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Summary

Microtubules, dynamic cytoskeletal filaments with a cylindrical shape made up of aB-tubulin
dimers, are essential for the process of mitosis and meiosis, where their precise control in the
spatial and temporal dimension is critical. y-tubulin complexes, universally present in
eukaryotes, are the most important factors for microtubule nucleation, the de novo formation
of microtubules from a-tubulin dimers. Recent cryo-electron microscopy (cryo-EM) studies
of y-tubulin complexes marked a breakthrough in the microtubule nucleation field. In these
studies, the structure of the vertebrate y-tubulin ring complex (y-TuRC) was determined,
uncovering that 14 gamma-tubulin complex proteins (GCP) bound to 14 y-tubulin proteins (14
spokes) together with the microproteins MZT1/2 and one actin molecule assemble into a
defined asymmetrical left-handed spiral that forms a structural template for a 13-protofilament
microtubule. However, the absence of a finely tunable system for a bottom-up dissection of
the individual components’ functions hinders a comprehensive understanding of y-TuRC’s
action in microtubule organizing centers (MTOCs), like the centrosome.

Building upon the architectural consensus of the y-TuRC subunits determined by cryo-EM
studies, my PhD work focused on the development of a recombinant expression system in
insect cells for the reconstitution of human y-TuRC and related complexes. This recombinant
system yielded protein complexes with structural and functional properties highly similar to
the native y-TuRC and enabled targeted analysis of individual y-TURC components, such as
the function of the actin molecule that was surprisingly found in the lumen of the vertebrate
y-TuRC. In collaboration with Erik Zupa, | could demonstrate by cryo-EM analysis that the
absence of actin in mutant y-TuRC does not compromise the assembly and structural integrity
of the complex, but its integration in the lumenal bridge is important for controlling y-TuRC
conformation and its function inside cells. Additionally, | discovered novel MZT1 docking sites
and a modular assembly pathway of the human y-TuRC, evolving from a 4-spoke GCP4-
GCP5-GCP4-GCP6 intermediate to the 14-spoke asymmetric ring by successive addition of
y-tubulin small complexes (GCP2-GCP3).

Furthermore, | studied the augmin complex, a hetero-octamer of HAUS (homologous to
augmin subunits) proteins, which is a crucial y-TuRC recruiting factor and enables
microtubule nucleation from pre-existing microtubules. Augmin plays a conserved role across
species, from plants to humans, orchestrating microtubule amplification via the microtubule
branching pathway, which is especially relevant to build the mitotic spindle. Despite its central
role, a lack of structural information limits our understanding of augmin's functional sites.
Employing an integrative approach, | determined the molecular architecture of the augmin
complex in collaboration with Erik Zupa, revealing the collective contribution of the N-termini
of HAUS2, 6, 7, and 8 to the formation of a composite microtubule binding unit.

In summary, this work represents a significant advance in the characterization of two key
components of the microtubule branching pathway. Moreover, it lays the foundation for
further targeted investigations of y-TuRC and augmin, in particular their cooperation on
microtubules, a fundamental aspect of cell division.



Zusammenfassung

Mikrotubuli, dynamische Filamente des Zytoskeletts mit zylindrischer Form, die aus af3-Tubulin-
Dimeren aufgebaut sind, bilden die grundlegendsten Einheiten fir den Prozess der Mitose und
Meiose, wo ihre prazise raumliche und zeitliche Regulation entscheidend ist. y-Tubulin-Komplexe,
die in Eukaryoten universell vorkommen, sind die wichtigsten Faktoren fiir die Mikrotubuli-
Nukleation, die Neubildung von Mikrotubuli aus aB-Tubulin-Untereinheiten. Ein Durchbruch auf
dem Gebiet der Mikrotubuli-Nukleation wurde durch aktuelle Kryo-Elektronenmikroskopie (cryo-
EM)-Studien an y-Tubulin-Komplexen erzielt. In diesen Studien wurde die Struktur des y-Tubulin-
Ringkomplexes (y-TuRC) von Wirbeltieren bestimmt. Es zeigte sich, dass 14 Gamma-Tubulin-
Komplex-Proteine (GCP), die an 14 y-Tubulin-Proteine gebunden sind (14 Speichen), zusammen
mit den Mikroproteinen MZT1/2 und einem Aktin-Molekll eine definierte asymmetrische
linkshandige Spirale bilden, die ein Strukturmuster flir einen 13-Protofilamt-Mikrotubulus darstellt.
Das Fehlen eines kontrollierbaren Systems verhindert jedoch eine Bottom-up-Analyse der
verschiedenen Funktionen der einzelnen y-TuRC-Komponenten. Dies erschwert weiterhin unser
Verstandnis der Rolle von y-TuRC in Mikrotubuli-Organisationszentren (MTOCs) wie dem
Zentrosom.

Basierend auf dem architektonischen Konsens der y-TuRC Untereinheiten, der durch cryo-EM
Studien identifiziert wurde, konzentrierte sich meine Doktorarbeit auf die Entwicklung eines
rekombinanten Expressionssystems in Insektenzellen fiir die Rekonstitution des humanen y-TuRC
und verwandter Komplexe. Dieses rekombinante System lieferte Proteinkomplexe mit
strukturellen und funktionellen Eigenschaften, die dem nativen y-TuRC sehr &hnlich sind, und
ermoglichte die gezielte Analyse einzelner Komponenten des y-TuRC, wie z.B. die Funktion des
Aktinmolekiils, welches Uberraschenderweise im Lumen des Vertebraten-y-TuRC gefunden
wurde. In Zusammenarbeit mit Erik Zupa konnte ich durch cryo-EM-Analysen zeigen, dass das
Fehlen von Aktin in mutiertem y-TuRC die Assemblierung und strukturelle Integritat des
Komplexes nicht beeintrachtigt, obschon die Integration von Aktin in die Lumenale-Briicke wichtig
fur die Kontrolle der Konformation von y-TuRC und dessen Funktion in der Zelle ist. Dartiber
hinaus entdeckte ich neue MZT1-Bindungsstellen sowie einen modularen Assemblierungs-
mechanismus des humanen y-TuRC. Letzterer bildet sich aus einem 4-speichigen GCP4-GCP5-
GCP4-GCP6-Zwischenprodukt durch sukzessive Addition von Einheiten des kleinen y-Tubulin-
Komplexes (GCP2-GCP3) zu einem 14-speichigen asymmetrischen Ring.

Weiterhin habe ich den Augmin-Komplex untersucht, ein Hetero-Oktamer von HAUS-Proteinen
(homologe zu Augmin-Untereinheiten), welcher ein entscheidender y-TuRC-Rekrutierungsfaktor
ist und die Nukleation von Mikrotubuli von der Oberflache bereits existierender Mikrotubuli
ermoglicht. Augmin spielt eine konservierte Rolle, von Pflanzen bis zum Menschen, indem es die
Mikrotubuli-Vermehrung Uber den Mikrotubuli-Verzweigungsweg orchestriert, was besonders
wichtig fir den Aufbau der mitotischen Spindel ist. Trotz seiner zentralen Rolle schrankt der
Mangel an strukturellen Informationen unser Verstandnis der Funktion von Augmin ein. Mit Hilfe
eines integrativen Ansatzes habe ich in Zusammenarbeit mit Erik Zupa die molekulare Architektur
des Augmin-Komplexes bestimmt und den kollektiven Beitrag der N-Termini von HAUS2, 6, 7 und
8 zur Bildung einer mehrkomponentigen Mikrotubuli-Bindungseinheit aufgezeigt.

Zusammenfassend stellt diese Arbeit einen bedeutenden Fortschritt in der Charakterisierung von
zwei Schllsselkomponenten des Mikrotubuli-Verzweigungsweges dar. Darlber hinaus legt sie
den Grundstein fir weitere gezielte Untersuchungen von y-TuRC und Augmin, insbesondere ihrer
Interaktion mit Mikrotubuli, einem der grundlegenden Aspekte der Zellteilung.
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Introduction

1 Introduction

1.1 Integrative structural biology

Analysis of the three-dimensional structure of biologically relevant macromolecular
complexes is pivotal in contemporary life sciences. A prime example is the discovery
of the deoxyribonucleic acid (DNA) helix by Watson and Crick in 1953. This
breakthrough unveiled not just the molecule's chemical composition and structure
but immediately revealed its cellular function and two modes of replication depending
on strand orientation [1]. To probe the intricacies of life's molecules, particularly
proteins and multi-protein assemblies, a variety of long-established and more recent
advanced techniques come into play. An integrative approach is essential, melding
various sources of evidence to elucidate the architecture of the molecule and derive
its function. The subsequent sections will briefly describe the relevant techniques and

aspects this thesis touches upon.

1.1.1 Proteins

Beyond essential molecule classes like lipids and sugars, nucleic acids and proteins
establish the central dogma of life [2]. Genetic information is encoded in the double-
stranded DNA helix, which is then transcribed to single-stranded ribonucleic acid
(RNA) as messengers. Subsequently, this RNA, along with proteins, translates the
information into functional units. Interestingly, life on Earth employs D-nucleic acids
and L-amino acids. This fact might be a single event “decision” at the beginning of
the evolution of life on Earth and is likely to be different on other planets in the
universe. Recent endeavors are directed at producing 'mirrored’ versions of these
primary molecules [3-5]. This theoretical idea has been a topic since the discovery of
molecular chirality [6,7]. In this context it is important to note that D-amino acids are
also relevant for processes inside cells although not as building blocks of proteins [8].
Proteins are macromolecules composed of amino acid chains. Each amino acid
possesses an amino group, a carboxyl group, a single H-atom, and a distinct
functional group anchored to a central C-atom (Ca). These amino acids are linked
together via peptide bonds to form the polypeptide chain. Therefore, each unmodified
polypeptide chain has an end with a free amino group, known as the N-terminus, and
another end with a free carboxyl group, termed the C-terminus. Earth's living

organisms utilize 22 distinct amino acids (20 canonical amino acids plus
1
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selenocysteine and pyrrolysine) to build their polypeptides. The variance in these
amino acids lies in their functional group, the side chain, ranging from a simple H-
atom (as in glycine) to hydrophobic groups (like leucine), polar ones (such as serine),
charged amino acids (e.g., arginine), or unique functional groups like the one in
cysteine. Driven by their amino acid sequence, biochemical surroundings, and
interaction partners, these linear polypeptide chains fold into specific 3D structures.
Common structural motifs include the a-helix and the B-sheet. This three-dimensional
conformation is crucial, dictating a protein’s role, whether as a structural component,

an enzyme, or in another function [9].

1.1.2 Molecular cloning, protein expression and biochemical sample
preparation

Molecular cloning of genes into circular DNA plasmids has a 50-year-long history [10—
12], decisively empowering molecular biology to systematically investigate the
components of life and utilize biotechnology approaches for a variety of applications.
Over the years, the cloning toolbox has been continually refined, as exemplified by
the integration of the Cre/loxP system, which uses a bacteriophage protein for
specific DNA site recognition and subsequent recombination [13—-15]. A multitude of
improved commercialized methods (Gibson Assembly, NEBuilder Hifi DNA assembly,
InFusion) do not rely on specific DNA sequences and restriction enzymes, but rather
on the polymerase chain reaction (PCR) [16,17] based amplification of DNA fragments
with the introduction of complementary overhangs, which allows seamless fusion of
two or more DNA fragments under the action of additional proteins like exonucleases
[18].

Molecular cloning has allowed to use host organisms to produce recombinant
proteins, which is one of the most important branches of biotechnology today. The
simplest and most used system is the expression of recombinant proteins in
Escherichia coli (E. coli) [19]. For certain target proteins, an alternative to the E. coli
expression system is necessary, particularly when expressing genes from another
organism that, due to incompatibility of for example protein folding or modifications,
the host cannot produce as functional proteins. Consequently, the baculovirus-based
expression in insect cells is a common system to produce recombinant vertebrate
proteins [20,21]. Improvements over the years, from systems where a plaque assay

was required to test for the presence of viruses that carry the gene of interest (GOI),

2
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to E. coli-based methods (known as Bac-to-Bac) where a site-specific insertion of
target genes under baculovirus promoters into cloned baculoviral DNA (bacmids) [22]
allowed for easier screening of positive recombinant baculoviruses. Further improved
systems are using Tn7-based transposition of the GOl under baculovirus promoters
[23,24]. Figure 1 depicts the process of baculovirus generation and protein expression
in insect cells. It is important to achieve a balance of the baculovirus titer, and
therefore between the amount of protein expressed and the decline in sample quality,
which results from increasing cell death over time (manifesting as protein degradation,
presence of free proteases, etc.). Particularly for multi-gene constructs, the quality of
the recombinant baculovirus is paramount. Although the integrity of viruses generally
diminishes over storage time, a more significant concern is that each virus generation
increases the likelihood of unwanted gene excisions and replication errors. These

errors can compromise effective expression [25,26].

a Insect cell
Infected insect cell
Recombinant bacmid DNA
5 o o Dead cell
& 72h O O O
o®
Blue-white selection Bacmid DNA isolation Bacmid DNA transfection v0 generation harvesting
° o ;
' Recombinant baculovirus el 'OO -OO
1] | ~48h-72h 08 P 4
it == @ 00P
' <> C¢ ©
vO0 Recombinant Infection to produce v1 generation
baculovirus v1 generation harvesting
C Protein complex
|
T, K 1 - Y (e [
48h-72h
PRt
IREIRE R A
AN B
: « > €« > €« > €« >
v1 Recombinant . ) . .
baculovirus Protein expression Harvesting expressed proteins

Figure 1 Protein expression in insect cells: a, E. coli strains with recombinant bacmids, large
plasmids =100 kbp (kilo base pairs) with the integrated GOI under baculoviral promoters, are
selected via Blue-white screening. After screening, bacmids are isolated from transformation-
positive colonies and used for transfection into insect cells. Insect cells take up the bacmids and
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produce recombinant baculoviruses and proteins. Infected cells show a significant increase in cell
diameter. At a late phase of the infection, cells are lysed (cells die) and release the first generation
of viruses (v0). b, vO recombinant baculoviruses are amplified by infecting new insect cells in
shaking cultures at the logarithmic expansion phase. In comparison to a, more cells get infected
and produce a larger amount of the second recombinant baculovirus generation (v1). ¢, usually v1
recombinant baculoviruses are used to infect insect cells in shaking cultures at the logarithmic
expansion phase to produce the recombinant proteins.

Recently improved plasmids and protocols allow for the expression of multi-protein
complexes [27-30]. One of the established methods is the MultiBac system (Geneva
Biotech), based on acceptor and donor vectors with multiple cloning sites of
baculoviral expression cassettes with Cre-loxP recombination of donor and acceptor
plasmids to create the multi-gene constructs for the translocation into bacmids [31].
For the biochemical purification of proteins, a variety of affinity TAGs [32] and
subsequent chromatography methods, like size exclusion chromatography (SEC) or
ion exchange chromatography (IEC) can be used. The design of the purification
protocol depends on the target proteins and their intended applications. This is
particularly relevant for protein complexes that comprise multiple proteins and exhibit
varied component stoichiometries. For instance, to illustrate purification strategies for
related protein complexes, two literature examples are given. The recombinantly
expressed chromatin remodeler INO80 was successfully purified for structural
analysis either through tandem purifications using two distinct affinity tags on a single
component followed by IEC [33], or using a single affinity TAG on one component and
subsequent IEC [34]. In contrast, strategies for purifying native y-tubulin complexes
are more variable. Some methods relied on the affinity for a component with high
stoichiometry without further purification [35], while others utilized the affinity for a
tagged component complemented by additional chromatography steps [36]. Another
method leveraged a binding partner (fused to an affinity TAG) of the y-tubulin
complexes, which was followed by proteolytic digestion of the affinity tag and sucrose
gradient centrifugation [37]. These examples underscore that while specific target
optimizations can yield analogous protocols, there is also room for diverse strategies
or some fluidity in the purification scheme. Such approaches aim to isolate
multiprotein complexes and secure adequate sample purity and concentration for
structural examinations, like cryogenic electron microscopy (cryo-EM), which typically
demands concentrations around 0.5 mg/ml. These nuances warrant consideration

during the experimental design.
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1.1.3 Electron microscopy

Electron microscopy (EM) is a detection (analytical) method that uses electrons
instead of photons, unlike light microscopy. Since the wavelength of electrons
depends on their energy and they scatter upon impacting a specimen, electrons can,
in theory, be used to achieve high-resolution imaging of the material being studied.
However, due to the relatively high energy required, image acquisition presents
technical challenges for radiation-sensitive biological material, which provides low
inherent contrast. A notable past example of EM experiments are the micrographs
showing "beads-on-a-string". These represented isolated chromatin fibers, displaying
DNA wrapped around nucleosomes for the first time [38,39].

This was achieved by using negative/positive staining in combination with
transmission electron microscopy (TEM) [40]. In negative stain EM, samples are
placed on a grid covered by a continuous thin layer of carbon with a thickness in the
nanometer range. These particles, once attached to the surface, are treated with
heavy metal salts, such as uranyl acetate. The stain encapsulates the particles,
providing strong amplitude contrast of the particles outer shells when imaged in TEM.
This method offers insights into the organization and general structure of protein
complexes, though the attainable resolution is significantly restricted (Figure 2d). In
cryo-EM, a stain-free technique for TEM sample preparation, the sample is vitrified.
This process prevents the water molecules from forming crystals, ensuring
preservation of the sample in its native state [41,42]. Thus, the sample is applied onto
a carbon grid, and rapidly plunge frozen in liquid ethane. Afterwards the vitrified grids
are stored in liquid N. and the sample is imaged using a transmission electron
microscope.

Cryo-EM has recently experienced a transformative leap in application possibilities.
The term “resolution-revolution” emerged from a comment [43] on an article
describing the 3D cryo-EM structure of the yeast mitochondrial large ribosomal
subunit [44]. An essential advance that positioned cryo-EM as a leading method for
determining molecular structures was the introduction of a new generation of electron
detectors: the direct detector devices (DDD) [45]. DDD cameras have a significant
edge over charge-coupled devices (CCD). These modern cameras can capture
images in a dose fraction mode, where the final dose is spread across multiple frames.

This is crucial for correcting stage drift and beam-induced particle movements during
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acquisition, known as motion correction, effectively mitigating the Dblurring of
micrographs.

In this context, another crucial aspect of the resolution revolution were refined image
processing algorithms based on maximum likelihood, for example the regularized
likelihood optimization (RELION) [46] to process the cryo-EM data. In a general single
particle analysis (SPA) data processing pipeline, the movie frames are aligned through
correct for motion (motion correction) and summed to generate an integrated image
with improved contrast. Afterwards the contrast transfer function (CTF) is estimated,
which is the Fourier transform of the point spread function of the microscope and
describes the preservation of signal at different special frequencies of the image.
Cryo-EM data is typically captured with a certain range of defocus values. Importantly,
high spatial frequencies (best preserved when close to focus) provide high-resolution
details, while low spatial frequencies (best preserved when defocused) offer lower
resolution information, influencing the visibility and contrast of particles in 2D images,
which is important for initial particle identification and alignment. To generate 2D or
3D representations of the sample, thousands of 'particles' are identified from the
images either manually or using various picking algorithms that might need a template
or training [46-49]. Subsequently, the picked particles are used for 2D and/or 3D
classification procedures to generate structurally homogenous particle sets, and
subsequent subjected to high-resolution 3D refinement. Today’s cryo-EM
instruments, cameras, and SPA workflows allow for the reconstruction of 3D
structures with a resolution in the Angstrom (A) regime and, in special cases, up to 1
A resolution (0.1 nm) [50,51].

1.1.4 Crosslinking mass spectrometry and neural network-based
protein structure prediction

In addition to methods of protein structure determination like X-ray crystallography,
nuclear magnetic resonance (NMR) spectroscopy and cryo-EM, the integrative
structural biology field has additional techniques at its disposal. These provide
orthogonal information to structural methods, helping to provide a more complete
picture of the sample being analyzed. Advances in mass spectrometry (MS) analysis
allow to get important information about protein-protein interactions, especially in
large protein complexes via crosslinking MS. Here, protein complexes are incubated

with crosslinkers like bis[sulfosuccinimidyl] (BS3), which have reactive groups

6



Introduction

separated by a spacer, and covalently link nearby amino acids. Afterwards, the protein
complex gets digested and analyzed via tandem liquid chromatography-MS (LC-
MS/MS) [52,53]. Important improvements in estimating the false discovery rate (FDR)
[54] allow for a broader field of application [55-57].

The most recent development facilitating structural biology on much broader scale is
neural network-based protein structure prediction. In 2021, DeepMind presented their
open-source tool AlphaFold2 (AF), which enables protein structure prediction based
on the amino acid sequence [58]. AF uses neural network approaches on physical
and geometrical constraints of proteins, the large data base of known protein
structures, as well as evolutionary aspects by incorporation of multiple sequence
alignments (MSA) into the workflow [58]. AF and similar applications like RoseTTAFold
[59], or extensions like AlphaFold-Multimer (AF-Multimer) [60] for the prediction of
protein complexes, allow an easy visual overview of potential domains of proteins, the
identification of proteins in experimental structure data [61,62] and assistance in the

identification of interaction interfaces between proteins [63,64].

1.2 Cells

“What is life?” — Erwin Schrodinger, a physicist who got the Nobel Prize for his
contribution to quantum theory, addressed this question at a time when the actual
molecules and structure of the genetic information and its proteinaceous products
were much less clear than today (see [65,66]). Life is the result of the fundamental
laws of nature, and life on Earth, which began about 3.8 billion years ago [67], is
organized into cells [68,69]. Evolution on this planet led to three branches of cellular
organisms - the domains of life - including Bacteria, Archaea and Eukaryotes [70,71].
Since the protein complexes studied in this thesis are eukaryotic, the following

chapters focus primarily on eukaryotic biology.

1.2.1 Cellular organization and cytoskeleton

A crucial part of eukaryotic cellular organization is the cytoskeleton, which consists of
three main types of polymers: actin filaments, intermediate filaments, and
microtubules (MTs).

The most abundant protein in eucaryotic cells is actin [72], which forms helical polar
filaments (F-actin) by oligomerization. The dynamic actin network is essential for cell

shape as well as cellular motility [73,74]. Actin has an adenosine triphosphate (ATP)
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binding site and exhibits ATPase activity, and in humans and other organisms, it has
three very closely related isoform classes: a-, B-, and y-actin, along with several actin-
related proteins (ARPs) [75].

Another component of the cytoskeleton are intermediate filaments [76]. They are
made up of various proteins and can form diverse oligomers, always consisting of a
single type of protein. These filaments are the most flexible elements of the
cytoskeleton [77]. Intermediate filaments are also found in the nucleus, where they are
assembled by lamin proteins [78] and define in a crosstalk with chromatin and other
components the nuclear architecture [79].

The third type of the cytoskeleton components are the MTs [80,81] (Figure 2). These
hollow cylinders, with a diameter of 25 nm [82], act as tracks for intracellular transport
and allow cells to exert forces. They are crucial for forming the mitotic and meiotic
spindle to segregate genetic material and are also involved in the formation of cellular

extensions like cilia and flagella [83].

1.2.2 Microtubules (MTs)

MTs consist of oligomers of ap-tubulin dimers (Figure 2a) that form longitudinal head-
to-tail interactions, the so-called protofilaments [84]. Tubulin proteins are folded in an
ATP-dependent manner by the chaperonin TRiC/CCT in concert with prefoldin
[85,86]. The assembly of the af-tubulin heterodimer is assisted by the tubulin
cofactors TBCA-TBCE [87,88]. In addition to the longitudinal interaction of tubulin
dimers, tubulins undergo also lateral interactions to form the polar MT tubes (Figure
2b), which present a varying protofilament number when assembled in vitro [89].
However, in vivo, MTs generally consist of 13 protofilaments [90] (Figure 2c).
Importantly, in a 13-protofilament MT with a 3-start helical arrangement, a so-called
seam exists. At the seam, B-tubulin directly interacts laterally with an a-tubulin,
creating a notable structural discontinuity within the MT lattice, which is otherwise
characterized by homotypic interactions between neighboring protofilaments
[91](Figure 2b).
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55 kDa +END

B-tubulin

a-tubulin
-END
55 kDa

100 nm

Figure 2 MT are aB-tubulin oligomers: a, a- and B-tubulin form tubulin heterodimers. The tubulins
have Guanosine-5'-triphosphate/Guanosine diphosphate (GTP/GDP)-binding pockets, where a-
tubulin is always bound to GTP. Highlighted is the chemical formular of GTP, the phosphate group
that gets hydrolyzed in B-tubulin is indicated in orange. b,c afB-tubulin dimers oligomerize into
hollow cylinders, with 25 nm diameter when consisting of 13 protofilaments. The seam is indicated.
d, negative stain EM micrograph of Taxol-stabilized MT polymerized by porcine tubulin. Scale bar
is given. Schemes of aB-tubulin and MT are generated based on PDB-6EWO0 [92].

MTs are polar oligomers and they have a faster growing +END (B-tubulin as last
subunit) [93], where binding of additional tubulin dimers preferentially occurs. The a-
tubulin side is called the -END. af3-tubulins possess GTP/GDP binding pockets; a-
tubulin’s pocket is always GTP-bound, while B-tubulin can hydrolyze GTP and
exchange GDP for GTP [94]. MT elongation at the +END is also linked to GTP
hydrolysis [95]. Importantly, the GTP/GDP state of the B-tubulin pocket at the +END
of the MT is important for the dynamics of the MT [96]. In the GTP state the MT is
stable, whereas in the GDP state it is less stable [97]. Therefore, MT follow a dynamic
instability behavior where MT growth can end in the so-called catastrophe - a rapid
shrinkage once GTP hydrolysis occurs faster than the addition of new ap-tubulin
subunits, which on the other hand can be rescued and growth can reoccur [98].

In human and other higher eukaryotes several isoforms of a- and B-tubulin exists,
which mainly differ in their C-terminal tail region [99]. Of note, plant species often have
multiple genes encoding for a- and B-tubulin, like Arabidopsis thaliana (A. thaliana)
with more 5 genes of each [100,101]. For further reading on MTs in plants, see [102].
The role and functions of different tubulin isoforms and modifications are under active
investigation [103]. Importantly, MTs can be formed independent of other proteins in
vitro in the presence of Mg-GTP, through polymerization of aB-tubulin dimers [104].

Cryo-electron tomography (Cryo-ET) analysis of in vitro nucleated MTs indicates that
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there is a heterogeneity in the overall configuration including variation in seam number
and thereby induced holes in the MT lattice where individual dimers are missing [91].
In this context, an interesting example are neuronal cells, were long-lived MTs are
essential for axonal transport [105]. On the other hand, in mitosis thousands of MTs
need to be nucleated in a relatively short timescale, resulting in the complex network
of the mitotic spindle [106]. Therefore, the nature of MTs in vivo is highly dynamic and
tightly regulated depending on the cell faith by various tubulin or MT binding factors
[107,108]. One important example of a group of MT +END tracking proteins are end-
binding (EB) proteins [109].

Given their complexity and the requirement for spatial and temporal-specific
nucleation, MTs are organized by MT-organizing centers (MTOCs) (see Chapter 1.4).
The primary regulator of MT assembly is y-tubulin, a definitive marker for MTOCs and
part of the tubulin superfamily. y-tubulin, more precisely the mipA (MT interacting
protein) gene, was first discovered in Aspergillus nidulans (A. nidulans) [110], but y-
tubulin turned out to be highly conserved in eukaryotic organisms and crucial for

organizing MT networks [111-114].

1.3 y-tubulin and y-tubulin complexes

In the following years, the role of y-tubulin dependent MT nucleation was established
in many organisms, like in Saccharomyces cerevisiae (S. cerevisiae) where the y-
tubulin homologue is encoded by the TUB4 gene [115]. The conservation of y-tubulin
is underlined by experiments, which showed that expression of y-tubulin from
different organisms in Saccharomyces pombe (S. pombe) results in functional MT
organization [116,117], indicating the universal functionality of y-tubulin in concert
with ap-tubulin. Human cells encode two y-tubulin genes (TUBG1, TUBG2) [112],
where TUBG1 is the isoform constitutively expressed in most cell types. TUBG2 is
mainly expressed in the neuronal system [118,119]. y-tubulin has a similar structural
architecture as a- and B-tubulin, and is therefore also a GTPase [120-122]. There is
evidence that suggests that GTP binding of y-tubulin affects its function [123,124],
but the role of GTP hydrolysis remains unclear. Of note, the behavior of recombinant
y-tubulin in vitro indicates that it can form filamentous oligomers via lateral
interactions, which is also observed and studied in vivo (summarized in [113]).
Nonetheless, findings from experiments conducted in Xenopus laevis (X. laevis) egg

extracts suggest a significant disparity in the abundance of y-tubulin compared to ap3-
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tubulin, with y-tubulin exhibiting a mere 1% expression level [125]. This observation
underscores the underlying requirement for finely tuned and specific regulatory

mechanisms, contingent upon the involvement of additional proteins.

Consequently, a few years subsequent to the initial discovery of y-tubulin, several
research groups embarked on elucidating y-tubulin complexes from diverse
organisms. In the case of X. laevis, Zhang et al. isolated and characterized the y-
tubulin complex, employing negative stain EM to reveal its distinctive structure which
was described as "rings that appear as left-handed helices". Moreover, they identified
its role in capping the MT -END, facilitating MT nucleation [126]. Zhang et al. detected
at least 7 different proteins with very different molecular masses and various
stoichiometries in their purification of the y-tubulin ring complex (y-TuRC). In S.
cerevisiae, it was found that two copies of y-tubulin form a heterotetramer with the
two proteins Spc97 and Spc98 (Figure 3) [127,128]. The mammalian counterparts of
these two proteins are referred to as y-tubulin complex proteins (GCP) [120]. In
Drosophila melanogaster (D. melanogaster), two compositionally different y-tubulin
complexes could be purified [129]. The smaller complex consisted of y-tubulin and
Dgrip84-Dgrip91 (homologues to GCP2 and GCP3), similar to the composition
observed in the yeast complex. In contrast, the larger complex includes additional
Dgrip proteins (163, 128, 75s) in comparatively lower stoichiometry. Consequently,
this biochemical data, combined with structural analysis [130], has elucidated that the
y-TURC of D. melanogaster comprises a complex resembling a "lockwasher"
characterized partially by repeating units of the y-tubulin small complex (y-TuSC),
consisting of GCP2 (Dgrip84/Spc97), GCP3 (Dgrip91/Spc98) and two y-tubulin
proteins.

After conducting negative stain EM analysis of the S. cerevisiae y-TuSC, a distinct Y-
shaped structure emerged, providing strong evidence that y-tubulin complexes serve
as templates for MT formation (Figure 3) [131]. In agreement, further structural analysis
on yeast y-TuRC underlined this template model [132], where y-tubulin proteins
arrange in a ring-like spiral that matches the 13-fold MT geometry. This template
serves as a seed for MT nucleation (Figure 3b) and subsequently caps on the other
hand the MT -END (Figure 3c) [133]. Recent studies have provided high-resolution

information on y-tubulin complexes in yeast [134,135]. Importantly, as described
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above, there is a major difference in the y-tubulin complexes from fungi species like
S. cerevisiae and Candida albicans (C. albicans) to other, especially vertebrate cells.
The y-TuRC from these fungi species is built by repeating units of y-TuSCs, whereas
in most other species the y-TURC contains additional GCP proteins. The following

chapter focuses on the vertebrate y-TuRC and its molecular architecture.
a b c

y-tubulin 5 _, y-tubulin

MT nucleation

| | a-tubulin

VS T

Template

Figure 3 y-tubulin complexes and MT nucleation: a, the basic unit of y-tubulin complexes is the
v-TuSC, a heterotetramer built by two y-tubulin proteins bound to one copy of Spc97 (GCP2) and
Spc98 (GCP3) arranged in a Y-shape structure. Scheme is prepared based on the structure (EMD-
11835 PDB-7ANZ) and adapted from [135]. b, in the template model, y-TuSCs arrange laterally to
form a ring of y-tubulin that templates the formation of MT. ¢, the y-TuRC template binds the MT -
END while allowing growth of the MT +END. The schemes b, ¢ were prepared based on (PDB-
6DPV and PDB-6TF9).

1.3.1 The vertebrate y-TUuRC

In 2001, all GCP proteins (GCP2-GCP6) of the human y-TuRC were identified [136].
The authors raised the question: why are there so many different GCP proteins with
similar domain architecture and, therefore, probably similar functions? This was
underlined by the crystal structure of GCP4 [137], which shed light on the architecture
of conserved y-tubulin ring protein domains 1 and 2 (GRIP1 and GRIP2) [129,136,138],
where GRIP1 is the N-terminal domain and GRIP2 the C-terminal domain of GCPs. In
addition, this study introduced the theory that the GRIP2 domain of all GCP proteins
binds to y-tubulin [137], while the GRIP1 domain is important for the GCP-GCP
interaction.

Based on initial experiments with D. melanogaster and X. laevis it was established that
the y-TuRC comprises over a dozen y-tubulin molecules and a similar number of GCP
proteins with a molecular mass between 70-250 kilodalton (kDa). The y-TuRC is a
substantial molecular assembly exceeding clearly two megadalton (MDa) in size. In

addition to the GCPs, the y-TuRC includes non-GRIP domain-containing proteins.
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Notably, a component featuring WD40 repeats was first identified in the purification
of the D. melanogaster y-TuRC. This protein was named the gamma ring protein with
WD repeats (Dgp71WD) [139]. The human orthologue, named “neural precursor cell
expressed, developmentally down-regulated 1” (NEDD1) was shown to be an
important y-TuRC targeting factor [140,141]. Of note, the gene of NEDD1 was
identified more than 10 years earlier in the context of central nervous system
development [142,143]. Early experiments on NEDD1 depletion highlighted its pivotal
role in y-TuRC recruitment to the centrosome, while also revealing that it is not
essential for y-TURC integrity. NEDD1 was found to be essential in plants, especially
crucial for MT organization in mitosis [144]. In this context, the mitotic phosphorylation
of NEDD1 serves as a key regulatory mechanism for multiple pathways (see Chapter
1.4 - 1.6), such as MT nucleation during spindle formation in proximity to
chromosomes [141].

In addition to NEDD1, C130rf37 and FAM128A/B were identified in a systematic
screen in human cell lines as interactors to y-TURC and they were therefore called
mitotic-spindle organizing proteins associated with a ring of y-tubulin (MOZART1,
MOZART2A/B, here MZT1, MZT2A/B) [145-147]. Besides y-TuRC recruitment factors,
the small nucleoside diphosphate kinase 7 (NME7) was consistently identified in y-
TuRC puirifications [145,147,148] and in this respect, it is considered a y-TuRC
component.

Of note, there has been a debate about the nomenclature, proposing to name NEDD1
as GCP-WD, MZT1 as GCP7, and MZT2 as [141,147], because they are part of the y-
TuRC. However, because they lack GRIP domains and have no significant sequence
or structural similarity to the GCP proteins that form the primary scaffold of the y-

TuRC, only the proteins containing GRIP domains are referred to as GCPs today.

1.3.2 y-TuRC architecture

As briefly described in Chapter 1.1.2, three different approaches in independent
studies resulted in the characterization of the basic architecture of native y-TuRC from
X. laevis egg extract [35] and human cells [36,37]. AlImost 30 years have passed since
the first descriptions of y-tubulin complexes from X. laevis before its structural
elucidation by cryo-EM (see [135,149]).

