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Abstract

Biological cells consist of many subunits that form distinct compartments and work
together to allow for life. These compartments are clearly separated from each
other and their sizes are often strongly correlated with cell size. Examples for
those structures are centrosomes, which we consider in this thesis. Centrosomes
are essential for many processes inside cells, most importantly for organizing cell
division, and they provide an interesting example of cellular compartments without
a membrane. Experiments suggest that such compartments can be described as
liquid-like droplets.

In this thesis, we suggest a theoretical description of the growth phase of centro-
somes. We identify a possible mechanism based on phase separation by which the
centrosome may be organized. Speci�cally, we propose that the centrosome material
exists in a soluble and in a phase separating form. Chemical reactions controlling the
transitions between these forms then determine the temporal evolution of the system.
We investigate various possible reaction schemes and generally �nd that droplet sizes
and nucleation properties deviate from the known equilibrium results. Additionally,
the non-equilibrium e�ects of the chemical reactions can stabilize multiple droplets
and thus counteract the destabilizing e�ect of surface tension. Interestingly, only a
reaction scheme with autocatalytic growth can account for the experimental data
of centrosomes. Here, it is important that the centrioles found at the center of all
centrosomes also catalyze the production of droplet material. This catalytic activity
allows the centrioles to control the onset of centrosome growth, to stabilize multiple
centrosomes, and to center themselves inside the centrosome. We also investigate a
stochastic version of the model, where we �nd that the autocatalytic growth ampli�es
noise.

Our theory explains the growth dynamics of the centrosomes of the round worm
Caenorhabditis elegans for all embryonic cells down to the eight-cell stage. It also
accounts for data acquired in experiments with aberrant numbers of centrosomes
and altered cell volumes. Furthermore, the model can describe unequal centrosome
sizes observed in cells with disturbed centrioles. Our example thus suggests a general
picture of the organization of membrane-less organelles.





Zusammenfassung

Biologische Zellen bestehen aus vielen Unterstrukturen, die zusammen arbeiten um
Leben zu ermöglichen. Die Gröÿe dieser meist klar voneinander abgegrenzten Struk-
turen korreliert oft mit der Zellgröÿe. In der vorliegenden Arbeit werden als Beispiel
für solche Strukturen Zentrosomen untersucht. Zentrosomen sind für viele Prozesse
innerhalb der Zelle, insbesondere für die Zellteilung, unverzichtbar und sie besitzen
keine Membran, welche ihnen eine feste Struktur verleihen könnte. Experimentelle
Untersuchungen legen nahe, dass solche membranlose Strukturen als Flüssigkeits-
tropfen beschrieben werden können.

In dieser Arbeit wird eine theoretische Beschreibung der Wachstumsphase von
Zentrosomen hergeleitet, welche auf Phasenseparation beruht. Im Modell wird ange-
nommen, dass das Zentrosomenmaterial in einer löslichen und einer phasenseparie-
renden Form existiert, wobei der Übergang zwischen diesen Formen durch chemische
Reaktionen gesteuert wird. Die drei verschiedenen in dieser Arbeit untersuchten Reak-
tionen führen unter anderem zu Tropfengröÿen und Nukleationseigenschaften, welche
von den bekannten Ergebnissen im thermodynamischen Gleichgewicht abweichen.
Insbesondere verursachen die chemischen Reaktionen ein thermisches Nichtgleichge-
wicht, in dem mehrere Tropfen stabil sein können und der destabilisierende E�ekt
der Ober�ächenspannung unterdrückt wird. Konkret kann die Wachstumsdynamik
der Zentrosomen nur durch eine selbstverstärkende Produktion der phasenseparie-
renden Form des Zentrosomenmaterials erklärt werden. Hierbei ist zusätzlich wichtig,
dass die Zentriolen, die im Inneren jedes Zentrosoms vorhanden sind, ebenfalls diese
Produktion katalysieren. Dadurch können die Zentriolen den Beginn des Zentro-
somwachstums kontrollieren, mehrere Zentrosomen stabilisieren und sich selbst im
Zentrosom zentrieren. Des Weiteren führt das selbstverstärkende Wachstum zu einer
Verstärkung von Fluktuationen der Zentrosomgröÿe.

