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Summary

1 Summary
The process of cell division requires a profound re-organization of all cellular components, and it is
essential for successful replication of organisms that no errors occur during this process. Amongst
many other factors, kinesin superfamily members function as active organizers during mitosis. These
ATP-hydrolyzing motor proteins use the microtubule cytoskeleton as tracks for moving cargo or
directly influence microtubule dynamics at numerous locations in the cell. These functions are
essential for a functional mitotic spindle and thus successful chromosome segregation.
The kinesin-8 family member Kif18A is a typical example for an important mitotic kinesin. Its absence
was shown to result in pronounced chromosome oscillations and failure of chromosome alignment at
the cell equator. In some cell types, this leads to mitotic arrest, which is ultimately accompanied by
apoptosis or slippage. Mechanistically, the motor protein is known to have both a stabilizing but also
depolymerizing effect on microtubules, the details of which remain to be clarified. Upon anaphase
onset, the kinesin was shown to accumulate at the central spindle. Besides observations from other
species and some small hints from human cell culture experiments, it is unknown whether the kinesin
has an important function in late mitosis, and if it does, whether it is similar to the role it plays during
early mitosis.
A major obstacle to the discovery of a late mitotic function is the fact that many cell types get stuck in
a prometaphase-like state upon depletion of Kif18A. As they almost never enter anaphase, and if they
do usually in an abnormal manner, it is difficult to observe any phenotypes which could give clues for
a potential function. The aim of this work therefore was to establish a tool that specifically can deplete
of Kif18A at anaphase onset, thus allowing cells to properly align chromosomes beforehand. Ideally,
the tool acts fast and with high reliability in many cells and thus allows a proper investigation on the
role of kinesin Kif18A during mitotic exit.
After we could confirm the presence of the kinesin-8 motor during mitotic exit and its localization to
the central spindle midzone, we successfully established a tool to degrade Kif18A at anaphase onset.
This tool, termed CycBmod, consists of the N-terminal 70 amino acids of cyclin B1, but with modifications
to ensure efficient degradation without interfering with Kif18A’s function. We could show both in livecell experiments and by immunoblotting that CycBmod-EGFP-Kif18A is reliably degraded at anaphase
onset with rapid kinetics.
To generalize the applicability of the tag we attached it to two other proteins with known functions
during mitotic exit: the kinesin Kif4A and the kinase Aurora B. We could show that, as previously
described, knockdown of Kif4A results in elongated spindles during anaphase. Expression of CycBmodEGFP-Kif4A in cells depleted of endogenous Kif4A resulted in elongated spindles as well; however,
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expression of a nonfunctional variant CycBmodND-eGFP-Kif4A, which is not degraded during mitotic exit,
rescued the spindle phenotype. In line with this we could show that also CycBmod-eGFP-Aurora B was
degraded successfully at anaphase onset and observed phenotypes resembled those observed with
knockdown or treatment with an Aurora B inhibitor.
We also noticed that degradation efficiency is not identical for every substrate and may depend on
subcellular localization, protein abundance or tag accessibility. However, tagging Kif18A was extremely
efficient. We therefore set out to observe possible phenotypes of premature Kif18A absence during
mitotic exit. We could neither find an effect on chromosome segregation speed, segregation errors,
nor nuclear reassembly. Experiments aimed at quantifying central spindle microtubule integrity failed
due to problems in proper signal quantifications.
In conclusion, we successfully established and characterized a reliable method to study Kif18A in
anaphase and could show that it has a promising applicability for other proteins involved in mitotic
exit. However, despite many trials, we could not discover a phenotype that occurred in absence of
Kif18A during late mitosis.
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2 Zusammenfassung
Zellteilung ist ein Prozess, der eine grundlegende Umstrukturierung aller zellulären Komponenten
erfordert. Für Organismen ist es dabei außerordentlich wichtig, dass keinerlei Fehler während dieser
komplexen Vorgänge passieren. Die Proteinfamilie der Kinesine leistet neben vielen anderen
involvierten Faktoren einen wichtigen Beitrag. Die als Organisatoren des Mikrotubuli-Zytoskeletts
fungierenden Motorproteine können durch ATP-Hydrolyse entweder Cargo entlang der Miktrotubuli
transportieren oder direkt die Mikrotubuli-Dynamik an zahlreichen Orten in der Zelle beeinflussen. Sie
