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1. Summary 

Faithful meiotic and mitotic cell divisions require the orchestrated activation and inactivation 

of kinases and phosphatases at defined time points. Today, much is known about the kinases 

involved in this process and it has been elucidated that cyclin-B/Cdk1 is at the core of a 

regulatory network that governs entry into meiosis and mitosis. Consequently, exit from 

meiosis and mitosis requires the inactivation of cyclin-B/Cdk1 by proteolytic degradation of 

cyclin-B. Reversion of the events that have been initiated by cyclin-B/Cdk1 necessitates that 

phosphatases act on its meiotic and mitotic substrates. In the work presented here we aimed 

to investigate the role of the phosphatases calcineurin and PP1 for the correct execution of 

meiotic and mitotic exit, respectively. 

It has been reported previously that in Xenopus laevis the increase in cytosolic calcium 

following fertilization triggers the activation of the phosphatase calcineurin and that this is 

essential for cyclin-B degradation by the APC/C. However, the exact mechanism remained 

elusive. Here, we employed extract-based assays to test how calcineurin affects the activation 

of the APC/C. We found that calcineurin activity is necessary for efficient degradation of the 

APC/C inhibitor XErp1 during meiotic exit and provide evidence that this depends on 

interference with the binding of the protective phosphatase PP2A-B56 to XErp1. Furthermore, 

we show that calcineurin is required to dephosphorylate at least one inhibitory site on the 

APC/C co-activator Cdc20. Thus, both XErp1 and Cdc20 seem to be substrates of calcineurin 

that need to be dephosphorylated to fully activate the APC/C during meiotic exit. 

During entry into mitosis in Xenopus laevis, the main Cdk1-antagonizing phosphatase PP2A-

B55 is kept inactive by the Greatwall/Arpp19 module. How this module is subsequently 

inactivated at mitotic exit to allow PP2A-B55 to act on Cdk1 substrates is not entirely 

understood. Utilizing cell-free extracts of early Xenopus embryos, we show that the 

phosphatase PP1 initiates Greatwall inactivation by counteracting its auto-phosphorylation 

activity. This allows PP2A-B55 to liberate itself from inhibition by Arpp19 and to complete the 

inactivation of Greatwall. This finding integrates recent reports, which showed that both PP1 

and PP2A-B55 are essential for mitotic exit in Xenopus laevis.  

With this report, we therefore significantly increase the knowledge about the role of the 

phosphatases calcineurin and PP1 and place them in the regulatory networks that govern exit 

from meiosis and mitosis.  
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2. Zusammenfassung 

Korrekte und zuverlässige meiotische und mitotische Zellteilungen erfordern die orchestrierte 

Aktivierung und Inaktivierung von Kinasen und Phosphatasen zu definierten Zeitpunkten. 

Heutzutage ist viel über die Kinasen bekannt, die in diese Prozesse involviert sind und es 

konnte gezeigt werden, dass cyclin-B/Cdk1 im Zentrum des regulatorischen Netzwerks steht, 

das den Eintritt in die Meiose und Mitose steuert. Folgerichtig erfordert der Austritt aus der 

Meiose und der Mitose die Inaktivierung von cyclin-B/Cdk1 durch den proteolytischen Abbau 

von cyclin-B. Die Umkehrung der Ereignisse, die durch cyclin-B/Cdk1 ausgelöst wurden, 

erfordert, dass Phosphatasen auf ihre meiotischen und mitotischen Substrate wirken. In der 

hier präsentierten Arbeit haben wir uns zum Ziel gesetzt die Rolle der Phosphatasen 

Calcineurin und PP1 während des Austritts aus der Meiose und der Mitose zu untersuchen. 

In vorherigen Publikationen konnte gezeigt werden, dass in Xenopus laevis die Phosphatase 

Calcineurin durch den Anstieg der zytosolischen Kalzium Konzentration nach der Befruchtung 

aktiviert wird und dass dies essentiell für den Abbau von cyclin-B durch den APC/C ist. Der 

exakte Mechanismus, durch den Calcineurin wirkt, ist bislang jedoch noch nicht vollständig 

verstanden. In dieser Arbeit haben wir auf zellfreien Extrakten basierende Versuche 

durchgeführt, um zu untersuchen wie Calcineurin die Aktivierung des APC/C beeinflusst. Dabei 

fanden wir, dass die Aktivität von Calcineurin für den effizienten Abbau des APC/C-Inhibitors 

XErp1 notwendig ist. Weiterhin fanden wir Hinweise darauf, dass dies damit zusammen 

hängen könnte, dass durch Calcineurin die Bindung der schützenden Phosphatase PP2A-B56 

an XErp1 gestört wird. Weiterhin konnten wir zeigen, dass Calcineurin dafür erforderlich ist 

mindestens eine inhibitorische Phosphorylierung vom APC/C-Co-Aktivator Cdc20 zu 

entfernen. Zusammengenommen scheinen sowohl XErp1 als auch Cdc20 relevante Substrate 

von Calcineurin zu sein, welche dephosphoryliert werden müssen, um in Xenopus laevis den 

APC/C während des Austritts aus der Meiose zu aktivieren. 

Während des Eintritts in die Mitose in Xenopus laevis wird die Phosphatase PP2A-B55, welche 

hauptsächlich dafür verantwortlich ist Cdk1 entgegenzuwirken, durch das Greatwall/Arpp19 

Modul inaktiv gehalten. Wie dieses Modul während des Austritts aus der Mitose wieder 

inaktiviert wird, um es PP2A-B55 zu ermöglichen auf Substrate von Cdk1 zu wirken, ist nicht 

vollständig verstanden. Mittels zellfreier Extrakte aus frühen Xenopus Embryonen konnten wir 

hier zeigen, dass die Phosphatase PP1 die Inaktivierung von Greatwall initialisiert, indem sie 
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der Auto-Phosphorylierungsaktivität entgegenwirkt. Dies erlaubt es PP2A-B55 sich von der 

Inhibition durch Arpp19 zu befreien und anschließend die Inaktivierung von Greatwall 

abzuschließen. Diese Entdeckung vereint frühere Publikationen die gezeigt haben, dass 

sowohl PP1 als auch PP2A-B55 für den Austritt aus der Mitose in Xenopus laevis essentiell sind.  

Insgesamt vertiefen wir deshalb mit dieser Arbeit signifikant das Wissen über die Funktion der 

Phosphatasen Calcineurin und PP1 und platzieren diese in den regulatorischen Netzwerken, 

welche den Austritt aus der Meiose und der Mitose steuern. 
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3. Introduction 

3.1 Xenopus laevis as a model organism to study meiosis and mitosis 

The African clawed frog Xenopus laevis is an allotetraploid amphibian species with a 

longstanding history in basic cell cycle research (Session et al., 2016). The heavy use of 

Xenopus laevis in research can be explained by several advantageous properties of its 

reproductive cycle. Oogenesis in Xenopus laevis is a continuous and asynchronous process, 

thus allowing access to large quantities of oocytes in different meiotic stages at any time in 

the laboratory (Dumont, 1972). Furthermore, embryos can be easily obtained by in vitro 

fertilization of mature oocytes (now usually called “eggs”) with isolates testes (Wolf and 

Hedrick, 1971). Thus, Xenopus laevis serves as an excellent model system to address meiotic 

and mitotic processes. Both oocytes in the late stages of meiosis and early embryos have a 

diameter of about 1200 – 1300µm, which allows fast optical assessment of developmental 

stages (Dumont, 1972; Nieuwkoop and Faber, 1956). This comparably large size of the oocytes 

and embryos in combination with the possibility to obtain high quantities of them can 

furthermore be exploited to generate cell-free cytoplasmic extracts that resemble defined 

developmental stages and are able to undergo cell cycle transitions. To study meiotic and 

mitotic processes, these extracts can be manipulated by addition or removal of factors 

followed by analysis of the resulting effect on the cell cycle state of the extract (Lohka and 

Maller, 1985; Murray and Kirschner, 1989; Murray et al., 1989). 

3.2 Meiosis and early mitosis in Xenopus laevis 

Oocytes in the ovarian lobes of Xenopus laevis can be classified into six different stages 

according to their developmental state (Dumont, 1972). Amongst a variety of other criteria, 

oocytes in the different stages can be optically distinguished by size (diameter ranging from 

50µm in Stage I to 1300µm in Stage VI), optical density and pigmentation pattern (Stage VI 

oocytes have a characteristic unpigmented equatorial band between the animal and the 

vegetal pole) (Dumont, 1972). As in other sexually reproducing species, Xenopus oocytes 

initially contain a maternal and a paternal version of each chromosome, which are referred to 

as the “homologues” (note that Xenopus laevis is allotetraploid and contains an “L” and an “S” 

version of both the paternal and the maternal chromosome) (Morgan, 2007; Session et al., 

2016). The meiotic cycle starts with a single round of DNA replication (S-phase), where each 



  Introduction 

 

5 

 

chromosome is duplicated (the duplicated pair is referred to as “sister chromatids”) and 

tethered by cohesin protein complexes (Klein et al., 1999; Losada et al., 2000; Takahashi et al., 

2004). This is followed by two rounds of chromosome segregation and cell division (M-

phases). Thus, the female meiotic program of Xenopus laevis gives rise to one haploid gamete 

(Morgan, 2007). During the first meiotic division (MI), homologous chromosomes are 

physically linked to each other through a process called homologous recombination (HR). 

During HR, parts of the chromosomes are exchanged with the corresponding sequences in the 

homologous chromosome. As the original sister chromatids remain linked by the cohesin 

protein complexes, this results in physically connected homologous chromosomes (Page and 

Hawley, 2003; Szostak et al., 1983). The homologous chromosomes can then be separated by 

cohesin cleavage during the first meiotic division (Buonomo et al., 2000; Watanabe and Nurse, 

1999). The sister chromatids remain stably associated throughout the first meiotic division, 

because the cohesin protein complexes in the centromere region of the chromosomes are 

protected from cleavage (Ishiguro et al., 2010; Katis et al., 2010; Kitajima et al., 2004; 

Watanabe and Nurse, 1999). In the second meiotic division (MII), the centromeric cohesin is 

deprotected and cleaved, which allows separation of the remaining sister chromatid pairs, 

thus resulting in a haploid cell (Jonak et al., 2017; Watanabe and Nurse, 1999).  

Similar to the nomenclature of mitotic M-phase, both meiotic M-phases can be subdivided 

into six phases: prophase, prometaphase, metaphase, anaphase, telophase and cytokinesis 

(resulting in polar body extrusion or “PBE” in Xenopus meiosis) (Morgan, 2007). Importantly, 

Xenopus oocytes halt their development in prophase of MI (referred to as “prophase I arrest”). 

This arrest is maintained until luteinizing hormone (LH) stimulates the follicle cells, which 

surround the arrested oocyte, to release a hormone called progesterone (PG) (Fortune, 1983; 

Licht and Crews, 1976; Masui, 1967; Wright, 1961). PG stimulation triggers the completion of 

MI in the oocytes and entry into MII, which in turn is arrested in metaphase (termed 

“metaphase II arrest”) (Masui and Markert, 1971). This transition from prophase I arrest to 

metaphase II arrest is called “meiotic maturation”. It is worth mentioning that many hormones 

other than PG, e.g. pregnenolone, testosterone, androstenedione, 

dehydroepiandrostenedione, insulin and insulin-like growth factor, have the capacity to 

induce meiotic maturation in oocytes of Xenopus and other amphibians (Baulieu et al., 1978; 

El-Etr et al., 1979; Maller and Koontz, 1981; Smith and Ecker, 1971). To date, their relative 

contribution to meiosis in vivo remains unclear, partly because it is difficult to measure their 
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exact levels in vivo and because some of them can be converted into each other. LH not only 

initiates meiotic maturation but also triggers ovulation, which means that the mature 

metaphase II-arrested oocytes are released from the frog (Schuetz, 1971). The metaphase II 

arrest is broken when the free mature oocyte is fertilized by a sperm cell. Fertilization starts a 

biochemical cascade (see section 3.7.3) that triggers exit from MII (referred to as “meiotic 

exit”) and transition to interphase of the first mitotic division (Busa and Nuccitelli, 1985; Rauh 

et al., 2005). The first mitotic cell cycle is prolonged compared to the following cycles, probably 

because sufficient time has to be provided to form the paternal and maternal pronuclei and 

to allow them to fuse (Newport and Kirschner, 1982a; Ubbels et al., 1983). This “special” first 

mitotic cell cycle is followed by eleven rapid mitotic divisions. These so-called “cleavage 

cycles” are characterized by their short duration (around 30min, compared to 90min in the 

first cycle), their high synchronicity, the lack of Gap phases between S-phase and M-phase, 

the absence of gene transcription as well as the deficiency in control mechanisms that sense 

DNA damage or chromosome segregation defects (Clute and Masui, 1997; Kermi et al., 2015; 

Minshull et al., 1994; Newport and Kirschner, 1982a; Newport and Kirschner, 1982b; Satoh, 

1977). The cleavage cycles are terminated at the midblastula transition (MBT), when the 

embryo consists of about 4000 cells. At the MBT, the zygotic genome is activated and the cell 

cycles become asynchronous and lengthened (Newport and Kirschner, 1982a; Newport and 

Kirschner, 1982b). 

 

Figure 1 Early development of Xenopus laevis. Exemplary developmental stages from meiosis to the embryonic blastula 

stage. CSF extract is generated by centrifugation of metaphase II-arrested oocytes. Interphasic embryo extract is generated 

by centrifugation of 4-celled embryos. 
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3.3 Molecular regulation of prophase I arrest 

As mentioned in section 3.2, oocytes of Xenopus laevis arrest their development during 

prophase of the first meiotic division. Maintenance of this prophase I arrest requires 

continuous activity of the kinase protein kinase A (PKA), which is corroborated by the findings 

that inhibition of PKA results in meiotic maturation in the absence of PG and that an artificial 

increase in the activity of PKA blocks meiotic maturation in the presence of PG (Huchon et al., 

1981; Maller and Krebs, 1977). The activity of PKA in prophase I-arrested oocytes is high, 

because its inhibitory regulatory R-subunit is dissociated from the catalytic C-subunit due to 

the binding of cyclic adenosine monophosphate (cAMP) (Maller and Krebs, 1977). The levels 

of cAMP in the oocyte are kept high by the activity of the enzyme adenylate cyclase, which 

converts adenosine triphosphate (ATP) into cAMP (Finidori et al., 1982). PG triggers a 

downregulation of the membrane-bound fraction of adenylate cyclase and this results in a 

rapid decrease of the intracellular cAMP concentration (Finidori-Lepicard et al., 1981; Maller 

et al., 1979; Mulner et al., 1979; Sadler and Maller, 1981). The activity of the antagonizing 

enzyme cAMP phosphodiesterase (PDE), which converts cAMP to AMP, is not affected by the 

PG stimulus and remains at a steady state, indicating that the change in adenylate cyclase 

activity is sufficient to cause the observed drop in cAMP levels (Mulner et al., 1980; Sadler and 

Maller, 1987). Consequently, PKA activity is downregulated in response to PG by the re-

association of the regulatory R-subunit to the catalytic C-subunit (Wang and Liu, 2004). While 

most reports support the finding that PKA has to be downregulated to initiate meiotic 

maturation, it is worth mentioning that this has been challenged by others. These reports 

questioned if a decrease in cAMP levels and the inhibition of PKA alone is sufficient to induce 

meiotic maturation (Gelerstein et al., 1988; Nader et al., 2016; Noh and Han, 1998). These 

contradictory observations clearly need to be addressed in the future and require further 

clarification. 

How is the PG signal transduced into the oocyte to downregulate adenylate cyclase and, 

consequently, PKA? It has been shown that oocytes of Xenopus laevis express a canonical 

cytoplasmic PG receptor (XPR-1), which can act as a transcriptional activator (Bayaa et al., 

2000; Tian et al., 2000). However, early experimental evidence suggested that PG acts 

independent of transcription and that its receptor is bound to membranes (Godeau et al., 

1978; Ishikawa et al., 1977; Schorderet-Slatkine, 1972). Intriguingly, another PG receptor 

(XmPRβ), which fulfills the criterion of being membrane-bound, has recently been identified 
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in Xenopus oocytes (Josefsberg Ben-Yehoshua et al., 2007; Zhu et al., 2003a; Zhu et al., 2003b). 

The membrane associated XmPRβ is probably a G-protein coupled receptor (GPCR) that 

releases a Gαi factor, which can inhibit the adenylate cyclase (Karteris et al., 2006; Zhu et al., 

2003b). This membrane-associated XmPRβ receptor seems to be the most relevant for the 

effect of PG on Xenopus oocytes, although there might be cross-talk with the intracellular PG 

receptor (Josefsberg Ben-Yehoshua et al., 2007; Karteris et al., 2006). Therefore, the relative 

contribution of the membrane-associated and cytoplasmic receptors for the response of the 

oocytes to PG needs to be addressed in future studies.  

Furthermore, it needs to be determined how the other steroid hormones, that can induce 

release from prophase I arrest, signal into the oocyte. Of note, the peptide hormone insulin 

seems to downregulate cAMP levels by a different molecular pathway, which converges with 

the above described PG-activated pathway to initiate meiotic maturation. Insulin binds to a 

canonical membrane-bound insulin-like growth factor-1 (xIGF-1) receptor (Zhu et al., 1998). 

Figure 2 Relationship between PG and PKA during prophase of MI. Schematic representation of the molecular relationship 

between PKA, which is required to maintain the prophase I arrest, and PG, which breaks this arrest. XmPRβ is the Xenopus 

membrane progestin receptor β, which releases a Gi factor upon PG binding. CPKA is the catalytic and RPKA the regulatory 

subunit of PKA. PDE is the phosphodiesterase. Proteins in green are active, whereas proteins in red are inactive. Nucleotides

and pyrophosphate are depicted as structural formulas. cAMP is additionally shown as orange ellipse. 
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This results in activation of the phosphatidylinositol 3-kinase (PI3K), which in turn activates 

protein kinase B (PKB)/Akt (Andersen et al., 1998; Andersen et al., 2003; Liu et al., 1995). 

PKB/Akt stimulates the activity of the phosphodiesterase type III (PDE3), which enhances the 

turnover of cAMP and by this attenuates activity of PKA (Andersen et al., 1998; Andersen et 

al., 2003; Sadler, 1991). However, so far it is unclear to what extent the different molecular 

pathways, which are stimulated by the different hormone factors, contribute to meiotic 

maturation in vivo and this needs to be addressed in future studies. 

3.4 MPF and its role in meiotic maturation 

In 1971, Masui and Markert showed in a landmark publication that cytoplasm of metaphase 

II-arrested oocytes has the ability to induce both meiotic maturation in prophase I-arrested 

oocytes and cell cycle arrest in blastomeres of dividing embryos (Masui and Markert, 1971). 

The activity that induces meiotic maturation was termed “maturation promoting factor” 

(MPF), while the activity that arrests oocytes in metaphase of MII and blocks cell division in 

embryos was termed “cytostatic factor” (CSF). 

MPF activity can be easily assayed by its ability to induce nuclear envelope breakdown in intact 

prophase I-arrested oocytes (termed “germinal vesicle breakdown/GVBD”, a hallmark of 

meiotic maturation) and in interphasic cell-free extracts that have been supplemented with 

nuclei (Lohka and Maller, 1985; Masui and Markert, 1971). The identification of the 

biochemical entity that constitutes MPF was a lengthy process in which many laboratories 

from different fields were involved. MPF was first purified by fractionation of cell-free extracts 

derived from metaphase II-arrested oocytes of Xenopus laevis and it was shown that it consists 

of a kinase and an accessory subunit (Lohka et al., 1988). Soon after, it was revealed that the 

kinase is identical to the Cdc28 (Budding yeast) and Cdc2 (Fission yeast) gene products, which 

were already known to be essential for mitosis (Beach et al., 1982; Gautier et al., 1988; 

Hartwell et al., 1973). The accessory subunit was identified as cyclin-B, which was shown to 

be a non-enzymatic activator subunit of MPF (Evans et al., 1983; Gautier et al., 1990). Today, 

orthologous genes with the same function have been identified in all eukaryotes and the 

kinase subunit of MPF is now mostly referred to as cyclin-dependent kinase 1 (Cdk1). 

Numerous additional cyclin/Cdk complexes have been identified so far, many of which, but 

not all, have cell cycle functions (Malumbres and Barbacid, 2005). MPF activity is necessary 

for entry into M-phase of both meiosis and mitosis and it has to be inactivated if a cell wants 
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to exit it (Kishimoto et al., 1982; Murray et al., 1989; Sunkara et al., 1979; Wasserman and 

Smith, 1978). Due to this more broadly defined function, MPF is now rather considered as an 

abbreviation for “M-phase promoting factor”. Of note, it was shown recently that a second 

kinase in addition to Cdk1 contributes to MPF activity (Hara et al., 2012). This kinase is called 

Greatwall (Gwl) and is activated by cyclin-B/Cdk1 (Blake-Hodek et al., 2012; Vigneron et al., 

2011). Active Gwl subsequently downregulates a phosphatase that is known to counteract 

cyclin-B/Cdk1-dependent phosphorylation of substrates (see section 3.11 for details) (Castilho 

et al., 2009; Mochida et al., 2009; Vigneron et al., 2009). This facilitates both the effective 

activation of cyclin-B/Cdk1 and the phosphorylation of its substrates (Castilho et al., 2009; 

Mochida et al., 2016; Vigneron et al., 2009; Yu et al., 2006; Zhao et al., 2008). For simplicity, 

MPF will be used synonymous to cyclin-B/Cdk1 for the rest of this work. 

3.5 Regulation of MPF activity 

MPF activity has to be tightly regulated to ensure timely execution of cell cycle events. Early 

on, it became clear that the protein levels of the activator subunit cyclin-B, controlled via cell 

cycle-regulated synthesis and destruction, are critical for the activity of the catalytic subunit 

Cdk1 (Murray and Kirschner, 1989; Murray et al., 1989). The crystal structure of the closely 

related cyclin-dependent kinase 2 (Cdk2) in complex with its activator subunit cyclin-A 

revealed that cyclin binding induces conformational changes in Cdk2 that are rearranging and 

opening the catalytic center (Jeffrey et al., 1995). Furthermore, the T-loop of Cdk1 has to be 

phosphorylated by the Cdk-activating kinase (CAK) for full activity (Desai et al., 1992; Fisher 

and Morgan, 1994; Solomon et al., 1993). However, this likely plays a minor role in the 

regulation of Cdk1 as CAK is constitutively active and not cell cycle-regulated (Tassan et al., 

1994). 

3.5.1 The auto-amplification loop 

It was clear early on that there must be additional layers of regulation for Cdk1 activity, e.g. 

because prophase I-arrested oocytes of Xenopus laevis contain complexes of cyclin-B and Cdk1 

but no MPF activity (Cyert and Kirschner, 1988; Gautier and Maller, 1991). More insights into 

the regulation of MPF were gained when it was revealed that Cdk1 is phosphorylated on Thr14 

and Tyr15 in its inactive state and needs to be dephosphorylated on these residues for 

activation (Cyert et al., 1988; Dunphy and Newport, 1989; Gautier et al., 1989; Gould and 

Nurse, 1989; Labbe et al., 1989; Solomon et al., 1990). Phosphorylation of Tyr15 is mediated 
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by the kinases Wee1 (isoform Wee1A expressed from MII until MBT in Xenopus laevis) and 

Membrane-associated, tyrosine- and threonine-specific Cdc2 inhibitory kinase (Myt1), 

whereas Thr14 can be specifically phosphorylated by Myt1 (Mueller et al., 1995b; Nurse and 

Thuriaux, 1980; Okamoto et al., 2002). Both sites are dephosphorylated by the dual-specificity 

phosphatase cell division cycle 25 (Cdc25) (Gautier et al., 1991; Kumagai and Dunphy, 1991; 

Russell and Nurse, 1986). In Xenopus laevis, the isoform Cdc25C is expressed throughout 

meiosis and early development, whereas the isoform Cdc25A is expressed specifically from 

embryonic 2-cell stage until MBT (Furuno et al., 2003; Hartley et al., 1996; Kim et al., 1999). 

This phosphorylation-dependent regulation of Cdk1 by Wee1/Myt1 and Cdc25 is at the core 

of a mechanism, which ensures that the cellular pool of Cdk1 is activated in a switch-like 

manner and is only stable in active or inactive states, i.e. it displays “bistability” (Pomerening 

et al., 2003). Furthermore, this bistable system can stabilize itself in both of the Cdk1 activity 

states (“active” or “inactive”) over a range of cyclin-B concentrations, thus displaying 

hysteresis (Pomerening et al., 2003). Central to this system is the ability of Cyclin-B/Cdk1 itself 

to stimulate its activating phosphatase Cdc25 and to inactivate its inhibitory kinases 

Wee1/Myt1 (Booher et al., 1997; Hoffmann et al., 1993; Izumi and Maller, 1993; Kim et al., 

2005; Mueller et al., 1995a; Watanabe et al., 2004). This interconnected positive feedback 

loop between cyclin-B/Cdk1 and Cdc25 and the double negative feedback loop between 

cyclin-B/Cdk1 and Wee1/Myt1 constitutes a system, called the auto-amplification loop, in 

which cyclin-B/Cdk1 activity can self-amplify itself once its activity crosses a certain starter 

threshold (Novak and Tyson, 1993). Below this threshold Wee1/Myt1 activity is dominant and 

keeps Cdk1 in a Thr14/Tyr15-phosphorylated inactive state (Trunnell et al., 2011). In addition, 

Cdc25 and Wee1/Myt1 are activated and inactivated, respectively, by the Xenopus homologue 

of Polo-like kinase 1 (Plx1) and it was proposed that cyclin-B/Cdk1 itself can stimulate Plx1 

activation (the exact nature of this interplay is still not fully understood), thus creating another 

positive feedback loop. (Abrieu et al., 1998; Inoue and Sagata, 2005; Karaiskou et al., 1998; 

Kumagai and Dunphy, 1996; Qian et al., 2001). The threshold level of cyclin-B/Cdk1 activity 

required to start the auto-amplification loop is determined by the activity of antagonizing 

phosphatases acting on Wee1/Myt1 and Cdc25. Early on, it was shown that a protein 

phosphatase 2A (PP2A) enzyme antagonizes activation of cyclin-B/Cdk1 (Felix et al., 1990; 

Maton et al., 2005; Rime et al., 1995). Although the exact mechanistic relationships are still 
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not completely understood in vertebrates, it seems that this is mediated by activation of 

Wee1/Myt1 and inactivation of Cdc25 through PP2A (Clarke et al., 1993; Kim and Ferrell, 2007; 

Mochida et al., 2016; Mueller et al., 1995a; Tang et al., 1993). More specifically, Cdc25 was 

Figure 3 The regulatory network that controls Cdk1. The network that regulates Cdk1 activity in Xenopus laevis is depicted 

in the upper part of the figure. The lower part of the figure shows a graph of the Cdk1 activities that result from given cyclin-

B levels. Cdk1 complexes in red are inactive and the ones in green are active. Yellow circles indicate phosphorylation. Red 

connections denote inhibitory activities and green arrows denote stimulating activities. Dashed lines indicate activities that 

are generally assumed but not shown to the best of our knowledge. 
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identified as a direct target of PP2A in complex with regulatory B56δ and probably B55 

subunits and the resulting dephosphorylation events counteract activation of Cdc25 by Cdk2 

and cyclin-B/Cdk1 (Castilho et al., 2009; Forester et al., 2007; Margolis et al., 2006; Margolis 

et al., 2003; Zhao et al., 2008). Interestingly, PP2A-B55 can be indirectly inactivated by cyclin-

B/Cdk1 itself (see section 3.11 for details), thus allowing cyclin-B/Cdk1 not only to directly 

inactivate and activate Wee1/Myt1 and Cdc25, respectively, but also to inactivate one of the 

phosphatases counteracting this process (Castilho et al., 2009; Vigneron et al., 2009; Zhao et 

al., 2008). 

3.5.2 Spatial regulation of cyclin-B/Cdk1 

The phosphorylation of Cdk1 substrates is not only regulated on the level of cyclin-B/Cdk1 

activity but also by controlled cellular localization of cyclin-B/Cdk1 complexes. Initially, cyclin-

B/Cdk1 is activated near the centrosomes in the cytoplasm (De Souza et al., 2000; Jackman et 

al., 2003). However, in prophase of M-phase a pool of cyclin-B/Cdk1 translocates into the 

nucleus, because an important nuclear export sequence (NES) of cyclin-B has been inactivated 

by phosphorylation (Gallant and Nigg, 1992; Hagting et al., 1998; Li et al., 1995; Li et al., 1997a; 

Yang et al., 1998). In the nucleus, cyclin-B/Cdk1 initiates nuclear envelope breakdown, which 

is a hallmark of prometaphase in the vertebrate cell cycle (Peter et al., 1990). Interestingly, 

another positive feedback loop is established at this step, because nuclear translocation of 

cyclin-B/Cdk1 stimulates further phosphorylation of the sites on cyclin-B that initiated the 

increased translocation to the nucleus (Santos et al., 2012). 

3.5.3 Inactivation of cyclin-B/Cdk1 at anaphase onset 

At the transition from metaphase to anaphase of M-phase, cyclin-B/Cdk1 needs to be 

inactivated to allow reversal of the events that have been initiated by its activity at meiotic or 

mitotic entry. Inactivation of cyclin-B/Cdk1 is primarily mediated by proteolytic degradation 

of the activator cyclin-B and to a lesser extent by inhibitory phosphorylation of Cdk1 at Thr14 

and Tyr15 (D'Angiolella et al., 2007; Draetta et al., 1989; Holloway et al., 1993; Murray et al., 

1989; Potapova et al., 2009). Proteolytic degradation of cyclin-B depends on the ubiquitin-

proteasome system (UPS) and requires its ubiquitination by the multi-subunit E3 ligase 

anaphase-promoting complex/cyclosome (APC/C) (Chang et al., 2015; Glotzer et al., 1991; 

Irniger et al., 1995; King et al., 1995; Sudakin et al., 1995). The APC/C does not catalyze the 

ubiquitination of cyclin-B itself but rather serves as a platform to bring substrates in close 
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proximity to ubiquitin-conjugating E2 enzymes (Leverson et al., 2000; Lorick et al., 1999). The 

ubiquitin conjugating enzyme E2 C (Ube2C/UbcH10, also known as UbcX in Xenopus) first 

creates short Lys11, Lys48 or Lys63-linked ubiquitin chains on acceptor lysines of the substrate 

and these short chains are then elongated by the ubiquitin conjugating enzyme E2 S (Ube2S), 

which processively adds short Lys11-linked ubiquitin blocks to Lys11 of the ubiquitins in the 

chains (Brown et al., 2016; Garnett et al., 2009; Jin et al., 2008; Kirkpatrick et al., 2006; Meyer 

and Rape, 2014; Williamson et al., 2009; Yau et al., 2017; Yu et al., 1996). Interestingly, while 

most APC/C-dependent substrates require polyubiquitin chains for efficient degradation, 

cyclin-B can also be quickly degraded after multiple monoubiquitination events (Dimova et al., 

2012). Efficient target ubiquitination by the APC/C requires transient association of the co-

activating proteins cell division cycle 20 (Cdc20, also known as Fzy in Xenopus) or Cdc20 

homologue 1 (Cdh1, also known as Fzr1 in Xenopus) (Fang et al., 1998b; Lorca et al., 1998; 

Visintin et al., 1997). The APC/C is first activated by Cdc20 at the metaphase-to-anaphase 

transition and then by Cdh1 later in M-phase and the following G1-phase (Fang et al., 1998a; 

Kramer et al., 1998; Kramer et al., 2000; Zachariae et al., 1998). Both co-activators facilitate 

binding of substrates to the APC/C by the recognition of one or more short linear motifs. The 

best characterized of these motifs are the D-box, the KEN-box and the ABBA-motif, which can 

be found in a multitude of different substrates (Di Fiore et al., 2015; Glotzer et al., 1991; 

Pfleger and Kirschner, 2000). Apart from its role in substrate recruitment, binding of Cdc20 

has been shown to activate the APC/C by changing the conformation of the APC/C core in a 

way that stimulates ubiquitin transfer from E2 enzymes to the substrate (Kimata et al., 2008). 

Binding of Cdc20, but not Cdh1, to the APC/C requires phosphorylation of the APC/C core, 

which is mainly mediated by cyclin-B/Cdk1 and to a lesser extent by Plx1 (Fujimitsu et al., 2016; 

Luca et al., 1991; Qiao et al., 2016; Shteinberg et al., 1999; Zhang et al., 2016). This means that 

cyclin-B/Cdk1 activity promotes its own inactivation by the APC/C Cdc20 in a negative feedback 

loop. To provide sufficient time for early mitotic events to happen before Cdk1 gets 

inactivated by cyclin-B destruction, it is essential that activation of APC/CCdc20 by cyclin-B/Cdk1 

is time-delayed to the activation of cyclin-B/Cdk1 itself (Yang and Ferrell, 2013). Depending on 

the type of cell cycle, this temporary APC/CCdc20 inhibition can be implemented by APC/C-

inhibitory proteins, e.g. early mitotic inhibitor 1 (Emi1), Emi1-related protein 1 (XErp1 in 

Xenopus, also known as Emi2), mitotic arrest deficient 2B (MAD2B) and the mitotic checkpoint 

complex (MCC), or by inhibitory phosphorylations on Cdc20 that are removed when the APC/C 
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has to be activated (Chen and Fang, 2001; Chung and Chen, 2003; Hein and Nilsson, 2016; Jia 

et al., 2016; Kramer et al., 2000; Labit et al., 2012; Li et al., 1997b; Reimann et al., 2001a; 

Schmidt et al., 2005; Sudakin et al., 2001; Tang et al., 2004; Yudkovsky et al., 2000). In addition, 

if Cdh1 is expressed during cell cycle, the activity of APC/CCdh1 also has to be suppressed in 

states where high cyclin/Cdk activity is required. This, too, is regulated by inhibitory proteins, 

e.g. Emi1 and MAD2B, or through inhibitory phosphorylation of Cdh1 by cyclin/Cdk complexes 

(Chen and Fang, 2001; Kramer et al., 2000; Reimann et al., 2001b; Zachariae et al., 1998). At 

the metaphase-to-anaphase transition, the inhibitory phosphorylations are first removed 

from Cdc20 and then from Cdh1 due to their Ser/Thr identity, thus explaining why APC/CCdc20 

is activated before APC/CCdh1 in mitosis (Hein et al., 2017). 