The cryo-EM analysis unraveled a (GCP2-3),-GCP4-GCP5-GCP4-GCP6-(GCP2-3);

asymmetric arrangement of GCP proteins, conserved from frog to man, which results
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in a 5:5:2:1:1 stoichiometry of the different GCP proteins. They are organized in a left-
handed spiral (Figure 4). Via the GRIP1 domains the GCP proteins form strong
interactions with each other, while y-tubulin is bound to the GRIP2 domains (Figure
4b). Thus, the y-TuRC comprises 14 GCP-y-tubulin units, subsequently referred to as
spokes. Position 1 is characterized by the first GCP2-y-tubulin, while position 14 is
marked by the last GCP3-y-tubulin unit. Notably, due to the left-handed spiral
arrangement, spoke 14 partially overlaps with spoke 1 along the spiral axis (Figure
4a). In addition to the spoke arrangement of y-tubulin and the GRIP domains, a rigid
structural scaffold spans across the inner surface of the spiral core. The so-called
lumenal bridge spans from spokes 9-12 (GCP4, GCP5, GCP4, GCP6) to spoke 2
(GCP3). It was speculated that this lumenal bridge is formed by the large GCP6
insertion domain [35], but extensive analysis of the cryo-EM data of the human y-
TuRC showed that it consists of a complex of multiple y-TURC components [150].
Within the lumenal bridge two molecules of MZT1 are intercalated with the N-terminus
of one molecule of GCP3 and GCP6. This nicely confirmed previous studies, that
suggested that MZT1 can interact with N-termini GCPs like GCP3 or GCP6 [151,152]
(Figure 4c). Moreover, recent cryo-EM and X-ray crystallography data, showed that
GCP3 and GCP5 N-Termini can form complexes with MZT1 [153], further supporting
that MZT1 can form such modules with all three GCP proteins (GCP3,5,6) [150,153].
However, only the GCP6-N-terminus and two potential GCP3 binding sites could be
visualized at the ring complex: one in the lumenal bridge and one additional density
located at spoke 14. However, the resolution attained in all cryo-EM reconstruction
did not allow unambiguous identification. This leads to the open question of the
function of these MZT1 modules. Their location in this central part of the y-TuRC, the
lumenal bridge, suggests a crucial role for y-TuRC integrity in agreement with efficient
MZT1 depletion experiments causing the disassembly of the y-TuRC [152]. In
contrast, another study has suggested that MZT1 is dispensable for the integrity of
the y-TuRC, but instead plays a crucial role in the recruitment of y-TuRC, potentially
through its interaction with NEDD1 [151]. This finding could indicate a multi-faceted
role for MZT1, especially since the location of a significant portion of the bound MZT1
molecules could not be elucidated by cryo-EM, likely due to the inherent flexibility of
the MZT1-GCP-N-terminus modules when they are not firmly docked to the y-TuRC

scaffold. Similarly, Wieczorek et al. were able to identify a single MZT2 molecule in a
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complex with the GCP2 N-terminus, due to their centrosomin (Cnn) motif 1 (CM1)-
based purification method. MZT2 was found to interact with coiled-coil helices of the
CM1 (see Chapter 1.4.2), situated at the specific interface between spoke 12 and 13
[37,150]. Importantly, this sheds light on a potential recruitment mechanism for y-
TuRC through CM1-containing proteins, in which the MZT2 module engages in a
stable interaction at a defined interface. However, the remaining four potential MZT2
modules could not be resolved using cryo-EM, much like the "missing" MZT1

modules, due to their flexibility and lack of specific binding partners (Figure 4c).
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Figure 4 Architecture of the vertebrate y-TuRC: a, shown is the density and structure of the
human y-TuRC (PDB-6V6S and EMD-21074) from two different views. The 14 y-tubulin proteins
(orange, yellow) are arranged on 14 GCP proteins (2-6). This complex called spoke is highlighted
in (b). Numbering is indicating the position on the ring complex spiral. Color scheme: GCP2 (light
blue), GCP3 (dark blue), y-tubulin (orange/yellow), GCP4 (brown), GCP5 (green), GCP6 (purple),
lumenal bridge (pink) and actin (red). b, a spoke consists of one y-tubulin molecule and one GCP
protein. Features common to GCP proteins are indicated. GCP helices are colored from N-terminus
(red) to C-terminus (blue). ¢, bar representation of the human GCP proteins with indicated N-
terminal extension (transparent red), the GRIP1 (yellow) and GRIP2 (purple) domains. Data
indicate that the protein MZT2 can interact with the N-terminal extension of GCP2, whereas the
protein MZT1 can interact with the N-terminal extensions of GCP3, 5, 6. Panel a,b are adapted
from [154], and panel ¢ from [111].
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Like the MZT1/2 modules, the GCP6 and GCP5 insertion domains, NEDD1, NME7
and other potential interactors could not be resolved in the cryo-EM studies. However,
one of the most interesting and least expected finding in these studies was the
identification of one molecule of actin buried in the lumen of y-TuRC. Previously,
single actin molecules were already observed as part of macromolecular complexes
such as the dynein motor complex [155], histone acetyl-transferase NuA4 [156], and
chromatin remodeling complexes like INO80 [34], SWR1 [157]. Within these
complexes, actin plays a crucial role in either recruiting or enhancing the ATPase
activity of the catalytic subunit. This brings forth the question regarding the function
of actin within the y-TuRC. Actin is specifically bound to the end of the lumenal bridge
(see Figure 18), where the helical segments of the MZT1 modules extend toward the
barbed end of actin, while the D-loop extends towards spoke 2 [154]. The available
resolution did not allow to identify the actin isoform incorporated in y-TuRC, nor its
nucleotide state. The lumenal bridge location of actin suggested that it is necessary
for the y-TuRC assembly and structural integrity of the 14-spoke complex. Moreover,
it could affect y-TURC geometry and flexibility of the spokes which could be important
for MT nucleation activity of the ring complex (see next chapter). In addition, the
function of actin could be related to actin-interacting proteins [158], as recent
publications also highlight the interplay between the centromere and actin network
[159,160]. Notably, on specific occasions, actin filaments have been observed within
the lumen of MTs [161]. Experiments involving actin polymerization have indicated
that y-TuRC does not enhance actin polymerization [35], aligning with the spatial
orientation of actin within the lumen of y-TURC. MT nucleation assays conducted after
prior incubation with DNAse1, a strong interactor of actin competing with the y-TuRC-
binding interface, have suggested a reduction in nucleation activity in the presence of
DNAase1 [35].

In addition to the surprising discovery of actin within the lumen of y-TuRC, another
noteworthy aspect is the asymmetry within the complex. On one hand, there is
compositional asymmetry, where the first half of the ring comprises repeating units of
y-TuSC (spokes 1-8) along with the inner scaffold of the lumenal bridge, while the
second half consists of GCP4-GCP5-GCP4-GCP6, along with an additional y-TuSC

unit. Although the assembly of this complex remained poorly understood, it is
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significant to note that repeating units integrated at different positions consistently
result in the same organizational pattern. Biochemical data suggest that GCP4-GCP5-
GCP4-GCP6 may form the core of y-TuRC, as this arrangement of four spokes has
shown the greatest resistance in salt destabilization experiments [35,162]. However,
there are still major gaps in our understanding of the reasons for this specific

architecture and assembly pathway of y-TuRC.

Significantly, the molecular architecture of the vertebrate y-TuRC leads to
conformational asymmetry concerning the MT lattice structure. The first half of the
ring closely aligns with the MT geometry, particularly with respect to the positions of
y-tubulins 1-8. However, emanating from the asymmetric core, there is a substantial
difference from MT symmetry [154]. This divergence appears to limit its capacity to
serve as an efficient template for MT nucleation, possibly providing an explanation for
the observed low nucleation activity of isolated y-TuRC in various previous studies.
This adds an intriguing dimension to the regulation of MT nucleation, suggesting that
it may require a coordinated concert or dance of y-TuRC with other factors to enable
the specific MT formation inside the cell [149]. Further exploration of this interesting

aspect will be discussed in more detail in the following section.

1.3.3 MT nucleation

MT nucleation, the assembly of MTs from af-tubulin subunits, is an intrinsically
dynamic process. Cells, however, require precise regulation of MT formation in both
temporal and spatial dimensions. Since the discovery of y-tubulin, it has been firmly
established that the majority of nucleation events depend on y-tubulin complexes.
Nevertheless, although in general the absence of y-tubulin is lethal, there are
pathways that allow cells to form MT networks in the absence of y-tubulin [163]. While
y-TuRC components and recruiting factors have been identified and characterized for
several years, our understanding of the nucleation process from y-TuRC remains
limited. During the nucleation reaction from y-TuRC, it is suggested that af3-tubulin
binds to y-tubulin. This a-y-tubulin interactions, facilitate lateral interactions among
aB-tubulins, ultimately overcoming the rate-limiting step of ap-tubulin oligomerization
[132]. The structural insights into the architecture of y-TuRC offer the potential, in
combination with single-molecule techniques, to systematically investigate and

comprehend the nucleation process in the future. However, the identified asymmetric
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conformation of y-TuRC, which deviates from the MT geometry, introduces another
puzzle into our understanding of the process. This deviation suggests the existence
of pathways that transform the initially inactive y-TURC through conformational
changes into an active form, ultimately resulting in a "perfect template" with high
nucleation ability. Yet, it remains elusive whether and how this conformational change

could be triggered.

The best described y-tubulin complex interacting motif is the CM1, conserved in
several organisms like D. melanogaster [164], Mto1 in fission yeast [165], Spc110 in
S. cerevisiae and C. albicans [152,166], and for example CDK5 Regulatory Subunit
Associated Protein 2 (CDK5RAP2) also known as centrosomal protein of 215 kDa
(CEP215), as well as its homologue myomegalin in humans [167]. Different studies
showed that nucleation activity of the y-TuRC is increased by interaction with proteins
containing the CM1 motif [148,149,152,168]. Of note, this motif has also been referred
to as the y-tubulin nucleation activator (y-TuNA). Additionally, a split y-TUNA has been
described, although it remains unclear whether it can form in a manner similar to
classical CM1 domains [169]. The mechanism by which the CM1 motif activates y-
TuRC remains unclear. Structural assessments of y-TuRC, conducted through
negative staining EM experiments [35], and the cryo-EM structure determined in the
presence of the CM1 motif [37], have revealed that the addition of the CM1 motif did
not alter the overall structure. Both structures displayed a nearly identical asymmetric
open conformation compared to purified samples without the bound CM1 motif.
However, it cannot be ruled out that CM1 binding may influence the "flexibility" of the
surrounding spokes or their ability to interact with other factors. For instance, in X.
laevis egg extract, the CM1 motif only had an impact on MT nucleation when the Ran-
GTP pathway was activated (see Chapter 1.4.2) [35]. Interestingly, an elongated CM1
motive including 100 amino acids showed an increased effect of activation [170].
Moreover, the data from Tovey et al. indicate that in D. melanogaster, a steric
autoinhibition pathway tightly regulated via phosphorylation exists [170]. Whether this

also applies to the vertebrate system needs to be investigated.

More recently, the cooperative action of the tubulin polymerase Xenopus MT

assembly protein with 215 kDa (XMAP215) [171], in human colonic hepatic tumor-
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overexpressed gene (ch-TOG), together with y-tubulin complexes was highlighted for
several species. In yeast, it was shown that the homologues Stu2 (S. cerevisiae) and
Alp14 (S. pombe) can directly interact and act together with y-TuSC [172,173].
Interestingly, also in the realm of vertebrates, recent findings have proposed a direct
interaction between XMAP215/ch-TOG and y-TuRC. This conclusion was drawn from
SEC experiments involving purified human y-tubulin and recombinant X. laevis
XMAP215/ch-TOG constructs [174]. However, the stability and mechanisms
underpinning this interaction remain elusive. Multiple investigations, including single-
molecule total internal reflection fluorescence (TIRF) studies, have demonstrated that
XMAP215/ch-TOG can significantly enhance the nucleation efficiencies of isolated y-
TuRC [36,174,175]. These experiments led to the model that the polymerase could
directly deliver ap-tubulin to the growing MT at the y-TuRC via their tumor
overexpressed gene (TOG) domains [149,176]. In that context, single-molecule TIRF
experiments could not detect an effect of other potential nucleation promoting factors
besides the clear cooperative effect of XMAP215/ch-TOG. One potential candidate in
this context is the nucleoside diphosphate kinase NME7. In batch reactions, NME7
was found to impact MT nucleation activity [177]. Interestingly, this effect did not
manifest in single molecule measurements [175]. These findings underscore the
complexity underlying the interplay between y-TuRC and its associated factors.
Importantly, the different in vitro experiments show that the MT nucleation activity of
y-TuRC in absence of XMAP215/ch-TOG is lower than expected, which suggests that
multiple factors, including post-translational modifications (PTMs) and the interplay of

various elements, likely play pivotal roles in y-TuRC-templated nucleation.

Another model that merits consideration is the concept of "closing by nucleating”. In
this scenario, the binding of ap-tubulin entities and their interactions dynamically and
allosterically alter the geometry of y-TuRC, potentially aligning it more closely with the
MT geometry [175]. Consequently, there might not be a need for a conformational
change prior to nucleation. Instead, modifications or interactions with y-TuRC could
influence its ability to adapt its conformation through multiple contacts with af-
tubulin. Therefore, comprehending the interactions between y-TuRC and its
associated factors during nucleation requires two key elements. Firstly, gaining

structural insights into the y-TuRC-capped -END is crucial. Secondly, developing a
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tunable recombinant system becomes equally essential. Such a system would enable
researchers to explore the impact of various factors and modifications systematically.
Importantly, this approach allows for more comparable and well-defined experimental

conditions compared to using complexes purified from native sources.

1.4 The centrosome as the main MT organizing center

y-TuRC is the central player for the regulation of MTs in space and time. In cells MTs
are organized by MTOCs [178], and the centrosome is the main MTOC. The
centrosome is a complex organelle that plays a central role in various cellular
processes such as cell division, cellular transport, and the assembly of cilia and
flagella. The term "centrosome" was already coined by Theodor Boveri [179], during
the late 19th century. Boveri's work, carried out around the same time as Edouard
van Beneden, involved the description of spindle pole-associated structures as cell
organelles with their own replication cycle [180,181]. The function of the centrosome
is tightly coupled to its special architecture. It is a membrane-free organelle that is
composed of two centrioles, cylindrical structures made of MTs, surrounded by an

amorphous structure called the pericentriolar material (PCM).

1.4.1 The centrosome architecture

The two centrioles, which are the main component of the centrosome, are composed
of MTs that are organized into a cylindrical 9-fold triplet symmetry [182,183]. The
triplets emerge from the central A-tubule composed of 13 MT protofilaments, directly
linked to the B-tubules of 10 MT protofilaments and the 10 MT protofilament C-tubule
(Figure 5). This configuration forms a barrel-like structure that is free of MTs in the
center. Centrioles exhibit distinct proximal and distal ends. The proximal end is
surrounded by the PCM, while the distal end features both distal and subdistal
proteinaceous appendages. The distal appendages play a crucial role in orchestrating
the formation of the primary cilium [184,185]. On the other hand, from the subdistal
appendages MT emerge that are important for centriole cohesion and centrosome-
related transport. The two centrioles are coupled at the proximal end via the
centrosome linker which consists of rootletin [186], oligomeric filaments crosslinked
by CEP68 and anchored by the CEP250 rings which surround the centrioles, as

revealed by super-resolution microscopy [187].
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The 9-fold symmetry of the centrioles is determined by a scaffold, the so-called
cartwheel. The main component SAS-6 that consists of a globular N-terminal domain
and a C-terminal coiled-coil and unstructured region [188] forms 9-spoked rings
potentially determining the symmetry and serving as anchor points for the assembly
of centrioles [189]. The action of PLK4 is important for the cartwheel assembly [190],
which overall is crucial for the centrosomal cycle, which is closely coupled to the cell
cycle (see Chapter 1.5). Recently, it was suggested that y-TuRC interacts directly with
SAS-6 and is thereby recruited and involved in centriole duplication [191], potentially
templating the formation of the A-tubule [192]. Besides the scaffolding cartwheel,
additional factors and structural modules have been described that are crucial for the
formation and stability of this centrosomal substructure [193]. Interestingly, using
expansion microscopy [194,195] a pool of y-TuRC inside the lumen of the centrioles
could be shown [196]. Furthermore, knockdown experiments have revealed a
dependence between the localization of the augmin complex (see Chapter 1.6) and
the presence of the inner centriole component, protein of centriole 5 (POC5) - a
documented centrin-interacting protein [197]. However, the precise function of this y-

TuRC/augmin pool within the centriole remains enigmatic.

It is well established that y-TuRC, guided by specific recruiting factors, becomes
recruited to the PCM to initiate MT nucleation. The +END of these MTs is directed
toward the cell periphery during both interphase and mitosis [198] (Figure 5). The PCM
is an assembly of large proteins with extensive coiled-coil interactions surrounding
the wall of centrioles towards the proximal end [199]. Some of the main proteins are
pericentrin (or PCNT), centrosomal protein of 192 kDa (CEP192), and CDK5RAP2.
This meshwork of proteins has a higher order organization [198] and serves as a
platform for a variety of interaction partners that are crucial for example to regulate
the cell cycle. The following chapter focuses on PCM proteins that are associated
with y-TuRC.

1.4.2 y-Tubulin associated factors of the PCM

In the PCM y-TuRC nucleates MTs and caps their -ENDs [200]. During the onset of
mitosis, the recruitment of y-TuRC to the centrosome increases [201,202]. This
recruitment is dependent on specific recruiting proteins. The large protein PCNT is

one of the main components of the PCM [203,204], localizing to the outer wall of the
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centriole MTs with its C-terminus and expanding into the cytoplasm with its N-
terminus. PCNT was shown to form a scaffold interacting with CDK5RAP2 and y-
TuRC [205]. CDK5RAP2, already introduced before (Chapter 1.3), is known to anchor
y-TURC to the PCM and might be important for the activation of MT nucleation
[148,167]. Additionally, CDK5RAP2 plays a pivotal role in several interactions within
the PCM.

y-TuRC recruiting factors of the PCM
CEP192
CDK5RAP2
PCNT

Figure 5 The centrosome during the cell cycle: a, inside cells, the centrosome (green) is the
main MTOC and is usually located near the nucleus (blue). b, schematic illustration of the
membrane-free organelle, the centrosome, with important structural units and players. The
centrioles form the main structure. In the small icon the mother centriole (light green), and daughter
centriole (dark green) are indicated. The centriole architecture with 9-fold symmetry of MT triplets
is depicted and the position of one A-tubule is highlighted (white A). MTs are nucleated in the PCM,
the dense network of proteins that surrounds the centrioles, towards the cell periphery. MT
nucleation depends on y-TuRC (red circle). c, illustration of the cell cycle and schematic
representation of the state of the centrosome during the cycle. Mother centrioles are shown in light
green, daughter centriole in dark green. During G1 phase the mother and daughter centrioles
separate but are still connected via the centrosome linker. During S and G2 phase centrosomes
mature to become fully functional units that separate at the onset of mitosis to form the spindle
poles. The figure was adapted from Garland Science [9].

Independent of the CM1 motif, NEDD1, a y-TuRC component is vital for most
recruitment events [140,141,206], and can be considered as the main y-TuRC
adapter. A key network is the CEP192 pathway [202,207], which is NEDD1 dependent.
Experiments in X. laevis egg extracts and human cells revealed that the CEP192
pathway leads to the recruitment of y-TuRC to the centrosomal MTOC during mitosis
[208] (see Chapter 1.5.1). Notably, the PCM forms a dense structure, with CEP192

22



Introduction

recruitment during mitosis relying on PCNT and CDK5RAP2 [209,210]. Thus, these
three proteins may create a scaffold critical for PCM assembly, recruitment, and
ultimately MT nucleation function (Figure 5b). On the other hand, advanced
microscopy techniques have shown that CEP192 positions y-TuURC/NEDD1 on the
centriole’s outer surface [196,198]. Moreover, CEP192 was shown to be important for
y-TURC dependent MT nucleation during interphase [211]. It will be important to
dissect the pathways that lead to the recruitment and anchoring of y-TuRC to the
PCM and the mechanisms that allow MT nucleation during interphase as well as in
mitosis. In agreement, research indicates that y-TuRC anchored differently at the

centrosome serve distinct roles [212].

1.4.3 Other MTOCs

The centrosome is the most studied MTOC and serves as the main MT source for
most higher eukaryotic cells. However, there are also non-centrosomal MTOCs,
discussed briefly here. Importantly, all MTOCs involve y-tubulin complexes for MT
nucleation and anchoring, working alongside both centrosomal and unique factors.
Notably, y-TuRC is not solely found at the MTOCs but is also present in the cytoplasm
[213].

1 MT branching

A significant non-centrosomal MTOC is the nucleation from preexisting MTs, essential

for MT amplification during spindle assembly and cell division. MT generation from
other MTs was discovered in S. pombe [214] and plant cells [215]. Notably, MT
branching clusters were already observed in MT regrowth assays in green algae [216].
With the discovery of key factors [217], the investigation into this mechanism, often
termed MT branching, began. A detailed introduction on MT branching is reported

later (see Chapter 1.6).

2 Golgi Apparatus

MTs are also important for the organization of the Golgi apparatus [218], and thus the
Golgi apparatus functions as a MTOC. There are several studies showing that y-TuRC
is recruited by AKAP450 [219] to the Golgi, enabling MT nucleation and anchoring of
MTs to Golgi membranes [220]. In addition, CDK5RAP2 is another Golgi recruiting
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factor that is also important for y-TuRC recruitment to the centrosome [221]. Overall,
MTs play a crucial role for the integrity of the Golgi membranes and to organize

trafficking between the membranes [222].

3 Plasma membrane and nuclear envelope

MT organization from the plasma membrane or the nuclear envelope is less well
understood compared to the other MTOCs. Due to the lack of a centrosome, the
prominence of nuclear envelope and plasma membrane pathways is more evident
and well-described in plants [223,224]. However, similar pathways also exist in other

organisms, including human cell types [225,226].

4 The spindle pole body (SPB)

The SPB is the functional equivalent of the centrosome in specific fungal species,

notably within the Saccharomyces class. The most studied SPB is that of S.
cerevisiae. Unlike organisms like humans with centrosomes in the cytosol, these
species undergo closed mitosis, where the nuclear envelope remains intact
throughout the entire cell cycle. The SPB, a multi-layered organelle embedded in the
nuclear envelope, can nucleate MTs from within the nucleus and in the cytoplasm
[227]. It duplicates as centrosomes exactly once in the cell cycle, where the older
structure is the seeding point of the new SPB, enabling the cell to form a bipolar
spindle with each SPB functioning as a spindle pole later in the cell cycle [228,229].
Importantly, SPBs and centrosomes have similarities in their relevant proteins. The
MT nucleation is dependent on the y-TuRC formed by oligomerization of y-TuSCs
(Figure 3) in concert with proteins like CM1-motif containing proteins Spc110, Spc72,
or the MT polymerase Stu2 (XMAP215/ch-TOG) [172,230-232], but also MZT1 as in
C. albicans [152]. Comparing the vertebrate y-TURC system with the evolutionarily
simplified nucleation machinery of the Saccharomyces class, which lacks GCP4-6
[135], has historically led to the identification of factors in the general nucleation
mechanism. As our structural understanding of MT nucleation grows, this comparison

might enable the characterization of individual modules’ functions in the future.

1.4.4 Centrosomal factors and diseases
The core components of y-TuRC, along with numerous associated proteins such as

the augmin complex, belong to the group of essential genes. These genes were
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identified through independent genome-wide screenings [233,234], highlighting their
essential function. Therefore, it is not surprising that the disruption of genes involved
in cell cycle and regulation of MTs is a critical determinant of the onset or progression
of serious diseases, including cancer. Notably, a hallmark of cancer progression is
centrosome amplification [235], and also overexpression of y-tubulin related proteins
is relevant for cell transformation [236-238]. This underscores the significance of
understanding and managing these cellular processes to combat such conditions. For
a more detailed overview see [239,240]. Moreover, abnormal expression and mutation
of y-TuRC and augmin subunits have been recently reviewed [241]. Another common
phenotype is observed in germline mutations in y-TuRC related genes for example
TUBGCP2, TUBGCP4, TUBGCP5 or CDK5RAP2, which are often observed to lead to

neuro-developmental diseases like microcephaly [242-245].

1.5 The cell cycle

Nucleated by y-TuRC, MT originating from the centrosome play an essential role in
orchestrating chromosome organization during cell division, a pivotal process for the
accurate segregation of genetic material. This intricate orchestration is governed by a
complex network of signaling pathways, enzymes, and transcription factors.
Specifically, centrosomal factors are key players in regulating the cell cycle, facilitating
its transition through various stages. Furthermore, the centrosome's activity and its
own cycle are controlled by multiple checkpoint pathways, which serve the dual
purpose of ensuring proper cell cycle progression and preventing errors during

mitosis.

1.5.1 Cell cycle regulation and centrosome cycle

The cell cycle and the cycle of the centrosomes are tightly linked (Figure 5c). Gap
phase 1 (G1), S, and G2 collectively form the interphase. During G1 and G2, the cell
responds to environmental cues and G2 prepares cells for mitosis, for example
checkpoints, gene expression, and growth. After mitosis the cell is in G1, the mother
and daughter centrioles disengage (late M phase). In the G1 phase, based on external
signals, the cell may enter the GO phase, a resting stage where it can remain
indefinitely without advancing in the cell cycle. The G1 checkpoint serves as a pivotal
regulatory junction in the cell cycle, often viewed as the commitment point. Once past

this checkpoint, the cell is set on its path with no turning back into the cell cycle [246].
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The cycle proceeds or halts dependent on the interplay of growth-promoting and
growth-inhibiting signaling pathways, regulated by cell division cycle (Cdc) genes
[247]. One of the main transmitters of cell cycle progression is the phosphorylation of
target genes during the beginning of mitosis, a significant portion of the proteome
gets phosphorylated [248], and therefore the cyclin-dependent kinases (CDKs), like
CDK1 [249], are key players. As the name indicates, CDKs are dependent on cyclins
which undergo their own cycle of production and degradation, again indicated by their
name [250]. The oscillation of cyclins is regulated by the action of cyclin-activating or
-inhibiting proteins [251,252]. Another essential regulatory mechanism is proteolysis
regulated by E3 ubiquitin ligases. For the regulation, by the targeting of cell cycle
regulators and their subsequent degradation, of the G1/S transition as well as the
G2/M transition, the Skp1-Cul1-F-box protein (SCF) complex is crucial [253-255].
Another key player is the multi-subunit machinery, the anaphase promoting complex,

cyclosome (APC/C) [256,257], which is a central regulator for entering anaphase.

An important step of the cell cycle is the S phase, where DNA replication occurs [9].
Moreover, in S phase the so-called centriole-to-centrosome conversion starts
[258,259]. PLK4 drives the duplication of centrioles [190], with additional factors like
SCL/TAL-interrupting locus protein (STIL) [260,261] and SAS6. After duplication, each
centrosome pair consists of a parental mother centriole with PCM and a daughter
centriole. Both centrosome pairs are connected by the centrosome linker. In G2/early
mitosis, the linker is resolved in a mechanism that is dependent on the action of
kinases like NEK2 [262] and the centrosomes can migrate away from each other in
order to form the mitotic spindle.

In the G2 phase, following the S phase, the cell undergoes further growth and
prepares for mitosis by producing factors essential for cell division. Apart from the
commitment point preceding DNA replication (S phase), another crucial cell cycle
checkpoint is located at the conclusion of the G2 phase. Here, the cell decides
whether to initiate mitosis. It assesses DNA damage and may pause the cycle briefly
to facilitate DNA repair. At this junction, as with many stress responses, the TP53
gene family plays a pivotal role as highly conserved regulators [263,264]. This crucial
role is underlined by the fact that TP53 is the most common altered gene in human

cancers [265]. One of the best understood pathways for the action of the p53
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transcription factor in regulating the cell cycle is the regulation of transcription of
the CDKN1A gene encoding the p21 protein [266], which act as a CDK inhibitor via
the binding to CDK-cyclin complexes [267-269].

The first identified CDK, CDK1 (at the time Cdc?2) [270,271] is one of the main drivers
of the cell cycle. The CDK1-CyclinB1 complex determines entry into mitosis [272,273].
At the G2/M transition, the expansion of the PCM, and the centrosome maturation
occurs through the action of CDK1-CyclinB. [199]. As discussed in the previous
chapter, a significant amount of the y-TuRC is recruited to the centrosome during the
expansion of the PCM at the onset of mitosis. This recruitment is dependent on
phosphorylation sites, best characterized for the targeting factor NEDD1 [274]. One
main signal for the y-TuRC recruitment via NEDD1 is the phosphorylation via CDK1
and especially polo-like kinase 1 (PLK1) [275-277]. For instance, a key pathway for
recruitment and facilitating MT nucleation from y-TuRC involves a two-step cascade
of the mitotic serine/threonine kinases, Aurora kinase A (Aurora A) and PLK1. Through
this pathway, Aurora A undergoes autophosphorylation at threonine 288 (T288) in
humans and T295 in X. laevis, which then leads to the phosphorylation of PLK1 (T210
in humans and T201 in X. laevis) [208]. This activation is crucial for the formation of a
bipolar spindle [278]. CEP192 provides the scaffold for this process at centrosomes,
by initially binding to Aurora A [279]. Once activated, PLK1 can bind to CEP192,
specifically at the phosphorylated sites T44 and T46 in X. laevis. This binding triggers
the phosphorylation of multiple residues on CEP192, creating interaction sites for y-
TuRC. This interaction relies on NEDD1, subsequently transforming these sites into
MT nucleation spots [208]. Similarly, PLK1-dependent phosphorylation is also
important for the initiation of MT-based MT nucleation [280], as described in the
following chapters.

Another critical aspect of the mitotic entry is the breakdown of the nuclear envelope
(NEBD) [281]. After NEBD, the cell cycle continues with the mitosis through the
traditional five phases prophase, prometaphase, metaphase, anaphase, and
telophase [9]. The entire cell cycle is marked by phases and regulated at checkpoints.
The subsequent two chapters will delve into the mitotic spindle and the importance
of y-TuRC dependent MT nucleation in ensuring accurate cell division, a cornerstone

of cellular life.
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1.6 The mitotic spindle

The mitotic spindle, with its three-dimensional shape reminiscent of a spindle used to
spin cotton, is responsible for separating the duplicated chromosomes and ensuring
their proper segregation between daughter cells. It is a sophisticated assembly of
various factors that govern large macromolecular structures, executing the

mechanical role of chromosome separation.

1.6.1 Structural units of the mitotic spindle

MTs are the basic structural scaffold of the spindle and together with its associated
factors like MT motor proteins, such as kinesins (+END directed movement) [282,283]
or dynein (-END directed movement) [284,285], important for spindle alignment and
chromosome movement to spindle poles [286]. Among various motors, the most
essential for spindle bipolarity is Eg5 (Kinesin-5) [287].

Another important structural unit is the kinetochore, a multi-subunit structure that
serves as a platform for MT attachment to the chromosomes [288]. Chromosomes
basically consist of the DNA which is wrapped with about 150 base pairs (bp) around
the histone protein octamer, built by two molecules of each histone H2A, H2B, H3
and H4, where H3 and H4 can form a tetramer that is joined by H2A-H2B dimers
[289,290]. Histone modifications [291] and histone variants [292] are determinant for
the chromatin state and regulation. Similarly, the linker Histone H1 which is important
for further compaction of chromatin [293,294]. Kinetochores form at the centromere,
a region of chromosomes hallmarked by the presence of a special histone H3 variant,
centromere protein A (CENP-A) [295-297]. The kinetochore is organized into an inner
side with a building block around CENP-A [56] and the outer kinetochore where for
example the Ndc80 complex is crucial for MT binding via its calponin homology (CH)
domains [298,299] and a positively charged unstructured N-terminal extension [300-
302]

The third crucial structural unit in the mitotic spindle is the centrosome, whose activity
is largely increased during mitosis along with PCM expansion [199,203,303], in order
to build and orchestrate the mitotic spindle. Of note, in special cases, cells can form
bipolar spindles in absence of centrosomes dependent on non-centrosomal
pathways for MT generation [304].

The mitotic spindle consists of MTs originating from various sources. These include

astral MTs from the centrosome, which do not extend towards chromosomes but
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instead to the cell cortex [305]; kinetochore MTs that eventually capture
chromosomes [306]; and interpolar MTs, which are highly dynamic and emanate from
the spindle poles [307]. Initially, spindle assembly was proposed to occur through the
"search and capture" model, wherein MTs nucleated from the centrosome
experienced growth and shrinkage and would randomly attach to kinetochores [308].
However, subsequent research suggested this process might be too inefficient by
itself [309] and is likely augmented by other mechanisms [310]. This perspective aligns
with key experiments demonstrating that DNA-coated beads can form bipolar
spindles in X. laevis extract even in the absence of centrosomes [311]. Therefore,
spindle function arises from the combined interactions of structures like kinetochores,
spindle poles, MTs from diverse sources, and regulatory pathways. A particularly well-

understood regulatory mechanism is the RanGTP pathway.

1.6.2 The RanGTP pathway

The Ran protein is a small guanosine triphosphatase (GTPase) of the Ras family [312]
that is involved in many cellular processes, including nucleocytoplasmic transport,
and the regulation of the mitotic spindle. During mitosis, Ran is activated by a guanine
nucleotide exchange factor (RanGEF), regulator of chromosome condensation 1
(RCC1), which is enriched at the chromosomes [313,314]. Upon activation to its active
form (formation of RanGTP), RanGTP binds to importin beta [315]. This activation is
counterbalanced by RanGTPase-activating proteins (RanGAPs), which, in contrast to
RanGEFs, are more evenly distributed throughout the cytoplasm. The interaction with
RanGAPs mediates GTP hydrolysis, converting RanGTP to its "inactive" form,
RanGDP. Inactive RanGDP is unable to associate with importins [316]. This
coordinated interplay leads to a steep biochemical gradient of RanGTP around the
condensed chromosomes [317]. By interacting with importins, RanGTP facilitates the
release of MT-associated proteins, which were previously bound to the importins. A
prime example of such a protein is the targeting protein for Xklp2 (TPX2) [318,319].
This release, in turn, stimulates MT polymerization via the branching pathway
[316,320,321]. The branching factor TPX2 is highly studied in X. laevis [322-324].
TPX2 possesses a MT-binding domain that associates with the interface between a-
and B-tubulin subunits [325]. In X. laevis, TPX2 is proposed to enhance local ap-
tubulin concentrations through the formation of condensates on the MT lattice

[323,326]. Additionally, TPX2 features an Spc110/Pcp1 domain, bearing resemblance
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to SPC110 in yeast [166] and has also a split CM1 domain, suggesting that TPX2 can
potentially bind and activate y-TuRC [169]. However, this potential interaction
warrants further investigation.

PTMs play a crucial role in regulating MT nucleation within the spindle, including
modifications influenced by the RanGTP pathway. As previously highlighted, one of
the primary targets is the y-TuRC adapter, NEDD1. There are various pathways
through which MT nucleation by the y-TuRC is activated; one of them involves the
combined action of TPX2 and Aurora A [327,328].

Both PLK1 and CDK1 have been demonstrated to be essential for the interaction and
activity of the y-TURC/NEDD1 complex in mitosis, especially with the augmin complex
[329]. Augmin, the central component of the MT branching pathway (introduced in
Chapter 1.4.3), is also activated by RanGTP [141,324,330,331]. MT branching is not
only essential for MT ampilification and spindle integrity but also represents a
conserved non-centrosomal MTOC. Consequently, the concluding chapters will focus
on the augmin complex and the indispensable y-TuRC-augmin interplay in MT-based

nucleation.

1.6.3 The augmin complex

About 20 years ago, MT branching was associated with a multi-protein complex first
discovered in a functional study in D. melanogaster [217]. The identified proteins were
named Dgt (2-6) for dim y-tubulin [217], as it was found that these are important for
the recruitment of the y-tubulin complex. The following year, the complex formed by
the Dgt proteins was named "augmin", derived from the Latin "augmentare" meaning
"increase", reflecting its role in amplifying the MT number within the spindle [330].
One year afterwards, the human homologues were discovered. It was demonstrated
that both the human and D. melanogaster augmin complexes comprise 8
‘Homologous to Augmin Subunits' (HAUS) proteins, named HAUS1-8 [332].

Apart from the initial findings in D. melanogaster and human cells, augmin subunits
have been identified in A. nidulans [333]. Intriguingly, the crucial role of the augmin
complex in plants for MT generation was established early on [334,335]. This is not
only significant during mitosis, but also for MT branching in interphase [336,337],
recently summarized [338,339]. The absence of a centrosome in plants accentuates

the importance of MT-based nucleation, as discussed in Chapter 1.4.3. Notably, in A.
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thaliana, multiple versions of the HAUS8 subunit have been described. These are
incorporated in augmin complexes that are used in different cellular phases [340].

These examples highlight the functional conservation of the interplay between augmin
and the y-TuRC in mediating the nucleation of branched MTs (see [241]). Besides
conservation, experiments have revealed the significance of augmin in various
organisms. In D. melanogaster, depletion of augmin has been linked to spindle defects
[330,341]. Similarly, in X. laevis egg extracts, augmin plays a pivotal role in spindle
formation and integrity [324,342]. For human cell lines, studies have established
augmin as a crucial factor for mitotic spindle MT mass, particularly for kinetochore
fiber connection and integrity [330,332,343]. These findings have been further
corroborated through live cell imaging [344] and advanced techniques such as super-
resolution microscopy [345-347] or EM tomography attempts [348]. These
experiments suggest that a significant portion of spindle MTs depend on augmin.
Furthermore, the synergy between augmin and y-TuRC plays a central role in
organizing non-centrosomal neuronal MT networks in neurons. This interaction is
especially vital for axonal MTs [349] and their polarity [350]. Moreover, it holds
significance in the development of the mammalian central nervous system [351,352].
Of note, the augmin component HAUS6 was shown to be part of a liquid-like meiotic
spindle domain, among other MT regulatory factors, in mouse metaphase 1 oocyte
spindles, which lack centrosomes [353]. In addition, it is not surprising that the knock-

out of HAUSG6 in mouse embryos is lethal [354].

1.6.4 MT branching by y-TuRC and augmin

Research in the last years has established that the y-TuRC-augmin interplay, including
the direct interaction and coordination of both complexes and other factors on MTs,
is vital for the MT branching pathway (Figure 6). As described before, studies have
shown that TPX2 plays a key role in the MT branching reaction in X. laevis egg extract
[324,355]. This process begins with the formation of TPX2 droplets on MTs, which
then leads to the recruitment of y-TuRC-augmin and subsequent MT nucleation
[241,323,326,356]. However, research in other organisms like D. melanogaster, where
TPX2 is not essential [8357-359] or studies involving complexes from human cells [329]
suggest that TPX2 is not inherently vital for the MT branching reaction. Still, many

aspects of TPX2-facilitated MT branching require further exploration.
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b
Mitotic spindle Microtubule branching

% , y-TuRC Augmin complex

Centrosome
Additional
factors

Mother microtubule

Spindle microtubules Centrosome

Condensed chromosomes

Figure 6 MT branching by augmin and y-TuRC: a, schematic of the mitotic spindle showing two
centrosomes as spindle poles (white). A dense MT network (green) links the spindle poles to the
chromosomes (blue). A primary pathway for spindle MT amplification, “MT branching,” is
highlighted in a close-up view. b, schematic of MT branching in the mitotic spindle. Key components
are y-TuRC and the augmin complex. Augmin recruits y-TuRC to a mother MT, from which a
daughter MT nucleates in a specific orientation. The exact binding mode of y-TuRC and augmin to
the MT and interactions with other factors or PTMs are not fully understood. The schematic of the
y-TuRC symbol was created using PDB-6TF9.The figure was adapted from [149].

