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1 Abstract and Zusammenfassung 

Abstract 
The 3-subunit Rod-Zwilch-Zw10 (RZZ) complex is a crucial component of the 

spindle assembly checkpoint (SAC) in higher eukaryotes. It is required for 

kinetochore localization of the Mad1/Mad2 checkpoint complex and of the 

microtubule motor Dynein, thus contributing to kinetochore-microtubule attachment 

as well as to the Dynein-dependent stripping of SAC components upon checkpoint 

satisfaction. How the RZZ fulfills these different roles and integrates signals from 

the kinetochore-microtubule interface remains unclear. 

In my doctoral thesis, I report the successful recombinant production and a 

preliminary crystallographic analysis of the 813 kDa RZZ complex from co-

expression of its three subunits Rod, Zwilch, and Zw10. Additionally the 

organization and function of the RZZ complex was studied by using a 

multidisciplinary approach that combines structural biology and biochemistry. Cryo 

electron microscopy combined with cross-linking mass spectrometry analysis 

provided insight into the structural organization of the RZZ complex. The resulting 

molecular model shows that the RZZ complex is a 2:2:2 hexamer in which the two 

Rod molecules form an elongated antiparallel dimer. At either end of the structure 

the Rod heads interact with Zwilch, using both the N-terminal beta-propeller 

domain, and its C-terminal region. Zw10 bridges the middle parts of both Rod 

molecules. Together, Rod, Zwilch and Zw10 create a very extensive dimerization 

interface that explains the stoichiometry of the complex. Furthermore, I describe an 

extensive series of interaction studies of the RZZ complex with other kinetochore 

components that have been suggested to be involved in the RZZ function. I 

demonstrate for the first time a direct interaction between the RZZ complex and 

Spindly that strictly depends on farnesylation of the C-terminal CAAX-box of 

Spindly. 

Our studies pave the way to a detailed structural and functional characterization of 

the RZZ complex and support a model by which Spindly farnesylation promotes its 

interaction with kinetochores and mediates its biological function. We propose that 

upon SAC activation Spindly becomes farnesylated by a Farnesyltransferase and 

binds to the RZZ complex. This in turn enables further recruitment of 

Dynein/Dynactin to the kinetochore. Upon binding of the minus-end directed motor 
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protein Dynein, checkpoint proteins are transported away from kinetochores 

towards the spindle poles. 
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Zusammenfassung 
In höher entwickelten Eukaryoten ist der aus drei Proteinen bestehende Rod-

Zwilch-Zw10 (RZZ) Komplex essentieller Bestandteil des “spindle assembly 

checkpoint” (SAC). Der RZZ-Komplex wird für die Lokalisation des Mad1/Mad2 

SAC Komplexes sowie des Microtubuli Motorproteins Dynein benötigt. Dadurch 

trägt der RZZ-Komplex zur Ausbildung von Kinetochor-Microtubuli-Bindungen bei. 

Außerdem ist der RZZ-Komplex in den Prozess involviert bei dem SAC Proteine in 

Abhängigkeit von Dynein vom Kinetochor weg zu den Spindelpolen transportiert 

werden, sobald der SAC zufrieden gestellt ist („kinetochore shedding“). Wie genau 

der RZZ-Komplex diese unterschiedlichen Funktionen erfüllt und Signale von der 

Kinetochor-Microtubuli Schnittstelle integriert ist bislang nicht bekannt. 

In meiner Doktorarbeit beschreibe ich die erfolgreiche Aufreinigung des 

rekombinant hergestellten, 813 kDa großen RZZ-Komplexes sowie dessen 

vorläufige kristallographische Analyse. In einem multidisziplinären Ansatz 

bestehend aus strukturbiologischen und biochemischen Methoden habe ich die 

strukturelle Organisation und Funktion des RZZ-Komplexes untersucht. Eine 

Kombination aus Kryo Elektronenmikroskopie und quervernetzender 

Massenspektroskopie Analyse führte zu Erkenntnissen über die strukturelle 

Organisation des RZZ-Komplexes. Das herausgearbeitete Modell zeigt, dass der 

RZZ-Komplex ein Hexamer mit einer 2:2:2 Stöchiometrie bildet. Darin formen zwei 

Rod Moleküle ein längliches antiparalleles Dimer. An beiden Enden der Struktur 

betten der C-Terminus und der N-Terminale beta-propeller von zwei 

unterschiedlichen Rod Molekülen ein Zwilch Molekül zwischen sich ein. Zw10 

verbindet die zentralen Bereiche von beiden Rod Molekülen miteinander. 

Zusammen bilden Rod, Zwilch und Zw10 eine extensive Dimer-Berührungsfläche 

aus. Außerdem beschreibe ich in meiner Arbeit umfangreiche Interaktions-

untersuchungen zwischen dem RZZ-Komplex und anderen Kinetochor Proteinen, 

welche möglicherweise die RZZ Funktionen beeinflussen. Ich zeige in meiner 

Arbeit erstmals, dass eine direkte Binding zwischen dem RZZ-Komplex und 

Spindly stattfindet und dass diese von der Farnesylierung der C-terminalen 

CAAX-Box von Spindly abhängt. 

Diese Untersuchungen ebnen den Weg zu einer detaillierten strukturellen und 

funktionalen Untersuchung des RZZ-Komplexes und favorisieren ein Modell, in 

welchem der Prozess des „kinetochore shedding“ Farnesylierung von Spindly 
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erfordert. Unser Modell schlägt vor, dass nach SAC Aktivierung Spindly 

farnesyliert wird und daraufhin an RZZ bindet. Das wiederum ermöglicht die 

Bindung von Dynein/Dynactin. Durch die Binding des zum Minus-Ende gerichteten 

Motorproteins Dynein werden SAC Proteine vom Kinetochore weg und zu den 

Spindlepolen hin transportiert. 
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2 Introduction 
My PhD thesis focuses on the RZZ complex, which is a key regulator of the cell 

division process named mitosis. In order to elucidate its role within this process I 

will begin with a short introduction to mitosis. As the RZZ complex is part of multi-

protein assemblies called kinetochores, I will next explain the organization, 

assembly and function of kinetochores. One of their functions is to serve as a 

platform for the spindle assembly checkpoint, a surveillance mechanism for proper 

cell division in which the RZZ complex is engaged. I will therefore continue by 

outlining the current state of knowledge on the spindle assembly checkpoint. To 

highlight why it is important to gain a better understanding of the RZZ functions I 

will then describe what is known about the RZZ complex, including its discovery, 

structure, kinetochore recruitment and function during mitosis.  

2.1 Mitosis,	
  the	
  key	
  event	
  of	
  the	
  cell	
  cycle	
  

The process of mitosis has gained particular scientific attention after the pioneering 

work of Walther Flemming (Paweletz, 2001), who has studied cell division 

combining an aniline dye with microscopy and has been the first to describe 

chromosomes as rod-like structures. During mitosis cells are in a very fragile state. 

Inaccurate chromosome segregation can cause aneuploidy (aberrations in 

chromosome number) and chromosomal instability, a common occurance in 

cancer (Weaver & Cleveland, 2006), (Kolodner et al, 2011), (Hartwell, 1992). 

Mitosis is the process of eukaryotic somatic cell division and it generates two 

daughter cells with identical genomes. Cell division in multicellular organisms 

ensures growth and regeneration of damaged tissue (Morgan, 2007). A series of 

complex and highly regulated events, collectively known as the cell cycle, 

guarantees proper cell reproduction. In eukaryotic cells the cell cycle consists of 

four distinct phases: the first gap phase G1, the synthesis phase S, the second 

gap phase G2, and mitosis or M phase. The time between the end of one M phase 

and the beginning of the next is called interphase. In G1 the cell grows and 

prepares for DNA replication. In S phase the DNA is being replicated and results in 

duplicated chromosomes. Cohesin ring complexes retained on chromosomal loci 

called centromeres mediate a tight linkage between the duplicated chromosomes 

(sister chromatids) (Nasmyth, 2011). During the second gap phase the cell grows 

and prepares for the key event of the cell cycle, mitosis, by duplication of its 
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protein and organelle masses. In mitosis the sister chromatids are separated and 

eventually two daugther cells are formed.  

Mitosis can be divided in the following events: prophase, prometaphase, 

metaphase, anaphase, telophase, and cytokinesis (Morgan, 2007) (Figure 1). In 

prophase, the DNA, having been duplicated in S-phase, is condensed. The sister 

chromatids, each containing a copy of the DNA, are held together by the “protein 

glue” cohesin. In prometaphase, the nuclear envelope breaks down and 

microtubules, which are attached at one end to centrosomes, nucleate out and 

start to attach to kinetochores forming the mitotic spindle. During metaphase sister 

chromatids align at the metaphase plate, at the equator of the cell. When all 

chromosomes are bi-oriented, which means that they are attached to microtubules 

emanating from opposite spindle poles, the cell progresses into anaphase. Bi-

orientation on the mitotic spindle is the only possible configuration of sister 

chromatid attachment that allows an even distribution of the genome to the newly 

forming daughter cells. At the metaphase-to-anaphase transition, centromeric 

cohesin is cleaved and the sister chromosomes are pulled apart. In telophase, 

polar microtubules become elongated and nuclear envelopes are formed around 

each set of daughter chromosomes. The process of mitosis is followed by 

cytokinesis in which the cell membrane, the cytoplasm and cell organelles are 

divided in two complete new daughter cells.  
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Figure 1: Overview of the six phases during mitosis 

The six phases of mitosis (prophase, prometaphase, metaphase, anaphase, telophase and 
cytokinesis) are illustrated. 
Adapted from (Morgan, 2007) 
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The main regulators of the cell cycle are Cyclin dependent kinases (Cdks). The 

concentration of Cdks remains constant throughout the cell cycle. However, 

association with their regulatory subunits, which are the Cyclins, controls the 

activity of Cdks. Cyclin levels oscillate during the cell cycle due to protein synthesis 

and degradation (reviewed in (Morgan, 2007)). Oscillating levels of specific Cyclins 

allow temporally regulated activation of Cdks, therefore promoting transitions 

between different phases through the cell cycle. For example mitotic entry is 

triggered by formation of the Cdk1-Cyclin B complex and mitotic exit is triggered by 

Cyclin B degradation. More specifically, Cyclin B is synthesized during S- and G2-

phases and after having reached a threshold, Cdk1 is sufficiently active and 

phosphorylates a variety of substrates resulting in nuclear envelope break down 

and additional mitotic events (Nigg, 2001), (Pomerening et al, 2003), (Morgan, 

2007).  

Mitotic exit is mediated by proteasome-dependent Cyclin B degradation, which is 

controlled by the RING E3 ubiquitin-protein ligase anaphase promoting complex or 

cyclosome (APC/C) (reviewed in (Primorac & Musacchio, 2013)) (Figure 2). The 

APC/C contains 19 subunits and its activity requires association with one of its 

coactivators Cdc20 or Cdc20 homologue1 (Cdh1) (Chang et al, 2015). Cdks 

phosphorylate the APC/C, which promotes Cdc20 association and inhibits Cdh1 

association. The APC/C polyubiquitinylates the proteins Securin and Cyclin B (and 

other substrates) for ordered proteasomal degradation. Cyclin B and Securin are 

recognized by the APC/C through a destruction box sequence (D-box) that is 

present in each of these targets (Foley & Kapoor, 2013). The APC/C subunit 

APC10 forms, together with Cdc20, the recognition site for the D-box (Foley & 

Kapoor, 2013). Degradation of Securin results in activation of Separase, which 

removes Cohesin, the glue between sister chromatids, thus enabling their physical 

separation. The degradation of Cyclin B inactivates Cdk1, initiating telophase 

followed by cytokinesis and mitotic exit (Musacchio & Salmon, 2007). 
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Figure 2: The anaphase promoting complex 

Ubiquitin (Ub) is first activated by an E1 enzyme, transferred to a chain-initiating E2 (E2I), 
and transferred to a substrate (S). The creation of poly-Ub chains by the APC/C requires 
an elongating E2 (E2E). The substrate is presented to the RING-E3 ligase APC/C by a 
coactivator.  
Figure adapted from (Primorac & Musacchio, 2013). 

 
The main microtubule-organizing center in the cell is the centrosome, which is 

found at the poles of the spindle. It promotes microtubule nucleation during 

interphase and mitotic division. Abundant microtubule nucleation within the mitotic 

spindle, mediated by complexes such as Augmin, is also possible. The spindle is a 

molecular machine consisting of microtubules, motor proteins, and other molecules 

and its crucial function is the distribution of the genome to the daughter cells 

(Karsenti & Vernos, 2001)) (Figure 3). The main structural elements of the mitotic 

spindle are antiparallel arrays of microtubules with their minus ends anchored at 

the spindle poles and their plus ends projecting towards the chromosomes. 

Microtubules are polar polymers consisting of αβ-tubulin dimers with a slow 

growing minus end and a fast growing plus end. The plus ends of kinetochore 

microtubules expose β-tubulin, while the minus ends expose α-tubulin (Euteneuer 

& McIntosh, 1981). Microtubule ends undergo stochastic changes from a 

polymerizing to a depolymerizing state driven by the binding, hydrolysis and 

exchange of a guanine nucleotide on the β-tubulin monomer, a phenomenon 

known as dynamic instability (Desai & Mitchison, 1997) (Figure 4). The cross-

linking interaction of microtubule plus ends emanating from opposite spindle poles 

establishes the spindle midzone. Other microtubule plus ends are bound to large 

protein structures called kinetochores. The latter are located at specific loci on 
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each sister chromatid named the centromere (Section 2.2). Such kinetochore 

bound microtubules are called k-fibers. While most spindle microtubules have 

relatively short half-lives, k-fibers have a half-life in the order of minutes. They 

become stabilized when tension is applied upon proper chromosome alignment in 

the midzone of the mitotic spindle (Akiyoshi et al, 2010), (Nicklas, 1997), (Dewar et 

al, 2004). The convergence from a highly dynamic spindle to a more stabilized one 

is the basis of error correction, which will be discussed later in this dissertation 

(Section 2.3). The polar microtubule lattice serves as a path for the microtubule 

dependent motor proteins of the Dynein and kinesin superfamilies. These proteins 

convert energy from ATP hydrolysis into movement along microtubules (Hirokawa 

et al, 1998).  

 
Figure 3: The mitotic Spindle 

Schematic representation of a mitotic spindle. 
Figure adapted from http://imgarcade.com/1/mitotic-spindle-diagram/. 
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Figure 4: Dynamic instability of microtubules 

Polymerization (assembly) and depolymerization (disassembly) of microtubules is 
driven by the binding, hydrolysis and exchange of a guanine nucleotide on the β-
tubulin monomer. 
Figure adapted from (Cheeseman & Desai, 2008). 
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2.2 Kinetochore	
  organization	
  and	
  assembly	
  

Kinetochores are multiprotein complexes built on centromeres and they are 

responsible for the establishment of load bearing attachments between 

chromosomes and microtubules during mitosis (reviewed in (Santaguida & 

Musacchio, 2009)). The simplest kinetochores in budding yeast bind a single 

microtubule (reviewed in (McAinsh et al, 2003)) They contain approximately 60 

proteins which are conserved form yeast to human with few exceptions. This 

suggests that the larger kinetochores of higher eukaryotes, binding multiple 

microtubules, are assembled from the repetition of the basic microtubule-binding 

module of budding yeast (Zinkowski et al, 1991), (Santaguida & Musacchio, 2009). 

Transmission electron microscopy studies have revealed that vertebrate 

kinetochores appear as trilaminar plates with a dense inner and outer plate and a 

less dense middle layer (McEwen et al, 1998), (Cleveland et al, 2003), 

(Santaguida & Musacchio, 2009).  

Human kinetochores are composed of more than 100 proteins (Cheeseman & 

Desai, 2008), which can be schematically subdivided into three distinct functional 

modules (Figure 5). The inner kinetochore mainly containing the Constitutive 

Centromere-Associated Network (CCAN) is the interface with centromeric 

chromatin and is built on centromeres around a specialized nucleosome containing 

the histone H3 variant CENP-A (Warburton et al, 1997), (Santaguida & Musacchio, 

2009), (Hori & Fukagawa, 2012), (Tanaka, 2013). The outer kinetochore provides 

the core microtubule-binding interface and its most prominent component is the 

10-protein complex called the KMN network (reviewed in (Cheeseman et al, 

2006)). The third module, the fibrous corona contains in contrast to the inner and 

outer kinetochore proteins that are not constitutive kinetochore components, but 

become recruited in distinct phases of mitosis to fulfill their regulatory functions 

(reviewed in (Cleveland et al, 2003)). The fibrous corona is only formed upon 

mitotic entry when the outer layer of kinetochores is enlarged. It becomes 

compacted again after the formation of end-on microtubule attachments (Magidson 

et al, 2015). This third module is implicated in the control of the state of 

kinetochore-microtubule attachment and contains among others, proteins of the 

spindle assembly checkpoint, which detects the lack of kinetochore-microtubule 

attachment, and the chromosomal passenger complex, which is involved in 

detection and correction of erroneous kinetochore-microtubule attachments 

(Santaguida & Musacchio, 2009).  
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Figure 5: Centromere organization 

A mitotic chromosome has been sectioned along the plane of the spindle axis and was 
analysed by transmission electron microscopy. The inner centromere (pink) is a 
heterochromatin domain that is a focus for cohesins and regulatory proteins. The inner 
kinetochore (red) creates an interface with centromeric chromatin. The outer kinetochore 
(yellow) is composed of proteins that interact with the plus ends of microtubules. 
Adapted from (Cleveland et al, 2003). 
 
 
The investigation of interdependencies of individual kinetochore proteins has led to 

the development of a scheme describing how the kinetochore might be assembled 

(Liu et al, 2006), (Cheeseman, 2014) (Figure 6). The inner kinetochore assembles 

on the histone H3 variant CENP-A (Kingwell & Rattner, 1987). In vertebrates, 

CENP-A is neighbored by a group of at least 16 inner kinetochore proteins, 

collectively has been identified as the CCAN (Foltz et al, 2006), (Foley & Kapoor, 

2013), (Obuse et al, 2004), (Izuta et al, 2006). The CCAN forms the scaffolding link 

between nucleosomes and the outer kinetochore, playing an important role in 

kinetochore assembly. Within the CCAN there exist at least four sub complexes. 

CENP-C and the CENP-N/L complex bind directly to CENP-A, (Kato et al, 2013), 

(Carroll et al, 2009). This forms the molecular basis of kinetochore assembly. The 
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recently discovered CENP-HIKM complex (Basilico et al, 2014) has been shown to 

bind directly to the CENP-TWSX complex and is required for its recruitment to 

kinetochores (Basilico et al, 2014). The CENP-TWSX complex contains histone 

fold proteins that assemble in a nucleosome like structure. It contributes to outer 

kinetochore assembly by directly interacting with centromeric DNA and the Mis12 

and Ndc80 complexes (Hori et al, 2008a), (Gascoigne et al, 2011), (Schleiffer et al, 

2012), (Nishino et al, 2013), (Foley & Kapoor, 2013). Finally, the CENP-OPQU/R 

complex has been implicated in microtubule binding and checkpoint control (Hori 

et al, 2008b), (Perpelescu & Fukagawa, 2011).  

The outer kinetochore contains the 10-subunit KMN network (Figure 6). It is 

composed of three sub complexes, the Knl1 complex, the Mis12 complex and the 

Ndc80 complex. The KMN network provides a platform for the spindle assembly 

checkpoint, as explained later in this dissertation (Section 2.4). The Ndc80 and 

Knl1 subunits enable kinetochore attachment to spindle microtubules (Cheeseman 

& Desai, 2008).  

  

 

Figure 6: Schematic of kinetochore organization 

Model of kinetochore assembly. The inner kinetochore, composed by the centromeric 
chromatin interacting network (CCAN) is depicted in beige, the outer kinetochore, 
composed of the KMN network, is shown in orange and the spindle assembly checkpoint 
proteins are represented in green. 
Figure adapted from (Basilico et al, 2014). 
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2.3 Regulation	
  of	
  kinetochore	
  microtubule	
  attachments	
  

To enable faithful chromosome segregation, kinetochores must capture spindle 

microtubules to properly align along the mitotic spindle (bi-orientation) before cells 

progress into anaphase. The kinetochore initially interacts with the lateral surface 

of a single spindle-pole microtubule (Hayden et al, 1990), (Rieder & Alexander, 

1990), (Tanaka, 2010) (step 1 Figure 7). The kinetochore then slides along the 

lateral surface of its bound microtubule towards a spindle pole (Hayden et al, 

1990), (Rieder & Alexander, 1990) (step 2 Figure 7). In vertebrates this transport is 

promoted by the minus-end directed microtubule motor protein Dynein (King et al, 

2000). After being transported towards a spindle pole, both sister kinetochores 

attach to microtubules. If both sister kinetochores attach to microtubules from the 

same spindle pole the attachment is turned over until bi-orientation is established 

with a microtubule from the opposing pole (error correction) (Nicklas, 1997), 

(Tanaka, 2010) (step 3 Figure 7). The turnover of the kinetochore microtubule 

attachment stops once tension is generated across sister kinetochores upon the 

establishment of bi-orientation (Nicklas, 1997), (Dewar et al, 2004) (step 4 Figure 

7) (see Section 2.1).  
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Figure 7: Kinetochore-microtubule attachment 

The figure shows the development of kinetochore–microtubule interactions during 
prometaphase (steps 1–3) and metaphase (step 4) Step 1: The kinetochore initially 
interacts with the lateral surface of a single microtubule. Step 2: Once loaded on a spindle-
pole microtubule, the kinetochore is transported along the microtubule lateral surface 
towards a spindle pole. Step 3: Following the kinetochore transport towards a spindle pole, 
both sister kinetochores could attach to microtubules. If both sister kinetochores attach to 
microtubules from the same spindle pole the attachment must be turned over until proper 
bi-orientation is established with a microtubule from the opposing pole (error correction). 
Step 4: The turnover of the kinetochore microtubule attachment stops once tension is 
generated across sister kinetochores upon the establishment of bi-orientation. 
Figure adapted from (Tanaka, 2010). 
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Error correction 

The geometry of sister kinetochores and of the mitotic spindle allow most 

chromosomes to reach bi-orientation spontaneously (Tanaka, 2010). However, the 

process of establishing kinetochore microtubule attachments is highly regulated 

and an essential process called error correction is in place to destabilize erroneous 

attachments and stabilize amphitelic attachments (bi-orientation). Famous 

experiments by Nicklas and colleagues, which have been performed in 1969, 

demonstrate that tension applied artificially on incorrectly attached (syntelic) 

chromosomes stabilizes kinetochore microtubule attachments (Nicklas & Koch, 

1969). The same authors have showen many years later that artificially generated 

tension is sufficient to promote anaphase onset (Li & Nicklas, 1995), suggesting 

that kinetochores measure microtubule-generated tension, rather than the mere 

presence of microtubules. Aurora B kinase inhibition can artificially stabilize 

attachment errors (Hauf et al, 2003), (Ditchfield et al, 2003), (Lampson et al, 2004), 

(Cimini et al, 2006). This implicates Aurora B as an important factor in error 

correction. In more detail, phosphorylation of the KMN network by Aurora B 

interferes with its binding to microtubules. Phosphorylation of the N-terminal tail of 

Hec1 neutralizes its positive charge and decreases the Ndc80 binding affinity for 

microtubules (Cheeseman et al, 2006), (DeLuca et al, 2006). Additionally, Aurora 

B phosphorylation impairs association of the Ska complex with the Ndc80 complex 

and microtubules to avoid stabilization of erroneous attachments (Chan et al, 

2012). Aurora B phosphorylation is counterbalanced by PP2A-B56 

dephosphorylation (Meppelink et al, 2015), (Foley et al, 2011). It has been 

demonstrated that the generation of stable k-fibres depends on the B56-PP2A 

phosphatase, which is enriched at unattached kinetochores. B56-PP2A depletion 

results in destabilized k-fibers and increases the level of phosphorylation of Aurora 

B kinetochore substrates. Chemical inhibition of Aurora B restores k-fibres in B56-

PP2A-depleted cells (Foley et al, 2011). 

Initial kinetochore interactions are established with the lateral surface of 

microtubules (Tanaka, 2010). The maturation from lateral to end-on attachments 

produces tension, increasing the intra kinetochore stretch and therefore the 

distance between Aurora B and the KMN network. As a result of this, the 

substrates of Aurora B are out of the reach of the kinase domain, which is tethered 

to nucleosomes via interaction with additional subunits of a chromosome 

passenger complex (CPC) of which Aurora B is the catalytic subunit (Liu et al, 

2009), (Santaguida & Musacchio, 2009), (Tanaka, 2010). A “dog-leash” model has 
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been proposed, to provide a hypothetical molecular description of this process 

(Santaguida & Musacchio, 2009). The idea behind this model is that the distance 

of Aurora B (the dog) can reach away from its kinetochore anchor (the dog's 

owner, represented by the Survivin and Borealin subunits of the CPC) is limited by 

the length of INCENP (which defines the maximal stretch of the leash), the fourth 

subunit of the CPC. Recent work has provided evidence in favor of the dog-leash 

model (Monda & Cheeseman, 2015), but other models have also been proposed. 

For instance, it has been proposed that the decrease of Aurora B target 

modification as a function of intra-kinetochore stretch may be generated by a 

diffusible gradient of the kinase (Lampson & Cheeseman, 2011). A complete 

understanding of the molecular mechanisms of error correction remains elusive. 

Dissecting the molecular details of the regulation of the antagonistic relationship of 

Aurora B and PP2A-B56 is one fundamental topic of research for the future.  

