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Summary 

 

In order to achieve faithful chromosome segregation during mitosis and to avoid 

aneuploidy, the kinetochores of the two sister chromatids need to form attachments 

with microtubules emanating from opposite poles of the mitotic spindle. Bipolar 

attachment of sister kinetochores is regulated by dynamic phosphorylation of 

kinetochore proteins. Key regulators of this process are the mitotic kinase Aurora B 

and the counteracting phosphatase PP1. The PP1 interactor SDS22 has been shown 

to be involved in positively regulating kinetochore-associated PP1 in mammalian 

cells, however its exact localization and function has remained controversial. SDS22 

is known to form a ternary complex with PP1 and inhibitor-3 (I3). While Ypi1/I3 is 

known to be involved in regulating PP1-mediated counteraction of Ipl1/Aurora kinase 

in yeast, the function of I3 in mammalian mitosis has thus far been unknown. 

Findings in yeast furthermore implicate the AAA ATPase Cdc48/p97 with its cofactor 

Shp1 in positively regulating PP1 and suggest that Cdc48/p97-Shp1 acts on the 

ternary SDS22-PP1-Ypi1/I3 complex. This study aimed at solving the function of 

SDS22 at the kinetochore and at elucidating the role of I3 in mammalian mitosis. In 

addition, we wanted to investigate the interaction of p97 with SDS22-PP1-I3 in 

mammalian cells. 

 

Our results allow us to draw at least three important conclusions. First, our data 

reveal a complex role of SDS22 in regulating kinetochore-associated PP1. We 

confirm that SDS22 is required for PP1 activity at the kinetochore. However, contrary 

to a previous report, we show that SDS22 does not quantitatively localize to 

kinetochores under normal conditions and does not function as a PP1 targeting factor 

to the kinetochore. Instead, while being required for PP1 activity at the kinetochore, 

SDS22 inhibits PP1-mediated dephosphorylation of Aurora B at T232 when bound to 

the kinetochore. This is consistent with a model in which SDS22 functions as a PP1 

chaperone or maturation factor, mediating a PP1 activation step in solution that is 

followed by SDS22 dissociation and binding of activated PP1 to KNL1 at the 

kinetochore. 

 

Second, we elucidate the role of I3 in PP1-mediated balancing of Aurora B. Depletion 

of I3 leads to quantitative association of SDS22 with PP1 bound to KNL1 at the 
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kinetochore, accompanied by increased Aurora B activity. This suggests that I3 is 

required for sequestering and keeping SDS22-PP1 in solution, thus preventing 

association of inactive SDS22-bound PP1 with KNL1 at the kinetochore. Additionally, 

we find indications that I3 is required for dissociation of SDS22 from PP1.  

 

Third, we show that the interaction between p97 and the SDS22-PP1-I3 complex is 

conserved in human cells. Our data provide important first insights on how p97, 

together with the Shp1 orthologs p37, UBXD4 and p47, may regulate the SDS22-

PP1-I3 complex. Our results are consistent with a role of p97 in regulating PP1 by 

dissociating SDS22 from the ternary PP1 complex. 
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Zusammenfassung 

 

Um Aneuploidie zu verhindern, müssen während der Mitose die 

Schwesterchromatiden der duplizierten Chromosomen korrekt auf beide 

Tochterzellen verteilt werden. Um dies zu gewährleisten, muss es zur Anbindung der 

Kinetochore der beiden Schwesterchromatiden an Spindelmikrotubuli kommen, die 

von entgegengesetzten Polen der mitotischen Spindel ausgehen. Diese bipolare 

Anbindung der Schwesterkinetochore wird durch eine dynamische Phosphorylierung 

von Kinetochorproteinen ermöglicht und reguliert. Zentrale Regulatoren dieses 

Prozesses sind die mitotische Kinase Aurora B und die entgegenwirkende 

Phosphatase PP1. Es wurde bereits gezeigt, dass SDS22, ein Interaktionspartner 

der Phosphatase PP1, für die volle Aktivität von Kinetochor-gebundenem PP1 

vonnöten ist und somit als positiver Regulator der Phosphatase fungiert. Die genaue 

Lokalisation und Funktionsweise von SDS22 ist allerdings nicht geklärt, da hierzu 

kontroverse Ergebnisse veröffentlicht wurden. Es ist bekannt, dass SDS22 einen 

ternären Komplex mit PP1 und Inhibitor-3 (I3) bilden kann. In Hefezellen wurde 

gezeigt, dass Ypi1/I3 eine Rolle für die der Kinase Ipl1/Aurora entgegenwirkende 

Aktivität von PP1 spielt. Die Funktion von I3 in der Mitose in Säugerzellen ist 

allerdings bislang nicht untersucht worden. Ergebnisse aus Hefestudien zeigen 

darüber hinaus, dass auch die AAA ATPase Cdc48/p97 mit ihrem Kofaktor Shp1 

eine Rolle als positiver Regulator von PP1 spielt und deuten darauf hin, dass 

Cdc48/p97-Shp1 auf den ternären SDS22-PP1-Ypi1/I3-Komplex einwirkt. Ziel dieser 

Studie war es, die Funktion von SDS22 am Kinetochor aufzuklären und die Rolle von 

I3 in der Mitose in Säugerzellen herauszufinden. Zudem wollten wir die Interaktion 

von p97 mit dem SDS22-PP1-I3-Komplex in Säugerzellen untersuchen. 

 

Unsere Ergebnisse lassen mindestens drei wichtige Schlussfolgerungen zu. Zum 

ersten zeigen unsere Daten, dass die Funktion von SDS22 in der Regulation von 

PP1 am Kinetochor komplex ist. Unsere Ergebnisse bestätigen, dass SDS22 für die 

Aktivität von Kinetochor-gebundenem PP1 vonnöten ist. Im Gegensatz zu einer 

vorherigen Studie zeigen wir allerdings, dass SDS22 unter normalen Bedingungen 

nicht in quantitativen Mengen am Kinetochor zu finden ist und auch nicht als 

Rekrutierungsfaktor für PP1 zum Kinetochor fungiert. Obgleich SDS22 für die 

Funktion von PP1 am Kinetochor gebraucht wird, führt eine quantitative Bindung von 
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SDS22 an das Kinetochor zur Inhibition der Dephosphorylierung von Aurora B an 

T232 durch PP1. Diese Ergebnisse lassen sich mit einem Modell erklären, in dem 

SDS22 eine Rolle als Chaperon oder Reifungsfaktor für PP1 spielt. In diesem Modell 

wird SDS22 für die Aktivierung von PP1 in Lösung gebraucht, welche der 

Dissoziation von SDS22 und der Bindung von aktiviertem PP1 an das 

Kinetochorprotein KNL1 vorausgeht. 

 

Zum zweiten klären wir die Rolle von I3 im Wechselspiel von PP1 und Aurora B auf. 

Eine Depletion von I3 führt zu einer quantitativen Bindung von SDS22 an PP1, 

welches an das Kinetochorprotein KNL1 gebunden ist. Dieser Effekt geht mit einer 

erhöhten Aktivität von Aurora B einher. Dies lässt sich dadurch erklären, dass I3 

benötigt wird um SDS22-PP1 zu sequestrieren und in Lösung zu halten, wodurch es 

eine Assoziation von inaktivem, SDS22-gebundenem PP1 mit KNL1 am Kinetochor 

verhindert. Zusätzlich finden wir Hinweise darauf, dass I3 für eine Dissoziation von 

SDS22 von PP1 gebraucht werden könnte. 

 

Zum dritten zeigen wir, dass die Interaktion zwischen p97 und dem SDS22-PP1-I3-

Komplex in humanen Zellen konserviert ist. Unsere Daten liefern wichtige erste 

Einblicke, wie p97, zusammen mit den Shp1 Orthologen p37, UBXD4 und p47, den 

SDS22-PP1-I3-Komplex regulieren könnte. Unsere Daten deuten darauf hin, dass 

p97 eine Rolle in der Regulation von PP1 spielen könnte, indem es SDS22 von dem 

ternären PP1-Komplex dissoziiert. 
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1 Introduction 

 

In order to achieve faithful chromosome segregation during mitosis, the kinetochores 

of the two sister chromatids need to form attachments with microtubules emanating 

from opposite poles of the mitotic spindle. Formation of bipolar kinetochore-

microtubule attachments is tightly regulated by opposing activities of the mitotic 

kinase Aurora B and the phosphatase PP1. In this thesis, we examine the role of the 

PP1 interacting proteins SDS22 and I3 in regulating PP1 function at the kinetochore. 

Furthermore, we investigate the regulation and interaction of the ternary SDS22-PP1-

I3 complex with the AAA ATPase p97 and its SEP domain cofactors p37, p47 and 

UBXD4. The following introduction will therefore first give a brief overview on mitosis 

in mammalian cells, before discussing aspects relevant to our findings in more detail, 

focussing especially on the kinase Aurora B. The subsequent parts will then give an 

introduction to PP1 and p97 and their relevant cofactors. 

 

1.1 Mitosis 

 

Mitotic cell division is a highly complex process that results in the separation of a cell 

into two daughter cells with identical genetic material. It comprises the distribution of 

replicated chromosomes into two daughter nuclei (mitosis), followed by the physical 

division of the cytoplasm into two separate daughter cells (cytokinesis). 

Morphologically, the process of mitosis can be divided into five distinct phases: 

prophase, prometaphase, metaphase, anaphase and telophase. During prophase, 

the chromosomes condense within the nucleus, and the two centrosomes separate 

and start to move towards opposite poles. The mitotic spindle starts to form as 

microtubules nucleate from the two centrosomes and gradually assemble between 

them. Nuclear envelope breakdown (NEBD) marks the beginning of prometaphase. 

During prometaphase, microtubules of the forming spindle start to attach to 

chromosomes at the kinetochores, which results in an arrangement of the 

chromosomes in a horse-shoe-like form around the spindle. In metaphase, all 

chromosomes align in the middle of the spindle, along the cell equator, forming the 

metaphase plate. When biorientation is achieved, i.e., when both kinetochores on 

sister chromatids of each chromosome are attached to microtubules from opposite 
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spindle poles, the cell proceeds to anaphase. During anaphase, the sister chromatids 

of the replicated chromosomes separate and are then simultaneously pulled towards 

opposite spindle poles. In telophase, kinetochore-microtubule attachment is lost, 

chromosomes decondense and new nuclear membranes form around each set of 

chromosomes. Already in late anaphase, a cleavage furrow begins to form at the cell 

equator, surrounding the spindle midzone between the two sets of sister chromatids. 

During telophase, the contractile ring of the cleavage furrow further constricts and the 

central spindle in the midzone condenses, forming tight bundles of antiparallel 

microtubules, that overlap at the midbody. Finally, cytokinesis takes place as the two 

daughter cells are separated by plasma membrane fission at the midbody. 

 

As mentioned above, mitosis is an extremely complex process that involves a 

tremendous reorganization of all cell components. In order to avoid missegregation of 

chromosomes, which can lead to cell death or aneuploidy, and therefore, ultimately 

to cancer (Kops et al., 2005), all steps of mitosis have to be tightly regulated on a 

molecular level. The intricate regulatory mechanisms governing mitotic entry and 

progression involve the reversible phosphorylation of a multitude of regulatory and 

structural proteins, mediated by a number of mitotic kinases and counteracting 

phosphatases (Ma & Poon, 2011; Bollen et al., 2009), ubiquitin-dependent 

degradation of key regulators (Musacchio, 2011), and two cell-cycle checkpoints –

 the G2/M and the spindle assembly checkpoint (SAC) (Ma & Poon, 2011). 

 

Mitotic entry 

 

In order to assure genomic stability, the G2/M checkpoint monitors the DNA 

replication status and senses DNA damage, preventing cells with unreplicated and / 

or damaged DNA from entering mitosis (Latif et al., 2001). Satisfaction of the 

checkpoint leads to activation of the CDK1-cyclin B complex or maturation-promoting 

factor (MPF), and thereby induces mitotic entry. The CDK1-cyclin B kinase is the 

main driver of mitosis (Coudreuse & Nurse, 2010; Fung & Poon, 2005). A critical 

factor for the activation of CDK1 is the amount of cyclin B available for MPF complex 

formation. In mammalian cells, cyclin B expression is mainly regulated at the levels of 

transcription and protein degradation (Fung & Poon, 2005). Transcription of cyclin B 

starts during S-phase and peaks at late G2-phase (Fung & Poon, 2005). Binding of 
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cyclin B to CDK1 alone, however, does not suffice to activate the kinase, since CDK1 

activity is negatively regulated by inhibitory phosphorylation at T14 and Y15 by Wee1 

and Mypt1 kinases (Dunphy, 1994; Fung & Poon, 2005). Satisfaction of the G2/M 

checkpoint allows for CDC25 phosphatases to dephosphorylate CDK1, thereby 

activating CDK1-cyclin B (Bollen et al., 2009). Activated CDK1-cyclin B 

phosphorylates a vast number of both regulatory and structural proteins, which leads 

to a profound reorganization of cellular morphology and structures, including 

rounding up of the cells, chromosome condensation, mitotic spindle formation, 

nuclear envelope disassembly, disassembly of the Golgi apparatus and 

reorganization of the ER (Ma & Poon, 2011; Bollen et al., 2009; Güttinger et al., 

2009). In addition to CDK1, a number of other kinases play an important role in 

regulating mitosis, among them Mps1, Haspin and Aurora A and B kinases (Ma & 

Poon, 2011). Nuclear envelope breakdown (NEBD) at the beginning of 

prometaphase allows for many mitotic proteins to gain access to their sites of action. 

Examples are condensin I that is cytoplasmic in interphase and mediates further 

chromosome condensation upon NEBD (Güttinger et al., 2009), as well as the 

spindle assembly checkpoint (SAC) proteins Mad1 and Mad2 (Cheeseman & Desai, 

2008). Moreover, and importantly, upon NEBD, spindle microtubules can start to 

attach to chromosomes at the kinetochores. 

 

Chromosome biorientation 

 

The mitotic spindle is a highly dynamic structure that consists of microtubule fibers 

and hundreds of regulatory proteins (Walczak and Heald, 2008). The attachment of 

spindle microtubules to kinetochores is a stochastic process. Microtubules undergo 

repeated cycles of spontaneous growth and shrinkage, called dynamic instability 

(Mitchison & Kirschner, 1984). This dynamic instability increases the chance for 

encounters between microtubules and kinetochores, which has been described as 

the “search-and-capture” model (Mitchison & Kirschner, 1986). Kinetochores initially 

attach to the lateral surface of spindle microtubules, are then transported along the 

microtubules towards the spindle poles, where the lateral attachment is converted to 

end-on attachment (Tanaka, 2013). In animal cells, bundles of many microtubules 

are attached to kinetochores in an end-on manner, forming so-called K-fibers 

(Tanaka, 2013). In order to achieve faithful chromosome segregation, the two 
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kinetochores on sister chromatids of each chromosome have to form end-on 

attachments with microtubules emanating from opposite spindle poles. This is termed 

‚biorientation‘. Formation of bioriented attachments is crucial for chromosome 

congression to the metaphase plate. However, also monooriented chromosomes can 

congress to the metaphase plate. This is achieved by a transport mechanism 

alongside K-fibers attached to already bioriented chromosomes that is mediated by 

the microtubule motor CENP-E (Kapoor et al., 2006; Kim et al., 2010). Ultimately, 

however, biorientation of all chromosomes at the metaphase plate has to be 

achieved before onset of anaphase, in order to avoid missegregation of 

chromosomes. Two mechanisms exist to sense and correct erroneous microtubule-

kinetochore attachments and to halt anaphase onset until correct bipolar attachment 

of all chromosomes is achieved: error correction (EC) and the spindle assembly 

checkpoint (SAC) (Musacchio, 2015; Krenn & Musacchio, 2015). The kinase Aurora 

B plays a decisive role in both pathways (Krenn & Musacchio, 2015). Error correction 

is a “local” mechanism, that leads to the stabilization of correct, bipolar attachments 

and to the destabilization of erroneous attachments. It is believed to depend on the 

ability of the centromere-kinetochore system to detect the tension that occurs upon 

biorientation, when microtubules pull from opposite spindle poles, or the lack of 

tension in chromosomes lacking biorientation (Lampson & Cheeseman, 2011; Krenn 

& Musacchio, 2015). The SAC, on the other hand, generates a “global” signal that 

prevents cells from entering anaphase before biorientation of all chromosomes is 

achieved (Krenn & Musacchio, 2015). Briefly, unattached kinetochores function as a 

recruitment hub for SAC proteins, which leads to the formation of the mitotic 

checkpoint complex (MCC). As long as the checkpoint is active, the MCC inhibits the 

anaphase promoting complex or cyclosome (APC/C), a ubiquitin ligase that drives 

mitotic exit (Musacchio, 2015). The EC and SAC pathways, and the role of Aurora B 

kinase in these pathways, will be described in more detail in the following chapters.  

 

Mitotic exit 

 

Satisfaction of the SAC leads to activation of the APC/C, a multisubunit E3 ubiquitin 

ligase that ubiquitinates two key substrates, cyclin B and Securin, thereby targeting 

them for proteasomal degradation (Musacchio, 2015). Proteolysis of cyclin B 

inactivates CDK1, thus driving mitotic exit. Inactivation of CDK1 allows for the bulk 
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dephosphorylation of mitotic substrates by phosphatases including CDC14, PP1 and 

PP2A (Bollen et al., 2009; Wurzenberger & Gerlich, 2011). The other key APC/C 

substrate, Securin, is an inhibitor of the protease Separase. Once activated, 

Separase cleaves Kleisin, a subunit of the Cohesin complex that keeps sister 

chromatids tightly connected at the centromeres. Cleavage of Cohesin allows for the 

segregation of sister chromatids to opposite spindle poles (Mehta et al., 2012). 

Chromosome segregation goes along with, and is facilitated by the assembly of the 

central spindle that is composed of antiparallel bundles of microtubules that overlap 

at the central region (Fededa & Gerlich, 2012). The central spindle defines the 

position of the division plane and contributes to the assembly of the contractile 

actomyosin ring at the equatorial cell cortex. As the actomyosin ring contracts, the 

cleavage furrow emerges during anaphase and further ingresses during telophase. In 

telophase, chromatin decondenses, new nuclear envelopes are assembled and the 

ER and Golgi apparatus reorganize. The central spindle condenses as ingression of 

the cleavage furrow progresses, forming an intercellular bridge with the midbody at 

its center. Cytokinesis is completed by plasma membrane fission at the midbody 

(Fededa & Gerlich, 2012). 
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1.2 Chromosome biorientation 

 

1.2.1 The kinetochore 

 

Kinetochores function both as sites for chromosome attachment to spindle 

microtubules and as recruitment hubs for SAC components. Figure 1.1 shows a 

schematic structure of a kinetochore attached to microtubules. Kinetochores are 

highly complex multi-subunit structures that can be structurally divided into an inner 

and an outer layer (Musacchio, 2015). They assemble on specialized chromatin 

structures, the centromeres. Centromeres are epigenetically marked by the histone 

H3 variant CENP-A (Black & Cleveland, 2011). In vertebrate cells, CENP-A 

nucleosomes interact with a number of CENP proteins that form the constitutive 

centromere-associated network (CCAN) (Jia et al., 2013). The CCAN establishes the 

inner kinetochore. CCAN components form several different subcomplexes, e.g. the 

CENP-T-W-S-X subcomplex that can bind to DNA, possibly forming a nucleosome-

like structure (Nishino et al., 2012). As the name indicates, the CCAN constitutively 

localizes to centromeres throughout the cell cycle. The outer kinetochore, on the 

other hand, is only formed during mitosis. It is assembled onto the CCAN during late 

prophase, shortly before NEBD (Jia et al., 2013). The outer kinetochore contains the 

10-subunit KMN network that mediates kinetochore-microtubule attachment 

(Musacchio, 2011). The KMN network is comprised of KNL1 (kinetochore null protein 

1), the Mis12 (missegregation 12) complex and the Ndc80 (nuclear division cycle 80) 

complex. Recruitment of the KMN network to the CCAN is mediated by CENP-C and 

CENP-T, via binding to the Mis12 complex and the Ndc80 complex, respectively 

(Screpanti et al., 2011; Przewloka et al., 2011; Schleiffer et al., 2012). The Mis12 

complex interacts with both the Ndc80 complex and KNL1 and constitutes the core 

for KMN network formation (Petrovic et al., 2010). The Ndc80 complex and KNL1 

have microtubule-binding activities and were shown to bind microtubules in a 

cooperative manner (Wei et al., 2007; Cheeseman et al., 2006; Jia et al., 2013).  
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Figure 1.1 Kinetochore structure. A Schematic structure of the mitotic spindle. B 

Schematic morphological structure of a kinetochore attached to microtubules. The boxed 

area in (A) is shown. C Schematic molecular structure of a kinetochore attached to 

microtubules. The boxed area in (B) is shown. CPC: Chromosomal passenger complex. 

(Tanaka, 2013). 

 

Microtubule-kinetochore attachment is a stochastic process. This implies that 

connection of chromosomes to the mitotic spindle comes about via a mechanism of 

trial and error. Therefore, erroneous attachments occur relatively frequently (Nicklas, 

1997). Besides correct amphitelic (or bipolar) attachment, monotelic, syntelic or 

merotelic attachments are possible (Figure 1.2). 
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Figure 1.2 Classification of kinetochore-microtubule attachments. Correct attachments 

are termed ‚amphitelic‘ or ‚bipolar‘. Each sister kinetochore is attached to microtubules 

emanating from a different spindle pole, and only from that spindle pole. Monotelic 

attachment: Only one sister kinetochore is attached to microtubules from one spindle pole, 

the other sister kinetochore is unattached. Syntelic attachment: Both sister kinetochores are 

attached to microtubules emanating from the same spindle pole. Merotelic attachment: Both 

sister kinetochores are attached to microtubules from opposing spindle poles, but one 

kinetochore is additionally attached to microtubules emanating from the other spindle pole. 

Chromosomes are depicted in blue, kinetochores in yellow, microtubules in green and 

centrosomes (spindle poles) in orange. (Kelly and Funabiki, 2009). 

 

In order to achieve biorientation, it is essential that erroneous attachments can be 

detected and corrected. The mechanism that detects and destabilizes incorrect 

attachments is called error correction (EC). It relies on the detection of inter-

kinetochore tension, or the lack thereof, and is mediated by Aurora B kinase (and its 

counteracting phosphatases, PP1 and PP2A) (Krenn & Musacchio, 2015; Lesage et 

al., 2011). The EC mechanism will be discussed in detail in chapter 1.3. Briefly, 

Aurora B, the catalytic subunit of the chromosomal passenger complex (CPC), that 

localizes to the inner centromere during prometa- and metaphase, dynamically 
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phosphorylates a number of substrates at the kinetochore in a tension-dependent 

manner. Monotelic, syntelic and merotelic kinetochore-microtubule attachments lack 

tension, which enables Aurora B to phosphorylate its kinetochore-localized 

substrates (Lampson & Cheeseman, 2011; Krenn & Musacchio, 2015). These 

phosphorylation events destabilize microtubule binding to the KMN network 

(Lampson & Cheeseman, 2011). Conversely, correct amphitelic attachments 

generate tension, thereby pulling kinetochore-localized substrates out of the reach of 

Aurora B. This causes a shift of the dynamic balance of phosphorylation and 

dephorphorylation towards dephosphorylation, thus stabilizing amphitelic 

kinetochore-microtubule attachments (Krenn & Musacchio, 2015; Lesage et al., 

2011). 

 

1.2.2 The spindle assembly checkpoint 

 

The SAC is a regulatory feedback system that ensures accurate chromosome 

segregation by preventing anaphase onset until amphitelic attachment of all 

chromosomes is achieved. Even a single unattached kinetochore is enough to 

generate a checkpoint signal sufficient to maintain an arrest in metaphase and to halt 

mitotic exit (Rieder et al., 1995). SAC signaling is mediated by a number of 

checkpoint proteins. The key players include the kinases Mps1 (monopolar spindle 

protein1), Aurora B and Bub1 (budding uninhibited by benomyl 1), the pseudokinase 

BubR1 (Bub-related 1) (Suijkerbuijk et al., 2012) and the non-kinase proteins Bub3, 

Mad1 (mitotic arrest deficient 1) and Mad2. Kinetochore localization of checkpoint 

proteins is necessary for proper checkpoint signaling, as targeting of key checkpoint 

proteins to unattached or improperly attached kinetochores allows for the formation 

of the mitotic checkpoint complex (MCC) and other diffusible inhibitors (MCC sub-

complexes) of the anaphase promoting complex (APC/C) (Jia et al., 2013). The 

kinases Mps1 and Aurora B function upstream in the checkpoint signaling pathway 

and positively regulate each other (Saurin et al., 2011; van der Waal et al., 2012). 

Downstream SAC proteins form three constitutive complexes that are targeted to 

outer kinetochores via the KMN network: Bub1-Bub3, BubR1-Bub3 and the 

heterotetrameric Mad1-Mad2 core complex (Jia et al., 2013). Bub1, BubR1 and Bub3 

are recruited to kinetochores via KNL1. The Mps1 kinase localizes to kinetochores by 

binding the Hec1 subunit of the Ndc80 complex (Hiruma et al., 2015) in an Aurora B 
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dependent manner (Saurin et al., 2011). Mps1 phosphorylates KNL1 on multiple 

MELT motifs, thereby promoting targeting of Bub1 to KNL1 (London et al., 2012; 

Shepperd et al., 2012; Yamagishi et al., 2012). This interaction depends on Bub3 

(Krenn et al., 2012), suggesting that binding of Bub1-Bub3 to phospho-MELT motifs 

of KNL1 is mediated by Bub3. Kinetochore targeting of BubR1 depends on both 

Bub3 and Bub1 (Elowe et al., 2010; Rischitor et al., 2007). Recruitment of the Mad1-

Mad2 core complex to kinetochores depends on the Ndc80 complex, Mps1 and Bub1 

(Jia et al., 2013). Kinetochore recruitment and activation of checkpoint proteins leads 

to the assembly of the MCC. The MCC consists of BubR1-Bub3, Mad2 and one or 

two copies of Cdc20 (cell division cycle 20) (Jia et al., 2013; Izawa & Pines, 2015). 

Cdc20 has a dual role in SAC signaling – as a component of the MCC and as the 

activating subunit of the APC/C, a multi-subunit E3 ubiquitin ligase. ActiveAPC/CCdc20 

ubiquitinates cyclin B and Securin, thus targeting them for proteasomal degradation. 

This leads to inactivation of CDK1 and activation of the protease Separase that 

cleaves the Cohesin complex, thereby driving mitotic exit and chromosome 

segregation (Figure 1.3 A). Cdc20 activates the APC/C by contributing to the 

recognition of two APC/C substrate motifs, the KEN box and the destruction box (D 

box) (Yu, 2007). Two non-mutually exclusive mechanisms have been proposed to 

explain APC/C inhibition by the MCC (Jia et al., 2013). First, BubR1 acts as a 

pseudo-substrate that inhibits substrate recruitment by the APC/CCdc20. BubR1 

contains two KEN boxes, that were shown to be involved in MCC assembly and to 

block substrate binding by the APC/CCdc20, respectively (Lara-Gonzales et al., 2011). 

Second, there is evidence that BubR1 and Mad2 alter the mode and site of Cdc20 

binding to the APC/C, thereby hindering its ability to activate the APC/C (Herzog et 

al., 2009; Izawa & Pines, 2011). In order to allow for a quick response to the 

attachment status of kinetochores, and thus for a rapid checkpoint silencing once 

biorientation of all chromosomes is achieved, assembly and disassembly of the MCC 

has to be highly dynamic. Upon MCC binding to the APC/C, Cdc20 in the APC/CMCC 

complex is autoubiquitinated and subsequently degraded, leading to MCC 

disassembly (Jia et al., 2013). This mechanism ensures that MCC and APC/CCdc20 

concentrations both remain low, rendering the system highly responsive to the 

kinetochore attachment status (Jia et al., 2013) (Figure 1.3 B). 
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Figure 1.3 The SAC mechanism. A Mitosis is driven by activation of the CDK1-cyclin B 

kinase. The SAC is active during prometaphase, when chromosomes become attached to 

the spindle by the formation of microtubule-kinetochore attachments. Properly attached 

kinetochores (depicted in green) ‘satisfy‘ the SAC and stop signaling. Unattached or 

improperly attached kinetochores (red) recruit SAC proteins, leading to the assembly of MCC, 

the SAC effector. MCC binds and inhibits APC/CCdc20, thereby preventing anaphase onset. 

When biorientation of all chromosomes is achieved at metaphase, the SAC is satisfied. 

APC/CCdc20 becomes activated and ubiquitinates cyclin B and Securin, targeting them for 

proteasomal degradation. This leads to inactivation of CDK1 and activation of the Cohesin-

protease separase, and thereby initiates mitotic exit and sister chromatid separation. B 

Assembly and disassembly of MCC is dynamic. When the SAC is active, pathways of MCC 

assembly and MCC disassembly coexist, rendering the system responsive to the status of 

kinetochore attachment (Musacchio, 2015). 

 

A key regulated step mediating MCC formation in the presence of unattached or 

improperly attached kinetochores is the conformational activation of Mad2. Two 
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Mad2 conformers exist: the inactive O-Mad2 (open Mad2) and the active C-Mad2 

(closed Mad2) (Luo & Yu, 2008; Mapelli & Musacchio, 2007). Mad2 in the cytosol has 

the O-Mad2 conformation, whereas Mad2 incorporated in the Mad1-Mad2 core 

complex has the C-Mad2 conformation. Only C-Mad2 can be incorporated into the 

MCC. The Mad1-Mad2 core complex at unattached kinetochores can recruit cytosolic 

O-Mad2 and induce its conformational transition to C-Mad2, thus facilitating MCC 

assembly (Jia et al., 2013). Silencing of the SAC once chromosome biorientation is 

achieved involves the inactivation and removal of SAC proteins from kinetochores 

and the disassembly of MCC in the cytosol. Kinetochore-microtubule attachment 

allows for the transport of checkpoint proteins along microtubules towards the spindle 

poles. This transport is mediated by the dynein/dynactin motor complex (Howell et al., 

2001; Gassmann et al., 2010). Additionally, microtubule attachment to kinetochores 

can directly displace checkpoint proteins from kinetochores through competition for 

binding sites (Hiruma et al., 2015; Jia et al., 2013). Furthermore, binding of the Mad2 

inhibitor p31comet to the Mad1-Mad2 core complex prevents activation of O-Mad2 and 

thereby inhibits MCC formation (Yang et al., 2007; Mapelli et al., 2006; Fava et al., 

2011). Last but not least, the phosphatase PP1 plays a crucial role in checkpoint 

silencing at the kinetochore by dephosphorylating Aurora B substrates (Lesage et al., 

2011) (see chapter 1.4). Furthermore, the phosphorylation of KNL1 MELT motifs by 

Mps1 is reversed by PP1, decreasing the KNL1 binding affinity for Bub1-Bub3 

(London et al., 2012; Shepperd et al., 2012). As mentioned earlier, the MCC is 

disassembled upon binding to the APC/C, as Cdc20 within the APC/CMCC is 

autoubiquitinated and thereby targeted for proteasomal degradation, allowing newly 

synthesized Cdc20 to bind and activate the APC/C (Jia et al., 2013). Additionally, the 

MCC can be disassembled in a ubiquitination-independent manner (Jia et al., 2011). 

The Mad2 inhibitor p31comet plays a role in both disassembly pathways (Nilsson et al., 

2008; Jia et al., 2011). It has been proposed that the AAA ATPase TRIP13, together 

with p31comet as an adapter protein, promotes MCC disassembly by catalyzing the 

conformational switch from C-Mad2 to O-Mad2 (Ye et al., 2015). MCC disassembly 

also occurs when the SAC is active. Thus far, it is not known if MCC disassembly is 

accelerated during SAC silencing (Jia et al., 2011). 
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1.3 Aurora kinases 

 

The Aurora family of Ser/Thr protein kinases plays a pivotal role in the regulation of 

mitosis and cytokinesis (Carmena et al., 2009). In mammals, three Aurora kinases 

exist – Aurora A, B and C, whereas only one Aurora homolog is found in budding 

yeast, called Ipl1 (Increase in PLoidy 1).(Krenn & Musacchio, 2015; Chan & Botstein, 

1993). Despite of their high sequence homology and similar substrate consensus 

motifs, Aurora A and B have very distinct localizations and functions (Carmena et al., 

2009; Krenn & Musacchio, 2015): Aurora A localizes to spindle poles during mitosis 

and regulates mitotic entry, centrosome maturation and spindle formation (Carmena 

et al., 2009). Aurora B is the catalytic subunit of the chromosomal passenger 

complex (CPC), that dynamically changes its localization throughout mitosis and 

plays a crucial role in chromosome biorientation, SAC activation, and contractile ring 

formation during cytokinesis (Carmena et al., 2012). Aurora C closely resembles 

Aurora B and is only significantly expressed in cells undergoing meiosis (sperms and 

oocytes) (Quartuccio & Schindler, 2015). 

 

1.3.1 Aurora B and the chromosomal passenger complex 

 

The CPC is a key regulator of mitosis (Carmena et al., 2012). Besides Aurora B 

kinase, the CPC contains three non-catalytic subunits that function as regulatory and 

targeting components: INCENP (inner centromere protein), Survivin and Borealin 

(Dasra B) (Carmena et al., 2012). All three non-catalytic subunits are required for 

CPC localization and function, as siRNA-mediated depletions of both INCENP, 

Survivin and Borealin were shown to perturb CPC targeting to centromeres and 

caused mitotic defects (Adams et al., 2001; Carvalho et al., 2003; Honda et al., 2003; 

Gassmann et al., 2004). The structure of the CPC consists of a kinase module, 

comprising of Aurora B bound to the IN-box segment at the C-terminus of INCENP 

(Adams et al., 2000), and a localization module, comprising of the INCENP N-

terminus, Survivin, and Borealin, associated by the formation of a three-helix bundle 

(Jeyaprakash et al, 2007). The kinase module and the localization module are 

connected by the long central region of INCENP (Carmena et al., 2012).  
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INCENP constitutes the scaffold for CPC assembly. It was the first CPC member to 

be identified in a screen for novel components of mitotic chromosomes (Cooke et al., 

1987). Aurora B binding to the C-terminal INCENP IN-box is required for Aurora B 

activation (Carmena et al., 2012). Formation of the three-helix bundle of the INCENP 

N-terminus with Survivin and Borealin is required for CPC localization to centromeres 

and later to the spindle midzone and the midbody (Vader et al., 2006; Jeyaprakash et 

al., 2007; Ainsztein et al., 1998; Klein et al., 2006). Furthermore, INCENP binds HP1 

(heterochromatin protein 1), mediating CPC localization to heterochromatin during 

interphase (Ainsztein et al., 1998; Nozawa et al., 2010; Klang et al., 2011). 

