] C) Correlation of
rescue frequency [min-1] and microtubule length [µm] D) Growth speed [µm min-1] histogram E)
Shrinkage speed [µm min-1] histogram; length and speed frequencies are normalized to total number of
counts (c.f. Material and Methods). Wild type is indicated in all figures as reference. Mean and standard
deviation are indicated for length and speeds.
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For what concerns catastrophes, kip3∆ was the motor with the strongest impact.
In the kip3∆ mutant cells, catastrophe frequency (fcat = 0.26 min-1) was
decreased 50% compared to wild type (fcat = 0.52 min-1). In comparison, loss of
Kar3p reduced this frequency by about 30% (fcat = 0.35 min-1), whereas it was
increased about 40% in the kip2∆ mutant cells (fcat = 0.74 min-1). In the kip2∆
kip3∆ double mutant cells, catastrophe frequency was partially rescued
compared to both single mutants (fcat = 0.44 min-1). Together, these results
suggest that Kip3p is the main catastrophe-promoting factor in metaphase cells,
whereas Kip2p inhibits these events. In support of this, we found that in kip3∆
mutant cells microtubule length was increased about 70% (median = 2.03 µm, p
< 1 x 10-4) compared to wild type, but only 34% and 16% in the kar3∆ single
and kip2∆ kip3∆ double mutant cells, respectively (median = 1.62 µm and 1.41
µm, p < 1 x 10-4, c.f. Figure 5-7A).

Up to a length of 1.5 µm, catastrophe frequency increased 6-fold in wild type
and only 0.5-fold in kip3∆ cells (respective slopes = 0.31 and 0.17; Figure 57B). The correlation between fcat and microtubule length was similar in the kip2∆
kip3∆ double mutant (slope = 0.15), compared to a kip3∆ single mutant.
Therefore Kip3p strongly contributes in vivo to the stimulation of catastrophe
events as microtubules grow, as reported in vitro (Gupta et al., 2006; Varga et
al., 2006).

In contrast to Kip3p, Kar3p modulated catastrophes without affecting the effect
of microtubule length (slope = 0.29). However, in the kar3∆ mutant cells the

5 Results

105

difference in catastrophe frequency between mother and bud was lost and
overall more like in wild type buds, suggesting that Kar3p function was
stimulated in the mother cell compared to the bud. In contrast to catastrophe
events, Kip2p was the prominent stimulator of rescue. In the kip2∆ mutant
cells, rescue frequency was 12-fold reduced compared to wild type (fresc = 0.01
min-1, c.f. Figure 5-7C).

In these cells, deletion of the KIP3 gene strongly

suppressed this rescue defect, yet in the kip2∆ kip3∆ double mutant cells (fresc =
0.06 min-1) the rescue frequency was still 50% lower than in wild type cells.

However, deletion of the KIP3 gene alone did not increase the frequency of
rescue events as the kip2∆ mutation did for catastrophes, but reduced rescue
frequency by about 20% (fresc = 0.10 min-1).

This is consistent with earlier

indications, reporting that Kip3p has a mild rescue-promoting activity in vivo
(Gupta et al., 2006; Su et al., 2011). Loss of dynein let to an overall increase in
rescue frequency of about 30% (fresc = 0.16 min-1, c.f. Figure 5-7C). Thus,
dynein may already have a mild rescue-inhibiting activity prior to the activation
of its motor activity at anaphase onset, or it may compete with another, rescuepromoting cargo of Kip2p.

Microtubule length was ~20% increased in dhc1∆

cells (median = 1.47 µm, p < 1 x 10-4, c.f. Figure 5-7A). Interestingly, cells
lacking Kar3p (fresc = 0.20 min-1), and to a lesser extend cells lacking Kip3p (fresc
= 0.14 min-1), showed enhanced rescue in the bud compared to wild type (fresc =
0.12 min-1), specifically, suggesting that these two motors inhibit rescue in this
compartment. This data suggest that Kip3p and Kar3p counteract a rescuepromoting activity, potentially Kip2p, in the bud of metaphase cells.
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Whereas Kip2p and Kip3p most strongly affected transitions, growth speed was
rather modulated by Kar3p and dynein. Indeed, in contrast to Kip3p, which had
little impact, loss of Kar3p or Dhc1p caused a 50% and 90% increase in growth
speed compared to wild type, respectively (median = 1.85 µm min-1, p < 1 x 10-4
and 2.31 µm min-1, p < 1 x 10-4; Figure 5-7D).

Moreover, the effect of dynein

inactivation was stronger in the mother than in the bud (the growth speed of
long microtubules was vg = 3.37 in the mother and vg = 2.40 µm min-1 in the
bud, p < 1 x 10-4).

All motors slowed down shrinkage speed (c.f. Figure 5-7E). Loss of Kip3p had
the strongest effect, causing an about 1.9 folds increase in shrinkage speed (vs
= 4.13 µm min-1, p < 1 x 10-4), as indicated earlier (Gupta et al., 2006; Su et al.,
2011). Loss of the other motors accelerated shrinkage between 0.1 (kip2∆) and
1.7 (dhc1∆) fold compared to wild type. As for growth speed, the effect of
dynein was stronger in the mother than in the bud (1.2 fold faster shrinkage
speed in the mother than in the bud), consistent with dynein being more active
in the mother than in the bud. Thus, Kip2p and Kip3p acted most prominently
on transitions, while Kar3p and dynein had a stronger impact on speeds.
Furthermore, our data show that while some parameters depend more
specifically on one motor protein than on the others, all four motor proteins
impact on several parameters of microtubule dynamics at the same time. At
least in the case of Kip2p and Kip3p, a reciprocally counteracting effect appears
to explain these pleiotropic effects. Since the kip3∆ kar3∆ double mutant cells
are not viable, these two kinesins may reinforce each other. In addition, our

5 Results

107

data indicate that specific motor proteins modulate microtubule dynamics rather
in a length- (Kip2p, Kip3p) or on a position-dependent manner (Kar3p, dynein).
This observation is in fitting with the fact that Kip2p and Kip3p are plus-end
directed motors, while dynein and probably Kar3p are minus-end directed,
possibly explaining why they have more effect in the mother cell, i.e., in the
vicinity of the SPB.

The small GTPase Rho1p stabilizes microtubules in the bud

The fact that microtubule behavior was altered as a function of the position of
the microtubule plus-end suggests that cortical factors may modulate
microtubule dynamics locally. This is reminiscent of the situation in mammalian
cells, where Rho GTPases stabilize microtubules reaching the leading edge of
migrating cells (Heasman and Ridley, 2008; Kaverina and Straube, 2011;
Watanabe et al., 2005).

Thus, we tested whether this function of Rho is

conserved in yeast. Budding yeast Rho1p is essential for growth and enriched
at the cortex of the growing bud (Yoshida et al., 2009). To test whether Rho1p
can modulate microtubule dynamics, we expressed its hyperactive allele,
RHO1-Q68L (c.f. Material and Methods) and tested the effect that this has on
microtubule dynamics (c.f. Table 5-2).

In the RHO1-Q68L mutant cells, microtubule length was ~45% increased
compared to wild type (median = 1.76 µm, p < 1 x 10-4, c.f. Figure 5-8A), while
rescue frequency was increased 75% (fresc = 0.21 min-1, c.f. Figure 5-8C),
indicating that Rho1p activity stabilizes astral microtubules at least in part
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Furthermore, compared to wild type, rescue

frequency was almost 3 fold increased in the bud (fresc = 0.34 min-1) and only
1.5 fold higher in the mother cell (fresc = 0.17 min-1), matching the spatial
localization of Rho1p. In addition to this effect, the RHO1-Q68L mutation also
caused a 60% increase in growth speed (median = 2.0 µm min-1, p < 1 x 10-4,
c.f. Figure 5-8A). However, this effect was independent of microtubule length or
position. Thus, Rho1p activity in the bud most likely impact on microtubule
dynamics.
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Figure 5-8 Microtubule Dynamics in RHO1-Q68L, PKC1-R398P and TOR1-A1957V. A. Microtubule
length [µm] histogram B) Correlation of catastrophe frequency [min-1] and microtubule length [µm] C)
Correlation of rescue frequency [min-1] and microtubule length [µm] D) Growth speed [µm min-1]
histogram E) Shrinkage speed [µm min-1] histogram; length and speed frequencies are normalized to total
number of counts (c.f. Material and Methods). Wild type is indicated in all figures as reference. Mean and
standard deviation are indicated for length and speeds.
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Downstream targets of Rho1p include Pkc1p (protein kinase C) (Levin, 2005,
2011) and the PIK-related kinase Tor1p (target of rapamycin 1), a component of
TOR complex 1 (TORC1) (Yan et al., 2012). Furthermore, both Pkc1p and
Tor1p physically interact with the two microtubule-regulatory factors Bim1p and
Bik1p (Choi et al., 2000; Hosotani et al., 2001). Thus, we tested whether any of
these two essential proteins may mediate Rho1p effects on microtubule
behavior. Cells expressing PKC1-R398P (Material and Methods), a dominant
active allele of Pkc1p, formed 40% longer microtubules (median = 1.68 µm, p <
1 x 10-4, Figure 5-8A). In these cells, the rescue frequency was twice as high
as in wild type (fresc = 0.24 min-1). Additionally, growth and shrinkage speeds
were increased, as in the RHO1-Q68L expressing cells (Table 5-2, Figure 58D,E).

Increasing Tor1p activity by expressing the dominant active allele, TOR1A1957V (c.f. Material and Methods), caused similar effects with respect to
rescue frequency and growth speed (Table 5-2, Figure 5-8D,E). We next
wanted to know whether inhibition of Tor1p would attenuate the observed
phenotype of TOR1-A1957V expressing cells. Thus, we measured microtubule
dynamics in tor1∆ cells, and in wild type cells treated with various
concentrations

of

the

Tor1p-inhibitor

drug

rapamycin.

Unexpectedly,

microtubule length and transition frequencies were similar to wild type in tor1∆
mutant or rapamycin-treated cells (c.f. Table 5-2). Additionally, the tor1∆
mutation and rapamycin treatment increased median growth and shrinkage
speeds. These results suggest that removal of Tor1p activity does not simply
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cause the opposite microtubule dynamics effect observed in TOR1-A1957V
expressing cells. Rather these data indicate that additional components of the
TORC1/CWI regulatory network can, in the absence of Tor1p, compensate for it
and induce additional effects on microtubules. Tor2p, for example, was shown
to be able to replace Tor1p in the TORC1 complex.

We next wanted to know how Tor1p regulates microtubule stability. The
mammalian homologue of Bik1p, CLIP-170, is a target of mTOR1 (Choi et al.,
2002). Budding yeast Tor1p physically interacts with Bik1p (Choi et al., 2000),
which has been involved in microtubule stabilization (Miller et al., 2006). CLIP170 interacts with the small, Rho-like GTPase Rac1 and Cdc42 (Fukata et al.,
2002). Therefore, we asked whether Tor1p regulates microtubule stability via
Bik1p. For these experiments, Kip3p-3GFP was used as an alternative plusend reporter (c.f. Material and Methods).

In the bik1∆ KIP3-3GFP mutant cells, microtubule length was decreased by
about 25% (median = 1.20µm, p < 1 x 10-4) compared to BIK1 KIP3-3GFP cells
(median = 1.57µm, p < 1 x 10-4). Expression of TOR1-A1957V in these cells
increased microtubule length by ~15% (median = 1.37 µm, p < 1 x 10-4)
compared to the bik1∆ KIP3-3GFP mutant cells. Thus, Tor1-A1957V was able
to stabilize microtubules independently of Bik1p. In the Bik1p-3GFP expressing
cells, microtubule length was decreased by about 15% upon deletion of KIP2
(median = 1.02 µm, p < 1 x 10-4). Expression of TOR1-A1957V in these cells
did not restore microtubule length (median = 0.98 µm). Therefore, the increase
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in microtubule length in cells expressing TOR1-A1957V requires Kip2p activity
but perhaps not Bik1p.

Spatial microtubule dynamics

To further understand how microtubule dynamics are regulated in vivo, we next
investigated the impact of microtubule position on microtubule dynamics in
more detail.

For all comparisons between mother and bud, average

microtubule length of the two data sets was comparable to separate lengthfrom positional-dependent regulation (Material and Methods). Although in wild
type cells catastrophe frequency was higher in the mother than in the bud (see
above), the contribution of microtubule length on catastrophe frequency,
measured as the slope of the linear increase of catastrophe frequency as a
function of microtubule length (“m”-factor in Table 5-4), was 50% stronger in the
bud (mcat = 0.49) than in the mother cell (mcat = 0.32).

This slope is an interesting parameter as it measures the local activity of lengthdependent catastrophe factors, i.e., probably Kip3p. This increase of mcat in the
bud was intriguing, since Kip3p has been suggested to promote catastrophes
mainly at the bud cortex (Gupta et al., 2006).

In support of this idea, loss of

Kip3p decreased mcat more strongly in the bud (reduced 4.1 fold compared to
wild type) than in the mother cell (reduced 2.3 folds). In comparison, cells
lacking Kar3p affected this parameter only little and to the same extend in the
mother and the bud (1.3 and 1.4 fold decrease, respectively), consistent with
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Kar3p affecting microtubules in a length-independent manner (c.f. Figure 59A,B).

The effects of Dhc1p were ambiguous (mcat increased slightly in the mother, 1.2
folds, and decreased slightly in the bud, 1.2 folds). Even more than for Kip3p,
the effect of RHO1-Q68L was strongly compartmentalized (c.f. Figure 5-9C).
Indeed, it had no impact on mcat in the mother but decreased it 4.5 folds in the
bud.

Similar effects were observed upon expression of PKC1-R398P. This

suggests that active Rho1p directly or indirectly counteracts Kip3p activity in the
bud. Since Kip2p mediated the effects of TOR1-1957V, we suggest that Rho1p
counteracts Kip3p by activating Kip2p in the bud.

Growth speed in the mother (vg = 1.26 µm min-1) and bud (vg = 1.29 µm min-1)
were not different from each other, indicating that growth speed is not regulated
depending on microtubule position. Shrinkage speed in the bud (vs = 2.52 µm
min-1) was however 1.3 folds increased compared to the mother cell (vs = 1.95
µm min-1, p < 1 x 10-4), suggesting a spatial component in shrinkage speed
regulation. In dhc1∆ cell, shrinkage speed in the mother (vs = 4.13 µm min-1)
was ~16% higher than in the bud (vs = 3.56 µm min-1; Figure 5-9D), suggesting
that dynein slows down shrinkage more in the mother cell than in the bud
independently of their length.
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Figure 5-9 Spatial Maps of Microtubule Dynamics Parameters. A) Catastrophe frequency [min-1] for
microtubules growing in the mother cell and the bud; comparison of wild type, kip3∆ and kar3∆ mutants.
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Spatial organization of microtubule plus ends

Next, we investigated the impact of microtubule dynamics on microtubule
organization. In wild type cells, microtubule plus ends distributed around the
division plane with a median tip-neck distance of +0.11µm (s.d. = 0.62),
indicating that the mean position of plus ends was in the bud (c.f. Figure 510A,B).

In kip2∆ cells, median tip-neck distance was -0.24µm (s.d. = 0.49) and thus
shifted towards the mother cell, as expected since in these cells, microtubule
length is reduced compared to wild type. Deletion of either KIP3 (median tipneck distance = +0.7µm, s.d. = 0.11) or KAR3 (median tip-neck distance =
+0.43µm, s.d. = 0.86), both of which promote catastrophes, caused
microtubules to penetrate further into the bud (p < 1 x 10-4, Figure 5-10A,B).
Deletion of dynein had little impact on microtubule plus end distribution,
suggesting that the contribution of speeds to microtubule organization is
marginal. In cells expressing activated Rho1p, Pkc1p or Tor1p, we detected a
strong shift of plus-end distribution into the bud (Figure 5-10A,B). For example,
median plus-end to neck distance was 0.57µm (s.d. = 1.2) in RHO1-Q68L
mutant cells, which was a ~5-fold shift towards the bud tip compared to wild
type (p < 1 x 10-4).
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Figure 5-10 Microtubule Plus End Position in Wild Type and Mutants. A) Overview of microtubule plus
end position in wild type and mutants. Distances indicated in arbitrary units [a.u.]. White horizontal line
indicates bud neck, white vertical line indicates cell length axis. Colorbar indicates densities. Densities
are plotted using log10 scale using “cloudplot” (Matlab Release 2008a) B) Boxplot of plus end-neck
distances in wild type and mutants. On each box, the central mark is the median, the edges of the box are
the 25th and 75th percentiles, whiskers extend to the most extreme data points not considered outliers, and
outliers are plotted individually. Legend numbers correspond to numbers indicated in A) Black dotted
line indicates bud neck. Red dotted line indicates median spindle-neck distance in wild type.

Spindle movement

Speeds and transition frequencies are the main parameters used to describe
microtubule dynamics. It is however unclear which of these parameters are
important for spindle migration during budding yeast mitosis. In wild type cells,
the median distance of the bud-proximal spindle poles to the bud neck was
-0.93µm (s.d. = 0.36; Figure 5-11A,B), indicating that both SPBs remained in
the mother.

The mean angle between the spindle and the cell length axis was 51.2 degrees
(s.d. = 24.14). We calculated the ratio of the net displacement of the spindle
towards and away from the bud neck. This ratio was 0.96 in wild type, indicating
that the total displacement of the spindle in all movies analyzed was close to
zero. Taken together, these results indicate that during metaphase, the cell
cycle stage analyzed in this study, spindles are mostly aligned and well
positioned.
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Figure 5-11 Spindle Position and Spindle-Neck Distance in Wild Type and Mutants. A) Spindle position
in wild type and mutants. Distances indicated in arbitrary units [a.u.]. White horizontal line indicates bud
neck, white vertical line indicates cell length axis. Colorbar indicates densities. Densities are plotted using
log10 scale using “cloudplot” (Matlab Release 2008a) B) Boxplot of spindle-neck distances in wild type
and mutants. On each box, the central mark is the median, the edges of the box are the 25th and 75th
percentiles, whiskers extend to the most extreme data points not considered outliers, and outliers are
plotted individually. Legend numbers correspond to numbers indicated in A) Black dotted line indicates
bud neck. Red dotted line indicates median spindle-neck distance in wild type.