3.6 MPF activation during meiotic maturation 

The activation of cyclin-B/Cdk1 during meiotic maturation is based on the auto-amplification 

loop described in section 3.5.1. However, there are additional, in part meiosis-specific, 

mechanisms and pathways operating, which connect the downregulation of PKA in response 

to PG with the activation of cyclin-B/Cdk1.  

3.6.1 Regulation of translation during meiotic maturation 

Early experiments in the Masui lab showed that activation of cyclin-B/Cdk1 after PKA 

downregulation in Xenopus oocytes requires translation of new proteins (Wasserman and 

Masui, 1975). As there is no transcription occurring during meiotic maturation, this has to be 

achieved by regulated translation of messenger ribonucleic acid (mRNA) that has been 

stockpiled into the oocyte by the mother (Schorderet-Slatkine, 1972). The translation of these 

mRNAs is predominantly determined and regulated by the variable length of their 3´ 

polyadenyl (poly(A)) tails (McGrew et al., 1989; Sheets et al., 1994; Sheets et al., 1995). In 

addition to 3´ poly(A) tail length, methylation of the mRNA 5´ cap has been implicated in 

translational upregulation of specific mRNAs during meiotic maturation (Kuge et al., 1998). It 

has been suggested that 5´ cap methylation is a direct consequence of 3´ poly(A) tail 

elongation, whereas others have reported that they stimulate translation independently from 

each other (Gillian-Daniel et al., 1998; Kuge and Richter, 1995). While not much is known 

about the regulation of the 5´ cap methylation, 3´ polyadenylation has been subject to 

extensive research. 3´ polyadenylation is mostly regulated by short sequence motifs in the 3´ 

untranslated region (UTR) of the mRNA. The hexanucleotide AAUAAA (Hex) motif recruits the 
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cleavage and polyadenylation specificity factor (CPSF) and the cytoplasmic polyadenylation 

element (CPE) recruits the cytoplasmic polyadenylation element binding protein 1 (CPEB1) to 

the 3´ UTR of the mRNA (Bilger et al., 1994; Fox et al., 1989; Hake and Richter, 1994; Stebbins-

Boaz et al., 1996). CPEB1 binds the nuclease poly(A)-specific ribonuclease (PARN), which keeps 

the poly(A)-tail short in prophase I-arrested oocytes by antagonizing the CPEB1- and CPSF-

recruited poly(A) polymerase Xenopus germline development 2 (xGld-2) (Barnard et al., 2004; 

Copeland and Wormington, 2001; Kim and Richter, 2006; Mendez et al., 2000b; Rouhana et 

al., 2005). Additionally, CPEB1 can recruit the protein maskin to the 3´ UTR of mRNAs, which 

represses translation of the associated mRNA by sequestration of the eukaryotic translation 

initiation factor 4E (eIF-4E) (Stebbins-Boaz et al., 1999). Of note, maskin is one of the few 

identified direct substrates of PKA in prophase I-arrested oocytes and it has been shown that 

this can affect the subcellular localization of maskin (Barnard et al., 2005). Translational 

activation of mRNAs requires phosphorylation of CPEB1, which displaces the poly(A) 

ribonuclease PARN from the complex (Kim and Richter, 2007). The dissociation of PARN allows 

polyadenylation of the mRNA by the CPEB1- and CPSF-bound poly(A) polymerase xGld-2 

(Barnard et al., 2004; Mendez et al., 2000b). The increasing poly(A) tail is additionally 

protected from degradation through free PARN by binding of the embryonic poly(A)-binding 

protein (ePAB) (Kim and Richter, 2007; Voeltz et al., 2001). ePAB itself is initially sequestered 

by CPEB1 and liberated when CPEB1 gets phosphorylated after PG treatment (Kim and Richter, 

2007; Stebbins-Boaz et al., 1999). ePAB associated to the increasing poly(A) tail additionally 

recruits the eukaryotic translation initiation factor 4G (eIF-4G), which helps to liberate eIF-4E 

from maskin, thus facilitating translation initiation (Cao and Richter, 2002; Kim and Richter, 

2007). Later in MI, the dissociation of maskin from eIF-4E is further supported by cyclin-

B/Cdk1-mediated phosphorylation of maskin (Barnard et al., 2005). The phosphorylation of 

CPEB1 following PG treatment is mediated by several kinases. Phosphorylation by the kinase 

Aurora A (also known as Eg2) results in the above described dissociation of PARN and 

increased recruitment of CPSF (Kim and Richter, 2006; Mendez et al., 2000a; Mendez et al., 

2000b). PG and/or insulin initiate an upregulation of Aurora A protein levels and a down-

regulation of the kinase glycogen synthase kinase 3 (GSK3), which maintains Aurora A in an 

inactive state (Frank-Vaillant et al., 2000; Sarkissian et al., 2004). The CPEB1 phosphorylation 

that results in the release of ePAB is distinct from the one that dissociates PARN/ recruits CPSF 

and is mediated by Cdk1 in complex with the activator rapid inducer of G(2)/M transition in 
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oocytes (RINGO)/Speedy (Ferby et al., 1999; Kim and Richter, 2007; Lenormand et al., 1999). 

RINGO/Speedy is translated independently from CPEB1 in response to PG and can activate 

Cdk1 that is under the negative control of Myt1 (Wee1 is not expressed during prophase I 

arrest) (Karaiskou et al., 2001; Murakami and Vande Woude, 1998; Padmanabhan and Richter, 

2006). Additional data suggest that RINGO/Speedy-dependent phosphorylation of CPEB1 

requires it to be in a complex with the Cdc42 guanine exchange factor (XGef) and the mitogen-

activated protein kinase (MAPK) (Kuo et al., 2011; Martinez et al., 2005). Interestingly, the 

expression level of RINGO/Speedy seems to be under negative control of PKA, thus providing 

one explanation how PKA is securing the prophase I arrest (Gutierrez et al., 2006). Not 

surprising, the description of the mechanisms in this section is simplified and does not apply 

for all mRNAs, which are activated during meiotic maturation, to the same extent. The various 

different maternal mRNAs are translated with different timings and efficiencies, which is 

probably defined by the number and spacing of the short RNA sequence motifs in the 3´ UTR 

that recruit the above described regulatory proteins (Charlesworth et al., 2004; Pique et al., 

2008). Further contributions to the timing of polyadenylation are made by additional proteins, 

e.g. Musashi1, that bind to conserved elements in the 3´ UTR and modify the function of CPEB1 

(Weill et al., 2017). Some transcripts also require partial destruction of CPEB1 to be efficiently 

polyadenylated and translated (Mendez et al., 2002). 

There are two proteins downstream of CPEB1-mediated polyadenylation that are especially 

important to be translated to induce meiotic maturation: cyclin-B and Mos.  

3.6.2 Cyclin-B and Mos expression controls meiotic maturation 

At least 4 different cyclin-B versions, cyclin-B1/cyclin-B2/cyclin-B4/cyclin-B5, are expressed 

during Xenopus meiosis (Hochegger et al., 2001). Whereas cyclin-B1/B4 expression is induced 

by regulated translation during meiotic maturation, cyclin-B2/B5 are already expressed in 

prophase I-arrested oocytes (Hochegger et al., 2001). The cyclin-B pool already present during 

prophase I arrest is associated with Cdk1 (termed “pre-MPF”), but the complex is kept inactive 

due to inhibitory phosphorylation by Myt1 (Wee1 is only expressed in MII) (Cyert and 

Kirschner, 1988; Gautier and Maller, 1991; Gerhart et al., 1984; Kobayashi et al., 1991; Nakajo 

et al., 2000; Palmer et al., 1998). The proto-oncogene c-Mos (Mos) is a kinase that was shown 

to be absent from prophase I-arrested oocytes and to be one of the factors that have to be 

expressed in response to PG to undergo meiotic maturation (Sagata et al., 1989a; Sagata et 
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al., 1988). Mos directly phosphorylates and activates MAP kinase kinase (MAPKK) (Nebreda et 

al., 1993; Posada et al., 1993). MAPKK in turn directly activates MAPK, which was long known 

to be important for meiotic maturation (Haccard et al., 1995; Kosako et al., 1992; Kosako et 

al., 1994; Matsuda et al., 1992). Interestingly, active MAPK can stimulate Mos translation and 

stability, thus establishing a self-amplifying positive feedback loop (Gotoh et al., 1995; Kuo et 

al., 2011; Matten et al., 1996). MAPK then activates the 90kDa ribosomal protein S6 kinase 

(p90Rsk) (Shibuya and Ruderman, 1993; Zhao et al., 1996). p90Rsk, as the terminal effector of 

the Mos/MAPKK/MAPK/p90Rsk pathway, subsequently phosphorylates the inhibitory Cdk1 

kinase Myt1, which results in inactivation of Myt1 (Abrieu et al., 1997; Palmer et al., 1998). 

This is critical for the regulation of cyclin-B/Cdk1 in prophase I-arrested oocytes, because Myt1 

is the only kinase phosphorylating Thr14/Tyr15 due to the absence of detectable Wee1 

expression (Murakami and Vande Woude, 1998; Nakajo et al., 2000; Okamoto et al., 2002). 

Moreover, it has been proposed that Mos can also target Myt1 independent from 

MAPKK/MAPK/p90Rsk, thus directly supporting Myt1 inactivation (Peter et al., 2002). In 

addition, RINGO/Speedy in complex with Cdk1 can phosphorylate and partially inactivate 

Myt1, which then further facilitates binding of p90Rsk to Myt1 (Ruiz et al., 2008; Ruiz et al., 

2010). Thus, RINGO/Speedy is not only involved in translational up-regulation of Mos via 

CPEB1 phosphorylation, but it also synergizes with the effector of the Mos/MAPKK/MAPK 

pathway p90Rsk to inhibit Myt1 (Padmanabhan and Richter, 2006; Ruiz et al., 2010). Inhibition 

of Myt1 allows dephosphorylation of the inhibitory Thr14/Tyr15 sites on Cdk1 by Cdc25, which 

is activated after PG treatment as well (Palmer et al., 1998). Cdc25 is under the negative 

control of PKA during prophase I arrest and its activation requires dephosphorylation of the 

PKA target site (Duckworth et al., 2002). Cdc25 activation furthermore requires activating 

phosphorylation events and cyclin-B/Cdk1, p90Rsk, MAPK, Xp38γ and Plx1 have been 

implicated in this process (Kumagai and Dunphy, 1996; Perdiguero et al., 2003; Qian et al., 

2001; Wang et al., 2007; Wang et al., 2010). However, Plx1 seems to be the most critical kinase 

involved, as full activation of Cdc25 and initiation of the cyclin-B/Cdk1 auto-amplification loop 

cannot happen in its absence (Karaiskou et al., 1999; Karaiskou et al., 2004). The activation of 

Plx1 itself is amplified in a positive feedback loop by the activating kinase Xenopus polo-like 

kinase kinase 1 (xPlkk1), which in turn is activated by Plx1 (Erikson et al., 2004; Qian et al., 

1998). Inactivation of Myt1 and activation of Cdc25 by the above described mechanisms 

results in activation of pre-MPF (Gautier and Maller, 1991). The activation of pre-MPF is 
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sufficient to trigger GVBD (but not for the transition from MI to MII), as this can happen in the 

absence of new cyclin-B synthesis (Gautier and Maller, 1991; Gerhart et al., 1984; Hochegger 

et al., 2001; Minshull et al., 1991). Nevertheless, the PG-stimulated synthesis of new cyclin-

B1/B4 supports the activation of Cdk1 in vivo (Hochegger et al., 2001). As at least 90% of the 

Cdk1 molecules are not in complex with cyclin-B during prophase I arrest, it is expected that a 

newly synthesized cyclin-B molecule can directly bind to and activate a Cdk1 molecule, if the 

latter is not inhibited by Myt1 (Kobayashi et al., 1991). Similarly, Mos synthesis, although 

sufficient, is also not essential to initiate meiotic maturation, because Myt1 and Cdc25 can be 

inactivated and activated, respectively, in the absence of Mos/MAPKK/MAPK/p90Rsk activity 

after stimulation with PG (Dupre et al., 2002; Gaffre et al., 2011; Gross et al., 2000; Karaiskou 

et al., 2004; Qian et al., 2001; Yew et al., 1992). This is corroborated by the observation that 

injecting prophase I-arrested oocytes with sufficient amounts of cyclin-B protein can trigger 

meiotic maturation in the complete absence of translation (Gaffre et al., 2011; Roy et al., 

1991). Nevertheless, cyclin-B/Cdk1 stimulates the polyadenylation and expression of the Mos 

mRNA in a MAPK-dependent manner during normal meiotic maturation, thus increasing the 

levels of its own activator (Howard et al., 1999). This positive feedback loop seems to be 

essential for full Mos accumulation, as inhibition of cyclin-B/Cdk1 activity is sufficient to 

significantly weaken it (Frank-Vaillant et al., 1999; Nebreda et al., 1995). In summary, synthesis 

of both cyclin-B and Mos is sufficient to trigger meiotic maturation and they stimulate each 

other reciprocally but translation of neither of them is essential. 

The synthesis of new cyclin-B is significantly upregulated later in meiosis I and this increase in 

cyclin-B synthesis depends on the activity of cyclin-B/Cdk1 itself, thus establishing another 

positive feedback loop (Mendez et al., 2002). This late cyclin-B/Cdk1-dependent upregulation 

of cyclin-B translation depends on the phosphorylation and destruction of CPEB1, as well as 

the phosphorylation and inactivation of the translation inhibitor maskin (see section 3.6.1) 

(Barnard et al., 2005; Mendez et al., 2002). The late translational upregulation of cyclin-B is in 

line with the above described fact that its synthesis is not essential for the initial activation of 

cyclin-B/Cdk1 in prophase I but for the transition from MI to MII (Hochegger et al., 2001). Once 

activated, cyclin-B/Cdk1 initiates the above described auto-amplification loop by further 

inactivating Myt1 and stimulating Cdc25 (partially in a Plx1-dependent manner) (see section 

3.5.1) (Gaffre et al., 2011; Karaiskou et al., 2004). 
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Figure 4 The network that regulates meiotic maturation in Xenopus laevis. The core components of the biochemical network 

that regulates the transition from prophase I arrest/Stage VI to Germinal Vesicle Breakdown (induced by PG) in Xenopus laevis 

are shown. Cdk1 complexes in red are inactive and the ones in green are active. Yellow circles indicate phosphorylation. Red 

connections denote inhibitory activities and green arrows denote stimulating activities. Dashed lines indicate activities that 

are generally assumed but not shown to the best of our knowledge. Note that in vivo other pathways might be activated as 

well by other hormones.    
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3.6.3 Additional factors important for meiotic maturation 

In addition to the above mentioned factors, there are other cellular factors known that seem 

to participate in the pathways that regulate meiotic maturation. The phosphatase protein 

tyrosine phosphatase, non-receptor type 13 (PTPN13) has been identified as a PKA target 

expressed in prophase I-arrested oocytes and seems to be required for activation of cyclin-

B/Cdk1 upstream of the auto-amplification loop (Nedachi and Conti, 2004). The cAMP-

regulated phosphoprotein 19 (Arpp19), best known for its function as an inhibitor of the Cdk1-

antagonizing phosphatase PP2A-B55 (see section 3.11 for details), was as well shown to be 

phosphorylated by PKA during prophase I arrest (Dupre et al., 2014). The consequence of 

Arpp19 phosphorylation by PKA is still elusive and it is unclear if regulation of PP2A-B55 is 

involved at this step (Dupre et al., 2013; Dupre et al., 2017; Mochida, 2013). Furthermore, the 

small GTPase Ras is known to be able to induce meiotic maturation when injected in its 

oncogenic version into prophase I-arrested oocytes and, although MAPK seems to be 

activated as a consequence, depends on the PI3K pathway (Birchmeier et al., 1985; Gaffre et 

al., 2006; Shibuya et al., 1992). However, signaling through Ras does not seem to be essential 

during normal meiotic maturation induced by steroid hormones or insulin (Gaffre et al., 2006). 

This list is probably incomplete and more factors that physiologically or artificially affect 

meiotic maturation will be discovered in the future. 

3.7 The cytostatic factor arrest in metaphase II 

3.7.1 XErp1 is the meiotic cytostatic factor 

After release from prophase I arrest, the oocyte undergoes the first meiotic division and enters 

the second. However, the second meiotic division is not completed but arrests in metaphase 

in a state with high cyclin-B/Cdk1 activity (referred to as “metaphase II arrest”) (Gerhart et al., 

1984; Wasserman and Smith, 1978). As explained in section 3.5.3, high cyclin-B/Cdk1 activity 

stimulates transition to anaphase by direct activation of the E3 ligase APC/CCdc20, which targets 

cyclin-B for degradation. To ensure a stable metaphase state with high cyclin-B/Cdk1 activity 

until the oocyte is fertilized, this arrest has to be locked by inhibition of the APC/CCdc20. The 

biochemical activity that arrests the oocytes in metaphase II was described by Masui and 

Markert already in 1971 and termed the “cytostatic factor” (CSF) (Masui and Markert, 1971). 

Since then, the molecular identification of CSF has been the subject of extensive research. In 

2005, it was revealed that the Xenopus Emi1-related protein 1 (XErp1, also known as Emi2) is 
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the APC/C-inhibiting protein that is operating during metaphase II arrest (Schmidt et al., 2005). 

XErp1 inhibits the APC/C Cdc20 by several interdependent mechanisms: first, XErp1 competes 

with the E2 enzyme Ube2S for binding to the anaphase-promoting complex subunit 10 

(APC10) of APC/CCdc20, thus inhibiting processive polyubiquitination of substrates (Ohe et al., 

2010; Sako et al., 2014). Second, the zinc-binding region (ZBR) of XErp1 seems to inhibit 

ubiquitin transfer from the E2 enzyme to the substrates and third, a D-box in XErp1 facilitates 

binding to APC/CCdc20 and acts as a substrate inhibitor by blocking access to Cdc20 for other 

proteins (Nishiyama et al., 2007a; Ohe et al., 2010; Schmidt et al., 2005; Tang et al., 2010). 

Translation of XErp1 during meiosis is initiated by polyadenylation of its maternal mRNA in MI 

(see section 3.6.1 for details) (Belloc and Mendez, 2008; Liu et al., 2006; Tung et al., 2007). An 

increase in polyadenylation of the XErp1 mRNA can already be detected shortly after GVBD, 

however it seems to be at its maximum only toward the end of MI (Belloc and Mendez, 2008; 

Tung et al., 2007). Furthermore, XErp1 protein is destabilized by cyclin-B/Cdk1 until the 

metaphase-to-anaphase transition of MI (see section 3.7.2 for details) (Tang et al., 2008). The 

combination of these two mechanisms ensures that XErp1 levels only increase toward the end 

of MI. It is critical that the onset of XErp1 expression is precisely timed, because oocytes arrest 

in metaphase I if it is expressed too early at high levels, whereas they fail to progress to meiosis 

II if it is expressed too late or little (Ohe et al., 2007).  

Although it is well established that XErp1 is absolutely essential for APC/CCdc20 inhibition during 

metaphase II arrest, it seems that APC/C activity is further suppressed by inhibitory 

phosphorylation of its co-activator Cdc20 (Chung and Chen, 2003; Labit et al., 2012). The 

relative contribution of these two inhibitory mechanisms for the maintenance of the 

metaphase II arrest needs to be addressed in future studies. 

3.7.2 Regulation of XErp1 during metaphase II arrest 

How is XErp1 stabilized in meiosis II in the presence of high cyclin-B/Cdk1 activity, when it is 

destabilized by it in meiosis I? Expression of XErp1 alone is not sufficient to establish a CSF-

mediated metaphase II arrest, which suggests that additional factors contribute to CSF 

activity. Long before XErp1 was identified as the effector of CSF activity, it was shown that 

Mos, which is also involved in induction of meiotic maturation (see section 3.6.2 for details), 

is a critical component of CSF activity (Sagata et al., 1989b; Yew et al., 1991). Mos expression 

is triggered by PG to induce meiotic maturation and it remains present until after fertilization 
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(Nishizawa et al., 1992; Sagata et al., 1989a; Sagata et al., 1989b). As described in section 3.6.2, 

Mos activates the MAPKK/MAPK/p90Rsk cascade and p90Rsk directly phosphorylates Ser335, 

Thr336 and Ser342 of XErp1 (Bhatt and Ferrell, 1999; Gross et al., 1999; Gross et al., 2000; 

Inoue et al., 2007; Nishiyama et al., 2007a). Phosphorylation of these residues creates a 

docking site for the phosphatase PP2A in complex with a regulatory subunit of the B56 type 

(PP2A-B56) (Hertz et al., 2016; Isoda et al., 2011; Wu et al., 2007a). PP2A-B56 actively 

counteracts destabilizing phosphorylation events in the N-terminus and inactivating 

phosphorylation events in the C-terminus of XErp1, which are catalyzed by the kinases cyclin-

B/Cdk1, Plx1 and casein kinase 1 δ/ε (CK1δ/ε) (Isoda et al., 2011; Wu et al., 2007b). 

Interestingly, this regulatory network is not static during metaphase II arrest but highly 

dynamic in response to activity changes of its components with the aim to maintain a 

homeostatic state. Cyclin-B is constantly translated and degraded by the APC/CCdc20 during the 

metaphase II arrest (Thibier et al., 1997; Yamamoto et al., 2005). In this system, an increase in 

cyclin-B levels will increase Cdk1 activity, which in turn decreases XErp1 stability and activity 

by inhibitory phosphorylation. This leads to an increase in APC/CCdc20 activity, which will then 

decrease the cyclin-B levels again. The resulting drop in Cdk1 activity allows PP2A-B56 to 

prevail over it and to increase XErp1 stability and activity (Isoda et al., 2011). Additionally, 

Figure 5 Regulation of XErp1 during metaphase II arrest. Regulation of XErp1 stability and activity during metaphase II arrest 

in Xenopus laevis. Solid lines mark binding of the indicated proteins to phosphorylated (yellow circles) amino acids on XErp1. 

Phosphorylation of red amino acids by the kinases Cdk1, Plx1 and CK1δ/ε results in XErp1 destabilization (N-terminus) and 

inactivation (C-terminus). Phosphorylation of green amino acids by p90Rsk results in stabilization and activation of XErp1 by 

recruitment of the phosphatase PP2A-B56, which dephosphorylates several of the inhibitory red amino acids. Modified from 

(Isoda et al., 2011). 
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XErp1 is non-proteolytically ubiquitinatd by the APC/CCdc20, which weakens the binding affinity 

between them. This constant turnover of inhibitor binding and dissociation probably 

facilitates rapid APC/CCdc20 activation upon fertilization (Hormanseder et al., 2011).   

3.7.3 Fertilization triggers exit from metaphase II arrest 

After fertilization of a metaphase II-arrested Xenopus oocyte, CSF activity has to be diminished 

to allow APC/CCdc20 activation and, therefore, meiotic exit by targeting cyclins and other 

factors for degradation (King et al., 1995; Masui and Markert, 1971; Murray et al., 1989). The 

decline of CSF activity starts with a rapid rise in the intracellular cytosolic calcium 

concentration immediately after fertilization (Busa and Nuccitelli, 1985). Calcium activates the 

calcium/calmodulin-dependent kinase II (CaMKII), which directly phosphorylates XErp1 at 

Thr195 (Lorca et al., 1993; Rauh et al., 2005). Phosphorylation of XErp1 by CaMKII creates a 

docking site for the Polo-box domain of Plx1. Plx1 binds to XErp1 and phosphorylates a 

phospho-degron that can be recognized by the E3 ligase Skp, Cullin and F-box containing 

complex in association with the F-Box protein beta-transducin repeat containing protein 

(SCFβTRCP) (Rauh et al., 2005; Schmidt et al., 2005). The resulting polyubiquitination targets 

XErp1 for rapid proteasomal degradation within minutes from fertilization (Rauh et al., 2005). 

Figure 6 Fertilization triggers APC/C activation by degradation of XErp1. The APC/C inhibitor XErp1 is degraded after 

fertilization in response to the rise in cytosolic calcium (orange circles). XErp1 is initially phosphorylated (yellow circles) by 

the calcium-activated kinase CaMKII, which allows subsequent recruitment of Plx1. Plx1-phosphorylated XErp1 is recognized 

by the E3 ligase SCFβTRCP, which polyubiquitinates it (blue circles) to target it for degradation. This liberates the APC/C from 

inhibition to target securin and cyclin-B for degradation. It has been shown that activation of calcineurin by calcium is also 

required for efficient cyclin-B degradation, but the exact mechanism is still elusive. Active proteins are shown in green, 

inactive proteins are shown in red. 
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Although possessing no CSF activity on its own in the absence of XErp1, the 

Mos/MAPKK/MAPK/p90Rsk pathway is also inactivated after fertilization when Mos gets 

degraded by the calcium-dependent cysteine protease calpain (Erikson and Maller, 1989; 

Watanabe et al., 1989). Experimentally, these processes can be recapitulated and 

manipulated in cell-free extracts generated from metaphase II-arrested oocytes of Xenopus 

laevis (CSF extracts). These extracts biochemically represent a metaphase II-arrested oocyte 

and can be induced to undergo meiotic exit and transition into the next interphase by the 

addition of exogenous calcium (Lohka and Maller, 1985; Murray et al., 1989). 

3.8 Why is calcineurin required for exit from metaphase II? 

3.8.1 Calcineurin is required for exit from metaphase II 

As explained in section 3.7.3, activity of CaMKII triggers degradation of XErp1, which by itself 

is sufficient for cyclin-B degradation and, consequently, exit from metaphase II arrest (Rauh 

et al., 2005; Schmidt et al., 2005). Addition of constitutively active CaMKII to metaphase II-

arrested extracts is sufficient to induce complete cyclin-B degradation, suggesting that it is the 

only target that needs to be activated in response to calcium (Lorca et al., 1993). However, 

after fertilization of mature oocytes in vivo or calcium addition to CSF extracts in vitro, CaMKII 

is only transiently activated for a few minutes and quickly inactivated afterwards (Lorca et al., 

1993). Under these conditions, a second calcium-activated enzyme was shown to be required 

for faithful degradation of cyclin-B: the phosphatase calcineurin (CaN) (Mochida and Hunt, 

2007; Nishiyama et al., 2007b; Saneyoshi et al., 2000). Similar to CaMKII, CaN is activated 

immediately after fertilization by the increase in cytosolic calcium and remains active for 

several minutes until the intracellular calcium levels are dropping again (Busa and Nuccitelli, 

1985; Mochida and Hunt, 2007; Nishiyama et al., 2007b). In a cellular context, CaN always 

occurs as a dimer consisting of a catalytic subunit, calcineurin A (CnA) and a constitutively 

associated regulatory subunit, calcineurin B (CnB) (Klee et al., 1979). Upon the low calcium 

concentration present during metaphase II arrest, CaN is locked in an auto-inhibited 

conformation, because two domains of CnA block the catalytic center and a substrate binding 

region (Li et al., 2016; Sagoo et al., 1996). Furthermore, CnB is associated with CnA in a 

conformation that prevents binding of the co-activator calmodulin (Li et al., 2016; Stewart et 

al., 1982). Binding of calcium changes the CnB/CnA conformation in a way that allows binding 

of calmodulin, which in turn has to be bound by calcium (Cheung, 1970; Kakiuchi and 
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Yamazaki, 1970; Li et al., 2016). Binding of calmodulin results in displacement of the auto-

inhibitory domains of CnA, therefore activating the enzyme by making the obstructed 

substrate binding region and the catalytic center accessible (Li et al., 2016). The known 

substrates bind to CaN via two conserved binding motifs that fit into specific grooves of the 

catalytic subunit. These motifs are the “PxIxIT”-motif and the “LxVP”-motif, which are named 

after their consensus amino acid sequence, although it is important to know that most 

substrates carry variations of these degenerate motifs (Goldman et al., 2014; Li et al., 2007; 

Sheftic et al., 2016). Experimentally, CaN can be inhibited by several known specific inhibitors 

like cyclosporine A (CsA), FK506 (also known as tacrolimus) or the C-terminal auto-inhibitory 

domain of CnA (Li et al., 2016; Liu et al., 1991; Sagoo et al., 1996). 

3.8.2 Candidate substrates for CaN during meiotic exit 

The molecular process that makes CaN necessary for meiotic exit in Xenopus laevis is still not 

well understood. It has been proposed that CaN dephosphorylates Cdc20, which could be 

required to fully activate APC/CCdc20 during meiotic exit (Labit et al., 2012; Mochida and Hunt, 

2007). In various contexts, it has been shown that inhibitory phosphorylation of Cdc20 at 

distinct sites hinders APC/C activation, its binding to the APC/C core and the recruitment of 

the E2 enzyme Ube2S and it facilitates association with spindle assembly checkpoint (SAC) 

proteins (Chung and Chen, 2003; Craney et al., 2016; Hein and Nilsson, 2016; Jia et al., 2016; 

Labit et al., 2012; Tang et al., 2004; Yudkovsky et al., 2000). The phosphatase activity against 

inhibitory sites in the N-terminus of Cdc20 increases after calcium addition to CSF extracts and 

for one of these sites, Ser50 in Xenopus laevis, it has been shown that this is sensitive to CaN 

inhibition (Labit et al., 2012; Mochida and Hunt, 2007). Phosphorylation of Ser50 seems to 

play a minor role in the regulation of APC/C inhibition by affecting its affinity for checkpoint 

proteins of the spindle assembly checkpoint (SAC), which senses correct attachment of 

microtubules to the kinetochores of the chromosomes (Chung and Chen, 2003; Minshull et 

al., 1994). However, phosphorylation of Ser50 is apparently negligible for the direct regulation 

of Cdc20-dependent APC/C activation (Labit et al., 2012). For the more relevant sites, Thr64, 

Thr68 and Thr79 in Xenopus Cdc20, it is still unclear if and to what extent their 

dephosphorylation during meiotic exit directly depends on CaN activity or other phosphatases 

(Castilho et al., 2009; Labit et al., 2012; Mochida and Hunt, 2007). For other sites, especially 

the ones that have been characterized in a SAC context as substrates of the mitotic checkpoint 
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Ser/Thr kinase budding uninhibited by benzimidazoles 1 (Bub1) and/or Plx1, it needs to be 

determined if they are phosphorylated during metaphase II-arrest in Xenopus meiosis at all 

(Jia et al., 2016; Tang et al., 2004). XErp1 was proposed as another candidate substrate for 

CaN during meiotic exit and it has been shown that association of XErp1 with the E3 ligase 

SCFβTRCP decreases in the absence of CaN activity (Nishiyama et al., 2007b). In the same report, 

it was shown that recombinant CaN can dephosphorylate XErp1 isolated from CSF extracts in 

vitro, but site-specific information was not obtained in these assays. Noteworthy, in another 

report it was stated that degradation of XErp1 is not affected by the presence or absence of 

CaN activity during meiotic exit (Mochida and Hunt, 2007). In addition to XErp1 and Cdc20, 

Aurora Borealis (Bora) was suggested as a CaN target during meiotic exit in Xenopus laevis. 

Bora is a scaffold protein that allows activation of Plx1 by the kinase Aurora A (Macurek et al., 

2008; Seki et al., 2008). The stability of Bora is positively regulated by cyclin-B/Cdk1-

dependent phosphorylation of Thr52 in CSF extracts and the dephosphorylation of this site 

during meiotic exit is sensitive to CaN inhibition (Feine et al., 2014). Therefore, CaN 

contributes to the inactivation of Plx1 during meiotic exit by facilitating the degradation of its 

activator Bora. 

3.9 Aim of project I: the role of calcineurin during meiotic exit 

Whereas it is widely accepted that CaN is required for exit from metaphase II arrest in Xenopus 

laevis, it is still not fully understood how relevant the proposed substrates are and if they are 

direct or indirect targets. In the first part of this thesis, we therefore aimed to elucidate the 

role of CaN in the phospho-regulation of XErp1 and Cdc20 as they are critically involved in 

cyclin-B degradation and, consequently, Cdk1 inactivation, which is the main biochemical 

event required for meiotic exit. 