 

Interface of the kinetochore microtubule attachment 

The core microtubule attachment site at kinetochores, for end-on attachments, is 

the KMN network (Tanaka, 2010). The KMN network is one of the most 

evolutionarily conserved feature of kinetochores, which emphasizes its 

fundamental importance in ensuring proper dynamic interaction of kinetochores 

with the mitotic spindle during mitosis (Foley & Kapoor, 2013). 

The Ndc80 complex is the main microtubule end-on attachment site at 

kinetochores (Cheeseman et al, 2006). The 170 kDa Ndc80 complex is a 

heterotetramer of Hec1, Nuf2, Spc24 and Spc25 (Ciferri et al, 2005). Within the 

Ndc80 complex hetrodimers of Spc24/Spc25 and Hec1/Nuf2 partake distinct 

functionalities. The globular domains of Spc24 and Spc25 are essential for 

kinetochore targeting of the Ndc80 complex, as they interact directly with the 

Mis12 complex and the CCAN (Petrovic et al, 2014). Structural and biochemical 

studies revealed that the globular calponin homology (CH) domains of Hec1 and 

Nuf2 mediate microtubule binding (Cheeseman et al, 2006), (Wei et al, 2007), 

(Ciferri et al, 2008). The interaction between microtubules and Hec1/Nuf2 is initially 

facilitated by an electrostatic interaction of the basic N-terminal tail of Hec1 with 

the acidic C-terminal tails of tubulin (the E-hooks) (Wei et al, 2007), (Ciferri et al, 

2008), (Alushin et al, 2012). On microtubules, the Ndc80 complexes bind at the 

αβ-tubulin and βα-tubulin interfaces, and therefore every 4 nm in the longitudinal 

direction of the microtubule (Alushin et al, 2010). The interaction with microtubules 

mediates oligomerization of the Ndc80 complex and oligomerization has been 
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proposed to maintain processive association to the dynamic microtubules (Alushin 

et al, 2010). The isolated Ndc80 complex does not bind to growing and shrinking 

microtubules, as the bending of microtubules (Figure 4) disrupts the αβ-tubulin and 

βα-tubulin interface (Alushin et al, 2012). Multiple Ndc80 complexes, cooperatively 

bound to a single microtubule, allow persistent association of kinetochores with 

dynamic microtubules (Alushin et al, 2010), (Alushin et al, 2012), (reviewed in 

(Foley & Kapoor, 2013)). 

High affinity kinetochore microtubule interactions are retained during microtubule 

growth and shrinkage (Foley & Kapoor, 2013), (Santaguida & Musacchio, 2009). In 

yeast, the Ndc80 and Dam1 complexes together mediate connections to 

microtubules, with the Dam1 complex facilitating processive interactions of the 

Ndc80 complex with microtubules (Lampert et al, 2010), (Tien et al, 2010). 

However, the Dam1 complex is absent in metazoans and it has been suggested 

that the Ska complex may functionally replace it. The latter is required to maintain 

Ndc80 complex monomers on polymerizing and depolymerizing microtubule tips 

and the Ndc80 complex can exclusively make load-bearing processive 

attachments when associated with the Ska complex (Welburn et al, 2009), 

(Schmidt et al, 2012). Consistent with this, depletion of the Ska complex results in 

chromosome segregation defects (Welburn et al, 2009), (Gaitanos et al, 2009). 

Moreover, by using k-fiber stability assays it has been demonstrated that depletion 

of the Ska complex results in compromised k-fiber stability (Gaitanos et al, 2009). 

However, a more detailed picture about this regulatory mechanism is missing. 

Within the KMN network the protein Knl1 provides another binding site for the plus 

ends of microtubules (Espeut et al, 2012a). The very N-terminal end of Knl1 

harbors a conserved microtubule-binding domain. It has been shown that this short 

positive patch enhances binding of the KMN with microtubules in vitro (Espeut et 

al, 2012b), (Cheeseman et al, 2006) (Pagliuca et al, 2009). Understanding the 

mechanism and function of Knl1 microtubule binding remains elusive, due to a lack 

of structural information. 
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2.4 The	
  spindle	
  assembly	
  checkpoint	
  

Besides being attachment sites on chromosomes, kinetochores also serve as a 

platform for the spindle assembly checkpoint (SAC). The SAC is an evolutionary 

conserved surveillance mechanism that monitors attachment of sister chromatids 

and delays the metaphase-anaphase transition until every single sister kinetochore 

pair is bi-oriented at the mitotic spindle (Foley & Kapoor, 2013), (Santaguida & 

Musacchio, 2009). Proteins involved in the spindle assembly checkpoint have 

been initially discovered in two independent genetic screens in budding yeast 

which identified mutations that disable cells to arrest in mitosis in the presence of 

spindle poisons (Li & Murray, 1991), (Hoyt et al, 1991). This checkpoint was 

named spindle assembly checkpoint based on the observation that it is activated 

upon interference with spindle assembly in the presence of spindle poisons 

(Minshull et al, 1994). Today we know that it does not monitor spindle assembly 

but rather interaction of kinetochores with microtubules (Musacchio & Salmon, 

2007).  

The core spindle assembly checkpoint proteins, that are conserved throughout 

species are the kinases Monopolar spindle protein 1 (Mps1), Budding uninhibited 

by benomyl 1 (Bub1) and Aurora B, as well as the non catalytic proteins Mitotic 

arrest deficient 1 (Mad1), Mad2, Bub1 related 1 (BubR1) and Cell division cycle 20 

(Cdc20) (Foley & Kapoor, 2013). In higher eukaryotes additional proteins regulate 

the SAC activity including the Rod-Zw10-Zwilch (RZZ) complex, p31 comet, the 

microtubule motors CENP-E and Dynein. Dynein-associated proteins (for example 

Spindly), as well as several protein kinases including mitogen-activated protein 

kinase (MAPK), Cdk1-Cyclin B, Nek2, Haspin and polo-like kinase-1 (Plk1) are 

also involved (Musacchio & Salmon, 2007). 

During prometaphase SAC proteins are recruited to unattached kinetochores 

where they generate a diffusible “wait signal” (Musacchio & Salmon, 2007). 

Premature chromosome segregation is delayed through the inactivation of Cdc20, 

which is a cofactor of the anaphase promoting complex/cyclosome (APC/C) (see 

Section 2.1). Mitotic entry requires the activity of the most important kinase during 

mitosis, Cyclin-dependent-kinase-1 (Cdk1). Cdk1 phosphorylates many key 

proteins for mitotic entry and maintenance (Morgan, 2007), (Musacchio & Salmon, 

2007). The activity of Cdk1 depends on Cyclin B binding. Exit from mitosis cannot 

occur until Cyclin B has been degraded and Cdk1 has been inactivated 

(Musacchio & Salmon, 2007). Progression into anaphase is mediated by the 

ubiquitin-protein ligase APC/C activation that tags the protein Securin for 
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destruction. Securin destruction liberates and activates Separase. Separase is a 

protease that cleaves the Kleisin subunit of the Cohesin complex, which links sister 

chromatids together (represented as yellow dots between the sister chromatids in 

(Figure 8) at the onset of the metaphase to anaphase transition (Oliveira & 

Nasmyth, 2010), (Foley & Kapoor, 2013), (Lara-Gonzalez et al, 2012).  

Unattached kinetochores trigger the sequestration of Cdc20 by Mad2 in the mitotic 

checkpoint complex (MCC), the SAC effector, which inhibits the APC/C. The MCC 

is a hetero-tetramer formed of the Mad2-Cdc20 complex bound to BubR1 and 

Bub3 (Sudakin et al, 2001) (described in more detail later in this Section). Without 

Cdc20 the APC/C cannot become activated and anaphase is not triggered. Once 

all sister chromatids have reached bi-orientation, Cdc20 is released from the MCC, 

activating the APC/C. Subsequently the APC/C polyubiquitinylates its substrates 

Securin and Cyclin B, initiating their proteolytic degradation. Degradation of 

Securin results in activation of Separase, which removes Cohesin, and enables the 

physical separation of sister chromatids. The degradation of Cyclin B inactivates 

Cdk1, initiating telophase followed by cytokinesis and mitotic exit (Musacchio & 

Salmon, 2007), (Foley & Kapoor, 2013), (Lara-Gonzalez et al, 2012). 
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Figure 8: Relationship between the spindle assembly checkpoint and the cell cycle 

Mitotic entry requires the activity of the most important kinase during mitosis, Cyclin-
dependent-kinase-1 (Cdk1), which is dependent on its binding to Cyclin B. The protease 
separase is required to remove cohesion (represented in yellow between the sister 
chromatids) from sister chromatids at the onset of anaphase. Until anaphase onset 
separase is kept inactive by binding of securing (SEC). Unattached kinetochores are 
involved in formation of the mitotic checkpoint complex (MCC). The MCC inhibits Cdc20, a 
cofactor of the ubiquitin ligase anaphase promoting complex/cyclosome (APC/C) 
inactivating the APC/C. The spindle assembly checkpoint is negatively regulated in the 
absence of unattached kinetochores. Only when all sister chromatids have reached bi-
orientation, Cdc20 is released from the MCC and activates the APC/C. The APC/C 
polyubiquitinylates its substrates securin and Cyclin B, thus initiating their proteolytic 
degradation by the proteasome. Degradation of securing results in activation of separase, 
which removes cohesion and enables their physical separation. The degradation of Cyclin 
B inactivates Cdk1, initiating cytokinesis and mitotic exit. (Adopted from 
{Musacchio:2007jx}) 
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The mitotic checkpoint complex (MCC) is the main effector of the SAC and 

consists of the Mad2-Cdc20 complex bound to BubR1 and Bub3 (Sudakin et al, 

2001). Within the MCC Mad2 and BubR1 bind to two distinct binding sites on 

Cdc20 (Hwang et al, 1998), (Hardwick et al, 2000) and have a synergistic effect on 

APC/C inhibition (Fang, 2002), (Davenport et al, 2006), (Han et al, 2013). In the 

last years structural and biochemical studies have resulted in a good 

understanding of the protein-protein interactions involved in MCC formation (Luo et 

al, 2000), (Luo et al, 2002), (Luo et al, 2004), (De Antoni et al, 2005), (Mapelli et al, 

2007), (Chao et al, 2012). The Mad2-Cdc20 and BubR1-Bub3 subcomplexes 

assemble the MCC. Mad2 binds to a 10-residue motif in the N-terminal region of 

Cdc20, which has been named the Mad2 interaction motif (MIM) (Hwang et al, 

1998), (Luo et al, 2002), (Primorac & Musacchio, 2013). BubR1 contains two 

K-E-N sequences (where K, E, and N are single-letter codes for the amino acids 

Lysine, Gluthamic acid, and Asparagine) (KEN1 and KEN2) and both of them are 

essential for SAC signaling (Burton & Solomon, 2007), (King et al, 2007), 

(Primorac & Musacchio, 2013). KEN1 is required for incorporation of BubR1 in a 

complex with Mad2-Cdc20 subcomplex and for its binding to the APC/C (Primorac 

& Musacchio, 2013). The reason why KEN1 is necessary was revealed recently 

with the crystal structure of the fission yeast MCC (Chao et al, 2012). This 

structure revealed that KEN1 binds to the KEN box-binding pocket of Cdc20, thus 

directly competing with Cdc20 substrates. Therefore BubR1 is a pseudosubstrate 

inhibitor of the APC/C (Lara-Gonzalez et al, 2011). KEN2 is also required for 

mitotic arrest, but not for the association of the MCC and the APC/C (Burton & 

Solomon, 2007), (King et al, 2007), (Lara-Gonzalez et al, 2011). More specifically, 

KEN2 is required to prevent the D-box- and Cdc20-dependent binding of Cyclin B 

to the APC/C (Lara-Gonzalez et al, 2011). Mechanistically, its function is exercised 

through the interaction with a second molecule of Cdc20 (Izawa & Pines, 2015). 

Thus, MCC contains two molecules of Cdc20, rather than one as previously 

proposed (Sudakin et al, 2001). 

 

 

Recruitment of SAC proteins 

Spindle assembly checkpoint activation requires the recruitment of checkpoint 

proteins to kinetochores. A complete picture of recruitment mechanisms remains 

elusive but there has been remarkable progress in the elucidation of many aspects 

of this process. Mps1 and Aurora B kinase activity is essential for the recruitment 
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of all checkpoint components to kinetochores, as the chemical inhibition of these 

two kinases impairs the kinetochore localization of checkpoint proteins 

(Maciejowski et al, 2010), (Hewitt et al, 2010), (Kwiatkowski et al, 2010), 

(Santaguida et al, 2010), (Santaguida et al, 2011), (Ditchfield et al, 2003), 

(Emanuele et al, 2008). Mps1 and Aurora B contribute to SAC signaling after 

Mad1-Mad2 recruitment by controlling MCC formation and the MCC-APC/C 

interaction (Funabiki & Wynne, 2013). Aurora B kinetochore localization is 

mediated by Haspin phosphorylation of H3 nucleosomes, which recruits the CPC 

via its subunits Borealin and Survivin (Carmena et al, 2012). Mps1 kinetochore 

localization depends on the Ndc80 complex, but the exact mechanism is currently 

unclear (Martin-Lluesma et al, 2002), (Stucke et al, 2004), (Funabiki & Wynne, 

2013). Knl1 plays an important role in Mps1 dependent checkpoint activation. It 

has been identified as a substrate of Mps1 and mutations of the respective 

phosphorylation sites impair SAC function (Shepperd et al, 2012), (Yamagishi et 

al, 2012). It has also been reported that phosphorylation of Knl1 at so-called MELT 

motifs (where M, E, L and T are single-letter codes for the amino acids 

Methionine, Gluthamic acid, Leucine, and Threonine) create a binding site for 

the SAC kinase Bub1 (London et al, 2012) (Shepperd et al, 2012), (Yamagishi et 

al, 2012), (Primorac et al, 2013). It has been shown that Bub3 binds directly to 

Knl1 through a region that contains multiple MELT motifs and that this interaction 

only happens if these MELT have been phosphorylated by Mps1. Moreover, once 

bound to Knl1, Bub3 then recruits Bub1 to the kinetochore (Primorac et al, 2013). 

Bub1 is important for recruitment of Bub3, BubR1 and Mad1 (Rischitor et al, 2007), 

(Vanoosthuyse et al, 2004). Bub1 can be recruited to kinetochores independently 

of BubR1, but BubR1 kinetochore localization depends on Bub1 binding (Overlack 

et al, 2015).  

A more downstream event in the recruitment process of checkpoint proteins is the 

activation of Mad2 at kinetochores. Structural analysis of Mad2 clarified that it 

exists in two different topologies, now generally referred as open and closed Mad2 

(O- and C-Mad2) (Luo et al, 2002), (Sironi et al, 2002). O-Mad2, also referred to as 

inactive Mad2, predominates when the SAC is inactive, and is eminently cytosolic. 

C-Mad2, also referred as active Mad2, signals SAC activation. Mad2 adopts this 

conformation when bound to Mad1 or to Cdc20. Closed Mad2/Mad1 recruits o-

Mad2 to kinetochores by forming a dimeric O-Mad2/C-Mad2 structural heterodimer 

(De Antoni et al, 2005). This leads to the closure of O-Mad2 and to its conversion 

to C-Mad2, which binds Cdc20. The two complexes Mad1/c-Mad2 and Cdc20/c-
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Mad2 are structural copies of one another, as they both contain Mad2 in its closed 

conformation and Cdc20 and Mad1 share a Mad2 binding motif. Thus, the reaction 

of activation of O-Mad2 that precedes its conversion to C-Mad2 is templated by 

Mad1/c-Mad2, which justifies the name “template model” for the Mad2 activation 

mechanism. The Cdc20/Mad2 complex, once it has formed at kinetochores, 

dissociates away into the cytosol where it mimics the Mad1/c-Mad2 complex and 

may convert more o-Mad2 into c-Mad2 bound to Cdc20 in a positive feedback loop 

(De Antoni et al, 2005).   
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SAC silencing 

For faithful chromosome segregation not only the activation of the SAC is 

essential, but also SAC silencing. Upon microtubule attachment, checkpoint 

proteins are depleted from kinetochores (Musacchio & Salmon, 2007). This 

removal of SAC proteins at properly attached kinetochores is important in 

switching off the SAC. Microtubule binding to kinetochores produces changes in 

kinetochore and SAC chemistry, most notably their state of phosphorylation. It has 

been shown that SAC silencing depends on the phosphatase PP1, which is 

targeted to kinetochores via Knl1 (Pinsky et al, 2009), (Vanoosthuyse & Hardwick, 

2009). Mutations within the PP1 binding motif in the yeast homologue of Knl1 

disables SAC silencing, which is eventually lethal (Rosenberg et al, 2011). The 

impaired SAC can be rescued by fusing PP1, but not a catalytically dead mutant, 

to mutant Knl1. Thus, kinetochore recruitment of PP1 may be crucial for SAC 

silencing in yeast. Similar effects could be observed in C. elegans (Espeut et al, 

2012b).  

There may also exist Knl1-independent silencing mechanisms. One mechanism 

that has been linked to SAC silencing is Dynein dependent kinetochore stripping 

(Gassmann et al, 2010), (Howell, 2001). The microtubule motor Dynein removes 

SAC proteins from kinetochores in a minus end directed movement along 

microtubules. Among the SAC proteins removed by Dynein are Mad1, Mad2, the 

RZZ complex and Spindly which is required for kinetochore recruitment of Dynein 

and Dynactin (Barisic & Geley, 2011). In Spindly depleted cells, there exists an 

alternative mechanism for Mad1/Mad2 removal from kinetochores that is probably 

KMN network dependent (Gassmann et al, 2010). However, in Spindly motif 

mutants cells that abrogate recruitment of Dynein/Dynactin to kinetochores, there 

is no additional mechanism to remove Mad1/Mad2 (Gassmann et al, 2010). 

Spindly is likely involved in the transition from lateral attachments to end-on 

attachments at kinetochores (Gassmann et al, 2008), (Varma et al, 2008), (Barisic 

& Geley, 2011) (Section 2.6).  

Ultimately, SAC silencing likely requires the disassembly of Cdc20 from the MCC 

in order to activate the APC/C. P31comet, which is an additional binding partner of 

c-Mad2, extracts Mad2 from the MCC (Westhorpe et al, 2011). Polyubiquitylation 

of Cdc20 in the MCC also leads to MCC disassembly (Reddy et al, 2007).  
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2.5 The	
  RZZ	
  complex	
  

Discovery 

The RZZ complex is an important regulator of the SAC in higher eukaryotes and it 

contains the three proteins rough deal (Rod), zeste white 10 (Zw10) and Zwilch 

(Karess, 2005). Initially Rod and Zw10 have been independently identified in 

genetic screens in Drosophila (Smith et al, 1985), (Karess & Glover, 1989), 

(Williams et al, 1992) and later in human cells (Starr et al, 1997). Rod and Zw10 

were later shown to function together in a evolutionary conserved complex in 

higher eukaryotes (Scaërou et al, 2001). The last component of the complex, 

Zwilch, has been discovered by immune affinity chromatography on Zw10 in 

Drosophila and further characterized biochemically (Williams et al, 2003). The 

three-protein complex has then been renamed the Rod-Zwilch-Zw10 (RZZ) 

complex. The three proteins co-elute from size exclusion chromatography (SEC) in 

a single peak of approximatly 800 kDa (Williams et al, 2003). The combined mass 

of the three proteins Rod (250 kDa), Zw10 (89 kDa) and Zwilch (67 kDa) is about 

half of the apparent mass of the complex, suggesting that the complex formed a 

stable dimer (Karess, 2005). Null mutations or depletion by siRNA of any RZZ 

gene cause severe chromosome segregation defects (Starr et al, 1997), (Scaërou 

et al, 2001), (Williams et al, 2003). It has been shown that the RZZ complex is part 

of the spindle assembly checkpoint as cells lacking the RZZ complex no longer 

arrest in M phase in response to spindle damage, but go on to separate sister 

chromatids, degrade Cyclin B and exit mitosis, which is the same phenotype that 

other checkpoint proteins reveal (Chan et al, 2000). Mutations in RZZ encoding 

genes are frequently identified in cancers (Wang, 2004).  

 

Dynamics during mitosis 

The kinetochore and spindle dynamics of the RZZ complex have been studied 

extensively, and found to be the same across tissues and species (Karess, 2005). 

In interphase, all three proteins are cytoplasmic (Williams et al, 1992) (Basto et al, 

2004), (Karess, 2005). In late prophase they enter the nucleus and accumulate at 

kinetochores during nuclear envelope breakdown (Williams et al, 1992), (Williams 

et al, 2003), (Basto et al, 2004), (Karess, 2005). Once kinetochore microtubules 

have attached, the RZZ redistributes away from kinetochores, as other checkpoint 

proteins, and relocates along the kinetochore attached microtubules predominantly 
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towards the spindle poles (Williams et al, 1992), (Scaërou et al, 1999), (Karess, 

2005). This process is called kinetochore shedding (Section 2.4).  

 

Structural organization 

A structural analysis of the RZZ complex, carried out in the Musacchio laboratory, 

revealed a common ancestry with the Nag-Rint-Zw10 (NRZ) complex which acts 

as a tethering complex for retrograde trafficking of COPI vesicles between the 

Golgi apparatus and the endoplasmatic reticulum (ER) (Aoki et al, 2009), (Çivril et 

al, 2010). Human Zw10 is not only a subunit of the RZZ complex but also of the 

NRZ complex (Çivril et al, 2010). Among the RZZ subunits, Zw10 is the only one 

that has a homologue in yeast, namely Dsl1 (Andag & Schmitt, 2003). Dsl1 is 

incorporated into the Dsl1/Sec39/Tip20 complex and similarly to the NRZ complex, 

is involved in membrane trafficking of COPI-coated vesicles (Andag & Schmitt, 

2003). Thus, the Dsl1/Sec39/Tip20 complex is the yeast equivalent of the NRZ 

complex (Andag & Schmitt, 2003), (Tripathi et al, 2009), (Menant & Karess, 2010). 

Unlike Zw10, Dsl1 is not involved in mitosis (Çivril et al, 2010). Probably (or at 

least partly) due to its double life, Zw10 is the most thoroughly studied protein of 

the RZZ complex. Bioinformatic comparison of the NRZ and RZZ complexes 

showed that Rod and Nag are both large proteins (2209 and 2371 amino acids 

respectively) predicted to fold into an N-terminal β-propeller followed by an 

extensive α-solenoid (Çivril et al, 2010). This extensive α-solenoid includes a 

domain, which is very conserved between Rod and Nag, named the Nag Rod 

homology domain (NRH), which is followed by a domain homologous to the Sec39 

motif (Figure 9) (Çivril et al, 2010). The combination of a β-propeller with an α-

solenoid is rather rare, and occurs in transport proteins at the nuclear pore 

complexes (NPC) or in vesicle coat proteins such as COPII or clathrin (Çivril et al, 

2010).  

Functionally, Nag and Rod are different. Immunofluorescence analysis shows that 

Nag is located at the Golgi and ER and not at kinetochores, whereas Rod is a 

known component of kinetochores and does not localize to the Golgi and ER. 
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The crystal structure of Zwilch has been solved in the Mussachio laboratory 

(Figure 10) (Çivril et al, 2010). The crystal structure of Tip20 (the yeast homologue 

of Rint) has previously been solved in the Hughson laboratory (Ren et al, 2009). A 

comparison between the two structures revealed that Zwilch with Rint have no 

similar features. Additionally, Zwilch also forms a novel fold with no equivalent in 

the protein databse (PDB) (Çivril et al, 2010).  

 
Figure 10: Crystal structure of Zwilch  

(A) A cartoon model of Zwilch. The structure is colored blue to red from the N to the C-
terminus as if it were not split into two segments. Some disordered loops are drawn as 
dashed lines. (B) Cartoon model after a 180° rotation relative to (A) illustrates two structural 
domains of Zwilch described in the text (PDB ID:3IF8). (C) Topology diagram of Zwilch. 
Figure adopted from (Çivril et al, 2010). 
 

Figure 9: Domain organization of Rod and Nag 

Rod and Nag are both predicted to fold into a N-terminal terminal β-propeller (yellow) 
followed by an extensive α-solenoid (orange) that contains the Nag Rod homology domain 
(NRH) (red) and the Sec39 homology motif (dark red).  
Figure adopted from (Çivril et al, 2010). 
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The topology of the NRZ and RZZ complexes reveal significant differences. In the 

NRZ complex (as in the Dsl1/Sec39/Tip20 complex) Zw10 may bridge Nag and 

Rint, suggesting that Nag may not contact Rint directly. This is different in the RZZ 

complex, where Zw10 and Zwilch both bind directly to Rod (Çivril et al, 2010). In 

conclusion, the RZZ and NRZ have a common ancestor, but how this reflects on 

their function remains elusive.  

Recruitment of the RZZ complex to kinetochores 

The fundamental question of how the RZZ becomes recruited to kinetochores and 

how it operates there remains unanswered. There are controversies in the 

literature whether the Zw10 interacting protein-1 (Zwint-1) is the kinetochore 

receptor of RZZ. Zwint-1 has been identified in a yeast two hybrid screen for 

proteins that interact with Zw10 (Starr et al, 2000). Zwint-1 is part of the KMN 

network (Kops, 2005). It has been initially suggested to be required and sufficient 

for Kinetochore localization of Zw10 and thus the RZZ complex in HeLa cells 

(Wang et al, 2004). In agreement with this, the knockdown of Zwint-1 by RNAi 

depletes Zw10 from kinetochores (Wang et al, 2004), (Welburn et al, 2010). A 

study from the Cleveland laboratory also support the idea that Zwint-1 is required 

for kinetochore recruitment of the RZZ complex and revealed that the Zw10-Zwint-

1 interaction is of low affinity (Kops, 2005). Another study reported that Zwint-1 is 

not required for Zw10 recruitment but for its stable residency at kinetochores 

(Famulski et al, 2008). Attempts to dissect the binding domain within Zw10 that 

promotes kinetochore localization as well as Zwint-1 binding led to conflicting 

results. Initially the binding domain of Zw10 that promotes Zwint-1 interactions 

have been mapped to its C-terminal region (468-779 aa) (Starr et al, 2000). 