sind damit unter anderem für eine funktionale mitotische Spindel und damit für die erfolgreiche
Trennung der Schwesterchromatiden essenziell.
Das der Kinesin-8 Familie zugeordnete Protein Kif18A ist ein typisches Beispiel für ein Kinesin, welches
relevant für eine reibungslose Zellteilung ist. In Abwesenheit von Kif18A zeigen Zellen ausgeprägte
Chromosomenoszillationen und die Anordnung der Schwesterchromatiden am Zell-Äquator misslingt.
In manchen Zelltypen führt dies zu einem Anhalten der Mitose, was schlussendlich zu Apoptose oder
einem unkontrollierten Austreten aus der Mitose führt. Kif18A kann auf Mikrotubuli-Plusenden sowohl
einen stabilisierenden als auch einen depolymerisierenden Effekt haben, der genaue Mechanismus ist
jedoch nicht im Detail bekannt. Mit Beginn der Anaphase akkumuliert Kif18A an der Zentralspindel.
Abgesehen von diversen Beobachtungen aus anderen Spezies ist völlig unklar, ob Kif18A dort eine
Funktion hat, und falls dem so ist, ob diese ähnlich zu der Funktion von Kif18A in der frühen Mitose
oder ganz anderer Art ist.
Die Tatsache, dass viele Zellen bei Depletion von Kif18A in einem Prometaphase-artigen Zustand
hängen bleiben, ist ein gravierendes Hindernis bei der Untersuchung einer möglichen spätmitotischen
Funktion. Die depletierten Zellen erreichen so die späte Mitose gar nicht, und falls sie es tun, in einer
stark abnormalen Art und Weise. Daher ist es nahezu unmöglich, Phänotypen, welche Hinweise auf
eine potenzielle Funktion geben könnten, zu beobachten. Ziel dieser Arbeit war es daher eine Methode
zu entwickeln mithilfe derer es möglich ist Kif18A zeitgenau erst zu Beginn der Anaphase zu
depletieren.
Nachdem wir die zuvor beschriebene Lokalisation des Motorproteins im Detail bestätigen konnten,
haben wir erfolgreich eine Methode etabliert, bei welcher das Protein mit Abklingen des SpindelCheckpoints verschwindet. Die Zellen können zuvor problemlos ihre Chromosomen anordnen. Zudem
konnten wir zeigen, dass die Methode sowohl eine schnelle Kinetik als auch eine sehr hohe
Reproduzierbarkeit aufweist. Unser CycBmod-tag besteht aus den 70 N-terminalen Aminosäuren von
Cyclin B1, allerdings mit ein paar Modifikationen, um einen effizienten Abbau zu gewährleisten, ohne
dabei die Funktion von Kif18A zu beeinträchtigen. Wir konnten sowohl mit Hilfe von
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Lebendzellmikroskopie als auch Western Blot Analysen den raschen Abbau von CycBmod-EGFP-Kif18A
nachweisen.
Um die Anwendbarkeit des CycBmod-Tags zu generalisieren, wurde es an zwei weitere Proteine, welche
eine genau beschriebene Funktion in der späten Mitose haben, angehängt: Das Kinesin Kif4A und die
Kinase Aurora B. Wie bereits zuvor beschrieben, konnten wir zeigen, dass Knockdown von Kif4A zu
elongierten Spindeln in Anaphase führt. Expression von CycBmod-EGFP-Kif4A in Zellen, die zuvor mit
siRNA gegen Kif4A behandelt wurden, zeigten ebenfalls diesen Phänotyp. Expression der Variante
CycBmodND-EGFP-Kif4A, welche nicht verfrüht abgebaut wird, führte unter den gleichen Umständen zu
einer normalen Zellteilung. Weiterhin konnten wir zeigen, dass CycBmod-EGFP-Aurora B ebenfalls
erfolgreich mit Beginn der Anaphase abgebaut wurde und beobachtete Phänotypen solchen, die bei
knockdown oder Inhibitoren auftraten, glichen.
Wir konnten dabei jedoch feststellen, dass die Abbaueffizienz je nach Substrat unterschiedlich ist und
vermutlich von Dingen wie der subzellulären Lokalisation, der Proteinkonzentration oder der
Zugänglichkeit des Tags abhängt. Mit Kif18A war das Tag jedoch besonders effizient, so dass Zellen, in
denen endogenes Kif18A depletiert und ektopisches CycBmod-Kif18A exprimiert wurde, auf Phänotypen
nach verfrühtem Abbau von Kif18A untersucht wurden. Wir konnten allerdings weder einen Effekt auf
Chromosomensegregationsgeschwindigkeit, die Häufigkeit von Segregationsfehlern oder nukleare
Reassemblierung feststellen. Weitere Experimente zur Bestimmung der Mikrotubuli-Intensität and der
zentralen Spindel scheiterten aufgrund von Problemen mit reproduzierbarer Signalquantifizierung.
In Summe haben wir erfolgreich eine gut funktionierende Methode entwickelt, um Kif18A in Anaphase
zu untersuchen. Wir konnten zeigen, dass sie auch für andere Proteine in der späten Mitose eine
vielversprechen Anwendbarkeit aufweist. Trotz zahlreicher Versuche konnten wir jedoch keinerlei
Phänotypen in Abwesenheit von Kif18A beobachten.
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3 Introduction
3.1 The Cell Cycle
Cell division is the fundamental principle of life. It allows growth, development, and reproduction of
organisms. Although throughout evolution many different organisms have developed unique
mechanisms of proliferation2, there are some fundamental principles generally required. These are
duplication of all cellular components, proper and error free separation of the genetic material and
separation of the cytosolic space by cell membranes. All these processes happen in a precisely
regulated chronological order, summarized as the cell cycle.