Both with and without TPX2, MT branching can be observed in vitro using a minimal
set of components. Single-molecule TIRF studies, conducted with both natively
purified complexes and recombinant reconstitutions [329,355,356,359] demonstrated
the interaction of branching factors on the mother MT lattice. When these factors are
timely recruited to specific locations on the mother MT and tubulin is present,
daughter MTs are assembled (Figure 6). The branching angle of the resulting daughter
MT varies depending on the experimental setup and the species considered.
However, for multiple organisms and experimental setups, the branching angle has
been identified as rather shallow, typically less than 60° [329,337,355,356,359,360].
In addition to the previously mentioned branching factors, XMAP215/ch-TOG may
also play a role in branching reactions working in synergy with y-TuRC to polymerize
the daughter MT [174,355]. Furthermore, evidence from one study indicates that the
echinoderm MT-associated protein-like 3 (EML3) acts as a MT-binding protein and
may help recruit augmin to MTs [361]. Notably, components of augmin and the
kinetochore-associated Ndc80 complex have been found to interact [362,363]. While
this interaction may not directly influence the MT branching reaction, the collaboration

between these complexes could be crucial for k-fiber formation and stability.
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Moreover, the discovery of y-TuRC-augmin within the centriole lumen is noteworthy
as well [196]. Understanding how this axis is positioned and anchored within the
centriole and deciphering the role of this unique y-TuRC-augmin configuration,

represents a captivating area of study.

1.6.5 Molecular composition of the augmin-y-TuRC network

The studies introduced in this chapter have demonstrated the essential role of
augmin, acting in synergy with y-TuRC, for MT branching. But what is the molecular
basis of their function? It has been found that the HAUS8 subunit, specifically its
positively charged unstructured N-terminus, is crucial for the MT binding function of
the augmin complex [364-366]. Biochemical experiments, along with the
reconstitution of the augmin complex in insect cells have uncovered interesting
details. For human genes, studies revealed that HAUS8 forms a subcomplex with
HAUS2, HAUS6, and HAUS7 [364]. This tetrameric structure has been termed Tl for
human genes, and, curiously, Tll for X. laevis [365]. For the purpose of continuity, the
name TII will be used hereafter. Additionally, experiments focused on human genes
have indicated the presence of another subcomplex centered around HAUSG6. This
sub-complex also includes HAUS4 and HAUS1 [364], However, this sub-complex has
not been observed in X. laevis, raising questions about the integration of HAUS3 and
HAUSS into the complex. Contrary to the study in humans, Song et al. successfully
reconstituted a complementary tetramer to TIl, termed TIll, composed of HAUS1,
HAUS3, HAUS4, and HAUSS. This indicates that the octamer can be divided into two
distinct units (Figure 7). When analyzing recombinant augmin complexes using
negative stain EM, it was observed that the complex assumes an elongated h-shape,
with TllI forming the extended rod, as shown in Figure 7 [364,365]. These
observations, combined with additional data, suggest that both tetramers can also
serve as distinct functional units. Specifically, Tll, which includes HAUS8, may play a
pivotal role in MT binding [364-366]. Conversely, the N-termini of HAUS3 and HAUS5
have been suggested to interact with NEDD1 [57,365]. As a result, Tlll could represent
the y-TuRC binding module, potentially involving the long, unstructured C-terminus of
HAUSG6 [343,367,368]

33



Introduction

1 TS ¢¢5C
1N HAUS4 353C

T
IN] HAUS3 ]597¢C
1N [ERHAUSTIN] 286C

Disordered part

1N HAUS8 367C

T N HAUS7 368C Disordered part
N T HAUSE ] o78C
1N [IEAUSEN 222C

Figure 7 The augmin complex: The augmin complex consists of an octamer of HAUS proteins
(HAUS1-8). Experiments indicated that the complex from X. laevis can be separated into two
tetramers, TII (green) and TlII (purple), where TIl was assigned to MT binding while TllI to y-TuRC
interaction. The X. laevis HAUS gene lengths are highlighted in bars sorted into two groups
corresponding to the respective tetramers. The figure was adapted from [369].

The y-TuRC-recruiting component NEDD1 seems to be essential also for the augmin-
y-TUuRC interaction. It is not surprising that PTMs play a fundamental role in the y-
TuRC-augmin interplay, as highlighted in recent overexpression experiments in
human cell lines [329]. This study demonstrated the indispensability of
phosphorylation by PLK1 and CDK1 on both y-TuRC and augmin for stable
copurification independent of the MT. The connection between y-TuRC and NEDD1
seems to be mediated by MZT1-GCP3 N-terminus modules [329]. Previously, mitotic
phosphorylation of NEDD1 was shown to be critical for the interaction between y-
TuRC and augmin [343,368]. Additionally, augmin is modified by both Aurora A [370]
and PLK1 [280], pointing to a finely tuned regulation of its activity.

Notably, a deeper understanding of augmin’s molecular architecture, of how the
HAUS subunits interact with one another to form functional modules, as well as how
the complex aligns with y-TuRC and MT respectively, is essential. Thus, an in-depth
structural characterization of the augmin complex is a crucial next step towards fully

grasping the intricacies of MT branching.
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1.7 Aims of this thesis

The aim of this thesis is to comprehensively investigate the principal MT nucleator y-
TuRC and its associated factors using a bottom-up approach. To achieve this, | plan
to establish a recombinant expression system that will allow subsequent cryo-EM
analysis. This system will specifically address the principles governing the unique sub-
complex architecture of y-TuRC and elucidate the functional roles of individual
components, such as the embedded actin molecule or the MZT1/2 microproteins. To
address these goals, | propose a modularized design that allows flexibility in the
expression and adaptation of components. In parallel, | aim to develop a synchronized
sample preparation pipeline to ensure accurate and coherent structural
characterization of the multi-protein complexes under study. In addition, a significant
part of my research is dedicated to the molecular characterization of the augmin
complex, a key y-TuRC interaction partner. Given the limited structural knowledge
available at the start of my PhD, my aim is to elucidate its intricate architecture.
Achieving this will provide a comprehensive structural and functional foundation,
which is crucial to understand the y-TuRC-augmin interplay. This understanding
should shed light on its important role in evolutionarily conserved cellular

mechanisms, particularly cell division.
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2 Results

Contributions:

If not stated otherwise, | performed the experiments described in this thesis under the
supervision of Prof. Dr. Elmar Schiebel. In each chapter and in the corresponding
figure legends, contributions from other people are stated in the collaboration
statements. In general, negative staining and EM data acquisition were done by Dr.
Annett Neuner; cryo-EM plunge freezing, SPA data acquisition and processing were
done by Dr. Erik Zupa. Experiments in the human cell culture system were done by

Dr. Enrico Salvatore Atorino.

2.1 The recombinant y-TURC expression system

The main aim of my thesis was to create an insect cell-based expression system for
recombinant y-TuRC, which forms the basis for all subsequent experiments. The
objective of such a system is to reproducibly isolate multi-subunit protein complexes
in a sufficient yield for further research, such as cryo-EM studies. To make this system
applicable to a variety of associated factors and protein complexes, | considered a
cloning strategy that allows expression of y-TuRC subunit modules, as discussed in

the following chapter.

2.1.1 General cloning strategy of the recombinant y-TuRC
expression system

My general cloning strategy was based on the MultiBac system (Geneva Biotech) [31],
with published modifications [34]. This includes the usage of exclusively the
polyhedrin (polH) expression cassette, for an equal expression of all components,
which required adaptation of the original MultiBac vectors. | used modified versions
of pIDK and pIDS (Figure 8a) [34]. To accelerate and optimize cloning conditions for
a large number of target genes, | used a standardized cloning method, namely Gibson
Assembly using InFusion or NEBuilder technology (see Methods Chapter 4.2).
Moreover, | used universal integration sites for targeted gene integration. For insect
cell expression, GOIs were inserted directly downstream of the polH promotor
sequence (Figure 8a,b) [34], allowing a standardized primer design.

In the context of investigating the function of y-TURC, a multi-subunit assembly, and
a variety of associated factors, modularization was an important aspect of the cloning

strategy. Modules were pACEBac1 as acceptor and three donor vectors (pIDC, pIDK,
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pIDS) in which | cloned the GOls. | designed primer sets for combining two complete
expression cassettes (see Table 19-22), regardless of the plasmid backbone, to allow
combination of two GOI in one of the four plasmids (Figure 8a,c). Subsequently, |
combined the modules with single or double GOI via Cre-recombination to assemble
the construct for baculovirus production (Figure 8a,d). This modular approach
enabled me to flexibly combine the GOI in various permutations, optimizing the
construct composition for efficient protein expression. Simultaneously, leveraging the
array of intermediate constructs facilitated the straightforward creation of final
constructs. The list of relevant plasmids constructed during this thesis is given in
Table 25 (see Methods, Chapter 4.2). As an example, two constructs are shown in
Figure 8d. In the following, only final constructs used for protein expression are

mentioned in the result section.

a b
MultiBac vectors
polH polH polH polH .
polyhedrin promoter
5]..ATAAAAAAACCTATAAATATG.. 3
pACEBact pIDK
(o]
polyhedrin promoter’
Clonlng of GOI via InFusion/Hifi | )/ mevsie
Modules polH polH polH polH
pACEBac1 ‘ pIDK ‘ N\
9 GCP5_MZT1 \‘3
GOl 1 GOI 3 GOl 4 GOl 6 g 6572 bp /‘g)
GOl 2 GOI5 GoI7 2/

2000

~__T

/G /GeaN
re Gez\ re

Stepwise Cre-recombination

Final construct

GOl 1/2

2XFLAG-GCP5
[ GOl 3 | | GCP6
. colas | GCP4

y y-tubulin

W\ Gole/7
\ ¢ actin

pWMO026 pWMO030

Figure 8 Molecular cloning strategy for insect cell expression: a, cloning strategy of multi-
protein complexes based on the MultiBac system and protocols established in this thesis
[369,371,372]. MultiBac plasmids were modified to carry the polH expression cassette (b).
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Individual GOl were cloned via InFusion/NEBuilder Hifi assembly into individual expression
cassettes of the acceptor or donor plasmids, and potentially combined via standardized primer
design. Modules with one or maximally two gene cassettes are combined via subsequent Cre-
recombination reactions, with antibiotic selection for all combined resistances. Final constructs
carrying multiple expression cassettes with different GOIs were used for recombinant baculovirus
production. b, promoter sequence with indicated start codon (red) of expression constructs. c,
exemplary plasmid map of the pACEBac1 plasmid with the combined gene cassettes (2x polH
promotor, 2x SV40 terminator) MZT1 and TUBGCP5. All relevant sites of the acceptor vector are
indicated. d, two exemplary constructs (pWM026, pWMO030) used for baculovirus production and
protein complex expression.

Another important consideration is the usage of affinity TAGs. In the here presented
thesis, | used a double FLAG TAG (2xFLAG TAG) fused to a single, central component
within the complex as basic affinity TAG (Figure 8c; Figure 10a). | selected the 2xFLAG
TAG due to its high affinity binding to commercial anti-FLAG resin and ability to
sufficiently elute the sample using 3xFLAG peptide [34].

2.1.2 Workflow of recombinant reconstitution experiments

The here exemplary for the y-TuRC described methods apply to all insect cell
experiments in this thesis. For the reconstitution of y-TuRC, | used the human genes
listed in Table 23 (see Methods, Chapter 4.2). | confirmed the DNA sequence accuracy
of each individual GOI through Sanger sequencing conducted by the Microsynth
Seqglab company. Additionally, the validation of Cre-recombination intermediates was
carried out using antibiotics as selection markers. Furthermore, | assessed the

integration of each GOI at every intermediate stage.

The verification of plasmid intermediates proved crucial due to the multiple
occurrences of sequences such as promoters/terminators within a plasmid. After
confirming the final constructs, | generated bacmid DNA employing bacterial cell lines
sourced from the MultiBac system (see Methods, Chapter 4.3). For every construct, |
screened several white colonies (Figure 9a) and confirmed the incorporation of all
GOls using PCRs, as shown for the pWMO030 construct (Figure 9b). | utilized multiple
positive clones to generate baculoviruses, assessing the condition of each

recombinant baculovirus through test expressions (see Methods, Chapter 4.3-4.4).
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Figure 9 Experimental workflow: a, schematic representation of the blue-white selection of
bacmid DNA obtained from DH10MultiBac cells. b, DNA from white colonies was verified via PCR
screening with specific primers for all GOIs, which is illustrated here for the pWMO030 construct.
PCR products and controls were run on a 1% agarose gel. Negative control was represented by
water. ¢, schematic illustration of the experimental workflow from the isolation of bacmid DNA to
purified protein. The basic procedure of the batch FLAG purification is highlighted. d, schematic list
of follow-up experiments performed to characterize purified protein complexes obtained in this
thesis.

Following the production of recombinant baculoviruses and protein expression, |
established an efficient single-step 2xFLAG TAG purification protocol involving batch
washing steps and elutions. This protocol was in some cases expanded by a
chromatography step, yielding sample quality and quantity suitable for direct
utilization in subsequent experiments. Typically, experiments involving multi-subunit
protein complexes were conducted using insect cell culture volumes ranging from
100 ml to 400 ml (Figure 9c). As part of this workflow, negative stain EM served as a

method to assess sample quality.
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2.1.3 Reconstitution and characterization of the recombinant human
v-TURC with a minimal set of co-expressed proteins

Results described in this paragraph are published [371] and collaborations are
indicated. The negative staining of protein samples and the acquisition of negative
stain EM data in this thesis were performed by Dr. Annett Neuner (RG Schiebel). If not

stated otherwise, | performed image analysis of negative stain EM data.

For the initial experiments, | designed two constructs (Figure 8d; Figure 10a) for co-
expression of eight genes, which | expected to represent the minimal y-TuRC. In cryo-
EM studies, GCP2-6, y-tubulin, and actin have been structurally identified in the
vertebrate y-TuRC reconstruction [35-37]. Due to the limited resolution of the cryo-
EM structures and the overall similarity between the actin isoforms, it could not be
determined which actin isoform is integrated in y-TuRC. Based on MS analysis from
different studies narrowing down the isoform to either 3- or y-actin [35,36,148], | used
B-actin for the reconstruction in addition to the GCP proteins and y-tubulin. As
described in Chapter 1.3, the microprotein MZT1, encoded by an essential gene, was
described to be important for y-TuRC integrity, and later described to be part of the
lumenal bridge [150]. Therefore, | included MZT1 in the initial reconstitutions. As a
position for the single 2xFLAG TAG, | chose the N-terminus of GCP5 due to its
stoichiometry and a central position in the complex (Figure 10a).

Following a single-step FLAG purification, multiple proteins were co-purified with
2xFLAG GCP5 (Figure 10b). To ensure the correct assembly and integrity of the
reconstituted y-TuRC, | subjected the FLAG elutions to negative stain EM analysis.
The particles marked by the yellow boxes show regularly ring-shaped y-TuRCs (Figure
10c). For the validation of the purified particles, | used the native X. laevis y-TuRC,
purified as previously described [35], as a control. To compare the structures of the
recombinant human and native X. laevis y-TuRC, | performed 2D and 3D class

averaging (Figure 10c).

The EM densities reaffirm the consistent overall molecular architecture of the y-TuRC,
in accordance with prior cryo-EM findings [154]. The recombinant y-TuRC consists of
a 14-spoke complex organization and a lumenal bridge on the inner surface of the y-

TuRC (Figure 10c). This unequivocally verifies the successful integration of MZT1 and

40



Results

actin into the complex. Noteworthy, in the resolution range accessible by negative
stain EM, | could not distinguish between the native and recombinant y-TuRC, as
indicated by the identical fit of the y-TURC atomic model (PDB-6V6S) into the two
densities (Figure 10e). To further validate the reconstitution of functional recombinant
y-TuRC, negative staining EM analysis of in vitro nucleated MTs from the recombinant
y-TuRC template was performed by Anna Boéhler (RG Schiebel) and Annett Neuner.
Representative micrographs depict a cap-like structure on the suggested MT -END,
while the opposite end, the +END, appears frayed or open, aligning with expectations
for the MT +END (Figure 10e). This observation underscores the capacity of the

reconstituted complexes to nucleate MTs and cap the MT -END.

In conclusion, these data show that | could establish a recombinant system to
reconstitute the human y-TuRC and purify structurally intact complexes via a single-
step purification protocol. Moreover, expression of the eight y-TuRC components
proved to be sufficient to build a structurally intact y-TuRC and thus they can be
considered as the minimal core components of the y-tubulin-GCP spiral. However,
the yield achieved in these experiments did not allow cryo-EM analysis. Therefore, |
further optimized and adapted the system to be able to characterize y-tubulin

complexes of various composition.
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Figure 10 Reconstitution of the minimal recombinant human y-TuRC: a, pWM026 and
pPWMO30 were used to produce baculoviruses for co-expression in insect cells, followed by single-
step purification. Schematic vertebrate y-TuRC indicates the expected position of the used 2xFLAG
on GCP5 (green). Other colours: GCP2 (light blue), GCP3 (dark blue), y-tubulin (orange/yellow),
GCP4 (brown), GCP6 (purple), actin (red). b, Coomassie blue-stained SDS-PAGE of FLAG elution
of recombinant y-TuRC purification showing: left molecular weight standard (MWS); right FLAG
elution (Elut.). The expected protein size is indicated in purple. ¢, section of a representative
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negative stain EM micrograph of the FLAG elutions. Boxes highlight ring-shaped, y-TuRC-like
particles. Scale bar: 100 nm. d, representative 2D class averages of negative stain EM data of
native X. laevis (left) and recombinant human y-TuRC (right). Cartoons indicate different views of
the complexes. Number of particles is given; Scale bar: 10 nm. e, representative 3D class averages
of negative stain EM data of native X. laevis (left) and recombinant human y-TuRC (right). Atomic
model of the native human y-TuRC (PDB-6V6S) was docked as a rigid body into the EM densities.
f, negative stain EM analysis of in vitro nucleated MTs from recombinant y-TuRC. Representative
sections of X. laevis y-TuRC; (i; XLy-TuRC) and recombinant human y-TuRC (ii-vi, rHy-TuRC) are
shown. For the recombinant human y-TuRC, the capped -END was shown along with the flared
MT +END of the same MT. Scale bars: 25 nm. Negative stain EM imaging was done by Dr. Annett
Neuner and EM analysis was done in collaboration with Dr. Annett Neuner and Dr. Erik Zupa. MT
nucleation was done in collaboration with Anna Boéhler. The figure was adapted from [371].

2.1.4 Optimization of the recombinant system allows cryo-EM
analysis of y-TURC

For the optimization of the system to increase the yield of recombinant protein
complexes, | considered several aspects. During this optimization process, two
additional publications reported different approaches for the reconstitution of the
recombinant y-TuRC [373,374]. Thus, | compared the three approaches and included

the recent methods for purifying y-TuURC from native sources (see Table 1).

Table 1 Comparison of recombinant y-TuRC expression systems and y-TuRC isolation
methods: Summary of the approaches used for the isolation of vertebrate y-TuRC for cryo-EM
analysis (yellow) and the recombinant system (purple) considering the listed parameters. The table
was adapted from [111].

Source Over-expressed proteins Tagged y-TuRC proteins Basic purification scheme
-Affinity beads

-Elution with small molecule/peptide
-Binding to purified GFP-y-TuNA
-Binding column

-Elution via proteolytic digestion

Liu et al. 2019 X. laevis extract

Wieczorek et al. 2020 Hela S3 cells GFP-y-TuNA

-Sucrose gradient centrifugation.

-Binding column
Consolati et al. 2020 HelLa-Kyoto cells GCP2 GCP2-TEV-mTagBFP-BAP -Elution with small molecule/peptide
-Size exclusion chromatography

) y-tubulin, GCP2-6, MZT1, MZT2, GCP6-3C—Twin-Strep -Binding column
Zimmermann et al. 2020 Insect cells (Sf9) GCP2-6, RUVBL1, RUVBL2 GCP3-Hiss “Elution vial profeolytic digestion
-Binding column
. o i ” -~ 4 H -Elution via proteolytic digestion
Wieczorek et al. 2021 Insect cells (Sf9) ¥ tubulin, GCP2-6, MZT1, MZT2, ZZ TEV-MZT2 E.GFP
(519) B-actin, NEDD1 v-tubulin-TEV-Hiss -Size exclusion chromatography
-Sucrose gradient centrifugation.
-Affinity beads
Wiirtz et al. 2021 Insect cells (Sf21) y-tubulin, GCP2-6, MZT1, B-actin 2xFLAG-TEV-GCP5 Y

-Elution with small molecule/peptide
Following this comparison, | decided to employ the pioneered protocol using single-
step FLAG purification, described in the previous chapter. However, as the pellet
fraction of the purifications before showed a large portion of insoluble proteins and
MZT2 was reported to bind the N-terminus of GCP2 [150], | included MZT2B in the

recombinant y-TuRC constructs to potentially increase solubility of the complex
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MZT2-GCP2 N-terminus. Additionally, due to the high demand for y-tubulin, 14 copies
per y-TuRC, | included an additional TUBG7 gene into the constructs. Moreover,
Zimmermann et al. described that the small ATPases RuvB-like protein 1 and 2
(RUVBL1/2) increase the efficiency of the y-TuRC reconstitution in insect cells [373].
Therefore, | included the two genes into the y-TuRC constructs, which resulted in two
final plasmids, which in the following were considered as basic constructs (Figure
11a). The y-TuRC constructs described in this thesis contain at least 11 over-
expressed genes, with two copies of TUBG7. Coomassie blue-stained SDS-PAGE of
FLAG purification from insect cells expressing the basic constructs showed clearly
detectable bands of proteins that copurified with 2xFLAG GCP5, indicating the
successful reconstitution of the y-TuRC (Figure 11b). Sections of negative stain EM
micrographs (Figure 11c) indicate the high abundance of y-TuRC particles, with
clearly increased yield compared to the minimal y-TuRC system (Figure 10).
Representative 2D class averages of recombinant human y-TuRC negative stain EM
experiments highlight the successful purification of complexes and visualize the most
abundant views of y-TuRC achieved in negative stain EM 2D classes. In addition, |
subjected samples of the FLAG elutions of recombinant human y-TuRC with the basic
construct (Figure 11a) to LC-MS/MS analysis, which was done by the Core Facility
for MS & Proteomics at the ZMBH. The results of this analysis (presented in Table 2)
confirm that all co-expressed genes are present in the elution sample, demonstrating
their co-purification alongside 2xFLAG GCP5. Besides the ATPases RUVBL1/2, all

other components were detected in high abundance (Table 2).

Table 2 LC-MS/MS analysis of recombinant human y-TuRC: Analysis showing the coverage
(percentage of identified sequence) of the peptides and unique peptides identified in n=3
independent repetitions of the co-expression of the pWMO026 and pWMO086 constructs with
subsequent FLAG purification. LC-MS/MS analysis was done by the Core Facility for MS
& Proteomics at the ZMBH.

Protein Coverage (%) Unique/total peptides
y-tubulin 100 20/73
GCP2 87 134/134
GCP3 91 144/144
GCP4 84 80/80
2xFLAG-TEV-GCP5 89 177177
GCP6 70 139/139
MZT1 80 77
MZT2B 90 15/15
B-actin 86 2/43
RUVBLA1 52 21/21
RUVBL2 48 22/22
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This observation underscores the accuracy of the constructs and the successful
reconstitution of the recombinant human y-TuRC. The low coverage of the ATPases
in LC-MS/MS and the absence of a significant band in Coomassie blue-stained SDS-
PAGE as well as negative stain 2D classes suggest that the ATPases do not represent
a stoichiometric component of the y-TuRC. Nevertheless, it is essential to note that,
based on the data | acquired here, | cannot unequivocally determine the extent of
ATPase influence on the reconstitution of y-TuRC and its related sub-complexes.
Furthermore, | cannot rule out the possibility that binding sites for ATPases may exist

within the assembled sub-complexes.

Besides the quality of the baculoviruses and the overproduction of crucial
components, | also found that the usage of the insect cell line exerts an impact on the
reconstitution of the complexes. In my reconstitutions of the human y-TuRC,
expression in High5 insect cells led to a smaller soluble fraction of eluted complexes
compared to Sf21 cells, as indicated by the strong band of the 2xFLAG tagged GCP5
protein in comparison to other components (Figure 11e). Importantly, several GCP
bands were observed in the pellet fraction, indicating that the recombinant proteins
could not be properly folded, or they aggregated. Consistent with these observations,
reconstitutions in Sf21 cells without the co-expression of MZT1, a crucial component
for the y-TuRC reconstitution, also showed a predominant fraction of proteins in the
pellet (Figure 11e). In contrast, reconstitution in Sf21 cells co-expressing MZT1 clearly
showed less abundance of proteins in the pellet fractions and clear bands of proteins
with the expected size co-eluting with 2xFLAG-GCP5. Taken together, these data
indicate the successful reconstitution of the y-TURC complex. Importantly, it is
challenging to compare these reconstitutions, as several factors like the baculovirus
quality and the final constructs might impact the outcome. These aspects need to be
considered in the evaluation of results, as | did not perform a complete systematic
analysis of the impact of High5 compared to Sf21 cells, and with and without MZT1.
However, the strong abundance of pelleted band fractions of GCP2 and GCP3 in the
absence of MZT1 aligns with the previously observed behavior in the absence of
MZT2, which suggests that both MZT proteins are important for the efficient assembly
of the y-TuRC. This indicates that the binding of the MZT proteins to the N-terminal

extensions of the GCPs is important for their solubility in the recombinant system,
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besides the suggested structural role of MZT1 as component of the lumenal bridge
[150]. Having optimized the recombinant reconstitution of y-TuRC, | turned to cryo-
EM analysis of the obtained samples to further investigate the individual roles of the
y-TuRC components.
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Figure 11 Optimized reconstitution of the recombinant human y-TuRC: a, pWM026 and
pWMO86 were used to produce baculoviruses for co-expression in insect cells, followed by single-
step purification. Besides y-tubulin, the constructs contained MZT1, MZT2B, GCP2, GCP3,
RUVBL1/2 (Rvb1/2), 2xFLAG-GCP5, GCP4, GCP6, B-actin. This construct combination is herein
considered as the basic y-TuRC expression construct. b, Coomassie blue-stained SDS-PAGE of
recombinant y-TuRC purification showing: Molecular weight standard (MWS); Lysis; Pellet; Flow
through (FT); FLAG elution (FLAG el.). Expected protein size is indicated in purple. ¢, sections of
a representative negative stain EM micrograph of the FLAG elutions. Scale bar is given. d,
representative 2D class averages of negative stain EM data of optimized recombinant human y-
TuRC. Number of particles and scale bar are given. e, Coomassie blue-stained SDS-PAGE of
recombinant y-TuRC purification of pWMO026 and pWMO086 expressed in High5 insect cells
showing: Molecular weight standard (MWS); Lysis sample 1; Lysis sample 2; Pellet sample 1; Pellet
sample 2; Flow through (FT) sample 1; FT sample 2; FLAG elution (FLAG el.). Expected protein
size is indicated in purple. f, Coomassie blue-stained SDS-PAGE gel of recombinant y-TuRC
purification of pWMO026, pWM111 (y-TuRC Sf21 AMZT1 (no MZT1)) left and pWMO026 and
pWMO086 (y-TuRC Sf21 WT) right showing: Molecular weight standard (MWS);, MWS (different
standard sizes not indicated *); Lysis AMZT1; Pellet AMZT1; Flow through (FT) AMZT1; FLAG
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elution (FLAG el.) AMZT1; Lysis WT; Pellet WT; Pellet WT, Flow through (FT) WT; FLAG elution
(FLAG el.) WT. Expected protein size is indicated in purple. Negative stain EM imaging was done
by Dr. Annett Neuner. Parts of the figure were adapted from [372].

2.2 Cryo-EM analysis of recombinant human y-TuRC
Results described in this chapter are published [372]. Cryo-EM experiments and data

analysis were done in collaboration with Dr. Erik Zupa (RG Pfeffer).

2.2.1 Reconstruction of assembly intermediates reveal a modular
assembly pathway of the vertebrate y-TuRC

After | had successfully established the recombinant y-TuRC expression system, the
subsequent phase of this project involved the analysis of the y-TuRC samples using
cryo-EM. To achieve this, | conducted the purification of the y-TuRC from a 100 ml
culture of Sf21 cells, employing the well-established single-step batch FLAG
purification method. Subsequently, Erik Zupa undertook plunge freezing, followed by
cryo-EM SPA. In addition to these steps, | also subjected the sample to analysis
through SDS-PAGE (Figure 12a) and negative stain EM 2D class averaging (Figure
12b). The results from the 2D classification reveal a notable presence of classes
exhibiting partially assembled ring complexes, characterized by 6 or 8 spokes (y-
tubulin-GCP complex, Figure 12b). Concurrently, the examination of the cryo-EM
dataset yielded particles of sufficient quality to facilitate an in-depth analysis. This
analysis uncovered several distinct classes with varying spoke numbers within this
purification (Figure 12c).

Analysis of the specific subclasses indicate that they correspond to assembly
intermediates of the y-TuRC. These arise from the modular expansion of a core with
the sequence GCP2-3-4-5-4-6, which is the most prevalent class in the dataset
(Figure 12c). Crucially, the y-TuRC intermediate is expanded by the stepwise addition
of one y-TuSC subunit at a time. The expansion begins when a y-TuSC unit is added
to form spokes 5 and 6 on the GCP2-oriented side, causing displacement of the
GRIP2 domains and related y-tubulin copies (Figure 12c,d(2)). In the subsequent
phase, another y-TuSC unit joins the GCP2-oriented side, taking up positions 3 and
4. Here, the GRIP2 domains of the y-TuSCgg unit shift, settling into their final
placement along y-TuRCs helical axis (Figure 12c,d(3)). Notably, once spokes 3 and
4 are in place, the lumenal bridge components MZT1-GCP3, MZT1-GCP6, and actin
become stably attached, highlighting the lumenal bridge role in guiding and stabilizing
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y-TURC assembly. Importantly, the N-terminus of GCP6 is crucial for the initialization
(Figure 14a,b) and the stabilization of the assembly via multiple contacts provided by

extensive helical elements (Figure 13b).
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Figure 12 Cryo-EM analysis of recombinant human y-TuRC reveals a modular assembly
mechanism: a, left: pWMO026, and pWMO086 were used to produce baculoviruses for co-expression
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in insect cells, followed by single-step purification. Besides y-tubulin, the constructs contained
MZT1, MZT2B, GCP2, GCP3, RUVBL1/2 (Rvb1/2), 2xFLAG-GCP5, GCP4, GCP6, B-actin. Right:
Coomassie blue-stained SDS-PAGE of recombinant y-TuRC purification used for cryo-EM
experiments showing: Lysis; Flow through (FT); Pellet; FLAG elution (FLAG el.); SDS elution (after
FLAG elution); Molecular weight standard (MWS). Red asterisks indicate heavy and light chains of
FLAG antibodies. Expected protein size is indicated in purple. b, representative 2D class averages
of negative stain EM data of recombinant human y-TuRC achieved from the same preparation used
for cryo-EM experiments. Number of particles is given, scale bar: 10 nm. c, cryo-EM
reconstructions of y-TuRC assembly intermediates ordered into a y-TuRC assembly mechanism
indicated by one-sided arrows. Color scheme: GCP2 (light blue), GCP3 (dark blue), y-tubulin
(orange/yellow), GCP4 (brown), GCP5 (green), GCP6 (purple), MZT1 (pink) and actin (red). Newly
added y-TuSC units are colored, while the other components are depicted in grey. Spokes are
numbered according to the position found in the 14-spoke y-TuRC. For each stage, there is an
equilibrium with subcomplexes that have y-TuSC1s14), which are placed below with an arrow
pointing in both directions. Percentages are given for homogeneous sets of particles representing
different assembly states. d, visualization of conformational locking of y-TuSC units using vector
representation linking the Ca atoms in the two conformations. Spokes that do not undergo
conformational displacement are shown in grey, and relevant positions are colored according to
the scale bar. Direction of motion is indicated by the arrow. Schematic y-TuRC icons indicate the
set of classes used for the analysis. Spokes that are sub-stoichiometric in the reconstructions are
shown in grey. e, left: representation of the slide-in motion of the y-TuSC13,14) unit as consequence
of the comparison of classes before and after the docking of the lumenal bridge. Visualization as
in panel (d). Negative stain EM imaging was done by Dr. Annett Neuner. Cryo-EM data acquisition,
and analysis were done by Dr. Erik Zupa and results were jointly evaluated. The figure was adapted
from [372].

The last addition on this end is the terminal y-TuSC unit (spokes 1 and 2). Here, the
3D classes concerning this step of the assembly process indicate that this unit
seamlessly integrates upon initial binding, aligning with the configuration of the fully
assembled complex. Importantly, the data feature two structural variants for each
assembly intermediate: one with the y-TuSC3,14 unit and one without. The consistent
ratio between intermediates containing and lacking y-TuSCs.14 across the different
assembly stages implies a continuous equilibrium of y-TuSCs 14 associating and
dissociating. Intriguingly, upon the y-TuSCg4 recruitment completing the lumenal
bridge formation, the y-TuSCs 14 unit shifts by up to 30 A relative to the neighboring
GCP6 subunit (Figure 12e). This shift potentially enables the y-TuSCs 14 unit to
directly connect with the y-TuSC 2 unit through the MZT1-GCP34 module (see
Figure 13a), thus securing it within the complex and preventing its disengagement.
These data suggest that the y-TuRC structure results from selective stabilization of y-

TuSC units, their integration into ring arrangement, followed by a conformational lock.

2.2.2 MZT1 modules have multiple binding sites on the y-TuRC
After examining the composition of the various intermediates in the data set, Erik Zupa
focused the analysis to the fully assembled y-TuRC. He analyzed it along with the

intermediate assemblies of 10-12 spokes and achieved a global resolution of 7.5A. At
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this resolution, the global architecture of the 14 GCPs and the lumenal bridge, which
included stable integration of actin and two MZT1-modules could be confirmed
(Figure 13a,b). Surprisingly, the reconstruction revealed four MZT1-containing
modules on the y-TuRC outer surface, including three MZT1-GCP3 modules (Figure
13a,c¢) and one MZT1-GCP5 module (Figure 14).
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Figure 13 Identification of all MZT1 module binding sites on recombinant y-TuRC: a, side
views on the cryo-EM reconstruction of the fully assembled recombinant human y-TuRC sample
analyzed in Figure 12. Schematic y-TuRC icons indicate the set of particle classes used, indicating
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sub-stoichiometry of the y-TuSC,2) and y-TuSC(1314), which are shown in grey. Due to the
indicated sub-stoichiometry, the MZT1 module on GCP314 was not detectable in this
reconstruction but can be identified in intermediates (black circle). b, close-up view of the lumenal
bridge, in which the atomic model (PDB-6X0U) was docked into the corresponding density.
Coloring is indicated. ¢, close-up view of the density of the MZT1-GCP3 module associated with
GCP3). The atomic model of the MZT1-GCP3 module (PDB-6X0U) was docked as rigid body.
MZT1-GCP3 directly interacts with the adjacent y-TuSC units, as highlighted via the GCP2 C-
terminus. Coloring as in (a). d, views of the rigid body fit of the MZT1 (pink) - GCP3 (blue) module
(PDB-6X0U) into the a-helical density segment associated with GCP3w) of the y-TuRC
reconstruction. This GCP3) density segment covers the density segments on GCP32), GCP34
and GCP3(14. e, rigid body fit of the MZT2 (khaki) - GCP2 (cyan) module (PDB-6X0V) into the
same density shown in (d). The length and number of resolved a-helices do not fit the density, in
contrast to the segment of MZT1-GCP3 (d). Cryo-EM data acquisition, and analysis were done by
Dr. Erik Zupa, and results were jointly evaluated. The figure was adapted from [372].

The modules are located in direct proximity to the GRIP2 domains of the GCP3
subunits. A seamless rigid body fit clarified that the densities relate to MZT1 modules,
not the previously described MZT2-GCP2 module found at the interface between
GCP6spoketz) and GCP2spoke13 [150] (Figure 13c). Combined with earlier findings of the
MZT1-GCP3 module on spoke 14 and in the lumenal bridge [35,150], the current
reconstruction of the purified human recombinant y-TuRC confirms a total of 7 MZT1-
modules within the complex.