3.10  The first mitosis and the cleavage cycles 

After release from metaphase II arrest, the fertilized mature oocytes, now termed zygotes, 

enter the first mitotic cell cycle. This first mitotic cycle is three times as long as the following 

eleven cleavage cycles, probably because it needs to provide sufficient time for the transition 

from a meiotic to a mitotic state, e.g. for formation and fusion of the maternal and paternal 

pronuclei (Newport and Kirschner, 1982a; Ubbels et al., 1983). The first mitotic cell cycle is 

longer than the following cleavage cycles, because interphase, but not M-phase, is prolonged 

significantly (Tsai et al., 2014). 
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3.10.1  Regulation of Cdk1 during early embryonic development 

The increased duration of the first mitotic interphase depends on a delay in Cdk1 activation 

imposed by inhibitory phosphorylation at Tyr15 (and probably Thr14), thus restricting 

activation despite increasing cyclin-B levels (Tsai et al., 2014). In the following rapid cleavage 

cycles, entry into mitosis is accelerated because Tyr15 of Cdk1 is barely phosphorylated and 

Cdk1 consequently responds to smaller increases in cyclin-B concentration (Ferrell et al., 1991; 

Tsai et al., 2014). On the molecular level, the differential phosphorylation state of Tyr15 in the 

first and the following mitotic cell cycles can be explained by shifted activities of the kinases 

Wee1 and Myt1 on the one side and of the phosphatase Cdc25 on the other side (Tsai et al., 

2014). In addition to Myt1, which is already present throughout meiosis, Wee1A starts to be 

expressed during the second meiotic division and remains until MBT (Furuno et al., 2003; 

Okamoto et al., 2002; Tsai et al., 2014). Furthermore, during the beginning of the first mitotic 

division, Wee1A is stimulated by the Mos/MAPKK/MAPK/p90Rsk pathway, which is highly 

active until Mos is degraded (Erikson and Maller, 1989; Ferrell et al., 1991; Murakami et al., 

1999; Murakami and Vande Woude, 1998; Walter et al., 2000; Watanabe et al., 1991; 

Watanabe et al., 1989). Noteworthy, as described in section 3.6.2, Myt1 is negatively 

regulated by the Mos/MAPKK/MAPK/p90Rsk pathway, but the positive effect on Wee1A seems 

to be more relevant for Tyr15 phosphorylation during the first mitotic cell cycle (Palmer et al., 

1998; Peter et al., 2002; Tsai et al., 2014). In addition, activity of the 

Mos/MAPKK/MAPK/p90Rsk pathway also suppresses the activity of Cdc25 by inducing the 

degradation of Cdc25A, which further tips the balance toward Wee1A/Myt1 as long as Mos is 

present during the first mitotic cell cycle (Isoda et al., 2009). Consequently, the first mitotic 

cell cycle is shortened by premature mitotic entry if either Wee1A/Myt1 or the 

Mos/MAPKK/MAPK/p90Rsk pathway is inhibited by small molecule treatment (Tsai et al., 2014; 

Walter et al., 2000). During the short mitotic cleavage cycles that follow the prolonged first 

mitosis, regulation of Cdk1 by Tyr15 phosphorylation is thus decreased by inactivation of the 

Mos/MAPKK/MAPK/p90Rsk pathway in two ways: first, direct Wee1A stimulation is weakened 

and second, Cdc25A levels start to increase due to alleviated degradation (Isoda et al., 2009; 

Kim et al., 1999; Murakami et al., 1999; Tsai et al., 2014). Furthermore, the inactivation of 

p90Rsk by the degradation of Mos does not result in stronger activation of Myt1, because now 

Plx1 can bind and inhibit it (Inoue and Sagata, 2005). The combination of these mechanisms 

ensures that phosphorylation of Tyr15 is reduced to background levels during the embryonic 
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cleavage cycles and this allows rapid activation of Cdk1, and thus entry into mitosis, in 

response to relatively small increases in cyclin-B levels (Kim et al., 1999; Murakami et al., 1999; 

Tsai et al., 2014). As described in section 3.5.3, active cyclin-B/Cdk1 then promotes its own 

inactivation by stimulating binding of Cdc20 to the APC/C, thus creating oscillating Cdk1 

activity patterns (Yang and Ferrell, 2013; Zhang et al., 2016). Preventing premature cyclin-

B/Cdk1 inactivation by APC/CCdc20 in early mitosis requires a time delay between Cdk1 and 

APC/CCdc20 activation. This time delay is built into the system, because cyclin-B/Cdk1 not only 

phosphorylates the APC/C core to activate it but also Cdc20, which blocks its activating 

function until it is dephosphorylated at the metaphase-to-anaphase transition (Chung and 

Chen, 2003; Hein et al., 2017; Hein and Nilsson, 2016; Labit et al., 2012; Yudkovsky et al., 

2000). This system is further modified by the APC/C inhibitor XErp1, which was first described 

as the cytostatic factor that maintains the metaphase II arrest in meiosis (see section 3.7.1 for 

details) (Schmidt et al., 2005). After its destruction following fertilization, XErp1 is re-

expressed during the first mitotic division and remains at constant levels until MBT (Inoue et 

al., 2007; Nishiyama et al., 2007a; Tischer et al., 2012). How can the activity of cyclin-B/Cdk1 

oscillate in the ongoing presence of an APC/C inhibitor? Although XErp1 is not regulated on 

the level of stability during the early embryonic cleavage divisions, it is subject to extensive 

post-translational modification by phosphorylation (Inoue et al., 2007; Nishiyama et al., 

2007a; Tischer et al., 2012). Similar to its regulation during metaphase II arrest in meiosis, 

XErp1 is phosphorylated by mitotic kinases like cyclin-B/Cdk1 and Plx1, which results in a 

decreased inhibitory potential toward the APC/CCdc20 (Tischer et al., 2012). These inactivating 

phosphorylation events are counteracted by the phosphatase PP2A-B56, whose activity level 

therefore creates a threshold for the cyclin-B/Cdk1 activity necessary to inactivate XErp1 and, 

consequently, activate the APC/CCdc20 (Tischer et al., 2012). As p90Rsk activity is largely gone 

during the embryonic cleavage cycles due to the degradation of Mos, XErp1 has to be 

phosphorylated by another kinase to create the PP2A-B56 binding site (Sagata et al., 1989b; 

Watanabe et al., 1989). It has been shown that this job is taken over by PKA during this time 

in development, as it has a consensus motif very similar to the one of p90Rsk (Tischer et al., 

2012). Experimental data and mathematical modelling show that the presence of XErp1 

increases the amplitude of cyclin-B/Cdk1 activity during the embryonic cleavage cycles 

without significantly increasing cell cycle length (Tischer et al., 2012; Vinod et al., 2013). 
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Figure 7 Regulation of Cdk1 Thr14/Tyr15 phosphorylation during early Xenopus development. Inhibitory phosphorylation 

(yellow circles) of Thr14/Tyr15 of Cdk1 is catalyzed by the kinases Wee1 and Myt1. This is counteracted by the phosphatase 

Cdc25, for which expression of the two isoforms Cdc25C and Cdc25A is confirmed during early Xenopus development. The 

activity of Wee1, Myt1 and Cdc25 is regulated by cyclin-B/Cdk1, Plx1 and the Mos/MAPKK/MAPK/p90Rsk pathway. Red 

connections denote inhibitory activities, whereas green connections denote activating ones. The Mos/MAPKK/MAPK/p90Rsk 

pathway is inactivated during the first mitotic division by degradation of Mos.  

3.11  Interplay between Cdk1 and the Gwl/Arpp19/B55 pathway 

As described in section 3.10.1, Cdk1 activity is not regulated on the level of inhibitory 

Thr14/Tyr15 phosphorylation during the embryonic cleavage cycles, which means that it is not 

activated by the auto-amplification loop in a switch-like manner (see section 3.5.1) but rather 

proportional to the gradual increase in translated cyclin-B (Tsai et al., 2014). This raises the 

question how robust and all-or-nothing entry into mitosis is achieved during this time in 

development? Recently, it has been shown that there is another mechanism operating that 

constitutes a bistable switch on the substrate level by the interconnection of Cdk1 and a 

counteracting phosphatase (Mochida et al., 2016). This ensures that intermediate states of 

net substrate phosphorylation are not stable in the cell but only low interphasic or high mitotic 

phosphorylation states. Although there is still some controversy about the identity of the main 

Cdk1-counteracting phosphatase in different organisms, there is good evidence that it is 

mainly protein phosphatase 2A (PP2A) in complex with a regulatory B55 subunit (PP2A-B55) 

in early embryos of Xenopus laevis (Ferrigno et al., 1993; Mochida et al., 2009). PP2A-B55 

seems to have a strong preference for substrates that contain basic amino acids downstream 

of the phosphorylated target residue and this is also a characteristic of most cyclin-B/Cdk1 

substrates (Cundell et al., 2016; Moreno and Nurse, 1990; Suzuki et al., 2015). PP2A-B55 is a 

hetero-trimeric enzyme composed of a catalytic subunit (C-subunit), a scaffold subunit (A-
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subunit) and the characteristic regulatory B55 subunit (Mayer-Jaekel and Hemmings, 1994). 

The activity of PP2A-B55 is high in interphase and it keeps its substrates in a dephosphorylated 

state, but upon mitotic entry it gets inactivated (Mochida et al., 2009). The inactivation of 

PP2A-B55 at mitotic entry is tightly linked to the activity of cyclin-B/Cdk1. Central to this 

interplay is the AGC-type kinase Greatwall (Gwl), which was first identified as a cell cycle 

regulator in Drosophila melanogaster (White-Cooper et al., 1996). Gwl kinase is directly 

stimulated by cyclin-B/Cdk1 and its activation results in downregulation of PP2A-B55 (Castilho 

et al., 2009; Vigneron et al., 2009; Yu et al., 2006). Cyclin-B/Cdk1 phosphorylates Gwl on 

conserved residues, e.g. in the activation loop, and this leads to a conformational change that 

makes the active site accessible for substrates (Blake-Hodek et al., 2012; Vigneron et al., 

2011). Additionally, this conformational change allows auto-phosphorylation of Gwl (best 

characterized at a conserved residue in the C-terminus, Ser883 in Xenopus laevis) and this is 

critical for full activation (Blake-Hodek et al., 2012). There are many more potential 

phosphorylation sites located in the sequence of Gwl, but these events are sufficient to 

activate the kinase (Blake-Hodek et al., 2012; Vigneron et al., 2011). Gwl subsequently 

phosphorylates one conserved amino acid in two closely related heat-stable proteins, the 

cAMP-regulated phosphoprotein 19 (Arpp19) and Endosulfine α (Ensa), which will be 

collectively referred to as Arpp19 for the rest of this thesis (Gharbi-Ayachi et al., 2010; Girault 

et al., 1988; Mochida et al., 2010; Virsolvy-Vergine et al., 1992). Gwl-phosphorylated Arpp19 

is a highly potent stoichiometric inhibitor of PP2A-B55, thus shutting down its activity once 

cyclin-B/Cdk1 becomes active enough to phosphorylate and activate Gwl (Gharbi-Ayachi et 

al., 2010; Mochida et al., 2010; Williams et al., 2014). Interestingly, phosphorylated Arpp19 is 

both a very strong inhibitor and a slow substrate of PP2A-B55 (Williams et al., 2014). 

Therefore, PP2A-B55 can liberate itself from inhibition and only once the phosphorylation of 

the cellular Arpp19 pool by Gwl exceeds the capacity of PP2A-B55 to dephosphorylate it, will 

PP2A-B55 be inactive against all other substrates. As the total activity of Gwl against Arpp19 

is a function of cyclin-B/Cdk1 activity, there is a cyclin-B threshold for the inactivation of PP2A-

B55 and, consequently, mitotic entry during the embryonic cleavage divisions (Mochida et al., 

2016). This regulatory network is vital for cell viability during mitotic divisions as absence of 

Gwl and the resulting imbalance of kinase and phosphatase activities leads to severe defects 

of mitotic entry and exit (Alvarez-Fernandez et al., 2013; Burgess et al., 2010; Cundell et al., 

2013). It has been reported that in starfish cyclin-B/Cdk1 can also directly phosphorylate and 
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activate Arpp19 in the absence of Gwl, thus potentially bypassing the necessity for Gwl 

(Mochida, 2013; Okumura et al., 2014). It remains to be determined if this mechanism is also 

relevant in vivo in other species like Xenopus laevis. However, depletion of Gwl from mitotic 

Xenopus extract results in loss of the mitotic state, thus suggesting that cyclin-B/Cdk1 alone 

cannot activate Arpp19 sufficiently for inhibition of PP2A-B55 (Yu et al., 2006). In addition to 

the regulation of its activity, Gwl is also controlled on the level of subcellular localization. In 

Xenopus and cultured human cells, Gwl is localized to the nucleus in interphase, but it gets 

exported to the cytoplasm after cyclin-B/Cdk1-dependent phosphorylation once the latter is 

imported into the nucleus at the beginning of mitosis (see section 3.5.2 for details) (Alvarez-

Fernandez et al., 2013; Yamamoto et al., 2014). In the cytoplasm, Gwl activates Arpp19, which 

then inhibits PP2A-B55. This happens just in time before nuclear envelope breakdown (NEBD) 

to prevent a collapse of the mitotic state, when the cytoplasm (with active cyclin-B/Cdk1 and 

Figure 8 The Greatwall/Arpp19 pathway. The activity of PP2A-B55 is regulated by cyclin-B/Cdk1 via the Gwl/Arpp19 module. 

Cyclin-B/Cdk1 directly phosphorylates Gwl, which allows Gwl to completely activate itself by auto-phosphorylation. Active 

Gwl phosphorylates Arpp19, which turns it into a strong inhibitor of PP2A-B55. PP2A-B55 can dephosphorylate both Arpp19 

and Gwl. However, the phosphorylation of Arpp19 by Gwl is faster than its dephosphorylation by PP2A-B55. Furthermore, 

PP2A-B55 affinity for phosphorylated Arpp19 is much higher than its affinity for Gwl. Active proteins are depicted in green 

and inactive proteins in red. Phosphorylations are depicted as yellow circles. 



  Introduction 

 

33 

 

otherwise active PP2A-B55) and the nucleoplasm (with active cyclin-B/Cdk1 and with inactive 

PP2A-B55) intermingle (Alvarez-Fernandez et al., 2013). In Drosophila melanogaster, this 

translocation seems to depend on Polo (the Drosophila Plx1 homologue) and not cyclin-

B/Cdk1 activity (Wang et al., 2013). If this regulatory mechanism is also employed during 

meiosis in Xenopus laevis is not clear, because it has been reported that Gwl is already partly 

cytoplasmic in prophase I-arrested oocytes and these do not contain cyclin-B/Cdk1 or Plx1 

activity (Hara et al., 2012). 

3.12  Inactivation of Gwl and Arpp19 during mitotic exit 

At the metaphase-to-anaphase transition, where cyclin-B/Cdk1 is turned off by cyclin-B 

degradation, PP2A-B55 has to be reactivated to participate in important dephosphorylation 

processes during mitotic exit (Cundell et al., 2016; Manchado et al., 2010; Mochida et al., 

2009). As mentioned in section 3.11, PP2A-B55 has the potential to reactivate itself by 

dephosphorylation of its bound inhibitor Arpp19 (Williams et al., 2014). Furthermore, PP2A-

B55 can also dephosphorylate at least one important site in the activation loop of Gwl that 

has been phosphorylated by cyclin-B/Cdk1 during mitotic entry (Hegarat et al., 2014). Thus, 

PP2A-B55 has the ability to shut down both components of the inhibitory Gwl/Arpp19 module. 

However, the affinity of PP2A-B55 for phosphorylated Arpp19 is much higher than the one for 

phosphorylated Gwl (Williams et al., 2014). This means that the cellular concentration of 

phosphorylated Arpp19 needs to be lower than the concentration of PP2A-B55 before the 

latter can act on Gwl to turn it off. As the dephosphorylation of Arpp19 by PP2A-B55 happens 

with much slower kinetics than the re-phosphorylation by Gwl, this system is locked in a 

steady-state of Arpp19 dephosphorylation and immediate re-phosphorylation without the 

possibility to inactivate Gwl (Mochida et al., 2016; Williams et al., 2014). How is this futile cycle 

broken? Additional phosphatases might act on the Gwl/Arpp19 module to inactivate it during 

mitotic exit. It has been proposed that the RNA polymerase II carboxy-terminal domain 

phosphatase Fcp1 dephosphorylates Arpp19, thus supporting PP2A-B55 in diminishing the 

pool of phosphorylated Arpp19 (Hegarat et al., 2014). However, this result has been 

questioned by others and it has been reasoned that, due to the very high affinity between 

phosphorylated Arpp19 and PP2A-B55, the presence of another Arpp19-directed phosphatase 

would have only minor consequences for the inactivation of the Gwl/Arpp19 module during 

mitotic exit (Williams et al., 2014). Another possibility would be the direct inactivation of Gwl 
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by a phosphatase other than PP2A-B55. This hypothesis is corroborated by mathematical 

modelling, which has shown that an additional, so far unknown, Gwl-targeting phosphatase 

“PPx” can explain the experimentally observed cell cycle transitions (Vinod and Novak, 2015). 

One candidate for a Gwl-targeting phosphatase is protein phosphatase 1 (PP1), because it was 

reported to be required for exit from mitosis in both Xenopus laevis and mammalian cells 

(Fernandez et al., 1992; Wu et al., 2009). PP1 is a phosphatase highly conserved in all 

eukaryotes and belongs to the same family of Ser/Thr phosphatases than PP2A, the 

phosphoprotein phosphatases (PPP) (Ceulemans and Bollen, 2004). This family of 

phosphatases also comprises CaN, protein phosphatase 4 (PP4), protein phosphatase 5 (PP5), 

protein phosphatase 6 (PP6) and protein phosphatase 7 (PP7) (reviewed in (Shi, 2009)). There 

are four closely related isoforms of the PP1 catalytic subunit, PP1α, PP1β/δ, PP1γ1 and PP1γ2, 

which are partially associated with different cellular functions despite their high similarity 

(Sasaki et al., 1990; Shima et al., 1993). Like PP2A, PP1 does not occur as an isolated catalytic 

subunit in a cellular context but is always in a complex with other proteins, the so-called PP1-

interacting proteins (PIP). There are at least 200 different PIPs known and they can be 

inhibitors, substrate specifiers, targeting subunits or substrates of PP1 themselves (Heroes et 

al., 2012). This creates a large variety of different holoenzymes, each with a potentially 

different function in a cellular context. The catalytic subunits of PP1 can interact with so many 

different PIPs, because almost all the PIPs use variations of the same degenerate consensus 

motifs that bind to conserved pockets on PP1 (Heroes et al., 2012; Terrak et al., 2004). The 

most prevalent PP1-binding motifs are the “RVxF”-motif (present in 90% of the PIPs), the 

“SILK”-motif and the “MyPhone”-motif (Egloff et al., 1997; Hendrickx et al., 2009; Huang et 

al., 1999; Hurley et al., 2007; Meiselbach et al., 2006; Terrak et al., 2004; Wakula et al., 2003). 

Interestingly, it has been shown that the catalytic subunit of PP1 is under negative control of 

cyclin-B/Cdk1 through inhibitory phosphorylation (Dohadwala et al., 1994; Kwon et al., 1997). 

In states of low cyclin-B/Cdk1 activity, PP1 can auto-dephosphorylate and reactivate itself (Wu 

et al., 2009). This inbuilt self-activation mechanism makes PP1 an interesting candidate for a 

phosphatase that is on top of a cascade that initiates dephosphorylation events during mitotic 

exit. 
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3.13  Aim of project II: the interplay between PP1 and Gwl/Arpp19 

In the second part of this thesis, we therefore aimed to elucidate the role of PP1 during exit 

from mitosis in early embryos of Xenopus laevis and to test if there is an interplay with the 

Gwl-Arpp19-B55 pathway. 
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4. Results 

4.1 Project I: The role of calcineurin during exit from meiosis II in 

Xenopus laevis 

4.1.1 Calcineurin is required for cyclin-B degradation during meiotic exit 

In 2007, it was reported in two publications that the phosphatase calcineurin (CaN) is required 

for degradation of cyclin-B during exit from meiotic metaphase II arrest (meiotic exit) in 

Xenopus laevis (Mochida and Hunt, 2007; Nishiyama et al., 2007b). However, the relevant 

downstream targets and mechanisms were not unambiguously identified and we aimed to 

elucidate this in more detail. To this end, we first wanted to reproduce the finding that CaN is 

required for efficient cyclin-B degradation during meiotic exit. We prepared cell-free extracts 

of metaphase II-arrested oocytes from Xenopus laevis (CSF extracts), which can be induced to 

undergo the transition from metaphase II to interphase by addition of calcium (Lohka and 

Maller, 1985; Murray et al., 1989) (Figure 9A). Before addition of calcium (400µM), the 

extracts were treated or not with the CaN inhibitors cyclosporine A (CsA), FK506 or the purified 

recombinant auto-inhibitory domain of the CaN catalytic subunit (His-CnA420-508) at 

concentrations reported to be effective in CSF extracts (Mochida and Hunt, 2007; Nishiyama 

et al., 2007b). Addition of calcium resulted in a phosphorylation-dependent mobility shift in 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the APC/C inhibitor 

XErp1 in all conditions, which was followed by its rapid degradation (Figure 9B and Figure 9C). 

This is in line with the reported phosphorylation of XErp1 by CaMKII and Plx1 that 

subsequently leads to SCFβTRCP–dependent degradation by the proteasome (Rauh et al., 2005; 

Schmidt et al., 2005). As explained in section 3.7.3, the inactivation of XErp1 is a prerequisite  

to liberate the APC/CCdc20 from inhibition and allows it to polyubiquitinate cyclin-B, thus 

initiating exit from meiosis by inactivation of Cdk1 (Draetta et al., 1989; King et al., 1995; 

Murray et al., 1989; Schmidt et al., 2005). Unexpectedly, the degradation of cyclin-B was only 

delayed by roughly 4min in CsA- and His-CnA420-508-treated extracts compared to their 

respective controls (DMSO for CsA and Buffer for His-CnA420-508) (Figure 9B). Treatment with 

FK506 also slightly delayed degradation of cyclin-B compared to DMSO, but the effect was 

even weaker and hardly detectable (Figure 9C). Taken together, the initial finding by the 

laboratories of Hunt and Ohsumi, who showed that CaN affects meiotic exit, could be 
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reproduced, but we failed to observe a similarly strong delay/block in cyclin-B degradation 

(Mochida and Hunt, 2007; Nishiyama et al., 2007b). 

 

Figure 9 Calcineurin affects cyclin-B degradation during meiotic exit. A) Schematic representation of the preparation of 

metaphase II-arrested CSF extracts from mature oocytes of Xenopus laevis. B) CSF extract was prepared and treated with 

DMSO, cyclosporine A (CsA), control buffer (Buffer) or recombinant His-tagged CnA420-508. Calcium was added to induce 

meiotic exit. Samples were retrieved at the indicated time points after calcium addition and immunoblotted for XErp1 and 

cyclin-B2. α-tubulin serves as loading control. Asterisks denote unspecific bands. C) Experiment was performed as described 

in B) but with DMSO, FK506 and CsA. Asterisk denotes unspecific bands. 

4.1.2 Levels of calcium and XErp1 determine CaN requirement 

During the course of the experiments described in Figure 9, we realized that CSF extracts 

which are released from the meiotic state by a strong calcium stimulus are mostly 

independent of the CaN activity state. This was also indicated in one of the initial publications 

that reported the CaN requirement for exit from meiosis (Nishiyama et al., 2007b). To better 

understand this observation, we titrated the amount of calcium added to CSF extracts in the 

presence (-CsA) or absence (+CsA) of CaN activity (Figure 10A). As expected, high calcium 

concentrations of 500 and 600µM supported complete cyclin-B degradation irrespective of 

the CaN activity state, whereas a low concentration of 200µM failed to induce considerable 

destruction at all. However, when calcium was added at intermediate concentrations of 300 

and 400µM, cyclin-B degradation was significantly more effective in the presence of CaN 

activity than in its absence. This indicates that CaN activity is required for meiotic exit when 

the calcium stimulus has an intermediate strength. Calcium directly activates CaMKII, which 

subsequently initiates the destruction of the APC/C inhibitor XErp1 (Rauh et al., 2005).  
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Figure 10 Requirement for CaN activity during meiotic exit in CSF extracts depends on XErp1 and calcium levels. A) CSF 

extract was prepared and treated with DMSO or CsA. The indicated amounts of calcium were added and the reactions were 

incubated at RT for 20min. Samples were retrieved and immunoblotted for cyclin-B2. α-tubulin serves as loading control. B) 

CSF extract was prepared and treated with the indicated amounts of Myc-tagged XErp1 wt IVT or an Empty IVT as control. 

Each condition was treated with DMSO or CsA before meiotic exit was induced by calcium addition. Samples were retrieved 

at the indicated time points, treated with λ-PPtase and immunoblotted for XErp1, the Myc-tag and cyclin-B2. Exogenous and 

endogenous XErp1 are indicated. α-tubulin serves as loading control. Asterisks denote unspecific bands. C) Similar to the 

experiment in B), but this time Myc-tagged XErp1 wt or ZBR- (C583A) IVT was added at the highest concentration used in B). 

Exogenous and endogenous XErp1 are indicated. Asterisk denotes unspecific bands. 
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Consequently, we predicted that a weak calcium stimulus results in lower CaMKII-mediated 

XErp1 degradation and APC/CCdc20 activation, thus creating a situation where CaN might be 

required to support APC/C Cdc20 activity. If the calcium stimulus is sufficiently strong to support 

enough CaMKII-mediated XErp1 degradation for full APC/CCdc20 activation, CaN might be 

negligible. One hypothesis that can be made from this model is that artificially increasing the 

levels of XErp1 in CSF extracts should increase the necessity for CaN, even upon strong calcium 

stimuli. To address this experimentally, Myc-tagged wild-type XErp1 (Myc-XErp1 wt) was in 

vitro transcribed and translated in wheat germ extracts (IVT) and added at increasing 

concentrations to CSF extracts (Figure 10B). All conditions were treated (CsA) or not (DMSO) 

with a CaN inhibitor before addition of a high amount of calcium. As expected, the strong 

calcium stimulus induced complete cyclin-B degradation in the absence of ectopic Myc-XErp1 

wt and this was only marginally affected by inhibition of CaN (compare DMSO and CsA of 

Empty IVT). Doubling the total amount of XErp1 in the extract still allowed almost complete 

cyclin-B degradation in the presence of CaN activity (Myc-XErp1 wt 1:160 with DMSO). In 

contrast, inhibiting CaN upon the same amount of ectopic Myc-XErp1 wt almost completely 

prevented cyclin-B destruction by the APC/CCdc20 (Myc-XErp1 wt 1:160 with CsA). Further 

increases in ectopic XErp1 levels blocked cyclin-B degradation both in the presence and 

absence of CaN activity, probably because the capacity of the system to degrade XErp1 in 

response to calcium was saturated. The effect of the ectopic Myc-XErp1 wt on the destruction 

of cyclin-B was specific for the APC/C-inhibitory activity of XErp1, as mutation of Cys583 to Ala 

in the zinc-binding region (Myc-XErp1 ZBR-) completely abolished the delay in cyclin-B 

degradation (Schmidt et al., 2005) (Figure 10C). 

4.1.3 Calcineurin affects XErp1 phosphorylation and stability at meiotic exit 

During careful examination of the results presented in Figure 10, it became evident that the 

degradation of XErp1 after calcium addition to CSF extracts is partially sensitive to the CaN 

activity state (compare degradation of XErp1 in the DMSO- and CsA-treated Myc-XErp1 wt 

1:60 condition in Figure 10B). If CaN affects the efficiency of the calcium-induced XErp1 

degradation then this would be one way how CaN could support APC/CCdc20 activity and cyclin-

B destruction during meiotic exit. To investigate this in more detail, we wanted to improve the 

temporal resolution of XErp1 degradation during meiotic exit by increasing the number of time 

points analyzed after calcium addition. The experiment was conducted in the presence of 
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ectopic Myc-XErp1 wt to increase the necessity for CaN during meiotic exit, as seen in Figure 

10B. As indicated, samples were treated with λ-phosphatase to compare the total protein 

levels of XErp1 or left untreated to see phosphorylation-dependent mobility shifts in SDS-

PAGE. We observed that the degradation of endogenous and exogenous XErp1 after calcium 

addition was initiated with similar kinetics in the presence (DMSO) or absence (CsA) of CaN 

activity (Figure 11A). However, after around 8min, the degradation of XErp1 continued in the 

presence of CaN activity, whereas it was diminishing and remained incomplete in its absence. 

Notably, this coincided with a retardation of cyclin-B degradation, indicating that incomplete 

degradation of XErp1 might interfere with full and sustained activation of the APC/CCdc20. As 

explained above, the degradation of XErp1 is preceded by phosphorylation events that can be 

easily detected by the resulting mobility shift in SDS-PAGE. Since CaN is a phosphatase, we 

reasoned that it might be involved in the phosphorylation-dependent degradation pathway 

of XErp1. As seen in Figure 11A, the rapid degradation of wild-type XErp1 obstructs precise 

analysis of its phosphorylation pattern during meiotic exit. To circumvent this problem, we 

repeated the experiment with ectopic Myc-XErp1 which was rendered stable by mutation of 

the two known SCFβTRCP phospho-degrons (DSG-: Ser33/38 to Asn; DSA-: Ser284/288 to Asn) 

that are normally phosphorylated by Plx1 (Nishiyama et al., 2007a; Schmidt et al., 2005). To 

not interfere with cyclin-B degradation by the addition of non-degradable ectopic XErp1, the 

zinc-binding region crucial for its APC/CCdc20-inhibitory activity was mutated as well (ZBR-: 

Cys583 to Ala) (Schmidt et al., 2005; Tang et al., 2010). Both the endogenous wild-type and 

the ectopic Myc-XErp1 DSG- DSA- ZBR- were efficiently phosphorylated after calcium addition 

to CSF extracts (Figure 11B). As expected, the endogenous XErp1 was rapidly and efficiently 

degraded whereas the ectopic Myc-XErp1 DSG- DSA- ZBR- persisted. The ectopic stable XErp1 

was slowly dephosphorylated again toward the later time points of the experiment, probably 

due to transition of the extract to the interphasic state after complete cyclin-B destruction. 

Surprisingly, this dephosphorylation of the ectopic stable XErp1 was evident earlier in the 

absence (CsA) of CaN activity, although the degradation of cyclin-B was even delayed for some 

minutes in this condition. The observation that both the degradation and the phospho-

regulation of XErp1 are connected to CaN is in line with previous results and suggest that CaN 

might affect cyclin-B degradation via this factor in Xenopus laevis (Nishiyama et al., 2007b). 
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Figure 11 CaN affects XErp1 stability and phospho-regulation. A) CSF extract was prepared and supplemented with Myc-

tagged XErp1 wt IVT. The extract was treated with DMSO or CsA and calcium was added to induce meiotic exit. Samples were 

retrieved at the indicated time points and treated with λ-PPtase as indicated. Samples were immunoblotted for XErp1 and 

cyclin-B2. Exogenous and endogenous XErp1 of λ-PPtase-treated samples are indicated. α-tubulin serves as loading control. 

Asterisks denote unspecific bands. B) Similar to A), but this time Myc-tagged XErp1 S33N S38N S284N S288N C583A (DSG- 

DSA- ZBR-) was added to the CSF extract. Asterisks denote unspecific bands. 

 

4.1.4 The effect of calcineurin on XErp1 depends on PP2A-B56 

We were intrigued by the finding that inhibition of the phosphatase CaN, counterintuitively, 

accelerated XErp1 dephosphorylation and thereby probably impaired its degradation during 
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exit from metaphase II of meiosis (Figure 11B). This finding could be explained if CaN affects 

the binding of another, activating phosphatase to XErp1. As explained in section 3.7.2, the 

phosphatase PP2A-B56 binds to XErp1 during metaphase II arrest and opposes its 

phosphorylation by Cdk1, Plx1 and CK1δ/ε, thus keeping it stable and active (Isoda et al., 

2011). The binding of PP2A-B56 to XErp1 critically depends on the phosphorylation of the 

latter by p90Rsk at Ser335, Thr336 and Ser342 (Hertz et al., 2016; Inoue et al., 2007; Isoda et 

al., 2011; Nishiyama et al., 2007a; Wu et al., 2007a). To test if the accelerated XErp1 

dephosphorylation observed in the absence of CaN activity depends on the recruitment of 

PP2A-B56, we tested the behavior of stable and inactive XErp1 (Myc-XErp1 DSG- DSA- ZBR-), 

which was either wild-type or mutated to alanine at Ser335, Thr336 and Ser342 (Rsk3A), during 

meiotic exit in CSF extracts. The ectopic Myc-XErp1 DSG- DSA- ZBR- Rsk3A, which cannot be 

phosphorylated by p90Rsk, displayed a strong mobility shift in SDS-PAGE already after 

incubation in CSF extract, in line with the reported lack of dephosphorylation by PP2A-B56 

(Isoda et al., 2011) (Figure 12A, compare lane 1 with lane 13). Exit from metaphase II arrest 

was then induced by addition of calcium in the presence (DMSO) or absence (CsA) of CaN 

activity. As seen before in Figure 11B, ectopic Myc-XErp1 DSG- DSA- ZBR- was first efficiently 

phosphorylated and subsequently dephosphorylated after calcium addition. This 

dephosphorylation was again accelerated by inhibition of CaN with CsA (compare lane 1-6 

with lane 7-12). The ectopic XErp1 that was previously shown to be deficient for PP2A-B56 

binding (Myc-XErp DSG- DSA- ZBR- Rsk3A) also displayed a small additional mobility shift in SDS-

PAGE after calcium addition (compare lane 13 with lane 14) (Isoda et al., 2011; Wu et al., 

2007a). Toward the end of the experiment, it was then dephosphorylated as well, indicating 

that this late dephosphorylation is independent of PP2A-B56 binding to XErp1. Importantly, 

the PP2A-B56-binding mutant showed no sign of accelerated dephosphorylation upon 

inhibition of CaN (compare lane 13-18 with lane 19-24). This strongly suggests that the 

absence of CaN activity during meiotic exit results in inadvertent dephosphorylation of XErp1 

by PP2A-B56. PP2A-B56, therefore, not only acts on XErp1 during metaphase II arrest but also 

after calcium addition in a manner that is negatively regulated by CaN. 

As phosphorylation of Thr195 by CaMKII is the first calcium-dependent event on XErp1, we 

hypothesized that the phosphorylation-dependent mobility shift of XErp1 observed after 

calcium addition directly or indirectly depends on it. To address this prediction, we 

additionally mutated Thr195 of XErp1 to Ala (CaMKII-) in the constructs used in Figure 12A. 
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Upon incubation in CSF extract, both Myc-XErp1 DSG- DSA- ZBR- CaMKII- and Myc-XErp1 DSG- 

DSA- ZBR- Rsk3A CaMKII- displayed the phosphorylation state of the respective versions that 

are wild-type at Thr195 (Figure 12B, compare lane 1 with lane 13 and lane 7 with lane 19). 

This suggests that either, as published, Thr195 is efficiently phosphorylated only after, but 

hardly before, calcium addition or that the phosphorylation of this site does not result in a 

detectable mobility shift on its own (Isoda et al., 2011). Interestingly, addition of calcium to 

the CSF extracts did not induce a mobility shift of both CaMKII- mutants, whereas it was clearly 

detectable for the respective wild-type versions (compare lane 2 with lane 14 and lane 8 with 

lane 20). This suggests that the phosphorylation-dependent mobility shift in SDS-PAGE 

detectable after calcium addition largely depends on Thr195 phosphorylation itself or on 

events that are downstream of it. Of note, the only characterized phosphorylation sites 

downstream of Thr195 phosphorylation are the Plx1 target sites Ser33, Ser38, Ser284 and 

Ser288. However, phosphorylation of these sites cannot contribute to the observed mobility 

shift as they are mutated to Asn in all XErp1 versions used in Figure 12B.  