Another study has mapped the Zwint-1 binding domain to the first 80 residues of 

Zw10 and claims that this segment is sufficient for its kinetochore localization 

(Wang et al, 2004). Yet, another study has mapped the Zwint-1 interacting domain 

to residues 30-82 and identified a C-terminal kinetochore localization domain (536-

686 aa). Thus, both regions of Zw10 may be required for kinetochore localization 

(Famulski et al, 2008). 

Hec1, which is part of the Ndc80 complex, has also been implicated in RZZ 

recruitment to kinetochores (Chan, 2009). Hec1 may act upstream of Zwint-1, and 

therefore it may be only indirectly required for Zw10 recruitment to kinetochores. In 

agreement with this idea, no direct interaction between Hec1 and Zw10 could be 

detected (Lin et al, 2006). In contrast, a study from the Salmon laboratory reported 

that in HeLa cells Zwint-1 localizes to kinetochores before Hec1, and that depletion 
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of Hec1 in nocodazole-treated HeLa cells does not decrease the levels of Zwint-1 

at kinetochores (Varma et al, 2013). More recently, the Salmon laboratory reported 

the partial interdependency of Knl1 and Zwint-1 for their kinetochore localization in 

HeLa cells. They demonstrate that Knl1 kinetochore localization is reduced upon 

Zwint-1 depletion and Zwint-1 does not localize at kinetochores in Knl1 depleted 

cells. Consistently Zwint-1 deletion cause a 60% reduction of RZZ levels at 

kinetochores, while Knl1 depletion results in a complete loss of the RZZ complex 

at kinetochores (Varma et al, 2013). This points to Knl1 as the receptor of the RZZ 

at kinetochores rather than Zwint-1.  

A very recent set of experiments by the Nilsson laboratory reports that the effects 

on RZZ localization caused by Knl1 depletion may be due to the loss of Bub1 at 

kinetochores (Zhang et al, 2015). The authors further identify a central domain 

within Bub1 (residues 437-521) as being responsible for RZZ recruitment (Zhang 

et al, 2015). However, studies by Dr. Veronica Krenn and Katharina Overlack in 

our laboratory demonstrate normal RZZ localization upon Bub1 depletion (data not 

shown).  

Additional evidence exists that Aurora B phosphorylation may be involved in the 

Zwint-1 mediated Zw10 recruitment to kinetochores (Kasuboski et al, 2011). 

However, despite extensive attempts, this could not be reproduced in our 

laboratory (data not shown). Furthermore the Stukenberg laboratory proposed that 

in the absence of Aurora B activity, the inner kinetochore protein CENP-I is 

required to recruit and maintain RZZ at kinetochores. This proposal is based on 

the finding that in HeLa cells depleted of both Aurora B and Cenp-I, RZZ levels are 

greatly reduced (Matson & Stukenberg, 2014). However, the reduction in RZZ 

upon depletion of CENP-I may be a very indirect effect, caused by a concomitant 

reduction in the levels of the KMN network components upon depletion of CENP-I. 

Also, it has been shown that Mps1 knockdown by RNAi or inhibition of its kinase 

activity by Reversine leads to a drastic reduction of RZZ at kinetochores (~80%) 

(Santaguida et al, 2010).  

Collectively, these data fall short of providing a unifying view of the recruitment 

mechanism of the RZZ complex to kinetochores.   
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2.6 Functions	
  of	
  the	
  RZZ	
  complex	
  	
  

SAC activation 

Since the discovery of the RZZ in genetic screens, it has been known that the RZZ 

complex is required for proper cell division in mitosis and that “null mutations” in 

any RZZ gene lead to chromosome segregation defects (Karess & Glover, 1989), 

(Williams et al, 1992), (Smith et al, 1985), (Williams et al, 2003). The RZZ complex 

has been identified as a checkpoint protein already in 2000 (Chan et al, 2000). 

However its exact function in the SAC remains poorly characterized. It has been 

established that the RZZ complex is involved in the activation of the SAC by 

recruiting, and/or stabilizing the presence of Mad1/Mad2 at kinetochores, which is 

directly involved in SAC activation (Section 2.4). In Zw10-depleted HeLa cells, 

Mad1/Mad2 localization at kinetochores is diminished (Kops, 2005). However, 

despite various attempts, Mad1/Mad2 and RZZ do not appear to interact strongly 

(Kops, 2005), (Williams et al, 2003), (Starr et al, 2000), (Buffin et al, 2005). This 

could indicate a more indirect link between the RZZ complex and Mad1/Mad2. The 

RZZ complex could promote Mad1/Mad2 stabilization at kinetochores rather than 

being its recruitment anchor (Karess, 2005). Indeed, it has been shown that 

Mad1/Mad2 kinetochore localization depends on several other proteins whose 

requirement for RZZ kinetochore recruitment remains uncertain, for example the 

Ndc80 complex (Lin et al, 2006), (Varma et al, 2013), (DeLuca et al, 2003), 

(Cheerambathur et al, 2013), (Chan, 2009). In C. elegans an additional protein, 

Spindly is required for Mad1/Mad2 localization at kinetochores (Gassmann et al, 

2008), but Spindly homologs in other organisms are not required for Mad1/Mad2 

recruitment. A superresolution approach developed by the Salmon laboratory 

positioned Zwint-1, RZZ, Mad1/Mad2 and the C-terminus of Spindly in close 

physical proximity to one another (Maresca & Salmon, 2009), (Varma et al, 2013).  

In conclusion, deciphering the mechanism by which RZZ stabilizes Mad1/Mad2 at 

unattached kinetochores will be important to gain insight into the function of the 

RZZ complex in SAC activation, but at present a unifying view of the mechanism of 

RZZ rectruitment is missing. 

 

SAC silencing  

The RZZ complex is not only involved in SAC activation but plays also a role in 

SAC silencing in a Spindly and Dynein dependent manner. Dynein is a minus-end 

directed microtubule motor protein, which is involved in many intracellular transport 
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processes (Höök & Vallee, 2006) and it consists of two heavy chains (DHC), two 

intermediate chains (DIC) and two light intermediate chains (DLIC). The DHCs 

mediate microtubule binding while the DLICs mediate binding to accessory binding 

partners of the motor complex, for example Dynactin, RZZ or Bicaudal D (Höök & 

Vallee, 2006), (Kardon & Vale, 2009). These accessory proteins regulate Dynein. 

In different Dynein complexes (i.e. complexes with different accessory complexes) 

Dynein can function differently (Kardon & Vale, 2009). In mitosis Dynein function 

depends on kinetochore microtubule attachments. The regulation of Dynein 

dependent removal of the RZZ-Spindly complex from kinetochores depends on 

tension and has been suggested to require Aurora B kinase activity (Kasuboski et 

al, 2011). However, the molecular basis for this dependency is currently poorly 

understood (Barisic et al, 2010), (Famulski & Chan, 2007), (Chan et al, 2009).  

In early mitosis kinetochores form lateral attachments with microtubules and 

Dynein, together with other motors such as CENP-E, might contribute to this 

process. Once the lateral attachments are converted to end-on attachments, 

Dynein leaves the kinetochores and moves on microtubules towards spindle poles, 

taking checkpoint proteins, such as the RZZ complex and Mad2, with it (Howell, 

2001), (Wojcik et al, 2001), (Basto et al, 2004), (Griffis et al, 2007), (Varma et al, 

2008), (Sivaram et al, 2009). The removal of the checkpoint proteins is a part of 

the mechanism to silence the SAC (Karess, 2005).  

The RZZ complex and Dynein have a two way relationship as the RZZ is also 

required for Dynein recruitment to kinetochores (Scaërou et al, 1999). More 

precisely, Zw10 acts as a putative anchor for Dynein at the kinetochore, which may 

indicate a more general and unifying function of Zw10 extending to its role in 

intracellular transport. Initially Zw10 has been found to interact with Dynamitin 

(P50), a subunit of Dynactin, in a yeast two hybrid screen. Residues 468-779 of 

Zw10 bind to P50 (Starr et al, 1997), (Starr et al, 1998). However, another study 

reports that residues 1-316 of Zw10 are sufficient to promote interaction with P50 

(Inoue et al, 2008). A further interaction between Zw10 and the phosphorylated 

DIC motif of Dynein was detected, which seems to be important for Dynein 

kinetochore localization. Interestingly upon dephosphorylation of the DIC 

region/motif, Dynein binding to Dynactin is promoted and poleward streaming is 

induced (Whyte et al, 2008).  

In mitosis Spindly acts as an adaptor between RZZ and the Dynein motor complex 

and is important for chromosome alignment and checkpoint signaling (Barisic et al, 

2010). Spindly was first identified in Drosophila (Griffis et al, 2007). Like the RZZ 

complex, Spindly is only conserved in higher eukaryotes, although with weak 
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sequence conservation. One conserved feature is that Spindly is a functional 

regulator of Dynein in mitosis (Barisic & Geley, 2011). Spindly co-localizes with 

RZZ and Dynein at kinetochores in early prometaphase and at spindle poles in 

metaphase (Chan et al, 2009), (Gassmann et al, 2008), (Griffis et al, 2007). 

Spindly localization at kinetochores requires the RZZ complex. Co-

immunoprecipitation experiments have detected a weak interaction between 

Spindly and the RZZ complex, that could only be observed in detergent free 

conditions (Barisic et al, 2010), (Chan et al, 2009), (Gassmann et al, 2008). Very 

recently, two groups independently showed that Spindly localization at kinetochore 

requires farnesylation of the Spindly C-terminal CAAX-box (Moudgil et al, 2015), 

(Holland et al, 2015). Spindly farnesylation likely contributes to its interaction with 

RZZ, and this would explain why RZZ proteins in Spindly precipitates can only be 

detected in the absence of detergents (Barisic et al, 2010). In human cells Spindly 

is required for the localization of Dynein and Dynactin to kinetochores (Barisic et 

al, 2010), (Gassmann et al, 2008), (Griffis et al, 2007), (Barisic & Geley, 2011). 

Localization dependencies and RNAi experiments suggest that RZZ and Spindly 

act in a linear manner. In this linear recruitment, one could imagine Spindly to act 

as a protein adaptor between the RZZ and the Dynein/Dynactin motor complex 

(Figure 11). However, no direct interaction between Spindly and Dynein or 

Dynactin could be detected so far (Chan et al, 2009), (Barisic & Geley, 2011). 

Thus, it remains to be elucidated if Spindly interacts directly with Dynein or 

indirectly by controlling the binding of Dynein to RZZ (Barisic & Geley, 2011).  

There are some interesting differences in Spindly between species. For instance, 

in Drosphila Spindly is not required for Dynein localization to kinetochores and 

Spindly deletion leads to accumulation of Mad2 on bi-oriented kinetochores (Griffis 

et al, 2007). In contrast, in C. elegans Spindly interacts directly with Mad1 and is 

required for localization of the Mad1/Mad2 checkpoint proteins (Gassmann et al, 

2008). However, in human cells neither Mad2 recruitment to kinetochores nor its 

removal upon bi-orientation is affected by Spindly depletion (Barisic et al, 2010). 

One possible explanation for this is the observed differences in kinetochore 

structures among species colluding with the finding that Spindly sequences are 

poorly conserved among species.  

In addition to the loss of Dynein and Dynactin, Spindly depletion in human cells 

leads to a chromosome congression defect. Cells depleted of Spindly accumulate 

in prometaphase and establish irregular spindles, resulting in misaligned 

chromosomes. The strength of the Spindly deletion phenotype cannot be 
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explained by the loss of Dynein function alone, because it is partially rescued by 

concomitant RZZ depletion, suggesting that te phenotype results from a dominant 

effect of Spindly at kinetochores when Dynein cannot remove it (Barisic et al, 

2010). Co-depletion of Spindly and RZZ, however, induces a more severe 

chromosome segregation defect and more severe irregularities in spindle 

formation. These defects could, at least in part, be explained by a failure, in the 

absence of Dynein, to establish lateral microtubule attachments and subsequent 

poleward movement, which is believed to promote establishment of stable end-on 

attachments (Gassmann et al, 2008), (Varma et al, 2008) , (Barisic & Geley, 2011). 

The possible role for Spindly in formation of lateral kinetochore microtubule 

attachments is also strongly supported by the finding that co-depletion of Ndc80 

and Spindly induces a stronger non-attachment phenotype than the individual 

RNAi phenotypes alone (Barisic et al, 2010), (Barisic & Geley, 2011). Point 

mutations in Spindly, which only prevent Dynein/Dynactin binding but retain the 

other functions of Spindly, rescue the Spindly depletion phenotype causing a 

subsequent arrest of cells in metaphase due to a failure in checkpoint silencing in 

the absence of Dynein/Dynactin (Gassmann et al, 2010). Taken together these 

studies indicate that Spindly is not only involved in Dynein recruitment to 

kinetochores but also in the formation of correct metaphase plates (Barisic et al, 

2010). 

Besideis recruiting Spindly to kinetochores, RZZ might also contribute to the 

Spindly-dependent formation of microtubule attachments, but the function of RZZ 

in this process is poorly understood. It was suggested, and recently supported, that 

in C. elegans the RZZ complex negatively regulates the microtubule binding 

activity of Ndc80 at unattached kinetochores, and that the loss of Spindly 

exacerbates this suppressive function by preventing the removal of RZZ from 

kinetochores or by modulating this suppressive function of RZZ on Ndc80 function 

in a more direct manner (Gassmann et al, 2008), (Cheerambathur et al, 2013). It is 

worth noting that functions of the Ndc80 complex, RZZ and Spindly differ 

significantly among species. Whether human RZZ inhibits Ndc80 microtubule 

binding in a similar way remains elusive at this point. 

In conclusion, the RZZ complex is a key regulator of mitosis, and is important for 

SAC activation as well as its inactivation. Whether or not the human RZZ complex 

is additionally important in formation of lateral kinetochore-microtubule 

attachments remains speculative at this point. The molecular mechanisms of RZZ 

function in the activation and in the silencing of the SAC are of great interest and 

represent an important question in RZZ research. 
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Figure 11: Model of RZZ function 

During mitosis, the RZZ complex binds to the kinetochore and is involved in stable Mad2 
binding to the kinetochore as well as Spindly and Dynactin recruitment. Spindly and 
Dynactin then together recruit Dynein to the kinetochore, which then transports the whole 
complex toward the spindle pole and silences SAC signaling. 
Adapted from (Griffis et al, 2007).  
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3 Objective 
The RZZ complex is a key regulator of mitosis and mutations in any of its subunits 

result in chromosome segregation defects that can lead to cancer (Karess, 2005). 

However very little is known about the structure and function of this crucial 

component of the kinetochore. Previous work in Musacchio’s laboratory resulted in 

the crystal structure of Zwilch, the smallest subunit of the RZZ complex (67 kDa) 

(Çivril et al, 2010). Additional work in Musacchio’s laboratory also established that 

the N-terminal domain of the largest subunit, Rod (240 kDa), interacts directly with 

Zwilch (Çivril et al, 2010). The aim of my PhD project was to extend these previous 

findings by gaining a better biochemical, structural and functional understanding of 

the RZZ complex. 

Therefore my work revolved around two main objectives. First, I wanted to 

investigate structurally how the RZZ complex is organized in terms of inter-subunit 

interactions. For this, it was crucial to generate a recombinant form of the RZZ 

complex. For this purpose I tried to express and purify full length versions of the 

RZZ subunits as well as several constructs of domains and sub-complexes. I tried 

to obtain the crystal structure of the full-length RZZ complex and of relevant 

domains and sub-complexes. Besides this, I also contributed to an ongoing 

collaboration with the laboratory of Dr. Stefan Raunser, aiming to perform 3D 

negative-stain and cryo-electron reconstitutions of the RZZ complex. These 

reconstitutions, which were carried out by Dr. Shyamal Mosalaganti, were used to 

identify the position of the subunits within the complex, for instance through 

specific antibody labeling. In collaboration with Professor Franz Herzog at the 

Gene Center in Munich (Leitner et al, 2010), (Grimm et al, 2015), I also carried out 

a cross-linking-mass spectrometry analysis to identify inter-subunit contacts.  

Second, I wanted to gain a better understanding of how the RZZ becomes 

recruited to the kinetochore and what its function is at the kinetochore. Specific 

subunits of the KMN network have been implicated in the recruitment of RZZ to the 

kinetochore. To investigate the mechanism of kinetochore recruitment of RZZ, I 

carried out interaction studies between recombinant versions of the RZZ and of the 

KMN network subunits. For these interaction studies the potential role of additional 

recruitment factors, such as protein kinases (i.e. Mps1, Aurora B, Bub1, Plk1, 

Cdk1) was considered. To study the role of the RZZ complex in SAC activation I 

investigated whether there is a direct interaction of the RZZ complex with 
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Mad1/Mad2, to understand how the RZZ complex stabilizes Mad1/Mad2 at 

kinetochores. To dissect the role of RZZ in SAC silencing I aimed to gain a better 

understanding of how the RZZ contributes to the recruitment of Dynein/Dynactin. 

As neither Dynein/Dynactin nor Spindly were available in the Musacchio 

laboratory, I first wanted to generate recombinant Spindly and investigate the 

interactions between the RZZ complex and Spindly, the putative adaptor for 

Dynein/Dynactin. Individual subunits of Dynein and Dynactin also became 

available in the Musacchio laboratory and were subjected to interaction studies 

with the RZZ complex, or with Zw10 individually, given Zw10’s proposed role as a 

Dynein/Dynactin anchor within the RZZ complex. 
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4 Results 

4.1 Characterization	
  of	
  the	
  RZZ	
  complex	
  

Despite extensive attempts, we were initially unable to express and purify stable 

domains and deletion mutants of Rod and Zw10. Co-expression of full-length 

versions of the RZZ subunits turned out to be a successful strategy to obtain stable 

and well behaving recombinant versions of the RZZ complex. Therefore, I will focus 

in this chapter on the successful generation of the recombinant RZZ full-length 

complex and two additional sub-complexes, as well as its characterization and a 

preliminary crystallographic study.  

4.1.1 Purification	
  of	
  the	
  full	
  length	
  RZZ	
  complex	
  

The cDNA sequences of human Zw10, Zwilch and Rod were sub-cloned into  

pACEbac1 or pFL vectors for expression in insect cells (ATG Biosynthetics, 

Merzhausen, Germany). Expression of Zwilch with two His residues at its N-

terminus considerably enhanced its expression levels. Rod was expressed with an 

N-terminal hexa-histidine tag with a linker and a TEV protease cleavage site, 

leading to 18 additional residues between the hexa-histidine tag and the Rod 

sequence. Zw10 was expressed without any tag. The expression and purification of 

the RZZ complex is described in Section 6.3.14 

The recombinant full length RZZ complex was purified in a two-step approach, 

using a nickel resin affinity column followed by size-exclusion chromatography 

(SEC) (Figure 12 and Figure 13). After the second step of the purification procedure 

the RZZ complex was >90% pure, based on SDS-PAGE analysis (Figure 13). The 

SEC elution profile (Figure 13) shows an apparent molecular weight of 800 kDa, 

which is consistent with earlier publications (Scaërou et al, 2001), (Williams et al, 

2003).  
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Figure 12: Nickel resin affinity column purification of the RZZ complex  

A HisTrap Crude FF 5 ml column (GE Healthcare, Germany) was used and a step elution 
with 250 mM Imidazole was performed (WCE = whole cell extract; SN = supernatant). 
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Figure 13: Size exclusion chromatography of the RZZ complex 

Size exclusion chromatography of the RZZ complex using a Superose 6 10/300 column (GE 
Healthcare, Germany). The chromatogram of the RZZ purification is overlaid with a control 
molecular weight marker run.  
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4.1.2 Analytical	
  Ultracentrifugation	
  

Two studies showed that the RZZ members associate in a large complex of 

approximately 800 kDa and proposed the RZZ complex subunits (which have an 

overall molecular mass of 400 kDa) to further assemble in a dimeric arrangement 

(Scaërou et al, 2001), (Williams et al, 2003). The SEC experiment showed that the 

recombinant RZZ complex elutes at a molecular weight higher than 670 kDa (Figure 

13) suggesting a possible oligomerization of the complex. To characterize its 

hydrodynamic parameters and to derive stoichiometries of RZZ, we subjected the 

recombinant RZZ complex to analytical ultracentrifugation (AUC) (Section 6.3.20). 

AUC also provided information about the aggregation propensity of a sample. The 

purified RZZ complex was used in three different concentrations ranging from 

0.1 mg/ml to 0.6 mg/ml to investigate if the oligomerization of the complex is 

concentration dependent. The Sedfit (Schuck, 2000) software was used for data 

analysis, which was performed by Dr. Arsen Petrovic. The data analysis of the 

analytical ultracentrifugation resulted in a major peak containing 69.6 % of the total 

mass (Figure 14). This peak, which contained the bulk of the RZZ complex, showed 

a sedimentation coefficient of 15.65 S corresponding to a molecular weight of 812 

kDa, which validated the RZZ complex to be a dimer of trimer (Figure 14) as the 

expected molecular weight of the heterodimeric RZZ complex is 813 kDa.  
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Figure 14: Analytical Ultracentrifugation of the RZZ complex 

Analytical ultracentrifugation sedimentation velocity measurements of the RZZ complex 
were analyzed as a distribution of sedimentation coefficients. Fringes were collected by 
absorbance measurements at 285 nm (top panel) and resultant continuous c(S) distributions 
in the range of 1–15 S (bottom panel). Data fitting (using Sedfit (Schuck, 2000)) showed a 
mean sedimentation coefficient of 15.65 S, best fit by assuming a frictional ratio (f/f0) of 1.99 
and calculated mean molecular weight of 812 kDa. Interpreted species account for 69.6% of 
total. Its theoretical size is 813 kDa.  

  

MW experimental= 812 kDa
MW theoretical= 813 kDa
Percentage of main peak= 69.6 %
SȦ (20,Ȧ)=15.65 S
f/f0= 1.99
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4.1.3 Thermofluor	
  Analysis	
  

To analyze the thermal stability of the RZZ complex, a thermofluor assay (Boivin 

et al, 2013) was performed (Figure 15) during a P-Cube training at EMBL in 

Hamburg (Section 6.3.21). The analysis shows a single melting curve for the 

RZZ complex with a Tm (melting temperature) of ~43ºC, suggesting a 

cooperative disruption of the complex. . Melting curve of protein complexes, in 

which the proteins composing the complex interact with modest affinity often 

result in overlays of the melting curves of the individual denaturing events, often 

preventing a clear interpretation of melting curves. For example, a non-

interpretable curve was obtained for the Mini-RZZ complex (Figure 50), which is 

described later in this thesis (Section 4.2.5)  

The apparent melting temperature (Tm) of 43°C, is moderately high for a human 

protein complex (Bischof & He, 2005). Given that the fluorophore used in this 

analysis is known to destabilize the protein samples slightly (Boivin et al, 2013), 

it is likely that the measured Tm is lower than the real Tm. Thus the Tm of 43°C for 

the RZZ complex implies a high sample stability. We carried out crystallogenesis 

of the RZZ complex at 20°C, which is about 25°C lower than its Tm, an optimal 

condition for crystallogenesis (Dupeux et al, 2011).  

 

Figure 15: Thermofluor analysis of the RZZ complex 

Thermofluor based protein-unfolding curve of the RZZ complex. The resulting melting 
temperature (Tm) is 43°C. This assay was performed in RZZ SEC buffer (25 mM Hepes pH 
8.5, 250 mM NaCl, 2 mM TCEP). 
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4.1.4 Limited	
  Proteolysis	
  

We applied limited proteolysis to the full length RZZ complx to identify any existing 

stable sub-complexes . Specifically, the protease Trypsin was mixed with the RZZ 

complex in a 1:100 ratio and incubated at 37°C for one hour (Section 6.3.18). 

Protein samples were taken at several time points and initially visualized by SDS-

PAGE (Figure 16). A selected number of bands were later analyzed by a limited in-

gel digest followed by mass spectrometry (performed by Dr. Petra Janning) as 

described in Section 6.3.19. This experiment enabled us to determine that the 250 

kDa subunit Rod became cleaved into two halfes, of approximately 130 kDa (N-

terminal) and 120 kDa (C-terminal) (Figure 16). The 89 kDa protein Zw10 was 

proteolyzed into a stable segment migrating with an apparent molecular mass of 

75 kDa in SDS-PAGE. However, the most N-terminal peptide that could be detected 

by mass spectrometry analysis of this band started from amino acid 242, which 

suggested a fragment of 61 kDa might be formed during limited proteolysis. 

Possibly this segment showed abnormal migration in SDS-PAGE, or alternatively 

peptides corresponding to the N-terminal region of ZW10 remained undetected in 

the mass spectrometry experiment. The 67 kDa protein Zwilch was also sensitive to 

proteolytic digestion and we identified an N-terminal segment of approximately 40 

kDa corresponding to the N-terminal part of the protein and a C-terminal segment 

corresponding to amino acids 335-591. These two segments of Zwilch (1-334 and 

335-591) correspond exactly to the split Zwilch construct used to determine the 

crystal structure of Zwilch (Çivril et al, 2010) and which was designed based on 

limited proteolysis of the isolated Zwilch subunit.   
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Figure 16: Limited proteolysis of the full length RZZ complex  

The full-length RZZ complex was subjected to limited proteolysis using the Trypsin protease 
in a 1:100 ratio (37°C, 1 h). Selected protein bands were analyzed by mass spectrometry 
(following limited in gel digest). Arrows indicate in the sequence representations of Rod 
(red), Zw10 (blue) and Zwilch (yellow) the protease cleavage sites. 