Loss of any of the motor proteins did not greatly affect the average spindle-neck
distance or the angle between spindle and cell length axis (c.f. Table 5-6). In
addition, the net displacement of the spindle towards and away from the bud
neck was similar to wild type in all the motor mutants (c.f. Table 5-6). This
suggests that deletion of individual motors is well compensated by the spindle
positioning system. Alternatively, the motors and their precise regulation of
microtubule dynamics contribute only little to the process of spindle movement
prior to anaphase.

In contrast, in cells expressing activated Rho1p the median spindle pole-neck
distance was -0.72µm (s.d. = 0.61), which was ~20% shift towards the bud neck
compared to wild type (p < 1 x 10-4). In these cells we detected spindles located
in the bud (c.f. Figure 5-11A,B). While in wild type we found one SPB in the bud
in only 0.35% of all time points, in RHO1-Q68L mutants ~11.3% of all cells
analyzed had at least one spindle pole in the bud. This suggests that Rho1pmediated microtubule stabilization in the bud activates a force generator,
leading to premature pulling of metaphase spindles into the bud. Similarly we
found that in PKC1-R398P and TOR1-A1957V ~8.4% and ~21% of all
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measurements had a spindle pole in the bud, respectively. In contrast, in the
kip3∆ or kar3∆ mutant cells, only ~1.5-2.3% of all spindle poles were found to
have translocated into the bud.

We therefore asked which motor powered the movement of the spindle into the
bud upon Rho1p activation. Kar3p and dynein exert pulling forces on astral
microtubules (Markus et al., 2012). In the kar3∆ RHO1-Q68L double mutant
cells, the median spindle pole-neck distance was -0.8µm (s.d. = 0.57) and ~7%
of all measurements exhibited a spindle pole in the bud. In the dhc1∆ RHO1Q68L double mutant cells, the median spindle pole-neck distance was -0.97µm
(s.d. = 0.36) and 0% of all time points analyzed showed any SPB in the bud.
Thus, Rho1p acted as a specific activator of dynein at the bud cell cortex.

5.2.5 Discussion
This study introduces an integrated approach to track microtubules in 4D
movies in mitotic budding yeast cells at subpixel resolution. Using these
computational tools we analyzed the dynamics of cytoplasmic microtubules in
wild type and mutant strains lacking each one of the cytoplasmic, microtubuledependent motor proteins in yeast. These studies are complemented by the
analysis of the impact of dominant-active alleles of the small GTPase Rho1p
and its downstream effector Pkc1p and Tor1p on cytosplasmic microtubules.
We demonstrate that these factors modulate microtubule dynamics based on
microtubule length and position in the cell. Our results suggest that, while
dedicated factors contribute most efficiently to the control of specific
parameters, each factor impacts on all parameters to a certain degree. Thus,
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regulation of average microtubule behavior is the result of an ensemble effect.
We discuss below these aspects of our methods and findings.

A framework to analyze astral microtubule dynamics in budding yeast
cells

Microtubule dynamics are inherently fast and visualization of microtubules at a
sufficient high signal-to-noise ratio requires substantial technical optimizations
(Dorn et al., 2008; Rauch et al., 2010). Our method relies on visualization of
microtubule end points rather than the entire microtubule. In our hands labeling
microtubule plus and minus ends enabled a more robust tracking of compared
to line tracking using α-tubulin-GFP, as already observed by others in budding
yeast and mammalian cells (Dorn et al., 2005; Matov et al., 2010; Thoma et al.,
2010). Our tracking system is based on a particle filter algorithm (Sbalzarini
and Koumoutsakos, 2005) and has proven to robustly track astral microtubules
at high precision (Cardinale et al., 2009). An important step in analyzing these
data is to minimize noise from the tracking step.

We derived polynomial

functions of microtubule length from the individual positions of its ends using a
nonparametric regression algorithm. Accuracy of curve fitting increases with
sampling rate, however, higher sampling decreases the signal, thus limiting
observation time (Dorn et al., 2008). We compensated this by imaging a high
number of individual cells. Thus, it is important to note that our data reflect the
average behavior of microtubules in a population of cells, where cell-to-cell
variations were substantial. These variations potentially reflect varying
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concentrations of regulatory factors or tubulin itself, leading to alterations in the
stoichiometry of these proteins on microtubules.

Taken globally, our results compare well with previous studies in yeast (Table 52), and provide a more detailed view on how dynamics parameters vary in the
cell. Previous studies exhibit substantial variations among each other for all
four parameters of microtubule dynamics, probably due to differences between
the experimental setups, and possibly to the high cell-to-cell variations
associated to the generally small size of the cohorts.

One major difference

between our and previous studies is the sampling rate, which is 4 to 40 times
faster in our study compared to the others. Comparative analysis across these
studies indicates that transition frequencies do not co-vary with sampling rate
(Table 5-2), consistent with the fact that they occur at low frequencies.

In

contrast, speeds and its variability tend to increase together with the sampling
rate.

It is also possible that the variations observed reflect uncertainty in

tracking of microtubule ends. Errors propagate and are amplified in the process
of derivation.

Thus, position uncertainty is to some extent increased upon

derivation of speeds from the microtubule length function.

However, in vitro

analysis of microtubule dynamics at high resolution suggest that growth and
shrinkage speeds vary throughout assembly and disassembly periods (Schek et
al., 2007).

This phenomenon appears to exist in vivo as well, which also

explains part of the variability and higher average speeds that we detected.
Indeed, the sampling rate must be high enough to catch the short periods of fast
growth and shrinkage, as well as transient excursions into the opposite dynamic
state.

Thus, these variations may reflect time-dependent variations of the
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stoichiometry of microtubule-regulatory factors at plus-ends, influencing the
efficiency by which microtubules assemble, disassemble or undergo transitions.
Also, microtubules explore the cytoplasm, a dense space, with a multitude of
structures that may influence microtubule behavior. Finally, most microtubule
dynamics parameters analyzed here exhibited correlation with microtubule
length and position.

Thus, these variations appear to be largely reflecting the

reality of the cell.

Although our study of rescues compares well with older studies, it diverges from
that of (Gupta et al., 2006), who found rescues to be more frequent than
catastrophes. This difference might be due to the fact, for example, that we
tracked microtubules in 3 dimensions, hence following single microtubules
through their entire life much more reliably, something that was not possible
earlier. Alternatively, (Gupta et al., 2006) may have captured better than us
rescue events on very short microtubules, which are hardly separated from the
SPBs in our tracking system. In summary, thanks to a high temporal resolution
in 3 dimensions, our study is revealing the richness of microtubule behavior with
more detail than what could be achieved so far.

Microtubule dynamics and microtubule length

This level of details substantiates former indications that catastrophes correlate
positively with microtubule length in vivo like in vitro. They also reveal that
rescues, on the opposite, are much more rare on long microtubules than on
short ones. These features are probably important for microtubule function in
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vivo. To efficiently explore the cytoplasm, short microtubules need to grow,
while longer microtubules, unless captured after reaching their target, should
shrink back (Holy and Leibler, 1994). Correlation of catastrophe frequency with
microtubule length reached a plateau for the longest microtubules.

This

saturation on very long microtubules could be due to microtubule plus-ends
accommodating only a finite number of catastrophe-promoting factors, as has
been suggested previously (Varga et al., 2006; Varga et al., 2009).

Although there are good models for why long microtubules undergo catastrophe
more frequently, based on the higher probability of long microtubules to recruit a
plus-end-directed, catastrophe stimulating motor, such as Kip3p, such antenna
models are less straight forward for explaining why rescue is stimulated on
short microtubules rather than long ones. Two models could be invoked. First,
this could be due to the inhibition of a rescue factor by an inhibitor functioning
according to the antenna model. Second, the relevant rescue factor might stay
attached to the tip of the shrinking microtubule and accumulate there during
shrinkage. However, identification of these rescue factors is a prerequisite to
addressing these possibilities.

Motor proteins as regulators of microtubule dynamics

Recent studies have revealed how strong candidate motor proteins are for
modulating microtubule dynamics.

However, the impact of motors on

microtubule dynamics in vivo is complex, and difficult to deconvolve. Indeed,
some of them have overlapping effects, such as Kip3p and Kar3p, which both

5 Results

125

promote catastrophes, albeit through different mechanisms. In addition, some
of them transport other factors to the plus-end, such as Kip2p, which transports
Bik1p and dynein, both of which modulate microtubule dynamics.

Finally,

different motor proteins might counteract each other, as it seems to be the case
for Kip2p and Kip3p. Therefore, the effects due to inactivating one of them
might in part be due to the consequent over-activation of the other.
Accordingly, the kip2∆ kip3∆ double mutant behaves more like wild type than
the single mutants. Still, our studies point at Kip2p for being the main if not the
only rescue-promoting motor in yeast. However, the fact that rescue frequency
is largely, but not fully restored in the in the kip2∆ kip3∆ double mutant
compared to the kip2∆ single mutant suggests that in the absence of Kip2p,
Kip3p acts as a rescue inhibitor, and that Kip2p promotes rescue at least in part
through Kip3p inhibition.

Since in reverse the kip2∆ mutation stimulated

catastrophe in the otherwise kip3∆ mutant cells, the argument can also be
made that Kip3p at least in part promotes catastrophe by inhibiting Kip2p.
Thus, it would be tempting to speculate that the stimulation of rescue on short
microtubules is due to the relatively low abundance of Kip3p on these
microtubules. However, this is probably not as simple since this model would
predict that the kip3∆ mutation should significantly enhance rescue on long
microtubules, which is not the case. Thus, although some aspects of Kip2p and
Kip3p function appear to be based on a reciprocal inhibition of these two motor
proteins on each other, deciphering the mechanisms enhancing microtubule
rescue as a function of shrinkage will require additional work.

5.2 Astral Microtubule Dynamics in S.cerevisiae

126

The complexity of the mechanisms through which motors affect microtubule
dynamics becomes even more evident when we analyze the effect of active
Tor1p on microtubules. The dominant active Tor1p promotes rescues and this
effect requires Kip2p function, but is at least in part independent of Bik1p. In
these cells, dynein appears to be overactive as a motor, as shown by the fact
that the spindle is frequently pulled into the bud. Thus, TORC1, and actually
Rho1p as well, might function through promotion of the off-loading of dynein at
the cortex, thereby promoting the generation of pulling forces on the
microtubules and the movement of the spindle into the bud. Dynein off-loading
might liberate Kip2p, which can now be more active as a rescue factor, or as a
Kip3p inhibitor. In fitting with this idea, over-activation of both TORC1 and of
Rho1p causes an increase in microtubule growth speed and microtubule
rescue, similar to what is observed in cells lacking dynein. Thus, dynein might
have two functions. In metaphase, dynein localizes to microtubules where it
interacts with and is transported by Kip2p, which it inhibits, perhaps by
competing with other cargos. Consequently, at that stage dynein disruption
leads to an increase in rescue frequency and growth speed. In late anaphase,
however, TORC1 and/or Rho1p promote dynein off-loading at the cortex,
activating it as a motor, but liberating Kip2p activities as a rescue factor, leading
to an increase in microtubule rescue, and as Kip3p inhibitor, leading to
increased growth speeds. Thus, these considerations indicate that microtubule
behavior emerges as an ensemble effect, where each motor acts through its
own means on microtubule dynamics, but also through its interaction, activatory
or inhibitory, on the other motors. Therefore, understanding the regulation of
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microtubule dynamics will require dissecting both the effects that motors have
on microtubule behavior at isolation, as well as the effects that motors have on
each other.

Spatial regulation of microtubule dynamics

A second feature emerging from our study is the observation that microtubule
dynamics can be regulated dependently on both microtubule length and plusend localization. This is particularly obvious for the control of the catastrophes,
for which two factors are particularly relevant, Kip3p and Kar3p. While Kip3p
promotes catastrophes more efficiently on long than on short microtubules,
Kar3p was more active in the mother than in the bud, independently of
microtubule length. The activity of Kar3p in the mother might serve to ensure
that as long as the growing microtubules have not found their way through the
bud neck, they are induced to cycle between growth and shrinkage. In other
words, Kar3p might function to destabilize such misguided microtubules in the
mother cell.

Kip3p would have another function, and namely to prevent

microtubules from growing exaggeratedly long once they entered the bud and
push the spindle back into the mother cell. Accordingly, the kip3∆ mutant cells
belong to those where the bud-proximal SPB shows the highest tendency to be
away from the bud neck. According to this model, quantification of mcat suggest
that Kip3p activity is enhanced in the bud. Alternatively, these findings could
reflect a regulatory mechanism that destabilizes microtubules, which are unable
to grow into the bud and remain in the mother cell, while those entering the bud
are stabilized by another mechanism. These studies raise the question of how
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Kar3p and Kip3p activities are modulated depending of their subcellular
localization, which will have to be addressed in future studies.

Microtubule stabilization in the bud

For what concerns spatial regulation, our analysis sheds light mainly on the
signals ensuring that microtubules are stabilized in the bud. At first glance,
catastrophe frequency appeared to actually be the only parameter that took a
different value between the bud and the mother cell during metaphase.
However, the analysis of the different motor mutants suggests that this
observation masks a more complex situation.

For example, while rescue

seems to be as frequent in the bud as in the mother in wild type cells, at
constant microtubule length, deleting Kar3p causes a clear increase in the
rescue frequency in the bud without affecting this parameter in the mother cell.
Thus, there are significant differences in the way microtubule dynamics are
controlled between the mother and the bud. However, no mechanism had been
identified so far to selectively stabilize microtubules in the bud compartment.
Spatial regulation of microtubule dynamics is however well known in higher
eukaryotes, where for example Rho GTPases play an important role in
regulating microtubules at the cell cortex (Heasman and Ridley, 2008; Kaverina
and Straube, 2011; Watanabe et al., 2005). Budding yeast has six Rho-type
GTPases, Rho1p-5 and Cdc42. Yet no such role for any of the budding yeast
Rho-type GTPases has been described to this point. Rho1p is a key regulator of
the cell wall integrity (CWI) pathway and its function therein has been
extensively reviewed (Levin, 2005, 2011).
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Studying Rho1p-dependent effects in budding yeast is not trivial since RHO1 is
a gene essential for cell viability. Therefore, we analyzed the effects of the
dominant active RHO1-Q68L allele and found that it had a very specific effect
on the dynamics of the microtubules reaching the bud cell cortex, where Rho1p
is enriched in metaphase/anaphase cells (Harald Rauter, unpublished).
Additionally, expression of a dominant active allele of Pkc1p (PKC1-R398P), a
downstream target of Rho1p, caused very similar effects on microtubule
dynamics.

We suspected Tor1p to be a potential target of Rho1p, since Rho1p was
recently shown to physically interact with components of TOR complex 1
(TORC1) (Yan et al., 2012). Expressing a TOR1-A1957V, a dominant active
allele of Tor1p exhibited however only partially overlapping effects on
microtubule dynamics compared to the RHO1-Q68L and PKC-R398P alleles.
Additionally, upon loss of Tor1p activity by either deleting TOR1 or treating cells
with rapamycin, we observed an increase in microtubule length rather than a
decrease, suggesting that the microtubule dynamics regulatory network
involving Rho1p, Pkc1p and Tor1p is not straight forward.

Earlier results

suggested that Tor1p regulates microtubule stability via Bik1p (Choi et al.,
2000). However, expression of TOR1-A1957V in bik1∆ cells led to a small but
significant increase in microtubule length, which was not the case in kip2∆ cells.
While this finding does not rule out that Tor1p may regulate Bik1p as well, it
indicates that Bik1p is not its only target on microtubules and that which other
target there may be, it requires Kip2p for function, if it is not Kip2p itself. As
suggest above, the target of this pathway might well be dynein, leading
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indirectly to Kip2p activation, and thereby microtubule stabilization through an
increase in rescue frequency in the bud.

Spindle movement and microtubule dynamics

The different components involved in spindle positioning have been investigated
in much detail. Interactions of astral microtubules with the cell cortex are
essential for this process (Adames and Cooper, 2000; Beach et al., 2000;
Korinek et al., 2000; Lee et al., 2000; Liakopoulos et al., 2003; Miller et al.,
2000; Yin et al., 2000). What is less understood is to which extent astral
microtubule dynamics contributes to spindle positioning. While for example all
motors exhibited a significant impact on microtubule dynamics, it is remarkable
that their effect on spindle position was marginal.

Interestingly we found that activation of Rho1p, Pkc1p and Tor1p let to an
increase of spindles located at least partially in the bud. In contrast, in kip3∆
and kar3∆ mutant cells, the proportion of spindles locating partially into the bud
was similar to wild type although microtubule organization phenotype in these
mutants was similar to the one in cells expressing activated forms of Rho1p,
Pkc1p or Tor1p. Thus, these results suggest that either Kip3p or Kar3p are
required for spindle pulling into the bud, or that Rho1p activates dynein, which
in turn pulls the spindle into the bud. Premature pulling of the spindle into the
bud required dynein but not Kar3p. Since Rho1p is enriched in the bud during
anaphase, these observations suggest that Rho1p contributes to the activation
of dynein function at the metaphase-to-anaphase transition. Thus, microtubule
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dynamics seems not to be involved directly in the generation of the forces
required for spindle movements.

Rather they appear important in order to

generate the correct classes of microtubules, contacting the proper cortical
areas, such as to use them in a second step for generating forces and spindle
movements, independently of their dynamics.