Cell Cycle Phases
The major part of the human cell cycle is called interphase and serves the growth of cells and
multiplication of RNA, proteins, membranes, organelles and also synthesis of a new DNA copy. Within
a, in comparison, relatively short time window named M phase, all these cellular components are
segregated into two individual daughter cells (figure 3.1). As a first step, the nuclear material is divided
(mitosis) and subsequently the cytoplasm is split (cytokinesis)3.
As shown in figure 3.1, M phase is subdivided into many different phases. Starting with prophase, the

Figure 3.1: Overview of the cell cycle phases. Modified from hynemanbio.weekly.com.
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nuclear membrane disintegrates, and DNA condenses into the compacted structures of chromatids
which migrate to the two opposite poles in the subsequent Prometaphase. Each chromatid is a pair of
two identical sister chromosomes. In Metaphase, the chromatids become aligned in the equatorial
plane of the spindle and are stabilized in their position by a large cytoskeletal framework, the mitotic
spindle. These aligned sister chromatids then are split in anaphase, and, by the help of the spindle
scaffold, move to opposite sites. In Telophase, the separated DNA content decondenses again and
nuclear membranes are formed around it to form two individual nuclei. The end of mitosis usually
coincides with the onset of cytokinesis. While nuclear reformation takes place, a constriction of the
cytosol at the previous equatorial plane eventually results in the formation of two individual cells.
These newly formed daughter cells may re-enter the cell cycle starting again at G14.

3.2 Molecular Mechanisms of Cell Division
Cell Cycle Regulation by Cyclin-Dependent Kinases (CDKs) and Cyclins
Progression through the cell cycle is regulated to a large extent by Cyclin-dependent kinases (CDKs).
This group of enzymes consists of a catalytic core for phosphorylation of targets; however, these
kinases are inactive without regulatory subunits bound5. Binding of cyclins is not only essential for their
activity, but also may enhance substrate specificity of the respective CDK6.
Unlike CDKs, the concentration of distinct cyclins during the cell cycle is much lower and tightly
regulated7. Hence, cyclins are specialized to appear for distinct events in the cell cycle and quickly
disappear again subsequently, thereby giving cell cycle events a precise order (figure 3.2). Typically,
cyclins regulate activation of the next cell cycle event by their phosphorylation targets8. The major
processes regulated by CDKs during the cell cycle begin with initiation of the cell cycle in G1 by Cdk4