The 6-spoke intermediate was the prime candidate to further confirm the identity of
the MZT1 module attached to the y-TuRC exterior at position GCP3, (Figure 13). Erik
Zupa's focused processing resolved this 6-spoke assembly intermediate to 5.3A
resolution. This allowed to unequivocally identify the spokes based on the secondary
structure elements of the individual GCP proteins (Figure 14). Notably, this
intermediate comprises one y-TuSC unit and all other y-TuRC-specific GCP proteins
in a sequential GCP2-3-4-5-4-6 arrangement, matching spokes 7-12 of the complete
complex. Intriguingly, apart from the MZT1 module on the exterior of y-TuRC (Figure
14c,d), the cryo-EM density revealed the initial module of the lumenal bridge is already
at this stage formed by the MZT1-GCP3 module attachment to the GCP3¢ GRIP1
domain (Figure 14b). With only a single GCP3 in this intermediate, it is clear, the
MZT1-N-GCP3 module of GCP3 forms the lumenal bridge, most likely also in the
context of the full ring complex.

Moreover, docking of published structures [150] onto the outer surface of GCP3,
identified it as MZT1-GCP5 module (Figure 14c,d,e). MZT1-GCP5 at this position
distinctly differs from the MZT1-GCP6 (PDB-6M33) that forms the lumenal bridge. The
unique binding site for the MZT1-GCP5 module on GCP3g could result from the
neighboring GCP4, subunit. This likely explains why MZT1-GCP5 binds exclusively
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to the GCP3g exterior, leaving MZT1-GCP3g to form the initial module of the lumenal
bridge (Figure 14f). Because of the role of MZT1 as N-GCP3 and N-GCP5 binder, its
absence in the recombinant system leads to GCP3, 5, and 6 insolubility (Figure 11f).
The MZT1/GCP3/5/6 modules serve distinct roles, from complex assembly and
integrity (lumenal bridge, spoke 14) to asymmetric recruitment of interaction partners
(spoke 2-9).
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Figure 14 MZT1 modules of the 6-spoke intermediate: a, cryo-EM reconstruction of the 6-spoke
intermediate. The coloring of the components is indicated, and numbering is according to the 14-
spoke y-TuRC. Schematic y-TuRC icon indicates the set of particle classes used for the
reconstructions. Grey color indicates sub-stoichiometry of y-TuSCs,6) and y-TuSCy13,14) in the used
particle set. Box highlights the MZT1-GCP3 module as starting seed of the lumenal bridge.
b, atomic model (PDB-6X0U) docked into the density of the lumenal bridge module 1. Zoom as
indicated in panel (a) and the lumenal bridge components are colored as indicated. ¢, zooms on
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the MZT1-GCP5 module. The atomic model (PDB-6L81) was docked into the a-helical bundle
density on the outer surface of the 6-spoke assembly. d, rigid body fit of MZT1 (pink) and GCP5 N-
terminus (green) (PDB-6L81) into the a-helical density segment associated with GCP3s) of the 6-
spoke intermediate. Red and blue boxes highlight density segments important for the identification
of the GCP variant. e, like (d) with MZT1 (pink) in complex with the GCP6 N-terminus (purple)
(PDB-6M33). Red and blue boxes highlight density segments important for identification of the GCP
variant. f, the MZT1-GCP5 module docks onto the outer surface of the GCP3s), and the MZT1-
GCP3s) is available to build the first module of the lumenal bridge. Cryo-EM data acquisition, and
analysis were done by Dr. Erik Zupa, and results were jointly evaluated. The figure was adapted
from [372].

2.3 Modularized production and characterization of y-TURC
compartments

Results described in this chapter are published in [372]. Cryo-EM experiments and
data analysis were done in collaboration with Dr. Erik Zupa and Giulia Tonon (RG
Pfeffer).

2.3.1 Reconstitution of recombinant human y-TuSC

To explore the function and composition of a smaller segments of the recombinant
human y-TuRC, | utilized the established system to recreate the foundational
structural unit, the y-TuSC. | rearranged the components within the MultiBac system
and expressed a single construct with a 2xFLAG TAG at the GCP3 C-terminus (Figure
15a). | isolated y-TuSC using GCP3-2xFLAG affinity purification followed by anion
exchange chromatography (AEC) (Figure 15b). SDS-PAGE analysis revealed distinct
bands for y-tubulin, GCP2, and GCP3-2xFLAG (Figure 15c) with clearly increased
purity after AEC. Notably, RUVBL1/2 protein bands, especially post-AEC, were
absent, suggesting they were not firmly attached to the y-TuSC. Negative stain EM
2D class averaging (Figure 15c) confirmed y-TuSCs typical fold. Despite the faint
staining of the corresponding bands, MZT2B and MZT1 seemed to be incorporated
into the complex. Consistent with this, 2D classes showed small globular domains,
possibly representing MZT2-GCP2 or MZT1-GCP3 modules. Nevertheless, partial
MZT1 or MZT2B release from the y-TuSC complex during purification cannot be
excluded.

Moreover, | noticed a minor proportion of y-TuSC oligomers in the data set. The
oligomerization of y-TuSC is noteworthy since y-TuSC-to-y-TuSC interactions are
crucial for y-TURC assembly. Yet, in the concentration range used for negative stain
EM analysis, | did not identify oligomers with more than four spokes, which is in

contrast with the formation of the fully assembled y-TuRC at much lower
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concentrations. The cryo-EM analysis of the y-TuRC suggested a modular assembly
involving specific rearrangements and stabilization of y-TuSC units within the y-TuRC
spiral. Therefore, | hypothesized that y-TuSC oligomerization may be a concentration-
dependent effect and the observed oligomers might be unstable outside the y-TuRC

context.
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Figure 15 Recombinant reconstitution of human y-TuSC: a, pWM104 was used to produce
baculoviruses for co-expression in insect cells, followed by FLAG purification and AEC (b). Besides
y-tubulin, the construct contained MZT1, MZT2B, GCP2, GCP3-2xFLAG, RUVBL1/2 (Rvb1/2). b,
chromatogram of AEC purification of recombinant y-TuSC using a MonoQ (6/50 GL, Cytiva) column
run with a gradient from 150 mM - 1 M NaCl. ¢, Coomassie blue-stained SDS-PAGE of y-TuSC
purifications showing left: Molecular weight standard (MWS), Lysis, Pellet, Flow through (FT), and
FLAG elution (FLAG el.). Right: peak fractions of AEC run. The expected protein sizes are indicated
(purple). d, representative negative stain EM 2D class averages of y-TuSC patrticles after AEC.
Particle numbers are given. Scale bar: 10 nm. Class with visible globular domain is highlighted with
a turquoise box. Negative stain EM data acquisition was done by Dr. Annett Neuner. The figure
was adapted from [372].

Therefore, | measured the oligomeric state of purified y-TuSC at varying
concentrations using negative stain EM and 2D class averaging (Figure 16a,b). After

concentrating the purified protein complex to 3.6 pM, | conducted a dilution series.
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The findings revealed a concentration-dependent increase in both the proportion of
oligomerized y-TuSC units and oligomer size (Figure 16c,d). This showcased the
inherent ability of y-TuSC units to self-assemble into oligomers. Spontaneous

oligomerization required high y-TuSC concentrations (>0.5uM).
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Figure 16 y-TuSC oligomer formation is concentration-dependent: a, Experimental scheme of
the y-TuSC dilution experiment. AEC-purified recombinant y-TuSC was concentrated to 3.6 uM
(Amicon 30 kDa), diluted to the indicated concentrations and directly used for negative staining and
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EM image acquisition. For each sample, 100 negative stain EM images were processed in the
same way (see Methods, Chapter 4.6). For each sample, particles corresponding to single y-TuSC
units and y-TuSC oligomers in the resulting 2D classes were quantified. b, for each dilution, a
section of a representative micrograph is shown, together with representative 2D class averages
of single y-TuSC units or y-TuSC oligomers. For the 1:2 dilution sample, zoomed individual particles
are highlighted (red boxes). Particle numbers contributing to the respective classes are given.
Scale bars: micrograph section 250 nm; other scale bars are given. c,d relative abundance of single
y-TuSC units (blue) vs. y-TuSC oligomers (yellow) (c), and of 4-spoked (turquoise) vs. larger y-
TuSC oligomers (brown) (d). Numbers in the individual classes (c): 1:100, y-TuSC (n=873); 1:50,
y-TuSC (n=11,296); 1:20, y-TuSC (n=25,685), oligomers (n=856); 1:10, y-TuSC (n=30,008),
oligomers (n=2,815); 1.5, y-TuSC (n=42,055), oligomers (n=3,513). Numbers in the individual
classes (d): 1:20, 4 spokes (n=812), > 4 spokes (n=44); 1:10, 4 spokes (n=2,358), > 4 spokes
(n=457); 1:5, 4 spokes (n=2,675), > 4 spokes (n=838). Negative stain EM data acquisition was
done by Dr. Annett Neuner. The figure was adapted from [372].

Biochemical and EM data from different groups confirmed that the purified y-TuRC
from human and Xenopus remains stable post-isolation at significantly lower
concentrations. This suggests that other elements besides y-TuSC-y-TuSC
interactions stabilize y-TuSC binding after being added to the growing y-TuRC spiral.
The accumulated data, from assembly intermediates and y-TuSC experiments,
suggests that y-TuRCs asymmetric architecture is crucial for its formation and stability
as a 14-spoke unit. While y-TuSC is the y-TuRCs foundational unit, it appears that the
asymmetric segment, specifically GCP4-5-4-6, is the complex’s seed. Hence, |

centered my focus on GCP4, GCP5, and GCP6.

2.3.2 Reconstitution of the 4-spoke intermediate y-TuRC2¢¢P%?3

In experiments co-expressing y-TuRC-specific GCPs with 2xFLAG-GCP5 FLAG, |
found no evidence of 4-spoke or smaller assemblies in the FLAG elutions. | then
constructed a y-TuRCA%“F?® co-expression plasmid (pWM127) by omitting TUBGCP2
and TUBGCP3 (Figure 17a). | proceeded with recombinant expression and the
standard single-step FLAG purification. | validated the co-purification of GCP4, GCP6,
and y-tubulin with 2xFLAG-GCP5 using Coomassie blue-stained SDS-PAGE and
immunoblot analysis (Figure 17b,c). Negative stain EM micrographs and 2D class
averages displayed a 4-spoke structure. Notably, this complex can form
independently of the ring, which suggests that it represents the starting y-TuRC
assembly unit.

Interestingly, there was also a high prevalence of a single-spoked class, possibly
representing 2xFLAG GCP5 in complex with y-tubulin (single-spoke). To further
validate the y-TuRC module GCP4-GCP5-GCP4-GCP6, | subjected the sample to
cryo-EM SPA. Erik Zupa and Giulia Tonon achieved a 7.8 A global resolution

reconstruction of this 4-spoke assembly intermediate (Figure 17¢€). The GCP
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identification was based on the GCP N-termini length and specific extensions (Figure
17f). Importantly, it is likely that MZT1 forms part of the complex wherein it interacts
with the N-termini of GCP5 and GCP6, although not resolved via negative stain EM
and cryo-EM, most likely due to the flexibility of the N-terminal extensions of GCP5
and GCP6.
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Figure 17 Recombinant reconstitution and structural characterization of the human GCP4-
5-4-6 4-spoke intermediate: a, pWMO026 and pWM127 were used to produce baculoviruses for
co-expression in insect cells, followed by single-step FLAG purification. Besides y-tubulin, the
constructs contained MZT1, MZT2B, RUVBL1/2 (Rvb1/2), 2xFLAG-GCP5, GCP4, GCP6, B-actin.
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b, Coomassie blue-stained SDS-PAGE showing: Lysis, Pellet, Supernatant (SN), Flow through
(FT), FLAG elution (Flag el.), SDS elution of FLAG beads (after FLAG elution, beads), molecular
weight standard (MWS). Expected protein sizes are indicated (purple). Red asterisks indicate
heavy and light chains of FLAG antibodies. ¢, sections of immunoblot analysis of FLAG elutions
(FLAG el.) from wild-type (WT: y-TuRC) (Figure 12) and y-TuRCA®“FZ3 (AGCP2/3), against GCP®,
GCP4 and y-tubulin antibodies. d, representative negative stain EM 2D class averages. Left: single
spokes (likely 2xFLAG-GCP5-y-tubulin), and 4-spoke sub-complexes corresponding to GCP4-5-4-
6 in complex with y-tubulin. Particle numbers are given. Scale bar: 10 nm. e, left: cryo-EM density
of the 4-spoke intermediate after multi-body refinement at 7.8 A global estimated resolution. Right:
density colored in the y-TuRC scheme, as indicated. f, zoom on density segments and atomic
models of the GCP N-termini in the 4-spoke intermediate for GCP identification. Left: N-terminal
extension of GCP5 (green model) and GCP6 (purple model). Right: last N-terminal helix in GCP4q)
and GCP411) (brown model). Negative stain EM data acquisition was done by Dr. Annett Neuner.
Cryo-EM data acquisition, analysis and visualization were done by Dr. Erik Zupa and Giulia Tonon
and results were jointly evaluated. The figure was adapted from [372].

In summary, the accumulated data suggest a sequential formation in which a GCP4-
5-4-6 intermediate is followed by a rapid integration of a y-TuSC unit, resulting in a 6-
spoke intermediate. This becomes the foundational structure in y-TuRC assembly.
Noteworthy, the structural findings described here align with biochemical data from
[162]. Hence, using my recombinant expression system, | could segment the y-TuRC
expression into y-TuSC and 4-spoke units. Overall, the data unveiled a modular
assembly process, underscoring the importance of y-TuRCs unique composition for

its specific 14-spoke ring assembly and stability.

2.4 The role of actin in the lumen of y-TURC

The recombinant system established here enables cryo-EM analysis of the y-TuRC
and its components. This system's primary advantage is the ability to modify
components and study their specific roles within the complex. To demonstrate this, |
explored the function of actin integration in the y-TuRC lumen. The results from this
chapter have been published in [372]. Dr. Erik Zupa (RG Pfeffer) collaborated on the
cryo-EM experiments and data analysis, while Dr. Enrico Salvatore Atorino (RG

Schiebel) performed experiments in the human culture system.

2.4.1 Actin IP experiments identify the GCP6n126-MZT1 module as
actin binding domain

The discovery of actin within the y-TuRC lumen was a significant revelation when the

cryo-EM structures of the native vertebrate y-TuRCs were determined. The resolution

of these structures, however, did not enable to unambiguously discern the precise

identity or function of this actin molecule. Within the y-TuRC, actin bridges from the

end of the lumenal bridge to GCP3/y-tubulin at spoke 2 (Figure 18a). The cryo-EM

maps indicate the potential interaction interface between the lumenal bridge and
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actin. Specifically, this interface might be formed by the two N-terminal helices of
GCP6, with amino acids R35, K38, K39, Y42, and F46 (Figure 18b). Notably, the GCP6
N-terminal helices interact with the three a-helices (H1-H3) of MZT1, potentially
ensuring the proper folding of the GCP6 N-terminus and its subsequent interaction

with actin.

To further study this biochemically, I, along with Anna Béhler, supervised an in vitro
actin-IP experiment conducted by a master student, Ariani S. Rahadian. | guided the
creation of E. coli expression constructs consisting of the first 126 amino acid
residues of TUBGCP6 (GCP6nize-Hiss) and FLAG-MZT1 (Figure 18c). Co-IP
experiments revealed that the MZT1-GCP6 module could bind actin (Figure 18d). In
contrast, in the absence of MZT1 or when specific point mutations were introduced,
this interaction was suppressed. This suggests that the properly folded MZT1-GCP6
module strongly interacts with actin, possibly enabling its recruitment to the y-TuRC,
even without other interactions. | then guided the production of a truncated version of
the actin-interacting GCP6 interface (GCP6ns7-126-Hiss). As expected, this construct
(Figure 18e) did not bind to actin, underscoring the importance of the first two GCP6
a-helices in actin binding and suggesting that removing this region could prevent

actin's integration into the y-TuRC lumen.

2.4.2 Recombinant y-TURC2N%-6CP¢ gshows that actin integration is not
essential for y-TURC's structural integrity

To probe whether the removal of the first two helices from GCP6 abrogates actin
integration into the y-TuRC and whether its integration is crucial for the 14-spoke ring
complex integrity, | utilized the established recombinant expression system in insect
cells. | substituted the full-length GCP6 with its N-terminal truncated version (AN56-
GCP6) and reconstituted the y-TuRC“"**°“F5, Following a single-step FLAG batch
purification, | conducted SDS-PAGE, immunoblot, and negative stain EM analysis
(Figure 19a-d). The results of this integrated analysis revealed that several GCPs,
notably GCP6, co-purified with 2xFLAG GCP5 (Figure 19b-c). Similarly to the wild-
type, y-TuRC particles were observed in the negative stain EM 2D class averaging
(Figure 19d).
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Figure 18 MZT1-GCP6 is an actin binding motif: a, left: top view of the y-TuRC, with components
colored: GCP5 (green), GCP2 (light blue), GCP3 (dark blue), y-tubulin (orange/yellow), GCP4
(brown), GCP6 (purple), actin (red), MZT1 (pink). Box highlights the actin molecule in the lumen.
Right: close-up view on the molecular representation of actin and the N-terminus of MZT1-GCP6
found in the lumenal bridge (PDB-6M33, PDB-6XQOU). The interacting helices of the GCP6 are
indicated. b, view on the actin GCP6 interface. Actin surface is colored according to hydrophobicity
on the left panel (cyan: hydrophilic, white: neutral, maroon: hydrophobic), and on the right according
to coulombic potential (blue: positive charge, white: neutral, red: negative charge). Residues of the
N-terminal GCP6 helices interacting with actin are shown in stick representation and colored white.
Introduced mutations are indicated. ¢, scheme of the plasmid construct used for the generation of
the IP samples. The two gene cassettes of the MZT1-FLAG and TUBGCP6n126-Hiss constructs.
Wild-type or point mutations were cloned into pETDuet vectors. d, immunoblot analysis of the actin
IP experiment. Constructs were pulled via His-tagged GCP6. Samples were GCP6y2¢ without co-
expression of FLAG-MZT1, GCP6y426-MZT1 and constructs with point mutations indicated in (b):
GCP6N125.A.mut-MZT1 (R35A, K38A, K39A), GCP6N126.D.mut—MZT1 (R35D, K38D, K39D), GCP6N125
v-mut-MZT1 (Y42A, F46A); GCP6126a1-mu-MZT1 (R35D, K38D, K39D, Y42A, F46A). Anti-actin, anti-
His (GCP6) and anti-FLAG (MZT1) antibodies were used for immunoblot analysis. IP experiments
were performed in (n=3) independent experiments. e, GCP6 deletion construct (GCP6ns7-126-Hiss)
was used for actin IP experiments and immunoblot analysis similar to (d). Constructs were:
GCP6n126-Hiss and GCP6ns7-126-Hiss co-expressed with FLAG-MZT1 and GCP6n126-Hiss without
co-expression of MZT1-FLAG as control. IP experiments and immunoblot analysis were done in
(n = 3) independent experiments. Analysis of the actin GCP6 interface was done in collaboration
with Dr. Erik Zupa. Actin IP experiments were done in collaboration with Anna Bbhler and Ariani S.
Rahadian. The figure was adapted from [372].

In collaboration with Anna Béhler and Dr. Lukas Rohland (RG Mayer), | further
investigated the role of actin in MT nucleation by the y-TuRC through an in vitro MT
nucleation assay. The fluorescence signal intensity of polymerized MTs in the
presence of either wild-type or y-TuRC2“®S¢P® at varying concentrations was
measured (see Methods, Chapter 4.5.5, Figure 19e). The results of this batch assay
showed that under the utilized conditions, y-TURC*N*¢¢"¢ could nucleate MTs to a
similar extent as wild-type in all used concentrations. Of note, this shows that both
recombinant complexes can facilitate MT nucleation in vitro, further highlighting the

reconstitution of functional complexes.
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Figure 19 Reconstitution of y-TuRCAN%6-CCP¢: a pWMO079, and pWMO086 were used to produce
baculoviruses for co-expression in insect cells, followed by single-step purification. Besides y-
tubulin, the constructs contained MZT1, MZT2B, GCP2, GCP3, RUVBL1/2 (Rvb1/2), 2xFLAG-
GCP5, GCP4, AN56-GCP6, B-actin. b, Coomassie blue-stained SDS-PAGE of recombinant y-
TuRCAN%6-GCP6 pyrification used for cryo-EM experiments (Figure 20) showing: Molecular weight
standard (MWS); Lysis; Pellet; Flow through (FT); FLAG elution (FLAG el.). Expected protein size
is indicated (purple). ¢, immunoblot analysis of FLAG elution of wild-type y-TuRC (WT) and y-
TuRCANS6-CCP6 (AN56-GCP6), against GCP4, y-tubulin, GCP3 and GCP6 antibodies. d,
representative 2D class averages of negative stain EM data of recombinant human y-TuRC*N%¢-
GCPS Number of particles is given, scale bar: 10 nm. e, batch in vitro MT nucleation assay
(Cytoskeleton, Denver Com cat. no. BKO11P) comparing recombinant wild-type y-TuRC (y-TuRC)
and y-TuRCAN%5-CCPS  Shown are error bars for the standard deviation of the mean of (n=4)
replicates for buffer control (blue), 3 uM Paclitaxel as positive control (black), and three different
concentrations of y-TuRC (yellow) and y-TuRCAN%6-CCP6 (hurple) samples. Concentrations given in
the figure correspond to the y-tubulin concentration of the sample determined by immunoblot
analysis in comparison to recombinant human y-tubulin. Negative stain EM data acquisition was
done by Dr. Annett Neuner. MT nucleation assay was done in collaboration with Anna Bbéhler and
Dr. Lukas Rohland. The figure was adapted from [372].
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As a next step, to further characterize the y-TURC*\*¢¢°"¢ | prepared the sample for
cryo-EM SPA analysis. Erik Zupa's cryo-EM reconstruction attained 7.1 A global
resolution, confirming the reconstitution of fully assembled 14-spoke- y-TuRCA"%¢-¢cP®
complexes (Figure 20a). Importantly, the GCP architecture matched that of the wild-
type complexes (Figure 20a), including all MZT1 modules. As anticipated, actin was
absent in the y-TuRC*Y*¢¢°"¢ " \which is evident from the missing cryo-EM density for
this component (Figure 20b). Consistently, the first two N-terminal GCP6 a-helices
showed no cryo-EM density, as expected. Notably, the residual lumenal bridge
segments were properly folded, allowing the identification of the MZT1 modules within
this structure (Figure 20c). The H1-H3 segments of the MZT1 linked with GCP6 were
distinct, suggesting that the deleted helices are not essential for the MZT1-GCP6
module's stable fold.

Collectively, the co-IP experiments and cryo-EM analysis of the y-TuRCAN®¢-6CF6
identify the primary role of MZT1-GCP®6 in the binding interface with actin and reveal
that actin is not essential for the assembly of the y-TuRC and for its structural integrity.
A comparison between the conformations of wild-type y-TuRC and y-TuRCAN¢-GePe
showed only minor differences (Figure 20d). However, the absence of actin in the
proximity of the first y-TuSC (at spokes 1 and 2) led to a distinct conformation. The
primary spokes, where actin might bind via its D-loop [35], were displaced by
approximately 10 A from the center, suggesting that actin drives these spokes into a
more closed conformation. This hints that actin may not be vital for y-TURC assembly,
but it might be involved in defining the conformation of spokes 1 and 2, which may

crucially impact the y-TuRC function.
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Figure 20 Cryo-EM analysis of y-TuRCAN%5-GCPS rayeals that actin is not essential for y-TuRC
assembly and integrity: a, cryo-EM reconstruction of y-TuRC*N%5-GPS_ Coloring is indicated and
spokes are numbered. Actin was co-expressed but could not be detected in the cryo-EM density.
b, comparison of the cryo-EM densities obtained for recombinant wild-type y-TuRC (left and middle)
and recombinant y-TuRCAN®6-CCPS (right). The zoomed views highlight the density segments
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corresponding to the Ilumenal bridge of the two reconstructions. For the wild-type, two
representations are shown. Left: fitted model with actin; middle: lumenal bridge without actin for a
better comparison with the y-TuRC*N°6-CCFS on the right. ¢, close-up view of the lumenal bridge in
the y-TuRC*N6-CCP6 The atomic model of the resolved components (PDB-6X0U) was docked and
coloring is indicated. d, effect of actin binding/docking on the y-TuRC geometry, as indicated by
vectors linking the Ca atoms in the two conformations (wild-type and y-TuRCAN%5-GCPS) Vector
coloring for spokes 1,2 is indicated. Direction of movement is indicated by an arrow. Cryo-EM data
acquisition, analysis and visualization were done by Dr. Erik Zupa, and results were jointly
evaluated. The figure was adapted from [372].

2.4.3 Analysis of GCP6 mutants in cell culture models indicate that

actin integration into y-TuURC is relevant for its function

CANS6-GCPe ghawed that while actin is not

The structural characterization of the y-TuR
crucial for y-TUuRC formation, it does influence the conformation at spokes 1 and 2
and possibly its function. In the in vitro MT nucleation batch assay, no differences

CANSE-GCPE - However, the

were observed between the wild-type y-TuRC and y-TuR
ability of this in vitro methodology to differentiate the nucleation mechanisms of y-
TuRC with and without actin, independent of other variables, remains uncertain.
Consequently, | shifted my focus to human cell culture system experiments to assess
the implications of preventing actin integration into the y-TuRC. This involved
exploring GCP6 mutants within a cellular context inclusive of all regulatory
mechanisms and interaction partners.

To study the impact of blocking actin's incorporation into y-TuRC under more native
conditions, after jointly designing the strategy, Dr. Enrico Salvatore Atorino (later
denoted as Enrico) established endogenous AN60-TUBGCPE cell lines (AN-GCP6), in
retinal pigment epithelial-1 (RPE1) cells using the CRISPR-Cas9 system [375]. Here,
the very N-terminus of GCP6 was removed, initializing the methionine at position 61
as the start codon (Figure 21a). Collaborating with Enrico, | verified two independently
constructed clones through PCR and sequencing, later utilized for in vivo
characterization (#1, #2, Figure 21b,c). Additionally, Enrico confirmed these findings
via immunofluorescence microscopy and immunoblot analysis, demonstrating that in
AN-GCPE6 cells, GCP6 biosynthesis and localization were consistent with wild-type
TUBGCPE cells (Figure 21d-f).

Subsequent characterizations involved analysis of mitotic cells. Cells with proper
chromosome alignment at the metaphase plate exhibited an increased accumulation
of the spindle assembly checkpoint protein BubR1 [376] on individual kinetochores in
AN-GCPE6 cells compared to wild-type cells (Figure 21g,i). This suggests a delay in
chromosome positioning due to flawed kinetochore-MT connections. Moreover,
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during late pro-metaphase to metaphase, the AN-GCP6 cells showed a higher
frequency of centrosome detachment from spindle poles than the control cells (Figure
21h,j). These observed phenotypes were also evident in siRNA depletion experiments
(Figure 211,m), which Enrico conducted using stably integrated siRNA-resistant AN-
TUBGCP6-FLAG and TUBGCP6-FLAG constructs in RPE1-hTERT cells.
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Figure 21 Characterization of AN-GCP6 RPE1 cell lines: a, scheme of the RPE1 AN-GCP6 cell
line generation. The red arrowheads point to the single guide RNA (sgRNA) target sites in TUB-
GCP6 Exon 1 (purple) with the region interacting with actin (yellow). The black arrow represents
the endogenous start codon Met;, while the white arrow represents the resulting start codon (Mets1)
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in AN-GCP6. b, sequence chromatogram of the TUBGCP6 exon 1 locus of the GCP6 wild-type
(WT) and AN-GCP6 cells around the modification sites. Colors of the different nucleotides as
indicated. As in (a) red arrowheads indicate the sgRNA target sites and the white arrow indicates
the newly generated start codon. ¢, genomic PCR of the locus indicated in (a,b). The PCR product
in the AN-GCP6 clones reflects the calculated loss of 205 nucleotides (nt) compared to the WT
control. d, immunofluorescence (IF) analysis of y-tubulin and GCP6 levels at centrosomes of WT
and AN-GCPé6 cells. Scale bars: 10 um; magnification 1 um. e, quantification of the y-tubulin and
GCPé6 signal intensity in the IF analysis (d). f, immunoblot of the endogenous GCP6 levels in WT
and AN-GCPé6 (clone #1, #2). Downshift of the GCP6 bands in the samples of the two AN-GCP6
clones can be observed. g, representative IF images of metaphase WT and AN-GCP6 (#1, #2)
mitotic cells. MT (a-tubulin) and BubR1 were labeled to detect their accumulation (red arrowheads)
on chromosomes stained with DAPI. Centrosomes were stained with antibodies against pericentrin.
Yellow arrowheads indicate detached centrosomes from the spindle pole. Scale bar: 5
um. h, similar to (g), representative IF images of metaphase WT and AN-GCP6 (#1, #2) mitotic
cells in which the chromosomes were aligned/close to the alignment in the metaphase plate. Yellow
arrowheads indicate mis-aligned chromosomes. Scale bar: 5 um. i, quantification (mean + s.d) of
metaphase cells (%) in which BubR1 accumulated or persisted (accum/persist) on centromeres
non-uniformly, see (g). p values are given. j, quantification (mean + s.d) of metaphase cells (%) in
which centrosomes detached from the spindle pole, see (g). p values are given. k, quantification
(mean +s.d) of metaphase cells (%) in which chromosomes did not align accurately in the
metaphase plate see (h). p values are given. |, quantification (mean % s.d) of metaphase cells (%)
in which BubR1 accumulated or persisted on centromeres non-uniformly in cells treated with
SiGCP6 and in which TUBGCP6 WT and TUBGCP6 mutants (ALL (R35D, K38D, K39E, Y42A,
F46A); AN (AN56-GCP6)) were expressed. p values are given. m, quantification (mean * s.d) of
metaphase cells (%) in which centrosomes detached from the spindle pole in cells treated with
SiGCP6 and in which TUBGCP6 WT and TUBGCP6 mutants (ALL (R35D, K38D, K39E, Y42A,
F46A); AN (AN56-GCP6)) were expressed. p values are given. n, quantification (mean * s.d) of
metaphase cells (%) in which chromosomes were aligned or close to alignment in the metaphase
plate in cells treated with siGCP6 and in which TUBGCP6 WT and TUBGCP6 mutants (ALL (R35D,
K38D, K39E, Y42A, F46A); AN (AN56-GCP6)) were expressed. p values are given. For all
presented data with indicated p value, statistical analysis was derived from two-tail unpaired t-test
analysis (3 replicates, 2 independent experiments). All experiments in cells were performed by Dr.
Enrico Salvatore Atorino, and data visualization and evaluation of panels of this figure were done
in collaboration with Dr. Enrico Salvatore Atorino. The figure was adapted from [372].

Importantly, Enrico confirmed GCP6 depletion and the subsequent GCP6 signal
following FLAG construct overexpression through immunofluorescence microscopy
and immunoblot analysis (Figure 22a,b). Due to the anomalies identified in both AN-
GCP6 cells and siRNA experiments, an increase of about 10% in chromosome
misalignment frequency was observed (Figure 21k,n). This misalignment might result
in defective chromosomes segregation in emerging daughter cells.

To explore the impact of actin depletion on mitotic progression, Enrico created cell
lines from both TUBGCP6 wild-type and AN-GCP6 variants that continuously express
mNeonGreen-LMNB1 and TUBGT7-mRuby2. Using these markers, mitosis duration
was measured via live cell imaging, revealing a 30-40 minute delay in AN-GCP6 clones
compared to wild-type cells (Figure 22c,d). This delay suggests potential
abnormalities in spindle formation and chromosome alignment in AN-GCP6 cells,
hinting at a possible MT nucleation kinetic defect. To rule out the possibility that the

y-TURC assembly is affected in vivo due to loss of actin integration (unlike observed
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in the insect cell expression system), Anna Bohler purified mutant y-TuRC*"*®-%°P¢ from
HEK293T cells through a AN56-GCP6-FLAG pulldown. Using negative stain EM 2D
class averaging, | confirmed that the y-TuRC*"**%“"® maintained structural integrity in
the human cell model, closely resembling its counterpart from the insect cell

expression system (Figure 22e).

Lastly, | delved into the aberrant MT nucleation kinetics hypothesis. Thus, for an in
vivo examination of the MT nucleation activity of y-TuRC with mutant GCP6 versions,
Enrico performed a MT regrowth assay from the centrosome after cold-induced MT
depolymerization [377]. Focusing on the centrosome, where the y-TuRC is the primary
MT nucleator, | jointly quantified the number and length of re-nucleated MTs. siRNA-
mediated silencing of endogenous TUBGCP6 markedly reduced MT regrowth. Still,
transient expression of siRNA-resistant wild-type TUBGCP6 restored MT regrowth to
untreated or noncoding siControl-treated cell levels. However, MT re-nucleation was
notably compromised by siRNA-resistant TUBGCP6 mutants, especially those with
all point mutations (ALL mut) or missing N-terminal helices (AN56-GCP6). These cells
produced fewer and shorter MTs than the siControl or rescue groups (Figure 22f,g,h).
Importantly, results from a repetition of the experiments in the AN-GCP6 cell line
corroborated these findings (Figure 22i,j). These observations imply that actin binding-
deficient y-TUuRC may have slower MT nucleation kinetics in vivo.

In essence, while actin is not crucial for y-TURCs assembly or structural integrity, its
absence impairs MT re-nucleation in vivo and delays mitotic progression, slightly

influencing spindle MT formation and chromosome segregation/positioning.
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Figure 22 Mitotic delay and hampered MT re-nucleation by cells with actin-deficient y-TuRC:
a, immunoblot analysis of siGCP6 depletion efficiency. No effect on y-tubulin levels in RPE1 cells
after siGCP6 treatment could be observed. b, quantification (mean+s.d) of FLAG antibody
intensity in immunofluorescence (IF) images (f) at the centrosome in the cells expressing
TUBGCP6-C-terminal-FLAG constructs (wild-type (WT) and TUBGCP6-mutants: A (R35A, K38A,
K39A); D (R35D, K38D, K39E); Y (Y42A, F46A); ALL (R35D, K38D, K39E, Y42A, F46A); AN
(AN56-GCP®6)). p values are given. c, representative images of live-cell imaging of RPE1 (mNeon-
Green-LMNB1 and TUBG1-mRuby2) WT and AN-GCP6 mitotic cells at frames highlighting
cohered centrosomes, centrosome separation, defined as time point 00.00 h:min, metaphase
spindle and nuclear envelope reformation. Scale bar: 5 um. d, quantification (mean ts.d) of
intervals from the stage of centrosome separation to nuclear envelope reformation (c). WT n=27
cells, AN-GCP6 #1n=26 cells, and AN-GCP6 #2n=30 cells; from 4 independent data
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acquisitions, p values are given. e, negative stain EM analysis of AN56-GCP6-FLAG y-TuRC
purified from HEK293T cells. Individual particles (yellow boxes) on the micrograph and a 2D class
are shown. Scale bar micrograph:100 nm; and 2D class: 10 nm. Particle number is given. f, MT
regrowth assay in RPE1 cells showing representative IF images of MT asters nucleated from the
centrosome (y-tubulin signal). Cells were treated with siRNA (siGCP6 or siControl) and TUBGCP6-
C-terminal-FLAG (WT or TUBGCP6 mutants: A (R35A, K38A, K39A); D (R35D, K38D,
K39E); Y (Y42A, F46A); ALL (R35D, K38D, K39E, Y42A, F46A); AN (AN56-GCP6)) were
expressed (FLAG signal). Scale bar: 5 um; magnification 1 um. g, quantification (mean * s.d) of the
average number of nucleated MTs in the MT regrowth assay (f). p values are given. h,
quantification (mean * s.d) of the average length of nucleated MTs in the MT regrowth assay (f). p
values are given. i, similar to (f,g), quantification (mean + s.d) of the average number of nucleated
MTs in the MT regrowth assay in WT and AN-GCP6 (#1, #2) RPE1 cells. p values are given. j,
similar to (f,h), quantification (mean ts.d) of the average length of nucleated MTs in the MT
regrowth assay in WT and AN-GCP6 (#1, #2) RPE1 cells. p values are given. For all presented
data with indicated p value, statistical analysis was derived from two-tail unpaired t-test analysis (3
replicates, 2 independent experiments). All experiments in cells were performed by Dr. Enrico
Salvatore Atorino, and data visualization and evaluation of panels of this figure were done in
collaboration with Dr. Enrico Salvatore Atorino. The figure was adapted from [372].

All in all, the findings emphasize the value of the recombinant y-TuRC system in
understanding y-TuRC foundational function, enabling precise mutations to study the
role of individual components, which can then be applied to other experimental
methods to assess the impact of mutations within a cellular context. Consequently,
this workflow emerges as a valuable blueprint to further investigate the functional sites

of this MT nucleation machinery.

2.5 Unraveling the molecular architecture of the augmin
complex by an integrative structural biology approach

Cryo-EM analysis of y-tubulin complexes was a major step towards understanding
the regulation of the MT nucleation process. This approach, in conjunction with a
recombinant expression system, facilitates a targeted and systematic analysis of the
involved components and their interactions. In this thesis, | have already
demonstrated the establishment of a recombinant expression system pipeline that
enables the cryo-EM analysis of wild-type and modified protein complexes. This was
shown for the targeted investigation of actin integration into the lumen of the y-TuRC,
a phenomenon crucial to its function in vivo.