Dynamics of microtubules determine plus end localization

In fitting with this idea, increasing stability of microtubules by either inhibiting
catastrophes by deletion of KIP3 or KAR3 or promoting rescues by for example
expressing RHO1-Q68L let to very similar organizational patterns of
microtubules with most plus ends localizing in the upper half of the bud. Thus
increasing stability of the microtubule did not interfere with microtubule
orientation, which is based on actin and the motor Myo2 (Beach et al., 2000;
Korinek et al., 2000; Lee et al., 2000; Miller et al., 2000; Yin et al., 2000).
Interestingly, deletion of KIP2, which causes microtubules to stay short, had
also little effect on microtubule orientation, indicating that Kar9p-dependent
guidance of microtubules towards the bud does not require Kip2p function.
Thus, all in all, defects in microtubule dynamics through inactivation of the
motor proteins did not affect spindle movements and microtubule orientation,
but only the localization of the plus-end relative to the mother-bud axis, and
determined only how far they reached into the bud.

This was probably

important for determining the strength and nature of contacts that the
microtubules make with the cell cortex, but affected spindle position only little.
Thus, modulation of microtubule dynamics is mainly involved in shaping the
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proper pattern of microtubule organization, while additional signaling must take
place to activate the force-generating mechanism able to act on these
microtubules and move the spindle to the proper position.

5.2.6 Materials and Methods
Microscopy

Cells were grown at 30°C on YPD plates and imaged in synthetic complete
medium at 30°C. Cells were spotted onto a microscope slide and immobilized
with an 2% agar containing synthetic complete medium to stop cell motion and
imaged using a confocal spinning disc microscope (Yokogawa QLC 100
attached to a Zeiss Axio Observer Z1) using a Zeiss 100x 1.4NA Oil DIC PlanApochromat objective. The sample was illuminated using a 488nm argon
krypton laser (Spectra Physics, Newport, Beamlok; Manufactured 08/1992) in
combination with a single wavelength filter (500 LP) for excitation at 488nm.
Images were captured using a Hamamatsu C9100-13 EMCCD camera
(512x512 pixels, 16µm pixels) processed by Metamorph (Molecular Devices,
version 7.7.50). Stacks were acquired with 25.83ms exposure time at 0.2mm zspacing. For all measurements, 100 z-stacks were acquired with no time delay
between subsequent stacks corresponding to 55sec observation time per
movie. To reduce background fluorescence in the cells we used ADE2+ strains.
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Rapamycin

Rapamycin experiments were carried out as in (Choi et al., 2000). In brief, cells
were incubated in YPD-rapamycin [20-200nm] for 15-60min and imaged
subsequently. In our hands, cells treated with 100nm rapamycin for 30min
exhibited the microtubule phenotype described in this study.

Tracking

Tracking of spindle poles and microtubule plus ends was carried out using
tracking software written as a plug-in for ImageJ (Cardinale et al., 2009). Movie
initialization and verification of tracking results of individual frames was carried
out manually. Cell length axis and the division plane were identified manually in
2D sum-projection images for each cell using the cell outline as a reference.
These coordinates of each cell were aligned in order to pool the data for all
individual cells of a strain.

We tracked both spindle poles and the microtubule plus end by estimating the
probability density function (pdf) of the object positions and intensities. In our
case, this pdf at time t incorporates all the information of the previous time
points 0...(t-1), information about the dynamics of the observed structures, and
information about the image-formation process. From the posterior pdf we
estimated the position as well as the localization certainty of the fluorophores in
each frame. We jointly estimated the 3D coordinates and the intensity of the 2
spindle pole bodies and the microtubule tip, resulting in a 12-dimensional state
space. We used a recursive Bayesian estimator, i.e., a particle filter
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(Arulampalam et al., 2002; Gordon et al., 1993), which requires defining a
likelihood function and a prior pdf.

The likelihood function quantifies the probability of observing the acquired
image given an estimated state of the system. It assumes constant background
intensity and point-like objects of different intensities that are convolved with the
confocal microscope (Yokogawa QLC 100 attached to a Zeiss Axio Observer
Z1) point-spread function (PSF). The PSF was measured from images of
microbeads. The background was set to the maximum of the intensity histogram
of the observed image. Since we used an EMCCD camera (Hamamatsu
C9100-13), Poisson-distributed shot noise and the excess noise from the
photon-multiplying pipeline were dominant noise sources, which were modeled
as described (Hynecek and Nishiwaki, 2003).

The prior pdf specifies the transition probabilities from one state to another. It
models the dynamics of the observed structures. We designed the prior such as
to increase robustness of the tracking procedure rather than to modify the
shape of the likelihood function. We hence used a uniform prior for the particle
positions. For the particle intensities, we used a Gaussian prior with a mean
equal to the intensity mode in the previous frame. The support domains for the
uniform priors were chosen to be biologically meaningful. For example, they
were set such as to avoid instantaneous orientation switches. A detailed
description of the likelihood and the prior is available (Cardinale et al., 2009;
Hynecek and Nishiwaki, 2003).
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Particle filters represent the posterior pdf using weight-carrying particles. The
more weight accumulates in a certain area, the higher its posterior probability.
The posterior state space is sampled using a proposal distribution. In our case
the proposal was equal to the prior pdf (c.f. Figure 5-2A). The weights of the
particles are set such that the particle ensemble represents the posterior
density. Each particle lives in the 12-dimensional state space. This rather highdimensional state space, together with the demand for a high-resolution
representation of the posterior pdf, necessitates a large particle number. In
order to avoid bad function approximations, we redistributed the particles and
their weights at each iteration step, while maintaining the correct pdf. This was
done using a Markov Chain Monte Carlo (MCMC) method (c.f. Figure 5-2A). We
used the Random Walk Metropolis/Hastings algorithm (Hastings, 1970). This
MCMC procedure uses a Gaussian proposal pdf. We adapted the covariance
matrix of the proposal pdf in each frame (Cardinale et al., 2009) using an
adaptive annealing scheme. In order to ensure ergodicity, i.e., ensure that we
still represent the correct posterior density; adaptation of the covariance matrix
was stopped after a burn-in phase of a certain number of iterations as
empirically determined. The mean of the final posterior pdf was used as an
estimator for the new system state. We used the marginal distributions for each
entry to estimate the respective estimator uncertainty (Cardinale et al., 2009).

Time series analysis

A full description of the time series analysis method will be described by
Gregory Paul elsewhere.
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Data analysis

All histograms visualize counts where counts of each class are normalized to
the total number of counts. All statistical comparisons were carried out using the
bootstrapping function “bootstrap” of the statistical toolbox of Matlab (R2008a).
Correlation between transition frequency and microtubule length was analyzed
by detecting the length at each time point a transition occurred. These length
measurements were binned and the transition frequency in each class of the
histogram was calculated. A linear fit using the “robustfit” function of Matlab
(R2008a) was used to calculate the slope m of this correlation. Spatial analysis
of transition frequencies was carried out as follows: the spindle position at each
point a transition was stored in a vector. From this vector, the 30% populations
of spindles located distal or proximal to the bud neck were isolated and used to
recalculate the correlation between transition frequency and microtubule length.
Median speeds of the 25th and 75th percentiles of the microtubule length
population were calculated to assess correlation of speeds with microtubule
length. To assess spatial regulation of speeds, median speeds of the 25th and
75th percentile of microtubule length were calculated for the 30% of spindles
located distal or proximal to the bud neck.

Strains and plasmids

The yeast strains used in this study and their references are listed in
supplementary table 5-3 S1. Bik1p-3GFP used in this study was derived from
pB1587 (gift from David Pellman (Carvalho et al., 2004). Spc72p-GFP was
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obtained from the GFP-tagged library (Huh et al., 2003). Gene deletions were
either obtained from the Euroscarf deletion library (Brachmann et al., 1998) or
constructed as previously described (Janke et al., 2004). Strains were verified
by PCR, microscopy and phenotypic analysis. Colocalization of Bik1p-3GFP
with microtubule plus ends was verified using dual color microscopy. All strains
used in this study are isogenic to S288C and ADE2+ for reduced fluorescent
background. Multiple independent clones of each strain were used for all
quantifications.

5.2.7 Supplementary Information
Table 5-1 Summary of Microtubule Dynamics Parameters. Number of microtubules analyzed (n MT),
Total number of time points analyzed (Total Tpts), Microtubule length (Length) [µm], Total time spent in
growth/shrinkage (Time g/s) [%], growth speed (v_growth) [µm min-1], shrinkage speed (v_shrinkage)
[µm min-1], catastrophe frequency (F_cat) [min-1], rescue frequency (F_resc) [min-1]
Strain

n MT

Total Tpts Length
1.21
2.03
1.02
1.41
1.62
1.47

Time (g/s) v_growth

v_shrinkage F_cat F_resc
2.22
4.13
2.47
4.26
3.04
3.68

WT
kip3!
kip2!
kip2! kip3!
kar3!
dhc1!

467
522
480
438
410
194

27762
37371
19487
29689
25792
11118

(0.44)
(0.86)
(0.30)
(0.72)
(0.63)
(0.54)

54/46
64/36
58/42
64/36
55/45
55/45

1.24
1.38
1.18
1.16
1.85
2.31

rho1-Q68L
pkc1-R398P
tor1-1957V

267
62
59

15935 1.76 (0.74)
4405 1.68 (0.70)
3804 1.72 (0.60)

48/52
38/62
44/56

tor1!
rapamycine

139
138

7597 1.38 (0.48)
7005 1.31 (0.48)

62/38
56/44

(1.77)
(1.80)
(1.42)
(1.37)
(2.34)
(3.71)

(2.24)
(2.92)
(2.99)
(2.86)
(3.01)
(4.51)

0.52
0.26
0.74
0.44
0.35
0.55

0.12
0.1
0.01
0.06
0.16
0.16

2.00 (3.37)
2.10 (4.34)
2.08 (4.60)

2.37 (3.40)
2.44 (3.27)
2.27 (3.90)

0.49
0.6
0.55

0.21
0.24
0.19

2.26 (3.94)
1.66 (3.29)

2.95 (4.32)
2.93 (4.05)

0.52
0.51

0.13
0.16
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Table 5-2 Comparison of microtubule dynamics parameters with literature. Sampling rate [s],
Microtubule length (Length) [µm], growth and shrinkage speeds (vg, vs) [µm min-1], Catastrophe and
rescue frequencies (Fcat, Fresc) [min-1] 1= (Gupta et al., 2006), 2= (Tirnauer et al., 1999), 3 = (Cuschieri et
al., 2006), 4 = (Kosco et al., 2001), 5= (Wolyniak et al., 2006), 6 = (Vogel et al., 2001)

Parameter
Sampling rate
Length
vg
vs
F cat
F resc

This study
0.55
1.21 (0.44)
1.24 (1.77)
2.22 (2.24)
0.52
0.12

1

2

3

4

5

6

39575
N.A.
1.21 (0.37)
1.87 (0.68)
0.56
0.88

8
1.59
1.73 (0.63)
2.68 (0.58)
0.22
0.14

10
N.A.
1.35 (0.03)
1.13 (0.07)
0.27
0.14

10-20
1.90 (0.70)
0.86 (0.37)
1.36 (0.58)
0.51
0.55

20
N.A.
0.79 (0.32)
0.86 (0.37)
0.65
0.53

20
1.60 (0.14)
1.03 (0.10)
1.18 (0.12)
N.A.
N.A.

Table 5-3 S1 Strains and plasmids used in this study

Strain

Genotype

Plasmid

Number
YYB6974

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 his3Δ1 leu2Δ0
met15Δ0 ura3Δ0 ADE2

YYB6976

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip3::kanMX4

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

YYB6977

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip2::natNT2

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

YYB6975

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 kar3::kanMX4
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

YYB6938

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

dhc1::natNT2

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

YYB7347

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 his3Δ1 leu2Δ0

PYB1597

met15Δ0 ura3Δ0 ADE2

YYB7346

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 his3Δ1 leu2Δ0

PYB1273

met15Δ0 ura3Δ0 ADE2

YYB7345

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 his3Δ1 leu2Δ0

PYB1309
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met15Δ0 ura3Δ0 ADE2

YYB7046

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 kar3::kanMX4

PYB1597

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

YYB7045

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

dhc1::natNT2

PYB1597

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

YYB7343

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

tor1::kanMX4

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

YYB7152

KIP3-3GFP::kanMX4 SPC72-GFP:HIS3 his3Δ1 leu2Δ0
met15Δ0 ura3Δ0 ADE2

YYB7344

KIP3-3GFP::kanMX4

SPC72-GFP:HIS3

bik1::kanMX4

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ADE2

Plasmid

Genotype

Plasmid

PYB1597

RHO1-Q68L:CEN:URA3

(Sekiya-Kawasaki et al., 2002)

PYB1273

PCK1-R398P:CEN:URA3

(Nonaka et al., 1995)

PYB1309

HA3:TOR1-A1957V:CEN:LEU2

(Reinke et al., 2006)

Number
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Table 5-4 S2 Transition frequencies in mother and bud. Total frequencies (f_total) of catastrophes or
rescues [min-1] in wild type and mutant strains. Slope of linear fit of correlation between frequency and
microtubule length (m_total). Catastrophe or rescue frequency in the mother (f_Mother) or bud (f_bud)
[min-1], slope of linear fit of correlation between frequency and microtubule length in mother (m_mother)
or bud (m_bud). n.d. = not determined.
Transition
Catastrophe

Rescue

Strain
WT
kip3!
kip2!
kip2! kip3!
kar3!
dhc1!

f_Total

m_total

f_Mother
m_mother
f_Bud
0.63
0.32
0.37
0.14
0.88
1.44
0.59
0.21
0.38
0.24
0.71
0.38

m_bud

0.52
0.26
0.75
0.44
0.35
0.55

0.31
0.15
0.98
0.17
0.29
0.43

rho1-Q68L
pkc1-R398P
tor1-1957V

0.49
0.6
0.55

0.2
0.29
0.64

0.65
0.8
0.52

WT
kip3!
kip2!
kip2! kip3!
kar3!
dhc1!

0.12
0.1
0.02 n.d.
0.06
0.16
0.16

-0.14
-0.05

0.11
0.1

-0.03
-0.13
-0.14

0.06
0.11
0.18

-0.05
-0.12
-0.09

0.09
0.2
0.18

-0.08
-0.16
-0.17

rho1-Q68L
pkc1-R398P
tor1-1957V

0.21
0.23
0.18

-0.05
-0.06
-0.07

0.17
0.24
0.21

-0.04
-0.07
-0.19

0.34
0.24
0.26

-0.17
-0.22
-0.04

n.d.

0.5
0.23
0.65
0.39
0.4
0.38

0.49
0.12
1.42
0.26
0.34
0.42

0.33
0.21
0.28

0.44
0.33
0.52

0.11
0.12
0.87

-0.19
-0.05

0.12
0.14

-0.14
-0.14

n.d.

n.d.

n.d.

Table 5-5 S3 Quantification of spindle movement. Mean bud-proximal spindle pole to neck distance
(spb_neckDist) [µm], angle between spindle and cell length axis [deg], ratio of movement towards and
away from the bud neck [%], mean displacement away (dist_away) or towards (dist_towards) the bud
neck per frame [µm min-1]. Stars indicate comparison (bootstrap) to wild type, p<0.001 (**) or p<0.0001
(***).
Strain

spb_neckDist

sp_angle

ratio_to/away

dist_away

dist_towards

WT
kip2!
kip3!
kar3!
dhc1!

-0.93
-1.11
-1.06
-0.88
-0.97

51.21
55.87
58.29
56.81
59.05

(24.14)
(23.14)**
(26.84)**
(30.25)**
(24.26)**

51/49
52/48
51/49
51/49
51/49

-0.31
-0.29
-0.30
-0.31
-0.31

0.30
0.29
0.29
0.29
0.29

rho1-Q68L
pkc1-R398P
tor1-1957V

-0.72 (0.62)***
-0.58 (0.52)***
-0.45 (0.58)***

53.07 (35.35)**
54.91 (39.74)**
49.46 (32.82)

51/49
52/48
51/49

-0.25 (0.24)**
-0.24 (0.23)**
-0.22 (0.20)**

(0.36)
(0.33)***
(0.53)***
(0.42)***
(0.39)***

(0.27)
(0.26)**
(0.27)
(0.34)
(0.28)

(0.25)
(0.23)**
(0.25)
(0.31)**
(0.25)

0.25 (0.23)**
0.24 (0.21)**
0.20 (0.18)**
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5.3.2 Abstract
In preanaphase budding yeast cells, cytoplasmic microtubule organization is
highly asymmetric in respect to the two spindle poles. The bud-directed spindle
pole continuously grows cytoplasmic microtubules while microtubules growing
from the mother-directed spindle pole are usually short. How microtubule
asymmetry between the two spindle poles is established and maintained is not
known. In this study we demonstrate that on each pole two sets of microtubules
are produced, a short and a long-lived species. Microtubule number in each
class is highly different between the two poles, leading to the asymmetric
microtubule organization observed in preanaphase cells. A key determinant of
these two microtubule classes is the kinesin motor Kip2p. Kip2p activity is
controlled by phosphorylation and asymmetrically regulated such that Kip2p is
less

active

on

the

mother-directed

spindle

pole.

We

suggest

that

phosphorylation of Kip2p regulates microtubule stability specifically on the
mother-directed spindle pole and thereby ensures astral microtubule asymmetry
in metaphase.

5.3.3 Introduction
The budding yeast microtubule system consists of nuclear and astral
(cytoplasmic) microtubules. Spindle pole bodies, the yeast equivalent of
centrosomes in higher eukaryotes, serve as exclusive microtubule-organizing
centers in budding yeast cells. Spindle pole bodies are multilayered structures
consisting of an intranuclear layer (plaque), a membrane-embedded central
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layer and an outer layer facing the cytoplasm and they organize both sets of
microtubules spatially and temporally (Knop et al., 1999). The outer plaque
nucleates astral microtubules, which are required for spindle positioning (Kusch
et al., 2003). Spindle pole duplication during cell division results in a pre-existing
and a newly formed spindle pole (Winey and Byers, 1993). In most cases the
old spindle pole is inherited by the daughter cell (Pereira et al., 2001).