Figure 3.2: Overview on the presence of different cyclins and their appearance and disappearance during the cell cycle.
Adapted from Encyclopedia of Cell Biology - Cyclins and Cyclin-Dependent Kinases1.
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or Cdk6 in complex with several D-type cyclins9, 10. Thereafter, the G1-S-phase transition is catalyzed
by Cdk2-cyclin E complexes11, 12. The Cdk2-cyclin A type complexes then are required for successful
replication of the genome in S-phase13. G2-M transition is then driven first by Cdk1-cyclin A14 that is
then being taken over by B-type cyclins15. Both Cyclin B1 and Cyclin B2 are found in complex with Cdk1
and their main difference lies rather in subcellular localization than alternate substrate recognition.
Cyclin B2 localizes to the Golgi apparatus in G2 and catalyzes its disassembly as Cdk1-cyclin B2 complex.
Later, the kinase complex is found dispersed in the cytoplasm16, 17. Cdk1-Cyclin B1 on the contrary is
localized in the cytoplasm during G218, 19, relocates to the nucleus in prophase18,16, 19, and is found on
unattached kinetochores20, the mitotic spindle18, 19, and centrosomes19, 21. Localization specificity is
achieved through different mechanisms; while the N-terminal cyclin B1 domain is sufficient for nuclear
chromatin association, the cyclin box is required for centrosome localization and an at least partially
also on Cdk1 interaction depending mechanism has been suggested for kinetochore localization22.
The Cdk1-Cyclin B1 kinase complex regulates many different processes crucial for mitosis, such as
chromosome condensation, nuclear envelope breakdown and mitotic spindle assembly through
phosphorylation of numerous substrates23. Upon successful spindle assembly, B-type cyclins are
degraded by the E3-ligase Anaphase Promoting Complex/Cyclosome (APC/C)7. Cells segregate their
chromosomes, thus entering mitotic exit, and the cell cycle ends with division into two daughter cells.
The activity of APC/C remains high in daughter cells until the end of G1 phase when re-entry into the
cell cycle is initiated by expression of D-type cyclins24, 25.