 

Survivin belongs to the family of IAP (inhibitor of apoptosis) proteins and contains a 

BIR (baculovirus IAP repeat) domain that mediates its dimerization (Verdecia et al., 

2000), however, in the CPC, Survivin is bound as a monomer. Survivin is 

phosphorylated by CDK1-cyclin B at T34 (O‘Connor et al., 2000; O‘Connor et al., 

2002). The Survivin BIR domain is involved in CPC targeting to centromeres, as 

discussed below. 

 

The Borealin N-terminus takes part in the formation of the triple-helix bundle that 

establishes the CPC localization module (Jeyaprakash et al., 2011). In mitotic cells, 

essentially all Survivin is associated with Borealin (Gassmann et al., 2004). This 

heterodimer is incorporated into the CPC by the helix bundle formation with the 

INCENP N-terminus (Jeyaprakash et al., 2007). Borealin is involved in CPC 

localization to centromeres by an interaction with Shogoshin proteins (see below). 

 

In order to fulfill its various mitotic functions, localization of the CPC has to be highly 

dynamic. Indeed, localization of the CPC with its catalytic core, the Aurora B kinase, 

is highly regulated in space and time and corresponds to its distinct functions 

throughout mitotic progression. The CPC localizes at chromosome arms during 

prophase and accumulates at centromeres during prophase and prometaphase, its 

sole localization site at metaphase. During anaphase, the CPC relocalizes to the 

spindle midzone and is found at the midbody in telophase (Figure 1.4). CPC targeting 

and Aurora B activation are complex, multi-step processes, regulated by a number of 

feedback mechanisms (Carmena et al., 2012). Little is known about CPC function 

during interphase (Carmena et al., 2012), however, the CPC was shown to localize to 
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interphase heterochromatin via an interaction of INCENP with HP1 bound to histone 

H3 trimethylated at K9 (H3 K9me3) (Ainsztein et al., 1998; Nozawa et al., 2010; 

Klang et al., 2011). During mitosis, phosphorylation of histone H3 at S10 disrupts 

HP1 binding, possibly contributing to a switch of CPC localization from an HP1-

mediated recruitment mode to early mitotic localization mechanisms (Fischle et al., 

2005; Hirota et al., 2005; Carmena et al., 2012). 

 

Figure 1.4 CPC localization throughout mitosis. Indirect immunofluorescence (upper 

panels) and schematic representation (lower panels) of Aurora B localization (green) in HeLa 

cells throughout mitosis with kinetochores (pink), α-tubulin (red) and chromatin (blue). Aurora 

B localizes at chromosome arms in prophase and accumulates at centromeres during 

prophase and prometaphase. In metaphase, Aurora B localization is limited to centromeres. 

During anaphase, Aurora B relocates to the spindle midzone and is found at the midbody in 

telophase. Scale bar, 5 µm. (Ruchaud et al., 2007). 

 

CPC enrichment at centromeres during early mitosis is independent of DNA 

sequence (Bassett et al., 2010), but depends on two mitosis-specific phosphorylation 

events of histone tails: histone H3 at T3 (H3 T3ph) and histone H2A at T120 

(H2A T120ph). The kinase Haspin phosphorylates histone H3 at T3 alongside 

chromosomes between paired sister chromatids, most prominently at the inner 

centromere, thus creating a binding site for the Survivin BIR domain (Higgins, 2005; 

Yamagishi et al., 2010; Polioudaki et al., 2004; Jeyaprakash et al., 2011; Kelly et al., 
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2012). Histone H2A at T120 is phosphorylated by Bub1. Due to the localization of 

Bub1 at the outer kinetochore, this phosphorylation is enriched within the 

centrosomal regions adjacent to kinetochores (Yamagishi et al., 2010; Kawashima et 

al., 2007; Kawashima et al., 2010). H2A T120 phosphorylation recruits Shogoshin 

proteins (Sgo1 and Sgo2), which interact with Borealin that has been phosphorylated 

by CDK1 (Tsukahara et al., 2010). Maximal concentration of the CPC occurs where 

histone H3 T3 and histone H2A T120 phosphorylations overlap (Yamagishi et al., 

2010). Activation of Aurora B is initiated by its binding to the INCENP IN-Box. The 

low-level activation caused by this interaction enables Aurora B to phosphorylate the 

C-terminal TSS motif of INCENP and to autophosphorylate at T232 in the T-loop of 

its catalytic domain, leading to its further activation (Honda et al., 2003; Bishop & 

Schumacher, 2002). This phosphorylation likely occurs in trans (Sessa et al., 2005), 

leading to an increase of Aurora B activity depending on the local density of the CPC 

(Kelly et al., 2007). A number of other kinases also phosphorylate the CPC at 

different sites, thereby regulating its localization and activity (Carmena et al., 2012). 

For example, Chk1 kinase phosphorylates Aurora B at S311, leading to its full 

activation (Petsalaki et al., 2011). Interestingly, this phosphorylation occurs only in 

the Aurora B pool adjacent to kinetochores (Zachos et al., 2007). INCENP is 

phosphorylated at T59 by CDK1 (Goto et al., 2006) and removal of this 

phosphorylation is required for CPC relocalization to the spindle midzone during 

anaphase (Hümmer & Mayer, 2009). At mitotic entry, Aurora B phosphorylates 

histone H3 at S10 (Hsu et al., 2000; Murnion et al., 2001). H3 S10 phosphorylation is 

a well-established marker for mitotic chromosomes and was shown to contribute to 

chromosome compaction during anaphase in budding yeast (Neurohr et al., 2011), 

though, its functions in vertebrates are largely unknown (Carmena et al., 2012). H3 

S10 phosphorylation was, however, shown to disrupt HP1 binding to the adjacent 

trimethylated K9 (Fischle et al., 2005; Hirota et al., 2005) and may therefore also 

contribute to the switch of CPC localization from an HP1-mediated recruitment mode 

during interphase to the early mitotic localization mechanisms described above 

(Carmena et al., 2012).  

 

During early mitosis, the CPC is involved in chromosome compaction and plays a 

crucial role in error correction and SAC signaling, thus ensuring chromosome 

biorientation (see also chapter 1.3.2). A proposed function of the CPC in 
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chromosome compaction is a regulation of the multimeric protein complex condensin 

(Morishita et al., 2001; Giet & Glover, 2001; Ono et al., 2004; Lipp et al., 2007; 

Collette et al., 2011). Both in fission yeast and in human cells, Aurora B mediated 

phosphorylation of Kleisin proteins promotes recruitment of condensin to mitotic 

chromosomes (Nakazawa at al., 2011; Tada et al., 2011; Ono et al., 2004; Lipp et al., 

2007). In fission yeast, Ark1/Aurora and Bir1/Survivin mutants impair chromosome 

condensation (Petersen & Hagen, 2003; Nakazawa et al., 2008), however this effect 

is less pronounced in vertebrate cells (Carmena et al., 2012). During the process of 

chromosome attachment to the spindle, Aurora B destabilizes erroneous 

kinetochore-microtubule attachments by phosphorylating kinetochore-localized 

substrates. The KMN network that can form load-bearing attachments to microtubule 

plus ends (Powers et al., 2009) is phosphorylated by Aurora B at multiple sites 

(Welburn et al., 2010). Especially phosphorylation of Ndc80/Hec1 at the N-terminus, 

a main microtubule-binding site, weakens its microtubule binding affinity (Deluca et 

al., 2006; Ciferri at al., 2008; Cheeseman et al., 2006; Alushin et al., 2010; 

Guimaraes et al., 2008). Additional phosphorylation events of Mis12 complex 

components (e.g. Dsn1) and KNL1 can cause a synergistic decrease of the 

kinetochore-microtubule binding affinity, allowing Aurora B to fine-tune kinetochore-

microtubule interactions (Welburn et al., 2010; Hua et al., 2010). In addition to the 

KMN network, Aurora B regulates further kinetochore proteins that regulate 

microtubule binding and dynamics. In yeast, the Dam1 complex is negatively 

regulated by Aurora B phosphorylation (Cheeseman et al., 2002). The Dam1 

complex that interacts with the Ndc80 complex is required for the establishment and 

maintaining of kinetochore-microtubule attachments and carries the ability to 

processively move with depolymerizing microtubule tips (Gestaut et al., 2008; Tien et 

al., 2010). Dam1 is conserved only in fungi, however, the Ska complex has been 

proposed as a functional Dam1 analog in higher eukaryotes and is also negatively 

regulated by Aurora B (Welburn et al., 2009; Chan et al., 2012). Aurora B mediated 

phosphorylation also regulates MCAK (mitotic centromere-associated kinesin), 

facilitating its recruitment to centromeres while inhibiting MCAK binding to 

microtubule plus ends and its microtubule-depolymerizing activity (Andrews et al., 

2004; Lan et al., 2004; Tanenbaum et al., 2011). Furthermore, Aurora B (and Aurora 

A) regulate CENP-E (kinesin-7), a microtubule plus end directed, kinetochore-
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localized motor that transports polar-localized chromosomes towards the forming 

metaphase plate (Kim et al., 2010).  

 

In order to accurately fulfill its functions, Aurora B activity has to be tightly regulated 

and balanced. During the process of chromosome-microtubule attachment formation, 

Aurora B mediated phosphorylation of kinetochore substrates is most prominent at 

unattached kinetochores and reduced upon microtubule attachment, showing that 

Aurora B phosphorylation is coordinated with the microtubule attachment status 

(Welburn et al., 2010; Liu et al., 2010; DeLuca et al.; 2011; Salimian et al., 2011). 

This is mainly achieved by the recruitment of counteracting phosphatases. The major 

antagonistic phosphatase for Aurora B is PP1 (Lesage et al., 2011). During early 

mitosis, PP1 is recruited to kinetochores mainly through binding to the outer 

kinetochore protein KNL1 (Liu et al., 2010). PP1 binding to KNL1 is counterbalanced 

by Aurora B itself, as Aurora B phosphorylates the RVSF motif of KNL1, the main 

PP1 binding site (Welburn et al., 2010; Liu et al., 2010). In addition to KNL1, CENP-E 

and SDS22 were reported to be involved in PP1 targeting to kinetochores in human 

cells (Kim et al., 2010; Posch et al., 2010) (see also chapter 1.4.3). At anaphase, 

PP1 becomes recruited to bulk chromatin by another PP1 interacting protein (PiP), 

called Repo-Man (Trinkle-Mulcahy et al., 2006). PP1-Repo-Man dephosphorylates 

histone H3 at T3 and thus helps to dissociate the CPC from centromeres at 

anaphase onset (Qian et al., 2011). Furthermore, PP1-Repo-Man mediated 

dephosphorylation of histone H3 at T3 plays a role in regulating CPC targeting 

already during prometaphase, as siRNA-mediated depletion of Repo-Man caused an 

increase in H3 T3 phosphorylation on prometaphase chromatin and a partial loss of 

the centromeric localization of Aurora B with a more diffuse distribution along the 

chromosome arms (Qian et al., 2011). Aurora B was shown to promote its own 

centromeric targeting by a positive feedback loop: Aurora B can phosphorylate Repo-

Man, thereby inhibiting PP1-Repo-Man mediated dephosphorylation of H3 T3 (Qian 

et al., 2013). In addition to balancing by counteracting phosphatases, the CPC is 

regulated on the level of the turnover of its subunits. CPC subunits turn over at 

centromeres with half-times of less than one minute (Beardmore et al., 2004; Murata-

Hori et al., 2002; Ahonen et al., 2009). CPC localization to centromeres was 

proposed to be regulated by ubiquitination of Survivin. K63-linked ubiquitination of 

Survivin was reported to promote centromere-association, whereas deubiquitination 
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mediated by hFAM was reported to be required for Survivin dissociation (Vong et al., 

2005). Aurora B is ubiquitinated by the E3 ligase Cullin 3 (Sumara et al., 2007) and 

subsequently extracted from chromatin by the AAA ATPase p97 with its 

heterodimeric cofactor Ufd1-Npl4 (Ramadan et al., 2007; Dobrynin et al., 2011). p97-

mediated extraction of Aurora B from chromatin was shown to be required for 

chromatin decondensation and nucleus reformation at the end of mitosis (Ramadan 

et al., 2007), but also for balancing Aurora B activity in early mitosis during spindle 

attachment (Dobrynin et al., 2011). 

 

With anaphase onset, a population of the CPC is transferred from centromeres to the 

spindle midzone. CPC relocalization is facilitated by PP1-Repo-Man-mediated 

dephosphorylation of histone H3 at T3 (Qian et al., 2011), and by p97-mediated 

removal of Aurora B from chromosomes (Dobrynin et al., 2011). CPC targeting to the 

spindle midzone depends on an interaction of INCENP and Aurora B with MKLP2 

(mitotic kinesin-like protein 2), that binds microtubules at the central spindle 

(Gruneberg et al., 2004; Jang et al., 2005; Cesario et al., 2006). MKLP2 interacts 

with the CPC only during anaphase, when the CDK1-mediated inhibitory 

phosphorylation of INCENP at T59 is removed (Hümmer & Mayer, 2009). At the 

central spindle, Aurora B generates a spatial phosphorylation gradient that is 

centered at the spindle midzone (Fuller at al., 2008). Due to this phosphorylation 

gradient, during anaphase, Aurora B substrates at chromosome arms exhibit higher 

phosphorylation levels than substrates at the centromeric regions, as chromosome 

arms are in closer proximity to the midzone during chromosome segregation. This 

leads to a further chromosome compaction by axial shortening of the chromosome 

arms, which is required for proper inclusion of all chromosomes into the daughter 

nuclei when nuclear envelopes reform (Mora-Bermudez et al., 2007). Furthermore, 

the CPC at the spindle midzone is involved in stabilizing the central spindle (Douglas 

et al., 2010). During cytokinesis, the CPC contributes to contractile ring formation and 

constriction, as Aurora B activity plays a role in regulating cytoskeletal dynamics by 

an indirect regulation of the small GTPase RhoA, that promotes myosin II activation 

and actin polymerization (Yuce at al., 2005; Nishimura et al., 2006; Minoshima et al., 

2003; Touré et al., 2008). 
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1.3.2 Roles of Aurora B in error correction and the spindle assembly 

checkpoint 

 

As mentioned before, Aurora B corrects erroneous kinetochore-microtubule 

attachments by phosphorylating kinetochore substrates, thereby decreasing their 

microtubule binding affinity. It is believed that the occurrence of tension upon 

formation of bioriented attachments leads to the stabilization of these correct 

attachments, as kinetochore-localized substrates are pulled out of the reach of 

Aurora B, allowing for their dephosphorylation by the counteracting phosphatase PP1 

(Figure 1.5). 

 

 

Figure 1.5 Model of tension-dependent regulation of kinetochore-microtubule 

attachments. In a state of low tension, Aurora B phosphorylates kinetochore-localized 

substrates, including KNL1 and Hec1, leading to reduced binding of both PP1 and 

microtubules. When amphitelic attachments form, tension is generated, thus pulling 

kinetochore-localized substrates out of the reach of Aurora B and allowing for PP1-mediated 

substrate dephosphorylation, thereby increasing the kinetochore-microtubule binding affinity. 

(Liu et al., 2010). 

 

A number of findings support this model. Already in 1969, Nicklas and Koch could 

show that artificially pulling on unipolar attached chromosomes with a glass 

microneedle stabilized these otherwise unstable attachments. These classical 

micromanipulation experiments provided the first piece of evidence that stabilization 
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of kinetochore-microtubule attachments depends on the generation of tension 

(Nicklas & Koch, 1969). Chemical inhibition of Aurora B was shown to stabilize 

incorrect kinetochore-microtubule attachments, whereas washout of the inhibitor 

again destabilized those attachments, allowing for error correction (Hauf et al., 2003; 

Lampson et al., 2004). A study using FRET-based biosensors provided evidence that 

phosphorylation of Aurora B substrates at the kinetochore indeed depends on their 

distance from Aurora B at the inner centromere. A centromere-localized biosensor 

was highly phosphorylated independently of the kinetochore-microtubule attachment 

state, whereas a sensor targeted to the outer kinetochore was phosphorylated at 

unattached kinetochores but dephosphorylated upon achievement of biorientation 

(Liu et al., 2009). Furthermore, ectopic targeting of Aurora B to the kinetochore 

increased the phosphorylation level at the outer kinetochore and prevented 

stabilization of bioriented attachments (Liu et al., 2009). While the concept of tension-

dependent Aurora B function in error correction is widely established, it is not 

understood how centromere-localized Aurora B reaches its substrates at outer 

kinetochores, as outer kinetochore substrates are separated from the inner 

centromere by a distance of about 100 nm already in the absence of tension (Wan et 

al., 2009). Two models have been proposed to provide an explanation. Santaguida 

and Musacchio proposed a “dog leash“ model that explains tension-dependent 

Aurora B phosphorylation of kinetochore substrates with the physical structure of the 

CPC (Santaguida & Musacchio, 2009). The CPC scaffold INCENP contains a long, 

flexible central region with a single alpha helix domain (Samejima et al., 2015), that 

functions as the “leash“ in this model. The CPC localization module, the “dog 

owner“ is tethered at the centromere, allowing “the dog“ Aurora B to phosphorylate 

substrates within limits defined by the length of the “leash“ (Santaguida & Musacchio, 

2009; Krenn & Musacchio, 2015). However, overexpression of an INCENP mutant 

lacking the central region in U2OS cells depleted of endogenous INCENP by RNAi 

was shown to restore chromosomal alignment and normal mitotic progression (Vader 

et al., 2007). An alternative model proposed by Lampson and Cheeseman states that 

active Aurora B molecules diffuse from the inner centromere, thereby generating a 

diffusion-based phosphorylation gradient, reaching from the centromere to the outer 

kinetochore (Lampson & Cheeseman, 2011), similar to the phosphorylation gradient 

observed at the spindle midzone during anaphase (Fuller at al., 2008). This model is 

supported by the high turnover of CPC subunits at the centromere (Beardmore et al., 
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2004; Murata-Hori et al., 2002; Ahonen et al., 2009), however, it has been called into 

question whether a diffusion gradient could form over such a short distance 

(Musacchio, 2011; Krenn & Musacchio, 2015). 

 

Another issue that is a matter of intensive research and debate is the role of Aurora B 

in SAC activation and signaling (Jia et al., 2013; Krenn & Musacchio, 2015). Aurora B 

appears to play a role upstream in the SAC signaling pathway, as Aurora B inhibition 

prevents the recruitment of all other SAC components to the kinetochore (Ditchfield 

et al., 2003; Santaguida et al., 2011; Saurin et al., 2011; Famulski et al., 2007; 

Vigneron et al., 2004). It has been proposed, however, that this effect could be rather 

indirect and depend on the generation of unattached kinetochores through Aurora B-

mediated error correction (Pinsky et al., 2006). This idea is supported by findings that 

Aurora B is required for checkpoint activation and mitotic arrest in cells treated with 

the microtubule-stabilizing drug taxol, but not for mitotic arrest of cells treated with 

the microtubule-destabilizing drug nocodazole (Ruchaud et al., 2007; Jia et al., 2013). 

However, recent findings point at a direct role of Aurora B in checkpoint signaling, 

independent of its function in error correction. Artificial retention of the CPC at 

anaphase chromosomes, using siRNA-mediated depletion of MKLP2 or a 

phosphomimetic INCENP mutant (T59E), did not affect kinetochore-microtubule 

attachments, but led to the recruitment of SAC components (Bub1, BubR1 and Mps1) 

to anaphase kinetochores (Vázquetz-Novelle & Petronczki, 2010). Furthermore, it 

was shown that Aurora B is required for mitotic arrest in nocodazole-treated cells, 

when Mps1 activity is inhibited (Santaguida et al., 2011). Since Aurora B is required 

for Mps1 recruitment to kinetochores and since artificial tethering of Mps1 to 

kinetochores was shown to rescue delayed checkpoint activation upon Aurora B 

inhibition (Saurin et al., 2011), recruitment of Mps1 has been proposed as the 

primary role of Aurora B in SAC signaling (Saurin et al., 2011; Krenn & Musacchio, 

2015). 
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1.3.3 Aurora A regulates centrosome maturation and mitotic spindle formation 

and positioning 

 

Besides Aurora B, also Aurora A kinase plays a crucial role in the regulation of 

mitosis. Aurora A localizes to the spindle poles throughout mitosis and regulates 

mitotic entry, centrosome maturation and separation as well as spindle assembly 

(Carmena et al., 2009). Aurora A targeting and function at spindle poles involves a 

number of interactors and cofactors, including the kinase PAK1 as well as the 

cofactors Tpx2 and Bora (Barr and Gergely, 2007).Furthermore, Aurora A is 

regulated by the phosphatases PP2A and PP1. PP1 and Aurora A antagonize each 

other (Katayama et al., 2001; Ohashi et al., 2006) and Tpx2 was shown to activate 

Aurora A by preventing its PP1-mediated dephosphorylation (Bayliss et al., 2003). 

The PP1 interacting protein (PiP) Inhibitor-2 (I2) is involved in this regulation by 

inhibiting PP1 and allosterically activating Aurora A (Li et al., 2007). Another PiP that 

was reported to localize to spindle poles, both in interphase and mitosis, is Inhibitor-3 

(I3) (Huang et al., 2005), however, its functions at the centrosome are unknown. 

Aurora A is required for mitotic entry as it phosphorylates the phosphatase CDC25B, 

thereby promoting its activation, which leads to the activation of centrosome-localized 

CDK1-cyclin B (Dutertre et al., 2004; Cazales et al., 2005; Hirota et al., 2003). In 

most animal cells, mitotic spindle assembly is mediated by centrosomes. 

Centrosomes are specialized organelles that consist of a pair of centrioles 

surrounded by a pericentriolar matrix (PCM) and function as MTOCs (microtubule-

organizing centers). Within the cell cycle, centrosomes duplicate in S phase, 

simultaneously with DNA replication. Centrosome maturation takes place during late 

G2 phase and prophase through the recruitment of additional PCM, preparing the 

centrosomes for their role as spindle poles and increasing their microtubule 

nucleation potential. Subsequently, the centrosomes separate and move towards 

opposite sides of the nucleus. This process can be completed either before or after 

NEBD (Barr and Gergely, 2007). Aurora A is involved in both maturation and 

separation of centrosomes as well as in spindle formation (Barr and Gergely, 2007). 

During centrosome maturation, Aurora A activity is required for the recruitment of 

PCM components such as γ-tubulin, which drives microtubule nucleation (Berdnik & 

Knoblich, 2002; Hannak et al., 2001; Hirota et al., 2003; Mori et al., 2007; Terada et 

al., 2003). Furthermore, Aurora-A mediated phosphorylation is required for the 
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centrosomal recruitment of TACC (transforming acidic coiled-coil containing) proteins 

(Barros et al., 2005; Kinoshita et al., 2005; Peset et al., 2005), which interact with 

conserved ch-TOG/XMAP215 proteins, targeting them to microtubule minus-ends 

(Barr and Gergely, 2007). Binding of TACC-XMAP215 complexes stabilizes 

centrosome-nucleated microtubules, in particular astral microtubules. XMAP215 

stabilizes microtubules and promotes their net growth, mainly by counteracting the 

microtubule-destabilizing kinesin MCAK (Barr and Gergely, 2007; Peset & Vernos, 

2008). The importance of Aurora A for mitotic spindle formation was highlighted by 

experiments using Xenopus egg extracts lacking both centrosomes and chromatin. In 

this system, Aurora A-coated beads act like MTOCs, as they are sufficient to both 

nucleate microtubules and even to form the poles of bipolar spindles (Tsai & Zheng, 

2005). Positioning of centrosomes and thereby orientation of the mitotic spindle is 

mediated by the dynamic anchoring of astral microtubules to the cell cortex (Morin & 

Bellaiche; 2011). Evidently, correct spindle orientation is of particular importance in 

asymmetrically dividing cells and in cells in polarized tissues. Furthermore, intrinsic 

mechanisms regulating spindle orientation are also active in cultured cells growing in 

a monolayer, such as HeLa cells (Toyoshima & Nishida, 2007; Morin & Bellaiche; 

2011; Kotak & Gönczy, 2013). In those cells, the mitotic spindle is generally oriented 

parallel to the substratum (Toyoshima & Nishida, 2007; Thoma et al., 2009). Aurora 

A has been implicated in spindle orientation in symmetric and asymmetric cell 

divisions from nematodes to mammals (Morin & Bellaiche; 2011; Regan et al., 2013; 

Asteriti et al., 2014). A recent study demonstrated that Aurora A activity is required 

for correct spindle orientation in HeLa cells, as both chemical inhibition and siRNA-

mediated depletion of Aurora A led to spindle misorientation (Gallini et al., 2016). In 

this study, Aurora A-dependent spindle positioning in HeLa cells was shown to 

depend largely on the cortical recruitment of the large coiled-coil protein NuMA. 

NuMA is a key regulator of spindle functions, implicated in both spindle orientation as 

well as spindle organization and maintenance (Radulescu & Cleveland, 2010), that 

localizes to both spindle poles as well as to cortical regions above the poles 

(Kiyomitsu & Cheeseman, 2012), and functions as an adaptor for the microtubule 

motor dynein/dynactin (Kotak et al., 2012). Cortical targeting of NuMA was shown to 

require Aurora-A mediated phosphorylation at its C-terminus and ectopic NuMA-

targeting to the cortex restored spindle orientation defects upon Aurora A inhibition 

(Gallini et al., 2016). 
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1.4 Protein phosphatase 1  

 

Dynamic and reversible phosphorylation events play a fundamental role in virtually all 

cellular processes and signaling pathways. Overall protein phosphorylation is most 

abundant during mitosis. The global shift in protein phosphorylation that drives the 

tremendous cellular reorganization required for cell division has to be reversed at 

mitotic exit. Furthermore, a tight spatiotemporal control of protein (de)phosphorylation 

is required for proper spindle assembly, chromosome alignment and segregation. 

While the function and regulation of mitotic kinases has been extensively studied for 

a long time, the counteracting phosphatases where often thought of as rather static 

and constitutively active “silent partners“ (Trinkle-Mulcahy and Lamond, 2006). Only 

for about a decade, more focus has been placed on the role of phosphatases as 

dynamic and highly regulated counteractors of mitotic kinases (Trinkle-Mulcahy and 

Lamond, 2006; Bollen et al., 2009). Isoforms of five phosphatases have been 

implicated in the control of mitosis: PP1, PP2A, PP4, CDC25 and CDC14 (Bollen et 

al., 2009). While CDC25, CDC14 and PP4 phosphatases apparently function in 

particular mitotic events in higher eukaryotes, PP1 and PP2A have broader functions 

during mitosis (Bollen et al., 2009). PP1 and PP2A function in the control and 

balancing of mitotic kinases, the timely dephosphorylation of specific kinase 

substrates, and the controlled mass dephosphorylation at mitotic exit (Bollen et al., 

2009). (In budding yeast, CDC14 is essential for mitotic exit (Holt et al., 2008), 

however, this requirement is not conserved in higher eukaryotes (Berdougo et al., 

2008).) PP1 and PP2A are structurally related and both have two catalytic metal ions 

incorporated in the active site (Bollen et al., 2010; Jiang et al., 2013). Together, PP1 

and PP2A account for more than 90% of the phosphatase activity in eukaryotic cells 

(Bollen et al., 2010). During mitosis, PP1 and PP2A have distinct functions, 

suggesting that their substrates are largely non-overlapping (Bollen et al., 2009). 

During different mitotic events, PP1 and PP2A holoenzymes can act either 

antagonistically (e.g. in CDK1 activation) or synergistically (e.g. in balancing Aurora B 

kinase activity) (Bollen et al., 2009). PP1 has emerged as the main Aurora B-

counteracting phosphatase (Lesage et al., 2011). Consistently, global cellular 

inhibition of PP1 causes an arrest in prometaphase, associated with severe spindle 

and chromosome alignment effects and these phenotypes can be partially rescued 

by Aurora B inhibition (Winkler et al., 2015). This chapter focuses on PP1, its 
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structure and general cellular functions, and, most of all, its role in chromosome 

biorientation and segregation and the implication of its regulatory subunits SDS22 

and Inhibitor-3 (I3) in this process. 

 

1.4.1 Structure and cellular functions of PP1 

 

PP1 belongs to the most conserved eukaryotic proteins (Ceulemans et al., 2002a). It 

is a member of the PPP (phosphoprotein phosphatases) superfamily of Ser/Thr 

protein phosphatases. While mammalian genomes encode about 400 Ser/Thr protein 

kinases, only about 25 Ser/Thr phosphatases exist in mammalian cells (Ceulemans 

& Bollen, 2004). The number of Ser/Thr phosphatase interactors, however, has 

increased tremendously during evolution, giving rise to a variety of distinct 

holoenzymes. When considering these holoenzymes, the numbers of Ser/Thr 

kinases and Ser/Thr phosphatases are approximately balanced (Ceulemans & Bollen, 

2004). The PP1 catalytic subunit forms a compact fold with a central β-sandwich that 

excludes only the C-terminus and the extreme N-terminus. In the active site, two 

catalytic metal ions are incorporated, Fe2+ and Zn2+ (Bollen et al., 2010). In vitro, the 

free PP1 catalytic subunit exhibits a very broad substrate specificity (Bollen et al., 

2010). Within the cell, however, PP1 gains substrate specificity through binding to a 

variety of interactors, so called PiPs (PP1 interacting proteins). PiPs are present in 

excess in the cell and compete for PP-binding (Ceulemans & Bollen, 2004). So far, 

nearly 200 PiPs have been identified, that allow for the formation of a vast number of 

distinct, highly specific PP1 holoenzymes (Heroes et al., 2013). PiPs can function as 

inhibitors of the catalytic activity, as substrate specifiers, as targeting subunits to 

direct PP1 to distinct substrates or cellular structures, or as substrates (Figure 1.6). 

While most PP1 complexes are dimeric, composed of a catalytic subunit and a 

regulatory PiP, some PP1 holoenzymes contain a second, inhibitory PiP (Bollen et al., 

2010). 
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Figure 1.6 Functions of PP1 interacting proteins. PiPs bind to the catalytic PP1 subunit, 

thus forming heterodimeric or heterotrimeric holoenzymes. PiPs can function as PP1-

inhibitors, substrate specifiers, targeting subunits or substrates. Adapted from (Bollen et al., 

2009). 

 

Binding of PiPs to PP1 is mediated by short, 4 to 8 aa docking motifs that bind to 

distinct interaction sites within the PP1 surface (Heroes et al., 2013). Many PiPs 

share PP1-docking motifs (Ceulemans & Bollen, 2004). Nevertheless, PiPs can 

interact with PP1 in a highly specific manner, since they combine different numbers 

and types of PP1-docking motifs (Heroes et al., 2013). Furthermore, PP1-docking 

motifs are degenerate and different sequence variants can differ considerably in their 

PP1-binding affinity (Bollen et al., 2010). Additionally, the PP1-binding affinity of 

some PiPs can be modulated by phosphorylation within or near the docking motif (Liu 

et al., 2010; Kim et al., 2010; Heroes et al., 2013). These properties allow for a highly 

complex and dynamic combinatorial control of PP1, depending on the composition 

and regulation of its interactome (Bollen et al., 2010). The most common and best 

studied PP1-docking motif is the so-called RVxF motif, which is present in about 

70 % of all identified PiPs (Bollen et al., 2010). The RVxF motif binds to a 

hydrophobic groove remote from the catalytic site of PP1 (Ceulemans & Bollen, 

2004). In general, it conforms to the consensus sequence [K/R] [K/R] [V/I] x [F/W], 

with x being any residue except F, I, M, Y; P, D (Bollen et al., 2010). Binding of the 

RVxF motif does not per se affect PP1 activity or conformation (Ceulemans & Bollen, 

2004). The RVxF motif rather functions as a primary anchor for PP1-binding which 
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promotes secondary interactions that may further stabilize the binding and / or 

modulate the activity or substrate specificity of the holoenzyme (Bollen et al., 2010; 

Heroes et al., 2013). In the case of many PiPs, the RVxF motif is essential for PP1-

binding (Bollen et al., 2010). For instance, PP1 targeting to the outer kinetochore 

protein KNL1 requires the KNL1 RVSF motif. KNL1 also contains another PP1-

binding motif, the weaker SILK motif, which is not required for PP1-binding but may 

stabilize it (Liu et al., 2010). 

 

Besides its role in the regulation of mitosis, PP1 is involved in a variety of cellular 

processes and pathways, including glycogen metabolism, recovery from starvation 

responses, protein synthesis, actin and actomyosin reorganization, Ca2+-mediated 

signaling and apoptosis (reviewed in (Ceulemans & Bollen, 2004)). In mammalian 

cells, 3 closely related, ubiquitously expressed PP1 isoforms exist: PP1α; PP1β and 

PP1γ1 (in the following referred to as PP1γ). A fourth isoform, PP1γ2, an alternative 

splice variant of PP1γ, is expressed only in the testes. All isoforms exhibit similar 

enzymatic properties and most PiPs bind to all isoforms (Heroes et al., 2013). 