In addition to the core components of the y-TuRC, the interaction with various related
factors is essential for its in vivo function. Among these interaction partners, one major
complex is augmin, an evolutionarily conserved hetero-octameric complex pivotal for
MT branching [330]. Despite its identification across diverse organisms and a basic
structural characterization portraying an elongated, flexible h-shaped rod [364,365], a

comprehensive structural understanding remains elusive. Thus, | used the pipeline
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that | had established with the recombinant y-TuRC to characterize the subcomplex
architecture of augmin and extended it to an integrative structural biology approach.
Experiments including cryo-EM, crosslinking MS analysis, AF-Multimer predictions
and model building were performed in collaboration with Dr. Erik Zupa (RG Pfeffer),

and the results presented herein have been published with me as co-first author [369].

2.5.1 Characterization of the augmin TIll tetramer

| chose to investigate the X. laevis complex because of its well-established status as
a model organism for MT branching [324]. Notably, the structure of the X. laevis y-
TuRC has been elucidated [35], and prior published findings indicated that the X.
laevis augmin complex could be subdivided into two tetramers [365]. The significance
of this modular approach, the division into sub-complexes lies in its facilitation of a
divide-and-conquer methodology, enabling the separate characterization of simpler
tetrameric subunits.

First, | designed gene fragments corresponding to the X. laevis genes Table 24 (see
Methods, Chapter 4.2) — namely HAUS1-7 — optimized for expression in insect cells
and obtained the cDNA of the augmin MT-binding subunit, HAUS8. Subsequently, |
integrated the genes of HAUS1 with an EGFP-Hiss -TAG, 2xFLAG-HAUS3, HAUS4,
and HAUSS into the modular MultiBac system. This strategy paralleled the approach
employed for human y-TuRC (see Chapter 2.1). The outcome was the generation of a
recombinant baculovirus for the augmin TIII tetramer (Figure 23a). Following
expression and batch FLAG-based purification (Figure 23), | performed AEC to attain
a higher level of purity for the TIll tetramer (Figure 23b). Subsequent SDS-PAGE
analysis (Figure 23c) highlighted the successful purification of the recombinantly
expressed proteins, as indicated by bands corresponding to the expected molecular
weight. Furthermore, negative stain EM 2D and 3D class averaging (Figure 23d,e)
confirmed the elongated overall shape, consistent with prior observations [365]. While
the resolution was not sufficient to discern the relative arrangement of the individual
components, the obtained class averages reveal a middle-region bulge and
conformational flexibility along the two arms of the tetramer.

Next, | submitted the protein sequences of the expressed TlIl tetramer to AF-Multimer
[60] prediction, which was done by Erik Zupa in collaboration with EMBL Heidelberg

(RG Eustermann).
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Figure 23 Characterization of the augmin TIll tetramer: a, left: schematic of the augmin octamer
with tetramer TIIl (purple, highlighted with red edges) and TII tetramer (green). Right: pWMO050
construct of the genes encoding HAUS proteins of the X. laevis augmin TIII tetramer was used to
produce baculoviruses for co-expression in insect cells, followed by single-step FLAG purification
and subsequent AEC (b). Lengths of the genes and affinity TAGs are indicated. b, AEC
chromatogram of CaptoHiRes Q 5/50 (Cytiva) run. Proteins were eluted via a gradient from 150
mM NaCl to 1 M NaCl (turquoise gradient). ¢, Coomassie blue-stained SDS-PAGE of the augmin
TlII purification showing: Molecular weight standard (MWS); Lysis; Supernatant (SN); Pellet; Flow
through (FT); FLAG elution (FLAG el.); Peak fraction from AEC (AEC peak). Expected protein sizes
are indicated (purple). d-e, Negative stain EM 2D (d) and 3D (e) classes of augmin Tlll after AEC
purification. In d, particle numbers are given. Scale bar: 10 nm. f, AF-Multimer-predicted models of
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augmin TIIl were superposed, forming an ensemble displayed in a rainbow scheme that transitions
from high (blue) to low (red) prediction scores. g, left: the AF-Multimer model with the highest score
was colored according to its root-mean-square deviation (RMSD) against the model with the
maximum deviation, represented by colors ranging from blue (minimal deviation) to red (up to 10 A
of deviation). Right: close-up views of segments within the model that were predicted to exhibit
flexibility. The two most extreme conformations of these segments are shown, illustrating the span
of flexibility inherent in the structure as predicted by AF-Multimer. Negative stain EM data
acquisition was done by Dr. Annett Neuner and AF-Multimer analysis and visualization were done
by Dr. Erik Zupa. Data were jointly evaluated. The figure was adapted from [369].

All 25 predicted models for the TIlIl subcomplexes were characterized by similar
scores in the predicted local distance difference test (pLDDT) (Table 3). These TIlI
models accurately replicated the overall fold and exhibited only minor variations in the
global arrangement of the domains (Figure 23f,g). Strikingly, the predicted models of
the TllIl complex show an elongated structure that is remarkably similar to the negative
stain EM 2D and 3D classes, featuring extended coiled-coil segments that span the

entire length of the complex.

Table 3 AF-Multimer-predicted X. laevis augmin TIll models ordered according to pLDDT
score. The table was created in collaboration with Dr. Erik Zupa.

Model pLDDT
Augmin TIII tetramer 1 0.625
Augmin TlII tetramer 2 0.617
Augmin TlII tetramer 3 0.611
Augmin Tl tetramer 4 0.611
Augmin TlII tetramer 5 0.610
Augmin Tl tetramer 6 0.608
Augmin TlII tetramer 7 0.608
Augmin Tl tetramer 8 0.607
Augmin TlII tetramer 9 0.607
Augmin TlII tetramer 10 0.604
Augmin Tl tetramer 11 0.603
Augmin Tl tetramer 12 0.602
Augmin TIII tetramer 13 0.602
Augmin TlII tetramer 14 0.600
Augmin TIII tetramer 15 0.597
Augmin TllI tetramer 16 0.597
Augmin Tl tetramer 17 0.596
Augmin Tl tetramer 18 0.594
Augmin TllI tetramer 19 0.593
Augmin Tl tetramer 20 0.593
Augmin TllI tetramer 21 0.593
Augmin TIII tetramer 22 0.591
Augmin TIlI tetramer 23 0.591
Augmin TIII tetramer 24 0.59
Augmin TllI tetramer 25 0.588

Next, in collaboration with Erik Zupa, | performed cryo-EM SPA on the purified augmin
TIIlI tetramer. The analysis by Erik Zupa resulted in a cryo-EM reconstruction at a
global resolution of 7.7 A (Figure 24a-d). Notably, the predicted TIIl models exhibited
an excellent fit with the cryo-EM reconstruction, accurately recapitulating all resolved

density segments at the secondary structure level (Figure 24d, Table 4).
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Table 4 Cross-correlation scores of AF-Multimer-predicted augmin TIll models fitted into the
Tl cryo-EM density (see Figure 24). The table was created in collaboration with Dr. Erik Zupa.

Model Correlation
Augmin TlII tetramer 1 0.7316
Augmin TlII tetramer 2 0.7334
Augmin TlII tetramer 3 0.7394
Augmin TIII tetramer 4 0.7235
Augmin TlII tetramer 5 0.7332
Augmin TlII tetramer 6 0.7389
Augmin Tl tetramer 7 0.7287
Augmin TlII tetramer 8 0.7397
Augmin Tl tetramer 9 0.7322
Augmin TlII tetramer 10 0.7503
Augmin TlI tetramer 11 0.7176
Augmin Tl tetramer 12 0.7454
Augmin TIII tetramer 13 0.7285
Augmin TIII tetramer 14 0.6482
Augmin TllI tetramer 15 0.7078
Augmin TIII tetramer 16 0.7084
Augmin TllI tetramer 17 0.7124
Augmin TIII tetramer 18 0.7453
Augmin Tl tetramer 19 0.7194
Augmin Tl tetramer 20 0.7220
Augmin Tl tetramer 21 0.7167
Augmin TIII tetramer 22 0.7303
Augmin TIII tetramer 23 0.7323
Augmin TllI tetramer 24 0.7187
Augmin TIII tetramer 25 0.7130

Dr. Erik Zupa further refined the fit of the highest-scoring AF-Multimer model into the
cryo-EM density using molecular dynamics flexible fitting (MDFF), which required only
minor adjustments (Figure 24e). It is worth mentioning that certain segments of the
AF-Multimer model were not entirely encompassed by the cryo-EM density, indicating
increased flexibility in those regions. Interestingly, these flexible regions coincided
with the model segments that AF-Multimer predicted to have different conformations
(Figure 23g, 24d), suggesting that AF-Multimer has the ability to identify regions
characterized by enhanced conformational plasticity. This is further supported by the
similar cross-correlation value of all predicted models fitted to the cryo-EM density
(Table 4), in contrast to the marked differences in the root-mean-square deviation
(RMSD) of all models towards the highest scoring model, resulting from the more

flexible regions (Table 5).
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Figure 24 Cryo-EM analysis of the augmin TIIl tetramer: a, representative micrograph
highlighting TIlI particles. Number of micrographs and picked particles for 2D classification are
given. Scale bars: 30 nm. b, 2D class averages containing 82,776 particles used for final 3D
reconstructions. Scale bar: 54.8 nm. ¢, upper panel: ab-initio reconstruction of the augmin TIII
tetramer. Lower panel: reconstruction after homogeneous refinement of the augmin TIII tetramer.
d, left: cryo-EM density (segmented and colored) of the augmin TIll tetramer. Right: fit of the
predicted model after MDFF into the density. f, superposition of the highest-scoring predicted
model before and after MDFF. All cryo-EM data shown in the figure were produced by Dr. Erik
Zupa. Data were jointly evaluated. Figure was adapted from [369].

To further validate the TIII tetramer model, | conducted crosslinking MS experiments
with the purified complex. Therefore, | optimized the crosslinking conditions using the
crosslinking agent BS3, aiming at intermediate crosslinking efficiency (Figure 25a).
After crosslinking and sample digestion, | submitted the sample to Dr. Mandy Rettel at
EMBL-MS Core Facility for MS analysis.
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During evaluation of the results, Erik Zupa mapped the top 190 highest-scoring
crosslinks (88 intramolecular and 102 intermolecular) back to the Tl model after
MDFF for evaluation (Figure 25b). The results demonstrated that most of high-
confidence crosslinks (91%) were consistent with the predictions from AF-Multimer
and cryo-EM structural analysis, providing further validation for the model.
Importantly, a clear pattern emerged: the majority of crosslinks that did not comply
with the distance restraints in the predicted structures were located in the same
segments that were identified and predicted to be the most flexible (see Figure 23g,

24d and 25b-d).

Table 5 RMSD of the AF-Multimer predicted X. laevis augmin TIll models towards the highest
scoring model. The table was created in collaboration with Dr. Erik Zupa.

Model RMSD
Augmin TlII tetramer 2 8.259
Augmin Tl tetramer 3 6.262
Augmin TlII tetramer 4 19.271
Augmin Tl tetramer 5 6.311
Augmin TlII tetramer 6 4.579
Augmin Tl tetramer 7 21.706
Augmin TlIl tetramer 8 16.455
Augmin TlII tetramer 9 6.782
Augmin Tl tetramer 10 19.175
Augmin TlII tetramer 11 9.264
Augmin TIII tetramer 12 17.070
Augmin TlII tetramer 13 7.720
Augmin TIII tetramer 14 31.214
Augmin TllI tetramer 15 7.246
Augmin Tl tetramer 16 12.756
Augmin Tl tetramer 17 8.411
Augmin TllI tetramer 18 19.900
Augmin TIII tetramer 19 11.674
Augmin TlII tetramer 20 22.879
Augmin TIII tetramer 21 20.538
Augmin TIII tetramer 22 19.234
Augmin TIII tetramer 23 21.358
Augmin Tl tetramer 24 7.611
Augmin TllI tetramer 25 19.629

By integrating structural data from cryo-EM, crosslinking MS, and neural network-
based structure prediction, | gained detailed insights into the architecture of the
augmin TII tetramer. The overall elongated structure of the TIII tetramer is
predominantly characterized by extensive coiled-coil segments, which form pairs
between HAUS3-HAUS5 and HAUS1-HAUS4. The coiled-coil segments are oriented
in an overall N- to C-terminal direction (Figure 26). It is worth noting that HAUS3 and
HAUSS5 fold onto each other, in such a way that they are bringing segments located
closer to their termini into spatial proximity. This spatial arrangement is supported by
the crosslinks observed between the corresponding segments of these two subunits
(Figure 25).
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Figure 25 Crosslinking MS of the augmin TIIl tetramer: a, Coomassie-blue stained SDS-PAGE
of augmin TIII tetramer samples after crosslinking with varying BS3 concentrations. 0.1 mM BS3
was used for the final crosslinking experiment. b, quantification (left) and visualization (right) of
crosslinks used for model validation mapped back to the TIIl model. Satisfied (green) and violated
(red) crosslinks according to a distance threshold (30 A). ¢, left: augmin TIll model with indicated
crosslinks. Right: zoomed views on different Tlll regions. d, bar plot representation of crosslinks
from individual pairs of HAUS proteins. All data shown in the figure were produced in collaboration
with EMBL-MS Core Facility (EMBL Heidelberg) and analyzed and visualized in collaboration with
Dr. Erik Zupa. The figure was adapted from [369].
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In the Tl structure, a distinctive "bulge" region emerges, which comprises all four
HAUS proteins and demarcates the TlII tetramer into two distinct segments. One of
these is represented by the central segment of HAUS3 and HAUSS that folds into an
antiparallel 4-helix coiled-coil bundle, forming the 'H3/H5-arm’. The other segment,
designated as the '4H-arm’, encompasses all four C-termini of the HAUS proteins of
TlI. Noteworthy, the C-terminal segments of HAUS1 and HAUS4 reside at the tip of
the 4H-arm, with predictions suggesting the formation of a flexible, kinked coiled-coil
configuration (Figure 25c). Consistently, the segment is not visible in the cryo-EM
reconstruction, and several high-confidence crosslinks violating the distance

restraints are enriched in this region, indicating high degree of mobility (Figure 24d).

Docked on the surface of the bulge region in the highest-scoring model, the N-termini
of HAUS3 and HAUS5 create a compact a-helical bundle, the "H3/H5 N-bundle".
Nonetheless, the ensemble of predicted models presents various orientations for the
H3/H5 N-bundle relative to the TIll tetramer's core fold (Figure 23f). Consistently, the
cryo-EM reconstruction does not distinctly depict the H3/H5 N-bundle, however the
presence of high-confidence crosslinks mapping to these segments and spanning an
area with a radius of 11 nm is apparent (Figure 25c). Taken together, the data support

the correctness of the prediction and the inherent flexibility of this region.
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Figure 26 Molecular organization of the augmin TIIl tetramer: a, schematic representation of
the subunit organization of the augmin TIIl tetramer with zooms on the three regions in b. All data
visualized in the figure were produced in collaboration with Dr. Erik Zupa. Figure was adapted from
[369].
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2.5.2 Characterization of the augmin octamer architecture

Having delineated the molecular architecture of the isolated TlIl tetramer, | conducted
a thorough analysis of the TII tetramer structure, and its interface towards TIII (Figure
27). Predicted models from AF-Multimer depicted a tetrameric parallel N- to C-
terminus organized overall clamp-like structure characterized by two halves
separated by a hinge (Figure 27b). All predicted models showed an overall similar
pLDDT score, as observed for the Tlll tetramer (Table 6). The two halves of Tll consist
of coiled-coil helices of all HAUS proteins within the Tl tetramer, which form the N-
terminal (N-clamp) and C-terminal segments (C-clamp). Within the N-clamp, a
hammerhead-like configuration, termed the "N-clamp HH", is built by two globular
domains found in the N-termini of HAUS6 and HAUS?7 (Figure 27b).

Table 6 AF-Multimer predicted X. laevis augmin Tl models ordered according to pLDDT
score. The table was created in collaboration with Dr. Erik Zupa.

Model pLDDT
Augmin TII tetramer 1 0.569
Augmin Tl tetramer 2 0.564
Augmin Tl tetramer 3 0.561
Augmin Tl tetramer 4 0.559
Augmin Tl tetramer 5 0.559
Augmin Tl tetramer 6 0.558
Augmin Tl tetramer 7 0.556
Augmin Tl tetramer 8 0.556
Augmin Tl tetramer 9 0.555
Augmin Tl tetramer 10 0.554
Augmin Tll tetramer 11 0.550
Augmin TII tetramer 12 0.549
Augmin Tl tetramer 13 0.548
Augmin Tl tetramer 14 0.542
Augmin Tl tetramer 15 0.541
Augmin Tl tetramer 16 0.541
Augmin Tl tetramer 17 0.540
Augmin Tl tetramer 18 0.536
Augmin Tl tetramer 19 0.535
Augmin Tl tetramer 20 0.533
Augmin Tl tetramer 21 0.533
Augmin Tl tetramer 22 0.530
Augmin Tl tetramer 23 0.530
Augmin Tl tetramer 24 0.530
Augmin Tl tetramer 25 0.528

Subsequently, | sought to validate the predicted models of the TIl tetramer through
orthogonal structural analysis via negative stain EM. Given reports of inefficient
production and unsuccessful negative stain EM analysis of the isolated full length Tl
tetramer [365], | adopted an approach involving the co-expression of all eight augmin
subunits to reconstruct the complete augmin holocomplex. This strategy not only
aimed to address the challenge of Tll tetramer expression and purification but was

also selected for attempting to shed light on the interaction between the TIl and Tl
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tetramers, thus uncovering the architecture of the full octameric augmin complex.

Therefore, | designed a construct for augmin TIl, incorporating a 2xFLAG TAG on
HAUSG.
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schematic of the organization of the augmin octamer with tetramer TIlI (purple) and highlighting the
TII tetramer (green, red edges). b, predicted models for the TII tetramer were superposed either
onto the N-clamp (left), or onto the C-clamp (middle). The ensemble of predicted models was
colored in rainbow scheme from high (blue) to low (red) score. Right: the two predictions (model 8
and model 22) with the highest deviation in conformation were aligned on the C-clamp. The N- and
C-clamp and the hinge region are indicated. ¢, pWMO050 and pWM161 constructs of the genes
encoding HAUS proteins of the X. laevis augmin TIII+TIl tetramers were used to produce
baculoviruses for co-expression in insect cells, followed by single-step FLAG purification and
subsequent SEC (d). Lengths of the genes of Tl and affinity TAGs are indicated. d, SEC
chromatogram of Superose 6 increase (10/300, Cytiva) column run of augmin octamer FLAG
elutions. Size markers Thyroglobulin 669 kDa (13.2 ml, vt) and aldolase 158 kDa (16.3 ml, va) were
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used in independent runs. e, Coomassie blue-stained SDS-PAGE analysis of the four peak
fractions from the SEC highlighting the octamer and tetramer fraction. f, Coomassie blue-stained
SDS-PAGE analysis of the augmin octamer purification: Molecular weight standard (MWS); Lysis;
Pellet; Flow through (FT); FLAG elution (FLAG el.); octamer peak after SEC (peak 2, Octamer
SEC:); Tlll peak after SEC (peak 3, TIll SEC). Expected protein size is indicated (purple). AF-
Multimer prediction and data visualization were done in collaboration with Dr. Erik Zupa. The figure
was adapted from [369].

This construct for Tll and the previously produced TIll construct were co-expressed
in insect cells (Figure 27c). Through SEC, | effectively separated the augmin octamer
from the augmin TIII tetramer sub-complex (Figure 27d). SDS-PAGE analysis of the
FLAG-elution samples revealed a prevalence of augmin TlIl tetramer bands over those
of TIlI tetramer proteins. The peak observed during the SEC run validated the
stoichiometric purification of the octameric complex (Figure 27d-f). The sizes of the
proteins matched the anticipated lengths taking into account the substantial
unstructured regions inherent in Tll, contributed by HAUS8 and HAUSG6 (Figure 27c,
28a). Therefore, the complete augmin octamer comprising all eight subunits could be
efficiently purified.

The AF-Multimer predictions of Tll indicate that either the C-clamp or the N-clamp
half of the tetrameric complex could potentially serve as the platform for the TII/TllI
interface (Figure 28a). Therefore, | analyzed the purified augmin octamer through
negative stain EM (Figure 28). The resulting 2D classes captured the elongated
contour of the Tl tetramer, with additional density distinctly delineating the TII
tetramer (Figure 28b,d). The appearance of these 2D classes aligns with the previously
described h-like shape of the augmin octamer holocomplex [364,365], however more
details are discernible (Figure 28b,d).

Moreover, | subjected the augmin particles on the negative stain micrographs to 3D
classification, which resulted in a low-resolution, 3D reconstruction of the augmin
holocomplex in two specific conformational states (Figure 28c,f). Within this
reconstruction, the Tlll tetramer was unequivocally identifiable (Figure 28c). Strikingly,
the remaining density matched the anticipated clamp-like configuration of the
predicted TII tetramer models. This 3D density enabled a confident determination of
the orientation of TIl and showed that the TII/Tlll interface is formed between the
H3/H5-arm and the Tl C-clamp.

Leveraging the insights gained regarding the overall organization of the augmin

holocomplex, Erik Zupa employed AF-Multimer to predict the structure of the TIII
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H3/H5-arm in complex with the TIl tetramer (Figure 28e, Table 7). Across all predicted
models, the Tl C-clamp interacts with the TIll H3/H5-arm, harmoniously aligning with
the 3D reconstruction from negative stain analysis of the augmin holocomplex. This

alignment provides a model for the interface linking the TIl and TIIl tetramers.
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Figure 28 Architecture of the augmin holocomplex: a, schematic representation of the subunit
organization of the augmin Tll tetramer. b, two representative negative stain EM 2D classes of the
augmin octamer after SEC show distinct conformations of the TII tetramer. Scale bar: 10 nm,
particle numbers are given. The TllI tetramer (orange) and Tll tetramer (green) are indicated in the
enlarged class. ¢, negative stain EM 3D reconstructions of the isolated TlII tetramer (red) and the
augmin holocomplex in the open conformation (grey). d, representative negative stain EM 2D
classes of the augmin octamer after SEC, similar to (b). Scale bar: 10 nm; particle numbers are
given. e, left: superposition of AF-Multimer predicted models for the augmin TIl in complex with the
TIII H3/H5 arm. The prediction ensemble was colored in rainbow scheme from high (blue) to low
(red) score. Right: two model segments were docked into the negative stain EM 3D reconstruction
(open conformation) of the augmin holocomplex as rigid bodies: TIll + Tl C-clamp (yellow); Tl N-
clamp (red). f, left: negative stain EM 3D reconstructions of the augmin octamer resulted in two
conformations. Open conformation (grey also shown in b and e) and closed (blue). Middle: two
representative negative stain EM 2D classes of the augmin octamer after SEC highlighting flexibility
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provided by the hinge region, indicated with yellow arrowheads. Right: the two 3D reconstructions
of the augmin octamer vary by an angle of 23° of the N-clamp. Negative stain EM data acquisition
was done by Dr. Annett Neuner. AF-Multimer prediction, model building, and data representation
were produced in collaboration with Dr. Erik Zupa. Figure was adapted from [369].

Table 7 AF-Multimer predicted X. laevis augmin TIl + H3/H5-arm models ordered according
to pLDDT score. The table was created in collaboration with Dr. Erik Zupa.

Model pLDDT
Augmin Tl +H3/H5 arm 1 0.512
Augmin Tl +H3/H5 arm 2 0.511
Augmin Tl +H3/H5 arm 3 0.509
Augmin Tl +H3/H5 arm 4 0.507
Augmin Tl +H3/H5 arm 5 0.506
Augmin Tl +H3/H5 arm 6 0.506
Augmin Tl +H3/H5 arm 7 0.506
Augmin Tl +H3/H5 arm 8 0.503
Augmin Tl +H3/H5 arm 9 0.503
Augmin Tl +H3/H5 arm 10 0.496
Augmin Tl +H3/H5 arm 11 0.477
Augmin Tl +H3/H5 arm 12 0.477
Augmin Tl +H3/H5 arm 13 0.474
Augmin Tl +H3/H5 arm 14 0.473
Augmin TIl +H3/H5 arm 15 0.469
Augmin Tl +H3/H5 arm 16 0.469
Augmin Tl +H3/H5 arm 17 0.468
Augmin TIl +H3/H5 arm 18 0.467
Augmin Tl +H3/H5 arm 19 0.467
Augmin Tl +H3/H5 arm 20 0.465
Augmin Tl +H3/H5 arm 21 0.464
Augmin Tl +H3/H5 arm 22 0.463
Augmin Tl +H3/H5 arm 23 0.462
Augmin Tl +H3/H5 arm 24 0.46
Augmin Tl +H3/H5 arm 25 0.458

It is important to note that none of the predicted models illustrated a compatible
alignment between the orientation of the TII N-clamp and the EM data. This
divergence could potentially be an artefact of negative stain EM or be partly attributed
to the observed flexibility provided by the hinge region within Tll, positioned between
the N-clamp and C-clamp. Erik Zupa created two models of the different
conformations obtained from my 3D reconstructions. This intrinsic flexibility was
underscored by the representative 2D classes (Figure 28b,d.f), and the 3D
reconstructions. The analysis showed that the two conformations differ by an angle

of approximately 23° between the N-clamp and the C-clamp (Figure 28f).

2.5.3 The HAUS architecture reveals the N-clamp as composite MT
binding unit

Employing this integrative structural biology approach, | achieved a comprehensive

understanding of the augmin complex architecture. This complex comprises an

octamer formed by Tlll and TII tetramers, both organized in an N-to-C-terminal coiled-

coil arrangement (Figure 29a). These tetramers interconnect through the C-terminal

part of TIl (the C-clamp) and the H3/H5-arm, revealing HAUS3 and HAUS5 as the
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central scaffold components within the octamer. Notably, Tl encompasses a flexible
hinge, as indicated by negative stain EM data, which suggests the potential for diverse
orientations within the augmin structure, relevant for the angle of branched MTs.

Furthermore, the investigation aimed to illuminate how the architectural layout of
augmin might contribute to the understanding of its interaction with pre-existing
microtubules, facilitating y-TuRC anchoring and subsequent branched MT nucleation.
Prior studies have established the significance of the unstructured, positively charged
N-terminus of HAUS8 (comprising in the human complex 141 residues) for the
interaction between augmin and MTs [364,366]. The deletion of the unstructured
HAUS8 N-terminus from recombinant augmin variants resulted in a complete failure
to bind to MTs [364]. However, it was observed that the MT binding affinity of the
HAUS8 N-terminus in isolation is approximately ten-fold weaker compared to the
affinity exhibited by the HAUS6-HAUS8 dimer or the complete TIlI [364]. This
discrepancy implies that additional contacts between TII and the MT lattice

significantly contribute to strong augmin recruitment to MTs.

A more detailed inspection of the N-clamp HH structure, from which the disordered
HAUS8 N-terminus extends, reveals the N-termini of HAUS6 and HAUS7 to adopt
highly similar globular domains. These domains exhibit a structural resemblance to
the CH domain present in the kinetochore MT-binding protein Ndc80 (Figure 29a,b).
CH domains have been recognized as MT-binding domains in diverse MT-binding
proteins such as EB1, EB3, Ndc80, and Nuf2 [298,299,378,379]. Importantly, the CH
domains of these proteins share a sequence identity of 10-20% with each other and
with the CH domains of HAUS6 and HAUS7 (Table 8).

Table 8 Sequence identity of HAUS6/7 CH domains and different structurally characterized
MT-binding proteins. The table was created in collaboration with Dr. Erik Zupa.

Sequence identity (%)

Protein Name HAUS7 HAUS6 Ndc80/Hec1 Nuf2 EB1 EB3

HAUS7 100 11.43 22.43 10.74 17.78 16.3
HAUS6 11.43 100 13.11 14.6 14.81 14.81
Ndc80/Hec1 22.43 13.11 100 15.65 13.39 12.28
Nuf2 10.74 14.6 15.65 100 15.00 13.33
EB1 17.78 14.81 13.39 15.00 100 80.41
EB3 16.3 14.81 12.28 13.33 80.41 100

The fold into CH domains underlines the probable contribution of HAUS6 and HAUS7

to the MT binding function of the augmin complex, which might rationalize the MT-

binding synergy observed between the HAUS8 N-terminus and other Tll proteins [364]
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from a structural standpoint. This indicates that augmin possibly shares similarities
with the MT binding site of the Ndc80 complex, given the analogous composition of

both complexes.
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Figure 29 The augmin TIl N-clamp is a composite MT binding unit: a, left: composite model,
integrating different techniques, of the X. laevis augmin holocomplex in the open conformation (see
Figure 28). Right: schematic representation of the subunit architecture of the augmin holocomplex.
Flexible regions of HAUS6 and HAUSS8 are indicated. b, superposition of the Ndc80-CH domain
(grey; PDB-31Z0) on the N-termini of HAUS6 (dark green; RMSD of 5.4 A) and HAUST7 (bright
green; RMSD of 4.6 A). ¢, schematic representation of the potential augmin-MT association
pathway. Left: augmin is recruited to the pre-existing MT via the HAUS8 N-terminus. Right: augmin
is stabilized and oriented on the MT lattice via HAUS6 CH and/or HAUS7 CH domain binding. In
addition, the conformational flexibility of Tll may allow to adjust the configuration on the pre-existing
MT (indicated by the black outline), and therefore the nucleation angle of the branched MT. All
figure panels were generated in collaboration with Dr. Erik Zupa. Figure was adapted from [369].

Concerning augmins potential MT binding pathway, the HAUS8 N-terminus engages
with the MT through electrostatic interactions, cooperating with one or both CH

domains to establish a specific orientation on the MT surface. This orientation may
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potentially adapt in response to modifications or interactions with various partners,
leading to changes in configuration (Figure 29c). This hypothetical two-step binding
mechanism, involving diffusion followed by stable binding and branching initiation,

aligns with the dynamics recently observed via TIRF microscopy imaging [329].

In conclusion, the integrated structural biology approach | employed in this thesis has
effectively elucidated the sub-complex architecture of the augmin complex. This
accomplishment lays a cornerstone for comprehending the functional interfaces of
augmin, offering a solid foundation upon which future endeavors can further dissect

and explore these interfaces.
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3 Discussion

In this thesis, | worked on the characterization of recombinant y-tubulin-related
protein complexes, which are fundamental for the MT nucleation process. My
research was conducted in a rapidly evolving field, as demonstrated by the influx of
several recent publications on this topic. My results, along with the work of others,
have contributed to a deeper functional understanding of the key players in the MT
nucleation process. In the following sections, | will discuss the findings of my thesis,
placing them within the context of previous studies and recent publications. These
have not only inspired, but also influenced the interpretation of my work, and vice

versa.

3.1 The recombinant y-TURC expression system allows
structural and functional analysis of y-tubulin
complexes

Earlier studies reported successful expression of yeast y-TuSCs in insect cells, but

the recombinant expression of human y-TuRC components had been mainly

restricted to GCP4 [137] and y-tubulin [120]. Hence, reconstituting the full y-TuRC
represented a challenging goal for a long time. The cloning approach | employed
involved integrating modules of the MultiBac system, limiting to two genes per
plasmid, with subsequent Cre-recombination of the four possible backbones. This
method proved crucial for flexibly adapting and creating multiple constructs for
screening, despite requiring more time for initial construct generation and a more

rigorous screening process compared to other methods like the biGBac system [30].

However, the approach that | have chosen facilitated module combination and

construct adaptation. As summarized in Table 1 (see Results, Chapter 2.1), there were

two additional independent attempts at reconstituting the recombinant y-TuRC that
nicely complemented the work presented here [373,374]. These studies, including the
current one [371], demonstrated that the recombinantly expressed y-TURC mimics
the asymmetric arrangement and GCP architecture of native purified complexes

(Figure 10).

Interestingly, Table 1 illustrates the significant variations in purification strategies for

both native and recombinant y-TuRC. The method | employed here, involving a single-

step batch FLAG purification focused on a single specific protein in the complex,
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facilitated rapid and comprehensive analysis of the structural and functional
characteristics of modified y-TuRC variants in subsequent experiments. This
approach demonstrates that GCP5 N-terminus is accessible for the purification, while
the diversity of strategies suggests that there are multiple accessible sites within this
large complex for successful isolation and characterization of intact complexes.

With the established protocol | could purify y-TURC complexes in a fast and
straightforward manner, whereby 100 ml insect cell culture was sufficient for
subsequent experiments, for instance, structural characterization via cryo-EM.
However, it is important to consider that in other instances, a second purification step
might be required, and therefore the size of the insect cell culture has to be adapted.
Importantly, the strategy established in my thesis, along with experiments conducted
by other groups, lays the foundation for the targeted analysis of both the core
structural components and the more flexible N- and C-terminal extensions of the
complex.

Even though the co-expressed protein composition and purification schemes in the
studies by Wieczorek et al., Zimmerman et al. and this thesis differed, the results were
comparable. | demonstrated that the y-TuRC, with a minimal set of 8 co-expressed
proteins, can be purified and resembles the overall architecture of native complexes,
as shown via negative staining EM (Figure 10). These complexes enhanced MT
nucleation and capped MT -ENDs. However, the relatively low amount of purified
complex and the significant bands of GCP2/3 in the pellet fraction on SDS-PAGE gels
after omitting MZT1 from the set of co-expressed components (Figure 11) suggest
that MZT2 might also enhance the efficiency of ring reconstitution. This might be due
to the insolubility of the GCP N-termini. Consistent with cryo-EM structures from
native reconstructions, MZT1 is essential for stable ring formation, as expressions
without MZT1 were unsuccessful (Figure 11f). Similarly, removing MZT1 together with
actin from the expression system led to the purification of incomplete rings [374],
which can be attributed to the lack of MZT1 since actin in the y-TuRC lumen can be
replaced by insect cell actin [373], as discussed in Chapter 3.3.

Zimmermann et al. highlighted the importance of the AAA+ ATPases RUVBL1/2 in the
assembly of recombinant y-TuRC, which are known for their various cellular roles,
including chromatin remodeling [380]. Earlier y-TuRC purifications from human cells

had previously identified these ATPases via MS analysis [147]. Zimmermann et al.
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found that, in their expression system, RUVBL1/2 associated with y-TuSC oligomers.
Although not essential for y-TuSC assembly, their presence enhanced the
reconstitution of y-TuSC oligomers [373]. In my experiments, | successfully
reconstituted a minimal y-TUuRC without co-expressing RUVBL1/2. However, in
subsequent constructs where RUVBL1/2 and MZT2 were included, | observed a
marked increase in yield, suggesting the effect could be attributed to either or both
components. Zimmermann et al. did not observe significant amounts of RUVBL1/2
associated with the assembled y-TuRC, in line with my MS (Table 2, Results, Chapter
2.2) and subsequent cryo-EM analyses. Importantly, also assembly intermediates did
not show a clear density that could be attributed to these ATPases in cryo-EM (Figure
12). Interestingly, y-TURC complexes containing MZT2-EGFP and NEDD1 were
effectively reconstituted without co-expressing human RUVBL1/2 [374]. Comparing
different systems remains challenging, but one possibility is that the role of RUVBL1/2
is replicated by their counterparts in insect cells. Therefore, although the work of
Zimmermann et al. provides valuable insights, future studies should systematically
explore this aspect using identical systems (effect of insect cell lines) and comparable
constructs (removing the RUVBL1/2 module), including the knockdown or inhibition
of the insect cell ATPases. Additionally, employing ATPase-deficient mutations, such
as RUVBL1es03q0 and RUVBL2gp0q, could further clarify the role of the ATPase activity
of these complexes for the y-TuRC assembly [380].

In addition to the effect observed for MZT proteins, | indirectly demonstrated that co-
expression of y-TURC associated factors like NEDD1 or NME?7 is not essential for the
assembly of the complex, in agreement with the findings of [373], and earlier studies
[177,381]. However, research by Wieczorek et al. indicated that although NEDD1 was
integrated into the reconstituted complexes (verified by MS), they were not able to
unambiguously detect it in negative stain EM data. This finding is in line with previous
cryo-EM studies [35-37]. Determining the specific binding sites and functional roles
of these two proteins within the y-TuRC represents a crucial aspect for future studies.
The recombinant expression system outlined in this thesis provides an ideal platform
for such investigations, enabling targeted modifications to elucidate the functions of
NEDD1 and NME?7 for the y-TuRC.

89



Discussion

In summary, the recombinant reconstitutions indicated that the ring architecture
depends on specific protein interactions, suggesting a uniform organization of the
vertebrate y-TuRC into a 14-spoke left-handed spiral. Consistent with these results,
all vertebrate y-TuRCs studied so far exhibit a uniform GCP order of (GCP2-3),-GCP4-
GCP5-GCP4-GCP6-(GCP2-3); [154]. However, variations in vertebrate y-TuRC
composition may involve factors other than the GCP scaffold, like the aforementioned
NME7 and NEDD1, but also the incorporation of isoforms like TUBG2 [118]. In
contrast to vertebrates, in species like S. pombe or D. melanogaster, evidence
suggests that there exist differing ring complex compositions at the GCP level
[129,168], as well as at the level of the interactions with centrosomal factors, as
recently revealed by [382]. This study indicated that recruitment of GCP4/5/6-
containing y-tubulin complexes to centrosomes depends on the homolog of CEP192,
while functional complexes consisting of exclusively of y-TuSC depend on Cnn [382],
similarly to the system found in S. cerevisiae [128]. In this context, the recombinant y-
TuRC system allows a stepwise reconstitution of the y-TuRC in conjugation with its
co-factors, like CEP192.