Proteolysis During Mitosis: The Anaphase Promoting Complex/Cyclosome
Another important feature of cell cycle regulation is the generation of irreversible processes by
degradation of important regulatory proteins. It not only is essential for timely disappearance of
cyclins, but also many other proteins such as for example securin, the protease inhibitor that prevents
premature chromosome segregation.
The ubiquitin-proteasome system is a multistep enzymatic cascade that ultimately results in the
transfer of the small 76-amino-acid protein ubiquitin to the substrate to be degraded. In a first step,
an ubiquitin activating enzyme, termed E1, forms a thiol ester bond with the C-terminal carboxyl group
of ubiquitin. This endothermal reaction requires ATP. The newly generated reactive bond then is
transferred to an ubiquitin conjugating enzyme, termed E2, again as a thiol ester. In a final step, an
ubiquitin ligating enzyme, termed E3, transfers the activated ubiquitin to a lysine residue of the
substrate. By the same cascade, a new ubiquitin protein is ligated to the original, first ubiquitin.
Multiple repetitions of the cascade then ultimately result in a substrate with a long chain of ubiquitins,
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typically linked via K48 and K1126-28. This chain then is recognized by the high affinity receptor sites of
the proteasome for ubiquitin chains of this type and the substrate is subjected to proteolysis29.
Two different E1 enzymes are known to be encoded in the human genome, and each interacts with
different E2 enzymes30. The number of E2s is larger and again these interact with different E3 ligases26.
E2s can determine the linkage type for the ubiquitin chain that is formed by E3 enzymes on their
substrate31. E3 ligases, the enzymes that recognize substrates to be degraded, are, not surprisingly,
the most diverse and abundant group. Although often they consist of a simple core protein, they can
recruit many additional factors that determine their activity and substrate specificity32. During the cell
cycle, two major E3 ligases play essential roles: the Skp/cullin/F-box-containing (SCF) complex and
anaphase-promoting complex/cyclosome (APC/C). SCF-mediated proteolysis plays important roles
during S-phase entry and M-phase entry as it catalyzes degradation of cyclins or Cdk-inhibitors (CKIs).
APC/C is the major player during M-phase and G1 phase33.
APC/C is a large, multi-subunit complex. For substate recognition, it relies on two different coactivators, with Cdc20 being the relevant one during the metaphase-to-anaphase transition and Cdh1
for G1 entry and preservation. Together with the subunit APC10, Cdc20 and Cdh1 recognize distinct
consensus sequences in APC/C substrates, the best known and characterized are the D-box motif
(consensus RxxLxxxxN) and the KEN-box (KENxxxN) motif. Mutations in these sequences effectively
prevent ubiquitylation of a substrate34. The mechanism of APC/C involves two different E2s, UBE2C or
UBE2D and UBE2S. Via the RING-finger domain of APC/C, ubiquitin is transferred from an E2 directly
to the substrate or the initiated ubiquitin chain35. While UBE2C and UBE2D are known to be responsible
for initiating ubiquitylation by targeting multiple different lysines in a substrate, resulting in
monoubiquitylation or very short ubiquitin chains36, UBE2S then catalyzes chain elongation37 by K11
linked chains with K48 branches28.
Of the many proteins that are amongst APC/C’s ubiquitylation targets, two are of particular
importance: Cyclin B1 and securin. Degradation of these two players initiates transition from
metaphase to anaphase and thereby actual segregation of the cellular content38. Securin inhibits the
protease separase, and disappearance of this inhibitor allows separase to cleave the cohesion complex
that holds sister chromatids together39-41. It contains both a D-box and KEN-box motif42, and
additionally requires two TEK boxes that are located near the N-terminus31.
Cyclin B1 was the first known substrate of APC/C43, 44, and its degradation mechanism is therefore well
characterized. It binds to APC/CCdc20 via its D-box motif45. Degradation of cyclin B1 allows the cell to
reverse all the processes Cdk1-cyclin B1 has catalyzed during M-phase entry, such as chromosome
condensation or nuclear envelope breakdown. Upon disappearance of cyclin B1, phosphatases remove
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many phosphorylations from Cdk1-cyclin B1 targets and thus chromosomes can recondense and the
nuclear envelope around the daughter nuclei can reform46.

The Spindle Assembly Checkpoint (SAC)
During re-organization of many cellular components in the process of cell division it is of utmost
importance that everything happens in a strictly ordered and flawless manner. Besides periodically
appearing cyclins and coupled proteolytic mechanisms, cells have established checkpoints that help to
ensure mitosis and cytokinesis happen in a precisely defined manner. Checkpoints ensure that certain
cellular processes only can happen if others have successfully been completed before47.
Relevant during mitosis is the so-called spindle assembly checkpoint (SAC) at the metaphase-toanaphase transition. It ensures that sister chromatid segregation and migration to opposite spindle
poles only happen when every single chromosome is attached correctly oriented to the mitotic
spindle48. Progression of cell division despite unaligned or incorrectly aligned chromosomes otherwise
results in aneuploidy49.
The SAC response is generated at kinetochores that are not correctly attached to the mitotic spindle
in form of an anaphase inhibitory signal48. Kinetochores are large protein complexes assembled at the
centromeric region of chromosomes. These structures are crucial for connecting the chromatin to the
microtubules of the mitotic spindle. They form very large protein structures that are classified in
different sub-regions. The inner kinetochore, next to the centromeric region, consists of the CCAN
(Constitutive Centromere Associated Network) protein complex and is present throughout the cell
cycle. The outer kinetochore only forms during mitosis and is further apart from the DNA. It consists
of the KMN network that is formed by three protein complexes: KNL1, Mis12 and Ndc80. During
mitosis, on kinetochores not attached to microtubules, a third layer depicted as fibrous corona is
present. It consists of the Rod-ZW10-Zwilch (RZZ) complex, motor proteins, microtubule associated
proteins and also the SAC components50.
Central to the recruitment of SAC components is the phosphorylation of the N-terminal MELT-repeats
on the KNL1 complex51 in the outer kinetochore structure, mostly by the kinase Mps1 that is recruited
to the Hec1 subunit of the Ndc80 complex52,