 
This analysis prompted us to design a Mini-RZZ complex, which is described 

later in this dissertation (Section 4.2.5).  
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4.1.5 Crystallogenesis	
  

The ultimate goal of this project was to determine the structure of the RZZ complex 

at atomic resolution. Thus the full-length RZZ complex was subjected to various 

crystallogenesis approaches. Initially screenings in 96-well plates using 

commercially available Masterblocks were performed varying the protein 

concentration and the protein to pecipitant ratio. Initial crystals were obtained using 

condition No. 69 (1 M ammonium sulfate, 0.1 M MES pH 6.5) of the ProComplex 

Suite (Qiagen, Hilden, Germany) and the sitting-drop vapour diffusion method as 

described in Table 18. These initial crystals did not diffract. To achieve and improve 

diffraction we attempted a wide range of options including improvement of sample 

quality, crystallogenesis conditions and post crystallization treatments (Table 18). 

Sample quality improvement 

To reduce flexibility of the sample the N-terminal hexahistidine tag of Rod was 

removed using PreScission protease during elution from a Ni–NTA column. 

Evidence from mass-spectrometric analyses showed that the RZZ complex is 

phosphorylated during expression in insect cells (data not shown). Thus, to further 

improve the homogeneity of the sample we performed dephosphorylation using 

λ-phosphatase. Finally, the purity of the sample increased through a third 

purification step in which the sample, after Ni-NTA affinity purification, was 

subjected to an anion exchange column (Resource Q, GE Healthcare, Germany). 

Optimization of the crystallization conditions 

A detailed table with the individual steps that were exploited to optimize the 

crystallization conditions can be found in Section 6.3.25. 

Post-crystallization treatment 

Because the diffraction of the obtained crystals was poor, we also varied post-

crystallization treatments. Therefore, dehydration (reduction of the solvent content) 

of the crystals was attempted by either serial addition of glycerol to the reservoir 

solution or by increasing the precipitant concentration of the reservoir in 2–5% 

increments every two days. It is well known that reduction of solvent content can 

produce more closely packed and better ordered crystals, therefore improving 

diffraction (Heras & Martin, 2005). However in our case this did not lead to better 

diffracting RZZ crystals. Additionally, we tried to anneal the crystals by re-warming 

of a flash-cooled crystal to reduce mosaicity and potentially increase resolution by 

reducing the crystals solvent content (Harp et al, 1999), (Yeh & Hol, 1998). 
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Therefore we briefly interrupted the nitrogen stream that usually keeps the crystals 

at 100 K. Annealing did not result in better diffracting crystals. 

Data-collection experiments at room temperature were also performed to avoid the 

freezing step and investigate whether flash cooling might be compromising the 

diffraction quality of the crystals. As this did not improve the diffraction quality, we 

concluded that the limited diffraction results from problems in crystallogenesis that 

precede freezing (Heras & Martin, 2005).  

Best diffracting crystals (Figure 17) were grown against a reservoir buffer consisting 

of 380 mM ammoniumsulfate, 0.1 M MES pH 6.3. The data set was collected on the 

crystals shown in Figure 17.  

Crystal content 

To test if the crystals contained all subunits of the full-length RZZ complex, they 

were washed extensively with reservoir solution to separate them from soluble 

protein in the crystallization drop dissolved, and analyzed by SDS–PAGE. The 

SDS-PAGE gels (Figure 18) revealed that all three individual subunits of the RZZ 

complex are present, each devoid of apparent signs of degradation (Figure 18). 

 

 
Figure 17: Obtained RZZ crystals  

A) Initial crystals (0.5 M ammonium sulfate, 0.1 M MES pH 6.5, grown at 20 °C)  
B) Crystals after optimization (0.38 M ammonium sulfate, 0.1 M MES pH 6.5, grown at 
12 °C).  
 
 

B

 200 µm
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Figure 18: SDS PAGE analysis of RZZ crystals 

RZZ crystals (washed and dissolved) contained all three RZZ subunits unaltered with 
respect to the original sample (Ctrl).  
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4.1.6 Data	
  Collection	
  and	
  processing	
  

Crystals grown against a reservoir buffer consisting of 380 mM ammonium sulfate, 

0.1 M MES pH 6.3 were soaked in cryoprotecting solution (0.5 M ammonium 

sulfate, 0.1 M MES pH 6.3 and 20% ethylene glycol). A data set (collected on the 

crystals shown in Figure 16) was collected at beamline X10SA at the Swiss Light 

Source, Villigen, Switzerland (Table 1). The crystals showed a clean diffraction 

pattern to 18 Å resolution with additional reflections extending to a 14 Å resolution 

limit. Processing of the data (indexing, integration and scaling using XDS and 

XSCALE (Kabsch, 2010)) (Section 6.3.26) revealed symmetry and systematic 

absences (the structure factor of distinct positions equals zero due to screw or glide 

axis elements or due to lattice centering) typical of the trigonal space groups P31 or 

P32 (Figure 19). Analysis of the unit cell volume predicts the packing of two RZZ 

complexes, each consisting of two heterodimers, in the crystals’ asymmetric unit, 

with a Matthews parameter (defined by the cell volume divided by the molecular 

mass) of 3.78 Å3/Da corresponding to a solvent content of 68% (Table 2) 

(Alternatively, with three heterodimers in the asymmetric unit, the Matthews 

parameter was expected to be 2.52 Å3/Da corresponding to a solvent content of 

51%). To calculate the Matthews coefficient we use the program Mattews-Cell 

Content Analysis from the CCP4 program suite (Winn et al, 2011), (Kantardjieff & 

Rupp, 2003), (Matthews, 1968). 
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Table 1: Data collection and processing 
Values in parentheses are for the outer shell. 

 
 
Table 2: Statistics of the Matthews Calculation 
Number of molecules 

per asymmetric unit 

Matthews coefficient  

(Å 3/Da) 

 Solvent content (%) 

1 7.56 83.74 

2 3.78 67.48 

3 2.52 51.22 

4 1.89 34.96 

5 1.51 18.7 

6 1.26 2.45 

 

Diffraction source X10SA, SLS 

Wavelength (Å) 0.9789 

Temperature (K) 100 

Detector Pilatus 6M 

Crystal-to-detector-distance (mm) 1080 

Rotation range per image (°) 0.25 

Total rotation range (°) 180 

Exposure time per image (s) 0.25 

Space group P31 [No. 144] or P32 [No. 145] 

Unit-cell parameters (Å, °) a=b=215.4, c=458.7, α=β=90, γ=120 

Mosaicity (°) 0.213 

Resolution range (Å) 60-18 

Total No. of reflections 10804 

No. of unique reflections 2073 

Completeness (%) 94.8 (100) 

Multiplicity 5.21 (5.47) 

<Ι/σ(Ι)> 8.8 (2.29) 

Rmeas (%) 14.5 (96.3) 

CC1/2 99.5 (73.4) 
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Figure 19: Diffraction pattern of the RZZ crystals 

Diffraction pattern showing diffraction peaks (indicated by black arrowheads) alternating with 
two (2n) absences along the c axis.  
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4.1.7 Self	
  Rotation	
  Function	
  

A self-rotation function may be utilized to identify the rotational component of a non-

crystallographic symmetry axis relating identical objects in the asymmetric unit. The 

largest peaks in the self-rotation function (Figure 20) indicated the presence of non-

crystallographic two-fold axes (section κ=180°) orthogonal to the crystallographic 

threefold (visible in the section κ=120°) and likely relate the two RZZ complexes in 

the asymmetric unit. Two additional two fold symmetry axes might correspond to 

internal symmetry elements of one RZZ complex, perhaps reflecting the 2:2:2 

stoichiometry of the complex. 

 

 

Figure 20: Self-rotation functions of three sections 

The self-rotation function is shown for the indicated sections. Polar angles of the main 
noncrystallographic symmetry axes are reported. The two fold axes in the κ=180° section 
may be generated by internal twofold symmetry of the RZZ complex (which is likely to form 
a 2:2:2 hexamer) as well as the likely presence of two RZZ complexes in the asymmetric 
unit of the crystal. The single asterisk in the central panel marks the crystallographic 
threefold axis. The double asterisk in the right panel marks the ‘bleed-through’ of the 
threefold axis in the 90° section. Peaks B and D and peaks C and E are symmetry related. 
The relative heights of the peaks (origin peak = 100) were as follows: peak A=98.8, peak 
B=56.4, peak C= 50.2 and ‘bleed-through’ peak of the crystallographic threefold axis = 49. 
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4.2 Electron	
  microscopy	
  analysis	
  of	
  the	
  RZZ	
  complex	
  

A major goal of my PhD project was to investigate the structural organization of the 

RZZ complex. As the determination of a high-resolution structure of the RZZ 

complex by X-ray crystallography was not possible due to insufficient crystal quality, 

we used as an alternative approach electron microscopy combined with different 

other techniques to understand the structural organization of the RZZ complex. 

4.2.1 Cryo	
  EM	
  of	
  the	
  RZZ	
  complex	
  

The electron microscopy (EM) analysis of the RZZ complex was done in 

collaboration with Dr. Shyamal Mosalaganti from Professor Stefan Raunser’s group. 

Details about data collection and processing are described in his PhD thesis 

(shyamal, 2014). The front of the peak fraction of a SEC separation of the RZZ 

complex at a concentration of 3.0 mg/ml was used for cryo EM grid preparation. 

35404 particles were selected for data processing. This eventually yielded a 10.5 Å 

3D density map of the RZZ complex. The density map revealed that the RZZ 

complex is rigid and elongated and shows a clear 2-fold symmetry perpendicular to 

its long axis, in agreement with the AUC analysis demonstrating that RZZ is a dimer 

(Section 4.1.2). The complex is 42 nm in length and about 10 nm in width. 
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Figure 21: Representative views of the 3D structure of the RZZ complex 

Scale bar, 10 nm. 

4.2.2 Protein	
  labeling	
  for	
  negative	
  stain	
  EM	
  

To identify the position of the RZZ subunits we used a combination of antibody 

labeling and protein fusions. A first attempt was the labeling of the N-terminal 

hexahistidine tag of Rod with a monoclonal anti-hexahistidine antibody. The RZZ 

complex was incubated with the antibody and immediately subjected to negative 

stain electron microscopy. In another approach, GFP-fusion versions of RZZ, 

including GFP-Zw10 and Zw10-GFP were subjected to negative stain electron 

microscopy. From these negative stain experiments we learned that the N-terminus 

of Rod is located almost at the longitudinal tip of the RZZ complex (Figure 22c). 

Zw10 localizes in the middle of the RZZ complex (Figure 22b and d).  
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Figure 22: Antibody labeling studies on the RZZ complex    
(a) Shows the RZZ complex, (b) the (c)RZZ complex with Zw10-GFP, (c) the RZZ complex 
labeled with a monoclonal anti-hexahistidine antibody and (d) the (n)RZZ complex with 
GFP-Zw10. Each of the different RZZ samples (a, b, c and d) is depicted as a raw particle 
(top left), a cartoon of the raw particle (top right), a representative average classification 
(bottom left) and the corresponding variance (bottom right). (e) A summary of the positions 
of the labels is indicated. Green arrowheads represent the GFP labels of Zw10 and the grey 
arrowhead represents the hexahistidine tag. 
(Figure provided by Dr. Shyamal Mosalaganti)  
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4.2.3 Cross-­‐Linking	
  Analysis	
  

In addition to labeling individual RZZ subunits, we investigated the inter- and intra-

molecular interactions within the RZZ complex by cross-linking analysis. Chemical 

cross-linking coupled with mass spectrometry enables low-resolution analysis of the 

architecture of protein complexes (Maiolica et al, 2007). Primary amines within a 

distance compatible with the length of the chemical compound Disuccinimidyl 

Suberate (DSS) (11.4 Å) become covalently cross-linked. This method provides 

positional information on lysine residues in protein complexes in solution. The mass 

spectrometric analysis was performed by Prof. Franz Herzog’s laboratory at the 

Ludwig Maximilian University in Munich. The result of this cross-linking analysis is 

depicted in Figure 23 and a table of all cross-links is shown in the supplementary 

(Error! Reference source not found.). Positions of the cross-links supported the 

hypothesis that Rod forms an antiparallel dimer rather than a parallel dimer (Figure 

25 and Figure 23). Intermolecular cross-links of Zwilch with both the N- and C-

terminal region of Rod were found. These cross-links are consistent with previous 

work in Musacchio’s laboratory (Çivril et al, 2010) showing that Zwilch interacts with 

the N-terminal part of Rod. Additionally, Zwilch residues were cross-linked with the 

C-terminal part of Rod, indicating that it forms a more extensive interface with the 

longitudinal tip of Rod. Several cross-links found between Zw10 and the central 

region of Rod, were consistent with our mapping studies described in the previous 

section (Figure 22). A closer analysis of the intermolecular cross-links between 

Zw10 and Rod indicated that Zw10 bridges the two Rod molecules, because it 

seems unlikely that single amino acids of Zw10 cross-link with two amino acids far 

from another in the same Rod molecule.  

Interestingly, there were no cross-links detected between Zw10 and Zwilch. We 

tested a possible interaction of these proteins in an analytical SEC comigration shift 

assay. In line with the absence of cross-links between these proteins, Zw10 and 

Zwilch did not form a complex in the absence of Rod (Figure 24). Combination of 

cross-linking analysis and electron microscopy analysis indicates that most likely 

Rod forms an antiparallel dimer where Zwilch is trapped between the N-terminus of 

one monomer and the C-terminus of the second monomer. Zw10 bridges the two 

Rod molecules in the central region of the complex (Figure 25).  
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Figure 23: Visualization of the cross-links within the RZZ complex 

The software xVis (Grimm et al, 2015) was used for the visualization of cross-links. 
Intramolecular cross-links are depicted in black and intermolecular cross-links are depicted 
in red.  
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Figure 24: Zwilch and Zw10 do not show interaction is SEC 

SEC elution profiles and SDS-PAGE analyses of Zwilch (red), Zw10 (green) and their 
stoichiometric combination (blue). No interaction of Zw10 and Zwilch was detected. The 
proteins were used at 5 µM in 50 µl and a Superose 6 5/15 column (GE Healthcare, Munich) 
was used. 
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Figure 25 Cartoon representation of the RZZ domain organization and cross-links 

Rod is shown in red, Zwilch is shown in yellow and Zw10 is shown in blue. Relevant cross-
links within Rod, between Rod and Zwilch and between Rod and Zw10 are highlighted. 
Several intra-Rod crosslinks, numerous cross-links of the central region of Rod with Zw10 
and distinct cross-links of Zwilch both with the very N-terminal and with the C-terminal 
regions of Rod illustrate the extensive dimer interface of the RZZ complex.  
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4.2.4 Fitting	
  of	
  crystal	
  structures	
  and	
  homology	
  models	
  into	
  the	
  3D	
  density	
  EM	
  map	
  of	
  
RZZ	
  

Next, we aimed to combine our 10.5 Å 3D density map of the RZZ complex from 

cryo EM analysis (Section 4.2.1 & Figure 21) with the information about the inter 

domain organization from protein labeling experiments (Section 4.2.2) and with 

cross-linking analysis. In collaboration with Dr. Jenny Keller (Musacchio laboratory), 

structural models of the individual subunits or sub complexes were fitted into the 3D 

density map. Previously, the crystal structure of Zwilch has been solved (Musacchio 

laboratory) (Çivril et al, 2010) (PDB ID: 3IF8). For the remaining components of the 

RZZ complex (Rod and Zw10), we created structure homology models using 

Phyre2 (Kelley et al, 2015). As Zw10 has a homologous yeast protein, Dsl1, of 

which crystal structures have been published (PDB ID’s: 3ETU and 3K8P) (Tripathi 

et al, 2009), (Ren et al, 2009), we generated high-confidence homology models of 

the N-terminal half of Zw10 (residues 73-388) and the C-terminal half of Zw10 

(residues 475-779) (C-scores of 100% for both in Phyre2). For Rod, four structure 

homology models were generated, each covering a different domain. The first 

homology model (residues 49-365) covered the N-terminal β-propeller of Rod, 

which is similar to several other β-propellers found in transport proteins, such as 

Sec31. The second homology model covered the Nag-Rod homology (NRH) 

domain (Çivril et al, 2010) (residue 396-496). The third homology model covered 

the Sec39 homology domain of Rod (residues 584-1174) and the final homology 

model was created for the C-terminal part of Rod (residues 1798-2192), which is 

very similar to the C-terminal domains found in both transport proteins Sec31 and 

Nup145. 

These models also had high confidence scores (C-scores ranging from 75% to 

100%, see supplementary Table 20).  It was not possible to create structural 

homology models with a sufficiently high confidence for residue 1175 to 1798 of 

Rod. Thus we decided not to include this region into the density. In order to fit the 

crystal structure of Zwilch and the generated structure homology models of Rod and 

Zw10 into the 3D density map, the rigid body fitting function of Chimera was utilized. 

Placement of the Zw10 and Rod models and the Zwilch structure in the density map 

was guided by previous experiments (Figure 25) and resulted in a very good fit with 

confidence values of 0.82 to 0.97 (Table 20). The result of the rigid body fit is 

represented in the upper panel of Figure 26. Two monomers of Rod (depicted in red 

and pink) were positioned as antiparallel dimers. The two Zwilch molecules 

(illustrated in orange and yellow) were placed so that one Zwilch molecule contacts 
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the N-terminal β-propeller of one of the Rod monomers and the C-terminus of the 

second Rod monomer (see third and bottom panel of Figure 26). Both Zw10 

molecules (shown in dark and light blue) were positioned in the central region of the 

density. Each monomer of Zw10 was positioned to account for the observed 

distance measurements with both Rod protomers (bottom panel of Figure 26). 

Overall, the results presented here provide the first structural information of the full 

length RZZ complex by cryo electron microscopy. Based on low-resolution 

information, we were able to fit known crystal structures and structure homology 

models of Zw10 and the RZZ subunits, into this 3D density with high confidence. 

Next, we aimed to validate our model of the inter domain organization within the 

RZZ complex biochemically. 
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Figure 26: Rigid body fit of subunits into the RZZ 3D density 

Structural models of Rod (molecule 1: red, molecule 2: pink) and Zw10 (molecule 1: dark 
blue, molecule 2: light blue) and the crystal structure of Zwilch (molecule 1: orange, 
molecule 2: yellow) were fitted into the 10.5 Å density map of the RZZ complex. The upper 
panel shows the overall fit (rigid body fit) of RZZ molecular models in the EM density maps. 
The second panel shows one molecule of each structural model or crystal structure (Zwilch) 
in the orientation within the fit. Numbers indicate amino acid boundaries. Residues 1175 to 
1799 were not included due to poor confidence of the models. The third panel shows the fit 
of two RZZ molecules, in the absence of the EM density. The bottom panel highlights the 
short distances between residues within Rod with Zwilch (left) or Zw10 (right), which were 
also found to be in close proximity to one another by cross-linking analysis. 
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4.2.5 Model	
  Validation	
  –Mini	
  RZZ	
  

A first attempt to validate our model of the RZZ domain organization was to design 

a monomeric version of the RZZ complex by disrupting its predicted mechaninm of 

dimerization. For this, we designed a complex containing a shortened version of 

Rod, inspired by the limited proteolysis experiment (Figure 16), which indicated that 

Rod can be cleaved into two stable moieties, including an N-terminal one. The Mini-

RZZ complex contains the first 1250 amino acids of Rod (Rod_1-1250) and full-

length versions of Zw10 and Zwilch. 

 

 
Figure 27: Cartoon representation of the Mini-RZZ complex 

Schematic representation of the Mini-RZZ construct, based on the cartoon model of the RZZ 
complex (Figure 25). Rod is shown in red, Zwilch is represented in yellow and Zw10 is 
depicted in blue. 
 
The Mini-RZZ complex was expressed and purified using the same protocol as for 

the RZZ complex (Figure 28). Mini-RZZ eluted with an apparent molecular weight 

under 400 kDa from a size exclusion chromatography experiment (Figure 28), 

suggersting that the Mini-RZZ has lost the ability to dimerize but may still be able to 

bind two Zw10 molecules. The expected molecular weight of an arrangement 

consisting of Mini-Rod, Zwilch, and two Zw10 molecules would be about 385 kDa. 
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The Mini-RZZ complex was significantly less stable than the full-length RZZ 

complex (see supplementary Error! Reference source not found.) with a high 

endency to form aggregates. 

 

 
Figure 28: Size exclusion chromatography of the Mini-RZZ complex 

SEC elution profile and SDS-PAGE analysis of the Mini-RZZ complex. The complex eluted 
as a monomer and is pure without apparent degradation products. A Superose 6 10/300 
column (GE Healthcare, Munich) was used. 
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We subjected this Mini-RZZ complex to negative stain electron microscopy and 

calculated class averages of the particles, which are depicted in Figure 29. 

 
Figure 29: Representative negative stain class averages of the Mini-RZZ complex 

Scale bar, 10 nm. 
 
From these class averages it is evident that the Mini-RZZ complex is notably 

shorter than the RZZ complex and does not exhibit any symmetry elements. We 

calculated a 24 Å 3D density map of the Mini-RZZ complex (Figure 30). This density 

map of the Mini-RZZ complex has a length of 26 nm, which is significantly shorter 

that the full-length RZZ complex (42 nm). This density map is in agreement with our 

hypothesis that Mini-RZZ is monomeric, and supports our proposed model of the 

domain organization of the RZZ complex (Figure 25 and Figure 26). 

 
 

 
Figure 30: Representative views of Mini-RZZ 

Scale bar, 10 nm. The length of the complex is 26 nm. 
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Figure 31: Comparison of Mini-RZZ and RZZ 

3D density maps from negative stain EM of the Mini-RZZ in comparison with RZZ at 
the same resolution (24 Å).  
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4.2.6 Model	
  Validation	
  -­‐Mini-­‐Rod	
  	
  

We also designed the construct Rod_1-753_(GGSG)4_ 1797_2209, which lacks the 

central region of Rod. The purpose of this Mini-Rod (not to be confused with the 

previous construct, called Mini-RZZ) construct was to further validate our model of 

the domain organization of the RZZ complex. To be consistent with our model, this 

construct should form a complex with Zwilch, but be unable to bind to Zw10 (Figure 

32) 

 
Figure 32: Cartoon representation of the Mini-Rod/Zwilch construct 

Schematic representation of the Mini-Rod/Zwilch construct, based on the cartoon model of 
the RZZ complex (Figure 25). Rod is shown in red, Zwilch is represented in yellow and 
Zw10 is depicted in blue. 
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This construct was expressed in insect cells. Expression tests already partly 

validated our hypothesis, that Mini-Rod forms a complex with Zwilch, as it was 

insoluble when co expressed with Zw10, but it became soluble when co expressed 

with Zwilch (Figure 33).  

 
Figure 33: Coexpression of Mini-Rod with Zw10 or Zwilch 

The gels show the whole cell extract (WCE) and supernatant (SN) samples of Mini-Rod co-
expressions in TnaO38 cells with either Zw10 (left gel) or Zwilch (right gel). Mini-Rod co-
expressed with Zw10 was apparently not soluble, while it became soluble when co-
expressed with Zwilch.  
 
Like the Mini-RZZ complex, the Mini-Rod/Zwilch complex was remarkably less 

stable than the full-length RZZ complex. In order to test if the Mini-Rod/Zwilch 

complex was able to form a complex with Zw10 we performed an analytical SEC 

assay. This revealed the Mini-Rod/Zwilch complex is unable to form a complex with 

Zw10, thus validating our hypothesis that the binding site for Zw10 engages the 

central domain of Rod. 
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Figure 34: The Mini-Rod/Zwilch complex does not interact with Zw10 

SEC elution profiles and SDS-PAGE analyses of Zw10 (blue), the Mini-Rod/Zwilch 
complex (black) and their stoichiometric combination (red). No interaction of Zw10 and the 
Mini-Rod/Zwilch complex was detected. The proteins were used at 3 µM in 50 µl and a 
Superose 6 5/15 column (GE Healthcare, Munich) was used. 
 
 
Collectively, the findings that the Mini-RZZ complex lacks the ability to dimerize, 

and that the Mini-Rod construct forms a complex with Zwilch, but not with Zw10, 

corroborate the proposed model of the domain organization within the RZZ 

complex. This is further supported by the discovery that both the Mini-RZZ complex 

and the Mini-Rod/Zwilch complex are less stable than the full length RZZ complex, 

which could be explained by the disruption of an extensive dimer interface of the 

RZZ complex formed by the antiparallel dimer of Rod plus additional influence of 

Zw10 bridging these two Rod molecules.  
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4.3 Functional	
  Assays	
  

In this section we will describe our attempts to achieve a better understanding of 

how the RZZ becomes recruited to the kinetochore and what its functions are. In 

particular we focused on interactions of the RZZ complex with the KMN network, 

Spindly, and the Dynein/Dynactin complex.  

4.3.1 Zw10	
  forms	
  a	
  complex	
  with	
  Knl1/Zwint-­‐1	
  but	
  not	
  with	
  the	
  KMN	
  complex	
  

Zwint-1 and Knl1 have been proposed to be the receptor for the RZZ complex at the 

kinetochore (Starr et al, 2000), (Wang et al, 2004), (Welburn et al, 2010), (Kops, 

2005), (Famulski et al, 2008), (Varma et al, 2013) (Section 2.5). In a first attempt to 

investigate possible interactions between the KMN network and the RZZ complex, 

we studied the interactions of Zw10 and Zwint-1. Zw10 and Zwint-1 were subjected 

to an analytical SEC co-elution assay but we could not detect a direct interaction of 

Zw10 and Zwint-1. Pervious work in the Musacchio laboratory demonstrated that 

Zwint-1 forms a stable complex with the C-terminal construct of Knl12000-2311. 