To test if phosphorylation of Thr195 alone is sufficient to induce the strong mobility shift of 

XErp1 detectable after calcium addition, we in vitro phosphorylated different Myc-XErp1 IVTs 

with CaMKII. After the in vitro phosphorylation, we re-isolated the IVTs via affinity purification 

and added them to CSF extracts (Figure 12C). Comparing CaMKII-treated and -untreated Myc-

XErp1 DSG- DSA- ZBR- immediately after addition to CSF extracts, we observed that in vitro 

phosphorylation of XErp1 with CaMKII by itself only results in a minor mobility shift (compare 

lane 1 with lane 5). Furthermore, this small mobility shift was hardly affected by mutation of 

Thr195 to Ala, indicating that Thr195 phosphorylation alone has limited potential to induce a 

mobility shift in SDS-PAGE and that CaMKII can also phosphorylate other amino acids of XErp1 

in vitro (compare lane 1 with lane 17). When the constructs were incubated in metaphase II-

arrested CSF extracts in the absence of external calcium, the CaMKII-treated XErp1 became 

phosphorylated stronger than the CaMKII-untreated version, which adjusted its 

phosphorylation state at the level known for endogenous XErp1 (compare lane 1-4 with lane 

5-8). Notably, this stronger phosphorylation of the CaMKII-treated XErp1 largely depended on 

phosphorylation of Thr195 (compare lane 1-4 with lane 17-20). The phosphorylation of XErp1 

in CSF extract after in vitro phosphorylation by CaMKII was similar, but not exactly identical, 

to the phosphorylation of XErp1 versions that cannot bind PP2A-B56 (compare lane 1-4 with 

lane 13-16). Taken together, the experiments in Figure 12B and Figure 12C indicate that the 
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Figure 12 The effect of CaN on XErp1 phospho-regulation requires PP2A-B56 binding. A) CSF extract was prepared and 

supplemented with Myc-tagged XErp1 DSG- DSA- ZBR- IVT that was either wt or mutated to alanine at the three p90Rsk target 

sites S335, T336 and S342 (Rsk3A). Both reactions were treated with DMSO or CsA before calcium was added to initiate meiotic 

exit. Samples were retrieved at the indicated time points and immunoblotted for the Myc-tag and cyclin-B2. α-tubulin serves 

as loading control. Asterisk denotes unspecific bands. B) CSF extract was prepared and supplemented with Myc-tagged XErp1 

DSG- DSA- ZBR- IVT or IVTs that carried in addition the Rsk3A mutations, the T195A (CaMKII-) mutation or a combination of 

both. Reactions were treated with calcium to induce meiotic exit. Samples were retrieved at the indicated time points and 

immunoblotted for the Myc-tag and cyclin-B2. α-tubulin serves as loading control. Asterisk denotes unspecific bands. C) Myc-

tagged XErp1 DSG- DSA- ZBR- IVT or IVTs that carried in addition the Rsk3A or the CaMKII- mutations were coupled to beads 

and in vitro phosphorylated or not by CaMKII. The kinase reactions were washed away and the beads with the coupled XErp1 

IVTs were added to CSF extract. Samples were retrieved at the indicated time points after addition to CSF extract and 

immunoblotted for the Myc-tag and cyclin-B2. 
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calcium-induced mobility shift of XErp1 in SDS-PAGE, whose duration is controlled by CaN and 

PP2A-B56, is directly or indirectly depending on Thr195 phosphorylation. 

4.1.5 CaN interferes with XErp1 phosphorylation by p90Rsk 

The experiment presented in Figure 12A strongly suggests that CaN is involved in the 

regulation of PP2A-B56 activity against XErp1 during meiotic exit in CSF extracts. One 

hypothesis that could explain this observation is that CaN dephosphorylates one or more of 

the p90Rsk target sites on XErp1, thus weakening binding of PP2A-B56. To test this, we 

employed a phosphorylation-specific antibody for Ser335 of XErp1 that was raised by T. 

Tischer in the laboratory of Prof. Dr. T.U. Mayer. Samples from CSF extracts, that were treated 

or not with λ-phosphatase, were probed with this antibody (Figure 13A). Unfortunately, there 

was no specific signal detected at the expected size of the endogenous XErp1 protein, 

probably because the antibody is not sensitive enough. To circumvent this problem, ectopic 

Myc-tagged XErp1 IVT was added to the extracts at increasing concentrations. A faint signal 

was detected by the phospho-Ser335 antibody when the IVT reaction was added to the extract 

at a ratio of at least 1:40 (v/v) and, as expected, the signal intensity increased with increasing 

amounts of IVT. The detected signal did not correspond to an unspecific protein of the IVT 

reaction, because it was absent when an IVT that had not expressed XErp1 (Empty IVT) was 

added at the highest concentration. Furthermore, the detected signal was completely absent 

from λ-phosphatase treated samples, confirming phosphorylation-specificity of the phospho-

Ser335 antibody. In a next step, we confirmed that the antibody is specific for phosphorylation 

of Ser335 of XErp1, as addition of ectopic XErp1 that carried a Ser335 to Ala mutation failed 

to produce a signal (Figure 13B). This shows that ectopic Myc-tagged XErp1 can be used as a 

sensor to analyze phosphorylation of Ser335 with this antibody. However, it was not practical 

to use ectopic wild-type XErp1 as a sensor for Ser335 phosphorylation in meiotic exit 

experiments, because XErp1 both displays a strong mobility shift in SDS-PAGE and gets 

degraded after calcium addition to CSF extracts. Therefore, we exploited the mutants used in 

Figure 12 and confirmed that XErp1 carrying an Ala mutation at Thr195 (CaMKII-) displays no 

increased mobility shift and is stable (λ-phosphatase treated samples) after calcium addition 

to CSF extracts (Figure 13C). However, ectopic XErp1 CaMKII- showed increased mobility in 

SDS-PAGE toward later time points and split up into several different bands. This distribution 

of the immunoblot signal potentially hinders precise analysis of the phosphorylation status. 
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Figure 13 CaN interferes with XErp1 phosphorylation on Ser335 by p90Rsk. A) CSF extract was prepared and supplemented 

with Empty IVT as negative control or increasing amounts of Myc-tagged XErp1 CaMKII- ZBR- IVT. Samples were retrieved and 

treated with λ-PPtase as indicated. The samples were immunoblotted for XErp1, the Myc-tag and phospho-S335 XErp1. 

Exogenous and endogenous XErp1 are indicated. α-tubulin serves as loading control. Asterisks denote unspecific bands. B) 

Similar to A), but this time Myc-tagged XErp1 CaMKII- ZBR- IVTs that were wt or mutated to alanine at the p90Rsk target site 

S335 were used. Exogenous and endogenous XErp1 are indicated. Asterisks denote unspecific bands. C) CSF extract was 

prepared and supplemented with Myc-tagged XErp1 IVTs that carried the indicated combinations of DSG- DSA-, ZBR-, and 

CaMKII- mutations. Calcium was added to induce meiotic exit. Samples were retrieved at the indicated time points and treated 

with λ-PPtase as indicated. Samples were immunoblotted for the Myc-tag and cyclin-B2. α-tubulin serves as loading control. 

Asterisk denotes unspecific bands. D)  CSF extract was prepared and supplemented with Empty IVT as negative control or 

Myc-tagged XErp1 CaMKII- ZBR- IVT. The reactions were treated with DMSO or CsA as indicated. Calcium was added to induce 

meiotic exit and samples were retrieved at the indicated time points. Samples were treated with λ-PPtase as indicated and 

immunoblotted for phospho-S335 XErp1, the Myc-tag (λ-PPtase) and cyclin-B2. The phospho-S335 XErp1 blot was stripped 

and re-probed against the Myc-tag. α-tubulin serves as loading control. Asterisks denote unspecific bands. 

Therefore, time course experiments were only conducted for nine minutes if phospho-Ser335 

of XErp1 was analyzed. When Myc-XErp1 CaMKII- ZBR- IVT was added to CSF extracts, a signal 

was detected by the phospho-Ser335 antibody that was absent from extracts treated with 

Empty IVT reactions (Figure 13D). The intensity of this signal significantly decreased after 
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calcium addition, while the levels of the total ectopic XErp1 protein remained constant, thus 

indicating dephosphorylation of Ser335. Importantly, when the extracts were treated with the 

CaN inhibitor CsA before calcium was added, this dephosphorylation was not evident. 

Collectively, the experiments in Figure 13 suggest that Ser335 of XErp1 is subject to 

dephosphorylation during exit from metaphase II and this, directly or indirectly, depends on 

CaN activity. 

4.1.6 Calcineurin directly dephosphorylates Ser335 of XErp1 

The experiments shown in Figure 13 suggested that the activity of CaN is required to 

dephosphorylate Ser335 of XErp1 during meiotic exit in CSF extracts. In vitro phosphatase 

assays were conducted to test if Ser335 of XErp1 is a direct target of CaN. To this end, Myc-

XErp1 CaMKII- ZBR- was phosphorylated in vitro by PKA, which is known to substitute p90Rsk 

during early embryonic divisions (Tischer et al., 2012). Subsequently, the pre-phosphorylated 

XErp1 was affinity purified to serve as substrate for the in vitro phosphatase assays. We failed 

to produce highly active recombinant Xenopus CnA/CnB dimers (the two subunits of CaN) in 

bacteria, in wheat germ-based IVT reactions or by immunoprecipitation of ectopic Flag-tagged 

CnA from CSF extracts (data not shown). Therefore, we used commercially available human 

CnA/CnB dimers (hs_CaN) purified from SF21 cells. As described in section 3.8.1, CaN requires 

binding of the co-activator calmodulin for full activity (Li et al., 2016). 

 

Figure 14 XErp1 and CaN in vitro phosphatase assay. A) Myc-

XErp1 CaMKII- ZBR- IVT was coupled to beads and 

phosphorylated in vitro with recombinant PKA. PKA was 

washed away and recombinant human CnA/CnB dimer 

(hs_CaN) was added at the indicated concentrations in the 

presence or absence of calmodulin. Samples were retrieved at 

the indicated time points and immunoblotted for phospho-

S335 XErp1 and CnA. The phospho-S335 XErp1 blot was 

stripped and re-probed against the Myc-tag. Asterisk denotes 

IgG heavy chain. 

 

 

When added in the presence of calmodulin, hs_CaN efficiently dephosphorylated Ser335 of 

XErp1 in vitro (Figure 14A). The decrease in phospho-Ser335 was markedly lower if less 

hs_CaN was added or when calmodulin was omitted from the reaction. This suggests that the 
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observed dephosphorylation of Ser335 was due to direct activity of hs_CaN against XErp1 in 

this in vitro phosphatase assay. 

4.1.7 Measurement of the binding of XErp1 to PP2A-B56 during meiotic exit 

Finally, we hypothesized that the dephosphorylation of Ser335 of XErp1 during meiotic exit 

should decrease the binding between XErp1 and PP2A-B56. To directly test this prediction, we 

performed immunoprecipitation (IP) assays from CSF extracts. Ectopic stable and inactive 

Myc-XErp1 DSG- DSA- ZBR- IVT was added to CSF extracts in great excess over the endogenous 

protein. In parallel, these extracts expressed from ectopic mRNA Flag-tagged B56ε, which is 

one of the B56 isoforms shown to bind to XErp1 (Isoda et al., 2011). The ectopic Flag-B56ε was 

then isolated by immunoprecipitation with α-Flag antibodies. When the IP was performed 

from metaphase II-arrested CSF extracts, ectopic Myc-XErp1 DSG- DSA- ZBR- co-precipitated 

with Flag-B56ε, thus confirming the reported interaction during this state (Isoda et al., 2011) 

(Figure 15A). The co-precipitation was specific, because Myc-XErp1 DSG- DSA- ZBR- did not co-

precipitate in the bead fraction when the IP was performed from control extracts that did not 

contain Flag-B56ε mRNA. We then treated the CSF extracts with calcium for 14min before the 

Flag-B56ε IP was conducted and expected a decrease in the co-precipitation of XErp1 due to 

the dephosphorylation of Ser335 observed in Figure 13D. In parallel, calcium was added to a 

CSF extract that was treated with the CaN inhibitor CsA to test if, as predicted, CaN affects the 

binding between Myc-XErp1 DSG- DSA- ZBR- and Flag-B56ε during meiotic exit. The input 

samples displayed both the phosphorylation pattern of Myc-XErp1 DSG- DSA- ZBR- and the 

degradation pattern of cyclin-B that were expected for the action of calcium and CsA. 

However, there was little, if any, decrease in the binding of Flag-B56ε to Myc-XErp1 DSG- DSA- 

ZBR- between the conditions treated and untreated with calcium. Furthermore, there was no 

significant difference when calcium was added after inhibition of CaN by CsA. Therefore, 

although Myc-XErp1 DSG- DSA- ZBR- phosphorylation states and cyclin-B protein levels 

appeared as expected in the input samples in all conditions, this assay did not support the 

hypothesis that binding of XErp1 to PP2A-B56 is weakened during meiotic exit. 
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Figure 15 Binding of PP2A-

B56 to XErp1 during meiotic 

exit. A) CSF extract was 

prepared and supplemented 

with Myc-tagged XErp1 DSG- 

DSA- ZBR- IVT and mRNA 

coding Flag-tagged Xl_B56ε. 

The extracts were treated 

with calcium and CsA as 

indicated before α-Flag 

immunoprecipitation was 

conducted. The samples were 

treated with λ-PPtase as 

indicated. Samples were 

immunoblotted for the Flag-

tag, the Myc-tag (two 

exposures shown) and cyclin-

B2. 

 

 

4.1.8 CaN affects Cdc20 dephosphorylation during meiotic exit 

As explained in section 3.8.2, a second APC/C-regulatory factor, Cdc20, has been proposed as 

a potential CaN substrate in addition to XErp1. It was postulated, but not directly shown, that 

inhibitory phosphorylation sites on the APC/C co-activator Cdc20 might be regulated by CaN, 

thus providing another explanation for the observed delay in cyclin-B degradation upon CaN 

inhibition (Mochida and Hunt, 2007). To test this, we repeated the experiment shown in Figure 

11A and analyzed the phosphorylation state of Cdc20 during meiotic exit in the presence 

(DMSO) or absence (CsA) of CaN activity. Phosphorylation of Cdc20 was detected in two ways: 

first, by its weak phosphorylation-dependent mobility shift in conventional SDS-PAGE and 

second, by Phos-tagTM SDS-PAGE in which phosphorylated proteins are strongly retarded in 

mobility compared to non-phosphorylated ones (Kinoshita et al., 2006). In conventional SDS-

PAGE, Cdc20 appeared as a closely spaced double band in samples of CSF extracts (Figure 

16A). λ-phosphatase treatment confirmed that the faster-migrating form corresponds to 

dephosphorylated Cdc20 and the slower-migrating form to phosphorylated Cdc20. This small 

mobility shift in SDS-PAGE was markedly accentuated in Phos-tagTM SDS-PA gels. Here, the 

phosphorylated Cdc20 appeared as a single band that was clearly separated from the λ-

phosphatase-treated dephosphorylated form. Addition of calcium quickly induced 

dephosphorylation of Cdc20 in the presence (DMSO) of CaN activity, with the first signs being  
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Figure 16 CaN affects Cdc20 dephosphorylation during meiotic exit. A) CSF extract was prepared and supplemented with 

Myc-tagged XErp1 wt IVT. The extract was treated with DMSO or CsA and calcium was added to induce meiotic exit. Samples 

were retrieved at the indicated time points and treated with λ-PPtase as indicated. Samples were loaded on conventional 

SDS-PA gels or Phos-tagTM SDS-PA gels and immunoblotted for Cdc20, Cdc27 and cyclin-B2. α-tubulin serves as loading control. 

B) CSF extract was prepared and supplemented with Flag-tagged Cdc20 IVT that was wt or mutated to alanine at T68. Flag-

Cdc20 was immunoprecipitated with α-Flag antibodies and treated with λ-PPtase as indicated. The samples were 

immunoblotted for phospho-T68 Cdc20 and the Flag-tag. p150(Glued) serves as loading control. Asterisks denote unspecific 

bands C) CSF extract was prepared and supplemented with Flag-tagged Cdc20 wt IVT. The extract was treated with DMSO or 

CsA before meiotic exit was induced by addition of calcium. Flag-Cdc20 was immunoprecipitated with α-Flag antibodies at 

the indicated time points after calcium addition. The samples were immunoblotted for phospho-T68 Cdc20, the Flag-tag and 

Cyclin-B2. p150(Glued) serves as loading control. Asterisk denotes the IgG heavy chain in the cyclin-B2 blot. Other asterisks 

denote unspecific bands. 

evident already after 2 – 4min. Phos-tagTM SDS-PAGE revealed that the dephosphorylation 

process went on during meiotic exit and was only finished after more than 20min. In striking 

contrast, in the absence (CsA) of CaN activity there was no detectable Cdc20 

dephosphorylation happening for 10min after calcium addition (although cyclin-B degradation 

already started) and it was still incomplete at the end of the experiment. Of note, 
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dephosphorylation of the APC/C core subunit Cdc27 (also known as APC3) was also 

significantly impaired in the absence of CaN activity during meiotic exit. However, delayed 

dephosphorylation of Cdc27 would rather support than impair APC/CCdc20 activity and is thus 

unlikely to be the reason for the observed decrease in cyclin-B degradation upon CaN 

inhibition (Fujimitsu et al., 2016). It has been reported that the phosphatase activity against 

the well-known inhibitory phosphorylation sites Thr64, Thr68 and Thr79 of Cdc20 increases 

immediately after induction of meiotic exit in Xenopus laevis. In these reports, it was shown 

that this is only partially sensitive to treatment with okadaic acid (OA), which makes them 

good candidates for CaN target sites (Castilho et al., 2009; Labit et al., 2012; Mochida and 

Hunt, 2007). To gain further insights into Cdc20 phospho-regulation during meiosis in Xenopus 

laevis, we obtained a phosphorylation-specific antibody for Thr68 of Cdc20 (gift from J. 

Nilsson). Using this antibody to probe immunoprecipitates of ectopic Cdc20 wild-type and a 

Thr68 to Ala mutant confirmed the specificity of this antibody and that Thr68 is indeed 

phosphorylated during metaphase II arrest in Xenopus laevis (Figure 16B) (Chung and Chen, 

2003). In line with the reported phosphatase activity against this site, we observed that Thr68 

is quickly dephosphorylated after induction of meiotic exit by addition of calcium (Figure 16C) 

(Labit et al., 2012). Importantly, this dephosphorylation of Thr68 was strongly delayed when 

CsA was added before meiotic exit was induced, thus showing that efficient 

dephosphorylation of this site, directly or indirectly, requires CaN activity. 

4.1.9 Calcineurin directly dephosphorylates Thr68 of Cdc20 

To test if Thr68 of Cdc20 is a direct target of CaN, we set up an in vitro phosphatase assay. To 

this end, ectopic Cdc20 was immunoprecipitated from CSF extracts and incubated with 

recombinant human CaN (hs_CaN) in the presence or absence of its co-activator calmodulin. 

Thr68 was efficiently dephosphorylated only when both human CaN and calmodulin were 

added (Figure 17A). In addition, we observed that Cdc20 appeared as a double band in SDS-

PAGE before addition of CaN and collapsed to the faster-migrating form after it was added in 

the presence of calmodulin. As sites other than Thr68 also contribute to the phosphorylation-

dependent mobility shift of Cdc20 in CSF extracts (see Figure 16B), it is therefore likely that 

CaN can target sites in addition to Thr68 in vitro. Taken together, this in vitro phosphatase 

assay confirms the hypothesis that CaN can directly dephosphorylate Cdc20 at Thr68 and 

additional, so far unknown, sites.  
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Figure 17 Cdc20 and CaN in vitro phosphatase assay. A) CSF extract 

was prepared and supplemented with Flag-tagged Cdc20 wt IVT. 

Flag-Cdc20 was immunoprecipitated with α-Flag antibodies and 

incubated with recombinant human CnA/CnB dimers (hs_CaN) in 

the presence or absence of calmodulin. Samples were retrieved at 

the indicated time points and immunoblotted for the Flag-tag, 

phospho-T68 Cdc20 and CaN. Asterisk denotes IgG heavy chain. 

 

 

 

4.1.10  Summary project I 

In summary, in the first part of this thesis we investigated the action of CaN during exit from 

metaphase II of meiosis and found that CaN affects the phospho-regulation of both Cdc20 and 

XErp1. We characterized the interplay between XErp1 and CaN and showed that CaN activity 

helps to keep XErp1 in a hyperphosphorylated state during meiotic exit, which seems to be 

important for its full degradation. CaN probably interferes with the binding of the stabilizing 

and activating phosphatase PP2A-B56 to XErp1. We provided evidence that CaN directly 

dephosphorylates Ser335 of XErp1, a site that is known to support PP2A-B56 recruitment 

when phosphorylated. The molecular consequences of this need to be characterized in detail 

in the future to make conclusive statements about the interplay between CaN, XErp1 and 

PP2A-B56 during meiotic exit. In addition, we show that the dephosphorylation of the known 

inhibitory site Thr68 of the APC/C co-activator Cdc20 strongly depends on CaN activity during 

meiotic exit. Taken together, we support, extend and integrate the previous model for the 

role of CaN during meiotic exit and the potential implications will be discussed in section 5.1 

(Mochida and Hunt, 2007; Nishiyama et al., 2007b). 
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4.2 Project II: The mitotic interplay between the Gwl/Arpp19 

module and PP1 in early Xenopus embryos 

4.2.1 Recapitulation of mitosis in embryo extracts 

Entry into mitosis is accompanied and initiated by massive phosphorylation events that are 

mediated by mitotic kinases, with cyclin-B/Cdk1 being the key enzyme (Petrone et al., 2016; 

Sharma et al., 2014). All-or-nothing entry into mitosis requires the down-regulation of 

counteracting phosphatases and the Greatwall (Gwl)/Arpp19 pathway, which is activated by 

cyclin-B/Cdk1 itself, ensures that protein phosphatase 2A (PP2A) complexes containing a 

regulatory B55 subunit are inactivated at mitotic entry (Blake-Hodek et al., 2012; Castilho et 

al., 2009; Gharbi-Ayachi et al., 2010; Mochida et al., 2010; Vigneron et al., 2011). As PP2A-B55 

is thought to be the main phosphatase antagonizing cyclin-B/Cdk1 during the early embryonic 

cleavage divisions of Xenopus laevis, this mechanism is pivotal for regulation of mitotic entry 

(Mochida et al., 2009). To execute exit from mitosis after the metaphase-to-anaphase 

transition, PP2A-B55 has to be reactivated and this requires silencing of the Gwl/Arpp19 

module. While it is well understood how Gwl and Arpp19 are activated during mitotic entry, 

it is still not clear how Gwl and Arpp19 are turned off during mitotic exit. 

To address this question, we first aimed to establish an experimental setup that allows us to 

recapitulate and interfere with mitotic exit. The early embryonic cleavage cycles of Xenopus 

laevis are the perfect model system to investigate the regulation of the Gwl/Arpp19 module, 

because here the bistable switch that governs mitotic entry is composed of Cdk1, Gwl, Arpp19 

and PP2A-B55, with minimal interference from the regulatory auto-amplification system that 

controls Cdk1 activity in somatic cell cycles (see sections 3.10.1 and 3.11 for details) (Mochida 

et al., 2016; Tsai et al., 2014). Furthermore, we decided to use a cell-free extract-based system 

for the experiments, as this can be easily manipulated. To this end, mature metaphase II-

arrested oocytes of Xenopus laevis were in vitro fertilized and incubated until they reached 

interphase of the 4-cell state. The embryos were collected, fractionated by centrifugation and 

the cytoplasmic fraction, which will be referred to as “embryo extract”, was isolated (Figure 

18A) (Tischer et al., 2012). A stable mitotic state can be induced in Xenopus extracts by 

addition of non-degradable cyclin-B (Murray et al., 1989; Tischer et al., 2012). First, we tested 

how much recombinant non-degradable cyclin-B (His-cyclin-B191-397 / Δ90) has to be added to 

interphasic embryo extracts to induce a stable mitotic state. To characterize the cell cycle state  
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Figure 18 Recapitulation of mitotic exit in embryo extract. A) Scheme for the preparation of interphasic embryo extract. B) 

Interphasic embryo extract was prepared and treated with the indicated concentrations of non-degradable His-cyclin-B191-

397. Samples were retrieved at the indicated time points and immunoblotted for XErp1 and cyclin-B2. Asterisk denotes 

unspecific bands. C) Interphasic embryo extract was prepared and treated for 30min with 75nM His-cyclin-B91-397 (Δ90) to 

induce mitotic entry. Mitotic exit was induced by addition of 1mM Roscovitine (Rosco). Samples were retrieved at the 

indicated time points after Rosco addition and treated with λ-PPtase as indicated. Samples were immunoblotted for the cell 

cycle markers XErp1, Cdc27 and cyclin-B2. α-tubulin serves as loading control. Asterisk denotes unspecific bands. 

of the embryo extract, we analyzed the phosphorylation-dependent mobility shift of XErp1 in 

SDS-PAGE, because it is known to be largely dephosphorylated in interphase and highly 

phosphorylated in mitosis of the early embryonic cell cycles of Xenopus laevis (Nishiyama et 

al., 2007a; Tischer et al., 2012). Addition of His-cyclin-B191-397 to a final concentration of 25nM 

and 50nM induced an increase in XErp1 phosphorylation and this coincided with degradation 

of the endogenous cyclin-B (Figure 18B). This is in line with the Cdk1-dependent inactivation 

of XErp1 and the resulting activation of APC/CCdc20 in mitosis (Tischer et al., 2012). In these 

conditions, XErp1 was subsequently dephosphorylated again, probably because the amount 

of exogenous His-cyclin-B191-397 was not sufficient to support a stable mitotic state without 

the contribution of the endogenous cyclin-B. In contrast, when His-cyclin-B191-397 was added 

at concentrations of 75nM and 100nM, the induced mitotic state was stable despite 

degradation of the endogenous cyclin-B. As 75nM His-cyclin-B191-397 seemed to be sufficient 

to induce a stable mitotic state, we used this concentration for further experiments. To induce 

mitotic exit in this stable mitotic embryo extracts, we added the small molecule Roscovitine 

(Rosco), which is a potent inhibitor of Cdk-type kinases (Meijer et al., 1997) (Figure 18C). 

Addition of Rosco induced complete dephosphorylation of XErp1 within 20min and a similar 

pattern was observed for Cdc27, which is another protein known to be highly phosphorylated 

in mitosis (King et al., 1995; Patra and Dunphy, 1998). Therefore, preparation of interphasic 
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embryo extracts and treatment with His-cyclin-B191-397 followed by Roscovitine biochemically 

recapitulates Cdk1 activation and inactivation during mitotic entry and exit, respectively. 

4.2.2 Contribution of PP2A-B55 to Gwl dephosphorylation at mitotic exit 

Having established a system that allows recapitulation of mitotic exit, we aimed to address 

the question how the Gwl/Arpp19 module is inactivated at that time in mitosis. At mitotic 

entry, cyclin-B/Cdk1 phosphorylates and activates Gwl, which then in turn phosphorylates 

Arpp19 (see section 3.11) (Blake-Hodek et al., 2012; Gharbi-Ayachi et al., 2010; Mochida et 

al., 2010; Vigneron et al., 2011). Phosphorylated Arpp19 then binds to and inhibits PP2A-B55 

(Gharbi-Ayachi et al., 2010; Mochida et al., 2010). At the metaphase-to-anaphase transition, 

cyclin-B/Cdk1 is inactivated by cyclin-B degradation, thus taking away the stimulus that 

activates Gwl and, consequently, Arpp19 (Murray et al., 1989). However, Gwl and Arpp19 

remain active as long as they are not dephosphorylated. Therefore, phosphatases need to act 

on both Gwl and Arpp19 to inactivate them during mitotic exit. Kinetic studies have shown 

that the dephosphorylation of Arpp19 is almost exclusively mediated by its target PP2A-B55 

and, possibly, to a minor extent by Fcp1 (Hegarat et al., 2014; Williams et al., 2014). 

Furthermore, it has been proposed that a critical phosphorylation site in the activation loop 

of Gwl is also targeted by PP2A-B55 (Hegarat et al., 2014). Thus, PP2A-B55 can potentially 

inactivate its own inhibitory pathway. To test if PP2A-B55 is the only phosphatase acting on 

Gwl during mitotic exit, we wanted to stably inhibit it in our system. To this end, we purified 

recombinant His-tagged Arpp19 from bacteria and thio-phosphorylated it in vitro with a 

hyperactive Gwl (mutation of Lys71 to Met in Xenopus laevis Gwl) (Mochida, 2013; White-

Cooper et al., 1996). Phos-tagTM SDS-PAGE confirmed efficient thio-phosphorylation of wild-

type Arpp19 (ThioArpp wt) but not of a mutant that carries an Ala mutation at the Gwl-target 

site Ser67 (ThioArpp S67A) (Figure 19A). Thus, Arpp19 was efficiently thio-phosphorylated by 

Gwl at Ser67 and can be used as a stable and specific inhibitor for PP2A-B55 (Gharbi-Ayachi et 

al., 2010; Williams et al., 2014). As seen for XErp1 in Figure 18, Gwl displays strong 

phosphorylation-dependent changes in its electrophoretic mobility in SDS-PAGE during 

mitotic entry and exit (Yu et al., 2006). Gwl appeared as a single dephosphorylated band in 

samples of interphasic embryo extract (Figure 19B, Δ90 0´). When the extract was induced to 

enter mitosis by addition of His-cyclin-B191-397, Gwl became highly phosphorylated and this 

resulted in a strong mobility shift in SDS-PAGE (Δ90 30´). Importantly, this mobility shift was  
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Figure 19 PP2A-B55 contributes to Greatwall dephosphorylation during mitotic exit. A) Hyperactive Flag-tagged 

Xl_Greatwall K71M was translated from mRNA in mitotic embryo extract. Gwl was immunoprecipitated and incubated with 

recombinant His-tagged Arpp19 that was wild-type or mutated to alanine at the Gwl target site S67 in the presence of ATP-

γ-S. Samples were retrieved at the indicated time points and subjected to Phos-tagTM SDS-PAGE followed by CBB staining. 

The supernatant of the phosphorylation reactions was separated from the Gwl-beads and dialyzed to remove unincorporated 

ATP-γ-S. B) Interphasic embryo extract was prepared and treated for 30min with 75nM His-cyclin-B191-397 (Δ90) to induce 

mitotic entry. Extracts were treated with Control Buffer or the indicated amounts of thio-phosphorylated recombinant 

Arpp19 (ThioArpp) wt or S67A from A). Mitotic exit was induced by addition of Roscovitine. Samples were retrieved at the 

indicated time points after Roscovitine addition and immunoblotted for Gwl and Arpp19 (two exposures shown). α-tubulin 

serves as loading control. Asterisk denotes unspecific bands. C) Mitotic embryo extract was prepared as in B). Extracts were 

treated with the indicated amounts of tautomycin (Tauto) or okadaic acid (OA) before addition of Roscovitine. Samples were 

retrieved at the indicated time points after Roscovitine addition and immunoblotted for Gwl. α-tubulin serves as loading 

control. 
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completely reversed when the extracts were forced to exit mitosis by addition of Rosco, thus 

confirming that this system can be used to investigate the dephosphorylation of Gwl. When 

ThioArpp wt was added to the mitotic embryo extract in great excess over the endogenous 

protein before addition of Rosco, Gwl was still partially dephosphorylated during mitotic exit. 

The dephosphorylation stopped at an intermediate Gwl phosphorylation state that was stable 

until the end of the experiment. The partial dephosphorylation was not caused by insufficient 

inhibition of PP2A-B55 as increasing the concentration of ThioArpp wt did not change the 

resulting effect. Furthermore, the observed effect is specific for PP2A-B55 inhibition by 

ThioArpp wt because addition of high amounts of non-phosphorylated ThioArpp S67A did not 

interfere with Gwl dephosphorylation. This indicates that PP2A-B55 participates in the 

dephosphorylation of Gwl during mitotic exit, but other phosphatases must contribute to it as 

well. We hypothesized that the other contributing phosphatase(s) also belong to the PPP 

family of Ser/Thr phosphatases. Therefore, we tested if addition of increasing amounts of the 

PPP phosphatase inhibitors okadaic acid (OA) and tautomycin (Tauto) to the embryo extracts 

affects the dephosphorylation of Gwl during mitotic exit. Both inhibitors target several 

different PPP phosphatases and are therefore unsuitable to make definite statements about 

the identity of the phosphatase if an effect is observed. However, OA preferentially binds to 

PP2A, PP4 and PP6, whereas Tauto has a weak preference for PP1 (Gupta et al., 1997; Swingle 

et al., 2007). Moreover, the IC50 values of OA and Tauto toward PP1 are in a similar range 

(Gupta et al., 1997). The concentrations necessary to fully block Gwl dephosphorylation during 

mitotic exit were 0,75 – 1µM for OA and 0,5 – 0,75µM for Tauto (Figure 19C). The similar 

potency of OA and Tauto to completely block Gwl dephosphorylation and the concentrations 

required to achieve it, suggest that protein phosphatase 1 (PP1) is, directly or indirectly, 

involved in Gwl dephosphorylation during mitotic exit (Felix et al., 1990; Gupta et al., 1997; 

Vorlaufer and Peters, 1998). 

4.2.3 The role of PP1 in Gwl dephosphorylation during mitotic exit 

The results in Figure 19C provided evidence that PP1 is involved in Gwl dephosphorylation. 

However, the inhibitors used in this experiment target several different phosphatases and the 

interpretation of the results is further complicated by the different endogenous 

concentrations of them in Xenopus extracts (Mochida et al., 2009). To confirm that PP1 is 

involved in Gwl dephosphorylation during mitotic exit, the PP1-specific inhibitor Inhibitor-2 (I-
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2) was employed to block PP1 activity during mitotic exit. I-2 binds to the “RVxF”- and the 

“SILK”-binding groove of the PP1 catalytic subunit and blocks access to the catalytic center 

(Hurley et al., 2007). Therefore, I-2 hinders binding of other substrates and inhibits catalytic 

activity if present in great excess over PP1 in Xenopus extracts (Tournebize et al., 1997; 

Vorlaufer and Peters, 1998; Wu et al., 2009). When I-2 was added in combination with 

ThioArpp to mitotic embryo extracts before induction of mitotic exit by Rosco, 

dephosphorylation of Gwl was almost completely prevented (Figure 20A). In contrast, as seen 

before in Figure 19B, inhibition of only PP2-B55 by ThioArpp in the same assay still allowed 

partial dephosphorylation of Gwl (compare the phosphorylation-dependent mobility shift of 

Rosco + ThioArpp with Rosco + ThioArpp/I-2). Importantly, H1 kinase activity assays confirmed 

that cyclin-B/Cdk1 inactivation by Rosco was not affected by any of the inhibitor treatments. 