53

, but also by Plk1 (polo-like kinase 1)54. These

phosphorylated residues recruit Bub3 in complex with its binding partner Bub155, 51, 56, 57. The latter,
although a kinase, serves as essential recruitment platform for further downstream SAC signalling.
Firstly, the structurally similar BubR1-Bub3 complex binds and both complexes form a tetramer58.
Importantly, after it has been phosphorylated by Mps1, Bub1 also binds the heterotetrameric Mad1Mad2 complex59-61, an essential component of the SAC response. Further, the Mad1-Mad2 complex
also is recruited by the RZZ complex62, by an unclear mechanism, and also Hec1 does contribute52.
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Mad2 can have two different conformations: c-Mad2 (closed) and o-Mad2 (open). Cytosolic o-Mad2
binds Mad1 and changes into the c-Mad2 conformation. This complex is recruited to the kinetochore
where it recruits new o-Mad2 that will change its conformation and interact with the APC/C coactivator
Cdc2063. This newly formed complex of c-Mad2-Cdc20 then interacts with BubR1-Bub3, forming the
so-called Mitotic Checkpoint Complex (MCC)64. The MCC binds to APC/CCdc20 65, deforming the structure
of the Cdc20 coactivator such that substrate recognition is no longer possible. BubR1 has a pseudodegron motif that consists of a KEN1 – D-box – ABBA – KEN2 – ABBA sequence which is bound by the
E3-ligase but access by the E2 UBCH10 ligase is blocked through the MCC complex66. The consequential
output signal of the spindle assembly checkpoint is an effective inhibition of APC/CCdc20 substrate
recognition.
During the process of spindle formation, microtubules are attached first in a lateral manner to the
kinetochore67, 68, a mechanism believed to be facilitated by the expanded corona structure during
mitosis69, 70. An important component of the fibrous structure is the RZZ complex that forms large
oligomeric structures together with spindly. This structure not only recruits Mad1-Mad2, but also
serves as recruitment platform for dynein that is required for microtubule attachment70. Later,
kinetochores are attached in an end-on fashion68 and their structure becomes more compacted68, 71, 72,
which prevents further instable lateral attachment or merotelic attachment (one kinetochore attached
to both spindle poles)70. Likely, microtubule end-on attachment to the KMN network correlates and
depends on the removal of the spindly-RZZ complex together with Mad1-Mad2 by dynein towards the
spindle poles70. The removal of the Mad1-Mad2 complex is a first step in spindle assembly checkpoint
silencing. Further, microtubule end-on attachment creates tension at the kinetochores that is required
for successful spindle assembly checkpoint silencing. Tension results in a greater distance between
inner and outer kinetochore structures, likely causing a deformation in KNL1 that results in its
dephosphorylation by PP2A-B56 and results in recruitment of PP1 to the kinetochore73. In
consequence, phosphatases like PP1 and PP2A-B56 tip the balance towards dephosphorylations, an
important prerequisite not only for inactivation of checkpoint components but also for mitotic exit69,
74-76

. Gradually, with every properly aligned kinetochore the checkpoint becomes weaker and is

completely silenced once all chromosomes are correctly attached to the mitotic spindle. Although one
single chromosome can be sufficient to generate a SAC response77, the overall effect becomes stronger
the more improperly attached chromosomes are present78, 79.
In addition to the kinetochore-based mechanisms, two cytoplasmatic processes are known to be
essential for spindle assembly checkpoint silencing. Firstly, p31comet in complex with the AAA+ ATPase
TRIP13 binds c-Mad2 incorporated into the MCC and converts it into inactive o-Mad280-82, and
secondly, the APC/C subunit APC15 stimulates both-auto-ubiquitylation of Cdc20MCC and its release
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from the MCC83, 84. In consequence, the inhibition of APC/C is highly dynamic and couples the spindle
assembly checkpoint response to the presence of stable MCC complexes and its silencing to active
MCC disassembly85.
Experimentally, the SAC response can easily be prevented by knockdown of core components like
Mad286 or the addition of small molecules like the Mps1 inhibitor reversine87. Cell treated with this
inhibitor do not wait for all kinetochores to be attached correctly but directly will start with cyclin B1
and securin degradation and exit mitosis regardless of chromosome alignment.