As for future studies using the here-established recombinant system, it is important
to note that the y-TuRC and its associated factors are regulated in the context of the
cell cycle; thus, PTMs may be crucial for investigating their interactions and functions.
In this regard, employing active cell cycle kinases like CDK1/CyclinB1 AURORA or
PLK1, either by including them in the insect cell expression system or via an
incubation step with the isolated complexes should be considered, akin to other
approaches as for example kinetochore reconstitutions [383,384]. Moreover, an
emerging alternative is represented by the expression of multi-gene constructs in
mammalian cells, increasingly adopted in recent years [329,385,386]. This might
become a viable complementary approach in future studies investigating the cell
cycle-dependent regulation of the y-TURC and associated factors. Construct design

for such studies can benefit from the methodologies outlined in this thesis.

3.2 Cryo-EM analysis of recombinant human y-TuRC
reveals a modular assembly mechanism

The cryo-EM analysis of the vertebrate y-TuRC was pivotal for advancing our
understanding of MT nucleation and enabling its functional dissection. In my thesis, |

produced recombinant complexes for cryo-EM analysis. The utilized modular
90



Discussion

approach facilitated the reconstruction of both the full y-TURC and its sub-complexes.
Using the expression construct pWM104, | successfully reconstructed the human y-
TuSC (Figure 15). Negative stain EM class averages highlighted a cherry-like structure
arrangement for the GCP backbone and y-tubulin, similar to results achieved on
purified yeast complexes [131,135,152]. Negative stain EM showed various views of
y-TuSC, including a dominant one with a visible single GRIP domain and y-tubulin,
reminiscent of side views observed in yeast [152]. Following FLAG and AEC
purification, the isolated y-TuSC did not exhibit detectable signs of RUVBL1/2 in SDS-
PAGE and negative stain EM. The successful reconstitution of y-TuSC indicates the
association of MZT1 and MZT2 with the complex. The SDS-PAGE results after AEC
show slight bands for MZT2 and less distinct bands for the markedly smaller MZT1.
Although unlikely, | cannot rule out the possibility that MZT proteins dissociated from
the complex during AEC. However, in some 2D classes, unassigned globular densities
might correspond to these modules (Figure 12d). This suggests they might still be
associated with the complex, possibly via the flexible, unstructured regions in the N-
termini of GCP2 and GCP3 which are not visible in most negative stain EM 2D classes.
However, future crosslinking MS analysis might be performed to further elucidate the
composition of the y-TuSC after different purification methods and to delve deeper in
the mobility of the MZT modules within this basic y-TUuRC subunit.

Interestingly, in negative stain analysis of y-TuSC after AEC, | observed a small
fraction of y-TuSC dimers, indicating a tendency to oligomerization. This process
appears to be concentration-dependent (Figure 16), with higher concentrations
leading to more and larger oligomers. Although in vitro conditions may not fully
replicate the cellular environment, these findings suggest that the y-TuSC requires
additional elements within the context of the y-TURC to ensure stability at lower
concentrations. In my experiments, oligomerization of the y-TuSC occurred
independently of other factors. Zimmermann et al. have shown that adding RUVBL1/2
to purified y-TuSC results in their association with the complex, which may facilitate
the assembly of y-TuSC oligomers [373]. Further research is needed to determine
whether RUVBL1/2 influences the dynamics of this assembly process or if unique
contacts compared to those seen in concentration-dependent oligomerization are
formed. Moreover, performing cryo-EM studies on y-TuSC oligomers could provide

deeper insights into their overall geometry and how they compare with the
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architecture in the context of the fully assembled y-TuRC, also with regard to the MZT
modules within these oligomers.

In addition to y-TuSC, GCP4, GCP5, and GCP6 are also integral components of the
y-TURC complex. Previous biochemical studies, including salt fragmentation analysis
of native y-TuRC, have shown that these GCPs can form a stable complex [35,162].
However, their structural architecture and integrity have yet to be visually confirmed.
Of these, only GCP4 has been reconstituted and characterized structurally using X-
ray crystallography [137]. Interestingly, GCP4 forms a dimer when isolated from its
ring interaction partners. This observation leads to questions about the potential of
GCP4, GCP5, and GCP6 to either mimic y-TuSC structures or form a distinct 4-spoke
intermediate, and whether these potential associations are consistent or vary in inter-
GCP-GCP contacts. In this thesis, using a recombinant system, | was able to
reconstitute a minimal 4-spoke system, the GCP4-5-4-6 intermediate, by excluding
GCP2/3 from the expression system. Negative stain EM and subsequent cryo-EM
analyses confirmed that the GCP4-5-4-6 can assemble and be reconstituted in insect
cells (Figure 17). Negative staining EM revealed classes of a single spoke, likely
comprising 2xFLAG-GCP5 in complex with y-tubulin, potentially as a result of the
purification scheme. These bottom-up reconstitution experiments suggest that the
expression of these three GCP proteins leads to the formation of a complex that might
serve as the initial seed for y-TuRC assembly, as previously hypothesized by top-
down salt fragmentation experiments. Notably, the N-termini of GCP6, potentially
bound with MZT1 and actin molecules, could not be resolved, suggesting flexibility at
the 4-spoke stage. This, together with the analyses of the FLAG elution from the
optimized y-TuRC construct (pPWM026+pWMO086), as detailed in Figure 12 indicates
that the 4-spoke intermediate acts as the foundational element in y-TuRC assembly
but is in presence of y-TuSC rapidly expanded by one y-TuSC unit to form the 6-
spoke intermediate. Using negative stain EM and cryo-EM, assembly intermediates
could be mapped and integrated into a modular assembly pathway (Figure 30a). The
6-spoke intermediate, which includes the 4-spoke core expanded by a y-TuSC at
positions 7/8, was the most prevalent y-TuURC sub-complex. This intermediate is
distinctively marked by the MZT1-GCP5 module on its exterior and the MZT1 module
from GCP3 on the lumenal side, initiating the formation of the lumenal bridge. The

prevalence of this intermediate assembly complex in the cryo-EM analysis and the
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additional contacts formed at the lumenal bridge start indicates, that the 6-spoke is
the most stable entity. This aligns with the independent approach taken by Haren and
colleges. Their salt fragmentation experiments identified the 4-spoke core (GCP4-5-
4-6) as the most stable intermediate. However, their analysis revealed the presence
of about one y-TuSC unit remaining in their 4-spoke sample [162].

In this context, a future challenge will be the investigation of the regulation of y-TuRC
assembly within the cell. While factors involved in the turnover of y-TURC components
have been identified [387], how the assembly of this multi-subunit complex is
regulated on a transcriptional and translational level remains elusive. Biochemical
data and the here-performed reconstitutions indicate that the assembly starts with
the y-TuRC specific GCP proteins (GCP4, GCP5, GCP6), and therefore it might
represent part of a regulatory mechanism. Notably, TUBGCPS5 is a primary target of
BANP (BTG3-associated nuclear protein), a recently identified transcription factor
linked to CpG islands [388]. Further investigation into how BANP regulates TUBGCP5,
especially in relation to other y-TuRC components like the directly associated MZT1,
GCP4, and y-tubulin proteins, could provide insights into y-TuRCs regulation at both
the transcriptional and translational levels.

Based on the here-presented cryo-EM analysis, the assembly process of the y-TuRC
entails the sequential addition and conformational locking of y-TuSC units. On the
GCP4 side (position 9), y-TuSC units are incrementally added, and they become
“locked” upon binding of the subsequent y-TuSC (Figure 30a). Conversely, on the
GCP6 side (position 12), the presence or absence of one additional y-TuSC in equal
ratios (positions 13,14) indicates an equilibrium between y-TuSC “on-off”. Notably,
once the lumenal bridge is stabilized (following the addition of y-TuSC4) and actin is
docked, the position of the y-TuSC (1314 shifts significantly downwards, aligning more
closely with a configuration compatible with the one of the fully assembled y-TuRC.
This process concludes with the addition of spokes 1,2. In sum, these structures
suggest a modular, interdependent assembly mechanism for the y-TuRC
components, which is reminiscent of the assembly processes observed for multi-
protein complexes like eukaryotic chromatin remodelers [389]. In agreement, previous
sucrose gradient experiments from cell extracts suggested that various y-TuRC sub-
complexes can exist in cells [136,148]. Therefore, the structural data gathered on the

vertebrate y-TuRC, along with the assembly mechanism described here, suggest that
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various assembly intermediates, such as the y-TuSC and the 4-spoke/6-spoke
intermediate, with an increasing number of associated y-TuSCs can exist
independently of the full y-TuRC. Crucially, these y-TuRC sub-complexes result from
the assembly and potentially disassembly processes that are integral to the same 14-
spoke GCP arrangement of the y-TuRC.

a

core assembly expansion phase

re

[ v-tubuiin [l ceP4 [ mzT1
[] ecp2 [ cers [l Actin

B ccp3 B ccpe

ring closure

wild-type y-TuRC AN-GCP6 y-TuRC

recombinant assembly yes yes
centrosome localization yes yes
MT nucleation in vitro yes yes
efficient MT nucleation in vivo yes no
defects in mitosis no yes

Figure 30 Modular assembly of y-TuRC does not require actin integration: a, the first phase
in the assembly of y-TuRC involves the formation of the 6-spoke, stable core composed of GCP2-
3-4-5-4-6. This structure is stabilized by the interaction between the MZT1-GCP3 module and the
GCP6-N-terminal extension. The assembly process progresses (indicated by a yellow arrow)
through the addition of y-TuSC units. In this phase of expansion, each y-TuSC unit becomes
structurally locked (represented by a schematic lock icon) when it connects with a newly added
adjacent y-TuSC unit (indicated by lighter color). During this stage, the y-TuSC1314) unit can
repeatedly attach and detach. This unit is repositioned following the formation of the lumenal bridge.
The expansion concludes (marked by a green arrow) with ring closure, whereby the integration of
the y-TuSC1,2) unit finalizes the stabilization of the y-TuSC314 and secures the completely
assembled 14-spoked complex. b, on the left, y-TuRCAN6-CCF8 js depicted, with a schematic scissor
indicating the removal of actin via deletion of GCP6 N-terminus. Color scheme as in a. On the right,
a comparison between wild-type y-TuRC and the AN-GCP6 variant is shown. The figure was
adapted from [372].

94



Discussion

The presence of MZT1 in the lumenal bridge is crucial for y-TuRCs structural stability.
This is evidenced by multiple contacts identified in cryo-EM experiments [150],
summarized in [154], and the formation of defective rings when MZT1 is excluded
from the expression system [374]. Furthermore, the solubility of GCP proteins seems
compromised without MZT proteins, as shown in Figure 11. Interestingly, the
multifaceted function of MZT1 seems to play an essential role in the interaction with
actin. The impaired assembly of ring complexes when MZT1 and actin are omitted
from the expression system may be primarily due to the absence of MZT1 [374]. This
is supported by the finding of Zimmermann et al. showing that ring complexes can
form without co-expressing actin, suggesting that y-TuRC is able to integrate insect
cell actin [373]. My thesis highlights the integral aspect of actin incorporation into the
y-TuRC, primarily through its binding to the N-terminus of GCP6 that is associated

with MZT1. This key mechanism is further discussed in the next chapter.

3.3 Actin is not required for y-TuRC assembly and structural
integrity but modulates its function in vivo

The role of actin within the y-TuRC has been puzzling since its discovery. In previous
work early on, actin was identified in y-TuRC purifications [129,148], but whether this
represented a specific interaction or just a co-purification artifact was uncertain. This
question was clarified by recent cryo-EM structures [149]. Actin interacts within the y-
TuRC through its barbed end groove and D-loop [154], engaging with the N-terminus
of GCP6 and y-tubulin at spoke 2, respectively.

My research underscores the crucial role of GCP6 in the y-TuRC, as indicated by
actin-IP experiments where the GCP6-MZT1 module forms a stable actin binding
motif (Figure 18). Expanding this research, the IP experiment, initially designed for
human proteins, might be adapted to explore the evolution of the y-TuRC. This would
involve examining the consistency of actin integration within the y-TuRC lumen across
different species. Additionally, integrating AF-Multimer predictions into this expanded
assay could provide an additional approach to structurally characterize the
evolutionary development of the y-TuRC. Overall, this method may offer insights into
how actin became integrated into the “tubulin ring“, potentially linked to associated
functional adaptations.

My findings suggest that while actin is not essential for the assembly or structural

integrity, its absence impairs y-TuRCs function (Figure 30b). Experiments involving
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the targeted deletion of actin from y-TuRC in both recombinant reconstitution and in
vivo contexts provided intriguing results. The purified reconstituted y-TuRCAN¢-6¢F6
surprisingly formed intact ring complexes, suggesting that actin is dispensable for the
y-TuRC assembly (Figure 20). Previous hypotheses, supported by IP experiments,
suggested that the large insertion domain of GCP6 forms the lumenal bridge, thereby
facilitating its interaction with actin [35]. Interestingly, experiments using cells
overexpressing various GCP6 variants indicated that a significant portion of the GCP6
insertion domain, which contains nine tandem repeats of 27 amino acids [390], is not
required for the structural integrity of the y-TuRC. Further investigation is required to
shed light on the specific function of the GCP6 insertion domain. Potential
approaches might entail an integrated functional and structural analysis using the
recombinant y-TURC system with specific mutations. Additionally, incubation of the
purified recombinant ring complex with kinases and subsequent MS analysis may
allow for the precise mapping of PTMs. This approach would potentially verify the

phosphorylation sites of GCP6 by PLK4 [390], and enable their functional dissection.

Despite the lack of structural data by Haren et al., the findings from their study
underline the results of my thesis through an independent biochemical approach. In
contrast to the previously surmised insertion domain, Haren et al. demonstrated that
the entire N-terminus of GCP6, extending up to the GRIP1 domain, is critical for the
structural integrity of the y-TuRC. This can be rationalized by the stabilizing function
of the lumenal bridge during the y-TuRC assembly, as outlined in Chapter 2.2.
Notably, the deletion of the very N-terminus (the first 72 amino acids) of GCP6, which
is akin to the A56/60 amino acid deletion made in this study, which should disrupt the
integration of actin into the y-TuRC, was shown to have a mild effect on y-TuRC
integrity [162]. Strikingly, the phenotypes observed in these experiments are
comparable to those presented here, hence reinforcing the validity and significance
of my data.

Importantly, the repositioning of spokes 1 and 2 may influence MT nucleation
dynamics. In vitro batch MT nucleation assays did not show reduced activity, but this
does not fully represent the mode of action of y-TuRC in vivo. AN-GCP6 cells can
nucleate MTs and survive, indicating a basic functional y-TuRC. However, AN-GCP6

cells showed a altered MT nucleation dynamics, as denoted by slight defects during
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mitosis and reduced re-nucleation efficiency in MT regrowth assays (Figures 21, 22).
To characterize the MT nucleation properties more thoroughly, additional functional
assays such as single-molecule TIRF measurements could be employed [36,175].
However, these assays do not always accurately represent the real nucleation
function of the y-TuRC. This is underscored by the observation that even incomplete
ring complexes, formed in the absence of MZT1 and actin during recombinant
expression, exhibit MT nucleation activity that is comparable to 14-spoked entities
[374]. Therefore, these assays need to be performed under strictly controlled

conditions.

The intricate dynamics between actin and MT networks is crucial, especially during
cell division events, and recently, the role of actin at the centrosomes has been more
recognized [159,160,391,392]. The observed changes in MT nucleation and
organization in AN-GCP6 cells emphasize the necessity for an in-depth
characterization, which could be effectively achieved through cryo-ET. This structural
approach would not only aid the identification of interaction partners, but also provide
detailed insights into the composition and organization of MT nucleation complexes
and the network of interactions between the different factors underpinning the
formation of active MTOCs. Additionally, this method could also potentially
demonstrate whether actin is absent from the y-TuRC lumen in AN-GCP6 cells. In
fact, although the primary interaction is disrupted, it is possible that, within cells, actin
may still be loosely attached to the complex, for instance, via its D-loop, thus partially
fulfilling its function. This aspect could not be ruled out by my work, as the in vitro
characterization of y-TuRC involved a purification step, and potentially weak
interactions got lost.

Furthermore, the identification of which actin isoforms are incorporated into the y-
TuRC and its nucleotide state remains uncertain due to the limited resolution achieved
so far on this complex. However, Zimmermann’s et al. observation that insect cell
actin correctly assembles into the human y-TuRC suggests that various actin isoforms
might be integrated [373]. Despite being firmly embedded in the y-TuRC structure, the
interfaces usually occupied in F-actin or recognized by actin binding proteins are
accessible to those or to potential actin-GCP6-N-terminus binders in the native y-

TuRC state. Future research should aim at identifying the actin type incorporated in
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the y-TuRC. In this context, employing recombinant systems in which the N-terminus
of GCP6 is fused to different actin isoforms might be insightful. This strategy could
emphasize the extensive applicability and adaptability of tunable recombinant

systems, as | initially demonstrated in this thesis.

3.4 Identification of all 7 MZT1 modules on y-TURC

The discovery of MZT1-GCP module binding sites on the outer surface of y-TuRC
(Figure 13,14), including GCP5-MZT1, was unexpected. These modules play a crucial
role in y-TURC assembly, especially in the formation of the lumenal bridge. The
interaction between GCP3 and GCP4, where MZT1-GCP5 docks, could be key in
determining the preferred binding site in the lumen for the MZT1-GCP3, (Figurei4).
Notably, these modules persist in the fully-formed rings of both wild-type y-TuRC and
y-TURCA"®56CP8 " giggesting a potential role independent of the assembly pathway or
hinting at alternative PTM patterns affecting their binding stability on the y-TuRC. The
recombinant system used here is particularly relevant to address these aspects, as
these MZT1 modules on the outer surface were not observed in other reconstructions
[35,36,373,374], and it may allow to investigate the molecular basis of this
recruitment.

While variation in expressed genes (human genes used in this thesis (see Methods
Table 23, compared to the other studies) seems unlikely, modifications specific to the
insect cells could be a factor. Indeed, | used Sf21 cells as expression system, as
opposed to Sf9 in the other two studies [373,374]. An experiment involving the
expression of the y-TuRC in Sf9 cells followed by its purification and comparative MS
analysis between ring complexes from Sf9 and Sf21 could be used to probe
differences in MZT1 module binding stoichiometry between the two systems and
reveal differences in modification patterns. Additionally, introducing mutations at the
interface between the MZT1 modules and GCP outer surface (GRIP2 domain and C-
terminal extensions) could provide further insights.

It is fascinating to observe that the MZT1 modules, involving three different GCP
proteins, are positioned and recruited at three distinct locations: the lumenal bridge,
the interface between spokes 14 and 1, and the outer surface of y-TuRC (Figure 13).
The release of the MZT1 module from the outer surface of the y-TuRC could serve as
a regulatory mechanism during its attachment to the centrosome or other MTOCs.

Hence, understanding the regulation of these modules might be crucial to elucidate
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the recruitment of y-TuRC to MTOCs and its activation. Interestingly, the identification
of one MZT2 module in complex with the CM1 motif in cryo-EM reconstructions [37]
suggests that the MZT modules are regulated by additional interaction partners. In
the case of MZT2, this involves CM1-containing proteins, as demonstrated by
structural means in human cells [150] and through similar purification methods in X.
laevis [393].

Previous data showed the importance of the MZT1-GCP3 module for interactions with
NEDD1 [151,152], which might also mediate contacts with the augmin complex in the
MT branching pathway [57,343,368], as recently evidenced in pull-down experiments
[329]. It would be interesting to explore whether factors like NEDD1 might influence
the release of MZT1 modules upon binding with augmin, thereby representing part of
a broader regulatory mechanism of y-TuRC activity, or whether these modules form
an anchoring platform on the outer surface of the ring complex that may help orient
the y-TuRC (spoke 1-spoke 8).

3.5 The molecular architecture of the augmin complex
reveals a composite MT binding unit

Finally, | examined the architecture of the vertebrate augmin complex, an essential y-
TuRC cofactor in the branching MT nucleation pathway. This incorporated several
structural biology methods, including neural network-based structure prediction,
negative stain and cryo-EM, and crosslinking MS. This integrative approach was
essential for dissecting the elongated and flexible structure of the y-TuRC recruiting
factor. Cryo-EM was pivotal for elucidating the architecture of the TIII tetramer,
especially its coiled-coil regions, as shown in Figure 24. Although the cryo-EM
reconstruction of TIII offered significant insights, its resolution was insufficient for the
unambiguous assignment of the individual HAUS proteins. Crosslinking MS provided
deeper insights into the interactions between the different subunits of the TlIl tetramer
(Figure 25). Overall, the AF-Multimer predictions accurately represented the Tll and
TIIl sub-complexes, however the predictions for the composite full octameric augmin
complex required experimental validation (Figures 23, 27, and 28). My analysis verified
that the augmin complex structure comprises two distinct structural elements, each
serving complementary roles in MT branching (Figure 31).

The TIII tetramer and the Tl C-clamp form a mostly rigid scaffold for the positioning

of the y-TuRC at a precise distance and orientation relative to the existing MT. IP
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experiments indicate that the N-termini of HAUS3 and HAUSS5 are crucial for this
interaction [57,365], indicating that the region from the H3/H5 bundle towards the
H3/H5 arm may represent a docking site for y-TuRC. Interestingly, the C-terminus of
HAUSG, which was shown to interact with NEDD1 and protrudes from the H3/H5-arm,
further supports the model of y-TuRC docking on TIII [343,367,368]. Another aspect
deserving future investigation is the yet unknown function of the 4H-arm,
characterized by its notable kink in the H1/H4-C-termini. Interestingly, in that context
is the work of Hsia et al., who reconstituted a tetramer including HAUS6(A-C-
terminus), HAUS8, HAUS1, and HAUS4 [364], which reveals a composition distinct
from that observed in X. laevis [365] and differs from the augmin architecture that |
determined in this thesis, as there is no interface between HAUS6/8 and HAUS1/4.
The identification of different compositions of HAUS proteins in reconstitution studies
could be an artifact of the method but might also potentially reflect the possibility of
diverse augmin compositions. This notion might be especially relevant in plant
biology, where research on A. thaliana revealed intriguing complexities. In this
species, two distinct HAUS8 homologues are known to assemble into distinct augmin
complexes [340], suggesting a sophisticated and dynamic regulation of MT in different
cellular locations and during different phases of the cell cycle. Investigating these
variants offers a valuable opportunity to advance our understanding about the augmin
complex diversity and its functional implications.

The TIl N-clamp serves as a bridge linking this y-TuRC-binding scaffold with the
existing MT. While our current understanding about the structural relationship
between the augmin complex and the y-TuRC remains limited, the research |
presented in this thesis contributed to shed light on a critical aspect, namely the
presence of two CH domains located at the N-termini of HAUS6 and HAUS7 proteins,
which are likely involved in MT binding. Negative stain EM provided substantial
support for the AF-Multimer predictions, particularly in visualizing the CH domain
arrangement in the HH configuration (Figure 28). A comparison between the predicted
structures of HAUS6 and HAUS7 CH domains and those known to bind MT, like CH
domains from human Ndc80, EB1, and EB3, reveals a notable similarity to Ndc80
(Table 8, Figure 29). The CH domains may act in synergy with the HAUS8 N-terminus
within the TII N-clamp, forming a composite unit for MT binding. The structural

organization of this augmin MT-binding site bears a remarkable resemblance to that
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of the kinetochore-localized Ndc80 complex. As for the Ndc80 complex, Ndc80,
together with Nuf2 (parallel to HAUS6 and HAUS7), and an additional unstructured
and positively charged extension a of Ndc80 (similar to HAUS8 N-terminus), jointly
constitute the MT-binding site at the kinetochore. Cryo-EM investigations of the
minimal binding unit of Ndc80, termed the Ndc80 Bonsai construct [299], revealed
that this minimal MT-interacting complex binds at the junctions between every a- and
B-tubulin subunits [301,302]. It would be intriguing to explore whether a similar
approach could be applied to the augmin complex by reconstructing a minimal MT
binding unit. A promising strategy could involve co-expression of the segments of TlI
that comprise the TlI-N-clamp. Interestingly, the MT-binding affinity of both the Ndc80
complex and augmin are modulated through the phosphorylation of their
unstructured, positively charged tails [280,370,394,395]. Additionally, published data
indicate interactions between components of augmin and the Ndc80 complex [367].
Given the crucial role of augmin in the formation and maintenance of kinetochore
fibers [332,344,345], along with the observation that HAUS8 exhibits MT bundling
activity [366] points to a possible functional convergence between these two MT-
binding complexes, opening up an intriguing avenue for future research. For instance,
based on the here-determined augmin architecture, specific mutations in the relevant
parts of HAUSS8, and HAUSG6, or HAUS7 can be introduced and analyzed in cells via
microinjection using fluorescently labelled augmin complexes as performed for the
Ndc80 complex [299].

The research conducted by Hsia et al. reveals that the HAUS8 N-terminus is essential
for MT binding, as augmin variants lacking this domain are unable to bind MTs [364].
However, the binding efficiency of the HAUS8 N-terminus on its own is substantially
weaker compared to that of the HAUS6-HAUSS dimer or the TIl [364]. This suggests
that additional interactions between Tl and the MT lattice are crucial for the docking
of augmin. With this thesis, | laid the groundwork for further investigation into
augmin’s MT binding mechanisms. Indeed, the structure enables the design of
minimal MT binding versions of augmin and allows for the precise modification of
these versions to regulate MT binding and dissect the functions of individual
components as the CH domains of the HAUS6 and HAUS7 augmin subunits and their

interaction with other factors.
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Notably, the findings of my thesis on the augmin complex, published in [369], were
underscored by two independent studies focusing on human [396] and X. laevis [397]
augmin complexes, published in the same journal and reviewed by the same
reviewers. As highlighted by a comment from Szymon Manka [398], all three
independent studies employed a similar set of methods to refine the understanding
of the augmin complex architecture, which was found to be consistent from X. laevis
to humans. Previously established for the y-TuRC [35-37], the similarity in the overall
fold and global arrangement of proteins is similarly conserved for the augmin
complex, thus reinforcing the notion of a universal y-TuRC-augmin tandem at the core
of cell division. However, it is crucial to investigate the subtle differences that have
evolved over time, which could illuminate their specific functions and phenomena,
such as species-specific variations in MT branching angles [360]. In this context, |
demonstrated that the TIl hinge region, which separates two clamp-like elements (N-
and C-clamp), may provide a controlled degree of flexibility in positioning the y-TuRC
relative to an existing MT (Figure 28). It is important to note that the angles observed
in negative stain EM reconstructions might be influenced by the method. Nonetheless,
the flexible hinge region appears to be a conserved feature from frogs to humans,
potentially allowing to withstand and adapt to mechanical forces within the spindle,
as suggested by Manka, S. [398].

Interestingly, AF-Multimer predictions have identified segments of greater
conformational flexibility in the augmin complex (Figure 23), including the hinge region
(Figure 28). While these predictions are accurate in pinpointing flexible regions, they
do not fully align with the negative stain EM data regarding the conformations of the
TIl hinge. However, future improvements in protein structure prediction and
associated tools could offer more comprehensive insights into the dynamics and
flexible structural aspects of proteins. It is crucial to recognize the role of neural-
network protein structure prediction in accelerating the analysis of augmin
complexes, leading to precise models like those of the TIlIl complex presented in this
thesis, showcasing augmin as a prime example of how neural network-based
structure prediction is transformative for contemporary research. This aligns with
similar advancements with other tools [59,399] and on other protein, and complex
structures [61,62,64,400]. Of note, similarly to the augmin complex, AF predicts a CH

domain for the Centrosomal Protein of 44 kDa (CEP44), a centrosomal factor located
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in the centriolar lumen, that possesses the ability to bind MTs [377] most likely via its
CH domain [400]. The presence of both CEP44 and augmin [196] in the centriolar
lumen raises interesting questions. Investigating if and how each protein interacts
uniquely with MTs could shed light on their individual roles in the centriolar lumen and
potentially reveal diverse functional mechanisms within this cellular structure.

In summary, in this chapter, | discussed how leveraging multiple techniques,
anchored by an efficient recombinant expression system in insect cells, enabled the
purification and characterization of recombinant augmin holo-octamers (Figure 27).
This foundational work provides a platform for future research targeting specific
functions of augmin. Such understanding is vital for elucidating the MT branching
pathway in mitosis and exploring augmin’s roles in interphase, for example in axons

or within the centriolar lumen.

3.6 Conclusions and perspectives on the y-TuRC-augmin
axis

The recombinant system | established in this thesis has proven to be a valuable
addition to the research toolbox. When combined with structural biology techniques,
notably cryo-EM, and various biochemical and cell biology methods, it allows for
systematic assessment of the functions of individual proteins. Looking ahead, this
approach can be expanded beyond the identification and characterization of y-TuRC
components. It holds potential for investigating disease-related point mutations in
vitro to understand their molecular basis. This includes, for example, mutations in
proteins like GCP2 [245,401], microcephaly-related mutations in GCP4 [243], or
components of the augmin complex, such as HAUS7 [402].

Furthermore, future research focusing on the functional sites of the augmin complex
will be instrumental in enhancing our understanding of its roles in fundamental cellular
processes such as mitosis. As summarized in Figure 31, this can be distilled into three
main questions. Experimental structures of the augmin complexes in conjunction with
MT will be crucial in understanding the arrangement and number of complexes at a
branching site. Moreover, a thorough investigation that includes both in vitro studies
and functional assays in cells is essential to uncover the full spectrum of the augmin-
y-TuRC interplay. To uncover the molecular basis of their synergistic action in

branching MT nucleation, it is essential to study their interplay in a targeted fashion.
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Figure 31 Building upon HAUS architecture: Schematic illustration of the mitotic spindle in the
top left corner. The y-TuRC (turquoise), acts as the primary MT nucleator and is recruited to pre-
existing MTs (grey/white) via the augmin complex (green/yellow). The augmin complex is shown in
two distinct conformations, reflecting variations in the hinge region of the Tll tetramer. Pink circles
indicate potential interaction sites between augmin and the y-TuRC, focusing on the TIII tetramer
of augmin and the MZT1 modules of y-TuRC. The numbers and question mark highlight three
critical future research areas: 1) The mechanism of MT binding by the augmin composite MT
binding site. 2) The precise interface between augmin TIIl and y-TuRC, including PTMs and
additional binding factors. 3) The process of branched MT nucleation following y-TuRC recruitment
by augmin. This figure was adapted from [398].

Although the direct interaction of y-TuRC and augmin in solution is subject of current
discussion [241], a stable y-TuRC-augmin complex has not been convincingly
demonstrated. However, their interaction on MTs is evident [355,359], suggesting that
the interaction between augmin and y-TuRC might be influenced by their association
with MTs. Therefore, reconstitution studies should be performed in presence of
tubulin complemented by advanced structural methods such as cryo-EM SPA and

cryo-ET. These approaches will be valuable in exploring MT branching, both in vitro
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and in physiological contexts like cellular environments or X. laevis egg extracts. As
discussed earlier, the y-TuRC adapter unit NEDD1 forms the core of the interaction
between y-TuRC and augmin. Recent findings indicate that PTMs on both augmin
and NEDD1 are crucial for facilitating their binding. Intriguingly, NEDD1 also exhibits
MT binding activity to a certain extent [329], further underscoring the complexity of
the y-TuRC-augmin interaction with MTs. As the branching events might be difficult
to assess experimentally, another promising way to gain more detailed structural
insights into y-TuRC-augmin interaction might be to study the proposed complex

within centrioles via cryo-ET.

In conclusion, this thesis establishes a foundation for future research and markedly
augments our understanding of fundamental cellular mechanisms naming MT
nucleation. In this context, scientific progress reflects the search for "the one ring",

which is central to unravelling the essential processes of cell structure and division.
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4 Material and Methods

Methods described in this chapter were published, and methods performed mainly
by the collaborators are described in [369], [371], and [372].

4.1 Materials
Table 9 Cell lines:

Cell line Company/Details

E.coli DH10Multibac Geneva-Biotech

E.coli DH10EmBacY Geneva-Biotech

E.coli pirHC Geneva-Biotech

E.coli DH5a Sigma-Aldrich

E. coli BL21 CodonPlus-RIL Stratagene

Sf9 insect cells (Spodoptera frugiperda) Sigma-Aldrich

Sf21 insect cells (Spodoptera frugiperda) EMBL protein expression facility

High Five inset cells (Trichoplusia ni) Invitrogen (BTI-TN-5B1-4 cat no B855-02

Table 10 Plasmids:

Plasmid Source

pACEBac1 MultiBac system GENEVA Biotech

pIDC MultiBac system GENEVA Biotech

pIDK MultiBac system GENEVA Biotech

pIDS MultiBac system GENEVA Biotech

pIDKpolH (Eustermann et a. 2018)

pIDSpoH (Eustermann et a. 2018)

pETDUET-1 Novagen

pet26b Novagen

Table 11 Kits:

Kit Company/Details
MultiBac™ Geneva-Biotech
Fluorescence-based Tubulin Polymerization assay kit Cytoskeleton, Inc BKO11
QIAquick® Gel extraction kit Qiagen, 28704
InFusion HD cloning kit Takara Bio
NEBuilder Hifi DNA Assembly New England Biolabs (NEB)
Q5 High-Fidelity DNA Polymerase New England Biolabs (NEB)
Trans-Blot Turbo Transfer kit BIO-RAD Laboratories, Inc., (CAT No: 1704150)
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Table 12 Instruments:

Instrument Company/Details
FastGene B/G LED Transilluminator NIPPON Genetic EUROPE, GmbH
Gel-Doc XR Imaging System Bio-Rad Laboratories, Inc.
LAS4000IR FUJIFILM

Amersham Imager 600 GR Healthcare

Bio-Rad C1000 Touch® Thermal Cycler Bio-Rad Laboratories, Inc.
Akta go Cytiva

Nanodrop® ND-1000 Thermo Fisher Scientific
Sonicator UP50H Hielscher

RC 6 Plus centrifuge Sorvall

Discovery 90 SE centrifuge Sorvall

Discovery M120 SE centrifuge Sorvall

Eppendorf Centrifuge 5810R, 5702R, 5424R, 5417R Eppendorf AG

Bio-Rad Trans-Blot® Turbo Transfer System Bio-Rad Laboratories Inc.
Neubauer improved cell counting Paul Marienfield GmbH & Co. KG.
Luna-lI®Automated Cell Counter Logos Biosystem

Bio-Rad Trans-Blot® Turbo Transfer System Bio-Rad Laboratories Inc.
Bio-Rad PowerPac® HC Bio-Rad Laboratories, Inc.
Bio-Rad DNA Sub Cell Bio-Rad Laboratories, Inc.
Bio-Rad mini-PROTEAN® Tetra System Bio-Rad Laboratories, Inc.
CLARIOstar BMG Labtech

Deltavision RT microscope Applied Precision, GE
Talos L120C Thermo Fisher Scientific
4k x 4K Ceta CMOS camera Thermo Fisher Scientific
JEOL JEM1400 Jeol

Titan Krios G1 (300 kV and Quanta GIF energy filter , 20 eV)  Thermo Fisher Scientific

K3 camera (at Krios) Gatan, Inc.
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Table 13 Chemicals and equipment:

Item

Company/Details

400 mesh Cu/Pd hexagonal mesh

200 mesh R2/1 holey carbon copper

Mono Q® 5/50 GL column

Capto HiRes™ Q 5/50 GL column
Superose 6 10/300 GL column

Superose 6 Increase 10/300 GL column
Rotor S100-AT3

Rotor $120-AT2

HB-6 Swinging-Bucket Rotor

Type 45 Ti

F9S 4x1000y

SS-34

Rotor SLC-4000

4-20% Mini-PROTEAN® TGX Stain-Free™ Protein Gels, 10/15 well
PVDF 0.45 pm

Coomassie Brilliant Blue G250

Ethidium bromide

DNA ladder, 1kb

PageRuler™ Plus

Whatman 1 filter paper

Whatman 50 filter paper

Filter 0.2um/0.4um

Amicon Ultra-0,5 30 kDa MWCO

EDTA-free protase inhibitor tablets

Ni-NTA Agarose

Profinity™ IMAC Ni-Charged Resin
Anti-FLAG M2 Affinity Magnetic Beads
Anti-FLAG M2 Affinity Resin

3x FLAG peptide

Cellfectin® Il

FBS

Sf-900® Il medium

Trypan blue solution

Luna® Cell Counting Slide

Actin, rabbit skeletal muscle

IPTG (Isopropyl-b-D- thiogalactopyranoside)
ATP (Adenosine triphosphate)

GTP (Guanidine Triphosphate)

BamHI

EcoRI

Ndel

Cre recombinase

Xhol

Dpnl

Benzonase®

Trans-Blot Turbo RTA Mini 0.2 um PVDF Transfer Kit
Trans-Blot Turbo Transfer Pack Mini format 0.2 um PVDF
Clarity™ Western ECL Substrate Luminol/Enhancer solution

Clarity™ Western ECL Substrate Peroxide solution
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Plano

Quantifoil

Cytiva

Cytiva

Cytiva

Cytiva

Sorvall

Sorvall

Beckman

Beckman

Thermo Fischer Scientific
Thermo Fischer Scientific
Sorvall

BIO-RAD, 4568093, 4568096
Millipore Merck

Sigma Aldrich

Sigma Aldrich, E8751

New England Biolabs Gmbh
Thermo Fisher Scientific

GE Healthcare, CAT No:1001-055

GE Healthcare, CAT No:1450-070

Whatman GE Healthcare Life Science

MERCK UFC5030

Roche, 90087-000001

Qiagen, 163023770

Bio-Rad

Sigma-Aldrich

Sigma-Aldrich

Gentaur Molecular Products BVBA
Thermo Fisher Scientific

Gibco by Life Technologies Ltd
Thermo Fisher Scientific
Sigma-Aldrich, Lot # RNBJ7454

Logos Biosystem

Cytoskeleton Inc., SKU: AKL99 (>99% Pure)

Apollo Scientific
AppliChem GmbH
AppliChem GmbH

New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)
New England Biolabs (NEB)

Sigma-Aldrich

BIO-RAD Laboratories, Inc., 1704272

BIO-RAD Laboratories, Inc.

