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1 Summary 

The centrosome is the main microtubule organizing center (MTOC) in animal cells. It consists 

of two centrioles surrounded by a proteinaceous pericentriolar matrix (PCM). In dividing 

cells, the centrosome duplicates once in S-phase. At the base of each centriole forms a new 

daughter centriole in a perpendicular orientation. This pair of centrioles stays tightly 

associated, or ‘engaged’, until late mitosis. This tight association suppresses the formation of 

further centrioles and hence, serves as an intrinsic block of reduplication and as a copy 

number control. How engagement between centrioles is achieved and maintained throughout 

interphase remains enigmatic, but most promising is a model of matrix entrapment through 

the surrounding PCM. In late mitosis and by concerted action of Plk1 kinase and the cysteine-

endopeptidase Separase, the tight association is relieved in a process termed centriole 

disengagement. This step is an important licensing step for duplication in the next cell cycle. 

The ring-shaped multiprotein complex Cohesin and Pericentrin (PCNT) have independently 

been identified as centrosomal substrates for Separase. Whether the Cohesin ring is directly 

involved in centriole linkage or contributes, together with PCNT, to the structural integrity of 

the PCM remains unknown. However, proteolytical inactivation of each factor has been 

described as sufficient for triggering centriole disengagement. In order to solve this apparent 

contradiction, both factors were engineered to be cleavable by either tobacco etch virus 

protease (TEV) or human rhinovirus protease 3C (HRV) and corresponding transgenes were 

stably integrated into the same human host cell genome. Incubation of corresponding cell 

lysates with the TEV or HRV protease was followed by isolation of centrosomes and 

quantification of centriole disengagement by immunofluorescence microscopy (IFM). 

Individual cleavage of either Cohesin or PCNT each triggered centriole disengagement  

in vitro, confirming seemingly conflicting results from independent groups within the same 

experimental setup. Surprisingly, addition of both proteases at the same time revealed no 

additive effect regarding centriole disengagement, arguing that Cohesin and PCNT contribute 

to centriole engagement by different mechanisms.   

Activity of the Plk1 kinase was shown to be essential for centriole disengagement in late 

mitosis and hence, for licensing of centriole duplication in the following cell cycle. Due to its 

vast number of substrates and regulated processes, e.g. centrosome maturation and centriole-

to-centrosome conversion, it is hard to identify the crucial Plk1 substrate or activity for 

licensing centriole duplication. One possible activity could be the conversion of PCNT into a 
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suitable Separase substrate. This idea is inspired by the observation that Plk1-dependent 

phosphorylation of Cohesin substantially enhances its cleavage by Separase. Indeed, 

preventing phosphorylation of three sites in direct vicinity of the cleavage site by changing 

Ser/Thr to Ala efficiently abolished PCNT cleavage by Separase in vitro and in vivo. This 

result exemplifies the important nature of these phosphorylation sites and specifies another 

Plk1 function in mitosis. 
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2 Zusammenfassung 

Für die Erhaltung der Genomstabilität bei der tierischen Zellteilung ist eine fehlerfreie 

Chromosomenverteilung auf die neu entstehenden Tochterzellen essentiell. Das Zentrosom 

spielt dabei für die Organisation des Zytoskeletts und der mitotischen Spindel eine 

entscheidende Rolle. Nach der Teilung beginnt jede tierische Zelle den neuen Zellzyklus mit 

einem Zentrosom, das aus zwei Zentriolen besteht. Diese wiederum sind eingebettet in eine 

proteinreiche perizentrioläre Matrix (PCM), die als Ausgangspunkt für die Rekrutierung und 

die Bildung von Mikrotubuli der Spindel fungiert. In jedem Zellzyklus wird das Zentrosom 

einmal dupliziert, damit in der folgenden M-Phase erneut eine bipolare Spindel ausgebildet 

werden kann. In Analogie zu den Chromosomen erfolgt diese Duplikation in der S-Phase. 

Dabei bildet sich an den proximalen Enden der bestehenden sog. Mutterzentriolen jeweils 

eine rechtwinklig angeordnete sog. Tochterzentriole aus. Bis zum Eintritt in die folgende  

M-Phase verlängern sich die Tochterzentriolen auf ihre dann volle Größe.  

Die Duplikation unterliegt einer strengen Regulierung, die sicherstellt, dass nur genau eine 

neue Tochter- pro bestehender Mutterzentriole gebildet wird. Dies wird durch eine enge 

Kopplung des neu gebildeten Zentriolenpaares ab der Duplikation in S-Phase bis zum 

Zeitpunkt der Entkopplung in der M-Phase erreicht. Die Bildung weiterer Tochterzentriolen 

wird dadurch aktiv unterdrückt. Somit sichert die enge Kopplung eine korrekte Kopienanzahl 

an Zentriolen und verhindert die Bildung multipolarer Spindeln. Die genauen Mechanismen, 

die diese enge Kopplung der Zentriolen erlauben, sind bisher nur wenig verstanden. Die 

gängigste Theorie ist ein indirektes Zusammenhalten der Zentriolen durch Kräfte der sie 

umgebenden PCM. Hinweise dafür lieferten Experimente, die sich mit der Entkopplung der 

Zentriolen in später Mitose befassen. So konnte gezeigt werden, dass die Aktivität der Kinase 

Plk1 in früher Mitose sowie die Aktivität der Endopeptidase Separase in später Mitose 

essentiell für die Entkopplung der Zentriolen sind. Als zentrosomale Separase Substrate 

konnten von unabhängigen Arbeitsgruppen der aus mehreren Untereinheiten bestehende 

Kohäsin-Ring sowie Perizentrin (PCNT) identifiziert werden. Weitgehend unbekannt ist, ob 

der Kohäsin-Ring, in Analogie zu seiner Funktion bei der Schwesterchromatidkohäsion, die 

Zentriolen direkt zusammenhält oder gemeinsam mit PCNT zur strukturellen Integrität der 

umgebenen PCM beiträgt. Bemerkenswert ist, dass sowohl die Kohäsin- als auch die PCNT-

Spaltung von unabhängigen Arbeitsgruppen als jeweils notwendig und hinreichend für die 

Entkopplung der Zentriolen charakterisiert wurden. Eine mögliche Erklärung für diesen 
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scheinbaren Widerspruch wäre, dass beide Faktoren synergistisch zur strukturellen Integrität 

der PCM beitragen. Um diesen Sachverhalt aufzuklären, wurden im Rahmen dieser Arbeit 

stabile humane Zelllinien generiert, die TEV-Protease (tobacco etch virus) oder HRV-

Protease (human rhinovirus 3C) spaltbare Versionen der Kohäsin Untereinheit Scc1 sowie 

PCNT exprimieren. Die entsprechenden Zellysate wurden mit TEV oder HRV Protease 

inkubiert, anschließend wurden die Zentrosomen isoliert und die zentrioläre Entkopplung 

mittels Immunofluoreszenzmikroskopie (IFM) quantifiziert. Auf diese Weise konnte in ein 

und demselben Versuchsaufbau gezeigt werden, dass sowohl die Spaltung des Kohäsin 

Ringes als auch von PCNT die zentrioläre Entkopplung bewirken kann. Dies bestätigt 

bisherige, scheinbar widersprüchliche Ergebnisse unabhängiger Gruppen. Dennoch konnten 

bei gleichzeitiger Spaltung von Kohäsin und PCNT durch Zugabe beider Proteasen keine 

synergistischen Effekte quantifiziert werden. Diese Tatsache spricht für unterschiedliche 

Mechanismen, mit denen Kohäsin und PCNT zur Kopplung der Zentriolen beitragen.  

Desweiteren wurde im Rahmen dieser Arbeit der Zusammenhang zwischen der essentiellen 

Aktivität der Kinase Plk1 und der Entkopplung der Zentriolen in später Mitose untersucht. 

Aufgrund der großen Anzahl von Substraten und regulierten Prozessen, wie z.B. die Reifung 

von Zentrosomen und die Umwandlung von Zentriolen in Zentrosomen, ist es schwierig, das 

entscheidende Plk1-Substrat oder die Aktivität für die Lizenzierung der Zentriolenduplikation 

zu identifizieren. Eine mögliche essentielle Aktivtiät der Plk1 Kinase kann in diesem 

Zusammenhang die Überführung von PCNT in ein geeignetes Substrat für Separase sein. Dies 

konnte bereits für das mitotische sowie das meiotische Kleisin des Kohäsin Ringes, Scc1 bzw 

Rec8 gezeigt werden. So führte im Falle von Scc1 die Plk1-abhängige Phosphorylierung in 

direkter Umgebung der Separase Schnittstelle zu einer deutlich effizienteren Spaltung durch 

die Endopeptidase. Mit diesem Hintergrund wurden auch in der PCNT-Sequenz eine 

potentielle Cdk1 sowie zwei potentielle Plk1 Phosphorylierungsstellen in direkter Nähe der 

Separase Schnittstelle identifiziert und durch gezielte Mutagenese zu Alanin inaktiviert. Die 

Spaltung von PCNT konnte dadurch sowohl in vitro als auch in vivo verhindert werden. Diese 

Tatsache zeigt eine direkte Verbindung zwischen der Aktivität von Plk1 in früher Mitose und 

der Separase Aktivität sowie der Entkopplung der Zentriolen in später Mitose auf.  
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3 Introduction 

3.1 The eukaryotic cell cycle in general and mitosis in particular 

Cell reproduction in eukaryotes is an elaborate process in which one mother cell divides into 

two genetically identical daughter cells. The tightly regulated eukaryotic cell cycle ensures the 

timely separation of the two main events, the duplication of chromosomes in S-phase 

(synthesis phase) and their segregation in M-phase (mitotic phase) (Fig. 1). The gaps between 

these main phases are called G1- and G2-phase and are characterized by extensive protein 

synthesis in order to prepare for the subsequent DNA replication or chromosome separation, 

respectively. Together, G1-, S- and G2-phase are referred to as interphase and require over 

90% of the time of one cell cycle. The shortest cell cycle stage, mitosis, is also the most 

dramatic one: Severe alterations in chromosome condensation status as well as rearrangement 

of organelles and the cytoskeleton occur during so-called pro-, meta-, ana- and telophase 

(Nurse, 1997).  

 

 
 

 

 

In prophase, the DNA condenses into chromosomes followed by nuclear envelope breakdown 

(Fig. 2). The mitotic spindle, a complex and highly dynamic structure composed of 

microtubules, mediates the segregation of chromosomes. In a typical animal cell, it originates 

from an important organelle, the so-called centrosome. Each cell contains two centrosomes 

which begin to separate in prophase and move to opposite sides of the cell in order to build a 

Fig. 1: Schematic overview of the eukaryotic cell cycle. Cell cycle progression is divided into four distinct 

phases: Chromosomes are replicated in S-phase and segregated into two daughter cells during subsequent  

M-phase. The G1- and G2-gap-phases provide time for preparing the next S- or M-phase, respectively. Indicated 

checkpoints are control mechanisms that ensure robust and all-or-nothing switches in cell cycle progression. 
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bipolar spindle. In late prophase, sometimes named prometaphase, microtubules of the mitotic 

spindle start to make contact with the kinetochores, thereby enhancing congression of the 

chromosomes. During metaphase, the chromosomes become aligned halfway between the 

spindle poles (at the so-called metaphase plate) by pushing and pulling forces of the mitotic 

spindle. In anaphase, sister chromatids become separated and are pulled to the cell poles by 

the mitotic spindle. Additionally, the cell begins to elongate by pushing forces of the 

microtubules. Telophase is characterized by sustaining cell elongation and the beginning of 

DNA decondensation. The nuclear envelope reassembles and the contractile ring begins to 

establish a cleavage furrow which narrows at the former metaphase plate. Cytokinesis, often 

defined as the final stage of M-phase, terminates division of cytoplasm, organelles as well as 

the membrane and eventually mediates the separation of the two daughter cells (T. J. 

Mitchison & Salmon, 2001). 

  

 
 

 

 

Progression through the cell cycle is controlled at different checkpoints (Fig. 1). The first one 

is the G1/S checkpoint which is also called restriction point or start, because cells irrevocably 

enter the cell cycle at this point. This entry only occurs if signals from inside (such as cell 

size) and outside the cell (such as mitogens) trigger transition. In case of DNA damage during 

S-phase, cells activate another checkpoint, the intra-S-checkpoint. Furthermore, the G2/M 

checkpoint has the ability to prevent entry into mitosis in case of adverse conditions such as 

Fig. 2: The mitotic phases in more detail. Prophase is characterized by DNA condensation and centrosome 

splitting. In prometaphase the nuclear envelope breakdown occurs, the mitotic spindle forms and attaches to the 

kinetochores, followed by chromosome congression. In metaphase the chromosomes align at the metaphase 

plate. Anaphase is marked by sister chromatid separation. Eventually, DNA decondensation, nuclear envelope 

assembly, cell elongation and cleavage furrow formation are initiated during telophase. Cytokinesis is the 

physical process that separates the daughter cells and completes the cell cycle.  
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DNA damage. Eventually, the metaphase-to-anaphase transition is under control of the 

spindle assembly checkpoint (SAC), a safeguard mechanism that monitors unattached 

kinetochores and prevents late mitotic events until all kinetochores are correctly attached to 

the mitotic spindle (Iyer & Rhind, 2017; Vermeulen et al., 2003). 

All of these irreversible and switch-like transitions are mainly controlled by cyclin-dependent 

kinases (Cdk). Cdks are activated upon interaction and complex formation with cell cycle 

phase-specific cyclins. In contrast to the constant kinase protein level, cyclin concentrations 

oscillate throughout the cell cycle in most cases (G1/S-, S-, and M-cyclins, corresponding to 

the cell cycle phase-specific accumulation) and lead to transient kinase activation. In addition, 

activity of Cdk-cyclin complexes is regulated by activating or inhibitory phosphorylation and 

by binding of inhibitory proteins (Pines, 1991). Furthermore, the protein levels of cyclins and 

regulatory proteins are altered during cell cycle by targeted degradation (Murray, 2004).  

 

3.2 The orchestration of mitotic entry, progression and exit by activity of 

kinases, phosphatases and targeted protein degradation 

Mitotic entry is triggered by the switch like activation of mitotic kinases. Their activity in 

early mitosis leads to phosphorylation of proteins that drive the already mentioned events 

preparing the chromosomes for segregation: disassembly of the nuclear envelope, assembly of 

the mitotic spindle, chromosome condensation and congression to the metaphase plate (Nasa 

& Kettenbach, 2018). The spindle assembly checkpoint (SAC) monitors unattached 

kinetochores but as soon as all kinetochores are properly captured by the mitotic spindle, the 

checkpoint is inactivated (Lara-Gonzalez et al., 2012). This event marks the turning point of 

mitosis as it leads to the activation of a giant ubiquitin ligase termed the anaphase promoting 

complex or cyclosome (APC/C) (Musacchio, 2015). The APC/C mediates targeted protein 

degradation of numerous important regulatory proteins like cyclins. As a consequence, the 

separation of sister chromatids is initiated and mitotic kinases become inactivated (Peters, 

2006). Eventually, late mitotic events as well as mitotic exit and cytokinesis are facilitated by 

uprising activity of phosphatases that counteract the phosphorylations set by mitotic kinases 

(Nasa & Kettenbach, 2018). 
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3.2.1 Mitotic kinases: regulation of mitotic entry and progression 

From a regulatory perspective, entry into mitosis is orchestrated by a complex network of 

factors that control the timely activation of Cdk1-Cyclin B1. Cyclin B1 slowly accumulates 

during S- and G2-phase which leads to increasing amounts of Cdk1-Cyclin B1 complexes. 

They are kept inactive by inhibitory phosphorylation of Cdk1 at Thr14 and Tyr15 mediated 

by the kinases Wee1 and Myt1 (McGowan & Russell, 1993; Norbury et al., 1991). These 

phosphorylations have to be removed by the Cdc25 phosphatase to achieve partial activation 

(Galaktionov & Beach, 1991). For full activation, Cdk1 has to be phosphorylated at Thr161 

by the Cdk-activating kinase (CAK) (Kaldis, 1999). Cdk1 itself also contributes to the 

activation of Cdc25 and inactivation of Wee1 resulting in a positive feedback loop and a 

switch-like mitotic entry (Watanabe et al., 2005). Upon mitotic entry, active Cdk1-Cyclin B1 

phosphorylates a vast number of substrates leading to nuclear envelope breakdown, 

chromosome condensation and congression (Enserink & Kolodner, 2010).  

Furthermore, the family of Polo-like kinases is essential for the orchestration of mitotic 

events. Primarily identified in genetic screens in Drosophila (Sunkel & Glover, 1988), 

homologues of the Ser/Thr kinase Polo have since been identified in many eukaryotes. 

Mammals express four different Polo-like kinases (Plk1-4) with non-overlapping functions 

(Archambault & Glover, 2009). Among these, Plk1 is the most extensively studied kinase as it 

is involved in many processes related to mitotic entry as well as progression. In human cells, 

Plk1 promotes mitotic entry by enhancing Cdk1-Cyclin B1 activity on multiple levels: First, it 

phosphorylates and activates Cdc25 (Lobjois et al., 2009). Second, Plk1 phosphorylates 

Wee1/Myt1 and contributes to their inactivation (Watanabe et al., 2004). Third, it 

phosphorylates Cyclin B1 and thereby promotes its nuclear import (Lobjois et al., 2009; Peter 

et al., 2002). During mitosis, Plk1 localizes to the centrosomes in prophase, the kinetochores 

in prometa- and metaphase, the central spindle in anaphase and the midbody in telophase 

(Barr et al., 2004; Zitouni et al., 2014). These various subcellular localizations are mediated 

by its C-terminal Polo-box domain (PBD) which contains two Polo-boxes (PB), preferentially 

binding to phosphorylated peptides (Elia et al., 2003). This implies that other kinases, like 

Cdk1, act as priming kinases and hence regulate the spatial and timely activation of Plk1 

(Tavernier et al., 2015). Plk1 then phosphorylates substrates via its N-terminal Ser/Thr kinase 

domain and thereby fulfills multiple functions like the already mentioned entry into mitosis, 

accumulation of proteins in the pericentriolar matrix (PCM) of the centrosomes (a process 

termed maturation), kinetochore assembly, chromosome arm resolution during mitosis as well 

as formation of a cleavage furrow during cytokinesis (Barr et al., 2004; Petronczki et al., 
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2008). Plk2 and Plk3 functions are more related to cell cycle progression during interphase 

and DNA damage response, respectively (Ma et al., 2003; Xie et al., 2001). Plk4 is located at 

the centrosome throughout most of the cell cycle where it is the main regulator of centriole 

duplication during S-phase (Habedanck et al., 2005).  

 

3.2.2 The APC/C: targeted protein degradation initiates anaphase and late mitotic 

events 

Progression through mitosis is also controlled by targeted protein degradation. The majority 

of protein degradation in mammalian cells is carried out by the ubiquitin-proteasome 

pathway. Here, the small (76 aa) protein ubiquitin is covalently conjugated via an iso-peptide 

bond to substrate proteins which are subsequently degraded by the 26S proteasome (Collins & 

Goldberg, 2017). The conjugation is catalyzed in a sequential cascade reaction by three 

enzymes called the ubiquitin activating enzyme E1, the ubiquitin conjugating enzyme E2 and 

the ubiquitin ligase E3 (Kleiger & Mayor, 2014). Substrate specificity is mediated by one of 

the numerous E3 enzymes which are classified into two major families, the HECT and RING 

domain ligases. Members of the HECT domain ligases feature enzymatic activity and hence 

catalyze the ubiquitin transfer from E2 to the substrate via a covalent ubiquitin-HECT 

intermediate. Members of the RING domain ligases lack enzymatic activity and rather serve 

as a binding platform for the E2 enzyme and the substrate, thereby mediating the direct 

ubiquitin-transfer from E2 onto the substrate (Metzger et al., 2012). Two RING domain 

complexes are mainly dedicated to the control of cell cycle progression, namely the anaphase-

promoting complex or cyclosome (APC/C) and the Skp1-Cul1-F-Box-protein (SCF) ligases 

(Cardozo & Pagano, 2004; Peters, 2006).  

The human APC/C is a 1.2 MDa complex comprising 19 subunits (Chang et al., 2014). Its 

activity is regulated by phosphorylation of several subunits but furthermore strictly depends 

on binding of either one of its coactivator subunits Cdc20 or Cdh1 (Kraft et al. 2003; Kramer 

et al. 2000). While APC/CCdc20 activity is essential for the initiation of the metaphase-to-

anaphase transition, APC/CCdh1 becomes active from late mitosis until entry into S-phase. 

Both coactivators recognize conserved degron sequences called destruction box (D-box) or 

KEN-box in substrate proteins, with APC/CCdc20 more relying on the KEN-box and 

APC/CCdh1 more relying on the D-box (Barford, 2011).  

Due to its importance, APC/C activity is tightly regulated. In early mitosis APC/C activity is 

repressed by the SAC, a control mechanism that monitors unattached kinetochores and 
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generates a wait-anaphase signal until all kinetochores are stably bound by the mitotic spindle 

(Lara-Gonzalez et al., 2012). In more detail, unattached kinetochores catalyze the formation 

of a diffusible signal, the so-called mitotic checkpoint complex (MCC). The MCC is 

composed of Bub3, Mad2 and BubR1 which together bind Cdc20. Association of the MCC 

with the APC/C then blocks substrate recruitment and its activity (Joglekar, 2016). Once all 

kinetochores are correctly attached to the mitotic spindle, the SAC is satisfied and the MCC 

disassembled (Eytan et al., 2014; Yang et al., 2007). The released Cdc20 is now able to 

activate the APC/C and initiate anaphase with its defining event, the separation of sister 

chromatids. Up to this point, sister chromatids were tethered together by a multiprotein 

complex called Cohesin, which topologically embraces the two sisters (Michaelis et al., 

1997). The resolution of cohesion occurs through Separase, a giant cysteine endopeptidase, 

which cleaves the kleisin subunit of Cohesin, Scc1/Rad21 (Uhlmann et al., 1999, 2000). 

Premature activation of Separase would lead to precocious separation of sister chromatids. 

Hence, Separase activity is tightly regulated by multiple, mutually exclusive inhibitors. The 

MCC compound Mad2 for instance, was shown to further associate with shugoshin 2 (Sgo2), 

in order to build a competitive inhibitor complex for Separase (Hellmuth et al., 2020). 

Additionally, Separase can be inhibited by Securin or Cdk1-Cyclin B1 (Ciosk et al., 1998; 

Stemmann et al., 2001). Both inhibitors are substrates of APC/CCdc20, revealing a strictly 

timed order in anaphase events with inactivation of the SAC, activation of the APC/C and 

eventually liberation of Separase through degradation of its inhibitors. Cyclin B1 degradation 

additionally leads to dropping Cdk1 activity in late mitosis. As a consequence, Cdh1 is freed 

from its inhibitory phosphorylations and assembles with the APC/C into an active complex 

which supports mitotic exit. Additionally, APC/CCdh1 contributes to the maintenance of G1-

phase, thereby suppressing premature entry into S-phase (Jaspersen et al., 1999; Kramer et al., 

2000). 

The second E3 ligase important for cell cycle progression is the SCF (Skp1, Cul1 and the F-

Box) ligase (Vodermaier, 2004). Cul1 and Skp1 serve as a platform for the binding of one of 

the many F-box proteins that mediate substrate specificity (Cardozo & Pagano, 2004; Kobe & 

Kajava, 2001; Pashkova et al., 2010; Yoshida et al., 2002). As a common characteristic, 

almost all substrates have to be phosphorylated in order to be recognized as such. This 

however allows targeted destruction of substrates by the SCF throughout the cell cycle 

(Skowyra et al., 1997). 
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3.2.3 Mitotic phosphatases: regulation of mitotic exit 

Late mitotic events like spindle disassembly, nuclear envelope reassembly, cytokinesis and 

finally mitotic exit are mainly driven by declining activity of mitotic kinases and rising 

activity of counteracting phosphatases (Pereira & Schiebel, 2016). In mitosis, more than 1000 

proteins with increased phosphorylation were identified in a mass-spectrometry approach 

(Dephoure et al., 2008). Over 99% of these events occur at serine and threonine residues 

whereas less than 1% account for tyrosine residues (Hunter & Sefton, 1980). Interestingly, the 

human genome encodes for more than 100 tyrosine phosphatases (TPs), but only for 

approximately 30 serine/threonine-specific phosphatases (STPs). This imbalance is due to the 

fact that STPs are able to build diverse complexes with different combinations of catalytic and 

regulatory subunits (Brautigan, 2013; Tonks, 2006). STPs are subdivided into three groups 

with the phospho-protein phosphatases (PPP) as the most important and most numerous group 

(Shi, 2009). They are mainly involved in cell cycle regulation, among them Cdc25, protein 

phosphatase 1 (PP1) and protein phosphatase 2 (PP2A) which are particularly important for 

mitotic entry and exit. PP2A forms more than 100 different trimeric complexes and PP1 even 

more than 200 dimeric complexes targeting different substrates and thereby reversing the 

various phosphorylations set by mitotic kinases (Heroes et al., 2013; Janssens et al., 2008; 

Shi, 2009).    

 

3.3 The Cohesin complex: Mediating sister chromatid cohesion  

In mammalian cells, chromosomes are duplicated in S-phase and segregated in the following 

M-phase. In contrast to the two centrosomes, up to dozens of chromosomes have to be 

properly replicated and equally distributed to the newly formed daughter cells. This major 

challenge is met by keeping the sister chromatids tethered together from the time of their 

replication in S-phase until their separation at the metaphase-to-anaphase transition in mitosis. 

Two mechanisms contribute to this cohesion, namely the intertwining of sister chromatids 

(SCI) and the Cohesin ring which physically embraces the two sister chromatids (Baxter, 

2015; Haarhuis et al., 2014).  

The Cohesin core complex is a tripartite ring composed of two Smc proteins (structural 

maintenance of chromosomes) and the kleisin subunit Scc1 (sister chromatid cohesion)  

(Fig. 3) (Gruber et al., 2003; Michaelis et al., 1997). Smc proteins are conserved in all 
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domains of live and exhibit a characteristic long and rod-shaped form. They contain a central 

globular hinge domain over which the proteins fold back on themselves to build 

intramolecular and antiparallel coiled coils. This brings the N- and C-termini in direct vicinity 

and together they build a nucleotide binding head domain (NBD) which characterizes Smc 

proteins as members of the ATP binding cassette (ABC) ATPases (Hirano, 2006; Uhlmann, 

2016). In human Cohesin, Smc1 and Smc3 exclusively form heterodimers via the hinge 

domain on the one side and the head domains on the other side (Haering et al., 2002). Each 

head domain builds a partial and complementary ATPase domain meaning that the Walker A 

and B motif of Smc1 interact with the D-loop and the signature motif of Smc3 and vice versa 

(Lammens et al., 2004). More recent structural data suggest that SMC’s coiled coils possess a 

flexible region in their middle, the ‘elbow’, which allows a collapsed conformation and 

contact between head and hinge domain (Bürmann et al., 2019). The kleisin subunit Scc1 

closes the ring by binding to the Smc1 head domain with its C-terminus and to the coiled coil 

region proximal to the head domain of Smc3 with its N-terminus (Gligoris et al., 2014; Huis 

in ’t Veld et al., 2014).  

Scc1 provides binding sites for additional peripheral subunits, which regulate Cohesin 

dynamics on chromatin. As a common characteristic, they are all heat repeat proteins and 

referred to as HAWKs (HEAT Proteins Associated With Kleisins) (Wells et al., 2017). For 

example, permanently bound to the unstructured middle region of Scc1 is a stoichiometric 

subunit called Scc3 in yeast or stromal antigen (SA) in vertebrates (Losada et al., 2000; Tóth 

et al., 1999). The latter express two isoforms named SA1 or SA2, with non-redundant 

functions albeit approximately 70% sequence homology (Canudas & Smith, 2009; 

Carramolino et al., 1997). Both contribute to effective and stable binding of Cohesin to DNA, 

with SA1 binding to AT-rich telomeric sequences and with SA2 binding sequence-

independent to DNA but with a higher affinity to ssDNA (Bisht et al., 2013; Countryman et 

al., 2018). Thereby, SA2 is associated with DNA replication and double-strand break repair 

(Countryman et al., 2018). Further associated with Scc1 is the kollerin complex, consisting of 

Nipbl/Mau2 in vertebrates or Scc2/Scc4 in yeast (Ciosk et al., 2000). Kollerin is important for 

the loading of Cohesin in telophase (in mammals) or G1 phase (in yeast) (Ciosk et al., 2000; 

Tonkin et al., 2004). During G1-phase, Cohesin association with chromatin is highly dynamic, 

meaning permanent loading and unloading events occur (Gerlich et al., 2006). Cohesin 

unloading is mediated by another peripheral Cohesin complex, namely PDS5/Wapl (Gandhi 

et al., 2006; Kueng et al., 2006). This complex mediates the ATP-dependent but proteolysis-

independent opening of the Cohesin ring and its dissociation from DNA (Murayama & 



Introduction 

16 

 

Uhlmann, 2015). Interestingly, PDS5 (expressed in humans as isoforms PDS5A and PDS5B) 

has two opposing roles as it is also responsible for establishing cohesive Cohesin during S-

phase. It does so in complex with Sororin, a protein mutually exclusive competing with Wapl 

for the same binding site at the N-terminus of PDS5 (Nishiyama et al., 2010; Rankin et al., 

2005).  