3.3 Mitotic Exit and Cytokinesis
Anaphase
Upon satisfaction of the spindle checkpoint, the first processes required for mitotic exit are initiated.
Activation of APC/CCdc20 triggers degradation of factors involved in spindle assembly, and inactivation
of Cdk1-cyclin B1 activity results in activation of numerous factors required for anaphase and beyond.
Crucial for mitotic exit therefore is a strictly ordered regulation of Cdk1 substrate dephosphorylation.
The phosphatases PP2A-B55 and PP1 consequently play irreplaceable roles in this process. On the
other hand, the kinases Plk1 and Aurora B remain active and play crucial roles during mitotic exit until
their degradation at G1 entry76.
Anaphase is accompanied by a major change in the mitotic spindle. During metaphase, the
chromosomes are connected to the spindle pole via several bundled microtubule strands each,
referred to as k-fibers or kinetochore microtubules (kMTs). K-fibers form strong connections to the
spindle poles and are essential for chromosome alignment at the cell equator. In addition, bridging
fibers interlink k-fibers of each spindle half with each other by forming an antiparallel overlap at the
cell equator (see figure 3.3). Spindle poles on the other hand connect the mitotic spindle to the plasma
membrane through a branched network named astral microtubules. Thus, they are crucial for correct
spindle orientation88, 89. Once chromosomes have been separated into sister chromatids by separase,
a poleward motion of sister chromatids to the respective spindle pole begins. This is referred to as
Anaphase A90 (figure 3.3 right). The poleward motion is believed to be the result of several processes
playing together. Importantly, the highly dynamic behaviour of k-fiber microtubules that consists of
polymerization at the plus-ends and depolymerization at the minus-ends is greatly diminished in
anaphase91. The processes that then result in shortening of the k-fibers are highly versatile between
organisms and are not completely understood to date. The microtubule-bundling and depolymerizing
motor protein MKAC was found to be involved in chromosome separation92, and in addition absence
of the kinesin Kif18A that is stabilizing microtubules in late metaphase93 was reported to increase
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poleward speed during anaphase A94. However, whether it plays a role that is required for successful
anaphase A is not clarified. Besides depolymerization, the process of chromosome segregation also
must involve a mechanism that ensures kinetochores stay connected to the k-fibers. It has been shown
in vitro that Ndc80 complexes can hold onto shortening fibers95, and they are thus, potentially together
with other microtubule-interacting proteins, a likely candidate for the job. Furthermore, in addition to
depolymerization at the kinetochores, microtubules are moving poleward by a mechanism involving
recruitment of dynein by NuMA96 and the motor protein Kif2A97. K-fiber minus-end depolymerization
is estimated to contribute to about 30% to the movement of sister chromatids in anaphase A98, 99.

Figure 3.3: Schematic overview and time scale of anaphase processes. Left: Schematic of anaphase chromosome motions
and spindle changes. Right: Time scale of processes happening in anaphase. Although typically described separately,
anaphase A (kinetochore to pole movement) and anaphase B (increasing pole-to-pole distance) are overlapping phases.
Image adapted from Vukušić et al. - Force Generating mechanisms of anaphase in human cells99.