Unsere Theorie erklärt die Wachstumsdynamik der Zentrosomen des Fadenwurms
Caenorhabditis elegans für alle Embryonalzellen bis zum Achtzellstadium und deckt
dabei auch Fälle mit anormaler Zentrosomenanzahl und veränderter Zellgröÿe ab.
Das Modell kann auch Situationen mit unterschiedlich groÿen Zentrosomen erklären,
welche auftreten, wenn die Struktur der Zentriolen verändert wird. Unser Beispiel be-
schreibt damit eine generelle Möglichkeit, wie membranlose Zellstrukturen organisiert
sein können.





Contents

1 Introduction 1
1.1 Organization of the cell interior . . . . . . . . . . . . . . . . . . . . . 1
1.2 Biology of centrosomes . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 The model organism Caenorhabditis elegans . . . . . . . . . . 3
1.2.2 Cellular functions of centrosomes . . . . . . . . . . . . . . . . 4
1.2.3 The centriole pair is the core structure of a centrosome . . . . 6
1.2.4 Pericentriolar material accumulates around the centrioles . . . 7

1.3 Other membrane-less organelles and their organization . . . . . . . . 9
1.4 Phase separation as an organization principle . . . . . . . . . . . . . 10
1.5 Equilibrium physics of liquid-liquid phase separation . . . . . . . . . 11

1.5.1 Spinodal decomposition and droplet formation . . . . . . . . . 12
1.5.2 Formation of a single droplet . . . . . . . . . . . . . . . . . . 14
1.5.3 Ostwald ripening destabilizes multiple droplets . . . . . . . . . 20

1.6 Non-equilibrium phase separation caused by chemical reactions . . . . 22
1.7 Overview of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 Physical Description of Centrosomes as Active Droplets 27
2.1 Physical description of centrosomes as liquid-like droplets . . . . . . . 27

2.1.1 Pericentriolar material as a complex �uid . . . . . . . . . . . . 27
2.1.2 Reaction-di�usion kinetics of the components . . . . . . . . . 29
2.1.3 Centrioles described as catalytic active cores . . . . . . . . . . 31
2.1.4 Droplet formation and growth kinetics . . . . . . . . . . . . . 31
2.1.5 Complete set of the dynamical equations . . . . . . . . . . . . 34

2.2 Three simple growth scenarios . . . . . . . . . . . . . . . . . . . . . . 35
2.2.1 Scenario A: First-order kinetics . . . . . . . . . . . . . . . . . 36
2.2.2 Scenario B: Autocatalytic growth . . . . . . . . . . . . . . . . 38
2.2.3 Scenario C: Incorporation at the centrioles . . . . . . . . . . . 39

2.3 Di�usion-limited droplet growth . . . . . . . . . . . . . . . . . . . . . 41
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 Isolated Active Droplets 45
3.1 Compositional �uxes in the stationary state . . . . . . . . . . . . . . 45
3.2 Critical droplet size: Instability of small droplets . . . . . . . . . . . . 48
3.3 Droplet nucleation facilitated by the active core . . . . . . . . . . . . 52
3.4 Interplay of critical droplet size and nucleation . . . . . . . . . . . . . 53



3.5 Perturbations of the spherical droplet shape . . . . . . . . . . . . . . 57
3.5.1 Linear stability analysis of the spherical droplet shape . . . . . 58
3.5.2 Active cores can center themselves in droplets . . . . . . . . . 59
3.5.3 Surface tension stabilizes the spherical shape . . . . . . . . . . 62
3.5.4 First-order kinetics destabilize large droplets . . . . . . . . . . 62

3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4 Multiple Interacting Active Droplets 67
4.1 Approximate description of multiple droplets . . . . . . . . . . . . . . 67
4.2 Linear stability analysis of the symmetric state . . . . . . . . . . . . . 70
4.3 Late stage droplet dynamics and Ostwald ripening . . . . . . . . . . . 71
4.4 Active droplets can suppress Ostwald ripening . . . . . . . . . . . . . 72

4.4.1 Perturbation growth rate in the simple growth scenarios . . . 74
4.4.2 Parameter dependence of the stability of multiple droplets . . 80
4.4.3 Stability of more than two droplets . . . . . . . . . . . . . . . 84

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Active Droplets with Fluctuations 89
5.1 Stochastic version of the active droplet model . . . . . . . . . . . . . 90

5.1.1 Comparison with the deterministic model . . . . . . . . . . . . 92
5.1.2 Ensemble statistics and ergodicity . . . . . . . . . . . . . . . . 93
5.1.3 Quanti�cation of �uctuations by the standard deviation . . . . 94