The discovery, that cleavage of the kleisin subunit Scc1 by Separase allows the sister 

chromatids to separate in anaphase led to the suggestion, that cohesion is mediated by 

topological entrapment of sister chromatids within the ring’s lumen (Haering et al., 2002; 

Uhlmann et al., 2000). This widely accepted ring model was further supported by experiments 

with purified mini-chromosomes. Both, cleavage of the DNA by restriction enzymes as well 

as artificial cleavage of an engineered Cohesin ring with TEV (Tobacco Etch Virus) protease 

resulted in a loss of DNA-Cohesin association (Ivanov & Nasmyth, 2005). Furthermore, 

crosslinking all three interfaces of the integral Cohesin subunits by introduced cysteine 

residues creates sodium docecylsulfate (SDS)-resistant rings around mini-chromosomes 

(Haering et al., 2008). However, this ring model is challenged by the handcuff, snap or 

bracelet model, in which sister chromatids are individually bound by a single Cohesin ring. 

Cohesion would then be mediated by dimerization of Cohesin rings via Scc1/STAG or the 

SMC hinge regions (Zhang et al., 2008; Zhang & Pati, 2009). 

 

 
 

 

Fig. 3: The cohesin ring. Smc1, Smc3 and Scc1 together build the cohesin core complex. Smc proteins are large 

coiled coil proteins that fold back on themselves, thereby generating a flexible hinge domain and two ATPase 

head domains. Scc1 closes the ring by binding to both Smc subunits and additionally serves as a binding 

platform for several peripheral subunits like Scc3 and Pds5. Pds5 in turn mediates binding of the cohesin release 

factor Wapl or its antagonist Sororin, dependent on the current cell cycle phase.  
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3.3.1 The Cohesin cycle: Loading of Cohesin in telophase and elevated dynamics in 

G1-phase 

As already mentioned, the initial loading of Cohesin occurs in late telophase (in vertebrates) 

or late G1-phase (in yeast) (Ciosk et al., 2000; Michaelis et al., 1997). Genome-wide mapping 

of Cohesin revealed a rather static accumulation at centromeres and specific sites at the 

chromosomal arms. These sites represent intergenic regions or CARs (Cohesin associated 

region) in budding yeast as well as actively transcribed genes in flies (Laloraya et al., 2000; 

Misulovin et al., 2008). In mouse and humans, most of Cohesin binds to sites occupied by the 

CCCTC binding factor (CTCF), a transcription factor involved in the organization and 

compaction of chromatin (Wendt et al., 2008). During G1-phase, Cohesin dynamically 

associates with chromatin, meaning that constant loading and unloading events occur. The 

mean residence time of the majority of Cohesin rings is less than 25 min (Gerlich et al., 

2006). In vertebrates, Cohesin loading depends on a complex comprising Scc2-Scc4 as well 

as ATP hydrolysis by the SMC heads (Ciosk et al., 2000). For topological entrapment of 

DNA, the loading complex makes multiple contacts with all four peripheral Cohesin subunits 

and stimulates Cohesin’s ATPase (Murayama & Uhlmann, 2013; Petela et al., 2018). The 

underlying mechanism and how this energy is used to achieve Cohesin loading remain 

controversial, however. But the fact that Cohesin associates with chromatin as a preassembled 

ring demands its opening at one of the three interfaces. Biochemical and Cryo-EM 

experiments in S. pombe suggest that DNA even has to pass through two interlocking Cohesin 

gates in order to get loaded (Murayama & Uhlmann, 2015). First, DNA has to pass through a 

gate between Scc1 and Smc3. This so-called N-gate opens upon binding of ATP to the Smc 

heads, allows DNA passage and closes as soon as the DNA is trapped in the so called 

‘gripping state’, a narrow channel between Scc2/Nipbl, the Smc heads and the kleisin N-gate. 

Then, ATP hydrolysis opens the Smc gate, allowing DNA to pass and to become 

topologically entrapped within the Smc lumen (Marcos-Alcalde et al., 2017; Murayama & 

Uhlmann, 2015; Yu, 2016). For the unloading reaction, DNA has to pass the same two gates, 

but in the opposite direction: first the Smc head gate opens upon ATP hydrolysis, releasing 

the DNA into a ring formed by Scc1 and the Smc’s. Rebinding of ATP then leads to 

engagement of the head domains again, allowing Wapl and Pds5 to disrupt the Scc1-Smc3 

interaction, to open the kleisin N-gate and to release the DNA (Beckouët et al., 2016; 

Murayama & Uhlmann, 2015). 

However, this model is challenged by other studies. The findings that fusion of the kleisin 

subunit to either Smc1 or Smc3 is not lethal and that, instead, artificial ligation of the Smc1-
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Smc3 hinge impairs cohesion establishment favors the hinge domain as the entry gate 

(Buheitel & Stemmann, 2013; Gruber et al., 2006). Supporting biochemical data suggest, that 

DNA is entrapped in a clamp between Scc2 and the engaged Smc heads without having 

passed the hinge or Smc3/Scc1 gate. The SMC proteins are in a collapsed configuration, 

meaning that their hinge domains are bended via their elbow domains to allow contact with 

DNA and/or head domains. In the next step, DNA downstream of the clamp might pass 

through the hinge gate to achieve topological entrapment (Collier & Nasmyth, 2022). 

Whether DNA passes through the hinge gate or Smc3/Scc1 gate might also depend on the 

function of the designated Cohesin ring. Cohesin’s canonical function is the tethering of 

replicated sister chromatids in trans. In this case, topological entrapment of both sisters 

probably occurs in a ring build by Smc proteins and Scc1 (SK-ring) (Collier et al., 2020; 

Collier & Nasmyth, 2022). However, Cohesin also contributes to the organization and 

compaction of interphase chromatin through mediation of cis-contacts between loci on the 

same DNA molecule. This DNA compaction is achieved by a loop extrusion mechanism, in 

which repeated ATP hydrolysis leads to threading of the DNA through the ring’s lumen 

(Bauer et al., 2021; Davidson et al., 2019; Kim et al., 2019). In this case, DNA is probably 

clamped in the ‘gripping state’ between Scc2, the SMC heads and the kleisin N-gate without 

being topological loaded (Collier et al., 2020; Davidson et al., 2019). Extruded loops allow 

the formation of interactions between distant loci and organize chromatin in topologically 

associated domains (TADs) (Wutz et al., 2017). The loop size is mainly restricted by 

boundary elements like CTCF, which blocks Cohesin translocation along DNA and loop 

extrusion (Davidson et al., 2023; Parelho et al., 2008). Thereby, CTCF serves as an anchor for 

Cohesin, further stabilizing it on chromatin by protecting it against Wapl’s releasing activity 

(Li et al., 2020). 

 

3.3.2 Establishment of sister chromatid cohesion in S-phase 

The establishment of sister chromatid cohesion occurs in a co-replicative manner during S-

phase (Uhlmann & Nasmyth, 1998) (Fig. 4). In coordination with the passage of the 

replication fork, both sister chromatids are tethered together by Cohesin. Recent yeast genetic 

studies suggest two independent mechanisms, namely de-novo loading and the conversion of 

pre-loaded Cohesin, as being capable for the establishment of cohesion (Srinivasan et al., 

2020). De-novo loading behind the fork depends on the Scc2 loader and the CTF18-RFC 

complex, while the Cohesin conversion depends on Tof1/Csm3, Ctf4 and Chl1. Despite of 



Introduction 

19 

 

being non-essential factors for cohesion establishment, combining mutants form both epistasis 

groups lead to synthetic lethality or combined sickness (Srinivasan et al., 2020). For the 

Cohesin conversion, the replication fork would have to pass through the Cohesin ring or 

alternatively, transfer the ring across the replication fork in order to reassociate with DNA 

behind it. Irrespective of de-novo loading or Cohesin conversion, the Cohesin ring would 

have to entrap both sister chromatids behind the replication fork. As hinds are given, that 

cohesion establishment is coordinated with lagging strand synthesis, a model of sequential 

Cohesin capture seems to be promising (Murayama et al., 2018; Rudra & Skibbens, 2012). 

Cohesin might embrace dsDNA after leading strand synthesis in a first step followed by 

capturing ssDNA from delayed lagging strand synthesis. Cohesion would then be established 

upon synthesis of the duplex DNA (Rudra & Skibbens, 2012). Another essential step during 

cohesion establishment is the acetylation of Cohesin through the acetyltransferase Eco1 

(Esco1/2 in human) (Hou & Zou, 2005; Ivanov et al., 2002). All Eco family members are 

localized to the sites of replication through interaction with PCNA, a ring shaped sliding 

clamp and processivity factor for DNA polymerases (Bender et al., 2020; Moldovan et al., 

2006). Eco1 was proven to acetylate the two important lysine residues 112/113 of yeast Smc3 

(Lys105/106 in human Smc3) (Rolef Ben-Shahar et al., 2008; Zhang et al., 2008). The site of 

modification is thought to directly interact with the entrapped DNA and the loader Scc2 

(Higashi et al., 2020; Murayama & Uhlmann, 2015). With the lysine residues deacetylated, 

this interaction enhances ATPase activity of the Smc head domains and leads to the 

subsequent Wapl-dependent release of the Cohesin ring from DNA. On the contrary, 

acetylation of the lysine residues counteracts this process and allows establishment of stable 

cohesion (Beckouët et al., 2016; Çamdere et al., 2015; Murayama & Uhlmann, 2015). 

Furthermore, Smc acetylation facilitates the recruitment of Sororin, the antagonist of Wapl, to 

further stabilize Cohesin on chromatin (Nishiyama et al., 2010). The C-terminus of Sororin 

binds to the SA subunit of the Cohesin ring and serves as an anchor (Wu et al., 2011; Zhang 

& Pati, 2015). By an N-terminal YSR-sequence, a conserved binding motif shared by Sororin 

and Wapl, Sororin binds to Pds5 and thereby displaces Wapl (Nishiyama et al., 2010; Ouyang 

et al., 2016). Pds5 serves as a binding platform for both proteins, Wapl and Sororin, 

performing negative and positive functions in sister chromatid cohesion. It was further shown 

to promote Smc3 acetylation by Eco1 and prevent Hos1 mediated deacetylation throughout 

G2- and M-phase until Separase gets active and cleaves Scc1 (Chan et al., 2013). Importantly, 

only 40% of Cohesin molecules are converted to this persistent and cohesive form, whereas 
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60% remain dynamically associated with the chromatin during G2-phase (Ladurner et al., 

2016).   

 

3.3.3 M-phase: Cohesin resolution from chromosomes in two waves 

During vertebrate M-phase, Cohesin is removed from chromosomes in two waves (Fig. 4). 

The first wave, the so-called prophase pathway, removes Cohesin from the chromosome arms 

in a non-proteolytic way upon mitotic entry (Waizenegger et al., 2000). By concerted action 

of Plk1, Cdk1 and Aurora B, the Cohesin associated subunits Sororin and SA2 get 

phosphorylated, causing the entire ring to dissociate from chromosome arms (Hauf et al., 

2005; Nishiyama et al., 2013; Zhang et al., 2011). The underlying mechanisms remain 

enigmatic but phosphorylation of Sororin leads to its dissociation and replacement by Wapl 

(Nishiyama et al., 2010). As these soluble Cohesin rings are not cleaved by Separase at the 

metaphase-to-anaphase transition, they provide a pool of intact rings that can be loaded again 

on chromatin in telophase (Sun et al., 2009). Furthermore, removal of Cohesin rings from the 

chromosome arms might promote deconcatenation by Topoisomerase II and hence contribute 

to the timely resolution of sister chromatid intertwining (Farcas et al., 2011). 

A small pool of Cohesin at the centromeric region of chromosomes is protected from the 

prophase pathway and mediates sister chromatid cohesion until anaphase onset. This 

protection is mediated through the ′guardian spirit′ shugoshin 1 (Sgo1) by recruiting the PP2A 

phosphatase to the centromeric region (Kitajima et al., 2006; Liu et al., 2013; Tang et al., 

2006). Here, PP2A keeps Sororin and SA2 in a dephosphorylated state, thus counteracting the 

activity of mitotic kinases and Wapl (McGuinness et al., 2005). When all kinetochores are 

stably bound by the mitotic spindle, the SAC is silenced and the MCC disassembles. Freed 

Cdc20 activates the APC/C, which in turn liberates Separase by targeted destruction of its 

inhibitors. As already mentioned, Separase is normally kept inactive by association with 

Securin (Ciosk et al., 1998). Securin binds to the catalytic site of Separase with a motif that 

partly matches the consensus cleavage site, thereby acting as a pseudosubstrate (Lin et al., 

2016; Luo & Tong, 2017). Another inhibitor of Separase is Cdk1-Cyclin B1 (Stemmann et al., 

2001). Formation of this complex requires initial phosphorylation of Separase at Ser1126 by 

Cdk1. As a consequence, Separase undergoes conformational changes in a cis/trans-

isomerization of the proline residue at position 1127. This process is catalyzed by the 

peptidyl-prolyl isomerase (PPIase) Pin1. Separase in its trans-conformation then facilitates 

binding and inhibition by Cdk1-Cyclin B1 but renders itself insensitive for repeated binding 
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of Securin. At the same time, Separase becomes more aggregation-prone, thereby setting the 

timer for a well-directed and contemporary inactivation of Separase (Hellmuth et al., 2015). A 

third competitive inhibitor of Separase is Sgo2, which inhibits Separase in a Securin-like 

manner as a pseudosubstrate. It does so in complex with Mad2 in its closed configuration, 

providing a direct link and supervision between the SAC and Separase inhibition. Upon SAC 

inactivation, Separase is liberated from Sgo2-Mad2 through activity of the AAA-ATPase 

TRIP13 and p31comet  (Hellmuth et al., 2020). 

During the narrow time window of anaphase onset, Separase efficiently cleaves the remaining 

pool of centromeric Cohesin rings, thereby allowing the separation of sister chromatids 

(Uhlmann et al., 1999). The efficiency of Scc1 cleavage is increased by phosphorylation of 

several residues in the vicinity of the Separase cleavage site, thereby turning the kleisin into a 

better substrate (Alexandru et al., 2001). In general, Separase preferentially cleaves 

phosphorylated over non-phosphorylated and chromatin bound over soluble pools of Scc1 

(Hornig & Uhlmann, 2004).    

 

 
 

 

Fig. 4: The cohesin cycle. The Scc2/Scc4 dependent loading of cohesin occurs in late telophase. Throughout 

G1-phase, cohesin remains dynamic as it is constantly loaded and released from chromatin. During S-phase, 

cohesion is established through acetylation by Esco1/2 of the Smc3 subunit and subsequent binding of Sororin. 

In M-phase, cohesin removal occurs in two waves: 1) In prophase, the bulk of cohesin gets phosphorylated by 

mitotic kinases like Plk1, Cdk1 and Aurora B and dissociates from chromatin through the releasing activity of 

Wapl. 2) Separase cleaves the remaining centromeric cohesin rings which allows the sister chromatid separation 

in anaphase. In telophase, cohesin gets loaded onto chromatin and the cycle starts over again. 
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3.3.4 Cohesin associated syndromes: Cohesinopathies 

As expected from Cohesin’s importance in the depicted processes, mutations in Cohesin 

subunits are linked to severe diseases collectively described as Cohesinopathies. These 

include the Cornelia de Lange Syndrome (CdLS), Roberts Syndrome (RBS) and the Warsaw 

Breakage Syndrome (WBS). Overlapping phenotypes are, amongst others, mental retardation, 

small body stature and developmental delay (Banerji et al., 2017; Liu & Krantz, 2008). CdLS 

arises mainly from mutations in the Cohesin loader Scc2, but mild forms are also linked to 

mutations in Smc1, Smc3 and histone deacetylase 8 (HDAC8) (Deardorff et al., 2007, 2012; 

Krantz et al., 2004; Pehlivan et al., 2012). However, CdLS patients do not suffer from 

premature sister chromatid separation (SCS), but rather from defects in cis-DNA tethering 

(Krantz et al., 2004). Patients with RBS mainly exhibit mutations in the acetyltransferase 

Esco2, partly abolishing the establishment of cohesive Cohesin, which in turn triggers 

premature SCS (Vega et al., 2005). WBS originates from mutations in the DNA helicase 

DDX11/ChlR1, leading to reduced level of the Cohesin loader Scc2 and Cohesin itself by a 

yet poorly understood mechanism (Rudra & Skibbens, 2013; van der Lelij et al., 2010). 

3.4 Microtubule organizing center, spindle pole bodies and centrosomes 

Microtubules (MTs) are tubular polymers with an outer diameter of 25 nm and lengths of up 

to several micrometers. They are composed of αβ-tubulin heterodimers that are arranged into 

a head-to-tail fashion and polymerize into linear protofilaments (Kollman et al., 2011). In 

mammals, 13 of these protofilaments oligomerize laterally to form a hollow cylinder (Tilney 

et al., 1973). As part of the cytoskeleton, microtubules contribute to the cellular structure and 

provide tracks for intracellular transport. Many of its functions depend on fast reorganization 

and hence the microtubule cytoskeleton is remarkably dynamic. The end of the microtubule 

exposing β-tubulin is capable of rapid growth or shrinkage caused by addition or loss of αβ-

tubulin dimers and termed the plus end. On the other hand, the end exposing α-tubulin is 

rather stable with a low growth or shrinkage rate and termed minus end (Roostalu & Surrey, 

2017). The alteration of individual MTs between periods of growth and shrinkage is termed 

dynamic instability (Mitchison & Kirschner, 1984). The transition from growth to shrinkage 

is called catastrophe and is thought to be caused by loss of the so called ‘GTP-cap’, the end of 

a polymerizing microtubule, where GTP hydrolysis has not yet occurred. On the contrary, 

gain of a GTP cap is thought to reverse the process into growth and is called rescue (Bayley et 
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al., 1989; Brouhard & Sept, 2012). In mitosis, the frequency of catastrophe events increases, 

while the frequency of rescue events decreases. As a result, mitotic MTs are shorter compared 

to interphase MTs but become highly dynamic (Brun et al., 2009; Margolin et al., 2012). 

Microtubules polymerize spontaneously in vitro when a critical concentration of tubulin 

dimers is exceeded and Mg2+ and GTP are present (Voter & Erickson, 1984). However, in 

cells a nucleation factor is needed for efficient initiation of polymerization. In higher 

eukaryotes, the multi-subunit γ-tubulin ring complex (γ-TuRC) caps the minus end and serves 

as a template for microtubule nucleation (Zheng et al., 1995). These γ-TuRCs cluster at 

specific sites in vivo which are termed the microtubule organizing centers (MTOCs). MTOCs 

in turn are responsible for the stability of the microtubules as well as for recruitment of 

components for their de novo nucleation (Wu & Akhmanova, 2017). Since the first 

description of MTOCs in the late 1880s by Boveri and van Beneden (reviewed in (Scheer, 

2014)), it took 70 more years and the method of electron microscopy to gain further insights 

into their structure and function (Amano, 1957; Ruthmann, 1959). Two of the most widely 

studied MTOCs today are the spindle pole bodies (SPB) in yeast and the centrosomes in 

animal cells.  

Due to the closed mitosis in yeast, the SPBs are multilayered structures that are permanently 

embedded in the nuclear envelope (in case of S. cerevisiae) or get incorporated into the 

nuclear envelope upon entry into mitosis (in case of S. pombe) (Ding et al., 1997; Moens & 

Rapport, 1971). The SPB in budding yeast is well characterized and composed of 18 different 

proteins which organize both the nuclear and cytoplasmic microtubules (Cavanaugh & 

Jaspersen, 2017; Keck et al., 2011). The MTOC in animal cells is the centrosome. It is 1-2 µm 

in diameter and composed of two centrioles (see below) in orthogonal orientation surrounded 

by a proteinaceous pericentriolar matrix (PCM). Beside its function in organizing microtubule 

nucleation, the centrosome is important for regulation of cell polarity, cellular transport, 

formation of cilia and flagella, cell cycle progression and DNA damage response (Cuschieri et 

al., 2007; Dawe et al., 2006; Mullee & Morrison, 2016; Tang & Marshall, 2012). 

Interestingly, higher plant cells contain no centrosomes but efficiently initiate microtubule 

nucleation on the nuclear envelope in prophase. After nuclear breakdown, the so called 

prospindle is formed by bipolarization (Brown & Lemmon, 2011; B. Liu & Lee, 2022). 

Oocytes in metazoans also lack centrosomes and nucleate their microtubules in centrosome-

independent pathways like the Ran-GTP-, the chromosomal passenger complex (CPC)- or the 

Augmin-dependent pathway (Bennabi et al., 2016). The same pathways become relevant 

when centrosomes are removed from tissue culture cells by laser ablation or microsurgery as 
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well as in a centrosome-free Xenopus laevis extract where a bipolar spindle can assemble after 

addition of artificial chromosomes (Heald et al., 1996, 1997). These findings indicate that 

centrosomes are not essential for spindle assembly if only considering the following mitosis 

after centrosome depletion. However, permanent loss of centrosomes triggers chromosomal 

instability and aneuploidy in animal cells, pointing out the importance of centrosomes for a 

high fidelity in chromosome segregation over several cell cycles (Badano et al., 2005; 

Cosenza & Krämer, 2016; Sir et al., 2013).  

3.5 The centrosome architecture and functions  

Since the first description as tiny dot-like structures on microscope slides, MTOCs have been 

widely studied, revealing more of their function and architecture (Scheer, 2014). However, for 

further knowledge about complex structures like the amorphous PCM, it was essential to gain 

more information about the protein composition of the centrosome. Hence, large-scale 

isolation of centrosomes from different species combined with mass-spectrometry-based 

proteomic analysis was used and revealed more than 160 proteins as centrosomal (Andersen 

et al., 2003; Jakobsen et al., 2011; Müller et al., 2010). Putative protein candidates were 

verified in microscopy-based screens by co-localization with centrosomal markers as well as 

functional analyses using RNA interference (RNAi) (Andersen et al., 2003; Jakobsen et al., 

2011; Müller et al., 2010). Together with these confirmed proteins, further putative proteins 

can be found in the database Centrosome:db. So far, more than 1000 human or fly genes are 

considered to encode for centrosomal proteins (Alves-Cruzeiro et al., 2014). In another study, 

58 of these centrosomal proteins were used as baits in a proximity biotinylation (BioID) assay 

in order to generate a protein topology network. Over 7000 protein interactions at the 

centrosome were revealed that way (Gupta et al., 2015). Future challenges will be to further 

characterize centrosomal proteins in terms of their function and to understand their interaction 

and dynamics in dependency of particular cell cycle stages.  

 

3.5.1 Centrioles 

As mentioned above, the centrosome consists of two centrioles oriented perpendicularly to 

each other (Fig. 5). Each cylindrical centriole is 400-500 nm long and has a diameter of 200-

250 nm (Wheatley, 1982). The centriole wall is composed of nine microtubule triplets which 
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are arranged around a cartwheel structure (Azimzadeh & Marshall, 2010). Each triplet 

contains a complete A-tubule and incomplete B- and C-tubules (Dippell, 1968). The A-tubule 

is oriented towards the center of the centriole and capped by a γ-TuRC complex at the 

proximal end (Guichard et al., 2010). The incomplete B- and C-tubules are attached to the 

wall of the A- or B-tubule, respectively. They are nucleated by bidirectional growth without 

γ-TuRC and by the time all three tubules reach their final stage of extension, the γ-TuRC from 

the A-tubule is removed as well (Guichard et al., 2010). Linker between the A- and C-tubule 

of two adjacent triplets contribute to the stability of the centriole (Li et al., 2019). 

Additionally, multiple post-translational modifications (PTM) like polyglutamylation, 

acetylation and the removal of the terminal two amino acids of α-tubulin (Δ2-tubulin) enhance 

the stability of the microtubule triplets (Gundersen et al., 1987; Hirono, 2014; Paturle-

Lafanechère et al., 1994; Thomas et al., 2004). 

 

 
 

 

 

The cartwheel is located at the proximal end of centrioles where it determines the symmetry 

of the newly formed procentriole and contributes to its stability. It is composed of a central 

hub from which nine spokes radiate towards the microtubule triplets. Each spoke is capped by 

a pinhead which mediates the contact with the A-tubule (Hirono, 2014). Scientists were 

speculating for a long time why a newly formed centriole adopts a nine-fold symmetry during 

the duplication cycle (Strnad & Gönczy, 2008). Elegant biophysical and structural work 

established SAS6 (spindle assembly abnormal protein 6 homolog), one of the key components 

Fig. 5: The centrosome architecture. (A) Schematic view of the centrosome, which contains two orthogonally-

arranged centrioles. The older mother centriole is decorated by distal and subdistal appendages. The centrioles 

are surrounded by a proteinaceous pericentriolar matrix (PCM) mediating the microtubule (MT) nucleation 

capacity. (B) Cross- section of a centriole depicting the nine-fold symmetry. Each centriole is composed of nine 

MT triplets arranged around a cartwheel structure. This cartwheel is composed of a central hub from which nine 

spokes emanate radially. The pinheads mediate the contact with the MT triplets. Two adjacent triplets are 

connected by an A-C linker (C) A more detailed model of the central hub, spoke and pinhead. SAS6 dimerizes 

via its N-terminal globular domains and its C-terminal coiled coils. Nine SAS6 dimers oligomerize to build the 

cartwheel structure. Cep135 serves as a pinhead and extension of the spoke, mediating contact to the A-tubule of 

the MT triplet. 
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of the cartwheel structure, to be important for the symmetry (Kitagawa et al., 2011; van 

Breugel et al., 2011). Proteins of the SAS6 family are composed of an N-terminal globular 

domain and a C-terminal coiled coil domain. In vitro, the purified SAS6 ortholog Bld12 from 

C. reinhardtii is building homo-oligomers via its N-globular domain. The central hub with a 

diameter of approximately 20 nm is built by the oligomerization of nine Bld12 N-terminal 

dimers (Kitagawa et al., 2011). The C-terminal coiled coil dimers are emanating radially and 

thus forming the spokes of the cartwheel structure. RNAi-mediated knockdown of SAS6 in 

Paramecium and SAS6 gene knockout in Drosophila or Tetrahymena results in variable 

number of triplets, underlining the importance of SAS6 in determining the nine-fold centriole 

symmetry (Culver et al., 2009; Rodrigues-Martins et al., 2007). Another key component is 

human Cep135 (Bld10 in Drosophila, Chlamydomonas and Paramecium) which constitutes 

the pinhead structure and the distal part of the spoke (Fig. 5C). The N-terminus of Cep135 

was shown to directly bind to microtubules, whereas the C-terminus interacts with the SAS6 

spokes and contributes to their elongation. C-terminally truncated versions of Bld10 result in 

shorter spokes and centrioles with an eight-fold symmetry (Carvalho-Santos et al., 2012; 

Hiraki et al., 2007). Usually, there are multiple layers of cartwheels within one centriole, 

filling up between 10-90% of the proximal lumen (Geimer & Melkonian, 2004; Gibbons & 

Grimstone, 1960). In mammalian centrosomes, the cartwheel is present in the procentriole, 

but not detectable at the end of mitosis and throughout G1-phase (Alvey, 1986; Paintrand et 

al., 1992). 

The two centrioles of one centrosome are different in age and structure and therefore termed 

mother and daughter centriole. The mother centriole possesses two types of appendages at its 

distal end: distal (DAP) and subdistal (SAP) appendages (Hall & Hehnly, 2021; Ma et al., 

2023; Uzbekov & Alieva, 2018). When a cell exits the cell cycle and arrests in a quiescent 

state (termed G0), the mother centriole migrates and attaches, via its distal appendages, to the 

plasma membrane (Tanos et al., 2013). In a process called ciliogenesis, the mother centriole 

converts to a basal body which allows the recruitment of factors important for the primary 

cilium formation (Choksi et al., 2014; Vertii et al., 2016). The subdistal appendages are 

important for anchoring of microtubules to structures other than the plasma membrane 

(Uzbekov & Alieva, 2018; Vertii et al., 2016).  
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3.5.2 The pericentriolar matrix (PCM) 

In contrast to the highly ordered centrioles, the surrounding PCM was traditionally described 

as an amorphous, electron dense material. Its main function is the anchorage and nucleation of 

microtubules. The key components in these processes can be distinguished in structural and 

regulatory proteins (Woodruff et al., 2014). Structural proteins provide a scaffold and often 

contain coiled coil domains for protein-protein interactions (Salisbury, 2003). Recent 

improvements in microscopy methods like three-dimensional structured illumination (3D-

SIM), stochastic optical reconstruction microscopy (STORM) and stimulated emission 

depletion (STED) enable up to ten times higher resolutions and hence deeper structural 

insights into the PCM organization. In 2012, four contemporary studies used 3D-SIM and 

STORM to spot the localization of several individual proteins and revealed a highly ordered 

structure of the PCM (Fu & Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et 

al., 2012). Especially the interphase PCM shows a highly organized layer around the centriole 

wall. Structural components like Pericentrin (PCNT, PLP in D. melanogaster) and Cep152 

(Asl in D. melanogaster) form elongated fibers that extend radially from the centriole wall. In 

contrast, components like Cep215 (Cnn in D. melanogaster), Cep192 (SPD-2 in D. 

melanogaster) and γ-tubulin are homogenously dispersed around the centriole, adopting a 

matrix that is anchored by the structural fibers (Lawo et al., 2012; Mennella et al., 2012). 

