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Abstract
Microtubules are cytoskeletal filaments central to a wide range of cellular processes:
they serve as tracks for intracellular transport, provide mechanical support, serve as
building blocks for flagella and cilia and drive the separation of the genomic material
for cell division. The organization of the microtubule cytoskeleton into different
architectures is crucial for its function. Cells regulate the formation of these
microtubule arrays by tight temporal and spatial control over the nucleation of new
microtubules.
The main microtubule nucleator in vivo is the γ-tubulin ring complex (γTuRC), a multisubunit complex conserved in all eukaryotic cells. Currently, the molecular
mechanism of γTuRC-mediated microtubule nucleation is poorly understood. This is
in part due to the difficulty to purify γTuRCs with good yields, in particular from higher
eukaryotes, and the lack of an assay able to visualize and quantify microtubule
nucleation kinetics in real time.
In cells, the γTuRC interacts with a multitude of proteins important for γTuRC
localization and/or activation. In addition, it has emerged that γTuRC nucleation
efficiency can be modulated by microtubule binding proteins via their effects on
microtubule dynamics. What is missing is a framework to understand how these
different factors regulate the γTuRC activity and how they can mechanistically work
together to control γTuRC-mediated microtubule nucleation in cells.
To address this question, I established a new method for the purification of human
γTuRCs from a stable cell line and developed a new real-time dynamic TIRF
microscopy-based microtubule nucleation assay. The activity of purified γTuRCs was
studied in the presence and in the absence of potential regulators and microtubule
binding proteins in order to better understand the mechanism of microtubule
nucleation and its regulation.
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Impact statement
Microtubules are important cytoskeletal filaments and well known drug targets in
disease like cancer. They are nucleated to a large part by the γ-tubulin ring complex
(γTuRC), a multiprotein complex known to be tightly regulated in cells. The targeting
of microtubules in cancer has often led to conditions known as chemotherapy-induced
peripheral neuropathy (CIPN). A condition which leads to cancer survivor disability
and limits drug dosage and/or duration. An alternative to targeting microtubules
directly would therefore be the inhibition of γTuRCs or proteins which regulate the
complex. It has been shown that siRNA depletion of γTuRC components sensitizes a
lung cancer cell line at 1000-fold reduced doses of the known cancer drug paclitaxel.
Moreover, NEDD1, a major γTuRC recruitment factor in cells, has been shown to
potentiate the anti-mitotic activity of a Plk1 inhibitors.
Currently the mechanism of microtubule nucleation by γTuRCs and the regulation of
the complex are poorly understood. In part, this is due to the difficulty to study γTuRC
regulation in cells as a multitude of regulatory factors has been identified which often
have multiple functions in vivo. On the other hand, in vitro studies have been
hampered by the difficulty to purify γTuRCs from higher eukaryotes in sufficient
amounts. In addition, the lack of an assay which allows the real-time study of γTuRCmediated microtubule nucleation has limited the biochemical characterization of the
complex and in turn the study of its regulation.
In this thesis, I present a new approach for the purification of human γTuRCs from a
stable cell line and the development of a new microtubule nucleation assay which for
the first time can directly measure the effect of regulatory proteins on γTuRC
nucleation activity. Using this assay, I was able to dissect the mechanism of two
important modulators of microtubule dynamics on γTuRC-mediated microtubule
nucleation.
In the future, I hope that the new assay showed in here can be used to elucidate how
cells control the efficiency of microtubule nucleation by γTuRCs and establish a
framework for the regulation of the complex in vivo. A better understanding of the
underlying mechanism of individual regulatory proteins on the activity of γTuRCs will
consequently open up new avenues for the γTuRC or associated proteins as targets
in disease like cancer.
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Chapter 1: Introduction

1.

Introduction

1.1 The cytoskeleton
The cytoskeleton is an interconnected network of filamentous polymers and
regulatory proteins which fulfils a variety of essential functions including the
organization of the internal architecture of cells, the generation of forces to enable
cells to move, change shape and undergo cell division. It provides a physical and
biochemical link of the cells interior with the external environment. The building blocks
of the cytoskeleton are three classes of filaments: intermediate filaments, actin
filaments and microtubules (see Figure 1.1). They are dynamic filaments which can
disassemble and reassemble into a variety of structures with diverse properties
depending on the cellular needs. The main differences between the filaments are their
mechanical stiffness, the dynamics of their assembly and polarity and the type of
associated proteins with which they interact (Fletcher and Mullins, 2010; Vignaud et
al., 2012).

Figure 1.1: The building blocks of the cytoskeleton. (A) actin filaments depicted at the
leading edge of a migrating cell. (B) Microtubules forming a radial interphase array. (C) the
intermediate filament keratin at cell junctions between adjacent epithelial cells. A simplified
structure of each type of filament is shown.

Intermediate filaments are nonpolar and do not interact with motor proteins (Robert
et al., 2016). They have a high resistance to mechanical stress and are more flexible
than microtubules and actin-filaments (Charrier and Janmey, 2016; Janmey et al.,
1991). They are built from a diverse family of fibrous proteins that share structural
27
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features (Eriksson et al., 2009; Geisler and Weber, 1982; Hesse et al., 2001; Steinert
and Roop, 1988). Intermediate filaments assemble in a step-wise fashion which does
not require energy. First, monomers assemble into tetramers which in turn laterally
associate into a small filament. Filaments then grow by end to end association with
other filaments (Herrmann and Aebi, 1998; Kirmse et al., 2007; Portet et al., 2009).
Functionally, intermediate filaments form elaborate networks that connect the cell
cortex to intracellular organelles and they are important tension bearing elements
contributing to the mechanical and motile properties of cells (Cheng and Eriksson,
2017; Etienne-Manneville, 2018).
While intermediate filaments polymerize through self-assembly, the formation of both
actin and microtubules is thermodynamically limited by a nucleation step (Mitchison,
1992; Tobacman and Korn, 1983; Voter and Erickson, 1984). In cells initiation of
filament polymerization is tightly controlled through nucleation-promoting factors and
regulators which promote faster or more sustained filament growth (Firat-Karalar and
Welch, 2011; Tovey and Conduit, 2018). Both, actin and microtubule filaments can
generate forces which are drivers for cell shape changes and together with motor
proteins they are arranged in three-dimensional patterns and guide the organization
of cellular compartments (Fletcher and Mullins, 2010; Vignaud et al., 2012).
Actin filaments are semi-flexible polymers which are important for processes including
cell division, the establishment of cell polarity, morphogenesis and motility (May and
Machesky, 2001; Pollard and Borisy, 2003; Pollard and Cooper, 2009). Bundles of
actin filaments support filopodial protrusions involved in chemotaxis and cell-cell
adhesion (Lidke et al., 2005; Mattila and Lappalainen, 2008; Vasioukhin et al., 2000).
Many motile cells form networks of highly branched filaments at the leading edge to
support movement or phagocytosis (Abraham et al., 1999; May et al., 2000). During
cytokinesis actin filaments are central for cell rounding and the formation of the
contractile ring for the abscission of the two daughter cells (Kamasaki et al., 2007;
Reichl et al., 2008). Actin filaments (F-actin) are polar staggered double helices
formed by nucleation and directional polymerization of monomeric globular actin
molecules (G-actin) (Kasai et al., 1962; Wegner, 1976). Actin filaments grow through
incorporation of ATP-actin at the barbed end followed by hydrolysis of the ATP and
phosphate release within the filament lattice. ATP hydrolysis destabilizes the actin
filaments and leads to their disassembly from the pointed end known as treadmilling
behaviour (Fujiwara et al., 2002; Korn et al., 1987; Neuhaus et al., 1983).
Microtubules are the stiffest polymers with the most complex assembly and
disassembly dynamics (Fletcher and Mullins, 2010; Gittes, 1993). They are
assembled from tubulin dimers which stack into protofilaments to form a hollow
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cylinder (Amos and Klug, 1974; Nogales, 2001). Their plus- and minus-ends exert a
unique switching behaviour between phases of growth and shrinkage (Mitchison and
Kirschner, 1984a). Microtubule nucleation is confined to a variety of different
subcellular structures termed microtubule organizing centres (MTOCs). Each type of
MTOC has the ability to support the assembly of a particular type of microtubule array
through the local recruitment and activation of microtubule nucleators, motor proteins
and regulators of microtubule dynamics (Teixidó-Travesa et al., 2012; Wu and
Akhmanova, 2017). For example, microtubules nucleated from the centrosome form
radial arrays, well suited for organelle positioning and providing tracks for vesicular
transport (Gould and Borisy, 1977). In differentiated cells such as neurons, muscle
cells or epithelial cells, non-centrosomal microtubule nucleation and organization
gives rise to a variety of different arrays best serving the function of each cell type
(Bartolini and Gundersen, 2006; Sanchez and Feldman, 2017). Most importantly, the
microtubule cytoskeleton assembles the bipolar spindle crucial for chromosome
segregation during cell division (Duncan and Wakefield, 2011).

1.1.1 Microtubule structure and dynamics
Microtubules assemble from αβ-tubulin dimers and usually consist of 13 linear
protofilaments arranged into a pseudo-helical hollow tube of 25 nm in diameter (see
Figure 1.2) (Beese et al., 1987; Evans et al., 1985; Nogales et al., 1999). Microtubules
grow by the stochastic addition of GTP-loaded αβ-tubulin dimers in a head-to-tail
fashion at microtubule ends (Amos and Klug, 1974; Cote and Borisy, 1981). Both, αand β-tubulin bind to the nucleotide GTP (Weisenberg et al., 1968). While the GTP in
the α-tubulin does not exchange, the GTP bound to the β-tubulin hydrolyses (DavidPfeuty et al., 1977; MacNeal and Purich, 1978; Spiegelman et al., 1977). New
subunits are incorporated into the existing microtubule lattice through weak noncovalent bonds and GTP hydrolysis in the β-tubulin is stimulated by the formation of
intersubunit contacts. This gives rise to a GDP microtubule shaft with a cap of GTPbound β-tubulin at the polymerizing microtubule tip (Carlier and Pantaloni, 1981;
Hyman et al., 1995). Tubulin dimers within protofilaments make longitudinal α-β-α-β
and lateral α-α and β-β contacts. Protofilaments are slightly offset to each other
adding a pseudo-helical arrangement to the microtubule. This is known as the ‘threestart lattice’ and results in a ‘seam’, which runs along the length of the microtubule.
At the seam lateral contacts are replaced by α-β interactions (Kikkawa et al., 1994).
The two ends of each microtubule are structurally different due to the orientation of
the heterodimers which gives microtubules an intrinsic polarity. α-tubulin is exposed
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at one end (minus-end) and β-tubulin at the other end (plus-end) (Allen and Borisy,
1974; Desai and Mitchison, 1997).

Figure 1.2: Schematic illustration of the microtubule structure.

Microtubules are inherently dynamic and switch stochastically between phases of
growth and shrinkage, a behaviour known as dynamic instability (see Figure 1.3)
(Mitchison and Kirschner, 1984a). Dynamic instability is crucial for microtubule
functions in vivo as it allows the microtubular network to organize into different
architectures and respond to intracellular and extracellular stimuli (Jordan et al., 1992;
Kirschner and Mitchison, 1986). Dynamic instability is explained by the ‘GTP cap
model’ (Carlier and Pantaloni, 1981; Mitchison and Kirschner, 1984a; Walker et al.,
1988). Loss or reduction of the GTP cap induces microtubule shrinkage, called
catastrophe. The opposite behaviour, the regaining of the cap and following transition
from shrinkage to growth, is called rescue (Gardner et al., 2011; Schek et al., 2007;
Walker et al., 1988).
Dynamic instability is crucial for the role of microtubules in vivo but a full
understanding of this process is still lacking (Brouhard, 2015; Gardner et al., 2013).
Based on cryo-EM reconstitutions and crystal structures it is thought that tubulin
dimers undergo at least three different conformational changes during microtubule
growth and shrinkage (Brouhard and Rice, 2014, 2018). Unpolymerized GTP-tubulin
adopts a bent conformation in solution with a characteristic 12° kink at the intradimer
interface (Gigant et al., 2000; Nawrotek et al., 2011; Ravelli et al., 2004; Rice et al.,
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2008). When the tubulin dimer is incorporated at the growing microtubule end, the
dimer straightens, followed by compaction upon GTP hydrolysis and phosphate
release due to a movement of a subdomain of α-tubulin. The conformational change
of tubulin within the lattice probably induces strain energy as the tubulins are held in
an unfavourable conformation (Alushin et al., 2014; Wang and Nogales, 2005; Yajima
et al., 2012; Zhang et al., 2015). When the GTP cap is lost from growing microtubule
ends the unprotected GDP-tubulin relaxes back into the curved conformation. This
relaxation weakens lateral contacts and leads to the outward curling of microtubule
protofilaments (Atherton et al., 2018; Mandelkow et al., 1991).

Figure 1.3: Schematic illustration of a growing and shrinking microtubule.

1.1.2 The structure of the microtubule end
Attempts to visualize the microtubule end by cryo-electron microscopy have shown a
variety of different structures. Growing microtubules were found to be cylindrical with
‘tapered’ ends of protofilaments extending beyond each other or long ‘sheets’ of
curved protofilaments which retain lateral connectivity (Atherton et al., 2017, 2018;
Chrétien et al., 1995; Guesdon et al., 2016; Mandelkow et al., 1991; Vemu et al.,
2017). Shrinking microtubules have unconnected protofilaments which unfurl
outwards (Atherton et al., 2018; Mandelkow et al., 1991). A very recent publication
using electron tomography to examine microtubule ends in vitro and in cells of
different species reported that growing and shrinking microtubules consisted of wellseparated outwardly curved protofilaments (McIntosh et al., 2018). Taken together, a
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variety of different end structures have been reported in literature and it is currently
not known how the microtubule end really looks like.

1.1.3 Microtubule cytoskeleton organization
Two properties of the microtubule cytoskeleton are crucial for its function in vivo: the
dynamicity of the microtubule network and the ability to organize into arrays of defined
geometry. Different types of microtubule architectures (see Figure 1.4) have been
observed in cells and their organization can change depending on intracellular and
environmental stimuli (Bartolini and Gundersen, 2006; Muroyama and Lechler, 2017;
Sanchez and Feldman, 2017). For example, plant organ and tissue growth requires
the fast rearrangement of cortical microtubule arrays, a process which can take place
within minutes (Lindeboom et al., 2013). During cell division, the microtubule array of
interphase cells is transformed into the bipolar spindle central for chromosome
segregation and positioning of the cell-division plane (Helmke et al., 2013). The
microtubule network of many types of differentiated cells and fungi are not organized
in a radial manner but instead form parallel and antiparallel arrays (Horio, 2007;
Muroyama and Lechler, 2017; Sawin and Tran, 2006). Neurons, for instance, contain
polarised microtubule bundles which are distributed down the length of axons to
facilitate unidirectional transport (Baas et al., 1988, 1989; Chen et al., 1992). In
skeletal muscle cells, microtubules are organized parallel to the long axis of the cell
important for myofibrillogenesis and cell shape (Bugnard et al., 2005; Ehler et al.,
1999; Musa et al., 2003; Pizon et al., 2005; Tassin et al., 1985). Epithelial cells
organize a mostly linear microtubule network along the apical-basal axis required for
polarized microtubule-based transport (Bacallao et al., 1989; Bré et al., 1990; Müsch,
2004; Reilein et al., 2005). Understanding how such arrays are formed remains an
open question but it most probably requires the combined effort of microtubule
nucleation factors, proteins regulating microtubule dynamics and motor proteins
(Dammermann et al., 2003; Hyman and Karsenti, 1998; Oriola et al., 2018).
Microtubule motor proteins control the precise arrangements of microtubules in vivo
and can be distinguished into two major classes, the minus-end directed dyneins and
the mostly plus-end directed kinesins (Cianfrocco et al., 2015; Cross and McAinsh,
2014; Hirokawa et al., 2009; Vale, 2003). This versatile group of proteins is
responsible for the transport and rearrangement of microtubules by parallel and
antiparallel sliding and cross-linking to align filaments and stabilize structures (Braun
et al., 2009; Fink et al., 2009; Forth et al., 2014; Jolly et al., 2010; Lansky et al., 2015;
Mollinari et al., 2002; Mountain et al., 1999; Sharp et al., 1999; van den Wildenberg
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et al., 2008). Another key function is the efficient transport of cargos along existing
microtubules, including other MAPs and nucleation factors (Franker and Hoogenraad,
2013).
Proteins that bind to microtubules can also regulate microtubule dynamics and
stability. These proteins can be largely divided into microtubule stabilizing and
destabilizing proteins and modulate microtubule dynamicity through different ways
including promoting or preventing catastrophes and rescues and/or increasing or
decreasing polymerization and shrinkage speeds (Cassimeris and Spittle, 2001;
Vaart et al., 2009). Microtubule associated proteins (MAPs) such as microtubule
polymerases and depolymerases, plus and minus-end tracking proteins (+TIPs and TIPs), and proteins that regulate microtubule stability belong to this group (Brouhard
et al., 2008; Dehmelt and Halpain, 2004; Jourdain et al., 1997; Mimori-Kiyosue et al.,
2005; Moores et al., 2002, 2006; Newton et al., 2004; Reid et al., 2016; Steinmetz et
al., 2000; Vitre et al., 2008).
The de novo formation of new microtubules is mediated by nucleation factors and
their activity is restricted to specific subcellular sites such as the centrosome
(Mitchison et al., 1986; Teixidó-Travesa et al., 2012). The best known microtubule
nucleation factor in vivo is the γ-tubulin ring complex (γTuRC), a multi-protein complex
that acts as a template from which microtubules can grow from (Khodjakov and
Rieder, 1999; Moritz et al., 1995; Stearns et al., 1991).

Figure 1.4: Organization of microtubule arrays in different cell types. MTOCs are shown
in green and microtubules are shown in red. Taken from (Sanchez and Feldman, 2017).
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1.2 γ-tubulin and the γ-tubulin ring complex
γ-tubulin was identified in a genetic screen in Aspergillus nidulans as a new member
of the tubulin superfamily (Oakley and Oakley, 1989). It was subsequently shown to
be a relatively unabundant but evolutionary conserved protein which is present in all
eukaryotic cells (Akashi et al., 1997; Horio et al., 1991; Murata et al., 2005; Oakley et
al., 1990; Sobel and Snyder, 1995; Stearns et al., 1991; Zheng et al., 1991). γ-tubulin
was shown to oligomerize into higher order structures together with the γ-tubulin
complex proteins (GCPs) (Murphy et al., 1998, 2001; Oegema et al., 1999; Zheng et
al., 1995). There are species specific differences in the number and nomenclature of
GCP proteins. In this thesis, I will use the human nomenclature for simplicity (see
Table 1). Budding yeast and Caenorhabditis elegans only contain two GCPs: GCP2
and GCP3 (Kollman et al., 2010; Strome et al., 2001; Vinh et al., 2002). Other
eukaryotes including humans have three additional GCPs: GCP4, GCP5 and GCP6
(Colombié et al., 2006; Fava et al., 1999; Gunawardane et al., 2000; Martin et al.,
1998; Murphy et al., 1998, 2001; Vogt et al., 2006; Wiese, 2008; Zhang et al., 2000).
Fission yeast, Drosophila melanogaster and Aspergillus nidulans express GCP4/5/6
but they are not essential for viability (Anders et al., 2006; Fujita et al., 2002; Goshima
et al., 2007; Venkatram et al., 2004; Vérollet et al., 2006; Xiong and Oakley, 2009).
γ-tubulin and GCPs can form two types of complexes which are defined by size and
protein composition: the γ-tubulin small complex (γTuSC) and the γ-tubulin ring
complex (γTuRC) (Kollman et al., 2010; Oegema et al., 1999). The γTuSC is a
heterotetramer which is assembled of two copies of γ-tubulin and two GCPs (Choy et
al., 2009; Kollman et al., 2008; Oegema et al., 1999). The larger γTuRC consists of
several γTuSCs arranged into a helical structure. The start and the end of the helix
overlap after a single turn, giving the γTuRC its characteristic ring-like appearance in
electron microscopy often described as a ‘lock washer’ (Figure 1.5) (Kollman et al.,
2010, 2015; Moritz et al., 2000; Oegema et al., 1999). The exact stoichiometry and
position of the GCPs in the γTuRC is currently not known.
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Figure 1.5: Schematic illustration of γTuRC assembly. (A) Two molecules of γ-tubulin,
together with two of the GCP proteins (GCP2, GCP3, GCP4, GCP5 or GCP6) form a smaller
subcomplexes termed γTuSC. (B) 14 γTuSCs come together to form the γTuRC with the first
and the last γ-tubulin overlapping to give raise to a 13-protofilament microtubule. GCP4/5/6
are only present in higher eukaryotes and their exact position in the γTuRC is currently not
known. (C) GCP2-6 contain two homologous regions, the grip1 (N-terminus) and grip2 (Cterminus) domains. Regions with more-distant homology are shown in green. Modified from
(Kollman et al., 2011).

1.2.1 γTuRC core- and noncore-components
γ-tubulin and the GCPs are usually referred to as the core-components of the γTuRC
as they have a structural role in γTuRC assembly (Farache et al., 2018; Kollman et
al., 2011; Tovey and Conduit, 2018). The GCP proteins constitute a unique protein
family with a very low overall sequence identity (overall less than 15%). Homology
has only been predicted in two short segments, the γ-tubulin ring protein (grip) 1
domain and the grip2 domain (see Figure 1.5) (Gunawardane et al., 2000; Murphy et
al., 2001). The grip1 domain is located in the N-terminal half of each protein and is
important for lateral contacts between neighbouring GCPs. Grip2 is located at the C35
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terminal half and mediates binding to γ-tubulin (Farache et al., 2016; Guillet et al.,
2011; Gunawardane et al., 2000; Murphy et al., 2001). The overall size of GCP
proteins varies by more than two fold (from ~70 to 210 kDa) due to insertions and
unique sequence extensions at the N-termini of the different GCPs. GCP4 is the
smallest and lacks almost any additional sequences outside the grip motifs (Guillet et
al., 2011). Nevertheless, the protein fold and the function of GCPs is remarkably
conserved between the different GCPs and also between different species (Guillet et
al., 2011; Riehlman et al., 2013).
Several other proteins have been identified to copurify with γTuRCs but they are not
required for γTuRC assembly and therefore not strictly core components of the
complex. In the context of this thesis, these proteins will be referred to as γTuRC
binders (see Table 1). In human cells five γTuRC-binders have been identified, i.e.
CDK5Rap2, NEDD1, Mozart1, NME7 and LGALS3BP (Choi et al., 2010;
Gunawardane et al., 2003; Hutchins et al., 2010; Liu et al., 2014a; Teixidó-Travesa
et al., 2010). The role of LGALS3PB in γTuRC regulation or recruitment has not been
investigated yet. All other proteins have important roles in γTuRC localization and
anchoring to MTOCs and some of them seem to have a role in modulating γTuRC
nucleation activity (Anders et al., 2006, 2006; Choi et al., 2010; Cota et al., 2017;
Fong et al., 2008; Gomez-Ferreria et al., 2012; Lin et al., 2016, 2016, 2014; Lüders
et al., 2006; Manning et al., 2010; Masuda and Toda, 2016; Masuda et al., 2013;
Muroyama et al., 2016; Nakamura et al., 2012; Sdelci et al., 2012; Zhang et al., 2009).

1.2.2 Assembly of the γ-tubulin ring complex
Assembly of γTuSCs into γTuRCs is thought to be a prerequisite for efficient
microtubule nucleation. The first step is the oligomerization of seven γTuSCs into the
helical γTuRC which copies the geometry of a microtubule (Erlemann et al., 2012;
Kollman et al., 2010). How γTuSCs assemble into γTuRCs is not well understood
and the mode of assembly seems to be species and cell type specific (Farache et al.,
2018; Petry and Vale, 2015).
In budding yeast and fission yeast, γTuSC oligomerization into γTuRC seems to be
restricted to specific subcellular sites such as the spindle pole body (SBP). At those
MTOCs, evolutionary conserved γTuRC-tethering proteins (see Table 1) are
responsible for the assembly and anchorage of γTuRCs (Anders et al., 2006; Knop
and Schiebel, 1997; Lin et al., 2015). For example, the budding yeast γTuRCtethering protein Spc110 was shown by cryo-EM to form a scaffold which holds the
γTuSCs spiral together (Kollman et al., 2010, 2015).
36

Chapter 1: Introduction

Other eukaryotes including humans contain the additional GCP4/5/6 molecules
(Kollman et al., 2011). Originally it was believed that γTuRCs are built from a
repeating ring of γTuSCs containing only GCP2/3. Similiarly to the γTuRC-tethering
proteins mentioned above, the additional GCP4/5/6 were thought to form a stabilizing
cap at the base of the spiral, responsible to hold the γTuSCs together (Moritz et al.,
2000). This model was based on a low resolution electron-microscopic tomography
structure of the Drosophila melanogaster γTuRC (Moritz et al., 2000). More recently
it was shown that GCP4 can directly bind to γ-tubulin via the grip2 domain and that
all other GCPs also contain the grip2 domain (Guillet et al., 2011; Gunawardane et
al., 2000; Murphy et al., 2001). Now it is thought that all GCPs can each bind to a
molecule of γ-tubulin, then lateraly associate via their grip1 motifs into γTuSCs and
further into γTuRCs (Erlemann et al., 2012; Kollman et al., 2010, 2011, 2015).
Currently, it is thought that in human cells γTuRCs are pre-assembed in the cytoplasm
but inactive and that activation occurs upon recruitment to MTOCs (Farache et al.,
2018; Kollman et al., 2010; Teixidó-Travesa et al., 2012; Tovey and Conduit, 2018).
Consistent with this idea, depletion experiments of GCP2-6 from human cells and
Drosophila melanogaster have shown the appearance of smaller γTuSC sized
subcomplexes in favour of γTuRCs in sucrose gradient fractionations of the cytoplasm
(Cota et al., 2017; Farache et al., 2016; Vérollet et al., 2006). The depletion of
GCP4/5/6 from human cells is usually accompanied by a reduced recruitment of
γTuRCs to the centrosome and mitotic defects such as monopolar spindles and
failures in centriole duplication (Bahtz et al., 2012; Cota et al., 2017; Farache et al.,
2016; Fava et al., 1999; Murphy et al., 2001).
However, in somatic cells of Drosophila melanogaster the depletion of GCP4/5/6 does
not interfere with the formation of bipolar spindles and γTuSCs are still recruited to
centrosomes during mitosis (Vérollet et al., 2006; Vogt et al., 2006). This suggests
that at least in Drosophila melanogaster γTuSCs might oligomerize at certain MTOCs
by γTuRC-tethering proteins as described in fungi (Farache et al., 2018).

1.2.3 The structure of the γ-tubulin ring complex
For a better understanding of how the γTuRC mediates microtubule nucleation
structural studies are essential. A first step towards that direction was the
crystallography of human γ-tubulin and GCP4 as well as high resolution cryo-electron
microscopy (cryo-EM) of budding yeast γTuSCs and γTuRCs (Kollman et al., 2011).
The crystal structure of γ-tubulin revealed that γ-tubulin monomers make strong
lateral contacts through regions identical to the lateral interactions between α-α- and
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β-β-tubulin in the microtubule lattice. Overall γ-tubulin adopts a very similar fold to αβtubulin which is consistent with the expectation that it can form lattice-like contacts
with microtubules. γ-tubulin also contains a nucleotide binding site and was shown to
bind GTP with a similar preference as found for β-tubulin. GTP bound free γ-tubulin
adopts a bent conformation. If γ-tubulin undergoes a conformation change, as found
for αβ-tubulin, is currently not known (Aldaz et al., 2005).
The crystal structure of human GCP4 showed that the protein has a unique protein
fold, which can be described as an elongated structure with a pronounced kink in the
middle region (Guillet et al., 2011). Human GCP4 was found to fit surprisingly well
into cryo-EM structures of budding yeast complexes, suggesting that the overall fold
of the GCPs is highly conserved (Guillet et al., 2011; Kollman et al., 2011, 2015).
The budding yeast γTuSC has been analysed extensively by negative stain and cryoEM. Structurally the γTuSC adopts the shape of a V with GCP2/3 forming the base
and γ-tubulin at the tips. The two molecules of γ-tubulins are held apart from each
other without making lateral contacts (Choy et al., 2009; Kollman et al., 2008). It was
also shown that γTuSC adopts the same structure irrespective of the nucleotide state
of γ-tubulin (Kollman et al., 2008).
The structure of the larger budding yeast γTuRC was obtained in the presence of a
short fragment of the γTuRC-tethering protein Spc110 (see Table 1). This fragment
stabilizes the assembly of purified γTuSCs into γTuRCs to such an extent that γTuSC
rings grow into extended helical filaments of laterally associated complexes. Analysis
of these γTuSC filaments by cryo-EM revealed six and a half γTuSCs per helical turn.
This means that the first and the last γ-tubulin overlap and γTuRCs therefore present
13 γ-tubulins at the top of the ring. Oligomerization did not induce any major
conformational changes to the individual γTuSCs, i.e. the γ-tubulins within each
γTuSC are still held apart while γ-tubulins between neighbouring γTuSCs laterally
bind to each other. Therefore, the symmetry of the γTuSC filaments is closely but not
exactly resembling the structure of the microtubule (Kollman et al., 2010, 2015).
Artificially induced structural rearrangements were able to close the gap between the
γ-tubulins and the resulting closed structure was shown to match 13-protofilament
microtubule geometry. The conformational change required GCP2 to slightly bend
and GCP3 to slightly straighten, suggesting that all GCPs might be flexible (Kollman
et al., 2015).
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1.2.4 The stoichiometry of γTuRC
The precise stoichiometry of the γTuRC is not known because high resolution
structures were so far only obtained for the budding yeast complex (Kollman et al.,
2011). Since budding yeast γTuRCs do not contain GCP4/5/6 their number and exact
position within the ring could not be determined. Nevertheless, biochemical studies
of purified γTuRCs from Drosophila melanogaster, Xenopus laevis and human cells
estimated that the complex contains all GCPs simultaneously and that the majority of
the complex is formed by γ-tubulin and GCP2/3 (Choi et al., 2010; Fava et al., 1999;
Murphy et al., 2001; Oegema et al., 1999; Zheng et al., 1995). The most recent
estimation proposes the following subunit composition: 14 copies of γ-tubulin, 12
copies of GCP2/3, 2-3 copies of GCP4, one copy of GCP5 and less than one copy of
GCP6 (Choi et al., 2010).
This estimation of γTuRC subunit stoichiometry suggests that not all complexes
contain GCP6. However, if the subunit composition of γTuRCs can vary between
complexes of the same species or cell types remains to be determined.
The position of the GCPs within the ring is even less well understood. Analysis of the
crystal structure of GCP4 revealed two highly charged sites which are located at
lateral contact positions (Guillet et al., 2011). It was suggested, that GCP4 might act
as γTuRC initiator or terminator as the charged sites could potentially interfere with
the assembly of the complex in only one direction (Farache et al., 2018; Guillet et al.,
2011; Kollman et al., 2011). In vivo fluorescence resonance energy transfer (FRET)
analysis and cross-linking experiments found direct lateral binding between GCP2/3
and GCP4/5 but no other interactions were analysed (Farache et al., 2016).

1.2.5 Specific roles of GCPs
Little is known about the individual roles of GCPs within the γTuRC or the function of
their unique sequence extensions. A recent publication in human cells showed by
expression of chimera proteins that the C-terminus of the GCPs is exchangeable
whereas the N-terminus is not (Farache et al., 2016). Consequently, GCPs might
have specific regulatory functions mediated by their N-termini and some in vivo
studies have been carried out to identify distinct roles for different GCPs (Farache et
al., 2018; Kollman et al., 2011; Tovey and Conduit, 2018).
For example, GCP4/5/6 which are present but not essential for viability in fission
yeast, fruit flies and filamentous fungi still seem to have specific roles. GCP4/5/6 in
Drosophila melanogaster are important for microtubule anchoring at the centrosome
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and accurate chromosome segregation and GCP4/6 are essential in male and female
germlines (Schnorrer et al., 2002; Vérollet et al., 2006; Vogt et al., 2006). Deletion
mutants in fission yeast show reduced microtubule nucleation specifically from the
interphase MTOCs (Anders et al., 2006; Fujita et al., 2002; Venkatram et al., 2004).
In Aspergillus nidulans GCP4/5/6 seem to be important for the fidelity of chromosome
segregation (Xiong and Oakley, 2009).
In human cells, phosphorylation of GCP6 has been shown to be necessary for
centriole duplication and recruitment to keratin intermediate filaments (Bahtz et al.,
2012; Oriolo et al., 2007). Phosphorylation of GCP5 might be involved in centrosome
localisation of γTuRC (Izumi et al., 2008). Other GCPs also contain several
phosphorylation sites but their function remains unclear (Teixidó-Travesa et al.,
2012).
Consistently, results indicate that apart from their structural role in γTuRC assembly,
GCPs might also have a more unique function to mediate spatio-temporal regulation
of γTuRC activity.

1.3 γTuRC localization to MTOCs
Temporal and spatial control over microtubule nucleation in cells is achieved by the
recruitment and local activation of the γTuRC at distinct subcellular locations (Farache
et al., 2018; Teixidó-Travesa et al., 2012). For example, the nucleation rate of
centrosomes was quantified to be up to 7-fold higher during mitosis compared to
interphase and this increase in nucleation capacity was shown to correlate with the
amount of γ-tubulin at centrosomes (Khodjakov and Rieder, 1999; Piehl et al., 2004;
Zheng et al., 1991).
Apart from the centrosome several other sites and pathways of microtubule
nucleation have been identified in cells, including the Golgi apparatus, plasma
membranes or the vicinity of mitotic chromatin (Bugnard et al., 2005; Chabin-Brion et
al., 2001; Guerin and Kramer, 2009; Rivero et al., 2009; Scrofani et al., 2015;
Torosantucci et al., 2008). The γTuRC is a known component of all described
microtubule nucleation pathways (Sulimenko et al., 2017; Teixidó-Travesa et al.,
2012; Wu and Akhmanova, 2017). However, very little is known about the relative
contributions of the different microtubule nucleation pathways to spindle assembly in
different organisms and cell types (Gavilan et al., 2017, 2018; Hayward et al., 2014;
Maia et al., 2013; O’Connell et al., 2009). I will now briefly discuss what is known
about γTuRC localization to MTOCs in animal cells and mention the most important
γTuRC recruitment factors.
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Table 1: Orthologous of γTuRC. Adapted from (Sulimenko et al., 2017; Teixidó-Travesa et al., 2012; Tovey and Conduit, 2018).
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1.3.1 Nucleation from the centrosome
Centrosomes are the main MTOCs in animal cells (Bornens, 2012; Conduit et al.,
2015; Schatten and Sun, 2010; Wu and Akhmanova, 2017). They are composed of
two barrel-shaped centrioles surrounded by the pericentriolar material (PCM) (AvidorReiss and Gopalakrishnan, 2013; Chrétien et al., 1997; Dammermann et al., 2004).
The PCM is a dense highly regulated network built from several hundreds of different
proteins and the central site for microtubule nucleation and attachment (Andersen et
al., 2003; Delgehyr et al., 2005; Lawo et al., 2012; Mennella et al., 2012; Mogensen
et al., 2000).
Several proteins have been identified which contribute to γTuRC recruitment to
centrosomes in animal cells including pericentrin, CDK5Rap2, NEDD1 and Mzt1
(Cota et al., 2017; Fong et al., 2008; Gomez-Ferreria et al., 2012; Haren et al., 2009;
Lüders et al., 2006; Muroyama et al., 2016; Teixidó-Travesa et al., 2010; Zhang et
al., 2009; Zimmerman et al., 2004). Other proteins which are core components of the
PCM are implicated in centrosomal anchoring of γTuRCs, including pericentrin,
CDK5Rap2, AKAP450, Cep192, Cep169 and ninein (Casenghi et al., 2003; Delgehyr
et al., 2005; Dictenberg et al., 1998; Doxsey et al., 1994; Gomez-Ferreria et al., 2012;
Mogensen et al., 2000; Mori et al., 2015a, 2015b; Takahashi et al., 2002; Zimmerman
et al., 2004). The exact role of PCM core components and the interplay between the
different γTuRC recruitment and anchoring factors at the centrosome is not well
understood but apart from γTuRC anchoring, the PCM might also have a role in
concentrating tubulin and other regulatory proteins to promote nucleation (Rale et al.,
2018; Woodruff et al., 2017).

1.3.2 Nucleation from the Golgi apparatus
The second major MTOC in mammalian cells is the Golgi apparatus (Chabin-Brion et
al., 2001; Efimov et al., 2007; Sanders and Kaverina, 2015). It is a central organelle
in the eukaryotic secretory pathway performing functions central to cell growth,
homeostasis and division (Rios, 2014; Wu and Akhmanova, 2017; Zhu and Kaverina,
2013). In most vertebrate cells the Golgi localizes close to the nucleus and surrounds
the centrosome (Corthésy-Theulaz et al., 1992; Hurtado et al., 2011). Golgi-derived
microtubule arrays are polarized to allow optimal secretory trafficking to and from the
Golgi apparatus (Miller et al., 2009; Wu et al., 2016).
The Golgi apparatus uses a similar subset of proteins as the centrosome to recruit
and anchor γTuRCs to the Golgi including AKAP450, CM130, CDK5Rap2 and
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myomegalin (Rivero et al., 2009; Roubin et al., 2013; Wang et al., 2010b, 2014).
γTuRC-mediated nucleation is probably confined to hot spots at the cis-Golgi possibly
due to clustering and/or local activation of γTuRCs (Sanders et al., 2017).
CM130 is important to recruit AKAP450 to Golgi membranes and might be a key
regulator of microtubule nucleation at the Golgi (Nakamura, 2010; Rivero et al., 2009).
The γTuRC is probably recruited and anchored by AKAP450 (Rivero et al., 2009;
Wang et al., 2010b). This protein is a major Golgi scaffolding protein and binds the
complex via the γTuRC-binders CDK5Rap2, myomegalin or might also directly bind
to γTuRCs (Roubin et al., 2013; Wang et al., 2010b, 2014; Wu et al., 2016).

1.3.3 Nucleation from the nuclear membrane and plasma membranes
Microtubule nucleation from the nuclear membrane and plasma membranes is poorly
understood (Petry and Vale, 2015; Sulimenko et al., 2017; Wu and Akhmanova,
2017). Best characterized is the differentiation of skeletal muscle cells in which
pericentrin, ninein and γTuRCs are recruited to the nuclear envelope by unknown
mechanisms (Bugnard et al., 2005; Dyachuk et al., 2016; Fant et al., 2009).
In epithelial cells microtubules are anchored at the apical plasma membrane possibly
through ninein (Mogensen et al., 2000). How the γTuRC is recruited to the plasma
membrane in these cells is not known but it might involve binding of keratin to GCP6
(Oriolo et al., 2007).