BIO-RAD Laboratories, Inc.

BIO-RAD Laboratories, Inc.
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Table 14 Software:

Software Company/Details

Fiji Schindelin et al, 2012

PRISM Graphpad (version 9.1/9.2)

Unicorn Cytiva (Version 7.5)

EPU Thermo Fischer Scientific (version 2.6, 2.9)
Gotf Zhang et al., 2016 (version 1.06)
UCSF-Chimera Pettersen et al., 2004 version 1.13.1)
Relion Zivanov et al., 2018 version 3.1
LAS4000IR FUJIFILM, v2.1

SnapGene GSL Biotech LLC

Nanodrop 2000/2000¢c Thermo Fisher Scientific

AlphaFold v2.2.0
PyMOL (PyMOL v2.1, Schrodinger)
Namdinator (Kidmose et al., 2019)
Microsoft Excel Microsoft (v16.46.21021202)
Adobe lllustrator Adobe
Table 15 General buffers:
Buffer Name Compositon
1x TBS 10 mM TRIS pH 8, 150 mM NaCl
1x TBS-T 10 mM TRIS pH 8, 150 mM NaCl, 0.05% v/v Tween20
1x TAE 20 mM TRIS, 1 mM EDTA, pH 7.5 adjusted with acetic acid
6x DNA loading buffer 0.25% w/v Bromophenol blue, 0.25% w/v Xylene cyanol, 30%, v/v Glycerol
1x SDS running buffer 25 mM TRIS, 192 mM Glycine, 0.1% w/v SDS
4x Lammli buffer 200 mM TRIS, 40% v/v glycerol, 8% w/v SDS, 100 mM DTT, 0.08% w/v Bromphenol blue
Coomassie staining solution 90 mg Coomassie Brilliant Blue G250, 3 ml HCI (37%) in 1 1 H20
Blotting buffer 25 mM TRIS, 192 mM Glycine, 0.25% w/v SDS, 20% v/v Methanol
Immunoblot blocking buffer 3% w/v nonfat dry milk in TBS-T
BRB80 80 mM K-PIPES pH 6.8, 1 mM MgClz, 1 mM EGTA
Minipreparation resuspension (S1) 50 mM TRIS pH 8.0, 10 mM EDTA, 100 pg/ml RNase A (DNase free)
Minipreparation lysis buffer(S2) 200 mM NaOH, 1% SDS

Minipreparation neutralization buffer (S3) 2.8 M K-Acetate, pH 5.1

LB-Medium (Luria/Miller) (C.Roth X968) Trypton
109/
Yeast extract
59/
NaCl
109/
pH
7,0£0,2

LB-Agar (Luria/Miller) (C.Roth X969) Trypton
109/l
Yeast extract
59/l
NaCl
109/l
Agar-Agar
159/l
pH
7,0 0,2

2xYT-Medium (C.Roth) Trypton
16 g/l
Yeast extract
10 g/l
NaCl
59/l
pH
7,00,2
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4.2 Molecular cloning methods
4.2.1 PCR

As reported in the results section, cloning was executed using the InFusion/NEBuilder
Hifi assembly method. Plasmids and inserts were amplified via PCR following the
standard procedure, utilizing the Q5 High-Fidelity DNA Polymerase Kit (NEB) in 50 pl
or 100 pl volumes, detailed in Table 16 The PCR thermocycler settings are listed in
Table 17. For cases where the standard protocol failed, the reaction was
supplemented with either the Q5 High GC Enhancer or 2% dimethyl sulfoxid (DMSO).
The NEBuilder Assembly Tool (https://nebuilder.neb.com/#!/) was used to design
primers.

Table 16 Composition of the PCR Master Mix:

Component Composition 50 pl Reaction 100 pl Reaction
5X Q5 Reaction Buffer 1X 10 ul 20 pl
2 mM dNTPs 200 uM 5ul 10 pl
10 pM Forward Primer 0.5uM 2.5l 5l
10 pM Reverse Primer 0.5uM 2.5l 5l
Template DNA <10ng 0.5l 0.5 pl
Q5 High-Fidelity DNA Polymerase 0.02 U/pl 0.5 pl 1l
Nuclease-Free Water 1X 29.0 pl 58.5 pl

Table 17 Program of the PCR reaction: The * indicates that the annealing temperature is
dependent on the used primers.

Step Tempreture  Time
Initial Denaturation ~ 98°C 60 sec
25-35 Cycles 98°C 8 sec
56-72°C* 30 sec
72°C 35 sec per 1000 bp
Final Extension 72°C 120 sec
Hold 4°C

4.2.2 Gel electrophoresis

PCR products of cloning intermediates were run on an agarose gel with subsequent
DNA extraction. Control PCR reactions run only for visualization purposes. Gel
electrophoresis was performed with 1% agarose (Biozym) dissolved in 1xXTAE buffer.
The samples run at constant 140 V, with 1 kb GeneRuler (Thermo Scientific) as size

marker. The gel was then incubated in an ethidium bromide solution for 10 min.
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Afterwards, DNA fragments were cut using a scalpel upon visualization with a LED
Transilluminator. For visualization purposes, a Bio-Rad machine (Gel Doc XR) was
used, and visualization of stained DNA fragments was done via ultraviolet (UV) light.
Importantly, DNA fragments for further cloning purposes were never exposed to UV
light. DNA fragments excised from the gel were extracted using a Qiagen gel

extraction kit following manufacturer instructions.

4.2.3 InFusion/NEBuilder Hifi assembly, mutagenesis, and Cre-
recombination

For the molecular cloning, DNA fragments extracted from the gel were combined
using InFusion/NEBuilder Hifi assembly kits following manufactures instructions, with
the only exception that all given volumes were divided by two. If gene fragments were
ordered (IDT USA), the required DNA overhangs were already attached to the ordered
sequences, and the purchased DNA fragments were used for the InFusion/NEBuilder
assembly reactions without prior PCR amplification. For point mutations of plasmids,
specific mutation primers were designed (Table 20, 21), and the corresponding
plasmids were amplified in a standard 50 pl PCR reactions with 25 cycles. After the
PCR, 1 pl of the restriction enzyme Dpn1 (NEB) was added (1 pl in 50 pl PCR reaction)
and the mix was incubated for 1 h at 37°C. Afterwards, 1 pl was used for a standard
E. coli transformation, described in the following chapter. For the Cre-recombination
of MultiBac plasmids, the protocol provided by the company was used (Geneva
Biotech, MultiBac Manual version 5.1). Briefly, 1-3 ug of each plasmid were mixed in
a 1:1 ratio in a 20 pl reaction volume with 1.5 pl of Cre-recombinase (NEB) and

incubated at 37°C for 1 h. Afterwards, 10 ul were used for transformation.

4.2.4 Transformation into E. coli

In general, cloning was done in DH5alpha cells. Cloning steps of the MultiBac protocol
for pIDC, pIDK, and pIDS were done into pirHC cells or for bacmid production into
DH10MultiBac™/DH10EmBacY cells (Geneva Biotech, MultiBac manual version 5.1).
Chemically competent bacterial cultures (100 pl) stored at -80°C were incubated for
20 min on ice. Afterwards, the following DNA amount was applied to the culture: 2 pl
(DNA inserts < 3000 bp) - 10 pul (DNA inserts > 3000 bp) for InFusion/NEBuilder
reactions; 10 ul for Cre-recombination reactions; 50 ng - 500 ng for transformation
into DH10Mbac/DH10MbacY. After 20 min of incubation on ice, cells were heat-

shocked at 42°C for 42 seconds and subsequently incubated for 2 min on ice. Then,
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600 ul of LB medium was added to the transformed cells, and they were incubated
for 20-60 min shaking at 37°C. For Cre-recombination reactions and transformation
into DH10MultiBac/DH10EmBacY, recovery was performed overnight. Afterwards,
bacteria were plated on LB plates supplemented with the corresponding antibiotics.
E. coli used in this thesis were grown either in LB or 2xYT medium with the
corresponding antibiotics. Constructs of the MultiBac system after Cre-recombination
were always grown and plated with all the required antibiotics for each of the
combined plasmid backbones (Gentamycin, Kanamycin, Chloramphenicol and
Spectinomycin) in concentrations provided by the company (Geneva Biotech,
MultiBac Manual version 5.1). All chemically competent cells were provided by Ursula
Jakle. Briefly, E. coli colonies grown on an agar plate were transferred to a liquid
culture (LB medium) and grown until an optical density (OD) at 600 nm of 0.6.
Afterwards, cells were centrifuged at 4,000 x g for 10 min at 4°C. All subsequent steps
were performed in the cold room with precooled equipment. The supernatant was
discarded, and cells were resuspended in ice-cold TB buffer (50 ml for 200 ml E. coli
pre-culture). Cells were centrifuged again at 4,000 x g for 10 min at 4°C. The
supernatant was discarded, and cells were resuspended in TB buffer (16 ml for 200
ml E. coli pre-culture). Then DMSO was added (1.2 ml for 16 ml TB buffer suspension)
and cells were aliquoted and flash frozen using liquid N, and stored at -80°C until
further usage.

Table 18 Buffer for competent cells:

TB buffer composition
(400 ml) pH 6.7

1.2 g PIPES
0.86 g CaCl2
7.44 mg KCI

4.36 g MnClz* 4 H20

4.2.5 Mini DNA preparation

For the Mini DNA preparation, 300 ul S1 buffer (see general buffer list Table 15) was
added to pellets from 2 ml cell culture (2 ml Eppendorf tube) and thoroughly mixed.
Afterwards, 300 ul of S2 buffer was added, and the Eppendorf tube was turned 6-8
times. Next, 350 ul S3 buffer was added, and the Eppendorf tube was rotated again
6-8 times. The sample was then centrifuged 20,000 x g at 4°C for 10 min. 900 pl of

supernatant was transferred to a new 1.5 ml Eppendorf tube and 80% of the volume
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was added in isopropanol (720 ul) and centrifuged 20,000 x g at 4°C for 20 min.
Following the centrifugation, the DNA pellet was washed with 200 pl 70% ethanol for
2 min and spun again for 2 min at 20,000 x g. The pellet was air-dried and dissolved
in 35 pl of ultrapure water. The DNA concentration was measured using the

NanoDrop® spectrophotometer.

4.2.6 DNA construct verification and Sequencing

To confirm the integrity of DNA constructs, PCR amplifications were conducted using
general primers in conjunction with gene-specific primers (Tables 19-22). For both the
MultiBac system cloning and bacterial expression constructs, complete inserts were
sequenced ensuring correctness of the entire sequence including the region around
start and stop codons. For constructs containing multiple genes, each gene inclusion
was verified at every cloning stage via PCR and/or Sanger sequencing. Additionally,
bacmids for baculovirus production were checked for proper gene integration through

PCR. Sanger sequencing was performed by Microsynth Seqglab GmbH, and sequence

alignment was performed using SnapGene software.

Table 19 General primers: Primer sequences were published [371,372].

Primer name

Sequence (5’ - 3’)

Description

MultiBac_vector_fwd

MultiBac_vector_rev

Combination_vector_fwd

Combination_vector_rev

Combination_insert_fwd

Combination_insert_rev

FastBac_fwd
FastBac_rev
inbetween_insertsF
inbetween_insertsR
pACEBac1_speziF
pACEBac1_speziR
plD_speziF
plD_speziR

TCTAGAGCCTGCAGTCTCG
CAG GTAATAAAAAAACCTATAAATAT

TTCGCGACCTACTCCGGA

CAGATAACTTCGTATAATGTATGCT

ATACGAAGTTATCTGTTCGCGACCTACTCCGGA

GGAGTAGGTCGCGAAGATCCAGACATGATAAGATACATTG

TACTGTTTTCGTAACAGTTTTG
CATTTTATGTTTCAGGTTCAGG
ATGTCTGGATCTTCGCGA
GAGTAGGTCGCGAAGATC
TTACGAACCGAACAGGC
GGTTCCAATTAGATGGG
GAGAGCTTAGTACGTAC
TGCGGAGAAAGAGGTAA
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General primer to amplify and open MultiBacroH vectors
General primer to amplify and open MultiBacreH vectors

General primer to amplify and open MultiBacreH vectors for the combination of
two expression cassettes

General primer to amplify and open MultiBacroH vectors for the combination of
two expression cassettes

General primer to amplify a polH expression cassette from MultiBacroH vectors for
the combination of two expression cassettes

General primer to amplify a polH expression cassette from MultiBacreH vectors for
the combination of two expression cassettes

Sequencing and control PCR
Sequencing and control PCR
Sequencing and control PCR
Sequencing and control PCR
Sequencing and control PCR
Sequencing and control PCR
Sequencing and control PCR

Sequencing and control PCR
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Table 20 Primers used for cloning of insect cell expression constructs of human y-TuRC:
Primer sequences were published [371,372].

Primer name

Sequence (5’ - 3’)

Description

GCP5_pre_fwd

GCP5_2xFLAG_fwd

GCP5_rev
GCP2_fwd
GCP2_rev
GCP4_fwd
GCP4_rev
GCP6_fwd
GCP6_rev
y-tubulin_fwd
y-tubulin_rev
actin_beta_fwd
actin_beta_rev
MZT1_fwd
MZT1_rev
MZT2B_fwd
MZT2B_rev
GCP3_fwd
GCP3_rev

GCP3-TEV-2xFLAG_rev

AN56-GCP6_fwd

AN56-GCP6_rev

GAAAACCTGTA CAGGGCGCCATGATGGCGCGGCACGGGCCA

AAAACCTATAAATATGGACTACAAGGACGATGACGACAAGGATTACAAGGA
TGACGACGATAAGATCCCAACGACCGAAAACCTGTA CAG

ACTGCAGGCTCTAGATTAACTTTGTTCCATGCCAGCC
AAAACCTATAAATATGAGTGAATTTCGGATTCACCA
ACTGCAGGCTCTAGATCACTGTGCGGTGACTGCGAC
AAAACCTATAAATATGATCCACGAACTGCTCTTGG
ACTGCAGGCTCTAGATCACATCCCGAAACTGCCCA
AAAACCTATAAATATGGCCAGCATCACGCAGCTGT
ACTGCAGGCTCTAGATCAGGCGTCCTGGTAGTAGTT
AAAACCTATAAATATGCCGAGGGAAATCATCAC
ACTGCAGGCTCTAGATCACTGCTCCTGGGTGCC
AAAACCTATAAATATGGATGATGATATCGCCGCGCTC
ACTGCAGGCTCTAGACTAGAAGCATTTGCGGTGGAC
AAAACCTATAAATATATGGCGAGTAGCGGCGGTGC
ACTGCAGGCTCTAGATCAGCTTGTCATATTTTCAGCAG
AAAACCTATAAATATATGGCGGCGCAGGGCGTA
ACTGCAGGCTCTAGACTAGGTGCTGCCCCGTGTAG
AAAACCTATAAATATGGCGACCCCGGACCAGAAG

ACTGCAGGCTCTAGATCACGTGTGGGAGCTGCGC

GATTACTTATCGTCGTCATCCTTGTAATCCTTGTCGTCATCGTCCTTGTAGT
CTCCGCCTCCTCCGCCGCCCTGAAAATACAGG CGGATGCCGTGTG
GGAGCTGCGCCGCC

CATATTTATAGG ATTACAAAACTGTTACGA

TCTAGAGCCTGCAGTCTCG

Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors

Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
with additional 2xFLAG TAG

Amplification of a specific gene with overhangs to insert it into MultiBacre vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors
Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors

Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
with additional 2xFLAG TAG

Deletion of specific a DNA sequence from a vector via Q5 site directed
mutagenesis

Deletion of specific a DNA sequence from a vector via Q5 site directed
mutagenesis

Table 21 Primers used for cloning of E.coli constructs: Primer sequences were published [372].

Primer name

Sequence (5’ - 3))

Description

FLAG-MZT1 fwd

FLAG-MZT1 rev
GCP6N126 fwd
GCP6N126 rev
GCP6B(pET26b)_fwd
GCP6(pET26b)_rev
42A 46A fwd

42A 46A rev

35D 38D 39D fwd

35D 38D 39D rev

35D 38D 39D for all mut
35A 38A 39A for all fwd
35A 38A 39A for all rev
35A 38A 39A fwd

35A 38A 39A rev

ACTTTAAGAAGGAGATATACCATGGATGGACTACAAAGACGATGACGACAA
GGGTTCTATGGCGAGTAGCGGCGGT tag

CTGCAGGCGCGCCGAGCTCGAATTCTCAGCTTGTCATAT CAGCAGCC

Amplification of a specific gene with overhangs to insert it into petDuet vectors vectors with additional FLAG-

TTc Amplification of a specific gene with overhangs to insert it into into petDuet vectors

GTATAAGAAGGAGATATACATATGGCCAGCATCACGCAGCTG

CAGCGGTTTCTTTACCAGACTCGAGTTAATGATGATGGTGGTGGTGATGAT
GGCCGGACAGAACTTGAGGGGGACCAC

CTTTAAGAAGGAGATATACATATGGCCAGCATCACGCAGCTG
GGTGATGGTGATGGTGGTGGGATCCCAGAACTTGAGGGGGACCAC
GTGGCCGCTAATGCTCTTGCGACAAATCTTTTTCAAGATGAGACTCAAC
GCATTAGCGGCCACCTTCTTGAGGCT
AGGGCAAAGGATAGCCTCGACGACGTGGCCTACAATGCTCTTTTC
AGGCTATCCTTTGCCCTCTTCCGGTT
AGGGCAAAGGATAGCCTCGACGACGTGGCCGCTAATGCTCTTGCGACA
GCAAAGGCGAGCCTCGCTGCCGTGGCCGCTAATGCT
AGCATTAGCGGCCACGGCAGCGAGGCTCGCCTTTGC
GAAGAGGGCAAAGGCGAGCCTCGCGGCGGTGGCCTACAATGCTCTTTTC
AGGCTCGCCTTTGCCCTCTTCCGGTT

Amplification of a specific gene with overhangs to insert it into into petDuet vectors
Amplification of a specific gene with overhangs to insert it into into petDuet vectors
Amplification of a specific gene with overhangs to insert it into into pet26b vectors
Amplification of a specific gene with overhangs to insert it into into pet26b vectors
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis
Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis

Point mutations of specific a DNA sequence from a vector via Q5 site directed mutagenesis

AN56-GCP6 (PETDUET) fwd ~ GAAGGAGATATACATATGCTGCAGCCTGACATGTCAAA Deletion of specific a DNA sequence from a vector via Q5 site directed mutagenesis

AN56-GCP6 (pETDUET) rev ATGTATATCTCCTTCTTATACTTAACTAATATACTAAGATGG Deletion of specific a DNA sequence from a vector via Q5 site directed mutagenesis

Table 22 Primers used for cloning of insect cell expression constructs of the X. laevis
augmin complex: Primer sequences were published [369].

Primer name Sequence (5’ - 3') Description

Pet26b-EGFP fwd GGATCCGCTGGCTCCGCT Amplification of EGFP-8His pet26b for cloning of HAUS1

Pet26b-EGFP rev TATTTCTAGAGGGGAATTGTTATCCGCTCACAATTC Amplification of EGFP-8His pet26b for cloning of HAUS1

HAUS1-EGFP_fwd taataaaaaaacctataaatatGGACGAGAAGAGCACTAAG Amplification of a specific gene with overhangs to insert it into MultiBacreH vectors

HAUS1-EGFP_rev tcgagactgcaggctctagaTTAGTGATGGTGATGGTG Amplification of a specific gene with overhangs to insert it into MultiBaceoH vectors

HAUS8_fwd taataaaaaaacctataaatatGTCGGAAGCTGGAGTTGC Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors

HAUSS8_rev gactgcaggctctagaATCAAGGTAGGGATCCATCAAAATAC Amplification of a specific gene with overhangs to insert it into MultiBacroH vectors
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4.2.7 Molecular cloning of the recombinant human y-TuRC

Methods, as well as the used primers were published along with a detailed description
of the cloning procedure [371,372]. Briefly, the constructs were adapted from the
MultiBac system (Geneva Biotech, MultiBac Manual version 5.1) as described in
Chapter 2.1.1 and Figure 8. For the MultiBac constructs, only modified versions of
pIDK and pIDS with polH expression cassette, were used (Figure 8) [34]. The used
cDNAs for the cloning of the human y-TuRC are listed in Table 23. Gene fragments of
RUVBL1 and RUVBL2 were purchased (IDT, USA) with InFusion/NEBuilder 5’- and 3’-
overhangs (5-AAAACCTATAAATATG, 3-TCTAGAGCCTGCAG) and optimized for
expression in insect cells. Primers used for the cloning of the human genes of the y-
TuRC are listed in Table 20 and the relevant intermediates and final constructs used

for baculovirus production are listed in Table 25.

Table 23 Gene variants of the human y-TuRC used for MultiBac constructs:

Protein Gene and identifier Natural variant
y-tubulin TUBGH1, P23258

GCP2 TUBGCP2, Q9BSJ2

GCP3 TUBGCP3, Q96CW5

GCP4 TUBGCP4 Q9UGJ1-2 427

GCP5 TUBGCP5, Q96RT8 AAH71560, R198G
GCP6 TUBGCPS6, Q96RT7

MZT1 MZT1, Q08AG7 VAR_043562 S5G

MZT2B MZT2B, Q6NZ67
Actin beta ACTB, P60709
RuvB-like 1 RUVBL1, Q9Y265
RuvB-like 2 ~ RUVBL2, Q9Y230

4.2.8 Molecular cloning of the recombinant X. laevis augmin complex
Methods, as well as the used primers were published along with a detailed description
of the cloning procedure [369]. The used genes, ordered as fragments, are listed in
Table 24 using primers described in Tables 19 and 22. The purchased gene fragments
were ordered with the following overhangs: 5’-AAAACCTATAAAT and 3’-
TCTAGAGCCTGCAGT (HAUS4, HAUSS5); 5'-AAAACCTATAAATATGGACTACAAG-
GACGATGACGACAAGGATTACAAGGATGACGACGATAAGATCCCAACGACCGAAA
ACCTGTATTTTCAGGGCGCCATG and 3'-TCTAGAGCCTGCAGT (HAUS3 and
HAUSG, additional N-terminal 2xFLAG-TEV tag); 5'-ATTCCCCTCTAGAAATA and 3'-
GAAAACCTGTATTTTCAGGGCGGATCCGCTGGCTCCGCT (HAUSH, for cloning into
pET26b-EGFP vector [369]). To insert the C-terminal TEV-EGFP-3C-8xHis TAG
following HAUS1, the ordered gene fragment was cloned into pET26b-EGFP using
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primers listed in Table 22. For the cloning of HAUSS8, a cDNA template was used for
PCR amplification and subsequent cloning into the MultiBac vectors. Intermediate

constructs and final constructs used for baculovirus production are listed in Table 25.

Table 24 Gene variants of the X. laevis augmin complex used for MultiBac constructs:

Protein Identifier Source

HAUS1 XM_018267162.1 IDT codon optimized for Spodoptera frugiperda
HAUS2 NP_001085195.1 IDT codon optimized for Spodoptera frugiperda
HAUS3 XM_018226568.1 IDT codon optimized for Spodoptera frugiperda
HAUS4 NM_001096090.1 IDT codon optimized for Spodoptera frugiperda
HAUS5  XM_018226568.1 IDT codon optimized for Spodoptera frugiperda
HAUS6 NM_001097095.1 IDT codon optimized for Spodoptera frugiperda
HAUS7 NP_001121229.1 IDT codon optimized for Spodoptera frugiperda

HAUS8  XB-GENEPAGE-579  Prof. Dr. Simone Reber, cDNA

4.2.9 Molecular cloning of E. coli expression constructs

Methods described as well as the used primers were published, along with a detailed
description of the cloning procedure [372]. FLAG-MZT1 was inserted into the Ncol
and EcoRl cleavage site of pETDuet-1 vector, while TUBGCP6n126 with a C-terminal
8xHis tag was cloned into Ndel and Xhol cleavage site of pETDuet-1. For the vector
containing only GCP6n126-8xHis TAG, the amplified DNA was inserted into the Ndel
and BamHI cleavage site of the pET26b expression vector. The primers used to
generate the GCP6-N-terminus and MZT1 constructs as well as point mutations are
listed in Table 21, and the final constructs used for E. coli expression are listed in
Table 25.
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Table 25 Plasmids generated in this thesis:

Name Identifier Vector backbone Resitency

pIDC-Actin-Beta pWMOO1 pIDC Chloramphenicol
pACEBac1-2xFLAG-TEV-GCP5 pWMO002 pACEBaci Gentamicin

pIDC-GCP2 pWMO003 pIDC Chloramphenicol

pIDC-GCP3 pWMO004 pIDC Chloramphenicol

pIDK-TUBGH1 pWMO006  plIDKpoH Kanamycin

pIDK-GCP4 pWMO007  plIDKproH Kanamycin

pIDC-Actin-Beta+GCP3 pWMO008 pIDC Chloramphenicol

pACEBac1-MZT1 pWMO012  pACEBac1 Gentamicin

pIDC-GCP2_GCP3 pWMO013  pIDC Chloramphenicol

pIDK-TUBG1_GCP6 pWMO014  plIDKpoH Kanamycin

pIDK-TUBG1_GCP4 pWMO15  plIDKroH Kanamycin

pIDS-GCP4 pWMO016  plDSpoH Spectinomycin

pIDS-Actin-Beta pWMO17  plDSpoH Spectinomycin

pIDC-GCP6 pWMO018  pIDC Chloramphenicol
Cre-2xFLAG-TEV-GCP5+GCP6 pWMO019  pACEBaci, pIDC Gentamicin, Chloramphenicol
Cre-2xFLAG-TEV-GCP5+GCP6 pWMO020 pACEBac1, pIDC Gentamicin, Chloramphenicol
pIDS-Actin-Beta_GCP4 pWMO021 pIDSpoH Spectinomycin
pACEBac1-2xFLAG-TEV-GCP5_MZT1 pWMO022  pACEBac1 Gentamicin

Cre-GCP6_TUBG1+MZT1 pWMO023  pACEBac1, plDKrolH Gentamicin, Kanamycin
Cre-2xFLAG-TEV-GCP5+GCP2_GCP3 pWMO024  pACEBaci, pIDC Gentamicin,Chloramphenicol
Cre-2xFLAG-TEV-GCP5+GCP6+GCP4_TUBG1 pWMO025 pACEBac1, pIDC, pIDKpolH Gentamicin, Chloramphenicol, Kanamycin
Cre-2xFLAG-TEV-GCP5+GCP6+GCP4_TUBG1_Actin- PWM026 pACEBac1, pIDC, pIDKroH, Gentamicin, thoramphenicol, Kanamycin,
Beta pIDSpoH Spectinomycin
Cre-2xFLAG-TEV-GCP5+GCP2_GCP3+GCP4_TUBG1 pWMO027 pACEBac1, pIDC, plDKpelH Gentamicin, Chloramphenicol, Kanamycin
Cre-GCP6_TUBG1+MZT1+Actin-Beta pWMO028  pACEBac1, pIDKpoH, p|DSpolH Gentamicin, Kanamycin, Spectinomycin
Cre-Mzt1+GCP2_GCP3 pWMO030 pACEBac1, pIDC Gentamicin, Chloramphenicol
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Name Identifier Vector backbone Resitency

pIDC-2xFLAG-TEV-xHAUS3 pWMO031 pIDC Chloramphenicol
pIDC-2xFLAG-TEV-xHAUS3 pWMO032 pIDC Chloramphenicol

pACEBac1-xHAUS4 pWMO033 pACEBaci Gentamicin

pIDK-xHAUS4 pWMO034  plDKpoH Kanamycin

pIDC-2xFLAG-TEV-xHAUS3 pWMO035 pIDC Chloramphenicol

pIDK-xHAUS2 pWMO037  plDKpoH Kanamycin

pACEBac1-xHAUS5 pWMO039  pACEBact Gentamicin

pACEBac1-xHAUS7 pWMO040 pACEBac1 Gentamicin

pIDS-xHAUS1-EGFP-8xHIS pWMO041 plIDSpoH Spectinomycin

pIDS-xHAUS8 pWMO042  plDSpoH Spectinomycin

pIDS-NEDD1 pWMO043  plIDSpolH Spectinomycin

pACEBac1-NME7 pWMO044  pACEBaci Gentamicin

pACEBac1-GCP2-FLAG pWMO045  pACEBaci Gentamicin
pIDC-2xFLAG-TEV-xHAUS3_xHAUS4 pWMO046  plDKpoH Kanamycin
Cre-xHAUS5+xHAUS1-EGFP-8xHIS pWMO047  pACEBac1, pIDSpoH Gentamicin, Spectinomycin

pIDK-GCP5 pWMO048  plDKroH Kanamycin

pACEBac1-MZT1_GCP2 pPWM049  pACEBaci Gentamicin

?évzlgzgggia;ﬁl&usn EGFP-8xHIS+2FLAG- pWMO050 pACEBac1, plDKpoH,pIDSpoH Gentamicin, Kanamycin, Spectinomycin
pACEBac1-MZT1_NME7 pWMO51 pACEBac1 Gentamicin
Cre-GCP2-FLAG+GCP3_Actin-Beta pPWMO052  pACEBaci, pIDC Gentamicin,Chloramphenicol
Cre-MZT1_NME7+NEDD1 pWMO053  pACEBac1, pIDSrolH Gentamicin, Spectinomycin
Cre-MZT1_NME7+NEDD1 pWMO054  pACEBac1, pIDSpoH Gentamicin, Spectinomycin

pIDK-MZT2B pWMO055  plDKpoH Kanamycin
Cre-GCP2-FLAG+GCP3_Actin-Beta+TUBG1 pWMO056  pACEBac1, pIDC, pIDKpelH Gentamicin, Chloramphenicol, Kanamycin
Cre-GCP2-FLAG+GCP3_Actin-Beta+TUBG1_GCP6 pWMO057 pACEBac1, pIDC, plDKpelH Gentamicin, Chloramphenicol, Kanamycin
pIDK-GCP4_GCP5 pWMO058  plDKproH Kanamycin
Cre-MZT1_NME7+NEDD1_MZT2B PWMO059  pACEBac1, pIDSreH, pIDKroH Gentamicin, Spectinomycin, Kanamycin
Cre-GCP2-FLAG+GCP3_Actin- pACEBac1, pIDC, plDKpelH, Gentamicin, Chloramphenicol, Kanamycin,
Beta+TUBG1_GCP6+GCP4_GCP5 PWMOB0 1 pgpott Spectinomycin

pACEBac1-Actin-Beta pWMO061 pACEBac1 Gentamicin

plDK-2xFLAG-TEV-xHAUS6 pWMO062  plDKpoH Kanamycin

pIDS-xHAUS2_xHAUS8 pWMO063  plDSpolH Spectinomycin
Cre-xHAUS7+2xFLAG-xHAUS6 pWMO064  pACEBac1, plDKpolH Gentamicin, Kanamycin
Cre-xHAUS7+xHAUS2_xHAUS8 pWMO065 pACEBac1, plDSroH Gentamicin, Spectinomycin
S;z—;gg;—l/—)\(ﬂiﬁggFLAG—xHAuse— pWMO066  pACEBac1, pIDKreH, pIDSpolH Gentamicin, Kanamycin, Spectinomycin
Cre-MZT1+GCP2_GCP3+MZT2B pWMO067  pACEBac1, pIDC, plDKpelH Gentamicin, Chloramphenicol, Kanamycin
pIDC-AN56-GCP6 pWMO069 pIDC Chloramphenicol

pIDK-TUBG1_MZT2B pWMO070  plDKpoH Kanamycin
Cre-2xFLAG-TEV-GCP5+GCP4_TUBGH1 pWMO71 pACEBac1, pIDKpoH Gentamicin, Kanamycin
Cre-GCP4_TUBG1+GCP3_Actin-Beta pWMO072  pIDC, pIDKpoH Chloramphenicol, Kanamycin

pIDS-MZTA PWMO073  plDSpoH Spectinomycin
Cre-GCP2-8xHIS+GCP3_Actin-Beta+TUBG1_MZT2B pWMO074  pACEBac1, pIDC, pIDKpolH Gentamicin, Chloramphenicol, Kanamycin
Cre-GCP2-8xHIS+GCP3_Actin- pACEBac1, pIDC, plDKpelH, Gentamicin, Chloramphenicol, Kanamycin,
Beta+TUBG1_MZT2B+MZT1 PWMO75 1 pgpott Spectinomycin
Cre-2xFLAG-TEV-GCP5+AN56-GCP6 pWMO076  pACEBac1, pIDC Gentamicin, Chloramphenicol
Cre-2xFLAG-TEV-GCP5+AN56-GCP6+GCP4_TUBG1 pWMO077  pACEBac1, pIDC, pIDKpolH Gentamicin, Chloramphenicol, Kanamycin
Cre-2xFLAG-TEV-GCP5+AN56- pWMO079 PACEBac1, pIDC, plDKpelH, Gentamicin, Chloramphenicol, Kanamycin,

GCP6+GCP4_TUBG1+Actin-Beta

pIDSpoH
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Name Identifier Vector backbone Resitency
pIDS-RuvBL1 pWMO080  plDSpoH Spectinomycin
pIDS-RuvBL2 pWMO081  pIDSpoH Spectinomycin
Cre-MZT1+GCP2_GCP3+MZT2B_TUBG1 pPWMO082  pACEBac1, pIDC, pIDKpoH Gentamicin, Chloramphenicol, Kanamycin
pIDS-RuvBL1_RuvBL2 pPWMO083  pIDSpoH Spectinomycin
pIDS-RuvBL1_RuvBL2 pPWMO084  pIDSpoH Spectinomycin
pACEBac1-MZT1_MZT2B pWMO085  pACEBaci Gentamicin
Cre-MZT1+GCP2_GCP3+MZT2B_TUBG1+ RuvBL1_RuvBL2  pWMO086 S’,‘,\JCSEE.? o1, PIDC, pIDKCeT, gsg;r:ci,iny’c?nhIorampheniml’ Kanamyein,
pACEBac1-GCP6-2xFLAG pWMO087  pACEBac1 Gentamicin
pPACEBac1-GCP3-2xFLAG pWMO088 pACEBact Gentamicin
Cre-MZT1_MZT2B + RuvBL1_RuvBL2 PWMO089  pACEBact, pIDSpoH Gentamicin, Spectinomycin
pIDC-GCP2_GCP3-2xFLAG pPWMO090 pIDC Chloramphenicol
Cre-MZT1_MZT2B + RuvBL1_RuvBL2+ GCP2_GCP3 pPWMO091 pACEBac1, pIDC, plDSpoH Gentamicin, Chloramphenicol, Spectinomycin
pPACEBac1-2xFLAG-xNEDD1 pWM100 pACEBact Gentamicin
Cre-MZT1_MZT2B + RuvBL1_RuvBL2+ GCP6 pWM101 pACEBacT, pIDC, plDSpoH Gentamicin,Chloramphenicol,Spectinomycin
Cre-2xFLAG-TEV-GCP5+GCP6+GCP4_Actin-Beta pPWM102  pACEBac1, pIDC, pIDSpoH Gentamicin, Chloramphenicol, Spectinomycin
Cre-MZT1_MZT2B + RuvBL1_RuvBL2+ GCP2_GCP3-2xFLAG pPWM103  pACEBac1, pIDC, pIDSpoH Gentamicin, Chloramphenicol, Spectinomycin
Cre-MZT1_MZT2B + RuvBL1_RuvBL2+ GCP2_GCP3-2xFLAG pACEBac1, pIDC, pIDKpoH, Gentamicin, Chloramphenicol, Kanamycin,
+ TUBG1 pWM104 plDSpolH Spectinomycin
pIDK-TUBG1(R295D R296D R301A) PWM105  pIDKpoH Kanamycin
petDuet-FLAG-MZT1_GCP62318xHis pPWM107  petDuet Ampicillin
petDuet-FLAG-MZT1_GCP62808xHis pWM108  petDuet Ampicillin
petDuet-FLAG-MZT1_GCP61268xHis(35D,38D,39D,46A) PWM109  petDuet Ampicillin
petDuet-FLAG-MZT1_GCP61268xHis(35A,42A,46A) pPWM110  petDuet Ampicillin
petDuet-FLAG-MZT1_GCP61268xHis(35A,38A,39A) pPWM113  petDuet Ampicillin
petDuet-FLAG-MZT1_GCP61268xHis(35D,38D,39D) pWM114  petDuet Ampicillin
petDuet-FLAG-MZT1_GCP6s57-1268xHis pWM115  petDuet Ampicillin
petDuet-FLAG-MZT1_GCP61268xHis(35D,38D,39D,42A,46A) pWM116  petDuet Ampicillin
pIDK-TUBG1_AN126-GCP6 pWM122  pIDKpoH Kanamycin
pIDK-TUBG1_AN280-GCP6 pPWM123  pIDKpoH Kanamycin
Cre-MZT1_MZT2B + RuvBL1_RuvBL2 + TUBG1 pPWM127  pACEBac1, pIDKroH, pIDSpoH Gentamicin, Kanamycin, Spectinomycin
Cre-2xFLAG-TEV-GCP5 + GCP2_GCP3 + GCP4_Actin-Beta pWM129  pACEBact, pIDC, pIDSpoH Gentamicin, Chloramphenicol, Spectinomycin
Cre-2xFLAG-TEV-GCP5 + GCP2_GCP3 + GCP4_Actin- pACEBac1, pIDC, pIDKpoH, Gentamicin, Chloramphenicol, Kanamycin,
Beta+TUBG1 PWM139 1 pgpon Spectinomycin
Cre-GCP6-2xFLAG + GCP4_TUBGH1 pPWM140 pACEBac1, pIDKpoH Gentamicin, Kanamycin
pIDC-Actin-Beta_NEDD1 pWM145  pIDC Chloramphenicol
Cre-GCP6-2xFLAG + GCP4_TUBG1_Actin-Beta_NEDD1 pWM146  pACEBact, pIDC, pIDKreH, Gentamicin, Chloramphenicol, Kanamycin
Cre-8xHIS-TEV-RuvBL1 + RuvBL2 pWM147  pACEBac1, pIDSpoH Gentamicin, Spectinomycin
pACEBac1-MZT1_Spot-MZT2B-EGFP-Strep pWM151 pACEBac1 Gentamicin
pIDK-TUBG1_NEDD1 pWM152  pIDKpoH Kanamycin
Cre-MZT1_Spot-MZT2B-EGFP-Strep + TUBG1_NEDD1 pWM153  pACEBac1, pIDKpoH Gentamicin, Kanamycin
Cre-MZT1_Spot-MZT2B-EGFP-Strep + GCP2_GCP3 pWM154  pACEBac1, pIDC Gentamicin, Chloramphenicol
_(FGeB—heﬂfj;‘E[SD%:t-MZTZB»EGFP-Strep +GOP2. GOP3 + pWM155  pACEBact, pIDC, pIDKpoH Gentamicin, Chloramphenicol, Kanamycin
Cre-MZT1_Spot-MZT2B-EGFP-Strep + GCP2_GCP3 + pACEBac1, pIDC, pIDKroH | Gentamicin, Chloramphenicol, Kanamycin,
TUBG1_NEDD1 + RuvBL1_RuvBL2 PWMI56 Dot Spectinomycin
pACEBac1-xHAUS7_2xFLAG-xHAUS6 pWM160 pACEBact Gentamicin
Cre-TII-xHAUS7_2xFLAG-xHAUS6+xHAUS2_xHAUS8 pWM161 pACEBac1, pIDSpoH Gentamicin, Spectinomycin

4.2.10 Molecular cloning of GCP6 constructs for experiments in

human cell culture system
Methods described as well as the used primers were published, along with a detailed

description of the cloning procedure [372].
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4.3 Protein expression

4.3.1 General handling of E. coli strains for baculovirus production
and protein expression

Liquid cultures and antibiotic selection plates for the MultiBac constructs were
performed as described in the manufacturer’s instructions (Geneva Biotech, MultiBac
Manual version 5.1). For long-term storage, E. coli cells were kept in a 15% glycerol
stock at -80°C. To take the E. coli cells in culture, they were plated under sterile
conditions on a selective plate and incubated at 37°C overnight. For baculovirus
production, on the day before virus production, single colonies were inoculated in
2xYT medium supplemented with antibiotics (Kanamycin, Gentamycin and
Tetracycline) for overnight incubation. For protein expression in E. coli, multiple
colonies were used to start a liquid culture in LB or 2xYT medium with the
corresponding antibiotics. For protein expression in E. coli, 25 pg/ml chloramphenicol

and 100 pg/ml ampicillin (pETDuet-1) or 50 pg/ml Kanamycin (pET26b) were used.