5.2 Noise ampli�cation by the autocatalytic reaction . . . . . . . . . . . . 94
5.3 Transient growth regime of multiple droplets . . . . . . . . . . . . . . 99
5.4 In�uence of the system geometry on the droplet growth . . . . . . . . 101
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6 Comparison Between Theory and Experiment 103
6.1 Summary of the experimental observations . . . . . . . . . . . . . . . 103
6.2 Estimation of key model parameters . . . . . . . . . . . . . . . . . . . 105
6.3 Fits to experimental data . . . . . . . . . . . . . . . . . . . . . . . . 107
6.4 Dependence of centrosome size on cell volume and centrosome count . 111
6.5 Nucleation and stability of centrosomes . . . . . . . . . . . . . . . . . 113
6.6 Multiple centrosomes with unequal sizes . . . . . . . . . . . . . . . . 115
6.7 Disintegration phase of centrosomes . . . . . . . . . . . . . . . . . . . 118

7 Summary and Outlook 121

Appendix 127
A Coexistence conditions in a ternary �uid . . . . . . . . . . . . . . . . 127
B Instability of multiple equilibrium droplets . . . . . . . . . . . . . . . 129
C Numerical solution of the droplet growth . . . . . . . . . . . . . . . . 130
D Di�usion-limited growth of a single droplet . . . . . . . . . . . . . . . 131



E Approximate e�ux of droplet material . . . . . . . . . . . . . . . . . 133
F Determining stationary states of single droplets . . . . . . . . . . . . 134
G Droplet size including surface tension e�ects . . . . . . . . . . . . . . 137
H Distortions of the spherical droplet shape . . . . . . . . . . . . . . . . 140

H.1 Harmonic distortions of a sphere . . . . . . . . . . . . . . . . 140
H.2 Physical description of the perturbed droplet . . . . . . . . . . 142
H.3 Volume fraction pro�les in the perturbed droplet . . . . . . . 142
H.4 Perturbation growth rates . . . . . . . . . . . . . . . . . . . . 147

I Multiple droplets with gradients inside droplets . . . . . . . . . . . . 149
J Numerical stability analysis of multiple droplets . . . . . . . . . . . . 151
K Numerical implementation of the stochastic model . . . . . . . . . . . 153

Nomenclature 156

List of Figures 158

Bibliography 161





Chapter 1

Introduction

A
ll organisms are made of cells, the basic building blocks of nature [1]. Cells
are complex machineries that contain many di�erent substructures and their

interior is highly organized, see Fig. 1.1. This organization of the interior of cells
has excited scientists since centuries, but it is still not understood [2�4].

In this thesis, we investigate the formation of centrosomes, which are cellular
substructures important for cell division. We assume that the proteins these centro-
somes are made of attract each other and thus form assemblies, which we describe
as liquid-like droplets. Additionally, we introduce chemical reactions to control this
phase separation process. With such a model, we are able to account for the major
experimental observations of the dynamics of centrosomes. We try to keep the de-
scription general enough to be able to learn something about phase separation as a
possible organization principle in cells.

1.1 Organization of the cell interior

The cell is not just a homogeneous container of proteins and associated molecules, but
exhibits a pronounced spatiotemporal order. To achieve order, any physical system
has to work against reaching the thermodynamic equilibrium [3]. In biological
systems, this is accomplished by a complex process known as metabolism that alters
the material of the surrounding. In general, the food taken up by an organism
has lower entropy then the material it excretes. Consequently, living systems are
able to expel entropy and thus stay away from the entropy maximum associated
with the thermodynamic equilibrium [6]. Biological organisms are thus open, non-
equilibrium systems that can lower their own entropy without violating the second
law of thermodynamics.

This ejection of entropy is the reason that biological systems can stay away from
equilibrium. Although this argument explains why an organism can obtain spa-
tiotemporal order, it still does not clarify how such an order comes about. It is
thus still puzzling how proteins arrange in patterns on scales orders of magnitude
larger than themselves, e.g. at the scale of a cell or the whole organism itself. One
of the main questions in biology therefore is how the cell achieves the spatial orga-
nization of its proteins and maintains it over time despite the large separation of



2 Chapter 1: Introduction

Figure 1.1: Internal organization of a cell in an artistic representation. The most impor-
tant organelles are shown. Centrioles and the surrounding matrix forming
centrosomes are highlighted. Image reprinted by permission of Pearson
Education, Inc., Upper Saddle River, NJ [5].