1.3.4 Chromatin-mediated microtubule nucleation
Chromatin-mediated

microtubule

nucleation

is

an

important

pathway

for

acentrosomal microtubule nucleation (Meunier and Vernos, 2016). Acentrosomal
microtubules have been shown to be sufficient for bipolar spindle assembly in cells
naturally lacking centrosomes, such as oocytes or plant cells, and in cells where
centrosomes were removed experimentally (Calarco, 2000; Courtois et al., 2012;
Khodjakov et al., 2000; Mahoney et al., 2006).
The central player in chromatin mediated microtubule nucleation is the small GTPase
Ran (Bischoff and Ponstingl, 1991a). Ran is an essential shuttling protein between
the nucleus and cytoplasm in interphase (Görlich et al., 1996; Izaurralde et al., 1997;
Melchior et al., 1993; Moore and Blobel, 1993). During mitosis, when the nuclear
envelope breaks down, the chromatin-bound nucleotide exchange factor RCC1
generates a gradient of RanGTP which concentrates around mitotic chromatin
(Bischoff and Ponstingl, 1991b; Bischoff et al., 1994; Carazo-Salas et al., 1999; Kalab
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et al., 1999, 2002; Kaláb et al., 2006). RanGTP activates microtubule generation
through the release of spindle assembly factors (SAFs) from importins (Nachury et
al., 2001; Tsai et al., 2003; Wiese et al., 2001). Currently known SAFs are non-motile
microtubule associated proteins and motor proteins (Ems-McClung et al., 2004;
Gruss et al., 2001; Koffa et al., 2006; Silljé et al., 2006; Trieselmann et al., 2003;
Wittmann et al., 2000).
One of the best studied SAFs is the anti-catastrophe factor TPX2 (Gruss and Vernos,
2004; Gruss et al., 2001, 2002; Reid et al., 2016; Schatz et al., 2003). Upon release
from importins TPX2 activates the mitotic kinase Aurora A which in turn
phosphorylates TPX2 (Bayliss et al., 2003; Eyers et al., 2003; Tsai et al., 2003). Apart
from activating Aurora A, TPX2 was shown to form a complex with NEDD1, RHAMM
and γTuRCs to mediate RanGTP dependent microtubule nucleation (Groen et al.,
2004; Pinyol et al., 2013; Scrofani et al., 2015).

1.3.5 Nucleation from kinetochores
The γTuRC is recruited to kinetochores by a subset of nucleoporins (Nup107-160)
and microtubule nucleation was shown to be RanGTP depended (Mishra et al., 2010).
How γTuRCs function at kinetochores is currently not well understood and poses a
conundrum, as γTuRCs would nucleate microtubules of opposite polarity to mature
k-fibers. Nevertheless, the formation of short microtubules around kinetochores has
been observed in mammalian and Drosophila melanogaster S2 cells (Khodjakov et
al., 2003; Maiato and Sunkel, 2004; Sikirzhytski et al., 2018). Interestingly, TPX2
might also have a function in kinetochore microtubule nucleation, however, if TXP2
interacts with nucleoporins and/or γTuRCs was not investigated (Tulu et al., 2006).

1.3.6 Microtubule branching
Acentrosomal microtubule nucleation can also be mediated through a microtubuledependent microtubule nucleation pathway (Goshima and Kimura, 2010; SánchezHuertas and Lüders, 2015). This pathway depends on the evolutionary conserved
complex Augmin/HAUS and seem to have a role in controlling spindle density during
mitosis (Goshima et al., 2008; Lawo et al., 2009; Liu et al., 2014b; Uehara et al., 2009;
Wainman et al., 2009; Zhu et al., 2008). The molecular mechanism behind
microtubule branching is not well understood but it involves the recruitment of γTuRCs
to Augmin via NEDD1 (Chen et al., 2017b; Hsia et al., 2014; Song et al., 2018; Uehara
et al., 2009; Zhu et al., 2008). Experiments in Xenopus egg extract suggest that the
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Augmin-NEDD1-γTuRC complex is further regulated by TPX2 in a RanGTP
dependent fashion (Alfaro-Aco et al., 2017; Petry et al., 2013).

1.3.7 γTuRC-independent microtubule nucleation
Growing evidence suggests that the γTuRC is not strictly needed for all nucleation
events in cells. For example, γTuRC depletion does not completely block microtubule
nucleation in budding yeast, fruit flies and moss cells and in these systems a
significant proportion of microtubules does not colocalize with γTuRCs (Kitamura et
al., 2010; Nakaoka et al., 2015; Nashchekin et al., 2016; Rogers et al., 2008).
Depletion of γTuRCs in Drosophila melanogaster embryos and Caenorhabditis
elegans perturbs spindle assembly but microtubules can still form (Hannak et al.,
2002; O’Toole et al., 2012; Rogers et al., 2008; Sampaio et al., 2001; Strome et al.,
2001; Wang et al., 2015).
The current γTuRC-centred model might therefore be incomplete and cells might
contain other factors which cooperate or work in parallel with γTuRCs to nucleate
microtubules in vivo (Oakley et al., 2015; Tovey and Conduit, 2018). Recent studies
therefore focused on the role of MAPs in microtubule nucleation and several proteins
have been identified including microtubule polymerases from the XMAP215-family
and suppressors of microtubule dynamicity such as TPX2, doublecortin,
CAMSAP/Patronin, CLASPs and the dynactin subunit p150Glued (Efimov et al., 2007;
Hendershott and Vale, 2014; Horesh et al., 1999; Jiang et al., 2014; Lazarus et al.,
2013; Moores et al., 2004, 2006; Reid et al., 2016; Roostalu et al., 2015; Taylor et al.,
2000). Additionally, proteins belonging to the group of microtubule severing enzymes
can help to increase microtubule number by breaking existing microtubules (McNally
and Roll-Mecak, 2018).

1.4 Mechanism of microtubule nucleation
The molecular mechanism of γTuRC-mediated microtubule nucleation is still poorly
understood. In the next chapter I will first summarize what is known about microtubule
nucleation in general and how microtubule assembly can be stabilized. Then I will
outline what is known about γTuRC-mediated microtubule nucleation and the
regulation of the complex.
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1.4.1 Spontaneous microtubule nucleation
It is well known that microtubules can nucleate spontaneously in vitro (Job et al.,
2003; Weisenberg, 1972). However, spontaneous microtubule nucleation is inefficient
and requires high concentrations of tubulin (≥20 µM) (Voter and Erickson, 1984;
Weisenberg, 1972). The current model of spontaneous nucleation is a two-step
process involving the rate-limiting formation of a stable oligomer followed by the
elongation into a microtubule (Erickson and Pantaloni, 1981; Kuchnir Fygenson et al.,
1995; Voter and Erickson, 1984). The difficulty for tubulin dimers to assemble into a
stable oligomer is thought to be a consequence of the complex structure and dynamic
instability of microtubules (Erickson and Pantaloni, 1981; Mitchison, 1992; Roostalu
and Surrey, 2017). In terms of microtubule assembly, tubulin dimers collide
stochastically and form unstable oligomers. These oligomers constantly assemble
and disassemble until they reach a critical size. Above that size, which is described
in the literature as the ‘critical nucleus’, the oligomer is thermodynamically stable and
polymerizes. Spontaneous microtubule nucleation is therefore a cooperative process
and much more favourable at higher tubulin concentrations (Figure 1.6) (Erickson and
Pantaloni, 1981; Job et al., 2003).
The kinetics of microtubule assembly in solution containing purified tubulin and Mg2+
ions were measured previously by monitoring changes in turbidity resulting from the
scattering of the incidient light by the microtubule polymer (Carlier and Pantaloni,
1978; Detrich et al., 1985; Himes et al., 1977; Johnson and Borisy, 1977; Lee and
Timasheff, 1975, 1977; Robinson and Engelborghs, 1982, 1982; Voter and Erickson,
1984). The change in turbidity is caused by a combination of spontaneous
microtubule nucleation and microtubule polymerization in solution (Borisy et al., 1972;
Mirigian et al., 2013). In these ‘bulk’ assays a characteristic delay or lag phase was
observed, followed by pseudo-first-order exponential increase in turbidity. The lag
phase in different experiments varied between 50 seconds up to 10 min depending
on experimental conditions (Carlier and Pantaloni, 1978; Caudron et al., 2000; Detrich
et al., 1985; Himes et al., 1977; Johnson and Borisy, 1977; Lee and Timasheff, 1975,
1977; Robinson and Engelborghs, 1982; Voter and Erickson, 1984). The lag phase
was found to be shorter at higher tubulin and GTP concentrations (Carlier and
Pantaloni, 1978; Caudron et al., 2000; Voter and Erickson, 1984). Instead, turbidity
measurements of microtubules polymerized from stabilized microtubule seeds
showed that polymerization occurs immediately without the presence of a lag phase
(Carlier and Pantaloni, 1978). For these reasons, the lag phase was interpreted as
the kinetically unfavourable assembly step of the microtubules nucleus (Carlier and
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Pantaloni, 1978; Erickson and Pantaloni, 1981; Oosawa and Asakura, 1975; Voter
and Erickson, 1984).

Figure 1.6: Hypthetical pathway of spontaneous microtubule nucleation. Spontaneous
nucleation of microtubules in solutions containing GTP and Mg2+. The thickness of the arrow
indicates the likelihood of the reaction direction. It is thought that the process becomes
favourable after a critical nucleus size has been reached. Redrawn from (Kollman et al., 2011;
Roostalu and Surrey, 2017).

1.4.2 The structure of the microtubule nucleus
Very little is known about the size and shape of the microtubule nucleus (Brouhard
and Rice, 2018; Roostalu and Surrey, 2017). First estimates of the nucleus size were
obtained from above described kinetic bulk experiments and were reported to be in a
range of 6 to 12 tubulin dimers (Carlier and Pantaloni, 1978; Caudron et al., 2000;
Kuchnir Fygenson et al., 1995; Voter and Erickson, 1984). Complementary, different
groups used negative stain electron microscopy in an attempt to visualize the
microtubule nucleus. These experiments found small microtubule sheets or ribbonshaped structures. These structures varied in size from three to a few tens of dimers
in length and appeared like elongated structures consisting of a few parallel
protofilaments (Mozziconacci et al., 2008; Portran et al., 2017; Voter and Erickson,
1984; Wang et al., 2005). These observations suggest, that similar to the microtubule
lattice, longitudinal contacts in the nucleus are stronger than lateral contacts
(Mandelkow et al., 1991; Roostalu and Surrey, 2017; Sui and Downing, 2010). To
which extend these assemblies contain GTP or GDP is not known.

1.4.3 Stabilization of spontaneous microtubule nucleation by small
molecules
Glycerol, GTP analogues and drugs that inhibit microtubule dynamics can increase
microtubule nucleation efficiency in vitro, albeit through different mechanisms (Cao et
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al., 2018; Hyman et al., 1992; Kellogg et al., 2017; Khrapunovich-Baine et al., 2011;
Lee and Timasheff, 1975, 1977).
The best studied microtubule stabilizing agent (MSAs) is Taxol. Taxol binds to βtubulin at the inner microtubule wall and prevents the conformational change upon
GTP-hydrolysis and consequently microtubule depolymerisation (Arnal and Wade,
1995; Kellogg et al., 2017). While Taxol has the highest stabilizing effect on
longitudinal interactions at the interdimer interface, other MSAs such as peloruside A
and laulimalide, strongly stabilize lateral contacts (Khrapunovich-Baine et al., 2011).
The effect of these two MSAs has been shown to be synergistic with Taxol suggesting
that the simultaneous stabilization of longitudinal and lateral contacts can
complement each other (Gapud et al., 2004; Hamel et al., 2006).
Glycerol is known for its property to promote protein folding and protein interactions
(Gekko and Timasheff, 1981). When glycerol is added to solutions of tubulin it
enhances the self-association of tubulin molecules as the system tries to decrease
the area of solvent-protein contacts (Gekko and Timasheff, 1981; Lee and Timasheff,
1975, 1977). This nonspecific thermodynamic effect requires substantially higher
concentrations than needed by MSAs to promote microtubule nucleation (Roostalu
and Surrey, 2017).
Microtubules can grow without hydrolysing GTP but hydrolysis is required for
microtubule shrinkage. GTP analogues can stabilize microtubule nucleation by
preventing or slowing down GTP hydrolysis (Hamel et al., 1984; Hyman et al., 1992,
1995; Müller-Reichert et al., 1998). The non-hydrolysable GTP analogue guanosine5‘-[α,β)-methyleno]triphosphate (GMPCPP) has been shown to decrease the energy
barrier for nucleation (Hyman et al., 1992; Wieczorek et al., 2015). This suggests, that
GTP hydrolysis leads to the disassembly of microtubule nucleation intermediates
(Brouhard and Rice, 2018; Roostalu and Surrey, 2017; Wieczorek et al., 2015).

1.4.4 Microtubule binders promote spontaneous microtubule nucleation
Microtubule-associated

proteins

(MAPs)

affect

the

dynamic

properties

of

microtubules and can enhance microtubule nucleation by promoting microtubule
assembly, preventing catastrophes and stabilizing tubulin-tubulin interactions
(Roostalu and Surrey, 2017; Vaart et al., 2009). Two MAPs, TPX2 and XMAP215,
were found to be of particular importance in non-templated microtubule nucleation
((Brunet et al., 2004; Ghosh et al., 2013; Popov et al., 2002; Roostalu et al., 2015;
Schatz et al., 2003). XMAP215 and TPX2 will generally be referred to as microtubule
binders in the context of this thesis.
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XMAP215 family members are microtubule polymerases which contain two to five
paddle-shaped evolutionary conserved αβ-tubulin binding domains (TOG-domains)
at their N-terminus (Al-Bassam et al., 2007; Brouhard et al., 2008; Widlund et al.,
2011). The TOG domains are separated by linkers and charged stretches which
contribute to microtubule lattice binding (Al-Bassam and Chang, 2011; Al-Bassam et
al., 2007; Ayaz et al., 2012). XMAP215 family members enhance microtubule growth
rates by catalysing the addition of αβ-tubulin specifically to the microtubule plus-end
(Brouhard et al., 2008; Gard and Kirschner, 1987; Podolski et al., 2014; Roostalu et
al., 2015). Currently it is thought that one TOG domain tethers XMAP215 family
members to weakly bound curved αβ-subunits at the microtubule end whereas the
other TOG domain delivers free tubulin dimers to promote longitudinal protofilament
growth. Once the tubulin straightens due to lattice incorporation XMAP215 is released
from the end; a mechanism termed ‘hand-off’ which allows the polymerase to move
forward and catalyse the addition of the next tubulin dimer. XMAP215 family members
therefore bind only weakly to the microtubule lattice (Al-Bassam and Chang, 2011;
Ayaz et al., 2012, 2014; Widlund et al., 2011). Depletion of XMAP215 in budding
yeast, plant cells or the slime mould Dictyostelium discoideum, reduces cytoplasmic
microtubule numbers and completely abolishes microtubule nucleation in Xenopus
egg extract (Gräf et al., 2003; Groen et al., 2009; Kawamura et al., 2006; Kosco et
al., 2001; Kronja et al., 2009; Tournebize et al., 2000).
TPX2 is a multifunctional protein and a key player in the RanGTP-dependent
microtubule nucleation pathway around chromatin (Neumayer et al., 2014).
Structurally, TPX2 is an elongated monomer and contains several microtubule
binding domains and regions which are important for regulating the interaction of
TPX2 with other proteins such as importins, Aurora A or mitotic kinases (Alfaro-Aco
et al., 2017; Brunet et al., 2004; Roostalu et al., 2015; Trieselmann et al., 2003; Zhang
et al., 2017). Functionally, TPX2 was shown to suppress microtubule catastrophes
and reduce depolymerisation speed without affecting microtubule growth speeds
(Reid et al., 2016; Roostalu et al., 2015; Wieczorek et al., 2015). TPX2 preferentially
binds to growing microtubule ends but also to the microtubule lattice (Roostalu et al.,
2015). Depletion of TPX2 completely abolishes chromatin-mediated microtubule
nucleation in Xenopus egg extracts and reduces nucleation in mouse oocytes and
cultured cells (Brunet et al., 2008; Gruss et al., 2001, 2002; Petry et al., 2013).
TPX2 and XMAP215 homologs can both stimulate microtubule nucleation in solutions
containing purified tubulin and Mg2+ ions at significantly lower tubulin concentrations
than needed for spontaneous assembly (Alfaro-Aco et al., 2017; Brunet et al., 2004;
Ghosh et al., 2013; Roostalu et al., 2015; Schatz et al., 2003). XMAP215 and human
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homologue chTOG mildly stimulate the nucleation of long microtubules in vitro while
TPX2 was shown to stabilize short microtubule ‘stubs’ which usually fail to elongate
into microtubules (Ghosh et al., 2013; Roostalu et al., 2015). Interestingly, when
chTOG and TPX2 are combined in vitro, chTOG is able to elongate the TPX2nucleated stubs into microtubules, thereby synergistically increasing the efficiency of
spontaneous microtubule nucleation beyond the effect of the individual proteins
(Roostalu et al., 2015). These experiments suggest, that the two proteins employ a
different mechanism to enhance spontaneous microtubule nucleation (Brouhard and
Rice, 2018; Roostalu and Surrey, 2017). XMAP215-family members most likely
accelerate the protofilament growth of unstable microtubule oligomers. The fast
increase in protofilament length most likely increases the possibilities for lateral
interactions between protofilaments to form. XMAP215-family members therefore
might promote the transformation of unstable oligomers into stable nuclei (Brouhard
and Rice, 2018; Roostalu and Surrey, 2017). In contrast, TPX2 can directly promote
microtubule

stability

by

reducing

catastrophe

frequency

and

decreasing

depolymerization speeds (Reid et al., 2016; Roostalu et al., 2015; Wieczorek et al.,
2015). Furthermore, it has been shown by cryo-EM that TPX2 simultaneously binds
to longitudinal and lateral tubulin interfaces (Zhang et al., 2017). This suggests that
TPX2 might promote microtubule nucleation by promoting the association between
tubulin subunits (Roostalu and Surrey, 2017; Zhang et al., 2017).

1.4.5 Templated microtubule nucleation
Microtubule nucleation can also be initiated by providing a template for microtubules
to grow from. Commonly used nucleation templates are purified centrosomes with
bound γTuRCs, axonemes containing existing microtubules which can be extended
or short stabilized microtubule ‘seeds’ which can be polymerized (Johnson and
Borisy, 1977; Mitchison and Kirschner, 1984b; Schnackenberg et al., 1998; Telley et
al., 2011; Walker et al., 1988; Zheng et al., 1995).
A recent publication found that nucleation from centrosomes, axonemes and
microtubule seeds is stochastic and that the porabibility to nucleate a microtubule
increases with increasing tubulin concentration (Wieczorek et al., 2015). Nucleation
from the templates was found to proceed with a tubulin concentrations (~6 μM) that
is in between spontaneous microtubule nucleation in absence of a template (~20 μM)
and the tubulin concentration required for the growth of already existing microtubules
(1 μM) (Voter and Erickson, 1984; Wieczorek et al., 2015). Due to this observation it
is now thought that similar to spontaneous microtubule nucleation, nucleation from
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templates is also thermodynamically unfavourable and needs to overcome a kinetic
barrier (Brouhard and Rice, 2018; Roostalu and Surrey, 2017; Wieczorek et al.,
2015). The presence of the barrier for templated nucleation might be due to structural
differences (curvature and raggedness) and/or differences in the nucleotide state
(GTP versus GDP) between already growing microtubule ends and the template
(Brouhard and Rice, 2018; Roostalu and Surrey, 2017; Wieczorek et al., 2015).
The size of a stable microtubule intermediate forming on stabilized microtubule seeds
as template was recently estimated (Wieczorek et al., 2015). In these experiments
the elongation of microtubules from seeds was measured at high time resolution using
fluorescent tubulin. It was found that fluorescent tubulin first assembles on the seed
and that this initial fluorescence signal remained stationary for a short time before
elongation occurs. The initial stationary fluorescent signal corresponds on average to
250 tubulin dimers (Wieczorek et al., 2015). This estimate of the nucleus size for
templated microtubule nucleation is considerably larger than the size of the nucleus
approximated for spontaneous microtubule nucleation (Carlier and Pantaloni, 1978;
Caudron et al., 2000; Kuchnir Fygenson et al., 1995; Mozziconacci et al., 2008;
Portran et al., 2017; Voter and Erickson, 1984; Wang et al., 2005). This size difference
might be due to the different methods used to estimate the nucleus size, i.e. kinetic
data or cryo-EM for spontaneous microtubule nucleation versus fluorescence
microscopy for microtubule seed templates (Carlier and Pantaloni, 1978; Caudron et
al., 2000; Kuchnir Fygenson et al., 1995; Mozziconacci et al., 2008; Portran et al.,
2017; Voter and Erickson, 1984; Wang et al., 2005; Wieczorek et al., 2015).

1.5 γTuRC-dependent microtubule nucleation
The γTuRC is so far the best studied template for microtubule nucleation in cells. The
central role of γ-tubulin in microtubule nucleation is known for a long time from studies
disrupting γ-tubulin function in Aspergillus nidulans, Schizosaccharmoyces pombe
and human cells (Horio et al., 1991; Joshi et al., 1992; Martin et al., 1997; Oakley et
al., 1990). Later, add back experiments with salt stripped centrosomes in vitro could
directly show that γ-tubulin is essential for microtubule nucleation from centrosomes
(Moritz et al., 1998; Schnackenberg et al., 1998). Currently, very little is known about
the mechanism the γTuRC employes to initiate microtubule formation. Due to its ringshaped structure, it was suggested that γTuRCs essentially act as a seed from which
microtubules can elongate (Erickson, 2000; Job et al., 2003; Keating and Borisy,
2000; Kollman et al., 2010, 2015; Moritz et al., 1995, 2000). Microtubules could
assemble on γTuRC templates by forming strong longitudinal bonds with incoming
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αβ-tubulin dimers. Stabilization of these longitudinal bonds would in turn also enhance
the formation of lateral bonds between the growing protofilaments, making γTuRCtemplated nucleation more efficient than spontaneous nucleation (Figure 1.7)
(Brouhard and Rice, 2018; Roostalu and Surrey, 2017).
Purified γTuRCs from different organisms stimulate microtubule nucleation in
solutions of purified tubulin (Kollman et al., 2015; Murphy et al., 2001; Oegema et al.,
1999; Zheng et al., 1995). However, purified γTuRCs are not constitutively active. In
vitro experiments could show that γTuRC nucleation efficiency strongly depends on
tubulin concentration and can further be tuned by regulatory factors (see Table 2 for
details for in vitro microtubule nucleation studies with purified γTuRC) (Choi et al.,
2010; Gombos et al., 2013; Gunawardane et al., 2000; Gunzelmann et al., 2018;
Kollman et al., 2010, 2015; Lin et al., 2016, 2014; Liu et al., 2014a; Lyon et al., 2016;
Muroyama et al., 2016; Oegema et al., 1999; Thawani et al., 2018; Vinh et al., 2002;
Wiese and Zheng, 2000; Zheng et al., 1995)
In cells, microtubule nucleation is confined in space to MTOCs and is temporally
controlled by coupling nucleation activity to the cell cycle or differentiation stage.
Therefore, it might not be surprising that γTuRC activity is also tightly regulated. The
activation of the complex should coincide with its recruitment to MTOCs where
regulatory factors are concentrated. Several different possibilities of γTuRC
regulation have been proposed and will be discussed below.

Figure 1.7: Schematic illustration of templated microtubule nucleation by γTuRCs. The
thickness of the arrow indicates the likelihood of the reaction direction. It is thought that
γTuRCs bypass the slow lag phase observed for spontaneous microtubule nucleation.
Redrawn from (Kollman et al., 2011).
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Table 2: Summary of in vitro microtubule nucleation assays with purified γTuRC
Type of
Microtubu
Organism
γTuSC
γTuRC
γTuRC binder
Assay
le binder
Turbidity

Additives

-

?

-

-

3.9-9

-

-

30 nM γ-tub

γTUNA1
NγBD2

-

10

-

-

2 nM GCP5

CDK5Rap2
γTUNA

-

10

-

-

2 nM GCP5

NME7

-

10

-

-

3-6 nM GCP4

-

XMAP21
5

10-12

-

-

4.3 µg/mL

-

-

2.5-30

-

-

?

-

-

32.5

-

0.1-0.2 µM

-

-

-

40

-

0.74 µM γtub

0.84 µM γ-tub

-

-

40

-

C. albicans

1 µM

-

-

20

12.5% glycerol
1 µM taxol
150 mM KCl

S. pombe

?

-

-

20

-

Human

Solution
nucleation
microscopy

Tubulin
[µM]

X. laevis

D.
melanogaster

53

CaSpc110
CaSpc72N3
CaMzt1
Mto1/2[bonsai]
Mzt1

Effect on in vitro
nucleation activity
γTuRC nucleates
microtubules in
vitro
γTuNA stimulates
nucleation, NγBD
does not
CDK5Rap2 and
γTuNA stimulate
nucleation
NME7 stimulates
nucleation
XMAP215
stimulates
nucleation
γTuRC nucleates
microtubules in
vitro
γTuRC caps
microtubule
minus ends
γTuRC binds
preformed
microtubules
γTuRC is more
active than
γTuSC
Mzt1 stimulates
nucleation
Mzt1 stimulates
nucleation

References
(Murphy et
al., 2001)
(Muroyama
et al., 2016)
(Choi et al.,
2010)
(Liu et al.,
2014a)
(Thawani et
al., 2018)
(Zheng et
al., 1995)
(Wiese and
Zheng,
2000)
(Gunaward
ane et al.,
2000)
(Oegema et
al., 1999)
(Lin et al.,
2016)
(Leong et
al., 2019)
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Type of
Assay

Solution
nucleation
microscopy

1γTuNA

Organism

γTuSC

γTuRC

γTuRC binder

Microtubul
e binder

Tubulin
[µM]

Additives

0.3 µM

-

Spc1101-220

-

20

25% glycerol

?

-

Spc110

-

?

20% glycerol
125 mM KCl

150 nM

-

Spc1101-220

-

12-20

25% glycerol

3 µM

-

Spc1101-220

20

25% glycerol

25-50 nM

-

Spc1101-220

-

15

20% glycerol
125 mM KCl

?

-

-

-

20

-

50 nM
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is the N-terminal γTuRC-binding domain of CDK5Rap2 containing the evolutionary conserved CM1 domain (amino acids 51-100), 2NγBD is the C-terminal γTuRC-
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1.5.1 Regulation of γTuRC
Regulation of γTuRC assembly
The γTuRC is assembled from smaller subcomplexes (γTuSCs). Purified γTuSCs
from Saccharomyces cerevisiae or Drosophila melanogaster were found to be either
unable to form microtubules in vitro or only mildly stimulated microtubule nucleation
(Kollman et al., 2010; Oegema et al., 1999; Vinh et al., 2002). When γTuSCs are
assembled into γTuRCs a dramatic increase in microtubule nucleation efficiency has
been found for both organisms. Drosophila melanogaster γTuRCs are ~150-fold more
active per mole of complex than γTuSCs (Oegema et al., 1999). Similarly, budding
yeast γTuRC nucleation efficiency is ~300-fold higher than γTuSCs (Kollman et al.,
2015).
This strong effect on nucleation efficiency might be explained by the different
structures of the complexes. γTuSCs are heterotetramers consisting of two molecules
of γ-tubulin and two GCP proteins, while the fully assembled γTuRC resembles a ring
which closely matches the diameter and helical pitch of a microtubule (Choy et al.,
2009; Kollman et al., 2008, 2010, 2015; Vinh et al., 2002). Furthermore, structural
studies with budding yeast complexes could show that the two γ-tubulins in the γTuSC
are actually held apart from each other (Choy et al., 2009; Kollman et al., 2008, 2010).
As a consequence, γTuSCs might not be able to efficiently stabilize the weaker lateral
connections between two neighbouring protofilaments. Alternatively, a minimum of
three laterally associated protofilaments might be required for a microtubule to
nucleate on a template (Roostalu and Surrey, 2017).
Regulation of γTuRC by conformational change
Structural studies of budding yeast γTuRC revealed that even after oligomerization of
γTuSCs into γTuRCs the two γ-tubulins within the same γTuSC are unable to form
lateral contacts with each other while the γ-tubulins between neighbouring γTuSCs
bind to each other (Kollman et al., 2010). This result was unexpected and was
interpreted as γTuRC being in an ‘off state’ which requires activation by a
conformational change (Kollman et al., 2010, 2015). The nucleation efficiency of the
budding yeast γTuRC increased by 2-fold when γTuRC was artificially cross-linked to
close the space between the γ-tubulins (Kollman et al., 2015). This experiment
suggests that γTuRCs might be activated in cells by a conformational switch from an
inactive to an active template (Kollman et al., 2011).
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How this switch is regulated remains to be determined but allosteric activation could
be a possibility. The evolutionary conserved γTuRC-tethering protein Spc110 is often
mentioned as a candidate protein for allosteric regulation (Farache et al., 2018;
Teixidó-Travesa et al., 2012; Tovey and Conduit, 2018). Spc110 is essential for the
assembly of γTuRCs from γTuSCs in budding yeast and localizes the yeast γTuRC
to the SPB (Knop and Schiebel, 1997; Kollman et al., 2010, 2015; Lin et al., 2015;
Lyon et al., 2016). However, structural studies could show that the presence of a short
fragment of Spc110 was not sufficient to trigger the conformational change needed
to close the space between the two γ-tubulins within a γTuSC (Kollman et al., 2010,
2015; Lyon et al., 2016). In vitro experiments with purified proteins could show that
phosphorylation of Spc110 and the presence of another γTuRC binder, Mozart1,
increases budding yeast γTuRC nucleation efficiency (Lin et al., 2016, 2014). It is
therefore possible that Spc110 has a dual role separated into γTuRC assembly and
activation, which might be regulated by phosphorylation. Alternatively, Spc110 is
driving the oligomerization while other proteins such as Mozart1 trigger the
conformational change (Lin et al., 2016, 2014).
It is currently not known if the γTuRC in higher eukaryotes is also regulated by a
structural change as high-resolution structures are currently unavailable. The γTuRC
from higher eukaryotes contains additional GCPs (GCP4/5/6) which are missing in
budding yeast. It is speculated that the additional GCPs have the role of yeast
Spc110, i.e. holding the γTuSCs together in the ring shape (Kollman et al., 2011).
Allosteric regulation might therefore not be required to activate γTuRCs in higher
eukaryotes. Nevertheless, the γTuRC-thethering protein CDK5Rap2, which is not
required for γTuRC assembly, was shown to increase the nucleation efficiency of
human γTuRCs (Choi et al., 2010).
Regulation of γTuRC by phosphorylation
γ-tubulin as well as all other GCPs contain several phosphorylation sites, with some
of them being specifically phosphorylated by mitotic kinases (Teixidó-Travesa et al.,
2012; Tovey and Conduit, 2018). The phosphorylation sites studied so far in human
cells have been implicated in γTuRC localization to centrosomes (GCP5) and keratin
intermediate filaments (GCP6) as well as in centrosome duplication (γ-tubulin) and
centriole biogenesis (GCP6) but do not seem to directly enhance γTuRC nucleation
activity (Alvarado-Kristensson et al., 2009; Bahtz et al., 2012; Izumi et al., 2008; Oriolo
et al., 2007).
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The only evidence that γTuRC activity might be directly regulated by phosphorylation
comes from in vitro assays with the γTuRC associated protein kinase NME7. NME7
co-purified with human γTuRCs in one study and was shown to enhance microtubule
nucleation efficiency ~2.5-fold in vitro. This increase seem to be dependent on its
kinase activity, however, a target for NME7 phosphorylation has not been identified
yet (Liu et al., 2014a).
Regulation of γTuRC by activation via γTuRC binders
Several other proteins have been shown to copurify with γTuRCs and seem to have
role in regulating γTuRC activity (Farache et al., 2018; Teixidó-Travesa et al., 2012;
Tovey and Conduit, 2018).
γTuRC-tethering proteins (see Table 1) are the best studied proteins implicated in
modulating γTuRC activity. These proteins contain an evolutionary conserved Cterminal CM1 (centrosomin 1) domain which mediates binding to γTuRCs (Lin et al.,
2015). In yeast, CM1-containing proteins are crucial for the assembly of γTuSCs into
γTuRCs (Lin et al., 2014; Lynch et al., 2014; Sawin et al., 2004). In higher eukaryotes,
they do not have a role in complex assembly but mediate γTuRC recruitment and
anchoring to different MTOCs including the centrosome and the Golgi. Depletion of
CM1-containing proteins impairs centrosomal and acentrosomal microtubule
nucleation in vivo (Chen et al., 2017a; Choi et al., 2010; Fava et al., 1999; Fong et
al., 2008; Muroyama et al., 2016; Roubin et al., 2013; Takahashi et al., 2002; Wang
et al., 2014; Zhang and Megraw, 2007; Zimmerman et al., 2004). Overexpression of
γTuRC-tethering proteins in fission yeast and human cells induces cytoplasmic
microtubule nucleation in a spatially random manner (Choi et al., 2010; Cota et al.,
2017; Lynch et al., 2014). In vitro nucleation assays with purified human γTuRCs
show that the CM1 domain of CDK5Rap2 (termed γTuNA; γTuRC-mediated
nucleation activator) increases the number of nucleated microtubules by 7-fold in two
independent studies (Choi et al., 2010; Muroyama et al., 2016). Budding yeast
Spc110 increases microtubule nucleation of γTuRC dramatically due to the assembly
of γTuSCs into γTuRCs. Phosphorylation of Spc110 at several positions increases
the number of nucleated microtubules by another 3-fold suggesting that CM1 domain
containing proteins have an evolutionary conserved role in regulating γTuRC activity
(Lin et al., 2014).
NEDD1/GCP-WD is an important recruitment factor of γTuRCs to different MTOCs
including centrosomes, spindle microtubules and chromatin (Gomez-Ferreria et al.,
2012; Haren et al., 2006; Manning et al., 2010; Zhang et al., 2009). The localization
57

Chapter 1: Introduction

of NEDD1 to different MTOCs is regulated by phosphorylation in a cell-cycle
dependent manner and NEDD1 depletion was shown to abolish γTuRC-mediated
microtubule nucleation at centrosomes and chromatin (Gomez-Ferreria et al., 2012;
Haren et al., 2009; Johmura et al., 2011; Liu and Wiese, 2008; Lüders et al., 2006;
Manning and Kumar, 2007; Pinyol et al., 2013; Sdelci et al., 2012; Zhang et al., 2009;
Zhu et al., 2008, 2009). Current evidence suggests that NEDD1 does not have a role
in modulating γTuRC activity. Overexpression of NEDD1 displaces γTuRCs from
centrosomes into the cytoplasm but unlike γTuNA it does not induce microtubule
nucleation in the cytosol (Haren et al., 2006; Pinyol et al., 2013). In human
keratinocytes, depletion of NEDD1 reduces the centrosomal localization of γTuRCs
but does not affect microtubule nucleation activity from centrosomes and a purified
fragment of NEDD1 does not stimulate γTuRC activity in vitro (Muroyama et al.,
2016).
Another more recently identified γTuRC binder Mozart (Mzt1/GCP9) is implicated in
modulating γTuRC assembly and regulation in different organisms. In some studies,
Mzt1 is described as a core component of the γTuRC, which was overlooked in many
previous characterizations of purified complexes due to its small size (~16 kDa)
(Hutchins et al., 2010; Kollman et al., 2011; Teixidó-Travesa et al., 2010, 2012; Tovey
and Conduit, 2018). Mzt1 is the most widely conserved γTuRC binder (see Table 1)
but does not seem to be important in all organisms or cell types. For example in
Drosophila melanogaster, Mzt1 is only expressed in the testes and Arabidopsis
thaliana Mzt1 might only associate with a subset of γTuRCs (Nakamura et al., 2012;
Tovey et al., 2018). Budding yeast does not seem to contain a Mzt1 homologue (Lin
et al., 2016). Currently, it is not clear if Mzt1 has a direct effect on γTuRC microtubule
nucleation efficiency. In vitro experiments with purified proteins from the yeast
Candida albicans could show that Mzt1 is a bridging factor, which promotes the
interaction between γTuSC and γTuRC-tethering proteins (Lin et al., 2016). Candida
albicans Mzt1 is therefore thought to stabilize γTuSC oligomerizeriation by γTuRCtethering proteins. The resulting more stable γTuRCs where shown to nucleate
microtubules 3-fold more efficiently (Lin et al., 2016). Fission yeast Mzt1 does not
interact with the γTuRC-tethering proteins Mto1/2 but prevents the aggregation of the
GCP3 homologue Alp6 (Leong et al., 2019). Interestingly, both Mzt1 and Mto1/2
where needed for efficient microtubule nucleation by reconstituted fission yeast
γTuRCs (Leong et al., 2019). Depletion of Mzt1 in human cells leads to a reduction
of γ-tubulin specifically at centrosomes and induces monopolar spindles and mitotic
arrest (Cota et al., 2017; Hutchins et al., 2010). It has been shown that Mzt1 interacts
with the N-terminus of GCP3, GCP5, GCP6 and possibly GCP2 (Cota et al., 2017;
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Lin et al., 2016). In vivo studies suggest that human Mzt1 might also function as a
bridging factor similar to Candida albicans Mzt1. As mentioned above the
overexpression of a short fragment of the γTuRC thethering protein CDK5Rap2
(γTuNA) results in spatially random microtubule nucleation in the cytoplasm (Choi et
al., 2010; Cota et al., 2017). Simultaneous depletion of Mzt1 completely abrogates
the effect of γTuNA overexpression suggesting that Mzt1 is needed for efficient
activation of γTuRCs by γTuNA (Cota et al., 2017). Wheter Mzt1 has a role in
stabilizing γTuRC assembly in human cells is currently not known. Knock down in
HeLa cells does not seem to interfere with γTuRC integrity whereas in U2OS a
significant decrease of fully assembled γTuRCs was found upon Mzt1 depletion (Cota
et al., 2017; Lin et al., 2016). Nevertheless, the proposed bridging function of Mzt1
would be important to stabilize the interaction of γTuRCs with other intracellular
regulators which could be important in modulating γTuRC activity at different
subcellular locations (Cota et al., 2017; Tovey and Conduit, 2018). Less is known
about the closely related Mzt2 A/B (GCP8 A/B) proteins. Mzt2 A/B seem to have an
interphase specific role as their depletion interferes with γ-tubulin recruitment and
microtubule nucleation at interphase centrosomes without inducing mitotic effects
(Teixidó-Travesa et al., 2010).
Regulation of γTuRC by microtubule binders
Apart from regulation by ring assembly, conformational change and binding to
regulatory proteins, γTuRC-mediated microtubule nucleation might also be regulated
by MAPs. These proteins will be generally referred to as microtubule binders in the
context of this thesis. Microtubule binders with functions in nucleation promote
microtubule formation by modulating dynamic instability parameters and include
proteins such as the microtubule polymerase XMAP215 or the anti-catastrophe factor
TPX2.
Microtubule binders have been shown previously to reduce the time lag and the
tubulin concentration needed to induce templated microtubule nucleation from
stabilized microtubule seeds (Wieczorek et al., 2015). In vitro nucleation assays with
purified budding yeast γTuRCs report a 3-fold increase in microtubule nucleation in
the presence of the XMAP215 homologue Stu2 (Gunzelmann et al., 2018). XMAP215
increases the number of microtubules nucleated by purified Xenopus laevis γTuRCs
in a dose-dependent manner (Thawani et al., 2018). Nucleation experiments in
Xenopus egg extract suggest a direct link between TPX2 and γTuRCs in branching
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microtubule nucleation and nucleation around chromatin (Alfaro-Aco et al., 2017;
Petry et al., 2013; Scrofani et al., 2015).
Based on these observations a model was proposed which suggests that inefficient
nucleation from templates might be explained by structural differences in the template
(blunt and straight) compared to a growing microtubule end (tapered and curved).
Addition of tubulin-dimers to blunt ends might be comparably inefficient due to the
lack of ‘corner’ sites to form lateral contacts. Microtubule binders might help to tether
curved tubulin dimers onto blunt ends and thus accelerating the transformation of a
template into an elongation competent microtubule end (Brouhard and Rice, 2018;
Roostalu and Surrey, 2017).