While animal cells approach and finally enter mitosis, the centrosome undergoes a process 

called maturation. The PCM accumulates more components important for microtubule 

nucleation, like the γ-TuRC, and increases its size up to five-fold compared to the interphase 

level. Notably, the localization pattern of the aforementioned proteins is less ordered and 

without discrete distributions in this outer centrosomal layer (Mennella et al., 2014). 

 

Pericentrin 

Pericentrin (PCNT) was first described by Stephen Doxsey and the Marc Kirschner group in 

1994 (Doxsey et al., 1994). They discovered that a serum from a patient suffering from an 

autoimmune disease (scleroderma) efficiently stained centrosomes from plants to human. In 

order to identify the apparently conserved antigen(s), they performed a screening using a 

mouse expression library. The corresponding 220 kDa protein identified in mouse was named 

Pericentrin and was predicted to be a large and elongated coiled coil protein (Doxsey et al., 

1994). Several years later, a 350 kDa protein was identified as the human ortholog and named 

Pericentrin B (PCNTB) or Kendrin. It is characterized by non-helical N- and C-termini and 

several central coiled coil regions (Chen et al., 1996; Li et al., 2001). The C-terminus contains 
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a so-called PACT domain which mediates recruitment to the centrosome (Gillingham & 

Munro, 2000). During recruitment, PCNT is transported together with γ-tubulin as a dynein 

cargo along microtubules to the centrosome (Young et al., 2000). An alternatively spliced 

version lacking the C-terminus and hence the PACT domain was identified as well and 

termed PCNTA (Doxsey et al., 1994; Flory & Davis, 2003; Lee & Rhee, 2011; Li et al., 

2001). Additionally, an even shorter PCNTB isoform lacking the N-terminus was discovered 

in mice and flies (Martinez-Campos et al., 2004; Miyoshi et al., 2006). The functional 

differences of these isoforms remain to be determined, but as ectopically expression of 

PCNTB rescues the mitotic phenotypes of simultaneous PCNTA/B knockdown (Lee & Rhee, 

2011), the B isoform seems to be of major importance for the centrosome biology and is 

henceforth termed PCNT.  

Numerous PCNT interacting partners have been identified so far, reaching from kinases (e.g. 

Chk1, PKA or BCR-ABL), proteins involved in cilia formation and function (like IFT and 

PC2) or even nuclear proteins (like CHD3 and CHD4) (Delaval & Doxsey, 2010). 

Noteworthy among these interacting partners is Chk1 kinase which gets anchored at 

centrosomes by PCNT upon DNA damage. There, Chk1 kinase induces a signal cascade 

prohibiting mitotic entry, thus linking PCNT to the DNA damage response and indirectly to 

cell cycle control (Krämer et al., 2004; Tibelius et al., 2009). However, the best studied PCNT 

function is to serve as the main centrosomal scaffold that anchors proteins important for 

microtubule nucleation activity, like Cep215, γ-tubulin, CG-Nap, PCM1 and γ-TuRC 

(Buchman et al., 2010; Li et al., 2001; Takahashi et al., 2002; Zimmerman et al., 2004). 

Antibody staining of the N- and C-terminal domains revealed that the PCNT C-terminus is 

located next to the centriole wall whereas the N-terminus projects outwards and into the PCM 

(Lawo et al., 2012). Cep215 binds to a central region of PCNT via its very C-terminus, with 

both proteins adopting a hook-like structure that organizes the centriole matrix. The N-

terminus of Cep215 mediates binding to the γ-TuRC suggesting that it serves as a bridge 

between PCNT and the γ-TuRC (Buchman et al., 2010). Interestingly, the Drosophila 

ortholog Plp seems to be dispensable for mitosis (Martinez-Campos et al., 2004) which is 

consistent with the observation that flies lacking centrosomes can still develop normally 

(Basto et al., 2006). Alterations in the human PCNT level, on the contrary, lead to severe 

phenotypes. Knockdown of PCNT results in smaller mitotic spindles or even monopolar 

spindles which come along with decreased microtubule nucleation capacity and mitotic delay 

(Wang et al., 2013). Especially the reduced levels of astral MTs lead to severe defects in 

spindle positioning (Tang & Marshall, 2012; Zimmerman et al., 2004). In contrast, 
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overexpression of PCNT induces formation of large PCM clouds. Hyper-recruitment of 

several centrosomal proteins then facilitates overduplication resulting in numerous centrioles 

which are not attached to the wall of the mother centriole but randomly oriented within the 

cloud (Loncarek et al., 2008).  

Germline mutations in the PCNT gene are also linked to the autosomal recessive disorder 

microcephalic osteodysplastic primordial dwarfism type II (MOPDII). Patients suffer from 

small brain size (microcephaly) and short body stature (Delaval & Doxsey, 2010; Klingseisen 

& Jackson, 2011). Mutational analysis revealed splice site mutations as well as insertions and 

deletions. Among them, truncated PCNT versions which lack their C-terminal PACT domain 

are unable to localize to centrosomes, inducing the same severe phenotypes as described 

above for PCNT knockdown (Rauch et al., 2008).  

 

γ-tubulin ring complexes (γ-TuRC) and the assembly of the mitotic spindle 

In most cell types, assembly of the mitotic spindle is accomplished by the centrosome. Three 

different kinds of microtubules emanate from the centrosome: 1) astral microtubules make 

contact with the cortical protein machinery mediating the correct spindle position and 

orientation by exerting pulling forces; 2) polar microtubules from opposing centrosomes are 

not connected to kinetochores and overlap in the central region, thereby generating pushing 

forces; 3) kinetochore microtubules mediate a proper kinetochore-spindle connection. 

According to the ′search and capture′ model, microtubules get in contact with kinetochores 

and become stabilized (Wittmann et al., 2001).  

Microtubule nucleation is mainly conducted by the 2 MDa γ-tubulin-ring complex (γ-TuRC) 

which is composed of seven different subunits (γ-tubulin, GCP2-6 and the recruiting factor 

GCP-WD/NEDD1) (Sulimenko et al., 2017). Two γ-tubulins, one GCP2 and one GCP3 

assemble to the tetrameric γ-tubulin small complex (γ-TuSC) (Oegema et al., 1999). This 

complex adopts a V-shaped structure with GCP2 and GCP3 building the arms and γ-tubulin 

building the tip (Kollman et al., 2008). Immunoprecipitation (IP) experiments have shown 

that statistically, six to seven γ-TuSC oligomerize with two to three GCP4, one GCP5 and one 

GCP6 to build a ring-like structure with a helical turn, the γ-tubulin-ring complex (γ-TuRC) 

(Kollman et al., 2011). This assembly creates the characteristic 13-fold microtubule symmetry 

(Kollman et al., 2010). The γ-TuRC complex is anchored at the centrosome by several 

structural/scaffolding components, like PCNT, CG-Nap, ninein, Cep192 and Cep215. Beside 

this attachment, some of these proteins even have an enhancing effect on the nucleation 

activity of γ-TuRCs (Choi et al., 2010; Delgehyr et al., 2005; Takahashi et al., 2002).  
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Given the great distance between centrosomes and kinetochores as well as the increased 

dynamic instability of microtubules, the probability of capturing all kinetochores during the 

narrow time window of spindle assembly in mitosis is almost zero (Wollman et al., 2005). As 

a consequence, MTs additionally have to be nucleated by non-centrosomal pathways, 

especially in the vicinity of chromosomes. One pathway is mediated by the small GTPase 

Ran. The GTP-bound form of Ran is generated by the nucleotide exchange factor RCC1 

which is ubiquitously bound to chromatin, leading to local elevated activity of the Ran 

pathway (Carazo-Salas et al., 1999). Microtubule growth is thereby stimulated, as activated 

Ran increases the frequency of rescue events and enhances the activity of motor proteins and 

hence cargo transport towards the plus end of MTs (Margolin et al., 2012).  

Additionally, at the kinetochores, the chromosomal passenger complex (CPC) consisting of 

Aurora B and its regulator INCENP, Borealin and Survivin, promotes spindle assembly 

(Carmena et al., 2012; Sampath et al., 2004). The CPC phosphorylates and thereby suppresses 

activity of the MT-depolymerizing kinesin MCAK and the stimulator of MT-plus end 

catastrophes stathmin (Andrews et al., 2004; Cassimeris, 2002; Zhang et al., 2007). Taken 

together, Ran and CPC mediated pathways cooperatively enrich MT nucleation capacity in 

the vicinity of chromatin. Another pathway is based on MT nucleation within the spindle 

itself. In plants, MTs branch off from preexisting ones in a well-defined 40° angle, whereas in 

yeast, MTs nucleate in an antiparallel manner (Chan et al., 2009; Janson et al., 2005; Murata 

et al., 2005). Apart from these mentioned pathways for mitotic spindle formation, MTs can 

also be nucleated by the nuclear membrane and the Golgi apparatus in interphase cells. This 

seems to be particularly important for specific cell types like skeletal muscle cells (Bugnard et 

al., 2005; Zhu & Kaverina, 2013).  
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3.6 The centrosome cycle and its coordination with the cell cycle 

The centrosome and chromosome cycle have remarkable similarities with respect to their 

timing and regulation within the cell cycle. Centriole and chromosome duplication both start 

at the S-phase transition and occur in a semi-conservative manner, meaning that the older 

centrioles/chromosomes serve as a foundation for the synthesis of new ones. Coupling of the 

centrosome with the cell cycle ensures that duplication occurs only once in every cell cycle. 

Additionally, the copy number is tightly controlled, so that exactly one new daughter centriole 

is formed adjacent to the mother centriole (Delattre & Gönczy, 2004). Elegant mammalian 

cell fusion experiments shed light on the underlying regulatory mechanisms. Fusion of G1-

phase centrosomes with S-phase cells induced duplication of both, suggesting that G1 

centrosomes are already ′licensed′. On the contrary, fusing G2-phase centrosomes with S- or 

even G1-phase cells would only trigger duplication of the corresponding S- or G1-phase 

organelles, indicating an intrinsic block of reduplication (Wong & Stearns, 2003). Further 

studies then revealed that this intrinsic block depends on the physical proximity of the newly 

formed daughter and the older mother centriole. Reduplication is inhibited as long as they are 

tightly coupled and hence in an ‘engaged status’ (Tsou & Stearns, 2006). The licensing for 

duplication occurs in mitosis by the concerted action of Plk1 and Separase (Tsou et al., 2009; 

Tsou & Stearns, 2006). Upon entry into mitosis, Plk1 phosphorylation initiates hyper-

recruitment of proteins important for the nucleation of microtubules. This so-called PCM 

maturation not only allows the formation of the bipolar mitotic spindle, but also provides the 

competence for duplication in the next S-phase (Woodruff et al., 2014). Furthermore, 

Separase needs to cleave its centrosomal substrates Cohesin and PCNT in late mitosis which 

leads to the spatial separation of the two daughter centrioles and hence disengagement (see 

Fig. 6) (Lee & Rhee, 2012; Matsuo et al., 2012; Schöckel et al., 2011; Tsou et al., 2009). This 

physical detachment is the most important step in licensing, explaining the intrinsic block of 

reduplication of G2-phase centrosomes in the cell fusion experiments (Wong & Stearns, 

2003). 

 



Introduction 

32 

 

 
 

 

3.6.1 Procentriole formation and centriole elongation 

The regulatory mechanism that ensures the formation of exactly one daughter centriole on a 

radially symmetric surface remained unclear for a long time. Independent studies favor Plk4 

to be the master regulator of centriole duplication (Bettencourt-Dias et al., 2005; Habedanck 

et al., 2005). Plk4 overexpression induces centrosome amplification, while inhibition prevents 

new centriole assembly (Bettencourt-Dias et al., 2005; Coelho et al., 2015). Plk4 exhibits a 

bimodal distribution around the centriole, showing a ring-like pattern in G1-phase which 

changes to a dot-like localization upon G1/S-phase transition (Sonnen et al., 2012). Initial 

Plk4 recruitment in G1-phase was shown to depend on the concerted action of Cep152 and 

Cep192. Cep192 shows a ring-like distribution around the centriole and initially recruits Plk4 

to the centriole. Upon Cep152 recruitment, Plk4 translocates outwards to the newly formed 

Cep152 ring, arguing for a unidirectional scaffold switch (Kim et al., 2013; Sonnen et al., 

2013). This translocation is achieved by a stronger affinity of Cep152 to the same negatively 

charged binding region within Plk4 that Cep192 is already bound to (Park et al., 2014). Plk4 

is likely to be inactive in G1-phase due to autoinhibition of the kinase domain by its own L1 

Fig. 6: The centrosome duplication cycle. Cells enter G1-phase with disengaged and hence licensed centrioles. 

At the G1/S-transition, centriole duplication is initiated. One procentriole per mother-centriole is formed and 

elongates throughout S- and G2-phase. Upon entry into mitosis, maturation of the pericentriolar matrix (PCM) 

occurs and the two centrosomes become separated in order to build the bipolar spindle. Activation of Separase at 

the metaphase-to-anaphase transition leads to cleavage of its centrosomal substrates cohesin and PCNT which in 

turn triggers disengagement. Essential proteins for the corresponding step in the centrosome cycle are depicted in 

the boxes and explained in the text.   
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linker (Klebba et al., 2015). In addition to Plk4, STIL (SCL/TAL1 interrupting locus protein) 

and SAS6 are key components in initiating centriole duplication (Fig. 6) (Arquint & Nigg, 

2016). Upon entry into S-phase both proteins start to accumulate due to inactivation of 

APC/CCdh1 (Strnad et al., 2007). STIL was shown to directly associate with Plk4 and together 

they build a scaffold for SAS6 binding (Ohta et al., 2014). In a speculative model, local Plk4 

activity might spread around the entire Plk4 ring by autophosphorylation. Homodimers of 

active Plk4 would then trans-phosphorylate their degrons followed by SCF-dependent 

degradation. Under such circumstances, STIL would not only have to activate Plk4 but also 

protect it from degradation to allow the observed dot-like concentration of Plk4. 

Alternatively, Plk4 might just move around the centriole to get enriched at the point of 

procentriole formation (Arquint et al., 2015; Moyer et al., 2015; Ohta et al., 2014). Plk4 

phosphorylates STIL in its STAN domain, thereby facilitating binding of SAS6 and the initial 

formation of the cartwheel structure with its nine-fold symmetry (Kratz et al., 2015). The 

process of centriole elongation is much less understood, but CPAP and Cep110 were proven 

to be essential factors (Schmidt et al., 2009). CPAP is recruited to the Plk4/STIL/SAS6 

platform and facilitates microtubule nucleation through its intrinsic tubulin dimer binding 

capacity (Tang et al., 2009). Once the nine MT triplets are built and start to elongate, Cep110 

binds to the growing distal tip. There, it controls MT length through association with the 

kinesin Kif24 which in turn depolymerizes MTs (Kobayashi et al., 2011). The daughter 

centrioles elongate throughout S- and G2-phase, however, they are not reaching their full 

length until entry into M-phase (Cunha-Ferreira et al., 2009).   

 

3.6.2 Centrosome maturation 

Centrosome maturation takes place in late G2 and early mitosis and is characterized by an 

increase in size and MT nucleation competence of the PCM (Fig. 6) (Firat-Karalar & Stearns, 

2014). This process is initiated by increasing activities of Plk1 and Aurora A at the end of G2-

phase and further involves the same set of proteins that already built the highly ordered 

proximal PCM layer during interphase. These key components assemble and multimerize in 

the outer PCM but adopt a strikingly less ordered conformation compared to interphase (Firat-

Karalar & Stearns, 2014; Mennella et al., 2014; Sonnen et al., 2012). One major target for 

Plk1 is PCNT, whose phosphorylation initiates centrosome maturation and allows recruitment 

of further PCM components like Cep192 and the γ-TuRC (Lee & Rhee, 2011). Cep215 

recruitment is independent from PCNT, whereas their centrosomal interaction is essential for 
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efficient γ-TuRC anchoring (Kim & Rhee, 2014). Further Plk1 substrates like Cep192 and the 

γ-TuRC recruiting factor GCP-DW/NEDD1 are sequentially phosphorylated, with Aurora A 

and Cdk1 acting as priming kinases (Joukov et al., 2014; Zhang et al., 2009).  

Another important Plk1 function at the beginning of mitosis is the centriole-to-centrosome 

conversion (Fu & Glover, 2016; Wang et al., 2011). Daughter centrioles hardly contribute to 

PCM recruitment from the time of their duplication in S-phase until entry into mitosis (Wang 

et al., 2011). Upon entry in mitosis, the daughter centriole is somehow modified by Plk1, 

thereby achieving the ability of PCM assembly and the competence to duplicate during the 

following interphase (Wang et al., 2011). Overexpression of several PCM components leads 

to formation of extra daughter centrioles emanating from the mother, while no formation of 

granddaughters from the daughter centrioles could be observed. This again illustrates their 

lacking ability of individual PCM assembly and hence duplication competence (Peel et al., 

2007).  

 

3.6.3 Centrosome separation and centriole disengagement 

When vertebrate cells enter mitosis, the two centrosomes are connected through a 

proteinaceous linker (also called G1-G2 linker) that is composed of C-Nap1/rootletin fibers 

and several associated proteins like Cep68 and centlein (Bahe et al., 2005; Fang et al., 2014; 

Graser et al., 2007; Paintrand et al., 1992). The linker function during interphase remains 

unclear, but it is dissolved by Nek2A activity upon entry into mitosis and allows the 

separation of the centrosomes in order to build the bipolar spindle (Faragher & Fry, 2003). 

The centrosomes are spatially separated by pushing forces generated by MT-dependent motor 

proteins (Panic et al., 2015) (Fig. 6). The plus end-directed motor protein Eg5 is essential and 

its localization and activation is under control of Plk1 and Cdk1 (Smith et al., 2011). The 

linker reassembly occurs at the end of mitosis (Mayor et al., 2000). 

Apart from the G1-G2 linker connecting the centrosomes, the two centrioles of each 

centrosome are connected by a linker as well (also called the S-M linker). This linker is 

established during the procentriole formation in S-phase and lasts until the end of mitosis 

when it is dissolved again (Firat-Karalar & Stearns, 2014). The spatial separation of the two 

centrioles is termed centriole disengagement and builds the main licensing step for the 

centriole duplication in the following S-phase (Mardin & Schiebel, 2012). The composition of 

this linker is not well characterized and rather complex as it is seemingly not composed of a 

proteinaceous linker per se. Instead, a matrix entrapment of the centrioles mediated by 
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numerous factors of the PCM seems to be the most promising model (Sluder, 2013). 

Supportive data came from a laser ablation study in which a mother centriole with two 

duplicated daughter centrioles was ablated. The movement of the daughters remained 

coordinated under these circumstances, strongly arguing for a matrix entrapment (Loncarek et 

al., 2008).   

One key protein in the process of centriole disengagement is the protease Separase. In a first 

study, engaged centrosomes isolated from S-phase-arrested HeLa cells were incubated in a 

metaphase II-arrested Xenopus laevis egg extract. Upon release, centriole disengagement 

became detectable at late mitosis/early G1-phase. If the extract was supplemented with 

recombinant and non-degradable Separase inhibitor Securin, centriole disengagement (as well 

as sister chromatid separation) was blocked (Tsou & Stearns, 2006). This experiment 

underlined the fundamental role of Separase activity in mentioned processes and suggested 

that both, centrioles and chromosomes, are held together by Separase substrates. Since then, 

several independent studies identified Cohesin subunits at the centrosome, suggesting 

conserved mechanisms between mediation of sister chromatid cohesion and centriole 

engagement (Giménez-Abián et al., 2010; Gregson et al., 2001; Kong et al., 2009; Wong, 

2010; Wong & Blobel, 2008). Indeed, either replacement of endogenous Scc1 or Smc1 with 

artificially cleavable versions led to disengagement upon incubation with the appropriate 

protease, arguing for a functional centrosomal Cohesin ring (Schöckel et al., 2011). 

Consistently, knockdown of Cohesin subunits led to premature disengagement whereas 

expression of a non-cleavable Scc1 version inhibits disengagement in vitro (Beauchene et al., 

2010; Díaz-Martínez et al., 2010; Schöckel et al., 2011). However, these studies are 

challenged by similar experiments in Drosophila, where artificial cleavage of Scc1 by TEV 

protease is not sufficient to trigger disengagement (Oliveira & Nasmyth, 2013). Additionally, 

expression of non-cleavable Scc1 in human cell culture cells did not block disengagement, 

tempting the authors to speculate for another centrosomal Separase substrate (Tsou et al., 

2009). And indeed, Cohesin is not the only Separase target at the centrosome as two 

independent studies identified PCNT as a novel substrate (Lee & Rhee, 2012; Matsuo et al., 

2012). PCNT cleavage was shown to be sufficient to trigger disengagement and was further 

shown to be necessary as expression of a non-cleavable PCNT version suppressed 

disengagement. Considering that Cohesin was normally cleaved under given circumstances, 

these results led to an apparent contradiction regarding Cohesin’s relevance in mediating 

centriole engagement (Lee & Rhee, 2012; Matsuo et al., 2012).  
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Apart from the mentioned Separase substrates, centriole disengagement and licensing for 

duplication seem to be additionally regulated on the level of posttranslational modifications, 

as the essential role of Plk1 implies (Kong et al., 2014; Lončarek et al., 2010; Mohr et al., 

2015; Shukla et al., 2015; Tsou et al., 2009; Wang et al., 2008). Upon Separase inactivation, 

Plk1 activity at the beginning of mitosis was shown to be critical for licensing centriole 

duplication in the following S-phase (Tsou et al., 2009). While disengagement at late mitosis 

was suppressed, the majority of centrioles in these cells eventually disengaged with delay and 

duplicated in late S-phase. Combined downregulation of Plk1 and Separase, however, led to a 

complete block of duplication in the next cell cycle (Tsou et al., 2009). How Plk1 activity 

drives centriole disengagement and duplication is not clear, due to its vast number of 

substrates in early mitosis. Hence, it might be the sum of events, like the centriole-to-

centrosome coversion or the PCM maturation which are critical for licensing duplication 

(Wang et al., 2011). In analogy to the removal of chromosomal Cohesin rings by the prophase 

pathway, Plk1 activity might also remove the majority of centrosomal ‘glue’ in early mitosis. 

Hinds are given by a study in which premature activation of Plk1 during S- and G2-phase 

promotes the maturation of daughter centrioles (Lončarek et al., 2010; Shukla et al., 2015). 

Additionally, an increased distance between mother and daughter centriole of about 80 nm 

could be observed which they normally would not reach until prometaphase. This increased 

distance goes along with a certain relief of the reduplication block which, under normal 

conditions, allows only the mother centrioles to reduplicate (Shukla et al., 2015). The fact, 

that Sgo1 in complex with PP2A is also localized to and functional at the centrosome 

underlines a possible centrosomal prophase pathway. The Sgo1-PP2A complex might protect 

residual centrosomal Cohesin rings against Plk1 activity in prophase. Hence, the centrioles 

would not reach their full distance until Separase cleaves the residual Cohesin rings in late 

mitosis and thereby reliefs the duplication block (Mohr et al., 2015; Wang et al., 2006, 2008). 

Furthermore, Plk1 was proven to phosphorylate PCNT in prophase, thereby turning it into a 

suitable substrate for Separase (Kim et al., 2015). This correlation was already shown for the 

mitotic kleisin Scc1 and the meiotic kleisin Rec8 (Alexandru et al., 2001; Katis et al., 2010).  
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3.7 Aims of this work 

In animal cells the two centrioles of one centrosome remain tightly associated (engaged) from 

S-Phase until they are spatially and functionally separated in late mitosis (disengagement). 

Together with Plk1 activity in prophase, disengagement is a critical step for mediating 

licensing of duplication in the following S-phase and was proven to depend on the proteolytic 

activity of Separase (Firat-Karalar & Stearns, 2014). Cohesin and Pericentrin (PCNT) have 

each been reported to constitute centrosomal substrates of Separase, with their cleavage being 

necessary and sufficient for centriole disengagement (Lee & Rhee, 2012; Matsuo et al., 2012; 

Schöckel et al., 2011). This apparent contradiction could be explained if both factors 

contributed to the structural integrity of the pericentriolar matrix (PCM), which in turn 

mediates the tight coupling of the centrioles in an indirect manner. Cleavage of either Cohesin 

or PCNT might contribute to liquefaction and subsequent shrinkage of the PCM, thereby 

triggering disengagement. To test this hypothesis, double transgenic mammalian cell lines 

should be generated that inducibly express either wild type or tailored variants of Scc1 and 

PCNT. Artificial in vitro cleavage of one or both tailored proteins with the corresponding 

protease(s) would then be followed by isolation of the centrosomes from the lysates and 

quantification of the disengagement status by immunofluorescence microscopy (IFM). These 

experiments would allow to assess results reported by independent groups within the same 

experimental setup and, more importantly, would allow to determine the relative contribution 

of Cohesin- and PCNT-inactivation to centriole disengagement.  

A further aim was to clarify whether phosphorylation of PCNT is necessary to convert it into 

a suitable Separase substrate. This working hypothesis was inspired by phosphorylation 

boosting or enabling cleavage of previously identified Separase substrates like Scc1, Rec8, 

MCL1 and BCL-XL (Alexandru et al., 2001; Hellmuth & Stemmann, 2020; Katis et al., 

2010). Therefore, three potential Plk1 and Cdk1 consensus phosphorylation sites in direct 

vicinity of PCNT’s Separase cleavage site were changed to alanine or aspartate, in order to 

inhibit or mimic phosphorylation, respectively. This was followed by assessing the effects of 

these mutations on PCNT cleavability in vitro and in vivo.  
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4 Results 

4.1 Centriole disengagement: What are the relative contributions of 

Cohesin versus Pericentrin inactivation? 

Centrosomal Cohesin and PCNT have been identified as Separase substrates by independent 

groups. Proteolytical inactivation of each factor has been reported to be sufficient for inducing 

centriole disengagement (Lee & Rhee, 2012; Matsuo et al., 2012; Schöckel et al., 2011). 

Inspired by these previous publications and motivated to solve this apparent contradiction, 

artificially cleavable versions of SCC1 and PCNT were stably integrated into the same 

mammalian host cell genome. Targeted inactivation of each factor with the corresponding 

protease in vitro then allowed determination of the relative contribution to centriole 

disengagement in the same experimental setup. In order to do so, required tools like plasmids 

encoding for the open reading frames (ORF) of wild type and artificially cleavable versions of 

SCC1 and PCNT had to be generated in the first place.  

 

4.1.1 Generation and characterization of tools to study centriole disengagement  

In contrast to the pre-existing wild type (WT) SCC1 ORF (Schöckel et al., 2011), the WT-

PCNT ORF had to be generated initially. The NCBI RefSeq accession number NM_006031 

served as a reference for designing sense and antisense primers. Due to its large size of 10 

kilo base pairs (kb), the PCNT ORF was subdivided into four overlapping fragments of 

approximately 2.5 kb each (Fig. 7). After successful amplification and purification, fragment 

1 and 2 served as templates in an overlap extension PCR to generate the first half of the PCNT 

ORF with the corresponding outer primer. Likewise, fragments 3 and 4 were used as 

templates to generate the second half of the PCNT ORF. Both halves were sequentially cloned 

into an expression plasmid for mammalian cultured cells and subsequent Sanger sequencing 

verified successful generation of the error-free full-length WT-PCNT ORF. In order to 

increase the number of usable protein tags, the WT-PCNT ORF was subsequently subcloned 

into expression plasmids encoding for Myc- or GFP-encoding tags.     
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Furthermore, expression of full-length PCNT was confirmed by transient transfection of the 

corresponding plasmid in Hek293T cells and subsequent Western blot analysis (Fig. 8A). Co-

staining of PCNT (via its Flag-tag) and γ-tubulin (centrosomal marker) in 

immunofluorescence microscopy (IFM) demonstrated a wild type-like centrosomal 

localization pattern of the transgenically encoded protein throughout mitosis (Fig. 8B). 

Fig. 7: Cloning strategy to generate the full-length WT-PCNT ORF. HeLa cDNA was used as template to 

amplify four overlapping fragments coding for the PCNT ORF. Fragment 1 (base pairs (bp) 1-2334) and 

fragment 2 (bp 1995-4638) then served as template for the follow up PCR to generate the first half, fragment 3 

(bp 4512-7257) and fragment 4 (bp 7126-10011) served as template to generate the second half of the PCNT 

ORF. The first half was cloned into a standard pCS2 vector via introduced FseI and AscI restriction sites. The 

second half was fused with the first one via the unique restriction sites BstBI, located in the overlapping 

sequence of both halves, and AscI.  



Results 

40 

 

 
 

 

As an additional tool for Western blot and IFM, polyclonal antibodies against PCNT were 

raised in rabbits and guinea pigs. A synthetic peptide representing the very N-terminal 15 

amino acids (aa) of PCNT was coupled to a carrier protein and used to immunize two guinea 

pigs. A larger fragment, encoding for the amino acids 1968-2391, was expressed in E. coli, 

purified and used to immunize two rabbits (see 6.4.7). After purification of the antibodies 

from the corresponding sera (see 6.4.7), their performance was tested by Western blot 

analysis (Fig. 9). Here, bacterially expressed and purified fragment 1 (aa 1-778) and fragment 

3 (aa 1505-2419) of PCNT were used as antigens in two different concentrations (1 and 100 

ng). All four purified antibodies as well as the sera detected the corresponding antigens in the 

following Western blot analysis (Fig. 9A and Fig. 9B). But especially purification of the 

guinea pig antibodies reduced unspecific background signals (Fig. 9A).  