Exceptions are for instance Repo-Man and Aurora A, which were reported to interact 

specifically with PP1γ or PP1α, respectively (Trinkle-Mulcahy et al., 2006; Katayama 

et al., 2001). However, PP1 isoforms were shown to have distinct subcellular 

localizations. While all isoforms are present both in the cytoplasm and in the nucleus 

during interphase, a specific enrichment of PP1α at centrosomes, of PP1γ at nucleoli 

and of PP1β at non-nucleolar regions of the nucleus has been observed. In mitotic 

cells, PP1α is found at centrosomes, PP1β on chromatin and PP1γ was shown to be 

enriched at kinetochores from prometaphase to anaphase and recruited to bulk 

chromatin during telophase (Andreassen et al., 1998; Trinkle-Mulcahy et al., 2003). 
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1.4.2 The role of PP1 in chromosome biorientation 

 

As discussed in chapter 1.3, Aurora B kinase activity has to be tightly regulated and 

balanced in order to accurately fulfill its functions in correcting erroneous 

kinetochore-microtubule attachments and in SAC signaling. Furthermore, a fast 

cellular response is required to trigger checkpoint silencing when chromosome 

biorientation is achieved. A number of studies have established PP1 as the main 

Aurora B-counteracting phosphatase and shown that PP1-mediated 

dephosphorylation of kinetochore and checkpoint proteins is essential for SAC 

silencing (Lesage et al., 2011). First evidence for the importance of the 

dephosphorylation of kinetochore-localized substrates for chromosome biorientation 

came from studies using phosphomimetic mutants of KMN or SAC proteins, which 

caused a constitutive activation of the SAC (Huang et al., 2008; Kemmler et al., 

2009). Consistent with these findings, disruption of PP1 recruitment to kinetochores 

in human cells was shown to disrupt kinetochore-microtubule attachments and to 

cause a metaphase arrest (Liu et al., 2010). These findings, however, do not clarify 

whether PP1 is required only for the formation of stable bioriented attachments, 

thereby influencing the SAC, or whether it also plays a direct role in SAC silencing, 

once biorientation of all chromosomes is achieved. Using a fission yeast mutant 

strain that depolymerizes microtubules at the restrictive temperature, Vanoowthuyse 

and Hardwick showed that Ark1/Aurora B is required for checkpoint activation also in 

the presence of many unattached kinetochores, and, importantly, that checkpoint 

escape upon Ark1 inhibition requires PP1 (Vanoosthuyse and Hardwick, 2009). 

Furthermore, expression of an inactive PP1 mutant in budding yeast made the SAC 

hypersensitive, whereas PP1 overexpression prevented SAC activation in response 

to attachment defects (Pinsky et al., 2009). Together, these and other studies have 

provided evidence for a role of PP1 in both balancing Aurora B activity during the 

process of kinetochore-microtubule attachment formation, and, furthermore, for a 

requirement of PP1 for SAC silencing once biorientation is achieved.   

 

The KNM network protein KNL1 has been proposed to be the main anchor for PP1 

binding to kinetochores. KNL1 was suggested to be essential for bulk recruitment of 

PP1 to kinetochores, both in yeast and in human cells (Rosenberg et al., 2011; Liu et 

al., 2010). KNL1 binds PP1 via its RVSF motif. Mutation of the KNL1 RVSF motif was 
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reported to cause an (at least nearly) complete loss of PP1 recruitment to 

kinetochores, leading to an increased phosphorylation of Aurora B kinetochore 

substrates, a destabilization of kinetochore-microtubule attachments and a persistent 

activation of the SAC (Rosenberg et al., 2011; Liu et al., 2010). Ectopic targeting of 

PP1 to the kinetochore, using PP1 fusions to CENP-B or to the PP1-binding deficient 

KNL1 mutant, was shown to rescue these phenotypes (Rosenberg et al., 2011; Liu et 

al., 2010). On the other hand, expression of a PP1 fusion to wild type KNL1, which is 

expected to target twice the amount of PP1 to the kinetochore, is lethal in budding 

yeast, indicating that the level of PP1 at kinetochores needs to be precisely balanced 

(Rosenberg et al., 2011). Aurora B mediated phosphorylation of the serine residue 

within the RVSF motif of KNL1 inhibits binding of PP1 (Liu et al., 2010). This negative 

feedback mechanism between Aurora B and PP1 makes binding of PP1 to KNL1 

tension-dependent, thus allowing for a switch-like response to the formation of stable, 

bioriented microtubule attachments, which contributes to a fast and definite SAC 

silencing (Liu et al., 2010; Lesage et al., 2011). 

 

Besides KNL1, a number of other PiPs have been implicated in the regulation and 

localization of PP1 at kinetochores. SDS22, a main subject of this thesis, was shown 

to be required for proper chromosomal alignment and PP1-mediated balancing of 

Aurora B activity (Peggie et al., 2002; Posch et al., 2010; Wurzenberger et al., 2012). 

Furthermore, SDS22 was reported to localize at kinetochores and, like KNL1, to be 

required for PP1 targeting to kinetochores (Posch et al., 2010). However, the exact 

function and localization of SDS22 has remained controversial and will be discussed 

in detail below. CENP-E, a kinetochore-localized, microtubule plus end directed 

motor, that transports polar-localized chromosomes along pre-existing K-fibers 

towards the forming metaphase plate, binds to PP1 via an RVxF motif. 

Phosphorylation of the CENP-E RVxF motif by Aurora A or Aurora B disrupts PP1 

binding and was suggested to be required for the congression of polar-localized 

chromosomes (Kim et al., 2010). Dephosphorylation of the RVxF motif, which 

enables PP1 binding, is mediated by PP1 itself and was shown to be required for the 

formation of stable, bioriented microtubule attachments (Kim et al., 2010). KIF18A 

(Klp5/6 in fission yeast), another plus end directed motor protein that functions as a 

kinetochore-targeting PiP, was shown to be required for SAC silencing in fission 

yeast (Meadows et al., 2011). Yet another kinetochore-localized PiP is Mypt1 
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(myosin phosphatase-targeting subunit 1). PP1-Mypt1 binds to the mitotic kinase 

PLK1 (polo-like kinase 1) and limits and balances its activity (Yamashiro et al., 2008). 

In addition to the kinetochore-localized PP1 anchors, Repo-Man, a vertebrate-

specific PiP that targets PP1 to mitotic chromosomes, regulates Aurora B, by 

dephosphorylating the CPC binding site histone H3 T3 (Qian et al., 2011). Bulk 

recruitment of PP1-Repo-Man to chromatin occurs at anaphase and was proposed to 

play a key role in the translocation of the CPC to the spindle midzone (Qian et al., 

2011; Qian et al., 2013; Lesage et al., 2011). During (pro)metaphase, PP1-Repo-

Man mediated dephosphorylation of histone H3 at T3 at chromosome arms functions 

to limit CPC targeting to the centromeric region (Qian et al., 2011; Qian et al., 2013). 

Furthermore, heterokaryon experiments showed that checkpoint silencing must 

involve the generation of diffusible checkpoint inhibitors (Rieder et al., 1997). While 

the nature of these soluble inhibitors is not known, it has been suggested that they 

might be cytoplasmic PP1 holoenzymes (Lesage et al., 2011). In summary, a number 

of PiPs that are involved in the localization and regulation of PP1 at kinetochores 

have been identified, however, the exact functions and possible interdependencies of 

distinct kinetochore-localized PP1 holoenzymes are not well understood. 

Furthermore, although Aurora B and PP1 were shown to have common substrates, 

little is known about the exact phosphosites targeted by PP1 at the kinetochore 

(Lesage et al., 2011). The model shown in Figure 1.7 summarizes the current 

understanding of the Aurora B- and PP1-mediated regulation of kinetochore-

microtubule attachment formation and SAC signaling.  
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Figure 1.7 Model of PP1 kinetochore-recruitment and PP1-mediated regulation of 

spindle attachment and SAC signaling. A Unattached or improperly attached kinetochores 

are tensionless, allowing centromere-localized Aurora B to phosphorylate outer kinetochore 

proteins. This leads to destabilization of kinetochore-microtubule attachments and activation 

of checkpoint proteins. Aurora B-mediated phosphorylation of PP1 binding sites on KNL1 

and CENP-E inhibits PP1 recruitment. Kinetochore-targeting of PP1 by Mypt1, Repo-Man 

and SDS22 was proposed to be tension-independent. B Formation of amphitelic bipolar 

microtubule (MT) attachments generates tension, spatially separating Aurora B from its 

substrates at the outer kinetochore. The ensuing reduced phosphorylation of PP1 binding 

sites promotes PP1 recruitment by KNL1, CENP-E and KIF18A, leading to a further 

dephosphorylation of kinetochore substrates, which stabilizes kinetochore-microtubule 

attachments and promotes SAC silencing. Adapted from (Lesage et al., 2011). 
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1.4.3 The PP1 interacting proteins SDS22 and Inhibitor-3 

 

Inhibitor-3 (I3) and SDS22 are the two most ancient PiPs and are conserved among 

all eukaryotes (Ceulemans et al., 2002a). It was shown that mammalian SDS22 and 

I3, as well as their budding yeast homologs (Sds22 and Ypi1) can form ternary 

complexes with PP1 (Glc7 in budding yeast) both in vitro and in vivo (Lesage et al., 

2007; Pedelini et al., 2007). Both proteins are essential in yeast (Pedelini et al., 2007) 

and a number of studies have shown that both Sds22 and Ypi1 play a crucial role in 

mitosis. Temperature sensitive mutations of Sds22 (sds22-5 and sds22-6), as well as 

conditional depletions of Ypi1 were shown to cause a cell cycle arrest in metaphase 

(Pedelini et al., 2007; Bharucha et al., 2008), aberrant mitotic spindles (Pedelini et al., 

2007) and chromosome segregation defects (Peggie et al., 2002; Bharucha et al., 

2008). However, while mutants of Sds22 and Ypi1 yield similar phenotypes, their 

functions are not redundant, as overexpression of Sds22 cannot rescue the lethal 

phenotype of an ypi1 mutant and vice versa (Pedelini et al., 2007). In the sds22-6 

mutant strain, Glc7/PP1-binding to Sds22 was shown to be impaired at the restrictive 

temperature (Peggie et al., 2002) and a Glc7/PP1-binding deficient ypi1 mutant is not 

able to restore the lethality of a conditional Ypi1 depletion (Bharucha et al., 2008), 

demonstrating that the essential mitotic functions of Sds22 and Ypi1 are Glc7/PP1-

dependend. Furthermore, both Sds22 and Ypi1 are nuclear proteins and were shown 

to be required for the nuclear enrichment of Glc7/PP1 (as well as Ypi1 for the nuclear 

localization of Sds22) (Peggie et al., 2002; Pedelini et al., 2007; Bharucha et al., 

2008), suggesting that they regulate nuclear functions of Glc7/PP1 during mitosis, as 

yeast cells undergo closed mitosis in which the nuclear envelope remains intact. In 

budding yeast, the antagonism between Glc7/PP1 and Ipl1, the sole Aurora kinase in 

yeast, is well established by genetic interactions, as glc7 mutants rescue the 

temperature sensitivity of ipl1 mutants (Hsu et al., 2000; Peggie et al., 2002; Pinsky 

et al., 2006). However, findings from Pinsky et al. indicate that Glc7/PP1 does not 

directly regulate Ipl1/Aurora activity. Ipl1 levels, localization and kinase activity are 

not altered in a glc7 mutant background (glc7-10) (Pinsky et al., 2006). Instead, Ipl1 

and Glc7/PP1 were shown to act on shared substrates, such as Dam1 and histone 

H3 at S10 (Pinsky et al., 2006; Hsu et al., 2000). Both Sds22 and Ypi1 were shown 

to affect Ipl1-counteracting functions of Glc7/PP1 (Peggie et al., 2002; Pinsky et al., 

2006; Pedelini et al., 2007; Bharucha et al., 2008), however, in what way Sds22 and 
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Ypi1 regulate Glc7/PP1 activity during mitosis has remained obscure. Like glc7 

mutants, both sds22 and ypi1 mutants can suppress the temperature sensitivity of 

ipl1 mutants, indicating that Sds22 and Ypi1 positively regulate Glc7/PP1 in order to 

antagonize Ipl1/Aurora (Peggie et al., 2002; Bharucha et al., 2008). Furthermore, 

overexpression of Sds22 rescues the temperature sensitivity of glc7 mutants (glc7-5 

and glc7-12), again indicating a positive regulation of Glc7/PP1 by Sds22 (MacKelvie 

et al., 1995; Peggie et al., 2002). However, on the other hand, the overexpression of 

either Sds22 or Ypi1 was also shown to rescue the temperature sensitivity of the ipl1-

321 mutant, suggesting an inhibitory function of both Sds22 and Ypi1 towards 

Glc7/PP1 (Pinsky et al., 2006; Pedelini et al., 2007). Interestingly, in a recent study, 

conditional depletion of Ypi1 and the temperature sensitive sds22-6 mutation were 

found to cause misfolding and aggregation of Glc7/PP1 in the W303 yeast 

background strain, indicating that Sds22 and I3 are required for the structural 

integrity of Glc7/PP1 and may have functions in Glc7/PP1 biogenesis and / or 

maintenance (Cheng & Chen, 2015). 

 

While genetic interaction studies did not yield conclusive results regarding the 

influence of Sds22 and Ypi1 on Glc7/PP1 activity, both Sds22 and Ypi1 inhibit 

Glc7/PP1 activity in vitro (Pedelini et al., 2007). When added together to Glc7, Sds22 

and Ypi1 display an additive inhibitory capacity towards Glc7/PP1 activity (Pedelini et 

al., 2007). In contrast, human SDS22 and I3 both inhibit PP1 in vitro, but do not act 

synergistically (Lesage et al., 2007). This difference is possibly explained by findings 

that yeast Sds22 can directly bind to Ypi1, while this direct interaction is lost in 

mammals (Pedelini et al., 2007; Lesage et al., 2007). Nevertheless, also in 

mammalian cells, SDS22 and I3 were found to form a ternary sandwich complex with 

PP1 (Lesage et al., 2007). SDS22, I3 and PP1 were shown to interact physically in 

vitro in pulldown experiments. Additionally, all three components were found in 

immunoprecipitates of SDS22 or I3 from COS1 cell lysates, demonstrating that the 

ternary complex exists in vivo (Lesage et al., 2007). In yeast two-hybrid experiments, 

interactions of SDS22 or I3 with PP1 were shown to be stronger when both PiPs are 

expressed, suggesting that a PP1-complex comprising both SDS22 and I3 is most 

stable (Pedelini et al., 2007; Lesage et al., 2007).  
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Complex formation of PP1 and SDS22 with I3 was found to be specific, as SDS22 

does not bind to a complex of PP1 with a truncated form of NIPP1 (Nuclear Inhibitor 

of PP1) that has a similar size as I3 and like I3 binds to PP1 via an RVxF motif 

(Lesage et al., 2007). The I3 RVxF motif comprises of residues 40-43 (KVEW) and is 

required for PP1 binding, as a mutation of the RVxF motif abolishes the interaction 

with PP1 (Lesage et al., 2007). In addition to the RVxF motif, another PP1-binding 

site of I3 was identified between residues 65-77 in in vitro assays using truncations 

and site directed mutants of I3 and testing for their inhibitory potency towards PP1 

(Zhang et al., 2008). This PP1 interaction site was suggested to bind at or near the 

active site of PP1, thereby inhibiting its activity (Zhang et al., 2008). Similar inhibitory 

mechanisms have been proposed for other PiPs, such as Mypt1, Inhibitor-2 (I2), 

DARP-32 and Inhibitor-1 (I1) (Terrak et al., 2004; Hurley et al., 2007; Barford et al., 

1998). Interestingly, four residues within the second PP1 interaction site of I3 were 

shown to be phosphorylated during mitosis in a mass spectrometry screen for mitotic 

phosphosites (Dephoure et al., 2008), hinting at a possible regulation of I3-binding 

and the I3-mediated inhibition of PP1 during mitosis. Like other inhibitory PiPs, I3 is a 

hydrophilic, heat-stable protein and behaves anomalously during SDS-PAGE and gel 

filtration, suggesting that it has a highly disordered or asymmetric structure (Zhang et 

al., 2008). 

 

SDS22 does not contain an RVxF motif. It mainly consists of 11 leucine-rich repeats 

(LRR) that form a superhelical structure. A bipartite PP1-interaction site has been 

mapped within the concave site of this LRR superhelix. SDS22 binds close to the 

catalytic site of PP1, at the so-called α4/α5/α6 triangle (Ceulemans et al., 2002b). 

Point mutations within the PP1 binding site of SDS22 (W302A or E192A) were shown 

to abolish the interaction with PP1 (Ceulemans et al., 2002; Lesage et al., 2007). 

 

Both SDS22 and I3 inhibit PP1 reversibly and in a substrate-dependent manner. 

Addition of SDS22 or I3 was shown to inhibit PP-mediated dephosphorylation of 

casein and glycogen phosphorylase but not of myelin basic protein (MBP) and 

histone H2A in vitro, suggesting that SDS22 and I3 might act as substrate specifiers 

(Lesage et al., 2007). However, in addition to the reversible inhibition, SDS22 was 

found to slowly convert PP1 into an inactive form that is sensitive to trypsin digestion, 

indicating that SDS22 induces a conformational change of PP1. This SDS22-
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mediated inactivation of PP1 was shown to be substrate-independent and to reduce 

the binding affinity of the complex for I3 (Lesage et al., 2007). A similar inactivation 

mechanism has been described for I2 and was reported to involve the loss of a metal 

ion from the catalytic site of PP1 (Hurley et al., 2007). 

 

In mammalian cells, SDS22 is found both in the cytoplasm and the nucleus (Lesage 

et al., 2007). I3 contains a nuclear localization signal (NLS) and is found in the 

nucleus and especially enriched in the nucleolus in mammalian interphase cells 

(Huang et al., 2005). During mitosis, I3 was reported to be enriched at centrosomes 

(Huang et al., 2005). Furthermore, Lee and colleagues reported that I3 selectively 

interacts with the PP1α and PP1γ isoforms, but not with PP1β (Huang et al., 2005). 

 

The role of SDS22 and I3 in regulating PP1 activity at the kinetochore and thereby in 

balancing Aurora B kinase is a main subject of this thesis. Little is known about the 

role of I3 in mammalian cells. Huang and Lee found I3 to be involved in apoptotic 

response as a caspase-3 substrate (Huang & Lee, 2008), however, the role of I3 

during mitosis in mammalian cells has remained unknown. SDS22 on the other hand, 

has been implicated in two studies to play a role as a positive regulator of PP1 

activity at the kinetochore, thereby counteracting Aurora B in human cells (Posch et 

al., 2010; Wurzenberger et al., 2012). siRNA-mediated depletion of SDS22 was 

shown to cause chromosomal alignment defects, a delay in mitotic progression and 

anaphase defects like chromosomal bridges, lagging chromosomes and pauses 

during poleward chromosome segregation (Posch et al., 2010; Wurzenberger et al., 

2012). The localization of SDS22 and its exact function in regulating PP1 activity at 

the kinetochore, however, has remained controversial. Whereas Swedlow and 

colleagues reported SDS22 to localize at kinetochores from prometaphase until 

telophase and to be required for PP1 targeting to kinetochores (Posch et al., 2010), 

three other groups could not detect it there (Liu et al., 2010; D. Gerlich and M. Bollen, 

personal communication). Within this study, we found that SDS22 does not 

quantitatively localize to kinetochores under normal conditions (Eiteneuer et al., 2014) 

(see Results, chapter 2.1). Also regarding the effect of SDS22 silencing on Aurora B 

activity, differential results have been published. Upon SDS22 depletion, Swedlow 

and colleagues observed an increase in Aurora B activity, monitored as an increase 

in autophosphorylation at T232, but a decrease in Aurora B substrate 
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phosphorylation (MCAK pS92, Hec1 pS55, CENP-A pS7) (Posch et al., 2010). 

Consistent with a decreased phosphorylation level of Hec1 and MCAK, Swedlow and 

colleagues furthermore observed an increase in inter-kinetochore distance in SDS22-

depleted cells. They therefore suggest that another phosphatase or another PP1 

holoenzyme might dephosphorylate Aurora B substrates (Posch et al., 2010). In 

contrast, Gerlich and colleagues did not observe an effect on Aurora B T-loop 

phosphorylation at T232 in SDS22-depleted cells, but an increase in Aurora B 

substrate phosphorylation (Dsn1 pS100) (Wurzenberger et al., 2012). In addition to 

its role in counteracting Aurora B, SDS22 has been implicated in the local softening 

of the cell cortex at cell poles that facilitates elongation of the cell during anaphase 

(Rodrigues et al., 2015). Baum and colleagues found SDS22 to be required for the 

dephosphorylation of moesin, a linker between the plasma membrane and the actin 

cytoskeleton, at the polar cell cortex, thereby promoting polar relaxation in human 

and Drosophila cells (Rodrigues et al., 2015). Like Swedlow and colleagues, Baum’s 

group reported a kinetochore-localization of SDS22 during metaphase and anaphase. 

They therefore suggest that kinetochore-localized PP1-SDS22 dephosphorylates 

cortical moesin as chromosomes move towards the polar cortex at mid anaphase, 

thereby promoting actin clearance and cortical relaxation at the cell poles (Rodrigues 

et al., 2015). 
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1.5 The AAA ATPase p97 

 

p97 (also known as VCP (valosin containing protein) in mammals, Cdc48 (cell 

division cycle protein 48) in yeast, CDC-48 in C. elegans and Ter94 in Drosophila) is 

a homohexameric, ATP-driven chaperone that belongs to the family of AAA 

(ATPases associated with diverse cellular activities) ATPases. It is an essential, 

highly conserved and abundant protein that is ubiquitously expressed in all 

eukaryotic cells. p97 accounts for about 1 % of the total cytosolic protein mass and is 

also found in the nucleus and associated with membranes of various organelles (Ye, 

2006). Cdc48/p97 was first identified in budding yeast in a genetic screen for mutants 

that cause defects in cell cycle progression (Moir et al., 1982). In vertebrate cells, 

p97 was originally discovered due to its sheer abundance (Peters et al., 1990), 

foretelling its broad cellular role. Indeed, p97 plays a critical role in a large variety of 

cellular processes, such as clearance of misfolded proteins by the ubiquitin-

proteasome system (UPS), organelle membrane dynamics and a number of 

intracellular signaling pathways (Schuberth & Buchberger, 2008; Meyer et al., 2012) 

(see below). Most described p97-associated functions are ubiquitin-dependent 

(Schuberth & Buchberger, 2008; Meyer et al., 2012). p97 converts the energy of ATP 

hydrolysis into mechanical force that is used to structurally remodel or unfold 

substrate proteins or protein complexes. Its molecular function is seen as that of a 

“segregase“: p97 segregates (ubiquitinated) substrate proteins from protein 

complexes or cellular surfaces. These substrates are then either degraded by the 

proteasome or recycled (Ye, 2006; Jentsch & Rumpf, 2007). p97 associates with a 

large number of protein cofactors that mediate its interaction with ubiquitinated 

substrates and control p97 activity and localization, thus facilitating its functional 

diversity (Ye, 2006; Schuberth & Buchberger, 2008; Meyer et al., 2012). Mutations of 

p97 are linked to a late onset, autosomal dominant multisystemic degenerative 

disorder termed inclusion body myopathy associated with Paget’s disease of the 

bone and frontotemporal dementia (IBMPFD) and to amyotrophic lateral sclerosis 

(ALS) (Watts et al., 2004; Johnson et al., 2010). Symptoms may vary from patient to 

patient and occur late in life, suggesting that disease-associated p97 mutations do 

not lead to a global loss of function, but rather have long term effects on protein 

homeostasis (Meyer & Weihl, 2014). Expression of disease-associated p97 mutants 

in cultured cells does not affect cell cycle control and cell division (Ju et al., 2008), 
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suggesting that p97-mediated signaling events are largely unaffected. Instead, 

disease-associated mutations were found to affect the association of p97 with certain 

cofactors, suggesting that they might impair a distinct subset of p97 functions 

(Fernández-Sáiz & Buchberger, 2010; Ritz et al., 2011). p97 expression was found to 

be elevated in some cancer types (Yamamoto et al., 2004a; Yamamoto et al., 2004b; 

Tsujimoto et al., 2004; Valle et al., 2011). Because of its essential role in protein 

homeostasis and since cancer cells are subject to increased proteotoxic stress due 

to genomic alterations, p97 is considered as a potential cancer therapeutic target 

(Deshaies, 2014). 

 

1.5.1 Structure and general function of p97 

 

A p97 protomer consists of two ATPase domains (D1 and D2), that are connected by 

a short linker, a globular N-terminal domain (N domain) and an unstructured C-

terminal tail (Ogura & Wilkinson, 2001; DeLaBarre & Brunger, 2003). Both ATPase 

domains contain a Walker A motif and a Walker B motif which mediate ATP binding 

and hydrolysis, respectively, and a second region of homology (SRH), that 

distinguishes AAA ATPases from the wider family of Walker-type NTPases (Ogura & 

Wilkinson; 2001). Six p97 protomers assemble into a stable, barrel-shaped hexamer, 

wherein the D1 and D2 domains form two concentric rings that are stacked on top of 

each other, surrounding a central pore (DeLaBarre & Brunger, 2003). The D1 domain 

has low ATPase activity and is required for hexamerization, while the main ATPase 

activity is located in the D2 domain (Rouiller et al., 2002; Song et al., 2003). 

Consistently, a p97 mutant with a mutation in the Walker B motif of the D2 domain 

(p97 E578Q) is dominant negative and traps ubiquitinated substrates (Ye et al., 2003; 

Ramadan et al., 2007). The N domains are positioned at the periphery of the D1 ring 

(Zhang et al., 2000; DeLaBarre & Brunger, 2003) (Figure 1.8 A) and constitute the 

primary cofactor binding sites and also contain a low affinity binding site for ubiquitin 

(Meyer et al., 2012; Ye, 2006). During the ATP hydrolysis cycle the p97 hexamer 

undergoes major conformational changes, comprising a rotational twist of the D2 ring 

with respect to the D1 ring and movements of the N Domain between a 

“down“ conformation in plane with the D1 ring and an “up“ conformation rotated by 

~75° relative to the D1 ring. (DeLaBarre and Brunger, 2005; Pye et al., 2006; 

Banerjee et al., 2016). These conformational changes are believed to generate the 
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mechanical forces that mediate structural remodeling of substrates, disassembly of 

protein complexes and segregation of proteins from cellular surfaces or binding 

partners for proteasomal degradation or recycling (Ye et al., 2003; Stolz et al., 2011). 

However, the precise mechanisms how p97 remodels and segregates its substrates 

in different cellular processes are not well understood (Stolz et al., 2011). 

 

In order to fulfill its various cellular functions, p97 associates with a large number of 

cofactors, several of which contain ubiquitin-binding domains, suggesting that they 

act as ubiquitin adaptors for p97. The largest subgroup of cofactors interacts with p97 

via an UBX (ubiquitin-regulatory X) domain or a UBX-like domain that assumes a 

ubiquitin-like fold and binds to the p97 N-domain (Schuberth & Buchberger, 2008; 

Meyer et al., 2012). Furthermore, a number of other p97-binding domains and shorter 

binding motifs exist, that mediate cofactor-binding to the p97 N-domain or the C-

terminal tail. Short p97-binding motifs include the BS1 (binding site 1) motif or SHP 

box, the VBM (VCP-binding) motif and the VIM (VCP-interacting) motif, which bind to 

the p97 N-domain. Binding to the C-terminal tail of p97 is mediated by PUB (peptide 

N-glycosidase / ubiquitin-associated) and PUL (PLAA, Ufd3 and Lub1) domains 

(Meyer et al., 2012). Some cofactors contain more than one p97-binding site. 

Different cofactors target p97 to distinct subcellular structures or subsets of 

substrates, providing specificity for its numerous cellular functions (Schuberth & 

Buchberger, 2008; Meyer et al., 2012). However, how exactly these distinct cofactors 

with their particular modes of interaction with p97 relate to its specific functions is not 

well understood (Meyer et al., 2012). Initially it was suggested that p97 might 

cooperate with a distinct cofactor in each p97-mediated pathway (Kondo et al., 1997; 

Meyer et al., 2000). This initial model was extended to a hierarchical model, in which 

p97 forms core complexes with major cofactors that bind to p97 in a mutually 

exclusive manner, including the SEP domain cofactors p47 and p37 and the 

heterodimeric cofactor Ufd1-Npl4, which modulate p97 activity or recruit additional 

cofactors (Bruderer et al., 2004; Hanzelmann et al., 2011; Meyer et al., 2012). These 

core complexes can function in several pathways by associating with alternative sets 

of additional cofactors that may determine the localization and / or bring in additional 

enzymatic activities (Schuberth & Buchberger, 2008; Yeung et al., 2008; Meyer et al., 

2012). Such additional cofactors include E3 ubiquitin ligases, E4 ubiquitin chain 

extension enzymes and deubiquitinating enzymes (DUBs). Hence, the second major 
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function of p97 is that of an interaction hub that coordinates ubiquitination and 

ubiquitin chain editing events. Such modulations of the ubiquitination state may 

improve the targeting of a substrate protein to the proteasome or facilitate its 

recycling, thus determining its fate (Jentsch & Rumpf, 2007; Meyer et al., 2012; 

Meyer & Weihl, 2014) (Figure 1.8 B). 

 

 

Figure 1.8 p97 structure and general model of p97 function. A Crystal structure and 

schematic representation of the p97 hexamer and domain structure of the p97 protomer. 

Each p97 protomer comprises an N domain (green), two ATPase domains D1 (cyan) and D2 

(blue) and a less structured C-terminal tail. Six protomers assemble into a p97-hexamer in 

which the D1 and D2 domains form two concentric rings which are stacked on top of each 

other. The globular N domains are positioned at the periphery of the D1 ring. B Schematic 

model of the function of p97 in substrate segregation and ubiquitin chain editing. A substrate 

protein (S) is ubiquitinated by a cascade of the ubiquitin-activating enzyme (E1), a ubiquitin-

conjugating enzyme (E2) and a specific ubiquitin ligase (E3). Recognition and binding of the 

ubiquitinated substrates is mediated by a ubiquitin-binding p97 cofactor (C). ATP hydrolysis 

by p97 generates mechanical force that structurally remodels the substrate to segregate it 

from binding partners (B) or cellular surfaces. p97-associated ubiquitin chain extension (E4) 

or deubiquitinating (DUB) enzymes may modulate the ubiquitination state of the substrate to 

either facilitate its recycling or target it for degradation by the proteasome (Pr). Subfigures A 

and B adopted from (Meyer et al., 2012). 
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1.5.2 Cellular functions of p97 

 

p97 is an integral element of the UPS. It plays an essential role in individual signaling 

events as well as for general protein homeostasis, particularly under stress 

conditions (Meyer et al., 2012). Best understood is the role of p97 in endoplasmic 

reticulum associated degradation (ERAD), a quality control mechanism for proteins of 

the secretory pathway (Wolf and Stolz, 2011). In this process, misfolded lumenal and 

membrane ER proteins are recognized and selectively exported from the ER in a 

process called retro-translocation. At the outer layer of the ER membrane (in the 

case of lumenal proteins after their retrograde transport to the ER surface), these 

proteins are recognized by ER-associated E3 ubiquitin ligases and polyubiquitinated. 

They are than extracted from the ER membrane by p97 in concert with its 

heterodimeric cofactor Ufd1-Npl4 and subsequently degraded by the proteasome 

(Wolf and Stolz, 2011). p97-Ufd1-Npl4 is recruited to the ER membrane by 

membrane-bound cofactors, such as UBXD8 and Derlin (Wolf and Stolz, 2011; 

Claessen et al., 2012). Also, p97 has important functions in the extraction and 

degradation of proteins from mitochondrial membranes and from chromatin and has 

been linked to the handling and clearance of insoluble protein aggregates (Meyer et 

al., 2012). Furthermore, more recent findings showed that p97 is involved in co-

translational quality control by extracting aberrant translation products from 

ribosomes for proteasomal degradation and also implicated p97 in the quality control 

of ribosomes and the disassembly of mRNA-protein complexes (mRNPs) (Meyer & 

Weihl, 2014). In addition to its role in proteasomal degradation, p97 is also involved 

in lysosomal degradation via both endosomal sorting and autophagy (Ritz et al., 2011; 

Kirchner et al., 2013; Tresse et al., 2010; Ju & Weihl, 2010; Chou et al., 2010). 

Besides its key functions in protein quality control, p97, in complexes with the SEP 

domain cofactors p47 or p37, has been implicated in membrane-fusion events during 

Golgi and ER reassembly and nuclear envelope reassembly at the end of mitosis as 

well as in Golgi and ER maintenance during interphase (Kondo et al., 1997; Meyer et 

al., 1998; Hetzer et al., 2001; Uchiyama et al., 2006). As mentioned above, the p97 

segregase activity plays an important role in controlling several intracellular signaling 

pathways, both in a degradative and in a non-degradative fashion (Ye et al., 2003; 

Meyer et al., 2012). For instance, the p97-Ufd1-Npl4 complex acts in DNA damage 

response where it is required for the extraction of the DNA damage recognition 
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factors DDB2 and XPC from chromatin, thereby facilitating an effective nucleotide 

excision repair (NER) and is involved in CDC25A degradation in G2 phase, thereby 

contributing to a functional G2/M checkpoint (Puumalainen et al., 2014; Riemer et al., 

2014). Another important chromatin-associated function of p97 is the counteraction of 

Aurora B kinase. In Xenopus egg extracts, p97 together with Ufd1-Npl4 was shown 

to extract Aurora B from chromatin at the end of mitosis, thereby promoting nuclear 

reformation (Ramadan et al., 2007). Furthermore, p97-Ufd1-Npl4 is required for 

balancing Aurora B activity already in early mitosis during spindle attachment in HeLa 

cells, where siRNA mediated depletion of Ufd1-Npl4 leads to increased Aurora B 

localization and activity on prometaphase and metaphase chromatin and causes 

chromosomal alignment defects and a mitotic delay (Dobrynin et al., 2011). 