1.6 Actin filament nucleation by actin nucleators
G-actin and tubulin are quite distant at a protein structural level but there are several
fundamental similarities between actin filaments and microtubules (Kabsch et al.,
1990; Löwe et al., 2001; Mitchison, 1992; Wang et al., 2010a). Both, G-actin and
tubulin assemble into polymers and hydrolyse nucleotides during polymerization
(Amos and Klug, 1974; Carlier, 1989; Cote and Borisy, 1981; Kasai et al., 1962;
Wegner, 1976). In both cases, nucleotides are exchangeable in the monomeric form
while nucleotide exchange is blocked in the polymer (Carlier, 1989; Carlier and
Pantaloni, 1981; Korn et al., 1987). Actin filaments and microtubules are polar due to
their subunits pointing in the same direction within the lattice (Beese et al., 1987;
Holmes et al., 1990; Nogales et al., 1999; Steinmetz et al., 1997). Both filaments also
exhibit a kinetic barrier for nucleation in vitro and a linear dependence of the
polymerization rate on the concentration of the respective monomers (Cooper et al.,
1983; Erickson and Pantaloni, 1981; Oosawa and Asakura, 1975; Sept and
McCammon, 2001; Voter and Erickson, 1984). On a structural and mechanistic level,
however, actin filaments and microtubules differ substantially. As mentioned before,
microtubules are stiff, hollow, thirteen-stranded filaments, whereas actin filaments are
thin and flexible and have a two-stranded lattice (Beese et al., 1987; Evans et al.,
1985; Gittes, 1993; Holmes et al., 1990; Nogales et al., 1999; Steinmetz et al., 1997).
The structural differences between actin filaments and microtubules probably explain
why the estimated size of the critical nucleus for actin polymerization, i.e. 3 to 4 Gactins, is smaller than the nucleus size estimated for microtubule nucleation (Cooper
et al., 1983; Oda et al., 2016; Tobacman and Korn, 1983).
In cells, the spontaneous polymerization of G-actin into filaments is prevented by Gactin-binding and sequestering proteins, such as profilin and β-thymosin (Safer et al.,
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1990; Schlüter et al., 1997). Therefore, cells use nucleation factors to nucleate actin
filaments. However, while microtubules are primary nucleated by the γTuRC, actin
filaments can be nucleated by several different actin nucleators. Currently there are
three major classes of actin nucleators: (i) the Arp2/3 (actin-related protein 2/3)
complex, (ii) formins and (iii) the more recently identified tandem-monomer-binding
nucleators (see Figure 1.8) (Ahuja et al., 2007; Coutts et al., 2009; Firat-Karalar and
Welch, 2011; Machesky and Insall, 1998; Machesky et al., 1994; Okada et al., 2010;
Pruyne et al., 2002; Quinlan et al., 2005; Sagot et al., 2002a; Weston et al., 2012;
Zuchero et al., 2009).

Figure 1.8: Scheme of actin nucleation by different actin nucleators. Taken from (Weston
et al., 2012). (A) Actin filament assembly from G-actin. (B) Nucleation of new actin filaments
from the side of an existing actin filament by the Arp2/3 complex after activation by NPFs,
unbranched actin filament nucleation by formins and tandem-monomer binding nucleators.

The Arp2/3 complex is probably the actin nucleator most similar to the γTuRC. It
contains Arp2 and Arp3, which are closely related to G-actin, and five additional
subunits (Kelleher et al., 1995; Machesky and Insall, 1998; Machesky et al., 1994).
The Arp2/3 complex is thought to act as a nucleation core by mimicking actin trimer
formation upon the addition of an additional G-actin. Arp2/3 complexes, just like the
γTuRC, therefore nucleate actin filaments from the minus (pointed) end and allow for
actin polymerization from the plus (barbed) end (Rouiller et al., 2008; Smith et al.,
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2013). By itself, the Arp2/3 complex is an inefficient nucleator. Activation requires the
binding of the Arp2/3 complex to the side of an existing actin filament and allosteric
activation by nucleation promoting factors (NPFs) (Ahuja et al., 2007; Derivery and
Gautreau, 2010; Goley et al., 2010; Higgs and Pollard, 1999; Ismail et al., 2009;
Lebensohn and Kirschner, 2009; Padrick et al., 2008; Smith et al., 2013; Suetsugu et
al., 2001). Once activated, the Arp2/3 complex initiates branching of new actin
filaments from already existing actin filaments at a 70° angle to form branched actin
networks (Amann and Pollard, 2001; Mullins et al., 1998; Smith et al., 2013). The
function of the Arp2/3 complex in initiating branched actin networks is similar to the
function of the γTuRC in branched microtubule nucleation. However, whereas Arp2/3
complexes can bind to actin filaments by themselves, γTuRCs need Augmin and
possibly NEDD1 and TPX2 to bind to existing microtubules (Alfaro-Aco et al., 2017;
Chen et al., 2017b; Goshima et al., 2008; Hsia et al., 2014; Petry et al., 2013; Song
et al., 2018; Uehara et al., 2009).
Unbranched actin filaments are nucleated by the second major class of actin
nucleators, the formin proteins (Chesarone et al., 2010; Courtemanche, 2018).
Formins are both nucleation factors and elongation factors (Pring et al., 2003; Pruyne
et al., 2002; Romero et al., 2004; Sagot et al., 2002a). They are thought to nucleate
actin filaments by stabilizing actin dimers and then stay processively associated with
the elongating barbed end (Higashida et al., 2004; Kovar and Pollard, 2004; Pruyne
et al., 2002; Romero et al., 2004; Sagot et al., 2002a). Formins protect actin filaments
from capping proteins which would terminate the polymerization and simulatenously
accelerate the addition of actin monomers to the barbed end thereby increasing the
rate of actin polymerization (Harris et al., 2004; Kovar et al., 2005; Moseley et al.,
2003; Romero et al., 2004; Sagot et al., 2002a). The function of formins might be
similar to the function of microtubule polymerases. However, while formins are
capable of nucleating actin filaments in cells, this has not been shown directly for
microtubule polymerases (Chang et al., 1997; Evangelista et al., 2002; Feierbach and
Chang, 2001; Kobielak et al., 2004; Sagot et al., 2002b; Schirenbeck et al., 2005;
Severson et al., 2002). Nevertheless, XMAP215 and chTOG have been shown to
nucleate microtubules in vitro probably by accelerating the transformation of
spontaneously formed unstable tubulin oligomers into stable nuclei (Ghosh et al.,
2013; Roostalu et al., 2015). In cells it is thought that microtubule polymerases work
synergistically with γTuRCs to accelerate the elongation of microtubules nucleated
by the complex (Gunzelmann et al., 2018; Thawani et al., 2018). The difference in the
ability of formins and microtubule polymerases to act as nucleators might be
explained by the more complex structure of microtubules compared to actin filaments.
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The third class of actin nucleators are tandem-monomer-binding nucleators including
Spire, cordon-bleu (Cobl), leiomodin (Lmod), junction-mediating and regulatory
protein (JMY) and adenomatous polyposis coli (APC) (Ahuja et al., 2007; Coutts et
al., 2009; Okada et al., 2010; Quinlan et al., 2005; Zuchero et al., 2009). While this
group of actin nucleators is quite heterogeneous, they all contain tandem G-actin
binding motifs which bring together G-actins to form an actin nucleation seed
(Qualmann and Kessels, 2009). It was proposed that they form nuclei with distinct
structural features. For example, Cobl, Lmod and APC stabilize cross-filament
interactions along the short-pitch helix (Okada et al., 2010; Qualmann and Kessels,
2009). In contrast, Spire and JMY most likely stabilize monomers aligned along the
long-pitch helix of the filament (Zuchero et al., 2009). However, how exactly tandemmonomer-binding nucleators nucleate actin filaments remains unknown. Proteins like
TPX2, doublecortin, CAMSAP/Patronin and the dynactin subunit p150Glued might have
a similar function in microtubule nucleation. These proteins supress microtubule
dynamicity and have been shown to nucleate microtubules in vitro most likely by
stabilizing microtubule nucleation intermediates (Hendershott and Vale, 2014; Horesh
et al., 1999; Jiang et al., 2014; Lazarus et al., 2013; Moores et al., 2004, 2006; Reid
et al., 2016; Roostalu et al., 2015; Taylor et al., 2000). If these proteins can nucleate
microtubules in cells in the absence of γTuRCs or rather promote microtubule
nucleation from γTuRCs is not entirely known.
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1.7 Aims
It is a major open question, how γTuRCs template microtubule nucleation and how
the de novo formation of new microtubules by γTuRCs is regulated in cells. To answer
these questions, several groups have attempted to study γTuRC-mediated
microtubule nucleation in vitro using purified proteins. However, the purification of
sufficient amounts of γTuRCs from native sources, in particular from higher
eukaryotes, has proven to be difficult. Therefore, our understanding of γTuRCmediated microtubule nucleation on a structural and mechanistic level largely stems
from complexes of lower eukaryotes, such as yeast. Moreover, the current in vitro
assays used to study γTuRC activity have a limited ability to measure the kinetics of
microtubule nucleation by γTuRCs. Current assays able to follow γTuRC-mediated
microtubule nucleation in real time cannot simultaneously visualize individual
microtubules, whereas assays able to observe individual microtubules are unable to
do this in real time.
In the context of this thesis my aim was to work towards a better understanding of
γTuRC-mediated microtubule nucleation and the regulation of γTuRCs isolated from
human cells. I established a new approach for purification of γTuRCs and developed
a novel fluorescence microscopy-based microtubule nucleation assay. In chapter 2, I
describe the new purification protocol for the affinity isolation of fluorescently tagged
γTuRCs from a stable human cell line. In chapter 3, I describe the development of a
new fluorescence microscopy-based assay which allows to observe the nucleation of
individual microtubules by γTuRCs in real time. I will then show how this assay was
successfully used to quantify microtubule nucleation kinetics under a variety of
conditions. Lastly, in chapter 4, I will apply the new microtubule nucleation assay to
study the regulation of human γTuRCs by different microtubule binders and γTuRC
binders.
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2.

Purification of γTuRCs from human cells

2.1 Introduction
The biochemical study of γTuRC from higher eukaryotes has been hampered by the
challenging purification of the complex from native sources. γTuRC isolation is difficult
partly due to the low intracellular concentration of the complex (γ-tubulin amounts for
0.001-0.01% of total cellular protein) and its fragile nature as it tends to dissociate at
higher salt concentrations limiting the type and number of conventional
chromatography steps one can apply (Oegema et al., 1999; Stearns and Kirschner,
1994; Zheng et al., 1995, 1998). Although, Drosophila melanogaster and yeast
γTuSC can be reconstituted by coexpression of all γTuSC subunits in insect cells,
such methods have not been reported for γTuRC (Gunawardane et al., 2001; Vinh et
al., 2002).
The majority of purification protocols for γTuRC from higher eukaryotes rely on the
immunoaffinity isolation of the complex from native sources. This method was first
reported for the purification of Xenopus laevis γTuRC (Zheng et al., 1995, 1998) and
was later adapted to purify the γTuRC from a variety of different organisms (Table 3).
Typically, the immunoaffinity isolation of γTuRC involves three steps: i) a precipitation
step to preclear the γTuRC containing lysate followed by ii) affinity purification using
a specific antibody which is usually directed against the C-terminus of γ-tubulin and
lastly iii) sucrose gradient centrifugation to achieve higher purities and separate fully
assembled γTuRCs from γTuSCs.
Apart from immunoaffinity isolation, two other methods for purification of γTuRC from
human cells were reported (Choi and Qi, 2014; Choi et al., 2010; Liu et al., 2014a;
Muroyama et al., 2016; Teixidó-Travesa et al., 2010). The first method bypasses the
need of an antibody by exploiting the natural interaction between the complex and
the conserved γTuRC-binding domain of the well-known centrosomal γTuRC
localization and anchoring protein CDK5Rap2 (γTuNA) (Choi and Qi, 2014; Choi et
al., 2010; Liu et al., 2014a). Since the interaction between γTuNA and γTuRC is rather
weak γTuNA can be separated from the complex by sucrose gradient centrifugation.
The same protocol was used to purify human γTuRC in a second independent study
(Muroyama et al., 2016). Interestingly, in addition to affinity purification by γTuNA,
authors were also able to purify the complex via the γTuRC-binding domain of another
established intracellular γTuRC recruitment factor, NEDD1 (NγBD). Just like for
γTuNA, the interaction between NyBD and γTuRC is weak and the protein fragment
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can be separated from the complex using sucrose gradient centrifugation. The
second method for the purification of γTuRC is based on human cells stably
expressing γ-tubulin with a C-terminal mycTAP tag (Teixidó-Travesa et al., 2010).
This method allows for direct affinity isolation of the complex by its own purification
tag without the need of additional reagents. However, unlike native γTuRC purified
with the above described methods, the tagged γTuRC was not tested for its
microtubule nucleation activity in vitro. Also, the purified complex was not analysed
by sucrose gradient centrifugation to assess if the tagging of γ-tubulin interferes with
the stability of the complex or its assembly. Nevertheless, cells grow when
overexpressing γ-tubulin-mycTAP and all known γTuRC subunits were found to
copurify, suggesting that at least some γTuRC is functional and fully assembled.
Based on the protocols published and described above I decided to purify γTuRC
from human cell lines by two different approaches. The first approach is the
purification of the native complex using γTuRC binders (i.e. γTuNA and the Cterminus of NEDD1) following published protocols (Choi and Qi, 2014; Choi et al.,
2010; Liu et al., 2014a; Muroyama et al., 2016). As a second approach, I developed
a new method to purify a tagged version of human γTuRC from stable cell lines
overexpressing a γTuRC subunit which is tagged with an affinity tag and a fluorescent
marker protein. I did not attempt to purify γTuRC by immunoaffinity isolation since I
was not able to produce a specific peptide antibody against one of the γTuRC
subunits.
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Table 3: Summary of purification protocols for γTuRC. This table is excluding protocols published for yeast, fungi and plant complexes.
Organism
Affinity purification Precipitation
Refinement step
Starting amount
Final yield
Reference
Xenopus laevis
γ-tubulin antibody
15-25%
Size exclusion chromatography
25-30 mL
1-3 µg of
(Wiese and Zheng,
ammonium
of crude extract, ion exchange
γTuRC
2000; Zheng et al.,
of affinity column elution
1995, 1998)
sulphate
Xenopus laevis
γ-tubulin antibody
30% PEG
Sucrose gradient
10 mL
?
(Thawani et al.,
2018)
Drosophila
γ-tubulin antibody
?
?
(Wiese, 2008)
melanogaster
Drosophila
γ-tubulin antibody
2% PEG
Sucrose gradient
20 g
?
(Gunawardane et
melanogaster
al., 2001; Moritz et
al., 2000)
Drosophila
γ-tubulin antibody
2% PEG
30 mL
?
(Moritz et al., 2000)
melanogaster
Goat brain
γ-tubulin antibody
15-25%
?
?
(Thomas et al.,
ammonium
2010)
sulphate
Sheep brain
γ-tubulin antibody
Sucrose gradient
?
0.005 µg of
(Détraves et al.,
γ-tubulin
1997)
HEK293
GCP2-antibody
9% PEG
?
?
(Murphy et al.,
2001)
1
HEK293A or
γTuNA
Sucrose gradient
7g
?
(Choi and Qi, 2014;
HEK293T cells
Choi et al., 2010)
1
2
HEK293 cells
γTuNA or NγBD
Sucrose gradient
?
?
(Muroyama et al.,
2016)
HeLa S3 (stable cells)
γ-tubulin-mycTAP
9% PEG
?
?
(Teixidó-Travesa et
al., 2010)
1γTuNA

is the N-terminal γTuRC-binding domain of CDK5Rap2 containing the evolutionary conserved CM1 domain (amino acids 51-100), 2NγBD is the C-terminal γTuRC-

binding domain of NEDD1 (amino acids 597-660)
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2.2 Results
2.2.1 Purification of native γTuRC from human cells
2.2.1.1 Purification of native γTuRC via biotinylated γTuRC-binders
To purify γTuRC from human cells I designed a purification protocol essentially based
on published methods (Choi and Qi, 2014; Choi et al., 2010; Liu et al., 2014a;
Muroyama et al., 2016). γTuRC is purified by an affinity step exploiting the natural
interaction of the complex with the γTuRC binding domain of an intracellular
localization factor. After affinity purification the γTuRC binder is separated from the
complex by sucrose gradient centrifugation which is possible due to their weak
binding affinity.
Published protocols used fragments of two different γTuRC binders for purification: a
short C-terminal fragment of NEDD1 (amino acids 597-660) and a short (amino acids
51-100) and a long (amino acids 51-200) fragment of CDK5Rap2. Both CDK5Rap2
fragments contain the conserved CM1-γTuRC binding domain (γTuNA).
From literature it is not clear if all γTuRC binders can purify a similar amount of γTuRC
or if they have different affinities for the complex. Therefore, I first tested their γTuRC
binding affinity in small scale. To this end, I cloned γTuNA51-100, γTuNA51-200 and the
C-terminal half of NEDD1 (amino acids 364-660, ΔN-NEDD1) with an N-terminal
AviTag. The aim of the thesis is to use the purified γTuRC in an in vitro microtubule
nucleation assay. The AviTag on the γTuRC binders therefore has a dual function.
AviTag is in vivo biotinylated and thus can be first used to affinity purify the γTuRC
binders and second to immobilize them on glass surfaces used for the in vitro
microtubule nucleation assay. Apart from the AviTag, all constructs also contain an
N-terminal fluorescent maker, i.e. monomeric blue fluorescent protein (mBFP). The
fluorescent maker will be used for visualization of the γTuRC binders in the
fluorescence microscopy-based in vitro nucleation assay. From now on AviTagmBFP-γTuRC binders will be referred to as Bio-γTuRC binders.
Bio-γTuNA51-100 and Bio-γTuNA51-200 were expressed and purified from E. coli,
Bio-ΔN-NEDD1 was expressed and purified from insect cells. A scheme of the
constructs and commassie stained protein gels of the purified proteins are shown in
Figure 2.1. From 1 L of E. coli culture I was able to purify a total of 2 mg (1 mg/mL)
Bio-γTuNA51-100 and 3 mg (1.5 mg/mL) Bio-γTuNA51-200. From 1 L of insect cell
culture I could purify a total of 0.8 mg (0.4 mg/mL) Bio-N-NEDD1.

68

Chapter 2: Purification of γTuRCs from human cells

Figure 2.1: Purification of biotinylated γTuRC binders. (A) Constructs used for protein
expression. Coomassie stained protein gels for purification of (B) Bio-γTuNA51-100, (C) BioγTuNA51-200 and (D) B-N-NEDD1.

To compare the binding affinities of the different Bio-γTuRC binders, I tested them
side-by-side in a small scale pull-down of native γTuRC from U2OS cells. Bio-γTuRC
binders were bound to monomeric avidin agarose beads. Beads were incubated with
cell lysate, washed to remove unspecific proteins and elution was performed using
biotin. Western blots of eluates and beads after elution show that a substantial
amount of γ-tubulin remains bound to the beads in all conditions (Figure 2.2 A). The
bound γ-tubulin was also not eluted from the beads by a second elution step
suggesting that the elution conditions might not be optimal. The first eluate for all BioγTuRC binders was analysed a second time by western blot for a more accurate
comparison of binding efficiency between the different Bio-γTuRC binders. Band
intensities were quantified using ImageJ and western blots show that Bio-γTuNA51-200
binds around 55% more γ-tubulin than Bio-γTuNA51-100 and around 62% more γtubulin than B-N-NEDD1. The small scale pull-down was repeated once with the
same result.
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Figure 2.2: Comparison of different Bio-γTuRC-binders for purification of native γTuRC.
(A) Western blots of elutates and monomeric avidin beads after elution detected with anti-γtubulin antibodies. (B) Comparison of γTuRC binding affinity for all tested Bio-γTuRC-binders.
Elution 1 from (A) was loaded on a separate gel for comparison.

In the small scale pull-down, the highest amount of γ-tubulin was found in the eluate
of Bio-γTuNA51-200. It was previously shown that γTuNA51-200 and NEDD1 do not bind
to individual γTuRC subunits but only to the fully assembled γTuRC (Choi et al., 2010;
Cota et al., 2017). Thus, western blot results suggest that γTuNA51-200 binds a higher
amount of γTuRC than the other two γTuRC-binders tested.
Next I tested Bio-γTuNA51-200 in a large scale purification of native γTuRC from U2OS
cell lysate. Purification steps are shown in Figure 2.3 A. Bio-γTuNA51-200 was bound
to monomeric avidin beads (Figure 2.3 B) and incubated with cell lysate, beads were
washed and γTuRC bound to Bio-γTuNA51-200 was eluted via biotin. Purification was
followed by SDS-PAGE (protein gels) and western blot against γ-tubulin (Figure 2.3
C). Unexpectedly, Bio-γTuNA51-200 failed to purify native γTuRC from human cell
lysate at large scale. On protein gels no bands corresponding to γTuRC subunits can
be detected. Analysis of the purification steps by western blot revealed that γ-tubulin
did not bind to the column but instead was found in the flow through and completely
removed in the first wash.
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Figure 2.3: Large scale purification of γTuRC via Bio-γTuNA51-200. (A) Purification steps
(B) Coomassie gel of Bio-γTuNA51-200 binding onto monomeric avidin beads. (C) Sypro ruby
stained protein gels of purification steps and corresponding western blots detected with antiγ-tubulin antibodies.

2.2.1.2 Optimization of lysis conditions
Bio-γTuNA51-200 was able to pull-down native γTuRC at small scale but failed to do so
at large scale. The main difference I found between the two conditions was the
preparation of the cell lysate and the duration of the purification. Due to change in
scale, the lysate was clarified at a different centrifugal force and the increase in
volume also meant that the purification took significantly longer. γTuRC was
previously reported to disassemble under certain conditions, such as high salt
concentrations (Kollman et al., 2010; Lin et al., 2016; Oegema et al., 1999; Vogt et
al., 2006). Therefore, I wondered if γTuRC might be unstable in the buffer conditions
I chose or if centrifugation at high speed might sediment the complex together with
the cell debris.
If γTuRC slowly disintegrates into γTuSCs, it could explain why Bio-γTuNA51-200 failed
to purify γTuRC at large scale as it only interacts with fully assembled complexes
(Choi et al., 2010). Similarly, if γTuRC is lost from the sample because it sediments
at high centrifugal force the remaining small complexes cannot be purified by BioγTuNA51-200 affinity purification. Nevertheless, Bio-γTuNA51-200 might also just be a
weak interactor as it can reportedly be removed from the γTuRC by sucrose gradient
centrifugation (Choi and Qi, 2014; Choi et al., 2010; Liu et al., 2014a; Muroyama et
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al., 2016). Therefore, I next set out to optimize the lysis conditions. Table 4
summarizes the results of all experiments undertaken to optimize lysis conditions.
Table 4: Optimization of lysis conditions. Western blots for solubility tests are shown in
Figure 2.4, western blots of size exclusion chromatography fractions in Figure 2.5.
Optimization
Buffer
Additives
Centrifugation
Result
Salt

HEPES, pH 7.2

150 mM KCl

278,088xg

concentration

0.5% IGEPAL

75 mM KCl

278,088xg

and buffering

PIPES, pH 6.8

150 mM KCl

278,088xg

agent

0.5% IGEPAL

75 mM KCl

278,088xg
278,088xg

Variation of
centrifugation
speed and
presence of

HEPES, pH 7.2
150 mM KCl

No significant effect
on GCP solubility or
integrity of the γTuRC
Low speed
centrifugation
increases the γTuRC
amount significantly.

±0.5% IGEPAL
17,000xg

detergent

GCP6 solublity is
lower in presence of
IGEPAL
The γTuRC can be

Enrichment

HEPES, pH 7.2

±Ammonium

of γTuRCs

150 mM KCl

sulfate

17,000xg

enriched in the lysate
by ammonium sulfate
precipitation.

Briefly, I first compared the solubility of γTuRC subunits in different lysis buffers and
after clarification at different centrifugation speeds. Results were analysed by western
blot against different γTuRC subunits, comparing the lysate and corresponding
supernatant after centrifugation (Figure 2.4 A, C). Band intensities were quantified
using ImageJ (Figure 2.4 B and D).
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Figure 2.4: Comparison of different lysis conditions. (A, C) Western blot of U2OS cells
before (lysate) and after spinning (supernatant) detected with antibodies against γTuRC
subunits as indicated. (B, D) Quantification of band intensities normalized to corresponding
lysate in percentage. Black arrow indicates GCP5, red arrow indicates unspecific protein
detected by the anti-GCP5 antibody.
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The solubility of γTuRC subunits was very similar in buffers of different salt
concentration. However, GCP6 seems to be slightly more soluble in absence of the
detergent IGEPAL. Centrifugation of U2OS cell lysates at high speed (large scale
condition) decreased the amount of γTuRC subunits in the supernatant by ~72%. Low
speed centrifugation (small scale condition) reduced the amount of γTuRC subunits
only by ~26%. This result suggests that γTuRC sediments with cell debris at high
centrifugation speeds. At low speed centrifugation less GCP6 was found in the
supernatant in presence of IGEPAL (~20%) compared to buffer without IGEPAL
(80%), suggesting that GCP6 is more soluble in the absence of the detergent.
The western blots of total protein in lysate and supernatant at different conditions do
not inform about possible disintegration of the complex. Therefore, I next separated
γTuRCs from γTuSCs using size exclusion chromatography and analysed the
fractions by western blot (Figure 2.5). When lysates were centrifuged at high speeds
a clear reduction of the amount of γTuRC was found in the corresponding size
exclusion chromatography fractions (Figure 2.5 A-D versus Figure 2.5 E-F, γTuRC
fractions are marked with a red square). This observation confirms that γTuRC
sediments at high centrifugation speeds while γTuSC does so comparably less.
Lowering the centrifugation speed therefore has a significant effect on the amount of
γTuRC in the supernatant. Buffering agent and salt concentration showed little effect
on γTuRC amount (Figure 2.5 A to D). The amount of GCP6 in buffer containing
IGEPAL was lower in all fractions compared to lysate prepared in buffer without
detergent (Figure 2.5 E-F). Interestingly, the size exclusion chromatography profiles
for the other GCPs and γ-tubulin were not affected by the reduced amount of GCP6,
suggesting that maybe not all of the soluble GCP6 is part of the complex or it can be
replaced by other GCPs.
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Figure 2.5: Size exclusion chromatography profiles of U2OS cell lysates. Western blots
of size exclusion chromatography fractions (0.5 mL fraction size) for U2OS cell lysates
prepared at the conditions indicated. The γTuRC peak fraction is marked in red. Western blots
were detected with antibodies against the indicated γTuRC subunits. Black arrow indicates
GCP5, red arrow indicates unspecific protein detected by the anti-GCP5 antibody.
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As some protocols apply a precipitation step (ammonium sulphate or PEG
precipitation, see Table 3) before the actual affinity purification, I also wanted to test
if removal of unspecific proteins from the lysate before incubation with Bio-γTuNA51200

might help the interaction between the γTuRC-binder and the γTuRC. Therefore,

I tested a previously described ammonium sulphate precipitation protocol to
selectively precipitate the γTuRC from U2OS cell lysate (Zheng et al., 1998). This
protocol involves two precipitation steps: i) the addition of a low amount of ammonium
sulphate to remove unspecific proteins followed by ii) a second step at higher
ammonium sulphate concentration to precipitate γTuRCs. An overview of the
ammonium sulphate precipitation steps is shown in Figure 2.6 A. An exemplary
ammonium sulphate precipitation of a 5 g U2OS cell pellet is shown in Figure 2.6 B.

Figure 2.6: Ammonium sulphate precipitation of native γTuRCs from U2OS cells. (A)
Overview of ammonium sulphate precipitation steps. (B) Sypro Ruby gel and corresponding
western blots of all ammonium sulphate precipitation steps. Lysis buffer: 50 mM HEPES, pH
7.2, 150 mM KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP.

Protein gels for all ammonium sulphate precipitation steps show a clear reduction of
overall protein amount in the final sample compared to the crude lysate. Western blots
show that γTuRCs largely remain in solution at low ammonium sulphate
concentrations but precipitate in the second step, as reported previously (Zheng et
al., 1998). Next, I analysed the integrity of the complex after ammonium sulphate
precipitation by size exclusion chromatography and western blot. Ammonium
sulphate precipitation increased the amount of γTuRCs (Figure 2.5 G, γTuRC
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fractions are marked with a red square) and reduced the amount of γTuSCs and
individual proteins, in particular γ-tubulin, from the sample.
Together, results show that the γTuRC is stable at all tested buffer conditions but
partially removed from the lysate at high centrifugation speeds. The detergent
IGEPAL is not required to solubilize the γTuRC during lysis but might actually have a
negative effect on the solubility of individual GCPs, in particular GCP6. Selective
precipitation of the γTuRC from cell lysates by ammonium sulphate precipitation
removes unspecific proteins from the lysate without compromising the stability or yield
of the γTuRC.
2.2.1.3 Optimization of γTuRC elution conditions
The affinity purification of γTuRC by Bio-γTuNA51-200 relies on the binding of the
biotinylated γTuRC-binder to monomeric avidin agarose beads followed by elution in
biotin buffer. The small scale pull-down of γTuRC with different Bio-γTuRC-binders
revealed that the amount of γ-tubulin remaining on the monomeric avidin beads after
two rounds of elution is higher than in the eluate (see Figure 2.2 for western blots).
With this low elution efficiency, the yield of the γTuRC purification will be substantially
compromised. Therefore, I next tested if different elution conditions could improve the
recovery of γTuRC. Table 5 summarizes the results of all experiments undertaken to
optimize elution conditions.
Table 5: Optimization of elution conditions. Results are shown in Figure 2.7.
Optimization
Buffer
Beads
Result
Buffer

150 mM vs 250 mM

Monomeric avidin

Increase of salt and IGEPAL

condition

KCl ± 0.5% IGEPAL

beads

increase

elution

efficiency

slightly
Bead material

250 mM KCl

Agarose (porous)

Bead material does not affect

0.5% IGEPAL

Polymethacrylate

elution efficiency

(porous)
Magnetic

(non-

porous)
Affinity
purification tag

150 mM KCl

Glutathione beads

Change of N-terminal AviTagmBFP to GST-AviTag greatly
enhances elution efficiency

Briefly, I first tested different elution buffers in small scale pull-downs of γTuRC from
U2OS cell lysate. Bio-γTuNA51-200 was bound to monomeric avidin beads, beads were
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incubated with cell lysates, washed to remove unspecific proteins, followed by elution
via biotin. Eluate and beads after elution were analyzed by western blot (Figure 2.7
A) and band intensities were quantified using ImageJ (Figure 2.7 C). For all tested
conditions, the amount of γ-tubulin remaining on the beads after biotin elution was
substantial. Increasing the salt or detergent concentration in the elution buffer only
had a mild effect on elution efficiency whereas increasing both simultaneously
improved the elution efficiency from 2% to about half of γ-tubulin (~57%).
Since increasing the stringency of the elution buffer helped to release γ-tubulin from
monomeric avidin beads I wondered if γTuRC and Bio-γTuNA51-200 interact
unspecifically with the purification matrix. The beads I used so far are porous
monomeric avidin beads made of the organic polymer agarose. If the binding is
unspecific due to the bead material, changing the beads might help to improve the
elution efficiency. Therefore, I next compared the γTuRC elution efficiency from three
types of monomeric avidin beads: i) the porous agarose beads used for previous
experiments, ii) porous polymethacrylate beads (SoftLink) and iii) non-porous
magnetic beads (BcMag). For this experiment, elution was performed using the
improved elution buffer (high salt and detergent) supplemented with biotin.
Western blots show that monomeric avidin agarose beads have a higher binding
capacity compared to the other two bead types. They bound significantly more BioγTuNA51-200 (results not shown) and in turn more of the γTuRC subunits (Figure 2.7
B). I then compared for each type of bead the amount of γTuRC subunits remaining
bound after elution with the amount found in the corresponding eluate. I found that
the elution efficiency for all beads was the same. About half of γ-tubulin (on average
~45%) and 4-10% of GCP5/6 was eluted for all bead types (Figure 2.7 D).
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Figure 2.7: Optimization of γTuRC elution conditions. Western blots of (A) elution from
monomeric avidin beads at different buffer conditions and (C) elution from porous monomeric
avidin beads (agarose) and SoftLink Soft Release resin (polymethacrylate) and non-porous
BcMag monomeric avidin magnetic beads (magnetic). Bio-γTuNA51-200 was used as γTuRC
binder. Western blots were detected with antibodies against the indicated γTuRC subunits.
Quantification of band intensities normalized to the sum of the combined signal of the eluate
and beads after elution expressed in percentage.

To test if elution efficiency of γTuRC can be improved if a different type of affinity
purification matrix is used, I next changed the N-terminal AviTag-mBFP affinity tag on
γTuNA51-200 to a GST-AviTag. GST-AviTag-γTuNA51-200 was expressed and purified
from E. coli. The construct and a coomassie stained protein gel of the purified protein
are shown in Figure 2.8 A and B. From 1 L of E. coli culture I was able to purify a total
of 1.5 mg (1.6 mg/mL) GST-AviTag-γTuNA51-200 (GST-γTuNA51-200).
I then repeated the small-scale pull down. GST-AviTag-γTuNA51-200 was bound to
glutathione agarose beads, beads were incubated with U2OS cell lysate, washed to
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remove unspecific proteins and elution was performed using reduced glutathione (see
Figure 2.8 C for western blots). The new affinity purification tag increased the elution
efficiency for all γTuRC subunits substantially. 85% of γ-tubulin and all of GCP5/6
eluted from the beads at low salt buffer and in absence of detergent (Figure 2.8 D).

Figure 2.8: Pull-down of γTuRCs via GST-AviTag-γTuNA51-200. (A) Construct used for
expression of GST-AviTag-γTuNA51-200. (B) Coomassie stained protein gel of purified GSTAviTag-γTuNA51-200. (C) Western blots of eluates from glutathione beads containing prebound
GST-γTuNA51-200. Western blots were detected with antibodies against the indicated γTuRC
subunits. (D) Quantification of band intensities normalized to the sum of the combined signal
of the eluate and beads after elution expressed in percentage.

2.2.1.4 Large scale purification of native γTuRC via GST-γTuNA51-200
As lysis and elution conditions have now been optimized, I next repeated the large
scale purification of γTuRC by γTuRC-binders with appropriate modifications.
Purification steps are summarized in Figure 2.9. Briefly, cells are lysed and
ammonium sulphate precipitated. Then the lysate is incubated with glutathione beads
containing prebound GST-AviTag-γTuNA51-200 (from here on GST-γTuNA51-200) to
affinity purify γTuRC. Beads are washed and γTuRC bound to GST-γTuNA51-200 is
eluted using reduced gluthatione. Eluate is concentrated and separated by size
exclusion chromatography to remove unspecific proteins and separate γTuRC from
the γTuRC binder and γTuSC.
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The binding of GST-γTuNA51-200 to glutathione beads was confirmed using protein
gels and is shown in Figure 2.10 A. Purification of γTuRC was followed by protein
gels (Figure 2.10 B) and western blot (Figure 2.10 C). This time I was able to detect
all γTuRC subunits in the eluate and concentrated eluate by western blot. The amount
of γTuRC subunits remaining on the beads was very low after several consecutive
elution steps indicating good elution efficiency from glutathione beads. However, a
surprisingly high amount of γTuRC subunits were found to not bind to GST-γTuNA51200

in the affinity purification step as judged by comparing the input and flow through

by western blot.
On protein gels apart from the prominent band most likely representing GST-γTuNA51200

(47 kDa, black arrow) I could also detect protein bands at around 50 kDa and 100

kDa (red arrows) which might correspond to γ-tubulin (50 kDa) and GCP2/3 (102
kDa/103 kDa).
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Figure 2.9: Overview of large scale purification of native γTuRCs via GST-γTuNA51-200.

82

Chapter 2: Purification of γTuRCs from human cells

Figure 2.10: Affinity purification of native γTuRCs via GST-γTuNA51-200. (A) Coomassie
stained protein gel showing binding of GST-γTuNA51-200 to glutathione beads. (B) Sypro Ruby
stained protein gels for purification steps and (C) corresponding western blots detected with
antibodies against γTuRC subunits as indicated. GST-γTuNA51-200 is marked with a black
arrow, γ-tubulin (50 kDa) and GCP2/3 (102 kDa/103 kDa) are marked with red arrows.
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The concentrated partially purified γTuRC was subjected to size exclusion
chromatography. The size exclusion chromatography profile is shown in Figure 2.11
A. γTuRC due to its large size (~2.1-megadalton) is expected to elute close to the
void of the column. Western blots (Figure 2.11 C) show that γTuRC subunits are
present in all fractions with the highest amount eluting at higher column volumes. This
suggests that most of γTuRC in the elution is present as γTuSC or individual proteins
instead of fully assembled complex. I expected GST-γTuNA51-200 to elute towards the
end of the column due to its small size (47 kDa). However, on protein gels (Figure
2.11 B) GST-γTuNA51-200 can be detected in all fractions of the column. This suggests
that unlike for sucrose gradient centrifugation, size exclusion chromatography might
not be able to separate γTuRC from GST-γTuNA51-200 and could indicate that it also
binds to smaller subcomplexes which is in contrast to earlier reports (Choi and Qi,
2014; Choi et al., 2010; Cota et al., 2017; Liu et al., 2014a; Muroyama et al., 2016).
On the other hand, GST-γTuNA51-200 could also interact with another protein present
in the lysate or form oligomers of higher molecular weight. No protein bands for
γTuRC subunits could be detected by protein gel. Nevertheless, I concentrated the
first peak close to the void of the column (Figure 2.11 B and C, red square) including
the fractions with low signal by western blot but containing GST-γTuNA51-200 according
to protein gels.
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Figure 2.11: Size exclusion chromatography of native γTuRCs purified via GSTγTuNA51-200. (A) Size exclusion chromatography profile showing the elution profile of total
protein (blue line) from a Superose 6 XK 16/70 pg column. The void volume (V0) of the column
is indicated. (B) Sypro ruby gels of fractions and (C) corresponding western blots detected
with antibodies against γ-tubulin and GCP2. Fraction size was 1.5 mL. Fractions that were
pooled and concentrated are marked with a red square. GST-γTuNA51-200 is marked with a
black arrow.

The fractions as indicated in Figure 2.11 C (red square) were pooled and
concentrated. γTuRC subunits were readily detected by western blot (Figure 2.12 B).
However, apart from one prominent band, probably corresponding to GST-γTuNA51, no other protein bands were detectable on protein gels (Figure 2.12 A). The

200

protein gel used for this analysis was stained with commercial Sypro Ruby dye. This
dye is very sensitive and can detect proteins at concentrations as low as 1 ng
according to the manufacturer. Therefore, this result indicates a very low yield of
γTuRC using the above described method for affinity purification of the complex.
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Figure 2.12: Analysis of native γTuRCs purified from U2OS cells via GST-γTuNA51-200.
(A) Sypro Ruby stained protein gel and (B) corresponding western blot detected with
antibodies against γTuRC subunits as indicated.

The low yield found for γTuRC purification using this method can probably be
explained by the weak binding affinity of γTuRC to GST-γTuNA51-200. To improve the
binding, I tested different conditions, i) incubating the lysate with soluble GSTγTuNA51-200 in case pre-binding sterically hinders the interaction between γTuRC and
the γTuRC-binder, ii) lowering salt concentration to reduce the stringency of the buffer
during incubation, iii) leaving the lysate in contact with the beads for a longer time (2
h versus 16 hours) and iv) increasing the amount of GST-γTuNA51-200 (results not
shown). None of the above strategies was able to substantially improve the yield of
the purification.
In summary, γTuNA51-200 was able to affinity purify native γTuRC from U2OS cell
lysates in amounts which were only detectable by western blot. In my opinion, the
yield was too low to test the complex in in vitro nucleation assays for two reasons
which are both crucial for reproducibility in the assay: i) it is difficult to accurately
estimate protein concentration from western blots and ii) without being able to see
the γTuRC and potential contaminants at least on protein gels stained with Sypro
Ruby I cannot know the purity of each batch of purified γTuRC.
Nevertheless, the information collected from the optimization of lysis and elution
conditions is very useful and can in principal be applied to other γTuRC purification
protocols. Briefly, high speed centrifugation of the cell lysate sediments the γTuRC
with the cell debris and thus decreases the amount of available complex for
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purification significantly. γTuRC is soluble and does not disassemble in different
buffer conditions, e.g. buffering agent, salt concentration and pH value. Lysis buffer
supplemented with the detergent IGEPAL seems to have a negative effect on the
solubility of GCP6 but does not stongly affect the integrity of the complex. For
unknown reasons, γTuRC eluted worse from monomeric avidin beads compared to
glutathione beads. Both γTuRC-binders elute efficiently from their corresponding
affinity purification beads, suggesting that γTuRC might interact in an unspecific
manner with monomeric avidin beads. With this in mind, I focused on the second
strategy of γTuRC purification, i.e. the purification of fluorescently tagged γTuRC from
stable cell lines, described below.