Thus, the PP1 activity state affects the dephosphorylation of Gwl at sites that are insensitive 

to PP2A-B55 inhibition. The interphasic embryo extracts already contain considerable 

amounts of cyclin-B and, consequently, Cdk1 activity (see Figure 18C, time point Δ90 0´) (Tsai 

et al., 2014). Therefore, mitotic entry (as indicated by Gwl phosphorylation) could also be 

induced by simple inhibition of the Cdk1-antagonizing phosphatase PP2A-B55 via addition of 

ThioArpp, which was not possible by inhibition of PP1 alone (Figure 20B). The mitotic state 

induced by ThioArpp addition was not stable, because it initiated degradation of endogenous 

cyclin-B and therefore mitotic exit. Again, partial Gwl dephosphorylation was possible upon 

this ongoing inhibition of PP2A-B55 and this partial dephosphorylation could be blocked by 

additional inhibition of PP1 with I-2 (compare ThioArpp with ThioArpp/I-2). The involvement 

of PP1 in Gwl dephosphorylation during mitotic exit was independently confirmed by using a 

recombinant His-tagged fragment of nuclear inhibitor of PP1 (NIPP1 wt) as another means to 

inhibit PP1 (Beullens et al., 2000). Induction of mitotic exit in the presence of NIPP1 wt 

mimicked the effects of I-2 observed in Figure 20A (Figure 20C). This was critically depending 

on the binding of NIPP1 to PP1 because mutation of the “RVxF”-motif in NIPP1 (NIPP1 RATA), 

which is known to abolish PP1 inhibition, rendered it completely ineffective (Beullens et al., 

2000). In the experiments shown in Figure 20A and Figure 20C, we observed that inhibition of 

PP1 alone almost had the same effect on mitotic exit than combined inhibition of PP2A-B55 

and PP1. Therefore, we reasoned that there must be a hierarchy in dephosphorylation and 

hypothesized that dephosphorylation of Gwl by PP1 is an early event that is required for 

subsequent activity of PP2A-B55 against Gwl. To test this prediction, PP1 or PP2A-B55 were  



  Results 

 

59 

 

 

Figure 20 Protein phosphatase PP1 is involved in Gwl dephosphorylation. A) Interphasic embryo extract was prepared and 

treated for 30min with 75nM His-cyclin-B191-397 (Δ90) to induce mitotic entry. Extracts were treated with Control Buffer, 

ThioArpp and/or PP1 Inhibitor-2 (I-2). Mitotic exit was induced by addition of Roscovitine. Samples were retrieved at the 

indicated time points and immunoblotted for Gwl and the His-tag of ThioArpp. α-tubulin serves as loading control. In parallel, 

samples were incubated with histone H1 and P32-ATP and subjected to SDS-PAGE and CBB staining followed by 

autoradiography to assay Cdk1 activity. B) Interphasic embryo extract was prepared. Control Buffer, ThioArpp and/or I-2 were 

added and samples were retrieved at the indicated time points after addition. Samples were immunoblotted for Gwl and 

cyclin-B2. α-tubulin serves as loading control. C) Mitotic embryo extract was prepared as in A). Control Buffer, ThioArpp 

and/or His-tagged NIPP1143-224 (NIPP1), which was either wt or mutated at a PP1 binding motif (RATA), were added before 

mitotic exit was induced by addition of Roscovitine. Samples were retrieved at the indicated time points after Roscovitine 

addition and immunoblotted for Gwl and the His-tag of both Arpp19 and NIPP1. α-tubulin serves as loading control. D) Mitotic 

embryo extract was prepared as in A). Roscovitine was added to induce mitotic exit and Control Buffer, ThioArpp and/or I-2 

were added either simultaneous with it or 5min later. Samples were retrieved at the indicated time points after Roscovitine 

addition and immunoblotted for Gwl. α-tubulin serves as loading control. 
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either inhibited before mitotic exit was induced by Rosco or 5min after it. Intriguingly, 

inhibition of PP1 only blocked Gwl dephosphorylation when PP1 was inactivated by I-2 before 

Rosco was added (Figure 20D, Rosco/simultaneous I-2). Inhibition of PP1 by I-2 5min after 

induction of mitotic exit failed to halt the still ongoing Gwl dephosphorylation (Rosco/5min 

delay I-2). In contrast, inhibition of PP2A-B55 by ThioArpp had very similar effects when added 

at the onset of mitotic exit or 5min later. This indicates that PP1 is required for the initial 

dephosphorylation of Gwl at the onset of mitotic exit but is not necessary at later time points. 

Conversely, PP2A-B55 seems to be involved primarily in late dephosphorylation events but 

requires prior activity of PP1. 

4.2.4 Gwl is a direct target of PP1 

PP2A-B55 is the target inhibited by the Gwl/Arpp19 module, but it also participates in 

dephosphorylation and inactivation of both Gwl and Arpp19 (see Figure 19) (Hegarat et al., 

2014; Williams et al., 2014). This implies that if PP1 acts on either Gwl or Arpp19 during mitotic 

exit, the other component would also be affected by PP1 inhibition due to the resulting 

impaired reactivation of PP2A-B55. To unambiguously show that PP1 acts on Gwl, but not 

Arpp19, we depleted either of them from mitotic embryo extract in the presence (Buffer) or 

absence of PP1 activity (I-2). Specific depletion of the proteins was confirmed by 

immunoblotting with antibodies different from the ones used for immunodepletion (Figure 

21A). In the Buffer-treated mitotic extracts, depletion of either Gwl or Arpp19 resulted in 

mitotic exit, as evidenced by dephosphorylation of Cdc27 (Figure 21B, lane 7-10 and lane 11-

14). In these Buffer-treated conditions, the remaining undepleted component of the 

Gwl/Arpp19 module was dephosphorylated as well (compare lane 7-10 with lane 11-14). 

When the mitotic extracts were treated with the PP1 inhibitor I-2, Arpp19 was still 

dephosphorylated with identical kinetics after Gwl depletion (lane 20-23). Importantly, 

however, the dephosphorylation of Gwl was still impaired by the presence of I-2 when the 

PP2A-B55 inhibitor Arpp19 was depleted, despite the fact that the extract was undergoing 

mitotic exit (lane 24-27). This confirms that the role of PP1 in Gwl dephosphorylation during 

mitotic exit is centered on Gwl itself and not an indirect consequence of hindered PP2A-B55 

activation. However, at this point it was not possible to state if PP1 directly dephosphorylates 

Gwl or if it is necessary to activate another phosphatase that acts on Gwl. To this end, an in 

vitro phosphatase assay with isolated PP1 and Gwl was performed. S35-labelled Flag-tagged  
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Figure 21 Gwl is a direct target of PP1. A) Left side: Schematic outline of the experiment shown in B). Right side: Purified 

Arpp19 and Gwl antibodies were used for immunoprecipitation from interphasic embryo extract. Input, supernatant and 

bead samples were subjected to immunoblotting. In both cases, the antibody used for immunoprecipitation (Ab1) and a 

second unrelated antibody (Ab2) were used for immunoblots to confirm specific immunoprecipitation. α-tubulin serves as 

loading control. Asterisks denote unspecific bands. B) Interphasic embryo extract was prepared and treated for 30min with 

75nM His-cyclin-B191-397 (Δ90) to induce mitotic entry. The mitotic embryo extract was split in two reactions and treated with 

Control Buffer or I-2. Subsequently, Control IgG, Gwl or Arpp19 antibodies coupled to magnetic beads were used for 

immunodepletion. Samples A + B were retrieved from supernatants in the presence of the antibody-beads, whereas samples 

C + D were retrieved after their removal (see scheme in A)). Samples were subjected to immunoblotting for Gwl and Arpp19 

(Arpp19 after Phos-tagTM SDS-PAGE). B55δ serves as control to show that PP2A-B55 was not co-depleted. Cdc27 serves as 

mitotic marker and α-tubulin as loading control. Asterisk denotes unspecific bands. C) Mitotic embryo extract was prepared 

as in B). S35-labelled Flag-tagged Gwl IVT was added to mitotic embryo extract before it was re-isolated by α-Flag 

immunoprecipitation. In a parallel reaction, mRNA coding Flag-tagged PP1α wt or T316A was added to mitotic embryo extract. 

At the end of expression, samples were retrieved and immunoblotted for Cdc27 to confirm that the extracts remained in a 

mitotic state (upper part). Flag-PP1α was re-isolated by α-Flag immunoprecipitation and mixed with the phosphorylated Flag-

Gwl in the presence or absence of I-2. Samples were retrieved at the indicated time points and subjected to SDS-PAGE and 

CBB staining followed by autoradiography to analyze the phosphorylation state of Gwl. In parallel, samples were 

immunoblotted for the Flag-tag of PP1α to confirm equal distribution and loading (lower part). 
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wild-type Gwl (Flag-Gwl) was expressed in an IVT system. The Flag-Gwl IVT was then incubated 

in mitotic embryo extract for full mitotic phosphorylation and subsequently isolated by α-Flag 

immunoprecipitation. In parallel, Flag-tagged Xenopus laevis PP1 isoform α (Flag-PP1α) was 

expressed from mRNA in another mitotic embryo extract and isolated by α-Flag 

immunoprecipitation as well (Figure 21C). PP1α was expressed in its wild-type version (Flag-

PP1α wt) or as a Thr316 to Ala mutant (Flag-PP1α T316A) that cannot be inhibited in mitosis 

by phosphorylation through cyclin-B/Cdk1 (Dohadwala et al., 1994). The isolated 

phosphorylated Flag-Gwl was then mixed with the isolated Flag-PP1α and the phosphorylation 

status of Gwl was analyzed via its radioactive signal in SDS-PAGE (Figure 21C). Flag-PP1α wt 

and T316A dephosphorylated Flag-Gwl with equal kinetics in vitro. Most of the 

dephosphorylation, that we could detect by changes in electrophoretic mobility, was done in 

the first 10 – 20min of the assay with little additional dephosphorylation at later time points. 

Importantly, the Gwl dephosphorylation in this in vitro phosphatase assay was completely 

blocked by addition of I-2, confirming that it is specific for PP1. Thus, we conclude that Gwl is 

a direct substrate of PP1. 

4.2.5 Gwl is inactivated by PP1 during mitotic exit 

Mathematical modelling has suggested that a phosphatase “PPx” is involved in the 

dephosphorylation of Gwl during mitotic exit (Vinod and Novak, 2015). A key prediction from 

this model is that the phosphatase “PPx” supports inactivation of Gwl against its substrate 

Arpp19. This prediction is based on the fact that during mitotic exit, Gwl, Arpp19 and PP2A-

B55 are locked in a futile cycle of slow Arpp19 dephosphorylation by PP2A-B55 and immediate 

fast re-phosphorylation by Gwl. This futile cycle cannot be broken because PP2A-B55 is not 

able to turn toward Gwl to inactivate it as long as phosphorylated Arpp19 is present (see 

section 3.12 for details) (Williams et al., 2014). Our data suggest that PP1 is a good candidate 

for “PPx” and therefore we wanted to test if PP1 activity against Gwl is sufficient to inactivate 

it, thus breaking the futile cycle. We performed two different assays to measure Gwl kinase 

activity during mitotic exit. The first assay was based on immunoprecipitation of endogenous 

Gwl from embryo extracts with a specific antibody. The associated Gwl kinase activity was 

measured by incubation with recombinant His-tagged Arpp19 (His-Arpp19) in the presence of 

radioactive P32-labelled ATP. The resulting phosphorylation of Arpp19 was determined by 

autoradiography after SDS-PAGE and used as a proxy for Gwl activity. As expected, we 
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measured strong Gwl activity when it was immunoprecipitated from mitotic embryo extract 

(Figure 22A and Figure 22B, Buffer 10´). The measured Gwl activity was decreased by about 

60% when the immunoprecipitation was conducted 10min after induction of mitotic exit by 

Rosco (Rosco 10´). Gwl activity was significantly preserved if PP1 was inhibited at the induction 

of mitotic exit, confirming that PP1 is required for efficient Gwl inactivation (Rosco / I-2 10´). 

Importantly, inhibition of PP2A-B55 did not prevent Gwl inactivation at mitotic exit, despite 

the fact that dephosphorylation of Gwl was markedly hindered (Rosco / ThioArpp 10´). These 

observations were confirmed with the second type of Gwl kinase assay. In this assay, which 

was performed by A. Konietzny in the laboratory of Prof. Dr. T.U. Mayer, whole extract 

samples were incubated with recombinant His-tagged Arpp19 and radioactive P32-labelled 

ATP. The His-tagged Arpp19 was mutated to Ala at Ser28, a known Cdk1 site, and Ser109, a 

known PKA site, which leaves the Gwl site Ser67 as the only major phosphorylated residue 

(His-Arpp19 2A) (Mochida et al., 2010). Thus, any detected phosphorylation signal on Arpp19 

is expected to be due to phosphorylation by Gwl. To confirm this and validate the assay, we 

incubated His-Arpp19 2A with a sample of mitotic embryo extract in the presence of 

radioactive P32-labelled ATP, which resulted in efficient phosphorylation of His-Arpp19 2A 

(Figure 22C, performed by A. Konietzny, Prof. Dr. T.U. Mayer laboratory). When the Gwl site 

Ser67 was additionally mutated to Ala (His-Arpp19 3A), phosphorylation was reduced to 

background levels, confirming that the detected signal is specific for this site. Importantly, 

when Gwl was immunodepleted from the mitotic embryo extract before the kinase assay was 

conducted (the mitotic state was maintained by addition of phosphatase inhibitors, see Cdc27 

phosphorylation state), His-Arpp19 2A phosphorylation also went down to background levels. 

Thus, phosphorylation of His-Arpp19 2A in whole embryo extract samples is specific for Gwl 

activity. When this assay was conducted with embryo extract samples 15min after induction 

of mitotic exit by Rosco, Gwl activity against His-Arpp19 2A was almost reduced to background 

levels (Figure 22D and Figure 22E, performed by A. Konietzny, Prof. Dr. T.U. Mayer laboratory). 

This was indistinguishable from mitotic exit that was induced in the absence of PP2A-B55 

activity, although, as seen in Figure 22A, Gwl was still partially phosphorylated. Importantly, 

Gwl activity was about four times higher when PP1 was inhibited by I-2 during mitotic exit. 

Therefore, these two kinase assays suggest that PP1, but not PP2A-B55, is required to 

inactivate Gwl against its substrate Arpp19 during mitotic exit. To determine in more detail 

how Gwl activity drops during mitotic exit in relation to its phosphorylation state, we aimed  
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Figure 22 PP1 inactivates Gwl during mitotic exit. A) Interphasic embryo extract was prepared and treated for 30min with 

75nM His-cyclin-B191-397 (Δ90) to induce mitotic entry. Embryo extract was treated with Control Buffer, ThioArpp or I-2 as 

indicated before addition of Roscovitine. After 10min, samples were retrieved and immunoblotted for Gwl. α-tubulin serves 

as loading control. Gwl was immunoprecipitated from the residual reactions and subsequently mixed with recombinant 

Arpp19 and P32-ATP. Samples were subjected to SDS-PAGE and CBB staining followed by autoradiography to analyze Gwl 

activity. B) Quantification of Gwl activity in A). Values are given as mean ± standard deviation of three independent 

experiments. Statistical significance was probed using unpaired two-sided t-test with Welch´s correction. C) Mitotic embryo 

extract was prepared as in A) and treated with Phosphatase Inhibitors to secure the mitotic state. The embryo extract was 

split in two and Control IgG or Gwl antibodies were added for immunodepletion. The antibodies were removed and samples 

of the supernatants were subjected to immunoblotting for Gwl to confirm successful depletion. Cdc27 serves as mitotic 

marker and α-tubulin as loading control. In parallel, samples of the supernatants were incubated with P32-ATP and 

recombinant Arpp19 S28A S109 that was wt (His-Arpp19 2A) or mutated to alanine at the Gwl site S67 (His-Arpp19 3A). 

Samples of these reactions were subjected to SDS-PAGE followed by CBB staining and autoradiography. Activity against His-

Arpp19 3A is unspecific background phosphorylation. Assay was performed by A.Konietzny. D) Mitotic embryo extract was 

prepared as in A). The embryo extracts were treated with Control Buffer, ThioArpp or I-2 before mitotic exit was induced by 

addition of Roscovitine. After 15min, samples were retrieved and subjected to immunoblotting for Gwl. α-tubulin serves as 

loading control. Gwl activity was assayed in parallel as described in C). Assays were performed by A.Konietzny. E) 

Quantification of Gwl activity in D). The activity against His-Arpp19 3A was used for background subtraction. Values are given 

as mean ± standard deviation of six independent experiments. Statistical significance was probed using unpaired two-sided 

t-test with Welch´s correction. F) Mitotic embryo extract was prepared as in A). The embryo extract was cooled down on ice 
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before mitotic exit was induced by Roscovitine. The embryo extract was kept on ice and samples were retrieved at the 

indicated time points. Samples were subjected to immunoblotting for Gwl. α-tubulin serves as loading control. Gwl activity 

was assayed and quantified as described in C). Values are given as mean ± standard deviation of three independent 

experiments. Assays were performed by A.Konietzny. 

to measure both in a time course experiment. Furthermore, to increase the temporal 

resolution, the extract was kept on ice after addition of Rosco to slow down the relevant 

processes. Gwl activity went down by 60 – 70% in the first 6 – 8min after Rosco addition, a 

point in time when it was still highly phosphorylated (Figure 22F; performed by A. Konietzny, 

Prof. Dr. T.U. Mayer laboratory). Later dephosphorylation events were accompanied only by 

smaller losses in activity, confirming that Gwl inactivation is an early event of mitotic exit and 

precedes full dephosphorylation. Combined, the assays in Figure 22 suggest that PP1 is the 

key phosphatase to inactivate Gwl against Arpp19 during mitotic exit in early Xenopus 

embryos. We provide evidence that this is an early event and this is in line with the fact that 

many major mitotic exit events depend on PP2A-B55, which can only be activated after the 

inactivation of Gwl (Cundell et al., 2016; Mochida et al., 2009; Vinod and Novak, 2015; 

Williams et al., 2014).  

4.2.6 PP1 counteracts Gwl auto-phosphorylation 

With the experiments shown in Figure 22, we provided evidence that PP1 inactivates Gwl 

against its substrate Arpp19, whereas PP2A-B55 is negligible for this. However, PP2A-B55 was 

shown to dephosphorylate Thr193 in the activation loop of Gwl (Hegarat et al., 2014). 

Phosphorylation of Thr193 and Thr206 in the Gwl activation loop by cyclin-B/Cdk1 is a central 

step in the Gwl activation mechanism, because it enables the Gwl auto-phosphorylation 

required for full activity against Arpp19 (Blake-Hodek et al., 2012). Therefore, we 

hypothesized that PP1 antagonizes Gwl auto-phosphorylation, whereas PP2A-B55 counteracts 

the cyclin-B/Cdk1-dependent phosphorylation of residues like Thr193 and Thr206 that are 

important to activate Gwl auto-phosphorylation. To test if PP1 dephosphorylates Gwl auto-

phosphorylation sites, we added either wild-type (wt) or catalytic-dead (Gly41 mutated to Ser, 

G41S) S35-labelled Flag-tagged Gwl (Flag-Gwl) to mitotic embryo extract and induced mitotic 

exit in the presence (Rosco + Buffer) or absence (Rosco + I-2) of PP1 activity (Yu et al., 2006) 

(Figure 23A; similar assay performed by A. Konietzny, Prof. Dr. T.U. Mayer laboratory). 

Catalytic-dead Flag-Gwl G41S can still be phosphorylated by external kinases but largely lacks 

the ability to auto-phosphorylate itself (Blake-Hodek et al., 2012). Consequently, after 

incubation in mitotic embryo extract, Flag-Gwl G41S displayed a less pronounced mobility shift 
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in SDS-PAGE than Flag-Gwl wt (compare Δ90 60´ between Flag-Gwl wt and Flag-Gwl G41S). As 

seen in previous assays, Flag-Gwl wt dephosphorylation during mitotic exit was strongly 

impaired by inhibition of PP1 with I-2. Intriguingly, dephosphorylation of catalytic-dead Flag-

Gwl G41S was completely insensitive to PP1 inhibition. This suggests that PP1 is only involved 

in Gwl dephosphorylation when auto-phosphorylation is taking place. To confirm this 

assumption and to test if PP2A-B55 is required to dephosphorylate sites that give Gwl auto-

phosphorylation competence, we performed a Gwl reactivation assay. To this end, mitotic exit 

was induced for 25min in mitotic embryo extract by addition of Rosco (Figure 23B). 

Importantly, this was conducted in the presence (Rosco + Buffer 25´) or absence (Rosco + 

ThioArpp 25´) of PP2A-B55 activity. As expected, treatment with only Roscovitine resulted in 

full Gwl dephosphorylation, whereas inhibition of PP2A-B55 preserved Gwl in an intermediate 

phosphorylation state. After this 25min incubation time, both conditions were split in half and 

subsequently treated with either Buffer or the PP1 inhibitor I-2. If Gwl was already completely 

dephosphorylated at the time of I-2 addition, nothing happened to the Gwl phosphorylation 

state (Rosco + Buffer 25´ treated with I-2). In contrast, if Gwl was incompletely 

dephosphorylated due to the absence of PP2A-B55 activity, PP1 inhibition by I-2 resulted in 

re-phosphorylation of a fraction of Gwl that returned to the mitotic phosphorylation state 

(Rosco + ThioArpp 25´ treated with I-2). Notably, this happened in the ongoing presence of 

Rosco and, thus, in the absence of cyclin-B/Cdk1 activity, which suggests that it can probably 

be attributed to Gwl auto-phosphorylation. We then repeated the assay in a similar manner 

and measured the Gwl activity in whole extract samples as shown in Figure 22C. Importantly, 

the re-phosphorylation of Gwl after PP1 inhibition with I-2, which we observed in Figure 23B, 

correlated with a significant increase in Gwl activity (Figure 23C; performed by A. Konietzny, 

Prof. Dr. T.U. Mayer laboratory). This increase was not detected when Gwl activity was 

measured in extracts that had completely exited mitosis in the presence of PP2A-B55 activity 

before PP1 was re-inhibited. Taken together, this suggests that PP1 counteracts the auto-

phosphorylation of Gwl, which, as seen in Figure 22, is sufficient to inactivate it against its only 

known downstream target Arpp19. However, as shown in Figure 23B and Figure 23C, in this 

state Gwl still has auto-phosphorylation competence and therefore the capability to 

reactivate itself in the absence of PP1 activity. During mitotic exit, PP1-dependent inactivation 

of Gwl against Arpp19 allows PP2A-B55 to first dephosphorylate the cellular Arpp19 pool and 

then Gwl on sites that are necessary for auto-phosphorylation (Blake-Hodek et al., 2012; 
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Hegarat et al., 2014; Williams et al., 2014). This completely shuts Gwl down with no possibility 

for reactivation until cyclin-B/Cdk1 phosphorylates Gwl at the onset of the next mitosis. 

 

Figure 23 PP1 counteracts Gwl auto-phosphorylation. A) S35-labelled Flag-tagged Gwl wt or catalytic-dead G41S IVT was 

added to interphasic embryo extract and treated for 60min with 75nM His-cyclin-B191-397 (Δ90) to induce mitotic entry. The 

embryo extracts were treated with Control Buffer or I-2 before mitotic exit was induced by Roscovitine. Samples were 

retrieved at the indicated time points and immunoblotted for Cdc27 as mitotic marker and α-tubulin as loading control. In 

parallel, samples were subjected to SDS-PAGE followed by autoradiography. B) Interphasic embryo extract was prepared and 

treated for 30min with 75nM His-cyclin-B191-397 (Δ90) to induce mitotic entry. The mitotic embryo extract was treated with 

Control Buffer or ThioArpp before Roscovitine was added to induce mitotic exit. After 25min incubation, both reactions were 

split in two and treated with Control Buffer or I-2. Samples were retrieved at the indicated time points and immunoblotted 

for Gwl. α-tubulin serves as loading control. C) Experimental setup similar to B). This time, mitotic exit was allowed to proceed 

for 10min before addition of Control Buffer or I-2. Samples were retrieved at the indicated time points and assayed for Gwl 

activity as in Figure 22C. Assay was performed by A.Konietzny. 



Results 

 

68 

 

4.2.7 Mitotic regulation of the PP1 catalytic subunit 

The last question we addressed concerned the regulation of PP1 during mitosis. It is known 

that cyclin-B/Cdk1 can phosphorylate and inactivate the catalytic subunit of PP1, e.g. on 

Thr316 of Xenopus PP1α (Dohadwala et al., 1994; Kwon et al., 1997). It has been proposed 

that this phosphorylation event can be reversed by PP1 itself (Wu et al., 2009). Therefore, 

inactivation of cyclin-B/Cdk1 by cyclin-B degradation at mitotic exit would allow self-activation 

of PP1, which could subsequently initiate the inactivation of the Gwl/Arpp19 module. To test 

if PP1 is phosphorylated on the inhibitory Thr316 site in Xenopus embryo extracts, we 

employed a phosphorylation-specific antibody. There was already considerable 

phosphorylation of Thr316 of PP1 detectable in interphasic (as judged from XErp1 

phosphorylation status) embryo extracts (Figure 24A; Δ90 0´). We observed a weak increase 

in Thr316 phosphorylation when mitotic entry was induced by addition of non-degradable 

cyclin-B to the embryo extract (Δ90 30´). When mitotic exit was initiated by addition of Rosco, 

there was a fast, but slight, drop of the Thr316 phosphorylation in the first five minutes, 

approximately back to the initial interphasic level. This was followed by a slow decrease of the 

Thr316 phosphorylation over the next 40min. The dephosphorylation of Thr316 during mitotic 

exit could be delayed by the addition of I-2, suggesting that PP1 indeed participates to some 

extent in the dephosphorylation of its own inhibitory site (Figure 24B). However, over the 

course of the experiment Thr316 was also considerably dephosphorylated in the I-2-treated 

condition. Therefore, we wanted to reinvestigate the proposed auto-dephosphorylation 

mechanism by adapting an in vitro assay published by Wu and colleagues (Wu et al., 2009). 

We purified recombinant Maltose-binding protein-tagged Xenopus PP1α from E.coli, either in 

its wild-type form (MBP-PP1 wt) or as a catalytic-dead Arg96 to Ala mutant (MBP-PP1 R96A) 

(Huang et al., 1997). The phosphatase activity of the purified proteins was determined in a 

colorimetric assay with p-Nitrophenyl phosphate (pNPP) as a substrate. The activity of MBP-

PP1 wt in the assay increased linearly with the amount of protein used and this was largely 

sensitive to I-2 addition, confirming that the measured activity was mostly specific for PP1 

(Figure 24C). As expected, MBP-PP1 R96A was almost inactive in this assay. When MBP-PP1 

wt was incubated with recombinant cyclin-B/Cdk1, phosphorylation of Thr316 was only 

detectable in the presence of I-2 (Figure 24D). This indicates that, as suggested before, MBP-

PP1 wt actively counteracts its own phosphorylation (Wu et al., 2009). From this observation, 

we predicted that the catalytic-dead MBP-PP1 R96A should not depend on I-2 for efficient  
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Figure 24 Mitotic regulation of the PP1 catalytic subunit. A) Interphasic embryo extract was prepared and treated for 30min 

with 75nM His-cyclin-B191-397 (Δ90) to induce mitotic entry before Roscovitine was added to induce mitotic exit. Samples were 

retrieved at the indicated time points and immunoblotted for PP1 and phospho-T316 PP1. XErp1 serves as mitotic marker 

and α-tubulin as loading control. B) Mitotic embryo extract was prepared as in A). The embryo extract was treated with 

Control Buffer or I-2 before mitotic exit was induced by Roscovitine. Samples were retrieved at the indicated time points and 

immunoblotted for PP1 and phospho-T316 PP1. XErp1 and Gwl serve as mitotic markers and α-tubulin as loading control. 

Asterisk denotes unspecific bands. C) Activity of different amounts of recombinant MBP-tagged PP1α wt or R96A was assayed 

by addition to the reference substrate pNPP in the presence or absence of I-2. The reaction product can be detected by its 

A405 absorbance. D) Recombinant MBP-tagged PP1α wt or R96A was incubated with recombinant cyclin-B/Cdk1 and ATP in 

the presence or absence of I-2. Samples were retrieved at the indicated time points and immunoblotted for PP1 and phospho-

T316 PP1. E) Mitotic embryo extract was prepared as in A). Control Buffer or recombinant MBP-tagged PP1α wt or R96A was 

added. Samples were retrieved at the indicated time points and immunoblotted for Gwl and PP1. α-tubulin serves as loading 

control. Asterisks denote unspecific bands. 
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phosphorylation of Thr316 by cyclin-B/Cdk1. Surprisingly, MBP-PP1 R96A still required the 

presence of I-2 for efficient phosphorylation of Thr316 by cyclin-B/Cdk1, thus questioning if 

the relevant trait of I-2 in this experiment is inhibition of PP1. Nevertheless, we wanted to test 

if ectopic PP1 is sufficient to force mitotic exit in embryo extracts. Either MBP-PP1 wt or MBP-

PP1 R96A were added to mitotic embryo extracts in excess over the endogenous PP1 (Figure 

24E). After 25 – 40min, Gwl was dephosphorylated specifically in the condition in which active 

MBP-PP1 wt was added, indicating that this resulted in loss of the mitotic state. Taken 

together, these experiments suggest that PP1 might indeed be regulated by inhibitory 

phosphorylation in embryo extracts. However, further experiments need to be done to reveal 

the extent and relevance of it and to clarify if PP1 reactivates itself by auto-dephosphorylation 

at the onset of mitotic exit. 

4.2.8 Summary project II 

In summary, we show here that PP1 is a crucial element of the biochemical cascade that 

mediates exit from mitosis during the early embryonic divisions of Xenopus laevis. We provide 

evidence that PP1 counteracts Gwl auto-phosphorylation and is therefore critical to inactivate 

it against its substrate Arpp19, thus allowing PP2A-B55 to liberate itself from inhibition. PP1 

itself might be regulated by inhibitory phosphorylation, but the exact mechanism requires 

further detailed investigation. 
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5. Discussion 

5.1 The role of calcineurin during exit from meiosis II in Xenopus 

laevis 

5.1.1 Calcineurin supports cyclin-B degradation by the APC/C 

In the first part of this thesis, I focused on the role of calcineurin (CaN) during exit from meiotic 

metaphase II arrest in Xenopus laevis. As reported previously by the labs of Hunt and Ohsumi, 

we observed that the degradation of cyclin-B is delayed when meiotic exit is induced in the 

absence of CaN activity in cell-free extracts of metaphase II-arrested oocytes (CSF extracts) 

(Figure 9) (Mochida and Hunt, 2007; Nishiyama et al., 2007b). However, the observed decline 

in cyclin-B degradation was relatively mild compared to the published results. Upon careful 

examination of our experiments, we realized that the amount of calcium used to trigger 

meiotic exit in CSF extracts determined the requirement for CaN (Figure 10A). This correlation 

was reported by others as well (Nishiyama et al., 2007b). The result that CaN is only required 

for meiotic exit under certain circumstances is in line with the fact that there are treatments 

that trigger cyclin-B degradation and release from metaphase II arrest in the complete 

absence of CaN activation, e.g. addition of hyperactive CaMKII or depletion of XErp1 (Lorca et 

al., 1993; Schmidt et al., 2005). Furthermore, the role of CaN during meiotic exit does not seem 

to be strictly conserved in other vertebrates. In mice, there is no detectable expression of CaN 

during metaphase II arrest and, therefore, it does not seem to be required for meiotic exit 

(Suzuki et al., 2010). In pigs, CaN is expressed in oocytes, but it has a cyclin-B/Cdk1- and MAPK-

independent role (Tumova et al., 2016). In Xenopus laevis, it is known that both CaMKII and 

CaN are only transiently activated after fertilization in vivo or after calcium addition to CSF 

extracts in vitro (Lorca et al., 1993; Mochida and Hunt, 2007; Nishiyama et al., 2007b). From 

this, we hypothesized that CaN might be required for faithful meiotic exit when the calcium 

stimulus is too weak or too short to sufficiently activate CaMKII. CaMKII activity is directly 

correlated with the degradation of the APC/CCdc20 inhibitor XErp1, whose destruction is 

sufficient to allow the APC/C Cdc20 to act on cyclin-B (Rauh et al., 2005; Schmidt et al., 2005). 

Consequently, we predicted that higher amounts of XErp1 increase the necessity for CaN 

activity during meiotic exit even upon strong CaMKII activation. Indeed, we observed that CaN 

activity becomes more important for efficient cyclin-B degradation when the XErp1 
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concentration was artificially increased (Figure 10B). It is tempting to speculate that following 

fertilization under physiological conditions the increase in cytosolic calcium, and hence the 

activation of CaMKII, is always limited to a narrow range that necessitates CaN for faithful 

meiotic exit. This is supported by measurements of the free cytosolic calcium concentration 

before and after fertilization of Xenopus oocytes, which showed very little variance between 

oocytes from the same individual frog and between oocytes from different frogs of a 

population (Busa and Nuccitelli, 1985). Alternatively, endogenous concentrations of XErp1 

might vary to some extent in mature oocytes in vivo. Then, CaN could support faithful 

APC/CCdc20 activation in cases where CaMKII activation alone is not sufficient for full XErp1 

degradation. The APC/CCdc20-stimulating effect of CaN could be explained either by a direct 

effect on XErp1 or by an effect on other factors that are in parallel involved in APC/CCdc20-

regulation. In the following sections, these possibilities will be discussed in the light of the 

results presented in this work. 