 

1.5.3 The SEP domain subfamily of p97 cofactors 

 

Members of the SEP domain subfamily of UBX domain containing p97 cofactors are 

characterized by a combination of a UBX domain and a SHP box, both mediating 

binding to the N-domain of p97, and a so-called SEP (after Shp1, eyes closed and 

p47) domain. The SEP domain was shown to be involved in the trimerization of p47 

and suggested to be involved in the putative trimerization of other SEP domain 

cofactors (Beuron et al., 2006; Yuan et al., 2004; Schuberth & Buchberger, 2008), 

but further functions of the domain are unknown. Shp1 (suppressor of high-copy 

PP1), the sole SEP domain protein in budding yeast, furthermore contains a 

ubiquitin-binding UBA domain. In human cells, four SEP domain proteins exist, 

namely p47, p37, UBXD4 and UBXD5 (Socius). p47 is the most abundant Shp1 

ortholog and, like Shp1, contains a UBA domain. In contrast, the other three human 

SEP domain proteins lack a UBA domain. p37 and UBXD4 are close p47 homologs, 

whereas UBXD5 is more distantly related and contains an additional spectrin domain 

(Schuberth & Buchberger, 2008; Meyer & Weihl, 2014). p47 and p37 were shown to 

bind to p97 in a mutually exclusive manner, suggesting that the different human SEP 

domain cofactors form distinct p97-cofactor complexes (Uchiyama et al., 2006). 

C. elegans has only one SEP domain protein, UBXN-2. UBXN-2 has highest 

sequence homology with p47, but like p37 and UBXD4 lacks a UBA domain (Ye, 

2006; Schuberth & Buchberger, 2008) (Figure 1 9). 
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Figure 1.9 The SEP domain subfamily of p97 cofactors. Domain structures of SEP 

domain proteins in human, budding yeast and C. elegans. Four SEP domain proteins exist in 

humans, whereas only one each in budding yeast and C. elegans. The UBX domain and the 

SHP box bind to the p97 N domain. The UBA domain binds ubiquitin. The SEP domain is 

involved in the trimerization of p47. Its further functions are unknown. Figure modified from 

(Meyer & Weihl, 2014). 

 

While the heterodimeric p97 cofactor Ufd1-Npl4 has been implicated in a number of 

ubiquitin-dependent protein degradation pathways, the SEP domain cofactors were 

suggested to have mainly non-degradative functions (Schuberth & Buchberger, 2008; 

Ye, 2006). The p97-p47 complex was shown to predominantly bind mono-

ubiquitinated substrates, supporting this notion (Meyer et al., 2002). However, shp1 

mutants in yeast were found to exhibit defects in ubiquitin-dependent degradation of 

a subset of substrates and have been genetically linked to the proteasome 

(Hartmann-Petersen et al., 2004; Schuberth et al., 2004). 

 

A mass spectrometry survey in U2OS cells showed highly different expression levels 

of distinct SEP domain cofactors. With 2.83*105 protein copies detected per cell, p47 

is by far the most abundant SEP domain protein, whereas about 100fold less copies 

of p37 and UBXD4 were found to be expressed (Beck et al., 2011). UBXD5 was not 

detected in U2OS cells and in another mass spectrometry survey analyzing 11 

common human cell lines, raising the possibility that it is tissue specific (Beck et al., 

2011; Geiger et al., 2012). In addition to varying expression levels, human SEP 

domain cofactors differ in their subcellular localization. p47 contains two nuclear 
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localization signals (NLS) and is strictly nuclear in interphase cells (Uchiyama et al., 

2003), whereas p37 and UBXD4 were found to localize to the ER and Golgi 

compartments (Uchiyama et al., 2006; Rezvani et al., 2009). While little is known 

about the functions of UBXD4 and UBXD5 (Rezvani et al., 2009; Katoh et al., 2002), 

p97-cofactor complexes with either p47 or p37 were shown to be required for Golgi 

and ER reassembly at the end of mitosis, mediating homotypic membrane fusion 

events by regulating distinct SNARE (soluble NSF attachment protein receptor) 

complexes, however the exact mechanism has remained unclear (Kondo et al., 1997; 

Meyer et al., 1998; Hetzer et al., 2001; Uchiyama et al., 2006). Additionally, p37 has 

been implicated in Golgi and ER maintenance during interphase (Uchiyama et al., 

2006). p97-p47 mediated membrane fusion was shown to require ubiquitination of 

unknown substrate(s), but was not affected by inhibition of the proteasome (Meyer et 

al., 2002; Wang et al., 2004). In contrast, the activity of the p97-p37 complex in 

membrane fusion events appears to be independent of substrate ubiquitination 

(Uchiyama et al., 2006). In mitosis, both p47 and p37 are phosphorylated by CDK1, 

inhibiting their membrane fusion activity, thus preventing a premature reversion of 

Golgi fragmentation (Uchiyama et al., 2003; Kaneko et al., 2010). A recent study that 

we contributed to furthermore showed that p37 in human cells, as well as UBXN-2 in 

C. elegans embryos, are required for limiting centrosomal recruitment of Aurora A 

kinase in prophase, thereby regulating centrosome maturation and spindle 

positioning (Kress et al., 2013) (see Results, chapter 2.4). si-RNA mediated depletion 

of p47 alone showed no defects of spindle positioning and centrosome maturation, 

but aggravated these phenotypes when co-depleted with p37 (Kress et al., 2013). 

 

The sole budding yeast Cdc48/p97 SEP domain cofactor Shp1 was discovered in a 

genetic screen searching for mutants that suppress the lethality of Glc7/PP1 

overexpression (Zhang et al., 1995). Lysates from shp1 mutant strains were shown 

to be deficient in Glc7/PP1 catalytic activity, whereas the expression level and 

subcellular localization of Glc7 in these mutants was unaltered, suggesting Shp1 to 

be a positive regulator of overall Glc7/PP1 activity (Zhang et al., 1995). More recent 

studies furthermore showed that Shp1 is required for Glc7/PP1 to antagonize 

Ipl1/Aurora (Cheng & Chen, 2010; Böhm & Buchberger, 2013). Cheng and Chen 

found inducible Shp1 depletion to partially rescue the lethality of a temperature 

sensitive ipl1 mutant (ipl1-321) and to reverse the hypophosphorylation of the Ipl1 
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substrate Dam1 in the ipl1-321 strain (Cheng & Chen, 2010). Consistent with a 

function of Cdc-48-Shp1 in balancing Ipl1/Aurora, they found Shp1 depletion to 

cause a metaphase arrest due to SAC activation, chromosomal alignment defects as 

well as spindle defects and aberrant centrosome numbers in a subset of cells and 

observed similar phenotypes in a temperature sensitive cdc48 mutant strain (cdc48-3) 

(Cheng & Chen, 2010). Cheng & Chen furthermore observed a loss of nuclear 

enrichment of a GFP-Glc7 fusion in Shp1 depleted and cdc48-3 mutant cells, 

suggesting Cdc48-Shp1 to be required for Glc7/PP1 function in mitosis by promoting 

its nuclear targeting (Cheng & Chen, 2010). Böhm and Buchberger confirmed the 

genetic interactions between shp1 and glc7 as well as shp1 and ipl1 and also 

observed a mitotic delay due to SAC activation in shp1 null mutants (Böhm & 

Buchberger, 2013). In addition, they could show by co-immunoprecipitation that Shp1 

and Glc7 also interact physically (Böhm & Buchberger, 2013). Using Cdc48 binding 

deficient shp1 mutants shp1-a1 and shp1-b1, they furthermore showed that Shp1 

function in mitotic progression and antagonizing Ipl1/Aurora requires Cdc48/p97 

binding (Böhm & Buchberger, 2013). In contrast to the findings by Cheng and Chen, 

and consistent with the results by Volkert and colleagues, Böhm and Buchberger 

observed no changes in Glc7/PP1 localization in shp1 null and Cdc48 binding 

deficient mutants (Zhang et al., 1995; Böhm & Buchberger, 2013). Instead, they 

found an increase in Ipl1 substrate phosphorylation (Dam1 and histone H3 at S10) in 

shp1 null mutants and decreased binding of Glc7/PP1 to the PiP Glc8 (Inhibitor-2 in 

vertebrates), suggesting that Shp1 is required for Glc7/PP1 activity and holoenzyme 

formation (Böhm & Buchberger, 2013). Furthermore, Böhm and Buchberger 

observed a synthetic lethality between the shp1-7 null mutant and the glc7-129 

mutant as well as between shp1-7 and the sds22-6 mutant (Böhm & Buchberger, 

2013). Using an ATPase inactive, substrate-trapping Cdc48 mutant (Cdc48QQ), 

Cheng and Chen recently showed that Cdc48-Shp1 transiently associates with Glc7 

as well as Sds22 and Ypi1 (Cheng & Chen, 2015). They furthermore found the 

ternary Sds22-Glc7-Ypi1 complex to be the main interaction partner of Cdc48QQ-

Shp1. Their findings also indicate that binding of the Sds22-Glc7-Ypi1 complex to 

Cdc48-Shp1 is mediated by Sds22, as Glc7 binding to Cdc48QQ-Shp1 was abolished 

in the Glc7 binding-deficient sds22-6 mutant background (Cheng & Chen, 2015). 

Using the yeast background strain W303, Cheng and Chen found inducible depletion 

of Shp1 as well as a temperature-sensitive, Cdc48 binding deficient shp1 mutant 
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(shp1ts) to cause misfolding of Glc7/PP1, leading to the formation of insoluble Glc7 

aggregates that contained the heat shock proteins Hsp104 and Hsp42 and depended 

on the proteasome for clearance, suggesting Cdc48-Shp1 to be required for the 

structural integrity of Glc7/PP1 (Cheng & Chen, 2015). Glc7 aggregate formation 

occurred only within hours after depleting Shp1 and was abolished in the shp1ts 

mutant strain upon addition of the translation inhibitor cycloheximide, suggesting that 

Cdc48-Shp1 acts on newly synthesized Glc7/PP1 and may be required for Glc7/PP1 

biogenesis (Cheng & Chen, 2015). While Sds22 and Ypi1 were not found to co-

aggregate with Glc7/PP1 in the shp1ts mutant strain, also the sds22-6 mutant and 

inducible Ypi1 depletion led to Glc7/PP1 aggregate formation in the yeast W303 

background. Whereas Ypi1 depletion, like Shp1 depletion, led to Glc7/PP1 aggregate 

formation only within hours, Glc7/PP1 aggregates were detected in the sds22-6 

mutant shortly after shifting to the restrictive temperature, suggesting that Sds22 

regulates Glc7/PP1 also after biosynthesis (Cheng & Chen, 2015): In contrast to the 

findings by Cheng and Chen, Böhm and Buchberger did not observe Glc7/PP1 

aggregation in a shp1 null mutant strain, however using a different yeast background 

strain (DF5) (Böhm & Buchberger, 2013). This discrepancy was suggested to be due 

to varying capacities of buffering misfolded proteins in different yeast strains (Cheng 

& Chen, 2015). Together, the published findings indicate that Cdc48-Shp1 is required 

for the activity and structural integrity of Glc7/PP1 and that it acts on the Sds22-Glc7-

Ypi1 complex, possibly being involved in Glc7/PP1 biogenesis, however the 

underlying mechanism is not understood. While Cheng and Chen proposed that 

Cdc48-Shp1 may promote the assembly of the Sds22-Glc7-Ypi1 complex, Böhm and 

Buchberger observed no reduction of Sds22 binding to Glc7/PP1 in a shp1 null 

mutant (Cheng & Chen, 2015; Böhm & Buchberger, 2013). Furthermore, it is unclear 

if the underlying process involves ubiquitination. Cheng and Chen were unable to 

detect ubiquitinated forms of Glc7/PP1, Sds22 and Ypi1 associated with Cdc48QQ-

Shp1. Interestingly, the Shp1 UBA domain was found to be dispensable for cell 

viability and Glc7/PP1 localization and a shp1ΔUBA mutant did not rescue the 

temperature sensitivity of the ipl1-321 mutant (Cheng & Chen, 2015; Böhm & 

Buchberger, 2013).  

 

In a mass spectrometry screen performed in our research group (Ritz et al., 2011), 

PP1γ, SDS22 and I3 were identified as interactors of p97 in human cells, indicating 
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that the interaction between Cdc48/p97 and the ternary PP1 complex is conserved in 

vertebrates. This finding was confirmed by co-immunoprecipitation experiments. 

Endogenous PP1γ and SDS22 co-immunoprecipitated with p97-Strep, and, 

importantly, also with HA-p47, but not with UBXD1-HA, HA-Npl4 and Ufd1-HA 

(S. Bremer, unpublished data). Furthermore, SDS22, I3 and PP1α and PP1β have 

been reported as physical interactors of p97, p37 and UBXD4 in a mass 

spectrometry survey in J.W. Harper’s laboratory (Raman et al., 2015), implicating the 

other two close Shp1 orthologs in the interaction between p97 and the SDS22-PP1-

I3 complex. These physical interactions may point at a regulation of the ternary PP1 

complex by p97 SEP domain cofactor-complexes and may reveal a functional link 

between p97 and PP1 in regulating Aurora kinases. siRNA-mediated depletion of p47, 

the most abundant SEP domain cofactor (Beck et al., 2011), however, was shown to 

cause no mitotic delay or chromosomal alignment defects (Dobrynin et al., 2011), 

raising the question of distinct and / or redundant functions of the different p97 SEP 

domain cofactor-complexes in regulating PP1. 
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1.6 The aims of the thesis 

 

PP1 functions at the kinetochore by balancing the activity of mitotic kinase Aurora B, 

thereby regulating its key functions in correcting erroneous kinetochore-microtubule 

attachments and SAC signaling (Lesage et al., 2011). However, how PP1 activity and 

localization at the kinetochore is regulated is not well understood. In particular, the 

role of the PiP SDS22 in regulating PP1 at the kinetochore has remained highly 

controversial. While two independent studies have shown that SDS22 is relevant for 

PP1 function at the kinetochore in human cells, contradictory findings have been 

published on SDS22 localization and on the mode of regulation of kinetochore-

associated PP1 by SDS22 (Posch et al., 2010; Wurzenberger et al., 2012; Liu et al., 

2010). PP1 can form a ternary complex with both SDS22 and I3 (Lesage et al., 2007; 

Pedelini et al., 2007). Whereas Ypi1/I3 has been implicated in the regulation of 

Glc7/PP1 function in balancing Ipl1/Aurora kinase in budding yeast (Pedelini et al., 

2007; Bharucha et al., 2008), the role of I3 during mitosis in mammalian cells has 

remained completely unknown. In initial experiments of our study, we found siRNA-

mediated depletions of both SDS22 and of I3 to cause chromosomal alignment 

defects as well as an increase of active Aurora B kinase on metaphase centromeres 

(Eiteneuer et al., 2014). Using cell-based and biochemical approaches, we therefore 

aimed to clarify the functions of SDS22 and I3 in regulating PP1 at the kinetochore. 

 

Results obtained within the course of this study, as well as recent findings in budding 

yeast furthermore indicate that SDS22 and I3 may have a more general role for PP1 

activity and structural integrity, possibly functioning in PP1 biogenesis and / or 

maintenance (Eiteneuer et al., 2014; Cheng & Chen, 2015). In addition, the AAA 

ATPase Cdc48/p97 together with its SEP domain cofactor Shp1 is required for PP1 

activity and integrity in budding yeast, however the underlying mechanism has 

remained obscure (Zhang et al., 1995; Cheng & Chen, 2010; Böhm & Buchberger, 

2013; Cheng & Chen, 2015). Cdc48/p97-Shp1 was shown to transiently associate 

with the ternary Sds22-Glc7/PP1-Ypi1/I3 complex (Cheng & Chen, 2015). Importantly, 

this physical interaction is conserved in human cells, pointing at a conserved role of 

p97 and its SEP domain cofactors in regulating PP1 (Raman et al., 2015; our 

unpublished data) We therefore set out to investigate the dynamics and regulation of 

the ternary SDS22-PP1-I3 complex, and the role of p97 SEP domain cofactor 
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complexes therein. We thereby aimed to elucidate the possible function of p97 and 

its SEP domain cofactors in regulating the ternary PP1 complex, and, at the same 

time, to gain further insights into the mechanism of SDS22- and I3-mediated 

regulation of PP1. 
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2 Results 

 

2.1 Part I: The role of SDS22 and I3 in mitotic chromosomal alignment 

 

PP1 has been established as the phosphatase acting antagonistically to mitotic 

kinase Aurora B (Ceulemans & Bollen, 2004). The PP1 interacting protein (PiP) 

SDS22 has been implicated in a series of studies to play a role in regulating PP1 

activity at the kinetochore and counteracting Aurora B kinase (Peggie et al., 2002; 

Posch et al., 2010; Wurzenberger et al., 2012). However, whether SDS22 localizes to 

kinetochores and in whether it affects Aurora B activity and / or Aurora B substrate 

dephosphorylation has remained controversial (Posch et al., 2010; Wurzenberger et 

al., 2012; Liu et al., 2010). SDS22 is known to form a ternary complex with PP1 and 

Inhibitor-3 (I3) (Lesage at al., 2007). However, nothing was known about the role of 

I3 in mammalian cells. Therefore, we set out to clarify the role of SDS22 in 

chromosomal attachment and regulation of PP1 at the kinetochore as well as to 

reveal the potential role of I3 in this process. In the initial phase of our study, we 

found depletions of both SDS22 and I3 to cause chromosomal alignment defects and 

a delay in mitotic progression, as well as an increase in Aurora B phosphorylation at 

T232, indicating that both SDS22 and I3 are required for proper bipolar chromosomal 

attachment and for PP1 activity at the kinetochore (Eiteneuer et al., 2014). Based on 

this, we went on to investigate the roles of SDS22 and I3 in regulating kinetochore-

associated PP1. 

 

2.1.1 Comparison of SDS22 depletion to global cellular inhibition of PP1 in 

terms of Aurora B activity 

 

In initial experiments of our study, we could show that siRNA-mediated depletions of 

both SDS22 and I3 cause a decrease of PP1 activity at kinetochores as evidenced 

by an increase of Aurora B phosphorylation at T232 on metaphase chromatin 

(Eiteneuer et al., 2014). Using the example of SDS22 depletion, we wanted to 

compare this effect to a broader inhibition of PP1. To that end, we made use of HeLa 

cells inducibly overexpressing a GFP-fusion of the PP1 inhibitor NIPP1 (Nuclear 

Inhibitor of PP1) with a non-functional substrate-binding FHA (ForkHead Associated) 

domain (NIPP1-Fm) upon addition of doxycycline. NIPP1 is a potent and highly 
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specific PP1 inhibitor that inhibits the dephosphorylation of all tested PP1 substrates, 

except those that are recruited via its FHA domain (Beullens et al., 1992; Vulsteke et 

al., 1997; Winkler et al., 2015). Cells inducibly overexpressing NIPP1-fm with an 

additional mutation of the RVxF PP1-binding motif (NIPP1-Fm+Pm) served as a 

control. HeLa Flp-In NIPP1 cell lines were a kind gift of M. Bollen (KU Leuven) 

(Winkler et al., 2015). First, we investigated how PP1 inhibition by NIPP1-Fm 

overexpression affected mitosis and Aurora B phosphorylation. Expression of NIPP1 

fusions was induced by addition of doxycycline for 48 h, cells were fixed with 

formaldehyde and stained with Aurora B pT232 specific antibodies and DAPI to 

visualize chromatin. Samples were examined by light microscopy. In accordance with 

a study by Bollen and colleagues, we observed severe chromosomal alignment 

defects, cells arrested in prometaphase, increased Aurora B phosphorylation on 

prometaphase and metaphase chromatin as well as a partial loss of the centromeric 

localization of Aurora B with a more diffuse distribution along the chromatin (Winkler 

et al., 2015 & data not shown). We then went on to examine the effect of SDS22 

depletion on Aurora B phosphorylation in the background of PP1 inhibition by NIPP1-

Fm overexpression. HeLa Flp-In NIPP1-Fm or NIPP1-Fm+Pm cells were treated with 

siRNAs targeting SDS22 or Luciferase, which is absent in mammalian cells, (siLuc) 

as a control for 48 h. Expression of GFP-NIPP1 fusions was induced by addition of 

doxycycline for 24 h or not before fixation of cells with formaldehyde. Cells were 

stained with Aurora B pT232 antibodies and DAPI and the Aurora B pT232 signal 

intensity on metaphase chromatin was monitored at a laser scanning confocal 

microscope. In spite of the partial prometaphase arrest upon NIPP1-Fm 

overexpression, a number of metaphase cells sufficient for statistical analysis was 

obtained. Aurora B pT232 signal intensities on chromatin were quantified using the 

automated image analysis software CellProfiler (Carpenter et al., 2006) by creating a 

threshold-based mask with the DAPI signal to exclude cytoplasmic and centrosomal 

staining. The mean intensity within this mask was measured for ≥ 36 cells per 

condition combined from 3 independent experiments. We observed a strong increase 

in Aurora B phosphorylation in cells overexpressing NIPP1-Fm compared to 

uninduced and NIPP1-Fm+Pm overexpressing cells, that was not further elevated 

upon SDS22 depletion, suggesting that PP1 activity on chromatin was fully inhibited. 

In uninduced and NIPP1-Fm+Pm expressing cells, SDS22 depletion caused an 

increase in Aurora B phosphorylation compared to siLuc treated controls, consistent 
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with our results obtained in normal HeLa cells (Eiteneuer et al., 2014). The increase 

of Aurora B phosphorylation caused by SDS22 depletion was however weaker than 

the increase observed upon NIPP1-Fm overexpression, indicating that SDS22 is 

required for full PP1 function at kinetochores, but that its absence does not cause a 

complete loss of PP1 activity at the kinetochores (Figure 2.1 A and B).  
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Figure 2.1 siRNA mediated depletion of SDS22 and NIPP1-mediated cellular inhibition 

of PP1 increase Aurora B activity. A NIPP1-mediated PP1 inhibition and siRNA-mediated 

SDS22 depletion increase Aurora B autophosphorylation on metaphase chromatin. HeLa 

Flp-In T-Rex cells inducibly expressing GFP-fusions of the PP1 inhibitor NIPP1-Fm (mutation 

of the substrate-binding FHA domain) or of NIPP1-Fm+Pm (additional mutation of the RVxF 

type PP1-binding site) were treated with the indicated siRNAs for 48 h. Expression of NIPP1 

fusions was induced by addition of doxycycline for 24 h prior to fixation or not. Cells were 

fixed with formaldehyde and stained with AurB pT232 antibodies and DAPI. Representative 

laser-scanning confocal images are shown. Note the unspecific centrosomal staining with the 

AurB pT232 antibodies. Scale bar, 5 µm. B Quantification of (A). The AurB pT232 signal 

intensity on metaphase chromatin was quantified using the software CellProfiler. Box plots 

show median, lower and  upper quartiles (line and box), 10th and 90th percentiles (whiskers) 

and outliers (●). P-values were calculated using Mann-Whitney U test (***, p  0.001; n.s., 

not significant). Data from three independent experiments with a total of ≥ 36 cells per 

condition. 
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2.1.2 SDS22, as well as I3 depletion causes increased recruitment of mitotic 

checkpoint protein BubR1 to metaphase kinetochores 

 

As a part of our study on the role of SDS22 and I3 in regulating kinetochore-

associated PP1, we observed chromosomal alignment defects and an increased 

Aurora B activity in cells depleted for SDS22 or I3 (Eiteneuer et al., 2014). Since an 

increased Aurora B activity is expected to destabilize microtubule-kinetochore 

attachments, we asked if silencing of SDS22 and I3 would cause an activation of the 

spindle assembly checkpoint. To that end, recruitment of the spindle assembly 

checkpoint protein BubR1 to metaphase kinetochores was monitored. HeLa cells 

were treated with siRNAs targeting SDS22, I3 or Aurora B for 48 h. siLuc and an 

siRNA targeting NIPP1, which has no known functions in mitosis (Minnebo et al., 

2013; Nuytten et al., 2008), served as negative controls. Cells were formaldehyde-

fixed and stained with BubR1 antibodies and CREST serum to visualize kinetochores 

and with DAPI before analysis at a spinning disc confocal microscope. BubR1 

recruitment to kinetochores of aligned metaphase plates was quantified using 

CellProfiler software (Carpenter et al., 2006). The DAPI and CREST signals were 

used to identify primary objects (“chromatin“ and “kinetochores“, respectively). The 

mean intensities of BubR1 and CREST signals on kinetochores were measured and 

the signal on remaining areas of the chromatin mask was subtracted as background. 

The ratio of BubR1 to CREST signal intensities on kinetochores was determined for 

42 cells per condition combined from 3 independent experiments. We observed an 

increased recruitment of BubR1 to kinetochores of SDS22 depleted cells, which is in 

accordance with results published by Swedlow’s group (Posch et al., 2010). Also 

depletion of I3 caused an increased recruitment of BubR1 to metaphase 

kinetochores. However, the effect of SDS22 depletion on BubR1 recruitment was 

slightly stronger than the effect of I3 depletion. In contrast, Aurora B depleted cells 

had reduced BubR1 signals even on misaligned chromosomes as expected given the 

importance of Aurora B for spindle assembly checkpoint function (Morrow et al., 2005; 

King et al., 2007; Saurin et al., 2011; Krenn & Musacchio, 2015) (Figure 2.2 A and B).  
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Figure 2.2 siRNA-mediated depletion of SDS22 or I3 causes increased recruitment of 

the spindle assembly checkpoint protein BubR1 to metaphase kinetochores. A HeLa 

cells were treated with the indicated siRNAs for 48 h, formaldehyde-fixed and stained with 

BubR1 and CREST antibodies. Representative spinning disc confocal images are shown. 

Note for comparison the absence of BubR1 signal in AurB-depleted cells in spite of severe 

chromosomal misalignment. Scale bar, 10 µm. B The ratio of BubR1 versus CREST signal 

intensity on kinetochores of aligned metaphase plates was quantified using the software 

CellProfiler. Box plots show median, lower and upper quartiles (line and box), 10th and 90th 

percentiles (whiskers) and outliers (●). P-values were calculated using Mann-Whitney U test 

(**, p  0.01; ***, p  0.001). Data from three independent experiments with a total of 42 cells 

per condition. AurB-depleted cells were not quantified due to absence of metaphase plates. 

 

2.1.3 I3 depletion enhances association of SDS22 with KNL1-bound PP1 

 

The results presented here so far as well as the initial results from our study 

(Eiteneuer et al., 2014) suggest that both SDS22 and I3 act as positive regulators of 

PP1 activity towards Aurora B pT232 and therefore as antagonists of Aurora B 

function during bipolar chromosomal attachment. Therefore, we set out to find the 

mechanisms how SDS22 and I3 regulate PP1 activity at the kinetochore. We first 

asked whether SDS22 and / or I3 might be required for PP1 localization to 

kinetochores. To that end, A. Eiteneuer performed depletion experiments in HeLa 

cells stably expressing GFP-PP1γ at near endogenous levels (kindly provided by L. 

Trinkle-Mulcahy; Trinkle-Mulcahy et al., 2003). Unlike reported before (Posch et al., 

2010), depletions of either SDS22 or I3 did not affect the localization of PP1γ at 

metaphase kinetochores, indicating that SDS22 and I3 do not regulate PP1 amounts 

at the kinetochore (Eiteneuer et al., 2014). We next asked, whether SDS22 and / or 

I3 localize to the kinetochores themselves and therefore might directly affect PP1 

activity at the kinetochores. To that end, A. Eiteneuer generated HeLa cells stably 
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overexpressing GFP-I3 and made use of a HeLa cell line that stably expresses 

SDS22-GFP from a bacterial artificial chromosome (BAC) under control of its 

endogenous promotor (kindly provided by A. Hyman) (Poser et al., 2008). Expression 

levels of SDS22-GFP and endogenous SDS22 in those cells corresponded to the 

endogenous expression level in untransfected HeLa cells. In localization studies at a 

confocal microscope performed by A. Eiteneuer GFP-I3 was not detectable at 

kinetochores and largely absent from mitotic chromatin. Furthermore, unlike 

previously reported (Posch et al., 2010), also SDS22-GFP was not detectable at 

kinetochores, suggesting that SDS22 does not localize to kinetochores when 

expressed at near endogenous levels (Eiteneuer et al., 2014). Since I3 can form a 

ternary complex with PP1 and SDS22 (Pedelini et al., 2007; Lesage et al., 2007) we 

next asked whether I3 might regulate the mitotic localization of SDS22. RNAi 

experiments were performed in the HeLa SDS22-GFP cells by A. Eiteneuer. 

Strikingly, SDS22-GFP became enriched at kinetochores upon depletion of I3 but not 

after control or NIPP1 depletions, showing that SDS22 can localize to kinetochores 

under certain circumstances and indicating that I3 prevents quantitative localization 

of SDS22 to the kinetochore (Eiteneuer et al., 2014).  

 

The outer kinetochore protein KNL1 has been suggested as the major binding 

partner of PP1 at the kinetochore (Liu et al., 2010; Rosenberg et al., 2011). 

Consistently, RNAi experiments showed a loss of PP1 from kinetochores upon 

depletion of KNL1 (Liu et al., 2010; Eiteneuer et al., 2014). Like I3, KNL1 binds to 

PP1 via its RVxF motif. We therefore next asked whether SDS22 recruitment to 

kinetochores upon I3 depletion was mediated through binding to KNL1-bound PP1. 

Indeed, co-depletion of KNL1 alongside I3 depletion abolished the kinetochore 

localization of SDS22 (Eiteneuer et al., 2014). To verify this finding, we made use of 

stable cell lines expressing GFP-fusions of KNL1. HeLa cells stably expressing full 

length KNL1 with a C-terminal LAP-tag (Localization and Affinity Purification tag, 

containing GFP and an S-peptide) from a BAC under control of its endogenous 

promotor were a kind gift from A. Hyman. HeLa Flp-In cells inducibly expressing 

amino acids 1-250 of KNL1, that contain the RVxF PP1-binding motif, fused to an N-

terminal GFP-tag were kindly provided by A. Musacchio (Krenn et al., 2013). We first 

examined the cells by spinning disc confocal microscopy. Before imaging, cells were 

fixed with formaldehyde and stained with DAPI. Expression of GFP-KNL1 (1-250) 
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was induced by addition of doxycycline 24 h prior to fixation. Full length KNL1-LAP 

was found to be absent from nuclei in interphase cells and appeared to accumulate 

in the ER / Golgi apparatus. In mitotic cells from prophase to anaphase full length 

KNL1-LAP showed a clear localization to kinetochores (Figure 2.3 A). GFP-KNL1 (1-

250) was shown to be soluble, as it was distributed throughout the nuclei and 

cytoplasm in interphase cells. In mitotic cells GFP-KNL1 (1-250) was mainly 

cytoplasmic. Surprisingly, however, targeting to kinetochores of the truncated KNL1 

was not completely abolished, as evidenced by sporadic green punctae on mitotic 

chromatin, even though it lacks the C-terminal region required for interaction with the 

Mis12 complex (Krenn et al., 2013) (Figure 2.3 B). 
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Figure 2.3 Localization of GFP-fusions of KNL1 in stably expressing HeLa cells. A 

HeLa cells stably expressing KNL1 (full length)-LAP (Localization and Affinity Purification tag, 

containing GFP and an S-peptide) from a BAC were formaldehyde-fixed and stained with 

DAPI, before imaging at a spinning disc confocal microscope. Representative images of cells 

in interphase and in mitosis are shown. Scale bar, 10 µm. B Expression of GFP-KNL1 (1-250) 

was induced in HeLa Flp-In T-Rex cells by addition of doxycycline for 24 h. Cells were fixed 

with formaldehyde and stained with DAPI, before imaging at a spinning disc confocal 

microscope. Representative images of cells in interphase and in mitosis are shown. Scale 

bar, 10 µm. 

 

Next we wanted to confirm by co-immunoprecipitation whether depletion of I3 

increases association of SDS22 with KNL1. We decided to use the soluble, truncated 

form of KNL1 for these experiments, since it could be isolated more efficiently and in 

larger amounts than the full length KNL1-LAP. HeLa Flp-In GFP-KNL1 (1-250) cells 

were treated with siRNA targeting I3 for 48 h. siLuc and an siRNA targeting NIPP1 

that also binds PP1 via an RVxF motif, served as controls. Expression of GFP-KNL1 
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(1-250) was induced for 24 h prior cell lysis. Control cells inducibly expressing GFP 

alone were used to test whether co-immunoprecipitates were specific. GFP-KNL1 (1-

250) or GFP were immunoprecipitated using beads coupled to GFP nanobodies. IP 

samples together with 2.5 % inputs were analyzed by Western blotting. As expected, 

PP1γ specifically co-immunoprecipitated with GFP-KNL1 (1-250), but not with GFP 

alone. PP1γ association with KNL1 was not affected by either I3 or NIPP1 depletion, 

as comparable amounts of PP1γ were co-isolated in all conditions. Co-

immunoprecipitation of SDS22 with KNL1 was also detected in luciferase control 

depleted samples, suggesting that SDS22 binds to KNL1-bound PP1, however at low 

levels. Strikingly, the amount of associated SDS22 was markedly increased upon I3 

depletion but not in NIPP1 depleted samples, corroborating the finding that I3 limits 

the association of SDS22 with KNL1-bound PP1 (Figure 2.4 A and B). 