2.2.2 Purification of tagged γTuRC
2.2.2.1 Development of stable cell lines expressing tagged GCPs
The second approach for γTuRC purification involves the affinity isolation of tagged
γTuRC from stable human cell lines. The γTuRC subunits will be tagged with an
affinity purification tag (AviTag) and a fluorescent marker (mBFP). The advantage of
this strategy is that γTuRC can be purified by affinity purification without relying on
antibodies or γTuRC-binders. Additionally, the fluorescent labelling of the complex
will allow me to visualize γTuRC directly in the fluorescence microscopy-based
nucleation assays.
The first step was the development of stable HeLa Kyoto (HeLa-K) cell lines
expressing tagged γTuRC subunits and to do this I worked together with Jayant
Asthana and Wei Ming Lim (both Surrey group, The Francis Crick Institute).
I first designed constructs to tag two different γTuRC subunits, GCP2 and GCP4, with
AviTag-mBFP. They were chosen based on published estimations of the subunit
stoichiometry of γTuRC (Choi et al., 2010; Murphy et al., 2001; Zheng et al., 1995).
Based on those quantifications, GCP2 is assumed to represents a major subunit of
the γTuRC with around 6 copies per complex. Tagging of a high copy number subunit
could increase the possibility of having at least one tagged GCP in the complex. There
is the possibility that too many tagged subunits might disrupt complex formation.
Therefore, apart from GCP2, I decided to tag GCP4, which is assumed to be a low
copy number subunit (~2-3 molecules per complex).
Given the structural data available on budding yeast γTuRC the N-terminus of all
GCPs should be located at the base of the complex while the C-terminus is close to
the interphase between GCPs and γ-tubulin (Kollman et al., 2011). Therefore, tagging
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of the N-terminus might be preferable, as it is located further away from the γ-tubulin
binding site of the GCPs. A recent publication identified the N-terminus to be a key
site for protein-protein interactions and binding of regulatory proteins (Farache et al.,
2016). Thus, tagging of the N-terminus potentially interferes with the regulation of
γTuRC by γTuRC binders. As a decision could not be taken at this point, I decided to
initially prepare constructs for N- and C-terminal tagging of both proteins with AviTagmBFP.
Constructs are shown in Figure 2.13. For in vivo biotinylation of the AviTag, a
construct of the E. coli biotin ligase BirA was prepared. BirA was tagged with an Nterminal human influenza hemagglutinin (HA) tag for screening purposes.

Figure 2.13: Constructs used to express tagged GCP2 and GCP4 in HeLa-K cells. As
AviTag is biotinylated in vivo by E. coli biotin ligase BirA, cells were co-transducted with HAtagged BirA.

Plasmids were cloned by Wei Ming Lim and HeLa-K cell lines was developed by Wei
Ming Lim and Jayant Asthana (Cell culture, high throughput screen, fluorescence
microscopy screen; both Surrey group, The Francis Crick Institute). Screening of
HeLa-K cell lines by western blot was performed by myself together with Wei Ming
Lim. Selection of the cell line is described in material and methods. Briefly, Nterminally tagged GCP2 did not express at sufficiently high amounts and cell lines
were discarded. C-terminally tagged GCP2 expressed and two clones were selected
for further analysis (Figure 2.14 A). N- and C-terminally tagged GCP4 was expressed
but the biotinylation level varied among the different clones (Figure 2.14 C).
Biotinylation was undetectable for all N-terminally tagged clones and cell lines were
discarded. Two C-terminally tagged clones were chosen for further analysis.
A second western blot screen was conducted to choose the final cell lines for γTuRC
purification. In this screen we compared the expression levels of GCP2/4 and BirA
and the level of biotinylation for the selected clones. GCP2 was expressed and
biotinylated similarly in both clones. I chose clone C15 as it co-expressed less BirA
without affecting the level of biotinylation (Figure 2.14 B). Generally, the biotinylation
for C-terminally tagged GCP4 (Figure 2.14 D) was lower compared to GCP2 and
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difficult to detect by western blot. Nevertheless, I chose clone C18 as it expressed
more GCP4, showed a higher level of biotinylation and co-expressed less BirA.

Figure 2.14: Western blot screen of tagged GCP2 and GCP4 expression in HeLa-K cells.
First western blot screen for in vivo biotinylation of N- or C-terminal AviTag-mBFP tagged (A)
GCP2 and (C) GCP4. Second western blot screen for selected C-terminally tagged clones for
GCP2 (B) and GCP4 (D). α-tubulin was used as loading control. Tagged protein is highlighted
with a black arrow, native protein with a red arrow.

I then verified that tagged proteins are integrated into fully assembled γTuRCs by size
exclusion chromatography followed by analysis of the fractions by Western blots
against different γTuRC subunits (Figure 2.15 A and B). I found that tagged proteins
(black arrow) co-migrate with native γTuRC subunits in all fractions strongly
suggesting that they are part of γTuRC. For both cell lines I could also detect native
GCP2 and GCP4 (red arrow) in the γTuRC peak fractions (red square), indicating that
tagged proteins (black arrow) do not completely replace their native counterpart in
the complex or cells contain a mixture of fluorescently-tagged and untagged γTuRCs.
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Figure 2.15: Size exclusion chromatography profiles of tagged HeLa-K cell lines.
Western blots for size exclusion chromatography fractions for (A) GCP2-mBFP-AviTag and
(B) GCP4-mBFP-AviTag cell lines. GCP2-mBFP-Avitag is highlighted with a black arrow,
native GCP2 with a red arrow. Western blots were detected with antibodies against γTuRC
subunits as indicated.

Finally, we analysed the subcellular localization of tagged proteins by fluorescence
microscopy (Figure 2.16). GCP2 shows the expected centrosomal localization for
γTuRC in interphase cells (Cota et al., 2017; Farache et al., 2016). For GCP4 we
found a mixture of cells with normal localization and cells containing several bright
fluorescence spots in the cytoplasm indicating aggregation or wrong localization of
tagged γTuRCs in those cells. Therefore, the cell line expressing C-terminally tagged
GCP4 was discarded.
The final selected cell line, i.e. HeLa-K stably expressing GCP2 with a C-terminal
AviTag-mBFP (clone C15), was used for all further experiments. The fluorescently
tagged GCP-mBFP-AviTag-γTuRC will be referred to as γTuRC in the next chapters.
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Figure 2.16: Microscopy images of mBFP fluorescence in interphase HeLa-K cells. Cells
express either GCP2-mBFP-AviTag (clone C15) or GCP4-mBFP-AviTag (clone C18). Control
shows brightfield image of cells and corresponding mBFP fluorescence channel. Scale bar =
10 μm.

2.2.2.2 Optimization of the purification of tagged γTuRC
The purification conditions for the first attempt to purify tagged γTuRC from the stable
HeLa-K cell line was based on the purification protocol of native γTuRC from human
cells as this protocol was previously optimized (see section 2.2.1). I therefore used
the following purification steps: ammonium sulphate precipitation of the lysate, affinity
purification via GCP2-mBFP-AviTag using monomeric avidin agarose beads, elution
from the beads via biotin using the optimized elution buffer followed by size exclusion
chromatography to separate γTuSCs from γTuRCs. Purification steps are shown in
Figure 2.17 A. This time, western blots (Figure 2.17 C) showed a clear reduction in
the amount of γTuRC subunits in the flow through of the monomeric avidin beads. As
the affinity purification tag is on the GCP2, this result indicates that GCP2 is part of
fully assembled γTuRCs. Western blots also show that γTuRC subunits are enriched
in the eluate and concentrated eluate after the affinity purification and protein bands
corresponding to γTuRC subunits by molecular weight can be detected on the Sypro
Ruby stained protein gel (Figure 2.17 B). However, the concentrated eluate appeared
as a smear on the protein gel and could not be loaded onto the size exclusion
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chromatography column. This is probably due to the high concentration of IGEPAL
needed to elute the γTuRC from monomeric avidin beads.
Therefore, I changed the purification protocol as follows: the high concentration of
IGEPAL (0.5%) was replaced by a low concentration of Brij-35 (0.02%) as it eluted
γTuRC subunits similarly well from monomeric avidin beads in a small scale pull down
(results for the detergent screening are not shown). I replaced the ammonium
sulphate precipitation step by a cation exchange column to which the γTuRC does
not bind (Figure 2.17 D). This step helps to remove unspecific proteins from the highly
concentrated lysate before loading the lysate on the affinity purification column
without the need to precipitate the γTuRC from the lysate using ammonium sulphate.
Lastly I changed the monomeric avidin beads to streptavidin mutein beads (Figure
2.17 E). As found for the purification of native γTuRC via γTuRC-binders (chapter 2
section 2.2.1), tagged γTuRC also eluted incompletely from monomeric avidin beads
and required large elution volumes. Elution from streptavidin mutein beads was found
to be complete and the elution volume was 15-fold lower, which in turn reduces the
time for subsequent steps in the purification, e.g. concentration of the sample for size
exclusion chromatography.
The final method to affinity purify the tagged γTuRC from a stable HeLa-K cell line is
summarized in Figure 2.18. In the next chapter I will describe the final purification
procedure for the tagged γTuRC from human cells in more detail.
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Figure 2.17: Optimization of the purification of GCP2-mBFP-AviTag-γTuRCs. (A)
Overview of purification steps. (B) Sypro Ruby stained protein gel of γTuRC purification using
0.5% IGEPAL and 250 mM KCl in the elution buffer. (C) Western blots corresponding to the
protein gel shown in B. (D) Representative western blot of input and flow through of lysate
flown over a SP FF cation exchange column. (E) Comparison of the elution efficiency from
monomeric avidin beads and streptavidin mutein matrix beads. Western blots were detected
with antibodies against γTuRC subunits as indicated. GCP2-mBFP-Avitag is highlighted with
a black arrow, native GCP2 with a red arrow.
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Figure 2.18: Overview of large scale purification of GCP2-mBFP-AviTag-γTuRCs.
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2.2.2.3 Purification of tagged γTuRC
Tagged γTuRCs are purified following the method shown in Figure 2.18. Cells are
lysed and buffer exchanged to remove biotin followed by a cation exchange step to
remove unspecific proteins. Then lysate was affinity purified using a monomeric
streptavidin mutein matrix column. Protein gels (Figure 2.19 A) show the removal of
overall proteins from the lysate after the cation exchange step while the amount of
γTuRC is not affected as judged from western blots (Figure 2.19 B). A clear reduction
of the amount of γTuRC subunits can be detected in the flow through of the affinity
purification column indicating binding of fully assembled γTuRC via GCP2-mBFPAviTag subunit.

Figure 2.19: Affinity purification of GCP2-mBFP-AviTag-γTuRCs. γTuRCs were purified
using a streptavidin mutein matrix column. (A) Sypro ruby stained protein gels of purification
steps and (B) corresponding western blots detected with antibodies against γTuRC subunits
as indicated. GCP2-mBFP-Avitag is highlighted with a black arrow, native GCP2 with a red
arrow.

γTuRC is eluted from the affinity column via biotin elution. The elution profile (Figure
2.20 A) showed two overlapping peaks, both containing γTuRC subunits as found by
western blot (Figure 2.20 C). The main fraction of the γTuRC can be found in fraction
2 and fraction 3 (Figure 2.20 B and C, purple arrows), followed by a tail of fractions
containing a lower amount of γTuRCs. The two peaks are separated by a fraction
containing the least amount of γTuRCs. This elution profile was unexpected but is
most probably explained by the presence of different subpopulations of γTuRC which
bind with different affinities to the purification resin. The γTuRC might contain different
amounts of tagged GCP2 or subcomplexes of various sizes might be present at that
stage of the purification.
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The fractions containing the highest amount of all γTuRC subunits (Figure 2.20 B and
C, purple arrows) were pooled, buffer exchanged and concentrated for the size
exclusion chromatography step. Protein gels and western blots are shown in Figure
2.20 D and E.

Figure 2.20: Elution profile of GCP2-mBFP-AviTag-γTuRCs. (A) Elution profile of total
protein (blue line) and mBFP (red line) from streptavidin mutein matrix column. (B) Sypro Ruby
stained protein gels for elution fractions and (C) corresponding western blots. (D) Sypro Ruby
stained protein gels of pooled elution, buffer exchange and concentrated elution and (E)
corresponding western blots. GCP2-mBFP-Avitag is highlighted with a black arrow, native
GCP2 with a red arrow.
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Concentrated eluate was subjected to size exclusion chromatography to separate
γTuRCs from γTuSCs and other proteins. Size exclusion chromatography profile
(Figure 2.21 A) reveals two peaks for total protein (blue line) and three peaks for
mBFP (red line). The first peak most likely corresponds to fully assembled γTuRCs,
while the second peak probably represents γTuSCs. The third peak most likely
corresponds to single molecules of mBFP. Fractions were analysed for the presence
of γTuRC subunits. Protein gels (Figure 2.21 B) show that mainly proteins of high
molecular weight (150 kDa to 250 kDa) are separated from the complex by size
exclusion chromatography. Western blots (Figure 2.21 A) show that the band
intensities of the γTuRC subunits peak in fractions B10 to B7 (red square).

Figure 2.21: Size exclusion chromatography of GCP2-mBFP-AviTag-γTuRCs. (A) Size
exclusion chromatography profile of γTuRC eluting from a Superose 6 10/300 GL column.
Elution profile of total protein (blue line) and mBFP (red line) is shown. The void volume (V0)
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of the column is indicated. (B) Sypro ruby gels of fractions and (C) corresponding western
blots. Fraction size was 0.5 mL. γTuRC peak fraction is marked with a red square. GCP2mBFP-Avitag is highlighted with a black arrow, native GCP2 with a red arrow.

The peak fractions were collected and concentrated to 0.2-0.3 mg/mL. γTuRC was
centrifuged to remove potential aggregates, aliquoted, snap frozen and stored in
liquid nitrogen. Using the above described protocol on average a total of 200 µg of
γTuRC can be purified from 30 g of cell pellet. The purity of the affinity isolated γTuRC
was always analyzed by Sypro Ruby stained protein gels (Figure 2.22 A) and the
presence of all γTuRC subunits was confirmed by western blot (Figure 2.22 B).

Figure 2.22: Analysis of purified GCP2-mBFP-AviTag-γTuRCs. (A) Sypro ruby gels for
pooled size exclusion chromatography fractions and concentrated purified γTuRC and (C)
corresponding western blots. GCP2-mBFP-Avitag is highlighted with a black arrow, native
GCP2 with a red arrow.

2.2.2.4 Characterization of purified tagged γTuRC by mass spectrometry and
negative-stain electron microscopy
The identity of the protein bands visible on Sypro Ruby stained protein gels was
confirmed by mass spectrometry (Proteomics facility, The Francis Crick Institute).
Coomassie-stained protein gel used for mass spectrometry analysis and the identity
of the protein bands are shown in Figure 2.23 A. All γTuRC subunits were identified
(see material and methods, Table 13). All other identified proteins are currently not
known to play a role in microtubule regulation.
To confirm the presence of fully assembled γTuRC, purified complex was also
analysed by negative stain electron microscopy in collaboration with Julia Locke
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(Costa group, The Francis Crick Institute). A representative negative stain image is
shown in Figure 2.23 B. Rings with a diameter of around 25 nm were found, as
described for previous purifications of γTuRC from different organisms including
human cells (Choi and Qi, 2014; Choi et al., 2010; Moritz et al., 2000; Zheng et al.,
1995).
In summary, tagged fully assembled γTuRCs containing all known γTuRC subunits
were successfully purified from a stable HeLa-K cell line using the new purification
method.

Figure 2.23: Characterization of GCP2-mBFP-AviTag-γTuRCs. (A) Coomassie stained gel
of purified γTuRC. (B) Negative stain electron microscopy of purified γTuRC. Negative staining
and image acquisition was performed by Julia Locke (Costa laboratory, The Francis Crick
institute). Scale bar = 100 nm.
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2.3 Discussion
In this chapter I tested two different approaches to purify γTuRC from human cells. I
first attempted to reproduce published methods, then established a new purification
protocol for the affinity isolation of fluorescently tagged γTuRC from stable cell lines.

2.3.1 Purification of native γTuRC
After multiple trials and substantial optimization of the purification procedure, I could
not purify sufficient amounts of native γTuRCs using γTuRC-binders. For this
purification, I closely followed the method described in one publication with only two
modifications: the affinity tag on the γTuRC-binder (GST tag versus GST-AviTag used
in this thesis) and the expression cell line used for purification (HEK293 cells versus
U2OS cells) (Muroyama et al., 2016). A detailed comparison between the published
protocol and my own method is difficult as neither the starting material nor the final
yield were reported in the previous study. The affinity purification of the γTuRC by
γTuRC-binders was first described by another group (Choi and Qi, 2014; Choi et al.,
2010), and differs substantially from the approach described (Muroyama et al., 2016)
and used by myself. In the original protocol, γTuRCs are purified from a mixture of
untransfected cells and cells transiently expressing γTuNA. While it is not clear why
a mixture of cells is used, the transient expression of γTuNA could be essential for
this method to work. The binding of γTuNA to γTuRCs in the lysate might be weak as
most of the complex was found in the flow through of the affinity purification column
in my experiments. This suggests that there might be another intracellular factor
needed for γTuNA to bind to the complex efficiently, and that this interaction might
not happen anymore once the cells are lysed. Observations reported by different
groups suggest a role for Mzt1, another γTuRC-binder, in modulating the interactions
between γTuNA and γTuRCs (Cota et al., 2017; Dhani et al., 2013; Leong et al., 2019;
Lin et al., 2016; Masuda and Toda, 2016). It could therefore be possible that both
γTuRC-binders are needed for the efficient purification of native γTuRCs from human
cell lysate.
It was previously shown that a phosphorylation at a specific site in γTuNA is required
for the binding of γTuNA to γTuRCs (Choi et al., 2010; Cota et al., 2017). γTuNA used
for purification of endogeneous γTuRCs in this thesis was expressed and purified
from E. coli, while the γTuNA used in both published protocols was expressed in
human cells (Choi and Qi, 2014; Choi et al., 2010; Muroyama et al., 2016). An
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alternative explanation for the low γTuRC yield obtained in this thesis might therefore
be the lack of phosphorylation on γTuNA.

2.3.2 Purification of tagged γTuRC
In the second part of this chapter I described the purification of γTuRCs from a stable
HeLa-K cell line expressing GCP2-mBFP-AviTag. This method is so far the second
strategy described for the purification of γTuRCs tagged with an affinity purification
tag (Teixidó-Travesa et al., 2010). To my knowledge, this is the first strategy for the
purification of fluorescently tagged γTuRCs. The purification protocol is based on the
affinity purification of γTuRC by an overexpressed fluorescently labelled γTuRC
subunit, i.e. GCP2. As indicated by the western blot and mass spectrometry results,
the tagged GCP2 does not completely replace the endogenous protein. From my
experiments it is not clear if each purified γTuRC contains copies of tagged and
endogenous GCP2 or how many copies of tagged protein are present per complex.
It is possible that my sample contains a mixture of complexes, with some containing
only tagged GCP2s, some containing a mixture of tagged and endogenous GCP2
and some γTuRCs only containing endogenous protein. To distinguish between these
possibilities, it would be interesting to perform nucleation experiments using individual
γTuRCs and observe if all nucleated microtubules originate from a mBFP-labelled
complex. Additionally, it would be interesting to perform quantitative mBFPphotobleaching experiments to quantify the copy number of fluorescent GCP2s within
the different complexes.
Using this method, γTuRCs can be isolated from a moderate amount of cell pellet
(120 g) at purities comparable with other published methods. It is difficult to compare
the efficiencies of the different purification protocols as the amount of starting material
and the final yield are usually not reported in the literature (see Table 3). Typically, I
was able to purify 150-250 µg of γTuRCs from human cells. This is around 21-fold
more complex than isolated by immunoaffinity from Xenopus egg extract (Zheng et
al., 1995, 1998). I assessed the purity of the γTuRC sample using mass spectrometry
(David Frith, The Francis Crick Institute, Proteomics facility) and identified all known
subunits of human γTuRC and the known γTuRC-binder Mozart 2B (Mzt2B) (Hutchins
et al., 2010; Murphy et al., 1998, 2001; Teixidó-Travesa et al., 2010). Mzt2B has been
co-purified previously with γTuRC in three studies (Choi and Qi, 2014; Choi et al.,
2010; Hutchins et al., 2010; Teixidó-Travesa et al., 2010). Other studies copurified
Mzt1, a paralogue of Mzt2 (Hutchins et al., 2010; Thawani et al., 2018). Due to the
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small size of Mzt1 and Mzt2 (8.5 and 16.2 kDa, respectively), it is thought that they
might have been overlooked in previous purifications.
Apart from γTuRC subunits and Mzt2B I also identified several other proteins, which
to my knowledge have no known roles in the assembly or regulation of γTuRCs (see
Figure 2.23). These proteins have so far not been reported to co-purify with γTuRCs
in other published studies (see Table 3 for references). Going forward, it could be
interesting to determine if they have a specific role in γTuRC-mediated microtubule
nucleation or if they represent remaining contaminants. To control for unspecific
binding of these proteins to the column material, the column could be incubated with
cell lysate from cells grown in the absence of D-biotin but overexpressing GCP2mBFP-AviTag. In the absence of D-biotin, the AviTag is not biotinylated. This would
prevent binding of the GCP2-mBFP-AviTag to the column, while proteins
unspecifically interacting with the column matrix would still bind. Additionally, it would
be interesting to re-analyse the purified γTuRC sample using a more quantitative
mass spectrometry approach. This would allow me to determine the ratio of γTuRC
subunits to other proteins and would be helpful to assess the purity of the sample. It
would also be interesting to purify γTuRC from cells arrested in mitosis instead of
asynchronous cells to see if I co-purify different additional proteins or if mitotis-specific
post-translational modifications have a role in regulating γTuRC activity.
To confirm that I purify fully assembled complexes, I analysed the purified γTuRC
using negative stain electron microscopy in collaboration with Julia Locke (Costa
group, The Francis Crick Institute). The negative stain electron microscopy images
revealed ring-like structures at the expected size of γTuRCs, indicating that fully
assembled γTuRCs can be purified using the new purification method. We tried to
further assess if some of the γTuRC rings were incomplete. However, it was difficult
to confidently distinguish between a ‘broken’ γTuRC ring and γTuRCs being tilted
(which might therefore appear ‘broken’). Currently, the exact stoichiometry and
positions of the GCPs within the γTuRC are not known (Farache et al., 2018; Kollman
et al., 2011; Tovey and Conduit, 2018). Given a relatively higher yield of γTuRC was
achieved using the new purification approach, it would also be interesting to attempt
cryo-electron microscopy (cryo-EM) to obtain structural information of human
γTuRCs. Additionally, chemical cross-linking followed by mass spectrometry could be
helpful to obtain insights into the interaction between different GCPs within the
γTuRC.
In summary, the method presented in this chapter can be used to purify fluorescently
labeled γTuRC from human cell lysates at quantities and purity sufficient for
biochemical experiments.
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3.

γTuRC-mediated microtubule nucleation
studied by TIRF-microscopy

3.1 Introduction
How the γTuRC mediates microtubule nucleation and how the complex is regulated
is still poorly understood. To gain insight into the mechanism of γTuRC-templated
microtubule nucleation and its regulation the development of a new real time
fluorescence microscopy-based nucleation assay is crucial.
Previously, microtubule nucleation of purified γTuRC has been measured in most
cases by fluorescence microscopy of fixed samples (see table Table 2 for references).
In this approach, purified γTuRC is incubated with fluorescently labelled tubulin and
GTP in solution to initiate the nucleation reaction. After incubation for a certain time,
the reaction is chemically fixed, an aliquot is observed by fluorescence microscopy to
count the number of nucleated microtubules. In this type of assay, it is important to
distinguish between

γTuRC-mediated microtubule

nucleation and potential

spontaneous microtubule nucleation in absence of the γTuRC under the same assay
conditions. This has been done by comparing the microtubule numbers obtained in
absence and presence of the complex.
In a second approach, the assay originally used to study spontaneous microtubule
nucleation in solution has been applied to measure γTuRC-mediated microtubule
nucleation by one group (Murphy et al., 2001). In this ‘bulk’ assay, purified γTuRCs
are incubated with pure tubulin and GTP in solution and the increase of total polymer
mass due to the combination of microtubule nucleation and polymerization is followed
by turbidity measurements using a spectrophotometer. As for the fluorescence
microscopy assay, the stimulatory effect of the γTuRC on microtubule nucleation is
assessed in comparison to spontaneous nucleation occurring in the absence of
γTuRC under the same assay conditions.
Both assays have limitations that restrict the amount of information one can obtain
from each set-up. The fluorescence microscopy-based assay allows for the
visualization of the individual microtubules and can be performed with sample sizes
as small as 5 µL total volume. Therefore, one does not need large amounts of purified
complexes but fixation might introduce artefacts. The bulk assay requires significantly
larger volumes and has therefore limited applicability as typically the yield of γTuRCs
purified from native sources is very low (see Table 2). Moreover, the bulk assay does
not allow for the visualization of individual microtubules and the relative contribution
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of microtubule nucleation and elongation on the turbidity measurement cannot be
distinguished. Nevertheless, the real time measurement of the combined microtubule
nucleation and elongation reaction permits direct kinetic measurements. In principle,
the kinetic information of microtubule nucleation can also be obtained using the
fluorescence microscopy assay by imaging samples fixed at different time points.
However, to my knowledge this has not been described so far in the literature.
It appears, that in many of the previous nucleation experiments, the nucleation
efficiency of γTuRC was presumably low as often very high tubulin concentrations
were used and in several cases the reaction mixture was supplemeted with taxol
and/or glycerol to stabilize microtubules nucleation (see Table 2).
Therefore, an improved nucleation assay is desireable, which ideally combines the
advantages of the above described microtubule nucleation assays. In this chapter, I
describe the development of a new total internal fluorescence (TIRF) microscopybased assay for the study of microtubule nucleation by purified γTuRC. The new
assay set-up is designed to measure the nucleation and elongation of individual
microtubules by γTuRC in real time using fluorescence microscopy. This new assay
set-up will then be used to study the kinetics of γTuRC-mediated microtubule
nucleation in different conditions to better understand the mechanism of γTuRCtemplated microtubule nucleation.
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3.2 Results
3.2.1 Assay design
The real-time microtubule nucleation assay involves the surface immobilization of
purified biotinylated γTuRCs to functionalized glass surfaces. Microtubule nucleation
by immobilized γTuRCs in presence of pure tubulin and GTP and the elongation of
nucleated microtubules can be observed in real time using total internal fluorescence
(TIRF) microscopy. A functionalized glass slide and a passivated counterglass is used
to build a flow cell to allow solution exchange. Microtubule nucleation is initiated by
heating the flow cell to 33°C after exchanging the buffer for tubulin solution. The
immobilization of γTuRCs on functionalized glass slides is based on previously
described assay set-ups used to observe spontaneous microtubule nucleation in the
absence of γTuRC and microtubule elongation from stabilized seeds (Bieling et al.,
2007; Roostalu et al., 2015). Functionalized glass slides contain a brush of biotinpolyethylene glycol (biotin-PEG) to which NeutrAvidin can be bound. NeutrAvidin is a
tetrameric protein containing four binding sites for biotin. This allows NeutrAvidin to
mediate the binding of biotinylated molecules to the functionalized glass surface. The
γTuRC purified in this thesis (see chapter 2) contains a biotinylated AviTag for surface
attachment of γTuRC and a fluorescent marker protein to visualize the immobilization
of γTuRC using fluorescence microscopy. The set-up of the assay is shown in Figure
3.1.
Microtubule nucleation by γTuRC is measured using TIRF microscopy. This
technique allows for measurements at reduced fluorescence background as the
excitation of fluorescent molecules is restricted to a thin section near the surface of
the glass slide (evanescent field, ~200 nm) (Fish, 2009; Telley et al., 2011; Zwetsloot
et al., 2018). This allows to image microtubule nucleation at high concentrations of
fluorescently labelled tubulin and/or regulatory proteins as used in some of the assays
performed in this thesis. The use of TIRF microscopy allowed me to measure up to
four different fluorescently labelled proteins in a single experiment. I could image
fluorescently labelled γTuRC, fluorescent tubulin and fluorescently labelled regulatory
proteins at the same time using appropriate laser lines and emission filters.
The buffer used for assays contained low concentrations of methylcellulose (0.15%).
Methylcellulose is a polymer that increases the viscosity of the solution, does not
specifically interact with proteins, but creates a depletion force which promotes the
alignment of microtubules close to the glass surface and thereby keeps them in the
evanescent field (Farhadi et al., 2018; Inoue et al., 2015).
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Figure 3.1: Schematic illustration of TIRF microscopy-based γTuRC microtubule
nucleation assay. (LEFT) Flow cell created by attaching biotinylated functionalized glass
slides to passivated counterglass using double sided tape. (RIGHT) Illustration of the
biotinylated γTuRCs attached to the biotinylated functionalized glass slide by NeutrAvidin
during a TIRF microscopy experiment. γTuRC and nucleated fluorescently labelled
microtubules are undergoing illumination by a laser angled to create an evanescent field.

3.2.2 Validation of the in vitro microtubule nucleation assay
3.2.2.1 Attachment of the γTuRC to functionalized coverslips
The γTuRC used in all experiments is tagged on the C-terminus of GCP2 with a
biotinylated affinity tag (AviTag) and monomeric blue fluorescent protein (mBFP) (see
Figure 2.13 for construct design). The biotinylated γTuRC is bound to the biotinylated
glass slide via NeutrAvidin (see Figure 3.1 for assay design).
I first tested if purified human γTuRCs can be immobilized on functionalized glass
surfaces. To do this, I incubated a flow cell with buffer solution containing γTuRCs.
After a short incubation time (5 min), I washed away unbound complexes and imaged
the flow cell by TIRF microscopy using the mBFP fluorescence to detect potential
attachment of γTuRCs on the surface. To know if the immobilization is specific I
compared the mBFP fluorescence signal of γTuRC incubated with NeutrAvidincoated glass slides and γTuRCs incubated with functionalized passivated glass slides
without NeutrAvidin coating. I found that only glass slides with NeutrAvidin coating
showed mBFP fluorescence (Figure 3.2 A). This result suggests, that the γTuRC can
be immobilized on functionalized biotinylated glass slides specifically via the
NeutrAvidin coating.
To test whether the mBFP density on the surface can be varied I incubated the glass
surfaces with solutions containing different γTuRC concentrations ranging from 23 to
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373 pM and repeated the above described experiment. I found that the mBFP
fluorescence intensity increased when buffer solutions contained a higher
concentration of γTuRCs during the incubation step (Figure 3.2 B).
The mBFP signal on the surface appeared grainy rather than homogenous for all
conditions and the density of the mBFP signal decreased at lower γTuRC
concentrations. I analysed the glass slides incubated with the lowest concentration of
γTuRCs at higher magnification (Figure 3.2 B, red outline) and found individual
fluorescent dots of mBFP on the surface, suggesting the presence of individual
γTuRCs. Together, these observations indicate that the mBFP density is dependent
on the γTuRC concentration in solution.
I then quantified the average mBFP fluorescence intensity in the field of view (164 μm
x 164 μm) using ImageJ. By quantifying the signal intensity for repeated experiments
for each γTuRC concentration I obtained an average mBFP fluorescence intensity,
which was proportional to the amount of γTuRCs in the solution used for incubation
with the glass slides (Figure 3.2 C). Linear regression analysis found a good fit as
indicated by a high R2 value of 0.87, which is a measure of linearity. The linear
dependence of the mBFP signal on the γTuRC concentration suggests that the
NeutrAvidin binding sites do not become saturated within the range of γTuRC
concentrations tested.
I estimated the number of individual γTuRCs on the surface by counting the mBFP
dots at 23 pM γTuRC at higher magnification (Figure 3.2 B, red outline). I found ~480
mBFP dots which would mean that ~0.1 molecules of bound γTuRC are bound per
μm2 at that concentration. The total number of surface immobilized γTuRC molecules
in the field of view (164 μm x 164 μm) used for analysis therefore varies between
2,900 molecules for the lowest and 47,000 molecules for the highest concentration of
γTuRC.
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Figure 3.2: γTuRC attachment onto NeutrAvidin coated functionalized coverslips. (A)
Representative mBFP fluorescence images of tagged γTuRCs bound to functionalized
passivated coverslips with and without NeutrAvidin coating. (B) Representative images of
mBFP fluorescence obtained for different concentrations of γTuRC. The lowest amount of
γTuRC (23 pM) was additionally analysed at higher magnification to visualize individual
complexes. Each condition was repeated at least three times. γTuRC concentrations as
indicated in the Figure. Images are shown with the same absolute intensity scale. Intensities
in the images are directly comparable. (C) Plot of the average γTuRC surface density (mBFP
fluorescence intensity) (n=3) against γTuRC concentration. Plot shows linear regression and
R2 value. Quantification was performed using ImageJ. Field of view (164 μm x 164 μm). Error
bars represent the standard deviation.

3.2.2.2 Characterization of tagged γTuRC microtubule nucleation activity
I next wanted to determine if immobilized γTuRCs are able to nucleate microtubules
in solutions of pure tubulin and GTP. Therefore, I bound γTuRCs (373 pM in solution)
to functionalized coverslips and exchanged the flow cell with assay buffer containing
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a total of 10 μM purified tubulin (mixture of unlabelled and CF640R-fluorescently
labelled tubulin). Microtubule nucleation was initiated by heating the flow chamber to
33°C and the reaction was followed by TIRF microscopy over time. To control for
spontaneously nucleated microtubules I performed control assays using the same
conditions but in the absence of surface immobilized γTuRCs. A time series of
representative TIRF microscopy images is shown for the γTuRC assay and control
assay in Figure 3.3 A. To confirm that γTuRC is able to stimulate microtubule
nucleation above the level of spontaneous microtubule nucleation under my assay
conditions, I quantified the number of microtubules at the end of each assay (20 min)
in a field of view (164 μm x 164 μm). This experiment was repeated in total seven
times on three different days and the average number of microtubules compared to
three control assays performed in parallel in the absence of γTuRCs is shown in
Figure 3.3 B. In the presence of γTuRCs, the number of microtubules nucleated after
20 min was 23-fold higher compared to spontaneous nucleation at the same tubulin
concentration, suggesting that immobilized γTuRCs are able to stimulate microtubule
nucleation in vitro.
As a control, snap shots of different areas of the flow cell were taken at the end of the
microtubule nucleation reaction (~25 min after the flow cell was transferred onto the
microscope) (Figure 3.3 C). Microtubule numbers and γTuRC amount on the surface
were very similar between the field of views indicating that γTuRC binding and tubulin
concentration are homogenously distributed throughout the flow chamber.
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Figure 3.3: γTuRC-mediated microtubule nucleation in pure tubulin solutions followed
by TIRF microscopy. (A) Representative time series of TIRF microscopy images of a
microtubule nucleation reaction in the presence (upper panel) and in the absence (lower
panel) of 375 pM γTuRC. Experiments were performed in the presence of 10 μM tubulin. (B)
Quantification of the total number of microtubules nucleated in the presence (n=7, 15.1±7.4)
and in the absence (n=3, 0.7±1.2) of γTuRC at t=20 min. Error bars represent the standard
deviation. Statistical analysis was performed using unpaired t-test. Significant differences with
unpaired t-test are shown (ns, not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
(C) Representative images of γTuRC surface density (upper panel) and nucleated
microtubules (lower panel) of different fields of views within one flow cell. Images were taken
25 min after transfer of the flow cell onto the microscope. Assay conditions as described for
(A). Field of view for all images (164 μm x 164 μm). Images are shown with the same absolute
intensity scale. Intensities in the images are directly comparable.

The advantage of this assay is that the nucleation and elongation of individual
microtubules can be observed in real-time. γTuRC is expected to template nucleation
of microtubules from their minus-ends. Consequently, microtubules nucleated by
γTuRC would grow only from their plus-end while the minus-ends should be capped
by the immobilized complex at least for a while. To examine if microtubules only grow
from one end, I closely observed the microtubules nucleated in the presence of
γTuRC. A representative time series of four different microtubules nucleated in the
presence of γTuRC is shown in Figure 3.4 A. Microtubules being nucleated in the
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assay first appear as a dot followed by elongation. One end is growing while the other
end is stable (purple arrow). Microtubules stay capped for the whole duration of the
assay, as can be seen from representative kymographs (time space plots) (Figure 3.4
C).
To verify that the growing end represents the microtubule plus-end, I performed
assays with short GMPCPP stabilized microtubules, commonly used as templates for
dynamic growth in vitro. The microtubule ‘seeds’ can be bound to functionalized glass
surfaces and in presence of free tubulin and GTP will grow from both ends, with the
plus-end growing faster than the minus-end (Bieling et al., 2007, 2010).
I generated kymographs for γTuRC nucleation assays and ‘seed’ assays and
quantified the microtubule growth velocities for both ends from the slopes of the
kymographs (Figure 3.4 B, purple arrows indicate minus-ends). Representative
kymographs for both assays are shown in Figure 3.4 C. In the microtubule seed
assays both ends polymerize, with the faster growing plus-end growing at an average
velocity of 20.0±4.4 nm s-1 and the slower minus-end at 4.5±1.6 nm s-1. In assays
containing γTuRCs the growing end polymerizes with an average growth velocity of
18.9±3.4 nm s-1. I could not find a statistical difference in the plus-end growth speed
between assays performed with microtubule seeds or γTuRCs indicating that the
growing ends indeed represent the plus-ends. This result is in agreement with the
expectation of γTuRC acting as a template to nucleate microtubules with their minusends being capped over time.
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Figure 3.4: γTuRCs nucleate and cap microtubules from their minus-ends. (A)
Representative time series of four individual microtubules nucleated in assays containing 373
pM γTuRC and 10 μM tubulin. Stable microtubule minus-ends are highlighted with a purple
arrow (B) Quantification of microtubule plus-end (left) and minus-end (right) growth velocities.
Error bars represent the standard deviation. Statistical analysis was performed using unpaired
t-test. Significant differences are shown (ns, not significant; *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001). (C) Representative kymographs for γTuRC nucleation assay and microtubule
‘seed’ assay performed under the same conditions as (A). Microtubule minus-ends are
highlighted with a purple arrow. Images are shown with the same absolute intensity scale.
Intensities in the images are directly comparable.