Therefore we repeated our binding experiment with the Knl12000-2311/Zwint-1 complex 

and Zw10 and observed a distinct shift of the peak resulting from the Knl12000-

2311/Zwint-1 + Zw10 sample compared to the individual ones (Figure 34). This 

experiment showed that Zw10 interacted with the Knl12000-2311/Zwint-1 complex. The 

three proteins form a tight complex with a predicted stoichiometry of Knl1/Zwint-

1/Zw10 (KZZ) 1:2:1, based on SEC co-elution experiments in which the proteins 

were mixed in different ratios (data not shown). 

The result that Zw10 binds to the Knl12000-2311/Zwint-1 complex but not to Zwint-1 

individually prompted us to test if Knl12000-2311 is able to bind to Zw10 in the absence 

of Zwint-1. We performed the same assay with Knl12000-2311 and Zw10 and did not 

observe any peak shift, demonstrating that Knl12000-2311 is unable to interact with 

Zw10 in the absence of Zwint-1. Together the findings that Zw10 interacted with the 

Knl12000-2311/Zwint-1 complex, but neither with Knl12000-2311 nor with Zwint-1 

individually argue that either a specific binding surface for Zw10 is formed by the 

Knl12000-2311/Zwint-1 complex formation or that Knl12000-2311 and Zwint-1 bind 

cooperatively to Zw10. 



Results 

 81 

 
Figure 35: Knl1/Zwint-1 does interact with Zw10 

SEC elution profiles and SDS-PAGE analyses of Zwint-11-250 (black) Zw10 (blue) and the 
stoichiometric combination of Knl12000-2311/Zwint-11-250 and Zw10 (red). Co-elution of these 
three proteins suggested a physical interaction. The proteins were used at 5 µM (10 µM 
Zwint-11-250) in 50 µl and a Superose 6 5/15 column (GE Healthcare, Munich) was used. 
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Since Knl1/Zwint-1 interacts with the isolated Zw10 subunit, we expected that it 

interacted also with the RZZ. We also asked if Zw10 interacted with the entire KMN 

network. We tested these interactions in analytical SEC co-elution assays (Figure 

36 and Figure 37). Surprisingly, Zw10 did not co-elute with the KMN network, nor 

did the Knl12000-2311/Zwint-1 complex co-elute with the RZZ complex. Additionally we 

tested if the RZZ complex interacts with the KMN complex, but also those two 

complexes do not reveal any interaction. Why Zw10 binds Knl12000-2311/Zwint-1 but 

not the entire KMN complex, and why Zw10 in the RZZ complex is unable to bind 

Knl12000-2311/Zwint-1 is unclear. We surmise that interacting interfaces available in 

the Knl12000-2311/Zwint-1/Zw10 complex become hindered in the context of the larger 

complexes. Perhaps phosphorylation or other modifications are required to expose 

these interacting interfaces. We note that it was previously reported that Aurora B 

and Mps1 might be involved in recruiting the RZZ complex to kinetochores. So we 

repeated our binding assays after adding purified Aurora B (Kasuboski et al, 2011) 

or Mps1 (Santaguida et al, 2010) and ATP to the samples, but also in these assays 

we did not detect interactions between either Zw10 with the KMN, RZZ with the 

KMN or RZZ with Knl12000-2311/Zwint-1. Pull down experiments corroborated these 

findings (Table 3).  
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Figure 36: Zw10 does not interact with the KMN network 

SEC elution profile and SDS-PAGE analysis of the KMN network combined with Zw10 
(black) and SEC elution profile of the Knl12000-2311/Zwint-1/Zw10 complex (blue). An 
interaction of the KMN network with Zw10 was not detected. The proteins were used at 
5 µM (10 µM Zwint-1) in 50 µl and loaded onto a Superose 6 5/15 column (GE Healthcare, 
Munich). 
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Figure 37: Knl1/Zwint-1does not interact with the RZZ complex 

SEC elution profile and SDS-PAGE analysis of the Knl12000-2311/Zwint-1 complex (green), the 
RZZ complex (black) and a stoichiometric combination of the two complexes (blue) are 
shown. An interaction of the RZZ complex with the Knl12000-2311/Zwint-1complex was not 
detected. The proteins were used at 5 µM (10 µM Zwint-1) in 50 µl and a Superose 6 5/15 
column (GE Healthcare, Munich) was used. 
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4.3.2 Does	
  the	
  RZZ	
  complex	
  bind	
  any	
  kinetochore	
  proteins?	
  

This section is dedicated to summarize interaction experiments of the RZZ complex 

with other kinetochore proteins that have been proposed as RZZ binders in the 

literature. Regretfully, none of the binding species tested in these experiments 

revealed an interaction with the RZZ complex 

We complemented our investigations of a potential interaction of the RZZ complex 

with the KMN complex with testing for Ndc80 complex binding. Interaction studies of 

the RZZ with checkpoint components, such as Mad1/Mad2 and Bub1/Bub3 were 

performed, because the RZZ complex has a crucial role in activation and 

inactivation of the SAC (Karess, 2005), (Barisic & Geley, 2011) (Section 2.6). As the 

RZZ complex putatively interacts with the protein Spindly (Barisic & Geley, 2011) 

and is involved in silencing the SAC by recruiting Dynein/Dynactin (Barisic & Geley, 

2011) to kinetochores (Section 2.6), we performed binding studies with Spindly and 

Dynein and Dynactin subunits that were available in the lab. The Ska complex was 

also tested as a putative RZZ binder because of its role in the establishment of 

kinetochore microtubule attachment (see chapter 2.3) and because it is positioned 

in close proximity with RZZ complex on kinetochores (Maresca & Salmon, 2009), 

(Varma et al, 2013). The influence of kinases such as Aurora B, Mps1, Cdk1, and 

others was also tested. 

All interaction studies did not detect a direct interaction (summarized in Table 3). 

Lack of binding might indicate that there is no direct interaction in living cells of the 

tested proteins, or that additional binding partners are missing, or that other 

physiologically relevant aspects of the reaction, including post translational 

modification, cannot be recapitulated in vitro.   



Results 

 86 

Table 3: Overview of RZZ interaction trials with other kinetochore proteins or protein 
complexes 

RZZ 
construct Binding partner Binding 

detected Method Variations, 
Modifications 

RZZ Ndc80 No 

MST, ITC, 
SEC, IP, 
Flow cell 
assay on 

microtubules 

+/- Mps1, 
λ-pp 

RZZ Bonsai No MST, SEC +/- Mps1, 
λ-pp 

RZZ KMN No SEC, IP 
+/- Mps1, AuroraB, 

Cdk1, Plk1, 
λ-pp 

RZZ Knl12000-2311/Zwint-1 No SEC, IP 
+/- Mps1, AuroraB, 

Cdk1, Plk1, 
λ-pp 

Zw10 Knl12000-2311/Zwint-1 Yes SEC  

Zw10 KMN No SEC 
+/- Mps1, AuroraB, 

Cdk1, Plk1, 
λ-pp 

RZZ Spindly No SEC +/- Mps1, 
λ-pp 

RZZ Spindly, 
KMN No SEC +/- Mps1, 

λ-pp 

RZZ Spindly,  
Ska complex No SEC +/- Mps1, 

λ-pp 

RZZ Spindly, Mad1/Mad2 No SEC, IP 

+/- Mps1, 
λ-pp 

different Mad1 
constructs 

RZZ Spindly, 
KMN, Mad1/Mad2 No SEC +/- Mps1, 

λ-pp 

RZZ Spindly, 
KMN, Bub1/Bub3 No SEC +/- Mps1, 

λ-pp 

RZZ Ska complex No SEC, IP +/- Mps1, 
λ-pp 

RZZ Ska1, Ska2 No SEC, IP +/- Mps1, 
λ-pp 

RZZ Mad1/Mad2  
No SEC, IP 

+/- Mps1, 
λ-pp 

different Mad1 
constructs 

RZZ Mad1/Mad2, P31  
No SEC, IP 

+/- Mps1, 
λ-pp 

different Mad1 
constructs 

RZZ Mad1/Mad2, 
Spindly-F No SEC 

+/- Mps1, Cdk1, 
different Mad1 

constructs 
RZZ Bub1/Bub3 No SEC +/- Mps1, λ-pp 

RZZ Mps1 No SEC  
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RZZ Cenp-Tp/ Mis12/ 
Ndc80 No SEC +/- Mps1, 

λ-pp 
Zw10 Zwilch No SEC  
Zw10 Spindly No SEC Kinase cocktail 

Zwilch Spindly No SEC, ITC Kinase cocktail 

RZZ 
Dynein subunits 

Lic2, Tctex1, Lc8, 
Rb1 

No SEC  

Zw10 
Dynein subunits 

Lic2, Tctex1, Lc8, 
Rb1 

No SEC,  

RZZ P50 No SEC  
Zw10 P50 No SEC,  
RZZ Cenp-I No SEC  
RZZ Cenp-HIKM No SEC  
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4.3.3 Microinjection	
  of	
  the	
  RZZ	
  complex	
  into	
  human	
  cells	
  

To address the question whether our recombinant RZZ complex is competent for 

kinetochore recruitment, we injected a fluorescent version of it into mitotic HeLa 

cells and tested its possible recruitment to mitotic kinetochores. Cells were 

transfected with a vector expressing mCherry labeled CENP-A to label 

kinetochores. As expected, we observed that GFP did not localize at kinetochores 

whereas the recombinant RZZ co-localized with marker CENP-A (Figure 38). As an 

additional validation of the functionality of our recombinant RZZ complex we 

injected it into mitotic HeLa cells treated with the Mps1 inhibitor Reversine. We 

observed a significant reduction in the kinetochore levels of GFP-RZZ in the 

majority of injected cells (Figure 38), in agreement with previous reports that Mps1 

acitivity is needed for proper RZZ recruitment to kinetochores (Santaguida et al, 

2010). Collectively, the microinjection experiments functionally validate our 

recombinant RZZ complex. 
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Figure 38: Recombinant RZZ localizes to kinetochores in mitotic HeLa cells 

Representative images of the localization of recombinant GFP-RZZ complex 
injected in mitotic HeLa cells transiently expressing mCherry-CENPA. Cells were 
synchronized in G2 by treatment with the Cdk1 inhibitor RO3306 and released into 
mitosis in the presence of the indicated drugs. Once in mitosis, cells were live-
imaged before (Pre) and after (Post) microinjection with recombinant GFP or GFP-
RZZ. Scale bars  = 2 µm.  
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4.3.4 Spindly	
  interaction	
  

SILAC	
  experiment	
  

Spindly might be a direct interaction partner of the RZZ complex (Barisic & Geley, 

2011). We wanted to verify and characterize this interaction. First, we tested a 

possible direct interaction using recombinant proteins. Therefore, we produced the 

full-length Spindly in insect cells (Figure 51). Next, we investigated the Spindly-RZZ 

interaction using analytical size exclusion chromatography (SEC). In these 

experiments we could not detect binding of RZZ to Spindly (Table 3). Two 

independent groups have reported that Spindly co-immunoprecipitates with the RZZ 

complex but that this reaction is inhibited by detergents (Chan et al, 2009), 

(Gassmann et al, 2008). Recent evidence that the interaction of Spindly with RZZ 

might be mediated by farnesylation of the C-terminal region of Spindly in HeLa cells 

(Holland et al, 2015), (Moudgil et al, 2015) might explain this observation.  

We resorted to Stable Isotope Labeling in Cell Culture (SILAC) combined with high-

resolution mass-spectrometry to study the interaction of Spindly with RZZ. SILAC is 

a powerful method to obtain accurate relative quantifications of proteins in different 

samples and is particularly useful to identify potential interaction partners of a 

protein of interest. Briefly, two cell populations are grown for five doublings in 

medium containing either “light” Arginine and Lysine or “heavy” non-radioactive 

stable isotopes of these two amino acids. With human cells in culture, five doublings 

are sufficient to obtain 95% incorporation of the light or heavy. The two cell 

populations cannot be distinguished by eye or in their behavior, but they can be 

separated and quantified in the mass-spectrometer through the different mass of 

the corresponding proteins/peptides. The combination of SILAC with a high-

resolution mass-spectrometer allows then the unbiased identification of possible 

interaction partners. For our experiment, we prepared mitotic “light” and “heavy” cell 

lysates. Then, we assembled as baits GFP-RZZ or a GFP control in vitro on GFP-

trap beads. The beads were incubated with either “light” or “heavy” lysates to pull 

out interactors from SILAC lysates. We combined GFP-RZZ and GFP beads after 

the pull-down and washed the IPs together. Next, bound proteins were digested on 

beads and analyzed directly in the mass spectrometer (schematic view of the 

experiment: Figure 39).  
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Figure 39: Schematic view of the SILAC experiment 

HeLa cells were grown in normal light media and in heavy media where heavy versions of 
the amino acids lysine and arginine become incorporated. For full incorporation the cells 
were cultured for five divisions. Cells were arrested in mitosis by a 16 h nocodazole 
treatment. Cells were harvested by mitotic shake off and heavy and light cell lysates were 
incubated both with GFP-trap beads containing as a reference GFP alone, and with GFP-
trap beads containing the bait GFP-RZZ. After three washing steps the “heavy” bait was 
mixed with the “light” reference 1:1 and the “light” bait was mixed with the “heavy” reference 
1:1. After two more washes the immunoprecipitates were prepared for LC-MS/MS and 
directly analyzed. 
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We performed these experiments using either detergent-free buffers for cell lysis 

and washes, or the standard buffers containing detergents. In addition, we 

performed a replicate of every experiment swapping the labeled lysates. Thus, for 

the first experiment we incubated GFP with “light” and GFP-RZZ with “heavy” 

lysates and for the replica we inverted conditions and incubated GFP beads with 

“heavy” lysate and RZZ with “light” lysates. Repeating the experiment after 

inversion of labels contributed to filter out contaminants. The obtained raw data 

were analyzed with the MaxQuant software (Cox & Mann, 2008), using standard 

parameters.  

We identified and quantified 944 proteins in the detergent-free experiment and 790 

using detergents (data not shown). For an easier handling of the data we inverted 

the ratios of the GFP “heavy” and the GFP-RZZ “light” experiment (1/ H/L ratio) in 

the detergent-free and detergent experiment respectively. In this way the potential 

interaction partners of RZZ can be identified by a high ratio in both replicates (GFP 

“light/GFP-RZZ “heavy” and the respective label swap). To visualize potential 

interaction partners we plotted the logarithmized ratios (log2) of all proteins of two 

replicates against each other (Figure 40). In this way, all background binders were 

centered on 0. Baits were light in both experiments and showed up in the lower left 

quadrant. Potential interactors should have appeared in the upper right quadrant 

because ratios should have been high in both experiments. Contaminant hits 

instead appeared in the other two quadrants. It can be clearly appreciated from 

these plots that Spindly was identified as an interaction partner of the RZZ complex 

in both experiments (detergent-free and with detergents). Of note is that no clear 

other potential interaction partners appreared in addition to Spindly in these 

experiments, supporting a direct interaction with the RZZ.  
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Figure 40: Identification of RZZ interacting under the influence of detergents 

Purified GFP and GFP-RZZ were bound to GFP-trap beads. Then, light and heavy SILAC 
lysates from mitotic HeLa cells were incubated with the baits. Proteins bound to the beads 
were identified by mass spectrometry. After filtering the results, the ratios of 944 proteins 
(detergent-free) and 790 proteins (detergents) identified in two independent experiments 
with swapped labels were plotted against each other. To ensure readability, the reciprocal of 
the ratio of one experiment is shown. Thus the GFP-RZZ interaction partners showed up 
with high values. 
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Together, these experiments show that the RZZ complex pulls down Spindly from 

mitotic HeLa cell lysates. In addition, the absolute ratios of the detergent-free and 

detergent experiment suggest that the interaction is tighter without detergents. 

Since we did not perform a direct comparison between RZZ with and without 

detergents but “only” between GFP and GFP-RZZ, we could not directly compare 

the ratios of these two experiments. Thus, to get a better idea about the difference 

in Spindly binding with and without detergents we made use of the label-free 

quantification option in MaxQuant (Cox & Mann, 2008). We calculated these so 

called label free quantification intensities (LFQ intensities) separately for light and 

heavy peaks in all experiments. Afterwards, we plotted the log10 of the LFQ 

intensities from GFP-RZZ pull-downs from the detergent-free and the detergent 

containing experiment against each other (Figure 41). The label-free approach 

showed that Spindly LFQ intensities are around a 100 fold higher in the detergent-

free experiment strongly indicating that Spindly binding to RZZ is indeed 

substantially higher by omitting detergents in the experiment. LFQ intensities for 

RZZ were equal in both experiments (not shown). In sum, these results confirm a 

clear dependency of RZZ Spindly interaction on detergent usage and suggest that 

the interaction is dependent on a detergent sensitive modification. 
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Figure 41: LFQ intensities of heavy peaks of the detergent free and detergent-
containing experiment plotted against each other 

Calculation of label free quantification intensities (LFQ) using the label-free quantification 
option in MaxQuant (Cox & Mann, 2008) for a direct comparison of Spindly quantities in 
conditions with and without detergents. The log10 of the LFQ intensities from GFP-RZZ pull-
downs from the detergent-free and the detergent containing experiment were plotted against 
each other. The label-free approach showed that Spindly LFQ intensities are around a 100 
fold higher in the detergent-free experiment. 
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RZZ	
  Spindly	
  interaction	
  depends	
  on	
  the	
  farnesylation	
  of	
  the	
  C-­‐terminal	
  Caax-­‐box	
  within	
  
Spinldy	
  

Because the C-terminal farnesylation of Spindly is required for its localization at 

kinetochores, and the RZZ complex has been proposed to be the kinetochore 

receptor of Spindly, our data argue that the interaction of RZZ complex and 

farnesylated Spindly may be direct. To investigate the role of Spindly farnesylation, 

we performed an analytical SEC co-elution shift assay, where we incubated RZZ 

and Spindly together with the enzyme Farnesyltransferase (FTase) in the presence 

and absence of its substrate farnesylpyrophosphate (FPP) (Figure 42). Additionally, 

because the mentioned publications also indicated a possible role of Cdk1 

phosphorylation of the C-terminus of Spindly, we also incubated Spindly and RZZ 

with Cdk1 and ATP in the presence and absence of Farnesyltransferase and 

farnesylpyrophosphate. MgCl2 was added to the SEC buffer, as it is an important 

cofactor for both the kinase Cdk1 and Farnesyltransferase. 

We observed that RZZ and Spindly incubated with Farnesyltransferase in the 

absence of farnesylpyrophosphate did not co-elute, suggesting that they do not 

interact with high affinity (Figure 42). Conversely, in the presence of the 

Farnesyltransferase substrate we observed a significant shift in the elution of RZZ 

and Spindly and significant co-elution (Figure 43). This suggests that the 

RZZ/Spindly interaction depends on the farnesylation of the C-terminal CAAX box 

of Spindly. Fractions of the peak containing the RZZ/Spindly complex were 

analyzed by mass spectrometry. The analysis confirmed that within the complex 

Spindly was indeed farnesylated (Spindly-F) (see supplementary Figure 52). 
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Figure 42: The RZZ complex interacts with farnesylated Spindly 

SEC elution profile and SDS-PAGE analysis of the RZZ complex (black), Spindly (green) 
and a stoichiometric combination of the RZZ complex and Spindly with the 
Farnesyltransferase (FTase) in the absence (red) or presence of its substrate 
farnesylpyrophospate (FPP) (blue) are shown. RZZ did not bind Spindly in the absence of 
FPP, but bound in the presence of FPP. Thus we conclude that the RZZ complex does 
interact with farnesylated Spindly, but not with non farnesylated Spindly. The proteins were 
used at 5 µM (3 µM FTase) in 50 µl and incubated for 1,5 h at RT for efficient farnesylation. 
A Superose 6 5/15 column (GE Healthcare, Munich) was used. 
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Furthermore, RZZ and Spindly did not interact upon addition of Cdk1, suggesting 

that the interaction is most likely not Cdk1 dependent, or that Cdk1 phosphorylation 

is not sufficient (Figure 43). We conclude from our observations that the Spindly 

RZZ interaction is mainly influenced by Spindly farnesylation.  
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Figure 43: Cdk1 phosphorylation does not influence the interaction of RZZ with 
farnesylated Spindly 

SEC elution profile and SDS-PAGE analysis of the RZZ complex (black), Spindly (green) 
and a stoichiometric combination of the RZZ complex and Spindly with FTase and the 
kinase Cdk1 and its substrate ATP in the absence (red) or presence of FPP (blue) are 
shown. No Cdk1 dependency of the RZZ interaction with Spindly was detected. The proteins 
were used at 5 µM (3 µM FTase) in 50 µl and incubated for 1,5 h at RT for efficient 
farnesylation and phosphorylation. A Superose 6 5/15 column (GE Healthcare, Munich) was 
used. 
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Farnesylated	
  Spindly	
  does	
  not	
  interact	
  with	
  Zw10	
  or	
  Zwilch	
  individually,	
  nor	
  with	
  the	
  
Mini-­‐Rod	
  Zwilch	
  complex,	
  but	
  it	
  binds	
  Mini-­‐RZZ	
  complex	
  

To narrow down the binding site for Spindly-F on the RZZ complex, we repeated 

our analytical SEC co-migration shift assay using Zw10 and Zwilch instead of RZZ. 

Zw10 did not interact with farnesylated Spindly, as there was no peak shift and 

Zw10 and Spindly did not co-elute (Figure 44). The same is true for Zwilch (Figure 

45). As it was not possible to express and purify Rod individually, we tested the 

interaction of farnesylated Spindly with the Mini-Rod/Zwilch complex and with the 

Mini-RZZ complex. The Mini-Rod/Zwilch complex, (Rod1-753-(GGSG)
4
-1797-2209/Zwilch) 

did not bind farnesylated Spindly (Figure 46). However, the Mini-RZZ complex, 

(Rod1-1250/Zw10/Zwilch) bound to farnesylated Spindly (Spindly-F) (Figure 47). The 

elution peak of Mini-RZZ shifted towards higher molecular weights and the proteins 

clearly co-eluted in a single peak, which demonstrated the formation of a complex 

(Figure 47). In isolation, Spindly-F eluted as expected for proteins of greater 

molecular weight (near the 670 kDa marker, see Figure 51 and Figure 43), 

indicating that Spindly (a 72 kDa protein) may be elongated or form multimers. 

When associated to the Mini-RZZ complex, the exclusion volume of Spindly-F 

increased, which suggests that the binding of Spindly to the Mini-RZZ complex 

leads to a less extended structure of Spindly. Spindly-F bound the Mini-RZZ 

complex, but not to the Mini-Rod/Zwilch complex and nor Zw10 or Zwilch 

individually. Collectively, this is compatible with at least three different possible 

positions for a binding site for Spindly-F on the RZZ complex. (i) Spindly-F binds the 

Zw10/Rod interface, (ii) Spindly-F binds the Sec39 region of Rod (amino acid 753 

and 1250), or (iii) Spindly-F binds an extended region contacting all RZZ subunits. 
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Figure 44: Zw10 does not interact with farnesylated Spindly 

SEC elution profile and SDS-PAGE analysis of Zw10 (blue), a combination of Spindly and 
FTase in the presence of FPP (black) and a stoichiometric combination of them (red). An 
interaction of Zw10 with farnesylated Spindly was not detected. The proteins were used at 
5 µM (3 µM FTase) in 50 µl and incubated for 1.5 h at RT for efficient farnesylation. A 
Superose 6 5/15 column (GE Healthcare, Munich) was used. 
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Figure 45: Zwilch does not interact with farnesylated Spindly 

SEC elution profile and SDS-PAGE analysis of Zwilch (blue), a combination of Spindly and 
FTase in the presence of FPP (black) and a stoichiometric combination of them (red). An 
interaction of Zwilch with farnesylated Spindly was not detected. The proteins were used at 
5 µM (3 µM FTase) in 50 µl and incubated for 1,5 h at RT for efficient farnesylation. A 
Superose 6 5/15 column (GE Healthcare, Munich) was used. 
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Figure 46: The Mini-Rod/Zwilch complex does not interact with farnesylated Spindly 

SEC elution profile and SDS-PAGE analysis of Spindly (red), the Mini-Rod/Zwilch complex 
(blue) and a stoichiometric combination of them in the presence of FTase and FPP (black). 
An interaction of the Mini-Rod/Zwilch complex with farnesylated Spindly was not detected. 
The proteins were used at 5 µM in 50 µl and incubated for 1,5 h at RT for efficient 
farnesylation. A Superose 6 5/15 column (GE Healthcare, Munich) was used. 
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Figure 47: The Mini RZZ complex does interact with farnesylated Spindly 

SEC elution profile and SDS-PAGE analysis of Spindly (red), the Mini-RZZ complex (blue) 
and a stoichiometric combination of them in the presence of FTase and FPP (black). We 
detected an interaction of the Mini-RZZ complex with farnesylated Spindly. The proteins 
were used at 5 µM (3 µM FTase) in 50 µl and incubated for 1,5 h at RT for efficient 
farnesylation. A Superose 6 5/15 column (GE Healthcare, Munich) was used. 
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5 Discussion 
The RZZ complex is a key regulator and essential functional component of the 

kinetochore in mitosis (Karess, 2005). Relatively little is known about the 

characteristics and function of the RZZ complex at the kinetochore. The work 

presented in this thesis contributes to gaining a better biochemical, structural and 

functional understanding of the RZZ complex.  