The astral microtubule cytoskeleton in budding yeast is relatively simple, since
only a few single microtubules emanate into the cytoplasm (Kilmartin and
Adams, 1984). In unbudded G1 cells, approximately 3 to 6 astral microtubules
emanate from the single spindle pole (Carminati and Stearns, 1997; Shaw et
al., 1997). In budded S/G2 cells there are at most 3 microtubules per spindle
pole (Carminati and Stearns, 1997). In preanaphase, astral microtubule
organization is highly asymmetric with respect to the two spindle poles. The
bud-directed spindle pole stably grows long astral microtubules while
microtubules growing from the mother-directed spindle pole are short in lifetime
and length (Vogel et al., 2001).

Spindle migration relies on Kar9p-mediated linkage between the microtubule
and actin cytoskeleton (Pearson and Bloom, 2004). During metaphase, Kar9p
localizes asymmetrically to the bud-directed spindle pole (Liakopoulos et al.,
2003; Maekawa et al., 2003). The actin-based Myo2p directly interacts with
Kar9p (Yin et al., 2000) and this interaction defines spatial organization of astral
microtubules in metaphase (Beach et al., 2000). Loss of Kar9p causes random
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interactions between astral microtubules and the cell cortex resulting in spindle
mispositioning (Kusch et al., 2002; Miller et al., 1999; Miller and Rose, 1998;
Yeh et al., 2000). Asymmetric localization of Kar9p to only one spindle pole and
associated astral microtubules is regulated by different pathways including
phosphorylation, sumoylation the spindle assembly checkpoint and the mitoticexit network (Cepeda-Garcia et al., 2010; Hotz et al., 2012; Kammerer et al.,
2010; Leisner et al., 2008; Liakopoulos et al., 2003; Meednu et al., 2008).
Whereas the mitotic-exit network appears to be important to specify spindle
pole identity and thus direct Kar9p asymmetry towards the old spindle pole
(Hotz et al., 2012), a major determinant of Kar9p asymmetry itself is
Cdk1/Cdc28p-dependent phosphorylation of Kar9p (Liakopoulos et al., 2003;
Maekawa et al., 2003).

What determines astral microtubule asymmetry in metaphase is not known.
Differential regulation of microtubule dynamics on the two poles is likely to be
important in establishing microtubule asymmetry. Clb4p and Kar9p are required
to load Cdk1 onto astral microtubules (Liakopoulos et al., 2003; Maekawa et al.,
2003). Cdc28p has been suggested to phosphorylate Kar9p and the kinesin-like
motor protein Kip2p (Maekawa et al., 2003; Ubersax et al., 2003). KIP2
encodes a 78kDa kinesin-related protein (Roof et al., 1991, 1992). Kip2p
localizes to growing and shrinking astral microtubules and its expression is cell
cycle regulated with a peak during mitosis (Carvalho et al., 2004; Caudron et
al., 2008; Huyett et al., 1998; Miller et al., 1998). Deletion of KIP2 results in
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nuclear migration defects during metaphase, suggesting that Kip2p is required
for stabilizing microtubules during mitosis (Cottingham and Hoyt, 1997).

To address the question of how astral microtubule asymmetry is established in
metaphase, we investigated microtubule dynamics on the two spindle poles with
respect to the proteins Kip2p, Kar9p and Clb4p. In addition, we investigated the
role of Kip3p, a major microtubule-destabilizing factor (Cottingham and Hoyt,
1997; DeZwaan et al., 1997; Gupta et al., 2006; Miller et al., 1998; Straight et
al., 1998; Varga et al., 2006; Yeh et al., 2000), in regulating microtubule
dynamics on both poles.

5.3.4 Results

Spindle poles generate two sets of astral microtubules
To address the question how the two spindle poles generate different sets of
astral microtubules, we analyzed microtubules growing from the proximal and
distal spindle pole. Our observation time was too short to follow spindle
migration until anaphase. Therefore we refer to the two poles as bud-proximal
and bud-distal rather than bud-directed and mother-directed pole. In a first step
we calculated the number of microtubules per spindle pole (n = 50 cells, c.f
Figure 5-12A).
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Figure 5-12 Different Microtubule Sets in Wild Type. A) Microtubule number on the bud proximal and
distal spindle pole. B) Time series of a metaphase cell with a long-lived (upper red arrow) and a shortlived (lower red arrow) microtubule. Movie length = 100 frames, 1 frame = 0.55 s, image every 5th frame.
Bik1p-3GFP and Spc72p-GFP were used as plus and minus end microtubule markers respectively. Bar =
2µm C) Bik1p-3GFP microtubule plus end intensity (arbitrary units [A.U.]) of long-lived and short-lived
microtubules. P-value of bootstrap comparison indicated.

The average number of microtubules emanating from the bud-proximal spindle
pole (mean = 1.1) was ~3-fold higher than on the bud-distal spindle pole (mean
= 0.4). Interestingly, we were able to detect two apparently different sets of
astral microtubules: a long-lived group, which was of sufficient length to be
analyzed with our measurement tools and having an average life-time of 73
frames and a short-lived species, which was physically too short to
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unambiguously differentiate from the spindle pole signal and therefore could not
be reliably tracked with our software (c.f. Figure 5-12B). These short
microtubules had an average lifetime of 24 frames. The Bik1p-3GFP Intensity
ratio at plus ends of long-lived to short-lived microtubules was 1.1 (c.f. Material
and Methods, Figure 5-12C), indicating that Bik1p-3GFP concentration was
10% higher on long-lived microtubules (p < 1 x 10-4). Thus our data suggest that
different at least two different sets of astral microtubules can be generated on
each spindle pole.

Microtubule frequency, but not dynamics, defines microtubule asymmetry
between the two spindle poles
We next wanted to know whether microtubule dynamics were different between
the proximal and the distal spindle pole. We compared catastrophe (fcat) and
rescue (fresc) frequencies and growth (vg) and shrinkage (vs) speeds of longlived microtubules on the proximal and distal spindle pole (c.f. Table 5-7).
Median microtubule length (median = 1.11 µm) on the distal pole was only
~10% shorter than on the proximal pole (median = 1.21 µm, p < 1 x 10-4, Figure
5-13A).
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Figure 5-13 Long-lived Microtubules on Both Poles. A) Microtubule length [µm] of long-lived
microtubules on proximal and distal spindle pole. P-value of bootstrap comparison, mean and standard
deviation indicated. B) Comparison of number of long-lived and short-lived microtubules on bud
proximal pole. Normalized frequencies indicated. C) Comparison of number of long-lived and short-lived
microtubules on bud-distal pole. Normalized frequencies indicated.

The similar microtubule length of long-lived microtubules on both poles
suggests that they share similar microtubule dynamics. Therefore, we
measured microtubule dynamics on the distal spindle pole and compared these
values to those previously reported for the proximal pole (Alexander Rauch,
unpublished). On the distal spindle pole, catastrophe frequency was 0.51 min-1
and rescue frequency was 0.12 min-1, similar to transition frequencies on the
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proximal pole (fcat = 0.52 min-1, fresc = 0.12 min-1). Median growth (vg = 1.30 µm
min-1) and shrinkage (vs = 1.92 µm min-1) speeds were similar to the ones
measured for long microtubules emanating from the bud-proximal pole (vg =
1.24 µm min-1, vs = 2.22 µm min-1). This suggests that microtubule asymmetry is
not determined by different dynamics of long-lived microtubules on the two
spindle poles.

We therefore quantified the fraction of the number of long-lived to short-lived
microtubules in each group on the proximal and distal pole. On the budproximal spindle pole, this fraction was 26.5, indicating that long microtubules
are generated predominantly (c.f. Figure 5-13B). On the distal spindle pole, this
fraction was 0.3, indicating that most microtubules emanated from this pole are
short (c.f. Figure 5-13C). This suggests that the two spindle poles are different
in their abilities to generate the two classes of microtubules. In summary these
results indicate that dynamics of long-lived microtubules are spindle poleindependent, suggesting that microtubule asymmetry is controlled by the
probability with which long- and short-lived microtubules are generated on each
pole.

Kip3p regulates length but not microtubule asymmetry
In order to determine whether Kip3p regulates microtubule asymmetry as well
as length, we measured microtubule length and number on the proximal and
distal poles in a kip3∆ strain (c.f. Table 5-7). In these cells, median microtubule
length on the proximal pole was increased ~70% compared to wild type
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(median = 2.03 µm, p < 1 x 10-4, Alexander Rauch, unpublished). On the distal
pole median microtubule length was only ~40% increased (median = 1.59 µm, p
< 1 x 10-4, Figure 5-14A), suggesting that microtubule asymmetry is still present
in these cells.
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Figure 5-14 Long-lived Microtubules on Both Poles in kip3∆. A) Microtubule length [µm] of long-lived
microtubules on proximal and distal spindle pole. P-value of bootstrap comparison, mean and standard
deviation indicated. B) Comparison of number of long to short-lived microtubules on bud-proximal pole.
Normalized frequencies indicated. C) Comparison of number of long-lived to short-lived microtubules on
bud distal pole. Normalized frequencies indicated.
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We next wanted to know whether Kip3p is required to control the frequencies of
the two sets of microtubules on each pole. Average number of microtubules on
the proximal (mean = 1.1) and distal pole (mean = 0.5) was similar to wild type.
The ratio of long/short-lived microtubules was 4-fold decreased (ratio = 6.6)
compared to wild type, suggesting that Kip3p reduces the amount of short-lived
microtubules on the proximal pole (c.f. Figure 5-14B). On the distal pole, this
ratio was 3-fold increased (ratio = 0.8) indicating that on this pole Kip3p
decreases the number of long microtubules (c.f. Figure 5-14C).

In summary, deletion of KIP3 led to a microtubule length increase on the
proximal pole that was ~30% higher compared to the distal pole. Deletion of
KIP3 did not affect overall microtubule number on the two spindle poles. Kip3p
appears to reduce the number of short-lived microtubules on the proximal and
the number of long-lived microtubules on the distal pole. These data could be
explained by a microtubule-stabilizing factor, which is active predominantly on
the proximal pole, counteracting Kip3p-activity. Thus loss of Kip3p would not
increase the number of long-lived microtubules on the distal pole since the
microtubule-stabilizing factor is not active there. Supporting this argument
rescue frequency was ~2-fold higher on the distal (fresc = 0.22 min-1) compared
to the proximal pole in kip3∆ cells (fresc = 0.10 min-1).
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Kip2p is required to set microtubule number on both poles
To test this model, analyzed the impact of Kip2p on microtubule number on
each pole (n = 50 cells). In kip2∆ cells microtubule number was decreased
~40% on the proximal (mean = 0.6) and ~80% (on the distal pole (mean = 0.06,
Figure 5-15A,B).
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Figure 5-15 Microtubule Number in kip2∆. A. Astral microtubules in wild type and kip2∆. Metaphase
cells indicated (red arrows). Bik1-3GFP and Spc72p-GFP were used as plus and minus end microtubule
markers respectively. Bar = 2µm B) Number of long-lived microtubules on proximal and distal spindle
pole in kip2∆.

5 Results

153

Additionally, the ratio of long/short-lived microtubules on this pole was 0.6,
compared to 26.5 in wild type suggesting that the number of long-lived
microtubules was strongly reduced. On the bud-distal pole, we counted ~2.5x
less short-lived and zero long-lived microtubules. Thus, deletion of KIP2
inversed the ratio of long-to short-lived microtubules on the proximal pole,
suggesting that Kip2p is required to set the microtubule number on the two
poles. Supporting this argument, we found that in a kip2∆ kip3∆ double mutant
microtubule number on the proximal pole (mean = 1.0) and on the distal (mean
= 0.1) pole were similar to wild type or kip3∆ (c.f. Table 5-7).

In summary, loss of KIP2 led to a strong increase in short-lived microtubules on
the proximal pole while completely abolishing the number of long-lived
microtubules on the distal pole indicating that Kip2p is required to generate and
maintain long-lived microtubules.

Phosphorylation at S63 and T275 determines Kip2p activity
Mutation

of

S63

and

T275

to

alanine

(kip2-AA)

abolishes

Kip2p

phosphorylation, suggesting that Kip2p is phosphorylated at least on one of
these two sites in vivo (Manuel Hotz, unpublished). We therefore wanted to
know whether Kip2p phosphorylation is required to regulate its activity on the
two spindle poles. In kip2-AA cells, median microtubule length on the proximal
(median = 2.68 µm) and on the distal (median = 2.39 µm) pole was ~2-fold
increase compared to wild type (p < 1 x 10-4, Figure 5-16A-C). However, the
length difference between the two poles was only ~10% (p < 1 x 10-4, c.f. Figure
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5-16A). Additionally, microtubule number was increased by ~30% (mean = 1.4)
on the proximal pole, while on the distal pole, microtubule number was
increased by ~140% (mean = 0.9, c.f. Figure 5-16D). Thus, in contrast to kip3∆,
expression of kip2-AA led to a symmetric increase in microtubule length on both
poles, suggesting that phosphorylation of Kip2p controls its activity on the two
spindle poles.

To further understand how Kip2p regulates microtubule number and length we
next assessed the impact of a kip2-AA mutant on microtubule dynamics (c.f.
Table 5-7). Ratio of long/short-lived microtubules was ~7 on the proximal pole,
indicating that the number of short-lived microtubules is increased (c.f. Figure 516E). On the distal pole, this ratio was ~4.5, suggesting a strong increase in the
number of long-lived microtubules (c.f. Figure 5-16F). In kip2-AA cells, the
catastrophe frequency was decreased ~40% on both the proximal (fcat = 0.29
min-1) and the distal (fcat = 0.33 min-1) pole. Rescue frequency was 3-fold
increased in the proximal (fresc = 0.31 min-1) and ~4-fold increased in the distal
pole (fresc = 0.47 min-1), indicating that expression of kip2-AA dramatically
increases rescue frequency with a even more pronounced effect on
microtubules emanating from the distal pole. Additionally, shrinkage speed was
~30% decreased on both the proximal (p < 1 x 10-4, vs = 1.59 µm min-1) and
distal pole (p < 1 x 10-4, vs = 1.45 µm min-1), indicating that the strong rescuepromoting activity of kip2-AA inhibits shrinkage.
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Figure 5-16 Microtubule Asymmetry in kip2-AA. A) Microtubule length [µm] of long-lived microtubules
on proximal and distal spindle pole. B) Microtubule length [µm] on proximal pole of long-lived
microtubules; comparison wild type and kip2-AA C) Microtubule length [µm] on distal P-value of
bootstrap comparison, mean and standard deviation indicated. D) Microtubule number on the bud
proximal and distal spindle pole E) Comparison of number of long-lived to short-lived microtubules on
bud proximal pole. F) Comparison of number of long to short-lived microtubules on bud distal pole. E-F)
Normalized frequencies indicated.

In summary our data indicate that Kip2p phosphorylation at S63 and/or T275 is
a key determinant of microtubule number on both poles. The strong increase in
microtubule number on the distal pole suggests that Kip2p is phosphorylated
mainly on the distal pole.

Kar9p and the cyclin Clb4p phenocopy the kip2-AA microtubulestabilizing phenotype
Asymmetric activity of Kip2p is essential to determine microtubule stability on
the two poles, thereby establishing microtubule asymmetry in metaphase cells.
Kip2p has been suggested to be a substrate of Cdk1/Cdc28p (Maekawa et al.,
2003; Ubersax et al., 2003)). Ser63 and Thr275 are both part of a Cdc28p
consensus site (Manuel Hotz, unpublished). Cdc28p localization to microtubules
requires Clb4p and Kar9p (Maekawa and Schiebel, 2004; Maekawa et al.,
2003). To test whether Cdc28p is indeed required to phosphorylate Kip2p, we
next tested whether clb4∆ mutant cells, which fail to load Cdc28p onto
microtubules, display a phenotype similar to kip2-AA cells.
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In a first step we assessed the impact of loss of Clb4p on microtubule
asymmetry (c.f. Table 5-7). Number of microtubules on the proximal (mean =
1.2) and distal pole (mean = 1.0) was increased as in kip2-AA. Compared to a
kip2-AA mutant, number of long-lived microtubules on the proximal pole (mean
= 1.0) and distal pole (mean = 0.5) were reduced ~23% and 38%, respectively,
suggesting that loss of Clb4p has not as strong of an impact on microtubules
emanating from the distal pole as does expression of kip2-AA. Supporting this
argument we found that the increase in microtubule length was ~29% less
compared to a kip2-AA mutant (c.f. Table 5-7). Rescue frequency was 0.31 min1

on the proximal pole, similar to a kip2-AA mutant but only 0.37 min-1 on the

distal pole, thus ~21% lower than in a kip2-AA mutant. In contrast to expression
of kip2-AA, loss of Clb4p let a increase in growth speed of ~43% on the
proximal (median = 1.77 µm min-1, p < 1 x 10-4) and ~23% on the distal pole
(median = 1.59 µm min-1, p < 1 x 10-4), while shrinkage speed was comparable
to wild type (c.f. Table 5-7).

In the absence of Clb4p, other cyclins such as Clb3p may compensate at least
partially and thus restore Cdc28p localization to microtubules. Such a
mechanism could explain why deletion of CLB4 did not stabilize microtubules
on the distal pole as dramatically as kip2-AA. In support of this argument, we
found that in a clb3∆ clb4∆ double knockout, the median microtubule length was
~30% increased (median = 2.85 µm, p < 1 x 10-4) compared to clb4∆. Due to
the strong increase in microtubule length, microtubules were observed to curl
along the cell cortex, which precluded robust tracking of these microtubules,
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which precluded any further analysis of microtubule dynamics in these cells. In
addition to phosphorylation of Kip2p, Cdc28p almost certainly regulates
additional microtubule-interacting proteins. Bim1p, Bik1p, Kar9p and Stu2p are
all potential substrates of Cdk1 (Ubersax et al., 2003). In support of the
presence of multiple Cdc28 targets, we found that kip2-AA clb4∆ cells had
median microtubule lengths on both poles of ~3.5µm, which is a ~30% increase
compared to the kip2-AA single mutant (p < 1 x 10-4). Finally, it has been shown
that Cdc28p localization to microtubules does not only depend on Clb4p but
also on Kar9p, suggesting that Kar9p at least partially regulates Cdc28p activity
on astral microtubules.