3.2.2.3 Quantification of γTuRC-mediated microtubule nucleation
The new real-time microtubule nucleation assay allows me to distinguish between
microtubule nucleation and elongation. Consequently, by quantifying the number of
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nucleation events over the duration of the assay I can directly obtain information about
the kinetics of γTuRC-mediated microtubule nucleation.
Therefore, I counted the number of microtubules nucleated by γTuRCs at ten different
time points in the same field of view (164 μm x 164 μm) over the duration of the assay
(20 min). I found that a small number of microtubules clearly landed from solution
instead of nucleating from the surface. These microtubules suddenly appear in the
field of view and grow from both ends. These spontaneously nucleated microtubules
were excluded from the analysis.
The number of γTuRC-nucleated microtubules quantified for seven individual assays
performed at 10 μM tubulin in the presence of 373 pM γTuRC (same protein batch)
on three different days was plotted against the time (Figure 3.5 A, black symbols).
The average number of microtubules in all experiments and the corresponding
standard deviation is shown in Figure 3.5 B (black symbols). Control experiments for
spontaneous microtubule nucleation were performed in parallel but in the absence of
γTuRC (Figure 3.5 A and Figure 3.5 B, grey symbols).
I observed a linear increase of γTuRC nucleated microtubules over time. Linear
regression analysis revealed a good fit for each individual experiment with R2 values
above 0.90, indicating a constant nucleation probability for γTuRC in all assays. The
slope of the linear regression represents the microtubule nucleation rate (rnuc in Figure
3.5 A and B), which can be used to compare the efficiency of γTuRC-mediated
microtubule nucleation between different experiments and conditions. Under these
assay conditions, the nucleation rates varied for the different experimental repeats
between 0.39 microtubules per min and 1.20 microtubules per min. To control if this
relatively high variation in the nucleation rate can be explained by experimental
differences between the repeats or due to the experiments being performed on
different days I quantified the microtubule growth velocity (Figure 3.5 C) and BFP
surface intensity as a measure of γTuRC density (Figure 3.5 D). I could not find a
statistically significant difference between different days of experiments for both, the
microtubule growth velocity or γTuRC density. These results demonstrate that the
tubulin concentration was the same in all experiments and that a similar amount of
γTuRC was immobilized on the glass surfaces.
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Figure 3.5: Quantification of γTuRC nucleated microtubules. (A) Plot of microtubule
number over time in the presence of γTuRC (Black symbols) and in the absence of γTuRC
(grey symbols). (B) Plot of the average microtubule number over time in the presence of
γTuRC (n=7, black symbols) and in the absence of γTuRC (n=3, grey symbols). Error bars
represent the standard deviation. Experiments were performed at 10 μM tubulin with 373 pM
γTuRC. Lines represent the linear regression. R2 and rnuc are as indicated in the Figure. (C)
Quantification of γTuRC surface densities: day 1 (n=3), day 2 (n=2), day 3 (n=3). (D)
Quantification of microtubule plus-end growth velocities: day 1 (n=51), day 2 (n=16), day 3
(n=13). Quantification was performed using ImageJ. Field of view (164 μm x 164 μm).
Statistical analysis was performed using F-test. Significant differences are shown (ns, not
significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

In summary, for all experiments microtubule nucleation in the presence of γTuRCs
was higher than spontaneous nucleation in the absence of γTuRCs. The results show
that AviTag-mBFP tagged γTuRCs are active after immobilization onto functionalized
glass slides and able to stimulate microtubule nucleation in solutions of pure tubulin
and GTP over the level of spontaneous nucleation. On average, γTuRC-mediated
microtubule nucleation was found to be 23-fold higher than spontaneous nucleation
with an average nucleation rate of 0.75 microtubules per min. Taken together, the
new TIRF microscopy-based microtubule nucleation assay is able to visualize the
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nucleation and elongation of individual microtubules in real time and allows the
quantification of microtubule nucleation kinetics. The assay can therefore be used to
study γTuRC-mediated microtubule nucleation under different conditions.

3.2.3 Microtubule nucleation is dependent on γTuRC density
Next, I wanted to know if the amount of microtubules nucleating over time is
dependent on the density of γTuRCs on the surface. For this experiment I increased
the concentration of tubulin in the assay from 10 μM to 15 μM, expecting an increase
in the nucleation efficiency similar to what has been shown for spontaneous
microtubule nucleation in absence of γTuRC (Erickson and Pantaloni, 1981; Voter
and Erickson, 1984).
I incubated functionalized glass slides with solutions containing a range of γTuRC
concentrations from 23 pM to 373 pM. The plot showing the dependence of the mBFP
fluorescence intensity on γTuRC concentration is shown in Figure 3.2 C. A time series
showing representative TIRF microscopy images at three different γTuRC
concentrations is shown in Figure 3.6 (top three rows).
I found that the number of microtubules nucleated over time was γTuRC
concentration dependent. At the lowest γTuRC concentration only a few microtubule
nucleation events could be observed whereas at the highest tested concentration,
γTuRC strongly stimulated microtubule nucleation. For all tested γTuRC
concentrations the number of nucleated microtubules was above the level of
spontaneous nucleation in absence of γTuRC at the same tubulin concentration
(Figure 3.6 bottom row).
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Figure 3.6: Microtubule nucleation efficiency is dependent on the γTuRC surface
density. Representative time series of TIRF microscopy images of microtubule nucleation
reactions performed in the presence of 15 μM tubulin at the indicated γTuRC concentrations.
Spontaneous microtubule nucleation at the same tubulin concentration is shown for
comparison (bottom panel). Field of view (164 μm x 164 μm). Images are shown with the same
absolute intensity scale. Intensities in the images are directly comparable.

I quantified the number of microtubules nucleated at ten different time points in the
field of view (164 μm x 164 μm) over the duration of the assay (20 min) for all
conditions. At high concentrations of γTuRC, I instead quantified the number of
microtubules for ten time points over a period of 15 min, as the density of microtubules
was too high for quantification at later time points.
Figure 3.7 shows the average increase of microtubules over time. Error bars
represent the standard deviation and each condition was repeated at least three
times. For all γTuRC concentrations I found a linear increase of microtubule number
over time with R2 values above 0.75 for all conditions. Nucleation rates increased
from 0.65 microtubules per min to ~14 microtubules per minute for the γTuRC density
range tested. Note the different scales of the y-axis in Figure 3.7.
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Figure 3.7: Quantification of microtubule nucleation rates for different γTuRC densities.
Plots of the average microtubule number over time (n=3). Error bars represent the standard
deviation. Experiments were performed at 15 μM tubulin. Lines represent the linear
regression. γTuRC concentrations and R2 values as indicated for each Figure.

For a better visualization of the different nucleation rates at all tested γTuRC
concentrations, plots from Figure 3.7 are combined and shown at the same scale in
Figure 3.8.

Figure 3.8: The rate of microtubule nucleation is dependent on the γTuRC surface
density. Plot of the average microtubule number over time (n=3) in the presence of different
γTuRC surface densities. Concentrations of γTuRC as indicated in the Figure. Error bars
represent the standard deviation. Experiments were performed at 15 μM tubulin. Lines
represent the linear regression.
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I quantified the microtubule plus-end growth speed for all conditions and plotted the
growth velocity against the density of γTuRC on the surface (Figure 3.9). As expected,
the plus-end growth speed of the nucleated microtubules was the same for all γTuRC
densities demonstrating that the tubulin concentration was the same in all
experiments.

Figure 3.9: Quantification of microtubule plus-end growth in the presence of different
γTuRC surface densities. Plot shows the average microtubule growth velocity against the
average γTuRC surface density (n=3): 23 pM (n=28), 47 pM (n=65), 93 pM (n=97), 168 pM
(n=192), 248 pM (n=161), 373 pM (n=303). Error bars represent the standard deviation.

I then plotted the microtubule nucleation rate against the mBFP intensity which is a
measure of the γTuRC density (see Figure 3.2). Linear regression analysis found a
good fit with a high R2 value of 0.96 (Figure 3.10).

Figure 3.10: Linear dependence of microtubule nucleation rate on γTuRC surface
density. Plot of the average microtubule nucleation rate (n=3) against the average γTuRC
surface density (n=3). Error bars represent the standard deviation. Experiments were
performed at 15 μM tubulin. Lines represent the linear regression. R2 as indicated in the
Figure.
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In summary, I could show that purified human γTuRCs promote microtubule
nucleation in a dose-dependent manner and that the nucleation rate was proportional
to the γTuRC density on the surface.

3.2.4 Microtubule nucleation by γTuR is dependent on tubulin concentration
I next studied the dependence of γTuRC-mediated microtubule nucleation on the
tubulin concentration. To do this I kept the γTuRC density on the functionalized glass
surface constant by incubating flow chambers always with the same concentration of
γTuRC in solution (373 pM). The tubulin concentration was varied between 6 μM and
20 μM. To confirm that the surface density of γTuRCs was similar for all assays I
quantified the mBFP fluorescence intensity in each field of view (164 μm x 164 μm)
that was also used to observe and quantify the microtubule nucleation reaction in all
experiments (see Figure 3.11). No statistical difference in γTuRC density was found
for different tubulin concentrations.

Figure 3.11: γTuRC densities on the glass surface are independent on tubulin
concentration. Plot of the average γTuRC surface density (mBFP fluorescence intensity)
(n=3) against tubulin concentration. Error bars represent the standard deviation. Quantification
was performed using ImageJ. Field of view (164 μm x 164 μm). Statistical analysis was
performed using F-test. Significant differences are shown (ns, not significant; *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001).

For assays performed at a tubulin concentration of 6 μM, I could not detect any
microtubule nucleation events. A time series showing representative TIRF
microscopy images at three higher tubulin concentrations is shown in Figure 3.12 (top
three rows). At 7.5 μM tubulin hardly any microtubules were nucleated during 20 min.
This suggests that the minimum tubulin concentration for γTuRC to template
microtubule nucleation under my assay conditions is ~7.5 μM tubulin. With increasing
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tubulin concentration, the number of nucleated microtubules increased and at 20 μM
tubulin the microtubule density after 8 min was so high that individual microtubules
could not be distinguished.
For all tested tubulin concentrations, I made control experiments for spontaneous
nucleation in absence of γTuRC by performing assays without complexes under
otherwise same assay conditions. For all tested tubulin concentrations, γTuRCmediated microtubule nucleation was above the level of spontaneous microtubule
nucleation in the absence of γTuRCs. A representative time series for spontaneous
microtubule nucleation at 20 μM tubulin in absence of γTuRCs is shown in Figure
3.12 (bottom row).

Figure 3.12: γTuRC-mediated microtubule nucleation efficiency is dependent on tubulin
concentration. Representative time series of TIRF microscopy images of microtubule
nucleation reactions performed in the presence of 375 pM γTuRC at the indicated tubulin
concentration. Spontaneous microtubule nucleation at 20 μM tubulin is shown for comparison
(bottom panel). Field of view (164 μm x 164 μm). Images are shown with the same absolute
intensity scale. Intensities in the images are directly comparable.

Next I quantified the number of γTuRC nucleated microtubules at ten different time
points over the duration of each assay (20 min). As before, I adjusted the time period
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I used for counting the microtubule number depending on the density of microtubules
in the assay (see x-axis of plots in Figure 3.13).
Again, the number of γTuRC nucleated microtubules increased linearly over time.
Linear regression analysis revealed a better fit for for higher tubulin concentrations
(higher R2 value) as the number of nucleated microtubules fluctuated less in those
experiments compared to lower tubulin concentrations.
The rates of microtubule nucleation by γTuRC depended strongly on the different
tubulin concentrations. At 7.5 μM tubulin γTuRC nucleates ~0.09 microtubules per
min whereas at 20 μM tubulin ~85 microtubules per min are nucleated.

Figure 3.13: Quantification of microtubule nucleation rates at different tubulin
concentration. Plots of the average microtubule number over time: 7.5 μM (n=4), 10 μM
(n=7), 12.5 μM (n=3), 15 μM (n=3), 18 μM (n=3), 20 μM (n=3). Error bars represent the
standard deviation. Experiments were performed at 373 pM γTuRC. Lines represent the linear
regression. Tubulin concentrations and R2 as indicated for each Figure.

For a better visualization plots from Figure 3.13 are combined and shown at the same
scale in Figure 3.14.
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Figure 3.14: The rate of microtubule nucleation is dependent on the tubulin
concentration. Plot of the average microtubule number over time in the presence of different
tubulin concentrations: 7.5 μM (n=4), 10 μM (n=7), 12.5 μM (n=3), 15 μM (n=3), 18 μM (n=3),
20 μM (n=3). Concentrations of tubulin as indicated in the Figure. Error bars represent the
standard deviation. Experiments were performed at 373 pM γTuRC. Lines represent the linear
regression.

I then analysed the microtubule plus-end growth speeds of γTuRC nucleated
microtubules for all tubulin concentrations by kymograph analysis. The plot of the
measured growth velocities against the tubulin concentration revealed the expected
linear dependence (Figure 3.15 A) (Drechsel et al., 1992; Gardner et al., 2011;
Mitchison and Kirschner, 1984a; Wieczorek et al., 2015). I obtained an estimate for
the ‘critical tubulin concentration’ (Cc) for microtubule growth from the extrapolation
of the linear regression to the x-axis. The Cc is 2.25±0.04 μM tubulin, which is
significantly lower than the lowest tubulin concentration (7.5 μM) for which I could
observe microtubule nucleation by γTuRC, as expected (Wieczorek et al., 2015).
The plot of the γTuRC-mediated microtubule nucleation rate against tubulin
concentration shows a steep non-linear increase (Figure 3.15 B). I fitted the curve of
the measured nucleation rates (rnuc) using a power function.

𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 =

𝑑𝑑𝑛𝑛𝑀𝑀𝑀𝑀
𝑛𝑛
𝑛𝑛
= 𝑟𝑟0 𝑐𝑐𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡
= 𝑟𝑟 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑

with 𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 measured nucleation rate, 𝑛𝑛𝑀𝑀𝑀𝑀 number of microtubules, 𝑟𝑟0 nucleation rate constant,
𝑐𝑐𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 γTuRC density on the surface, 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡 tubulin concentration, 𝑛𝑛 exponent indicating the
molecularity of the reaction.

The exponent informs about the molarity or cooperativity of the reaction. n>2 indicates
cooperativity. The fit of the equation to the curve gives an exponent n=6.8±0.3
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suggesting that γTuRC-mediated microtubule nucleation is highly cooperative. In the
case of microtubule nucleation, the exponent can be used to estimate the size of the
‘critical nucleus’ from microtubule nucleation kinetics data. Therefore, n represents
the minimum amount of tubulin dimers that need to bind to γTuRC to form a stable
enough oligomer for polymerization.
The plot of the average microtubule nucleation rates against the microtubule plus-end
growth velocity also shows a steep non-linear increase (Figure 3.15 C). Microtubule
nucleation by γTuRCs can be observed at a lowest plus-end growth speed of
13.3±1.8 nm s-1.

Figure 3.15: Characterization of γTuRC-mediated microtubule nucleation in the
presence of different tubulin concentrations. (A) Plot of average microtubule plus-end
growth velocity against tubulin concentration: 7.5 μM (n=10), 10 μM (n=177), 12.5 μM (n=211),
15 μM (n=303), 18 μM (n=168), 20 μM (n=245). (B) Plot of the average microtubule nucleation
rate against tubulin concentration. Curve was fit with a power law function as described in the
main text. (C) Plot of the average microtubule nucleation rate against the average microtubule
plus-end growth velocity. All error bars represent the standard deviation. Experiments were
performed at 373 pM γTuRC.

In summary, these results demonstrate that γTuRC-mediated microtubule nucleation,
as has been found for spontaneous microtubule nucleation, is strongly dependent on
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tubulin concentration (Erickson and Pantaloni, 1981; Voter and Erickson, 1984). The
analysis of the dependence of the microtubule nucleation rate on tubulin
concentration suggests that nucleation is very cooperative and that at least 7 tubulin
dimers are needed to form a stable nucleus which can be elongated.

3.2.5 Time lag analysis
Using the new assay set-up to directly measure the microtubule nucleation kinetics
of γTuRCs I found a linear increase of microtubule numbers over time. In some
experiments there might be a short non-linear phase at the beginning of the
nucleation reactions. Therefore, I wanted to investigate if this non-linear phase for
γTuRC-mediated microtubule nucleation represents a time lag as previously reported
for spontaneous microtubule nucleation in absence of γTuRCs and γTuRC-mediated
microtubule nucleation when measured with a spectrophotometric bulk assay (Carlier
and Pantaloni, 1978; Caudron et al., 2000; Detrich et al., 1985; Himes et al., 1977;
Johnson and Borisy, 1977; Lee and Timasheff, 1975, 1977; Murphy et al., 2001;
Robinson and Engelborghs, 1982; Voter and Erickson, 1984). To this end I quantified
the potential time lags from the extrapolation of the linear regression for all plots of
microtubule number over time for different γTuRC densities (Figure 3.7) and tubulin
concentrations (Figure 3.13). Figure 3.16 A shows a plot of the average length of the
lag times measured for all tested γTuRC densities and Figure 3.16 B shows a plot of
the average length of the lag times measured for all tested tubulin concentrations. In
the literature the length of the time lag was found to shorten with increasing tubulin or
γTuRC concentration (Carlier and Pantaloni, 1978; Caudron et al., 2000; Detrich et
al., 1985; Himes et al., 1977; Johnson and Borisy, 1977; Lee and Timasheff, 1975,
1977; Murphy et al., 2001; Robinson and Engelborghs, 1982; Voter and Erickson,
1984). I could not find a statistically significant difference of the length of the time lags
at different γTuRC surface densities or the tubulin concentration in the assay.
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Figure 3.16: Dependence of a pontential time lag on γTuRC surface density or tubulin
concentration. (A) Plot of the average time lag against γTuRC surface density: 23 pM (n=3),
47 pM (n=3), 93 pM (n=3), 168 pM (n=3), 248 pM (n=3), 373 pM (n=3). Experiments were
performed at 10 μM tubulin. (B) Plot of the average time lag against tubulin concentration: 7.5
μM (n=4), 10 μM (n=7), 12.5 μM (n=3), 15 μM (n=3), 18 μM (n=3), 20 μM (n=3). Error bars
represent the standard deviation. Experiments were performed at 373 pM γTuRC. Statistical
analysis was performed using F-test. Significant differences are shown (ns, not significant;
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

The efficiency of microtubule nucleation is known to be expontentially dependent on
temperature (Fygenson et al., 1994). The nucleation reactions performed in this thesis
are initiated by a temperature shift. I therefore measured the time it takes to reach
thermal equilibrium within a flow cell using a thermistor. To accommodate the
thermistor, the volume of the flow cell was increased by 6-fold. Figure 2.17 shows a
plot of the increase of temperature over time within the flow cell. The start time of the
nucleation experiments (time point zero) is marked with a red line. At the start of a
nucleation experiment the temperature within the flow cell has reached about 96% of
the final temperature (33°C).
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Figure 3.17: Temperature measurement in a modified flow cell. Flow cell volume is 6-fold
higher compared to flow cells used for nucleation experiments. Temperature increase was
followed using a thermistor. Experiment was performed as described for nucleation
experiments (see material and methods section 6.11) but in the absence of proteins.

In summary, I could not find a dependence of the time lags onto γTuRC concentration
or tubulin concentration. The short nonlinear phase visible for some experiments
shown in Figure 3.7 and Figure 3.13 could potentially be explained by small
differences in the time it takes to reach thermal equilibrium within the flow cell.
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3.3 Discussion
In this chapter I described the development of a new TIRF microscopy-based assay
to measure γTuRC-mediated microtubule nucleation in real-time. The tagged human
γTuRC purified in this thesis enhanced microtubule nucleation over the level of
spontaneous nucleation for all tested assay conditions, suggesting that the surface
immobilized γTuRCs are active. Thus, the new assay set-up can for the first time
distinguish microtubule nucleation by γTuRCs from microtubule elongation, and
therefore allow direct quantification of the kinetics of γTuRC-mediated microtubule
nucleation.
Purified human γTuRCs stimulated microtubule nucleation in a dose-dependent
manner, and the number of nucleated microtubules increased linearly with increasing
γTuRC densities. I found that the rate of γTuRC-mediated microtubule nucleation was
proportional to the density of γTuRCs on the functionalized glass surface. This
observation is in agreement with a previous study on γTuRC purified from Drosophila
melanogaster, in which the number of microtubules nucleated at a given time point
linearly correlated with the concentration of γTuRCs (Oegema et al., 1999).
In the literature, spontaneous microtubule nucleation in solution and γTuRC-mediated
microtubule nucleation show a time lag for nucleation when measured by a
spectrophotometric bulk assay (Carlier and Pantaloni, 1978; Caudron et al., 2000;
Detrich et al., 1985; Himes et al., 1977; Johnson and Borisy, 1977; Lee and
Timasheff, 1975, 1977; Murphy et al., 2001; Robinson and Engelborghs, 1982; Voter
and Erickson, 1984). This time lag was interpreted as a kinetically unfavourable
assembly step of the microtubule nucleus (Carlier and Pantaloni, 1978; Voter and
Erickson, 1984). For spontaneous microtubule nucleation in the absence of γTuRC,
the time lag was found to be in a range of 50 sec up to 10 min. The length of the time
lag was shown to decrease with increasing tubulin concentration (Carlier and
Pantaloni, 1978; Caudron et al., 2000; Detrich et al., 1985; Himes et al., 1977;
Johnson and Borisy, 1977; Lee and Timasheff, 1975, 1977; Robinson and
Engelborghs, 1982; Voter and Erickson, 1984). The time lag for γTuRC-mediated
microtubule nucleation has been shown to decrease with increasing γTuRC
concentration and ranges from 5 min to 10 min (Murphy et al., 2001). Using the new
assay set-up to directly measure the microtubule nucleation kinetics of γTuRCs, I
found that microtubule numbers increased linearly over time. In some experiments I
found a short nonlinear phase at the beginning of the nucleation reaction. Analysis of
this nonlinear phase revealed no correlations with the surface density of γTuRC or
the tubulin concentration in the assay. Therefore, it is unlikely that such nonlinear
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phase in the beginning of the nucleation assay represents a time lag for nucleation
but rather other factors that affected the nucleation rate such as insufficient heating
of the flow cell. This also explains the discrepancies of the lag phase duration
between experiments. The different observations between the two assay set-ups may
be caused by the fact that the bulk assay does not directly measuring nucleation
kinetics. Rather, the bulk assay measures the change of turbidity in a sample caused
by an overall increase of microtubule polymer mass due to nucleation and
polymerization. The relative contribution of nucleation and microtubule polymerization
to the final signal might be the reason for the time lag in bulk experiments. The
presence of a time lag for these assays does not exclude that γTuRC nucleates
microtubules at constant probability.
I estimated the number of γTuRC molecules in a field of view (164 μm x 164 μm) from
measurements of mBFP fluorescence on the glass surface. At the highest γTuRC
concentration (373 pM) used in this assay, ~47,000 molecules of γTuRC should be
present. This would mean that under my assay conditions at the highest tubulin
concentration tested (20 μM), around 1% of γTuRCs nucleate a microtubule during a
period of 5 min. The low nucleation efficiency for the γTuRC found in this thesis is in
agreement with previous attempts to reconstitute microtubule nucleation by purified
complexes in vitro. Indeed, studies have shown that purified γTuRC was unable to
fully recover microtubule nucleation from salt stripped centrosomes (Choi et al., 2010;
Gunawardane et al., 2000; Gunzelmann et al., 2018; Kollman et al., 2010, 2015;
Leong et al., 2019; Lin et al., 2016, 2014; Moritz et al., 1998; Oegema et al., 1999;
Thawani et al., 2018; Tovey and Conduit, 2018; Zheng et al., 1995). The low efficiency
of γTuRC-mediated microtubule nucleation in vitro was interpreted in the literature as
the lack of regulatory factors that might activate the γTuRC for nucleation or promote
microtubule nucleation from γTuRCs by regulating the dynamicity of microtubules
(Farache et al., 2018; Kollman et al., 2011; Tovey and Conduit, 2018).
Nevertheless, the low nucleation efficiency found in this thesis could also be due to
purified γTuRCs being ‘damaged’ or inactive. To differenciate between γTuRCmediated microtubule nucleation being a stochastic process of low probability or
γTuRCs being inactive, it would be interesting to directly observe microtubule
nucleation from individual γTuRCs under my assay conditions. This would allow me
to directly test if all γTuRCs are in principal able to nucleate a microtubule if given
sufficient time. However, I did not see saturation of the quantified nucleation rates
even at the highest tubulin concentration tested. Therefore, it is unlikely that a large
fraction of the purified γTuRC is inactive. In summary, my results suggest that there
is a finite and constant probability for γTuRC to produce a microtubule within a given
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time period and assay conditions. This observation is also in agreement with a recent
publication that found that nucleation from microtubule seed templates is stochastic
(Wieczorek et al., 2015).
Recently it was suggested that templated microtubule nucleation, similar to
spontaneous microtubule nucleation, faces a kinetic barrier (Wieczorek et al., 2015).
In that study, the nucleation of microtubules from microtubule seeds occurred at a
minimal tubulin concentration of 6 μM, which is substantially more efficient than
spontaneous nucleation in absence of templates (>20 μM) but also significantly higher
than the lowest tubulin concentration needed for the elongation of existing
microtubules ~1 μM. This means that a microtubule seed has a reduced ability to
elongate microtubules compared to a growing microtubule end, which indicates the
presence of a kinetic barrier for microtubule nucleation from this type of template
(Wieczorek et al., 2015). The authors tested this prediction by initiating microtubule
nucleation from seeds at high tubulin concentrations (15 μM) and then exchanging
the solution to a tubulin concentration below the critical concentration for nucleation
(4 μM). Seeds readily nucleated at the high tubulin concentration and continued to
elongate at the low tubulin concentration but failed to nucleate again after catastrophe
occurred (Wieczorek et al., 2015).
Under my assay conditions, I found that γTuRCs fail to nucleate microtubules within
20 min if the tubulin concentration is below ~7.5 μM tubulin. However, the estimated
critical tubulin concentration supporting microtubule growth under my assay
conditions is around ~2 μM tubulin. This result suggests that the minimal
concentration of tubulin required for microtubule nucleation from γTuRCs is also in
between the concentration needed for microtubule elongation and the concentration
supporting spontaneous microtubule nucleation. Together, these results indicate that
γTuRC-mediated microtubule nucleation is also thermodynamically unfavourable,
similar to microtubule seed templates. These results imply that a microtubule nucleus
must assemble on the γTuRC before elongation can occur. Why templates might
have a reduced ability to elongate a microtubule compared to an already growing
microtubule end is not known. It was speculated that the kinetic barrier for templated
microtubule nucleation is a consequence of a structural mismatch between curved
tapered growing ends and blunt straight templates or differences in the nucleotide
state (Brouhard and Rice, 2018; Wieczorek et al., 2015).
I estimated the size of the nucleus from the kinetic data obtained from γTuRCmediated microtubule nucleation experiments at different tubulin concentrations and
found that at least ~7 tubulin dimers need to assemble on the γTuRC before a
microtubule can elongate. The nucleus size obtained for γTuRC-mediated
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microtubule nucleation is similar to previous estimates of the nucleus size for
spontaneous microtubule nucleation from kinetic bulk measurements (nucleus size
between 5 to 20 tubulin dimers) (Flyvbjerg and Jobs, 1997; Voter and Erickson, 1984).
This result indicated that the higher efficiency of γTuRC-mediated microtubule
nucleation might be due to the more efficient formation of the nucleus on a template
compared to nucleation in solution.
In summary, the TIRF microscopy-based γTuRC nucleation assay developed in this
thesis represents a useful tool for the study of the mechanisms of templated
microtubule nucleation by γTuRC. Measurement of individual microtubule nucleation
events in real time allowed, for the first time, the direct quantification of the kinetics of
γTuRC-mediated microtubule nucleation. To my knowledge, this is the most detailed
kinetic study of purified γTuRC to date. I found that γTuRC-mediated microtubule
nucleation is stochastic and that a kinetic barrier is apparently responsible for the low
nucleation efficiency of the γTuRC in vitro.
The efficiency of γTuRC-mediated microtubule nucleation is proposed to be regulated
by different mechanisms including a conformational change, activation by direct
binding partners and proteins modulating microtubule dynamicity. In the next chapter
I will apply the developed microtubule nucleation assay to study the regulation of
γTuRC by intracellular factors proposed in the literature to promote microtubule
nucleation from γTuRCs (Alfaro-Aco et al., 2017; Choi et al., 2010; Gunzelmann et
al., 2018; Leong et al., 2019; Lin et al., 2016; Roostalu et al., 2015; Thawani et al.,
2018; Wieczorek et al., 2015).
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4.

Study of γTuRC regulation

4.1 Introduction
In cells, γTuRC-mediated microtubule nucleation is tightly regulated in space and
time. An open question is how cells achieve this level of control over the formation of
new microtubules. As γTuRC activity is closely linked to its localization to MTOCs, a
prominent hypothesis is that the γTuRC is activated by factors which attach the
γTuRC to cellular structures (γTuRC binders). Cells might also regulate γTuRC
activity by MAPs, such as microtubule polymerases or anti-catastrophe factors, to
support microtubule nucleation by γTuRCs (microtubule binders). The molecular
mechanism of regulation and the interplay between the different regulatory factors of
the γTuRC are not well understood. To establish a framework for γTuRC regulation
several groups have started to dissect the complex intracellular regulatory network
by in vitro studies (see Table 2 for an overview of in vitro studies performed with
purified proteins from different organisms). Here I focus on the regulation of the
γTuRC from higher eukaryotes, particularly of human γTuRC.
Among the γTuRC-binders, CDK5Rap2 is a strong candidate for the regulation of the
human γTuRC. This protein is implicated in the centrosomal attachment of γTuRCs
in cells and contains an evolutionary conserved domain termed γTuNA (CM1domain). γTuNA was previously shown to stimulate γTuRC-mediated microtubule
nucleation in vitro in two independent studies using purified proteins from human cells
(Choi et al., 2010; Muroyama et al., 2016). It has also been reported that
overexpression of γTuNA induces spatially random nucleation when overexpressed
in human cells and fission yeast (Choi et al., 2010; Cota et al., 2017; Lynch et al.,
2014). A current hypothesis suggests that CDK5Rap2 might induce the
conformational change needed for the γTuRC to switch from an ‘off-state’ into a
nucleation active template (Kollman et al., 2011).
More recently, the γTuRC binder Mozart1 (Mzt1) has been found to have a function
in γTuRC regulation (Cota et al., 2017; Lin et al., 2016). This small protein copurifies
with the γTuRC from higher eukaryotes and was shown to bind directly to γTuRC
subunits at their N-terminal regions (Cota et al., 2017; Cukier et al., 2017; Dhani et
al., 2013; Janski et al., 2012; Lin et al., 2016; Masuda et al., 2013; Nakamura et al.,
2012). So far, in vitro studies have only been performed with purified proteins from
Candida albicans and a stimulatory effect of Mzt1 on γTuRC-mediated microtubule
nucleation was found (Lin et al., 2016). The interpretation of this observation proved
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to be difficult as Mzt1 is also an essential stabilizer for the assembly of γTuSC into
γTuRC, i.e. for the first step in the formation of a nucleation competent template (Lin
et al., 2016; Masuda and Toda, 2016; Masuda et al., 2013). In human cells Mzt1
seems to modulate the interaction of γTuRC with other regulatory proteins, including
CDK5Rap2 (Cota et al., 2017). If Mzt1 is also needed for γTuRC assembly, similar to
the yeast γTuRC, is not known and contradicting results have been published (Cota
et al., 2017; Lin et al., 2016). Therefore, the function of Mzt1 in the regulation of
human γTuRCs remains to be determined.
Apart from activation of the complex itself, evidence from in vivo studies suggest that
γTuRC-mediated microtubule nucleation is also promoted by the microtubule binders
TPX2 and XMAP215 (Brunet et al., 2008; Garrett et al., 2002; Gruss et al., 2001,
2002; Popov et al., 2002; Tournebize et al., 2000; Wittmann et al., 2000). These two
proteins can stimulate microtubule nucleation on their own or from stabilized
microtubule seeds by different mechanisms explained by their distinct biochemical
properties. While XMAP215 is thought to induce microtubule nucleation by
processively catalysing the microtubule plus-end growth, TPX2 is an anticatastrophe
factor known to stabilize lateral and longitudinal tubulin-tubulin interactions

(Al-

Bassam and Chang, 2011; Brouhard and Rice, 2018; Brouhard et al., 2008; Roostalu
and Surrey, 2017; Roostalu et al., 2015; Schatz et al., 2003; Wieczorek et al., 2015;
Zhang et al., 2017). It has been proposed that TPX2 and XMAP215 accelerate the
maturation of blunt templates such as the γTuRC into tapered structures similar to
growing microtubule ends (Brouhard and Rice, 2018; Wieczorek et al., 2015).
In vitro, the budding yeast XMAP215 homologue Stu2 increases the efficiency of
γTuRC-mediated microtubule nucleation by 3-fold. Xenopus laevis XMAP215 was
also shown to increase γTuRC-mediated microtubule nucleation. Both publications
also reported that the deletion of a potential γTuRC-binding domain on the C-terminus
of the microtubule polymerases completely abolishes the stimulatory effect of
XMAP215/Stu2 on γTuRC activity. The hypothesis was proposed that binding of
XMAP215 to γTuRC is a prerequisite for efficient synergistic microtubule nucleation
(Gunzelmann et al., 2018; Thawani et al., 2018).
The effect of TPX2 on γTuRC-mediated microtubule nucleation has not yet been
studied in vitro with purified proteins. Nevertheless, studies in Xenopus egg extract
have shown that TPX2 is important for the regulation of γTuRC activity in microtubule
branching and nucleation around chromatin (Alfaro-Aco et al., 2017; Petry et al.,
2013; Scrofani et al., 2015). A recent domain analysis of Xenopus laevis TPX2
revealed a γTuRC-binding motif with sequence similarity to γTuNA at the C-terminus
of TPX2. This domain was shown to be sufficient to induce branching microtubule
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nucleation in Xenopus egg extract in the presence of γTuRCs. TPX2 was reported to
bind directly to γTuRCs through a newly identified γTuNA-like motif. A
phosphorylation deficient mutant of this motif surprisingly did not disrupt binding of
TPX2 to γTuRC but completely abolished branching microtubule nucleation in extract
(Alfaro-Aco et al., 2017).
Another major family of microtubule binders are end binding (EB) proteins which are
known to selectively track the ends of growing microtubules (+TIP tracking proteins)
in vivo (Akhmanova and Steinmetz, 2008; Busch and Brunner, 2004; Jiang and
Akhmanova, 2011; Ligon et al., 2002; Mimori-Kiyosue et al., 2000). EBs contain a
microtubule binding domain which is connected to a dimerization domain important
for recruitment of other +TIP proteins (Bu and Su, 2003; Gimona et al., 2002; Hayashi
and Ikura, 2003; Honnappa et al., 2005, 2009; Slep et al., 2005). Mammalian cells
contain three differentially expressed members of the EB family (EB1, EB2 and EB3),
which are implicated in different cellular functions and were recently shown to bind to
spatially distinct sites at the microtubule tip (Ferreira et al., 2014; Gouveia and
Akhmanova, 2010; Roth et al., 2019; Su and Qi, 2001). The tracking of growing
microtubule ends by EBs depends on their ability to sense a conformational change
within the tubulin lattice, which is linked to the GTPase cycle of tubulin. Currently it is
speculated that EBs preferentially bind to the GDP-Pi-state, which represents a GTP
post hydrolysis state with the phosphate not yet released (Maurer et al., 2011, 2012;
Zanic et al., 2009; Zhang et al., 2015). Upon phosphate release, EBs lose their affinity
to bind to the MT lattice, which leads to the well-known comet-like accumulation of
EBs at the growing microtubule ends. Interestingly, higher EB concentrations were
found to shrink the size of the comet and increase the catastrophe frequency of
microtubules (Bieling et al., 2007; Maurer et al., 2011). A prominent hypothesis
suggests that EBs are maturation factors which cause compaction of the microtubule
lattice, thereby increasing the GTP hydrolysis rate. Consequently the GTP cap size
decreases and leaves the microtubule more susceptible for catastrophe (Maurer et
al., 2014; Vitre et al., 2008; Zhang et al., 2015). The role of EB proteins in microtubule
nucleation is not well understood. In cells, EBs are implicated in the microtubule plusend tracking of several γTuRC binders and microtubule binders including
myomegalin, CDK5Rap2 and XMAP215 (Fong et al., 2017; Grimaldi et al., 2015; Kim
and Park, 2018; Kronja et al., 2009; Li et al., 2012; Zanic et al., 2013). One study
showed that EB1 and γTuRC are both important for spindle orientation and seem to
have antagonizing effects (Bouissou et al., 2009). In line with this observation, EB1
was shown in a recent in vitro study to decrease the efficiency of templated
microtubule nucleation from stabilized microtubule seeds (Wieczorek et al., 2015).
133

Chapter 4: Study of γTuRC regulation

In summary, γTuRC-mediated microtubule nucleation can in principle be stimulated
by two different mechanisms: i) the direct activation of γTuRC by the binding of
regulatory proteins and ii) the effect of proteins on microtubule dynamics. The new
real-time TIRF microscopy-based nucleation assay presented in this thesis will be
applied in this chapter to study the effect of different γTuRC binders (γTuNA and
Mzt1) and microtubule binders (chTOG, TPX2 and EB3) on the nucleation activity of
human γTuRC. The new assay allows for the first time the simultaneous observation
of individual microtubule nucleation events and microtubule elongation and therefore
should help to elucidate the underlying mechanism of γTuRC regulation by different
intracellular factors.
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4.2 Results
4.2.1 γTuRC regulation by γTuRC-binders
I first tested if γTuRC-mediated microtubule nucleation can be stimulated by γTuRC
binders. Two γTuRC binders are of particular interest, CDK5Rap2 and Mozart1
(Mzt1). CDK5Rap2 was previously reported to stimulate the activity of human γTuRC
through binding to the complex via a small evolutionary conserved domain termed
γTuNA. The effect of Mzt1 on γTuRC-mediated microtubule nucleation is less clear.
While it seems to stimulate the nucleation efficiency of C. albicans γTuRC, the effect
of Mzt1 on human γTuRC has not been investigated yet.
I purified GST-tagged γTuNA (amino acids 51-200) from E. coli and was able to purify
a total of 34.8 mg (3.17 mg/mL) GST-γTuNA51-200. Julian Gannon (Surrey group, The
Francis Crick Institute) purified a total of 12.5 mg (3 mg/mL) GST-Mzt1 from 1 L of E.
coli culture. A scheme of the constructs and commassie stained protein gels of the
purified proteins are shown in Figure 4.1.

Figure 4.1: Purification of GST-tagged γTuRC binders. (A) Constructs used for protein
expression. Coomassie stained protein gels of purified proteins. (B) GST-γTuNA51-200 and (C)
GST-Mzt1.
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To study the function of regulatory proteins on γTuRC activity, proteins were included
in the nucleation assay described in chapter 3 and the activity of γTuRC in the
presence and in the absence of regulatory proteins was measured. Additionally, in
control experiments I also measured the potential stimulation of spontaneous
microtubule nucleation in the absence of γTuRCs but in the presence of the regulatory
protein. A representative time series of microtubule nucleation by human γTuRC in
the presence of either γTuNA or Mzt1 is shown in Figure 4.2. These experiments
were performed at 10 μM tubulin with a γTuRC surface density obtained by
preincubation of the functionalized glass surface with a γTuRC containing solution at
a concentration of 373 pM. For comparison, a control in the presence of γTuRC but
in the absence of either γTuNA or Mzt1 is shown (Figure 4.2, top panel). I could not
observe a major stimulatory effect of any of the two proteins on γTuRC-mediated
microtubule nucleation even though comparably high concentrations of the two
proteins were used (500 nM). They also did not induce spontaneous microtubule
nucleation (Figure 4.2, bottom panel).
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Figure 4.2: γTuRC-mediated microtubule nucleation in the presence of different γTuRCbinders. Representative time series of TIRF microscopy images of a microtubule nucleation
reaction performed in the presence of 500 nM GST-Mzt1 or 500 nM GST-γTuNA at 10 μM
tubulin and at a surface density corresponding to 373 pM γTuRC. Microtubule nucleation in
the presence of γTuRCs but in the absence of γTuRC-binders (top panel) and spontaneous
microtubule nucleation in the presence of 500 nM GST-Mzt1 or 500 nM GST-γTuNA (bottom
panel) is shown for comparison. Field of view (164 μm x 164 μm). Images are shown with the
same absolute intensity scale. Intensities in the images are directly comparable.

I quantified the number of nucleated microtubules at ten different time points in the
field of view (164 μm x 164 μm) over the duration of the assay (20 min) and obtained
the nucleation rates from linear regression analysis for assays performed in the
presence of γTuRC-binders (Figure 4.3 A and B, black symbols). For comparison I
quantified the nucleation rate for parallel controls performed in the presence of γTuRC
but in the absence of γTuRC-binders (Figure 4.3 A and B, grey symbols). I found that
γTuNA increased γTuRC nucleation efficiency by 1.3-fold. For Mzt1 I could not
observe a statistically significant effect on γTuRC-mediated microtubule nucleation
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under my assay conditions (Figure 4.3 E). To control for possible variations in the
assay conditions I verified that the density of γTuRCs was comparable between the
different experiments. I found no significant difference in the mBFP fluorescence
intensity between different assays (Figure 4.3 C). I then measured the microtubule
plus-end growth speeds to test if γTuRC binders have an effect on the microtubule
growth velocity (Figure 4.3 D). I could not find a significant difference for microtubule
growth speeds between the different assays, suggesting that γTuRC-binders have no
effect on microtubule growth velocities.