 

 

Figure 2.4 siRNA-mediated I3 depletion stimulates SDS22 association with KNL1-

bound PP1. A HeLa Flp-In T-Rex cells inducibly expressing GFP or GFP-KNL1 (1-250) were 

treated with the indicated siRNAs for 48 h. Transgene expression was induced by addition of 

doxycycline for 24 h prior lysis. GFP or GFP-KNL1 (1-250) was affinity-isolated from cell 

extracts using anti-GFP nanobodies coupled to sepharose beads. Input samples (2.5 %) and 

precipitates were analyzed by Western blotting with the indicated antibodies. B Quantification 

of Western blot signals normalized to siLuc. Error Bars represent s.d. with n = 3. Note the 

increase of SDS22 association with GFP-KNL1 (1-250) specifically upon I3 depletion, while 

PP1γ binding to KNL1 is unaffected. 
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2.1.4 SDS22 inhibits PP1-mediated dephosphorylation of Aurora B in vitro 

 

Using siRNA-mediated depletion, we found I3 silencing to cause a recruitment of 

SDS22 to KNL1-bound PP1 at the kinetochore. This effect coincided with an 

inhibition of PP1 activity at the kinetochore, as evidenced by an increased activating 

phosphorylation of Aurora B kinase at T232 (Eiteneuer et al., 2014). Furthermore, 

transient overexpression of SDS22 also resulted in an accumulation of SDS22 at 

kinetochores, accompanied by an increased Aurora B phosphorylation at T232 

(Eiteneuer et al., 2014). Together, these findings suggest that SDS22, while being 

required for full PP1 activity at the kinetochore, acts inhibitory when quantitatively 

bound to kinetochore-associated PP1. We therefore set out to confirm in vitro 

whether (a) PP1 directly dephosphorylates Aurora B pT232 and whether (b) PP1 

activity towards Aurora B is inhibited by SDS22 binding. Recombinant GST-tagged 

Aurora B in complex with the activating IN-box segment of inner centromere protein 

(INCENP) was purified from E. coli (kindly provided by A. Musacchio, MPI Dortmund). 

In this complex, Aurora B is autophosphorylated at T232 (Santaguida et al., 2010). 

As a control, recombinant GST-tagged Survivin was purified from E. coli, 

phosphorylated at T34 by recombinant Cdk1/Cyclin B (kindly provided by Y. Wang, 

University of Michigan) in vitro, and re-purified. Recombinant, purified PP1 is 

commercially available (New England Biolabs, NEB). Both Aurora B and Survivin 

were incubated either alone or with increasing concentrations of PP1 for 15 min at 

30 °C. The unspecific lambda phosphatase (λPP) (NEB) served as a positive control. 

Phosphorylation of Aurora B at T232 and Survivin at T34 was monitored by Western 

blotting with phospho-specific antibodies. We found Aurora B to be dephosphorylated 

by PP1 in a concentration dependent manner whereas phosphorylation of Survivin 

was largely unaffected by the same PP1 concentrations. Lambda phosphatase 

dephosphorylated both Aurora B and Survivin. This shows that PP1 directly and 

specifically dephosphorylates Aurora B at T232 (Figure 2.5 A). We then went on to 

test if SDS22 inhibits dephosphorylation of Aurora B T232 by PP1. Recombinant His-

tagged SDS22 was purified from Trichoplusia ni Tnao38 cells. Aurora B was 

incubated with PP1 over a time course of 30 min in the presence or absence of 

SDS22. At 0-, 5-, 10-, 20-, and 30-min time points, samples were taken and analyzed 

by Western blotting with phospho-specific antibodies. Upon addition of SDS22, the 

reduction of Aurora B pT232 signal was slowed down and at the 30-min endpoint 
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there was more residual phosphorylation left than in the absence of SDS22, 

indicating that SDS22-binding to PP1 indeed inhibits Aurora B dephosphorylation 

(Figure 2.5 B). To further characterize this inhibition, we incubated Aurora B with PP1 

either alone or with increasing SDS22 concentrations for 15 min at 30 °C. Again, 

phosphorylation levels of Aurora B were monitored by Western blotting, showing that 

SDS22 inhibits Aurora B dephosphorylation in a dose-dependent manner 

(Figure 2.5 C). Experiments equivalent to Figure 3.5 C were done by M. Beullens 

(KU Leuven), using PP1 purified from rabbit skeletal muscle. Since this PP1 was less 

active than recombinant PP1 from NEB, a higher concentration (40 nM) was used in 

these experiments. Western blot signals from 3 independent experiments were 

quantified and normalized to maximum and minimum values. The quantification 

(Figure 2.5 D) shows the dose-dependent inhibition of Aurora B dephosphorylation 

by SDS22 with a half-maximal inhibition at a molar ratio of about 1:2 (PP1:SDS22) at 

the given conditions and concentrations. Consistent with our findings in cells, these 

data provide evidence that binding of SDS22 to PP1 inhibits its activity towards 

Aurora B rather than stimulating it. 
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Figure 2.5 Binding of SDS22 to PP1 inhibits dephosphorylation of Aurora B in vitro. A 

PP1 specifically dephosphorylates Aurora B pT232. Recombinant, autophosphorylated GST-

AurB (left panel) or in vitro phosphorylated GST-Survivin (right panel) was incubated either 

alone or with purified PP1 (NEB) at indicated concentrations at 30 ˚C for 15 min. Lambda 

phosphatase (λPP) (NEB) was used as a positive control. Phosphorylation of AurB at T232 

and Survivin at T34 was detected by Western blotting with phospho-specific antibodies and 

equal loading was confirmed by Ponceau S staining. Note PP1 mediated dephosphorylation 

of AurB, but not of Survivin. B SDS22 inhibits PP1-mediated dephosphorylation of Aurora B 

at T232. Phosphorylated GST-AurB was incubated with purified PP1 (NEB) with or without 

recombinant SDS22, purified from Trichoplusia ni Tnao38 cells, at indicated concentrations 

at 30 ˚C for the indicated time spans. Phosphorylation and equal loading were monitored as 
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in (A). C SDS22 inhibits PP1-mediated dephosphorylation of Aurora B pT232 in a dose-

dependent manner. Phosphorylated GST-AurB was incubated with purified PP1 (NEB) 

without or with the indicated concentration of purified SDS22 at 30 ˚C for 15 min and 

phosphorylation monitored as in (A). Equal loading was monitored with panAurB antibodies. 

D Experiments equivalent to (C) were done by M. Beullens (KU Leuven). 40 nM PP1 purified 

from rabbit skeletal muscle and SDS22 concentrations as in (C) were used. Quantification of 

Western blot signals from three independent experiments normalized to maximum and 

minimum values. Error bars represent s.e.m. 

 

2.1.5 Reduction of SDS22 expression partially reverses the increased Aurora B 

activity on metaphase chromatin caused by I3 depletion 

 

Since we found I3 depletion to cause increased binding of SDS22 to KNL-bound PP1 

at the kinetochore accompanied by increased Aurora B phosphorylation and that 

SDS22 inhibits PP1- mediated dephosphorylation of Aurora B in vitro, we reasoned 

that reduction of SDS22 expression might rescue the effect of I3 depletion on 

Aurora B activity. To test this assumption, HeLa cells treated with siRNA targeting I3 

or luciferase as control for a full period of 48 h were additionally treated with SDS22 

or luciferase siRNA for 24 h prior to fixation. Cells were fixed with formaldehyde and 

stained with antibodies specific for Aurora B pT232 or pan-Aurora B and with DAPI to 

visualize chromatin and analyzed at a spinning disc confocal microscope. The signal 

intensity of Aurora B pT232 and pan-Aurora B on metaphase chromatin was 

monitored. Signal intensities on chromatin were quantified using CellProfiler software 

(Carpenter et al., 2006) by creating a threshold-based mask with the DAPI signal to 

exclude cytoplasmic and centrosomal staining. The mean intensities within these 

DAPI masks were measured and the ratio between phosphorylated Aurora B and 

whole Aurora B protein signal was calculated for 60 cells per condition combined 

from 3 independent experiments. Consistent with former experiments, we observed 

an increase in Aurora B phosphorylation in cells depleted for I3 followed by siLuc 

control depletion compared to cells treated twice with siLuc. Importantly, this effect 

was partially, but significantly, reversed in cells depleted for I3 followed by treatment 

with SDS22 siRNA (Figure 2.6 A and B). 
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Figure 2.6 Reduction of SDS22 expression partially rescues the effect of I3 depletion 

on Aurora B activity. A Increased Aurora B autophosphorylation at T232 upon I3 depletion 

is partially reversed by attenuation of SDS22 expression. HeLa cells were treated with the 

first siRNA (siLuc or siI3) for 48 h and a second (siLuc or siSDS22) for 24 h before fixation as 

indicated. Cells were fixed with formaldehyde and stained with panAurB and AurB pT232 

antibodies and DAPI. Representative spinning disc confocal images are shown. Note the 

unspecific centrosomal staining with the AurB pT232 antibodies. Scale bar,10 μm. B The 

ratio of AurB pT232 versus total AurB signal intensity on metaphase chromatin as in (A) was 

quantified using the software CellProfiler. Box plots show median, lower and upper quartiles 

(line and box), 10th and 90th percentiles (whiskers) and outliers (●).P-values were calculated 

using Mann-Whitney U test (***, p  0.001). Data from three independent experiments with a 

total of 60 cells per condition. 

 

Taken together, the data presented so far show that both SDS22 and I3 are required 

for full PP1 activity at the kinetochore towards Aurora B pT232 and suggest that 

SDS22 could be required for a PP1 activation step prior to PP1 association to KNL1 

at kinetochores, but that it is inhibitory when bound to kinetochore-associated PP1. 

They furthermore suggest that the function of I3 in this process is to keep SDS22-

PP1 in solution to prevent binding of SDS22-associated PP1 to KNL1 at the 

kinetochore. 
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2.2 Part II: Characterization and regulation of the ternary SDS22-PP1-I3 

complex 

 

The data presented in the first part of this thesis show that both SDS22 and I3 are 

required for PP1 function at kinetochores. They are consistent with a model in which 

SDS22 is required for a PP1 activation step in solution preceding PP1 association to 

the kinetochore. Since SDS22 keeps PP1 inactive while bound, it has to dissociate 

prior to the transfer of PP1 to KNL1 at the kinetochore. Our findings furthermore 

suggest that the function of I3 in this process is to keep SDS22-PP1 in solution to 

prevent binding of SDS22-associated PP1 to KNL1 at the kinetochore. Additionally, 

we speculate that I3 might further regulate the SDS22-mediated activation of PP1, 

possibly by facilitating SDS22 dissociation from PP1. Consistent with this model, it 

was shown that I3 can form a heterotrimeric complex with PP1 and SDS22 (Pedelini 

et al., 2007; Lesage et al., 2007). This complex is conserved throughout evolution of 

eukaryotes (Ceulemans et al., 2002) and was shown to be catalytically inactive within 

the cell (Lesage et al., 2007), however, further functions of the complex are not 

known. In the following part we set out to further examine our model and to elucidate 

the role of I3 in regulating SDS22-PP1 association by further characterizing the 

interaction between PP1, SDS22 and I3. 

 

2.2.1 SDS22 and I3 are detected both complex-associated and as monomers in 

gel filtration fractionation of cell lysates 

 

In the study first describing the SDS22-PP1-I3 complex in mammalian cells, gel 

filtration fractionation of HeLa cell extracts showed comigration of the components of 

the complex (Lesage et al., 2007). We first wanted to reproduce this finding. HeLa 

cell extracts were loaded onto a FPLC Superdex 200 10/300 GL gel filtration column 

to separate the contained proteins and protein complexes according to size. 250 µl 

fractions were collected. Aliquots of the input extract and the collected fractions were 

analyzed by Western blotting with SDS22, I3 and PP1γ antibodies. In accordance 

with the experiment published by Lesage et al., we observed comigration of SDS22, 

I3 and PP1γ. Importantly, in addition, we found both SDS22 and I3 eluting in two 

distinct peaks, corresponding to the size of the SDS22-PP1-I3 complex or the 

monomeric forms, respectively. PP1γ eluted in a broader peak, which was expected, 
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since it forms a number of different holoenzymes with a variety of different PiPs. For 

both SDS22 and I3, Western blot signals of the low molecular weight peak were 

stronger than the complex-associated high molecular weight peak, indicating that 

large fractions of both PiPs exist as a free pool within the cell (Figure 2.7). Also, this 

finding established gel filtration fractionation as a suitable experimental approach to 

further examine the association of SDS22 and I3 with PP1 under different conditions. 

 

 

Figure 2.7 Detection of complex-bound and monomeric SDS22 and I3 in gel filtration 

fractionation. HeLa cell extracts were loaded onto a FPLC Superdex 200 10/300 GL gel 

filtration column. Aliquots of the input extract and the collected fractions were analyzed by 

Western blotting with the indicated antibodies. Arrows indicate elution volumes of calibration 

standard proteins (C, Conalbumin, 75 kDa; CA, Carbonic anhydrase, 29 kDa). Note that both 

SDS22 and I3 elute in a high and a low molecular weight peak corresponding to the size of 

the SDS22-PP1-I3 complex or the monomeric forms, respectively. 

 

2.2.2 I3 depletion causes SDS22 to shift towards complex-associated high 

molecular weight fractions in gel filtration fractionation 

 

We next asked how cellular depletion of I3 would affect association of SDS22 to PP1. 

To that end, cell extracts of HeLa cells treated with two different siRNAs targeting I3 

for 48 h were prepared. Luciferase and NIPP1 depleted cells served as controls. First, 

depletion efficiencies were verified by Western blotting (Figure 2.8 A). Next, the cell 

extracts were subjected to gel filtration fractionation on a Superdex 200 10/300 GL 

column and aliquots of the input extract and the collected fractions analyzed by 

Western blotting with SDS22, I3 and PP1γ antibodies. For the luciferase and NIPP1 

depleted controls, we again observed an elution of both SDS22 and I3 in two peaks 

with the monomeric low molecular weight forms being more prominent than the high 
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molecular weight, complex-associated fractions. In the I3 depleted samples, low 

amounts of residual I3 were found entirely in the high molecular weight fractions. 

Importantly, upon I3 depletion we observed a shift of SDS22 towards the high 

molecular weight peak, indicating that I3 depletion increases association of SDS22 to 

PP1. Also, the high molecular weight SDS22 peak was shifted slightly towards later 

elution volumes, which can be explained by the absence of I3 from the SDS22-PP1 

complex (Figure 2.8 B). For one representative experiment as in Figure 3.8 B, 

SDS22 Western blot signals were detected with a Typhoon FLA 9000 imager using 

fluorescence labelled secondary antibodies and quantified, confirming the observed 

distribution between complex-associated and monomeric SDS22 in control conditions, 

as well as the shift towards complex-associated fractions upon I3 silencing (Figure 

3.8 C). This finding suggests that I3 may be required for a dissociation of SDS22 

from PP1. 
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Figure 2.8 siRNA-mediated I3 depletion causes SDS22 to shift towards complex-bound 

high molecular weight fractions in gel filtration fractionation. A HeLa cells were treated 

with the indicated siRNAs for 48 h, then cell extracts were prepared and analyzed by 

Western blotting with the indicated antibodies. p97 served as a loading control. B Cell 

extracts as in (A) were loaded onto a FPLC Superdex 200 10/300 GL gel filtration column. 

Aliquots of the input extracts and the collected fractions were analyzed by Western blotting 

with the indicated antibodies. Arrows indicate elution volumes of calibration standard proteins 

(C, Conalbumin, 75 kDa; CA, Carbonic anhydrase, 29 kDa). Note that a large fraction of 

SDS22 is monomeric in control extracts, but mostly complex-bound upon depletion of I3. C 

Quantification of Western blot signals for SDS22. For one representative experiment as 

in (B), SDS22 signals were detected with a Typhoon FLA 9000 imager using fluorescence 

labelled secondary antibodies. Quantification was done using ImageJ. 

 

2.2.3 High molecular weight SDS22 gel filtration fractions contain SDS22-PP1 

complexes 

 

Next, we wanted to verify (a) the assumption that the high molecular weight fractions 

containing SDS22 and I3 in gel filtration fractionation of HeLa cell extracts comprise 

the SDS22-PP1-I3 complex and (b) the notion that I3 depletion increases SDS22 

binding to PP1. For this purpose we used HeLa cells stably expressing GFP-PP1γ 

(kindly provided by L. Trinkle-Mulcahy; Trinkle-Mulcahy et al., 2003) to allow for 

immunoprecipitation of PP1γ from gel filtration peak fractions using anti-GFP 

nanobodies. Cells were treated with I3 or luciferase siRNAs for 48 h. Expression 

levels of tagged and endogenous PP1γ and of SDS22 and I3 were monitored by 

Western blotting. Expression of GFP-PP1γ was at near endogenous level and the 

depletion of I3 was efficient and did not affect the SDS22 expression level 

(Figure 2.9 A). Cell extracts were subjected to gel filtration fractionation on a 

Superdex 200 10/300 GL column and aliquots of the inputs and the collected 

fractions analyzed by Western blotting with SDS22, I3 and PP1γ antibodies. Again,  

we observed a shift of SDS22 towards the high molecular weight peak upon I3 

depletion. The GFP-PP1γ elution volume peak was about 3 fractions earlier than 

endogenous PP1γ due to its higher molecular weight. I3 depletion did not affect the 

elution pattern of both endogenous and GFP-PP1γ (not shown) (Figure 2.9 B). For 

both the control and the I3 depleted sample, gel filtration fractions containing the high 

molecular weight peak or the low molecular weight peak of SDS22, respectively, 

were pooled and subjected to immunoprecipitation using anti-GFP nanobodies 

coupled to sepharose beads. Precipitates together with 4.5 % inputs were analyzed 

by Western blotting with SDS22, I3 and PP1γ antibodies. GFP-PP1γ was 
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immunoprecipitated from both high molecular weight fractions and low molecular 

weight fractions. Importantly, binding of SDS22 and I3 to GFP-PP1γ could be 

detected in the high molecular weight fractions but not the low molecular weight 

fractions of the control depleted sample, showing that the high molecular weight gel 

filtration peak of SDS22 indeed contains the SDS22-PP1-I3 complex. GFP-PP1γ 

immunoprecipitates from high molecular weight fractions of the I3 depleted sample 

contained SDS22 and a small amount of residual I3. The amount of SDS22 bound to 

GFP-PP1γ immunoprecipitated from I3 depleted high molecular weight fractions was 

increased compared to the luciferase depleted control, hinting again at an increased 

association of SDS22 to PP1 in the absence of I3. However, in this experiment, the 

seemingly increased binding of SDS22 can be at least partially explained by the 

slightly lower amount of GFP-PP1γ isolated from the siLuc control compared to the I3 

depleted sample (Figure 2.9 C). 
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Figure 2.9 SDS22 high molecular weight gel filtration fractions contain SDS22-PP1(-I3) 

complexes. A HeLa cells, stably expressing GFP-PP1γ, were treated with the indicated 

siRNAs for 48 h, then cell extracts were prepared and analyzed by Western blotting with the 

indicated antibodies. p97 served as a loading control. B Cell extracts as in (A) were loaded 

onto a FPLC Superdex 200 10/300 GL gel filtration column. Aliquots of the input extracts and 

the collected fractions were analyzed by Western blotting with the indicated antibodies. 

Arrows indicate elution volumes of calibration standard proteins (C, Conalbumin, 75 kDa).  
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C High molecular weight (HMW) and low molecular weight (LMW) fractions indicated in (B) 

were pooled and used for affinity-isolation of GFP-PP1γ using anti-GFP nanobodies coupled 

to sepharose beads. Input samples (4.5 %) and precipitates were analyzed by Western 

blotting with the indicated antibodies. 

 

2.2.4 Overexpression of I3 increases formation of the SDS22-PP1-I3 complex 

 

As we found an increased association of SDS22 to PP1 upon I3 depletion in gel 

filtration fractionation of cell extracts, we next wanted to test whether overexpression 

of I3 would have the converse effect. A PP1 binding deficient variant of I3 with a 

mutated RVxF motif (I3 VEW41AEA) was used as a negative control. In a prior 

experiment we had shown that this mutation is sufficient to completely abolish 

binding to PP1. To this end, HEK 293 cells were transiently transfected with wild type 

I3 or I3 VEW41AEA, both with an N-terminal HA tag or with an empty control plasmid 

carrying a 3*HA-Strep sequence for 24 h, lysed and subjected to immunoprecipitation 

using HA specific antibodies. Precipitates together with 3 % input and flowthrough 

(FT) samples were analyzed by Western blotting with I3, SDS22 and PP1γ 

antibodies. Indeed, both PP1γ and SDS22 bound to wild type I3 but no association of 

PP1γ or SDS22 above background level was detected with the I3 VEW41AEA 

mutant (Figure 2.10 A). For gel filtration analysis wild type I3 or I3 VEW41AEA, which 

were tagged at the N-terminus with GFP or GFP alone were transiently 

overexpressed in HeLa cells for 48 h. Overexpression of GFP-I3 fusions was verified 

by Western blotting with I3 specific antibodies (Figure 2.10 B). Next, the cell extracts 

were subjected to gel filtration fractionation on a Superdex 200 10/300 GL column 

and aliquots of the input extract and the collected fractions were analyzed by 

Western blotting with SDS22 and GFP antibodies. GFP eluted at a late elution 

volume, corresponding to the molecular weight of GFP monomers. Somewhat 

surprisingly, both GFP-I3 (wild type) and I3 VEW41AEA showed a similar elution 

pattern with appreciable amounts co-eluting with complex-associated SDS22 in high 

molecular weight fractions. However, only wild type I3 overexpression but not 

overexpression of I3 VEW41AEA did affect the elution pattern of SDS22 (see below), 

indicating that co-elution of the I3 mutant with SDS22 was not due to association of 

I3 VEW41AEA to SDS22-PP1. For the GFP-transfected sample we again found 

SDS22 to elute in a high molecular weight peak and a low molecular weight peak, 

representing the complex-associated or the monomeric form, respectively. This 
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elution pattern was largely unaffected by the overexpression of PP1 binding deficient 

GFP-I3 VEW41AEA. Surprisingly, however, overexpression of GFP-I3 (wild type) 

caused a complete loss of the monomeric SDS22 fractions. The total of SDS22 was 

shifted towards the complex-associated high molecular weight peak and the peak 

itself shifted towards an earlier elution volume, due to the higher molecular weight of 

the ternary SDS22-PP1-I3 complex containing GFP-tagged I3 (Figure 2.10 C). 

Contrary to our assumption, this finding indicates that overexpression of I3 leads to 

increased formation of the SDS22-PP1-I3 complex with the total of cellular SDS22 

being incorporated in the complex.   
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Figure 2.10 Overexpression of I3 increases formation of the ternary SDS22-PP1-I3 

complex. A Mutation of the I3 RVxF motif is sufficient to prevent binding of I3 to PP1. 

HEK 293 cells were transfected with HA-tagged wild type I3 or I3 VEW41AEA for 24 h. Cell 

extracts were subjected to immunoprecipitation using anti-HA antibodies. Input and 

flowthrough (FT) samples (2 %) and precipitates were analyzed by Western blotting with the 

indicated antibodies. Asterisks mark unspecific bands. B HeLa cells were transfected with 

wild type I3 or I3 VEW41AEA tagged with GFP or with GFP alone for 48 h, then cell extracts 

were prepared and analyzed by Western blotting with the indicated antibodies. p97 served as 

a loading control. Asterisks mark unspecific bands. C Cell extracts as in (B) were loaded 

onto a FPLC Superdex 200 10/300 GL gel filtration column. Aliquots of the input extracts and 

the collected fractions were analyzed by Western blotting with the indicated antibodies. 

Arrows indicate elution volumes of calibration standard proteins (C, Conalbumin, 75 kDa; CA, 

Carbonic anhydrase, 29 kDa). Asterisks mark unspecific bands. Note that a large fraction of 
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SDS22 is monomeric in control extracts, but completely complex-bound upon overexpression 

of wild type I3. 

 

2.2.5 In vitro reconstitution of the SDS22-PP1-I3 complex 

 

We next wanted to reconstitute the SDS22-PP1-I3 complex in vitro with recombinant 

proteins. Since we found both I3 depletion and I3 overexpression to cause an 

increased association of SDS22 to PP1 in gel filtration fractionation of cell extracts, 

we hoped that the recombinant proteins would provide a means to clarify whether I3 

has a destabilizing or stabilizing effect on SDS22-PP1 association. Furthermore, they 

will be valuable tools for future studies of the ternary complex and its interaction with 

the p97 system (see chapter 2.3). The components of the complex were expressed 

in insect cells using the baculovirus system. Purified PP1-SDS22 heterodimer 

coexpressed from a bicistronic baculovirus vector in Trichoplusia ni Tnao38 cells was 

kindly provided by A. Musacchio (MPI Dortmund). His-SDS22 was espressed in 

Trichoplusia ni Tnao38 cells and His-I3 (wild type) and His-I3 VEW41AEA were 

expressed in Spodoptera frugiperda Sf9 cells and purified by affinity chromatography 

using Ni2+ sepharose columns followed by preparative gel filtration. Figure 2.11 A 

shows Coomassie gels of the purified proteins. As a first application, we wanted to 

test if purified His-I3 would bind to the purified PP1-SDS22 heterodimer and whether 

interaction with His-I3 would destabilize the SDS22-PP1 association. To this end, 

PP1-SDS22 heterodimer was incubated either alone or with a ~7-fold excess of His-

I3 (wild type or VEW41AEA) for 30 min on ice and then loaded onto a Superdex 200 

Increase 5/150 GL gel filtration column. Aliquots of the input and the collected 

fractions were analyzed by Western blotting with antibodies specific for SDS22, PP1γ 

and I3. After incubation and fractionation of PP1-SDS22 alone both SDS22 and PP1 

were detected in one elution volume peak that corresponded to the molecular weight 

of the heterodimer, indicating that binding between PP1 and SDS22 is quite stable. 

This elution pattern was largely unaffected by the addition of either wild type I3 or 

I3 VEW41AEA, suggesting that binding of I3 alone is not sufficient to destabilize the 

interaction between PP1 and SDS22. Importantly, wild type I3 but not I3 VEW41AEA 

was bound to PP1-SDS22 as a large fraction of wild type I3 co-eluted with PP1 and 

SDS22. The elution pattern of wild type I3 showed two distinct peaks, comprising the 

fractions bound to PP1-SDS22 and the monomeric fractions, respectively. I3 
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VEW41AEA entirely eluted in one monomeric peak, confirming again that the 

mutation of the RVxF motif completely abolished binding to PP1 (Figure 2.11 B). 

 

 

Figure 2.11 In vitro reconstitution of the ternary SDS22-PP1-I3 complex. A Recombinant 

SDS22 and PP1-SDS22 (kindly provided by A. Musacchio, MPI Dortmund) expressed in 

Trichoplusia ni Tnao38 cells and I3 (wild type and VEW41AEA) expressed in Spodoptera 

frugiperda Sf9 cells were purified by affinity chromatography using Ni2+ sepharose columns 

followed by preparative gel filtration. Aliquots of the purified proteins were subjected to SDS-

PAGE and coomassie staining. Asterisks mark unspecific bands (in the PP1-SDS22 lane 

presumably Trichoplusia ni I3). B PP1-SDS22 was incubated for 30 min on ice either alone 

or with a ~ 7-fold excess of I3 (wild type or VEW41AEA) and loaded onto a FPLC Superdex 

200 Increase 5/150 GL gel filtration column. Aliquots of the input samples and the collected 

fractions were analyzed by Western blotting with the indicated antibodies. Arrows indicate 
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elution volumes of calibration standard proteins (C, Conalbumin, 75 kDa; CA, Carbonic 

anhydrase, 29 kDa; R, Ribonuclease A, 13.7 kDa).  

 

Together, the results in part II revealed that large fractions of SDS22 and I3 exist in 

the cell in a free form. Overexpression of I3 led to increased formation of the ternary 

SDS22-PP1-I3 complex, however, also cellular depletion of I3 resulted in an 

increased association of SDS22 to PP1, indicating that I3 might be involved in 

dissociating SDS22 from PP1. 
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2.3 Part III: Interaction of p97 and its SEP domain cofactors p37, p47 and 

UBXD4  with the SDS22-PP1-I3 complex 

 

In a mass spectrometry shotgun approach performed in our research group (Ritz et 

al., 2011), PP1γ, SDS22 and I3 were identified as interactors of p97 in human cells. 

In budding yeast, Cdc48/p97 together with its cofactor Shp1 was shown to positively 

regulate Glc7/PP1, thereby balancing Ipl1/Aurora kinase activity (Zhang et al., 1995; 

Cheng & Chen, 2010; Böhm & Buchberger, 2013; Cheng & Chen, 2015). Shp1 was 

also shown to physically interact with Glc7/PP1, Sds22 and Ypi1/I3 in 

immunoprecipitation experiments (Cheng & Chen, 2015). Shp1 is the sole member of 

the SEP domain subfamily of p97 cofactors in budding yeast. In humans four SEP 

domain proteins exist, namely p47, p37, UBXD4 and UBXD5 (Socius). In the 

following part we set out to investigate whether the SDS22-PP1-I3 complex is 

regulated by p97 and which p97 cofactors are involved in this interaction. 

 

2.3.1 The p97 SEP domain cofactors p37, p47 and UBXD4 bind the SDS22-PP1-

I3 complex 

 

We first performed immunoprecipitation and pulldown experiments to examine which 

p97 cofactors bind the SDS22-PP1-I3 complex. p47 was shown to bind SDS22, 

PP1γ and I3 in initial immunoprecipitation experiments done in our lab by S. Bremer. 

Therefore, and given the role of Shp1 in yeast, we focussed on the SEP domain 

cofactors. In a first approach, C-terminal GFP-fusions of p37 and p47 or GFP alone 

were transiently overexpressed in HEK 293 cells for 24 h, followed by cell lysis and 

immunoprecipitation with anti-GFP nanobodies. IP samples together with 1.3 % input 

and flowthrough were analyzed by Western blotting with antibodies specific for GFP, 

p97, SDS22, PP1γ and I3. p37-GFP and p47-GFP were expressed and precipitated 

at comparable levels and both showed specific binding of p97. Importantly, GFP 

fusions of both p37 and p47 showed a weak but specific binding of SDS22, PP1γ and 

I3. Interestingly, all three components of the PP1 complex associated to p37-GFP 

more strongly than to p47-GFP (Figure 2.12 A). Immunoprecipitation experiments 

performed by a master student under my supervision revealed that also UBXD4-GFP 

bound the PP1 complex to a comparable extent as p37-GFP (Th. Petrik, data not 

shown). To address more systematically which p97 SEP domain cofactors bind the 
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SDS22-PP1-I3 complex and to what extent we used HEK 293 Flp-In cell lines 

inducibly expressing each cofactor with a C-terminal SH(Strep-HA)-tag. These cell 

lines were generated in our laboratory by E. Vamos and J. Hülsmann. Expression of 

each p97 SEP domain cofactor (p37, p47, UBXD4 and Socius) and the non-SEP 

domain cofactor Ufd1 as a control was induced in the respective cell lines by addition 

of doxycycline for 24 h. Cells inducibly expressing GFP-SH served as a pulldown 

control. Cell extracts were prepared and subjected to Strep-pulldown with Streptactin 

sepharose beads. Pulldown samples alongside 0.4 % inputs were analyzed by 

Western blotting with HA, p97, SDS22, PP1γ and I3 antibodies. Expression levels of 

the different p97 cofactors varied with p47-SH being expressed most strongly, which 

was reflected by the amounts of co-precipitated p97. No binding of SDS22, PP1γ and 

I3 to either GFP-SH or Ufd1-SH was detected. SH-tagged UBXD4, p37 and p47 all 

bound SDS22, PP1γ and I3, albeit to different extents. Although considerably more 

p47-SH than p37-SH or UBXD4-SH was expressed and pulled down, less of the PP1 

complex was detected in the p47 pulldown. Comparable amounts of the PP1 

complex were bound to p37-SH and UBXD4-SH. Socius showed only a weak 

interaction with SDS22, I3 and PP1γ that was barely above background levels and 

was therefore not considered in further analyses (Figure 2.12 B). It is worth noting 

that the interaction of UBXD4, p37 and p47 with the ternary PP1 complex could be 

shown to be p97 dependent as binding of the complex was abolished in 

immunoprecipitations of GFP-tagged p97-binding-deficient mutants (Th. Petrik, data 

not shown). These findings suggest that UBXD4, p37 and p47 may all function, 

possibly redundantly, in regulating the SDS22-PP1-I3 complex. 
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Figure 2.12 The SEP domain proteins p37, p47 and UBXD4 bind the SDS22-PP1-I3 

complex. A HEK 293 cells were transfected with p37 or p47 C-terminally tagged with GFP or 

with GFP alone for 24 h. GFP- fusions were affinity-isolated from cell extracts using anti-GFP 

nanobodies coupled to sepharose beads. Input and flowthrough (FT) samples (1.3 %) and 

precipitates were analyzed by Western blotting with the indicated antibodies. B Expression of 

the indicated p97 cofactors, C-terminally tagged with Strep-HA (SH), was induced in 

HEK 293 Flp-In cells by addition of doxycycline for 24 h. Cells inducibly expressing GFP-SH 

served as a pulldown control. SH-tagged proteins were affinity-isolated from cell lysates by 

Strep-pulldown using Streptactin sepharose beads. Inputs (0.4 %) and precipitates were 

analyzed by Western blotting with the indicated antibodies. Asterisks mark unspecific bands.  

  



2 Results 

94 
 

2.3.2 Depletions of p97 and p37, p47 and UBXD4, but not of Ufd1 and Npl4, lead 

to accumulation of PP1 complex-bound SDS22 

 

In order to examine how p97 and its SEP domain cofactors p37, p47 and UBXD4 

regulate the SDS22-PP1-I3 complex we again made use of gel filtration fractionation 

of HeLa cell extracts. HeLa cells were depleted of p97, p37, p47 or UBXD4 with in 

each case two different siRNAs for 48 h. Cells treated with non-targeting luciferase 

siRNA or depleted for the non-SEP domain p97 cofactors Ufd1 and Npl4 served as 

controls. Depletion efficiencies for p97, p37, p47, Ufd1 and Npl4 were assessed by 

Western blotting with respective antibodies. All proteins tested were effectively 

downregulated. The depletion efficiency for UBXD4 could not be verified due to lack 

of an antibody. Another western blot of the cell extracts as above was probed for 

SDS22, I3 and PP1γ, showing that depletions of p97 and the SEP domain cofactors 

p37, p47 and UBXD4 did not affect the expression levels of the PP1 complex 

components (Figure 2.13 A). Next, the cell extracts were subjected to gel filtration 

fractionation on a Superdex 200 10/300 GL column and aliquots of the input extract 

and the collected fractions were analyzed by Western blotting with SDS22 antibodies. 