Kar9p modulates microtubule dynamics similarly to Clb4p
In a next step we therefore wanted to know, whether Kar9p modulated
microtubule asymmetry similarly to Clb4p. In kar9∆ cells, number of
microtubules on the proximal (mean = 1.4) and distal (mean = 1.0) spindle pole
was increased similarly to a kip2-AA or clb4∆ mutant (c.f. Table 5-7). The
increase in the number of long-lived microtubules on the proximal pole (mean =
1.0) was as in a clb4∆ mutant, while on the distal pole, the increase was ~40%
increased compared to a clb4∆ and thus similar as in a kip2-AA mutant.
Transition frequencies were however similar in a kar9∆ and a clb4∆ (c.f. Table
5-7). Kar9p and Clb4p appeared however to have a differential impact on
growth and shrinkage speeds on the proximal pole. Overall, deletion of KAR9
and CLB4 exhibited similar changes in microtubule dynamics, suggesting that,
as previously proposed, Kar9p and Clb4p indeed act in the same microtubule-
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regulatory pathway and regulate Cdk1 localization to microtubules (Maekawa
and Schiebel, 2004; Maekawa et al., 2003).

Phosphorylation of Kip2p regulates microtubule asymmetry independent
of Bik1p
We next wanted to know whether Kip2p is the main factor responsible for
microtubule stabilization. In a kip2∆ clb4∆ double mutant, the median
microtubule length on the proximal pole was 1.08 µm, which was similar to a
kip2∆ (median = 1.02 µm, Alexander Rauch, unpublished). Therefore, the
observed increase in microtubule length in clb4∆ requires Kip2p to be present
on microtubules. In addition, crossing a kip3∆ with a kip2-AA mutant did not
yield viable spores, suggesting that the double mutant is synthetic lethal and
indicating that Kip3p and Kip2p function in different aspects of microtubule
dynamics regulation independently of each other. In support of this argument,
we found that in a kip3∆ clb4∆ double knockout, which is viable, median
microtubule length was 3.63 µm, and thus increased ~80% (p < 1 x 10-4) and
~65% (p < 1 x 10-4) compared to kip3∆ or clb4∆ single mutants. In addition, in
kip3∆ clb4∆ cells, microtubules curled along the cell cortex, a behavior not
observed in the single mutant cells. Taken together, these results suggest that
regulation of microtubule dynamics by Kip2p and Clb4p are based on different
functional pathways than Kip3p.

Our results to this point suggest that Kip2p is a major determinant of
microtubule stability on both spindle poles. It is however not clear whether
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Kip2p can stabilize microtubules on its own or whether changes in microtubule
stability upon loss of Kip2p simply reflect altered transport of other proteins such
as Bik1p to microtubule plus ends. To separate these two effects is challenging
since Bik1p employs multiple mechanisms of plus end binding (Carvalho et al.,
2004; Caudron et al., 2008). We predicted that if phosphorylation of Kip2p
regulates microtubule dynamics independently of Bik1p, microtubule length
should differ between a bik1∆ single mutant and a bik1∆ kip2-AA double mutant
strain. In cells expressing Kip3p-3GFP as a plus end marker, median
microtubule length was 1.57 µm (s.d. = 0.54). Deletion of BIK1 in these cells led
to a ~25% reduction in microtubule length (p < 1 x 10-4, median = 1.20 µm),
suggesting that Bik1p stabilizes microtubules. In comparison, deletion of KIP2
reduced microtubule length by ~15% compared to wild type (p < 1 x 10-4). This
results would be compatible with the model proposed by (Caudron et al., 2008),
suggesting that in the absence of Kip2p, Bik1p can still bind to microtubule plus
ends.

To test whether Kip2p can stabilize microtubules in the absence of Bik1p we
next compared microtubule numbers in wild type, bik1∆ and bik1∆ kip2-AA
cells. Microtubules were visualized using either Kip3p-3GFP (wild type, bik1∆)
or Kip3p-1GFP (bik1∆ kip2-AA) as a plus end marker (c.f. Material and
Methods). Visual inspection of microtubules in kip2-AA and bik1∆ kip2-AA
mutants showed a very similar phenotype (c.f. Figure 5-17A).
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Figure 5-17 Microtubule Number and Length in bik1∆, kip2-AA and bik1∆ kip2-AA. A) Astral
microtubules in cells expressing Kip3p-3GFP, Spc72p-GFP (bik1∆), Kip3p-GFP, Spc72p-GFP (bik1∆
kip2-AA) or Bik1p-3GFP, Spc72p-GFP (kip2-AA); Metaphase cells indicated (red arrows). Bar = 2µm. BC) Number of long-lived microtubules on the bud proximal and distal spindle pole in bik1∆, kip2-AA, and
bik1∆ kip2-AA. Normalized frequencies indicated.

On the proximal pole, deletion of bik1∆ let to a reduction of long-lived
microtubules, a phenotype that could be rescued by additionally expressing the
kip2-AA allele (c.f. Figure 5-17B). Similarly, on the distal pole we observed a
strong increase in the number of long-lived microtubules when kip2-AA was
expressed, independently of Bik1p (c.f. Figure 5-17C). In summary, our data
indicate, that expression of kip2-AA increases microtubule number and length,

5.3 Astral Microtubule Asymmetry in S.cerevisiae

162

independently of Bik1p, suggesting that Kip2p can stabilize microtubules
independently of its cargo Bik1p.
5.3.5 Discussion
In this study, we analyzed astral microtubule dynamics on the two spindle poles
in preanaphase cells and identified two microtubule classes: long-lived and
short-lived. Long-lived microtubules predominate on the bud-proximal spindle
pole, while short-lived microtubules occur at a higher frequency on the buddistal pole. Microtubule dynamics of long-lived microtubules were identical on
the two spindle poles suggesting that the key determinant of microtubule
asymmetry is not dynamics of long-lived microtubules but rather the probability
of generating long-lived or short-lived microtubules. Finally our results show that
phosphorylation of Kip2p on S63 and T275 is a key determinant of microtubule
asymmetry.

Different sets of astral microtubules are generated on the two spindle
poles
Our data suggest that two sets of astral microtubules are generated in
preanaphase cells: a short-lived and a long-lived species. On the bud-proximal
pole, mostly long-lived microtubules are generated, while on the bud-distal pole,
short-lived microtubules are the predominant microtubule class. The ability to
generate either class of astral microtubules could be determined in different
ways. For example, spindle poles themselves could provide the ability to
generate either short-lived or long-lived microtubules. Thus spindle pole identity
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could contribute to microtubule stability, for example by facilitating either
differential recruitment or regulation of microtubule dynamics regulatory factors.
In support of this model, it has been shown recently that the mitotic-exit network
determines spindle pole identity at least in part through Kar9p asymmetry (Hotz
et al., 2012). Alternatively, each spindle pole could harbor a different set of
microtubule dynamics modulators that would in turn determine the frequency of
long-lived and short-lived microtubules. While Kip2p and Kip3p localize
symmetrically to both sets of astral microtubules (Carvalho et al., 2004; Gupta
et al., 2006), Kar9p and Clb4p localization is more asymmetric with respect to
the bud-proximal spindle pole (Liakopoulos et al., 2003; Maekawa et al., 2003).
Finally, the same microtubule dynamics regulators could be present on both
poles but their activity is regulated differentially.

Kip2p is a key determinant of microtubule asymmetry
The following lines of evidence suggest that differential regulation of
microtubule dynamics modulators on the two poles is important to set
microtubule asymmetry. First, in a kip3∆ mutant, microtubule length was
increased asymmetrically and to a larger extent on the bud-proximal pole. This
suggests that a Kip3p is not the key determinant of microtubule asymmetry but
rather a stabilizing factor that is less active on the distal spindle pole.
Supporting this argument we found that in a kip2∆ mutant, no long-lived
microtubules were generated on the distal pole. Additionally, expression of kip2AA let to a highly symmetric increase in microtubule length on both poles,
indicating that phosphorylation of Kip2p determines microtubule asymmetry.
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The domain comprising S65 and T275 defines both a target site for Cdk1 and
for the mitotic-exit kinase Dbf2/20. We found that inhibiting Cdk1 loading onto
astral microtubules by deletion of either CLB4 or KAR9 mimicked the
microtubule phenotype observed in a kip2-AA mutant. Therefore it is possible
that Cdk1 phosphorylates Kip2p specifically on the bud-distal spindle pole.

Kip2p regulates microtubule asymmetry independently of Bik1p
In important question is whether Kip2p regulates microtubule stability
independently of Bik1p, a known microtubule-stabilizing factor and one of the
Kip2p cargo proteins. Reduction of microtubule length was less pronounced
upon deletion of KIP2 than of BIK1, indicating that Bik1p can at least partially
stabilize microtubule plus ends independent of Kip2p as suggested earlier
(Caudron et al., 2008). However, several lines of evidence provided in this study
suggest that Kip2p can modulate microtubule dynamics independently of Bik1p.
In a kip2∆ clb4∆ double mutant no increase in microtubule length was observed
compared to a kip2∆ mutant, suggesting that Kip2p can stabilize microtubules
independently of Bik1p. A kip2-AA kip3∆ double mutant was not viable and the
clb4∆ kip3∆ displayed strong synthetic phenotypes, suggesting that Kip2p and
Kip3p regulate microtubule dynamics independently of each other. Finally we
compared microtubule length phenotypes in wild type, bik1∆ and bik1∆ kip2-AA
cells and found that in bik1∆ kip2-AA cells, microtubule length was as in a kip2AA mutant, indicating that the increase in microtubule number and length
observed upon expression of kip2-AA does not require Bik1p to be present on
microtubules. Thus in summary we provide a model on how microtubule
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asymmetry is established in preanaphase cells. To further assess the model of
the

establishment

of

microtubule

asymmetry

by

spatially

restricted

phosphorylation of Kip2p it will be important to determine whether Cdk1 is the
only kinase phosphorylating Kip2p in vivo and whether Cdk1 activity is restricted
to the bud-distal spindle pole.
5.3.6 Materials and Methods
Microscopy
All imaging was carried out as described in (Alexander Rauch, unpublished).
Briefly, we grew cells at 30°C on YPD plates and imaged them in synthetic
complete medium at 30°C using an incubation chamber. For immobilization
cells were spotted onto a microscope slide and covered with a 2% agar pad.
Imaging was carried out on a spinning disk microscope, which is part of the
ETH LMC Microscopy facility. Movie stacks were acquired every 25.83ms at
0.2mm z spacing, imaging a total volume of 4µm per image stack. Each movie
contained 100 individual time points. Images were captured using a
Hamamatsu C9100-13 EMCCD camera (512x512 pixels, 16µm pixels)
controlled by software from Metamorph (Molecular Devices, version 7.7.50).

Microtubule tracking and data analysis
A detailed description of the framework employed to establish the different data
sets has been provided (Alexander Rauch, unpublished) and statistical analysis
was carried out accordingly. All comparisons were made using the Bootstrap
sampling function of the Matlab Statistics Toolbox (release R2008a). Histogram
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bin counts were normalized to the total number of bin counts. Microtubule plus
end fluorescence intensity measurements were carried out as follows: For 30
movies, a microtubule plus end were measured in a SUM projection of the
movie. Cell background was subtracted and the mean intensity values were
compared using a standard two-tailed t-test.

Strains
All yeast strains used in this study are listed in Table 5-8. Visualization of
microtubule plus end and spindle poles using Bik1p-3GFP, Kip3p-3GFP and
Spc72p-GFP was carried out as previously described (Alexander Rauch,
unpublished). For all quantifications, multiple clones were used. To minimize
background fluorescence in cells only ADE2+ strains were used for microscopy.
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5.3.7 Supplementary Information
Table 5-7 Microtubule dynamics parameters of wild type and mutant strains: Proximal SPB: budproximal spindle pole; Distal SPB: bud-distal spindle pole; Total MTs: average number of microtubules
per spindle pole (SPB) of entire data set; MTs_short: average number of short-lived microtubules per
SPB; MTs_long: Microtubule dynamics of long-lived microtubules: average number, length (median/s.d.)
in [µm], Fcat: catastrophe frequency [min-1], Fresc: rescue frequency [min-1], v_growth: growth speed
(median/s.d.) in [µm min-1], v_shrink: shrinkage speed (median/s.d.) in [µm min-1]. Values for WT and
kip3∆ (proximal SPB) are published elsewhere (Alexander Rauch, unpublished) and indicated here solely
for comparison.

Total MTs

MTs_short

MTs_long

Number

Number

Number

Length

Fcat

Fresc v_growth

v_shrinkage

Proximal SPB

1.1

0.04

1.1 1.21 (0.44)

0.52

0.12 1.24 (1.77)

2.22 (2.24)

Distal SPB

0.4

0.3

0.1 1.11 (0.40)

0.51

0.12 1.30 (1.84)

1.92 (2.93)

Proximal SPB

1.1

0.1

0.9 2.03 (0.86)

0.26

0.1 1.38 (1.80)

4.13 (2.92)

Distal SPB

0.5

0.3

0.2 1.58 (0.64)

0.32

0.22 1.39 (1.80)

3.21 (3.41)

Proximal SPB

1.4

0.2

1.3 2.68 (0.79)

0.29

0.31 1.39 (2.49)

1.59 (2.60)

Distal SPB

0.9

0.2

0.8 2.39 (0.58)

0.33

0.47 1.26 (2.29)

1.45 (2.73)

Proximal SPB

1.2

0.2

1 2.21 (0.79)

0.37

0.32 1.77 (2.48)

2.27 (3.18)

1

0.3

0.5 1.69 (0.69)

0.39

0.37 1.59 (2.04)

2.21 (2.4)

1.4

0.4

1 1.87 (0.75)

0.33

0.34 1.59 (1.62)

1.86 (2.28)

1

0.4

0.7 1.60 (0.58)

0.36

0.3 1.51 (1.64)

1.90 (2.89)

WT

kip3!

kip2-AA

clb4!
Distal SPB
Proximal SPB
kar9!
Distal SPB
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Table 5-8 Strains used in this study (* indicates strains created in (Alexander Rauch, unpublished).

Strain Number

Genotype

YYB6974*

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 his3!1 leu2!0 met15!0
ura3!0 ADE2

YYB7152*

KIP3-3GFP::kanMX4 SPC72-GFP:HIS3 his3!1 leu2!0 met15!0
ura3!0 ADE2

YYB6976*

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip3::kanMX4

his3!1

kip2::natNT2

his3!1

leu2!0 met15!0 ura3!0 ADE2
YYB6977*

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

leu2!0 met15!0 ura3!0 ADE2
YYB7077

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip2-AA::LEU2

kip2::kanMX4 his3!1 leu2!0 met15!0 ura3!0 ADE2
YYB7078

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

clb4::kanMX4

his3!1

leu2!0 met15!0 ura3!0 ADE2
YYB7073

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 kar9::kanMX4 his3!1
leu2!0 met15!0 ura3!0 ADE2

YYB7151

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip2-AA::LEU2

kip2::kanMX4 clb4::kanMX4 his3!1 leu2!0 met15!0 ura3!0
ADE2
YYB7148

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

clb3::kanMX4

clb4::kanMX4 his3!1 leu2!0 met15!0 ura3!0 ADE2
YYB7150

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip2::natNT2

clb4::kanMX4 his3!1 leu2!0 met15!0 ura3!0 ADE2
YYB7149

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip3::kanMX4

clb4::kanMX4 his3!1 leu2!0 met15!0 ura3!0 ADE2

!
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5.4.2 Abstract

Microtubules are dynamic hollow polymeric structures and assemble in a polar
manner exhibiting a highly dynamic behavior. Microtubules grow and shrink and
the transitions between assembly and disassembly are termed catastrophes
and rescues depending on whether the microtubule switches from assembly to
disassembly or vice versa. How transitions are established in vivo is not well
understood. High-resolution in vitro data has provided various models, which
are however difficult to assess in live cells. In this study we analyzed the
establishment of catastrophes and rescues in mitotic budding yeast cells. We
show that the motor proteins Kip3p and Kip2p induce catastrophes and rescues
independent of each other. We find that overall assembly and disassembly
phases are frequently interrupted by transient excursions into the opposite
dynamic state of the microtubule. Therefore, different classes of transitions
occur throughout growth and shrinkage promoting microtubule-phase changes
of different length. We find that the two motor proteins Kip2p and Kip3p are key
to regulate these different types of transitions. We suggest, that multiple classes
of transitions exist, which are initiated with different probabilities defining
thereby the length of assembly and disassembly phases.
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5.4.3 Introduction

For microtubules to carry out different functions, they have to organize into
specific spatial and temporal patterns. The central mechanism to regulate
microtubule organization is GTP-hydrolysis on β-tubulin. Tubulin-dimers exist in
two different conformations: GTP-bound β-tubulin subunits exhibit a more
straight conformation, GDP-bound β-tubulin subunits a slightly more bent one
(Gigant et al., 2000; Lowe et al., 2001; Ravelli et al., 2004). Microtubule
assembly is concomitant with hydrolysis of the GTP molecule bound to the βsubunit of the tubulin dimer. Upon GTP hydrolysis, GDP-tubulin within the
microtubule lattice is forced to remain in the straight conformation as long as the
plus end is still capped with GTP-bound β-tubulin subunits. Part of the GTP
hydrolysis energy is therefore stored in the polymer wall (Desai and Mitchison,
1997; Nogales and Wang, 2006). As a result, microtubules consist of a labile
GDP-tubulin based core and a stabilizing GTP-based cap at the microtubule
plus end. The microtubule can polymerize as long as a cap is present on its
plus end. Once the GTP-cap is lost through either hydrolysis or dissociation of
GTP-tubulin subunits (e.g. through destabilizing proteins), the labile GDP-based
core is exposed, leading to outward curling of the individual protofilaments and
thus microtubule shrinkage. The plus end structure of the microtubule, defines
the dynamic state (i.e. growth or shrinkage) of a microtubule. The transition
from a growing GTP-tubulin tip (cap) to a shortening GDP-tubulin tip is termed
“catastrophe” and the reverse is called “rescue”. Despite being a major
component of all microtubule dynamics models, the GTP-tubulin cap has only
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recently been visualized in microtubules by immunofluroescence (Dimitrov et
al., 2008). In addition to microtubule tips, long internal stretches inside
microtubules, termed ‘GTP-remnants’, were also observed (Dimitrov et al.,
2008). These observations, together with other studies, suggest that GTPremnants can serve as rescue-initiators (Dimitrov et al., 2008; Tropini et al.,
2012).