Figure 4.3: Quaracterization of γTuRC-mediated microtubule nucleation in the presence
of γTuNA and Mzt1. Plot of the average microtubule number over time (n=2) in the presence
of (A) 500 nM GST-γTuNA (black symbols) or (B) 500 nM GST-Mzt1 (black symbols) or in the
absence of γTuRC-binders (grey symbols). Lines represent the linear regression. (C) Plot of
the average γTuRC surface density (n=2) for each experiment. (D) Plof of the average
microtubule plus-end growth velocity for each experiment: γTuRC control (n=18), 500 nM
γTuNA (n=23), 500 nM Mzt1 (n=13). (E) Plot of the average microtubule nucleation rate.
Experiments were performed at 10 μM tubulin in the presence of 373 pM γTuRC.
Quantification was performed using ImageJ. Field of view (164 μm x 164 μm). All error bars
represent the standard deviation. Statistical analysis was performed using F-test or unpaired
t-test. Significant differences are shown (ns, not significant; *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001).

In summary, γTuNA weakly stimulated γTuRC-mediated microtubule nucleation at
relatively high protein concentration (500 nM). Mzt1 did not have an effect on the
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efficiency of γTuRCs to nucleate microtubules under my assay conditions. Both
proteins did not have an effect on the microtubule plus-end growth velocity.

4.2.2 γTuRC regulation by microtubule binders
4.2.2.1 chTOG promotes γTuRC-mediated microtubule nucleation in vitro
I next studied chTOG, a microtubule polymerase, which was suggested to enhance
γTuRC-mediated microtubule nucleation by accelerating microtubule growth speeds.
I supplemented the assay buffer with varying concentrations of mGFP-tagged chTOG
(6.25 nM to 100 nM). chTOG-mGFP (from here onwards chTOG) was provided by
Johanna Roostalu (Surrey group, The Francis Crick Institute). The construct is shown
in Figure 4.4.

Figure 4.4: Scheme of cloning construct of chTOG-mGFP used in this thesis. Purification
of chTOG-mGFP was conducted as described (Roostalu et al., 2015).

A representative time series of microtubule nucleation by human γTuRCs (373 pM)
in the presence of three different chTOG concentrations and 10 μM tubulin is shown
in Figure 4.5 (top three rows). I found that increasing the concentration of chTOG
increased the number of microtubules nucleated by γTuRCs. Microtubules also grew
faster and are longer in the presence of chTOG, which is in agreement with the
function of chTOG as a microtubule polymerase (Brouhard et al., 2008; Roostalu et
al., 2015). As reported previously, chTOG in the absence of γTuRCs only mildly
induces spontaneous microtubule nucleation (Figure 4.5, bottom row) (Roostalu et
al., 2015; Widlund et al., 2011). Interestingly, the background GFP-fluoresence
intensity was higher in the control assay (absence of γTuRCs) compared to assays
performed in the presence of γTuRCs at the same chTOG concentration (Figure 4.5,
bottom two panels). For comparison, a parallel control in the presence of γTuRC but
in the absence of chTOG is shown (Figure 4.5, top panel).
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Figure 4.5: chTOG promotes microtubule nucleation by γTuRCs. Representative time
series of merged TIRF microscopy images of a microtubule nucleation reaction performed in
the presence of the indicated concentration of chTOG. Experiments were performed with
mGFP-labelled chTOG at 10 μM tubulin and at a surface density corresponding to 373 pM
γTuRC. Microtubule nucleation in the presence of γTuRCs but in the absence of chTOG (top
panel) and spontaneous microtubule nucleation in the presence of 100 nM chTOG (bottom
panel) is shown for comparison. Field of view (164 μm x 164 μm). Microtubules are shown in
magenta, chTOG-mGFP is shown in green. Images are shown with the same absolute
intensity scale. Intensities in the images are directly comparable.

The plot of microtubule number over time did not deviate from linearity for any of the
tested chTOG concentrations (Figure 4.6, R2 values as indicated). Nucleation rates
were dependent on the chTOG concentration (note the different scales of the y-axis
in Figure 4.6.) and increased from 1.1 to 5.4 microtubules per min from the lowest
(6.25 nM) to the highest (100 nM) chTOG concentration. In other words, γTuRCs
nucleate microtubules up to 12-fold more efficient in the presence of chTOG. The rate
of microtubule nucleation by γTuRCs in the absence of chTOG is around 0.46
microtubules per min and is shown for comparison (grey symbols).

140

Chapter 4: Study of γTuRC regulation

Figure 4.6: Quantification of γTuRC microtubule nucleation rates in the presence of
different concentrations of chTOG. Plots of the average microtubule number over time
(n=3) in the presence of different concentrations of chTOG (black symbols) and in the absence
of chTOG (grey symbols). Experiments were performed at 373 pM γTuRC and 10 μM tubulin
at the indicated chTOG concentration. Error bars represent the standard deviation. Lines
represent the linear regression. R2 as indicated.

For better visualization of the different nucleation rates obtained at different chTOG
concentrations all plots from Figure 4.6 are combined and shown at the same scale
in Figure 4.7 A. To confirm that the γTuRC surface densities were the same between
the different chTOG concentrations and controls, I quantified the mBFP fluorescence
intensity in the field of view (164 μm x 164 μm) and found no statistical difference
between experiments (Figure 4.7 B).
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Figure 4.7: The microtubule nucleation rate is dependent on the chTOG concentration.
(A) Plots of the average microtubule number over time (n=3) in the presence of different
concentrations of chTOG (black symbols) and in the absence of chTOG (grey symbols).
Concentrations of chTOG as indicated in the Figure. Experiments were performed in the
presence of 10 μM tubulin and 373 pM γTuRC. Lines represent the linear regression. (B) Plot
of the average γTuRC density (n=3) at different chTOG concentrations. Quantification was
performed using ImageJ. Field of view (164 μm x 164 μm). All error bars represent the
standard deviation. Statistical analysis was performed using F-test. Significant differences are
shown (ns, not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

Next I measured the microtubule plus-end growth rates for γTuRC-nucleated
microtubules and plotted the velocity against the chTOG concentration (Figure 4.8 A).
I found that microtubule plus-end growth increased with chTOG concentration with
the curve starting to saturate at ~100 nM chTOG as expected from literature (Roostalu
et al., 2015). Representative kymographs for all tested chTOG concentrations are
shown in Figure 4.8 C. Higher chTOG concentrations showed a higher catastrophe
frequency.
I found that the rate of microtubule nucleation by γTuRCs and the growth speeds
show a very similar dependence on chTOG concentration. The nucleation rate
increases steeply at lower chTOG concentrations and starts to saturate at ~100 nM
chTOG (Figure 4.8 B).
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Figure 4.8: Dependence of growth speed and microtubule nucleation rate on the chTOG
concentration. (A) Plot of the average microtubule plus-end growth velocity against chTOG
concentration: 0 nM chTOG (n=19) 6.25 nM chTOG (n=50), 12.5 nM chTOG (n=138), 25 nM
chTOG (n=125), 50 nM chTOG (n=204), 100 nM chTOG (n=194). (B) Plot of the average
microtubule nucleation rate (n=3) against chTOG concentration. All error bars represent the
standard deviation. (C) Representative kymographs for each chTOG concentration.
Microtubules are shown in magenta, chTOG-mGFP is shown in green. Intensity is adjusted
for best contrast and are not directly comparable.

To better understand how the change of growth speed by chTOG affects γTuRCmediated microtubule nucleation, I plotted the nucleation rates against the growth
velocity (Figure 4.9). I found that the increase in nucleation rate depends linearly on
the growth velocity (R2 value of 0.97), strongly suggesting that chTOG enhances
microtubule nucleation by γTuRCs through its function as a microtubule polymerase.
The extrapolation of the linear regression gives a growth velocity of 10.2 nm s-1. This
is lower than the growth velocity measured for the lowest tubulin concentration (7.5
µM) at which I could observe γTuRC-mediated microtubule nucleation within 20 min
under my assay conditions.
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Figure 4.9: Dependence of γTuRC nucleation rate on microtubule plus-end growth
velocity at different chTOG concentrations. Plot of the average nucleation rate (n=3)
against the average microtubule plus-end growth velocity measured in the presence of
different chTOG concentrations (6.25 to 100 nM). Error bars represent the standard deviation.
The line represents the linear regression. R2 value as indicated.

In agreement with recent publications on the effect of microtubule polymerases on
γTuRCs from other organisms, I found that chTOG is able to stimulate microtubule
nucleation by human γTuRCs in a dose-dependent manner (Gunzelmann et al., 2018;
Thawani et al., 2018). Using the new microtubule nucleation assay I was able for the
first time to directly demonstrate that microtubule nucleation by γTuRC is directly
proportional to microtubule growth speeds in the presence of different chTOG
concentrations. These results suggest that the acceleration of tubulin addition to the
nascent microtubule formed on the γTuRC template promotes microtubule
nucleation.
4.2.2.2 TPX2 promotes γTuRC-mediated microtubule nucleation in vitro
Next, I studied the effect of TPX2 on γTuRC-mediated microtubule nucleation. TPX2
was reported in the literature to enhance microtubule nucleation from stabilized
microtubule seeds by preventing catastrophes (Wieczorek et al., 2015). To my
knowledge, wheter TPX2 can directly promote microtubule nucleation by γTuRCs in
vitro has not been studied yet.
To study TPX2 together with γTuRC in the new microtubule nucleation assay, I
supplemented the assay buffer with mGFP-tagged TPX2 in a concentration range
from 47 nM to 390 nM. mGFP-TPX2 (from here onwards, TPX2) was provided by
Johanna Roostalu (Surrey group, The Francis Crick institute). The construct is shown
in Figure 4.10.
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Figure 4.10: Scheme of cloning construct of mGFP-TPX2 used in this thesis. Purification
of mGFP-TPX2 was conducted as described (Roostalu et al., 2015).

A representative time series of microtubule nucleation by human γTuRCs (373 pM)
in the presence of three different TPX2 concentrations and 10 μM tubulin is shown in
Figure 4.11 (top three rows). I found that an increase in TPX2 concentration also
increased the number of microtubules nucleated over time. TPX2 was found to bind
to the microtubule lattice at all tested concentrations. The microtubules that nucleated
in the presence of TPX2 did not undergo catastrophes and did not seem to grow
faster than in control assays in absence of TPX2. Microtubules were found to bend in
the presence of TPX2 as observed previously (Roostalu et al., 2015).
TPX2 is known to stabilize microtubule nucleation intermediates (‘stubs’) in vitro
which fail to elongate into microtubules when nucleated by surface immobilized TPX2
(Roostalu et al., 2015). In my experiments, I could also observe some stubs on the
surface. The formation of these stubs was independent on the presence of γTuRCs
but dependent on the concentration of TPX2. I could also see microtubules growing
from TPX2-stabilized stubs under my assay conditions. These microtubules grow
from both ends in contrast to microtubules nucleated by γTuRCs and were excluded
from the analysis. The spontaneous background nucleation for the highest TPX2
concentration in absence of γTuRC is shown in (Figure 4.11 bottom row). For
comparison, a parallel control in the presence of γTuRC but in the absence of chTOG
is shown (Figure 4.11, top panel).
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Figure 4.11: TPX2 promotes microtubule nucleation by γTuRC. Representative time
series of merged TIRF microscopy images of a microtubule nucleation reaction performed in
the presence of the indicated concentration of TPX2. Experiments were performed with
mGFP-labelled TPX2 at 10 μM tubulin and at a surface density corresponding to 373 pM
γTuRC. Microtubule nucleation in the presence of γTuRCs but in the absence of TPX2 (top
panel) and spontaneous microtubule nucleation in the presence of 390 nM TPX2 (bottom
panel) is shown for comparison. Field of view (164 μm x 164 μm). Microtubules are shown in
magenta, chTOG-mGFP is shown in green. Images are shown with the same absolute
intensity scale. Intensities in the images are directly comparable.

Quantification of microtubule nucleation kinetics and linear regression analysis again
revealed a linear increase of microtubule number over time for all tested TPX2
concentrations (Figure 4.12, R2 values as indicated). I found that the nucleation rate
of γTuRC changes with the concentration of TPX2 in a dose dependent manner (note
the different scales of the y-axis in Figure 4.12.). Nucleation rates varied between 1.3
microtubules per min and 9.9 microtubules per min for the lowest (48.8 nM) and
highest (390 nM) TPX2 concentration tested. In the presence of TPX2, γTuRCs
nucleate microtubules between 3- and 19-fold more efficiently. The rate of
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microtubule nucleation by γTuRCs in the absence of TPX2 is around 0.53
microtubules per min and is shown for comparison (grey symbols).

Figure 4.12: Quantification of γTuRC microtubule nucleation rates in the presence of
different concentrations of TPX2. Plots of the average microtubule number over time (n=3)
in the presence of different concentrations of TPX2 (black symbols) and in the absence of
TPX2 (grey symbols). Experiments were performed at 373 pM γTuRC and 10 μM tubulin at
the indicated TPX2 concentration. Error bars represent the standard deviation. Lines
represent the linear regression. R2 as indicated.

For better visualization of the different nucleation rates obtained at different TPX2
concentrations all plots from Figure 4.12 are combined and shown at the same scale
in Figure 4.13 A. I verified that the γTuRC surface densities were comparable
between the different experiments by quantification of mBFP fluorescence intensities
(Figure 4.13 B)
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Figure 4.13: The microtubule nucleation rate is dependent on the TPX2 concentration.
(A) Plots of the average microtubule number over time (n=3) in the presence of different
concentrations of TPX2 (black symbols) and in the absence of TPX2 (grey symbols).
Concentrations of TPX2 as indicated in the Figure. Experiments were performed in the
presence of 10 μM tubulin and 373 pM γTuRC. Lines represent the linear regression. (B) Plot
of the average γTuRC density (n=3) at different TPX2 concentrations. Quantification was
performed using ImageJ. Field of view (164 μm x 164 μm). All error bars represent the
standard deviation. Statistical analysis was performed using F-test. Significant differences are
shown (ns, not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

Next, I plotted the nucleation rate of γTuRCs against the TPX2 concentration in the
assay (Figure 4.14 A). I found that the nucleation rate increased linearly with
increasing TPX2 concentration. TPX2 has been shown to preferentially bind to
microtubule ends but is known to bind to the whole microtubule lattice at high
concentrations (Roostalu et al., 2015). I quantified the binding of TPX2 by measuring
the GFP fluorescence intensity on γTuRC-nucleated microtubules at different TPX2
concentrations (Figure 4.14 B). I found that the binding of TPX2 to microtubules
increased linearly with increasing TPX2 concentration. TPX2 is currently not known
to have an effect on microtubule growth speed (Roostalu et al., 2015; Wieczorek et
al., 2015). To verify that, I quantified the microtubule plus-end speeds of γTuRCnucleated microtubules in the presence of TPX2 by kymograph analysis (Figure 4.14
C). Representative kymographs for all tested chTOG concentrations are shown in
Figure 4.14 D. In contrast to the literature, the microtubule growth velocities increased
weakly with increasing TPX2 concentration (Roostalu et al., 2015; Wieczorek et al.,
2015).
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Figure 4.14: Dependence of growth speed and microtubule nucleation rate on the TPX2
concentration. (A) Plot of the average microtubule nucleation rate (n=3) against TPX2
concentration. (B) Plot of the average mGFP fluorescence intensity (n=3) against TPX2
concentration (C) Plot of the average microtubule plus-end growth velocity against TPX2
concentration: 0 nM TPX2 (n=27) 47 nM TPX2 (n=51), 97.5 nM TPX2 (n=49), 195 nM TPX2
(n=101), 390 nM TPX2 (n=106). All error bars represent the standard deviation. Statistical
analysis was performed using F-test. Significant differences are shown (ns, not significant;
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). (C) Representative kymographs for each TPX2
concentration. Microtubules are shown in magenta, GFP-TPX2 is shown in green.
Kymographs are shown with the same absolute intensity scale. Intensities in the images are
directly comparable.

In summary, I found that TPX2 is able to promote microtubule nucleation by purified
human γTuRCs in vitro in a dose-dependent manner without a strong effect on the
microtubule growth velocity. This result suggests that TPX2 enhances microtubule
nucleation by γTuRC through a distinct mechanism possibly related to its function as
an anticatastrophe factor. My findings are in agreement with previous studies on
spontaneous microtubule nucleation in the presence of TPX2, as well as nucleation
from stabilized microtubule seed as templates which showed that TPX2 strongly
enhances microtubule nucleation (Roostalu et al., 2015; Wieczorek et al., 2015).
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4.2.2.3 Effect of EB3 on γTuRC-mediated microtubule nucleation
EBs are microtubule binding proteins which were shown to be anti-catastrophe factors
in vivo (Komarova et al., 2009; Tirnauer et al., 2002). In vitro, EBs autonomously track
growing microtubule-ends and were shown to stimulate catastrophes (Bieling et al.,
2007; Vitre et al., 2008). Recently, it was shown that EB1 inhibits microtubule
nucleation from microtubule seed templates (Wieczorek et al., 2015). Therefore, I
next wanted to understand the potential effect of EBs on γTuRC-mediated
microtubule nucleation.
For these experiments, I supplemented the assay buffer with GFP-tagged EB3 in a
concentration range from 50 nM to 400 nM. GFP-EB3 (from here onwards, EB3) was
provided by Johanna Roostalu (Surrey group, The Francis Crick institute). The
construct is shown in Figure 4.15.

Figure 4.15: Scheme of cloning construct of GFP-EB3 used in this thesis. Purification of
GFP-EB3 was conducted as described (Jha et al., 2017).

A representative time series of microtubule nucleation by human γTuRCs (373 pM)
in the presence of three different EB3 concentrations and 12.5 μM tubulin is shown
in Figure 4.16 (top three rows). In agreement with the literature, I could see
microtubule plus-end tracking of EB3 at all tested concentrations (Bieling et al., 2007;
Roth et al., 2019; Vitre et al., 2008). Microtubules in the presence of higher amounts
of EB3 seemed more dynamic and showed more catastrophes. I could not observe a
clear effect of EB3 on the number of microtubules nucleated in the presence of
γTuRCs. For comparison, a parallel control in the presence of γTuRC but in the
absence of EB3 is shown (Figure 4.16, top panel). Spontaneous microtubule
nucleation in absence of γTuRC was low for all tested EB3 concentrations (Figure
4.16, bottom row).
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Figure 4.16: γTuRC-mediated microtubule nucleation in the presence of EB3.
Representative time series of merged TIRF microscopy images of a microtubule nucleation
reaction performed in the presence of the indicated concentration of EB3. Experiments were
performed with mGFP-labelled EB3 at 12.5 μM tubulin and at a surface density corresponding
to 373 pM γTuRC. Microtubule nucleation in the presence of γTuRCs but in the absence of
EB3 (top panel) and spontaneous microtubule nucleation in the presence of 400 nM EB3
(bottom panel) is shown for comparison. Field of view (164 μm x 164 μm). Microtubules are
shown in magenta, mGFP-EB3 is shown in green. Images are shown with the same absolute
intensity scale. Intensities in the images are directly comparable.

I then quantified the number of microtubules nucleated by γTuRCs in the presence of
different EB3 concentrations (Figure 4.16). For comparison increase of microtubule
numbers in the presence of γTuRCs but in the absence of EB3 is also plotted in each
Figure (grey symbols). Linear regression analysis revealed high R2 values above 0.82
for all conditions confirming linearity.
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Figure 4.17: Quantification of γTuRC microtubule nucleation rates in the presence of
different concentrations of EB3. Plots of the average microtubule number over time (n=3)
in the presence of different concentrations of EB3 (black symbols) and in the absence of EB3
(grey symbols). Experiments were performed at 373 pM γTuRC and 12.5 μM tubulin at the
indicated EB3 concentration. Error bars represent the standard deviation. Lines represent the
linear regression. R2 as indicated.

For better visualization of the similarity between the different nucleation rates
obtained for the tested EB3 concentrations all plots from Figure 4.17 are combined
and shown at the same scale in Figure 4.18 A. I could not find a statistical difference
between nucleation rates obtained at different EB3 concentrations or in the absence
of EB3 (Figure 4.18 B). To control for possible variations in the experiments, I first
verified that the γTuRC density was the same (Figure 4.18 B). Then I analysed if EB3
has an effect on microtubule growth speeds by measuring the microtubule plus-end
growth for all tested EB3 concentrations using kymograph analysis (Figure 4.18 D). I
could not find a statistical difference in the mBFP fluorescence intensity or
microtubule growth velocity for the different experiments. Representative kymographs
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for all tested EB3 concentrations are shown in Figure 4.18 E. Higher EB3
concentrations increased the frequency of catastrophes as was previously reported
for EB family members (Bieling et al., 2007; Komarova et al., 2009; Vitre et al., 2008).
In summary, EB3 tracked growing microtubule ends under my assay conditions. EB3
did not have an effect on microtubule growth velocities but at high concentrations
(>200 nM), EB3 increased the catastrophe frequency. I could not find an effect of EB3
on γTuRC-mediated microtubule nucleation.
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Figure 4.18: Characterization of EB3 in γTuRC-mediated microtubule nucleation. (A)
Plot of the average microtubule number over time (n=3) in the presence of different EB3
concentrations. Concentrations of EB3 as indicated in the Figure. Lines represent the linear
regression. (B) Plot of the average microtubule nucleation rate (n=3), (C) plot of the average
γTuRC surface density (n=3) and (D) plot of the average microtubule plus-end growth velocity
against EB3 concentration: 0 nM EB3 (n=177) 50 nM EB3 (n=50), 100 nM EB3 (n=138), 200
nM EB3 (n=125), 400 nM EB3 (n=204). Experiments were performed in the presence of 12.5
μM tubulin and 373 pM γTuRC. Quantification was performed using ImageJ. Field of view (164
μm x 164 μm). All error bars represent the standard deviation. Statistical analysis was
performed using F-test. Significant differences are shown (ns, not significant; *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001). (E) Representative kymographs for each EB3
concentration. Microtubules are shown in magenta, mGFP-EB3 is shown in green. Intensities
are adjusted for best contrast and are not directly comparable.
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4.3 Discussion
In cells, the γTuRC is thought to be regulated by activator proteins via a direct
interaction. These might induce a conformational change which transforms the
γTuRC from an inactive into an active nucleator. The γTuRC might be additionally or
alternatively regulated by proteins that affect the dynamic properties of microtubules.
These involve, for example, the acceleration of tubulin addition by microtubule
polymerases or the increase of the microtubule lifetime by anticatastrophe factors
(Brouhard and Rice, 2018; Farache et al., 2018; Roostalu and Surrey, 2017; Tovey
et al., 2018). Due to the lack of assays that allow the observation of microtubule
nucleation and elongation in real time, it has so far been impossible to simultaneously
study the formation of new microtubules and microtubule dynamics. Therefore, it has
been difficult to obtain direct information on the mechanisms that regulatory proteins
employ to promote γTuRC-mediated microtubule nucleation. In this chapter, I applied
the new microtubule nucleation assay developed in this thesis to study the regulation
of human γTuRCs by different γTuRC-binders and microtubule binders.

4.3.1 Regulation of γTuRC by γTuRC binders
I first studied the roles of two γTuRC binders, CDK5Rap2 and Mzt1. Both are
described in the literature to be potential allosteric activators of γTuRC (Choi et al.,
2010; Cota et al., 2017; Dhani et al., 2013; Lin et al., 2016; Masuda and Toda, 2016;
Nakamura et al., 2012). Specifically, I used the full-length Mzt1 and the evolutionary
conserved domain of CDK5Rap2 that mediates binding of CDK5Rap2 to γTuRC
(γTuNA) (Choi et al., 2010; Lin et al., 2015).
γTuNA was previously shown to stimulate microtubule nucleation by human γTuRCs
in vitro and in cells (Choi et al., 2010; Cota et al., 2017; Muroyama et al., 2016). Here
I found that 500 nM of γTuNA increased the nucleation efficiency of γTuRCs by 1.3fold. This modest effect was unexpected, as it was previously shown that 10 nM of
γTuNA enhance the microtubule nucleation activity of human γTuRCs by 7.1-fold in
vitro (Choi et al., 2010). The different results could be due to differences in the assay
conditions, e.g. differences between my assay buffer (BRB80 supplemented with 60
mM KCl, 0.02% Brij-35) compared to the published paper (BRB80) (Choi et al., 2010).
The higher salt and the presence of detergent could decrease the binding of γTuNA
to γTuRCs. Therefore, higher protein concentrations would be required to achieve the
same stimulatory effect on γTuRC activity. Another reason for this discrepancy could
be the expression system used to purify γTuNA. In the published experiments, γTuNA
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was expressed and purified from human cells, while I expressed and purified γTuNA
from E. coli (Choi et al., 2010). This means that the γTuNA used in this work lacks
post-translational modifications which have been shown to be important for the
stimulatory

effect

on

γTuRC-mediated

microtubule

nucleation.

Indeed,

a

phosphorylation-deficient mutant of γTuNA is unable to stimulate γTuRC-mediated
microtubule nucleation in cells and in vitro (Choi et al., 2010; Cota et al., 2017;
Muroyama et al., 2016). Thus, the phosphorylation of γTuNA/CDK5Rap2 seems to
be crucial for its function and my experiments should therefore be repeated using
eukaryotic protein expression systems, such as insect or human cells.
To my knowledge, the effects of Mzt1 on γTuRC-mediated microtubule nucleation
have only been studied in yeast (Leong et al., 2019; Lin et al., 2016). In these
publications, Mzt1 stimulated γTuRC activity in the presence of the yeast CDK5Rap2
homologues Spc110 or Mto1/2 (Leong et al., 2019; Lin et al., 2016). In Candida
albicans, Mzt1 seems to bind to both γTuSCs and Spc110. γTuSCs and Spc110 also
interact with each other independently. This ‘bridging activity’ of Mzt1 is thought to
promote the oligomerization of γTuSCs into γTuRCs, which represents the first step
for efficient microtubule nucleation (Lin et al., 2016). In contrast, Mzt1 in
Schizosaccharomyces pombe has been shown to prevent the aggregation of γTuSCs
and GCP3 but does not directly interact with Mto1. How Mzt1 increases microtubule
nucleation efficiency of Schizosaccharomyces pombe γTuRCs is currently unknown,
but it was suggested that it might be needed stabilize GCP3 within the γTuRCs
(Leong et al., 2019).
In my hands, Mzt1 did not affect the microtubule nucleation activity of human γTuRCs.
The protein used in this study was expressed and purified from E. coli. Therefore, the
observed absence of an effect on γTuRC activity could potentially be due to the lack
of post-translational modifications. However, it is currently not known if posttranslational modifications are important for Mzt1 function (Teixidó-Travesa et al.,
2012; Tovey and Conduit, 2018). The human γTuRC used in this thesis was found to
contain Mzt2B (see Figure 2.23 for results from mass spectrometry analysis), which
is a known paralogue of Mzt1. Mzt2B is thought to have an interphase specific role in
γTuRC-mediated microtubule nucleation, while Mzt1 was shown to be important
during interphase and mitosis (Hutchins et al., 2010; Teixidó-Travesa et al., 2010).
Currently, it is not known how the binding of Mzt1 and Mzt2 to γTuRCs is regulated,
e.g. whether Mzt1 and Mzt2 can bind to γTuRCs simultaneously, if they both bind to
a different subset of γTuRCs or if there are cell type or cell cycle specific differences
in the interaction of Mzt1 and Mzt2 with γTuRCs. It is therefore possible that the
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endogenous Mzt2 might prevent the binding of the purified Mzt1 to γTuRCs under my
assay conditions.
Alternatively, Mzt1 might not directly stimulate microtubule nucleation by human
γTuRCs. It was recently suggested, that Mzt1 in human cells regulates the interaction
of other regulatory proteins with γTuRCs (Cota et al., 2017). Overexpression of
γTuNA in human cells strongly stimulates γTuRC-dependent microtubule nucleation
at random locations in the cytoplasm. This stimulatory effect was completely
abolished when Mzt1 was simultaneously knocked down, strongly indicating that
Mzt1 is mediating CDK5Rap2 binding to γTuRCs (Cota et al., 2017).
In summary, it would be interesting to repeat the experiments presented in this thesis
using proteins purified from other sources to re-evaluate the potential role of
γTuNA/CDK5Rap2 as γTuRC activators. It would also be interesting to study the
combination of Mzt1, γTuNA/CDK5Rap2 and γTuRC in order to understand if Mzt1
regulates the interaction of γTuNA/CDK5Rap2 with γTuRCs.

4.3.2 Regulation of γTuRCs by microtubule binders
In the last part of this chapter, I studied the effects of three different microtubule
binders, chTOG, TPX2 and EB3, on γTuRC nucleation activity. All three microtubule
binders are known to affect the dynamic properties of existing microtubules, albeit in
different ways (Akhmanova and Steinmetz, 2015; Gouveia and Akhmanova, 2010;
Gruss and Vernos, 2004; Howard and Hyman, 2007; Jiang and Akhmanova, 2011).
chTOG, a microtubule polymerase, is known to accelerate microtubule growth
speeds, while TPX2 is an anti-catastrophe factor that stabilizes microtubules
(Roostalu et al., 2015). EBs are plus-tip tracking proteins, known to increase
catastrophe frequency in vitro and in some studies were shown to mildly promote
microtubule growth (Komarova et al., 2009; Roth et al., 2019; Zhang et al., 2015). To
my knowledge, these proteins have not been studied in combination with human
γTuRCs.
4.3.2.1 Effect of EB3 on γTuRC-mediated microtubule nucleation
Conflicting results about the function of EBs in microtubule nucleation were reported
in the literature. High concentrations of EB1 and the fission yeast homologue Mal3,
were shown to induce spontaneous microtubule nucleation in solution (Sandblad et
al., 2006; Vitre et al., 2008). In contrast, EB1 at end-tracking concentrations was
shown to decrease the nucleation efficiency from stabilized microtubule seeds
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(Wieczorek et al., 2015). In my experiments, I did not observe a significant effect of
EB3 on γTuRC-mediated microtubule nucleation.
The different effects of EBs on microtubule nucleation might be due to the different
concentrations of EBs used in those publications. At high concentrations, EB is known
to not only bind microtubule ends but also the microtubule lattice (Maurer et al., 2011).
The nucleation promoting effect found at high EB concentrations might therefore be
a consequence of microtubule stabilization by lattice binding as was suggested
previously (Wieczorek et al., 2015).
In my experiments, I used EB3 concentrations that displayed microtubule endtracking behaviour but in the vast majority of the cases did not induce microtubule
catastrophes that led to complete microtubule depolymerization. Therefore, EB3 most
probably does not prevent the formation of the microtubule nucleus on γTuRC
templates. This could also explain why EB3 in my experiments did not affect γTuRCmediated microtubule nucleation.
Alternatively, the position of the tag on the EB protein might be important. It was
previously shown that EB1 tagged with GFP on the C-terminus or on the N-terminus
depict different behaviours in cells (Skube et al., 2010). N-terminal-tagging of EB1
alters the cellular localization and EB1 shows reduced binding to microtubules
compared to C-terminally tagged EB1 (Skube et al., 2010). It is therefore possible
that the position of the tag also alters the observed effect of EBs on microtubule
nucleation. The EB3 used in this thesis was tagged on the N-terminus while in the
literature either the untagged yeast homologue Mal3 or C-terminally tagged EB1 was
used (Sandblad et al., 2006; Vitre et al., 2008; Wieczorek et al., 2015). Alternatively,
EB1 and EB3 might affect microtubule nucleation from different templates differently
due to structural differences between microtubules nucleated from microtubule seeds
and γTuRCs (Kollman et al., 2011; Meurer-Grob et al., 2001). To better understand
the effect of EBs on microtubule nucleation by γTuRCs it would be interesting in the
future to repeat the experiments shown in this thesis with C-terminally tagged or
untagged EB1 and EB3.
4.3.2.2 Effect of chTOG on γTuRC-mediated microtubule nucleation
The microtubule polymerases Xenopus laevis XMAP215, budding yeast Stu2 and the
human chTOG were shown to mildly stimulate spontaneous microtubule nucleation
in solutions of purified tubulin and GTP (Ghosh et al., 2013; Gunzelmann et al., 2018;
Roostalu et al., 2015). It has also been shown that XMAP215 stimulates templated
microtubule nucleation from microtubule seeds (Wieczorek et al., 2015). More
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recently, XMAP215 and Stu2 were shown to have an effect on the microtubule
nucleation efficiency of purified γTuRCs in vitro (Gunzelmann et al., 2018; Thawani
et al., 2018). It was suggested that the effect of the microtubule polymerases on
nucleation efficiency is due to the accelerated formation of a microtubule on the
γTuRC (Gunzelmann et al., 2018; Thawani et al., 2018). However, this could not be
shown directly due to the limitations of the assays used in these studies. In agreement
with the published results, I found that chTOG promoted microtubule nucleation by
γTuRCs synergistically by up to 12-fold. Using the new microtubule nucleation assay
developed in this thesis, I was able to show that the rate of microtubule nucleation by
γTuRCs is directly proportional to the chTOG-dependent microtubule growth velocity.
This result strongly supports the current hypothesis of the role of microtubule
polymerases in microtubule nucleation. The fast addition of tubulin dimers onto
γTuRC templates probably facilitates the formation of the nascent microtubule and its
transformation from an unstable oligomer into a stable elongation competent
microtubule (Brouhard and Rice, 2018; Roostalu and Surrey, 2017).
Previous in vitro studies reported that the binding of XMAP215 and Stu2 via their Cterminus to γTuRCs is a prerequisite for efficient synergistic microtubule nucleation
(Gunzelmann et al., 2018; Thawani et al., 2018). While this has not been directly
studied in this thesis, I could observe a lower background GFP-fluorescence intensity
in the presence of immobilized γTuRCs compared to a control assay performed in the
absence of γTuRCs at the same chTOG concentration. The decreased GFPbackground fluorescence could potentially be due to FRET between mGFP-tagged
chTOG and mBFP-tagged γTuRCs if they are in close proximity (Heim and Tsien,
1996). This observation could suggest that γTuRCs and chTOG bind to each other.
In the future it would be interesting to repeat the experiments performed in this thesis
with a C-terminally truncated version of chTOG to confirm the proposed binding of
chTOG to γTuRCs and to study the functional consequence on γTuRC-mediated
microtubule nucleation in the new assay set up.
4.3.2.3 Effect of TPX2 on γTuRC-mediated microtubule nucleation
TPX2 was shown to promote spontaneous microtubule nucleation in solutions of
purified tubulin and GTP (Alfaro-Aco et al., 2017; Brunet et al., 2004; Roostalu et al.,
2015; Schatz et al., 2003). Kinetic studies with surface immobilized TPX2 further
showed that this protein stabilizes the formation of short microtubule stubs, which do
not elongate into a microtubule (Roostalu et al., 2015). TPX2 has also been shown to
increase the efficiency of microtubule nucleation from microtubule seeds by
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decreasing the minimal tubulin concentration needed for microtubule polymerization
(Wieczorek et al., 2015).
To my knowledge, the effect of TPX2 on γTuRC-mediated microtubule nucleation has
not been studied in vitro. My experiments showed that TPX2 strongly promoted
γTuRC-mediated microtubule nucleation by up to 19-fold without a strong effect on
microtubule growth velocity. This result is in agreement with a biochemical
characterization showing that TPX2 reduces microtubule catastrophes and
depolymerization speed without a strong effect on microtubule growth speeds
(Roostalu et al., 2015; Wieczorek et al., 2015). More recently, a structural study
showed that TPX2 promotes the association of tubulin subunits by binding to both
longitudinal and lateral tubulin-tubulin interfaces in the microtubule lattice (Zhang et
al., 2017). In agreement with the literature, my results suggest that TPX2 increases
γTuRC-mediated microtubule nucleation through a different mechanism than the
increase of microtubule growth velocities.
It was suggested in the literature that the C-terminus of TPX2 binds directly to γTuRCs
and that the binding is essential for γTuRC-dependent microtubule nucleation (AlfaroAco et al., 2017). In the future it would be interesting to study a C-terminally truncated
version of TPX2 to test if direct binding of TPX2 to γTuRCs is required to stimulate
γTuRC-mediated microtubule nucleation.
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5.