length-scales [7]. Most notably, this spatial organization of proteins is also required
to form substructures in cells, which are often called organelles.y There are many
di�erent, indispensable types of these organelles in a typical cell, see Fig. 1.1, and it is
crucial that their size, their count, and their position is controlled to guarantee their
function. Indeed, the size of many cell organelles is correlated with cell size [10�12].
This brings up the question of how cells both measure and adjust the size of their
organelles [13�15]. We try to answer this question using the example of centrosomes,
which we introduce in the next section.

y The term �organelle� refers to �any of the specialized structures within a cell that perform a
speci�c function� [8]. Often times, the term is restricted to cellular substructures enclosed by
a membrane [9]. In this thesis, we argue that such a membrane is not necessary to form large,
stable, and well-de�ned substructures in a controlled manner and we therefore use the term
�organelle� in its broader sense.
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Figure 1.2: Anatomy of the model organism Caenorhabditis elegans. (A) Image of
an adult hermaphrodite worm obtained by di�erential interference contrast
microscopy. Eggs inside the body are highlighted and two laid eggs are
shown next to the adult. (B) Schematic drawing of anatomical structures.
(C) Schematic drawing of the �rst cell generations. The development of
the egg is shown from top to bottom until the four-cell stage and the cell
names are indicated. Panels A and B were modi�ed from Ref. [17] and
Panel C was inspired by Ref. [18].

1.2 Biology of centrosomes

Centrosomes are examples of organelles that can occur in varying sizes. However, the
mechanisms regulating their size and their growth kinetics are not understood [16].
In this thesis, we present a model of centrosome growth, which we compare to
quantitative experimental data.

1.2.1 The model organism Caenorhabditis elegans

Many of the basic principles of cellular functions are the same in all organisms,
since they evolved a long time ago. It is thus conceivable that important processes,
like the division of a human cell, can be understood by studying simpler organisms,
which are easier to handle in the lab and are ethically less delicate than their human
counterpart.

The majority of the experimental data used in this thesis has been obtained
from experiments on the nematode Caenorhabditis elegans. This small roundworm
was �rst used in experiments by Sydney Brenner in 1974 [19]. The adult worm is
transparent and about 1 mm long, see Fig. 1.2A. It occurs in two sexes, although the
hermaphrodites are usually much more abundant than the males. All experiments on
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A B C

Figure 1.3: Immuno�uorescence stainings showing important structures in the cell: cen-
trosomes (red spots, highlighted by white arrows) are located near the DNA
(blue region) and organize the microtubules (green �laments). (A) Picture
of a cell of the human cell line U-251 MG in interphase. Image modi�ed
from the Human Protein Atlas [25]. (B�C) Pictures of cells of the human
prostate cancer cell line DU-145 in mitosis. Two situations are shown: (B) a
normal, bipolar mitotic spindle with two centrosomes and (C) a multiplolar
mitotic spindle with an increased number of centrosomes. Panels B and C
were modi�ed from Ref. [26]. Scale bars indicate 5�m.

C. elegans mentioned in this thesis were carried out with hermaphrodites, which each
have exactly 959 cells in the adult stage [20]. Interestingly, C. elegans was the �rst
multicellular organism whose genome was complete sequenced [21]. This enabled the
development of the powerful technique of RNA interference (RNAi), which can be
used to reduce the amount of speci�c proteins in the living organism [22]. Controlling
the concentration of single proteins allows to probe their function and the discoverers
of RNAi were therefore awarded the Noble Prize in 2006 [23]. All these properties
make C. elegans a popular model organism in molecular and developmental biology.

The life of a C. elegans worm starts inside its mother where the egg cell is fertilized
and the resulting embryo is protected by an egg shell. This initial phase is dominated
by rapid cell divisions, which lead to a highly stereotypical development, such that
the location and the structure of cells can be used to identify and name them, see
Fig. 1.2C . These cell divisions inside the embryo can be studied under the microscope
by dissecting the mother and isolating the eggs. In particular, this system has been
used to study centrosomes by our collaborators [24].