 

Fig. 8: Confirmation of full-length WT-PCNT expression in Western blot analysis and IFM. Hek293T cells 

were transiently transfected with a plasmid encoding for Flag-tagged WT-PCNT. After 48 h of growing 

asynchronously on cover slips cells were harvested and subjected to IFM. The remaining cells in the well were 

subsequently lysed for Western blot analysis. Untransfected cells served as a negative control. (A) Expression of 

transgenic PCNT was verified by immunoblotting against the Flag-tag. Detection of α-tubulin served as a 

loading control. Asterisks indicate truncated expression products. (B) Immunofluorescence staining with 

antibodies against the Flag-tag and γ-tubulin revealed centrosomal localization of expressed PCNT throughout 

mitosis. DNA was stained with DAPI. 
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With the full-length ORF of WT-PCNT generated, the sequence could be altered by site-

directed mutation in order to engineer the artificially cleavable version. Therefore, the single 

Separase recognition site in PCNT was preserved but in direct vicinity a sequence encoding 

for a cleavage site of the tobacco etch virus (TEV) protease was introduced (sequence 

encoding for the amino acids: ENLYFQ/IG) (Kapust et al., 2002) (Fig. 10A). In case of 

SCC1, the sequence encoding for one of the two Separase cleavage sites was mutated to now 

be recognized by the human rhinovirus 3C (HRV) protease (sequence encoding for the amino 

acids: ETLFQ/GP) (Cordingley et al., 1990). As expression of a non-cleavable (NC) version 

of Scc1 shows cytotoxic effects (Hauf et al., 2001), the second cleavage site was left 

unchanged to allow cleavage by Separase and hence an unperturbed cell cycle (Fig. 10B).  

After successful generation of all four SCC1- and PCNT-variants, stable isogenic cell lines 

could be generated in the next step. For that purpose, commercially available Flp-In 293  

T-REx cells were used, which allow inducible expression of a gene of interest from a specific 

and mapped genomic location. These cells constantly express the Tet repressor protein, thus 

exhibiting low basal expression of the transgene of interest but high expression upon 

induction with tetra- or doxycycline. Site specific integration into the mapped Flp 

recombination target (FRT) site is mediated by co-transfection of a plasmid encoding for 

flippase (Flp) recombinase. In the context of this work, doubly transgenic stable cell lines 

should be generated. Hence, the described system was modified meaning that the plasmid 

used for the first round of integration carried an additional loxP site. This allowed site specific 

Fig. 9: Characterization of polyclonal PCNT antibodies. (A) 1 and 100 ng of recombinant PCNT-fragment 1 

(aa 1-778) were used as antigen in a Western blot analysis to test the performance of pre-immuneserum (1:100 

dilution), anti-serum (1:100 dilution) and the purified antibodies from guinea pig 1 (0.26 µg/ml) and guinea pig 2 

(0.32 µg/ml). Asterisks indicate truncated expression products or cross-reactive bands. (B) 1 and 100 ng of 

recombinant PCNT-fragment 3 (aa 1505-2419) were used as antigen in a Western blot analysis to test the 

performance of pre-immuneserum (1:100 dilution), anti-serum (1:100 dilution) and the purified antibodies from 

rabbit 1 (0.19 µg/ml) and rabbit 2 (0.27 µg/ml). Asterisks indicate truncated expression products. 



Results 

42 

 

integration of a second gene of interest by co-transfection of a corresponding loxP containing 

plasmid together with a Cre recombinase encoding plasmid (see 6.5.6).   

With these tools at hand, the generation of doubly stable transgenic cell lines was started. For 

the first round of transfection, expression vectors containing genes for WT-SCC1 or HRV-

SCC1 were used to generate cell line 1 and cell line 2, respectively. For the second round of 

transfection, expression vectors containing genes for WT-PCNT or TEV-PCNT were used to 

generate cell line 3 and cell line 4, respectively (Fig. 10C). Cell line 3 served as a control for 

the in vitro disengagement assay as levels of Scc1 and PCNT overexpression, together with 

their possible consequences for centrosome composition or engagement status are comparable 

to cell line 4. Additionally, possible side effects of TEV/HRV protease activity, e.g. 

unspecific cleavage of Scc1 or PCNT, could be monitored. Treatment of cell line 4 lysates 

with TEV or HRV protease allowed determination of the relative contribution of Scc1 or 

PCNT to centriole engagement. Incubation with both proteases together should even allow 

one to determine possible additive effects.  

 

 
 
 
 

 

 

 

Fig. 10: Conversion of PCNT and Scc1 into artificially cleavable versions. (A) In case of PCNT, a TEV 

cleavage site was introduced next to the Separase cleavage site. (B) The first Separase cleavage site in SCC1 was 

changed to now be recognized by HRV protease instead. The second one was left unchanged to allow for 

preserved cleavability by Separase and thus, unperturbed cell cycle progression. (C) Scheme of the generated 

double transgenic Flp-In 293 T-REx cell lines. For cell line 1 and cell line 2, the genes encoding for WT-SCC1 

or HRV-SCC1, respectively, were integrated into the genomic FRT integration site with the help of Flp 

recombinase. In the second round of integration the genes encoding for WT-PCNT or TEV-PCNT were 

integrated into the loxP integration site with the help of Cre recombinase, resulting in cell line 3 or cell line 4, 

respectively.  
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4.1.2 Experimental setup of the in vitro assay to quantify centriole disengagement 

 

In order to quantify centriole disengagement triggered by treatment with TEV- or HRV-

protease or both, the following in vitro assay was performed with the generated stable cell 

lines:  

Expression of the transgenes was induced for at least 72 h (Fig. 11). The cells were then co-

transfected with siRNA targeting endogenous SCC1 and PCNT mRNA which leads to 

reduced levels of the corresponding endogenous proteins as well as enhanced centrosomal 

incorporation of the transgenically expressed proteins. Subsequently, the cells were pre-

synchronized with thymidine at the G1/S-barrier for 20 h, released by washout and finally 

arrested with taxol in metaphase of mitosis. After harvesting the cells, the corresponding 

lysate was split equally into four samples and incubated without proteases as a control, with 

TEV- or HRV-protease and finally with both proteases together. As indicated in Fig. 11, 

Western blot samples were taken to monitor successful siRNA-mediated knockdown of 

endogenous proteins on the one hand and proteolysis of the tailored variants on the other 

hand. Centrosomes were isolated by centrifugation of the lysates through a sucrose cushion 

directly onto cover slips. Next, quantification of disengagement was carried out by 

immunofluorescence microscopy (IFM). Antibodies against the centrosomal proteins  

centrin 2 and C-Nap1 (centrosomal Nek2 associated protein 1 or Cep250) served as distal and 

proximal centriole marker, respectively. In case of tightly coupled engaged centrioles, the  

C-Nap1 signals overlap and, as a consequence of the microscope resolution limit, appear as 

one. Disengaged centrioles however lose their orthogonal arrangement and due to the larger 

spatial distance two dots become visible. In contrast, the distal marker centrin 2 is detected as 

two separate signals regardless of the engagement status of the centrioles. Thus, a ratio of C-

Nap1 to centrin 2 signals of 1:2 indicates engaged centrioles, whereas a ratio of 2:2 indicates 

disengagement. 
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4.1.3 Inactivation of centrosomal Cohesin by artificial Scc1 cleavage triggers centriole 

disengagement  

Several independent studies demonstrate localization of Cohesin subunits to the centrosome 

(Beauchene et al., 2010; Díaz-Martínez et al., 2010; Gregson et al., 2001; Kong et al., 2009; 

Wong & Blobel, 2008). In an elegant study, endogenous Scc1 or Smc3 was replaced by 

artificially cleavable versions. Co-immunoprecipitation (IP) experiments proved correct 

incorporation into the tripartite ring and even more important, artificial cleavage of the 

engineered versions triggered sister chromatid separation and centriole disengagement in vitro 

(Schöckel et al., 2011). Supportively, knockdown of individual Cohesin subunits triggered 

centriole disengagement while replacement of endogenous Scc1 with a non-cleavable version 

inhibited this crucial licensing step (Beauchene et al., 2010; Díaz-Martínez et al., 2010; 

Schöckel et al., 2011). Taken together, these data provide evidence for the coordination of the 

centrosome and chromosome cycle, as the same tripartite ring, Cohesin, mediates the tight 

coupling of centrioles as well as the pairing of sister chromatids.  

In order to confirm previous results and determine Cohesin’s contribution to centriole 

engagement, transfections for stable cell line 1 (plasmid encoding for WT-SCC1) and cell  

line 2 (plasmid encoding for HRV-SCC1) were carried out. As a proof of concept for the 

Fig. 11: Experimental workflow of the in vitro assay performed to quantify centriole disengagement. 

Transgene expression was induced for 72h before transfection of siRNAs against endogenous SCC1 and PCNT 

was conducted. The cells were pre-synchronized at the G1/S-barrier by addition of thymidine, released after  

20 h and finally arrested in metaphase by treatment with taxol. After harvesting, the corresponding lysate was 

divided and incubated with the depicted protease(s) or control-treated. As indicated, Western blot samples were 

taken to monitor the knockdown efficiency of the endogenous as well as proteolysis of the transgenically 

expressed proteins. The relative disengagement was quantified by IFM of isolated centrosomes. They were 

stained with antibodies against C-Nap1 (proximal marker) and centrin 2 (distal marker). A 1:2 ratio of  

C-Nap1:centrin 2 dots indicates an engaged centrosome, whereas a ratio of 2:2 indicates disengagement. 
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chosen experimental setup and due to the time-consuming procedure of generating stable 

mammalian cell lines, aforementioned in vitro assay to quantify centriole disengagement (see 

Fig. 11) was already performed with selected clones after the first round of integration. At the 

same time, the second round of integration with WT- or TEV-cleavable PCNT was carried 

out.  

Successful integration of WT-SCC1 into the FRT site and subsequent expression of the 

transgenic protein upon induction was confirmed by Western blot analysis of several 

individual clones. Leakiness of basal transgene expression or artificially high expression level 

upon induction with doxycyclin was unfavorable. Therefore, experiments were carried out 

with a clone showing strong transgene expression only after induction (Fig. 12A). To enhance 

incorporation of transgenically expressed Scc1 during future assays, two siRNAs targeting the 

3’UTR of endogenous SCC1 mRNA were tested on the generated cell line, which 

substantially reduced the protein level (Fig. 12B). Noteworthy, induction of transgene 

expression itself already reduced endogenous Scc1 level, indicating that cells seek for 

balanced levels of this Cohesin subunit (Fig. 12B, black arrow). Unfortunately, the self-made 

antibody against Scc1 was raised against the very C-terminus and is incapable of detecting the 

inducibly expressed, GFP-tagged protein (Fig. 12B, grey arrow). For the following in vitro 

disengagement assays, determination of SCC1 knockdown efficiency was conducted by 

Western blot analyses, without showing corresponding results.  

Next, the selected clone was used for the in vitro disengagement assay. The corresponding 

Western blot analysis showed that treatment of the lysate with HRV and/or TEV protease 

caused, as expected, no detectable cleavage of expressed WT-Scc1 (Fig. 12C). Quantification 

of centriole disengagement revealed a marginal effect upon lysate incubation with HRV 

protease (5-10% disengagement). However, as this was not detectable upon incubation with 

TEV and HRV protease together, it might simply illustrate assay variance (Fig. 12D). 
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In order to confirm that artificial proteolysis of the Cohesin ring triggers centriole 

disengagement, transfection for stable cell line 2 was carried out with an expression construct 

encoding for HRV-SCC1. Again, several individual clones were screened by Western blot 

analysis to identify a clone with strong, inducible transgene expression (Fig. 13A). This clone 

was then used for the in vitro disengagement assay, in which incubation of the corresponding 

cell lysate with HRV protease efficiently cleaved the expressed Scc1, whereas incubation with 

TEV protease did not (Fig. 13B). This specific, artificial proteolysis of Cohesin rings induced 

about 40% centriole disengagement when quantified through IFM on isolated centrosomes 

(Fig. 13C). Consistent with already published data (Schöckel et al., 2011), this experiment 

Fig. 12: Generation of a stable Hek293 cell line expressing WT-Scc1. (A) Stable transgenic Hek293 cell line 

expressing GFP-tagged WT-Scc1 upon induction. Detection of α-tubulin served as a loading control. Asterisks 

indicate truncated expression products. (B) Western blot analysis of transgenic cells described in (A) to 

determine siRNA mediated knockdown efficiency of endogenous SCC1. Two siRNAs against the 3’UTR of 

endogenous SCC1 mRNA were transfected (28.5 nM each). The level of endogenous Scc1 was detected with an 

anti-Scc1 antibody and immunodetection of α-tubulin served as a loading control. Asterisks indicate cross-

reactive bands. (C) Western blot analysis to monitor potential cleavage of the expressed WT-Scc1. As described 

in the experimental setup (Fig. 11), Western blot samples were taken at the indicated time points: In=Input; 

Ctrl=control without addition of protease; TEV=TEV protease was added; HRV=HRV protease was added; 

T/H=both proteases were added at the same time. The same antibodies as described in (A) were used. (D) 

Relative engagement of centrosomes isolated from lysates described in (C). Centrosomes were immunostained 

with antibodies against centrin 2 and C-Nap1. The number of engaged and disengaged centrioles was quantified 

by IFM in three independent experiments (circles) with at least 100 centrosomes counted each. The grey bar 

represents the average of these three experiments. Note that even without addition of proteases 22% of the 

centrioles appeared disengaged. This background was subtracted and the average amount of 78% engaged 

centrioles were set to 100%. All samples with proteases added were normalized to the control.  
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provides further evidence that cleavage of centrosomal Cohesin is indeed sufficient to trigger 

disengagement in vitro.  

 
 

 

4.1.4 Artificial cleavage of PCNT triggers centriole disengagement 

With the confirmation of Cohesin’s contribution to centriole engagement, the next question 

was about PCNT’s contribution to it. Two independent groups reported PCNT cleavage by 

Separase in vivo to be necessary and sufficient for inducing centriole disengagement and for 

licensing centriole duplication in the following S-phase (Lee & Rhee, 2012; Matsuo et al., 

2012). Despite a seeming contradiction to the published relevance of Cohesin in centriole 

engagement at first sight, Cohesin and PCNT might still cooperatively contribute to the 

structural integrity of the PCM (see discussion). Hence, proteolytical inactivation of each 

factor might be sufficient to trigger centriole disengagement. Even more interestingly, 

artificial inactivation of both factors at the same time might as well have additive effects, 

supporting the matrix entrapment theory. To address this issue, the second round of 

transfection with PCNT-encoding constructs was carried out: a gene encoding for WT-PCNT 

Fig. 13: Artificial cleavage of Scc1 by HRV protease triggers centriole disengagement. (A) Stable transgenic 

cell line expressing GFP-tagged HRV-Scc1 upon induction. Detection of α-tubulin served as a loading control. 

Asterisks indicate truncated expression products. (B) Western blot analysis to monitor cleavage of the 

transgenically expressed Scc1 during the in vitro disengagement assay. As described in the experimental setup 

(Fig 11), Western blot samples were taken at the indicated time points: In=Input; Ctrl=control without addition 

of protease; TEV=TEV protease was added; HRV=HRV protease was added; T/H=both proteases were added. 

The same antibodies as described in (A) were used. Black arrowhead indicates cleavage fragments. Asterisks 

indicate truncated expression products. (C) Relative engagement of centrosomes isolated from lysates described 

in (B). Centrosomes were immunostained with antibodies against centrin 2 and C-Nap1. The number of engaged 

and disengaged centrioles was quantified by IFM in three independent experiments (circles) with at least 100 

centrosomes counted each. The grey bar represents the average of these three experiments. Note that even 

without addition of proteases 19% of the centrioles appeared disengaged. This background was subtracted and 

the average amount of 81% engaged centrioles were set to 100%. All samples with proteases added were 

normalized to the control.    
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was stably integrated into the selected clone expressing WT-Scc1 (cell line 1) and a gene 

encoding for TEV-PCNT was stably integrated into the selected clone expressing HRV-Scc1 

(cell line 2) (Fig. 10 and 6.5.6).  

Successful integration of WT-PCNT and expression of both transgenic proteins in cell  

line 3 was confirmed by Western blot analysis (Fig. 14B). Unfortunately, the siRNA mediated 

knockdown efficiency of endogenous PCNT could not be determined as part of the following 

experiments. Because of the similar molecular weight of the transgenically expressed Myc-

tagged and endogenous PCNT, a separation of these two proteins on SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) failed. Therefore, the knockdown efficiency was confirmed in 

Hek293T cells and considered to be highly efficient and comparable for performed in vitro 

disengagement assays (Fig. 14A).  

Against all expectations, treatment of cell line 3 lysates with HRV protease during the in vitro 

disengagement assay led to cleavage of the inducibly expressed WT-PCNT. An N-terminal 

cleavage fragment of approximately 120 kDa detected in the Myc-Western blot illustrated at 

least one unidentified cleavage site for HRV protease within PCNT (Fig. 14C). Quantification 

of disengagement through IFM on isolated centrosomes revealed that this highly efficient but 

unspecific cleavage triggered no substantial disengagement compared to controls (Fig. 14D).  

Considering the almost complete proteolysis of expressed PCNT, this result is quite surprising 

and might indicate that the position of Separase dependent cleavage is fundamental for 

triggering disengagement.  
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Considering the unspecific cleavage of PCNT by HRV protease, the previously described 

experimental setup (Fig. 11) had to be modified. Incubation of cell line 4 lysates with HRV 

protease would cleave both factors involved in mediating centriole engagement. Hence, the 

artificial cleavage sites in SCC1- and PCNT-encoding constructs were swapped, resulting in 

Fig. 14: PCNT is an unexpected substrate for HRV protease. (A) Determination of the siRNA mediated 

knockdown efficiency of endogenous PCNT by Western blot analysis. Hek293T cells were transiently 

transfected with PCNT siRNA (+, 50 nM) or GL2 siRNA (-, 50 nM) as control. 36 h later, cells were harvested 

and knockdown efficiency was determined using an anti-PCNT antibody. Detection of α-tubulin served as a 

loading control. Asterisk indicates truncated expression product. (B) Double stable transgenic cell line 

expressing WT-Scc1 and -PCNT upon induction. Western blot analysis of whole cell lysates was carried out 

with anti-GFP and anti-Myc antibodies which detected Scc1 and PCNT, respectively. Detection of α-tubulin 

served as a loading control. Asterisks indicate truncated expression products. (C) Western blot analysis to 

monitor cleavage of expressed Scc1 and PCNT during the in vitro disengagement assay. As described in the 

experimental setup (Fig. 11) Western blot samples were taken at the indicated time points: In=Input; 

Ctrl=control without addition of protease; TEV=TEV protease was added; HRV=HRV protease was added; 

T/H=both proteases were added at the same time. The same antibodies as described in (B) were used. Black 

arrowhead indicates cleavage fragments. Asterisks indicate truncated expression products. (D) Relative 

engagement of centrosomes isolated from lysates described in (C). Centrosomes were immunostained with 

antibodies against centrin 2 and C-Nap1. The number of engaged and disengaged centrioles was quantified by 

IFM in three independent experiments (circles) with at least 100 centrosomes counted each. The grey bar 

represents the average of these three experiments. Note that even without addition of proteases 27% of the 

centrioles appeared disengaged. This background was subtracted and the average amount of 73% engaged 

centrioles were set to 100%. All samples with proteases added were normalized to the control.  
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TEV-cleavable Scc1 and HRV-cleavable PCNT (Fig. 15C). As a consequence, incubation of 

the corresponding cell lysate with HRV protease would exclusively trigger PCNT proteolysis, 

albeit at two sites. The sequence encoding for the substituted HRV cleavage site in PCNT was 

introduced in direct vicinity of the endogenous Separase cleavage site and hence, incubation 

with HRV protease should mimic Separase activity and trigger disengagement (Fig. 15A). In 

case of SCC1 the first Separase cleavage site was mutated to now be recognized by TEV 

protease (Fig. 15B).  

 

 
 

 

 

In order to generate cell line 5, transfection with a TEV-cleavable SCC1 encoding expression 

construct was carried out. Successful integration into the FRT site and expression of the 

transgenic protein upon induction was judged by Western blot analysis (Fig. 16A). With a 

selected clone, the in vitro assay to quantify centriole disengagement was carried out. Here, 

incubation of the corresponding cell lysates with TEV protease efficiently cleaved expressed 

Scc1 (Fig. 16B) and triggered approximately 30% of disengagement when quantified on 

isolated centrosomes (Fig. 16C). This is 10% less compared to incubation of cell line 2 

(expressing HRV-Scc1) lysates with HRV protease (Fig. 13C) and might be due to the 

contribution of unspecific PCNT cleavage or simply assay variance.   

Fig. 15: Substitution of artificial cleavage sites in Scc1 and PCNT encoding constructs. As a consequence to 

the unspecific cleavage of PCNT by HRV protease, the initially intended artificial cleavage sites in Scc1 and 

PCNT had to be substituted. (A) In case of PCNT, a sequence encoding for a HRV protease cleavage site was 

introduced next to the single Separase recognition sequence. (B) The first Separase cleavage site in Scc1 was 

mutated to now be recognized by TEV protease. The second one was left unchanged to allow unperturbed cell 

cycle progression. (C) For cell line 6 a gene encoding for TEV-SCC1 was stably integrated into the genomic 

FRT site. In the second round of integration a gene encoding for HRV-PCNT was stably integrated into the loxP 

site.  
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According to the modified experimental setup and in order to generate cell line 6, the HRV-

PCNT gene was stably integrated into the selected clone expressing TEV-Scc1. Again, 

Western blot analysis was used to identify a positive clone expressing both transgenic proteins 

upon induction (Fig. 17A). Treatment of the corresponding cell lysate with TEV or HRV 

protease during the in vitro disengagement assay demonstrated efficient and specific cleavage 

of the engineered proteins (Fig. 17B). But even more importantly, artificial cleavage of either 

Scc1 or PCNT was sufficient to trigger disengagement in vitro when quantified on isolated 

centrosomes (Fig. 17C). For the first time this could be shown in the same experimental setup, 

confirming published results from independent groups and underlying the importance of both, 

Cohesin and PCNT, in mediating centriole engagement. While inactivation of Cohesin 

triggered approximately 35% disengagement, confirming previous results (Schöckel et al., 

2011), inactivation of PCNT triggered 25% of disengagement. Compared to the published in 

vivo effects upon PCNT inactivation by the Rhee or Takahashi lab (Lee & Rhee, 2012; 

Matsuo et al., 2012), triggered disengagement in the chosen in vitro setup is rather low and 

Fig. 16: Artificial cleavage of Scc1 by TEV protease triggers centriole disengagement. (A) Stable transgenic 

cell line expressing GFP-tagged TEV-Scc1 upon induction. Detection of α-tubulin served as a loading control. 

(B) Western blot analysis to monitor cleavage of transgenically expressed Scc1 during the in vitro 

disengagement assay. As described in the experimental setup (Fig. 11) Western blot samples were taken at the 

indicated time points: In=Input; Ctrl=control without addition of protease; TEV=TEV protease was added; 

HRV=HRV protease was added; T/H=both proteases were added at the same time. The same antibodies as 

described in (A) were used. Black arrowhead indicates cleavage fragments. Asterisks indicate truncated 

expression products. (C) Relative engagement of centrosomes isolated from lysates described in (B). 

Centrosomes were immunostained with antibodies against centrin 2 and C-Nap1. The number of engaged and 

disengaged centrioles was quantified by IFM in three independent experiments (circles) with at least 100 

centrosomes counted each. The grey bar represents the average of these three experiments. Note that even 

without addition of proteases 21% of the centrioles appeared disengaged. This background was subtracted and 

the average amount of 79% engaged centrioles were set to 100%. All samples with proteases added were 

normalized to the control.  

.   
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only adds up to approximately one third of the reported in vivo effects. However, the 

introduced HRV cleavage site in direct vicinity of the Separase cleavage site is sufficient to 

mimic Separase activity.  

Surprisingly, addition of both proteases did not lead to a significantly additive effect in 

triggering disengagement, despite both expressed proteins being efficiently cleaved (Fig. 

17C). Seemingly, Cohesin and PCNT do not cooperatively contribute to centriole 

engagement. These new perspectives in regulation of the centriole engagement status and 

duplication control are further discussed in section 5.1.3. 

 

 

 

Fig. 17: Artificial cleavage of either Scc1 or PCNT triggers centriole disengagement. (A) Stable transgenic 

cell line expressing TEV-Scc1 and HRV-PCNT upon induction. Western blot analysis of whole cell lysates was 

carried out with anti-GFP and anti-Myc antibodies which detected expressed Scc1 and PCNT, respectively. 

Detection of α-tubulin served as a loading control. Asterisks indicate truncated expression products. (B) Western 

blot analysis to monitor cleavage of the expressed Scc1 and PCNT. As described in the experimental setup (Fig. 

11) Western blot samples were taken at the indicated time points: In=Input; Ctrl=control without addition of 

protease; TEV=TEV protease was added; HRV=HRV protease was added; T/H=both proteases were added at 

the same time. The same antibodies as described in (A) were used. Black arrowheads indicate cleavage 

fragments. Asterisks indicate truncated expression products. (C) Relative engagement of centrosomes isolated 

from lysates described in (B). Centrosomes were immunostained with antibodies against centrin 2 and C-Nap1. 

The number of engaged and disengaged centrioles was quantified by IFM in three independent experiments 

(circles) with at least 100 centrosomes counted each. The grey bar represents the average of these three 

experiments. Note that even without addition of proteases 25% of the centrioles appeared disengaged. This 

background was subtracted and the average amount of 75% engaged centrioles were set to 100%. All samples 

with proteases added were normalized to the control.  
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4.1.5 Unspecific cleavage of PCNT by HRV protease occurs at two distinct cleavage 

sites 

In order to map the unspecific HRV cleavage site(s) within PCNT, Hek293T cells were 

transfected with a plasmid encoding for GFP-tagged PCNT. After cell harvesting, the 

corresponding lysate was incubated with HRV protease and Western blot samples were taken 

at the indicated time points. Detection of the N-terminal GFP-tag in the following Western 

Blot analysis confirmed the cleavage fragment that was initially detected during the in vitro 

disengagement assays (Fig. 14C and Fig. 18A). The self-made polyclonal rabbit antibody 

raised against aa 1968-2391 of PCNT was used as well and detected two distinct fragments in 

the Western Blot. This indicated presence of a second unidentified HRV cleavage site located 

within this sequence (Fig. 18B and 18C).  

 
 

 

 

 

Fig. 18: HRV protease cleaves PCNT at two distinct sites. Hek293T cells were transiently transfected with a 

plasmid encoding for GFP-tagged WT-PCNT. The corresponding lysate was then incubated with HRV protease 

at RT and samples were taken at the indicated time points (A) Detection of an N-terminal cleavage fragment 

confirmed at least one unspecific HRV cleavage site. Western blot analysis of whole cell lysates was carried out 

with anti-GFP antibody which detected the N-terminally tagged PCNT. Asterisks indicate  

truncated expression products. (B) Western Blot analysis with the self-raised, polyclonal rabbit anti-PCNT 

antibody (antigen: aa 1968-2391) revealed a second unspecific cleavage site for HRV protease within this 

sequence. Asterisk indicates a truncated expression product. (C) Cartoon illustrating potential HRV cleavage 

sites and corresponding molecular weight of resulting cleavage fragments. 

.   
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To further narrow it down, the plasmids encoding the four overlapping PCNT fragments (see 

Fig. 7) were individually transfected in Hek293T cells. Again, corresponding cell lysates were 

incubated with HRV protease and immunoblotted against the N-terminal Flag-tag (Fig. 19A). 

As expected, cleavage of fragment 1 and 3 verified the presence of two unspecific cleavage 

sites within PCNT. Fragment 4 was either weakly expressed or rapidly degraded and hence 

only visible in a long exposure (Fig. 19A, red box). Next, the online tool NetpicoRNA 1.0 

server, which produces cleavage site predictions for picornaviral proteases like HRV protease, 

was used to generate a list of potential HRV cleavage sites within these two fragments (Fig. 

19B). The glutamine in position 653 of the first fragment seemed to be the most promising 

hit. It and the following glycine at position 654 were mutated to alanine. In case of the third 

fragment, the detected cleavage product with a molecular weight of approximately 100 kDa 

indicated the cleavage site to be located near the C-terminus. Hence, the favored glutamine at 

position 2272 and the subsequent glycine were mutated to alanines, too. And indeed, mutation 

of these two potential cleavage sites to alanine effectively prevented cleavage of the PCNT 

fragments by HRV protease (Fig. 19C).    

 

 

 

Fig. 19: Mutational inactivation of the two unspecific cleavage sites effectively prevents PCNT from 

cleavage by HRV protease. (A) Hek293T cells were individually transfected with plasmids encoding for 

fragments 1-4 of PCNT. After 48h, cells were harvested and the corresponding lysates were incubated with HRV 

protease for 30 min, if indicated. Expression as well as unspecific cleavage of the transgenic PCNT fragments 

was monitored by Western blot analysis against the Flag-tag. Detection of α-tubulin served as a loading control. 