5.1.2 Calcineurin affects the phosphorylation and degradation of XErp1 

The experiments shown in Figure 11A and B suggest that CaN affects the phospho-regulation 

of XErp1 during meiotic exit and this seems to be necessary for its complete degradation. This 

is in line with a previous report showing compromised association of XErp1 to the E3 ligase 

SCFβTRCP during meiotic exit in the absence of CaN activity, which consequently resulted in 

inefficient degradation (Nishiyama et al., 2007b). The same report also showed that 

recombinant CaN derived from E.coli can target XErp1 that was isolated from CSF extracts, 

although no site-specific information was provided (Nishiyama et al., 2007b). Concerning the 

multitude of different amino acids of XErp1 that are phosphorylated during metaphase II 

arrest, with some of them being stabilizing/activating and others destabilizing/inactivating, it 

is questionable if most or almost all of them are true CaN target sites in vivo (Isoda et al., 

2011). Furthermore, a second report did not observe an effect of CaN on XErp1 

phosphorylation or degradation in the same system (Mochida and Hunt, 2007). However, in 

the experiments of this second report no phosphatase-treated samples were compared to 

specifically analyze XErp1 stability and the time points might have been too widely distributed 

to detect subtle effects on the XErp1 phosphorylation status (Mochida and Hunt, 2007). In our 

experiments, XErp1 displayed a strong phosphorylation-dependent mobility shift in SDS-PAGE 

immediately after calcium addition to CSF extracts irrespective of the CaN activity state and 
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this correlated with the onset of its degradation. However, the destruction of XErp1 fell behind 

after 8 – 10min if CaN was inhibited and this was accompanied by significant 

dephosphorylation of a fraction of XErp1 (Figure 11A and B). This pattern of normal 

phosphorylation followed by premature dephosphorylation suggests that the kinases, which 

mediate XErp1 phosphorylation in response to calcium, are not directly affected by CaN but 

rather the phosphatase(s) that antagonize(s) them. This is further corroborated by the finding 

that CaMKII activity is not modified by CaN activity (Nishiyama et al., 2007b). We provide 

evidence that the phosphatase antagonized by CaN is likely to be PP2A-B56, because mutating 

three sites on XErp1 known to be important for its recruitment completely ablated the effect 

of CaN on the XErp1 phosphorylation state (Figure 12A) (Hertz et al., 2016; Inoue et al., 2007; 

Isoda et al., 2011; Nishiyama et al., 2007a; Wu et al., 2007a). The strong phosphorylation-

dependent mobility shift of XErp1 observed after calcium addition, which is prematurely 

reversed upon CaN inhibition, entirely depended on Thr195 phosphorylation and/or events 

downstream of it (Figure 12B). We found that phosphorylation of Thr195 by CaMKII only 

results in a very small mobility shift on its own, but this phosphorylation promotes further 

phosphorylation events (Figure 12C). So far, the only known candidate sites downstream of 

Thr195 are the Plx1 target sites Ser33, Ser38, Ser284 and Ser288 (Nishiyama et al., 2007a; 

Schmidt et al., 2005). However, these four Plx1 target sites have been mutated to alanine 

(DSG- DSA-) in all constructs used in Figure 12 and, consequently, cannot contribute to any 

phosphorylation-dependent mobility shift in SDS-PAGE. These results suggest that there must 

be additional unknown target sites for kinases on XErp1 that are phosphorylated downstream 

of Thr195 and that can be dephosphorylated, probably by PP2A-B56, in way that is sensitive 

to CaN activity. Alternatively, phosphorylation of Thr195 could directly interfere with binding 

of a phosphatase that keeps XErp1 in a hypophosphorylated state. Currently, PP2A-B56 is the 

only phosphatase known to fulfill this requirement, but so far there is no evidence that binding 

of PP2A-B56 to XErp1 is affected by CaMKII-mediated phosphorylation of Thr195 (Isoda et al., 

2011). Taken together, we provide evidence that CaN affects the dephosphorylation of XErp1 

by PP2A-B56 during meiotic exit, thus supporting its inactivation and/or degradation. 

Nevertheless, the exact consequence for the XErp1 phosphorylation status remains to be 

investigated on the level of amino acid identity. 

We hypothesized that CaN interferes with the activity of PP2A-B56 against XErp1 on the level 

of substrate binding. As explained in section 3.7.2, binding of PP2A-B56 to XErp1 requires 
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phosphorylation of the latter by p90Rsk at residues in a known canonical PP2A-B56 binding 

motif (Hertz et al., 2016; Inoue et al., 2007; Isoda et al., 2011; Nishiyama et al., 2007a; Wu et 

al., 2007a). XErp1 seems to be phosphorylated by p90Rsk primarily on Ser335, Thr336 and 

Ser342 (Inoue et al., 2007). Recent in vitro measurements confirmed that phosphorylation of 

this conserved region is critical to increase the affinity between the human orthologue of 

XErp1 (Emi2) and B56 (Hertz et al., 2016). Therefore, we predicted that CaN antagonizes p90Rsk 

in phosphorylating these sites on XErp1, thus decreasing the binding of PP2A-B56 during 

meiotic exit. To test this hypothesis, we raised a phosphorylation-specific antibody against 

Ser335 of XErp1 and validated its specificity (Figure 13A and B). Using ectopic XErp1 as a 

phosphorylation sensor, we observed that Ser335 is indeed dephosphorylated during exit 

from meiosis (Figure 13D). However, the extent of phosphatase activity against the ectopic 

XErp1 was not sufficient for full dephosphorylation during the course of the experiment. This 

can probably be explained by the fact that ectopic XErp1 had to be added in a several-fold 

excess over the endogenous XErp1 to detect the phosphorylation-specific signal (Figure 13A 

and D). As CaN is only transiently activated during meiotic exit, we reasoned that it might not 

have the capacity to completely dephosphorylate Ser335 of the huge amount of ectopic XErp1 

protein in this limited amount of time (Mochida and Hunt, 2007; Nishiyama et al., 2007b). To 

determine if CaN can directly dephosphorylate Ser335 of XErp1, we aimed to perform in vitro 

phosphatase assays. Initially, we wanted to express CaN in E.coli as reported before, but in 

our hands the preparations showed little activity (data not shown) (Feine et al., 2014; Mochida 

and Hunt, 2007; Nishiyama et al., 2007b). The same was true for CaN expressed in wheat germ 

extracts. Here, the inefficiency to produce functional CaN was further underlined by the fact 

that the catalytic subunit CnA did not interact with the co-expressed regulatory subunit CnB 

despite the addition of calcium (data not shown). Furthermore, we expressed the catalytic 

CnA subunit from mRNA in CSF extracts and isolated it by immunoprecipitation, but again no 

significant activity was associated (data not shown). Therefore, we turned to commercially 

available SF21-expressed human CaN, which was able to dephosphorylate Ser335 of XErp1 in 

vitro (Figure 14A). This largely depended on the presence of the co-activator calmodulin, but 

we also repeatedly detected some dephosphorylation in its absence. This can probably be 

explained by the fact that CaN has basal activity in the absence of calmodulin, which is 

stimulated approximately 10-fold by its binding (Li et al., 2016). Alternatively, it could be 

explained by the co-purification of calmodulin or an unspecific phosphatase from SF21 cells 
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(Chin and Means, 2000). Nevertheless, for future studies it might be worth to express the 

Xenopus CaN subunits in insect cells to obtain highly active enzyme, which is then probably 

more suitable as a phosphatase for a Xenopus protein than the human CaN used here. We 

could not identify any of the conserved CaN-binding motifs of the “PxIxIT”- or the “LxVP”-type 

in the sequence of XErp1. However, as these binding motifs tend to be very degenerate in 

sequence and were mostly characterized in other organisms so far, it could be that XErp1 

carries an undescribed version of them (Goldman et al., 2014; Li et al., 2007; Sheftic et al., 

2016). Another potential explanation for the lack of the motifs could be that CaN and XErp1 

form a ternary complex with another protein that bridges the interaction. These assumptions 

have to be tested in more detail in the future, e.g. by pull-downs of full-length or fragmented 

XErp1 from CSF extract, to confirm that XErp1 physically interacts with CaN in a physiologically 

relevant environment. One prediction that can be derived from the observed 

dephosphorylation of Ser335 of XErp1 during meiotic exit is that this should coincide with a 

decrease in associated PP2A-B56. However, we could not support this experimentally when 

we performed pull-downs from CSF extract with ectopic XErp1 and ectopic B56. As expected, 

both proteins interacted in the metaphase II-arrested CSF extracts (Figure 15A). However, we 

could not detect a significant decrease in this interaction when the extracts were treated with 

calcium for 14min before the pull-down was performed. This was unexpected concerning the 

decrease in Ser335 phosphorylation that we observed at corresponding time points in 

previous experiments (Figure 13D). There are several potential explanations for this result. To 

reliably detect the interaction between XErp1 and B56, we had to add ectopic stable XErp1 in 

several-fold excess over the endogenous protein, thus potentially overloading the system. As 

the amount of CaN was not increased accordingly, this may obscure subtle effects that would 

occur in an unperturbed system. Furthermore, we can only provide information for the 

phosphorylation state of Ser335 of XErp1 during meiotic exit but do not know if Thr336 and 

Ser342 are dephosphorylated in a similar way. Phosphorylation of human Emi2 at the 

corresponding residues Thr386 (Thr336 in XErp1) and Ser392 (Ser342 in XErp1) increases the 

affinity for B56 roughly three-fold and two-fold, respectively (Hertz et al., 2016). This suggests 

that XErp1 would retain considerable affinity for PP2A-B56 if these two sites are not 

dephosphorylated like Ser335 during meiotic exit. Therefore, further experiments have to be 

conducted to investigate to what extent the association of XErp1 and PP2A-B56 is directly 

decreased by CaN during meiotic exit.  
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5.1.3 Calcineurin affects inhibitory phosphorylation of Cdc20 

In addition to XErp1, Cdc20 was proposed as another APC/C regulator that is under control of 

CaN during meiotic exit, thus potentially contributing to the observed phenotype of CaN 

inhibition (Mochida and Hunt, 2007). Several sites on Cdc20 that are known to prevent 

efficient APC/C activation when phosphorylated have been described (Chung and Chen, 2003; 

Hein et al., 2017; Hein and Nilsson, 2016; Labit et al., 2012; Yudkovsky et al., 2000). In Xenopus 

laevis, the most relevant residues of Cdc20 known to be involved in the regulation of APC/C 

activity are Thr64, Thr68 and Thr79, with a minor contribution of Ser50 and maybe other sites 

(Chung and Chen, 2003; Hein et al., 2017; Labit et al., 2012). However, it is still not entirely 

understood which phosphatases are involved in the dephosphorylation of these inhibitory 

sites on Cdc20. It has been reported that the rapid dephosphorylation of Cdc20, as judged 

from its small phosphorylation-dependent mobility shift in SDS-PAGE, is sensitive to CaN 

inhibition during meiotic exit in Xenopus laevis (Labit et al., 2012; Mochida and Hunt, 2007). 

Furthermore, it has been shown that the phosphatase activity against Ser50 of Cdc20 rises 

rapidly after calcium addition to CSF extracts and this activity is sensitive to cyclosporine A, 

indicating that CaN acts on this site (Labit et al., 2012; Mochida and Hunt, 2007). There is 

already some phosphatase activity against the more important inhibitory sites Thr64, Thr68 

and Thr79 detectable during metaphase II arrest and this activity is sensitive to okadaic acid 

(Castilho et al., 2009; Labit et al., 2012; Mochida and Hunt, 2007). After calcium addition to 

CSF extracts, the phosphatase activity against these three sites rises for a short period of time 

even in the presence of okadaic acid, but if this can be inhibited with a CaN inhibitor has not 

been tested to the best of our knowledge (Labit et al., 2012; Mochida and Hunt, 2007). When 

we tested the effect of CaN inhibition on Cdc20 dephosphorylation during meiotic exit, we 

observed that it is, as reported, significantly delayed by around 10min (Figure 16A) (Mochida 

and Hunt, 2007). Analyzing the phosphorylation state of Cdc20 on Phos-tagTM gels revealed 

that many different phosphorylation events contribute to the small mobility shift observed in 

standard SDS-PAGE. These Phos-tagTM gels furthermore showed that some sites are 

dephosphorylated rapidly within the first 10min after calcium addition to CSF extracts 

whereas others persist for around 20min (Figure 16A). It is tempting to speculate that the 

early dephosphorylation events can be attributed to the above described inhibitory 

phosphorylation sites in the N-terminus of Cdc20, thus promoting the activation of APC/CCdc20 

at the onset of meiotic exit. This has been confirmed for Thr79 in a report, which showed that 
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this site is rapidly dephosphorylated during meiotic exit (Labit et al., 2012). Using a 

phosphorylation-specific antibody, we confirmed that another one of these sites, Thr68, is as 

well phosphorylated during metaphase II arrest and quickly dephosphorylated during meiotic 

exit (Figure 16B and C). Importantly, we also demonstrate that this dephosphorylation is 

largely impaired by the inhibition of CaN (Figure 16C). Thus, for the first time we provide direct 

evidence that one of the important inhibitory phosphorylation sites of Cdc20 (Thr64, Thr68 

and Thr79) is dephosphorylated in a CaN-dependent manner during meiotic exit (Labit et al., 

2012). This finding needs to be confirmed with site-specific tools, e.g. phosphorylation-specific 

antibodies, for the other relevant sites in the future. Using in vitro phosphatase assays, we 

also show that recombinant human CaN can directly dephosphorylate Thr68 of Cdc20 (Figure 

17A). However, we failed to identify one of the known relevant CaN-binding motifs in the 

sequence of Cdc20 (Goldman et al., 2014; Li et al., 2007; Sheftic et al., 2016). Thus, the exact 

nature of this interaction needs to be investigated in the future. 

Of note, our experiments revealed that the dephosphorylation of Cdc20 does not seem to be 

a strict prerequisite for efficient and full cyclin-B degradation. For example, Cdc20 

dephosphorylation is strongly delayed by CaN inhibition in the experiment shown in Figure 

16A, but cyclin-B is degraded with kinetics almost indistinguishable from the control. In 

contrast, in Figure 16C we observed a significant delay in cyclin-B degradation by the inhibition 

of CaN. The observation that the dephosphorylation of Cdc20 by CaN is nonessential for cyclin-

B degradation is in line with two reported observations: first, there is already some APC/CCdc20 

activity during metaphase II arrest to maintain a constant cyclin-B turnover and second, it is 

sufficient to inactivate the APC/CCdc20 inhibitor XErp1 to induce cyclin-B degradation in the 

complete absence of CaN activity (Lorca et al., 1993; Schmidt et al., 2005; Yamamoto et al., 

2005). Nevertheless, the phosphorylation and dephosphorylation of inhibitory sites of Cdc20 

might help to fine-tune APC/CCdc20 activity during metaphase II arrest and boost it during 

meiotic exit, respectively. This could be crucial in the context of the intact fertilized oocyte, 

where many different processes happen in parallel and have to be tightly coordinated (Kline, 

1988). 

Furthermore, although Thr68 seems to be a direct target of CaN (see Figure 17A), we cannot 

state with certainty if this is also true for the other phosphorylation sites of Cdc20 that are 

affected by CaN inhibition (see Figure 16A). Alternatively, CaN could have an indirect effect 

on them through another phosphatase, e.g. PP2A-B55, Fcp1, PP2A-B56 or PP1, which are all 
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reported to be involved in Cdc20 dephosphorylation in various contexts (Castilho et al., 2009; 

Craney et al., 2016; Hein et al., 2017; Kim et al., 2017; Labit et al., 2012; Lee et al., 2017; 

Mochida et al., 2009; Visconti et al., 2012). However, it is probably not an indirect effect of 

impaired PP2A-B55 reactivation, because cyclin-B degradation, which sets the timer for it, is 

only mildly affected by CaN inhibition in some experiments that showed a strong effect on 

Cdc20 phosphorylation (e.g. Figure 16A) (Heim et al., 2015; Ma et al., 2016; Rogers et al., 

2016). In addition, it has been reported that meiotic and mitotic exit in Xenopus extracts are 

generally not affected by depletion of Fcp1, although Cdc20 was not directly probed in this 

context (Ma et al., 2016). PP2A-B56 has been shown to be required for dephosphorylation of 

sites on Cdc20 that are phosphorylated by Bub1-Plk1 in a spindle checkpoint-dependent 

manner (with Ser92 as the major site in human Cdc20, corresponding to Ser101 in Xenopus 

Cdc20) (Craney et al., 2016; Jia et al., 2016; Lee et al., 2017; Tang et al., 2004). As the spindle 

assembly checkpoint is probably not operating during meiosis and early embryonic mitosis in 

Xenopus laevis (although Bub1 might play a role), it remains to be determined if this 

phosphatase is required here (Clute and Masui, 1997; Schwab et al., 2001; Shao et al., 2013; 

Tunquist et al., 2002). Furthermore, it has been shown in C.elegans that PP1 dephosphorylates 

Cdc20 at the kinetochore by binding to KNL-1 once the spindle checkpoint is satisfied (Kim et 

al., 2017). However, as mentioned above, the spindle checkpoint is probably not active in 

Xenopus meiosis and even if it is, it should be satisfied during metaphase II arrest (Shao et al., 

2013). Moreover, PP1 was shown to be under negative control of cyclin-B/Cdk1, which is 

highly active during metaphase II arrest in Xenopus laevis, and it would need to be determined 

if a relevant sub-population of PP1 can evade this negative regulation to act on Cdc20 before 

Cdk1 is turned off (Dohadwala et al., 1994; Kwon et al., 1997). Therefore, it is not clear if PP1, 

PP2A-B55, PP2A-B56 and Fcp1 contribute to the initial dephosphorylation of Cdc20 during exit 

from metaphase II arrest in Xenopus laevis and this might explain the necessity to have 

another phosphatase for it during this time in development. As the stimulus that triggers exit 

from metaphase II arrest is a rise in cytosolic calcium, it is easily conceivable that the calcium-

activated phosphatase CaN is an excellent candidate. 

5.1.4 Additional potential calcineurin substrates during meiotic exit 

It has been reported that, in addition to XErp1 and Cdc20, CaN dephosphorylates and activates 

the translation repressor maskin, which down-regulates the translation of fresh cyclin-B within 
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minutes of meiotic exit (see section 3.6.1) (Cao et al., 2006). This induced decrease in synthesis 

of new cyclin-B probably also contributes to the reduction of total cyclin-B levels during 

meiotic exit, although it is reasonable to expect that the increase in the rate of degradation is 

more important to ensure a fast drop in cyclin-B levels (Thibier et al., 1997). Therefore, this 

mechanism might be more relevant for the control of cyclin-B levels during the following 

embryonic mitotic cell divisions (Cao et al., 2006).  

Another substrate that has been reported for CaN in the literature is Aurora Borealis (Bora) 

(Feine et al., 2014). Dephosphorylation of Bora by CaN supports its degradation, which in turn 

is required for the inactivation of Plx1 (Feine et al., 2014). We did not address this substrate 

experimentally but predict that it is unlikely to be connected to the CaN-dependent effects on 

XErp1 that are described above. Prolonged activity of Plx1 by CaN inhibition would rather 

destabilize than stabilize XErp1, which is the opposite of what we observed (Figure 11A) 

(Schmidt et al., 2005). There might be a connection between Bora and the Cdc20 

phosphorylation state, because, as explained in section 5.1.3, it has been shown that human 

Cdc20 can be phosphorylated on Ser92 (corresponds to Xenopus Ser101) by Bub1-Plk1 in a 

spindle checkpoint-dependent manner and this was shown to inhibit the APC/CCdc20 (Jia et al., 

2016; Tang et al., 2004). Therefore, delayed Plx1 inactivation due to delayed Bora degradation 

in response to CaN inhibition could promote a hyperphosphorylated state of Cdc20. However, 

as explained in section 5.1.3, spindle checkpoint mechanisms are probably not relevant for 

meiosis of Xenopus laevis and it is therefore unclear if Cdc20 is phosphorylated by Bub1-Plx1 

at all (Shao et al., 2013). Furthermore, this would only explain the delay for one of the many 

Cdc20 dephosphorylation events that we observed to be sensitive for CaN inhibition (see 

Figure 16A). Nevertheless, in might be interesting to study a potential interplay between Bora 

and Cdc20 in meiosis of Xenopus laevis in the future.  

5.1.5 Project I: Working Model 

In summary, based on our data we propose the following working model for the role of CaN 

during exit from metaphase II arrest in Xenopus laevis (Figure 25). During metaphase II arrest, 

the APC/CCdc20 is largely inhibited by XErp1, which allows stable maintenance of a homeostatic 

state characterized by high cyclin-B/Cdk1 activity. Constant high inhibitory activity of XErp1 

requires binding of the protective phosphatase PP2A-B56, which can only happen if XErp1 is 

phosphorylated by p90Rsk, the terminal effector of the Mos/MAPKK/MAPK pathway. 
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Furthermore, the activity of the APC/C is limited by inhibitory phosphorylation of its co-

activator Cdc20. Destruction or inactivation of XErp1 is a prerequisite to liberate the 

APC/CCdc20 from inhibition during meiotic exit in Xenopus laevis. After fertilization, the rise in 

cytosolic calcium activates both CaMKII and CaN. CaMKII initiates the degradation of XErp1 by 

the recruitment of Plx1, which phosphorylates a phospho-degron in XErp1 that is recognized 

by the E3 ligase SCFβTRCP. We speculate that efficient destruction of XErp1 requires removal of 

the protective phosphatase PP2A-B56 and provide evidence that CaN facilitates this by 

dephosphorylation of the p90Rsk target sites. CaN further stimulates the activation of the 

APC/C by dephosphorylation of inhibitory sites, e.g. Thr68, on its co-activator Cdc20. 

Combined, these two actions of CaN support the efficient degradation of cyclin-B and, 

consequently, the inactivation of Cdk1, which is a hallmark of exit from the meiotic metaphase 

II state. While both activities of CaN are not essential for cyclin-B degradation in cell-free CSF 

extracts, we and others observed that they accelerate the process. In vivo, activation of CaMKII 

might be regulated more tightly than in the experiments performed here in cell-free extracts, 

thus creating conditions where CaN and its effect on both downstream targets are always 

required to ensure complete cyclin-B degradation. We further speculate that reliable and fast 

cyclin-B degradation could be necessary to synchronize inactivation of Cdk1 with other 

processes that are initiated in parallel during meiotic exit in vivo, e.g. cortical granule 

exocytosis.  
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Figure 25 Working Model for the role of CaN during meiotic exit. Proteins shown in red are inactive and the ones shown in 

green are active. Yellow circles indicate phosphorylation. Orange circles indicate calcium. Parts modified from (Isoda et al., 

2011). 
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5.2 The mitotic interplay between the Gwl/Arpp19 module and PP1 

in early Xenopus embryos 

5.2.1 PP1 is a Gwl phosphatase during mitotic exit 

In the second part of this thesis we aimed to investigate the phosphatases that are involved 

in dephosphorylation and inactivation of Gwl during the early embryonic divisions of Xenopus 

laevis. To this end, we first established a system that allowed us to recapitulate mitotic exit in 

an easily manipulable cell-free embryonic extract (Figure 18). Using thio-phosphorylated 

recombinant Arpp19 as a specific PP2A-B55 inhibitor, we observed that this phosphatase is, 

as reported, involved in Gwl dephosphorylation during mitotic exit (Figure 19A and B) 

(Hegarat et al., 2014). However, the partial dephosphorylation of Gwl in the absence of PP2A-

B55 activity clearly indicated that one or more other phosphatases contribute to Gwl 

dephosphorylation as well (Figure 19A and B). Titrating the PPP phosphatase inhibitors 

okadaic acid and tautomycin revealed that PP1 is possibly involved in Gwl dephosphorylation 

during mitotic exit (Figure 19C) (Gupta et al., 1997; Swingle et al., 2007). Furthermore, PP1 

was already shown to be of general relevance for mitotic exit in Xenopus laevis, which makes 

it a likely candidate for a Gwl phosphatase (Wu et al., 2009). Using Inhibitor-2 and a fragment 

of NIPP1 as specific inhibitors for PP1, we confirmed that combined inhibition of PP1 and 

PP2A-B55 is sufficient to completely block Gwl dephosphorylation at mitotic exit (as judged 

from mobility shift in SDS-PAGE) (Figure 20A - C) (Beullens et al., 2000; Hurley et al., 2007). It 

was shown previously that the dephosphorylation of both Gwl and its substrate Arpp19 is 

(partially) dependent on their own target PP2A-B55 (Hegarat et al., 2014; Williams et al., 

2014). This means that if PP1 affects the dephosphorylation and inactivation of Gwl or Arpp19, 

the other one could be affected indirectly as well because PP2A-B55 reactivation is impaired. 

To unambiguously clarify which component of the Gwl/Arpp19 module is affected by PP1, we 

immunodepleted either of them from mitotic embryo extract, which resulted in activation of 

PP2A-B55 in both cases (Figure 21A and B) (Castilho et al., 2009; Mochida et al., 2010). We 

assumed that the direct target of PP1 would still depend on it for dephosphorylation even in 

the presence of active PP2A-B55, whereas an exclusive target of PP2A-B55 would now be 

dephosphorylated irrespective of the PP1 activity state. Upon depletion of Gwl, Arpp19 was 

dephosphorylated with identical kinetics in the presence and absence of I-2 (Figure 21B). We 

cannot exclude the possibility that phosphatases other than PP2A-B55, e.g. Fcp1, contribute 
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to Arpp19 dephosphorylation in vivo (Hegarat et al., 2014). However, this result suggests that 

PP2A-B55 activity is sufficient for Arpp19 dephosphorylation in the absence of Gwl activity. 

This is supported by mathematical models which suggested that another Arpp19 phosphatase 

in addition to PP2A-B55 would only have a marginal effect on the timing of mitotic exit 

(Williams et al., 2014). When we activated PP2A-B55 in the mitotic embryo extract by 

depletion of Arpp19 (note that this did not result in co-depletion of B55δ from the extract), 

Gwl got quickly dephosphorylated in the presence of PP1 activity (Figure 21B). However, when 

Arpp19 was depleted in the presence of a PP1 inhibitor, we observed that the 

dephosphorylation of Gwl was still markedly impaired, thus suggesting that PP1 acts on Gwl. 

Of note, a sub-population of Gwl still got dephosphorylated to the interphasic state in this 

condition.  One possible explanation for this observation was provided in a later report, which 

showed that PP2A-B55, once activated, can dephosphorylate some of the same sites on Gwl 

than PP1 (Ma et al., 2016). However, in our experiments, the other sub-population of Gwl was 

completely refractory to PP2A-B55 activation over the course of this experiment, thus 

suggesting that PP2A-B55 is not completely redundant to PP1 (see section 5.2.3 for a more 

detailed discussion) (Figure 21B). An in vitro phosphatase assay with phosphorylated Gwl and 

PP1 isolated from mitotic extracts confirmed that PP1 can act directly on Gwl (Figure 21C). In 

this in vitro assay, we observed a fast partial dephosphorylation of Gwl that closely resembled 

the partial PP1-dependent dephosphorylation seen in the embryo extract experiments (Figure 

20). 

5.2.2 PP1 inactivates Gwl during mitotic exit 

Importantly, PP1 was only required for dephosphorylation of Gwl immediately after the onset 

of mitotic exit but completely negligible afterwards (Figure 20D). In contrast, inhibition of 

PP2A-B55 stopped the dephosphorylation of Gwl even at later time points. This suggests that 

PP1 affects primarily the early dephosphorylation of Gwl, whereas PP2A-B55 seems to act on 

Gwl later. This is in line with the model that PP2A-B55 can only act on substrates like Gwl once 

it has dephosphorylated the high affinity substrate Arpp19 (Williams et al., 2014). The efficient 

and complete dephosphorylation of the cellular Arpp19 pool requires that it is not 

immediately re-phosphorylated by Gwl. Consequently, we postulated that the early 

dephosphorylation of Gwl by PP1 at the onset of mitotic exit is sufficient to inactivate Gwl 

against its substrate Arpp19. This would allow PP2A-B55 to completely dephosphorylate the 
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pool of phosphorylated Arpp19, because now it can no longer be replenished by Gwl (Williams 

et al., 2014). Indeed, by employing kinase activity assays we could show that PP1 is required 

for Gwl inactivation during mitotic exit (Figure 22A – E). Conversely, PP2A-B55 was not, 

although its inhibition still prevented complete dephosphorylation of Gwl. From mathematical 

modeling it was deduced that there must be a phosphatase “PPx”, which acts on Gwl during 

mitotic exit and turns it off to allow PP2A-B55 reactivation (Vinod and Novak, 2015). Our data 

suggest that PP1 is this phosphatase and we therefore add another substrate to its already 

wide spectrum (Heim et al., 2015). In the meantime, other reports have confirmed this 

conclusion for meiosis and mitosis of Xenopus laevis as well as for mitosis of cultured human 

cells (Ma et al., 2016; Rogers et al., 2016).  

5.2.3 PP1 antagonizes Gwl auto-phosphorylation 

Which sites on Gwl are targeted by PP1? We observed that a catalytic-dead mutant (Gly41 to 

Ser) of Gwl is dephosphorylated irrespective of the PP1 activity state during mitotic exit 

(Figure 23A) (Blake-Hodek et al., 2012; Yu et al., 2006). This strongly suggests that PP1 targets 

sites on Gwl that are phosphorylated by Gwl itself and not by external kinases. Intriguingly, it 

was reported that the activation mechanism of Gwl depends on auto-phosphorylation, which 

is turned on once other critical sites are phosphorylated by cyclin-B/Cdk1 (Blake-Hodek et al., 

2012; Vigneron et al., 2011). To test if PP1 targets auto-phosphorylation sites, we conducted 

experiments in which we first allowed mitotic exit to proceed in the presence of PP1 activity. 

When PP1 was subsequently inhibited, we observed that Gwl gets rephosphorylated and 

reactivated despite the absence of cyclin-B/Cdk1 activity (Figure 23B and C). This reactivation 

critically required that the PP2A-B55 target sites on Gwl were still phosphorylated, because it 

only occurred when mitotic exit was conducted in the presence of its inhibitor ThioArpp 

(Figure 23B and C). Of note, the reactivation only worked for a sub-population of Gwl and we 

assume that this depends on the preservation of phosphorylated residues that are critical for 

auto-phosphorylation, e.g. Thr193 and Thr206 (Blake-Hodek et al., 2012; Vigneron et al., 

2011). These residues might be slowly dephosphorylated by other Gwl-targeting 

phosphatases, e.g. Fcp1, during mitotic exit and preclude the affected Gwl molecules from 

reactivation after PP1 inhibition (Figure 23B) (Della Monica et al., 2015).  

Our results therefore indicate that the major role of PP1 is to inactivate Gwl against Arpp19 

by counteracting the Gwl auto-phosphorylation activity. We cannot say exactly which auto-
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phosphorylation sites are targeted by PP1, but Ser883 of Xenopus Gwl would be a good 

candidate, because it was shown to be auto-phosphorylated by Gwl itself and to be critical for 

full activity (Blake-Hodek et al., 2012). The importance of this site is further underlined by the 

fact that a phospho-mimetic Ser883 to Glu mutation in activated Gwl was shown to be 

sufficient to block dephosphorylation of Cdk1 substrates during exit from meiosis in CSF 

extracts (Ren et al., 2017). Unfortunately, we could not analyze the phosphorylation of this 

site directly, because the phosphorylation-specific antibody that we raised was not sufficiently 

sensitive (data not shown). However, in other reports it was shown that this site is indeed 

dephosphorylated by PP1 during exit from mitosis in Xenopus laevis (Ma et al., 2016; Ren et 

al., 2017). In one of these reports, it was proposed that Ser883 of Gwl can be targeted by 

PP2A-B55 as well, if it is artificially activated (Ma et al., 2016). We also observed that artificial 

activation of PP2A-B55 in mitotic embryo extract allows complete dephosphorylation of a sub-

population of Gwl even in the absence of PP1 activity (Figure 21B). However, as mentioned in 

section 5.2.1, the rest of the Gwl population was totally refractory to dephosphorylation in 

this condition and remained stably phosphorylated. We do not know yet the parameter that 

determines if a molecule of Gwl is completely dephosphorylated by the artificial activation of 

PP2A-B55 or not, but speculate that a so far unspecified residue has to be dephosphorylated 

at the beginning of the inactivation process and this residue can be specifically targeted by 

PP1. If this residue is phosphorylated, PP1 would be required, and if it is not phosphorylated, 

PP2A-B55 would be sufficient for dephosphorylation of Gwl (note that this is just important 

for the special case of artificial PP2A-B55 activation in the presence of active Gwl). As Ser883 

can probably be targeted by both PP1 and PP2A-B55, it is likely that it depends on one or more 

other residues (Ma et al., 2016). Taken together, in our hands, activation of PP2A-B55 alone 

does not seem to be sufficient for fast and complete inactivation of the cellular Gwl pool in 

the absence of PP1 activity. Thus, PP1 is critically required for Gwl inactivation during mitotic 

exit in Xenopus laevis. 

5.2.4 Activity of PP1 toward Gwl in cultured human cells 

The important role of PP1 for Gwl inactivation, which we unveiled in Xenopus laevis, was later 

shown to be conserved in higher vertebrates. Similar to what we observed in extracts of early 

Xenopus embryos, it was shown that in cultured human cells PP1 is the critical phosphatase 

to initiate Gwl inactivation during mitotic exit (Rogers et al., 2016). Notably, 
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dephosphorylation of Ser875 of human Gwl (corresponds to Ser883 of Xenopus Gwl) is not 

occurring during mitotic exit and PP1 rather seems to dephosphorylate cyclin-B/Cdk1 target 

sites (McCloy et al., 2015; Rogers et al., 2016). Furthermore, it has been shown in cultured 

human cells that the phosphatase Fcp1, which was also proposed as a candidate phosphatase 

for Arpp19, dephosphorylates the cyclin-B/Cdk1 target sites Ser90 and Ser453 (corresponding 

to Ser89 and Ser465 of Xenopus Gwl) during mitotic exit (Della Monica et al., 2015; Hegarat et 

al., 2014). It is not known if Fcp1 targets these sites in Xenopus as well but mutating Ser89 to 

Ala severely compromises Gwl activity, thus showing that it is an important and possibly 

phospho-regulated residue (Blake-Hodek et al., 2012). Interestingly, although Ser465 does not 

seem to be very critical for Xenopus Gwl activity, it is in close proximity to a known nuclear 

localization sequence (NLS) in the non-conserved middle region of Gwl, therefore potentially 

affecting its localization when phosphorylated (Blake-Hodek et al., 2012; Yamamoto et al., 

2014). Nevertheless, in our experiments, inhibition of only PP1 and PP2A-B55 was sufficient 

to completely block dephosphorylation of Gwl (as judged from mobility shift in SDS-PAGE) 

(Figure 20A - C). In addition, it has been reported that depletion of Fcp1 from meiotic or 

mitotic Xenopus extracts has no effect on meiotic and mitotic exit or the dephosphorylation 

of Gwl (Ma et al., 2016). Therefore, future studies will be necessary to clarify which residues 

of Gwl are dephosphorylated in the different species during mitotic exit and to reveal the 

temporal pattern of phosphatases associated with it. 