As observed before, in siLuc treated control samples, SDS22 eluted in a high and a 

low molecular weight peak, representing complex-associated and monomeric forms, 

respectively, with the monomeric form being more prominent. Strikingly, p97 

depletions with both siRNAs led to a complete loss of the monomeric peak with the 

total of SDS22 being shifted towards the complex-bound fraction. SEP domain 

cofactor depletions also caused SDS22 to shift towards the complex-bound fraction, 

although the effect was less severe than upon p97 depletion. In contrast, depletions 

of Ufd and Npl4 did not affect the elution pattern of SDS22 (Figure 2.13 B). Taken 

together, these findings suggest that p97 together with its cofactors p37, p47 and 

UBXD4 is involved in dissociating SDS22 from PP1. In preliminary analyses we also 

looked for effects of p97 and SEP domain cofactor depletions on I3 association to 

PP1 but did not observe changes in the elution pattern of I3 (data not shown). 
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Figure 2.13 siRNA-mediated depletions of p97 and SEP domain cofactors, but not of 

Ufd1 and Npl4, lead to accumulation of complex-bound SDS22. A HeLa cells were 

treated with the indicated siRNAs for 48 h, then cell extracts were prepared and analyzed by 

Western blotting with the indicated antibodies. HSP70 served as a loading control. Asterisks 

mark unspecific bands. Note that SEP domain cofactor depletions did not affect expression 

levels of SDS22, I3 and PP1γ. B Cell extracts as in (A) were loaded onto a FPLC Superdex 

200 10/300 GL gel filtration column. Aliquots of the input extracts and the collected fractions 

were analyzed by Western blotting with SDS22 antibodies. Arrows indicate elution volumes 

of calibration standard proteins (C, Conalbumin, 75 kDa). Note the complete loss of 

monomeric SDS22 low molecular weight fractions upon p97 depletion. 

 

2.3.3 Increased PP1 complex-association of SDS22 upon p37 depletion is 

reversed by expression of siRNA resistant p37 

 

We next wanted to verify whether the effect of p97 SEP domain cofactor depletions 

on PP1 complex-association of SDS22 was specific and not due to off-target effects 

of the siRNAs used. To this end, we used the example of p37 depletion with the 

sip37_S2 oligonucleotide. Therefore, we generated a HeLa cell line inducibly 

expressing siRNA-resistant p37 with a 3*HA-Strep tag. Murine p37 cDNA carrying 

3 nucleotide mismatches compared to the p37 siRNA fused to a 3*HA-Strep tag was 

cloned into a pcDNA5/FRT/TO vector and transfected into parental HeLa Flp-In cells 

(kindly provided by U. Kutay, ETH Zurich). Single clones were selected and tested for 

expression of p37RNAiRes-3*HA-Strep upon doxycycline treatment. Indeed p37RNAiRes-

3*HA-Strep was expressed upon addition of doxycycline and was able to bind 

endogenous p97 as verified by immunoprecipitation (data not shown). Figure 2.14 A 

shows a Western blot of the p37 restoration experiment. HeLa Flp-In p37RNAiRes-

3*HA-Strep cells were depleted for p37 or control depleted for luciferase for 48 h. 

24 h prior cell lysis expression of p37RNAiRes was induced or not. The western blot 

was probed with antibodies specific for p37 and p97. p37RNAiRes was strongly 

overexpressed compared to endogenous p37. Importantly, upon p37 siRNA 

treatment, endogenous p37 was effectively downregulated also in the background of 

p37RNAiRes expression and the p37RNAiRes expression level was largely unaffected by 

the siRNA treatment. Next, cell extracts as in Figure 3.14 A were subjected to gel 

filtration fractionation on a Superdex 200 10/300 GL gel filtration column and aliquots 

of inputs and collected fractions analyzed by Western blotting with SDS22 antibodies. 

For the uninduced, siLuc treated control sample we again observed an elution of 

SDS22 in a high molecular weight (PP1 complex-associated) and a low molecular 
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weight (monomeric) peak with the monomeric fraction being more prominent. p37 

depletion in uninduced cells again led to a shift of SDS22 towards the complex-

associated fraction. Importantly, this effect was reversed upon p37RNAiRes 

overexpression, ruling out an off-target effect. Remarkably, upon p37RNAiRes 

overexpression in the control depletion background, SDS22 was shifted further 

towards the monomeric fraction, providing another piece of evidence for a p97-p37 

mediated dissociation of SDS22 from the PP1 complex (Figure 2.14 B).  
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Figure 2.14 Expression of an siRNA-resistant p37 cDNA restores the effect of p37 

depletion on SDS22-PP1-I3 complex formation.. A Western blot of p37 restoration 

experiment. HeLa Flp-In cells inducibly expressing siRNA-resistant mouse p37 were treated 

with the indicated siRNAs for 48 h. Transgene expression was induced by addition of 

doxycycline for 24 h prior lysis or not. B  Cell extracts as in (A) were loaded onto a FPLC 

Superdex 200 10/300 GL gel filtration column. Aliquots of the input extracts and the collected 

fractions were analyzed by Western blotting with SDS22 antibodies. Arrows indicate elution 

volumes of calibration standard proteins (C, Conalbumin, 75 kDa). Note that the SDS22 shift 

towards complex-bound high molecular weight fractions upon p37 depletion is reversed after 

induction of p37RNAiRes expression. 

 

2.3.4 PP1 inhibition combined with p97 SEP domain cofactor depletions does 

not show synergistic effects on cell proliferation and viability 

 

Since we found p97 with its SEP domain cofactors p37, p47 and UBXD4 to be 

involved in regulating the SDS22-PP1-I3 complex by facilitating dissociation of 

SDS22 from PP1, we reasoned that these p97 cofactors could play a role in the 
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SDS22- and I3-mediated regulation of PP1 at the kinetochore during mitotic 

chromosomal alignment (see chapter 2.1) and thus be required for balancing Aurora 

B kinase activity. To test this hypothesis, we used siRNA-mediated depletions of the 

SEP domain cofactors followed by immunofluorescence stainings for Aurora B pT232 

and total Aurora B protein. However, so far, using single depletions of either p37, p47 

or UBXD4 we did not detect an increase of either Aurora B phosphorylation or total 

Aurora B protein level on metaphase chromatin (data not shown). We therefore 

decided to try a more general approach to test for a functional interaction between 

PP1 and the p97 SEP domain cofactors. To this end, we combined PP1 inhibition by 

NIPP1-fm overexpression (Winkler et al., 2015) (see chapter 2.1.1) with siRNA-

mediated depletions of SEP domain cofactors and assessed for cell proliferation and 

viability using a colorimetric MTS assay in order to detect possible synergistic or 

additive effects. In a first approach, HeLa Flp-In NIPP1-fm cells grown in 96 well 

plates were depleted for p37, p47 and UBXD4 with two different siRNAs each or for 

SDS22 for 72 h and full overexpression of NIPP1-fm was induced by addition of 

1 µg/ml doxycycline or not for 48 h prior to analysis. We previously had observed 

cytotoxic effects in cells treated with the sip37_S2 oligonucleotide (data not shown). 

In contrast to the specific phenotypes observed upon p37 depletion with the 

sip37_S2 siRNA (see chapters 2.3.3 and 2.4.2), these cytotoxic effects could not be 

rescued with an siRNA-resistant cDNA and where therefore most likely due to an off-

target effect. Therefore, sip37_S1 and sip37_S3 siRNAs were used in this 

experiment. siLuc control depletion and depletion of the non-SEP domain p97 

cofactor UBXD1 served as negative controls. As an internal control for the 

measurement and for the efficiency of siRNA treatment a cell death control siRNA 

targeting ubiquitously expressed genes essential for cell survival (Qiagen) was 

included. To control whether effects upon NIPP1-fm overexpression are due to PP1 

inhibition, the experimental setup was reproduced using cells inducibly expressing 

the PP1 binding deficient NIPP1-Fm+Pm. 1 h prior to measurement MTS reagent 

was added to the cells and the OD 490 nm was measured on an automated plate 

reader and normalized to uninduced, untransfected controls. Upon treatment with the 

cell death control siRNA the OD 490 nm was reduced by about 90 % compared to 

untreated controls, indicating that the siRNA treatment was efficient and the 

measurement was reliable. Overexpression of NIPP1-Fm without siRNA treatment 

led to a reduction of the OD 490 nm by almost 50 % whereas overexpression of 
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NIPP1-Fm+Pm had no effect, confirming that PP1 inhibition reduces cell proliferation 

and survival (Winkler et al., 2015). siRNA mediated depletions also caused reduced 

proliferation and / or survival as the OD 490 nm was decreased between 12 % 

(siUBXD4_S2) and 37 % (siSDS22) (also treatment with the non-targeting luciferase 

control siRNA caused a reduction of the OD 490 nm by about 27 %). Nevertheless, 

we did not observe additive or synergistic effects when combining NIPP1-Fm 

overexpression with both SEP domain cofactor or SDS22 depletions (Figure 2.15 A). 

We reasoned that this might be due to the strong overexpression of NIPP1-Fm 

already causing a full inhibition of PP1. Since the expression level of the NIPP1 

fusions was tunable depending on the doxycycline concentration, as evidenced by 

Western blotting with GFP antibodies (Figure 2.15 C), the experimental setup was 

repeated using a milder expression of NIPP1-Fm (induction for 24 h prior analysis 

with 0.5 ng/ml doxycycline). As expected, also the effect on cell proliferation and / or 

viability upon mild induction of NIPP1-Fm expression was weaker, as the OD 490 nm 

was only decreased by about 12 % compared to uninduced controls. As in the 

previous experiment, SDS22 depletion had a stronger effect on the proliferation 

and / or survival rates than control and p97 cofactor depletions. However, again, we 

did not observe synergistic or additive effects when combining NIPP1-Fm expression 

with SDS22 or p97 SEP domain cofactor depletions (Figure 2 15 B). 
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Figure 2.15 Inhibition of PP1 combined with siRNA-mediated depletion of p97 SEP 

domain cofactors does not show synergistic effects on cell proliferation and viability. 

MTS cell proliferation & viability assay. HeLa Flp-In T-Rex cells inducibly expressing GFP-

fusions of the PP1 inhibitor NIPP1-Fm or of the PP1 binding deficient mutant NIPP1-Fm+Pm 

as a control were grown in 96 well plates and treated with the indicated siRNAs for 72 h. 

Expression of NIPP1 fusions was induced by addition of the indicated doxycycline 

concentrations for the indicated time spans, followed by addition of MTS reagent and 

incubation at 37 ˚C for 1 h. The OD 490 nm was measured on an automated plate reader 

and normalized to uninduced, untransfected controls. Graphs show single experiments with 

technical triplicates. Error bars represent s.d. A  Expression of NIPP1 fusions was induced 

by addition of 1 µg/ml doxycycline for 48 h prior to analysis. B Expression of NIPP1 fusions 

was induced by addition of 0.5 ng/ml doxycycline for 24 h prior to analysis. C Tunable 

expression of NIPP1 fusions. Expression of GFP-fusions of NIPP1-Fm or NIPP1-Fm+Pm 

was induced by addition of the indicated doxycycline concentrations for 48 h. Cell extracts 

were prepared and analyzed by Western blotting with GFP and p97 antibodies. p97 served 

as a loading control. 

 

Taken together, using co-immunoprecipitations, we could show that p97 with either of 

the SEP domain cofactors UBXD4, p37 or p47 binds the SDS22-PP1-I3 complex. 

Furthermore, gel filtration fractionation analyses indicate that p97 complexes with 

both UBXD4, p37 or p47 are involved in dissociating SDS22 from PP1. However, so 

far, we did not find evidence for a p97 SEP domain cofactor-mediated regulation of 

PP1 at the kinetochore nor could we detect synergistic or additive effects when 

combining PP1 inhibition with siRNA-mediated SEP domain cofactor depletions. 
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2.4 Part IV: The role of the p97 SEP domain cofactors p37 and p47 in mitotic 

spindle orientation 

 

UBXN-2 is the sole CDC-48/p97 SEP domain cofactor in Caenorhabditis elegans. It 

has highest sequence homology with p47 but lacks, like p37 and UBXD4, an N-

terminal UBA domain (Schuberth & Buchberger, 2013). We contributed to a study on 

mitotic functions of UBXN-2 and its mammalian orthologs p37 and p47 that was 

mainly done by E. Kress and colleagues in M. Gotta’s laboratory. In this study, 

UBXN-2 was shown to be involved in the regulation of centrosome maturation timing 

and mitotic spindle positioning in C. elegans embryos (Kress et al., 2013). The data 

obtained by E. Kress and colleagues in M. Gotta‘s laboratory suggest that CDC-48-

UBXN-2 regulates these processes by dissociating AIR-1/Aurora A kinase from 

centrosomes during prophase, thereby limiting its net recruitment. siRNA-mediated 

depletions of p37 alone and p37/p47 double depletions in human cells done in 

P. Meraldi’s group caused an accumulation of Aurora A at centrosomes during 

centrosome separation in prophase, a delay in centrosome separation as well as 

rotating and misoriented mitotic spindles (Kress et al., 2013), suggesting that the role 

of UBXN-2 in mitotic regulation is conserved. As our contribution to the study by 

Kress et al., we investigated the mitotic localization and functions of p37 and p47. 

 

2.4.1 p97 SEP domain cofactors p37 and p47 localize to mitotic centrosomes 

 

Given the role of UBXN-2 in regulating the centrosomal recruitment of Aurora A 

kinase (Kress et al., 2013), we wanted to investigate whether p37 and p47 localize to 

mitotic centrosomes. We did not test for the localization of UBXD4 since we did not 

consider it at this time and in the context of this study. We used transient 

overexpressions of p37 and p47 GFP-fusions. Using live cell imaging and 

formaldehyde fixations with or without preextraction, we did not observe a specific 

localization of either p37-GFP or p47-GFP to mitotic centrosomes (data not shown). 

However, using methanol fixation, we observed a specific enrichment of p37-GFP 

and p47-GFP at mitotic centrosomes. HeLa cells were transiently transfected with 

p37-GFP, p47-GFP or GFP alone for 48 h, fixed with ice-cold methanol and stained 

with γ-tubulin antibodies to visualize centrosomes and with DAPI before imaging at a 

spinning disc confocal microscope. We found both p37-GFP and p47-GFP to be 
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enriched at centrosomes from prophase to metaphase (Figure 2.16 A). GFP alone, 

however, was also enriched at mitotic centrosomes in a certain number of cells. 

Figure 2.16 B shows a quantification of cells with enriched centrosomal GFP signal. 

Centrosomal localization was observed in 85.7 % of p37-GFP expressing cells, 

52.9 % of p47-GFP expressing cells and in 26.2 % of GFP expressing cells. 
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Figure 2.16 The p97 SEP domain cofactors p37 and p47 are enriched at mitotic 

centrosomes. A HeLa cells were transfected with p37 or p47 C-terminally tagged with GFP 

or with GFP alone for 48 h, fixed with methanol and stained with γ-tubulin antibodies and 

DAPI. Representative spinning disc confocal images of prophase and metaphase cells are 

shown. Arrows indicate the centrosomes in GFP panels. Scale bar, 10 µm. B Quantification 

of (A). Centrosomal localization is observed in 85.7 % of p37-GFP expressing cells (n = 56), 

52.9 % of p47-GFP expressing cells (n = 68) and 26.2 % of GFP expressing cells (n = 61). 

Data combined from two independent experiments. 

 

2.4.2 p37 depletion causes mitotic spindle orientation defects 

 

We then went on to examine mitotic phenotypes upon p37 and p47 depletion. HeLa 

cells were treated with siRNAs targeting p37 or p47 or with a non-targeting control 

siRNA (siControl) for 48 h, methanol fixed and stained with γ-tubulin antibodies and 

DAPI before analysis at a spinning disc confocal microscope. We observed an 

increase of metaphase cells with chromosomal misalignments upon p37 depletion 

(data not shown). Furthermore, and consistent with findings of P. Meraldi’s group 

(Kress et al., 2013), single depletion of p37 but not p47 led to an increased number 

of cells with an aberrant mitotic spindle orientation. Consistent with previous studies 

(Toyoshima & Nishida, 2007; Thoma et al., 2009), in control depleted cells the mitotic 

spindle generally oriented parallel to the substratum. In contrast, in p37 depleted 

cells, the orientation of the spindle towards the substratum strongly varied. Figure 

2.17 A shows 3D representations of Z-stack confocal images of representative p37 or 

control depleted anaphase cells. We next wanted to verify whether this phenotype is 

p37 specific and not due to an off-target effect of the siRNA used (sip37_S2). For the 

restoration experiment we again used our HeLa Flp-In p37RNAiRes-3*HA-Strep cells.  

Cells were p37 or control depleted for 48 h and expression of p37RNAiRes was induced 

by addition of doxycycline for 34-40 h prior analysis or not. Depletion of endogenous 

p37 and p37RNAiRes overexpression was confirmed by Western blotting (Figure 2.17 

B). For analysis of the phenotype, cells were methanol fixed and stained for γ-tubulin 

and DAPI. The spindle orientation in anaphase cells was scored visually in 3 

independent experiments with n ≥ 74 cells per condition. Anaphase spindles with 

both centrosomes not visible in one focal plane were scored as misoriented. Under 

control conditions, about 10 % of the cells had misoriented spindles. p37 depletion 

caused a significant increase of cells with misoriented spindles (27.54 %; p < 0.0001, 

using Fisher’s exact test). Importantly, the phenotype was largely and significantly 



2 Results 

107 
 

(p < 0.01, using Fisher’s exact test) rescued by p37RNAiRes overexpression 

(Figure 2.17 C), ruling out an off-target effect and confirming that p37 is required for 

proper mitotic spindle orientation. 

 

Figure 2.17 siRNA-mediated p37 depletion causes mitotic spindle orientation defects. 

A HeLa cells, treated with siControl or sip37_S2 siRNAs for 48 h, were fixed with methanol 

and stained with γ-tubulin antibodies and DAPI. Z-stack series of representative anaphase 

cells were taken at a spinning disc confocal microscope and 3D representations were 

generated using the software Imaris. Scale bar, 2 µm. Note that the mitotic spindle is 

oriented parallel to the substratum under control conditions and rotated in the z plane upon 

p37 depletion. B Western blot of p37 restoration experiment. HeLa Flp-In p37RNAiRes-3*HA-

Strep cells were treated with the indicated siRNAs for 48 h. Transgene expression was 

induced by addition of doxycycline for 36 h prior lysis or not. Asterisks mark unspecific bands. 

C Restoration of the p37 spindle rotation phenotype. HeLa Flp-In p37RNAiRes-3*HA-Strep cells 

were siRNA treated as in (A) and transgene expression was induced by addition of 

doxycycline for 34-40 h prior fixation or not. Cells were fixed with methanol and stained with 

γ-Tubulin antibodies and DAPI. The spindle orientation in anaphase cells was scored visually 

in 3 independent experiments with n ≥ 74 cells per condition. Error bars represent s.d. P-

values were calculated using Fisher’s exact test (****, p  0.0001; **, p  0.01; n.s., not 

significant). 
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Together, the data presented in this part show that the p97 SEP domain cofactors 

p37 and p47 localize to centrosomes during mitosis and that p37 is required for 

proper mitotic spindle positioning. 
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3 Discussion 

 

The results presented here and in our study (Eiteneuer et al., 2014) make an 

important contribution to better understanding the regulation of PP1. In the following, 

I am going to discuss the complex functional relationship of SDS22 and I3 in 

regulating kinetochore-associated PP1. Additionally, I will discuss our findings that 

suggest a p97-mediated regulation of the ternary SDS22-PP1-I3 complex. 

 

Our findings reveal a more complex role of SDS22 in regulating kinetochore-

associated PP1 than previously reported. In agreement with two previous 

independent studies (Posch et al., 2010; Wurzenberger et al., 2012), we find SDS22 

to be required for kinetochore-associated PP1 function in counteracting Aurora B 

kinase, thereby ensuring proper chromosome alignment and progression through 

mitosis. However, in contrast to findings by J. Swedlow’s research group (Posch et 

al., 2010), we show that SDS22 does not quantitatively localize to the kinetochore 

under normal conditions and that it does not function as a substrate specifier or 

targeting factor of PP1 at the kinetochore. Instead, whereas being required for PP1 

function at the kinetochore, SDS22 inhibits the activity of kinetochore-associated PP1 

when quantitatively bound.  

 

Furthermore, we show for the first time that also I3 is required for the regulation of 

PP1 function at the kinetochore in human cells. By forming a ternary complex with 

SDS22-PP1, I3 limits the association of SDS22 with KNL1-bound PP1 at the 

kinetochore, thereby ensuring PP1 activity and thus balancing of Aurora B kinase. 

Based on our findings, we propose a model in which SDS22 functions as a PP1 

chaperone or maturation factor, mediating a PP1 activation step in solution that is 

followed by SDS22 dissociation and binding of activated PP1 to KNL1 at the 

kinetochore. I3 keeps SDS22-PP1 in solution, preventing association of SDS22-PP1 

with KNL1 and may regulate or contribute to SDS22-mediated activation of PP1 

and / or SDS22 dissociation from activated PP1. Our model predicts SDS22 and I3 to 

have a more general role in PP1 function and homeostasis, possibly mediating PP1 

biogenesis and / or maintenance. 
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Findings in yeast have implicated the AAA ATPase Cdc48/p97 with its SEP domain 

cofactor Shp1 in positively regulating PP1 (Zhang et al., 1995; Cheng & Chen, 2010; 

Böhm & Buchberger, 2013; Cheng & Chen, 2015). Interaction studies furthermore 

suggest that Cdc48/p97-Shp1 acts on the ternary Sds22-PP1-Ypi1/I3 complex, 

however, the underlying mechanism has remained elusive (Cheng & Chen, 2015). 

The data presented here show that this interaction is conserved in humans and 

provide first indications on how p97 with its SEP domain cofactors p37, UBXD4 and 

p47 regulates the ternary SDS22-PP1-I3 complex. Our findings are consistent with a 

role of p97 SEP domain cofactor-complexes in regulating PP1 by dissociating SDS22 

from the ternary PP1 complex. While we are just beginning to unravel the role of p97 

in regulating PP1, the data presented here provide important first insights that may 

point to a significant general mechanism in controlling PP1 homeostasis and 

holoenzyme composition. 

 

3.1 The complex role of SDS22 in regulating PP1 activity at the kinetochore 

 

Two independent studies have previously investigated the role of SDS22 in 

regulating kinetochore-associated PP1 in human cells (Posch et al., 2010; 

Wurzenberger et al., 2012). Consistent with findings in yeast, their data provide 

evidence for a positive role of SDS22 for PP1 activity at the kinetochore and its 

function in balancing Aurora B (Peggie et al., 2002; Pedelini et al., 2007; Posch et al., 

2010; Wurzenberger et al., 2012). Consistent with compromised PP1 function at the 

kinetochore, both Swedlow and colleagues and Gerlich and colleagues found siRNA-

mediated depletion of SDS22 to cause an imbalanced Aurora B activity, 

accompanied by chromosome segregation defects (Posch et al., 2010; 

Wurzenberger et al., 2012). However, their findings differ in two important points. 

Whereas Swedlow and colleagues reported that SDS22 localizes to kinetochores 

from prometaphase to anaphase and found it to be required for PP1 targeting to 

kinetochores (Posch et al., 2010), Gerlich and colleagues did not detect SDS22 at 

the kinetochore (D. Gerlich, personal communication), which is consistent with 

findings by two other research groups (Liu et al., 2010; M. Bollen, personal 

communication). Furthermore, data by Swedlow and colleagues and Gerlich and 

colleagues differ on whether SDS22 affects Aurora B activity and / or Aurora B 

substrate dephosphorylation. While Swedlow and colleagues observed an increase 
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in Aurora B phosphorylation at T232 upon SDS22 depletion (Posch et al., 2010), 

indicating that SDS22-regulated PP1 directly regulates Aurora B activity, Gerlich and 

colleagues did not detect an increase in Aurora B T232 phosphorylation, but 

increased Aurora B substrate phosphorylation (Wurzenberger et al., 2012), 

suggesting that PP1 acts downstream of Aurora B.  

 

Our data confirm that SDS22 is required for proper chromosome alignment, as 

evidenced by alignment defects (Eiteneuer et al., 2014) and SAC activation 

(Figure 2.2) upon SDS22 depletion. In agreement with findings by Swedlow and 

colleagues (Posch et al., 2010), we observe an increase in Aurora B T232 

phosphorylation upon SDS22 depletion (Figure 2.1), indicating that Aurora B activity 

is regulated directly by SDS22-regulated PP1. In addition, we detect a slight increase 

in total Aurora B protein level at metaphase centromeres and persistence of Aurora B 

at centromeres during anaphase in cells depleted of SDS22 (or I3) (Eiteneuer et al., 

2014). This may be explained by a feedback loop between Aurora B and PP1-Repo-

Man, as active Aurora B promotes its own targeting by inhibitory phosphorylation of 

Repo-Man, thereby preventing dephosphorylation of the CPC targeting site histone 

H3 pT3 (Qian et al., 2013). Furthermore, using an in vitro dephosphorylation assay, 

we show for the first time that PP1 indeed directly and specifically dephosphorylates 

Aurora B at T232 (Figure 2.5 A). 

 

However, our findings argue against a direct role of SDS22 in regulating kinetochore-

associated PP1, since we do not detect SDS22-GFP at kinetochores when 

expressed at near endogenous levels (Eiteneuer et al., 2014). Furthermore, we do 

not observe a decrease in PP1 localization at the kinetochore upon SDS22 depletion 

(Eiteneuer et al., 2014), speaking against a role of SDS22 as a PP1 targeting factor 

to the kinetochore. This finding is in contrast to the study by Swedlow and colleagues 

(Posch et al., 2010) that characterizes SDS22 as a kinetochore-targeting PiP, and 

consistent with a study showing that KNL1 functions as the major anchor for PP1 at 

the kinetochore as it is essential for bulk recruitment of PP1 to kinetochores (Liu et al., 

2010). However, while we find SDS22 to be absent from kinetochores under control 

conditions, SDS22 does have the ability to localize to the kinetochore under certain 

conditions. We find SDS22 to localize to kinetochores when overexpressed 

(Eiteneuer et al., 2014). Different expression levels are likely to explain the conflicting 
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results reported on SDS22 localization (Posch et al., 2010; Rodrigues et al., 2015; 

Liu et al., 2010). More importantly, SDS22 becomes recruited to kinetochores upon 

I3 depletion, indicating that I3 limits SDS22 association to kinetochores (Eiteneuer et 

al., 2014). We show that SDS22 binding to kinetochores is mediated by KNL1-

associated PP1 as PP1 binding-deficient SDS22 mutants do not localize to 

kinetochores when overexpressed and kinetochore-recruitment of SDS22 in I3 

depleted cells is abolished upon co-depletion of KNL1 (Eiteneuer et al., 2014). We 

corroborate this finding biochemically by immunoprecipitation of a soluble KNL1 

fragment containing the RVxF PP1 binding motif, detecting a low basal level of 

SDS22 associating with KNL1-bound PP1 under control conditions that is markedly 

increased upon I3 depletion (Figure 2.4). 

 

We therefore conclude that SDS22 does not act as a targeting factor or substrate 

specifier for PP1 at the kinetochore. Instead, our findings suggest that SDS22 inhibits 

PP1 activity at the kinetochore when quantitatively bound as both overexpression of 

wild type SDS22 as well as I3 depletion lead to an increase of Aurora B T232 

phosphorylation (Eiteneuer et al., 2014) (Figure 2.6). The finding that attenuation of 

SDS22 expression partially reverses the effect of I3 depletion on Aurora B 

phosphorylation furthermore confirms that I3 depletion indeed negatively affects 

kinetochore-associated PP1 activity through increased SDS22 binding to 

kinetochore-bound PP1 (Figure 2.6). In addition, we show that SDS22 inhibits PP1 

mediated dephosphorylation of Aurora B at T232 in vitro (Figure 2.5). These results 

are consistent with previous findings that SDS inhibits PP1 activity in vitro (Lesage et 

al., 2007) and with findings in yeast, where SDS22 acts as a dosage suppressor of a 

temperature sensitive ipl1/Aurora mutant (Pinsky et al., 2006). 

 

The seemingly contradictory findings that SDS22 is required for PP1 activity at the 

kinetochore, yet it inhibits PP1 when bound are best explained by a model in which 

SDS22 functions as a PP1 chaperone or maturation factor. We propose that SDS22 

is required for PP1 activation by binding and stabilizing an inactive structural 

intermediate of PP1. Consistent with this hypothesis, Sds22 is essential in budding 

yeast and has been shown to be required for the structural integrity of Glc7/PP1 in 

the W303 yeast background strain (Pedelini et al., 2007; Cheng & Chen, 2015). 

SDS22 is one of the most ancient PiPs (Ceulemans et al., 2002a). Unlike RVxF 
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motif-containing PiPs, SDS22 binds to PP1 via its leucine-rich repeats and in close 

proximity to the catalytic site of PP1 (Ceulemans et al., 2002b). SDS22-binding has 

profound effects on the conformation of PP1, as SDS22-binding has been shown to 

convert PP1 into an inactive form that is sensitive to trypsin digestion in vitro (Lesage 

et al., 2007). Recently, α4, a PP2A interactor, has been characterized as a PP2A 

chaperone (Jiang et al., 2013). PP2A is structurally related to PP1 and, like PP1, has 

two catalytic metal ions incorporated in the active site (Bollen et al., 2010; Jiang et al., 

2013) α4 was shown to bind and stabilize an inactive, latent form of PP2A (Jiang et 

al., 2013). Removal of the catalytic metal ions from the PP2A active site increases 

α4-binding to PP2A (Jiang et al., 2013). α4 may help recharge PP2A with metal ions 

and was found to be essential for the cellular activity of PP2A (Jiang et al., 2013). 

Our findings, together with structural and biochemical data from M. Bollen’s research 

group (Ceulemans et al., 2002b; Lesage et al., 2007), suggest that SDS22 may have 

a similar function with regard to PP1. SDS22 may be required for the biogenesis of 

newly synthesized PP1 and / or for PP1 regulation and maintenance after 

biosynthesis, possibly by facilitating (re)charging with catalytic metal ions, or keep a 

fraction of PP1 bound and inactive as part of a regulatory mechanism. In any case, 

and consistent with our data, SDS22 would be required for PP1 activation, but keep 

PP1 in an inactive state while bound. In order to further strengthen this hypothesis, it 

will be interesting to examine whether inactive and / or metal ion binding deficient 

forms of PP1 exhibit an increased binding to SDS22. Furthermore, and critically, it 

will be important to determine whether depletion of SDS22 affects further PP1-

mediated functions, as is to be expected for a PP1 chaperone. In a recent study by 

B. Baum’s research group, SDS22 was shown to be required for the 

dephosphorylation of moesin at the polar cell cortex during anaphase, thereby 

promoting polar relaxation in human and Drosophila cells (Rodrigues et al., 2015). 

Like Swedlow and colleagues (Posch et al., 2010), Baum and colleagues detected 

SDS22 at kinetochores, using an overexpression construct, and therefore interpret 

their finding as a function of kinetochore-associated SDS22-PP1 (Rodrigues et al., 

2015). Alternatively, and consistent with our model, impaired moesin 

dephosphorylation and polar relaxation upon SDS22 depletion may be due to a 

general impairment of PP1 function in the absence of SDS22. However, we cannot 

rule out the possibility that SDS22 may have a role as a PP1 substrate specifier in 

particular pathways, as Baum and colleagues find ectopic targeting of SDS22 to the 
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polar cell cortex to cause premature cortical relaxation during metaphase (Rodrigues 

et al., 2015). This is in line with biochemical findings by M. Bollen’s research group 

that show that SDS22 can not only convert PP1 into an inactive conformation, but 

also transiently inhibit PP1 in a substrate-dependent manner (Lesage et al., 2007). 

 

3.2 I3 limits association of SDS22-bound PP1 to KNL1 at the kinetochore 

 

The data presented here, together with further findings of our study from 2014 

(Eiteneuer et al., 2014), explore for the first time the role of I3 in mitosis in human 

cells and reveal its functional relationship to SDS22 in regulating kinetochore-

associated PP1. Our findings reconcile seemingly contradictory results in yeast, 

where both mutations and overexpression of Sds22 or Ypi1/I3 can rescue the 

temperature sensitivity of an ipl1/Aurora mutant (Peggie et al., 2002; Bharucha et al., 

2008; Pinsky et al., 2006; Pedelini et al., 2007). Like SDS22, we find I3 to be required 

for proper chromosome alignment and balancing of Aurora B activity by kinetochore-

bound PP1 (Eiteneuer et al., 2014) (Figure 2.6). Since I3, like KNL1, binds PP1 via 

an RVxF motif, an obvious assumption would be that I3 may regulate PP1 

association to kinetochores by competing with KNL1 for PP1 binding. Indeed, we find 

I3 overexpression to cause a displacement of PP1 from kinetochores, accompanied 

by an increase in Aurora B activity (Eiteneuer et al., 2014). This finding likely explains 

why I3 can act as a dosage suppressor of a temperature sensitive ipl1/Aurora mutant 

in yeast (Pedelini et al., 2007). However, this effect is not specific for I3, and likely not 

physiologically relevant, as also overexpression of the unrelated RVxF motif 

containing PiP NIPP1 leads to PP1 displacement from kinetochores and increased 

Aurora B activity (Eiteneuer et al., 2014). Furthermore, we find that I3 depletion does 

not increase PP1 binding to KNL1 (Figure 2.4), suggesting that I3 does not regulate 

the total level of PP1 bound to KNL1 at the kinetochore. Instead, and rather 

unexpectedly, we find I3 depletion to cause a quantitative association of SDS22 with 

KNL1-bound PP1 at kinetochores, which leads to inhibition of PP1 activity at the 

kinetochore (Eiteneuer et al., 2014) (Figure 2.6). This effect is specific to I3, as 

depletion of NIPP1 does not affect SDS22 localization and Aurora B activity 

(Eiteneuer et al., 2014), and can be recapitulated biochemically by 

immunoprecipitation of a soluble KNL1 fragment containing the KNL1 RVxF motif. 