Concluding remarks

The function of the microtubule cytoskeleton depends on its ability to arrange into
ordered arrays and on the dynamicity of the micorutubule network (Bartolini and
Gundersen, 2006; Muroyama and Lechler, 2017; Sanchez and Feldman, 2017). In
part, this is achieved through the spatiotemporal regulation of the formation of new
microtubules by γTuRCs (Kollman et al., 2011; Teixidó-Travesa et al., 2012). How
γTuRC templates the formation of a new microtubule remains poorly understood.
Studies in cells and in vitro found that γTuRCs are not constitutively active, as purified
γTuRCs are poor nucleators, and in cells γTuRCs only nucleate microtubules at
specific subcellular locations (MTOCs) (Choi et al., 2010; Gunawardane et al., 2000;
Gunzelmann et al., 2018; Kollman et al., 2010, 2015; Leong et al., 2019; Lin et al.,
2016, 2014; Moritz et al., 1998; Oegema et al., 1999; Thawani et al., 2018; Tovey and
Conduit, 2018; Zheng et al., 1995). This led to the proposition that the efficiency of
γTuRC-mediated microtubule nucleation is regulated by multiple mechanisms
including regulatory factors, post-translational modifications and/or a conformational
switch (Farache et al., 2018; Kollman et al., 2011; Tovey and Conduit, 2018).
Major limitations of previous in vitro studies have been the difficulty to obtain sufficient
amount of γTuRCs, especially from higher eukaryotic systems and the lack of
available assays that allow direct visualization and quantification of microtubule
nucleation by γTuRCs in real-time. In the context of this thesis, I established a new
procedure for the purification of human γTuRCs from a stable cell line and developed
a novel TIRF-microscopy based real-time microtubule nucleation assay.
he new purification protocol is based on the affinity purification of γTuRCs, which are
fluorescently-tagged on the γTuRC subunit GCP2. The tagging of the γTuRC did not
interfere with the intracellular localization of the complex, and the tagged subunit
integrated into the γTuRC without completely replacing endogenous GCP2.
Currently, I do not know the copy number of tagged GCP2 within the complex or if all
complexes contain the same copy number. Further characterization of the tagged
γTuRC is necessary to better understand the possible heterogeneity of my purified
γTuRC sample. The new purification procedure was not able to yield a completely
pure γTuRC sample. It is not clear if the additional proteins present at the end of the
purification are potential γTuRC regulatory factors or contaminant proteins. Future
experiments will be needed to determine if these proteins have a function in γTuRCmediated microtubule nucleation. It could also be interesting to purify the complex
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from cells arrested during mitosis instead of asynchronous cells to see if the same or
different additional proteins are co-purified. This way it could be possible to identify
other potential regulatory factors and obtain information about differences in the
regulation of γTuRCs between mitosis and interphase.
The relatively high yield of human γTuRC that can be obtained using the new
purification protocol potentially opens up the possibility to study the structure of the
γTuRC using cryo-EM. To date there is only one high-resolution structure of the
γTuRC from Saccharomyces cerevisiae available (Kollman et al., 2010, 2015). Yeast
γTuRCs, however, only contain GCP2/3 and lack the additional GCP4/5/6 (Choy et
al., 2009; Geissler et al., 1996; Knop and Schiebel, 1997; Kollman et al., 2008, 2010,
2015; Sobel and Snyder, 1995; Soues and Adams, 1998). A high-resolution structure
of human γTuRCs containing all subunits could help to reveal the subunit composition
and positions of the GCPs within the complex. Experiments with the yeast γTuRC
proposed a conformational switch as a possible regulatory mechanism. If the
conformational switch exists, wheter it is specific to yeast or a general regulatory
mechanism and if it is induced by the interaction of γTuRCs with αβ-tubulins or the
interaction of the complex with γTuRC-binders remains to be determined. Cryo-EM
of the complex in the presence and in the absence of γTuRC binders before and after
microtubule nucleation might be able to reveal how γTuRCs facilitate microtubule
nucleation.
Classically, it was thought that all γTuRCs within the same organism have the same
subunit composition. However, quantifications of γTuRC subunit composition
estimated the copy number of GCP6 to be less than one per complex suggesting that
not all γTuRCs contain GCP6. Pull-downs of γTuRCs from human cells show that
GCP4/5/6 co-immunoprecipitate in all pairwise combinations (Murphy et al., 1998,
2001). However, a more recent publication reports that less GCP4 can be found when
γTuRC is immunoprecipitated via GCP6 compared to γ-tubulin while the level of
GCP5 remains the same (Hutchins et al., 2010). Another study found GCP6containing complexes which are only slightly smaller than γTuRCs after depletion of
GCP4 or GCP5 from human cells (Cota et al., 2017). Appart from the γTuRC core
components, it was shown that γTuRCs in mouse keratinocytes mutually exclusively
bind to either NEDD1 or CDK5Rap2 (Muroyama et al., 2016). Mzt1 in Drosophila
melanogaster was shown to be only expressed in the testis and in Arabidopsis
thaliana, Mzt1 might only associate with a subset of all γTuRCs (Nakamura et al.,
2012; Tovey et al., 2018). Thogether, this led to the speculation that different
subpopulations of γTuRCs might exist within an organism (Tovey and Conduit, 2018).
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Future work will be needed to further assess the possible heterogeneity of γTuRCs
and what is the functional relevance of this.
In the second part of this thesis, I described the development of a new real-time TIRFmicroscopy based γTuRC-mediated microtubule nucleation assay. In this assay
purified fluorescent γTuRCs are immobilized to functionalized glass surfaces via the
biotinylated AviTag on the GCP2 subunit. The assay set-up is based on previously
described TIRF-assays used to study microtubule elongation from surface
immobilized microtubule seeds and spontaneous microtubule nucleation in the
absence of γTuRCs (Bieling et al., 2007, 2010; Roostalu et al., 2015). Using the new
assay, the nucleation of individual microtubules by surface immobilized γTuRCs in
the presence of GTP and tubulin can be observed in real-time using standard TIRFmicroscopy. This set-up allows to differentiate between γTuRC-mediated microtubule
nucleation, spontaneous background nucleation and microtubule elongation in the
same nucleation reaction and thus the direct quantification of the kinetics of
microtubule nucleation by γTuRC. It also allows for the addition of regulatory factors
to test their effect on the efficiency of γTuRC-mediated microtubule nucleation.
Using the new assay, I found that fluorescently-tagged γTuRCs are active and able
to stimulate microtubule nucleation above the level of spontaneous nucleation. The
microtubules nucleated by γTuRCs stayed capped throughout the whole duration of
a typical assay (20 min). This observation is in agreement with the function of the
γTuRC as template for microtubule nucleation (Kollman et al., 2011). The number of
microtubules nucleated by purified γTuRCs depended linearly on the amount of
complexes attached to the glass surfaces and strongly on the concentration of tubulin
in the assay. My results are in agreement with previous publications that showed that
the efficiency of γTuRC-mediated microtubule nucleation depends linearly on the
concentration of the complex and non-linearly on the tubulin concentration in the
assay (Oegema et al., 1999; Zheng et al., 1995). I found that the increase of
microtubule numbers over time was linear for all experimental conditions. This result
suggests that γTuRCs have a constant probability to nucleate a microtubule at a given
time point. This is in agreement with a recent publication which found a constant
probability for microtubule nucleation from microtubule seeds as templates
(Wieczorek et al., 2015).
At the highest tested tubulin concentration (20 μM tubulin) only 1% of all γTuRCs in
a given field of view were able to nucleate a microtubule within 5 min. While it was
surprising to find that only a small subpopulation of γTuRCs are able to nucleate
microtubules, this observation is also in agreement with previous studies that found
that purified γTuRCs are poor microtubule nucleators in vitro (Choi et al., 2010;
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Gunawardane et al., 2000; Gunzelmann et al., 2018; Kollman et al., 2010, 2015;
Leong et al., 2019; Lin et al., 2016, 2014; Moritz et al., 1998; Oegema et al., 1999;
Thawani et al., 2018; Tovey and Conduit, 2018; Zheng et al., 1995). However, it is
difficult to compare the efficiency of γTuRC-mediated microtubule nucleation found in
this thesis with published data as different assays and experimental conditions were
used (tubulin concentrations, temperature, buffer conditions, see Table 2). Another
major difference is that other studies use endogenous γTuRCs purified while the
complex in this thesis was purified from a stable cell line overexpressing a tagged
γTuRC subunit. While the cells did not show any obvious defects upon expression of
tagged GCP2 I cannot exclude that the tagging of the γTuRC interferes to some
extend with its function as a microtubule nucleator. Additionally, in my assay set-up
tagged γTuRCs are bound via the AviTag to functionalized glass surfaces. The
attachment of the complex could potentially also decrease the efficiency of the γTuRC
to nucleate microtubules due to possible sterical hindrances. It could be interesting to
compare the activity of tagged purified γTuRCs with the activity of endogeneous
complex purified from the same cell type using a different assay set-up to better
assess the impact of the tag or the surface attachment on γTuRC-mediated
microtubule nucleation.
I could not observe microtubule nucleation within 20 min at tubulin concentrations
lower than 7.5 μM under my assay conditions. This tubulin concentration is in between
the minimal concentration supporting the elongation of an existing microtubule (~2
μM) and the tubulin concentration needed for efficient spontaneous microtubule
nucleation (≤ 20 μM). A similar result has been reported for microtubule nucleation
from microtubule seed templates and was interpreted as the presence of a kinetic
barrier for templated microtubule nucleation (Wieczorek et al., 2015). My results
therefore

suggest

that

γTuRC-mediated

microtubule

nucleation

is

also

thermodynamically unfavourable and that first a nucleus needs to assemble on the
γTuRC before a microtubule can elongate (see Figure 5.1). This observation is
interesting because it could indicate structural differences between growing
microtubule ends and templates or differences in the nucleotide state as was
suggested in the literature (Brouhard and Rice, 2018; Roostalu and Surrey, 2017;
Wieczorek et al., 2015).
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Figure 5.1: Hypothetical pathway of γTuRC-mediated microtubule nucleation. γTuRCmediated microtubule nucleation might be hindered by a kinetic barrier. The kinetic barrier is
lower than for spontaneous microtubule nucleation and can be further reduced by proteins
which accelerate and/or stabilize the formation of the ‘critical nucleus’.

An ongoing question in the field is the size of the ‘critical nucleus’ or the smallest
stable tubulin oligomer which is needed to promote microtubule elongation. Using the
kinetic data obtained from γTuRC-mediated microtubule nucleation experiments at
different tubulin concentrations I estimated that the size of the critical nucleus in
γTuRC-mediated microtubule nucleation is at least ~7 tubulin dimers. This nucleus
size is similar to the estimates calculated from kinetic bulk measurements of
spontaneous microtubule nucleation by spectrophotometry and kinetic models
(nucleus size between 5 to 20 tubulin dimers) (Flyvbjerg and Jobs, 1997; Voter and
Erickson, 1984). Measurements of spontaneously nucleated microtubule oligomers
by negative stain electron microscopy report similar sizes in the range of three to a
few tens of dimers in length (Mozziconacci et al., 2008; Portran et al., 2017; Voter
and Erickson, 1984; Wang et al., 2005). While it remains unclear how accurate these
estimations of the nucleus size really are, my result could indicate that the size of the
critical nucleus for γTuRC templates is the same as for spontaneous nucleation. This
suggests that the higher efficiency of the γTuRC to nucleate a microtubule compared
to spontaneous microtubule nucleation is due to the more efficient formation of a
critical nucleus due to the stabilization of tubulin dimer assembly by γ-tubulin. Notably,
the nucleus size estimated from studies of microtubule nucleation from stabilized
microtubule seeds using fluorescence microscopy and image analysis found that at
least ~250 tubulin dimers need to assemble on the seed template before the
microtubule switches to polymerization (Wieczorek et al., 2015). Currently, it is not
known which of these methods is more accurate to estimate the size of the critical
nucleus. Nevertheless, it is principally possible that the nucleus size varies between
different templates as they have structural differences. For instance, microtubule
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seeds present a β-tubulin surface and have a 14-protofilament structure, whereas
γTuRC templates 13-protofilament microtubules and present a γ-tubulin surface
(Kollman et al., 2011; Meurer-Grob et al., 2001). If the nucleus size varies between
spontaneous nucleation and templated nucleation or between different templates will
need further investigation.
γTuRCs can potentially be activated by different regulatory mechanisms including
regulatory factors which directly bind to the complex and might induce a structural
shift (Choy et al., 2009; Kollman et al., 2008, 2010, 2011, 2015). Alternatively, or
additionally, the efficiency of γTuRC-mediated microtubule nucleation might be
modulated by the activity of proteins that affect microtubule dynamics but do not
necessarily directly interact with the complex (Alfaro-Aco et al., 2017; Brouhard and
Rice, 2018; Gunzelmann et al., 2018; Roostalu and Surrey, 2017; Roostalu et al.,
2015; Thawani et al., 2018; Wieczorek et al., 2015). Using the new assay, it is now
possible to differentiate between a direct effect on the efficiency of γTuRC-mediated
microtubule nucleation due to binding of a regulatory factor to γTuRC or a secondary
effect due to changes in microtubule dynamicity, e.g. reduced catastrophe rates or
accelerated microtubule growth velocities. The new microtubule nucleation assay
allows to differentiate between these two possible regulatory mechanisms as
microtubule nucleation and microtubule elongation can now be measured at the same
time.
In the context of this thesis I studied the effect two known γTuRC-binders, Mzt1 and
a fragment of CDK5Rap2 (termed γTuNA), on the activity of γTuRCs. In contrast to
the literature, I only found a weak stimulatory effect of γTuNA on γTuRC-mediated
microtubule nucleation (Choi et al., 2010; Muroyama et al., 2016). This result is most
likely due to the lack of a phosphorylation site on γTuNA purified from E. coli. In my
hands Mzt1, which also has been purified from E. coli, did not stimulate microtubule
nucleation by γTuRCs. While this result might also be due to the lack of posttranslational modifications it is also possible that Mzt1 does not have an effect on
γTuRC-mediated microtubule nucleation. Alternatively, the Mzt2B, which co-purified
with the γTuRC used in this thesis, might prevent the binding of recombinant Mzt1.
More recently it was suggested that Mzt1 might bridge γTuRC and CDK5Rap2
together and thus regulates the activity of γTuRCs by modulating the binding of the
complex with the activator (Cota et al., 2017). If Mzt1 only modulates the binding of
CDK5Rap2 to γTuRCs or also the interaction of the complex with other regulatory
factores remains to be determined. In the future it would be interesting to re-evaluate
the role of these γTuRC binders on γTuRC activity individually and in combination.
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Lastly, I studied the effect of three different microtubule binders, EB3, chTOG and
TPX2, on γTuRC activity. I found that both chTOG and TPX2 synergistically increase
the efficiency of γTuRC-mediated microtubule nucleation while EB3 was neutral. The
results obtained for chTOG and TPX2 are in agreement with what has been observerd
for microtubule nucleation from seed templates (Wieczorek et al., 2015). The
synergistic effect of TPX2 and chTOG was interpreted in the literature as follows: the
presence of γTuRC or other templates facilitates the formation of the weaker lateral
contacts between incoming tubulin dimers which are less likely to form in solution.
chTOG can than accelerate the longitudinal elongation of protofilaments which in turn
increases the possibilities for lateral connections to form. Therefore, chTOG
accelerates the transformation of an unstable oligomers into a stable nucleus
(Brouhard and Rice, 2018; Roostalu and Surrey, 2017; Wieczorek et al., 2015). TPX2
instead did not show a strong effect on the microtubule plus-end growth velocity but
is a known anti-catastrophe factor (Reid et al., 2016; Roostalu et al., 2015; Wieczorek
et al., 2015). The effect of TPX2 on γTuRC-mediated microtubule nucleation might
therefore be due to its activity as surpressor of microtubule dynamicity. TPX2 has
also been shown to bind to lateral and longitudinal tubulin-tubulin interfaces (Zhang
et al., 2017). The stimulatory effect of TPX2 could therefore also be due to TPX2
stabilizing tubulin-tubulin interactions.
In vitro experiments have shown that chTOG and TPX2 together can synergistically
promote spontaneous microtubule nucleation in solution above the effect of the
individual proteins (Roostalu et al., 2015). The synergy can be explained by the
different mechanisms of how chTOG and TPX2 stimulate microtubule nucleation. It
would be interesting to combine chTOG and TPX2 to observe their combined effect
on microtubule nucleation by γTuRCs. Recently, it was suggested that both TPX2
and chTOG are also directly binding to γTuRCs, and that the binding is required to
achieve the synergistic effect on microtubule nucleation (Alfaro-Aco et al., 2017;
Gunzelmann et al., 2018; Thawani et al., 2018). While my results did not clearly
indicate binding of TPX2 or chTOG to surface immobilized γTuRCs, further
experiments with truncated versions of both proteins would be needed to rule out a
possible direct interaction of these proteins with γTuRC.
The lack of an effect of EB3 on γTuRC-mediated microtubule nucleation was
unexpected as it was reported before that EB1 inhibits microtubule nucleation from
microtubule seed templates (Wieczorek et al., 2015). Further experiments will be
needed to rule out if EBs do not have an effect on γTuRC-mediated microtubule
nucleation, or if the discrepant results are due to different experimental conditions,
e.g. assay conditions, N- or C-terminal tagging of EBs, EB1 versus EB3.
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Appart from activation by direct binding partners and proteins regulating microtubule
dynamicity, γTuRCs might also be regulated by post-translational modifications
(Kollman et al., 2011; Teixidó-Travesa et al., 2012). So far, this possible regulatory
mechanism has not been studied extensively. Using the new assay, it would be
interesting to compare the nucleation activity of γTuRCs purified from different cell
cycle stages (mitosis versus interphase) to better understand the impact of posttranslational modifications on γTuRC nucleation efficiency. In the future, the assay
might also be useful as a platform to test drugs which could inhibit γTuRC activity or
to screen for new γTuRC interactors using cell extract.
In summary, the new γTuRC purification procedure and the new microtubule
nucleation assay presented in this thesis will be useful tools to study γTuRC-mediated
microtubule nucleation and the regulation of the complex in the future.
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6.

Material and Methods

6.1 Molecular biology
Cloning was performed using standard methods. DNA inserts were amplified from
cDNA clones (Table 6) using either Kappa HiFi polymerase (Kapa Biosystems; KK
2101) or Phusion Hot Start polymerase (Finnzymes; F549L) according to
manufactures recommendation. Primers were purchased from Sigma Aldrich (desalt
grade). Primers used in this thesis are summarized in Table 7. Annealing
temperatures

were

calculated

using

Serial

Cloner

freeware:

(http://serialbasics.free.fr/Serial_Cloner.html).
PCR products were analyzed by agarose gels and prepared for downstream
processing using the PCR cleanup kit from Quiagen (QIAquick PCR Purification Kit;
28104). PCR products and vectors were digested overnight at 37°C using standard
restriction enzymes (all from New England Biolab, NEB, see Table 7). Vectors were
dephosphorylated the next day by Antarctic Phosphatase (NEB; M0289S) treatment
for 1 hour at 37°C. After heat inactivation at 65°C for 30 minutes, DNA was separated
on agarose gels and purified using the Quiagen Gel Extraction Kit (QIAquick Gel
Extraction Kit; 28704). DNA concentrations were measured using NanoDrop
(NanoDrop ND 1000 Spectrophotometer, Thermo Scientific).
For restriction enzyme cloning, inserts and vectors were mixed in a 3:1 molar ratio
and incubated with 10 U/µL T4 Ligase (NEB; M0202S) for four hours at 16°C in
ligation buffer with ATP (NEB). 5 µL of ligation mix was transformed into 50 µL of E.
coli DH5-alpha cells (Stratagene) by heat shock. Cells were incubated with DNA for
30 min on ice, heat shocked for 90 s followed by a 5 min incubation on ice. 1 mL of
standard LB medium (10 g tryptone, 10 g NaCl, 5 g yeast extract, media kitchen, The
Francis Crick Institute), was added and cells were incubated for 1 h at 37°C and 160
rpm. 100 µL of undiluted, 1:10 and 1:100 diluted transformation mixture was plated
onto agar plates using either Ampicillin (100 µg/μL, Fischer) or Kanamycin (50 µg/μL,
Fischer) as selection markers. Plates were incubated overnight at 37°C and at least
6 colonies were picked for 5 mL liquid overnight cultures (37°C, 160 rpm). Plasmid
DNA was isolated using the Quiagen Miniprep kit (QIAprep Spin Miniprep Kit; 27104)
and positive clones were selected using control restriction digests followed by
agarose gel electrophoresis. Sequences were confirmed by sequencing at GATCBiotech (http://www.gatc-biotech.com).
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In-Fusion cloning was performed using a kit (In-Fusion® HD Cloning Plus, 638911)
following manufactures instructions for Spin-Column purified PCR Fragments
(Clontech). Vector and insert amounts for In-Fusion reactions were calculated using
the In-Fusion molar ratio calculator online (https://www.takarabio.com/learningcenters/cloning/in-fusion-cloning-tools/in-fusion-molar-ratio-calculator). For proteins
expressed in E. coli, 10 µL of ligation mix was transformed and processed as
described above. For lentiviral constructs (Table 6) 10 µL of ligation mix was
transformed into NEB stable competent E. coli (High efficiency) (NEB, C3040I) by
heat shock and processed as described above.
Table 6: cDNA clones used in this thesis

Protein
CDK5Rap2

Accession Number
NM_018249

NEDD1

NM_152905.3

γ-tubulin
GCP2
GCP3
GCP4
GCP5
GCP6
Mozart1

NM_001070
NM_001256617.1
NM_006322.6
NM_014444.4
NM_052903.6
NM_020461.4
NM_001071775.3

Product code
EX-E1869-M43
custom made
(codon optimized
for insect cell
expression)
SC119462
SC115940
SC322145
SC115032
SC127127
RC213690
SC315397

Company
Genecopoeia
LifeTechnolgoies
Origene
Origene
Origene
Origene
Origene
Origene
Origene
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Table 7: Constructs cloned in this thesis. Mozart1 was cloned by Julian Gannon (Surrey group, The Francis Crick Institute).
Name
pTC058

Protein
γTuNA51-100

Tag
N-terminal
AviTag-mBFP

Primers
Plasmid
FORWARD: GACGAATTCGGCGGCGGTGGCGGTGAAACAGTGTCTCCCACCAG
pRSF-Duet
REVERSE:
GTCGCGGCCGCTTATTAAAGCTTGCTTTCCAAACGCAAC
pTC056 γTuNA51-200
N-terminal
FORWARD: GACGAATTCGGCGGCGGTGGCGGTGAAACAGTGTCTCCCACCAG
pRSF-Duet
AviTag-mBFP
REVERSE:
GTCAAGCTTTTATTAGTAGATATGTTCAGTGGGGCCATG
pTC071 γTuNA51-200
N-terminal
FORWARD:
pGEXNDE1
GST-AviTag
AGGAGATATACCATGATGTCCCCTATACTAGGTTATTGGAA
REVERSE:
CACCGCCGCCGAATTCCTCGTGCCACTCGATCTTCTGAGCCTCGAAGATGTCGT
TCAGACCGCCCTGAAAATACAGGTTTTCACCGCCACCGCCGCCTTTTGGAGGAT
GGTCGCCACC
pTC078 γTuNA51-200
N-terminal
FORWARD:
pGEXNDE1
GST
GGTGGTGGTGGAATTGAAACAGTGTCTCCCACCAGAG
REVERSE:
ACGATGAATTAAGCTGCTTATTAAAGCTTGCTTTCCAAACG
pTC037 ΔN-NEDD13 N-terminal
FORWARD: GACGAATTCGGTGGTGGTGGCGGTACTGTGGCTGTGCAAGAGAAG pFastBacHta
AviTag-mBFP
REVERSE:
GTCAAGCTTTTATTAGAAGTGAGCACGCAGGC
JG020
Mzt1
N-terminal
FORWARD:
pGEXNDE1
GST
GAATTCTAGACCATATGGAAAACCTGTATTTTCAGGGCGCGAGTAGCAGCGGTG
CTGGGGCGG
REVERSE:
TTGAGCTCGAGTCGACTTAGCTTGTCATATTTTCAGCAGCCTTCAGTGCTTCAGT
AGCCTTGCG
1 γTuNA is the N-terminal γTuRC-binding domain of CDK5Rap2 which contains the evolutionary conserved CM1 domain (amino acids 51-100)
2

RD = Restriction Digest

3

ΔN-NEDD is the C-terminal half of NEDD1 (amino acids 364-660)

Method
RD1:
EcoRI
NotI
RD:
EcoRI
HindIII
RD:
NcoI
EcoRI

In-Fusion:
EcoRI
HindIII
RD:
EcoRI
HindIII
In-Fusion:
Nde1
Sal1
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Table 8: M13 primers for verification of insert integration into recombinant bacmids. (Bac-to-Bac manual, Thermo Fisher)
Primer
Sequence
M13 Forward

CCCAGTCACGACGTTGTAAAACG

M13 Reverse

AGCGGATAACAATTTCACACAGG

Table 9: Primers for N- and C-terminal tagging of GCP2. Constructs were cloned by Wei Ming Lim (Surrey group, The Francis Crick Institute).
Name
Protein
Tag
Primers
Plasmid
pTC068 GCP2
N-terminal
FORWARD mBFP:
pLVX-Puro
AviTagGGACTCAGATCTCGAATGGGTCTGAACGACATCTTCG
mBFP
FORWARD GCP2:
AGTGAATTTCGGATTCACCATG
REVERSE mBFP:
GAATCCGAAATTCACTTCCGCCTCCTCCGCCGCCCTGAAAATACAGGTTTTCTCCGCCTC
CTCCGCCGTTCAGTTTATGACCCAGTTTGCT

pTC069

C-terminal
AviTagmBFP

REVERSE GCP2:
GGTAGAATTATCTAGTCACTGTGCGGTGACTGCGAC
FORWARD mBFP:
AGCGAAGAACTGATCAAAGAAAAC
FORWARD GCP2:
GGACTCAGATCTCGAATGAGTGAATTTCGGATTCACCAT
REVERSE mBFP:
GGTAGAATTATCTAGTCAGTTCAGTTTATGACCCAGTTT
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REVERSE GCP2:
TGATCAGTTCTTCGCTTCCGCCTCCTCCGCCCTCGTGCCACTCGATCTTCTGAGCCTCGA
AGATGTCGTTCAGACCGCCCTGAAAATACAGGTTTTCTCCGCCTCCTCCGCCCTGTGCGG
TGACTGCGACC

pLVX-Puro

Method
In-Fusion:
XhoI
XbaI

In-Fusion:
XhoI
XbaI
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Table 10: Primers for N- and C-terminal tagging of GCP4. Constructs were cloned by Wei Ming Lim (Surrey group, The Francis Crick Institute).
Name
Protein
Tag
Primers
Plasmid
pTC066 GCP4
N-terminal
FORWARD mBFP:
pLVX-Puro
AviTagGGACTCAGATCTCGAATGGGTCTGAACGACATCTTCG
mBFP
FORWARD GCP4:
ATCCACGAACTGCTCTTGGCT
REVERSE mBFP:
AGAGCAGTTCGTGGATTCCGCCTCCTCCGCCGCCCTGAAAATACAGGTTTTCTCCGCCTC
CTCCGCCGTTCAGTTTATGACCCAGTTTGCT

pTC067

GCP4

C-terminal
AviTagmBFP

REVERSE GCP4:
GGTAGAATTATCTAGTCACATCCCGAAACTGCCCAGA
FORWARD mBFP:
AGCGAAGAACTGATCAAAGAAAAC

Method
In-Fusion:
XhoI
XbaI

pLVX-Puro

In-Fusion:
XhoI
XbaI

Plasmid
pLVXIRES-Hyg

Method
In-Fusion:
XhoI
BamHI

FORWARD GCP4:
GGACTCAGATCTCGAATGATCCACGAACTGCTCTTGG
REVERSE mBFP:
GGTAGAATTATCTAGTCAGTTCAGTTTATGACCCAGTTT
REVERSE GCP4:
TGATCAGTTCTTCGCTTCCGCCTCCTCCGCCCTCGTGCCACTCGATCTTCTGAGCCTCGA
AGATGTCGTTCAGACCGCCCTGAAAATACAGGTTTTCTCCGCCTCCTCCGCCCATCCCGA
AACTGCCCAGAG

Table 11: Primers for tagging of BirA. Constructs were cloned by Wei Ming Lim (Surrey group, The Francis Crick Institute).
Name
Protein
Tag
Primers
pTC070 BirA
HA
FORWARD:
CGGTGAATTCCTCGAATGTACCCATACGATGTTCCAGATTACGCTGGCGGAGGAGGCGG
AAAGGATAACACCGTGCCACTG
REVERSE: GAGAGGGGCGGGATCTTATTATTTTTCTGCACTACGCAGG
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6.2 Protein Expression
6.2.1 Protein expression in E. coli
Proteins were expressed in E. coli BL21 (DE3)-RIL competent cells (Stratagene;
230240). 100 ng of plasmid DNA was transformed into 50 µL of cells using the heat
shock procedure described above. For selection, agar plates containing
Chloramphenicol (50 µg/µL) and Kanamycin (50 µg/µL) or Ampicillin (100 µg/µL) were
used. Agar plates were incubated overnight at 37°C. A single colony was picked for
an overnight culture (400 mL LB media, supplemented with antibiotics and 2%
glucose at 200 rpm and 25°C in a 2 L Erlenmeyer flask, prepared midday). On the
next day, main culture (1 L LB media, supplemented with antibiotics in 5 L Erlenmeyer
flask) was inoculated with overnight culture at an OD600 of 0.05 and left to grow to an
OD600 of 0.6 at 25°C and 200 rpm. Cell density was monitored using a conventional
spectrophotometer. When an OD600 of 0.6 was reached, cultured were transferred to
18°C

and

expression

was

induced

with

0.1

mM

Isopropyl

β-D-1-

thiogalactopyranoside (IPTG; Roche, 11411446001). For biotinylated proteins
(AviTag), D-biotin (Sigma Aldrich; B4639) was added to a final concentration of 7
µg/mL. Cultures were harvested after 16-18h by centrifugation (30 min, 4000xg, 4°C,
JLA 81000 rotor (Beckman)) and the supernatant was discarded. Pellets were
resuspended in cold PBS (10 mM Na2HPO4, 18 mM KH2PO4, 27 mM KCl, 137 mM
NaCl, pH 7.4), transferred into 50 ml Falcon tubes (Corning) and centrifuged again
(15 min, 1,942xg). The supernatant was discarded. Pellets were flash frozen in liquid
nitrogen and stored until further use at -80°C. Protein expression was confirmed by
western blot and SDS-gel electrophoresis.

6.2.2 Insect cell culture and expression
For baculovirus mediated protein expression, Sf21 (Spodoptera frugiperda 21) insect
cells (originally provided by Imre Berger, EMBL Grenoble) were used. Cells were
maintained in suspension culture in Sf-900 II SFM serum-free medium (Invitrogen) at
0.7x106 cells/mL at 27°C and under constant shaking (120 rpm). Cells were grown in
plastic Erlenmeyer flasks (Corning, Sigma Aldrich) of five times the cell culture
volume. Cell density was maintained by counting cultures every 24h using a
Neubauer improved cell counting chamber.
For generation of bavuloviruses, the Bac-to-Bac® Baculovirus Expression pFastBac
system was used (Invitrogen/life technologies) according to the manufactures
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recommendations. 100 ng vector DNA (pFastBac, (Fitzgerald et al., 2007) were
transformed by heat shock (as described above) into E. coli DH10 MultiBac cells (Life
technologies) for generation of recombinant bacmids. E. coli cells were grown in SOC
media (Life technologies) for 4-8h at 37°C and plated onto agar plates containing
Gentamycin (7 µg/mL), Teracyclin (10 µg/mL), Kanamycin (50 µg/mL), Bluo-Gal/XGal (0.1 mg/mL) and IPTG (40 µg/mL) as selection markers. Six positive colonies
were selected by blue white screen (Ullmann, 1967) after 1 day of incubation at 37°C,
re-streaked onto fresh plates and left for overnight incubation at 37°C. To verify
presence of insert in the bacmid DNA a colony PCR using KAPA Hifi polymerase and
M13 primers (Table 8, taken from the Bac-to-Bac manual, Thermo Fisher) was
performed followed by analytical agarose gel electrophoresis (see below). Positive
colonies were used to inoculate 10 mL overnight cultures in LB media supplemented
with antibiotics (160 rpm, 37°C). DNA was isolated using the NucleoBond® Xtra Midi
prep kit (Macherey-Nagel, 740410.10) and used the same day for baculovirus
generation.
2 mL insect cell culture per well was transferred into 6 well plates (Corning) at a
density of 0.3x106 cells/mL and left to settle for 1h at 27°C. For transfection, 20 μL of
freshly prepared bacmid DNA was mixed with 200 µL insect cell media and 14 µL
FuGENE-HD (Promega; E2311) and incubated for 20 min at room temperature. Half
of this mixture was added dropwise to each well containing seeded insect cells and
mixed by moving the plates. Plates were kept in a sealed container and incubated for
72h at 25°C. Virus containing supernatant was added to 25 ml of Sf21 suspension
culture (density: 0.7x106 cells/mL). Cell density was maintained until cells stopped to
proliferate. The next day (48h after cells stop dividing) virus containing supernatant
was harvested by centrifugation (700xg, 10 min, 4°C) and fetal bovine serum was
added (10% final concentration, Sigma Aldrich; F7524). Mixture was filtered (PVDF
membrane, 0.22 μM pore size, Millipore; SLGP033RS) and stored in the dark at 4°C.
For long-term storage 1 mL aliquots were prepared, flash frozen in liquid nitrogen and
stored at -80°C.
The exact virus titer was not determined, as virus amount for protein expression was
always optimized empirically by small scale expression tests. Different virus amounts
(25 to 500 μL) were added to 25 mL suspension cultures (density: 0.7x106 cells/mL)
and incubated for 72h. Samples were withdrawn daily and analyzed by SDS-gel
electrophoresis and western blot to compare protein expression levels. Best condition
(Highest expression level at lowest virus concentration) was chosen for large scale
cultures (600 mL). Good expression was usually found 48-72h post infection at a
1:1000 dilution of virus.
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Large scale cultures were harvested by centrifugation (700xg, 30 min, 4°C, JLA
81000 rotor (Beckman)) and the supernatant was discarded. Pellets were
resuspended in cold PBS, transferred into 50 ml Falcon tubes (Corning) and
centrifuged again (15 min, 700xg). Expression was controlled by SDS-gel
electrophoresis and western blot. Since insect cell culture media contains biotin, no
additional biotin was added for expression of biotinylated proteins (AviTag).

6.2.3 Mammalian cell culture and generation of stable HeLa-K cell lines
All cells used in this thesis have been negatively tested for mycoplasma. HeLa-K cells
and U2OS cells were maintained at 37°C (10% CO2) in Dulbecco's Modified Eagle
Medium (DMEM; Sigma Aldrich, D6429) supplemented with 10% fetal bovine serum
(Sigma Aldrich; F7524), 50 U/mL Penicillin (Thermo Fisher) and 50 µg/mL
Streptomycin (Thermo Fisher).

6.3 Generation of a stable HeLa-K cell lines expressing tagged
GCP2 or GCP4
HeLa-K cells stably expressing N- or C-terminal AviTag-mBFP tagged GCP2 or
GCP4 and HA-BirA were developed in collaboration with Jayant Asthana and Wei
Ming Lim (both Surrey group, The Francis Crick Institute). Constructs were designed
by myself and Wei Ming Lim performed the cloning. Cell culture work, lentiviral
infection, flow cytometry, immunostaining and fluorescent microscopy screening were
performed by Jayant Asthana and Wei Ming Lim. Western blot screen was performed
by Wei Ming Lim and myself.
Lentiviral plasmids were cloned as described above using the primers and plasmids
tabulated in the appendix. Lentiviruses were prepared in HEK293FT cells as
described previously (Abella et al., 2016). HeLa-K cells were co-transduced with
tagged GCP2 or GCP4 lentivirus and BirA lentivirus. Transduced cells were selected
by antibiotic selection with hygromycin (50 µg/mL, Thermo Fisher) and puromycin (1
µg/mL, Thermo Fisher) for 72 h. Cells were sorted by flow cytometry (Flow cytometry
facility, The Francis Crick Institute) and mBFP positive single cell colonies were
screened for mBFP fluorescence and HA-BirA (immunostaining against HA-tag was
performed as described (Asthana et al., 2013)) using fluorescence microscopy
(spinning disc confocal, Nicon). Positive clones were grown at two different D-Biotin
concentrations, 10 µM and 50 µM, and screened for in vivo biotinylation by HA-BirA
using western blot (Figure 2.14, A and C). Clones C18 (GCP2) and C15 (GCP4) were
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selected for large scale cell pellet production based on a second screen (Figure 2.14
B and D, see chapter 2, section 2.2.2.1).

6.3.1 Large scale production of human cell pellets
Large scale cell culture was performed by Cell Services Facility (The Francis Crick
Institute). Every four weeks, fresh cells were revived from frozen vials. Pellets were
stored at -80°C until further use.
Large scale culture of HeLa-K cells: Cells grown on one cell culture flask (175 cm2,
Thermo Fisher; 156502) were subdivided onto 7 cell culture flasks and left until
confluent (~2 days). Then, cells were subdivided into 20 triple layer flasks (500 cm2,
Thermo Fisher; 10757811) and again allowed to become confluent (~4 days). Next,
cells were subdivided into 100 triple layer flasks. D-biotin (cell culture grade, 1 mM
stock prepared in 1xPBS in advance and stored at -20°C, Sigma Aldrich; B4639) was
added to a final concentration of 50 μM and cells were grown for another ~3 days to
get confluent. Cells were washed with PBS and trypsinised using 0.25% trypsin-EDTA
solution (Sigma Aldrich; 25200056). Cells are harvested by centrifugation using a JS4.2 rotor (Beckman, J6-MI centrifuge) at 283.7xg for 15 min at 4°C. Pellet is
resuspended in PBS and spun in falcon tubes (Corning) in an Allegra X-30 table top
centrifuge at 193xg at 4°C for 10 min to pellet sizes of 15 g each. Peer week 60±3 g
of cell pellet are produced using this method.
Large scale culture of U2OS cells: Cells grown on one large flask were subdivided
onto 4 large flasks and left until confluent (~2 days). Then cells were subdivided onto
20 large flasks and again allowed to become confluent (~3 days). Next cells were
subdivided onto 35 triple layer flasks and left to get confluent (~3 days). Cells are
harvested as described above. Per week 15±2 g of cell pellets were produced.

6.4 Gel electrophoresis
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed using NuPAGE (Thermo Fisher) 10% Bis-Tris gels (NP0301) or 4-12% BisTris gradient gels (NP0335). Protein gels were run using either NuPAGE 1x MOPS
(NP0001) or 1x MES (NP0002) SDS Running buffer. Proteins were denatured by
adding 1x NuPAGE LDS Sample Buffer (NP007) and heated at 65°C for 15 minutes.
As size marker, Precision Plus Protein Dual Xtra prestained protein standard (BioRad,
1610377) was used. Gels were stained using Instant blue (Sigma Aldrich, ISB1L) or
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0.25% coomassie brilliant blue (Bio-Safe Coomassie G-250 Stain, BioRad, 161-0786)
in staining buffer (50% Methanol, 7% glacial acetic acid) for 1-3 h and left to destain
overnight (staining buffer without coomassie). Staining of gels in SYPRO ruby
(Thermo Scientific, S12000) was performed following manufacturer’s instructions and
imaged using a standard scanner after washing the gels in Milli-Q water.
Agarose gel electrophoresis was performed using standard methods (Viovy, 2000).
1x Tris-Acetate-EDTA buffer (50x TAE stock, 2 M Tris-HCl, 1 M glacial acetic acid,
0.05 M EDTA) was used as running buffer and resolved gels were stained with
ethidium bromide (Thermo Fisher; 15585011). Amersham Imager 600 (GE
Healthcare) was used to visualize DNA.

6.5 Western blotting
Protein gels were run as described above. For western blots against γTuRC subunits,
Criterion XT Precast gels (3-8% Tris-Acetate, BioRad) and 1x XT Tricine running
buffer (BioRad; 1610790) were used for better separation of protein bands in the high
molecular weight range. Protein gels were transferred onto PVDF membrane
(Immobilon-FL, pore size was 0.45 µM, Sigma Aldrich; 05317-10EA) using a tankblotting chamber (BioRad) for 90 min at 400 mA in precooled transfer buffer (0.025 M
Tris-HCl, 0.192 M Glycine, 0.25% SDS, 20% Methanol) at 4°C under constant stirring.
Membranes were blocked in 5% nonfat milk dissolved in PBST buffer (PBS
supplemented with 0.05% Tween-20) for 1h at room temperature. Blocking buffer was
discarded and membranes were incubated with primary antibody diluted in blocking
buffer overnight at 4°C. The next day, membranes were washed 3x in PBST for 10
min each and incubated for 45 min in horseradish peroxidase conjugated secondary
antibody diluted in blocking solution. Western blots were washed 3x in PBST for 10
min each and imaged using an Amersham Imager 600 (GE Healthcare) or films
(Amersham Hyperfilm ECL, Sigma Aldrich; 28906838) and a standard film developer.
Protein bands were visualized using Clarity western ECL (BioRad; 1705060).
For detection of biotinylated proteins, horseradish peroxidase coupled streptavidin
(streptavidin-HRP, Thermo Fisher; 21130) was used. Membranes were incubated
with streptavidin-HRP (1:4000 in blocking buffer) after the first blocking step for 2h at
room temperature. Unbound streptavidin-HRP was washed off 3x with PBST 10 min
each and membranes were imaged as described above. For samples with low
biotinylation levels better results were achieved when streptavidin-HRP was diluted
in PBST containing 5% bovine serum albumin (BSA, Sigma Aldrich; A4503) and
washing steps were performed with Milli-Q instead of PBST. Membranes were
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washed with PBST before incubation with chemiluminescence reagent for imaging.
All other commercial antibodies and dilutions used in this thesis are summarized in
Table 12.
Table 12: List of commercial antibodies used for western blotting in this thesis.

Antibody
tRFP (anti-mBFP)
γ-tubulin
GCP5
GCP6
HA
γ-tubulin
goat anti-mouse-HRP
peroxidase polymer horse
anti-rabbit IgG

Product number
AB233
(GTU-88) ab11316
(E-1) sc-365837
(H-9) sc-374063
(F-7) sc-7392
ab18251
P0447

Company
evrogen
abcam
Santa Cruz
Santa Cruz
Santa Cruz
abcam
Agilent

Dilution
1:2500
1:5000
1:50
1:50
1:200
1:1000
1:5000

WB-1000-.8

Vector

1:5000

Except GCP5 and GCP6 antibodies (see Table 14) commercial antibodies against
γTuRC subunits performed poorly or were completely unspecific in my hands.
Therefore, I started to design peptide antibodies and protein fragments for custommade polyclonal rabbit antibodies. This part of the project was taken over by Julian
Gannon (Surrey group, The Francis Crick Institute). Serum containing specific
antibodies against GCP2 (raised against amino acids 1-155, Pettingill) and GCP4
(raised against the full-length protein, Covalab) could be obtained and antibodies
were affinity purified by Julian Gannon. Anti-GCP2 was used 1:1000 and anti-GCP4
1:5000 diluted. A full list of all peptides, protein fragments and full-length proteins
tested for polyclonal antibody production in rabbits is shown in the appendix.