5.1 Structural	
  organization	
  of	
  the	
  RZZ	
  complex	
  

To address the structural organization of the RZZ complex it was crucial to 

generate recombinant RZZ. For this purpose I expressed and purified full length 

RZZ as well as several constructs containing specific domains and/or sub-

complexes. In collaboration with Sabine Wohlgemuth and Annemarie Wehenkel 

we were able to recombinantly reconstitute the RZZ complex for the first time 

(Section 4.1.1). Additionally I demonstrated that the RZZ complex could be 

obtained in high yield and in a grade suitable for crystallization (Section 4.1). 

Given the size and molecular complexity of the RZZ complex, this is an exciting 

achievement that paves the way to further biochemical and structural 

characterization of the complex. Despite extensive attempts a crystal structure 

could not be obtained by X-ray crystallography so far (Section 4.1.5 and 4.1.6). 

Future efforts will be directed towards the optimization of crystal growth to improve 

the diffraction limit of the generated crystals. These efforts will include the 

generation of loop deletion mutants, an approach that has been shown previously 

to have a positive effect on crystal growth and diffraction (Jakob et al, 2010). 

Remarkably these characterization studies including AUC analysis of the 

recombinant RZZ complex (Section 4.1.2) could already validate that the RZZ 

complex forms a heterodimer, as previously proposed (Scaërou et al, 2001), 

(Williams et al, 2003). The functional implication of RZZ dimerization will be 

discussed in more detail later in this section. 

Aside from crystallographic attempts, 3D negative-stain and cryo-electron 

microscopy reconstructions, carried out in collaboration with Dr. Shyamal 

Mosalaganti, in the laboratory of Professor Dr. Stefan Raunser, were used to 

generate structural information about the RZZ complex (Section 4.2). Combining 

subunit labeling and cross-linking mass spectrometry experiments, we were able 

to identify inter-subunit contacts. We were further able to build a precise model of 
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the inter subunit organization within the RZZ complex in a 10.5 Å 3D density map 

of the RZZ complex. Two Rod molecules form an antiparallel dimer. In this dimer, 

each Zwilch molecule is trapped between the N-terminus of one Rod monomer 

and the C-terminus of a second monomer. Zw10 bridges the two Rod molecules in 

the central region of the complex. Thus, the RZZ complex comprises an extensive 

dimer interface (Figure 25). 

Based on the model of the intersubunit organization of the RZZ complex, we were 

able to fit crystal structures and structure homology models of individual RZZ 

protein domains into the 3D EM density of the RZZ complex (Figure 26) with high 

confidence scores. Most importantly, we validated this model by analyzing two 

subcomplexes of the RZZ (Mini-RZZ and Mini-Rod/Zwilch), adding confidence to 

our model.  

The organization of Rod, with an N-terminal β-propeller followed by an α-solenoid, 

is also observed in certain transport proteins. Proteins in the nuclear pore 

complexes (NPCs), such as Nup145, of COPII vesicles, such as Sec31, and of 

clathrin-coated vesicles, such as clathrin itself, share a similar fold (Leksa & 

Schwartz, 2010). Rod might have evolved from these proteins. There are also 

clear differences between these transport complexes and the RZZ complex. First, 

the RZZ complex contains the protein Zwilch, which contains a novel fold (Çivril et 

al, 2010). Secondly, it is unclear if RZZ has a tendency to form higher order 

structures, like the lattices built by propeller-propeller interactions within the 

nuclear pore complex or in COPII vesicles (Leksa & Schwartz, 2010) (Figure 48). 

Whether RZZ can form such structures, however, has not been investigated in 

detail.  
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Figure 48: Membrane-coating scaffolds of the NPC and vesicle coats 

Schematics of the lattice like assemblies of the NPC and COPII scaffolds are shown. 
Enlarged views of the ancestral coatomer elements are shown for both the NPC and 
COPII. 
(Adapted from (Leksa & Schwartz, 2010)) 
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simply evolved from transport proteins, with Rod and Nag sharing a common 

ancestor (Çivril et al, 2010), and lost the ability to form lattices. Why would we 

expect the RZZ complex to form higher ordered structures at kinetochores? The 

main reason to think that RZZ may form lattices, is that there is a conspicuous 

structure, called the fibrous corona, that coats kinetochores prior to microtubule 

attachment (Magidson et al, 2015). Additionally human kinetochores bind multiple 

microtubules (see section 2.2), and it has been reported that the RZZ complex 

may be involved in microtubule kinetochore attachments (Cheerambathur et al, 

2013). If the RZZ complex formed a lattice at kinetochores it could contribute to 

the process of microtubule kinetochore attachment in a cooperative manner.  
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5.2 RZZ	
  kinetochore	
  recruitment	
  

To study the recruitment mechanism of the RZZ complex to kinetochores, proteins 

proposed to be involved in this process were systematically tested for RZZ binding 

(Table 3). However, I did not detect any interaction between the RZZ complex and 

the proposed proteins. Zwint-1 has been implicated as the receptor for the RZZ 

complex at the kinetochore. Interestingly, we observed that Zw10 forms a tight 

complex with Knl12000-2311/Zwint-1 but if either Zw10 is incorporated in the RZZ 

complex, or Knl12000-2311/Zwint-1 is incorporated into the KMN network, the 

interaction is abolished (Section 4.3.1 and 4.3.2). While we cannot provide an 

explanation for this observation at this time, it might imply that the exposure of the 

binding interfaces in the context of the larger complexes is regulated, and that they 

are not available in the absence of specific modifications or additional interactions.   

The KMN network produced in the studies outlined in this thesis did not contain full 

length Knl1 and a quite substantial part of Knl1 (residues 139-1999) was missing. 

Given the evidence outlined in the introduction (Section 2.5), I assume that within 

the KMN network Knl1 is the receptor of the RZZ complex. Therefore, either a 

region within the missing residues in Knl1 is required for RZZ localization, or 

dimerization of the KMN is required for RZZ binding and KMN dimerization is not 

possible without the missing region of Knl1.  

Another possible reason why we failed to observe an interaction of the RZZ and 

the KMN network is that a post-translational modification (including modifications 

other than phosphorylation) of the KMN network is required to increase the binding 

affinity. For the RZZ complex we have demonstrated through microinjection 

experiments that the recombinant complex used in this study was able to localize 

to kinetochores in living cells (see section 4.3.3). However, we cannot rule out that 

the injected complex becomes modified after injection in living cells. It is also 

conceivable that additional proteins, which contribute to RZZ-KMN network 

binding, are missing.  

For future investigations of RZZ kinetochore recruitment, a recombinant version of 

the full length Knl1 protein would be very useful. Despite extensive attempts, the 

production of Knl1 full-length either in bacteria or in insect cells has been so far 

unsuccessful. Therefore it will be necessary to tackle this expression in another 

system with HEK cells for instance, or in a cell free system.  
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5.3 RZZ	
  function	
  in	
  SAC	
  activation	
  

The RZZ complex contributes to the recruitment of Mad1/Mad2 to the kinetochore. 

Thus, in order to study the role of the RZZ complex in SAC activation, I 

investigated whether there is a direct interaction of the RZZ complex with 

Mad1/Mad2. However, no interaction between the RZZ complex and Mad1/Mad2 

could be detected (see section 4.3.2). To ensure that lack of phosphorylation did 

not hamper a putative direct interaction between the RZZ complex and 

Mad1/Mad2, the influence of different kinases was tested but binding was not 

detected (see section 4.3.2). Recombinant RZZ and Mad2 both localize to 

kinetochores in microinjection experiments (data for Mad2 not shown). However, 

we cannot rule out that Mad1/Mad2 requires an additional post-translational 

modification for RZZ binding, which is not required for its localization to 

kinetochores or that RZZ and Mad2 become immediately post-translational 

modified after being injected into HeLa cells.  

Next we investigated whether the Mad1/Mad2-RZZ interaction might depend on 

additional kinetochore components (Table 3). As the KMN network is most likely 

responsible for RZZ kinetochore recruitment, we tested whether we could detect 

Mad1/Mad2 RZZ binding upon addition of the KMN but could not detect any 

interaction (Table 3) possibly due tue the missing part of Knl1 (discussed in 

section 5.2). Mad1/Mad2, RZZ and Spindly lie in close proximity at the 

kinetochore, as established in super resolution microscopy mapping experiments 

(Varma et al, 2013). RZZ did not bind to Mad1/Mad2 in the presence of Spindly 

neither in the presence or absence of the KMN and independent of Spindly 

farnesylation. Thus, Mad1/Mad2 stabilization at kinetochores by RZZ is probably 

more indirect and requires either additional components (i.e. full length Knl1) or 

post-translational modifications of one of the interaction partners or additional 

kinetochore proteins not included in our binding assays. Another option could be 

that, at kinetochores, the Mad1/Mad2 interaction with RZZ is established due to an 

increased local concentration at kinetochores. If the RZZ formed a network-like 

structure, Mad1/Mad2 could interact with it in a cooperative manner. In conclusion, 

it remains elusive how the RZZ complex provides stable kinetochore localization of 

Mad1/Mad2. Dissecting the mechanism by which RZZ stabilizes at kinetochores 

will be an important achievement in the future. 
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5.3.1 RZZ	
  function	
  in	
  SAC	
  silencing	
  	
  

To dissect the role of RZZ in SAC silencing I aimed to gain a better understanding 

of how the RZZ contributes to the recruitment of Dynein/Dynactin. As neither 

Dynein/Dynactin nor Spindly were available as recombinant proteins in the 

Musacchio laboratory, I started by generating recombinant Spindly, the putative 

adaptor for Dynein/Dynactin, and investigated its interactions with the RZZ 

complex. I was able to express and purify recombinant Spindly in high purity from 

insect cells, which facilitated a direct test of the interactions between RZZ and 

Spindly. In SILAC experiments, recombinant RZZ interacted with endogenous 

Spindly from HeLa cell extracts in a detergent sensitive manner, as indicated 

previously (Section 4.3.4). Two recent publications showed that Spindly is only 

able to localize to kinetochores when its C-terminal CAAX-box is farnesylated 

(Moudgil et al, 2015), (Holland et al, 2015). This prompted me to test the direct 

interaction of RZZ and Spindly in the presence of FTase and its substrate FPP. 

Under those conditions, RZZ and Spindly interacted tightly, as shown by SEC co-

elution experiments . Though these experiments I clearly showed a Farnesylation 

dependent interaction of RZZ and Spindly.  

To determine the binding surface of Spindly-F-RZZ, we plan to examine the 

structure of the Spindly-F-RZZ complex by negative stain EM experiments in 

collaboration with Dr. Michael Saur from the Raunser laboratory. Furthermore it 

will be interesting to subject the Spindly-F-RZZ complex to crystallogenesis. For 

this purpose I have created deletion mutants of Spindly that contain the C-terminal 

region, which has been shown to be sufficient for RZZ binding (Moudgil et al, 

2015). 
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5.3.2 Dynein/Dynactin	
  interaction	
  

As the individual subunits of Dynein and Dynactin became available in the 

Musacchio laboratory, they were subjected to interaction studies with the RZZ 

complex as well as with Zw10. Zw10 has been proposed in the literature to be the 

Dynein/Dynaction anchor within the RZZ complex (Starr et al, 1998). Neither Zw10 

nor RZZ bound to the P50 subunit of Dynactin, seemingly contradicting previous 

reports (Starr et al, 1998). Zw10 and RZZ also did not bind to the Dynein subunits 

Lic2, Tctex1, Lc8, Rb1 or to a combination of these subunits (Table 3). It is likely 

that the Dynein/Dynactin complex has to be properly assembled into an active 

form to interact with the RZZ complex. Moreover also Spindly-F may be required 

for the RZZ Dynein/Dynactin interaction and phosphorylation may play a part in 

this interaction. In the near future and in collaboration with the laboratory of 

Andrew Carter who kindly provided us with the Dynein–Dynactin holoenzyme, we 

will be investigating these interactions in more detail. 
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5.4 Model	
  of	
  RZZ	
  function	
  	
  

Based on the evidence presented in this thesis as part of my doctoral studies 

and on evidence discussed in literature I propose the following model for the 

functions of the human RZZ complex in checkpoint signaling. During mitosis 

and prior to all kinetochores reaching bi-orientation, the RZZ complex at 

kinetochores provides stable association of Mad1/Mad2 to kinetochores. The 

association of Mad1/Mad2 also requires an unknown factor X. Factor X could 

be another protein, based on my discussion either Knl1 or an as yet unknown 

protein. Factor X could also be a modification on Mad1/Mad2 or cooperativity 

resulting from RZZ oligomerization at kinetochores (Section 5.3). RZZ 

stabilized Mad1/Mad2 localization at kinetochore causes the SAC to be active 

(Figure 49 Step 1). Upon SAC activation the enzyme FTase farnesylates 

Spindly (Figure 49 Step 2). Spindly farnesylation allows for high affinity binding 

to the RZZ complex, in the course of which Spindly-F becomes recruited to 

kinetochores. The Spindly-F-RZZ interface then recruits the Dynein/Dynactin 

complex (Figure 49 Step 3). The minus-end directed motor protein Dynein 

transports RZZ and Spindly with factor X away from kinetochores signifying 

that Mad1/Mad2 are not longer stabilized by the RZZ complex (Figure 49 

Step 4). Mad1/Mad2 are then removed from kinetochores via an independent 

silencing mechanism and ultimately the checkpoint is switched off.  
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Figure 49: Model for the functions of RZZ at kinetochores 

During mitosis and until all kinetochores have reached bi-orientation, the RZZ complex at 
kinetochores provides stably associated Mad1/Mad2, which requires an unkown factor X. 
Upon checkpoint activation the enzyme FTase farnesylates Spindly. Spindly farnesylation 
allows high affinity binding to the RZZ complex, in the course of which farnesylated Spindly 
(Spindly-F) becomes recruited to kinetochores. The Spindly-F-RZZ interface then recruits 
the Dynein/Dynactin complex. The minus-end directed motor protein Dynein transports 
RZZ, Spindly and factor X away from kinetochores destabilizing Mad1/Mad2. Mad1/Mad2 
are then removed from kinetochores via an independent silencing mechanism and 
ultimately the checkpoint is switched off. 
 

K
in

e
to

c
h
o
re

K
in

e
to

c
h
o
re

Mad1

Mad2

Dynactin
R

Z
Z

Factor X

+ -

Spindly

FTase

SAC ON

K
in

e
to

c
h
o
re

+ -

SAC ON

+ -

SAC ON

+

SAC OFF

1 2

34

Mad1

Mad2

Factor X

R
Z

Z

Dynactin

D
y
n
e
in

D
y
n
e
in

FTase

Spindly

D
y
n
e
in

D
y
n
e
in

K
in

e
to

c
h
o
re

Mad1

Mad2

R
Z

Z

Factor X

Dynactin

D
y
n
e
in

D
y
n
e
in

S
p

in
d

ly

D
y
n
e
in

D
y
n
e
in

R
Z

Z

Factor X

Dynactin

S
p

in
d

ly

Mad1

Mad2

-



Materials and Methods 
 

 115 

6 Materials and Methods 

6.1 Methods	
  

6.1.1 Chemicals	
  

Chemicals of the following companies have been used for the experiments 

described in this thesis:  

AppliChem (Darmstadt), Boehringer (Mannheim), Difco Microbiology / Voigt 

Global, Fermentas (St. Leon‐Rot, Deutschland), Fluka / Sigma‐Aldrich 

(München, Deutschland), Gerbu (Gaiberg), J. T. Baker / Mallinckrodt Baker 

B.V. (Deventer, Niederlande), Merck (Darmstadt), Riedel de Haën (Seelze), 

Roche (Basel, Schweiz), Carl Roth GmbH (Karlsruhe), Serva (Heidelberg), 

Sigma-Aldrich (München), Thermo Fisher Scientific Inc. (Schwerte), Invitrogen 

/ Lifetechnologies (Karlsruhe), Creative Molecules (Arizona, USA). 

6.1.2 Kits	
  

Table 4: List of all used Kits 

Kit Company 

QIAquick Gel Extraction Kit,  

QIAprep Spin Miniprep Kit,  

Plasmid Midi Kit, PCR Purification 

Kit 

QIAGEN, Hilden 

ProQDiamond Phosphostain Invitrogen, Karlsruhe 

ECL Kit and Chemiluminescence  

Films 
GE Healthcare, München 
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6.1.3 Markers	
  

Table 5: List of all used markers 

Marker Company 

Gel Filtration Sandard Bio-Rad, München 

Precision Plus Protein  

Standard Unstained 

Bio-Rad, München 

Precision Plus Protein 

Standard  

Dual Color 

 
Bio-Rad, München  

 

Gene Ruler 1 kb plus DNA 

ladder 

ThermoScientific, Schwerte 

  



Materials and Methods 
 

 117 

6.1.4 Microorganisms	
  and	
  cell	
  lines	
  

Table 6: List of all used microogranisms 

E. coli cell line Genotype 

TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) Ф80lacZΔM15 

ΔlacX74 

 nupG recA1 araD139 Δ(ara-leu)7697 galE15  

galK16 rpsL(StrR) endA1 nupG λ- 

DH10 

MultiBacTurbo 
F– mcrA Δ(mrr-hsdRMS-mcrBC) Ф80lacZΔM15 

ΔlacX74  

recA1 endA1 araD139 Δ(ara, leu)7697 galU galK 

λ– rpsL  

nupG /pMON14272 v-cath::Ampr chiA::LoxP */ 

pMON7124 

BL21 (DE3) F–, ompT, hsdSB(rB-, mB-), dcm, gal, λ(DE3) 

Omnimax F’ pro AB+ lacIq lacZΔM15 Tn10 (Tetr) Δ(ccdAB)}fa 

mcrA  Δ(mrr-hsdRMS-mcrBC) Ф80lacZΔM15 Δ(lacZYA-

argF) U169 endA1 recA1 supE44 thi-1 gyrA96 relA1 

tonA panA 

Cell line Genotype 

Sf9 

 

Tna038 

Sf21 (IPLB-SF21-AE ) based cell line from 

Spodoptera frugiperda ovaries (Vaughn et al, 

1977)  

HiFive (BTI-TN-5B1-4) based cell line from cabbage 

looper ovaries (Hashimoto et al, 2010) 
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6.1.5 Vectors	
  and	
  constructs	
  

Table 7: List of all used vectors and designed constructs 

Vector / Construct Source 

pOPIN DPF, Dortmund 

pOPIN-NHis DPF, Dortmund 

pOPIN-CHis  DPF, Dortmund 

pOPIN-NHis-3C DPF, Dortmund 

pOPIN(N)-EGFP DPF, Dortmund 

pOPIN(C)-EGFP DPF, Dortmund 

pACEbac1 ATG Biosynthetics, 

Merzhausen 

pFG ATG Biosynthetics, 

Merzhausen 

pFH ATG Biosynthetics, 

Merzhausen 

pACEbac1_2His_Zwilch ATG Biosynthetics, 

Merzhausen 

pACEbac1_6His_Zwilch ATG Biosynthetics, 

Merzhausen 

pOPIN(N)-EGFP_Zw10 DPF, Dortmund 

pOPIN(C)-EGFP_Zw10 DPF, Dortmund 

pOPIN-CHis_Zw10 DPF, Dortmund 

pFG_Rod ATG Biosynthetics, 

Merzhausen 

pFH_Rod ATG Biosynthetics, 

Merzhausen 

pOPIN_NHis_Rod_1-1250 DPF, Dortmund 

pOPIN_NHis_Spindly DPF, Dortmund 
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6.1.6 Enzymes	
  

Table 8: List of all used enzymes 

Enzyme Company 

Restriction Endonucleases 
New England Biolabs, Ipswich, 

USA 

T4 DNA Ligase 
New England Biolabs, Ipswich, 

USA 

2x Phusion Polymerase 

master mix 

Biozym Scientific GmbH, Hessisch 

Oldendorf  

T4 DNA Polymerase 
New England Biolabs, Ipswich, 

USA 

RecA 
Biozym Scientific GmbH, Hessisch 

Oldendorf 

ET-SSB 
New England Biolabs, Ipswich, 

USA 

Precission Protease DPF, Dortmund 

λ-Phosphatase 
New England Biolabs, Ipswich, 

USA 

Fast Alkaliphosphatase 
New England Biolabs, Ipswich, 

USA 

  



Materials and Methods 
 

 120 

6.1.7 Media,	
  anibiotics	
  and	
  transfection	
  reagents	
  

Table 9: List of all used media, antibiotics and transfection reagents 

Material Company/Composition 

DMEM  PAN Biotech, Aidenbach 

FBS  Invitrogen, Karlsruhe 

Sf-900TM III SFM Invitrogen, Karlsruhe 

LB plates LB-Agar containing: 

100 µg/ml Ampicillin, 

7 µg/ml Gentamycin, 

10 µg/ml Tetracyclin, 

100 µg/ml X-Gal, 

40 µg/ml IPTG 

Antibiotics Ampicillin (100 mg/L medium) 

Gentamycin (7 mg/L medium) 

Tetracyclin (10 mg/L medium) 

Strepomycin (100 µg/ml medium) 

Penicillin( 10 U/ml medium) 
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6.1.8 Columns	
  	
  

Table 10: List of all used columns and beads 

Columns Company 

HisTrap Crude FF, 5ml GE Healthcare, München 

Ni-NTA Superflow beads QIAGEN, Hilden 

HiTrap SP HP, 5 ml GE Healthcare, München 

HiTrap Q HP, 5 ml GE Healthcare, München 

Resource Q, 5 ml GE Healthcare, München 

Amylose beads GE Healthcare, München 

Superdex 75 HR 10/300  GE Healthcare, München 

Superdex 200 HR 10/300  GE Healthcare, München 

Superose 6 HR 10/300 GE Healthcare, München 

TSKgel G4000SWXL column 

with a TSKgel SWXL guard column  

TOSOH Bioscience, 

Tessenderlo, Belgium 
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6.1.9 Laboratory	
  Equipment	
  	
  

Table 11: List of the laboratory equipment 

Laboratory Equipment Company 

Agarose gel chamber, 

CRHU10 

Carl Roth GmbH, Karlsruhe 

Autoklave Laboklav SHP Steriltechnik AG, Detzel Schloß 

Balance BP110S Sartorius, Göttingen 

Balance CPA324S Sartorius, Göttingen 

Centrifuge Avanti J-30I Beckman Coulter, Krefeld 

Centrifuge Eppendorf 3424 

R 

Eppendorf, Hamburg 

Centrifuge Sorvall RC3BP+ ThermoScientific, Schwerte 

Centrifuge Universal 320R Hettich, Kirchlengern 

Femtojet injection device Eppendorf, Hamburg 

FPLC-System Äkta Micro GE Healthcare 

FPLC-System Äkta Purifier GE Healthcare 

FPLC-System Äkta Prime GE Healthcare 

Freezer (-20°C) Panasonic, Hamburg 

Freezer (-80°C) Panasonic, Hamburg 

Incubator (27°C) WTC Binder, Tuttlingen 

Incubator (37°C) WTC Binder, Tuttlingen 

Incubation Shaker 

Multitron 

Infors HT, Bottmingen, Schweiz 

InjectMan IN2 microinjector Eppendorf, Hamburg 

ITC 200 MicroCal GE Healthcare, München 

Magnetic Stirrer MR 2000 Heidolph, Schwabach 

Microscope Axiolab Carl Zeiss, Jena 

Nanodrop 2000 ThermoScientific, Schwerte 

Milli-Q Merck Millipore, Darmstadt 

Micro Scale 

Thermophoresis 

NanoTemper Technologies, München 
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PCR Cycler Professional 

TRIO 

Biometra, Göttingen 

Photometer Eppendorf 

Biophotometer 

Eppendorf, München 

SDS-PAGE Gel System, 

Mini PROTEAN Tetra Cell 

Bio-Rad, München 

Sonicator Sonifier Cell 

Disruptor 

G. Heinemann, Schwäbisch Gmünd 

Thermomixer S436 Eppendorf, München 

Trans-Blot Semi-Dry blotter 

Unit  

Scie-Plas, Cambridge, UK 

Ultracentrifuge Optima L-

80 XP 

Beckman Coulter, Krefeld 

Vortex Genie 2 Bender & Hobein, Bruchsal 
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6.1.11 Frequently	
  used	
  buffers	
  

 
Table 12: List of frequently used buffers 

Buffer Composition 

RZZ wash buffer 50 mM Hepes pH 8.5; 200 mM NaCl;  

10 % Glycerol; 

20 mM Imidazole; 5 mM β-ME 

RZZ G4000 buffer 

for 

FTase and kinase 

experiments 

25 mM Hepes pH 7.5; 250 mM NaCl; 10 mM 

MgCl2, 

4 mM TCEP 

RZZ S6 buffer 25 mM Hepes pH 8.5; 250 mM NaCl; 4 mM 

TCEP 

Zw10 wash buffer 1 x PBS pH 7.4-7.6; 150 mM NaCl; 10 % 

Glycerol; 

20 mM Imidazole; 5 mM β-ME 

Buffer A/B 50 mM Tris pH 8.5; 100 /1000mM NaCl; 2 mM 

DTE 

Zw10 S200 buffer 25 mM Hepes pH 8.5; 250 mM NaCl; 4 mM 

TCEP 

TAE buffer (10x) 89 mM Tris 

89 mM Boric Acid 

0.9 mM EDTA 

DNA Loading dye 10 % (w/v) Ficoll 

0.025 % (w/v) Bromphenol Blue in 1x TAE buffer 

Coomassie Stain 44 % (v/v) Ethanol 

12 % (v/v) Acedic Acid 

0.15 % (w/v) Coomassie Brilliant Blue R 250 

Destain 44 % (v/v) Ethanol 

12 % (v/v) Acedic Acid 

SDS Runningng 

buffer 

25 mM Tris 

190 mM Glycin 
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 0.1 % (w/v) SDS 

SDS Loadingng 

dye (5x) 

5 % β-Mercaptoethanol 

0.02 % Bromophenol blue 

30 % Glycerol, 10 % SDS 

25 mM Tris 

Separation gel 

buffer 

1.5 M Tris pH 8.8 

0.4 % (w/v) SDS 

Stacking gel buffer 0.5 M Tris pH 6.8 

0.4 % (w/v) SDS 

Transfer buffer 25 mM Tris, 200 mM glycine, 20 % methanol 

TBST 1.5 M NaCl, 25 mM KCl, 250 mM Tris, 0.05 % 

Tween-20 

Wash buffer 1 25mM NH4HCO3 3:1 mixed with  

Acetonitrile 

Wash buffer 2 25mM NH4HCO3 1:1 mixed with  

Acetonitrile 

Reduction solution 50mM DTT, 25mM NH4HCO3 (stored at -20°C) 

Alkylation solution 55mM Iodacetamide, 25mM NH4HCO3 (stored at 

-20°C) 

Digestion solution 0.01µg/µl trypsin in 10 mM HCl with 25 mM 

NH4HCO3 (stored at -20°C) 
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6.2 Methods	
  Molecular	
  Biology	
  

6.2.1 Plasmid	
  Purification	
  

All plasmids were purified after propagation in E. coli Omnimax cells using the 

QIAGEN Plasmid Mini Kit. 