1.2.2 Cellular functions of centrosomes

The material properties and the shape of a cell are largely determined by its cy-
toskeleton [27]. The cytoskeleton is a sca�olding structure in cells, which consist of
various di�erent kinds of �laments. Among these, microtubules are probably the
sti�est objects, which span the complete cell, see Fig. 1.3. They are involved in
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Figure 1.4: Schematic lifecycle of centrosomes. One centrosome organizes the mi-
crotubule network in the G1 phase [1]. After centriole duplication in the
synthesis phase (S phase), two centrosomes grow by accumulating pericen-
triolar material (PCM) in preparation of mitosis (M phase). They organize
the mitotic spindle and disintegrate prior to cell division. The two daughter
cells each inherit one pair of centrioles and the cycle starts again.

intracellular transport, positioning of the nucleus, and cell division [1]. In order to
control all these processes, the cell thus has to organize its microtubules in space
and time.

Centrosomes are the main microtubule organizing centers and therefore in�uence
most processes dependent on microtubules [28]. Generally, centrosomes regulate
the number of microtubules and their spatial structure [1]. They are important
both for dividing cells as well as for cells in interphase, i. e. the phase in-between
cell divisions. In interphase cells, microtubules emanate from a single centrosome
and span the entire cell volume, see Fig. 1.3A. Conversely, in dividing cells, two
centrosomes organize a bipolar, spindle-like structure, see Fig. 1.3B . This mitotic
spindle is responsible for the segregation of the duplicated chromosomes into the
daughter cells, see Fig. 1.4. Centrosomes are thus important for orchestrating cell
division [29]. In particular, it has been shown that in the nematode C. elegans,
centrosome size directly sets the length of the mitotic spindle [30]. The position
of the centrosome also determines the position of the cell division plane, which is
important for asymmetric cell divisions [31]. Although centrosomes are not strictly
needed for cell division in higher organisms, they still might increase the robustness
of cell division [32]. However, there is also the possibility that centrosomes localize
to the poles of the mitotic spindle to ensure the proper segregation of centrioles to
the two daughter cells [33].
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Figure 1.5: Electron micrographs of centrioles from human cells. (A) The cross-section
of a single centriole shows a nine-fold symmetry created by the regular
con�guration of nine triplets of microtubules. Panel modi�ed from Ref. [52].
(B) The side view shows a pair of centrioles connected by linker proteins.
The mother centriole (MC) has appendages (arrowheads) consisting of
additional proteins which are not present at the daughter centriole (DC).
Panel modi�ed from Ref. [53]. (C) Schematic view of the pair of centrioles.

Cell division is arguably the most important event in the cell cycle and its failure
can lead to missegregation of the genetic information, thus yielding two compromised
cells. Abnormal cell division is a key aspect of all cancers and the role of centrosomes
in these diseases has been heavily discussed [34�38]. Often times, more than two
centrosomes are found in cancer cells, a phenomenon termed �centrosome ampli�-
cation� [39�44]. The multipolar spindles originating from the elevated centrosome
count are thought of being the cause for chromosomal missegregation, see Fig. 1.3C .

Besides organizing the microtubule network, centrosomes also have other functions
in the cell [45]: they play an important role in controlling the cell-cycle progres-
sion [46, 47], they are thought of interacting with endosomes [48], and they might
possibly have additional regulating functions, i. e. as a signaling hub [49]. Yet, it is
still debated whether centrosomes are strictly needed in these processes [50]. Gener-
ally, the role of centrioles and centrosomes may depend on the type of the cell that
contains them. Therefore, it is crucial to investigate the assembly and the structure of
centrosomes to understand their functions and eventually develop therapies targeted
at centrosomes, e.g. for curing cancer or diseases of brain development [50, 51].

1.2.3 The centriole pair is the core structure of a centrosome

Centrosomes consist of a pair of centrioles surrounded by a cloud of proteins, the
pericentriolar material (PCM), from which the microtubules emanate. The centro-
some count is set by the number of centriole pairs, since centrosomes can only form
around centrioles.
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Centrioles have an interesting structure, which is not completely understood [54].
The two barrel-shaped centrioles of a centrosome are typically linked by special
proteins, see Fig. 1.5. A single centriole consist of a cylindrical inner tube surrounded
by microtubules arranged in a nine-fold symmetry [55]. In higher animals, there
are nine triples of microtubules, see Fig. 1.5A, whereas other organisms may have
centrioles with nine single microtubules. This is for instance the case in C. elegans,
where a single centriole has a length of about 150 nm and a diameter of 100 nm [56].