In vivo microtubule assembly is modulated by various regulatory factors
consisting mainly of microtubule-associating proteins (MAPs), including
microtubule plus-end tracking proteins (+TIPs) and motor proteins (Akhmanova
and Hoogenraad, 2005; Akhmanova and Steinmetz, 2008; Carvalho et al.,
2003; Galjart, 2010; Gouveia and Akhmanova, 2010; Howard and Hyman,
2003, 2007; Schuyler and Pellman, 2001; Wu et al., 2006). Two important
regulators of microtubule dynamics in budding yeast are the two kinesin-like
motor proteins Kip2p (Roof et al., 1991, 1992) and Kip3p (DeZwaan et al.,
1997; Verhey and Hammond, 2009). Kip2p stabilizes astral microtubules
(Carvalho et al., 2004; Caudron et al., 2008; Cottingham and Hoyt, 1997; Huyett
et al., 1998; Miller et al., 1998) and its rescue-promoting activity is controlled by
the phosphorylation of Kip2p (Manuel Hotz, Alexander Rauch, unpublished).
Kip3p on the other hand destabilizes microtubules by inducing catastrophes in a
length-dependent manner (Cottingham and Hoyt, 1997; DeZwaan et al., 1997;
Gupta et al., 2006; Miller et al., 1998; Straight et al., 1998; Varga et al., 2006;
Yeh et al., 2000).
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Catastrophes and rescues are key determinants of microtubule organization. In
vitro data has provided much insight into how catastrophes are established
(Gardner et al., 2011b; Gupta et al., 2006; Varga et al., 2006; Varga et al.,
2009). However, how +TIP proteins establish catastrophes and rescues in vivo
is not well understood. To our knowledge, there is no comprehensive model of
microtubule rescue available. Additionally, whether catastrophes nor rescues
are multistep or single events as discussed previously (Gardner et al., 2011b)
and has not yet been investigated in vivo.

To address the question of how transitions are established in vivo, we analyzed
the impact of the two motors Kip2p and Kip3p on establishing catastrophes and
rescues.

5.4.4 Results

Microtubule assembly and disassembly are discontinuous phases
To analyze how transitions are established in vivo, we employed a framework
made available recently to acquire and analyze high-resolution 4D data sets of
microtubule dynamics (Alexander Rauch, unpublished). In a first step we
analyzed the behavior of microtubules during assembly and disassembly
phases. A striking feature of microtubule length time series we observed was
that growth and shrinkage were not continuous phases but rather exhibited

5 Results

175

frequent brief but significant excursions into the corresponding opposite
dynamic state (c.f. Figure 5-18A-D).

These fluctuations did not alter the overall dynamic state of the microtubule (i.e.
from growth to shrinkage or vice versa), a behavior, similar as observed in vitro
(Schek et al., 2007). These observations suggest that the occurrence of a
transition does not imply a permanent switch from one dynamic state to
another. In order to distinguish between transitions occurring during overall
assembly/disassembly phases and those initiating an extended switch of the
dynamic state of the microtubule, we measured the length of the phase switch
they initiated. We defined transient transitions as events that initiated a phase
switch of <5 frames, while persistent transitions established a phase change of
>20 frames.

Next we wanted to set a base detection level to distinguish between image
noise and actual microtubule length changes. Therefore we cryofixed
microtubules and analyzed their dynamics subsequently (c.f. Material and
Methods). Microtubule length time series of cryofixed microtubules exhibited
little fluctuations in length (c.f. Figure 5-18E). Additionally, none of these
transitions induced a significant change in speed (c.f. Figure 5-18F). We were
therefore confident that any detected transition inducing a significant change in
speed was unlikely to be due to noise based on our imaging and analysis
techniques.
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Figure 5-18 Transient fluctuations during microtubule growth and shrinkage. A. Microtubule length [nm]
time series of a growing microtubule with a transient catastrophe (red arrow) B. Derived speed [nm s-1]
time series of (A) with a significant change of speed (red arrow) where a transient catastrophe occurs C.
Microtubule length [nm] time series of a shrinking microtubule with a transient rescue occurring (red
arrow) D. Derived speed [nm s-1] time series of (C) with a significant change in speed (red arrow) where a
transient rescue occurs E. Length [nm] time series of a methanol-fixed microtubule F. Derived speed [nm
s-1] time series of (E).
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Catastrophes induce changes from growth to shrinkage of different
microtubule length
With the base detection level set, we analyzed length fluctuations during
microtubule assembly. In 328 growing microtubules (15’042 time points
analyzed) we detected 130 significant switches into shrinkage that did not alter
the overall state of microtubule assembly (c.f. Figure 5-18A, B). The average
time the microtubule stayed in shrinkage was 1.8 frames (s.d. = 1.5) and the
average shortening length was 79.6 nm (s.d. = 101.4). Therefore, catastrophes
occurring during microtubule assembly induced shrinkage periods lasting only
for a short amount of time and leading to a very small change in length that was
immediately rescued. We termed these events transient catastrophes and next
wanted to know whether they exhibited similar dynamic behavior as persistent
catastrophes. Overall frequency of transient catastrophes was 46% lower (fcat =
0.28 min-1) compared to persistent catastrophes (fcat = 0.52 min-1).

We reasoned that if microtubule dynamic regulators modulate transient
catastrophes similarly to persistent ones, they are likely to exhibit correlation
with either microtubule length or position. Alternatively, if they reflect noise, their
occurrence should be independent of microtubule length or position. We first
investigated correlation of transient catastrophes with microtubule length, which
was assessed as previously described (Material and Methods). Similarly to
persistent events, frequency of transient and persistent catastrophes positively
correlated with microtubule length (c.f. Figure 5-19A). However, while frequency
of persistent events reached a plateau at length >1.6µm, frequency of transient
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events increased linearly without reaching a plateau (c.f. Figure 5-19A red
arrows).
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Figure 5-19 Correlation of transition frequencies with microtubule length. A. Correlation of persistent and
transient catastrophe frequency [min-1] with microtubule length [µm] B. Correlation of persistent and
transient rescue frequency [min-1] with microtubule length [µm].

The different correlation with microtubule length >1.6µm suggests that for very
long microtubules, the mechanism of catastrophe initiation differs between
transient and persistent events. It is possible that microtubule plus end collision
with the cell cortex induces transient catastrophes. Long microtubules reaching
into the confined bud compartment are more likely to interact with the cell
cortex, thus experiencing more transient catastrophes. In order to explore
whether transient catastrophes were regulated not only in a length- but also in a
positional-dependent manner, we calculated correlation of transient catastrophe
frequency with length of microtubules growing in the mother or in the bud (c.f.
Material and Methods). Transient catastrophe frequency of microtubules
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growing in the bud (fcat = 0.39 min-1) was 2-fold higher compared to
microtubules growing in the mother cell (fcat = 0.19 min-1). Therefore, in contrast
to persistent events, which occurred at a higher frequency in the mother
(Alexander Rauch, unpublished), transient catastrophes occurred at a higher
frequency in the bud. In summary, these results indicate that during microtubule
growth transient catastrophes induce short shrinkage phases without changing
the overall dynamic state of the microtubule. They correlate with the covariates
microtubule length and position similar to persistent events, suggesting that
both type of events are regulated.

Two kind of rescues determine microtubule disassembly phases
Next we wanted to know whether multiple types of rescue events exist similarly
to their counterparts. We therefore analyzed transient fluctuations occurring
during microtubule disassembly (c.f. Figure 5-18C, D). Frequency of transient
rescues (fresc = 0.15 min-1) was ~25% higher compared to persistent rescues
(fresc = 0.12 min-1). Therefore, in contrast to catastrophes, transient rescues
occurred at a higher frequency compared to persistent ones. The average time
the microtubule remained in a growth state was 2.9 frames (s.d. = 2.9) and the
average increase in length was 79.3 nm (s.d. = 88.7). Thus, while the net
change in length was similar for transient catastrophes and rescues, the latter
ones initiated a ~1.5-fold longer phase change.

We determined whether the frequency of transient rescues correlated with
microtubule length and position. In contrast to persistent rescues, which
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correlated negatively with microtubule length, frequency of transient increased
with microtubule length (c.f. Figure 5-19B). The different correlations of
persistent and transient rescues with microtubule length could reflect a
decreasing efficiency of a microtubule-stabilizing factor to promote rescues with
increasing microtubule length. Such a decreasing activity could be set either
due to a length-dependent destabilizing factor such as Kip3p, gradually taking
over regulation at the plus end or inhibition of the microtubule-stabilizer’s activity
on long microtubules. For both persistent and transient rescues we did not
detect enough events to successfully assess spatial regulation. In summary
these results indicate that based on the length of the switch they initiate,
different types of transitions occur during microtubule assembly and
disassembly.

Speeds change throughout the process of transition initiation
A visual inspection of microtubule length time series revealed that persistent
transitions occurred usually after a short plateau phase, with little change in
microtubule length before switching into the opposite dynamic state (c.f. Figure
5-20A, B). To investigate the transition phase in more detail, we analyzed
speeds in a time window of a given length enclosing a transition (c.f. Material
and Methods). We aligned all persistent or transient transitions and calculated
average speeds during the transition phase.
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Figure 5-20 Speeds at onset of catastrophes and rescues. A. Microtubule length [nm] time series with a
persistent catastrophe occurring. The plateau prior the switch into shrinkage is indicated B. Microtubule
length [nm] time series with a persistent rescue occurring. The plateau prior the switch into growth is
indicated C. Speeds [nm s-1] in a 25 frame (~14s movie time) time window prior and after persistent
catastrophe onset. Different phases (1-5) in speed change are indicated D. Speeds [nm s-1] in a time
window of 5 frames (~3s movie time) prior and after transient catastrophe onset. Different phases (1-2) in
speed change are indicated E. Speeds [nm s-1] in a 25 frame (~14s movie time) time window prior and
after persistent rescue onset. Different phases (1-3) in speed change are indicated F. Speeds [nm s-1] in a
time window of 5 frames (~3s movie time) prior and after transient rescue onset. Different phases (1-2) in
speed change are indicated.

In a first step we investigated speeds at persistent catastrophes onset and then
measured speeds in a window of 25 frames (~14s movie time). Prior to
persistent catastrophe we were able to distinguish two phases. In a first phase
(c.f. Figure 5-20C, i) growth speed (median = 0.86 µm min-1) was ~30%
decreased compared to overall growth speed (median = 1.24 µm min-1, p < 1 x
10-4), suggesting that growth is slowed down prior to catastrophe onset. Before
switching into shrinkage we detected a short, ~20% increase in growth speed
(median = 1.03 µm min-1, p < 1 x 10-4, c.f. Figure 5-20C, ii).

The consecutive shrinkage period presented itself in three distinct phases. An
initial, rapid shrinkage phase (slope m = -0.51, c.f. Figure 5-20C, iii) was
followed by a less steep shrinking period (slope m = -0.17, c.f. Figure 5-20C, iv).
After reaching a maximum shrinkage speed of 3.37 µm min-1, shrinkage
stabilized around 2.22 µm min-1 (c.f. Figure 5-20C, v). These changes in speed
throughout persistent catastrophes suggest substantial rearrangements at the
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microtubule plus end, reflecting potentially both, changes in the microtubule
lattice itself and associating regulatory factors.

Speed changes during transient catastrophes were very different compared to
those observed at persistent catastrophes. We measured speeds in a window
of 5 frames (~3s movie time) prior and after catastrophe onset (c.f. Figure 520D). Shrinkage after transient catastrophes increased in speed by ~2.5 fold
(slope m = -1.36) compared to the initial rapid shrinkage phase after a
persistent catastrophe (c.f. Figure 5-20D, i). Maximal shrinkage speed (median
= 2.53 µm min-1) was ~25% lower compared to maximal shrinkage speed after
a persistent catastrophe (p < 1 x 10-4). After reaching the local minimum a rapid
recovery phase (slope m = +0.85) followed restoring growth (c.f. Figure 5-20D,
ii).

Thus, transient catastrophes are very short-lived events with rapid changes in
speeds and small changes in microtubule length. We therefore next
investigated how speeds change during persistent rescues. Median shrinkage
speed prior to persistent rescue onset (median = 1.74 µm min-1) and median
growth speed (median = 1.20 µm min-1) after rescue onset were not different
from the corresponding speeds measured during overall growth and shrinkage
phases (c.f. Figure 5-20E). Transient rescues exhibited a rapid change of speed
from growth to shrinkage (slope m = +1.01, c.f. Figure 5-20F, i) with a maximum
growth speed (median = 2.30 µm min-1) ~2x higher than median growth speed
measured during microtubule assembly (p < 1 x 10-4). A rapid switch to
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shrinkage (slope m = -0.73, c.f. Figure 5-20F, ii) followed the peak in growth
speed. In summary, the observed speed profiles of transient and persistent
transitions were found to be very different from each other.

Kip3p increases the probability of undergoing a catastrophe
Kip3p is an important length-dependent microtubule-destabilizing factor in vitro
(Gupta et al., 2006; Varga et al., 2006). We next determined whether Kip3p
regulates transient catastrophes in vivo similar to persistent events (Alexander
Rauch, unpublished). While persistent catastrophe frequency is decreased
upon loss of Kip3p, we found that transient catastrophe frequency was ~30%
increased compared to wild type (fcat = 0.36 min-1). Kip3p did not affect the
average time of microtubule shrinkage or the average microtubule shortening
length upon transient catastrophes onset. We next wanted to know whether
Kip3p regulates transient catastrophes in a length-dependent manner, similarly
to persistent catastrophes. However, while in kip3∆ cells correlation of
persistent catastrophe frequency with microtubule length is strongly reduced
(Alexander Rauch, unpublished), transient events correlated with microtubule
length similarly to wild type (c.f. Figure 5-21A), suggesting different mechanisms
to induce persistent and transient catastrophes.

To further understand how Kip3p induces catastrophes, we next investigated
the impact of Kip3p on speeds at onset of persistent catastrophes. Growth
speeds prior persistent catastrophes were ~15% higher compared to wild type
(p < 1 x 10-4) but the biphasic pattern remained, suggesting that Kip3p does not
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affect growth speed changes prior catastrophes (c.f. Figure 5-21B, i-ii).
However, while the first rapid shrinkage phase (m = -0.45) was similar to wild
type but persisted for a longer period, with no second, less steep shrinkage
phase, before reaching a maximum shrinkage speed of 4.13 µm min-1, which
was ~2-fold faster than wild type (p < 1 x 10-4, c.f. Figure 5-21B, v). Similarly to
persistent rescues (Gupta et al., 2006; Varga et al., 2006), transient rescue
frequency was partially reduced (~1.9-fold) in kip3∆ cells suggesting that Kip3p
partially stabilizes shrinking microtubules as suggested previously (Su et al.,
2011). In summary, our data suggest that Kip3p regulates the probability of
undergoing both transient and persistent catastrophes. It is possible that both
type of events are linked and that transient catastrophes are precursors of
persistent ones. Such a model would be compatible with recent in vitro data
showing that Kip3p induces catastrophes depending on microtubule age
(Gardner et al., 2011b).
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Figure 5-21 Kip3p increases the probability of undergoing a catastrophe. A. Comparison of correlation of
transient catastrophes [min-1] with microtubule length [nm]. B. Comparison of speeds [nm s-1] in a 25
frame (~14s movie time) time window prior and after persistent catastrophe onset. Different phases (1-5)
in speed change are indicated. Blue = wild type, red = kip3∆.

Kip2p is required to establish transient and persistent rescues
We reasoned that if transient events are precursor catastrophes, a
counteracting force must inhibit the transition from a transient to a persistent
catastrophe. Kip2p is an important rescue-promoting factor in vivo and we
therefore next investigated the impact of Kip2p on transient transitions in
comparison to persistent events (Alexander Rauch, unpublished).

In contrast to persistent catastrophes, which are ~0.45-fold increased in a kip2∆
mutant, transient catastrophe frequency was ~3-fold reduced (fcat = 0.1 min-1)
compared to wild type. As in kip3∆ cells, shrinkage phase length, microtubule
length change and speeds at onset of transient catastrophes were not
significantly altered compared to wild type. Therefore, loss of microtubule
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stability upon deletion of KIP2 decreased the likelihood to undergo a transient
catastrophe bud increased the probability to undergo a persistent event,
consistent with the observed increased instability of microtubules in kip2∆ cells.