Consistent with our observations in cells, I3 depletion does not affect the amount of 
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PP1 co-isolated with the KNL1 fragment but specifically and markedly increases the 

amount of associated SDS22 (Figure 2.4). These findings can be explained by the 

fact that I3 can form a ternary complex with SDS22-PP1 in solution and preferentially 

binds SDS22-PP1 rather than binding PP1 alone (Lesage et al., 2007; Pedelini et al., 

2007). I3 therefore is required for sequestering SDS22-PP1, thus preventing binding 

of SDS22-PP1 to KNL1 at kinetochores and thereby allowing for kinetochore-

recruitment of active, SDS22-free PP1. In addition to its requirement for keeping 

SDS22-PP1 in solution, we find indications that I3 is required for a removal of SDS22 

from PP1, as we detect an increased association of SDS22 with PP1 upon I3 

depletion using gel filtration chromatography of cell lysates (Figure 2.8). We 

speculate that I3 may regulate or contribute to an SDS22-mediated activation of PP1 

and / or facilitate SDS22 dissociation from activated PP1 (see chapter 3.3). Taken 

together, based on our findings, we propose a model (Figure 3.1), in which SDS22 

binds and stabilizes an inactive form of PP1. SDS22 may thereby activate inactive or 

newly synthesized PP1, possibly by facilitating (re)charging of PP1 with catalytic 

metal ions. I3 specifically binds to SDS22-associated PP1 until PP1 is activated and 

SDS22 dissociates, thus preventing binding of inactive SDS22-PP1 to KNL1 at the 

kinetochore. This allows for binding of active, SDS22-free PP1 to KNL1 at the 

kinetochore that can fulfill its function in dephosphorylating and counteracting Aurora 

B kinase. 
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Figure 3.1 Model for the role of SDS22 and I3 in regulating kinetochore-associated PP1. 

SDS22 binds inactive, possibly newly synthesized PP1 and is required for its activation, but 

keeps it in an inactive intermediate state while bound. I3 binds SDS22-PP1 in solution, 

thereby preventing its association with KNL1 at the kinetochore and may contribute to PP1 

activation or facilitate SDS22 dissociation from (activated) PP1. Sequestration of SDS22-PP1 

by I3 allows for binding of active, SDS22-free PP1 to the kinetochore. Depletion of I3 leads to 

binding of inactive SDS22-PP1 to KNL1 at the kinetochore, which then fails to properly 

counteract Aurora B. The asterisk denotes active PP1. (Eiteneuer et al., 2014). 

 

Our model predicts SDS22 and I3 to have a broader role in PP1 function and 

homeostasis, possibly mediating PP1 biogenesis and / or maintenance. This is 

supported by findings in budding yeast, where both Sds22 and Ypi1/I3 are essential 

for survival and have been shown to be required for the structural integrity of 

Glc7/PP1 (Pedelini et al., 2007; Cheng & Chen, 2015). However, using siRNA-

mediated depletion of SDS22 or I3, we do not detect major pleiotropic defects (data 

not shown). Furthermore, the effects of SDS22 or I3 knockdown on Aurora B activity 

and chromosome alignment and segregation are relatively mild when compared to 

global cellular inhibition of PP1 (Eiteneuer et al., 2014; Winkler et al., 2015) 

(Figure 2.1). This may indicate that SDS22 and I3 merely control a subpopulation of 

PP1 as part of a specific regulatory mechanism, or, more likely, may be explained by 

an incomplete knockdown efficiency. This important question may be solved in future 

studies by generating (conditional) knockout cell lines for SDS22 and I3. 
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3.3 How does I3 regulate SDS22-PP1? 

 

Our findings show that I3 sequesters SDS22-associated PP1, thereby preventing 

binding of inactive SDS22-PP1 to KNL1 at kinetochores. In addition, we find 

indications that I3 is involved in regulating the association of SDS22 with PP1. Using 

gel filtration chromatography of cell lysates, we reveal that large fractions of both 

SDS22 and I3 exist as a free pool within the cell, while only a portion is bound in a 

ternary complex with PP1 (Figures 2.7 & 2.9). Moreover, and unexpectedly, we 

detect an increased association of SDS22 with PP1 upon I3 depletion 

(Figures 2.8 & 2.9), suggesting that I3 is involved in dissociating SDS22 from PP1. 

This finding is rather counterintuitive, as interactions of SDS22 and I3 with PP1 were 

suggested to be most stable when both PiPs are present, based on yeast triple 

hybrid approaches. (Pedelini et al., 2007; Lesage et al., 2007). Increased association 

of SDS22 with PP1 in the absence of I3 within the cell may be explained by one of 

two possible mechanisms. I3 may function as a protein dissociation or exchange 

factor and directly promote the dissociation of SDS22 from PP1, or, I3 may be 

required for an SDS22-mediated activation of PP1, possibly functioning as a co-

chaperone. In this case, a lack of I3 would prevent an activation of SDS22-bound 

PP1 and therefore lead to a persistent binding of SDS22 to the inactive PP1 

intermediate, while the removal of SDS22 from (activated) PP1 would require 

additional factor(s). A role of a “protein exchange factor“ has recently been described 

for Cand1 (cullin-associated and neddylation-dissociated protein 1), a known 

interactor of Cullin-RING E3 ubiquitin ligases (CRLs) (Pierce et al., 2013). CRLs are 

multisubunit complexes that are typified by so-called SCF (Skp1, cullin and F box) 

complexes (Petroski & Deshaies; 2005; Dye & Schulman, 2007). SCF ubiquitin 

ligases comprise four subunits, namely the scaffold Cul1, the RING domain protein 

Rbx1 (the E3 ligase), the adaptor Skp1, and an F box protein that functions as a 

substrate receptor (Petroski & Deshaies; 2005; Dye & Schulman, 2007). Cand1 

associates with SCF complexes and thereby directly facilitates the dissociation and 

dynamic exchange of substrate-specifying Skp1-F box protein subcomplexes, thus 

regulating the cellular composition of SCF complexes (Pierce et al., 2013). By 

analogy, I3 might facilitate the dissociation of SDS22 from (activated) PP1, allowing 

for a dynamic formation of new PP1 holoenzymes. However, a number of findings 

speak against this hypothesis. Consistent with yeast triple hybrid data (Pedelini et al., 
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2007; Lesage et al., 2007), we find overexpression of I3 to cause an increased 

formation of the SDS22-PP1-I3 complex, with the total of cellular SDS22 being 

incorporated in the complex (Figure 2.10), suggesting a quite stable interaction. 

Furthermore, using recombinant proteins, we do not detect a destabilization of the 

SDS22-PP1 heterodimer upon addition and binding of I3. (Figure 2.11). In contrast, 

Cand1 and Skp1-F box protein subcomplexes antagonize each other’s binding to 

Cul1-Rbx1 as an excess of Cand1 generally disrupts the formation of SCF 

complexes within the cell (Pierce et al., 2013). We therefore conclude that I3 most 

likely does not function as a direct dissociation or exchange factor for SDS22. 

Alternatively, we propose that I3 may regulate or contribute to an SDS22-mediated 

activation of PP1, possibly functioning as a co-chaperone. In this scenario, depletion 

of I3 would lead to persistent SDS22-PP1 binding due to impaired processing and 

activation of PP1, while the removal of SDS22 from (activated) PP1 would be 

mediated by other factor(s), most likely p97 complexes (see chapter 3.4). In addition 

to its RVxF motif, I3 contains another PP1-interaction site between residues 65-77 

that is required for I3-mediated inhibition of PP1 in vitro and has been suggested to 

bind at or near the active site of PP1 (Zhang et al., 2008). In contrast to SDS22, in 

vitro binding and inhibition of PP1 by I3 alone does not induce major conformational 

changes of PP1 (Lesage et al., 2007). These properties of I3 may to a certain extend 

resemble those of PTPA (PP2A phosphatase activator), a PP2A activation 

chaperone (Guo et al., 2014). Unlike the PP2A chaperone α4 that binds and 

stabilizes a latent, partially unfolded PP2A intermediate, PTPA binds and stabilizes 

an inactive, but properly folded form of PP2A (Jiang et al., 2013; Guo et al., 2014). 

PTPA makes extensive contacts with structural elements surrounding the active site 

of PP2A and facilitates recharging of PP2A with catalytic metal ions in an ATP-

dependent manner (Guo et al., 2014). α4 and PTPA could therefore act in concert, 

mediating refolding of PP2A and chelation of catalytic metal ions, respectively (Jiang 

et al., 2013; Guo et al., 2014). By analogy, one may speculate that SDS22 and I3 

may be required together for a (re)activation of PP1, possibly by preventing PP1 

misfolding and facilitating chelation of catalytic ions, respectively. 

 

An important open question is whether the PP1 complex formation with SDS22 and 

I3 is specifically regulated during mitosis. Four residues within the second PP1 

interaction site of I3 are phosphorylated during mitosis (Zhang et al., 2008; Dephoure 
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et al., 2008), suggesting a mitotic regulation of I3 binding to PP1. Interestingly, we 

observe a substantial loss of both SDS22- and I3-association with PP1 in lysates of 

nocodazole treated cells (data not shown). This may indicate a mitosis-specific 

reduction in SDS22-PP1-I3 complex formation, however, given our findings on the 

importance of SDS22 and I3 in the regulation of kinetochore-associated PP1, this 

interpretation seems unlikely. An alternative, more plausible explanation could be 

that SDS22 and I3 may function in PP1 biogenesis and mainly bind newly 

synthesized PP1. Halted protein synthesis during mitosis and the prolonged 

metaphase arrest by nocodazole treatment would hence explain the loss of SDS22-

PP1-I3 complex formation. 

 

3.4 The role of p97 and its SEP-domain cofactors in regulating the ternary 

SDS22-PP1-I3 complex 

 

In budding yeast, it is established that the Cdc48/p97 SEP domain-containing 

cofactor Shp1 (suppressor of high copy PP1) is required for Glc7/PP1 activity and 

integrity (Zhang et al., 1995; Cheng & Chen, 2010; Böhm & Buchberger, 2013; 

Cheng & Chen, 2015). Cdc48/p97-Shp1 is essential for Glc7/PP1 function in 

counteracting Ipl1/Aurora kinase (Cheng & Chen, 2010; Böhm & Buchberger, 2013). 

Furthermore, shp1 mutations have been shown to cause an overall loss of Glc7/PP1 

catalytic activity (Zhang et al., 1995), impairment in Glc7/PP1 holoenzyme assembly 

(Böhm & Buchberger, 2013), and misfolding and aggregation of newly synthesized 

Glc7/PP1 (Cheng & Chen, 2015). The underlying mechanism, however, has 

remained elusive. Intriguingly, Cdc48/p97-Shp1 transiently binds the Sds22-

Glc7/PP1-Ypi1/I3 complex, suggesting that Cdc48/p97-Shp1 may regulate Glc7/PP1 

by modulating or remodeling the ternary Glc7/PP1 complex (Cheng & Chen, 2015). 

We show here that this interaction is conserved in human cells. Using co-

immunoprecipitations, we find that the three mammalian Shp1 orthologs p37, UBXD4 

and p47 bind the SDS22-PP1-I3 complex (Figure 2.12), although to different extents, 

and that this interaction is p97-dependent (data not shown). This is consistent with 

findings by J.W. Harper and colleagues who find both p97 and the SEP domain 

cofactors p37 and UBXD4 to interact with PP1 catalytic subunits as well as SDS22 

and I3 in a mass spectrometry survey (Raman et al., 2015). Importantly, our findings 

provide an indication that p97 complexes with the SEP domain cofactors p37, 



3 Discussion 

120 
 

UBXD4 and p47 function in regulating PP1 by dissociating SDS22 from the ternary 

SDS22-PP1-I3 complex, as we observe an increased association of SDS22 to the 

PP1 complex in cell lysates depleted of p97 or either of the three Shp1 orthologs, 

with a complete loss of a monomeric SDS22 fraction upon p97 depletion 

(Figures 2.13 & 2.14). Taking into account our findings and our model on the role of 

SDS22 and I3 in regulating PP1, this suggests that p97 SEP domain cofactor-

complexes may function in PP1 biogenesis and / or maintenance by segregating 

SDS22 from the ternary PP1 complex once newly synthesized and / or inactive PP1 

has been activated. This is in contrast to a model proposed by Cheng and Chen, 

which suggests Cdc48/p97-Shp1 to be required for the assembly of the Sds22-

Glc7/PP1-Ypi1/I3 complex rather than its disassembly (Cheng & Chen, 2015). Their 

model is based on findings that shp1, as well as sds22 and ypi mutations lead to the 

misfolding and insoluble aggregation of Glc7/PP1 in the W303 yeast background 

strain, with Sds22 being absent from these aggregates and remaining in solution 

(Cheng & Chen, 2015). These findings, however, may also be explained by a 

requirement of Cdc48/p97-Shp1 for a dissociation of Sds22 from PP1. In this 

scenario, a lack of functional Cdc48/p97-Shp1 would lead to a persistent binding and 

sequestration of Sds22 to a fraction of Glc7/PP1. Therefore, newly synthesized 

and / or inactive Glc7/PP1 would not be processed by Sds22, leading to Glc7/PP1 

misfolding and aggregation. 

 

An important open question is whether p97-mediated dissociation of SDS22-PP1(-I3) 

leads to recycling and / or degradation of the complex components and whether it is 

ubiquitination-dependent. We do not observe major changes in the cellular level of 

SDS22, PP1γ and I3 upon depletion of p97 or p37, p47 or UBXD4 (Figure 2.13 A), 

speaking for an (at least largely) non-degradative dissociation of SDS22 from the 

ternary PP1 complex by p97. Furthermore, we observe an increase of free 

monomeric SDS22 upon overexpression of p37 (Figure 2.14 B), supporting the 

notion of a non-degradative extraction of SDS22 from the PP1 complex. Glc7/PP1 

aggregates observed by Cheng and Chen in shp1, sds22, or ypi1 mutant yeast cells 

require the proteasome for clearance, however, total Glc7/PP1 levels are reduced in 

Shp1-depleted W303 yeast cells, suggesting that Cdc48/p97-Shp1 is not required for 

the clearance of misfolded Glc7/PP1 (Cheng & Chen, 2015). Thus far, we have been 

unable to determine which component of the SDS22-PP1-I3 complex mediates the 



3 Discussion 

121 
 

interaction with p97 (data not shown). Interaction studies in yeast indicate that 

Cdc48/p97-Shp1 binds the ternary Glc7/PP1 complex via Sds22 (Cheng & Chen, 

2015), which would be consistent with a role of Cdc48/p97 in dissociating Sds22 from 

Glc7/PP1. Cheng and Chen have been unable to detect ubiquitinated forms of Sds22, 

Ypi1/I3 or Glc7/PP1 and have found the Shp1 UBA domain to be dispensable for a 

normal cellular localization of Glc7/PP1 and for cell viability, suggesting that Cdc48-

Shp1 may act on the Glc7/PP1 complex in a ubiquitin-independent manner (Cheng & 

Chen, 2015). Furthermore, SDS22, I3 and PP1 have not been detected in a global 

mass spectrometry screen for protein ubiquitination in HEK293 cells (Xu et al., 2010). 

However, Glc7/PP1 has been found to be ubiquitinated in two independent mass 

spectrometry screens in yeast (Peng et al., 2003; Starita et al., 2012). In the case of 

the related phosphatase PP2A, binding of the chaperone α4 has been shown to 

stabilize the catalytic subunit and protect it from polyubiquitination and degradation 

(Jiang et al., 2013; Kong et al., 2009; McConnell et al., 2010). One may speculate 

that p97 and SDS22 (and I3) may act in concert in a quality control mechanism for 

PP1 that would lead to either the activation of PP1 and its assembly into different 

holoenzymes or its ubiquitination-dependent degradation.  

 

While we find indications that p97 SEP domain cofactor-complexes regulate PP1 by 

dissociating SDS22, we have so far failed to find evidence for a p97 SEP domain 

cofactor-mediated regulation of PP1 activity at the kinetochore, as we do not observe 

an increase in Aurora B T232 phosphorylation in cells depleted of either p37, p47 or 

UBXD4 (data not shown). Furthermore, we do not observe synergistic or additive 

effects when combining siRNA-mediated depletion of individual p97 SEP domain 

cofactors with a (partial) inhibition of cellular PP1 (Figure 2.15). This may be due to 

the relatively mild effect of SEP domain cofactor depletions on SDS22-PP1 

association when compared to p97 depletion (Figure 2.13) and may point to (partially) 

redundant functions of p37, p47 and UBXD4. In the case of Aurora B activity, another 

possible explanation may be that depletions of SEP domain cofactors might lead to a 

shift in p97 complex formation towards p97-Ufd1-Npl4. p97-Ufd1-Npl4 is known to 

extract Aurora B from chromatin (Ramadan et al., 2007; Dobrynin et al., 2011), which 

could counteract a possible effect on Aurora B activity due to impaired PP1 activity at 

the kinetochore. Interestingly, depletion of p47, the by far most abundant p97 SEP 

domain cofactor (Beck et al., 2011) does not exhibit a stronger effect on SDS22-PP1 
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association than depletions of either p37 or UBXD4 (Figure 2.13). Furthermore, p47 

seems to exhibit a lower binding affinity for SDS22-PP1-I3 when compared to p37 

and UBXD4 (Figure 2.12) (Raman et al., 2015), suggesting that p47 may play a 

minor role in regulating the SDS22-PP1-I3 complex. Combined depletions of the SEP 

domain cofactors and generation of knockout cell lines shall help to better 

understand the roles of the individual Shp1 orthologs in future studies. 

 

 

3.5 The role of the p97 SEP-domain cofactors p37 and p47 in mitotic spindle 

orientation 

 

Whereas we have thus far failed to clarify a possible role of p97 SEP domain 

cofactors in regulating Aurora B, we have contributed to a study that shows that 

UBXN-2 in C. elegans embryos, as well as p37 and, to a lesser extent, p47 in human 

cells are involved in the regulation of Aurora A kinase at the centrosome (Kress et al., 

2013). Depletion of UBXN-2 in C elegans embryos, as well as depletion of p37 in 

human cells, leads to an increased accumulation of Aurora A at centrosomes during 

early prophase, accompanied by centrosome maturation and separation defects and 

aberrant mitotic spindle orientation (Kress et al., 2013). Depletion of p47 did not 

result in these phenotypes, but aggravated them when co-depleted with p37 (Kress 

et al., 2013), suggesting that the human p97 SEP domain cofactors may have (only) 

partially overlapping functions. These findings suggest that CDC-48-UBXN-2 in C 

elegans and p97-p37 in human cells function by dissociating AIR-1/Aurora A kinase 

from centrosomes during prophase and thus limiting its net recruitment, thereby 

regulating centrosome maturation and spindle positioning (Kress et al., 2013). In this 

context, we show that p37 and p47 localize to centrosomes during mitosis 

(Figure 2.16) and that siRNA-mediated depletion of p37 causes mitotic spindle 

orientation defects (Figure 2.17 A). This phenotype is specific, as it can be rescued 

by the expression of an siRNA-resistant p37 variant (Figure 2.17 B). An increase in 

Aurora A accumulation and, therefore, activity at the centrosome upon p37 depletion 

may suffice to explain the effect on spindle orientation, as Aurora A is required for 

correct spindle positioning by controlling cortical targeting of NuMA, an adaptor of the 

microtubule motor dynein/dynactin and a key regulator of spindle functions (Gallini et 

al., 2016). Cortical targeting of NuMA requires its Aurora A mediated phosphorylation 
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and ectopic targeting of NuMA to the cortex restores spindle orientation defects upon 

Aurora A inhibition (Gallini et al., 2016). Furthermore, also ectopic targeting of NuMA 

to the cell cortex alone leads to spindle orientation defects, suggesting that Aurora A 

activity needs to be tightly balanced in order to achieve correct spindle positioning 

(Gallini et al., 2016). However, an important open question remains whether the p97-

p37-mediated regulation of mitotic spindle orientation involves PP1. This seems 

plausible, since Aurora A and PP1 antagonize each other (Katayama et al., 2001; 

Ohashi et al., 2006). Furthermore, cortical targeting of NuMA and spindle orientation 

has been shown to depend on the phosphorylation state of the membrane-actin 

linkers ezrin/radixin/moesin (ERM) (Machicoane et al., 2014). Interestingly, 

dephosphorylation of ERM proteins is mediated by PP1 and requires SDS22 

(Grusche et al., 2009; Rodrigues et al., 2015), pointing to a possible link of SDS22-

regulated PP1 to mitotic spindle orientation. 
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4 Material and methods 

 

4.1 Cloning 

 

PCR reactions were done using PfuUltra II Fusion HS DNA Polymerase (Agilent 

Technologies) or Phusion® High-Fidelity DNA Polymerase (New England Biolabs, 

NEB) according to each supplier’s protocol. For insertion of point mutations into 

plasmid DNA, the QuickChange site-directed mutagenesis kit (Agilent Technologies) 

was used. For restriction digestions, DNA dephosphorylation reactions and DNA 

ligations, enzymes from NEB were used according to the manufacturer’s 

recommendations. The NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) 

was used for DNA extraction from agarose gels and for purification of PCR products. 

For plasmid amplification, chemically competent E. coli DH5-α, XL1-blue or TOP10 

cells were transformed according to standard procedures. Amplified plasmid DNA 

was purified using the NucleoSpin® Plasmid kit (Macherey-Nagel) and the 

NucleoBond® Xtra Maxi kit (Macherey-Nagel). Generated plasmids were verified by 

control restriction digestion and sequencing (GATC Biotech).  

 

4.2 Plasmids and constructs 

 

Table 4.1 DNA constructs used in this study. 

 

  

name vector insert tag species source database entry

pcDNA 3.1(+) 3xHA-Strep pcDNA 3.1(+) 3xHA-Strep S. Bremer, Essen 614

pcDNA 5/FRT/TO 3xHA-Strep pcDNA 5/FRT/TO 3xHA-Strep A. Riemer, Essen 548

pcDNA 5/FRT/TO GFP pcDNA 5/FRT/TO GFP A. Eiteneuer, Essen 506

pcDNA 3.1(+) HA-I3 pcDNA 3.1(+) I3 HA human M. Welti, Zurich 426

pcDNA 3.1(+) HA-I3 VEW41AEA pcDNA 3.1(+) I3 HA human M. Welti, Zurich 432

pcDNA 5/FRT/TO GFP-I3 pcDNA 5/FRT/TO I3 GFP human A. Eiteneuer, Essen 606

pcDNA 5/FRT/TO GFP-I3 VEW41AEA pcDNA 5/FRT/TO I3 GFP human A. Eiteneuer, Essen 607

pFH His-I3 pFH I3 His human A. Musacchio, Dortmund 769

pFH His-I3 VEW41AEA pFH I3 His human this study 977

pFH His-SDS22 pFH SDS22 His human A. Musacchio, Dortmund 771

pEGFP p37-GFP pEGFP-N3 p37 GFP mouse this study 563

pcDNA 5/FRT/TO p37-3xHA-Strep pcDNA 5/FRT/TO p37 3xHA-Strep mouse this study 564

pcDNA 5/FRT/TO p37-GFP pcDNA 5/FRT/TO p37 GFP mouse this study 762

pGEX-4T1 GST-p37 pGEX-4T1 p37 GST mouse this study 760

pIRES-puro2b p47-3xHA-Strep pIRES-puro2b p47 3xHA-Strep rat D. Ritz, Zurich 452

pcDNA 5/FRT/TO p47-GFP pcDNA 5/FRT/TO p47 GFP rat this study 763

pET41 GST-Survivin pET41 Survivin GST human S. Knauer, Essen

pOG44 pOG44 Flp-Recombinase Invitrogen 197

pOPINE anti-GFP nanobody pOPINE anti-GFP nanobody His camel M. Bollen, Leuven 765
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pFH His-I3VEW41AEA 

pFH His-I3VEW41AEA (clone 977) was generated by site-directed mutagenesis of 

pFH His-I3 (clone 769) with primers 458 and 459 (Table 4.2) 

 

p37 constructs 

Mouse p37 cDNA (IMAGE clone 30637967) was amplified by PCR with primers 715 

and 717 introducing BamH1 restriction sites at both 3‘ and 5‘ ends. The amplified 

cDNA was cloned into pEGFP-N3 (Clontech) to generate clone 563. To generate 

clones 564, 762 and 760, the p37 sequence was subcloned into 

pcDNA 5/FRT/TO 3xHA-Strep, pcDNA 5/FRT/TO GFP and pGEX-4T1, respectively, 

using BamH1 restriction sites. 

 

p47 constructs 

Rat p47 cDNA (Meyer et al., 2000) was subcloned from clone 452 into the BamH1 

site of pcDNA 5/FRT/TO GFP to generate clone 763. To that end, a BamH1 

restriction site was introduced at the 3‘ end of the p47 sequence by site-directed 

mutagenesis with primers 1132 and 1133. 

 

pOPIN anti-GFP nanobody 

The bacterial expression vector for anti-GFP nanobodies was a kind gift from 

M. Bollen and was originally generated by Alexandrov and colleagues (Kubala et al., 

2010). 

 

Table 4.2 DNA primers used in this study. 

 

 

4.3 Antibodies 

 

Antibodies used in this study for immunofluorescence and Western blotting are listed 

in Table 4.3. Polyclonal antisera to I3 were raised in rabbits against a C-terminal 

database entry orientation sequence

458 for GCCAGAGAAAAAGGCAGAAGCGACAAGTGACACTG

459 rev CAGTGTCACTTGTCGCTTCTGCCTTTTTCTCTGGC

715 for TGACCTGGATCCATGGGGGAGGGTGGCCGT

717 rev AGTTCATGGATCCTTTTAGCTGTTGGAGTATCACA

1132 for CAAGCTTCGAATTCGGATCCATGGCGGAGG

1133 rev CCTCCGCCATGGATCCGAATTCGAAGCTTG
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peptide (aa 115-126 DPSQPPPGPMQH) and affinity-purified (Eurogentec, animal no. 

SA7263). Polyclonal antisera to p37 were raised in rabbits against a bacterially 

expressed GST fusion of mouse p37 (BioGenes, animal no. 20880) and affinity 

purified using AffiGel resin (Bio-Rad) to which GST-p37 was covalently bound. 

 

Table 4.3 Antibodies used for immunofluorescence and Western blotting. 

 

 

Anti-GFP nanobodies 

Anti-GFP nanobodies were expressed in E. coli BL21 and affinity purified with Ni-

NTA Superflow beads (Qiagen), followed by preparative gel filtration on a 

primary antibodies                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

antigen species dilution IF dilution WB source

Aurora B mouse 1:500  - BD Biosciences, 611082

Aurora B rabbit  - 1:5000 R. Bruderer, Zurich, serum 55

Aurora B pT232 rabbit 1:1000 1:2500 Rockland, 600-401-677

BubR1 mouse 1:1000  - Millipore, MAB3612

CREST human 1:400  - Antibody Inc, 15-234-0001

GFP mouse  - 1:500 Roche, 118144600001

HA mouse  - 1:1000 Covance, clone 16B12

HSC70 mouse  - 1:10000 Santa Cruz, sc-7298

I3 rabbit  - 1:500 this study

NIPP1 rabbit  - 1:500 Sigma-Aldrich, HPA027452

Npl4 rabbit  - 1:500 H. Meyer, HME16, serum

p37 rabbit  - 1:100 this study

p47 rabbit  - 1:2000 H. Meyer, HME22, serum

p97 rabbit  - 1:2000 H. Meyer, HME08, serum

PP1γ goat  - 1:500 Santa Cruz, sc-6108

SDS22 goat  - 1:500 Santa Cruc, sc-162164

Survivin pT34 rabbit  - 1:2500 Novus Biologicals, NB500-236

Ufd1 mouse  - 1:500 BD Biosciences, 611966

γ-tubulin mouse 1:200  - Sigma-Aldrich, clone GTU-88

                                                                                                                                                                                          

secondary antibodies                                                                                                                                                                                                                                                         

antigen species dilution IF dilution WB source

mouse IgG Alexa 488 goat 1:500  - Invitrogen, A11001

mouse IgG Alexa 568 goat 1:500  - Invitrogen, A11031

mouse IgG Alexa 633 goat 1:500  - Invitrogen, A21052

rabbit IgG Alexa 568 goat 1:500  - Invitrogen, A11011

human IgG Alexa 488 goat 1:500  - Invitrogen, A11013

goat IgG Alexa 633 donkey  - 1:1000 Invitrogen, A21082

mouse IgG HRP goat  - 1:10000 Bio-Rad, 170-6516

rabbit IgG HRP goat  - 1:10000 Bio-Rad, 160-6515

goat IgG HRP mouse  - 1:10000 Santa-Cruz, sc-2354
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HiLoad 16/600 Superdex75 prep grade column (GE). Purified nanobodies were 

covalently coupled to NHS-activated Sepharose 4 Fast Flow (GE) at 2 mg per ml 

bead slurry. 

 

4.4 Generation and maintenance of cell lines 

 

All human cell lines were maintained in a humidified incubator at 37 °C and 5 % CO2. 

HeLa Kyoto and HEK 293 cells were grown in DMEM (PAN Biotech) supplemented 

with 10 % FCS (PAN Biotech) and 1 % penicillin/streptomycin (PAN Biotech). 

HeLa Flp-In GFP-NIPP1-fm and GFP-NIPP1-fm+pm cell lines were a kind gift from 

M. Bollen (Winkler et al., 2015) and were maintained in DMEM supplemented with 

10 % tetracycline free FCS (PAN Biotech), 1 % penicillin/streptomycin as well as 

200 µg/ml hygromycin B (PAA) and 5 µg/ml blasticidin S (PAA). HeLa Kyoto cells 

stably expressing full length mouse KNL1 with a C-terminal LAP-tag (Localization 

and Affinity Purification tag, containing GFP and an S-peptide) from a BAC under 

control of its endogenous promotor were a kind gift from A. Hyman and were grown 

in DMEM supplemented with 10 % FCS, 1 % penicillin/streptomycin, 2mM L-

glutamine (Thermo Fisher) and 250 µg/ml G418 (PAA). HeLa Flp-In T-Rex GFP-

KNL1 (1-250) and HeLa Flp-In T-Rex GFP cells were a kind gift from A. Musacchio 

(Krenn et al., 2013) and were grown in DMEM supplemented with 10 % tetracycline 

free FCS, 1 % penicillin/streptomycin, 2 mM L-glutamine and additionally 250 µg/ml 

hygromycin B and 4 µg/ml blasticidin S. HeLa cells stably expressing GFP-PP1γ 

were kindly provided by L. Trinkle-Mulcahy (Trinkle-Mulcahy et al., 2003) and grown 

in DMEM supplemented with 10 % FCS, 1 % penicillin/streptomycin and 200 µg/ml 

G418. HEK 293 Flp-In cell lines inducibly expressing Strep-HA fusions of p37, p47, 

UBXD4, UBXD5, Ufd1 and GFP were generated in our laboratory by E. Vamos and 

J. Hülsmann. These cell lines were maintained in DMEM supplemented with 10 % 

tetracycline free FCS, 1 % penicillin/streptomycin, 100 µg/ml hygromycin B and 

15 µg/ml blasticidin S. A HeLa Kyoto cell line inducibly expressing mouse p37 

(HeLa Flp-In p37RNAiRes-3xHA-Strep) was generated based on the Flp-In system 

(Invitrogen). Parental HeLa Flp-In cells stably expressing HA-tagged tetracycline 

repressor (TetR) and H2B-mCherry (kindly provided by U. Kutay, ETH Zurich) were 

co-transfected with the pOG44 Flp-recombinase plasmid (Invitrogen) and 

pcDNA 5/FRT/TO p37-3xHA-Strep in a 9:1 ratio. 24 h post transfection, cells were 
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selected with 150 µg/ml hygromycin B. Single clones were picked and seeded in 

96 well plates and expanded. Inducible expression of mouse p37-3xHA-Strep was 

verified by Western blotting. The resulting HeLa Flp-In p37RNAiRes-3xHA-Strep cells 

were maintained in DMEM supplemented with 10 % tetracycline free FCS, 1 % 

penicillin/streptomycin, 150 µg/ml hygromycin B and 0.5 µg/ml puromycin (Millipore). 

Transgene expression in all Flp-In cell lines was induced by addition of doxycycline 

(Sigma-Aldrich) at 1 µg/ml, unless stated otherwise. 

 

4.5 Transfections 

 

HEK 293 cells were DNA transfected at 60–80 % confluence using a Ca3(PO4)2 

based protocol and grown for 24 h before analysis. For transfection of a 10 cm dish, 

10 µg plasmid DNA were diluted in 1095 µl sterile ddH2O, followed by addition of 

155 µl 2 M CaCl2. 1250 µl 2x HBS buffer (270 mM NaCl, 10 mM KCl, 1.5 mM H2PO4, 

10 mM glucose, 40 mM HEPES, pH 7.05) were added dropwise and mixed by 

inverting the reaction tube 10 times. Without further incubation, the transfection mix 

was added dropwise onto the cells. For DNA transfections of HeLa cells, the JetPEI 

transfection reagent (Polyplus-transfection) was used according to the 

manufacturer’s protocol. HeLa cells were transfected at 50–60 % confluence and 

grown for 48 h before analysis. 0.5 µg plasmid DNA and 2 µl jetPEI transfection 

reagent or 7 µg plasmid DNA and 15 µl jetPEI transfection reagent were used for 

transfections of 22 mm diameter wells (12 well plate) or 10 cm dishes, respectively. 