6.2.2 Polymerase	
  Chain	
  Reaction	
  

The polymerase chain reaction (PCR) is a method for in vitro amplification of 

deoxyribonucleic acids (DNA) for further processing (Quelle/Caro66). The 

method includes repetitive cycles of denaturation of double stranded DNA 

(dsDNA), hybridization of oligonucleotides (oligos) and enzymatic elongation 

of these oligos. During denaturation (94-98°C) the hydrogen bonds between 

base pairs are melted resulting in single stranded DNA (ssDNA). In the 

following hybridization the oligos (short single stranded DNA) anneal to 

complementary ssDNA serving as a starting point for the enzymatic synthesis 

of new DNA. For efficient annealing the temperature is decreased below the 

melting temperature of the oligo. DNA polymerases are utilized for the DNA 

elongation. The elongation temperature depends on the temperature optimum 

of the chosen DNA polymerase. The duration of the elongation depends on 

the length of the fragment to be amplified and the efficacy of the used 

polymerase. Here the Phusion Flash HF PCR Master Mix was used. 

The following tables show the details for the PCRs. 

 

Table 13: PCR pipetting scheme 

Components Quantity 

dsDNA template 25 – 100 ng 

Oligo, forward (10 pM) 1 µl 

Oligo, reverse (10 pM) 1 µl 

2x Phusion Flash HF PCR Master Mix 12.5 µl 

H2O Add up to 25 µl 
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Table 14: PCR program 

Denaturation 95°C 2 min 

Denaturation 95°C 10 s 

Annealing 50-65°C 30 s 

Elongation 72°C 1 min/1000 bp 

Final elongation 72°C 8 min 

 

6.2.3 Agarose	
  Gel	
  Electrophoresis	
  

The agarose gel electrophoresis is a biochemical method to separate DNA 

fragments. Based on their negatively charged phosphate backbone DNA 

molecules migrate in an electric field corresponding to their size, which 

enables separation. Depending on the DNA fragments that were to be 

separated 0.9 % or 2% Aragose gels (in TAE buffer) were used. An electric 

field of 120 V was applied for 45min to 60 min.  

 

6.2.4 Restriction	
  Digest	
  	
  

Restriction enzymes recognize specific DNA sequences and hydrolyze the 

phosphodieester bonds of dsDNA within or near this sequence (Pingoud & 

Jeltsch, 2001). Restriction enzymes are endonucleases of bacterial origins with 

the physiological role to digest foreign DNA. They can produce either sticky ends, 

which have short single stranded DNA overhangs, or blunt ends. In this thesis 

exclusively sticky end producing restriction enzymes from NEB were used.  For 

the digest, DNA was mixed with a relevant enzyme and its corresponding buffer 

following the NEB manual and incubated at 37°C for 1-3 h. 

6.2.5 Ligation	
  	
  

Ligation is the process of coupling 2 DNA fragments using the T4 DNA ligase. In 

order to produce a plasmid in a 20 µl reaction volume, 250 ng of dephosphorylated 

vector and a five fold molar access of insert and1 µl T4 DNA ligase were overnight 

incubated at 4°C. 

 

25-35 cycles 
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6.2.6 Transformation	
  of	
  DNA	
  into	
  E.	
  coli	
  cells	
  

The plasmid DNA was transformed into chemical competent E. coli cells. Therefor 

50–100 ng of DNA was mixed with 50 µl of chemical competent cells and 

incubated for 30 min on ice. This was followed by a heat shock, which opened 

shortly the cell membrane, allowing the DNA to enter the cell. This was achieved 

by a 45 s incubation at 42°C, followed by 2 min on ice, allowing the cell membrane 

pores to close again. The cells were then grown in 200 µl LB medium for 1 h at 

37°C. To grow cells containing the desired DNA selectively, 200 µl were plated on 

LB- plates supplemented with the corresponding antibiotic. 

6.2.7 Colony	
  PCR	
  

For a quick identification of potential positive colonies (vector harboring the desired 

insert) some colonies were picked from the LB-Agar plate with a 10 µl pipette tip 

and part of this material was immersed into a 25 µl PCR mixture (Table 15). A 

PCR was carried out using the protocol depicted in table Table 16. Oligos binding 

specifically upstream and downstream of the insert were used. 10 µl of the PCR 

product were analyzed using a 0.9% agarose gel. 

 
Table 15: Colony-PCR pipetting scheme 

Components Quantity 

Chrimson Taq buffer 5x 5 µl 

Oligo, forward (10 pM) 0.5 µl 

Oligo, reverse (10 pM) 0.5 µl 

Chrimson Taq polymerase 0.125 µl 

H2O Add up to 25 µl 

 
 
 
Table 16: Colony-PCR program 

Denaturation 95°C 30 s 

Denaturation 95°C 30 s 

Annealing 50-65°C 1 min 

Elongation 68°C 1 min/1000 bp 

Final elongation 68°C 8 min 

 

29 cycles 
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6.2.8 DNA	
  sequencing	
  

Positive clones (judged by colony PCR or analytical restriction digest) were 

sequenced in order to verify the DNA sequence integrity of the insert. Sequencing 

was performed by an external company (Beckmann Counter Genomics, Takeley, 

UK), which is using the Sanger-Method (Sanger, 1975), (Sanger et al, 1977).  
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6.2.9 Baculo-­‐Transfection	
  and	
  Virus	
  Amplification	
  in	
  sf9	
  cells	
  

Bacmid Recombination 

Due to the inability of plasmid DNA to be propagated in insect cells it is necessary 

to utilize Bacmid DNA as a shuttle vector, since Bacmid DNA can be propagated 

both in insect cells and in E. coli. Thus, the plasmid DNA gets recombined with the 

Bacmid DNA. Correct insertion of the plasmid DNA into the Bacmid is tested via a 

so-called blue/white screening. In this blue/white screening white colonies indicate 

that the plasmid DNA was inserted into the Bacmid, because the transposition site 

within DH10EMBacY cells is harbored within the lac Z gene. If the lac Z gene was 

destroyed, so the plasmid DNA was integrated, the cells were not able anymore to 

metabolize 5-bromo-4-chloro-indolyl-β-D-galactopyranoside (x-gal) into 5,5'-

dibromo-4,4'-dichloro-indigo which is blue. 

In order to create recombinant Bacmid DNA the plasmid DNA was transformed 

into chemical competent DH10EMBacY cells following the protocol from chapter 

6.2.6. The 37°C incubation step was extended to 6 h. Cells were plated on 

Kan/Tet/Gent/IPTG/X-Gal plates in 1:1, 1:10 and 1:50 dilutions and subsequently 

incubated for 2 days @ 37°C. For verification, a couple of putative positive 

colonies (white) were streaked out again on a Kan/Tet/Gent/IPTG/X-Gal plate and 

incubate for 2 days.   

Bacmid-DNA Preparation and Transfection 

For each construct 2-3 white colonies were inoculated in 3 ml LB (Kan/Tet/Gent) 

and incubated over night at 37°C. The cultures were centrifuged for 10 min. at 

4000 rpm and the supernatants were discarded. 300 µl of resuspension buffer P1 

(Qiagen Miniprep Kit) were added, the pellets were resuspended and transferred 

into 2 ml Eppendorf tubes. Then 300 µl lysis buffer P2 (Qiagen Miniprep Kit) was 

added and inverted carefully. Next 300 µl neutralization buffer N3 (Qiagen 

Miniprep Kit) was added and gently mixed. The tubes were centrifuged for 10 min 

at maximum speed and RT. Supernatants were transferred into fresh tubes and 

centrifuged again for 5 min at max speed and RT. Supernatants were transferred 

into new tubes containing 700 µl isopropanol and incubated over night at -20°C. 

The tubes were then centrifuged for 10 min at 13500 rpm and 4°C and the 

supernatants were discarded. Then 200 µl of 70 % EtOH was added and again 

centrifuged for 10 min, 13500 rpm, 4°C. The EtOH was removed and another 50 µl 

70% EtOH was added. Then the tubes were transferred to the clean bench where 
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the EtOH was removed again and the pellets were dryed.. Then 40 µl sterile TE-

buffer was added to the dry pellets and the Bacmid-DNA was resuspended. 

In the meantime 2 ml of Sf9 cells at a density of 1x106 cells/ml in fresh SF900 III 

media were transferred into each well of a 6 well plate.  200 µl SF900 III media 

was supplemented with 10 µl FuGENE, added to 20 µl of Bacmid-DNA and 

incubated for 15 min at RT (the remaining 20 µl Bacmid DNA were stored for future 

transfection at -20°C). These transfections mixtures were added carefully to the 

cells and mixed by slowly moving the plates back and forth. Cells were incubated 

for 3 days at 27°C. 

Amplification (V0) 

To generate the first virus stock (V0), 10x106 cells were seeded in a 10cm plate in 

10 ml SF900 III media (10 ml with 1x106cells/ml). The supernatant from one well 

from the transfection plate (6-well plate) was transferred completely to the 10 cm 

plate. The virus amplification was incubated for 4 days at 27°C. Then the 

supernatants were sterile filtered into a 15ml Falcon tube and FBS to a final 

concentration of 10% was added Viruses were stored at 4°C. 

Virus Amplification (V1) 

To amplify into the subsequent virus stocks (V1, V2, …), 1x106 Sf9 cells/ml were 

incubated with 1/100 volume V0 and incubated for 4 days at 27°C. Then cells were 

centrifuged at 250g for 15 min at RT and the supernatant was sterile filtered and 

FCS was added to a final concentration of 10%. Viruses were stored at 4°C. 
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6.3 Methods	
  Biochemistry	
  

6.3.1 Protein	
  Expression	
  test	
  (insect	
  cells)	
  

Based on this analysis it was decided for each construct individually which virus 

concentration to use and how long to wait for all following expressions. For each 

construct 3 flasks containing 50 ml of TnaO38 cells (between 0.5x106 and 1x106 

cells/ml) were infected with V0 or V1 at 1/50, 1/100, 1/200. The cells were 

incubated at 27°C in a shaker (110 rpm). 1 ml samples were taken after 48 h and 

72 h (centrifuge at 250g for 2 min and use pellets). The pellets were resuspended 

in 500 µl lysis buffer (RZZ wash buffer supplemented with a protease inhibitor mix) 

and sonicated twice for 10 sec. (intensity 30 %, output 3). A sample was taken for 

SDS gel analysis. The cell lysates were centrifuged for 10 min at 13500 rpm and 

4°C. A sample was taken for SDS gel analysis. To each cleared lysate 50 µl 

equilibrated beads (RZZ wash buffer) were added and incubated for 1h at 4°C 

while gently rotating. The beads were washed five times with 1ml of a washing 

buffer. The buffer was taken off completely and 40µl SDS-loading buffer was 

added. The samples were boiled at 95°C for 5 min and analyzed by SDS-PAGE.  

 

6.3.2 Protein	
  Expression	
  

The desired amount of TnaO38 cell suspension (between 0.5x106 and 1x106 

cells/ml) was infected with the desired virus stock at the concentration and for 

expression duration recommended by the protein expression test (Section 6.3.1). 

After the protein expression cells were centrifuged at 250 g for 20 min. The pellets 

were washed once with PBS buffer and either processed immediately or flash 

frozen in liquid nitrogen and stored at -80°C. 

 

6.3.3 Cell	
  lysis	
  

A pellet of 500-800 ml incect cell culture was resuspended in 100 ml wash buffer 

supplemented with 1 mM PMSF (Phenylmethylsulforylfluorid) and 1mM protease 

inhibitor cocktail (Serva).  The cells were lyzed using sonication for 3 times 45 

pulses (intensity 60 %, output 6). Cell membranes and other insoluble components 

were separated from the cleared lysate by centrifugation at 100,000g for 1h at 4°C 

followed by filtration. 
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6.3.4 	
  Immobilized	
  Metal	
  Ion	
  Affinity	
  Chromatography	
  (IMAC)	
  

The immobilized metal ion affinity chromatography (IMAC) allows the separation of 

proteins carrying an exposed His6-tag from a biochemical mixture based on the 

highly specific and reversible interaction between the resin material of the column, 

Ni2+-nitriloacetic acid (Ni-NTA) and histidin. In order to purify proteins carrying a 

His6-tag the cleared cell lysate was loaded on a HisTrap FF column that was 

equilibrated with the wash buffer using a peristaltic pump at 4°C and a flow rate of 

2 ml/min. To remove unspecific bound proteins the column was washed with 500 

ml of wash buffer. Then the protein of interest was either eluted using an elution 

buffer, containing 250 mM imidazole competing with the Histidins for the binding 

sites of the Ni-NTA or incubated over night with Prescission protease, which 

specifically cleaves between the His6-tag and the protein of interest. The 

respective fractions were analyzed by SDS-PAGE. 

 

6.3.5 Ion	
  Exchange	
  Chromatography	
  

Ion exchange chromatography relies on reversible charge-charge interactions 

between the protein of interest and the charges of the resin of choice. In order to 

allow binding of the protein to the ion exchange column (Resource Q or HiTrap Q 

from GE Healthcare) the protein samples were diluted 1:5 in buffer A before 

loading. The diluted sample was loaded onto the column applying a flow rate of 

1 ml/min and washed for 3 column volumes with buffer A. This was followed by a 

gradient from 0% buffer B till 50 % buffer B (containing 1M NaCl) for a length of 20 

column volumes. Peak fractions containing putatively the protein of interest were 

analyzed by SDS-PAGE. 

 

6.3.6 Concentration	
  of	
  protein	
  samples	
  

In order to concentrate fractions containing the protein of interest ultrafiltration 

units (Millipore) were used. The molecular weight cut off (MWCO) was chosen 

respectively to the size of the smallest protein of interest in the solution. The units 

were washed once with ddH2O and equilibrated with the respective buffer from the 

last purification step. Then the protein solution was applied to the concentrators 

centrifuged for several rounds at 2000-4000 rpm. 
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6.3.7 Dialysis	
  of	
  protein	
  samples	
  

To exchange the buffer of the POI, we dialyzed either for 3 h against a 500 fold 

volume (dialysis buffer over sample volume) or overnight against a 100 fold 

volume.  

 

6.3.8 Determination	
  of	
  protein	
  concentrations	
  

Protein concentrations were determined using the Nanodrop spectrometer 

measuring the absorbance at 280 nm and considering the molecular weight and 

the extinction coefficient of the respective proteins. 

 

6.3.9 Size	
  Exclusion	
  Chromatography	
  (SEC)	
  	
  

Size exclusion chromatography is a method that separates molecules based on 

their size and shape. The column serves as a stationary pore system where larger 

molecules pass through earlier than smaller molecules, because they penetrate 

less with the pore system. This method is frequently used as the final step during 

protein purification. For the purification of different proteins or protein complexes 

the column types Superdex 200 10/300 and Superose 6 10/300 were used. All 

samples were injected at a volume of 500 µl and eluted under isocratic conditions 

at 4°C with the respective buffer over 1.5 column volumes at a flow rate of 0.3 

ml/min. 

 

6.3.10 	
  Sodiumdodecylsulfate-­‐Polyacrylamide	
  Gelelectrophoresis	
  (SDS-­‐PAGE)	
  

The Sodiumdodecylsulfate-Polyacrylamidegelelectrophoresis (SDS-PAGE) is a 

method that separates proteins in a gel based on their molecular weights. 

Therefore the proteins are denatured by sodiumdodecylsulfate before loading onto 

the gel. Due to the negative charges resulting from the bound 

sodiumdocedylsulfate, the proteins migrate in the gel during the electrophoresis. 

This way the proteins get separated based on their molecular weight, because 

smaller molecules migrate faster than bigger ones. Depending on the molecular 
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weight range of proteins that have to be separated in the gel, different acrylamide 

concentrations can be used.  

 
Table 17: Pipetting scheme for 4 SDS gels 

 Running gel  

10 % 

Running gel 

12 % 

Running gel 

15 % 

Stacking gel  

7 % 

ddH2O 12.3 ml 10.2 ml 7.2 ml 6.7 ml 

30 % (w/v) 

Acrylamide 

9.9 ml 12.0 ml 15. ml 1,33 ml 

Running buffer 7.5 ml 7.5 ml 7.5 ml  − 

Stacking buffer  −  −  − 2.5 ml 

10 % (w/v) SDS 150 µl 150 µl 150 µl 50 µl 

TEMED 20 µl 20 µl 20 µl 5 µl 

10 % (w/v) APS 150 µl 150 µl 150 µl 50 µl 

 

The electrophoresis was performed at 46 mA for one gel, 86 mA for two gels or at 

180V for 30-40 min. The gels were stained with a coomassie staining solution 

and destained with a destaining solution (Section 6.1.11).  
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6.3.11 	
  Western	
  Blot	
  Analysis	
  

Western blot analysis is a more sensitive staining technique for proteins than SDS-

PAGE analysis. It allows the detection of specific proteins as it is based on specific 

interactions between the protein of interest and its specific antibody.  

In practice, the electrophoretically separated proteins were transferred from the 

polyacrylamide gel to a methanol-activated polyvinylidene fluoride (PVDF) 

membrane in transfer buffer at 90 V and 4°C for 100 minutes. To reduce unspecific 

binding the membrane was incubated on a shaker in 10 ml TBST buffer with 5% 

milk powder for 1 h at RT. Next the membrane was incubated on a shaker with 

TBST supplemented with 5 % milk and the primary antibody over night at 4°C. The 

membrane was washed three times with 10 ml TBST with 5% milk powder for 10 

min at RT. Then the secondary antibody in 5 ml TBST with 5% milk powder was 

applied to the membrane for 1 h at RT. For detection of secondary antibodies that 

are conjugated to horseradish peroxidase (HRP), ECL Prime Western Blotting 

Detection reagent and High Performance Chemiluminescence Films were used 

following the company’s instructions. 

 

6.3.12 	
  Expression	
  and	
  purification	
  of	
  Zw10	
  

For a pellet of 800 ml CHis-POPIN-Zw10 expression culture (insect cell expression 

in TnaO38 cells V1 Zw10 full length 1:30) cell lysis was performed in 100 ml lysis 

buffer by 3 x 45 pulses sonication (Section 6.3.3). The cleared lysate was loaded 

onto an equilibrated 5 ml Ni-NTA column using the peristaltic pump (Section 6.3.4) 

and the flow through was reloaded one more time (2 ml/min flow rate). The column 

was washed with 500 ml wash buffer and the elution was done with 250 mM 

imidazole added to the wash buffer collecting 2 ml fractions.  The fractions were 

analyzed by SDS-PAGE and the fractions containing Zw10 were concentrated up 

to a volume of 10 ml. Afterwards the protein solution was diluted 5 times with 

buffer A and subsequently purified with a Resource Q anion exchange 

(Section 6.3.5). Peak fractions were analyzed by SDS-PAGE and the ones 

containing Zw10 were concentrated up to 500 µl, and applied to a Superdex 200 

10/300 column (Section 6.3.9). The peak fractions were again analyzed by SDS-

PAGE and the fractions containing pure Zw10 were concentrated up to 10 mg/ml 

and flash frozen in liquid nitrogen in aliquots of 20 µl volume and stored at -80°C.  
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6.3.13 	
  Expression	
  and	
  purification	
  of	
  Spindly	
  

For a pellet of 500 ml NHis-POPIN-Spindly expression culture (insect cell 

expression in TnaO38 cells V1 Spindly full length 1:50) cell lysis was performed in 

100 ml lysis buffer RZZ by 3 x 45 pulses sonication (Section 6.3.3). The cleared 

lysate was loaded onto an equilibrated 5 ml Ni-NTA column using the peristaltic 

pump (Section 6.3.4) and the flow through was reloaded one more time (2 ml/min 

flow rate). The column was washed with 500 ml wash buffer RZZ and the elution 

was done with 250 mM imidazole added to the wash buffer RZZ collecting 2 ml 

fractions.  The fractions were analyzed by SDS-PAGE and the fractions containing 

Spindly were concentrated up to a volume of 10 ml.  Afterwards the protein 

solution was diluted 5 times with buffer A and subsequently purified with a 

Resource Q anion exchange (Section 6.3.5). Peak fractions were analyzed by 

SDS-PAGE and the ones containing Spindly were concentrated up to 500 µl, and 

applied to a Superose 6 10/300 column (Section 6.3.9). The peak fractions were 

again analyzed by SDS-PAGE and the fractions containing pure Spindly were 

concentrated up to 20 mg/ml and flash frozen in liquid nitrogen in aliquots of 20 µl 

volume and stored at -80°C. 

 

6.3.14 	
  Expression	
  and	
  purification	
  of	
  RZZ	
  

For the expression of RZZ it was essential to generate fresh virus stocks that 

expressed Zw10 and Zwilch in stoichiometric amounts. Typically, we generated 

and tested two virus stocks infected either with 1:2 or 1:4 ratio of Zw10 vs. Zwilch. 

This fresh virus was used for a large expression culture. Usually, 500 ml of Tna038 

cells at 1x106 cells/ml were infected with 5 ml of the chosen pre-virus and 7 ml of a 

virus stock of pACEbac1_6His-Rod. 

For a pellet of 500 ml RZZ expression culture the cell lysis was performed in 100 

ml lysis buffer RZZ by 3 x 45 pulses sonication (Section 6.3.3). The cleared lysate 

was loaded onto an equilibrated 5 ml Ni-NTA column using the peristaltic pump 

(Section 6.3.4) and the flow through was reloaded one more time (2 ml/min flow 

rate). The column was washed with 500 ml wash buffer RZZ and the elution was 

done by Precission digest on the column using the Prescission protease 1:10 and 

circulating in a buffer volume of 20 ml over night with a flow rate of 1 ml/min. In 

case the aim was to purify dephosphorylated RZZ, in this step λ-phospatase was 

added in a molar ratio of 1:10. The eluate was analyzed by SDS-PAGE and 
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concentrated up to a volume of 500 µl. Then a SEC using a Superose 6 10/300 

column was performed (Section 6.3.9). The peak fractions were again analyzed by 

SDS-PAGE and the fractions containing pure RZZ were concentrated up to 8-10 

mg/ml and flash frozen in liquid nitrogen in aliquots of 20 µl volume and stored at -

80°C. 

6.3.15 	
  Expression	
  and	
  purification	
  of	
  Mini-­‐RZZ	
  

The expression and purification of Mini-RZZ was essentially performed as for the 

RZZ complex. Instead of the full length His6_Rod virus the His6_Rod_1-1250 virus 

was used for the co expression and the purification had to be performed within one 

day due to the low stability of the complex, thus the elution from the Ni-NTA 

column was done by step elution using 250 mM Imidazole. 

6.3.16 	
  Expression	
  and	
  purification	
  of	
  Mini-­‐Rod/Zwilch	
  

For a pellet of 500 ml Mini-Rod (His6-POPIN-Rod_1-753_(GGS)4_1797-

2209)/His2-Zwilch co expression culture (insect cell expression in TnaO38 cells 

both viruses 1:100) cell lysis was performed in 100 ml lysis buffer RZZ by 3 x 45 

pulses sonication (Section 6.3.3). The cleared lysate was loaded onto an 

equilibrated 5 ml Ni-NTA column using the peristaltic pump (Section 6.3.4) 

(2 ml/min flow rate). The column was washed with 500 ml wash buffer RZZ and the 

elution was done with 250 mM imidazole added to the wash buffer RZZ collecting 

1.5 ml fractions. The fractions were analyzed by SDS-PAGE and the fractions 

containing the Mini-Rod/Zwilch complex were concentrated up to 500 µl, and 

applied to a Superose 6 10/300 column (Section 6.3.9). The peak fractions were 

again analyzed by SDS-PAGE and the fractions containing the pure 

Min-Rod/Zwilch complex were concentrated up to 5 mg/ml and flash frozen in 

liquid nitrogen in aliquots of 20 µl volume and stored at -80°C. 