We next wanted to know how Kip2p modulated speeds at onset of persistent
catastrophes. In kip2∆ cells, the speed profile was matching the one observed
in kip3∆ cells, suggesting that both motors stabilize disassembling microtubules
(c.f. Figure 5-22B). It is possible that the presence of these motors on plus ends
counteracts outward curling of protofilaments and thereby decreasing the
efficiency of the disassembling process. We observed for example, similarly as
in kip3∆ cells, that in a kip2∆ mutant, maximum shrinkage speed after a
persistent catastrophe was 4.84 µm min-1, before gradually stabilizing around
2.47 µm min-1 (c.f. Figure 5-22B, iv-v). Thus while median shrinkage speed in
kip2∆ cells was only ~10% faster compared to wild type, maximum shrinkage
speed after persistent catastrophe onset was ~45% faster in kip2∆ cells (p < 1 x
10-4).
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Similarly to persistent rescues, deletion of KIP2 reduced frequency of transient
rescues, suggesting that Kip2p is required to promote both types of rescue
events. In summary, these results suggest that Kip2p counteracts persistent
catastrophes through microtubule stabilization by promoting transient and
persistent rescues.
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Figure 5-22 Kip2p determines microtubule stability. A. Comparison of correlation of transient
catastrophes [min-1] with microtubule length [nm]. B. Comparison of speeds [nm s-1] in a 25 frame (~14s
movie time) time window prior and after persistent catastrophe onset. Different phases (1-5) in speed
change are indicated. Blue = wild type, red = kip2∆.

5 Results

189

#"
%

2.5

?%,=.)7<@%<AB!!

2

;<--=

2'3/4%)%(/.5'-6*-/&7

!"

%%

%%%

%>

>

3

?%,=.)7<@%<AB!!

2
1
0

1.5

−1
−2

1

−3
−4

0.5

−5
0
0

1

2

3

4

−6
0

5

10

20

30

40

$%&'()*+*,-.,-/0)1

29:-

C"
2.5

?%,=.)7<@%<AB!!

2

1.5

1

0.5

0
0

2'3/4%)%(/.5'-6*-/&7

2'3/4%)%(/.5'-6*-/&7.

8"

50

?%,=.)7<FOE¨

2.5

2

1.5

1

0.5

1

2

3

4

5

$%&'()*+*,-.,-/0)1

0
0

1

2

3

4

5

$%&'()*+*,-.,-/0)1

2'3/4%)%(/.5'-6*-/&7

C"
2.5

?%,=.)7<FOE¨

2

1.5

1

0.5

0
0

1

2

3

4

5

$%&'()*+*,-.,-/0)1

Figure 5-23 Inhibition of Kip2p phosphorylation stabilizes microtubules. A. Comparison of correlation of
transient catastrophes [min-1] with microtubule length [nm]. B. Comparison of speeds [nm s-1] in a 25
frame (~14s movie time) time window prior and after persistent catastrophe onset. Different phases (1-5)
in speed change are indicated. C. Comparison of correlation of transient rescues [min-1] with microtubule
length [nm]. Blue = wild type, red = kip2-AA. D. Comparison of correlation of transient catastrophes
[min-1] with microtubule length [nm]. E. Comparison of correlation of transient rescues [min-1] with
microtubule length [nm]. Blue = wild type, red = clb4∆.
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Inhibition of Kip2p phosphorylation increases frequency of both types of
rescues
To further understand how Kip2p promotes rescues we made use of the kip2AA allele, with S63 and T275 mutated both to alanine (Manuel Hotz,
unpublished). Expression of kip2-AA strongly increases frequency of persistent
rescues while decreasing frequency of persistent catastrophes (Alexander
Rauch, unpublished). While expression of kip2-AA reduces frequency of
persistent catastrophes 0.35-fold, we found that transient catastrophe frequency
was 4-fold higher (fcat = 1.15 min-1) compared to wild type.

We next determined whether kip2-AA had an impact on the length-dependency
of catastrophes. In contrast to persistent catastrophes, correlation of transient
catastrophes with length was increased (c.f. Figure 5-23B), indicating that
expression of kip2-AA shifts the likelihood of a microtubule to undergo
catastrophe from a persistent to a transient event.

To further understand how kip2-AA inhibits persistent catastrophes, we next
analyzed speeds at onset of persistent catastrophes. In kip2-AA cells shrinkage
after transition onset was only biphasic, completely lacking the second, less
steep shrinkage phase. This results show that Kip2p counteracts the initial rapid
shrinkage phase and that this activity is regulated by Kip2p phosphorylation (c.f.
Figure 5-23
B, iii-v), supporting the model that phosphorylation of Kip2p is essential for its
rescue-promoting activity (Alexander Rauch, unpublished). Correlation between
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transient rescue frequency and microtubule length was highly increased
compared to wild type (c.f. Figure 5-23C).

Despite the strong rescue-promoting effect of kip2-AA, speeds during transient
and persistent rescues were similar to wild type. In summary, expression of
kip2-AA strongly inhibited persistent catastrophes. In contrast to loss of KIP3,
this was not concomitant with a decrease in transient catastrophes but rather a
strong increase of transient events. In addition, kip2-AA mutant cells showed a
strong increase of both transient and persistent rescues.

5.4.5 Discussion
Our data presented in this study indicate that in vivo at least two sets of
transitions induce changes in the dynamic state of the microtubule of different
length. This study therefore provides the first in vivo data supporting recent
results present by Gardner et al. (Gardner et al., 2011a), suggesting that
transitions can occur as multistep processes. Finally, our results underline the
importance of the two motors Kip2p and Kip3p in regulating catastrophes and
rescues in vivo.

Two sets of transitions determine growth and shrinkage periods
Microtubules grow and shrink exhibiting at the resolution of light microscopy a
behavior termed dynamic instability (Kirschner and Mitchison, 1986; Mitchison
and Kirschner, 1984). Recent high-resolution in vitro data of microtubule
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assembly demonstrate that even at nanoscale resolution microtubule assembly
exhibits a high variability in growth and shrinkage rates (Kerssemakers et al.,
2006; Schek et al., 2007). In vitro, microtubules undergo for example transient
shortening events during overall assembly periods without changing the overall
dynamic state of the microtubule (Schek et al., 2007). Our data of microtubule
length time series exhibits a very similar behavior, suggesting a potential link
between the dynamic behavior of microtubules in vitro and in vivo.

When we classified phase transitions according to the length, we were able to
separate events into two different classes. One group induced short switches of
<5 frames of length, while another group let to a prolonged (>10 frames)
change of the overall dynamic state of the microtubule. While the net length
changes of transient catastrophes in vitro we reported to be <10 nm on average
(Schek et al., 2007), we observed an average length change of 70-80 nm in
vivo. As a potential link between transient events in vitro and in vivo is missing,
it is possible that the “nano-shortening” events observed in vitro serve as
“catastrophe-templates” in vivo for microtubule dynamics regulatory factors. It
has been suggested recently that microtubule-associating proteins (MAPs) are
able to, even at a single-molecule concentration, influence the dynamic
behavior of microtubules (Gardner et al., 2011a). In support of this we found
that transient transitions, similarly to their persistent counterparts, exhibited
correlations with the covariates microtubule length and position, suggesting that
they are also regulated events. However, analysis of speed profiles at onset of
persistent and transient transitions suggest that persistent and transient
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transitions are somewhat different in how they are established. While persistent
transitions did undergo defined changes in speeds, transient events exhibited a
rapid switch between growth and shrinkage.

The frequencies of transient and persistent events involve the two
counteracting motors Kip2p and Kip3p
Our data indicates that Kip3p regulates both transient and persistent
catastrophes, compatible with the in vitro model of Gardner et al. (Gardner et
al., 2011b), suggesting that catastrophes induced by Kip3p are a multistep
process. Such a model implies that transient catastrophes are precursor events
of persistent events. Consequently, loss of Kip3p should lead to a decrease in
persistent catastrophes, while increasing the frequency of a microtubule to
undergo a transient catastrophe. This hypothesis is supported by our kip3∆
data. Thus, to induce catastrophes in a multistep process in vivo, Kip3p could
act as a “catalyst”, decreasing the likelihood of transient catastrophes to be
transformed into persistent events. In kip3∆ cells, correlation of catastrophes
with microtubule length was reduced only for persistent events, while transient
catastrophes increased with microtubule length independently of whether Kip3p
was present on microtubules or not. It is possible that transient catastrophes are
induced in different ways. While Kip3p and/or other microtubule-destabilizing
factors promote catastrophes actively, events where a microtubule hits the cell
cortex could also cause transient catastrophes. For example in wild type,
transient catastrophe frequency was ~2-fold higher in the bud (fcat = 0.39 min-1)
compared to the mother cell (fcat = 0.19 min-1), suggesting that microtubules
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growing in the confined space of the bud are more likely to interact with the cell
cortex. However, in a kip3∆ mutant, were microtubule length is increased and
most microtubule plus ends localize in the upper half of the bud (Alexander
Rauch, unpublished), catastrophe frequency in the bud was not different from
wild type (fcat = 0.39 min-1) but instead ~1.8-fold higher in the mother cell (fcat =
0.35 min-1). Alternatively, Kip3p activity could be counteracted by a microtubulestabilizing factor. With increasing length, Kip3p accumulates at the plus end as
shown previously (Gupta et al., 2006; Varga et al., 2006). In turn, this leads to a
shift of the dynamic equilibrium from growth to shrinkage with the probability of
a transient catastrophe to turn into a persistent event increasing with
microtubule length. In such a case, transient catastrophes would be generated
with a constant probability at any length.

To test this model further, we investigated the impact of Kip2p on transitions.
Loss of KIP2 increased frequency of persistent catastrophes, while decreasing
the amount of transient catastrophes detected. This data is consistent with our
proposed model, since loss of microtubule stability should increase the
likelihood of transient catastrophes to be transformed into persistent events.
Loss of Kip2p decreased frequencies of both transient and persistent rescues
suggesting that rescues are, similarly to catastrophes, promoted as multistep
events. This would imply that increasing Kip2p activity increases frequencies of
persistent rescues while decreasing the frequency of transient rescues.
However, upon expression of kip2-AA, we observed a strong increase in both
type of rescues. It is possible that transient rescues reflect repeated events of a
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microtubule hitting the cortex, shrinking transiently and being immediately
rescued by kip2-AA. This argument is supported by the findings that in a kip2AA mutant, microtubules are extremely long and plus ends remain for a long
time at the bud cortex before shrinking back (Alexander Rauch, unpublished).
Additionally, this would also imply a strong increase in transient catastrophes,
which is indeed what we observed.

Kip2p is a potential target of the cyclin-dependent kinase Cdc28p/Clb4p in vivo
and we recently investigated the impact of the cyclin Clb4p on microtubule
dynamics (Alexander Rauch, unpublished). We find that loss of Clb4p exhibits a
very similar increase in transient catastrophes and rescues (c.f. Figure 6D,E) as
observed in cells expressing kip2-AA. Thus further supporting a model where
Cdc28p regulates the rescue-promoting activity of Kip2p in vivo.

A potential link between transient and persistent transitions
In vitro catastrophes have been recently suggested to be a multistep process
event in the absence of any additional regulatory factors, but depending on
microtubule age and Kip3p (Gardner et al., 2011b). In the context of this study
our data suggest the following two-step model on how transitions are
established in vivo: Kip2p and Kip3p induce transient transitions and a fraction
of these are translated into persistent events. The probability of a transition to
induce an extended switch of the dynamic state of the microtubule is set in
different ways. To initiate a persistent catastrophe Kip3p needs to accumulate
at the plus end at a high enough concentration to overcome the stabilizing
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activity of Kip2p. The rescue-promoting activity of Kip2p on the other hand is
regulated by phosphorylation. It is possible that to enable Kip3p to promote a
persistent catastrophe, Kip2p needs to be phosphorylated. Thus it will be
important to determine whether Kip2p phosphorylation depends on microtubule
length or position. (Gupta et al., 2006) suggested that Kip3p promotes
catastrophes once microtubules reach the bud cortex. Alternatively, Kip2p could
be phosphorylated in the bud, which would reduce its activity and thus promote
the switch from growth to shrinkage in a Kip3p-dependent manner.
5.4.6 Materials and Methods

Microscopy
Microscopy was carried out as described previously (Alexander Rauch,
unpublished).

Methanol-fixation of microtubules
Cells were washed with water and fixed by incubating the cells in pre-cooled
100% methanol at -20ºC for 15min. Cells were washed with water and imaged
as described in (Alexander Rauch, unpublished).

Statistical analysis
All statistical analysis was carried out as described previously (Alexander
Rauch, unpublished). Speeds at onset of transitions were calculated as
following: all time series with a corresponding transition occurring were aligned
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at the time point of the phase switch. For each frame of the given time window,
average speeds were calculated and plotted.

Strains used in this study
Strains used in this study were described previously (Alexander Rauch,
unpublished). A list of the strains is given in Table 5-9.

5.4.7 Supplementary Information
Table 5-9 Strains and plasmids used in this study

Strain Number

Genotype

YYB6974

BIK1-3GFP::hphMX4 SPC72-GFP:HIS3 his3!1 leu2!0 met15!0
ura3!0 ADE2

YYB6976

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip3::kanMX4

his3!1

kip2::natNT2

his3!1

leu2!0 met15!0 ura3!0 ADE2
YYB6977

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

leu2!0 met15!0 ura3!0 ADE2
YYB7077

BIK1-3GFP::hphMX4

SPC72-GFP:HIS3

kip2-AA::LEU2

kip2::kanMX4 his3!1 leu2!0 met15!0 ura3!0 ADE2

!
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Table 5-10 Catastrophe parameters. Persistent catastrophes: Frequency (F) [min-1], growth speed
(median/standard deviation) prior transition [µm min-1] (speed_g prior cat), shrinkage speed
(median/standard deviation) post transition (speed_s post cat), slope of shrinkage speed increase phase 1
(m1_shrinkage), slope of shrinkage speed increase phase 2 (m2_shrinkage), maximum shrinkage speed
[µm min-1] (max shrinkage speed); Transient catastrophes: Frequency (F) [min-1], growth speed
(median/standard deviation) prior transition [µm min-1] (speed_g prior cat), shrinkage speed
(median/standard deviation) post transition (speed_s post cat), duration of transient shrinkage phase
[frames] (shrinkage duration), decrease in microtubule length [nm] (MT length change). Values for WT,
kip3∆ and kip2∆ (persistent events) were published previously (Alexander Rauch, unpublished) and are

Parameter

WT

Persistent

F
speed_g prior cat
speed_s post cat
m1_shrinkage
m2_shrinkage
max shrinkage speed

0.52
0.26
0.74
0.3
1.13 (1.41) 1.31 (2.07) 1.12 (1.33) 1.36 (2.92)
2.86 (2.29) 4.82 (3.18) 3.98 (2.64) 1.68 (3.16)
-0.51
-0.45
-0.53
-0.86
-0.17 n.d.
-0.11 n.d.
3.37
4.13
4.84
1.84

Transient

indicated here solely for comparison.

kip3!

F
speed_g prior cat
speed_s post cat
shrinkage duration
MT length change

0.28
n.d.
n.d.

kip2!

0.36
n.d.
n.d.

1.8
79.85

kip2-AA

0.1
n.d.
n.d.

1.86
72.28

1.15
n.d.
n.d.

1.63
63.03

1.88
84.89
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6 Discussion
6.1 Microtubule dynamics

Our data suggest that in vivo, microtubule dynamics are remarkably well
balanced. For example, no single deletion of any of the four motors investigated
(i.e., Kip2p, Kip3p, Kar3p and dynein) caused a strong change in microtubule
organization, suggesting that astral microtubule dynamics are regulated by
various, partly redundant mechanisms. The in vitro data of (Gardner et al.,
2011a; Kerssemakers et al., 2006; Schek et al., 2007) indicates that the speed
of microtubule assembly and disassembly is highly variable thus supporting a
model of microtubule assembly based on a non-homogeneous tip structure that
allows tubulin addition and dissociation at any protofilament. We find that in vivo
speeds exhibit a high variability too. However, our analysis of a dynein mutant
(dhc1∆) indicates, that growth and shrinkage speed contribute little to
microtubule length and organization in metaphase. This is additionally
supported by analysis of a kip3∆ mutant, which exhibited a strong increase in
shrinkage speed but at the same time an increase in microtubule length. This
suggests, that transitions, rather than speeds are the key determinants of
microtubule organization in budding yeast cells. In contrast, in vertebrate cells
cytoplasmic microtubules exhibit defined phases of rapid, persistent growth in
the cell interior while fluctuating at the cell cortex (Komarova et al., 2002). The
differences could reflect modifications of microtubule behavior according to the
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cell volume and geometry. For example, the mechanism of spindle movement in
different fungi depends on the cell geometry of the respective fungus (Gladfelter
and Berman, 2009).

Our data suggest, that Kip3p and Kar3p are key catastrophe-promoting factors
in vivo. The mechanism of how Kip3p promotes catastrophes has been
investigated in much detail (Gupta et al., 2006; Varga et al., 2006; Varga et al.,
2009) and compares well with our data. How Kar3p induces catastrophes is
less clear since Kar3p binds to microtubules along with two different co-factors,
Cik1p and Vik1p. In vitro data exists on Kar3p-Vik1p, suggesting that this
complex targets Kar3p to microtubule plus ends where Kar3p depolymerizes
the microtubules, a mechanism thought to be important during karyogamy
(Sproul et al., 2005). The Kar3p-Vik1p heterodimer on the other hand has been
shown to bind to the microtubule lattice and is thought to stabilize microtubules
at spindle poles during spindle assembly (Allingham et al., 2007). Kar3p-Cik1p
is however also active during mitosis and appears to be important to restrict
microtubule number at spindle poles (Endow et al., 1994; Saunders et al.,
1997), consistent with our data. Therefore Kip3p and Kar3p regulate
microtubule organization in different ways: Kip3p is required to restrict the
length of growing microtubules, while Kar3p ensures that only a limited number
of microtubules are generated on each spindle pole. We observed an increase
in microtubule number on both spindle poles upon deletion of KAR3, suggesting
that Kar3p activity is pole-independent. Similarly, loss of Kip3p did not yield long
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microtubules on both poles, suggesting that stabilizing and destabilizing factors
are required to organize microtubules.