The number of centrioles is regulated by the centriole duplication cycle, which
happens once every cell cycle, see Fig. 1.4. This duplication ensures that a cell has
two centrosomes at cell division, since it typically contains exactly one centrosome
before it starts to divide. After cell division of the mother cell, each daughter cell
inherits exactly one pair of centrioles and the cycle starts again. The duplication
of a centriole occurs in multiple steps and is not completely understood [53, 56�
60]. New centrioles usually grow perpendicular at the proximal end of preexisting
centrioles, which gives rise to the observed L-shaped arrangement, see Fig. 1.5B .
Apart from this duplication process, centrioles can also form de novo in cells lacking
centrioles [61]. Apparently, the usual centriole duplication cycle suppresses the de

novo formation, such that always two centrosomes are present at cell division [62]. It
is not yet known how this complex regulation of the centriole formation arose from
an evolutionary perspective [63]. Centrioles must have appeared at an early stage
of life, though, since centrosomes are present in all major eukaryotic animals [64].

Interestingly, centrioles also ful�ll other roles apart from organizing centrosomes.
For instance, centrioles are found at the cell membrane, where they are called basal
bodies and are important for organizing cilia, which are cell appendages important
for motility and sensing. Because of their requirement for multiple basic processes
in cells, it is not surprising that centrioles are thought of being involved in many
diseases [49].

The role of the centrioles is di�cult to disentangle from the function of the PCM
surrounding them [65]. In this thesis, we focus on the accumulation of the PCM
and are therefore less concerned with possible downstream e�ects onto the cell.
The interaction between centrioles and the surrounding PCM is important, though.
Centrioles evidently in�uence centrosomes size [66�68]. It has been hypothesized that
SAS-4, a protein localizing to the region of the centrioles, tethers PCM components
to the centriole [67�70]. Later in this thesis, we will show that the interaction
between centrioles and the PCM can supply a suitable mechanism to control the
formation of the PCM.

1.2.4 Pericentriolar material accumulates around the centrioles

The structure and material properties of the PCM are not known and it is usually
described as an amorphous cloud of proteins [16]. Although electron microscopy
studies and structural analysis were successfully used to examine the small centrioles,
see Fig. 1.5, the same techniques are less e�ective in gathering detailed information
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Figure 1.6: Structure of a centrosome.(A) Electron microscopy image of a centrosome
of C. elegans. The centrioles located at the center of the centrosome are
marked with arrows. The dashed circle indicates the approximate region of
the pericentriolar material (PCM).(B) 3D reconstruction of the same data.
The centrioles each consist of a inner tube (orange cylinder) surrounded by
nine microtubules (light blue cylinders). Microtubules (red lines) emanate
from the centrosome with their ends (white dots) apparently anchored at the
PCM surface (black void region).(C) Schematic picture of the centrosome,
where the pericentriolar material (PCM) is depicted as an orange sphere.
Panels A and B were modi�ed from Ref. [71]. Scale bars indicate200 nm.

about the surrounding PCM, see Fig. 1.6. However, new high-resolution microscopy
technologies begin to reveal substructures within the PCM [72, 73]. These studies
predict a hierarchical ordering of proteins, at least in interphase centrosomes of
humans andDrosophila melanogaster. Conversely, the PCM of the large centrosomes
in metaphase is still thought of being amorphous [74]. We thus adopt the view that
the PCM has no apparent structure to describe large centrosomes in this thesis.

The organization of centrosomes is regulated over the cell cycle, see Fig. 1.4 [1].
Initially, interphase cells have only one centrosome with little PCM surrounding a
single pair of centrioles. Either this pair is inherited from the mother cell at cell
division or the fertilizing sperm donates it to the egg cell, which lacks centrioles.
Before a cell divides, it �rst duplicates its DNA. Around the same time, the pair
of centrioles also duplicates as described above. Subsequently, these two pairs of
centrioles accumulate PCM in metaphase, a process termed �centrosome matura-
tion� [ 75]. The microtubule nucleating capacity increases accordingly and leads to
the formation of the bipolar mitotic spindle. The two centrosomes lose most of their
PCM after chromosome segregation, but before the cell divides physically. Finally,
the two daughter cells each inherit one pair of centrioles and the cell cycle starts
again. Centrosomes therefore have a dynamic life cycle, where they grow and dissolve
in synchrony with the cell cycle.

We want to describe how PCM accumulates around centrioles. To this end, we
have to know the structure of the PCM. There are hundreds of di�erent kinds of
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