Black arrowheads indicate cleavage fragments. Asterisk indicates a truncated expression product. (B) Prediction 

of the potential HRV cleavage sites in fragment 1 and 3 using the NetpicoRNA server 

(http://www.cbs.dtu.dk/services/NetPicoRNA/). Potential cleavage sites for each fragment are sorted by their 

position (pos), cleavage score (clv, ranges from 0,000 to 1,000 and indicates the probability of HRV cleavage at 

that site) and the corresponding amino acid sequence. Typically, HRV protease cleaves between Gln (Q, marked 

in bold) and Gly (G). (C) Mutation of the two HRV cleavage sites at position 653/654 and 2272/2273 to alanine 

prevents PCNT fragments 1 and 3 from cleavage by HRV protease.   
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With the exact mapping of the unspecific HRV-cleavage sites, full-length versions of the 

PCNT ORF were generated with either only the more N-terminal HRV cleavage site (2Ala-

PCNT) or both (4Ala-PCNT) of the cleavage sites inactivated by mutation to alanine. Again, 

these constructs were transiently overexpressed in Hek293T cells and the corresponding 

lysates were incubated with HRV protease. As hoped, mutational inactivation of both 

cleavage sites in full-length PCNT efficiently prevents its unspecific cleavage by HRV 

protease (Fig. 20A).  

With the full-length 4Ala-PCNT-ORF generated, the possible contribution of unspecific 

versus site directed cleavage by HRV protease during the in vitro disengagement assay could 

be determined in more detail. To this end, the 4Ala-PCNT ORF was used to generate an 

artificially cleavable version. Accordingly, a sequence encoding a HRV cleavage site was 

introduced in direct vicinity of the Separase cleavage site (see Fig. 15). This HRV-4Ala-

PCNT encoding construct was stably integrated into the selected clone expressing TEV-Scc1, 

resulting in cell line 7 (Fig. 20B). Performing the in vitro assay to quantify centriole 

disengagement then allowed comparison between cell line 6 and 7 with the main focus on a 

possible impact of unspecific PCNT cleavage by HRV protease. And indeed, artificial 

cleavage of HRV-4Ala-PCNT by HRV protease caused 15% of disengagement (Fig. 20E), 

which is approximately 10% less compared to the obtained disengagement by treatment of 

cell line 6 lysates (Fig. 17 C). This might again illustrate the contribution of unspecific HRV 

cleavage quantified beforehand (Fig. 12D and Fig. 16C). However, proteolytic inactivation of 

TEV-Scc1 using cell line 5 also triggered 10% less disengagement compared to the results 

gained with cell line 6 (Fig. 17C). Therefore, this small deviation might illustrate normal 

volatility using the in vitro disengagement assay or could be caused by different expression 

levels of transgenic PCNT. A more detailed evaluation of these results is made in section 

5.1.2. 
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Fig. 20: Artificial cleavage of PCNT-4Ala triggers centriole disengagement. (A) Plasmids encoding for Myc-

tagged WT-PCNT, 2Ala-PCNT (Q653A, G654A) and 4-Ala-PCNT (Q653A, G654A, Q2272A, G2273A) were 

transiently transfected into Hek293T cells. After 24h, cells were arrested in mitosis for further 15 h by addition 

of taxol. After harvesting, the corresponding lysates were incubated with HRV protease for 30 min at RT before 

Western Blot samples were taken. Western blot analysis was carried out with anti-Myc antibody which detected 

the depicted N-terminal cleavage fragments. Asterisk indicates a truncated expression product. (B) Scheme of 

the generated double transgenic Flp-In 293 T-REx cell lines. For cell line 7 a gene encoding for TEV-SCC1 was 

stably integrated into the genomic FRT integration site with the help of Flp recombinase. In the second round of 

integration a gene encoding for HRV-4Ala-PCNT was integrated into the loxP integration site with the help of 

Cre recombinase. (C) Stable transgenic cell line expressing GFP-tagged TEV-Scc1 and Myc-tagged HRV-4Ala-

PCNT upon induction. Detection of α-tubulin served as a loading control. Asterisk indicates a  

truncated expression product. (D) Western blot analysis to monitor cleavage of transgenically expressed Scc1 

and PCNT. As described in the experimental setup (Fig. 11) Western blot samples were taken at the indicated 

time points: In=Input; Ctrl=control without addition of protease; TEV=TEV protease was added; HRV=HRV 

protease was added; T/H=both proteases were added at the same time. The same antibodies as described in (C) 

were used. Black arrowheads indicate cleavage fragments. Asterisks indicate truncated expression products. (E) 

Relative engagement of centrosomes isolated from lysates described in (D). Centrosomes were immunostained 

with antibodies against centrin 2 and C-Nap1. The number of engaged and disengaged centrioles was quantified 

by IFM in three independent experiments (circles) with at least 100 centrosomes counted each. The grey bar 

represents the average of these three experiments. Note that even without addition of proteases 18% of the 

centrioles appeared disengaged. This background was subtracted and the average amount of 82% engaged 

centrioles were set to 100%. All samples with proteases added were normalized to the control.  
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4.1.6 Non-cleavable versions of Scc1 and PCNT act as competitive inhibitors and 

reduce Separase activity  

While artificial cleavage of either PCNT or Scc1 was confirmed to be sufficient for triggering 

disengagement, expression of corresponding non-cleavable versions leads to conflicting 

results according to the existing literature. Two independent groups showed that expression of 

NC-PCNT efficiently suppressed centriole disengagement in vivo upon mitotic exit (Lee & 

Rhee, 2012; Matsuo et al., 2012). Vice versa, expression of NC-Scc1 had similar effects in 

another in vitro study (Schöckel et al., 2011). Here, centrosomes were isolated from Hek293 

cells expressing NC-Scc1 together with hyperactive Separase. Quantification of centriole 

disengagement via IFM clearly showed inhibitory effects of NC-Scc1 (Schöckel et al., 2011). 

An immediate question is how expression of the non-cleavable versions can dominantly 

suppress disengagement if the corresponding wild type counterpart is normally cleaved? 

Especially as it was reproduced within this work that artificial cleavage of either Scc1 or 

PCNT is sufficient to trigger disengagement?  

One possible explanation could be that expression of non-cleavable Scc1 has a dominant 

negative effect on cleavage of wild type PCNT by Separase and vice versa. This theory is 

based on the mechanism how Separase is normally kept inactive by Securin or Sgo2, namely 

by binding to the active site as a non-cleavable pseudosubstrate. Supportive data came from 

the Nasmyth group (Alexandru et al., 2001). A synthetic peptide resembling the cleavage site 

of Scc1 was a potent inhibitor of Separase when mutated to a non-cleavable version. The 

phosphorylated version of this peptide was even a ten times better inhibitor than the 

unphosphorylated peptide (Alexandru et al., 2001). Hence, limited amounts of active Separase 

at the centrosome might permanently bind to NC-PCNT or -Scc1 and might be titrated away 

fromWT-Scc1 or -PCNT, respectively.  

To put this theory into practice, an in vitro cleavage assay with active recombinant Separase 

was performed (Fig. 21A+B). 35S-labeled full-length WT-Scc1, expressed in an in vitro 

transcription/translation (IVT/T) system, served as substrate. As competitors, bacterially 

expressed and purified fragments of NC-Scc1 (aa 107-271) and -PCNT (aa 2168-2331) were 

added in different concentrations. Before active Separase was added, substrate and 

competitors were incubated with Plk1 and Cdk1 in order to phosphorylate recombinant 

proteins, thereby enhancing binding of Separase. In accordance with this model, addition of 

NC-Scc1 or -PCNT clearly reduced the amount of WT-Scc1 cleavage, thus indicating an 

inhibitory effect of NC-substrates on Separase activity (Fig. 21). BSA was added to the 
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reactions in order to keep the amount of added protein at a constant level of 10 µg and had no 

effect on the efficiency of Scc1 cleavage.  

 

 
 

 

 

Noteworthy, a reduced cleavage efficiency of in vitro expressed WT-Scc1 could also be 

observed when the experiment was carried out with WT-versions of Scc1 or PCNT as 

competitors (Fig. 22). This observation makes sense, since these versions are suitable 

substrates for Separase and might titrate away limited amounts of active recombinant 

Separase rather than inhibiting its activity. Further reasons are discussed in section 5.1.4.  

Taken together, presented in vitro results provide an explanation for published results that the 

overexpression of non-cleavable Scc1 and PCNT versions efficiently suppress centriole 

disengagement (Lee & Rhee, 2012; Matsuo et al., 2012; Schöckel et al., 2011). These variants 

Fig. 21: Non-cleavable versions of Scc1 and PCNT act as dominant negative pseudosubstrates for 

Separase. Full-length 35S-labeled WT-Scc1, expressed in an IVT/T reaction, served as substrate for the in vitro 

cleavage reaction with active Separase. As competitors, recombinant NC-Scc1 (aa 107-271) (A) or NC-PCNT 

(aa 2168-2331) (B) fragments were added in depicted concentrations. BSA was used to keep the amount of 

added recombinant protein at a constant level of 10 µg. Before active Separase was added, depicted reactions 

were incubated with Plk1 and Cdk1 kinase in presence of ATP. Samples were subjected to SDS-PAGE followed 

by autoradiography. Black arrowheads indicate cleavage fragments. Coomassie staining was performed prior to 

the Autoradiograph and served as control for the total amount of protein loaded. Note that, due to its highly 

acidic nature, the NC-Scc1 fragment is hardly stained by the Coomassie dye and therefore appears transparent 

(A).  
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might act as competitive inhibitors and might have a dominant negative effect on Separase 

dependent cleavage of the endogenous centrosomal substrates. With this assumption, 

published data that cleavage of either WT-Scc1 or -PCNT in unperturbed cells is sufficient to 

trigger disengagement remain valid. 

 
 

 

 

 

 

Fig. 22: Wild type versions of Scc1 and PCNT act as dominant negative pseudosubstrates for Separase. 

(A) Full-length 35S-labeled WT-Scc1, expressed in an IVT/T reaction, served as substrate for the in vitro 

cleavage reaction with active Separase. As competitors, recombinant WT-Scc1 (aa 107-271) (A) or WT-PCNT 

(aa 2168-2331) (B) were added in depicted concentrations. BSA was used to keep the amount of added 

recombinant protein at a constant level of 10 µg. Before active Separase was added, depicted reactions were 

incubated with Plk1 and Cdk1 kinase in presence of ATP. Samples were subjected to SDS-PAGE followed by 

autoradiography. Black arrowheads indicate cleavage fragments. Coomassie staining was performed prior to the 

Autoradiograph and served as control for the total amount of protein loaded. Note that, due to its highly acidic 

nature, the WT-Scc1 fragment is hardly stained by the Coomassie dye and therefore appears transparent (A). 

.   
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4.2 Phosphorylation-dependent conversion of PCNT into a suitable 

Separase substrate 

As already mentioned in the introduction, residual centromeric Cohesin rings are cleaved by 

activated Separase in anaphase (Uhlmann et al., 1999). Phosphorylation of chromatin-bound 

Scc1 by Plk1 was shown to enhance the cleavage efficiency by Separase. Consistently, 

mutating ten serine residues within Scc1 to alanine reduced cleavage of chromatin bound 

Cohesin by nearly 50%. Six of the ten serine residues were located in direct vicinity of the 

two existing Separase cleavage sites (Alexandru et al., 2001; Hornig & Uhlmann, 2004). For 

the meiotic counterpart of Scc1, the kleisin Rec8, phosphorylation by meiotic kinases was 

even shown to be essential for cleavage by Separase (Brar et al., 2006; Katis et al., 2010). 

Further Separase substrates like MCL1 or BCL-XL also fully depend on prior 

phosphorylation in order to get cleaved by Separase (Hellmuth & Stemmann, 2020). Thus, 

given that the cleavage of Separase substrates is enhanced by or fully depend on 

phosphorylation, a potential impact of PCNT phosphorylation on the efficiency of cleavage 

by Separase remained to be determined. For that purpose, in vitro cleavage experiments with 

PCNT-fragments encoding for the Separase cleavage site were designed. As a first step, the 

required in vitro tools like active recombinant Separase and mitotic kinases had to be 

generated. 

4.2.1 Generation of in vitro tools to study the putative PCNT conversion into a suitable 

Separase substrate  

A Separase variant carrying a P1127A mutation was expressed in Hek293T cells and purified 

as described in 6.4.9. This mutation prevents the Pin1 mediated cis-trans isomerization of 

P1127 and, hence, binding of the inhibitor Cdk1-Cyclin B1 (Hellmuth et al., 2015). Bound 

Securin was degraded in a Xenopus laevis extract resulting in active (ac) recombinant 

Separase. Its activity was positively tested in a cleavage assay with in vitro expressed, 35S-

labeled WT-Scc1 (Fig. 23A). As a negative control served protease dead (PD) Separase 

(C2029S) (Stemmann et al., 2001), which was expressed and processed in the same manner 

like active Separase. Active Cdk1 was kindly provided by Markus Hermann from the chair of 

genetics. In context of this work, Plk1 was expressed in Hek293T cells as a kinase dead (KD, 

K82R), (Golsteyn et al., 1995) constitutively active (ca, T210D) (Qian et al., 1999) or wild 

type (WT) version and purified as described in 6.4.10. Their activities were successfully 

tested in vitro in a kinase assay (see 6.4.5) using the model substrate myelin basic protein 
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(MBP) (data not shown). Additionally, the Plk1 variants were also tested in a cleavage assay 

with recombinant Separase and in vitro expressed, 35S-labeled Scc1. In consistency with 

published results (Alexandru et al., 2001), phosphorylation of Scc1 by WT- or ca-Plk1 clearly 

enhanced the cleavage efficiency of active Separase (Fig. 23B).   

 

 
 

 

 

4.2.2 Sequential phosphorylation by Cdk1 and Plk1 turns PCNT into a suitable 

Separase substrate 

With these tools at hand, the phosphorylation-dependent conversion of PCNT into a suitable 

Separase substrate could be studied in more detail. In an initial experiment, the residues 2211-

2293 of PCNT, including its endogenous Separase cleavage site, were in vitro-expressed and 

subsequently incubated with the indicated combinations of kinases and recombinant Separase 

variants (Fig. 24). Strikingly, no substantial phosphorylation-induced mobility shift in the 

SDS-PAGE could be detected when PCNT was incubated with Plk1 alone. However, in 

combination with active Cdk1, Plk1 was able to substantially increase PCNT phosphorylation. 

This strongly favors a sequential phosphorylation with Cdk1 acting as priming kinase for 

Plk1. In accordance, efficient cleavage by Separase only became detectable when both active 

kinases were present. Hence, like for all known Separase substrates, phosphorylation seems to 

be important for turning PCNT into a suitable Separase substrate. 

Fig. 23: Characterization of recombinant Separase and Plk1. (A) Purified recombinant protease dead  

(PD, C2029S) and hyperactive (ac, P1127A) Separase were tested in a cleavage assay with in vitro expressed,  
35S-methionine labeled WT-Scc1. Samples were subsequently analyzed by SDS-PAGE and autoradiography. 

Black arrowheads indicate cleavage fragments. (B) Constant amounts of in vitro expressed WT-Scc1 and 

recombinant Separase variants (PD or ac) were incubated with purified Plk1 variants (WT = wild type, KD = 

kinase-dead (K82R), ca = constitutively active (T210D)). Samples were subsequently analyzed by SDS-PAGE 

and autoradiography. Black arrowheads indicate cleavage fragments.  
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Considering these promising results, a closer look to the PCNT sequence revealed consensus 

phosphorylation sites for Plk1 and Cdk1 in direct vicinity to the Separase cleavage site (Fig. 

25A and 25B). In a speculative model, Cdk1 might phosphorylate S2226 as a priming kinase, 

allowing Plk1 to bind via its PBD domain and subsequently phosphorylate the residues S2222 

and/or T2235. If true, mutational inactivation of either of these residues to alanine should 

result in a strong decrease of Separase dependent cleavage or even prevent it. And indeed, 

compared to WT-PCNT, each point mutation led to a significant decrease in the cleavage 

efficiency by Separase. However, only mutation of all three residues to alanine (3Ala) 

effectively prevented cleavage by Separase in vitro (Fig. 25 C).  

 

 
 

 

Fig. 25: Mapping of Cdk1 and Plk1 phosphorylation sites near the Separase cleavage site of PCNT. (A) 

Model illustrating sequential substrate phosphorylation through Cdk1 and Plk1. (B) Model depicting potential 

Plk1 and Cdk1 phosphorylation sites in direct vicinity of PCNTs Separase cleavage site. (C) Autoradiography of 

a cleavage assay performed with following PCNT fragments (aa 2211-2293): WT: wild type PCNT; PM1: 

mutational inactivation of S2222 to alanine; PM2: mutational inactivation of S2226 to alanine; PM3: mutational 

inactivation of T2235 to alanine; 3Ala: mutational inactivation of all three residues. The IVT/T reaction was 

performed with 35S-methionine present. The PCNT fragments were incubated with active recombinant Plk1 and 

Cdk1 for 30min before active (ac) or protease-dead (PD) recombinant Separase was added for another 30 min. 

Subsequently, SDS-PAGE and autoradiography were conducted. Black arrowheads indicate cleavage fragments. 

Fig. 24: Sequential phosphorylation by Cdk1 and Plk1 turns PCNT into a suitable Separase substrate. A 
35S-labeled WT-PCNT fragment (aa 2211-2293) encoding for the Separase cleavage site and surrounding 

sequences was expressed in vitro. Then, the PCNT fragment was incubated with active (+) or kinase-dead (-) 

recombinant Plk1 and/or Cdk1 for 30 min before active (ac) or protease-dead (PD) recombinant Separase was 

added for another 30 min. Subsequently, the reaction was stopped by addition of SDS sample buffer and samples 

were subjected to SDS-PAGE and autoradiography. Black arrowhead indicates cleavage fragments.  
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While performing depicted experiments, a study from the Rhee lab was published that also 

addressed the Plk1 regulation of PCNT cleavage (Kim et al., 2015). Treatment of human cell 

culture cells with the Plk1 inhibitor BI2536 suppressed PCNT cleavage by Separase upon 

mitotic exit indicating that phosphorylation is crucial for turning PCNT into a suitable 

substrate. Nine phosphorylation sites near the cleavage site were identified to be important for 

cleavage by Separase (T2154, T2160, S2183, S2189, S2222, S2259, S2267, S2318 and 

T2324). Mutational inactivation of all mentioned residues to alanine largely abolished 

cleavage, while mutating them to phospho-mimicking aspartate allowed efficient cleavage by 

Separase even in the presence of BI2536 (Kim et al., 2015). With the exemption of S2222, the 

identified residues differ from the three identified in this work.  

As a consequence to this publication, a larger PCNT fragment (aa 2148-2391) including all 

nine identified residues from the Rhee study was used to repeat the in vitro kinase and 

cleavage assays. In accordance with the results presented in Fig. 25 and contradicting the 

results from the Rhee lab, mutational inactivation of the residues S2222, S2226 and T2235 to 

alanine was sufficient to prevent cleavage by Separase in vitro (Fig. 26). However, mutating 

the three residues to phospho-mimicking aspartate was not sufficient to allow cleavage by 

Separase in the absence of mitotic kinases. On the contrary, detection of cleavage by Separase 

upon addition of Plk1 and Cdk1 indicates an additional crucial residue to the three identified 

so far (see also discussion chapter 5.2).  

 

 
 

 

 

 

Fig. 26: Mutational inactivation of three phosphorylation sites within PCNT prevents cleavage by 

Separase. Autoradiography of a cleavage assay performed with following PCNT fragments (aa 2148-2391): 

WT: wild type PCNT; 3A: mutational inactivation of S2222A, S2226A and T2235A; 3D: phospho-mimicking 

mutant S2222D, S2226D and T2235D; NC: non-cleavable Separase cleavage site E2228R and R2231A. The 

IVT/T reaction was performed with 35S-methionine present. The PCNT fragments were incubated with active (+) 

or kinase-dead (-) recombinant Plk1 and/or Cdk1 for 30 min before active (+) or protease-dead (-) recombinant 

Separase was added for another 30 min. As inhibitors, BI2536 (Plk1 inhibitor) and RO 3306 (Cdk1 inhibitor) 

were added when indicated (+). Subsequently, SDS-PAGE and autoradiography were conducted. Black 

arrowheads indicate cleavage fragments.  
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Given these promising in vitro results, the question arose whether they could be reproduced in 

cultured cells using full-length versions of PCNT. Therefore, PCNT constructs encoding the 

3A- or 3D- variants were generated and transiently transfected into Hek293 cells. WT-PCNT 

and NC-PCNT encoding constructs served as positive and negative control, respectively. 

Transfected cells were pre-synchronized in S-phase with thymidine for 20 h before they were 

released and finally arrested with taxol in metaphase of the following mitosis. Addition of 

ZM447439, an inhibitor of the Aurora B kinase, forced these cells to override their SAC-

arrest and to enter anaphase. Western blot samples were taken from the taxol arrested cells, as 

well as 1 h and 2 h after ZM447439 addition. Successful checkpoint override was indicated 

through activation and subsequent self-cleavage of Separase in a Western Blot analysis (Fig. 

27A). Furthermore, degradation of the mitotic marker Cyclin B1 and dephosphorylation of 

histone H3 (pHH3) confirmed progression through anaphase and late mitosis. 

Immunodetection of the expressed PCNT versions revealed that WT- and 3D-PCNT were 

cleaved by activated Separase upon mitotic exit, while 3A- and NC-PCNT were not. Hence, 

mutational inactivation of the three residues to alanine in direct vicinity of the cleavage site is 

sufficient to abolish cleavage by Separase in vivo, confirming the in vitro results presented 

above (Fig. 26). In order to gain more information about the importance of Plk1 kinase in this 

process, the same assay was conducted but 2h prior to the induced SAC override, the Plk1 

inhibitor BI2536 was added to the culture medium as well. Western blot analysis of Separase 

and the mitotic markers indicated a successful checkpoint override (Fig. 27B). However, 

without Plk1 activity, expressed WT- and 3D-PCNT were no longer cleaved. This observation 

lends further proof to the phosphorylation dependent conversion of PCNT into a suitable 

Separase substrate and provides a direct connection between the crucial Plk1 activity in early 

mitosis and centriole disengagement triggered by active Separase in late mitosis.  

Taken together, the in vitro and in vivo results presented in this work shed a new light on how 

human cells tightly control centriole disengagement and licensing of centriole duplication 

during mitosis. PCNT phosphorylation by Plk1 was reported to be essential for the PCM 

maturation during early mitosis so far. Now, it is also directly linked to centriole 

disengagement, illustrating how Plk1 and Separase act cooperatively but timely separated in 

licensing of centriole duplication (for further discussion see chapter 5.3).  
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Fig. 27: PCNT phosphorylation by Plk1 is crucial for Separase dependent cleavage. (A) Plasmids encoding 

for following full-length PCNT variants were, together with siRNA against endogenous PCNT, transiently 

transfected in Hek293T cells: WT: wild type PCNT; 3A: mutational inactivation of S2222A, S2226A and 

T2235A; 3D: phospho-mimicking mutant S2222D, S2226D and T2235D; NC: non-cleavable Separase cleavage 

site E2228R and R2231A. At the same time, thymidine was added for 20 h in order to synchronize cells at the 

G1/S-barrier. Then, cells were released through washout and 4 h later, taxol was added to the media to arrest 

cells in mitosis. The SAC-arrest was overridden through addition of ZM447439 (ZM), an inhibitor of Aurora B 

kinase. Samples were taken at the indicated time points and subjected to SDS-PAGE and Western blot analysis. 

Antibodies against the Flag-tag (to detect PCNT cleavage), the N-terminus of Separase (to detect self-cleavage 

as a marker of activity), Cyclin B1 and pHH3 (as mitotic marker) were used. Black arrowheads indicate cleavage 

fragments. Asterisks indicate cross-reactive bands. (B) The same assay as described in A was performed, but 2 h 

prior to the addition of ZM447439, the Plk1 inhibitor BI 2536 was added to the cells as well. 
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5 Discussion 

5.1 Artificial inactivation of centrosomal Cohesin or PCNT triggers 

centriole disengagement 

Results presented in this thesis provide deeper insights into the complex mediation of 

centriole engagement. Stable cell culture cell lines were generated that inducibly express 

artificial cleavable version of Scc1 and PCNT. Individual and combined inactivation through 

the corresponding protease(s) allowed determining their respective contribution to centriole 

engagement. As this is the first time that both factors have been combined in the same 

experimental setup, obtained results contribute to solve an apparent contradiction in the 

centrosome field. So far, Separase dependent cleavage of PCNT or Cohesin has independently 

been reported to be sufficient for triggering disengagement (Lee & Rhee, 2012; Matsuo et al., 

2012; Schöckel et al., 2011). Results provided in this work suggest both to be true: artificial 

inactivation of PCNT or Scc1 is each sufficient to trigger disengagement in vitro. 

Interestingly, combined inactivation revealed almost no additive effects when quantified on 

isolated centrosomes. Possible reasons should be discussed in more detail. 

 

5.1.1 Artificial cleavage of Cohesin rings induces centriole disengagement 

Tsou and Sterns were the first to directly link Separase and Plk1 activity to centriole 

disengagement in late mitosis (Tsou et al., 2009). Cohesin as a Separase substrate was then 

assumed to mediate not only cohesion between chromosomes but also centrioles. 

Subsequently, this speculation was supported through numerous independent localization and 

functional studies: Not only knockdown of Cohesin subunits led to disengagement in vivo, 

artificial, Separase-independent cleavage of the Cohesin ring within one of two different 

engineered subunits did also trigger centriole disengagement in vitro (Beauchene et al., 2010; 

Díaz-Martínez et al., 2010; Schöckel et al., 2011; Wong & Blobel, 2008). Results presented in 

section 4.1.3 of this work provide further experimental proof for Cohesin’s importance in 

centriole engagement. Isolated centrosomes from cells expressing artificially cleavable 

versions of Scc1 were treated with the corresponding protease in vitro. With no active 

Separase present, treatment of TEV- or HRV-cleavable Scc1 with the corresponding protease 

reproducibly led to efficient proteolysis and triggered centriole  
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disengagement (Fig. 13 and Fig. 16). In accordance to the already mentioned published data 

(Schöckel et al., 2011), approximately 40% of centriole disengagement could be triggered by 

proteolytically inactivation of the Cohesin ring in vitro. Hence, Cohesin has an 

unquestionable function in mediating centriole engagement. 

With the confirmation of Cohesin’s importance in mediating centriole engagement, the 

immediate question is how the tight coupling of centrioles is achieved and maintained? Each 

mitotic centrosome consists of two centrioles embedded in a highly ordered protein matrix 

known as the pericentriolar material (PCM) (Mennella et al., 2014). From the time of their 

synthesis in S-phase until late mitosis, the newly formed daughter centriole is tightly coupled 

to her mother centriole, serving as an intrinsic block of reduplication and, hence, as a copy 

number control (Firat-Karalar & Stearns, 2014). Cohesin might contribute to centriole 

engagement in two different ways: First, Cohesin as a ring might entrap an unidentified 

substrate that directly tethers the two centrioles together (Fig. 28). Second, Cohesin could 

contribute to indirect tethering of the two centrioles through a matrix entrapment by the 

surrounding PCM (Sluder, 2013). Here, Cohesin could localize essential components to the 

centrosome or could positively influence their activities (Fig. 28). Cleavage of the Cohesin 

ring in return would weaken the structural integrity of the PCM and allow a greater spatial 

distance between the centrioles through the pushing and pulling forces of the mitotic spindle. 

This spatial distance would represent the licensing step for duplication in the next S-phase.  

 

 

 

 

Fig. 28: Mediation of tight engagement between the mother end emerging daughter centriole in S-phase.  

In dividing cells, a centriole duplicates once in S-phase. The emerging daughter centriole is formed adjacent and 

in perpendicular orientation to the corresponding mother centriole. From the time of their synthesis until their 

disengagement in late mitosis, mother and daughter centrioles remain tightly coupled. Cohesin might contribute 

to this centriole engagement through substrate entrapment of a yet unidentified substrate. Alternatively, cohesin 

could be dispersed throughout the interphase PCM and keeps centrioles engaged through a matrix entrapment. 

Either way, the tight coupling of centrioles prevents re- or overduplication and, hence, serves as a copy number 

control. 
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5.1.2 Artificial PCNT cleavage triggers centriole disengagement 

Results presented in this work confirm that artificial cleavage of PCNT triggers centriole 

disengagement as well. Treatment of engineered HRV-cleavable PCNT with the 

corresponding protease triggered disengagement in vitro when quantified on isolated 

centrosomes (see Fig. 17. and Fig. 20). However, compared to the published in vivo effects of 

PCNT inactivation by the Takahashi and Rhee labs, the generated in vitro effects in this work 

were rather low and reduced by more than two-thirds (Lee & Rhee, 2012; Matsuo et al., 

2012). In order to discuss possible reasons for this observation, it is important to understand 

how PCNT mediates engagement on the one hand and how cleavage by Separase triggers 

disengagement on the other hand. 

PCNT, an elongated scaffold protein, serves as the main anchor for centrosomal proteins 

involved in microtubule nucleation like the γ-TuRC (Kim & Rhee, 2014; Lee & Rhee, 2011; 

Takahashi et al., 2002). During interphase, PCNT adopts a fiber like distribution in the highly 

ordered PCM, with the C-Terminus located near the centriole wall and the N-terminus 

extending into the PCM. Upon entry into mitosis PCM maturation takes place, thereby 

increasing the size and microtubule nucleation capacity of the centrosome dramatically. 

PCNT is strongly enriched at mitotic centrosomes, but adopts a less ordered, matrix like 

distribution in complex with proteins like Cep215, Cep192 and the γ-TuRC (Lawo et al., 

2012). This expanding outer PCM matrix is both, source of an enhanced microtubule-

nucleation capacity and a shield to resist against the pushing and pulling forces of the mitotic 

spindle (Sluder, 2013).  