4.3.2 Protein expression in E. coli for actin IP experiments

The detailed protocol was published [372] and performed by Ariani S. Rahadian.
Briefly, proteins were expressed in E. coli BL21 CodonPlus-RIL (Stratagene) and
expression was induced with 0.2 mM isopropyl-B-D-thiogalactopyranoside (IPTG) at
an OD at 600 nm of 0.6 - 0.8. Expression was done at 18°C overnight. Bacterial
cultures were harvested, aliquoted, and flash frozen using liquid N, and stored at

-80°C until further usage.

4.3.3 Insect cell culture

Insect cells, Sf21, Sf9 or High5 were kept at a density of 0.8-1 x 10%/ml in Sf-900 |lI
medium (Thermo Fisher Scientific) supplemented with 100 units/ml penicillin 100
pug/ml (Thermo Fisher Scientific) and were split every second or third day. Cells were
counted using a Neubauer counting chamber (0.1 mm, Profondeur) or Luna Il (Logos
Biosystems) automated cell counter using Trypan blue (Sigma-Aldrich). The general

culturing of insect cells was done by Ursula Jakle.

4.3.4 Recombinant baculovirus production
The baculovirus production follows established protocols, and the used protocols
were published [369,371,372]. vO baculovirus production begins with a transfection

process (as illustrated in Figure 1a). To purify the DNA (always freshly prepared), the
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Mini preparation protocol was followed until reaching the isopropanol centrifugation
stage. After this, the isopropanol was discarded, and the Eppendorf tube was
completely filled with 70% ethanol. The sample was then centrifuged at 20,000 x g
for 3 min. Post-centrifugation, the Eppendorf tube was transferred to a sterile hood
where all the supernatant was carefully removed, and the tube was left open to
incubate for drying the pellet for around 15 min. The following protocol mainly
recapitulates Cellfectin® |l manufactures instructions (Invitrogen, Thermo Fisher
Scientific, Bac-to-Bac TOPO expression system Version A10606). Briefly, 20 ml of
plating medium was prepared by combining SF900 (Thermo Fisher Scientific) with
1.5% fetal bovine serum (FBS, Gibco). Afterwards, 0.8 x 10° Sf21 or Sf9 cells were
plated per well of a 6-well plate. Importantly, the cells were spitted the day before to
ensure that these cells were in the logarithmic growth phase. The cells were allowed
to attach for about 15 min at room temperature (RT) within the hood. It is important to
note that for each construct, two wells were prepared. The medium was then
removed, and 2 ml of the freshly prepared plating medium was added to each well.
To prepare for transfection, Cellfectin® Il (Invitrogen, Thermo Fisher Scientific) was
mixed diluted at a ratio of 8 pl into 100 pl SF900 Il (Thermo Fisher Scientific) for each
well, ensuring this mixture was left at RT no longer than 30 min. In the meantime, the
bacmid pellet was resuspended in 30 pl of sterile H.O. A 5 pl sample from this
resuspension was then taken to another Eppendorf tube to measure DNA
concentration. 1-3 ug of bacmid DNA was diluted in 100 pl SF900 Il (Thermo Fisher
Scientific). This diluted DNA was then combined with the Cellfectin® Il mix. After
gentle mixing, the solution was left to incubate at RT for 15-30 min. This DNA-
transfection mixture was then added dropwise onto the cells. The cells were then
incubated at 27°C for a duration of 3-5 h. Subsequent to this incubation, the plating
medium was replaced in one of the two replicates with fresh SF900 Ill medium that
contained antibiotics (100 units/ml penicillin 100 pg/ml (Thermo Fisher Scientific)). The
second replicate remained unchanged. The cells were further incubated at 27°C and
for 72 h protected from light until there were visible signs of viral infection. Afterwards,
the supernatant was harvested by centrifugation (800 x g for 5 min) and stored
protected from light at 4°C until further usage.

For the v1 generation, a volume of 30 ml of Sf21/Sf9 cells (at a density of 1x10°/ml,

which were in the logarithmic phase as the cells were split the day before) was
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inoculated with 2-3 ml of the vO baculovirus. A negative control was set up
simultaneously, consisting of non-infected cells. Daily cell counts were performed,
and the cells were diluted if required to maintain the volume at 30 ml and the density
at 1x10°%/ml. Once cell division stopped, an additional 48 h incubation period, followed
and baculoviruses were harvested (Figure 1). Prior to the harvesting, a final cell count
was carried out and the average cell diameter was measured (as sign for the infection).
For harvesting, the cell suspension was transferred into a 50 ml falcon tube and
centrifuged at 800 x g for 5 min. The resultant supernatant, which contained the virus,

was transferred to a fresh 50 ml falcon tube, to which 5-10% FBS was added.

4.3.5 Recombinant protein expression in insect cells

For protein expression in insect cells, exclusively the v1 generation of recombinant
baculoviruses were used. Individual constructs that were used for baculovirus
production are listed in Table 25 and highlighted in the individual figures in the results
section. For each expression, up to three independently produced baculoviruses were
diluted 1:100 in Sf21 or High5 cells (1-1.5x10° cells/ml) expression cultures. Infected
cells were kept shaking at 27°C for 60 h, harvested via centrifugation (800 x g for 5
min), flash frozen in liquid N. and stored at -80°C until further usage. Expression
volumes ranged from 50 — 400 ml. For recombinant human y-TuRC 100 ml culture

volume was used.

4.4 Protein purification

4.4.1 Protein purification of constructs expressed in insect cells
Detailed protocols of the protein purification workflow established and used in this
thesis were published for the minimal y-TuRC construct [371], the optimized y-TuRC,
y-TuRC mutants, and y-TuRC sub-complexes [372]. The protocol for the purification
of augmin complexes is published [369]. The following general protocol, which relies
on purification via FLAG affinity beads using a single-step batch protocol (Figure 9),
was applied for y-TuRC and augmin complexes. In general, cell pellets from storage
at -80°C were thawed and lysed in cold lysis buffer. Resuspended cells were
sonicated (3 x 1 min with 0.6 amplitude, Hielscher UP50H) and centrifuged at 20,000
x g for 30 min at 4°C. Anti-FLAG M2 affinity resin (Sigma-Aldrich), equilibrated in lysis
buffer was incubated with the cleared lysate for 90 min with rotation at 4°C. FLAG

resin (beads) was separated by centrifugation (800 x g, 3 min). Afterwards, beads were
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washed in lysis and basic buffer. After each washing step, beads were sedimented
via centrifugation (800 x g, 3 min). Elution was done with one bead volume of elution
buffer (basic buffer supplemented with 0.2 - 0.5 mg/ml 3xFLAG peptide (Gentaur))
and 20-30 min incubation rotating at 4°C in an Eppendorf tube. Afterwards, the eluate
was separated from the beads by centrifugation (800 x g, 3 min). Elution was repeated
one to two times, and samples were used for subsequent purification steps and
experiments after concentration using an Amicon 30 kDa MWCO concentrator

(Merck), or flash frozen in liquid N> and stored at -80°C.

4.4.2 Purification of minimal recombinant y-TuRC
The protocol was published [371] and followed the general batch FLAG purification

protocol. The basic buffer for purification is listed in Table 26.
Table 26 Buffer for the minimal recombinant y-TuRC purification:

Composition

50 mM HEPES pH 7.4

150 mM KClI

5 mM MgCl

1mM EGTA

0.5mM DTT

0.1 mM GTP

For lysis, 0.5 mM DTT, 0.02% (v/v) Brij-35, 250 units Benzonase (Sigma Aldrich), and
one complete EDTA-free protease inhibitor tablet (Roche) per 15 ml lysis buffer was
added. After centrifugation, the supernatant was filtered (Whatman sterile filters 0.45
pm pore size) and incubated with anti-FLAG M2 affinity resin (Sigma-Aldrich).
Samples were washed once with lysis and twice with basic buffer (Table 26) and

eluted with basic buffer supplemented with 0.2 mg/ml 3xFLAG peptide (Gentaur).

4.4.3 Purification of optimized y-TuRC, y-TuRCAN%6-GCP¢ . TuSC and
y-TuRCAGCP23

The protocol was published [372] and followed the general batch FLAG purification
protocol. The basic buffer for purification is listed in Table 27. For the lysis buffer,
0.1% (v/v) Tween-20, 250 units Benzonase (Sigma Aldrich), and one complete EDTA-

free protease inhibitor tablet (Roche) per 15 ml lysis buffer was added.

123



Material and Methods

Table 27 Buffer for the optimized recombinant y-TuRC purification:

Composition

50 mM TRIS pH 7.5
150 mM NaCl
1 mM MgCl2
1mM EGTA

0.5 mM DTT

After centrifugation, the supernatant was incubated with anti-FLAG M2 affinity resin
(Sigma-Aldrich). Samples were washed once with lysis and twice with basic buffer
(Table 27) and eluted (2x 100 pl) with basic buffer supplemented with 0.5 mg/ml
3xFLAG peptide (Gentaur). Purification of y-TuRC*"*¢¢°"¢ from HEK cells was done by

Anna Boéhler following a similar protocol published in [372].

4.4.4 Purification of augmin complexes

The protocol was published [372] and followed the general batch FLAG purification
protocol. The basic buffer for purification is listed in Table 28. For lysis buffer, 0.05%
(v/v) Tween-20, 250 units Benzonase (Sigma Aldrich), and one complete EDTA-free

protease inhibitor tablet (Roche) per 30 ml lysis buffer) were added.

Table 28 Buffers for the recombinant augmin complex purification:

Composition EM Compositon MS
20 MM TRIS pH 7.5 20 mM HEPES pH 7.4
150 mM NaCl 150 mM NaCl
1 mM MgClz 4 mM MgCl2
1 mM EGTA 1 mM EGTA
1mMDTT 0.5 mM DTT

Cleared supernatant was filtered (Whatman sterile filters 0.45 pm pore size) and
incubated with anti-FLAG M2 affinity resin (Sigma-Aldrich). Samples were washed
once with lysis and twice with basic buffer (Table 28) and eluted with basic buffer

supplemented with 0.5 mg/ml 3xFLAG peptide (Gentaur).

4.4.5 Size exclusion chromatography and anion exchange
chromatography

Following initial FLAG tag-based purification, y-TuSC and the augmin complexes
were further purified using an AktaGo instrument (Cytiva) controlled by Unicorn

software (version 7.6) and the descriptions of the methods were published [369,372].
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SEC was conducted on a Superose 6 Increase 10/300 GL column (Cytiva), which had
been equilibrated in SEC buffer (Table 29). The chromatography elution process was
done at a steady flow rate of 0.25 ml/min. To run size markers on the column, blue
dextran 2000 (Cytiva) was applied to determine the void volume (measured at 8.8 ml),
and protein standards including thyroglobulin (669 kDa, eluting at 13.2 ml) and
aldolase (158 kDa, at 16.3 ml) were used.

AEC was performed using either a Mono Q® 5/50 GL or a Capto™ HiRes Q 5/50
column (Cytiva), both equilibrated with a low-salt buffer (Buffer A, Table 29). It is
important to note that the buffers for augmin TIlII varied based on the experimental
requirements, such as EM or crosslinking MS analyses (Table 29). The elution of
complexes was executed at a flow rate of 0.5 ml/min, employing a salt gradient that

ranged from 150 mM NaCl (Buffer A) to 1 M NaCl (Buffer B) over 20 column volumes.

Table 29 Buffers of the chromatography runs using the AktaGo system: Purifications for
augmin TIII were performed in TRIS (for EM experiments) and HEPES buffer (for crosslinking MS
experiments).

SEC AEC TIIl (EM) AEC TIIIl (MS) AEC y-TuSC
20mM TRIS pH 7.5 20 MM TRIS pH 7.5 20 mM HEPES pH 7.4 50 mM TRIS pH 7.5
150 mM NaCl 150 mM NaCl (Buffer A); 1M NaCl (Buffer B) 150 mM NaCl (Buffer A); 1M NaCl (Buffer B) 150 mM NaCl (Buffer A); 1M NaCl (Buffer B)
1 mM MgCl2 1 mM MgCl2 4 mM MgCl2 1 mM MgClz
1mM EGTA 1mM EGTA 1mM EGTA 1 mM EGTA
0.5 mM DTT 0.5 mM DTT 0.5 mM DTT 0.5 mM DTT

4.5 Biochemistry methods

4.5.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

To separate proteins according to their size, SDS-PAGE was applied (Mini-
PROTEAN® Tetra system, Bio-Rad) using 4-20% gradient gels (PROTEAN® TGX
Stain-Free™ Bio-Rad). Protein samples in 1x La&mmli buffer were run together with
Page Ruler Plus (Thermo Fisher Scientific) at constant 30 mA. After the run, the gels
were either used for immunoblot analysis or stained with Coomassie Brilliant Blue
G250 buffer (Sigma Aldrich) and visualized.

4.5.2 Immunoblot analysis

To analyze protein samples via antibodies, the SDS-PAGE-separated proteins were
transferred using the Trans-Blot Turbo Transfer kit (Bio-Rad) following manufacturer
instructions. The settings were 1xGel-Turbo setup. After transfer, the membrane was

blocked in 3% w/v milk powder in 1x TBS-T buffer for 30 min. In the next step, the
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membrane was incubated overnight in the primary antibody solution diluted in
blocking buffer at 4°C. The next day, the membrane was washed three times in TBS-
T and subsequently incubated with the secondary antibody diluted in blocking buffer
for 1 h at RT. Afterwards, the membrane was washed three times with TBS, and the
membrane was shortly incubated with enhanced chemiluminescence (ECL) solutions
and documented at the LAS/Amersham imaging system. Antibodies used are listed

in Table 30, and data were processed using Fiji [403].

Table 30 Antibodies:

Target Species Purchaser and Identification

B-Actin mouse Sigma-Aldrich (PN: A5316)

B-Actin mouse Proteintech 66009-1-Ig monoclonal

y-tubulin rabbit Polyclonal against c-terminal peptide (Liu et al.)
y-tubulin mouse Monoclonal Abcam (TU-30) (ab27074)

y-tubulin Guinea pig  Atorino et al. 2020

GCP2 rabbit Thermo Fisher Scientific (PA5-21433)

GCP3 rabbit Proteintech 15719-1-AP

GCP4 rabbit Polyclonal against full length human GCP4 (Liu et al.2020)
GCP6 rabbit Polyclonal Thermo Fisher Scientific (A302-662A)
GCP6 rabbit Bethyl A302-662A polyclonal

GAPDH rabbit CellSignalling 14C10

Vinculin mouse Proteintech 66305-1-Ig

His mouse Proteintech HRP-66005 monoclonal HRP conjugated
Penta-His mouse QIAGEN 34660

DDDDK tag (FLAG) rabbit Proteintech 20543-1-AP Polyclonal

FLAG mouse Cell signaling 9A3

a-tubulin rabbit MBL PM054

a-tubulin mouse SigmaAldrich DM1A

BubR1 mouse Abcam Ab4637

Pericentrin rabbit Abcam Ab4448

Anti rabbit donkey Jackson 711-035.0152 Secondary-HRP

Anti mouse donkey Jackson 711-035.0155 Secondary-HRP

4.5.3 Actin IP experiment

The procedure of actin IP experiments was published [372] and performed in
collaboration with Ariani S. Rahadian using buffers listed in Table 31. For actin IP
experiments, bacterial cell pellets from the expressed GCP6-MZT1 constructs (4 ml
expression culture) were lysed in 300 pul of IP-lysis buffer supplemented with a
complete EDTA-free protease inhibitor tablet (Roche) (1:100 dilution). The mixture was
sonicated (5 x 30 sec, Bioruptor) and afterwards centrifuged for 10 min, 20,000 x g at
4°C. The supernatant was mixed with 20 ul of His Beads (Bio-Rad) and incubated for
1 h at 4°C. Beads were washed 3x with IP-wash buffer and equilibrated with 400 pl

G-buffer. Afterwards, the G-buffer was removed, 100 ul of actin solution (0.1 mg/ml
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actin, Cytoskeleton, Inc. SKU: AKL99, dissolved in G-buffer) was added and samples
were incubated for 30 min at 4°C. The samples were then washed with 400 ul ice-
cold G-buffer and eluted with 60 ul IP-elution buffer.

Table 31 Buffers for actin IP experiment:

IP-Lysis IP-Wash G-Buffer IP-Elution
20 mM TRIS pH 8 50 mM TRIS pH 8 5mM TRIS pH 8 50 mM TRIS pH 8
150 mM NaCl 150 mM NaCl 0.2 mM CaCl2 150 mM NaCl
5 mM MgCl2 10 mM Imidazole 0.2 mM ATP 500 mM Imidazole
1% v/v Triton-X 0.5mMDTT

5 mM ATP
1 mMDTT

1 mM PMSF

4.5.4 In vitro MT nucleation assay for negative stain EM

Methods for the MT nucleation of recombinant y-TuRC are published [371] and were
performed in collaboration with Anna Bdhler. 30 uM porcine brain tubulin containing
4% Cy3-labelled tubulin [35] in 1x BRB80 buffer supplemented with 12.5% (w/v)
glycerol was centrifuged for 5 min at 352,860 x g, 4°C with a S100-AT3 rotor (Thermo
Fisher Scientific). The supernatant was mixed in a 1:1 ratio with y-TuRC premix (1:20
dilution of y-TuRC elution sample (construct pWM026/pWMO030), in 1x BRB80
supplemented with 12.5% (w/v) glycerol and 1 mM GTP). Samples were incubated
for 15-30 min on ice and transferred to 37°C for 3 min for MT polymerization. After
MT nucleation, samples were crosslinked with 1% glutaraldehyde and used for

negative stain EM.

4.5.5 In vitro MT nucleation assay for comparing recombinant y-
TuRC constructs

The procedure of actin IP experiments is published [372] and performed in
collaboration with Anna Boéhler and Dr. Lukas Rohland. To analyze MT nucleation of
recombinant y-TuRC in vitro, a fluorescence-based tubulin polymerization assay kit
(Cytoskeleton, Denver Com cat. no. BKO11P) was used following manufactures
instructions. Concentration of two biological replicas of wild-type y-TuRC (construct
pWMO026/pWMO086) and y-TuRC""**¢¢P  (construct pWMO76/pWMO086) was
normalized to y-tubulin signal via immunoblot analysis and diluted in elution buffer
(Chapter 4.4.3) accordingly. The y-tubulin reference for comparative immunoblot
analysis was recombinant y-tubulin with c-terminal Myc-His; TAG purified according
127



Material and Methods

to published protocols [120,121] and provided by Ursula Jakle. Intensities of protein
bands were determined using Fiji software [403]. 2 pl of elution buffer, wild-type y-
TuRC and y-TuRC"V*®¢CP¢ samples, or 3 uM paclitaxel were pipetted into a 384-well
microtiter plate and mixed with 30 pl of aB-tubulin premix (2 mg/ml porcine tubulin in
80 mM PIPES pH 6.9, 2 mM MgCl,, 0.5 mM EGTA, 1 mM GTP, 15% (w/v) glycerol),
(provided with the kit) at 4°C. The plate was transferred to a prewarmed (37°C) plate
reader chamber, starting the reaction. Fluorescence signal was measured at constant
temperature (37°C) for 60 min in 1 min intervals (CLARIOstar, BMG Labtech,
excitation, F: 360-10, emission, F: 450-10). Data were processed using PRISM

software (GraphPad version 9.1).

4.6 Electron microscopy methods
EM experiments were conducted using instruments and equipment provided by the
Cryo-Electron Microscopy Network of Heidelberg University (HDcryoNet). The

SDS@hd and bwHPC services were used for data storage and processing.

4.6.1 Negative staining and general EM data processing

Methods of negative staining EM experiments were published in [371], [372], and [369]
and negative staining procedure and image acquisition were performed by Dr. Annett
Neuner. Briefly, for negative staining, 5 pl of sample was applied on glow-discharged
copper-palladium 400-mesh EM grids (Plano) covered with an approximately 10 nm-
thick continuous carbon layer. After 30 sec of incubation at RT, grids were blotted
with a Whatman filter paper 50 (CAT N.1450-070) and washed with 3 drops of water.
Sample on grids was stained with 3% uranyl acetate in water. Negative stain EM data
for 2D classification were acquired on a Talos L120C TEM equipped with 4k x 4K
Ceta CMOS camera (Thermo Fisher Scientific). Data were acquired using EPU
(Thermo Fischer Scientific) at a nominal defocus of approximately -2 ym and an object
pixel size of either: 0.2552 nm; 0.328 nm; 0.4125 nm. Image processing for all
datasets for 2D and 3D class averaging was performed in Relion 3.1 [404]. The
contrast transfer function (CTF) of micrographs was estimated using Gctf [405]. For
all datasets, approximately 500 particles were selected manually. Afterwards an initial
2D classification run was performed for automated particle picking (Relion 3.1).

Alternatively, an already generated 2D class of the same data type was used. The
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particles were extracted, either scaled or at full spatial resolution, and the number of

classes for each subsequent 2D classification round varied between 50 and 200.

4.6.2 Negative stain EM of minimal y-TURC

The method details were published [371] and negative staining was performed as
described in section 4.6.1. Micrographs shown in Figure 10 were acquired on Jeol
JE-1400 (Jeol Ltd., Tokyo, Japan) operating at 80 kV equipped with a 4 k x 4 k digital
camera (F416, TVIPS, Gauting, Germany). Micrographs were processed using Fiji
software [403]. However, for class averaging of native X. laevis y-TURC and rec-
ombinant human y-TuRC (construct pWMO026/ pWMO030) images were acquired on a
Talos L120C TEM equipped with 4 k x 4 K Ceta CMOS camera (Thermo Fisher
Scientific). Data were partially acquired at a stage tilting angle of 20 degrees at an
object pixel size of 0.4125 nm. 2D classifications were performed at a translational
search range of 20 pixels at 2 pixels increment, using a T-factor of 2 and a mask

diameter of 450 A and are summarized in Table 32.

Table 32 Negative stain EM comparison of recombinant human and native X. laevis y-TuRC:

Parameter Recombinant y-TuRC X. laevis y-TuRC

Micrographs 957 untilted; 640 at 20° stage tilt 500 untilted, 600 at 20° stage tilt
Autopicked particles 374,389 192,845

Particles used for initial 3D classification | 12,402 12,271

For 3D classification, a translation search range of 20 pixels with 2 pixel increment
was used. Particles were aligned using a y-TuRC cryo-EM density (PDB-6TF9 [35]) as
reference, after low-pass filtering and omitting the GRIP2 domains and y-tubulins from
spokes 5 and 6. These aligned particles underwent another round of 3D classification
into 6 groups, without image alignment and focusing on the deleted spokes. This
differentiated true positive particles (with density in spokes 5 and 6) from those
without. Subsequently, the selected particles (6,253 for human y-TuRC and 6,827 for
X. laevis y-TuRC) were classified again in 3D into three classes with image alignment.
The best classes were then chosen, resulting in 2,064 particles for the human
recombinant y-TURC and 2,490 for the X. laevis y-TuRC for further analysis and
representation in the figure with docked model of PDB-6V6S [37].
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4.6.3 Negative stain EM of y-TuRC, y-TuRCAN%6-6CP¢ v.TuSC and y-
TuRcAGCP2/3

The method details were published [372] and negative staining was performed as
described in section 4.6.1. 2D classifications were performed at a translational search
range of 20 pixels at 2 pixels increment using a T-factor of 2, and a mask with 400 A
diameter. 2D classification steps are summarized in Table 33 Representative 2D class
averages with the corresponding particle numbers are shown in the corresponding
figures. For the recombinant y-TuSC dilution series, number of particles in single y-

TuSC or y-TuSC oligomer classes were counted and compared (Figure 16c).

Table 33 Negative stain EM analysis of recombinant y-tubulin complexes:

Sample Micrographs  Pixel size of micrographs  Autopicked particles
Recombinant wild-type y-TuRC 876 4125 A 1,197,806
Recombinant y-TuRCANS6-GCP6 267 3.28A 194,874
Recombinant y-TuSC 530 2.552 A 268,126
Recombinant y-TuRCAGCP2/3 (4-spoke) 329 3.28A 183,636
y-TURCANS6-GCP6 HEK293T 319 3.28 A 110,331
Recombinant y-TuSC 1:2 dilution 100 3.28A 134,246
Recombinant y-TuSC 1:5 dilution 100 3.28A 122,712
Recombinant y-TuSC 1:10 dilution 100 3.28 A 110,642
Recombinant y-TuSC 1:20 dilution 100 3.28 A 76,325
Recombinant y-TuSC 1:50 dilution 100 3.28A 65,732
Recombinant y-TuSC 1:100 dilution 100 3.28A 51,950

4.6.4 Negative stain EM of augmin complexes

The method details were published [369] and negative staining was performed as
described in section 4.6.1. 2D classifications were performed at a translational search
range of 20 pixels at 2 pixels increment using a T-factor of 2 and mask diameters of

400-650A. 2D classification steps are summarized in Table 34.

Table 34 Negative stain EM analysis of recombinant augmin complexes:

Parameter T TH+TIN
Micrographs 504 583
Pixel size of micrographs 3.28A 2.552 A
Autopicked particles 412,188 80,837

Particles used for initial 3D classification 13,594 56,021

The 3D classification runs were initiated using the cryo-EM density of the augmin TllI

tetramer, which was low-pass filtered to a resolution of 60A, serving as the initial
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reference. A mask diameter of 450 A (for TIIl) or 600 A (for the octamer), a T-factor of
4, 6 classes, and an offset search range of 20 pixels with a step of 2 pixels were
employed. For the TIIl dataset, 11,897 particles were selected after the initial 3D
classification. For the octamer dataset (TlI+TlIl), two separate classes were identified,
containing 21% (11,969 particles) and 19% (10,658 particles) of the total particles,
respectively. The final sets of particles were subjected to individual 3D refinement
runs, post-processing, and an additional round of 2D classification without image
alignment to characterize the conformational plasticity of the augmin octamer in 2D.
Before docking the atomic models, the pixel size of the negative stain EM 3D
reconstructions was adjusted from the nominal 2.552 A to a calibrated 2.35 A.
Representative 2D class averages with the corresponding particle numbers are shown

in the corresponding figures.

4.6.5 Cryo-EM experiments

Cryo-EM experiments as well as model building based on cryo-EM densities were
performed by Dr. Erik Zupa and are described in detail for recombinant y-tubulin
complexes in [372] and for recombinant augmin complexes in [369], respectively. All
relevant information about processing are published open access and the generated

models and densities are deposited in the corresponding databases.

4.7 Integrative structural biology methods

4.7.1 Liquid chromatography tandem-MS of recombinant y-TuRC
For LC-MS/MS analysis of the recombinant y-TuRC, three independent expressions
were purified separately and for each of the n=3 purifications, 5 pl of the FLAG elutions
(combined elution 1 and 2) were run on a precast 10% SDS-PAGE (Bio-Rad) over a
distance of 1.5 cm. SDS-PAGE was stained with Coomassie Brilliant Blue G250 and
processed by the Core Facility for Mass Spectrometry & Proteomics at the ZMBH as
described before [35]. Briefly, samples were reduced, alkylated, and digested with
trypsin. Peptides were extracted from the gel, concentrated using a vacuum
centrifuge, and dissolved in 15 pl 0.1% trifluoroacetic acid (TFA). Samples were run
on Ultimate 3000 liquid chromatography system coupled to an Orbitrap Elite mass

spectrometer (Thermo-Fisher) and analyzed using the MaxQuant software (1.6.2.6a).
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4.7.2 Crosslinking MS

To perform crosslinking experiments of the augmin TIll sub-complex, 50 pg of AEC-
purified TIII tetramer in HEPES buffer was digested with 0.1mM BS3 (Thermo Fisher)
for 15 min at room temperature with gentle shaking at 600 rpm. The reaction was
halted by adding Tris-HCI to achieve a final concentration of 100 mM. Subsequently,
the sample was incubated for 30 min at 50°C with a dithiothreitol (DTT) concentration
adjusted to 10 mM. Following this, 2-chloroacetamide (CAA) was added to reach a
final concentration of 50 mM, and the reaction was incubated for 30 min at room
temperature while protected from light. Next, trypsin (Promega, V511A) was added at
a ratio of 1:50 (trypsin to augmin protein concentration), and the mixture was
incubated for 4 h at 37°C. The reaction was terminated by adding TFA to a final
concentration of 1% (v/v). Subsequently, the sample was submitted to EMBL
Proteomics Core Facility and processed following the published protocol [369],
alongside the deposited raw crosslinking MS data. Briefly, the digested peptides were
concentrated and desalted using an OASIS® HLB pElution Plate (Waters) following
the manufacturer's instructions. To enrich crosslinked peptides, a SEC approach was
employed using a Superdex Peptide PC 3.2/30 column (Cytiva) on a 1200 Infinity
HPLC system (Agilent) at a flow rate of 50 ml/min. The collected fractions were
subjected to analysis via liquid chromatography (LC)-coupled tandem mass
spectrometry (MS/MS) utilizing an UltiMate 3000 RSLC nano LC system (Dionex). The
setup included a trapping cartridge (u-Precolumn C18 PepMap 100, 5 pm, 300 pm
i.d. x 5mm, 100 A) and an analytical column (nanoEase™ M/Z HSS T3 column 75 um
x 250 mm C18, 1.8 pm, 100 A, Waters). The outlet of the analytical column was
connected to an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific)
through a Pico-Tip Emitter (360 pm OD x 20 pym ID; 10 um tip, CoAnn Technologies)

using an applied spray voltage of 2.1 kV in positive mode.

4.7.3 Crosslinking MS data analysis
Data analysis and visualization were performed by Dr. Erik Zupa and are described in
detail in [369].

4.7.4 AF-Multimer predictions
AF-Multimer predictions using AlphaFold v2.2.0 were performed and evaluated in

collaboration with Dr. Erik Zupa using input and resources from EMBL Heidelberg and
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are published [369], alongside the deposited models. The settings were: Multimer
present, utilization of full databases, omission of the relaxation step, and maximum
template date to 2050/01/01. The various predictions of augmin complexes were
generated by inputting FASTA files containing the sequences of the constituent
proteins in each complex. Specifically, the augmin holocomplex (comprising HAUS1-
8), the augmin Tl tetramer (containing HAUS1, HAUS3, HAUS4, and HAUSS), the
augmin Tl tetramer (composed of HAUS2, HAUS6, HAUS7, and HAUSS), and the TIII
H3/H5-arm in complex with TIlI (consisting of HAUS3 residues 96-434, HAUS5
residues 80-489, HAUS2 residues 1-222, HAUSG residues 1-478, HAUS7 residues 1-
348, and HAUSS residues 155-367) were predicted.

To assess differences among the predictions, models were aligned using the
"matchmake" command in UCSF Chimera [406]. For the TIll models, the full-length
models were superposed. The Tll models were superposed based on either the N-
clamp (HAUS2 residues 1-117, HAUS6 residues 1-267, HAUS7 residues 1-270,
HAUSS residues 155-260) or the C-clamp (HAUS2 residues 118-222, HAUSG residues
268-398, HAUS7 residues 271-348, HAUSS residues 261-367). When examining the
TIII H3/H5-arm in complex with TII, all the predicted models were superposed to the
H3/H5-arm of the highest-scoring Tlll model (HAUS3 residues 198-242, 364-392, and
HAUSS residues 172-275, 419-446).

To visualize the structural differences, the predicted models were coloured according
to the RMSD in PyMOL (PyMOL v2.1, Schrddinger). The two most distinct
conformations from each ensemble were used, and a coloring scale ranging from 0A
to 10 A was applied. Additionally, rigid-body docking of the predicted TIII tetramer
models into the cryo-EM density of the Tlll tetramer was conducted in UCSF Chimera.
This involved simulating densities at an 8 A resolution and measuring the cross-
correlation coefficient for each model. The model with the highest prediction score
was refined by performing MDFF in Namdinator [407] with 2000 minimization steps
and 20,000 simulation steps with 0 phenix real space refinement cycles. Model
building of composite augmin structural models was done by Dr. Erik Zupa as

described [369].

4.8 Cell biology methods
The experiments in the human cell culture system were performed by Dr. Enrico

Salvatore Atorino and, the method details can be found in [372].
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4.9 Image processing and statistical analysis

4.9.1 Image processing

For representation, images and figure panels were assembled in Adobe lllustrator
(Adobe). EM images were processed using Relion 3.1 [404] as described in Chapter
4.6 and prepared for representation in Figures using Fiji [403]. Images of Coomassie-
stained SDS-PAGES were acquired on LAS4000IR instrument in DIA mode and
prepared for representation using Fiji. Immunoblot data were processed using Fiji for
preparation of figure panels as well as for the quantification of band intensities using

the standard intensity blot function of Fiji.

Plots of chromatography runs were generated using PRISM software (version 9.1).
Microscopy data from the MT regrowth assay were analyzed using Fiji. The number
of MT per centrosome and the MT size (length) were quantified using the segmented
line tool. The lines were drawn from the center of the centrosome (y-tubulin signal) to
the end of the individual MTs [372].

4.9.2 Statistical analysis

Detailed statistical methodologies were outlined in the legends accompanying each
figure. Data within the graphs represent the mean + standard deviation (SD), with each
blot representing the average of at least three experimental replicates. Statistical
significance was assessed using two-tailed unpaired t-tests, with a predefined
significance level set at p < 0.05. For the statistical computations, GraphPad Prism

(version 9.1 or 9.2) and Microsoft Excel (version 16.46.21021202) were employed.
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