 

4.6 RNA interference (RNAi) experiments 

 

For RNAi experiments, cells were transfected with siRNAs at 30–40 % confluence 

using the Lipofectamine RNAiMAX transfection reagent (Invitrogen) according to the 

manufacturer’s instructions. Cells were either seeded one day in advance (forward 

transfection) or simultaneously with siRNA transfection (reverse transfection). For 

immunofluorescence experiments, final siRNA concentrations of 10 nM were used 

with the exception of the sip37_S2 and siControl oligonucleotides (Figure 2.17) that 

were transfected at a final concentration of 30 nM. For the MTS cell proliferation and 

viability assay, cells grown in 96 well plates were transfected with final siRNA 

concentrations of 20 nM. For biochemical analyses, cells grown in 10 cm dishes were 
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transfected with final siRNA concentrations of 18 nM. Unless otherwise stated, cells 

were siRNA treated for 48 h before analysis. siRNAs were purchased from 

Microsynth, Dharmacon (Dharmacon ON-TARGETplus) or Qiagen as detailed in 

Table 4.4 and diluted to 20 µM stock solutions. All siRNA duplexes contained 3‘ dTdT 

overhangs. 

 

Table 4.4 siRNA oligonucleotides used in this study. 

 

 

4.7 Immunofluorescence staining 

 

For immunofluorescence experiments, HeLa Kyoto and HeLa Flp-In p37RNAiRes-3xHA-

Strep cells were grown on 18 mm glass cover slips in 12 well culture dishes. 

HeLa Flp-In GFP-NIPP1 cells were grown on poly-L-lysine coated cover slips 

(Kleinfeld Labortechnik). For fixation, cells were washed with PBS and then fixed with 

4 % formaldehyde in PBS for 15 min or with ice-cold methanol (stored at -20 °C) for 5 

min at room temperature. Cells were then washed 3 times for 5 min each in PBS and 

permeabilized in 0.1 % Triton X-100 in PBS for 10 min followed by another 3 washing 

steps in PBS. For blocking, cells were incubated in 3 % BSA (Applichem, Albumin 

Fraction V) in PBS for 30-60 min. Then, the cover slips were placed with the cell side 

down onto drops of primary antibody solution in 3 % BSA in PBS on parafilm in a 

humidified chamber and incubated for 90 min. Unbound primary antibodies were 

removed by washing 3 times in PBS. Cells were then incubated in secondary 

name target gene core sequence source supplier database entry

siControl  - UUCUCCGAACGUGUCACGU Ritz et al., 2011 Microsynth 714

siLuc Luciferase CGUACGCGGAAUACUUCGA Microsynth Microsynth 748

siDeath control n/s n/s Qiagen, SI04381048 Qiagen 838

siAurB Aurora B GGUGAUGGAGAAUAGCAGU Hauf et al., 2003 Microsynth 738

siI3_S1 I3 GUAGAAUGGACAAGUGACA Eiteneuer et al., 2014 Microsynth 718

siI3_S2 I3 CUGCUGUAUUUAUGAGAAA Eiteneuer et al., 2014 Microsynth 719

siNIPP1 NIPP1 GGAACCUCACAAGCCUCAGCAAAUU Stealth RNAi
TM

 siRNA  sequence, Invitrogen Microsynth 837

siNpl4_S1 Npl4 CGUGGUGGAGGAUGAGAUU Dobrynin et al., 2011 Microsynth 737

sip37_S1 p37 GUGCCGUAAUAUAGAGGAA Dharmacon siRNA  library Dharmacon 1223

sip37_S2 p37 CUCCAGAAGAGGAGGAUAA Uchiyama et al., 2006 Microsynth 713

sip37_S3 p37 CUUCAAGAGCCCACGGACA Dharmacon siRNA  library Dharmacon 1225

sip47_S1 p47 AGCCAGCUCUUCCAUCUUA Dobrynin et al., 2011 Dharmacon 1226

sip47_S3 p47 GGAGAGACCAGUAAACCGA Dharmacon siRNA  library Dharmacon 1228

sip97_S3 p97 AAGUAGGGUAUGAUGACAUUG Wójcik et al., 2004 Microsynth 740

sip97_S6 p97 GGAGUUCAAAGUGGUGGAAACAGAU Shibata et al., 2012 Microsynth 836

siSDS22_S2 SDS22 AGAGUUCUGGAUGAACGACAA Wurzenberger et al., 2012 Microsynth 671

siUBXD1_S1 UBXD1 CCAGGUGAGAAAGGAACUU Ritz et al., 2011 Microsynth 591

siUBXD4_S1 UBXD4 AGAAGAGGUGGACGUUAAA M. Weith, Essen, modified from Qiagen Hs_UBXD4_7 Dharmacon 1229

siUBXD4_S2 UBXD4 GCUCAGUAUAGUAUCAAGA Dharmacon siRNA  library Dharmacon 1230

siUBXD8_S1 UBXD8 GAAGUUAUUUCACUAAUAA Suzuki et al., 2012 Microsynth 891

siUfd1_S2 Ufd1 GUGGCCACCUACUCCAAAU Dobrynin et al., 2011 Microsynth 594
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antibody solution in 3 % BSA in PBS in a humidified chamber for 30 min in the dark 

followed by 3 washing steps in PBS. Finally, cells were rinsed with ddH2O to remove 

residual salts and mounted on microscopy slides in Mowiol containing 0.5 µg/ml 

DAPI. 

 

4.8 Fluorescence imaging 

 

Spinning disc confocal imaging was performed on a Nikon Eclipse Ti microscope 

equipped with a Yokogawa CSU X-1 spinning disc unit using a 100x/1.49 NA oil 

immersion objective. Images were recorded with an Andor iXon X3 EMCCD camera. 

Confocal laser scanning microscopy was done on a Leica TCS SP5 AOBS system 

equipped with PMT and HyD detectors and supported by LASAF software (Leica 

Microsystems). Images were acquired using an HCX PL APO 63×/1.4NA oil 

immersion objective. Images were processed using ImageJ software. 

Z-stack images were acquired at 0.47 to 0.59 µm intervals by spinning disc confocal 

microscopy (Nikon Eclipse Ti with Yokogawa CSU X-1) using a 100x/1.49 NA oil 

immersion objective. 3D image reconstruction was performed using Imaris software 

(Bitplane). 

 

4.9 MTS cell proliferation and viability assay 

 

To assay for cell proliferation and viability, Hela Flp-In GFP-NIPP1-fm or GFP-NIPP1-

fm+pm cells were seeded in 96 well culture dishes at 8*103 cells per well while 

reverse transfecting with siRNAs at a final concentration of 20 nM. Cells were siRNA 

treated for 72 h before analysis. Transgene expression was induced by addition of 

doxycycline 24 or 48 h prior to analysis. For detection, cells were incubated with 

fresh medium supplemented 1:6 with MTS reagent (Promega) for 1 h at 37 °C and 

the OD 490 nm was measured on a SPECTRAmax® PLUS384 microplate 

spectrophotometer (Molecular Devices) and normalized to untreated controls. 

 

4.10 Preparation of cell extracts 

 

Cell extracts were prepared from cells grown in 10 cm dishes. All steps were 

performed on ice using ice-cold (4 °C) buffers. Cells were washed once with PBS, 
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collected by scraping in 250 µl extraction / IP buffer (150 mM KCl, 50 mM Tris pH 7.4; 

5 mM MgCl2, 5 % glycerol, 1 % Triton X-100, 2 mM β-mercaptoethanol, 

supplemented with Roche complete EDTA-free protease inhibitor and Roche 

PhosSTOP phosphatase inhibitor) and incubated for 20 min. Insoluble material was 

removed by centrifugation at 17000 x g for 15 min. Supernatants were collected and 

the protein concentration was measured using a BCA assay (Interchim). For storage, 

cell extracts were snap frozen in liquid nitrogen and kept at -80 °C. Cell extracts for 

analysis by gel filtration chromatography were prepared as described above, but 

using a different extraction buffer (300 mM NaCl, 50 mM Tris pH 7.4, 0.5 % Triton X-

100, 1 mM DTT, supplemented with Roche complete EDTA-free protease inhibitor 

and Roche PhosSTOP phosphatase inhibitor). 

 

4.11 Immunoprecipitation and pull-down assays 

 

For immunoprecipitations and Strep-pulldowns, cell extracts were adjusted to equal 

protein concentrations (1.3 to 5.9 mg/ml) and volumina in extraction / IP buffer, 

supplemented with 1 µg/ml BSA (Interchim) and cleared by centrifugation at 

17000 x g for 10 min. Input samples were taken. For HA immunoprecipitation, 

HA antibody was added to the extracts at 1 µg per mg of total protein and incubated 

for 1.5 h rotating at 4 °C. Then, protein G agarose beads (Millipore) were washed 

three times with extraction / IP buffer (1 min at 1000 x g at 4 °C) and 30 µl of 

protein G bead slurry were added per sample and incubated for 1.5 h rotating at 4 °C. 

For Strep-pulldown or GFP IPs, 30 µl slurry of pre-washed Strep-Tactin sepharose 

beads (IBA) or anti-GFP nanobody-coupled sepharose beads, respectively, were 

added to the extracts and incubated for 1.5 h rotating at 4 °C. After incubation, beads 

were spinned down at 1000 x g for 1 min at 4 °C and flowthrough samples were 

taken. Beads were washed 3 times with 500 µl extraction / IP buffer (1 min at 

1000 x g at 4 °C). After washing, beads were resuspended in 15 µl extraction / IP 

buffer and 5 µl of 6x SDS loading buffer was added. Proteins were eluted from beads 

by boiling for 10 min at 95 °C in SDS loading buffer and analyzed by SDS-PAGE and 

Western blotting. 
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4.12 Gel filtration chromatography 

 

Gel filtrations were performed with an FPLC ÄKTApurifier 10 system with UPC-

900 UV detector and fraction collector (GE) under isocratic conditions at 4 °C using 

UNICORN control software (GE). Elution of proteins was monitored by absorbance at 

280 nm. To estimate the molecular weight of eluted proteins and protein complexes, 

standard proteins from LMW and HMW Gel Filtration Calibration kits (GE) were used. 

HeLa cell extracts for analysis by gel filtration chromatography were prepared with an 

extraction buffer containing 300 mM NaCl, 50 mM Tris pH 7.4, 0.5 % Triton X-100, 

1 mM DTT, supplemented with Roche complete EDTA-free protease inhibitor and 

Roche PhosSTOP phosphatase inhibitor. Cell extracts were adjusted to equal protein 

concentrations (1.4 to 7.7 mg/ml) and volumina in extraction buffer and cleared by 

centrifugation at 17000 x g for 15 min before loading onto an equilibrated Superdex 

200 10/300 GL gel filtration column (GE) using a 500 µl loop. The loop was 

oversaturated by injecting 700 µl sample prior to starting the respective run. TBS 

(150 mM NaCl, 10 mM Tris pH 7.6) supplemented with 10 µM Leupeptin (Sigma-

Aldrich), 10 µM Pepstatin A (Sigma-Aldrich) and 20 mM β-glycerophosphate 

(Calbiochem) was used as running buffer. Samples were eluted at 0.3 ml/min and 

250 µl fractions were collected. For analysis by SDS-PAGE and Western blotting, 

45 µl per fraction were used. For affinity isolation of GFP-PP1γ from gel filtration 

peak fractions HMW fractions (fractions 47-53; ~200-100 kDa) and LMW fractions 

(fractions 53-60; ~90-45 kDa), respectively, were pooled (80 µl per fraction) and 

supplemented 1:4 with a 4x IP buffer (150 mM NaCl, 170 mM Tris pH 7.4, 20 % 

glycerol, 4 % Triton X-100, 8 mM β-mercaptoethanol, 4x Roche complete EDTA-free 

protease inhibitor), followed by GFP IP with anti-GFP nanobodies coupled to 

sepharose beads. To assay for interaction of I3 with SDS22-PP1, 1.2 µM 

recombinant SDS22-PP1 heterodimer purified from Trichoplusia ni Tnao38 cells 

(kindly provided by A. Musacchio, MPI Dortmund) was incubated for 30 min on ice 

either alone or with a ~7 fold excess of either His-I3 wt or His-I3 VEW41AEA purified 

from Spodoptera frugiperda Sf9 cells in a 50 µl volume in a buffer containing 500 mM 

NaCl, 20 mM Tris pH 7.9 and 1 mM DTT. Samples were loaded onto an equilibrated 

Superdex 200 Increase 5/150 GL gel filtration column (GE) using a 15 µl loop. The 

loop was oversaturated by injecting 30 µl sample prior to starting the respective run. 

500 mM NaCl, 20 mM Tris pH 7.9 with 1 mM DTT was used as running buffer. 
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After 0.3 column volumes 60 µl fractions were collected. 20 µl per fraction were 

analysed by SDS-PAGE and Western blotting. 

 

4.13 SDS-PAGE and Western blotting 

 

Protein samples were separated by size with standard SDS-PAGE methods using a 

Tris/glycine/SDS running buffer (200 mM glycine, 25 mM Tris-HCl pH 8.8, 0.1 % SDS) 

and the Mini-PROTEAN Tetra Cell or Protean II xi Cell systems (Bio-Rad). Samples 

were run at constant current of 10 to 20 mA per gel. The gels were either stained with 

Coomassie or used for Western blotting. Western blotting was performed using semi-

dry Trans-Blot SD transfer chambers (Bio-Rad). Proteins were blotted onto 

nitrocellulose membranes (Hybond-C Extra, Amersham) for 1 h at a constant current 

of 120 mA per gel (300 mA for large Protean II xi gels) using Tris/glycine/SDS 

running buffer supplemented with 20 % methanol as blotting buffer. Equal protein 

loading and transfer was verified by Ponceau S staining. Membranes were blocked 

for 1 h at room temperature in 10 % fat free milk in PBS-T (PBS with 0.05 % Tween 

20) or TBS-T (TBS with 0.1 % Tween 20) when probing with phospho-specific 

antibodies. After blocking, membranes were washed twice for 5 min in PBS-T or 

TBS-T and incubated in primary antibody dilutions in 3 % BSA in PBS-T or TBS-T 

over night at 4 °C. Membranes were then washed 3 times for 5 min in PBS-T or TBS-

T before incubating in HRP coupled secondary antibodies diluted in 3 % BSA in PBS-

T or TBS-T for 1 h at room temperature. Before detection, membranes were again 

washed 4 times for 5 min in PBS-T or TBS-T. For detection, membranes were 

incubated for 3 min with SuperSignal West Pico or SuperSignal West Femto 

enhanced chemiluminescence (ECL) substrates (Thermo Fisher). Light signals were 

detected on Super RX films (FUJIFILM). Films were developed using a 

Cawomat 200 IR developing machine (Cawo) and digitalized using a 

ScanMaker i480 film scanner (Microtek). For detection with a Typhoon FLA 9000 

imager (GE), fluorescence-labelled secondary antibodies (Alexa Fluor 633 donkey 

anti-goat) were used.  
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4.14 Expression and purification of recombinant proteins 

 

4.14.1 Protein expression and purification from E. coli 

 

Recombinant GST-p37 and GST-Survivin were expressed in E. coli BL21 and 

purified by affinity chromatography. Recombinant autophosphorylated Aurora B in 

complex with the activating IN-box segment of inner centromere protein (INCENP) 

purified as described (Santaguida et al., 2010) was kindly provided by A. Musacchio, 

MPI Dortmund. 

 

GST-p37 (for antibody production) 

E. coli BL21(DE3)RIL cells were transformed with the GST-p37 expression construct 

(clone 760) and grown to an OD600 of ~0.7 at 37 °C. Expression was induced with 

0.4 mM IPTG and carried out at 18 °C for 16 h. Cells were harvested at 3900 x g for 

15 min and resuspended in a lysis buffer (PBS supplemented with 1 mM DTT and 

0.1 mM PMSF). Cells were lysed using a microfluidizer and cellular debris was 

removed by centrifugation at 47810 x g for 20 min. Cleared lysate was applied to an 

equilibrated glutathione-sepharose 4B (GE) gravity flow column. The column was 

washed with 15 volumes lysis buffer and eluted with lysis buffer supplemented with 

20 mM glutathione. Purity of elution fractions was tested by SDS-PAGE and 

Coomassie staining and protein concentrations were measured by Bradford assay 

(Bio-Rad). GST-p37 diluted to 1 mg/ml in PBS was used for immunization of rabbits 

(BioGenes). 

 

GST-Survivin 

E. coli BL21 cells harboring the pET41 GST-Survivin plasmid (kindly provided by S. 

Knauer, University of Duisburg-Essen) were grown to an OD600 of ~0.7 at 37 °C. 

Expression was induced with 1 mM IPTG and carried out at 30 °C for 7 h. Cells were 

harvested at 3900 x g for 15 min and resuspended in a lysis buffer (150 mM Nacl, 50 

mM Tris pH 7.5, 1 mM DTT 1 mM PMSF). Cells were lysed by sonication and cellular 

debris was removed by centrifugation at 47810 x g for 45 min. Cleared lysate was 

loaded onto an equilibrated 5 ml GSTrap FF column (GE). The column was washed 

with 60 volumes lysis buffer and eluted with lysis buffer supplemented with 20 mM 

glutathione. Purity of elution fractions was tested by SDS-PAGE and Coomassie 
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staining. Protein was concentrated to about 1 mg/ml using VivaSpin20 concentrators 

with a molecular weight cut-off of 5 kDa (Sartorius). Protein concentration was 

determined with a NanoDrop spectrophotometer (NanoDrop Technologies) by 

measurement of the absorbance at 280 nm using an extinction coefficient of 

59360 M-1 cm-1. For in vitro phosphorylation at T34 by CDK1-cyclin B, buffer was 

exchanged to kinase buffer (50 mM Tris pH 7.5, 10 mM MgCl2, 0.1 mM EDTA, 1 mM 

DTT) using 2 ml Zeba Spin desalting columns (Thermo Scientific). 

 

4.14.2 Protein expression and purification from insect cells (Baculovirus 

system) 

 

Virus generation and expression 

Proteins that failed to be expressed and purified in good yields from E. coli were 

expressed and purified from cultured insect cells using the baculovirus-based 

MultiBac expression vector system (Berger et al., 2004; Fitzgerald et al., 2006; 

Trowitzsch et al., 2010). This system is based on the integration of gene(s) of interest 

into a baculoviral genome using Tn7 transposition and / or Cre-loxP recombination. 

Expression vectors were generated by transforming transfer plasmids harboring the 

gene(s) of interest into an E. coli strand containing a modified baculovirus genome on 

a bacterial artificial chromosome (MultiBac bacmid) into which the gene(s) of interest 

can be integrated through homologous recombination. Expression viruses were 

generated and amplified by transfecting bacmids into Spodoptera frugiperda Sf9 cells 

and proteins were expressed and purified from Spodoptera frugiperda Sf9 cells or 

Trichoplusia ni Tnao38 cells. pFH transfer plasmids (Fitzgerald et al., 2006; 

Trowitzsch et al., 2010) containing sequences for His-SDS22 and His-I3 were kindly 

provided by A. Musacchio (MPI Dortmund). pFH His-I3 VEW41AEA was generated 

by site directed mutagenesis. Bacmids were produced as described (Trowitzsch et al., 

2010). pFH transfer plasmids were transformed into chemically competent 

E. coli DH10EMBacY cells (kindly provided by A. Musacchio, MPI Dortmund) 

according to standard protocol but with an extended recovery time at 37 °C of 6 h. 

Transformed cells were plated on LB agar plates with 50 µg/ml kanamycin, 10 µg/ml 

tetracycline, 7 µg/ml gentamycin, 40 µg/ml IPTG and 100 µg/ml X-Gal. 

E. coli DH10EMBacY contains a helper plasmid that expresses the Tn7 transposon 

complex upon induction with IPTG. Positive integration events were identified 
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through blue/white selection. Single positive white clones were used for bacmid 

amplification in LB medium supplemented with 50 µg/ml kanamycin, 10 µg/ml 

tetracycline and 7 µg/ml gentamycin. Amplified bacmid DNA was purified using the 

NucleoSpin® Plasmid kit (Macherey-Nagel), but instead of loading the DNA onto 

NucleoSpin® Plasmid column, bacmid DNA was precipitated with 50 % isopropanol 

at -20 °C over night, washed with 70 % ethanol and resuspended in 40 µl sterile TE 

buffer. S. frugiperda Sf9 cells (Invitrogen) were maintained in Sf900TM III serum free 

medium (Gibco) in adherent and suspension culture at 27 °C according to the 

supplier’s instructions. For virus generation, Sf9 cells seeded in 30 mm diameter 

wells (6 well plate) at a density of 1*106 cells/ml were transfected with bacmid DNA 

with FuGENE® HD transfection reagent (Promega) according to the manufacturer’s 

instructions using 20 µl bacmid DNA and 5 µl transfection reagent. Viruses were 

amplified in a three step process in adherent culture in 10 cm dishes (V0) and in 

50 ml suspension cultures (V1 and V2), respectively. V0 and V1 virus stocks 

(supernatants of the amplification cultures) were supplemented with 10 % BSA and 

stored at 4 °C. Production of recombinant proteins was tested by small scale affinity 

chromatography using the cells from the V0 culture. V2 viruses were always prepared 

freshly and used completely for infection of large scale expression cultures of Sf9 or 

Tnao38 cells. For protein expression, Sf9 or Tnao38 cells were seeded at 

1*106 cells/ml in 500 to 1300 ml suspension cultures and V2 virus was added in an 

~1:20 ratio. Expression cultures were incubated at 27 °C and 115 rpm for 48 to 96 h. 

Cells were harvested for 15 min at 2300 x g and washed in cold PBS for 10 min at 

1000 x g. Cells from a 1000 ml expression culture were split into 3 parts before 

pelleting. Pellets were stored at -80 °C.  

 

His-I3 (wild type & VEW41AEA) 

His-tagged I3 (wild type and VEW41AEA) was expressed in Sf9 cells. Pellets were 

resuspended in 100 ml lysis buffer (200 mM NaCl, 20 mM Tris pH 7.9, 15 mM 

imidazole, 1 % Triton X-100, 0.5 mM DTT, 0.5 mM PMSF) and lysed by sonication. 

The relatively low salt concentration was used for lysis to avoid precipitation of 

endogenous actin. Lysates were cleared by centrifugation at 47810 x g for 45 min 

followed by filtration through a 0.8 µm filter. Cleared lysates were loaded onto an 

equilibrated 5 ml HisTrap FF crude column (GE) followed by washing with 5 column 

volumes of lysis buffer. Since I3 formed aggregates when purified in low salt buffer, 
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all following purification steps were performed with high salt buffer. The column was 

washed again with 80 volumes of wash buffer (500 mM NaCl, 20 mM Tris pH 7.9, 

15 mM imidazole, 1 % Triton X-100, 0.5 mM DTT) followed by elution with a 50 ml 

linear 15 to 300 mM imidazole gradient. Elution fractions were tested for recombinant 

I3 by SDS-PAGE and Coomassie staining. Pooled fractions were concentrated using 

VivaSpin20 concentrators with a molecular weight cut-off of 5 kDa (Sartorius) and 

loaded onto an equilibrated HighLoad Superdex 75 16/600 gel filtration column (GE). 

500 mM NaCl, 20 mM Tris pH 7.9, 1 % Triton X-100, 1 mM DTT was used as running 

buffer. Fractions containing His-I3 were concentrated, snap frozen in liquid nitrogen 

and stored at -80 °C. The concentration of His-I3 VEW41AEA was determined with a 

NanoDrop spectrophotometer (NanoDrop Technologies) by measurement of the 

absorbance at 280 nm using an extinction coefficient of 1490 M-1 cm-1. The 

concentration of His-I3 wild type was not measurable with a spectrophotometer due 

to a lower yield and the absorbance of Triton X-100 in the buffer. Therefore, the His-

I3 wild type concentration was estimated on the basis of Coomassie staining intensity. 

To that end, Coomassie gels were scanned with an Odysse® Clx imaging system 

(LI-COR biosciences). Band intensities of His-I3 wild type and His-I3 VEW41AEA 

were quantified using ImageJ software and the His-I3 wild type band intensity was 

compared to His-I3 VEW41AEA. 

 

His-SDS22 

Pellets of Tnao38 cells expressing His-SDS22 were kindly provided by A. Musacchio 

(MPI Dortmund). Pellets were resuspended in 100 ml lysis buffer (300 mM KCl, 

50 mM HEPES pH 7.5, 0.05 % Tween 20, 15 mM imidazole, 1 mM DTT) and lysed 

by sonication. Lysates were cleared by centrifugation at 47810 x g for 45 min 

followed by filtration through a 0.8 µm filter. Cleared lysates were loaded onto an 

equilibrated 5 ml HisTrap FF crude column (GE) followed by washing with 80 column 

volumes of lysis buffer and elution with 300 mM imidazole. Fractions containing His-

SDS22 were concentrated using VivaSpin20 concentrators with a molecular weight 

cut-off of 10 kDa (Sartorius), loaded onto a 1 ml MonoQ 5/50 GL anion exchange 

column equilibrated with low salt buffer (50 mM KCl, 50 mM HEPES pH 7.5, 1 mM 

DTT) and eluted with a 30 ml linear 50 to 1000 mM salt gradient. Fractions containing 

His-SDS22 were concentrated and further purified by preparative gel filtration on a 

Superdex 200 10/300 GL gel filtration column (GE). 300 mM KCl, 50 mM HEPES pH 
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7.5, 0.05 % Tween 20, 1 mM DTT was used as running buffer. His-SDS22 was 

concentrated, snap frozen in liquid nitrogen and stored at -80 °C. Protein 

concentration was determined with a NanoDrop spectrophotometer (NanoDrop 

Technologies) by measurement of the absorbance at 280 nm using an extinction 

coefficient of 24410 M-1 cm-1. 

 

SDS22-PP1 

The heterodimeric SDS22-PP1 complex expressed from a bicistronic baculovirus 

vector in Tnao38 cells was kindly provided by A. Musacchio (MPI Dortmund). The 

His-tag on SDS22 used for affinity purification of the heterodimer had been 

subsequently removed by TEV protease cleavage. 

 

4.15 In vitro dephosphorylation assays 

 

Recombinant autophosphorylated GST-tagged Aurora B in complex with the 

activating IN-box segment of inner centromere protein (INCENP) was purified as 

described (Santaguida et al., 2010) (kindly provided by A. Musacchio, MPI 

Dortmund). GST-Survivin purified from E. coli was phosphorylated in vitro with 

purified CDK1-cyclin B (kindly provided by Y. Wang, University of Michigan) (200 µg 

CDK1-cyclin B per mg GST-Survivin) in 50 mM Tris pH 7.5, 10 mM MgCl2, 0.1 mM 

EDTA, 1 mM DTT supplemented with 2 mM ATP at 30 °C for 30 min and re-purified 

by affinity chromatography with a 5 ml GSTrap FF column (GE). For specificity 

assays, 12.5 pmol of Aurora B or GST-Survivin was incubated with 0.33 or 1.67 pmol 

recombinant PP1 (NEB) or with 40 pmol λ phosphatase (NEB) in 1x NEBuffer for 

PMP supplemented with 1 mM MnCl2 at 30 °C for 15 min in a reaction volume of 10 

to 12 µl. For time-course inhibition experiments, 0.33 pmol recombinant PP1 was 

pre-incubated with or without 4.17 pmol recombinant SDS22 purified from Tnao38 

cells for 5 min at 30 °C before adding to 12.5 pmol of autophosphorylated Aurora B in 

a total reaction volume of 50 µl in 1x NEBuffer for PMP supplemented with 1 mM 

MnCl2 and incubating at 30 °C. At 0-, 5-, 10-, 20-, and 30-min time points, 10 µl 

samples were taken for analysis by SDS-PAGE and Western blotting. To assay for 

dose dependency, 2.5 pmol of autophosphorylated Aurora B was incubated with 

0.067 pmol recombinant PP1 without or with the indicated concentrations of SDS22 

in 10 µl reaction volume at 30 °C for 15 min before stopping reactions in SDS sample 
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buffer. Equivalent inhibition experiments were done by M. Beullens (KU Leuven), 

using PP1 purified from rabbit skeletal muscle. Since this PP1 was less active than 

recombinant PP1 from NEB, a higher concentration (40 nM) was used in these 

experiments. 3 independent experiments were analyzed by Western blotting with 

phospho-specific antibodies and visualized with ECL reagent on a LAS400 imaging 

system (GE). Signal intensities were quantified with ImageJ software and normalized 

by subtracting the pT232 signal of Aurora B dephosphorylated by PP1 in the absence 

of SDS22 (normalized Aurora B pT232 signal = 0) followed by setting the pT232 

signal of maximally phosphorylated Aurora B (500 nM SDS22) to 1. The normalized 

PP1 activity was determined by subtracting the normalized Aurora B pT232 signal 

from 1. The data points were fitted with a variable slope dose-response equation 

using GraphPad Prism 5 software. 

 

4.16 Quantification and statistics 

 

Fluorescence intensities were quantified using the automated image analysis 

software CellProfiler (Carpenter et al., 2006). DAPI and CREST signals were used to 

identify primary objects in order to measure fluorescence signals on chromatin 

and / or kinetochores. Statistical analyses were done with SigmaPlot software (Systat) 

using Mann-Whitney U test or Fisher’s exact test. Values of p  0.05 (*), p  0.01 (**), 

p  0.001 (***) and p  0.0001 (****) were considered statistically significant. Box 

plots show median, lower and upper quartiles (line and box), 10th and 90th percentiles 

(whiskers) and outliers (●). Western blot signal intensities were quantified using 

ImageJ software. 
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aa amino acid 

AAA ATPases associated with diverse cellular activities 

ALS amyotrophic lateral sclerosis 

APC/C anaphase promoting complex / cyclosome 

ATP adenosine 5‘-triphosphate 

ATPase adenosine 5‘-triphosphatase 

AurB Aurora B 

BAC bacterial artificial chromosome 

BCA bicinchoninic acid  

BIR baculovirus IAP repeat 

BS1 binding site 1 

Bub budding uninhibited by benomyl 

BubR1 Bub-related 1 

C Conalbumin 

CA Carbonic anhydrase 

Cand1 cullin-associated and neddylation-dissociated protein 1 

CCAN constitutive centromere-associated network 

Cdc cell division cycle 

CDK Cyclin-dependent kinase 

cDNA complementary DNA 

CENP centromere protein 

CPC Chromosomal passenger complex 

CRL Cullin-RING E3 ubiquitin ligase 

DAPI 4',6-diamidino-2-phenylindole 

DMEM Dulbecco's Modified Eagle Medium 

DNA deoxyribonucleic acid 

DOX doxycycline 

DTT dithiothreitol 

DUB deubiquitinating enzyme 

EC error correction 

ECL enhanced chemiluminescence 

EDTA ethylenediaminetetraacetic acid 
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EMCCD Electron-multiplying Charge-coupled Device 

ER Endoplasmic Reticulum 

ERAD ER-associated degradation 

ERM ezrin/radixin/moesin 

FCS fetal calf serum 

FHA ForkHead Associated 

FPLC fast protein liquid chromatography 

FRET fluorescence resonance energy transfer 

FT flowthrough 

GFP green fluorescent protein 

Glc GLyCogen 

GST Glutathione S-transferase 

GTP guanosine-5'-triphosphate 

GTPase guanosine-5'-triphosphatase 

H histone 

HA hemagglutinin epitope tag 

HEK 293 Human Embryonic Kidney 293 cells 

HeLa Henrietta Lacks human cervical carcinoma cell line 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMW high molecular weight 

HP1 heterochromatin protein 1 

HSC heat shock cognate protein 

HSP heat shock protein 

IAP inhibitor of apoptosis 

IBMPFD inclusion body myopathy associated with Paget’s disease of 

the bone and frontotemporal dementia 

IF immunofluorescence 

INCENP inner centromere protein 

IP immunoprecipitation 

Ipl1 Increase in PLoidy 1 

KMN KNL1, Mis12, Ndc80 

KNL1 kinetochore null protein 1 

LAP Localization and Affinity Purification tag 

LMW low molecular weight 
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LRR leucine-rich repeats 

Luc luciferase 

Mad mitotic arrest deficient  

MBP myelin basic protein 

MCAK mitotic centromere-associated kinesin 

MCC mitotic checkpoint complex 

Mis12 missegregation 12 

MKLP2 mitotic kinesin-like protein 2 

MPF maturation-promoting factor 

Mps1 monopolar spindle protein1 

mRNA messenger RNA 

mRNP mRNA-protein complex 

MT microtubule 

MTOC microtubule-organizing centers 

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) 

Mypt1 myosin phosphatase-targeting subunit 1 

Ndc80 nuclear division cycle 80 

NEBD nuclear envelope breakdown 

NER nucleotide excision repair 

NHS N-hydroxysuccinimide 

NIPP1 Nuclear Inhibitor of PP1 

NLS nuclear localization signal 

Npl4 nuclear protein localization protein 4  

NSF N-ethylmaleimide sensitive fusion protein 

NuMA nuclear mitotic apparatus protein 

PAGE polyacrylamide gel electrophoresis 

PCM pericentriolar matrix 

PCR polymerase chain reaction 

PiP PP1 interacting protein 

PLK1 polo-like kinase 1 

PP protein phosphatase 

PPP phosphoprotein phosphatases 

PTPA PP2A phosphatase activator 
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PUB peptide N-glycosidase / ubiquitin-associated 

PUL PLAA, Ufd3 and Lub1 

R Ribonuclease A 

Repo-Man Recruits PP1 Onto Mitotic Chromatin at Anaphase 

RNA ribonucleic acid 

RNAi RNA interference 

SAC spindle assembly checkpoint 

SCF Skp1, cullin and F box 

SDS sodium dodecyl sulfate 

SEP Shp1, eyes closed and p47 

SH Strep-HA 

Shp1 suppressor of high-copy PP1 

siRNA small interfering RNA 

SNARE soluble NSF attachment protein receptor 

SRH second region of homology 

Strep streptavidin affinity tag 

TACC transforming acidic coiled-coil containing proteins 

TE Tris EDTA 

Tris Tris(hydroxymethyl)-aminomethan 

Ub ubiquitin 

UBA ubiquitin-associated 

UBX ubiquitin-regulatory X 

UBXD UBX domain-containing protein 

UBXN-2 UBX-containing protein in Nematodes 2 

Ufd1 ubiquitin fusion degradation protein 1 

UPS ubiquitin-proteasome system 

VBM VCP-binding motif 

VCP valosin containing protein 

VIM VCP-interacting motif 

Ypi1 Yeast phosphatase inhibitor 1 
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