Support for the matrix entrapment theory of centrioles came from a study in Chinese hamster 

ovary (CHO) cells (Loncarek et al., 2008). Treatment of cells with hydroxyurea induced 

formation of overduplicated centrosomes consisting of one mother and two daughters (so 

called ‘triplosomes’). Subsequently, laser microsurgery experiments were conducted. Despite 

ablation of the mother centriole, movement of the two daughter centrioles remained 

coordinated. A possible linker tethering together mother and daughter centrioles would have 

been destroyed under given circumstances (Loncarek et al., 2008). In accordance, Separase 

depletion in C. elegans early embryos could be rescued by chemically induced enhancement 

of microtubule stability and, hence, pulling and pushing forces of the mitotic spindle. As a 

consequence, the PCM was disassembled and centriole separation allowed for an unperturbed 

duplication in the following S-phase (Cabral et al., 2013). Assuming matrix entrapment of 

centrioles, the question is how Separase dependent cleavage of PCNT triggers 

disengagement? In contrast to the Cohesin ring, which might entrap a yet unidentified 
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substrate, PCNT as an elongated scaffold protein fulfills its main functions through direct 

protein-protein interactions (Salisbury, 2003; Takahashi et al., 2002). Hence, Separase activity 

might directly lead to loss of crucial interactor(s) at its designated cleavage site, or it might 

lead to loss of protein–protein interactions trough a long-range allosteric mechanism. Either 

way, the PCM starts to lose its integrity and forces of the mitotic spindle are more and more 

capable to disassemble the outer PCM. As this process takes time, it might explain the time 

gap between peak activity of Separase in anaphase and the visualization of disengagement in 

late telophase.  

Interestingly, cleavage of PCNT by Separase generates a C-terminal fragment that is rapidly 

degraded by the N-end rule pathway (Lee & Rhee, 2012). Within this sequence lies the PACT 

domain, responsible for centrosomal targeting of PCNT. One might assume that its 

degradation leads to loss of centrosomal PCNT localization or leads to loss of crucial protein-

protein interactions. However, the N-terminal fragment is retained at centrosomes after 

Separase dependent cleavage and only gradually decreases, concomitantly with PCM 

disassembly (Lee & Rhee, 2012). This indicates that the PACT domain is important for initial 

localization but not for persistence of PCNT at the centrosome. In accordance, a point 

mutation stabilizing the C-terminal fragment at the centrosome does not abolish 

disengagement (Lee & Rhee, 2012). Hence, it is not the rapid degradation of the C-terminus 

that triggers disengagement, but rather cleavage by Separase at this particular site (aa 2230). 

This theory is supported by results presented in section 4.1.4 in this work. During execution 

of in vitro disengagement assays, unspecific cleavage of WT-PCNT by HRV protease was 

detected. The first cleavage site (aa 652) could be mapped to the N-terminal coiled coil region 

while the second one (aa 2272) lies in vicinity of the endogenous Separase cleavage site (aa 

2230) (Fig. 19). Although highly efficient, unspecific cleavage of PCNT barely triggered 

disengagement (<10%) when quantified in vitro on isolated centrosomes. This effect was 

furthermore only detectable in single stable cell lines expressing endogenous PCNT and a 

transgenic Scc1 variant (Fig. 12 D, Fig. 16C). Upon induction of PCNT expression in double 

transgenic cell lines, this effect was negated, probably because of higher protein levels  

(Fig. 14 D, Fig. 20 E). Taken together, this low impact on disengagement might simply reflect 

assay variance or indicate marginal effects of unspecific PCNT cleavage on the PCM 

composition. In future, it will be crucial to unravel mechanistic consequences of Separase 

dependent cleavage, e.g. in regards to loss of specific protein-protein interactions or induced 

conformational changes of PCNT. Furthermore, it would be interesting to investigate 

consequences of HRV expression in vivo. Transient transfection of HRV protease encoding 



Discussion 

70 

 

plasmids with subsequent high expression of corresponding protease might indicate possible 

impacts of unspecific PCNT cleavage on centrosome composition or centriole engagement 

with mitotic spindle forces present.  

Additionally, PCNT as a novel HRV protease substrate might provide deeper insights into 

processes during the rhinovirus infection cascade. Many viruses accumulate at centrosomes, 

using it as the main hub for organizing cellular or particle transport (Naghavi & Walsh, 2017). 

Microtubule dynamics and stability can be increased or decreased, depending on the virus and 

its stage of infection (da Silva & Naghavi, 2023; Naghavi & Walsh, 2017). Hence, infecting 

cells with human rhinovirus could be used to confirm PCNT as a substrate for HRV protease 

and to investigate further details of the virus life cycle.  

With the given information regarding PCNTs role in mediating centriole engagement, the 

different results obtained by mentioned in vitro or in vivo assays might become more 

plausible. The in vitro assay performed in this work used cells arrested in mitosis with 

nocodazole prior to harvest and isolation of centrosomes. Hence, in vitro cleavage with TEV 

and/or HRV protease was performed in a whole cell lysate without spindle microtubules and 

in absence of pushing and pulling forces. PCM disassembly might therefore be delayed and 

the percentage of centriole disengagement reduced. In the in vivo studies, on the contrary, 

expression of a non-cleavable (NC) PCNT version efficiently blocked disengagement in late 

mitosis (Lee & Rhee, 2012; Matsuo et al., 2012). Turning these NC-PCNTs into TEV-

cleavable versions efficiently rescued disengagement and subsequent duplication upon 

transfection of a TEV-protease encoding plasmid (Lee & Rhee, 2012; Matsuo et al., 2012). As 

centrosomes were exposed to forces of the mitotic spindle, centriole disengagement might be 

accelerated. Noteworthy, in cells expressing NC-PCNT, the majority of centrosomes 

eventually disengaged and duplicated in late S-phase or G2-phase without PCNT being 

cleaved (Lee & Rhee, 2012). One possible explanation could be that in the absence of mitotic 

kinases, the outer PCM gradually shrinks throughout interphase. Below a certain threshold, 

the integrity of the PCM is insufficient to resist the forces of the interphase microtubule 

network and, especially, the pulling forces of astral microtubules. The spatial distance 

between the centrioles increases to an extent that allows for delayed duplication in late 

interphase. As a consequence, PCNT cleavage by Separase can be described as necessary for 

timely centriole disengagement in late mitosis, but not as an essential step for centrosome 

duplication in the next cell cycle.  
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5.1.3 Theories for the missing additive effects upon artificial inactivation of 

centrosomal Cohesin and PCNT 

Assuming matrix entrapment of centrioles, with Cohesin rings and PCNT being dispersed 

throughout the PCM in order to enhance its structural integrity, one might expect additive 

effects upon artificial inactivation of both factors at the same time. The 40% disengagement 

quantified in vitro upon cleavage of centrosomal Cohesin would add up quite well with the 

60% disengagement quantified in vivo upon PCNT inactivation (Lee & Rhee, 2012; Matsuo et 

al., 2012; Schöckel et al., 2011). However, simultaneous inactivation of Cohesin rings and 

PCNT through artificial cleavage revealed no substantial additive effects during in vitro 

disengagement assays (Fig. 17 and Fig. 20). One might suspect that this is caused by the 

chosen experimental approach, in which the centrosomes are isolated and examined in an 

environment that lacks spindle forces. Additionally, during the preparation, centrosomes are 

centrifuged through a sucrose cushion directly onto cover slips and one might suspect this 

procedure to exert mechanical stress and, hence, to have an impact on centrosome 

composition or even quantified disengagement. However, each in vitro assay was performed 

with an internal control, in which centrosomes from an untreated lysate were processed 

accordingly. Quantified disengagement in this sample was subtracted from the others, leaving 

excess disengagement solely accountable to the treatment with corresponding protease(s).   

Yet, a more plausible explanation may be fundamental differences between PCNT and 

Cohesin in mediating centriole engagement. In particular, a spatiotemporal division of labor 

between both factors, strictly coordinated with the centrosome and cell cycle, seems to be 

possible. As mentioned before, the defining steps of the centrosome cycle are duplication in 

S-phase, centrosome separation at mitotic onset and centriole disengagement in late mitosis 

(Fujita et al., 2016). These steps are synchronized with the chromosome cycle, in which sister 

chromatids are duplicated in S-phase and separated in late mitosis as well (Haarhuis et al., 

2014). Cohesin as a molecular ‘glue’ holds together both, centrioles and sister chromatids, 

from the time of their synthesis until their coordinated dissolution by the same key players, 

Separase and Plk1 (Schöckel et al., 2011). Due to the striking parallels between the 

chromosome and centrosome cycle, it is tempting to speculate that centrosomal Cohesin gets 

loaded and becomes cohesive during S-phase as well. Until Cohesin gets cleaved by Separase 

in late mitosis, it mediates substantial structural integrity of the interphase PCM and keeps the 

centrioles engaged. Whether this is mediated by direct entrapment of a yet unidentified 

substrate or by indirect tethering of centrioles through a matrix entrapment remains to be 

determined (Fig. 29). PCNT, on the contrary, is dispensable in interphase as artificial cleavage 
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of PCNT in S-phase does not trigger disengagement (Lee & Rhee, 2012). Upon entry into 

mitosis however, PCNT gets strongly enriched during the outer PCM expansion (Woodruff et 

al., 2014). It is highly unlikely but not impossible, that Cohesin gets recruited and becomes 

cohesive in the outer PCM as well. But as hints for a possible prophase pathway at the 

centrosome are existing (Mohr et al., 2015) and as the anti-cohesive factor Wapl exhibits peak 

activity in early mitosis (Gandhi et al., 2006), it is hard to imagine that cohesive Cohesin can 

be established at the outer centrosomal layer at this time. Hence, while Cohesin seems to be 

important for centriole engagement during S- and G2-phase, PCNT might mainly contribute 

to the structural integrity of the outer centrosomal layer during mitosis. The missing additive 

effect on centriole disengagement upon artificial cleavage of both factors could therefore 

originate in this spatially different localization and division of labor (Fig. 29). 

 

 

 
Fig. 29: Speculative model for the mediation of centriole engagement through cohesin and PCNT.  
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Sticking to this model might also explain experimental in vivo results questioning Cohesin’s 

importance in mediating centriole engagement. In a study performed with Drosophila 

embryos arrested in metaphase of mitosis, artificial cleavage of an engineered TEV-Scc1 

triggered sister chromatid separation but no centriole disengagement (Oliveira & Nasmyth, 

2013). This observation can simply reflect fundamental differences between flies and human 

cells in mediating centriole engagement. However, the PCNT homologue D-PLP has been 

neglected in this in vivo study. As D-PLP is intact in the outer layer of the PCM, it probably 

provides sufficient structural integrity although Scc1 is efficiently cleaved. Therefore, 

disengagement within the ‘inner layer’ of the PCM might be masked, although present and, 

hence, cannot be monitored in given experimental setup. This raises the immediate question 

why artificial cleavage of Cohesin rings triggered disengagement in presented in vitro assays? 

The answer might be that only this particular experimental setup provides conditions that 

allowed for the visualization and quantification of disengagement upon Cohesin inactivation. 

Performing artificial cleavage of Cohesin rings on isolated centrosomes with no pushing 

forces of the mitotic spindle present (due to added spindle poisons) probably enabled the 

centrioles to separate to an extent that allowed visualization of disengagement. This more 

direct and mechanistic approach during performed in vitro assays might be their great 

advantage. Hence, it would be interesting, to use the in vitro disengagement assay on a stable 

cell line expressing artificially cleavable Scc1 and NC-PCNT. In this scenario, cleavage of 

Scc1 should also trigger disengagement.  

 

5.1.4 Non-cleavable versions of Scc1 or PCNT might interfere with Separase activity  

Two independent studies reported NC-PCNT to inhibit centriole disengagement upon mitotic 

exit (Lee & Rhee, 2012; Matsuo et al., 2012). Given that centrosomal Cohesin rings are 

normally cleaved under given circumstances, these results are conflicting with the statement 

that artificial proteolysis of either Cohesin or PCNT is sufficient to trigger centriole 

disengagement.  

Fig. 29: (cont.) (A) Cohesin might contribute to indirect tethering of centrioles through a matrix entrapment 

during interphase. Upon entry into mitosis PCNT hyper accumulates at the outer PCM layer and defines its 

structural integrity during maturation. (B) Alternatively, cohesin could mediate centriole engagement through 

direct entrapment of an unknown substrate. PCNT becomes enriched in the outer PCM upon mitotic entry 

without cohesive cohesin being established as well. Hence, PCNT would solely contribute to the structural 

integrity of the outer PCM during mitosis. Admittedly, PCNT is also the main structural component of the 

interphase PCM. However, artificial cleavage of PCNT in interphase triggered no centriole disengagement (Lee 

& Rhee, 2012). Therefore, PCNT’s role in interphase is not shown in the presented model. 
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One apparent reason for this observation could be the different levels of both centrosomal 

proteins. NC-PCNT as the more abundant protein might provide sufficient structural integrity 

of the PCM despite Cohesin being cleaved by Separase. However, this reason disregards 

above-mentioned statement again, that cleavage of either PCNT or Cohesin is sufficient to 

trigger disengagement. Another theory could be that NC-PCNT titrates away the limited 

amounts of active Separase at the centrosome and, hence, has a dominant-negative effect on 

cleavage of endogenous Scc1 and PCNT. Separase itself is kept inactive through a 

comparable mechanism. Securin and Sgo2 both carry non-cleavable pseudosubstrate motifs 

that bind to and block the active site of Separase (Boland et al., 2017; Hellmuth et al., 2020). 

Cdk1-Cyclin B1 uses an even more elegant mechanism by re-orienting auto-inhibitory loops 

from Separase itself into its active site (Yu et al., 2021). Hence, Separase could permanently 

bind to NC-PCNT during its short, active time window in vivo. In the course of this work, this 

theory was tested in vitro in a competition cleavage assay with recombinant, active Separase 

and a radioactively labeled WT-Scc1 generated in an IVT/T, as substrate. And indeed, it could 

be shown that the addition of recombinant NC-Scc1 or -PCNT fragments reduced the amount 

of cleaved WT-Scc1, indicating an inhibitory effect on Separase activity (Fig. 21). 

Noteworthy, the same could be observed when recombinant WT-Scc1 or -PCNT fragments 

were added as competitors (Fig. 22). Since these versions are suitable substrates for Separase 

as well, the cleavage reduction of radioactively labeled WT-Scc1 makes sense. Especially, if 

limited amount and activity of recombinant Separase are taken into account. Furthermore, 

added WT-Scc1 and -PCNT competitors were expressed in E. coli and hence came in a 

dephosphorylated form. Addition of mitotic kinases Plk1 and Cdk1 might not have provided 

sufficient kinase activity to turn the majority of recombinant proteins into suitable Separase 

substrates. Partial phosphorylation might even facilitate binding of Separase to the substrates 

without enhancing cleavage efficiency. Hence, added recombinant WT-Scc1 and -PCNT 

might partially have resembled NC-variants due to their phosphorylation status.  

A further explanation is based on the aforementioned theory that Cohesin and PCNT 

separately contribute to centriole engagement within the inner and outer PCM layer, 

respectively (see section 5.1.3). Expression of NC-PCNT might keep the structural integrity 

of the outer PCM intact in mentioned in vivo studies (Lee & Rhee, 2012; Matsuo et al., 2012). 

At the same time, Cohesin cleavage at the inner PCM layer might already have primed the 

centrioles for subsequent duplication in S-phase. Accordingly, in cells expressing NC-PCNT, 

the outer PCM gradually decreases throughout interphase due to missing activity of mitotic 
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kinases (Lee & Rhee, 2012; Matsuo et al., 2012). Thereby, ‘inner disengagement’ caused by 

Cohesin cleavage could be unraveled together with the ability of centrioles to duplicate.  

Sticking to the division of labor theory between Cohesin and PCNT even provides an 

explanation for results from a study performed by Tsou et al, in which NC-Scc1 was 

expressed in Hela cells (Tsou et al., 2009). While sister chromatid separation failed 

completely, centriole disengagement occurred normally in these cells as judged by time lapse 

IFM throughout mitosis (Tsou et al., 2009). Under given experimental conditions, PCNT was 

cleaved by Separase in late mitosis. Centrosomal Cohesin rings, whose number might already 

have been decreased by a possible prophase pathway upon mitotic entry, seemed to be 

insufficient to resist the forces of the mitotic spindle. Furthermore, level of endogenous Scc1 

was not decreased by siRNA mediated knockdown, leaving part of the residual centrosomal 

Cohesin rings even susceptible to cleavage by Separase.    

On the contrary, expression of NC-Scc1 suppressed centriole disengagement in another study 

(Schöckel et al., 2011). Here, hyperactive Separase (S1126A) was inducibly expressed in 

Hek293 cells arrested with the spindle poison nocodazole in prometaphase. Expression of 

NC-Scc1 not only suppressed sister chromatid separation but also centriole disengagement 

(Schöckel et al., 2011). One possible reason might be that expression of hyperactive Separase 

caused PCNT cleavage already in prometaphase. As a consequence, PCNT transport to the 

centrosome together with recruitment of further crucial factors for the PCM maturation could 

have been compromised in these cells. Hence, Cohesin rings probably provided sufficient 

structural integrity despite PCNT not being enriched at the outer PCM. 

 

5.2 The fundamental role of Plk1 in licensing of centriole duplication 

 

Plk1 activity in early mitosis, together with Separase activity in late mitosis, was reported to 

be essential for centriole disengagement and their subsequent duplication in following S-

phase (Tsou et al., 2009). While centrosomal Cohesin as well as PCNT have been identified 

and characterized as crucial Separase substrates (Lee & Rhee, 2012; Matsuo et al., 2012; 

Schöckel et al., 2011), numerous Plk1 targets facilitating pivotal mitotic events illustrate a 

rather complex regulatory network (Kalous & Aleshkina, 2023). Results presented in section 

4.2.2 of this work show one particular Plk1 activity, namely the conversion of PCNT into a 
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suitable Separase substrate, to be one of the crucial activities upon mitotic entry. In direct 

vicinity of the Separase cleavage site, one putative Cdk1 and two putative Plk1 consensus 

phosphorylation sites could be functionally identified (S2222, S2226 and T2235). Mutational 

inactivation of these three phosphorylation sites efficiently abolished cleavage by Separase in 

vitro and in vivo (Fig. 25-27). As Cdk1 activity was crucial in performed in vitro experiments 

(Fig. 26), it might act as priming kinase, allowing binding of Plk1 via its PBD domain and 

subsequent phosphorylation of its designated sites. The potential Cdk1 phosphorylation site 

(S2226) is located six residues upstream (P6) of the Separase cleavage site (P1). This P6 

position was shown to be important for enhancing cleavage of Scc1 or Meikin by Separase, 

probably by binding to a positively charged patch in direct vicinity of the Separase cleavage 

site (Alexandru et al., 2001; Maier et al., 2021). In case of the pseudosubstrate Securin, a 

glutamate at the P6 position resembles phosphorylation and probably enhances binding to the 

active site of Separase (Boland et al., 2017). Unfortunately, mutating the important P6 residue 

of PCNT, together with the two further residues, to aspartate did not turn PCNT into a 

constitutive substrate and hence, did not facilitate cleavage in vivo when Plk1 was inhibited 

(Fig. 27). Therefore, it would be interesting to repeat in vitro/in vivo assays with the serine 

residues at Position P7 and/or P9 taken into account (see Fig. 25).  

While performing the assays shown in this work, a publication from the Rhee lab identified 

nine phosphorylation sites within PCNT to be crucial for Separase dependent cleavage (Kim 

et al., 2015). Except for one residue, they differ from the identified residues in this work and 

are more distant in the primary structure from the Separase cleavage site. Although these 

results could be partly contradicted in this work, it might still be interesting to mutate each 

single of these residues to aspartate in a combinatory approach with the three phosphorylation 

sites identified in this work. Thereby, another crucial phosphorylation site could be found 

allowing cleavage by Separase when Plk1 was inhibited. Taken together, presented data 

provide a direct link between crucial Plk1 activity in early mitosis and Separase activity in 

late mitosis. Like it was already shown for the Separase substrates Scc1, Rec8, BCL-XL, 

MCL1 and Meikin (Alexandru et al., 2001; Brar et al., 2006; Hellmuth & Stemmann, 2020; 

Hornig & Uhlmann, 2004; Katis et al., 2010; Maier et al., 2021), PCNT phosphorylation 

clearly enhances cleavage efficiency by Separase in late mitosis.  

This novel function adds another layer of regulation to the complex network of Plk1 activity 

in terms of licensing centriole duplication. As already mentioned before, Plk1 activity is also 

crucial for the outer PCM maturation during mitotic onset (Blanco-Ameijeiras et al., 2022). 

Phosphorylation of PCNT, amongst other components, initiates centrosome maturation and 
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leads to recruitment of crucial components for nucleation of the mitotic spindle (Haren et al., 

2009; Lee & Rhee, 2011). Interestingly, Plk1 activity fulfills both, recruitment of PCNT to the 

centrosome and its conversion into a suitable Separase substrate, thereby mediating its timely 

destruction. Recent data shed a new light on the PCNT recruitment to the centrosomes 

(Remsburg et al., 2023; Sepulveda et al., 2018). Apparently, PCNT mRNA is enriched and 

translated near the centrosome. In a co-translational manner, nascent PCNT polypeptides 

interact with the dynein motor complex via a putative N-terminal LIC1-domain (Sepulveda et 

al., 2018). Within this domain, two crucial Plk1 phosphorylation sites were identified and 

thought to be essential for mediating PCNT-dynein interaction (Lee & Rhee, 2011; Sepulveda 

et al., 2018). Translation of PCNT under spatiotemporal control of Plk1 prohibits the danger 

of non-centrosomal PCNT accumulations, with the dire consequence of recruiting further 

centrosomal components and formation of non-centrosomal MTOCs (Sepulveda et al., 2018).  

Co-translational transport of PCNT might directly be entangled with another crucial Plk1 

activity in early mitosis, the centriole to centrosome conversion. Engaged daughter centrioles 

barely contribute to the PCM recruitment in early mitosis (Wang et al., 2011). Only after 

essential Plk1 phosphorylation upon mitotic entry, daughter centrioles gain the function of 

PCM recruitment in late mitosis. This limitation might be a control mechanism, preventing 

daughter centrioles to produce granddaughters during interphase (Wang et al., 2011). The 

exact chain of events, as well as all the total number of substrates and crucial modifications 

for inducing the centriole-to-centrosome conversion, remains enigmatic. But the 

spatiotemporal expression and transport of PCNT, the main scaffold protein of interphase and 

mitotic PCM, under control of Plk1 activity probably is one of the most important steps.  

Another interesting aspect of Plk1 activity in early mitosis is the release of Cohesin from 

chromosome arms in the so called prophase pathway (Waizenegger et al., 2000). This 

pathway guarantees that the bulk of Cohesin is removed in a phosphorylation dependent, but 

Separase independent manner (Gandhi et al., 2006; Hauf et al., 2005; Nishiyama et al., 2013). 

A small subpopulation at the centromeres is kept dephosphorylated by concerted action of 

Sgo1 and PP2A, thereby mediating cohesion until Separase becomes active at the metaphase 

to anaphase transition (Hauf et al., 2001; McGuinness et al., 2005; Uhlmann et al., 1999). As 

hints are given that the prophase pathway is also functional at centrosomes, the majority of 

centrosomal Cohesin rings might also be removed by Plk1 activity in early mitosis (Mohr et 

al., 2015). Supportive data came from a study performed in HeLa cells. In an unperturbed cell 

cycle, the wall-to-wall distance between mother and daughter centriole in S- and G2-phase is 

approximately 45 nm. In mitotic prophase however, they reach a distance of approximately 80 
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nm, concomitantly with a certain relief of reduplication block (Shukla et al., 2015). Activation 

of Plk1 in G2-arrested cells allowed the same spatial distance, with the dire consequences of 

centrosome maturation and even reduplication (Lončarek et al., 2010). Hence, unperturbed 

cells might enter mitosis with a distance between centrioles, which already allows for 

duplication in the following S-phase. If this distance originates from a possible prophase 

pathway, Plk1 activity fundamentally regulates the licensing of centriole duplication on 

multiple levels: the outer PCM expansion by hyper-recruitment of PCNT provides a shield 

against the pushing and pulling forces of the mitotic spindle. At the same time PCNT is 

converted into a suitable Separase substrate, thereby ensuring its timely destruction. At the 

inner PCM layer, spatial distance between mother and daughter centriole might be increased 

by a possible prophase pathway together with a certain relief of duplication block. Full 

distance of more than 80 nm is only reached at the end of mitosis, arguing for residual 

centrosomal Cohesin rings that are protected by Sgo1-PP2A complex until Separase becomes 

active. Alternatively, disassembly of the outer PCM might allow this spatial distance.   

  

5.3 A speculative model explaining PCNTs and Cohesin’s role in 

mediating centriole engagement   

Results presented in this work, alongside with discussed theories regarding the mediation of 

centriole engagement and especially its dissolution through concerted action of Plk1 and 

Separase can be summarized in a speculative model (Fig. 30).  

During S-phase, centrosomes are duplicated. A newly formed daughter centriole is formed at 

the base of each mother centriole in a process termed procentriole formation. Until late 

mitosis when Separase drives its dissolution, the daughter centriole is closely tied to the 

mother. This centriole engagement prevents re- or overduplication and is mainly mediated by 

Cohesin rings and the structural integrity of the interphase PCM. Whether a substrate has to 

be directly entrapped or Cohesin contributes to this bond through a matrix entrapment 

mechanism has to be determined. Either way, thanks to Cohesin the PCM integrity is strong 

enough to resist the pushing and pulling forces of interphase microtubules. Upon entry into 

mitosis, Plk1 as a key player in regulating centriole duplication fulfills several functions. 

First, Plk1 activity is crucial for the centriole-to-centrosome conversion. Second, Plk1 activity 

in prophase already leads to a substantial distance between mother and daughter centriole 
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which goes along with a certain relief of the intrinsic reduplication block. This is achieved by 

phosphorylation dependent but Separase independent removal of centrosomal Cohesin rings 

and resembles events of the chromosomal prophase pathway. Spatial separation of centrioles 

might be limited by residual Cohesin rings, protected through Sgo1-PP2A, as well as the 

increasing outer PCM. The latter, which is referred to as maturation, is induced by Plk1 

activity and is mainly achieved through hyper-recruitment of PCNT. As the main scaffold 

protein, PCNT helps to recruit and anchor several important factors, like the γ-TuRC in order 

to build the bipolar spindle. In this scenario, Plk1 would induce a certain relief of the 

reduplication block at the inner PCM layer and at the same time, by recruiting PCNT and 

other components to the outer PCM, support the matrix entrapment of centrioles. This outer 

PCM provides enough structural integrity to resist the pushing and pulling forces of the 

mitotic spindle until Separase gets activated at the metaphase-to-anaphase transition. 

Cleavage of PCNT would disintegrate the outer PCM and cleavage of residual centrosomal 

Cohesin at the inner PCM layer would allow the total separation of the mother and daughter 

centriole. This disengagement is the licensing step as it reliefs the reduplication block and 

allows duplication of centrioles in the next cell cycle. As a further layer of control, Plk1 

phosphorylation turns PCNT into a suitable Separase substrate. This directly links crucial 

Plk1 activity in early mitosis to Separase activity in late mitosis, underlining the outstanding 

importance of Plk1 activity in licensing centriole duplication. 

 

 

 

 

Fig. 30: Speculative model for the mediation of centriole engagement through cohesin and PCNT and its 

dissolution through concerted action of Plk1 and Separase in mitosis.  
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Fig. 30: (cont.) In this model, cohesin is assumed to mediate centriole engagement through a matrix entrapment 

in interphase. Upon exit form mitosis, cells start the next cell cycle with one centrosome consisting of two 

disengaged (mother-) centrioles. During S-phase, each mother centriole duplicates once through formation of a 

daughter centriole. The newly formed daughter centrioles further elongate throughout G2-phase. Upon entry in 

mitosis, the kinase Plk1 fulfills several important activities in licensing centriole duplication: (1) PCM 

maturation: hyper recruitment of PCNT and further factors important for microtubule nucleation. (2) Conversion 

of PCNT into a suitable Separase substrate. (3) Centriole-to-centrosome conversion. (4) Possible centrosomal 

prophase pathway: the majority of cohesin rings at the inner PCM layer might be removed. Hence, the spatial 

distance between centrioles might be increased to ≈ 80 nm. In late mitosis, Separase dependent cleavage of 

residual centrosomal cohesin rings at the inner PCM layer allows a spatial distance between centrioles of ≈ 150 

nm. This distance is concomitant with a relief of the reduplication block. Furthermore, Separase dependent 

cleavage of PCNT induces disassembly of the outer PCM (5), which allows visualization of centriole 

disengagement (6). 
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6 Materials and Methods 

6.1 Materials  

6.1.1 Hard and Software  

This work was created using “Microsoft Office 2008” (Microsoft Corporation, Redmond, 

USA). It was written using Microsoft Word 2008 and diagrams were generated with 

Microsoft Excel 2008. Chemiluminescence signals of immunoblots and Coomassie stained 

gels were detected using the “LAS-4000” or the “LAS-3000” system (FUJIFILM Europe 

GmbH, Düsseldorf, Germany) respectively. Immunofluorescence pictures were generated 

with the “Axio Imager A1” microscope (Zeiss, Jena, Germany). Radioactively labeled 

proteins were detected using the “FLA-7000” system (FUJIFILM Europe GmbH, Düsseldorf, 

Germany). Image processing was performed using “Adobe Photoshop CS6” (Adobe System 

Inc., San Jose, CA, USA). 