5.2.5 Regulation of PP1 during mitotic exit in embryo extract 

Another question raised by this study concerns the details of the molecular interaction 

between Gwl and PP1. Although PP1 isolated from mitotic embryo extract was able to 

dephosphorylate Gwl in vitro, we were unable to determine if this is a binary interaction 

(Figure 21C). Most PP1-interacting proteins (PIPs) contain one or more known degenerate PP1 

binding motifs, e.g. the “RVxF”-motif, the “SILK”-motif or the “MyPhone”-motif (Heroes et al., 

2012; Roy and Cyert, 2009). Intriguingly, when we mutated the “RVxF”-motif in the 

competitive PP1 inhibitor NIPP1, it was no longer able to block Gwl dephosphorylation during 

mitotic exit (Figure 20C). This suggests that binding of a protein to the “RVxF”-binding groove 

of PP1 is essential for the dephosphorylation of Gwl. The easiest explanation would be that 

Gwl itself contains an “RVxF”-motif and directly binds to PP1. However, when we mutated 

Ile698 and Phe700 to Ala in the only candidate motif that we could identify, Gwl was still 
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dephosphorylated like the wild-type during mitotic exit (data not shown). Furthermore, this 

sequence is located in a rather structured region of Gwl (IUPRED score (long disorder) = 0,30 

– 0,35; www. iupred.enzim.hu with swissprot entry Q6NTJ3) and it is therefore unlikely that 

this is a functional protein-protein interaction motif (Bollen et al., 2010). This suggests that 

another PIP is bound to PP1 via an “RVxF”-motif in mitosis and recruits it to Gwl. Indeed, PP1 

regulatory subunit 3B (PPP1R3B) was recently identified as a PIP that forms a ternary complex 

with PP1 and Gwl (Ren et al., 2017). The complex of PPP1R3B and PP1 is able to 

dephosphorylate Ser883 of Gwl in vitro and addition of high amounts of PPP1R3B to Xenopus 

extracts facilitates mitotic and meiotic exit (Ren et al., 2017). Yet, it remains to be determined 

if this interaction truly depends on an “RVxF”-motif in PPP1R3B and if PPP1R3B is the only PIP 

targeting PP1 to Gwl. 

We also addressed regulatory mechanisms of the catalytic subunit of PP1 (Figure 24). The 

catalytic subunit of PP1 can be phosphorylated by cyclin-B/Cdk1 in mitosis (at Thr316 in 

Xenopus PP1α), which results in its inactivation (Dohadwala et al., 1994; Kwon et al., 1997). 

This site is also phosphorylated in mitosis of early Xenopus embryos, thus suggesting that PP1 

activity is suppressed (Figure 24A) (Ma et al., 2016; Wu et al., 2009). Of note, we observed 

that PP1 activity against Gwl is probably not completely inhibited in mitosis of early Xenopus 

embryos, because addition of PP1 Inhibitor-2 to mitotic embryo extract resulted in further 

hyperphosphorylation of Gwl (Figure 21B). Nevertheless, there is substantial phosphorylation 

of the catalytic subunit of PP1 in mitosis and this raises the question how it is 

dephosphorylated and activated at the onset of mitotic exit? It was suggested that PP1 is able 

to auto-dephosphorylate itself once cyclin-B/Cdk1 activity drops, thus being a self-activating 

trigger at mitotic exit (Wu et al., 2009). Indeed, we and others observed a rapid drop in PP1 

catalytic subunit phosphorylation after cyclin-B/Cdk1 inhibition at the onset of mitotic exit 

(Figure 24A) (Ma et al., 2016; Rogers et al., 2016; Wu et al., 2009). In addition, this drop was 

delayed or prevented by the addition of PP1 Inhibitor-2 (I-2) or PP1 Inhibitor-1 (I-1), 

respectively (Figure 24B) (Wu et al., 2009). The argument for a PP1 auto-dephosphorylation 

mechanism was further strengthened by the observation that PP1 requires the presence of I-

2 to be efficiently phosphorylated by cyclin-B/Cdk1 in vitro (Wu et al., 2009). We could repeat 

this finding but unexpectedly found that a PP1 mutant (Arg96 to Ala) with largely 

compromised catalytic activity still required the presence of I-2 for phosphorylation by cyclin-

B/Cdk1 in vitro (Figure 24C and D) (Huang et al., 1997). This can be explained if the very small 
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residual activity of the “catalytic-dead” PP1 (see Figure 24C) is still sufficient to counteract 

cyclin-B/Cdk1 in vitro or if the auto-dephosphorylation employs a different molecular 

mechanism that is independent of Arg96. It has been suggested that Arg96 forms a hydrogen 

bond to a phosphorus oxygen of the substrate and is therefore important for the stabilization 

of the penta-coordinated intermediate state (Zhang et al., 1996). However, the auto-

dephosphorylation mechanism has not been investigated in molecular detail so far and it is 

therefore unclear if Arg96 has the same function there. Alternatively, it can be speculated that 

the required property of I-2 in this in vitro assay is not the inhibition of PP1 but its chaperone-

like activity that supports correct folding of PP1 (Alessi et al., 1993). Repeating this assay with 

different PP1 inhibitors and catalytic-dead versions should clarify these contradictory results 

in the future and elucidate the mechanism of PP1 activation at mitotic exit. Full inhibition of 

PP1 during mitosis furthermore requires the PP1 inhibitor I-1, which is activated by PKA (Wu 

et al., 2009). It was suggested that PP1 itself can also dephosphorylate I-1 at mitotic exit, thus 

further contributing to the postulated auto-reactivation mechanism (Wu et al., 2009). 

Interestingly, it was shown that the phosphatase activity against I-1 during exit from meiosis 

in Xenopus laevis closely resembles the activity pattern of CaN, thus potentially establishing a 

meiotic cross-talk between CaN and the Gwl/Arpp19 module (Mochida and Hunt, 2007). 

However, so far it is unclear to what extent I-1 contributes to PP1 inhibition in meiosis and if 

this is involved in the regulation of Gwl activity. This will be interesting questions that have to 

be studied in future experiments. 

5.2.6 Project II: Working Model   

Taken together, we propose the following working model for the inactivation of the 

Gwl/Arpp19 module at mitotic exit (Figure 26). During mitotic entry, cyclin-B/Cdk1 

phosphorylates Gwl, which allows its full activation by auto-phosphorylation. Gwl 

subsequently activates Arpp19 to inhibit the major Cdk1-antagonizing phosphatase PP2A-B55, 

thus securing a stable mitotic metaphase state. PP2A-B55 constantly dephosphorylates and 

inactivates Arpp19 at a low rate, but every dephosphorylated Arpp19 molecule is immediately 

rephosphorylated by Gwl. Furthermore, cyclin-B/Cdk1 inactivates PP1 by phosphorylation of 

its catalytic subunit. At the metaphase-to-anaphase transition, cyclin-B/Cdk1 activates the E3 

ligase APC/C. The APC/C then targets cyclin-B for degradation and as a consequence Cdk1 

activity decreases. It has been suggested that PP1 can reactivate itself by auto-
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dephosphorylation once Cdk1 activity has dropped by 90% (Rogers et al., 2016). The auto-

reactivation of PP1 might also require the inactivation of I-1 by PP1. PP1 (possibly in complex 

with PPP1R3B) then counteracts auto-phosphorylation of Gwl on critical sites like Ser883. This 

inactivates Gwl against Arpp19 and allows PP2A-B55 to liberate itself from inhibition by 

dephosphorylating the cellular pool of Arpp19. This is maybe supported by Fcp1, which might 

dephosphorylate free Arpp19 that is not bound to PP2A-B55. Once the concentration of 

phosphorylated Arpp19 drops below the concentration of PP2A-B55, the phosphatase can act 

on lower-affinity substrates and convert them to their interphasic phosphorylation state. 

Among these substrates is Gwl itself, e.g. on Cdk1 target sites in its activation loop, which 

completely shuts off its activity and prevents re-activation by auto-phosphorylation even in 

the absence of PP1 activity. This cycle is repeated in the next mitotic division when Cdk1 gets 

activated again by the synthesis of fresh cyclin-B. 
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Figure 26 Working Model for the interplay between PP1 and the Gwl/Arpp19 module in early Xenopus mitosis. Gwl shown 

in red is inactive and Gwl shown in green is active. Yellow circles indicate phosphorylation. Red connections denote inhibitory 

activities and green arrows denote stimulating activities. 
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6. Contributions 

The experiments shown in Figure 18B and C were conducted during my master’s thesis under 

supervision of Thomas Tischer in the laboratory of Prof. Dr. T.U. Mayer. Thomas Tischer also 

purified His-cyclin-B191-397 from SF9 cells, which was used heavily in the second project of this 

thesis. He furthermore purified His-Xl_Cdk1-cyclin-B1, cloned the Xenopus homologue of PP1α 

and purified the phospho-Ser335 XErp1 antibody. 

Anja Konietzny was of great help for the studies on the interplay between Gwl and PP1. Under 

my supervision during her master´s thesis in Prof. Dr. T.U. Mayer´s laboratory, she performed 

experiments similar or identical to the ones shown in Figure 22C/D/E/F and Figure 23A/C 

(Konietzny, 2015). Anja Konietzny furthermore purified the antibodies against Xl_Gwl and 

Flag-tag.  



Publications 

 

92 

 

7. Publications 

 

Parts of the second project of this thesis were published in:  

Heim A, Konietzny A, Mayer TU. Protein phosphatase 1 is essential for Greatwall inactivation 

at mitotic exit. EMBO Rep. 2015 Nov;16(11):1501-10. doi: 10.15252/embr.201540876. Epub 

2015 Sep 22. PubMed PMID: 26396231. 

 

During the course of this thesis, I contributed to the following publications: 

Heim A, Rymarczyk B, Mayer TU. Regulation of Cell Division. Adv Exp Med Biol. 2017;953:83-

116. Review. Erratum in: Adv Exp Med Biol. 2017;953:E1. Malhotra,Saurav [removed]. 

PubMed PMID: 27975271. 

Möckel MM, Heim A, Tischer T, Mayer TU. Xenopus laevis Kif18A is a highly processive kinesin 

required for meiotic spindle integrity. Biol Open. 2017 Apr 15;6(4):463-470. doi: 

10.1242/bio.023952. PubMed PMID: 28228376. 
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8. Materials and Methods 

8.1 Chemicals 

All chemicals used in this study were purchased from commercial suppliers as indicated. All 

chemicals were of purity grade “pro analysi” (p.a.). All water used in experiments was 

deionized, filtered, RNAse-free and DNAse-free water from a MilliQ device (Millipore). 

8.2 Molecular Cloning 

8.2.1 Restriction digests 

Molecular cloning was performed using standard procedures described earlier (Sambrook and 

Russell, 2001). All restriction enzymes were purchased from New England Biolabs (NEB) and 

used with the provided buffer. Restriction digests were performed with 2 units enzyme per µg 

DNA for 1h at 37°C.  

8.2.2 Agarose gelelectrophoresis 

All agarose gels were poured by dissolving agarose (Biozym)  in 1x TBE buffer (8,9mM Tris; 

8,9mM boric acid; 0,2mM EDTA; pH=8,0) supplemented with 4µl HDGreen Plus Dye (INTAS) 

per 100ml. 1% (w/v) agarose gels were used for all DNA samples >500bp, 2% (w/v) was used 

for shorter DNA samples. DNA samples were loaded in 1x DNA loading buffer (2,5% Ficoll400; 

0,04% OrangeG). Gelelectrophoresis was conducted with a constant voltage of 10-15V/cm.  

8.2.3 DNA purification 

DNA was isolated from restriction digest reactions with the DNA Clean & Concentrator TM – 5 

Kit (Zymogen Research) according to the manufacturer´s protocol. DNA was isolated from 

agarose gels with the ZymocleanTM Gel DNA Recovery Kit (Zymogen Research) according to 

the manufacturer´s protocol. 

8.2.4 DNA Ligation 

Restriction-digested DNA fragments (inserts) were ligated with appropriately linearized 

vectors by T4 DNA Ligase (NEB). Briefly, 30ng linearized vector were incubated with a 3-fold 

molar excess of insert and 400 units of T4 DNA ligase for 1h at 23°C. 
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8.2.5 Plasmid transformation and isolation from E. coli 

Plasmids were transformed into TSS-competent E.coli “Turbo” bacteria for amplification. 

Frozen bacteria suspension was thawed on ice before addition of plasmid solution and 

subsequently incubated on ice for 30min. A heat shock was applied for 45s at 42°C and 

bacteria were allowed to recover for 45min at 37°C in SOC medium (SOB medium (Roth); 

20mM Glucose (Merck)). The bacteria suspension was plated on LB-Agar (Roth) plates 

supplemented with 100µg/ml Ampicillin (Roth). The plates were incubated over night at 37°C. 

Single colonies were picked from the plate and added to 2ml LB medium (Roth) supplemented 

with 100µg/ml Ampicillin (Roth). Cultures were incubated for 5h at 37°C with constant shaking 

at 180rpm. Plasmids were isolated from the bacteria with the Nucleospin® Plasmid EasyPure 

Kit (Macherey-Nagel) according to the manufacturer´s protocol. Plasmid concentration was 

measured with a NanoDrop® ND-1000 Spectrophotometer (Peqlab). The sequence of all newly 

constructed plasmids was verified by sequencing (GATC Biotech AG). 

8.2.6 PCR DNA amplification from plasmid 

Amplification of DNA fragments from plasmid templates was performed with appropriate 

primers according to the following protocol. 

Reagent Amount/Volume 

Plasmid template 50ng 

6,25µM Forward Primer 2,3µl 

6,25µM Reverse Primer 2,3µl 

2mM dNTPs 5µl 

5x Phusion® HF Reaction Buffer (NEB) 10µl 

Phusion® HF DNA Polymerase (NEB) 1µl 

MilliQ  to 50µl 

 

PCR was conducted in a Veriti 96 Well Thermal Cycler (Applied Biosystems) with the following 

program. 

96°C 3min  

   

96°C 1min  

60°C 30s X 35 cycles 

72°C 30s per 1000 bp  

   

72°C 5min  
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8.2.7 PCR amplification from cDNA 

cDNA was prepared from mRNA isolated from Xenopus laevis Stage VI oocytes, mature MII-

arrested oocytes or 4-cell embryos. For isolation of mRNA, 5 oocytes/embryos were lysed in 

300µl QIAzol® (QIAGEN) and mRNA was isolated with the RNeasy® Mini Kit (QIAGEN) 

according to the manufacturer´s protocol. cDNA was synthesized from mRNA using the 

Transcriptor High Fidelity cDNA Synthesis Kit (Roche) with the random hexamer primer 

protocol. 

Reagent Amount/Volume 

cDNA 150ng 

6,25µM Forward Primer 2,3µl 

6,25µM Reverse Primer 2,3µl 

2mM dNTPs 5µl 

10x PfuUltra II HS Reaction Buffer (Agilent) 5µl 

PfuUltra II HS DNA Polymerase (Agilent) 1µl 

MilliQ  to 50µl 

 

PCR was conducted in a Veriti 96 Well Thermal Cycler (Applied Biosystems) with the following 

program. 

95°C 5min  

   

95°C 1min  

55/60/65°C 30s X 40 cycles 

72°C 30s per 1000 bp  

   

72°C 7min  

 

8.2.8 Site-directed mutagenesis 

Site-directed mutagenesis was performed with appropriate primers to introduce specific base 

pair substitutions into a given DNA sequence. 

Reagent Amount/Volume 

Plasmid Template 50ng 

6,25µM Forward Primer 2,3µl 

6,25µM Reverse Primer 2,3µl 

2mM dNTPs 5µl 

5x Phusion® HF Reaction Buffer (NEB) 10µl 

Phusion® HF DNA Polymerase (NEB) 1µl 

MilliQ  to 50µl 
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PCR was conducted in a Veriti 96 Well Thermal Cycler (Applied Biosystems) with the following 

program. 

95°C 3min  

   

95°C 30s  

55/60/65°C 1min X 16 cycles 

68°C 30s per 1000 bp  

   

68°C 15min  

 

The plasmid template DNA was specifically digested by addition of 60 units DpnI (NEB) per 

50µl PCR reaction. Plasmids were transformed into E.coli and amplified as described in section 

8.2.5. Successful mutation of the plasmid was verified by sequencing (GATC Biotech AG). The 

mutagenized inserts were sub-cloned to prevent undetected mutation of the vector backbone 

in unsequenced regions. 

8.2.9 DNA oligonucleotides 

The following DNA oligonucleotides were used for PCR amplifications, site-directed 

mutagenesis or sequencing. TUM number refers to the internal nomenclature in the T.U. 

Mayer laboratory. 

TUM No. Gene Specification Sequence 

2812 Xl_CnA 5´BamH1, V420 fwd  ATTAGGATCCGTGTTAACTCTAAAAGGT

CTTACACC 

2813 Xl_CnA 3´Asc1, Q508 rev, Stp TAATGGCGCGCCTCACTGAATATTGCTG

CCGTTGCT 

138 Xl_XErp1 sequencing ATCTCCTGGGTAGTTCGG 

354 Xl_XErp1 sequencing GCTTGCTCCACTTTATG 

356 Xl_XErp1 sequencing GAGAATCCTCTGGTAATTC 

1344 Xl_XErp1 mutagenesis C583A fwd GGATGAAGCTTTAAAACCAGCTCCACG

GTGCCAGTACC 

1345 Xl_XErp1 mutagenesis C583A rev GGTACTGGCACCGTGGAGCTGGTTTTA

AAGCTTCATCC 

362 Xl_XErp1 mutagenesis T195A fwd CTTTTGCTCAGCAGAGGAGTTCCGCCTT

GGATGATTCTAAAAG 

363 Xl_XErp1 mutagenesis T195A rev CTTTTAGAATCATCCAAGGCGGAACTCC

TCTGCTGAGCAAAAG 

3081 Xl_XErp1 mutagenesis S335A fwd TGTAGGAGACTAGCCACCCTTCGAGAG 

3082 Xl_XErp1 mutagenesis S335A rev CTCTCGAAGGGTGGCTAGTCTCCTACA 

3079 Xl_XErp1 mutagenesis S284N S288N 

fwd 

GTAACTGAGGACAACGCATTTCACAATC

TTAGCCTGGAT 

3080 Xl_XErp1 mutagenesis S284N S288N rev ATCCAGGCTAAGATTGTGAAATGCGTTG

TCCTCAGTTAC 
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3062 Xl_XErp1 mutagenesis S335A T336A 

S342A fwd 

TGTAGGAGACTAGCCGCCCTTCGAGAG

CGTGGAGCTCAGTCCGAAGTA 

3063 Xl_XErp1 mutagenesis S335A T336A 

S342A rev 

TACTTCGGACTGAGCTCCACGCTCTCGA

AGGGCGGCTAGTCTCCTACA 

3206 Xl_Cdc20 mutagenesis T68A fwd ACGCCATCAAAAGCACCAGGAAAGTCT 

3207 Xl_Cdc20 mutagenesis T68A fwd AGACTTTCCTGGTGCTTTTGATGGCGT 

1514 Xl_Gwl sequencing GGAATAATTCATAGAGACC 

1515 Xl_Gwl sequencing CTATGAAAATAAGGCACAGG 

1516 Xl_Gwl sequencing CTCTTTACAAAATGTGTTGG 

2464 Xl_Gwl mutagenesis G41S fwd ACCGATCAGTCGCAGCGCCTTCGGGAA

GG 

2465 Xl_Gwl mutagenesis G41S rev CCTTCCCGAAGGCGCTGCGACTGATCG

GT 

2304 Xl_Gwl mutagenesis K71M fwd GACATGATAAACATGAACATGGTTCAA 

2305 Xl_Gwl mutagenesis K71M rev TTGAACCATGTTCATGTTTATCATGTC 

2542 Xl_Arpp19 mutagenesis S28A fwd GACAAAGTAACCGCTCCGGAGAAGGCA 

2543 Xl_Arpp19 mutagenesis S28A rev TGCCTTCTCCGGAGCGGTTACTTTGTC 

2544 Xl_Arpp19 mutagenesis S109A fwd CAAAGGAAACCGGCTCTCGTTGCAAGC 

2545 Xl_Arpp19 mutagenesis S109A rev GCTTGCAACGAGAGCCGGTTTCCTTTG 

2577 Xl_Arpp19 mutagenesis S67A fwd AAATATTTTGACGCTGGAGACTACAAT 

2578 Xl_Arpp19 mutagenesis S67A rev ATTGTAGTCTCCAGCGTCAAAATATTT 

2700 Bt_NIPP1 5´Fse1, M143 fwd  ATTAGGCCGGCCGATGGGTGGAGAGG

ATGATGAA 

2701 Bt_NIPP1 3´Asc1, N224 rev, Stp TAATGGCGCGCCTCAGTTCCGAAAGCG

ACCAACC 

2711 Bt_NIPP1 mutagenesis V201A F203A 

fwd 

AGGAAGAACTCACGGGCGACCGCTAGT

GAGGATGAT 

2712 Bt_NIPP1 mutagenesis V201A F203A rev ATCATCCTCACTAGCGGTCGCCCGTGAG

TTCTTCCT 

2086 Xl_PP1α mutagenesis R96A fwd ATTACGTGGATGCGGGGAAGCAGTC 

2087 Xl_PP1α mutagenesis R96A rev GACTGCTTCCCCGCATCCACGTAAT 

1864 Xl_PP1α mutagenesis T316A fwd TCGCCCCGTAGCCCCCCCACGGA 

1865 Xl_PP1α mutagenesis T316A rev TCCGTGGGGGGGCTACGGGGCGA 

 

8.2.10  Plasmids 

The following plasmids were constructed and/or used by myself for the experiments 

presented in this thesis. TUM number refers to the internal nomenclature in the T.U. Mayer 

laboratory. 

TUM No. Gene Specification Vector Tag 

2828 Xl_CnA wt; aa420-508 pET-43-His n-term: 6xHis 

2914 Xl_XErp1 wt; fl pCS2-Myc-FA n-term: 6xMyc 

3111 Xl_XErp1 C583A; fl pCS2-Myc-FA n-term: 6xMyc 

3032 Xl_XErp1 T195A, C583A; fl pCS2-Myc-FA n-term: 6xMyc 

3061 Xl_XErp1 T195A, S335A, C583A; fl pCS2-Myc-FA n-term: 6xMyc 

3055 Xl_XErp1 S33N, S38N, S284N, S288N, 

C583A; fl 

pCS2-Myc-FA n-term: 6xMyc 
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3112 Xl_XErp1 S33N, S38N, T195A, S284N, 

S288N, C583A; fl 

pCS2-Myc-FA n-term: 6xMyc 

3056 Xl_XErp1 S33N, S38N, S284N, S288N, 

S335A, T336A, S342A, C583A; fl 

pCS2-Myc-FA n-term: 6xMyc 

3113 Xl_XErp1 S33N, S38N, T195A, S284N, 

S288N, S335A, T336A, S342A, 

C583A; fl 

pCS2-Myc-FA n-term: 6xMyc 

3044 Xl_Cdc20 wt; fl pCS2-Flag-FA n-term: 3xFlag 

3178 Xl_Cdc20 T68A; fl pCS2-Flag-FA n-term: 3xFlag 

2063 λ-PPtase wt; fl pET-28-His-SUMO n-term: 6x-His-

SUMO 

1870 Xl_B56ε wt; fl pCS2-Flag-FA n-term: 3xFlag 

2566 Xl_Gwl wt; fl pCS2-Flag-FA n-term: 3xFlag 

2567 Xl_Gwl G41S; fl pCS2-Flag-FA n-term: 3xFlag 

2492 Xl_Gwl K71M; fl pCS2-Flag-FA n-term: 3xFlag 

2408 Xl_Gwl wt; fl pGEX-GST-TEV-FA n-term: GST-TEV 

1840 Xl_Arpp19 wt; fl pQE-80-His-FA n-term: 6xHis 

1841 Xl_Arpp19 S67A; fl pQE-80-His-FA n-term: 6xHis 

2638 Xl_Arpp19 S28A, S109A; fl pQE-80-His-FA n-term: 6xHis 

2661 Xl_Arpp19 S28A, S67A, S109A; fl pQE-80-His-FA n-term: 6xHis 

2779 Bt_NIPP1 wt; aa143-224 pQE-80-His-FA n-term: 6xHis 

2792 Bt_NIPP1 V201A F203A; aa143-224 pQE-80-His-FA n-term: 6xHis 

2175 Xl_PP1α wt; fl pCS2-Flag-FA n-term: 3xFlag 

2280 Xl_PP1α wt; fl pMAL-MBP-TEV-FA n-term: MBP-2xTEV 

2361 Xl_PP1α R96A; fl pMAL-MBP-TEV-FA n-term: MBP-2xTEV 

2117 Xl_PP1α T316A; fl pCS2-Flag-FA n-term: 3xFlag 

 

8.3 Protein purification from E.coli 

8.3.1 Purification of His-tagged Xl_CnA420-508 

The expression plasmid for His-tagged Xl_CnA420-508 (pET-43-6xHis-Xl_CnA420-508) was 

transformed by heat shock into BL21 (DE3) Codon Plus (RIL) bacteria (Stratagene) as described 

in section 8.2.5. The bacteria were plated on LB-plates supplemented with 100µg/ml 

Ampicillin and 34µg/ml Chloramphenicol. Several colonies were used to inoculate 25ml LB-

medium supplemented with 100µg/ml Ampicillin and 34µg/ml Chloramphenicol. The culture 

was incubated for 4h at 37°C with shaking at 150rpm. This pre-culture was used to inoculate 

1l LB medium supplemented with 100µg/ml Ampicillin and 34µg/ml Chloramphenicol. The 

bacteria were allowed to grow at 37°C with shaking at 120rpm and expression was induced by 

addition of 500µM IPTG (Roth) at OD600=0,4. The culture was transferred to 16°C and 

incubated over night with shaking at 120rpm. On the following morning, the bacteria culture 

was centrifuged for 20min with 6000g. The pellet was washed with 20ml PBS and centrifuged 

again for 15min with 4000g. The pellet was frozen in liquid nitrogen and stored at -80°C until 
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purification. For purification, the pellet was resuspended in 20ml IMAC5 (20mM Tris; 300mM 

NaCl; 5mM Imidazole; pH=8,0; 1x Protease Inhibitor Complete (Roche); DNase (Sigma-

Aldrich)). The bacteria were lysed with an EmulsiFlex-C3 (Avestin) according to the 

manufacturer´s protocol. The lysate was cleared by centrifugation for 30min with 20000g at 

4°C. 300µl Ni-NTA bead slurry (QIAGEN) were equilibrated with IMAC5 and the supernatant 

of the bacteria lysate was added. The bead-lysate suspension was incubated for 2h at 7°C with 

constant rotation. The supernatant was removed and the beads were washed with 50ml 

IMAC20 (20mM Tris; 300mM NaCl; 20mM Imidazole; 0,1% Triton-X100; 1mM Na2ATP; 1mM 

MgCl2; pH=8,0), twice with 150µl IMAC35 (20mM Tris; 300mM NaCl; 35mM Imidazole; 

pH=8,0) and twice with 150µl IMAC50 (20mM Tris; 300mM NaCl; 50mM Imidazole; pH=8,0). 

Bound proteins were eluted in 150µl fractions with IMAC200 (20mM Tris; 300mM NaCl; 

200mM Imidazole; pH=8,0). Fractions containing 6xHis-Xl__CnA420-508 were combined and 

dialyzed against Dialysis Buffer (20mM HEPES; 150mM KCl; 1mM DTT; 10% (v/v) Glycerol; 

pH=7,7) at 7°C over night. The concentration and purity of the purified protein was estimated 

by loading it with a BSA (ChemCruz) dilution series on a 15% SDS-PA gel followed by CBB 

staining (see 8.5.1 and 8.5.2). 

8.3.2 Purification of His-tagged Xl_Arpp19 

The expression of His-tagged Xl_Arpp19 wild-type, Ser67Ala, Ser28Ala Ser67Ala and Ser28Ala 

Ser67Ala Ser109Ala (from pQE-80-6xHis-Xl_Arpp19 wt/S67A/2A/3A) was performed similar to 

the procedure described in section 8.3.1 with the following changes. Expression was allowed 

to proceed for 4h at 37°C. The bacteria lysate was boiled for 10min at 95°C before 

centrifugation for 30min with 20000g at 4°C. 500µl Ni-NTA slurry were equilibrated for binding 

of the His-tagged proteins. After binding, the beads were only washed with 50ml IMAC20 

before elution. 

8.3.3 Purification of His-tagged Bt_NIPP1143-224 

The expression of His-tagged Bt_NIPP1143-224 wild-type and Val201Ala Phe203Ala (from pQE-

80-6xHis-Bt_NIPP1143-224 wt/V201A F203A) was performed similar to the procedure described 

in section 8.3.1 with the following changes. 500µl Ni-NTA slurry were equilibrated for binding 

of the His-tagged proteins. After binding, the beads were only washed with 50ml IMAC20 

before elution. 
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8.3.4 Purification of MBP-tagged Xl_PP1α 

The expression plasmids for MBP-tagged Xl_PP1α wild-type and Arg96Ala (pMAL-MBP-2xTEV-

Xl-PP1α wt/R96A) were transformed by heat shock into BL21 (DE3) Codon Plus (RIL) bacteria 

(Stratagene) as described in section 8.2.5. The bacteria were plated on LB-plates 

supplemented with 100µg/ml Ampicillin and 34µg/ml Chloramphenicol. Several colonies were 

used to inoculate 25ml LB-medium supplemented with 100µg/ml Ampicillin and 34µg/ml 

Chloramphenicol. The culture was incubated for 4h at 37°C with shaking at 150rpm. This pre-

culture was used to inoculate 1l LB medium supplemented with 100µg/ml Ampicillin, 34µg/ml 

Chloramphenicol and 1mM MnCl2. The bacteria were allowed to grow at 37°C with shaking at 

120rpm and expression was induced by addition of 500µM IPTG at OD600=0,4. The culture was 

transferred to 18°C and incubated over night with shaking at 120rpm. On the following 

morning the bacteria culture was centrifuged for 20min with 6000g. The pellet was washed 

with 20ml PBS supplemented with 1mM MnCl2 and centrifuged again for 15min with 4000g. 

The pellet was frozen in liquid nitrogen and stored at -80°C until purification. For purification, 

the pellet was resuspended in 20ml Lysis Buffer (20mM HEPES; 200mM NaCl; 1mM MnCl2; 

pH=7,4; 1x Protease Inhibitor Complete (Roche), DNase (Sigma-Aldrich)). The bacteria were 

lysed with an EmulsiFlex-C3 (Avestin) according to the manufacturer´s protocol. The lysate 

was cleared by centrifugation for 30min with 20000g at 4°C. 1ml Amylose Resin slurry (NEB) 

was equilibrated with Lysis Buffer and the supernatant of the bacteria lysate was added. The 

bead-lysate suspension was incubated for 2h at 7°C with constant rotation. The supernatant 

was removed and the beads were washed with 30ml Wash Buffer (20mM HEPES; 200mM 

NaCl; 1mM MnCl2; 1mM MgCl2; 1mM Na2ATP; pH=7,4). Bound proteins were eluted in 500µl 

fractions with Elution Buffer (20mM HEPES; 200mM NaCl; 1mM MnCl2; 10mM Maltose; 

pH=7,4). Fractions containing MBP-Xl_PP1α wt/R96A were combined and dialyzed against 

Dialysis Buffer (20mM HEPES; 150mM KCl; 1mM DTT; 1mM MnCl2; 10% (v/v) Glycerol; pH=7,7) 

at 7°C over night. The concentration and purity of the purified protein was estimated by 

loading it with BSA (ChemCruz) dilution series on a 8% SDS-PA gel followed by CBB staining 

(see 8.5.1 and 8.5.2). 
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8.4 Xenopus cell-free extracts 

Xenopus laevis frogs were bred and maintained under laboratory conditions at the animal 

research facility, University of Konstanz and all procedures performed were approved by the 

Regional Commission, Freiburg, Germany. 

8.4.1 Preparation of CSF extracts 

Female Xenopus laevis frogs were primed 3 - 7 days before extract preparation by 

subcutaneous injection of 50 units PMSG (Intervet). On the evening before extract 

preparation, the frogs were further subcutaneously injected with 800 units hCG (Intervet) to 

induce ovulation. The frogs were kept in 1x MMR buffer (5mM HEPES; 0,1mM EDTA; 100mM 

NaCl; 2mM KCl; 1mM MgCl2; 2mM CaCl2; pH=7,8) at 19°C over night. On the following 

morning, the mature metaphase II-arrested oocytes were collected and washed in 1xMMR if 

necessary. The oocytes were dejellied by incubation in CSF Dejellying Solution (2% (w/v) 

cysteine; 100mM KCl; 1mM MgCl2; 0,1mM CaCl2; pH=7,8) until they visibly compacted. The 

oocytes were washed 4x with 1x CSF-XB (10mM HEPES; 100mM KCl; 2mM MgCl2; 0,1mM 

CaCl2; 50mM Sucrose; 5mM EGTA; pH=7,7). The oocytes were transferred to centrifugation 

tubes containing 750µl 1x CSF-XB supplemented with 100µg/ml cytochalasin B (Cayman 

Chemical). The oocytes were compacted in a Sorvall HB-4 rotor (Sorvall) for 1min with 164g at 

4°C and for 1min with 656g at 4°C. Excess supernatant was removed and the oocytes were 

lysed by centrifugation for 10min with 16398g at 4°C. The middle yellowish cytoplasmic layer 

(CSF extract) was removed with a syringe and supplemented with 10µg/ml cytochalasin B 

(Cayman Chemical). The extract was kept on ice until used in experiments. To test the integrity 

of the CSF extracts, a sample was removed and incubated with isolated sperm nuclei. Half of 

the sample was left untreated and the other half was treated with 600µM calcium. Both 

reactions were incubated for 45min at 20°C. An aliquot of 3µl of these reactions was added to 

2µl  XenFix (60% (v/v) Glycerol; 1µg/ml Hoechst33342; 10% (w/v) Formaldehyde; 5mM HEPES; 

0,1mM EDTA; 100mM NaCl; 2mM KCl; 1mM MgCl2; 2mM CaCl2; pH=7,8), spotted on a glass 

slide and covered with a cover slip. The condensation state of the chromatin was checked with 

an Axioimager M1 microscope (Zeiss) and a 350nm laser to asses if the extract was suitable 

for experiments. During experiments, extracts were incubated at 20°C unless otherwise 

stated. Reagents, mRNAs, in vitro translated proteins (IVTs) and purified proteins were added 

at the indicated concentrations/dilutions. For SDS-PAGE followed by immunoblot, lysate 
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samples (usually 0,5 – 1µl)  were loaded on SDS-PA gels and processed as described in sections 

8.5.1 and 8.5.4. If lysate samples needed to be dephosphorylated, they were diluted in five 

volumes of λ-Phosphatase Mix (137mM NaCl; 2,7mM KCl; 10mM Na2HPO4; 2mM KH2PO4; 

1mM MnCl2; 1x Protease Inhibitor Complete (Roche); 0,2µg/µl 6xHis-SUMO-λ-PPtase; pH=7,4) 

and incubated for 45min at 23°C. 