Our data suggest that Kip2p is the key counteracting factor of Kar3p and Kip3p.
Its rescue-promoting activity appears to be regulated by phosphorylation of the
protein. While the mechanism of catastrophes has been investigated
repetitively, not much is known about how rescues are initiated both, in vitro and
in vivo. One way of promoting rescues has been suggested to use GTPremnants in the microtubule lattice (Cassimeris, 2009; Dimitrov et al., 2008).
While these results have been confirmed in vitro (Tropini et al., 2012), there is
to this point no evidence for GTP-remnants in vivo. Our analysis suggests that
rescues are mainly promoted on short microtubules in a Kip2p-dependent
manner. Inhibition of phosphorylation of Kip2p by expressing a kip2-AA allele
increased

rescue

frequency

with

microtubule

length.

Therefore,

if

phosphorylation of Kip2p regulates its ability to use GTP-remnants to promote
rescues, these data could be explained in different ways: first, remnants could
be equally distributed over the entire range of microtubule length. In this case,
the amount of phosphorylated Kip2p should increase with increasing
microtubule length to eventually enable Kip3p to induce catastrophes.
Alternatively, GTP-remnants could be distributed asymmetrically and more
frequent on short microtubules, which would increase the probability of Kip2p to
induce a rescue event on short microtubules. How expression of kip2-AA affects
binding of Kip2p to microtubules has not been investigated and will be important
to determine to understand how mutation of these two phosphosites increases
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the rescue-promoting activity of Kip2p. Additionally, it will be important to
determine,

what

kinases

phosphorylate

Kip2p

in

vivo

and

whether

phosphorylation occurs on the microtubule itself or upon interaction of the
microtubule plus end with restricted sites on the cell cortex.

Cdc28p-Clb4p was shown to regulate the duration of astral microtubule
interactions with the cell cortex (Maekawa and Schiebel, 2004). The two
mutated phosphosites in kip2-AA (S63, T275) are potential target sites of Kip2p.
Thus, Cdc28p is likely to regulate Kip2p activity. Since both, Cdc28p and Kip2p
localize to microtubules emanating from the bud proximal pole, Cdc28p could
regulate Kip2p activity in different ways: Cdc28p-Clb4p concentration on
microtubules could increase with increasing microtubule length providing a
positive activity gradient thus most Kip2p on long microtubules would be
phosphorylated and Kip3p could induce catastrophes, while on short
microtubules, Kip2p would be mostly non-phosphorylated and thus active. On
the other hand, Cdc28p-Clb4p activity could require a spatial cue, either at the
bud cortex or at the neck. Hsl1p and Gin4p, two septin-dependent kinases at
the bud neck were shown to be required for capture-shrinkage events at the
neck, suggesting that the division plane acts as an important spatial cue for
regulating microtubule stability (Kusch et al., 2002). Recently, it was shown that
localized Kar9p degradation at the neck regulates microtubule interaction with
the bud neck (Kammerer et al., 2010). Since Kar9p potentially negatively
regulates Cdc28p activity (Manuel Hotz, unpublished), removal of Kar9p at the
neck would lead to a decrease in Kar9p concentration in the bud thus enabling
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Cdc28p-Clb4p to phosphorylated and thus inhibit Kip2p. Alternatively, tubulin
modification could regulate binding of regulatory factors to the plus end (Wloga
and Gaertig, 2010) as shown previously for Bik1p (Caudron et al., 2008).
Vertebrate Cdk1 for example, was shown to regulate microtubule dynamics by
phosphorylating β-tubulin in vertebrate cells (Fourest-Lieuvin et al., 2006).

At the level of a microtubule population some insight into how different factors
regulate microtubule dynamics can be gained by deleting the corresponding
genes. Analysis of individual time series revealed however a strong variability in
the behavior of individual microtubules. To understand, how motors interact
together and determine the behavior of single microtubules, one will need to
analyze the stoichiometry of all factors at microtubule plus ends. Once the
stoichiometry of the relevant factors on a microtubule can be determined it is
possible to analyze microtubule dynamics recursively: Microtubule dynamics is
quantified and set in correlation with concentration of the different modulating
factors at the corresponding microtubule plus end. We tried to correlate
microtubule dynamics with fluorescence intensity of different +TIP proteins, but
gained little information. This suggests, that either, fluctuations in the +TIP
stoichiometry at microtubule plus ends are too small to be captured or that the
not the actual protein concentration but rather their activity is regulated, for
example by phosphorylation of the protein.
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6.2 Microtubule organization

Experiments in vitro have shown that kinetics of microtubule assembly is
extremely fast with rapid switches between growth and shrinkage (Gardner et
al., 2011a; Kerssemakers et al., 2006; Schek et al., 2007). These data suggest
that the microtubule plus end structure is non-homogenous with both tubulin
association and dissociation rates depending on tubulin concentration (Gardner
et al., 2011a). The data of this study further indicates that in vitro, microtubule
dynamics is determined by a rapid plus-end dependent kinetics and equal on
and off rates of tubulin. Together these data suggest that microtubule assembly
is highly sensitive to small perturbation of either the on or off rate of tubulin by
microtubule dynamics regulatory factors. For example, weak inhibition of the
tubulin off rate by a stabilizing factor would cause a rapid increase in the GTPcap of the microtubule, thus decreasing catastrophe frequency. Therefore such
hypersensitive microtubules could, upon up regulation of stabilizing or
destabilizing factors, rapidly reorganized (Gardner et al., 2011a).

How a cell harnesses the stochastic process of microtubule dynamics to
organize its microtubules is still heavily investigated. (Holy and Leibler, 1994)
presented a theoretical model that underlines the importance of the stochastic
component in the process of microtubule assembly to efficiently explore the
cell’s space. The microtubule dynamics modulating factors must therefore be
set such as that a defined microtubule pattern can emerge from it (Goshima et
al., 2005; Janson et al., 2007; Karsenti et al., 2006; Nédélec, 2002; Nedelec et
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Self-organization of microtubules in cells relies on the intrinsic

asymmetry of microtubules and the contribution of motors, regulating
microtubule dynamics (Karsenti, 2008). One way to describe the interaction of
microtubules with its regulatory factors is based on complexity theory. In
complex systems the interaction of linked elements emergent properties such
as self-organization can arise as a function of the dynamics of the system
(Tabony, 2006a). The properties of such a microtubule-based complex systems
are defined by a variety of factors including for example competitive binding of
proteins to the microtubule, feedback from the cell cortex or timer mechanisms
such as GTP hydrolysis in tubulin (Huber and Kas, 2011). A very good
description of microtubules as self-organizing systems has been recently
provided (Tabony, 2006b). However this study relies on the fact that there are
multiple microtubules present in the cell, which is rarely the case during yeast
metaphase. However we would like to pick up on a more general idea described
in (Tabony, 2006a) that is based on a mathematical concept called bifurcation.
Bifurcation is classically used to describe dynamic systems and describes the
property of such a system to undergo a significant qualitative change in
behavior upon a relatively small change in one of the parameters defining the
system. Thus a system close to equilibrium can be approximated by linear
equations. Away from the equilibrium state the system becomes nonlinear. In
systems with strongly interacting elements (microtubules and +TIP proteins)
these nonlinear states can reach a bifurcation point after which several different
stable states can occur. The separation can occur through the interaction with
an external factor (such as cortical factors as Rho1p).

6.3 Microtubule force generation
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6.3 Microtubule force generation
In budding yeast motors are essential to generate microtubule-based force.
Three different mechanisms on how motors induce pulling force are known.
The first mechanism is based on myosin-dependent microtubule sweeping
along actin cables, a second uses Kar3p-Cik1p-mediated capture shrinkage
events at the cell cortex and a third is based on dynein-dependent microtubule
sliding (Moore and Cooper, 2010). All of these mechanisms are employed in the
process of spindle movement and are part of the early, Kar9p-dependent and
late, dynein-dependent pathway of spindle positioning (Markus et al., 2012).
How microtubule dynamics are adjusted in each of these processes for the
motors to establish the pulling force in vivo is unknown. Myo2p, the actin-based
motor involved in microtubule orientation in metaphase is phosphorylated in
vivo and a potential target of protein kinase A (Legesse-Miller et al., 2006). This
suggests that Myo2p tail regulation by posttranslational modification can
regulate Myo2p affinity with its cargo. Whether phosphorylation of Myo2p
regulates microtubule dynamics remains however to be determined. How
dynein modulates microtubule dynamics to generate pulling forces has been
analyzed in vitro recently (Laan et al., 2012). For dynein attached to a barrier,
catastrophe frequency was increased and shrinkage speed slowed down,
suggesting a mechanism of how dynein regulates microtubule length at the
cortex. Thus, one would expect that removal of dynein from the cortex should
increase shrinkage speed. Indeed this has been observed in budding yeast
(Adames and Cooper, 2000). In our studies we found however, that upon
deletion of DHC1 microtubule shrinkage was increased to a higher degree in
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the mother cell. To further investigate how dynein modulates microtubule
dynamics at the cell cortex a more refined spatial analysis of microtubules
would be necessary. In this context it is interesting to note that stabilization of
microtubules by expressing a RHO1-Q68L allele, dynein was activated and
exerted pulling on microtubules already in metaphase.

Robustness is a key principle of self-organization, leading a dynamic system
(e.g. microtubules) towards a steady state (e.g. microtubule growth)
constraining its agents to remain within this steady state (Karsenti, 2008).
Robustness can be achieved with feedback loops, such as established by small
G-protein systems (Karsenti, 2008; Wittmann and Waterman-Storer, 2001).
Therefore, dynein and Rho1p could form such a positive feedback loop, leading
to enhance microtubule growth at the bud cell cortex. Whether Rho1p is
required to activate dynein cannot be concluded at this point. The spatial and
temporal distribution of force generators is essential to control spindle
positioning (Grill et al., 2003). Therefore, it is also possible that the increased
interaction of microtubule plus ends with the bud cortex could induce unspecific
activation of dynein.

Our data on spindle movement in metaphase showed that in mid-late
metaphase, spindle movement towards and away from the bud neck are well
balanced, suggesting that the entire process of spindle positioning at the
division plane takes place earlier. Thus we cannot conclude what forces are
predominant in moving the spindle through the cell. Earlier analysis on force
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production by microtubules suggests however, that in asymmetrically dividing
cells, a pulling mechanism is more efficient for spindle positioning (Dogterom et
al., 2002; Dogterom and Yurke, 1998; Grill and Hyman, 2005; van Doorn et al.,
2000). The following lines of evidence support such a model: astral microtubule
organization is highly asymmetric with respect to the bud proximal spindle pole
in metaphase. Since the spindle moves towards the division plane, microtubules
emanating from the bud proximal pole can only support spindle positioning by
exerting pulling and not pushing forces. Additionally, in a kip2-AA mutant, where
astral microtubules grow very long on both spindle poles, the spindle is shifted
away from the neck. Thus it seems unlikely that pushing forces play a central
role in the process of spindle positioning. To better understand the impact of
microtubule-based forces on spindle positioning analysis of microtubule
dynamics in early metaphase and/or early anaphase would be required.
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Perspectives

7.1 Summary of key results
In summary, the study presented here provides insight to several key questions
in the field.
First I analyzed the regulation of microtubule dynamics in live cells revealing
that transitions are regulated in at least two different ways. The frequency of
catastrophes increases with microtubule length in a Kip3p-dependent manner.
Additionally, catastrophes are suppressed in a Rho1p-dependent way at the
bud cortex. Rescues are promoted with a frequency increasing with decreasing
microtubule length showing an inverse correlation with length compared to
catastrophes. Rescues are promoted in the bud in a Rho1p-dependent manner.
This is not the case for growth and shrinkage speeds, which do not appear to
correlate neither with microtubule length nor position. Thus, transition
frequencies are the key regulators of microtubule dynamics in budding yeast
cells and they are regulated in a length- and positional-dependent manner.

Analyzing the four parameters of microtubule dynamics with respect to
microtubule length and microtubule organization in metaphase cells I could
show that catastrophes are indeed the key regulators of microtubule length in
vivo. Reduction of catastrophe frequency increased length and shifted the
microtubule plus end distribution towards the distal end of the daughter cell.
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Rescues on the other hand appear to serve a different task: they are required to
oppose catastrophes up to a minimal microtubule length thus stabilizing
prolonged microtubule assembly phases. During shrinkage, rescues are rare
suggesting that once a catastrophe has been initiated the microtubule shrinks
back completely. Analysis of the dynein knockout mutant, which exhibited a
very strong impact on growth and shrinkage speeds but did not greatly alter
catastrophe and rescue frequency revealed that speeds do not play a major role
in microtubule organization. Rescues promoted in a Kip2p-dependent manner
were found to be key to determine the astral microtubule asymmetry in
metaphase cells. Increasing the rescue-promoting activity of Kip2p by inhibiting
phosphorylation of the protein let to a more symmetric microtubule organization
pattern.

Although these are preliminary results my data suggests that there are at least
two types of transitions: persistent and transient catastrophes and rescues. The
persistent events are those already described by other groups, inducing longterm changes in the overall dynamic state of the microtubule. Transient events
have not been reported previously and do only promote a transient change of
the dynamic state of the microtubule. Further investigations will be necessary to
elucidate the nature of the latter group of transitions. However, an interesting
idea is that the two types of events are linked on a molecular level, thus
transient transitions would be precursors of persistent events – such a model
could be investigated in the context of the study of (Gardner et al., 2011b),
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suggesting that catastrophes can be initiated in a microtubule-age dependent
manner.

An interesting outcome of this study is that in cells that are in mid-to-late
metaphase microtubule dynamics does not impact on spindle position. In all
mutants analyzed the average spindle position was not different from wild type
although microtubule organization was altered severely. However, in cells with
activated Rho1p, spindles were sometimes pulled completely into the bud
suggesting that in these cells dynein-mediated pulling on astral microtubules
was enabled. Nevertheless these events were rare and did not alter the mean
spindle-to-neck distance of the entire data set.

7.2 Outlook
From the data obtained in this study different follow-up questions can be
formulated.

How do variations in microtubule dynamics within strains arise and can
they be used to gain further understanding on how microtubule dynamics
are regulated?

An important observation from my studies was that analyzing >500 cells of a
single strain, individual microtubule length time series exhibited a substantial
amount of variations. The prediction from this is that other factors, e.g.
individual concentrations of microtubule regulatory factors at plus ends vary

7.2 Outlook

212

between single cells. Since I only analyzed the impact of single knockouts of
different regulatory factors on microtubule dynamics it would be very interesting
to investigate how the stoichiometry of all factors assembled on a microtubule
plus end interact with each other and ultimately determine the dynamic state of
the microtubule. One way to investigate this question would be to correlate
fluorescent intensity measurements of different factors with microtubule
dynamics within single cells. This would require the acquisition of movies with
multiple colors (3 or more), which could be achieved by modifying the
microscopy setup. Insight gained in such a study might also be used to answer
the next question:

How is the strong microtubule asymmetry during metaphase (one
microtubule on the bud-proximal and zero on the bud-distal pole)
established and maintained?

The observation that in metaphase only one stable microtubule is maintained at
the bud-proximal pole is interesting in the context of the finding that short-lived
microtubules exist as well but are highly unstable and thus very short-lived.
These short-lived microtubules emanate from both poles and can co-exist with a
long-lived microtubule. It would be interesting to analyze how strictly one stable
microtubule is built and maintained on the bud-proximal spindle pole. This could
involve a potential positive feedback loop – either on the microtubule or built
once a microtubule interacts with the cell cortex. Inhibition of phosphorylation of
Kip2p let to a strong increase in microtubule length but not number. Deletion of
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KAR3 on the other hand increased microtubule number but had not a great
impact on microtubule length. Thus both factors appear to act on different
pathways that ultimately lead to the observed microtubule asymmetry. How they
contribute to these aspects and whether short- and long-lived microtubules are
indeed two different sets of microtubules will be important aspects of
microtubule organization in metaphase and contribute to the understanding on
how this asymmetry is generated.

How does regulation of tubulin and regulatory factors contribute to the
regulation of microtubule dynamics?

Tubulin tyrosination, glutamylation, acetylation or phosphorylation and their
reverse modifications are important regulatory means of microtubule dynamics
in many cell types (Janke and Kneussel, 2010). In budding yeast, the terminal
phenylalanine of α-tubulin has been shown to be important for Bik1p binding to
microtubules (Caudron et al., 2008). In the study presented I show that
inhibition of phosphorylation of Kip2p has a substantial impact on its rescuepromoting activity. Thus how regulation of microtubules and their associating
factors impacts on the dynamics of microtubules would be a next level of
understanding how regulation is achieved. Although difficult to assess, it will be
important in the future to identify regulations of the factors that modulate
microtubule dynamics themselves. A first option would be to investigate further
the role of Rhop1 and its downstream effectors on the spatial regulation of
microtubule dynamics and its potential regulation of dynein activity. Such a
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study might also provide some insight into how microtubule dynamics are
regulated in anaphase, when dynein starts to pull on microtubules.

Are microtubule-dynamics regulated depending on the age of the
microtubule?

The model proposed by (Gardner et al., 2011b) is intriguing and the idea that a
microtubule “collects” certain events over its life cycle that ultimately determine
its fate is very interesting. A potential way to assess this model in vivo would be
to further investigate the nature of the transient transitions. As I proposed in the
discussion these events could be predecessors of persistent transitions. Thus,
events that are “collected” by the microtubule in vivo could be transient
transitions. In this case, it would be interesting to analyze whether persistent
events can be related to the frequency of transient ones and the respective age
of a microtubule. This would require a more refined analysis of transient events,
for example by acquiring data at a higher time resolution (by reduction of the
sample volume) to verify that transient events are real events and not simply
caused by data undersampling artifacts.
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