6.1.2 Chemicals and reagents 

All chemicals and reagents were purchased from the following companies unless stated 

otherwise: Abcam (Cambridge, UK), AppliChem (Darmstadt, Germany), BD Biosciences 

(Heidelberg, Germany), Fermentas/Thermo Fisher Scientific (Schwerte, Germany), GE 

Healthcare (Munich, Germany), Invitrogen/Life Technologies (Darmstadt, Germany), Merck 

(Darmstadt, Germany), Millipore/Merk (Schwalbach, Germany), New England Biosciences 

(NEB, Frankfurt a. M., Germany), Pierce/Thermo Fisher Scientific (Bonn, Germany), Qiagen 

(Hilden, Germany), Roche Diagnostics (Mannheim, Germany), Serva (Heidelberg, Germany), 

Sigma-Aldrich (Munich, Germany) and VWR (Darmstadt, Germany). 
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6.1.3 Antibodies 

Primary antibodies 

target 
protein 

species 
and clonality 

Use; dilution/ 
concentration 

origin 

C-Nap1 guinea pig, polyclonal IFM: 1:2500 
self-made, for details see (Schöckel et 

al., 2011), affinity purified 

Centrin 2 rabbit, polyclonal IFM: 1 µg/ml 
self-made, for details see (Schöckel et 
al., 2011), affinity purified, LG10 Run1 

Cyclin B1 mouse, monoclonal WB: 1:1000 Millipore, 05-373 

Flag rabbit, polyclonal 
IFM: 1:200;  
WB: 1:1000 

Sigma-Aldrich, F7425 

GFP mouse, monoclonal WB: 4 µg/ml 
hybridoma cells kindly provided by 
Simona Saccani, affinity purified 

Myc mouse, monoclonal WB: 0.2 µg/ml 
self-made, hybridoma cells (clone 9E10) 

derived from Developmental Studies 
Hybridoma Bank, affinity purified 

p-histone 3 rabbit, polyclonal WB: 1:2000 Millipore, 06-570 

PCNT two rabbits, polyclonal WB: 0.27 µg/ml 
self-made, raised against bacterially 
expressed aa 1968-2391 of PCNT, 

affinity purified 

PCNT 
two guinea pigs, 

polyclonal 
WB: 0.32 µg/ml 

self-made, peptide antibody raised 
against aa 1-14 of PCNT, affinity purified 

Separase N rabbit, polyclonal WB: 0.5 µg/ml 
self-made, raised against aa 2-16 of 

hSeparase, affinity purified 

Scc1 rabbit, polyclonal WB: 1:1000 
self-made against a C-terminal peptide, 
for details see (Stemmann et al., 2001), 

affinity purified 

α-tubulin mouse, monoclonal WB: 1:200 
hybridoma supernatant, Developmental 
Studies Hybridoma Bank, clone 12G10 

γ-tubulin mouse, monoclonal IFM: 1:1000 Sigma-Aldrich, T6657 

 

Secondary antibodies 

name use dilution origin 

HRP-conjugated goat anti-mouse IgG WB 1:15000 Sigma, A9917 

HRP-conjugated goat anti-rabbit IgG WB 1:15000 Sigma, A0545 

AlexaFlour488 goat anti-mouse IgG IFM 1:500 Invitrogen 

AlexaFlour488 goat anti-rabbit IgG IFM 1:500 Invitrogen 

Cy3 goat anti-mouse IgG IFM 1:500 Invitrogen 

Cy3 goat anti-rabbit IgG IFM 1:500 Invitrogen 

Cy3 goat anti-guinea-pig IgG IFM 1:500 
Jackson Immunoresearch 

Laboratories 

Cy5 goat anti-mouse IgG IFM 1:500 
Jackson Immunoresearch 

Laboratories 

Cy5 goat anti-rabbit IgG IFM 1:500 Invitrogen 
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DNA oligonucleotides 

name sequence 

PK_Pericent_5’F 5’-AATGGCCGGCCGATGGAAGTTGAGCAAGAGCAG-3’ 

prsc-clea.-nr2-a 5’-GGCGCGCCTTAAGCCTTTTCTCTCAGTTCAAGTAG-3’ 

prsc-clea.-nr3-f 5’-ATAGGCCGGCCTGACTTGGAGGCCGACACAGAGCG-3’ 

prsc-clea.-nr4-a 5’-GGCGCGCCTTACAATTCATTAAATTCATCCAACT-3’ 

prsc-clea.-nr5-f 5’-ATAGGCCGGCCTCAGCTCCGCCAGGCGGCCAAGCC-3’ 

prsc-clea.-nr6-a 5’-GGCGCGCCTTACTCGCCGCTTGGGGGTGCAAGG-3’ 

prsc-clea.-nr7-f 5’-ATAGGCCGGCCTCAGCCGCTGCCGGAAGCCATGAA-3’ 

hPericentr_3’Asc 5’-ATTGGCGCGCCTCATCGGGTGGCAGGATTTCTTTG-3’ 

hScc1_Tev_5’ 5’-CGTGAGACCCTGTACTTCCAGAGTGCTTTTGAGGATG-3’ 

hScc1_Tev_3’ 5’-GCACTCTGGAAGTACAGGGTCTCACGATCATCCATTC-3’ 

hPCNT_HRV_5’ 5’-CCTGGAGACCCTGTTCCAGGGCCCCGTGACACCCCAC-3’ 

hPCNT_HRV_3’ 5’-CGGGGCCCTGGAACAGGGTCTCCAGGGTCCAGTCCTT-3’ 

hPCNT_Tev_5’ 5’-GAGACCCTGTACTTCCAGTCCAGTGCCGACACATCCCTGGGGGA-3’ 

hPCNT_Tev_3’ 5’-GGACTGGAAGTACAGGGTCTCTCCTGAGTCGGGTGTCACGGCGA-3’ 

PCNT_S2222A_5’ 5’-TCGGGATGCTGGACCTGGCTTCCTGGAGCTCCCCT-3’ 

PCNT_S2222A_3’ 5’-AGGGGAGCTCCAGGAAGCCAGGTCCAGCATCCCGA-3’ 

PCNT_S2226A_5’ 5’-GACCTGTCTTCCTGGAGCGCCCCTGAGGTCCTCAG-3’ 

PCNT_S2226A_3’ 5’-CTGAGGACCTCAGGGGCGCTCCAGGAAGACAGGTC-3’ 

PCNT_T2235A_5’ 5’-CCCTGAGGTCCTCAGGAAGGACTGGGCCCTGGAGC-3’ 

PCNT_T2235A_3’ 5’-GCTCCAGGGCCCAGTCCTTCCTGAGGACCTCAGGG-3’ 

5’BamH1_Scc1 ab Ala107 5’-ACCGGTGGATCCGCCATTACTTTACCTGAAGAATTTC-3’ 

Scc1 bis Ser271_3’Hind3 5’-CTTGTAAAGCTTATGATACATTATCATCCTCATCCATATC-3’ 

5’BamH1-PCNT ab Ser2168 5’-ACCGGTGGATCCTTGATACCAGATGAAATGCC-3’ 

PCNT Gly2331_3’Hind3 5’-CTTGTAAAGCTTATCCAGGAGGAGGTGAACTTAATG-3’ 

 

6.1.4 RNA oligonucleotides 

target name sequence final concentration 

Scc1 
hScc1_3'UTR1 
hScc1_3'UTR2 

5’-ACUCAGACUUCAGUGUAUA-3’  
5’-AGGACAGACUGAUGGGAA-3’ 

28.5 nM 

Luciferase GL2 5’-CGUACGCGGAAUACUUCGA-3’ variable 

PCNT siPCNT 5’-GCAGCUGAGCUGAAGGAGA-3’ 50 nM 
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6.1.5 Plasmids 

name insert tag backbone origin 

pPK3054 hPCNTB fragment 1 (aa 1-778) N-Flag3-TEV2- pCS2 this study 

pPK3055 hPCNTB fragment 2 (aa 659-1547) N-Flag3-TEV2- pCS2 this study 

pPK3056 hPCNTB fragment 3 (aa 1505-2419) N-Flag3-TEV2- pCS2 this study 

pPK3057 hPCNTB fragment 4 (aa 2376-3336) N-Flag3-TEV2- pCS2 this study 

pPK3338 hPCNTB full-length N-Flag3- pCS2 this study 

pDB535 hPlk1 wild type N-HA3-Tev- pCS2 Dominik Boos 

pDB536 hPlk1 kinase dead (K82R) N-HA3-Tev- pCS2 Dominik Boos 

pPK3528 hPlk1 constitutively active (T210D) N-HA3-Tev- pCS2 this study 

pPK3327 hScc1 wild type …C-GFP pcDNAL this study 

pPK3119 hScc1 TEV-cleavable …C-GFP pcDNAL this study 

pPK3326 hScc1 HRV-cleavable …C-GFP pcDNAL this study 

pPK3062 hPCNTB full-length N-Myc6- pcDNA5 this study 

pPK3059 hPCNTB TEV-cleavable N-Myc6- pcDNA5 this study 

pPK3140 hPCNTB HRV-cleavable N-Myc6- pcDNA5 this study 

pPK3414 
hPCNTB 4-Ala (Q653A, G654A, 

Q2272A, G2273A), HRV-cleavable 
N-Myc6- pcDNA5 this study 

pPK3158 
hPCNTB fragment 1 (aa 1-778), 2-Ala 

(Q653A, G654A) 
N-Flag3-TEV2- pCS2 this study 

pPK3159 
hPCNTB fragment 3 (aa 1505-2419), 

2-Ala (Q2272A, G2273A) 
N-Flag3-TEV2- pCS2 this study 

pMF2984 hPCNTB aa 1-1877 N-Myc6- pCS2 Martina Färber 

pMF2986 hPCNTB full-length N-Myc6- pCS2 Martina Färber 

pMF2954 hPCNTB aa 2211-2293 N-myc6- pCS2 Martina Färber 

pMF2961 hPCNTB aa 2211-2293; S2222A N-Myc6- pCS2 Martina Färber 

pMF2962 hPCNTB aa 2211-2293; S2226A N-Myc6- pCS2 Martina Färber 

pMF2963 hPCNTB aa 2211-2293; T2235A N-Myc6- pCS2 Martina Färber 

pMF2964 
hPCNTB aa 2211-2293; S2222A, 

S2226A, T2235A 
N-Myc6- pCS2 Martina Färber 

pMF2989 hPCNTB aa 1968-2391 N-KSI-…-His6-C pET31b Martina Färber 

pPK3850 hScc1 wild type (aa 107-271) N-His6-Sumo-1 pET28M this study 

pPK3851 hScc1 non-cleavable (aa 107-271) N-His6-Sumo-1 pET28M this study 

pPK3852 hPCNTB wild type (aa 2168-2331) N-His6-Sumo-1 pET28M this study 

pPK3853 
hPCNTB non-cleavable (aa 2168-

2331) 
N-His6-Sumo-1 pET28M this study 

pPW3502 hSeparase P1127A, C2029S N-GFP-TEV4 pCS2 Peter Wolf 

pMF3218 hPCNTB fragment 1 (aa 1-778) N-His6-Sumo1- pET28M Martina Färber 

pMF3220 hPCNTB fragment 3 (aa 1505-2419) N-His6-Sumo1- pET28M Martina Färber 

pPK3339 
hPCNTB full-length, 3A: S2222A, 

S2226A, T2235A 
N-Flag3- pCS2 this study 

pPK3340 
hPCNTB full-length, 3D: S2222D, 

S2226D, T2235D 
N-Flag3- pCS2 this study 
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pPK3341 
hPCNTB full-length, RxxE: E2228R, 

R2231E 
N-Flag3- pCS2 this study 

pFL3463 hSeparase P1127A N-GFP-TEV4 pCS2 
Franziska 

Langhammer 

pSX100 hSecurin - pCS2 Hui Zou 

pAG1786 Flp-recombinase - pCS2 
Amelie 

Gutsmiedel 

pIC-Cre Cre-recombinase - pMC1 
(Gu et al., 

1993) 

 

6.1.6 Buffer, solutions and media (alphabetic order) 

Binding buffer: 50 mM Tris-HCl, pH 7.2, 10 mM Imidazole, 6 M GuaHCl; Blocking 

solution: 1x PBS, 3% (w/v) BSA; Blotting buffer: 192 mM glycine, 25 mM Tris, 15% (v/v) 

methanol, 0.01% (w/v) SDS; BRB 80 (5x): 400 mM Pipes-KOH pH 6.8, 5 mM MgCl2, 5 mM 

EGTA; CaCl2 (25x): 15 mM CaCl2 in sperm dilution buffer; Coomassie staining: 10% (w/v) 

(Na)2SO4, 12% (v/v) phosphoric acid, 20% (v/v) methanol, 1% (w/v) Coomassie brilliant blue 

G250; CSF-XB: 100 mM KCl, 0.1 mM CaCl2, 2 mM MgCl2, 10 mM HEPES/KOH, pH 7.7, 

50 mM sucrose, 5 mM EGTA/KOH, pH 8.0, adjust pH to 7.7 with KOH; Cytochalasin B: 10 

mg/ml Cytochalasin B in DMSO; Dejellying solution: 2% (w/v) Cysteine (free base), 0.5x 

XB-salts, adjust pH to 7.8 with KOH; DNA loading buffer (6x): 50% (v/v) glycerol, 0.1 M 

EDTA, 0.02% (v/v) xylene cyanol, 0.02% (v/v) bromophenol, 0.02% (v/v) SDS; Elution 

buffer: 50 mM Tris-HCl, pH 7.2, 250 mM imidazole, 6 M GuaHCl; HBS (2x, 50ml): 800 mg 

NaCl, 37 mg KCl, 10.65 mg Na2HPO4, 100 mg Glucose, 500 mg HEPES, pH 7.05 adjusted 

with NaOH, sterile filtered (0.2 µm pore size); Kinase buffer (5x): 25 mM MOPS, pH 7.2, 

12.5 mM β-glycerol-phosphate, 25 mM MgCl2, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT; 

Laemmli running buffer (1x): 192 mM glycine, 25 mM Tris, 0.1% (w/v) SDS; LB agar: 

LB medium with 1.5% (w/v) agar; LB medium: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 

1% (w/v) NaCl, dissolved in ddH2O and sterilized by autoclaving; LP2 buffer: 20 mM Tris-

HCl, pH 7.6, 100 mM NaCl, 10 mM NaF, 20 mM β-glycerolphosphate, 5 mM MgCl2, 0.1% 

(v/v) Triton-X-100, 5% (v/v) glycerol, 1x protease inhibitor cocktail (Roche Diagnostic); 

Lysis buffer: 1x PBS, 400 mM NaCl, 5 mM imidazole; MMR (25x): 2.5 M NaCl, 50 mM 

KCl, 25 mM MgCl2, 50 mM CaCl2, 2.5 mM EDTA-NaOH, pH 8.0, 125 mM HEPES-NaOH, 

pH 7.8, adjust pH to 7.8 with NaOH; Mounting medium: 2.33% (w/v) 1,4-diazabicyclo-

[2,2,2]-octaneglycerol, 20 mM Tris-HCl, pH 8.0, 78% (v/v) glycerol; PBS (10x): 1.37 M 

NaCl, 80 mM Na2HPO4, 27 mM KCl, 14 mM KH2PO4, pH 7.4; Resolving gel (6%, 25 ml): 

9.3 ml 1 M Tris-HCl, pH 8.8, 10.4 ml ddH2O, 5 ml 30% (w/w) acryl amide-bisacryl amide 

(37.5:1), 280 µl 10% (w/v) ammonium persulfate (APS), 14.3 µl 20% (w/v) SDS, 20 µl 
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TEMED; Resolving gel (8%, 35 ml): 13.1 ml 1 M Tris-HCl, pH 8.8, 12.4 ml ddH2O, 9.3 ml 

30% (w/w) acryl amide-bisacryl amide (37.5:1), 160 µl 10% (w/v) ammonium persulfate 

(APS), 20 µl 20% (w/v) SDS, 11 µl TEMED; Resolving gel (17%, 37.5 ml): 21.3 ml 30% 

(w/w) acryl amide-bisacryl amide (37.5:1), 14 ml 1 M Tris-HCl, pH 8.8, 2 ml 2.5 M sucrose, 

160 µl 10% (w/v) ammonium persulfate (APS), 20 µl 20% (w/v) SDS, 11 µl TEMED; SDS 

sample buffer (4x): 250 mM Tris-HCl, pH 6.8, 40% (w/v) glycerol, 8% (w/v) SDS, 2 M ß-

mercaptoethanol, 0.04% (w/v) bromophenol; SOB medium: 2% (w/v) tryptone, 0.5% (w/v) 

yeast extract, 0.5% (w/v) NaCl, 2.5 mM KCl, pH 7.0; Sperm dilution buffer: 1 mM MgCl2, 

100 mM KCl, 150 mM sucrose, 5 mM HEPES/KOH, pH 7.7; Stacking gel (5%): (10 ml): 

6.9 ml ddH2O, 1.7 ml 30% (w/w) acryl amide-bisacryl amide (37.5:1), 1.3 ml 1 M Tris-HCl, 

pH 6.8, 100 µl 10% (w/v) ammonium persulfate (APS), 6.2 µl 20% (w/v) SDS, 5.6 µl 

TEMED; Stacking gel (7%): (32.5 ml): 20.6 ml ddH2O, 7.6 ml 30% (w/w) acryl amide-

bisacryl amide (37.5:1), 4.1 ml 1 M Tris-HCl, pH 6.8, 160 µl 10% (w/v) ammonium 

persulfate (APS), 20 µl 20% (w/v) SDS, 11 µl TEMED; Sucrose cushion: 1x BRB 80, 20 

mM EDTA, 0,01% (v/v) Triton X-100, 40% (w/v) sucrose; T4 DNA ligase buffer (10x): 50 

mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM DTT, 1 mM ATP; TEV-cleavage buffer: 10 

mM HEPES/KOH, pH 7.7, 20% (w/v) glycerol, 50 mM NaCl, 25 mM NaF, 1 mM EGTA, 2 

mM DTT; TBE buffer: 90 mM Tris, 90 mM boric acid, 2.5 mM EDTA; TBS-Tw: 137 mM 

NaCl, 25 mM Tris-HCl, pH 7.5, 2.6 mM KCl, 0.05% (v/v) Tween-20; Tbf1 buffer: 30 mM 

KAc, 50 mM MnCl2, 100 mM KCl, 15% (v/v) glycerol, pH 5.8; Tbf2 buffer: 10 mM MOPS-

NaOH, 75 mM CaCl2, 10 mM KCl, 15% (v/v) glycerol, pH 7.0; TPE buffer: 50 mM Tris, 2 

mM EDTA, 0.13% (v/v) H3PO4; Washing buffer: 50 mM Tris-HCl, pH 7.2, 25 mM 

imidazole, 6 M GuaHCl; Washing solution: 1x PBS, 0.1% (v/v) Triton-X-100; XB salts 

(20x): 2 M KCl, 2 mM CaCl2, 20 mM MgCl2  

6.2 Microbiological techniques 

6.2.1 E. coli strains 

The E. coli XL-1 blue strain with the following genotype was used for molecular cloning and 

plasmid amplification: E. coli supE44 hsdR17 recA1 gyrA46 thi relA1 lac- F’[pro AB+ 

lacIqΔ(lac Z)M15 Tn10 (tetr)] (Stratagene/Agilent Technologies, Santa Clara, CA, USA). 
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The E. coli strain Rosetta DE3 with the following genotype was used for protein expression: 

E. coli F- ompT hsdSB (rB- mb-) gal dcm λ (DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5] 

CamR (Novagen/Merck). 

6.2.2 Cultivation of E. coli 

E. coli strains were grown in LB medium by shaking at 37°C and 200 rpm in a vertical shaker 

using Erlenmeyer flasks. Culture densities were determined by measuring the absorbance at a 

wavelength of 600 nm (OD600) using an OD600 DiluPhotometer (Implen, Munich, Germany). 

Antibiotics for selection of transformed bacteria were added to the media at  

100 µg/ml (ampicillin) or 30 µg/ml (kanamycin) final. LB agar plates were incubated at 37°C 

and stored at 4°C for up to two weeks. For long time storage 20% (v/v) glycerol was added to 

the liquid culture, incubated for 30 min on ice and finally stored at -80°C.  

6.2.3 Preparation of chemically competent E. coli 

300 ml of LB medium was inoculated with 4 ml of an overnight culture and grown at 37°C 

with 200 rpm in a vertical shaker until the OD600 reached a value of 0.5. The culture flask was 

then chilled on ice for 15 min and pelleted by centrifugation (4°C, 3000 g, 15 min). All 

following steps were performed with sterile materials and solutions prechilled to 4°C. Pelleted 

bacteria were resuspended in 90 ml of Tbf1 buffer and incubated on ice for 15 min. After 

additional centrifugation (4°C, 1500 g, 15 min) bacteria were resuspended in 15 ml Tbf2 

buffer and chilled on ice for 5 min. Finally, the suspension of bacteria was aliquoted, snap-

frozen and stored at -80°C prior to use. 

6.2.4 Transformation of chemically competent E. coli 

Competent bacteria were thawed on ice. 50 µl of suspension were carefully mixed with 50-

100 ng of plasmid DNA or 10 µl of ligation mix and incubated for 30 min on ice. A heat 

shock was performed at 42°C for 45 s and subsequently put on ice for 2 min. 1 ml of LB 

medium without antibiotics was added and incubated at 37°C for 30 min (for vectors carrying 

ampicillin resistance) or 60 min (for vectors carrying kanamycin resistance) respectively. 

After recovery the transformation mix was transferred on LB agar plates containing the 

respective antibiotic and incubated overnight at 37°C.  
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6.2.5 Expression of proteins in E. coli 

For expression of recombinant proteins, chemically competent Rosetta DE3 cells were 

transformed with the relevant plasmid and let grown overnight at 37°C and 200 rpm in a 

vertical shaker in LB medium supplemented with the desired antibiotic. The next morning 

prewarmed (37°C) LB medium was inoculated with a 1:100 dilution of the preculture and the 

appropriate antibiotic again. The culture was grown at 37°C and 200 rpm in a vertical shaker. 

Expression was induced by addition of IPTG (1 mM final concentration) at an OD600 of 0.5-

0.7. After shaking for another 3 h at 37°C cells were harvested by centrifugation (4°C, 5000 g, 

and 15 min). Pellets were snap-frozen and stored at -80°C or processed directly. 

6.3 Molecular biological methods 

6.3.1 Isolation of plasmid DNA from E. coli 

3 ml LB medium containing the appropriate antibiotic was inoculated with a single 

transformed E. coli XL1-Blue colony. After incubation for 8-14 h with shaking at 200 rpm in 

a vertical shaker and 37°C the cells were harvested. Plasmid DNA was purified via alkaline 

lysis of the bacteria and subsequent isolation by anion exchange columns according to the 

manufacturer’s instructions (Fermentas/Thermo Scientific, Schwerte, Germany). Larger 

amounts of DNA were isolated from 50-500 ml overnight culture according to the 

manufacturer’s instructions (Qiagen, Hilden, Germany). 

6.3.2 Determination of DNA concentrations in solutions 

DNA concentrations were determined by using the ND-1000 Spectrophotometer (Peqlab, 

Erlangen, Germany), measuring the absorbance at a wavelength of 260 nm (OD260). An OD260 

of 1 corresponds to 50 µg/ml double stranded DNA.  

6.3.3 Restriction digestion of DNA 

Sequence-specific cleavage of DNA was performed with restriction enzymes from either NEB 

(Frankfurt a. M., Germany) or Fermentas/Thermo Scientific (Schwerte, Germany) according 

to manufacturer’s instructions. Usually, 1-5 units of restriction enzyme were used for the 

digestion of 1 µg DNA. Samples were incubated in the appropriate buffer at the 

recommended temperature for 5-60 min. The reaction was stopped by adding DNA loading 

buffer or heat inactivation.  
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6.3.4 Dephosphorylation of DNA fragments 

To avoid religation of linearized vectors, the 5’-end of the vector was dephosphorylated by 

addition of 5 U/µg antarctic phosphatase (NEB, Frankfurt a. M., Germany) and the 

appropriate buffer. After incubation for 30 min at 37°C, the enzyme was heat inactivated for 

10 min at 75°C. 

6.3.5 Separation of DNA fragments by gel electrophoresis 

For analysis or preparative isolation, DNA fragments were electrophoretically separated on  

1-2% agarose gels. TPE buffer was used for separation of fragments which were larger than 1 

kb and TBE buffer was used for fragments smaller than 1 kb. Ethidium bromide was added to 

a final concentration of 0.5 µg/ml. The DNA samples were mixed with loading buffer (to 1x) 

and separated at 100 V in TPE or TBE buffer. Due to the intercalation of ethidium bromide 

into double stranded DNA, fragments could be visualized using a UV transilluminator (324 

nm). The fragment-size was estimated by comparison to a self-made standard (SPP1 

bacteriophage DNA digested with restriction enzyme EcoR1).  

6.3.6 Isolation of DNA from agarose gels 

After gel electrophoresis the desired DNA fragments were isolated from the gel by excising 

with a scalpel. The DNA was extracted using the GeneJet Gel Extraction Kit 

(Fermentas/Thermo Scientific, Schwerte, Germany) according to the manufacturer’s 

instructions.  

6.3.7 Ligation of DNA fragments 

The amount of DNA inserts and linearized, dephosphorylated vector was estimated on an 

agarose gel. For the ligation reaction, a molar ratio of vector and insert of 1:2 to 1:5 was used. 

In a total volume of 10 µl, the reaction mix also contained 1 µl of T4 DNA ligase (selfmade) 

and 1 µl of T4 DNA ligase buffer (enzyme and buffer were self-made in the lab). For efficient 

ligation, the reactions were carried out for 1 h at RT or overnight at 14°C.  

6.3.8 Polymerase chain reaction (PCR) 

PCR reactions were performed in a total volume of 50 µl with 0.2 µl of 5’- and 3’-

oligonucleotide (100 mM each), 1 µl deoxyribonucleotide triphosphate mix (10 mM, NEB, 

Frankfurt a. M., Germany) 0.5 µl of Phusion polymerase (Fermentas/Thermo scientific, 

Schwerte, Germany) in the corresponding buffer (GC or HF buffer). As template, 50 ng of 
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plasmid DNA or 250 ng of genomic DNA was used. Amplification was carried out in a TC-

512 cycler (Techne, Burlington, NJ, USA). Usually, the denaturing step was done at 98°C for 

15 s, annealing for 15 s at a temperature optimized for the corresponding primer pairs, and 

elongation at 72°C for 15 s/kbp.   

6.3.9 Site-directed mutagenesis  

Site-directed mutagenesis was performed using the primer extension approach. Four primers 

were needed, two internal reverse complement oligos carrying the desired mutation and two 

outer primers. In two separate PCR reactions, an upstream and a downstream fragment were 

generated. The outer primers were designed to terminate at 5’- or 3’ ends of the corresponding 

gene or at useful restriction sites within. The two resulting, overlapping amplicons were 

purified via gel electrophoresis and served as templates for the following PCR reaction using 

only the outer primers. Finally, this fragment was purified again via gel electrophoresis, 

ligated into a suitable vector and the mutations were verified by sequencing (SeqLab, 

Göttingen, Germany). 

6.4 Protein biochemical methods 

6.4.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

For the separation of proteins under denaturing conditions, SDS-PAGE was performed using 

self-poured 8-17% gradient gels (with the "SG100" system, Hoefer Inc). For PCNT samples, 

self-poured 6% resolving gels, topped by 5% stacking gels were used. Samples were 

supplemented with SDS-sample buffer (to 1x) and denatured at 95°C for 5-10 min. 

Electrophoresis was carried out at 120-140 V in a "Mighty Small II for 8x7 cm gels (Hoefer 

Inc)" chamber containing 1x Laemmli buffer. As a molecular weight standard, PageRuler Plus 

Prestained Protein Ladder or HiMark Prestained Protein Standard (Fermentas, St. Leon-Rot) 

was used.  

6.4.2 Immunoblotting (Western blot) 

After separation via SDS-PAGE, proteins were transferred electrophoretically to a 

nitrocellulose (GE healthcare, Munich, Germany) or polyvinylidene fluoride (PVDF) 

membrane (Serva, Heidelberg, Germany). The PVDF membrane was incubated in 100% 

methanol for 5 min, washed with ddH2O and incubated in blotting buffer for further 5 min. 
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Protein transfer was carried out in a wet blot chamber (Bio-Rad Mini Protean II, Bio-Rad 

Laboratories GmbH, Munich, Germany) for 60-90 min at 100 V. The membrane was blocked 

for unspecific binding with 5% milk powder in TBS-Tw for 30-60 min at RT. Then, the 

membrane was incubated overnight at 4°C with the primary antibody diluted in 1x PBS 

supplemented with 3% (w/v) BSA and 0.02% (v/v) NaN3. Next day, the membrane was 

washed three times briefly with TBS-Tw followed by 1 h incubation at RT with the secondary 

antibody in 1x PBS supplemented with 3% (w/v) BSA. Finally, the membrane was washed 

three times with TBS-Tw for 10 min each, followed by incubation with "ECL ultra" 

(Lumigen, Southfield, MI, USA) or "HRP Juice" (p.j.k, Kleinblittersdorf, Germany) 

according to the manufacturer′s instructions. The generated luminescence signal was detected 

using a "LAS-4000" detection system (FUJIFILM Europe GmbH, Düsseldorf, Germany).  