6.3.17 	
  Analytical	
  SEC	
  migration	
  shift	
  assay	
  

Analytical SEC migration shift assays were performed to investigate interactions 

between proteins or protein complexes. If the proteins or protein complexes 

comigrate in SEC and reveal a longer retention time in SEC an interaction is 

indicated. In practice 5 µM of the putative interaction partners were mixed and 

incubated for 2-3 h on ice in a sample volume of 60 µl before being subjected to 

analytical SEC. Each of the putative interaction partners was also analyzed 
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individually. The analytical SEC experiments were performed on an equilibrated 

Superose 6 5/150 column (GE Healthcare). All samples were injected in a volume 

of 50 µl and eluted under isocratic conditions in the RZZ S6 buffer at 4°C and a 

flow rate of 0.08 ml/min. 50 µl fractions were collected and analyzed by SDS-

PAGE analysis.  

 

6.3.18 	
  Limited	
  proteolysis	
  

Limited proteolysis is a frequently used method to analyze the stability of 

recombinant proteins. 4 µg of the recombinant protein was mixed in a 20 µl volume 

with different proteases in a 1:100 ratio and incubated at either 30°C or 37°C for 

one hour in total. Protein samples were taken after several time points by adding 5 

µl SDS loading buffer and boiling for 5 minutes. The samples were first visualized 

by SDS-PAGE and afterwards analyzed by Petra Janning using limited in-gel 

digest, a mass spectrometry analysis described in Section 6.3.19. 

 

6.3.19 	
  In-­‐gel	
  digestion	
  for	
  mass	
  spectrometric	
  characterization	
  of	
  proteins	
  	
  

Typically, after the first purification of a protein construct, an in-gel digestion for 

mass spectrometric characterization of proteins was applied to check for the 

protein identity. Bands were cut from a polyacrylamide gel using a scalpel. The 

scalpel was cleaned after every protein with Ethanol. Gel pieces were cut in tiny 

pieces (1mm x 1mm). The gel pieces were incubated with 200 µl of wash buffer 1 

for 30 min at 37°C and 350 rpm. All remaining liquid was removed completely and 

200 µl of wash buffer 2 was added and incubated at 37°C, 350 rpm for 15 min. 

Wash solution 2 was replaced with 100 µl of the reduction solution and incubated 

at 37°C, 350 rpm for 45 min. Afterwards the reduction solution was replaced by 

100 µl of the alkylation solution and incubated for 1h at 22°C in the dark. The 

alkylation solution was discarded and the gel pieces were two times washed with 

wash buffer 2 for 15 min. at RT and 350 rpm. To dry the gel the wash buffer was 

removed as complete as possible and dehydrated by addition of 10 µl Acetonitrile. 

After 10 min. the Acetonitrile was removed and the eppendorf tube containing the 

gel pieces were kept under the fume hood for 10 min. 10-15 µl of the digest 

solution were added and incubated for 15 min at RT. After addition of 20 µl of 

25mM NH4HCO3 the tube is incubated at 30°C and 350 rpm over night. 
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The peptides are extracted from the gel pieces by incubation with 3,5 µl of 

10% Trifluoroacidic acid for 30 min on ice in a sonication bath. After this the 

samples were dried using a speedvaccum centrifuge. Petra Janning performed the 

LC/MS-MS analysis. 

 

6.3.20 Analytical	
  Ultracentrifugation	
  

Analytical ultracentrifugation (AUC) is a versatile and powerful method for the 

quantitative analysis of macromolecules in solution. In sedimentation velocity, the 

movement of molecules in high centrifugal fields is interpreted using 

hydrodynamic theory to define the size, shape and interactions of 

macromolecules. Sedimentation equilibrium is a thermodynamic method where 

equilibrium concentration gradients at lower centrifugal fields are analyzed to 

define molecule mass, assembly stoichiometry, association constants and solution 

nonideality (Cole et al, 2008). 

Sedimentation velocity experiments were performed at 20 °C using a 

ProteomeLab XL-I analytical ultracentrifuge (Beckman Coulter) equipped with 

double-UV and Rayleigh interference detection. The samples were used 

immediately dialysis 25 mM Hepes pH 8.5, 150 mM NaCl and 2 mM DTT. The 

RZZ complex in concentrations (ranging from 0.1 mg/ml to 0.6 mg/ml) were spun 

at 42,000 rpm using an AN60-Ti rotor and 3 mm or 12 mm thick epon double 

sector centerpieces. Absorbance and interference profiles were recorded every 

1 min. Detection of concentrations as a function of radial position and time was 

performed by optical density measurements at wavelengths of 280 nm. Buffer 

viscosity (η=0.01034 P) and density (ρ=1.00641 g.mL-1) at 20 °C were estimated 

with the online software Sednterp (http://www.rasmb.bbri.org). Data were 

analyzed with Sedfit 12.1 (Schuck, 2000) using a continuous size distribution c(S) 

model.  

 

6.3.21 Thermofluor	
  Assay	
  

The thermofluor assay offers a rapid technique to determine the thermal stability 

of proteins and to investigate factors affecting this stability. An environmentally 

sensitive fluorescent dye is used to monitor temperature dependent protein 

unfolding. Melting curve analysis determines the melting temperature, Tm. For 

monitoring real-time PCR machines, which have sensitive thermal control and 
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fluorescent detection capabilities are used. The fluorescence signal is then used 

to determine the protein melting point (Tm) which corresponds to middle point 

(50% protein unfolded).  

For analyzing the thermal stability of RZZ and Mini-RZZ, a 10 x stock solution of 

the Sypro Orange dye was freshly prepared in H2O and stored on ice. The protein 

in a final concentration of 2 µM, diluted in its storage buffer, was pipetted into a 

96-well PCR plate and 2 µl of the 10x Sypro Orange stock solution was added. 

The PCR-plate was sealed with Optically clear plate seals (Microseal “B” Film, 

Bio-Rad). The PCR plate was placed in the RT‐PCR machine and a thermal 

denaturation analysiswas performed applying a gradient of 1.5°C/min from 5°C to 

95°C. 

6.3.22 Cross-­‐linking	
  Analysis	
  coupled	
  with	
  mass	
  spectrometry	
  

Combination of protein cross-linking and mass spectrometry can reveal important 

inter and intra molecular interaction of within protein complexes. Therefor the 

proteins are first cross-linked using a bi-functional cross linker, such as 

Disuccinimidyl Suberate (DSS), which contains two functional groups that form 

covalent bonds with the free amine groups of exposed lysines. If two lysines are 

close to each other both lysines are covalent bound to the same cross linker 

molecule, and will be found after a digest and LC/MS analysis in the same 

fragment. 

The protein samples were cross linked with the cross linker DSS as follows 

(Maiolica et al, 2007). First, 1 mg of DSS was dissolved in 53 µl DMSO. Then 20 µl 

of this was mixed with 230 µl of RZZ Gefi buffer. 100 µg of RZZ or another protein 

sample were incubated with the cross linker in ratios 1:1, 1:5 and 1:10 of protein to 

cross linker for 30 min at 37°C or at 4°C over night. To stop the reaction 22 µl 

NH4CO3 were added and incubated for 15 min at 37°C. Then the samples were 

shipped on ice to our collaborator Franz Herzog who performed the tryptic digest 

and the LC/MS analysis as described in (Maiolica et al, 2007). 

 

6.3.23 	
  SILAC	
  Immunoprecipitation	
  experiments	
  

For SILAC light cells were grown under normal conditions in DMEM w/o lysine and 

arginine, supplemented with 10 % FCS, 1 % penicillin/streptomycin (pen/strep). In 

order to remove all kinds of small molecules, especially amino acids that could be 

used as an external amino acids source, FCS was dialyzed against a 10 kDa cut 
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off filter before and thus ensuring efficient labeling. Heavy labeled cells were grown 

in DMEM, which contained in contrast to the light cells 15N213C6-lysine and 

15N413C6-arginine. To ensure the complete incorporation of the labeled amino 

acids into all cellular proteins cells were passaged at least 5 times in the 

corresponding medium. 

To generate mitotic populations for immunoprecipitation experiments, cells were 

treated with 330nM nocodazole for 16 hours. Mitotic cells were then harvested by 

shake off and lysed by sonication in lysis buffer [150 mM KCl, 75 mM Hepes, pH 

7.5, 1.5 mM EGTA, 1.5 mM MgCl2, 10 % glycerol, and 0.075 % NP-40] or in lysis 

buffer without detergents [20 mM Hepes-KOH pH 7.5, 10 mM KCl, 1 mM MgCl2, 1 

mM EGTA, 1 mM EDTA] supplemented with protease inhibitor cocktail (Serva) and 

PhosSTOP phosphatase inhibitors (Roche)].  

Extracts were pre-cleared with a mixture of protein A–Sepharose (CL-4B; GE 

Healthcare) and protein G–Sepharose (rec-Protein G Sepharose 4B; Invitrogen) 

for 1 hour at 4 °C.  

Extracts were incubated with GFP-trap beads (ChromoTek; 3 µl/mg of extract), 

which have been previously bound with GFP-RZZ (2 µg) or GFP (equimolar to 2 

µg GFP-RZZ) over night at 4°C. After three washing steps the “heavy” 

immunoprecipitate of the reference (GFP alone) was mixed with the “light” 

immunoprecipitate of the bait (GFP-RZZ) in a 1:1 ratio. And the “light” 

immunoprecipitate of the reference (GFP alone) was mixed with the “heavy” 

immunoprecipitate of the bait (GFP-RZZ) in a 1:1 ratio. After two more washes the 

combined immunoprecipitates were analyzed by LC-MS/MS  by Tanja Bange. 

 

6.3.24 	
  Microinjection	
  of	
  human	
  cells	
  with	
  recombinant	
  proteins	
  	
  

HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; PAN 

Biotech) supplemented with 10 % tetracycline-free FBS (PAN Biotech), penicillin 

and streptomycin (GIBCO) and L-Glutamine (PAN Biotech). Cells were grown at 

37°C in the presence of 5 % CO2. Cdk1 inhibiton, microinjections and live imaging 

were performed in complemented CO2-independent media (GIBCO) at 37°C. A 

cDNA segment encoding human CENP-A was cloned in a pcDNA5/FRT/TO-IRES-

mCherry vector, a modified version of pcDNA5/FRT/TO vector (Invitrogen) 

generated in house as a C-terminal fusion to mCherry. (Marta Mattiuzzo and Anna 

De Antoni). Transient transfections of pcDNA5/FRT/TO-IRES-mCherry were 

performed with Lipofectamine2000 (Invitrogen) according to the manufacturer’s 



Materials and Methods 
 

 143 

instructions and the mCherry-CENPA fusion was expressed by addition of 200 

ng/ml doxycycline (Sigma) for 48 hours. 

Where indicated, Nocodazole (Sigma) was used at 3.3 µM, RO-3306 (Calbiochem) 

was used at 9 µM for 18 hours, MG-132 (Calbiochem) at 10 µM and Reversine 

(Cayman) at 500nM. Microinjections were performed using a combination of 

FemtoJet, InjectMan-NI2 and Femtotip-II, all purchased by Eppendorf. 

Recombinant GFP and GFP-RZZ complex were injected at a concentration of 4µM 

and 10µM respectively. N (Number of cells injected): for GFP N=2; for GFP-RZZ 

N=8; for GFP in Reversine treated cells N=2 (data not shown); for GFP-RZZ in 

Reversine treated cells N=8. Live-cell images were taken before injection and 1 to 

3 minutes after injection using the spinning disk confocal microscopy of a 3i 

Marianas™ system (Intelligent Imaging Innovations, Denver, CO, USA) equipped 

with an Axio Observer Z1 microscope (Zeiss, Germany), a CSU-X1 confocal 

scanner unit (Yokogawa Electric Corporation, Japan), Plan-Apochromat 63x or 

100x/1.4NA objectives (Zeiss) and Orca Flash 4.0 sCMOS Camera (Hamamatsu, 

Japan). Images were acquired as Z-sections (using Slidebook Software 5.5 from 

Intelligent Imaging Innovations or using LCS 3D software from Leica) and 

converted into maximal intensity projections TIFF files for illustrative purposes.  

 

6.3.25 	
  Crystallogenesis	
  

Initially commercial Crystallogenesis Screens from QIagen and Hampton were 

applied to the purified RZZ complex using different protein concentrations and 

Protein:reservoir ratios. Crystals were obtained with condition 69 (1 M 

(NH4)2SO4, 0.1 M MES pH 6.5) of the ProComplex Screen (Qiagen, Hilden, 

Germany) and with the sitting-drop vapour-diffusion method as described in Table 

5.2.20. Table 5.2.20 describes initial optimisation attempts, including interventions 

aiming to reduce the potential biochemical heterogeneity of the sample. A first 

attempt was the removal of the hexahistidine tag from Rod using Prescission 

protease during the elution from a Ni-NTA column. In addition, evidence from 

mass spectrometry analyses, that the RZZ complex is phosphorylated during 

expression in insect cells, prompted us to attempt dephosphorylation using λ–

phosphatase (data not shown). As post-crystallisation treatments, we tried to 

anneal the crystals by briefly interrupting the liquid nitrogen stream that usually 

keeps crystals at 100 K. Data collection experiments at room temperature were 

also performed. As an additional approach, dehydration of the crystals was 
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attempted by either serial addition of glycerol to the reservoir solution or by 

increasing the precipitant concentration in 2-5 % steps every 2 days.   
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Table 18: Overview crystallogenesis attempts 

Method Initial 

Screening 

Optimisation 

Screening 

Additive 

Screening 
Seeding 

In-Situ 

Proteolysis 

Plate type 96-well 24-well 96-well 24-well 
96-well, 24-

well 

Temperature 

(K) 

277.15, 

293.15 

277.15, 

285.15, 

293.15 

293.15 293.15 
285.15, 

293,15 

Protein 

concentratio

n 

5-10 mg/ml 5-10 mg/ml 5-10 mg/ml 5-10 mg/ml 5-10 mg/ml 

Buffer 

composition 

of protein 

solution 

25 mM 

Hepes pH 

8.5  

250 mM 

NaCl  

2 mM 

TCEP 

Unchanged Unchanged Unchanged Unchanged 

Composition 

of reservoir 

solution /   

Screening 

Kit 

JSCG Core 

1-4, 

ProComple

x, Anions, 

Cations, 

Cryo, 

PEG1, 

PEG2, 

AmSO4 

(Qiagen) 

Buffer, pH, 

salt and 

glycerol were 

varied 

systematicall

y 

around condi

tion 69 of the 

ProComplex 

Screen as 

well as other 

conditions 

identified by 

initial 

The 

Additive 

Screen 

(Hampton) 

was 

applied to 

various 

conditions 

obtained 

after initial 

optimisatio

n 

In drops 

with various 

conditions 

obtained 

after initial 

optimisatio

n but with 

precipitant 

concentrati

ons 

reduced to 

75 % of 

original 

condition.  

Based on 

various 

conditions 

obtained 

after initial 

optimisation, 

performed as 

in (Dong et 

al., 2007)  

Trypsin and 

Elastase 

dilutions from 

1:100-
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screening of 

RZZ complex 

devoid of 

His6 tag 

and/or 

dephosphoryl

ated 

Seed stock 

preparation

: Crystals 

from a 

similar 

condition 

were 

typically 

mixed with 

100-200 µl 

of the 

reservoir 

solution 

and 

smashed 

by adding a 

glass bead 

and 

vortexing 

followed by 

serial 

streaking 

with a cat 

whisker 

1:20000  

Volume and 

ratio of drop 

300 nl, 1:1, 

1:2, 2:1 

1-8 µl, 1:1, 

1:2, 2:1 

300 nl, 1:1, 

1:2, 2:1 

1-2 µl, 1:1, 

1:2, 2:1 

300 nl, 1:1, 

1:2, 2:1 for 

96-well  

1 µl, 1:1, 1:2, 

2:1 for 24-

well 

Volume of 

reservoir 
70 µl 500 µl 70 µl 500 µl 

70 µl for 96-

well,  

500 µl for 24-

well 
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6.3.26 	
  Data	
  Collection	
  and	
  Processing	
  

In order to choose a suitable cryoprotectant, crystals were harvested in the reservoir 

buffer and soaked directly or serially (in 2-5 % steps) in reservoir buffer supplemented 

with 5-20 % of Ethyleneglycol, Glycerol or PEG 400, flash frozen in liquid 

nitrogen, and tested in a cryo-beam for ice rings. Diffraction data were collected at 

100 K at beamline X10SA at the Swiss Light Source (SLS), Villigen, Switzerland using 

a PILATUS 6 M detector at a wavelength of 0.9789 Å. Data were indexed and 

integrated using XDS and scaled using XSCALE (Kabsch, 2010). 
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8  Supplementary Information 
Table 19: List of all crosslinks within the RZZ complex 

Protein 1 Protein 2 
aa position  
in protein 1 

aa position  
in protein 2 

Rod Zw10 859 130 
Rod Zw10 946 74,149 

Zw10 Rod 390 1307 
Zwilch Rod 191 240 
Rod Zwilch 2189 527 

Zw10 Rod 624 1031 
Rod Zw10 946 152 
Rod Zw10 1665 130 

Zw10 Rod 528 1081 
Rod Zw10 916 777 

Zwilch Rod 191 239 
Zw10 Rod 45 859 
Zw10 Rod 444 1413 
Rod Zwilch 437 190 

Zwilch Rod 326 739 
Zw10 Rod 35 1430 
Rod Zw10 1029 624 
Rod Zw10 870 157 
Rod Zw10 1031 624 
Rod Zw10 946 143 

Zwilch Rod 201 946 
Zwilch Rod 326 705 
Zw10 Rod 129 859 
Zw10 Rod 624 1092 
Zw10 Rod 624 1063 
Rod Zwilch 1814 326 

Zwilch Zwilch 317 341 
Rod Rod 1653 1646 
Rod Rod 1653 1648 
Rod Rod 1731 1738 

Zw10 Zw10 758 777 
Zw10 Zw10 35 74,149 
Rod Rod 1307 1316 
Rod Rod 1307 1318 
Rod Rod 240 406 

Zwilch Zwilch 326 341 
Zwilch Zwilch 176 527 
Rod Rod 831 1648 

Zw10 Zw10 35 152 
Zw10 Zw10 597 484 
Zwilch Zwilch 318 341 
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Rod Rod 1021 1051 
Rod Rod 946 1051 
Rod Rod 24 406 

Zw10 Zw10 96 17 
Rod Rod 2093 2135 

Zwilch Zwilch 326 341 
Zw10 Zw10 152 74,149 
Rod Rod 1081 1086 
Rod Rod 1031 1081 
Rod Rod 1031 1051 
Rod Rod 1021 1076 
Rod Rod 1731 1738 
Rod Rod 1665 1646 
Rod Rod 971 1493 
Rod Rod 430 406 
Rod Rod 1092 1081 
Rod Rod 971 1493 

Zwilch Zwilch 201 540 
Rod Rod 1653 1645 
Rod Rod 1029 1051 

Zw10 Zw10 160 74,149 
Rod Rod 1493 1560 
Rod Rod 1092 1085 
Rod Rod 1665 1653 
Rod Rod 1731 1738 
Rod Rod 1333 1367 
Rod Rod 1101 1076 
Rod Rod 1493 1560 
Rod Rod 1665 831 
Rod Rod 1031 1081 
Rod Rod 1029 1085 
Rod Rod 1031 1076 
Rod Rod 1029 1081 
Rod Rod 1658 701 

Zw10 Zw10 96 74 
Zw10 Zw10 719 597 
Zwilch Zwilch 201 540 
Rod Rod 1029 1081 
Rod Rod 1031 1081 
Rod Rod 377 43 
Rod Rod 2093 2135 
Rod Rod 1756 1658 
Rod Rod 116 43 
Rod Rod 1640 1648 
Rod Rod 24 328 
Rod Rod 964 977 
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Rod Rod 1092 1081 
Rod Rod 1021 1086 
Rod Rod 1031 1051 
Rod Rod 1768 1737 

Zwilch Zwilch 201 530 
Rod Rod 513 1031 
Rod Rod 2093 2136 
Rod Rod 1031 946 
Rod Rod 464 430 
Rod Rod 1413 1493 
Rod Rod 2093 2136 
Rod Rod 971 1493 
Rod Rod 1031 946 

Zwilch Zwilch 45 24 
Rod Rod 859 843 
Rod Rod 1031 1085 
Rod Rod 2016 503 

Zw10 Zw10 390 402 
Zw10 Zw10 35 152 
Rod Rod 946 957 

Zw10 Zw10 719 597 
Rod Rod 2106 2145 
Rod Rod 946 1021 

Zwilch Zwilch 201 540 
Rod Rod 726 705 

Zwilch Zwilch 326 341 
Zw10 Zw10 44 157 
Zwilch Zwilch 201 530 
Rod Rod 377 328 
Rod Rod 1640 1731 
Rod Rod 829 1648 
Rod Rod 1029 946 
Rod Rod 1728 1738 

Zwilch Zwilch 326 317 
Zw10 Zw10 215 130 
Rod Rod 2016 503 
Rod Rod 1413 1493 
Rod Rod 1728 1738 

Zw10 Zw10 143 130 
Rod Rod 739 1658 
Rod Rod 1029 1076 
Rod Rod 1728 1737 

Zwilch Zwilch 201 527 
Rod Rod 916 971 
Rod Rod 1031 1076 
Rod Rod 838 859 
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Rod Rod 2135 2143 
Zwilch Zwilch 52 527 
Rod Rod 739 701 
Rod Rod 829 1646 
Rod Rod 957 1051 
Rod Rod 1081 1051 

Zwilch Zwilch 176 191 
Rod Rod 1063 1031 
Rod Rod 1768 1738 
Rod Rod 2093 2135 

Zw10 Zw10 430 484 
Rod Rod 829 1665 
Rod Rod 1029 1063 

Zwilch Zwilch 318 341 
Rod Rod 1051 1086 

Zw10 Zw10 705 424 
Zwilch Zwilch 52 540 
Rod Rod 770 843 

Zw10 Zw10 705 424 
Rod Rod 127 240 

Zw10 Zw10 528 634 
Zwilch Zwilch 52 201 
Rod Rod 521 513 

Zwilch Zwilch 527 540 
Zw10 Zw10 44 634 
Zw10 Zw10 215 188 
Zwilch Zwilch 201 540 
Zwilch Zwilch 201 540 
Zw10 Zw10 35 152 
Zwilch Zwilch 201 540 
Rod Rod 1031 1051 
Rod Rod 2093 2135 
Rod Rod 1307 1316 

Zwilch Zwilch 326 341 
Zwilch Zwilch 176 527 
Zwilch Zwilch 326 341 
Rod Rod 1731 1738 
Rod Rod 1653 1648 
Rod Rod 1650 1645 
Rod Rod 831 1650 
Rod Rod 1029 1051 
Rod Rod 1731 1738 
Rod Rod 1731 1738 
Rod Rod 971 977 
Rod Rod 1756 1658 
Rod Rod 971 1493 
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Rod Rod 1307 1318 
Rod Rod 1658 1650 
Rod Rod 946 1051 

Zwilch Zwilch 326 317 
Rod Rod 726 701 
Rod Rod 1031 1081 
Rod Rod 726 705 

Zw10 Zw10 96 74 
Rod Rod 770 843 

Zwilch Zwilch 201 540 
Rod Rod 377 43 
Rod Rod 24 406 

Zw10 Zw10 705 708 
Rod Rod 829 1653 
Rod Rod 1029 1081 
Rod Rod 1728 1737 
Rod Rod 1665 831 
Rod Rod 377 328 
Rod Rod 1021 1076 
Rod Rod 1731 1738 
Rod Rod 726 705 
Rod Rod 829 1650 
Rod Rod 2016 503 
Rod Rod 1756 1658 

Zwilch Zwilch 318 341 
Rod Rod 1021 1051 

Zw10 Zw10 35 152 
Rod Rod 1728 1738 
Rod Rod 464 430 

Zw10 Zw10 65 17 
Zwilch Zwilch 308 326 
Rod Rod 1031 946 

Zw10 Zw10 430 705 
Rod Rod 2016 503 

Zw10 Zw10 35 157 
Zwilch Zwilch 561 176 
Zw10 Zw10 390 402 
Rod Zw10 916 777 
Rod Zw10 946 152 
Rod Zw10 2106 17 

Zw10 Rod 65 1948 
Rod Zw10 859 130 
Rod Zw10 870 157 

Zw10 Rod 624 1031 
Rod Zw10 1092 634 
Rod Zw10 1031 624 
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Rod Zw10 1029 624 
 
 

 
Figure 50: Thermofluor analysis of the Mini-RZZ complex 

Thermofluor based protein-unfolding curve of the Mini-RZZ complex (Boivin et al, 2013). 
This assay was performed in the RZZ gelfiltration buffer (25 mM Hepes pH 8.5, 250 mM 
NaCl, 2 mM TCEP). The resulting melting curve is not interpretable. 
 
Table 20: Confidence values for strucrural models of RZZ domains 

Construct C-score (Phyre) Confident score for rigid 
body fit into the 3D density map 
from EM 

N-ter. ZW10 (73-388) 100% 0.82 
C-ter. ZW10 (475-779) 100% 0.96 
Zwilch / 0.94 
N-ter. β–propeller of 

Rod(49-365) 
96% 0.94 

NRH domain of Rod (396-
496) 

75% 0.97 

Sec39 segment of Rod 
(584-1174) 

100% 0.92 

C-ter. Rod (1798-2192) 86% 0.85 
 

2502

100

120

140

60

80

0 10 403020 706050 1009080
Temperature [°C]

Fl
uo

re
sc

en
ce

 [A
rb

itr
ar

y 
U

ni
ts

] 



Supplementary Information 
 

 169 

 
Figure 51: Final step of Spindly purification 

Size exclusion chromatography of Spindly using a Superose 6 10/300 column (GE 
Healthcare, Germany).  
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Figure 52: Spindly farnesylation after FTase and FPP incubation 

LC-MS/MS analysis of a fraction from SEC containing putatively farnesylated 
Spindly upon 1,5 h RT incubation with FTase and FPP. 
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