8.4.2 Preparation of embryo extracts 

Female Xenopus laevis frogs were primed 3-7 days before extract preparation by 

subcutaneous injection of 50 units PMSG (Intervet). On the evening before extract 

preparation, the frogs were further subcutaneously injected with 800 units hCG (Intervet) to 

induce ovulation. The frogs were kept in 1x MMR buffer at 19°C over night. On the following 

morning, the frogs were transferred to fresh tanks containing 2l 1x MMR and incubated at 

20°C for 1h. The freshly laid mature metaphase II-arrested oocytes were collected and washed 

in 1xMMR if necessary. In parallel, a male Xenopus laevis frog was anaesthetized for 15min in 

1x MMR containing 1g/l MS222/Tricaine (Sigma-Aldrich) and 1g/l NaHCO3. The male frog was 

sacrificed by decapitation and both testes were manually resected. The testes were stored for 

several days in Testis Medium (70% (v/v) Leibovitz´s L-15 (Life Technologies); 70units/ml 

Penicillin; 70µg/ml Streptomycin). A quarter to half of a testis was squashed with a  pincer and 

manually moved to touch the oocytes in 1x MMR for 8min. The oocytes were incubated with 

the sperm for another 10min before the buffer was diluted by two washes with MilliQ water 

to induce fertilization. After 15min incubation at 20°C, the embryos were dejellied by 

incubation with Embryo Dejellying Solution (2% (w/v) cysteine; 0,1x MMR) until they visually 

compacted. The embryos were washed 4x in 1x MMR and incubated at 20°C until ~150min 

post-fertilization. When furrow ingression between the 2-cell and the 4-cell stage was 

detectable, the embryos were collected and transferred to a centrifugation tube. The embryos 

were compacted by centrifugation in a Sorvall HB-4 rotor (Sorvall) for 1min with 369g at 4°C. 

The embryos were lysed by centrifugation for 10min with 23613g at 4°C. The middle yellowish 

cytoplasmic layer (embryo extract) was isolated with a syringe and kept on ice until used in 

experiments. During experiments, extracts were incubated at 20°C unless otherwise stated. 

Reagents, mRNAs, in vitro translated proteins (IVTs) and purified proteins were added at the 

indicated concentrations/dilutions. If lysate samples needed to be dephosphorylated, they 

were diluted in five volumes of λ-Phosphatase Mix (137mM NaCl; 2,7mM KCl; 10mM Na2HPO4; 
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2mM KH2PO4; 1mM MnCl2; 1x Protease Inhibitor Complete (Roche); 0,2µg/µl 6xHis-SUMO-λ-

PPtase; pH=7,4) and incubated for 45min at 23°C. 

8.5 Biochemistry 

8.5.1 SDS-PAGE 

All samples processed by SDS-polyacrylamid gel electrophoresis (SDS-PAGE) were dissolved in 

an appropriate volume of 3x Lämmli Sample Buffer (180mM Tris; 10% (w/v) SDS; 30% (w/v) 

Glycerol; 15% β-Mercaptoethanol; Bromphenolblue; pH=6,8). SDS-polyacrylamid (SDS-PA) 

gels with 15 lanes were poured using the Mini-PROTEAN system (BioRad) and gels with 30 

lanes were poured using a custom-made gel system (University of Konstanz). The gels 

consisted of a stacking gel (125mM Tris; 0,1% (w/v) SDS; 16,6% (v/v) Rotiphorese® Gel 30 

(37,5:1) (Roth); 0,1% (w/v) APS (Roth); 0,1% TEMED (Roth), pH=6,8) and a separating gel 

(375mM Tris; 0,1% (w/v) SDS; 26-50% (v/v) Rotiphorese® Gel 30 (37,5:1) (Roth); 0,1% (w/v) 

APS (Roth); 0,1% TEMED (Roth), pH=8,8), according to standard procedures (Laemmli, 1970). 

For Phos-tagTM gels, 15µM Phos-tagTM reagent (Wako Pure Chemicals Industries) and 30µM 

MnCl2 (for Cdc20 Phos-tag gels) or 100µM MnCl2 (for Arpp19 Phos-tag gels) were added to the 

gel solution (Kinoshita et al., 2006). PageRulerTM Prestained Protein Ladder (Thermo Fisher) 

and BenchmarkTM Unstained Protein Ladder (Invitrogen) markers were loaded as reference 

standards. Gel electrophoresis was conducted in 1x Running Buffer (25mM Tris; 200mM 

Glycine; 0,05% (w/v) SDS). 

8.5.2 Coomassie Brilliant Blue staining 

SDS-PA gels were incubated in Coomassie Brilliant Blue (CBB) Solution (45% EtOH; 10 % Acetic 

acid; 0,25% (w/v) Brilliant Blue R (Sigma-Aldrich)) for at least 15min. Gels were destained in 

Destain Solution (25% EtOH; 7% Acetic acid) until protein bands were sufficiently visible. 

8.5.3 Autoradiography 

CBB-stained gels were put on 2 blotting papers (Macherey-Nagel) and covered with plastic foil 

(Sarogold) to be vacuum-dried for 1,5h at 75°C on a VWR Gel Dryer MGD-5040. The dried gels 

were put in a BAS Casette2 2025 (Fujifilm) with an Imaging Plate BAS-MS 2025 (Fujifilm) for 

24 – 48h. Radioactive signals were read out with a TyphoonTM FLA-9000 (Fujifilm) according 

to the manufacturer´s protocol. 



Materials and Methods 

 

104 

 

8.5.4 Immunoblot  

Western Blots were conducted according to standard procedures to transfer proteins from 

SDS-PA gels to nitrocellulose membranes (Burnette, 1981). The SDS-PA gels were put on 

AmershamTM ProtranTM 0,45µm NC nitrocellulose membrane (GE Healthcare Life Sciences) 

and sandwiched between two blotting papers (Macherey-Nagel) on each side. The assembled 

sandwich was put in a custom–made chamber (University of Konstanz) filled with Transfer 

Buffer (25mM Tris; 190mM Glycine; 0,01% SDS; 20% MeOH) and proteins were transferred by 

applying a constant voltage of 120V for 1h. The proteins on the nitrocellulose membranes 

were reversibly stained for 5min in Ponceau S solution (0,2% (w/v) Ponceau S; 1% Acetic acid). 

Subsequently, the nitrocellulose membranes were blocked for at least 30min in PBST + Milk 

(5% (w/v) Milk powder (Roth); 0,1% Tween20; 137mM NaCl; 2,7mM KCl; 10mM Na2HPO4; 

2mM KH2PO4; pH=7,4) or TBST + BSA (5% (w/v) BSA (ChemCruz); 0,1% Tween20; 50mM Tris; 

150mM NaCl; pH=7,6). After blocking, the membranes were incubated with primary 

antibodies dissolved in the solution used for blocking supplemented with 0,01% Azide. Primary 

antibodies were applied at the concentrations indicated in section 8.5.6 for at least 1h at room 

temperature or at 7°C over night. The membranes were washed three times in PBST or TBST 

to remove unspecifically bound primary antibodies. Horseradish peroxidase-coupled 

secondary α-mouse or α-rabbit antibodies (Dianova) (according to species in which primary 

antibody was raised) were diluted 1:5000 in the solution used for blocking and added for 1h 

at room temperature. The membranes were again washed three times in PBST or TBST to 

remove unspecifically bound secondary antibody. The membranes were developed by 

covering them with ECL solution (100mM Tris; 0,225mM Coumaric acid; 1,25mM Luminol; 

0,012% H2O2; pH=8,5) and detecting the luminescence signal with a LAS-3000 system 

(Fujifilm). 

8.5.5 Generation and purification of antibodies 

Three polyclonal antibodies were raised during the course of this work, one against Xl_Arpp19, 

one against Xl_Gwl and one against Flag-tag epitopes. The antibody for Xl_Arpp19 was 

generated by immunizing rabbits with purified 6xHis-tagged wild-type Xl_Arpp19 and 

purification with GST-tagged wild-type Xl_Arpp19. The antibody against Flag-tag was 

generated by immunizing rabbits with Flag-tag peptide (NH2-

CMDYKDHDGDYKDHDIDYKDDDDK-COOH) and purification with the same peptide (performed 
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by A. Konietzny, Prof. Dr. T.U. Mayer laboratory). The Xl_Gwl antibody was purified from 

serum obtained from the European Xenopus Research Centre against GST-tagged wild-type 

Xl_Gwl (performed by A. Konietzny, Prof. Dr. T.U. Mayer laboratory). For the purification, 2mg 

of the relevant antigen were coupled to 1,5ml SulfoLinkTM Coupling Resin (Thermo Scientific) 

according to the manufacturer´s protocol. Unoccupied binding sites on the resin were 

quenched for 45min with Quenching Buffer (50mM Cystein; 50mM Tris; 5mM EDTA; pH=8,5). 

The resin was washed three times with 1M NaCl, three times with PBS, three times with 

Elution Buffer (150mM NaCl; 250mM Glycin; pH=2,3) and three times with PBS. 5-10ml of 

serum were added to the resin and incubated over night at 7°C. The resin was washed three 

times with PBS, three times with Wash Buffer (20mM Tris; 500mM NaCl; 0,2% Triton-X100; 

pH7,5) and three times with PBS. The antibodies were eluted from the resin in fractions of 

500µl Elution Buffer. The Elution Buffer was immediately neutralized by a predetermined 

volume of Tris pH=8,5. The peak fractions containing the antibodies were collected and 

dialyzed against PBS supplemented with 10% (v/v) Glycerol.  

8.5.6 Primary and secondary antibodies 

Target  Source Dilution Origin 

XErp1 aa1-300 rabbit 1:1000 T.U. Mayer laboratory 

Xl_cyclin-B2  mouse 1:500 Santa Cruz sc-53239 [X121.10] 

α-tubulin  mouse 1:100 T.U. Mayer laboratory 

p150 (Glued) mouse 1:1000 BD Transduction Lab. (No. 610473) 

Myc-tag mouse 1:100 T.U. Mayer laboratory 

Cdc20 (C-terminal peptide) mouse 1:500 Abcam (ab18217) [BA8] 

phospho-T68 Cdc20 rabbit 1:1000 gift from J. Nilsson 

Cdc27 rabbit 1:500 T.U. Mayer laboratory 

phospho-S335 XErp1 rabbit 1:500 T.U. Mayer laboratory 

Calcineurin A mouse 1:500 BD Transduction Lab. (No. 610260) 

Flag-tag mouse 1:1000 Sigma-Aldrich (F1804) 

Flag-tag rabbit 1:1000 this study 

Xl_Arpp19 rabbit 1:500 this study 

Xl_Arpp19 rabbit 1:500 gift from O. Gruss 

Xl_Gwl rabbit 1:500 this study 

Xl_Gwl rabbit 1:1000 gift from S. Mochida 

His-tag  mouse 1:200 Dianova (DIA-900) 

Xl_B55δ rabbit 1:500 gift from S. Mochida  

Hs_PP1α aa319-329 rabbit 1:500 Millipore (07-273) 

phospho-T320 Hs_PP1α  rabbit 1:2000 Abcam (ab62334) [EP1512Y] 

mouse IgG (secondary antibody) donkey 1:5000 Dianova (DAB-087209) 

rabbit IgG (secondary antibody) donkey 1:5000 Dianova (DAB-087152) 
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8.5.7 mRNA preparation 

All capped and poly(A)-tailed mRNAs were prepared with the mMESSAGE mMACHINETM T7 

ULTRA Transcription Kit (Ambion) according to the manufacturer´s protocol. Briefly, 10µg of 

appropriate plasmid were linearized with 40 units XbaI restriction enzyme (NEB) in a 50µl 

reaction. DNA was precipitated over night at -20°C by addition of 2,5µl 0,5M EDTA, 5µl 5M 

NH4OAc and 100µl 100% EtOH. On the following day, the DNA was pelleted by centrifugation 

with 20000g at 4°C for 15min and recovered in MilliQ water. 1µg of linearized plasmid was 

used for each mRNA transcription reaction and 40 units RNasin® (Promega) were added for 

RNase inhibition during mRNA synthesis. mRNA synthesis was allowed to proceed for 2h at 

37°C and poly(A)-tailing was conducted for 1h at 37°C. The mRNA was recovered by LiCl 

precipitation according to the manufacturer´s protocol. The synthesized mRNAs were solved 

in MilliQ water, aliquoted and stored at -80°C. 

8.5.8  Coupled in vitro transcription and translation 

In vitro transcription and translation was performed using the TNT® SP6 High-Yield Wheat 

Germ Protein Expression System (Promega) according to the manufacturer´s protocol. 

Generally, 10µg of appropriate plasmid were used per 50µl reaction. 80 units RNasin® 

(Promega) were added to each reaction. The reactions were incubated for 2 – 3h at 25°C 

before they were aliquoted, snap-frozen in liquid N2 and stored at -80°C. 

8.5.9 XErp1-CaN in vitro phosphatase assay 

2µl Myc-XErp1 Thr195Ala Cys583Ala IVT were added to 8µl CSF-XB. The mixture was added to 

0,5µg α-Myc-tag antibody coupled to Dynabeads Protein G according to the manufacturer´s 

protocol. After 1h incubation at 23°C, the Dynabeads were washed four times in Kinase Buffer 

(5mM MOPS; 2,5mM β-Glycerophosphate; 5mM MgCl2; 1mM EGTA; 0,4mM EDTA; 0,05mM 

DTT; 0,025% Tween20; pH=7,2). The Dynabeads were resuspended in 40µl Kinase Buffer 

supplemented with 2,5mM ATP and 25units/µl PKA (Calbiochem). The reaction was incubated 

for 30min at 30°C. The reaction was washed seven times in Kinase Buffer and three times in 

Phosphatase Buffer (50mM HEPES; 10mM CaCl2; 5mM MgCl2; 1mM DTT; 0,025% Tween20; 

8,8mM Ascorbate; pH=7,5). The Dynabeads were resuspended in 22µl Phosphatase Buffer 

supplemented with 27ng/µl Hs_CaN (R&D Systems) and 1µM calmodulin (Sigma-Aldrich) as 

indicated. The reaction was incubated at 30°C to start the in vitro phosphatase reaction and 
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samples were retrieved and transferred to 3x Lämmli Buffer at the indicated time points. SDS-

PAGE and immunoblot analysis was performed as described in sections 8.5.1 and 8.5.4. 

8.5.10   In vitro phosphorylation of XErp1 by CaMKII 

2µl Myc-XErp1 IVT (with the indicated mutations) were diluted with 8µl CSF-XB and added to 

0,5µg α-Myc-tag antibody coupled to Dynabeads Protein G according to the manufacturer´s 

protocol. After binding, the Dynabeads were washed three times in CSF-XB supplemented 

with 0,1% Tween20. Subsequently, 455units CaMKII (NEB) were added in Phosphorylation 

Buffer (50mM Tris; 10mM MgCl2; 0,1mM EDTA; 2mM DTT; 0,01% Brij35; 2mM CaCl2; 200µM 

ATP; 1,2µM calmodulin (NEB); pH=7,5) and the reaction was incubated for 45min at 30°C with 

constant shaking to keep the Dynabeads in suspension. The Dynabeads were washed three 

times with CSF-XB supplemented with 0,1% Tween20 and once with CSF-XB. 

8.5.11   XErp1-B56ε interaction assay 

95µl CSF extract were supplemented with 2µg 3xFlag-Xl_B56ε mRNA and 5µl Myc-XErp1 

Ser33Asn Ser38Asn Ser284Asn Ser288Asn Cys583Ala IVT. The whole reaction was transferred 

to 6µg α-Flag-tag antibody coupled to Dynabeads Protein G according to the manufacturer´s 

protocol. The whole reaction was incubated for 120min at 23°C. The reaction was treated with 

2µM cyclosporine A and 600µM calcium as indicated. At the indicated time points, 200µl Wash 

Buffer (20mM HEPES; 100mM KCl; 5mM MgCl2; 0,025% Tween20; 1x Protease Inhibitor 

Complete (Roche); pH=7,5) were added to the reaction and the whole supernatant was 

removed. Afterwards the Dynabeads were washed three times with Wash Buffer and the 

Dynabeads were resuspended in 20µl λ-Phosphatase Mix (137mM NaCl; 2,7mM KCl; 10mM 

Na2HPO4; 2mM KH2PO4; 1mM MnCl2; 1x Protease Inhibitor Complete (Roche); 0,2µg/µl 6xHis-

SUMO-λ-PPtase; pH=7,4) and incubated for 45min at 23°C with constant shaking. The reaction 

was stopped by addition of 10µl 3x Lämmli Buffer and the samples were processed by SDS-

PAGE and immunoblot as described in sections 8.5.1 and 8.5.4. 

8.5.12   phospho-T68 Cdc20 analysis in CSF extract  

152µl CSF extract were supplemented with 8µl Flag-Xl_Cdc20 IVT and the whole mixture was 

added to 10µg mouse-α-Flag antibodies coupled to Dynabeads Protein G according to the 

manufacturer´s protocol. The reaction was incubated for 60min at 20°C. Aliquots of 16µl were 

retrieved and 50µl Wash Buffer (20mM HEPES; 100mM KCl; 5mM MgCl2; 0,025% Tween20; 
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5mM β-Glycerophosphate; 2mM NaF; pH=7,5) was added. The supernatant was removed and 

the beads were washed three times with Wash Buffer. The Dynabeads were resuspended in 

30µl 1,5x Lämmli Buffer. For phosphatase treatment, the Dynabeads were resuspended in 

15µl λ-Phosphatase Mix (137mM NaCl; 2,7mM KCl; 10mM Na2HPO4; 2mM KH2PO4; 1mM 

MnCl2; 1x Protease Inhibitor Complete (Roche); 0,2µg/µl 6xHis-SUMO-λ-PPtase; pH=7,4) and 

incubated for 45min at 23°C with constant shaking. The reaction was stopped by addition of 

15µl 3x Lämmli Buffer. All samples were processed by SDS-PAGE and immunoblot as described 

in sections 8.5.1 and 8.5.4. 

8.5.13   Cdc20-CaN in vitro phosphatase Assay 

50,6µl CSF extract were supplemented with 2,6µl Flag-Xl_Cdc20 wild-type IVT and the whole 

reaction was added to 3,3µg mouse-α-Flag antibodies coupled to Dynabeads Protein G 

according to the manufacturer´s protocol. The reaction was incubated for 60min at 20°C. The 

Dynabeads were washed two times with Phosphatase Buffer (50mM HEPES; 10mM CaCl2; 

5mM MgCl2; 1mM DTT; 0,025% Tween20; 8,8mM Ascorbate; pH=7,5) supplemented with 

5mM β-Glycerophosphate and 2mM NaF. Afterwards the Dynabeads were washed two times 

with Phosphatase Buffer. The Dynabeads were resuspended in 22µl Phosphatase Buffer and 

supplemented with 1µM calmodulin (Sigma-Aldrich) and 27ng/µl Hs_CaN (R&D Systems) as 

indicated. The reaction was incubated at 30°C to start the in vitro phosphatase reaction and 

samples were retrieved and transferred to 3x Lämmli Buffer at the indicated time points. SDS-

PAGE and immunoblot analysis was performed as described in sections 8.5.1 and 8.5.4. 

8.5.14   Immunodepletion from embryo extract 

For immunodepletion of Arpp19 or Gwl from embryo extract, 4µg of the relevant antibody 

was coupled to Dynabeads Protein G according to the manufacturer´s protocol. 20µl embryo 

extract were added to the coupled antibodies and incubated for 30min on ice. The 

supernatant was separated from the Dynabeads with a magnet and used for subsequent 

experiments.   

8.5.15   Cdk1 activity assay 

Embryo extract was diluted 1:40 in Kinase Buffer (80mM β-Glycerophosphate; 20mM EGTA; 

15mM MgCl2; 1mM DTT; pH=7,3). 4 volumes of Reaction Buffer (80mM β-Glycerophosphate; 

20mM EGTA; 15mM MgCl2; 1mM DTT; 0,112mg/ml H1 (Millipore); 200µM ATP; 200nCi/µl γ-
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P32-ATP; pH=7,3) were added. After 12min at 37°C, the reaction was stopped by addition of 3x 

Lämmli Buffer and the samples were subjected to SDS-PAGE and autoradiography as described 

in sections 8.5.1, 8.5.2 and 8.5.3. 

8.5.16   pNPP assay for recombinant PP1  

Activity of purified recombinant MBP-PP1α (see section 8.3.4) was tested in a pNPP assay. To 

this end, 2 – 10µg MBP-PP1α was incubated in a 50µl pNPP reaction mix (13mM pNPP; 20mM 

Tris; 250mM NaCl; 1mM MnCl2; pH=7,4) in the presence or absence of 2µM PP1 Inhibitor-2 

(NEB). After 25min incubation in the dark at 25°C, the reaction was stopped by addition of 

500µl 1M NaOH. The whole mixture was transferred to a cuvette and absorbance at 405nm 

was measured.  

8.5.17   Phosphorylation of PP1 by Cdk1 

Recombinant MBP-tagged Xl_PP1α wild-type or R96A was expressed in E.coli and purified as 

described in section 8.3.4. A recombinant fusion protein of Xenopus cyclin-B1 and Cdk1 was 

expressed from TUM1904/pFastBac-10xHis-2xTEV-Xl_Cdk1_cyclin-B1 in SF9 cells and affinity 

purified by T. Tischer in the T.U.Mayer laboratory. 1µg MBP-PP1α was incubated with 37,5ng 

Xl_Cdk1_cyclin-B1 in Cdk1 Kinase Buffer (10mM Tris; 10mM MgCl2; 1mM DTT; 100µM ATP; 

1mM MnCl2; pH=7,5) in the presence or absence of 2µM PP1 Inhibitor-2 (NEB). The reactions 

were incubated at 37°C and samples were retrieved at the indicated time points. Samples 

were analyzed by SDS-PAGE and immunoblot as described in sections 8.5.1 and 8.5.4. 

8.5.18   Thio-phosphorylation of recombinant Arpp19 

2µg 3xFlag-Xl_Gwl Lys71Met mRNA were added to 50µl Embryo extract that was 

supplemented with 75nM His-cyclin-B191-397. After 60min incubation at 23°C, the extract was 

added to 1µg α-Flag antibody coupled to Dynabeads Protein G according to the 

manufacturer´s protocol. Immunoprecipitation was conducted for 60min at 23°C before the 

Dynabeads were washed three times with CSF-XB supplemented with 30nM Okadaic acid 

(Calbiochem). 100µg 6xHis-Xl_Arpp19 wild-type or Ser67Ala were added in 

Thiophosphorylation Buffer (10mM Tris; 10mM KCl; 0,5mM EGTA; 20mM β-

Glycerophosphate; 5mM MgCl2; 1mM DTT; 30mM NaCl; 2mM MnCl2; 1mM ATP-γ-S; 30nM 

Okadaic acid; pH=7,4) and the reaction was incubated at 30°C over night. The supernatant was 

dialyzed against Dialysis Buffer (20mM HEPES; 150mM KCL, 1mM DTT, 10% (v/v) Glycerol; 
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pH=7,7) for 30min at 7°C and successful thio-phosphorylation was confirmed by Phos-tagTM 

SDS-PAGE and CBB staining as described in sections 8.5.1 and 8.5.2. 

8.5.19   Immunoprecipitation-based Gwl Kinase Assay  

15µl embryo extract were added to 1µg α-Gwl antibody coupled to Dynabeads Protein G 

according to the manufacturer´s protocol. The suspension was incubated for 15min on ice and 

for an additional 3min on an ice-cooled magnet. 150µl Wash Buffer (10mM HEPES; 100mM 

KCl; 2mM MgCl2; 0,1mM CaCl2; 50mM Sucrose; 5mM EGTA; 5mM β-Glycerophosphate; 30nM 

Okadaic acid; 0,01% Tween20; pH=7,7) were added to the extract and the whole supernatant 

was removed. The Dynabeads were washed three times with Wash Buffer and then 

resuspended in 10µl Kinase Reaction Buffer (0,28µg/µl His-Xl_Arpp19 wild-type; 10mM Tris; 

10mM KCl; 0,5mM EGTA; 20mM β-Glycerophosphate; 5mM MgCl2; 1mM DTT; 30mM NaCl; 

2mM MnCl2; 200µM ATP; 200nCi/µl γ-P32-ATP; 30nM Okadaic Acid; pH=7,4). The reaction was 

incubated for 20min at 30°C before it was stopped by addition of 3x Lämmli Buffer. The 

samples were subjected to SDS-PAGE, CBB staining and autoradiography as described in 

sections 8.5.1, 8.5.2 and 8.5.3. Band intensities were quantified with ImageJ. 

8.5.20   Extract-based Gwl Kinase Assay  

1µl embryo extract was added to 16,5µl Extract Reaction Buffer (0,3µg/µl His-Xl_Arpp19 

Ser28Ala Ser109Ala or His-Xl_Arpp19 Ser28Ala Ser67Ala Ser109Ala; 80mM β-

Glycerophosphate; 20mM EGTA; 15mM MgCl2; 1mM DTT; 10µM okadaic acid; 1x Protease 

Inhibitors Complete (Roche); 100µM ATP; 100nCi/µl γ-P32-ATP; pH=7,3). The reactions were 

incubated for 30min at 20°C before they were stopped by addition of 3x Lämmli Buffer. The 

samples were subjected to SDS-PAGE, CBB staining and autoradiography as described in 

sections 8.5.1, 8.5.2 and 8.5.3. Band intensities were quantified with ImageJ. 

8.5.21   Gwl-PP1 in vitro phosphatase assay 

35µl embryo extract were supplemented with 2,5µl S35-labelled 3xFlag-Xl_Gwl wild-type IVT, 

0,2units/µl Creatine Phosphokinase (Sigma-Aldrich), 1µM Ac-DEVD (Enzo Life Sciences) and 

75nM His-cyclin-B191-397. The reaction was incubated for 30min at 20°C before it was 

transferred to 4µg α-Flag antibodies coupled to Dynabeads Protein G according to the 

manufacturer´s protocol. The immunoprecipitation was conducted for 1h at 23°C. 

Subsequently, the Dynabeads were washed once with PBS supplemented with 0,1% Triton-
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X100, once with PBS supplemented with 300mM NaCl and four times with Phosphatase Buffer 

(20mM Tris; 150mM NaCl; 1mM DTT; 1mM MnCl2; 0,1% NP-40; pH=7,4). The Dynabeads were 

resuspended in 35µl Phosphatase Buffer. In parallel, 100µl embryo extract were 

supplemented with 4,5µg 3xFlag- Xl_PP1α wild-type or Thr316Ala mRNA, 0,2units/µl Creatine 

Phosphokinase (Sigma-Aldrich), 1µM Ac-DEVD (Enzo Life Sciences) and 75nM His-cyclin-B191-

397. The reaction was incubated for 1h at 20°C before it was transferred to 10µg α-Flag 

antibodies coupled to Dynabeads Protein G according to the manufacturer´s protocol. After 

further incubation for 1h at 23°C, the Dynabeads were washed six times with Phosphatase 

Buffer. The PP1-bound Dynabeads were resuspended with the Gwl-bound Dynabeads 

suspension and the whole mixture was put to 30°C to start the in vitro phosphatase assay. 

Samples were retrieved at the indicated time points and transferred to 3x Lämmli Buffer. The 

samples were subjected to SDS-PAGE, CBB staining and autoradiography as well as 

immunoblot analysis as described in sections 8.5.1, 8.5.2, 8.5.3 and 8.5.4.  

8.5.22   Statistical Analysis 

Statistical analysis in Figure 22 was carried out using GraphPad Prism 6. Values are given as 

mean ± standard deviation. Number of biological replicates for each experiment is given in the 

Figure legend. p-values were calculated with an unpaired two-sided t-test with Welch´s 

correction. 
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10. Abbreviations 

Ab Antibody 

Ala Alanine 

APC/C Anaphase-promoting complex/cyclosome 

APC10 Anaphase-promoting complex subunit 10 

APS Ammonium persulfate 

Arg Arginine 

Arpp19 cAMP-regulated phosphoprotein 19 

Asn Asparagine 

ATP Adenosine triphosphate 

Aurora A Aurora kinase A; also known as Eg2 

Bora Aurora borealis 

BSA Bovine serum albumine 

Bub1 Mitotic checkpoint Ser/Thr kinase budding uninhibited by benzimidazoles 1 

CaMKII Calcium/calmodulin-dependent kinase II 

cAMP cyclic adenosine monophosphate 

CAK Cdk-activating kinase 

CaN Calcineurin 

CBB Coomassie Brilliant Blue 

Cdc Cell division cycle 

Cdc2 Cell division cycle 2 

Cdc20 Cell division cycle 20; also known as Fzy 

Cdc25 Cell division cycle 25 

Cdc27 Cell division cycle 27; also known as APC3 

Cdc28 Cell division cycle28 

Cdk1 Cyclin-dependent kinase 1 

Cdk2 Cyclin-dependent kinase 2 

Cdh1 Cdc20 homologue 1; also known as Fzr1 

cDNA complementary DNA 

C.elegans Caenorhabditis elegans 

CK1δ/ε Casein kinase 1 δ/ε 

CnA Calcineurin catalytic subunit; also known as PP2B 

CnB Calcineurin regulatory subunit 

CPE cytoplasmic polyadenylation element 

CPEB cytoplasmic polyadenylation element binding protein  

CPSF Cleavage and polyadenylation specificity factor 

CsA Cyclosporine A 

CSF Cytostatic factor 

CSF extract cytoplasmic extract of MII-arrested oocytes of Xenopus laevis 

Cys Cysteine 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DNase Deoxyribonuclease 

dNTP Deoxynucleoside triphosphate 

DTT Dithiothreitol 

E.coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

EGTA Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid 

eIF-4E eukaryotic translation initiation factor 4E 

eIF-4G eukaryotic translation initiation factor 4G 

embryo extract cytoplasmic extract of interphasic 4-celled embryos of Xenopus laevis 
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Emi1 Early mitotic inhibitor 1 

Ensa Endosulfine α 

EtOH Ethanol 

ePAB embryonic poly(A)-binding protein 

Fcp1 RNA polymerase II carboxy-terminal domain phosphatase 

FK506 also known as tacrolimus 

Flag 3x FLAG-epitope tag 

Glu Glutamate 

Gly Glycin 

GPCR G-protein coupled receptor 

GSK3 Glycogen synthase kinase 3 

GST Glutathione S-transferase; used as affinity tag 

GVBD Germinal vesicle breakdown 

Gwl Greatwall 

H1 Histone H1 

hCG Human chorionic gonadotropin 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

Hex motif Hexanucleotide AAUAAA motif 

His 6x Histidine- tag 

HR Homologous recombination 

Hs Homo sapiens 

I-1 PP1 Inhibitor-1 

I-2 PP1 Inhibitor-2 

IC50 Half maximal inhibitory concentration 

IP Immunoprecipitation 

IPTG Isopropyl-beta-D-thiogalactopyranoside 

IVT Coupled in vitro transcription and translation in wheat germ extracts 

LH Luteinizing hormone 

Lys Lysine 

MI First meiotic division 

MII Second meiotic division 

Mad2B Mitotic arrest deficient 2B 

MAPK Mitogen-activated protein kinase 

MAPKK Mitogen-activated protein kinase kinase 

MBT Midblastula transition 

MBP Maltose-binding protein; used as affinity tag 

MCC Mitotic checkpoint complex 

MeOH Methanol 

Met Methionine 

MOPS 3-Morpholinopropane-1-sulfonic acid 

Mos Proto-oncogene c-Mos 

MPF Maturation promoting factor; M-phase promoting factor 

mRNA messenger RNA 

Myc 6x Myc-epitode tag 

Myt1 Membrane-associated, tyrosine- and threonine-specific Cdc2 inhibitory kinase 

NEBD Nuclear envelope breakdown 

NES nuclear export sequence 

Ni-NTA Nickel-Nitrolotriacetic acid 

NIPP1 Nuclear inhibitor of PP1 

NLS Nuclear localization sequence 

OA Okadaic acid 

OD600 Optical density measured at λ=600nm 
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p90Rsk 90kDa ribosomal protein S6 kinase 

p.a. pro analysi 

PARN Poly(A)-specific ribonuclease 

PBE Polar body extrusion 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PDE phosphodiesterase 

PDE3 phosphodiesterase type III 

PG Progesterone 

PI3K phosphatidylinositol 3-kinase 

PIP PP1-interacting protein 

PKA Protein kinase A 

Plx1 Xenopus Polo-like kinase 1 

PMSG Pregnant mare´s serum gonadotropin 

pNPP p-Nitrophenyl phosphate 

poly(A) polyadenyl 

PP1 Protein phosphatase 1 

PP2A Protein phosphatase 2A 

PP2A-B55 PP2A in complex with a regulatory B55 subunit 

PP2A-B56 PP2A in complex with a regulatory B56 subunit 

PP4 Protein phosphatase 4 

PP6 Protein phosphatase 6 

PPP Ser/Thr-specific phosphoprotein phosphatases 

PPP1R3B PP1 regulatory subunit 3B 

PPtase Phosphatase 

PTPN13 Protein tyrosine phosphatase, non-receptor type 13 

RINGO Rapid inducer of G(2)/M transition in oocytes; also known as Speedy 

RNA Ribonucleic acid 

Rosco Roscovitine 

rpm Rounds per minute 

SAC spindle assembly checkpoint 

SDS Sodium dodecyl sulfate 

SDS-PA Sodium dodecyl sulfate polyacrylamide  

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Ser Serine 

SCF Skp, Cullin and F-box containing complex 

SCFβTRCP SCF complex with the F-Box protein beta-transducin repeat containing protein 

Tauto Tautomycin 

TBS Tris-buffered saline 

TEMED N,N,N′,N′-Tetramethylethane-1,2-diamine 

ThioArpp Arpp19 thiophosphorylated at Ser67 

Thr Threonine 

Tris 2-Amino-2-(hydroxymethyl)propane-1,3-diol 

TSS Transformation and storage solution for chemical transformation 

Ube2C Ubiquitin conjugating enzyme E2 C; also known as UbcH10 or UbcX 

Ube2S Ubiquitin conjugating enzyme E2 S 

UPS Ubiquitin-proteasome system 

UTR Untranslated region 

Wee1 Wee1-like protein kinase 

wt Wild-type 

XErp1 Xenopus Emi1-related protein 1; also known as Emi2 

XGef Xenopus Cdc42 guanine exchange factor 



  Abbreviations 

 

137 

 

xGld-2 Xenopus germline development 2 

xIGF-1 Xenopus insulin-like growth factor-1 

Xl Xenopus laevis 

XmPRβ Xenopus membrane progestin receptor β 

xPlkk1 Xenopus Polo-like kinase kinase 1 

XPR-1 Xenopus progesterone receptor-1 

ZBR Zinc-binding region 
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