6.4.3 Coomassie staining 

For staining, SDS-gels were incubated in Coomassie staining for several hours or overnight 

on a shaker. To remove unspecific staining, gels were washed in ddH2O for at least 1 h. For 

storage, the gels were vacuum-dried on a 3MM blotting paper (Whatman, GE Healthcare, 

Munich, Germany) in a gel dryer (GD2000, Hoefer, Holliston, MA, USA). 

6.4.4 Coupled in vitro transcription/translation (IVT/T)  

For coupled in vitro transcription/translation of SCC1- or PCNT-encoding plasmids (pCS2 

based vectors) TNT coupled reticulocyte lysates (Promega, Mannheim, Germany) were used. 

For a standard reaction 25 µl of Rabbit Reticulocyte Lysate was mixed with 2 µl reaction 

buffer, 1 µl RNA Polymerase (SP6 or T7, 0.5 µg/µl), 1 µl Amino Acid Mixture (minus 

methionine, 1 mM), 2 µl of [35S]-labeled methionine, 1 µl of Ribonuclease Inhibitor  

(40 U/µl), 2 µl DNA template (0.5 µg/µl) and 16 µl nuclease-free water. The reaction was 

incubated for 90 min at 30°C. The reaction was either stopped by addition of SDS sample 

buffer and boiling of the sample at 95°C for 10 min, or the IVT/T product was used for in 

vitro-kinase assays (see 6.4.5). 

6.4.5 In vitro kinase assay/cleavage assay 

For a standard reaction, 0.5 µl IVT/T were mixed with 2 µl Plk1 (self-made) and/or 2 µl Cdk1 

(self-made in the lab), 0.5 µl ATP (200 µM), 2 µl kinase buffer (5x) and filled up with ddH2O 

to 9.5 µl. If necessary, the Plk1 inhibitor BI-2536 and/or the Cdk1 inhibitor RO-3306 were 

added (final concentration: 100 nM each). The reaction was incubated at 30°C for 30 min, 
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before 0.5 µl of active or protease-dead recombinant Separase was added. After 30 min of 

incubation at 30°C the reaction was stopped by addition of SDS-sample buffer and boiling at 

95°C for 5 min. The samples were subjected to SDS-PAGE followed by fixation of the gel in 

40% (v/v) methanol/10% (v/v) acetic acid for 30 min. Then, the gel was washed with ddH2O 

for 15 min before it was placed on a blotting paper (Whatman, GE Healthcare, Munich, 

Germany) and dried for 1 h at 80°C on a "Model 483" vacuum drier (BioRAD). The dried gel 

was then placed into a developing cassette and covered with an imaging plate (FUJIFILM 

Europe GmbH, Düsseldorf, Germany). After exposure overnight, the imaging plate was 

analyzed using the "FLA-7000" system (FUJIFILM Europe GmbH, Düsseldorf, Germany).  

6.4.6 Ni2+-NTA affinity purification of 6x-Histidin-tagged proteins 

Ni2+-NTA affinity purification was used to isolate His6-tagged PCNT fragments from E. coli 

lysates (see 6.2.5). Therefore, the harvested bacteria from 500 ml culture medium were 

resuspended in 25 ml lysis buffer and lysed in a homogenizer (EmulsiFlex Microfluidizer, 

Avestin, Canada) by cycling the cell suspension for 10 min. The lysate was then centrifuged 

at 10000 g for 30 min at 4°C to pellet the cellular debris. The supernatant was incubated with 

250 µl Ni2+-NTA agarose (Qiagen, Hilden, Germany) for 2 h at 4°C on a turning wheel. The 

beads were then washed twice with lysis buffer supplemented with 20 mM imidazole. Bound 

protein was eluted with two times 250 µl lysis buffer supplemented with 250 mM imidazole 

(pH 8.0). The eluate was then dialyzed against 1x PBS before it was aliquoted, snap-frozen 

using liquid nitrogen and stored at -80°C.   

6.4.7 Generation and purification of PCNT antibodies 

6.4.7.1 Generation and purification of PCNTaa1968-2391 specific antibodies from rabbit 

 

Affinity purification of the KSI-PCNTaa1968-2391-His tagged antigen 

Protein expression was performed as described in 6.2.5. The pET31 vector was used, which 

allowed fusion of the PCNT-encoding sequence with the N-terminal insoluble KSI-tag and a 

C-terminal His6-tag. Protein purification was performed by Ni2+-NTA affinity purification 

from isolated inclusion bodies under denaturing conditions. To this end, the harvested bacteria 

from 500 ml culture medium were resuspended in 50 ml lysis buffer and lysed in a 

homogenizer (EmulsiFlex Microfluidizer, Avestin, Canada) by cycling the cell suspension for 

10 min. Then, the inclusion bodies were pelleted by centrifugation in a JA-25.50 rotor 

(Beckman Coulter) at 15000 g for 20 min. The supernatant was discarded and the pellet was 
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resuspended with lysis buffer (to remove residues of soluble proteins) and pelleted again by 

centrifugation in a JA-25.50 rotor at 15000 g for 10 min. Subsequently, the pellet was 

resuspended in 50 ml binding buffer, supplemented with 0.5 ml Ni2+-NTA agarose (Qiagen, 

Hilden, Germany) and incubated over night at 4°C on a turning wheel. Beads were washed 

four times with washing buffer and then incubated with 4 ml elution buffer for 1 h at 4°C. The 

eluate was then dialyzed overnight at 4°C using ‘slide a lyzer’ membranes (Pierce, Thermo 

Fisher Scientific, Bonn, Germany): in part against 1x PBS for the immunization of rabbits and 

against coupling buffer for coupling to NHS columns (see below). Next day, the dialysate was 

cleared by centrifugation for 10 min at 10000g and 4°C before they were aliquoted, snap-

frozen in liquid nitrogen and stored at -80°C until use. 

 

Purification of specific antibodies from rabbit serum 

For the generation of polyclonal antibodies from rabbit, the PCNT-antigen was expressed and 

purified as described above. Two rabbits were immunized with 1 mg of antigen each, splitted 

into 4 injections over a period of ten weeks (Charles River Laboratories, Chatillon-sur-

Chalaronne, France). The obtained serum from the final bleed was then purified in two steps: 

1) Antibodies against the KSI- and His-tag were removed from the serum by pumping the 

serum over a CnBr-activated sepharose (Sigma-Aldrich, Munich, Germany) ‘pre’-column 

coupled with bacterially expressed KSI-His protein according to the instructions of the 

manufacturer at a rate of 0.5 ml/min; 2) the ‘flow through’, serum cleared from antibodies 

against the tags, was then pumped over a HiTrap N-hydroxy-succinimide (NHS)-activated 

column (GE Healthcare, Munich, Germany) coupled with the bacterially expressed antigen 

(see above) according to the instructions of the manufacturer at a rate of 0.5 ml/min. After 

washing with 1x PBS, antibodies were eluted with 100 mM glycine/100 mM NaCl (pH 2.5) 

and rapidly neutralized with 1 M Tris-HCl (pH 9). Each collected fraction was analyzed by 

SDS-PAGE followed by Coomassie staining and fractions containing antibodies were pooled 

and dialyzed against 1x PBS/10% glycerol overnight. Next day, the dialysate was cleared by 

centrifugation for 10 min at 10000g and 4°C before the concentration was determined  

(Rabbit 1: 0.19 mg/ml Rabbit 2: 0.27 mg/ml). Subsequently, the dialysates were aliquoted, 

snap-frozen in liquid nitrogen and stored at -80°C until use.  
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6.4.7.2 Generation and purification of peptide derived (aa 1-14) PCNT-specific 

antibodies from guinea pig 

 

Coupling of a PCNT peptide antigen to a KLH-carrier protein 

In order to raise antibodies against PCNT, a peptide representing the very N-terminal 14 

amino acids (MEVEQEQRRRKVEA, synthesized by Eurogentec, Köln, Germany) was used 

to immunize two guinea pigs. Per animal, 2 mg of peptide were coupled to 2 mg of maleimide 

activated Keyhole limpet Hemocyanine (mcKLH) according to manufacturer’s instructions 

(″Imject Maleimide Activated mcKLH Kit″, Thermo Scientific, Bonn, Germany). EDTA was 

removed by dialysis against PBS and the resulting antigen was used for four injections over a 

period of eight weeks (Charles River Laboratories, Chatillon-sur-Chalaronne, France) before 

the animals were bled to obtain the antibody containing sera. 

 

Affinity purification of the PCNT peptide antibody 

4 mg of the corresponding peptide (see above) were coupled to a 2 ml gel bed of sulfhydryl 

reactive agarose according to the manufacturer’s instructions (″Sulfolink Immobilization Kit 

for peptides, Thermo Scientific, Bonn, Germany). 3 ml of antibody containing serum was 

diluted with 7 ml 1x PBS and cycled overnight through the peptide column at 4°C. After 

washing with 1x PBS, antibodies were eluted with 100 mM glycine (pH 2.7) and rapidly 

neutralized with 1 M Tris (pH 9). Each collected fraction was analyzed by SDS-PAGE 

followed by Coomassie staining and fractions containing antibodies were pooled and dialyzed 

against 1x PBS/10% glycerol overnight. Next day, the dialysate was cleared by centrifugation 

for 10 min at 10000g and 4°C before the concentration was determined (GP1: 0.26 mg/ml 

GP2: 0.32 mg/ml). Subsequently, the dialysates were aliquoted, snap-frozen in liquid nitrogen 

and stored at -80°C until use. 

6.4.8 Preparation of Xenopus laevis egg extract 

Prior to use, all glassware were rinsed twice with ddH2O to remove residual calcium ions 

which would trigger release of the metaphase II arrested xenopus laevis eggs. Work with frogs 

and frog eggs was performed at 18°C, whereas prepared egg extracts were kept on ice and 

exclusively pipetted with cut tips. To induce egg laying, female frogs were injected with 

human chorionic gonadotropin (hCG, 1000 U/ml in ddH2O, Intervet). Between 0.7-1 ml, 

depending on the size of the frog, were injected into the dorsal lymph sac using a 27-gauge 

needle (B. Braun, Melsungen, Germany). After 8 h, the frogs were transferred into containers 
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filled with 1.5 l 1x MMR buffer. 12-16 h later, laid eggs were collected in glass dishes and 

washed briefly with 1x MMR. Eggs with abnormal morphology were removed followed by 

incubation in dejellying solution for 5 min to remove the jelly coats of the eggs. Subsequently, 

the eggs were intensively washed for four to six times with CSF-XB to remove residual 

amounts of the cytotoxic cysteine. Again, eggs with abnormal morphology were removed and 

the remaining eggs were transferred to a 4 ml centrifuge tube (Beckman Coulter, Krefeld, 

germany) containing 0.5 ml CSF-XB and 5 µl Cytochalasin B. Centrifugation in a JS 13.1 

swing-out rotor (Beckman Coulter, Krefeld, Germany) for 1 min at 200 g followed by 1 min 

at 600 g tightly packed the eggs. The supernatant on top of the eggs was carefully removed 

and the eggs were then crushed and fractionated by centrifugation at 13000 g for 10 min. The 

tube was carefully punctured by an 18-gauge needle and the cytoplasmic fraction in the 

middle was pulled out without contamination through the top layer containing huge amounts 

of lipids. The extract volume was estimated in the syringe before it was transferred into a 

precooled reaction tube and supplemented with Cytochalasin B to a final concentration of 10 

µg/ml. In order to test whether the prepared extract was still arrested in metaphase II 30 µl of 

extract were supplemented with low amounts of frog sperm. 24 µl of this mixture was 

transferred to a reaction containing 1 µl of CaCl2 (25x) to induce release into interphase. After 

30 min of incubation at 30°C the condensation status of the chromatin was checked by 

immunofluorescence microscopy (IFM). 

6.4.9 Purification of active recombinant human Separase 

Five large 150 mm cell culture dishes with Hek293T cells at approximately 60% confluency 

were each co-transfected with 40 µg of plasmid encoding for GFP-TEV4-Separase and 20 µg 

of plasmid encoding for Securin. After 36 h of expression, nocodazole was added for 12 h to 

arrest cells in mitosis. Cells were harvested and lysed in 10 ml LP2 buffer (see 6.5.9). Then, 

250 µl of preequilibrated GFP nanobodies coupled to sepharose were incubated with the 

lysate for 3 h at 4°C. In the meantime, a Xenopus laevis egg extract was prepared as described 

in 6.4.8 and supplemented with recombinant Δ90-Cyclin B1 (final concentration: 57 nM) to 

prevent mitotic exit. The beads were washed once with LP2 buffer and once with CSF-XB 

buffer before they were combined with a ten-fold volume of CSF-extract. Addition of Ca2+ 

then released the extract into anaphase and started Securin degradation. After 20 min of 

incubation at RT the extract was diluted with CSF-XB to allow re-isolation of beads. The 

beads were then washed once with CSF-XB and once with TEV-cleavage buffer. Separase 

was eluted by adding TEV protease and incubation for 20 min at RT. The eluate was then 
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cleared from beads via Mobicol columns (Mobitec), aliquoted, snap-frozen in liquid nitrogen 

and stored at -80°C.  

The described procedure was carried out with the Separase variant P1127A (Hellmuth et al., 

2015) which allows purification of active enzyme, and with the Separase variant C2029S 

(Stemmann et al., 2001) which lacks proteolytic activity and serves as a negative control in 

performed cleavage assays. 

6.4.10 Purification of active Plk1  

Plasmids encoding for HA-tagged versions of wild type, kinase dead and constitutively active 

Plk1 were transfected into Hek293T cells as described in 6.5.4. Cell lysates were generated as 

described in 6.5.9 and incubated with HA-affinity matrix (Roche Diagnostic, Mannheim, 

Germany) for 3 h at 4°C and gentle shaking. The kinases were eluted with 0.1 M glycine, pH 

2.8 and immediately neutralized with 1 M Tris (pH 9). Then, the eluate was dialyzed against 

1x PBS at 4°C for 2 h before it was aliquoted and snap-frozen in liquid nitrogen and stored at 

-80°C until use.  

6.5 Cell biological methods 

6.5.1 Tissue culture cell lines 

Hek 293T: human embryonic kidney cell line transformed with SV 40 large T antigen. 

 

Hek 293 Flp-In: the Flp-In T-Rex 293 cell line contains a single stably integrated FRT site 

which allows the targeted transgene integration via Flp recombinase. Additionally, the cells 

constitutively express a tetracycline repressor which binds to the tetracycline operator 

sequence and suppresses expression in absence of tetra- or doxycycline.  

 

HeLa K: human cervix epithelial adenocarcinoma cells, subclone K. 

6.5.2 Cultivation of cell lines 

Monolayer cell cultures were grown in culture dishes (Greiner Bio-One, Kremsmünster, 

Austria) in Dulbecco’s Modified Eagle Medium (DMEM, PAA, Pasching, Austria) 

supplemented with 10% (v/v) heat inactivated (56°C, 30 min) fetal bovine serum (FCS, 

Sigma-Aldrich, Munich, Germany) at 37°C and 5% CO2. To split the cells, medium was 
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removed and cells were washed with 1x PBS. Subsequently, the cells were incubated with 16 

µl/cm2 Trypsin/EDTA solution for 2-5 min to detach them from the cell culture dish. Adding 

fresh and prewarmed medium stopped the trypsin reaction and by pipetting up and down, the 

cells were further detached from the tray and from each other. The cells were then pelleted at 

300 g for 3 min at RT, resuspended in prewarmed medium and distributed on new cell culture 

dishes. Exact numbers of cells were determined by the Vi-Cell Counter (Beckman Coulter, 

Krefeld, Germany) according to manufacturer’s instructions. 

6.5.3 Storage of mammalian cells 

Cells were harvested at 60-80% confluency by trypsination, resuspended in 90% (v/v) fetal 

bovine serum and 10% (v/v) DMSO and aliquoted in cryo-tubes (Nalgene, Rochester, NY, 

USA). The cell suspension was then slowly frozen in a cardboard box or an insulated device 

containing isopropanol. For long time storage the tubes were transferred into a tank of liquid 

nitrogen. For thawing, cryo stocks were rapidly warmed in a 37°C water bath. To remove 

DMSO, tubes were briefly centrifuged (300 g, 1 min) and the supernatant was discarded. The 

cell pellet was resuspended in prewarmed DMEM and spread on cell culture dishes.  

6.5.4 Transfection of Hek293 cells 

Hek293T and Hek293 Flp-In cells were transfected with plasmid DNA at 50-60% confluency 

by the calcium phosphate method. The transfection mix was prepared as follows: 

 

Diameter of dish 5.3 cm 10 cm 14.5 cm 

Volume of medium 4 ml 10 ml 25 ml 

Amount of DNA  4 µg 16 µg 30 µg 

H2O (-volume of DNA and CaCl2) 300 µl 800 µl 2000 µl 

2 M CaCl2 37.2 µl 99.2 µl 248 µl 

2x HBS 300 µl 800 µl 2000 µl 
 

Shortly before transfection 20 µM chloroquin was added to the cells. The plasmid DNA was 

first mixed with water and then with the sterile CaCl2. The 2x HBS solution was added 

dropwise while gently vortexing. The transfection mix was then carefully dripped onto the 

surface of the medium. 8-12 h later, the medium was changed and cells continued to grow and 

expressed the transgene for further 24-48 h.   
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6.5.5 Transfection of HeLa cells 

HeLa cells were transfected with the cationic polymer polyethylenimine (PEI, linear, MW 

25000, Polysciences, Inc., Warrington, PA, USA). The day before transfection, cells were 

seeded in a density of about 2x105 cells per six-well. The transfection mix was prepared as 

follows: 300 µl of sterile NaCl was mixed with 3 µg of DNA and vortexed for 5 sec. 16.6 µl 

of sterile 10 µM PEI were added and again the mix was vortexed for 15 sec. After incubation 

at RT for 15 min, the transfection mix was added to the cells. 4 h later the medium was 

changed and cells were further incubated for 24-36 h.   

6.5.6 Generation of stable Hek293 Flp-In cell lines 

In order to generate stable cell lines, Hek293 Flp-In cells were grown at 50-60% confluency 

on a 14.5 cm dish. Using the calcium phosphate method, they were co-transfected with 3 µg 

of a plasmid (pcDNAL-backbone) containing the gene of interest (under control of a 

tetracycline operator), a hygromycin resistance cassette, a FRT site (which allows the site-

specific recombination and integration into the host genome) and 30 µg of a plasmid encoding 

for Flp recombinase (pAG1786). 36 h after transfection, hygromycin B was added (150 

µg/ml, PAA) to put the cells under selection. For the next 7-10 days the medium was changed 

if necessary to remove dying cells. Surviving cells with successful integration of the plasmid 

then formed visible colonies which were individually isolated using small glass cylinders for 

trypsination and transferred into a single well of a 24-well cell culture dish. Each clone was 

then test-induced with doxycyclin and transgene expression was verified by Western blot 

analysis. The plasmid used for the integration into the FRT site also contained an additional 

loxP-site allowing a second round of genomic integration utilizing Cre recombinase (Buheitel 

& Stemmann, 2013). Hence, a single stable cell line was used for co-transfection of a plasmid 

carrying the second gene of interest and a plasmid expressing the Cre-recombinase. 

Accordingly, 27 µg of plasmid (pcDNA5-backbone) containing the gene of interest (under 

control of a tetracycline operator), a G418 resistance cassette and a loxP-site were co-

transfected with 3 µg of plasmid encoding for Cre recombinase (pIC-Cre). Selection was 

carried out with 120 µg/ml G418 (Gibco). Cloning and screening for double transgenic cell 

line clones were performed as described for single stable cell lines.  

6.5.7 Synchronization of mammalian cells 

For synchronization at the G1/S boundary, thymidine was added to the medium at a final 

concentration of 2 mM. After 16 to 20 h, cells were released from the block by washing once 
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with PBS and incubated in fresh medium for 2x 15 min and 1x 30 min. To synchronize the 

cells in metaphase of mitosis, 200 ng/µl nocodazole or taxol was added 3-4 h after release 

from thymidine block. Nocodazole/taxol treatment was carried out for 8-10 h. In case of 

unsynchronized cells drug treatment was prolonged to 16 h.  

6.5.8 Taxol-ZM override 

For the taxol-ZM experiments, HeLa cells were transfected with PEI at a confluency of 50%. 

The PCNT-encoding constructs and siRNA against endogenous PCNT were co-transfected. 

Thymidine was added with the transfection mix and after 20 h the cells were released from 

the G1/S-phase block. 4 h later, taxol was added for 8 h and the metaphase-to-anaphase arrest 

was overridden by addition of 5 µM ZM 447439, an aurora B kinase inhibitor (Tocris 

Biosciences, Bristol, United Kingdom). Western blot samples were then taken at the indicated 

time points.  

6.5.9 Generation of tissue culture cell lysates for Immunoprecipitation experiments 

Cells were harvested by scraping or rinsing from a 100 mm culture dish and pelleted by 

centrifugation for 3 min at 300 g. Cells were washed once with 1x PBS before the pellet was 

resuspended in 500 µl LP2 buffer and transferred to a dounce homogenizer (Wheaton, 

Millville, NJ, USA). 10 strokes with a tight pestle efficiently lysed the cells and the lysate was 

transferred into a reaction tube before it was further incubated for 5-10 min on ice. 

Centrifugation at 16000 g for 30 min at 4°C cleared the lysate from debris and the supernatant 

was transferred to a new reaction tube. The corresponding beads were washed with 1x PBS 

and LP2 buffer before they were incubated with the supernatant for 3 h or overnight at 4°C. 

Subsequently, the beads were gently pelleted at 300 g and washed three times with LP2 

buffer. Bound protein(s) were eluted with the corresponding elution buffer. Alternatively, for 

the generation of Western blot samples, the beads were mixed with an adequate volume of 1x 

SDS sample buffer and boiled for 5 min at 95°C. The eluate was then cleared from beads by 

centrifugation through a Mobicol column (Mobitec, Göttingen, Germany). Then, β-

mercaptoethanol was added and the sample was boiled again for 5 min at 95°C.   

6.5.10 Isolation of centrosomes 

In order to isolate centrosomes, mitotic arrested cells from a 10 cm dish were harvested and 

pelleted by centrifugation (300 g, 3 min). The pellet was washed once with 10 ml 1x PBS and 

then resuspended in 0.5 ml LP2 which was supplemented with 20 µg/ml DNaseI (Roche, 
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Mannheim, Germany) and 0.5 µg/ml nocodazole (Sigma-Aldrich, Germany). The cells were 

lysed on ice by 10 strokes in a tight glass dounce homogenizer (Wheaton, Millville, NJ, USA) 

and incubated for 15 min on ice. Then, the lysate was centrifuged (3800 g, 10 min, 4°C) in 

order to pellet and remove cell debris and chromatin. In the meantime, 15 ml COREX round 

bottom glass tubes were prepared. Therefore, the sterile cover slips were placed onto a glass 

adapter on the bottom of the glass tube and covered with 3.5 ml of the sucrose cushion. The 

centrosome containing supernatants were carefully transferred on top of the sucrose cushions 

without mixing them and the centrosomes were centrifuged onto the cover slips (13000 g, 25 

min, 4°C, swing-out rotor). The cover slips were then fixed in -20° methanol overnight and 

further processed for IFM. For some experiments, the lysates were incubated with 

recombinant proteases. Therefore, the lysates cleared from debris were transferred to reaction 

tubes, supplemented with TEV (1 U/µl) and/or HRV (10 ng/µl) protease and incubated for 30 

min at RT before they were transferred into the COREX round bottom glass tubes. 

6.5.11 Immunofluorescence of isolated centrosomes 

The cover slips that were fixed overnight in methanol at -20°C were incubated in blocking 

solution for 1 h at RT. Then, the cover slips were incubated with primary antibodies diluted in 

blocking solution for 1 h at RT, washed three times with washing solution and incubated with 

appropriate fluorescently labeled secondary antibodies again diluted in blocking solution for 1 

h at RT. Finally, the cover slips were washed three times with washing solution and mounted 

with 3 µl mounting medium on a microscope slide. The cover slips were fixed and sealed with 

nail polish before the centrosomes were visualized by fluorescence microscopy.  
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8 Abbreviations 

3D-SIM  3-dimensional structured illumination microscopy 

A   alanine 

aa   amino acids 

ABC   ATP binding cassette 

Ala   alanine 

APC/C   anaphase promoting complex or cyclosome 

ATP   adenosine triphosphate 

BCL-XL  B-cell lymphoma- extra large 

BCR-ABL  breakpoint cluster region-abelson murine leukemia viral oncogene homolog 1 

bp   base pair 

BSA   bovine serum albumin 

Bub   budding uninhibited by benzimidazoles 

C. elegans  Caenorhabditis elegans 

C-Nap1   centrosomal Nek2-associated protein 1 

ca   circa or constitutively active 

CAK   Cdk-activating kinase 

CAR   Cohesin associated region 

Cep   centrosomal protein  

Cdc   cell division cycle 

Cdh1   cdc20 homolog 1 

Cdk   cyclin-dependent kinase 

CdLS   Cornelia de Lange syndrome 

CG-Nap  centrosome and Golgi localized PKN-associated protein 

CHD   chromodomain helicase DNA-binding protein 

Chk1   checkpoint kinase 1  

Chl1   close homolog of L1 

CHO   Chinese hamster ovary 

CIN   chromosomal instability 

Cnn   Centrosomin 

CPAP   centrosomal P4.1-associated protein 

CPC   chromosomal passenger complex 

Cre   Cyclization recombinase 

CTCF   CCCTC-binding factor 
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C-terminus  carboxy terminus (C-terminal carboxyterminal) 

D   aspartate 

D. melanogaster Drosophila melanogaster 

Da   Dalton 

DAP   distal appendages 

DAPI   4’,6’-diamino-2-phenylindol 

DNA   deoxyribonucleic acid 

dNTP   deoxyribonucleotide triphosphate 

dox   doxycycline 

D-PLP   Drosophila Pericentrin-like protein 

D-Box   destruction box 

E. coli   Escherichia coli 

Eco   establishment of cohesion protein 

EDTA   ethylendiamine tetraacetic acid 

EGTA   ethylene glycol tetraacetic acid 

EM   electron microscopy 

Fig.   figure 

Flag   epitope tag (aa sequence DYKDDDDK) 

Flp   flippase 

FRT   flippase recombination target 

g   gram or gravitational constant (9.81 m/sec2) 

GCP   γ-tubulin complex protein 

GFP   green fluorescence protein 

h   hour or human 

HAWK   HEAT proteins associated with Kleisins 

HEAT   Huntingtin, elongation factor 3, PP2A subunit A, TOR1 

HECT   homologous to the E6-AP carboxyl terminus  

Hek   human embryonic kidney 

HeLa   Henrietta Lacks (patient from whom cell line is derived) 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HBS   HEPES buffered saline 

HRP   horse radish peroxidase 

HRV   human rhinovirus 3C 

IFM   immunofluorescence microscopy 

INCENP  inner centromere protein 

IP   Immunoprecipitation 

IVT/T   in vitro transcription/translation 
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kb   kilo base pairs 

LB   lysogeny broth 

loxP   locus of X-over P1 

Mad   mitotic arrest deficient 

MBP   myelin basic protein 

MCAK   mitotic centromere associated kinesin 

MCC   mitotic checkpoint complex 

Mcl   myeloid cell leukemia 

min   minute 

mRNA   messenger RNA 

MT   microtubule 

MTOC   microtubule organizing center 

NBD   nucleotide binding domain 

NC   non-cleavable 

NHS   N-Hydroxysuccinimide 

N-terminus  amino terminus (N-terminal aminoterminal) 

OD   optical density 

ORF   open reading frame 

PAGE   polyacrylamide gel electrophoresis 

PB   polo box 

PBD   polo box domain 

PBS   phosphate buffered saline 

PCM   pericentriolar matrix 

PCNT   Pericentrin 

PCR   polymerase chain reaction 

PD   protease dead 

PDS   precocious dissociation of sisters 

PKA   proteinkinase A 

Plk   polo-like kinase 

PLP   proteolipid protein 

PP   protein phosphatase 

PVDF   polyvinylidene fluoride 

PTM   posttranslational modification 

pHH3   phosphohistone H3 

RBS   Roberts syndrome 

RING   really interesting new gene 

RNA   ribonucleic acid 
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RNAi   RNA interference 

rpm   revolutions per minute 

RT   room temperature 

SA   stromal antigen 

SAP   subdistal appendages 

Scc   sister chromatid cohesion 

SCF   Skp-cullin-F-Box class ubiquitin ligase 

SCI   sister chromatid intertwining 

SCS   sister chromatid separation 

SDS   sodium dodecylsulfate 

siRNA   small interfering RNA 

Sgo   shugoshin 

Smc   structural maintenance of chromosomes 

Ser/Thr   serine and threonine residues 

TEV   tobacco etch virus 

Tet   tetracycline 

U   unit 

UTR   untranslated region 

v/v   volume per volume 

W/v   weight per volume 

Wapl   wings apart-like 

WB   Western blot 

WBS   Warsaw breakage syndrome 

WT   wild type 

X. laevis  Xenopus laevis 

ZM   ZM447439 

γ-TuRC  γ-tubulin ring complex 

γ-TuSC   γ-tubulin small complex 
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