6.6 Protein purification
All proteins were purified using an ÄKTA purifier (ÄKTApurifier, GE-Healthcare).
Purified proteins were separated on protein gels followed by staining with coomassie
or instant blue as described above to test for purity. Protein concentration was
measured by NanoDrop (NanoDrop ND 1000 Spectrophotometer, Thermo Scientific)
or Bradford assay (Quick Start Bradford, BioRad; 5000205) using BSA as standard
(Thermo Scientific; 23209).

6.6.1 Tubulin purification and labelling
Pig brain tubulin was purified as described (Castoldi and Popov, 2003). Covalent
labelling of tubulin with CF640R-N-hydroxysuccinimide ester (NHS, Sigma-Aldrich;
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SCJ4600044) and biotin-NHS (Thermo Fisher; 20217) was performed as described
(Hyman et al., 1991).

6.6.2 Purification of antibodies
Antibodies were cloned, expressed and purified by Julian Gannon (Surrey Group, The
Francis Crick Institute). Briefly, full-length proteins and protein fragments used for the
immunization of rabbits were expressed with an N-terminal His-tag. Proteins for the
purification of antibodies from rabbit serum were produced with an N-terminal maltose
binding protein (MBP)-tag. Proteins were expressed in E. coli BL21 (DE3)-CodonPlus
(0.5 mM IPTG, His-tagged proteins (2 h), MBP-tag proteins (1 h) at 37 C).
His-tagged proteins were insoluble and therefore purified as inclusion bodies using
10 mM Tris, pH 8 containing 6 M Guanidine Hydrochloride and 1 mL of Ni-NTA resin
(Thermo Fisher, R90101), following the manufacturer’s instructions. Proteins were
eluted with 250 mM imidazole and dialysed into PBS overnight. The precipitate was
resuspended in PBS to a concentration of 1 mg/ml. MBP-tagged proteins were
purified in PBS Tween supplemented with 0.5% Tween20 using 1 mL of amylose
resin (NEB, E8021S), following the manufacturer’s instructions. Purified proteins were
immediately used to for immobilization on freshly prepared CNBr beads and left to
bind overnight at 4°C. This affinity column was used for the purification of antibodies
from rabbit serum.
Typically, antibodies were purified from 5 mL rabbit serum by incubation with the
affinity column at 4°C for 3 h. The resin was washed with phosphate buffer pH 7.5
supplemented with 0.1% Tween20 and 0.5 M NaCl, followed by another wash with
PBS. Antibodies were eluted with 100 mM glycine at pH 2.5. Elution fractions were
immediately neutralised by addition of 1 M Tris pH 8.5. Peak fractions containing the
antibody were pooled, aliquoted and stored at -20. The specificity of antibodies was
tested by western blot against lysates obtained from different human cells, lysates
from the stable cell lines containing tagged GCP2 or GCP4 developed in this thesis
(see chapter 2 section 2.2.2), and control lysates in which GCP2 and GCP4 were
depleted by RNAi as described (Cota et al., 2017). Western blots are shown in the
appendix Figure 7.1).
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6.6.3 Purification of AviTag-mBFP-γTuRC binders (Bio-γTuRC binders)
Lysis buffer for CDK5Rap2-fragments (Bio-γTuNA51-100, Bio-γTuNA51-200):
50 mM NaPi, 500 mM KCl, 5 mM MgCl2, 1 mM EDTA, 1 mM βME, pH 7.4
AviTag-mBFP-CDK5Rap2 fragments were expressed in E. coli as described before.
For purification, cell pellets were resuspended in lysis buffer supplemented with
DNaseI (stock concentration 2 mg/mL in 20% glycerol and 75 mM NaCl, Sigma
Aldrich; DN25) at a final concentration of 10 µg/mL and cOmplete EDTA-free protease
inhibitor tablets (1x per 50 mL lysate, Sigma Aldrich; COEDTAF-RO) on ice. Cells
were then lysed by passing the lysate 3x through a pre-cooled microfluidizer and
clarified by centrifugation at 4°C in a Ti70 rotor at 256,630.8xg for 45 min. Clarified
lysate was filtered (PVDF membrane, 0.45 μM pore size, Millipore; SLHV033RS) and
buffer exchanged over HiPrep 26/10 desalting columns (1x column per 15 mL lysate,
GE Healthcare; 17508701) to remove biotin. Protein containing fractions were pooled,
supplemented with pre-dissolved cOmplete EDTA-free protease inhibitor tablets (1x
per 50 mL lysate) and loaded onto 1 mL monomeric avidin beads (Thermo Fisher;
20228) packed into a column using a pressure pump at 0.5 mL/min in the cold room.
Column was washed with 20 mL lysis buffer, 20 mL ATP-wash buffer (lysis buffer
supplemented with 5 mM ATP) and 20 mL wash buffer (lysis buffer but 1 mM MgCl2)
at a flow rate of 1 mL/min. Proteins were eluted in elution buffer (wash buffer
supplemented with 5 mM D-biotin, Sigma Aldrich; B4501) at 0.5 mL/min and
fractionated in 1 mL fractions. Protein containing fractions were pooled and buffer
exchanged using HiPrep 26/10 desalting columns (1x column per 15 mL sample
volume). Protein containing fractions were pooled and concentrated using Vivaspin
concentrators of appropriate molecular weight cut-off (Sartorius). Pure proteins were
then centrifuged in a TLA110 rotor at 267008xg for 10 min at 4°C to remove
aggregates, snap frozen and stored in liquid nitrogen.
Lysis buffer for Bio-ΔN-NEDD1:
50 mM HEPES, 250 mM KCl, 5 mM MgCl2, 1 mM EDTA, 1 mM βME, pH 7.4
Protein was expressed in Sf21 cells as described before and purified using the same
protocol as above but cells were lysed on ice by douncing (120 strokes) in a dounce
tissue grinder (Wheaton, Thermo; 11521305).
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6.6.4 Purification of GST-AviTag- and GST-γTuRC binders
GST-Mzt1 was cloned and purified by Julian Gannon (Surrey Group, The Francis
Crick Institute).
Lysis buffer for GST-AviTag-γTuNA51-200, GST-γTuNA51-200 and GST-Mzt1:
50 mM HEPES, 250 mM KCl, 10 mM MgCl2, 1 mM EDTA, 5 DTT, 5 mM ATP, pH 7.4
GST-AviTag and GST-γTuRC binders were expressed in E. coli as described before.
For purification, cell pellets were resuspended in lysis buffer supplemented with
DNaseI (stock concentration 2 mg/mL in 20% glycerol and 75 mM NaCl, Sigma
Aldrich; DN25) at a final concentration of 10 μg/mL and cOmplete EDTA-free protease
inhibitor tablets (1x per 50 mL lysate, Sigma Aldrich; COEDTAF-RO) on ice. Cells
were then lysed by passing the lysate 3x through a pre-cooled microfluidizer and
clarified by centrifugation at 4°C in a Ti70 rotor at 256,630.8xg for 45 min. Clarified
lysate was filtered (PVDF membrane, 0.45 μM pore size, Millipore; SLHV033RS) and
loaded onto 1 mL prepacked GSTrap HP column (GE Healthcare; 17-5281-01) using
a pressure pump at 0.5 mL/min in the cold room. Column was washed with 20 mL
lysis buffer followed by 20 mL storage buffer (lysis buffer without ATP) at a flow rate
of 1 mL/min. Proteins were eluted in elution buffer (storage buffer supplemented with
40 mM reduced glutathione at pH 8, Fisher; 70-18-8) at 0.5 mL/min and fractionated
in 1 mL fractions. Protein containing fractions were pooled and buffer exchanged into
storage buffer using HiPrep 26/10 desalting columns (1x column per 15 mL sample
volume). Protein containing fractions were pooled and concentrated using Vivaspin
concentrators of appropriate molecular weight cut-off (Sartorius). Pure proteins were
then centrifuged in a TLA110 rotor at 267008xg for 10 min at 4°C to remove
aggregates, snap frozen and stored in liquid nitrogen.
GST-Mozart1 was provided by Julian Gannon (Surrey laboratory) and purified using
the same protocol with modifications. Protein was dialyzed overnight instead of buffer
exchanged. Dialyzed protein was further purified by size exclusion chromatography
using a HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare).

6.6.5 Purification of human chTOG-GFP, GFP-TPX2 and GFP-EB3
Purified chTOG-GFP, GFP-TPX2 and GFP-EB3 were provided by Johanna Roostalu
(Surrey laboratory). Purification of chTOG-GFP and GFP-TPX2 was conducted as
described (Roostalu et al., 2015). GFP-EB3 was purified as described (Jha et al.,
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2017). TPX2 storage buffer was 50 mM HEPES, pH 7.5, 300 mM KCl, 2 mM MgCl2,
50 mM glutamate, 50 mM arginine, 250 mM sucrose, 5 mM βME (Roostalu et al.,
2015).

6.7 Purification of native γTuRC
6.7.1 Purification of native γTuRC via AviTag-mBFP-γTuNA51-200
Preparation of affinity purification column
1.5 mg of Bio-γTuNA51-200 was bound to 1 mL of monomeric avidin beads (Thermo
Fisher; 20228). Beads were washed with at least 10 column volumes of Bio-γTuNA51200

storage buffer to remove unbound protein. Beads were then equilibrated with at

least 10 column volumes of γTuRC lysis buffer. Affinity purification column was
always prepared fresh and used on the same day.
Native γTuRC purification
γTuRC was purified from 10 g U2OS cell pellet. Cells were lysed on ice in 10 mL lysis
buffer (50 mM HEPES, 150 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM
GTP, 0.5% IGEPAL (IGEPAL CA-630, Sigma Aldrich, I3021), pH 7.2) using a dounce
tissue homogenizer. Lysate was clarified by centrifugation using a Ti70 rotor at
256,630xg for 45 min at 4°C. Supernatant was recovered, filtered (PVDF membrane,
0.45 µM pore size, Millipore; SLHV033RS) and loaded onto the affinity purification
column at 0.5 mL/min in the cold room. Beads were washed at 1 mL/min with a total
of 40 mL wash buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 1
mM DTT, 0.1 mM GTP, 0.01% IGEPAL, pH 7.4). γTuRC and Bio-γTuNA51-200 were
eluted with elution buffer (wash buffer supplemented with 5 mM D-Biotin) at 0.5
mL/min.

6.7.2 Purification of native γTuRC via GST-γTuNA51-200
Preparation of affinity purification column
24 mg GST-γTuNA51-200 was bound to 1 mL glutathione beads (Thermo Fisher,
16100). Beads were washed with at least 3x5 mL of the GST-AviTag-CDK5Rap2long storage buffer to remove unbound protein. Beads were then equilibrated with at
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least 10 column volumes of γTuRC lysis buffer. Affinity purification column was
always prepared fresh and used on the same day.
Native γTuRC purification
γTuRC was purified from 15 g U2OS cells pellet. Cells were lysed on ice in 15 mL
lysis buffer (50 mM HEPES, 150 mM KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1
mM GTP, pH 7.2) using a dounce tissue homogenizer. Lysate was ammonium sulfate
precipitated as described below and AS supernatant (resuspended in 5 mL
resuspension buffer (lysis buffer containing 1 mM MgCl2)) was incubated for 2 h with
the affinity purification column. Colum was washed by gravity with 40 mL
resuspension buffer. γTuRC and GST-γTuNA51-200 were eluted by incubation of beads
with 5 mL elution buffer for 30 min (resuspension buffer supplemented with 40 mM
reduced glutathione at pH 8.0). Elution was repeated 4x in total (20 mL), elutions were
pooled and concentrated to 5 mL. Concentrated elution was subjected to size
exclusion chromatography using a Superose 6 XK 16/70 pg column (GE Healthcare).
Fraction size was 1.5 mL.

6.7.3 Ammonium sulfate precipitation of human cell lysate
Ammonium sulphate precipitation was conducted as described in (Zheng et al., 1995,
1998). In short, 5 g of human cell pellet (U2OS or HeLA-K) was resuspened in 5 mL
γTuRC lysis buffer and lysed using a dounce tissue grinder (120 strokes) on ice.
Lysate is clarified twice by centrifugation at 17,000xg and 4°C for 15 min each using
a JA-20 rotor. Supernatant was collected and brought to 15% ammonium sulphate by
addition of cold saturated ammonium sulphate solution. Mixture was incubated for 10
min on ice, followed by centrifugation for 15 min using a JA-20 rotor at 4°C. Pellet
was discarded and supernatant was brought to 25% ammonium sulphate by addition
of cold saturated ammonium sulphate solution. Mixture was again incubated for 10
min on ice followed by centrifugation for 15 min using a JA-20 rotor at 4°C.
Supernatant was discarded and pellet was incubated with 5 mL γTuRC lysis buffer
for 10 min on ice. Pellet was resuspended and centrifuged to remove aggregates in
a cooled table-top centrifuge (Heraeus Fresco 17 Microcentrifuge) for 10 min at
maximal velocity (17,000xg). Supernatant containing γTuRC was collected and used
immediately. If smaller cell pellet amounts (less than 5 g) were processed, all
centrifugation steps were conducted using a cooled table top centrifuge at maximal
velocity.
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6.7.4 Optimization of γTuRC lysis conditions
Comparison of different lysis buffers: For each condition, 0.5 g U2OS cell pellet was
lysed on ice in 1.25 mL of the corresponding lysis buffer using a dounce tissue grinder
(120 strokes). A sample was kept and residual lysate was clarified by centrifugation
in an Optima MAX-XP Ultracentrifuge using a TLA110 rotor at 278,088xg for 10 min
at 4°C. Supernatant was recovered. Samples from lysate and supernatant were then
analysed by western blot. All buffers contained 5 mM MgCl2, 1 mM EGTA, 1 mM
DTT, 0.1 mM GTP. Buffering agent (50 mM HEPES, pH 7.2 or 80 mM PIPES, pH 6.8)
and salt concentration (150 mM KCl or 75 mM KCl) were used.
Comparison of centrifugation speeds and IGEPAL: For each condition, 0.25 mg
U2OS cell pellet was lysed in 0.25 mL of either lysis buffer without IGEPAL or lysis
buffer supplemented with 0.5% IGEPAL using a dounce tissue grinder (120 strokes).
A sample was kept and residual lysate was clarified at 4°C by centrifugation in an
Optima MAX-XP Ultracentrifuge using a TLA110 rotor at 278,088xg for 10 min (high
speed centrifugation, HS) or twice for 15 min each in a cooled table top centrifuge at
17,000xg at 4°C (low speed centrifugation, LS). Supernatant was recovered. Samples
from lysate and supernatant were then analysed by western blot. Lysis buffer
contained 50 mM HEPES, pH 7.2, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM
GTP.

6.7.5 Size exclusion chromatography analysis of human cell lysate
1 g of U2OS cell pellet was lysed on ice in 2.5 mL lysis buffer using a dounce tissue
grinder (120 strokes). Lysate was clarified by centrifugation at 4°C either once in an
Optima MAX-XP Ultracentrifuge using a TLA110 rotor at 278,088xg for 10 min (high
speed centrifugation, HS) or twice for 15 min each in a cooled table top centrifuge at
17,000xg (low speed centrifugation, LS). Supernatant was recovered and filtered
(0.45 µM, PVDF membrane, Millipore; SLHV033RS). Protein concentration was
measured using NanoDrop and supernatant was diluted to 2 mg/mL total protein.
From there, 0.5 mL of protein solution was subjected to size exclusion
chromatography using a Superose 6 10/300 GL column (GE Healthcare). Fractions
were analysed by western blot. Fraction size was 0.5 mL. For analysis of AS
precipitated lysates, 1 g of human cell pellet was AS precipitated as described before
and AS supernatant (1 mL resuspension volume) was processed as described above.
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All buffers contained 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP. Buffering
agent (50 mM HEPES, pH 7.2 or 80 mM PIPES, pH 6.8), salt concentration (150 mM
KCl or 75 mM KCl) and addition of IGEPAL (0.5%) as described in Figure 2.5.

6.7.6 Small scale pull-down of γTuRC from human cells
Preparation of affinity purification beads
For ease of handling all steps were performed in Micro Bio Spin Chromatography
columns (BioRad, 7326204). Washes were performed by gravity flow.
For native γTuRC pull-downs from U2OS cell lysate, 200 µg of γTuRC-binder was
bound to 100 µL of monomeric avidin beads (Thermo Fisher; 20228), SoftLink Soft
Release Avidin resin (Promega, V2011), BcMag monomeric avidin magnetic beads
(Bioclone, MMI-102) or glutathione beads (Thermo Fisher, 16100). Beads were
washed with at least 10 column voumes of the storage buffer of the corresponding
γTuRC-binder to remove unbound protein. Beads were then equilibrated with at least
10 column volumes of γTuRC lysis buffer. Affinity purification beads were always
prepared fresh and used on the same day.
Comparison of biotinylated γTuRC-binders
For each condition, 1 g of U2OS cells was resuspended in 1 mL lysis buffer (50 mM
HEPES, pH 7.2, 150 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.5% IGEPAL
0.1 mM GTP), clarified using a cooled table top centrifuge (Heraeus Fresco 17
Microcentrifuge) at maximal velocity (17,000xg) for 10 min and incubated with affinity
purification beads for 2 h in the cold room using a rotator. Beads were washed with 5
mL lysis buffer and γTuRC and γTuRC-binders were eluted twice by incubating the
beads for 30 min each with 0.5 mL elution buffer (lysis buffer supplemented with 5
mM D-biotin, 1 mM MgCl2 and 0.01% IGEPAL). Elutions were pooled. Beads were
washed once more with 1 mL elution buffer and samples of elution and beads were
analyzed by western blot.
Comparison of elution conditions
For each condition, 1 g human cell pellet was resuspended in 1 mL γTuRC lysis buffer
(50 mM HEPES, pH 7.2, 150 mM KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM
GTP) and ammonium sulphate precipitated as described above. AS supernatant (1
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mL resuspension volume) was incubated with beads as described above. All elution
buffers contained 5 mM D-biotin, 1 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP.
Salt concentration (150 mM or 250 mM) and addition of IGEPAL (0.5%) as indicated
in Figure 2.7
Comparison of bead materials
Experiment was performed essentially as described in section 0 using the following
buffer for elution: 50 mM HEPES, pH 7.2, 250 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1
mM DTT, 0.1 mM GTP, 0.5% IGEPAL, 5 mM D-Biotin.
Pull down of γTuRC via GST-γTuNA

: Experiment was performed as described
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in section 0 using the following lysis buffer: 50 mM HEPES, pH 7.4, 150 mM KCl, 5
mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP. For elution, lysis buffer (1 mM
MgCl2) was supplemented with 40 mM reduced glutathione and pH was increased to
pH 8.0.

6.8 Purification of tagged γTuRC from HeLA-K cells
γTuRC was purified from a stable HeLa-K cell line co-expressing GCP2-mBFPAviTag and HA-BirA. Cloning, cell line preparation and cell culture was performed as
described above.
Lysis buffer:
50 mM HEPES, 150 mM KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP,
pH 7.4
Storage buffer:
50 mM HEPES, 150 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP,
0.02% Brij-35 (v/v, 10% stock solution, Thermo Fisher; 28316), pH 7.4
Wash buffer:
50 mM HEPES, 200 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP,
0.2% Brij-35, pH 7.4
Elution buffer:
Storage buffer supplemented with 5 mM D-biotin (Sigma Aldrich; B4501)
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For purification, 60 g of cell pellets were thawed in a water bath at room temperature.
On ice, 2.5 mL lysis buffer and 1x cOmplete EDTA-free protease inhibitor tablet is
added per 5 g of cell pellet. Pellets are resuspended and about ~100 mg DNaseI
(Sigma Aldrich; DN25) is added in powder. Cells are lysed on ice using a polytron
tissue dispenser (Blending cycle: Three rounds of 6.6x103 rpm for 90 s each. Lysate
is incubated on ice for 90 s between each round). When smaller amounts are
processed (less than 30 g cell pellet) cells are lysed on ice by douncing (120 strokes)
in a dounce tissue grinder of appropriate size.
Lysate is clarified twice by centrifugation at 17,000xg and 4°C for 15 min each using
a JA-20 rotor. Clarified lysate is filtered through three sets of filters with decreasing
pore size: 1.2 µM (cellulose acetate membrane, GE Healthcare; FP30/1.2 CA-S), 0.8
µM (cellulose acetate membrane, GE-Healthcare; FP 30/0.8 CA-S) and 0.45 µM
(PVDF membrane, Millipore; SLHV033RS). Then lysate is buffer exchanged into
storage buffer over HiPrep 26/10 desalting columns (1x column per 15 mL lysate, GE
Healthcare; 17508701) to remove biotin. Protein containing fractions were pooled,
supplemented with pre-dissolved cOmplete EDTA-free protease inhibitor tablets (2x
per 50 mL lysate) and loaded onto a 1 mL HiTrap SP Sepharose FF column (SP FF,
GE Healthcare; 17505401) connected in tandem with 1 mL Streptavidin mutein matrix
beads (Sigma Aldrich; 3708152001) packed into a Tricorn 5/50 column (GE
Healthcare; 28-4064-09) using a pressure pump at 0.5 mL/min in the cold room. Once
lysate finished loading, SP FF column was disconnected and Streptavidin mutein
matrix column was transferred to an ÄKTA purifier (GE Healthcare). Column was
washed with 30 mL storage buffer, 30 mL wash buffer followed by another 30 mL
storage buffer at a flow rate of 1 mL/min. Proteins were eluted with elution buffer at
0.5 mL/min and fractionated into 0.5 mL fractions.
γTuRC containing fractions (first two 2 fractions of elution peak) were pooled and
buffer exchanged using a HiTrap Desalting column (2 mL sample volume per column,
GE Healthcare, 17140801). Protein containing fractions were pooled and
concentrated using Amicon centrifugal units (MWCO 30,000, Millipore; UFC803008)
to 0.5 mL final volume. Sample is spun in a cooled table top centrifuge at maximum
speed (17,000xg, Heraeus Fresco 17 Microcentrifuge) for 10 min and subjected to
size exclusion chromatography using a Superose 6 10/300 GL column (GE
Healthcare). Elution from size exclusion chromatography column is fractionated in 0.5
mL fractions. γTuRC peak fractions are pooled (~2 mL) and concentrated to ~0.2
mg/mL using Amicon centrifugal units. Purified protein was spun in a TLA120 rotor at
278088.3xg for 10 min at 4°C to remove aggregates, snap frozen in 3 μL aliquots and
stored in liquid nitrogen.
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6.8.1 Characterization of tagged γTuRC
Negative stain of fluorescently tagged γTuRC
Negative staining of γTuRC complexes was performed by Julia Locke (Alessandro
Costa group, The Francis Crick Institute). A 4 µL droplet of freeze/thawed purified
γTuRC (final concentration of 0.2 mg/mL) was applied to a freshly glow-discharged
carbon-coated grid (C300Cu100, EM Resolution) and incubated for 2 min. The grid
was stained with consecutive applications onto three 50 µL droplets of 2% uranyl
acetate solution for 30 s each. Then, the grid was blotted dry and stored until imaged
on a 120 keV G2 Spirit transmission electron microscope (FEI) equipped with a 2k×2k
Ultrascan-1000 camera (Gatan). The Micrographs were collected at a pixel size of
3.45 Å at the specimen level.
LC-MS/MS analysis of fluorescently tagged γTuRC
Purified γTuRC was separated on SDS-Page (4-12% Bis-Tris gel, Invitrogen) as
described above. Protein bands were cut and then analysed by the Francis Crick
Institute Mass Spectrometry Proteomics facility. Proteins were in-gel digested with
trypsin using a Janus automated liquid handling workstation (Perkin Elmer). Tryptic
peptides were analysed using a Q Exactive Orbitrap mass spectrometer coupled to
an Ultimate 3000 HPLC equipped with an EasySpray nanosource (Thermo Fisher
Scientific). Peak lists were extracted from the raw data using Mascot Distiller, and
searched with Mascot v2.4.1 (Matrix Science) against the Uniprot all species
database. Search results were collated using Scaffold 4 (Proteome Software) and
results are summarized in Table 13.
Table 13: LC-MS/MS results for each γTuRC subunit.

γTuRC subunits

Accession number

GCP6
GCP5
GCP2-mBFP-Avitag
GCP3
GCP2
GCP4
γ-tubulin

GCP6_HUMAN
GCP5_HUMAN
GCP2_HUMAN(+1)
GCP3_HUMAN(+1)
GCP2_HUMAN (+1)
GCP4_HUMAN
TBG1_HUMAN

Unique peptide
count
49
49
48
37
29
17
27

Sequence
coverage (%)
43
43
55
37
33
33
57
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6.8.2 Optimization of tagged γTuRC purification
Ammonium sulphate precipitation of tagged γTuRC
For γTuRC purification with ammonium sulphate precipitation, γTuRC was purified
from 30 g of HeLa-K cell pellet as described above with following modifications: SP
FF cation exchange column was not used. 1 mL monomeric avidin beads were used
instead of streptavidin mutein matrix beads. Instead of Brij-35, storage buffer
contained 0.05% IGEPAL, wash buffer and elution buffer contained 0.5% IGEPAL
and 250 mM KCl. AS precipitation was performed as described below and γTuRC
conaining pellet was resuspended in 30 mL storage buffer. Elution was not buffer
exchanged and concentrated using Vivaspin concentrators.
Streptavidin mutein matrix and monomeric avidin beads comparison
Experiment was performed with fluorescently tagged γTuRC using 5 g of HeLa-K cell
pellet and 100 µL of streptavidin mutein matrix beads (Sigma Aldrich; 3708152001)
and monomeric avidin beads (Thermo Fisher; 20228). Cell pellet was resuspended
in lysis buffer (50 mM HEPES, pH 7.4, 150 mM KCl, 5 mM MgCl2, 1 mM EGTA, 1
mM DTT, 0.1 mM GTP) and ammonium sulphate precipitated as described above.
2.5 mL AS supernatant (resuspended in 5 mL lysis buffer) was incubated with each
type of beads for 2 h in the cold room using a rotator. Beads were washed with 5 mL
lysis buffer and γTuRC was eluted twice by incubating the beads for 30 min each with
0.5 mL elution buffer (lysis buffer, 1 mM MgCl2, supplemented with 5 mM biotin and
0.02% Brij-35). Beads were washed once more with 1 mL elution buffer and samples
of elution and beads were analyzed by western blot.
Cation exchange column
5 g HeLa-K cell pellet was resuspended in lysis buffer (50 mM HEPES, pH 7.4, 150
mM KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM GTP) and ammonium
sulphate precipitated as described above. A sample of the AS supernatant
(resuspended in 5 mL lysis buffer) was withdrawn and residual AS supernatant was
flown through a 1 mL HiTrap SP Sepharose FF column (SP FF, GE Healthcare;
17505401). Input and flow through was compared by western blot.

190

Chapter 6: Material and Methods

6.9 Glass preparation
Glass was prepared as described (Bieling et al., 2010), with modifications. 22 x 22
mm coverslips (Menzel Gläser; #1.5) are marked with a ‘C’ on the lower right corner
to decipher one side from another. Coverslips are then loaded in porcelain racks and
sonicated in 3 M NaOH for 30 min. Coverslips are then rinsed with Milli-Q water,
placed in an empty 1 L beaker and sonicated in Piranha solution (180 mL 95-97%
H2SO4 + 120 mL 30% H2O2) for 45 min in a fume hood. Coverslips are washed by
submerging in 4x1 L Milli-Q water, sonicated for 5 min, followed by washing by
submersion in 4x1 L Milli-Q water. Coverslips are spin dried and one half is placed
with their marked side up in clean glass petri dishes placed on a hot plate at 75°C. 23 drops of GOPTS (Sigma Aldrich; 440167) is added and the rest of the coverslips
are placed marked side down on top to create a GOPTS sandwich, before they are
placed in an oven at 75 °C for 30 min. Coverslips are taken out and left to cool for 15
min before being separated with a pair of razor blades and tossed into a beaker filled
with 300 mL acetone. After 15 min coverslips are transferred into a second acetone
beaker avoiding the slides drying at mid-air. During that 15 min, 0.1 g biotin-CONHPEG-NH2 (Rapp Polymere; 133000-25-20) and 1 g HO-PEG-NH2 (Rapp Polymere;
10300-20) are combined at room temperature, and left rotating on rollers. Coverslips
are spin dried and one half is placed with their marked side up in clean petri dishes
on a hot plate at 75°C. About ~50 mg of PEG mix is added on top and the rest of the
coverslips are placed marked side down on top to create a PEG sandwich, before
they are placed in an oven at 75°C. Once the PEG has melted, bubbles are removed
by gently pressing down on the sandwiches with forceps. Sandwiches are incubated
overnight at 75°C. Coverslips are separated with a pair of razor blades on a hot plate
at 75°C and tossed in Milli-Q water. Coverslips are sonicated for 30 min and washed
with Milli-Q water until solution stops foaming. Coverslips are then spin dried and
stored between lens cleaning tissue at 4°C for a maximum of 2 months.

6.10 Preparation of flow cells
Glass cover slips (76x26 mm, VWR, 631-1550P) were used for flow cell assembly.
Two strips of double-sided tape (~2 cm, from Tesa) are placed ~5 mm apart parallel
to one another on each coverslip. Tape is pressed down using forceps, then 10 µL of
2 mg/mL poly(L-lysine)-PEG (PLL, SuSoS) is spread between the tape using a pipette
tip and left to dry for 20 min to 1h. Slides are washed with water and dried with N2.
Backs of double sided tapes are removed and a quarter of a coverslip, prepared as
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described above, is placed on top with their marked side facing down. Coverslips are
cut into quarters using a glass cutter. Edges of the flow cells are sealed by gently
pressing down on the coverslip with forceps. Flow cells are used immediately or
stored at 4°C and used within 24 h.

6.11 In vitro microscopy assay
All TIRF microscopy experiments were performed on a custom TIRFM microscope
(Cairn Research, Faversham, UK) based on a Nikon Ti-E frame with a 60x 1.49 N.A.
objective lens. The sample was excited using a 360°TIRF illumination. Images were
acquired with an Andor iXon Ultra 888 EMCCD camera. The microscope chamber
was kept at 33°C. Images were captured every 5 s for a total time of 20 minutes.
In vitro microscopy buffers
Pre-assay buffer: 80 mM PIPES, 60 mM KCl, 1 mM EGTA, 1 mM MgCl2, 1 mM GTP,
5 mM βME, 0.15% (w/v) methylcellulose (4,000 cp, Sigma Aldrich) 1% (w/v) glucose,
0.02% (v/v) Brij-35.
Final assay buffer composition: 50% 2x Pre-Assay buffer stock diluted to 1x by
addition of BRB80 (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2), and supplemented
with 1 mg/mL BSA (20 mg/mL stock in BRB80, Sigma Aldrich, 05470), 1 mg/mL
glucose oxidase (25 mg/mL stock in BRB80, Serva, 22778), 0.2 mg/mL catalase (6
mg/mL stock in BRB80, Sigma-Aldrich, c40) and tubulin mix (unlabelled and CF640Rlabelled tubulin, labelling ratio 5.42%, final tubulin concentration is indicated for each
experiment). For assays with γTuRC-binders or microtubule binders 2.9% of protein
solution was added. Proteins concentrations were altered by predilution in their
storage buffers (see above). chTOG-GFP was diluted in pre-assay buffer, and final
assay buffer was spun in a TLA100 rotor (278088xg) for 10 min at 4°C after addition
of chTOG-GFP. GFP-EB3 was diluted in BRB80. Final assay buffer volume was 70
µL.
γTuRC storage buffer: 50 mM HEPES, 150 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1
mM DTT, 0.1 mM GTP, 0.02% Brij-35, pH 7.4.
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γTuRC nucleation assay
The assay is based on a published surface nucleation assay using microtubule
binders (Roostalu et al., 2015) with modifications. All incubation steps were performed
at room temperature. 50 µL 5% Pluronic F127 (Sigma Aldrich; P2443) in MilliQ water
was flown through the flow cell and left to incubate for 10 min. Flow cell was washed
with 2x50 µL pre-buffer (see above) supplemented with 0.2 mg/mL κ-casein (5 mg/mL
stock in BRB80, Sigma Aldrich, C0406). Next, 50 µL pre-buffer supplemented with
0.2 mg/mL κ-casein and 0.05 mg/mL NeutrAvidin (5 mg/mL stock in 1xPBS and 20%
glycerol, Thermo Fisher, A2666) was flown through the flow cell, and incubated for 3
min. Meanwhile, 1 µL of γTuRC (prediluted in γTuRC storage and kept on ice without
loss of activity) was added to 54 µL γTuRC storage buffer on ice. Flow cell was
washed with 2x50 µL of γTuRC storage buffer and 50 µL of γTuRC solution was flown
through. γTuRC was left to bind for 5 min. In the meantime, final assay buffer was
mixed on ice. Unbound γTuRC was removed by washing the flow cell with 2x50 µL of
pre-buffer. 30 µL of final assay buffer was flown through the flow cell and left to
incubate for 1 min. Another 30 µL of final assay buffer was flown through and flow cell
was sealed using Korasilon paste (medium viscosity, Sigma Aldrich, 769681).
Imaging was started 2 min after slide was transferred onto the TIRF microscope.
Microtubule seed assay
Seed assays were performed with fluorescently-labelled biotinylated GMPCPP
stabilized microtubule seeds as described for γTuRC assay but instead of γTuRC,
stabilized seeds were bound to the glass surface. Microtubule seeds were prepared
as described (Bieling et al., 2010; Roostalu et al., 2015) by mixing 6.7 µM tubulin, 5
µM biotinylated tubulin and 7.1 µM CF640R-labelled tubulin and 0.5 µM GMPCPP
(Jena bioscience, NU-405S) in a final volume of 60 µL BRB80. Mixture is kept on ice
for 5 min and seeds are polymerized for 1 h at 37°C in a waterbath. 440 µL prewarmed
BRB80 was added to the solution, and the reaction was spun at 17,000xg in a table
top centrifuge for 10 min. The supernatant was discarded, and 500 µL fresh,
prewarmed BRB80 was added followed by another spin at 17,000xg for 2 min.
Supernatant was discarded, and pellet was resuspended in 500 µL prewarmed
BRB80. Microtubule seeds were kept wrapped in foil at room temperature and used
on the same day. For assays, 1 µL of the seeds solution was added to 54 µL of BRB80
and 50 µL of this solution was flown through the flow cell (pre-washed with 2x50 µL
BRB80). ‘seeds’ were incubated for 3 min.
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Temperature measurement in the flow cell
Flow cell for temperature measurement was prepared as described above. To create
a flow cell of appropriate size to accommodate the thermistor needed for temperature
measurement, three strips of double-sided tape were layered on top of each other.
This results in a flow cell of approximately 6-fold more volume than flow cells used for
experiments. For the temperature measurement a γTuRC assay was simulated by
performing the same steps as described above but all protein containing solutions
were replaced by the appropriate buffer solution. Flow cell was placed on the
microscope objective, thermistor was introduced into the flow cell and the temperature
increase within the flow cell was followed manually.

6.12 Live cell imaging
Live cell imaging was conducted by Jayant Asthana and Wei Ming Lim (both Surrey
group, The Francis Crick Institute). BFP-GCP2-Avitag (clone15) and BFP-GCP-4Avitag (clone 8) expressing HeLa-K cells were seeded at a density of 0.5 × 105
cells/ml on a ibidi 8 Well µ-Slide (ibidi, 80826). Cells were allowed to attach to the
surface for 18 h, Imaging was performed at 37°C in phenol red free Dulbecco’s
minimal essential medium supplemented with 25 mM HEPES to keep the pH
constant. Cells were observed for BFP localization using a 100x immersion objective
in a spinning disc confocal microscope (Nikon).

6.13 Image analysis
Image processing was performed using ImageJ (https://imagej.nih.gov/ij/) to generate
kymographs and to merge image sequences from different channels. For multi-colour
imaging, a calibration grid was used to correct for camera drifts. Images were aligned
using a MatLab based script as described (Maurer et al., 2014) and images were
merged based on the alignment of the grid images of different channels/cameras.
Background was subtracted using the build in background subtraction tool (ImageJ,
“rolling ball” method) for clarity.
Measuring microtubule growth rates
Microtubule growth rates were measured directly from kymographs using the built in
Resclice function in ImageJ. Lines were drawn manually along growing plus- and
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minus-ends for microtubule growth rates. Values were calculated from the slope of
the line.
Microtubule nucleation rate analysis
For each assay, microtubule numbers were counted manually at 10 different time
points over the duration of the whole assay (20 min) using ImageJ and the build in
ROI Manager tool. Only γTuRC nucleated microtubules were counted. For assays at
high γTuRC concentration or tubulin concentration it was not possible to confidently
count microtubule numbers for the whole assay duration due to high microtubule
densities. Instead 10 time points for a shorter time period were counted (see Figures
for specific times). Microtubule nucleation rates represent the slope of the linear
regression for each condition. Linear regression fit was performed using a build in
function of Sigmaplot.

6.14 Statistics
All error bars represent standard deviations. If not stated otherwise, all experiments
presented in this thesis have been performed at least in triplicates. Linear regression
and curve fitting were performed in Sigmaplot. Statistical significance was assessed
using Prism software (GraphPad).

6.15 General computer software
DNA sequencing data was analysed using Ape, primers and cloning strategies were
designed using Serial cloner and SnapGene software. Image analysis was performed
using ImageJ. Data analysis was performed using Microsoft Excel, Sigmaplot
(version 14) and MatLab. Metamorph was used as microscope control software for
confocal and TIRF microscopes. Word processing was performed using Microsoft
Word. Figures were created and arranged using Microsoft Power Point and Inkscape
free software (https://inkscape.org/).
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7.

Appendix

Verification of specificity of GCP2 and GCP4 antibodies

Verification of antibodies using specific siRNAs was performed by Julian Gannon as
described (Cota et al., 2017)

Figure 7.1: Specificity verification or polyclonal rabbit antibodies. Courtesy of Julian
Gannon (Surrey group, The Francis Crick Institute). Polyclonal antibodies were tested against
purified proteins and cell lysates as indicated. (A) Verification of anti-GCP4 specificity. (B)
Verification of anti-GCP2 specificity. (C) anti-GCP2 and anti-GCP4 were tested for specificity
against tagged GCP4 or tagged GCP2 overexpressed in stable HeLa-K cell lines (see chapter
6.3). anti-GCP4 antibody was produced against full-length GCP4. anti-GCP2 was produced
against a GCP2 fragment (amino acids 1-155). See table Table 14.
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Table 14: List of antibodies tested in this thesis. Peptide antibodies were raised in three
rabbits, full-length and fragment antibodies in two rabbits. Full-length GCP3 was expressed
but not send for antibody production. Full-length GCP5 and GCP6 could not be expressed in
E. coli. Antibodies against GCP2 and GCP4 used in this thesis are marked in green.
Sequence length (amino
Protein Antigen
Specificity Company
acids)
GCP2

GCP3

Peptide

868-883

poor

Pettingill

Protein fragment

1-155

good

Pettingill

Peptide

627-641

poor

Pettingill

Full-length protein

1-907

not tested

Covalab

1-159

poor

Pettingill

709-907

poor

Pettingill

549-562

poor

Pettingill

poor

Pettingill

poor

Biogenes

good

Covalab

1-158

poor

Pettingill

468-666

poor

Pettingill

Peptide

974-989

poor

Pettingill

Protein fragment

1-159

poor

Pettingill

not tested

Biogenes

Peptide

1664-1678

poor

Pettingill

1-159

poor

Pettingill

668-842

poor

Pettingill

153-335

good

Biogenes

153-335 and 668-842

good

Protein fragment
Peptide

GCP4

Full-length protein

Protein fragment

GCP5

GCP6

Protein fragment

Protein fragments

1-666

Covalab
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