Shortly after anaphase A onset, the microtubule array of bridging fibers between both separated
chromosome sets grows into the central spindle (figure 3.3 left). This process termed anaphase B
overlaps with anaphase A and increases the pole-to-pole distance of the mitotic spindle by moving the
genetic material further apart89 (figure 3.3. right). Although many bridging fibers already exist in
metaphase100, newly nucleated interbridging microtubules generated during anaphase by the protein
complex augmin are essential for successful furrow formation and subsequent cytokinesis101. A central
role during anaphase B plays the crosslinker and microtubule bundling protein PRC1, as indicated by
complete failure of midzone formation in its absence102. Upon removal of the inactivating Cdk1
phosphorylation, PRC1 interacts with kinesin Kif4A. The kinesin localizes PRC1 to the plus ends of the
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bridging microtubule overlap zone. PRC1 further oligomerizes and is thus capable of bundling
microtubules in the overlap zone to a compact central spindle103. PRC1 also acts as an organizer and
recruits multiple downstream factors to the central spindle, amongst them the kinesin-6 motors
MKLP1104 and MKLP2104, Kif14104, and the microtubule stabilizer kinesin Kif4A105. This is essential for
the recruitment of Plk1 kinase and Aurora B kinase, as well as downstream signalling for furrow
ingression and cytokinesis106,104, 107. Many factors involved in central spindle establishment function via
interdependent recruitment; while they recruit another factor, the other factor also recruits more of
the original protein, or their function depends on the presence of the another protein, as shown by
the example of PRC1-Kif4A105 or MKLP2-CPC108. Spindle elongation in Anaphase B likely is achieved by
a mix of different mechanism. Although there is some evidence that pulling by shortening astral
microtubules plays a role109, 110, recent findings reveal a mechanism that involves force generation by
elongation of bridging microtubules combined with antiparallel sliding111. Although depletion of
numerous proteins does not result in any defect in spindle elongation, a combination of PRC1
knockdown in combination with inhibition of kinesin Eg5 was shown to block spindle elongation,
speaking for the interplay of at least two redundantly functioning factors. A similar effect is observed
with knockdown of Kif4A and inhibition of Eg5, indicating the high grade of dependency between PRC1
and Kif4A. In addition, a triple deletion of Mklp1, Mklp2 and Eg5 resulted in a delayed but then normal
spindle elongation. The involvement of the homotetrameric112 motor protein Eg5 is consistent with its
crucial role in establishment of a bipolar spindle in prometaphase and also with the requirement of
Eg5 for stable metaphase spindles113, 114. During anaphase B, however, spindle elongation requires
additional support of at least another motor protein.
Aurora B kinase, recruited as part of the chromosomal passenger complex (CPC) together with INCENP,
borealin and survivin by MKLP2107, forms a phosphorylation gradient peaking at the microtubule
overlap zone of the central spindle115. The kinase initiates many processes in central spindle
establishment116. For example the phosphorylation of kinesin Kif4A that is required for its microtubule
growth dampening activity117. The motor protein Kif2A on the contrary, known for its microtubule
depolymerizing activity, is inhibited by Aurora B phosphorylation, and thus microtubule minus-ends
within the region of the central spindle are protected from depolymerization118. Beside its involvement
in central spindle assembly, Aurora B activity also promotes first steps of cytokinesis119. Segregation of
the two daughter cells starts with accumulation of the actomyosin ring that contracts, forming the
cleavage furrow between the two daughter cells to be120 (figure 3.4). A critical player in the formation
the contractile ring is the centralspindlin complex121. It consists of two units of the kinesin MKLP1 and
two units of the rho-GTPase family activating protein CYK4121,

122

. Phosphorylation of the

centralspindlin inhibitor 14-3-3 by Aurora B permits the complex to forms large clusters123, a
mechanism that is required not only for microtubule bundling at the central spindles121 but that also
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establishes an interaction of the complex with the surrounding plasma membrane124. The CYK4 subunit
of the centralspindlin complex then interacts with the guanine nucleotide exchange factor ECT2 and
together they activate Rho-GTP125, the master regulator of cleavage furrow formation which already
starts at the end of anaphase126, 127.

Late Mitosis and Cytokinesis
After sister chromosomes have been separated by the mitotic spindle and cleavage furrow formation
has started in late anaphase, the basis for successful daughter cell separation was laid.
The mitotic spindle partially disassembles during telophase (figure 3.4). Chromosomes are detached
from k-fibers and remain near the opposite poles. The nuclear envelope that was broken down for
spindle assembly reassembles around the separated sets of chromosomes, thus forming two new
nuclei4. Although nuclear reassembly is attributed to telophase, it has been shown that the base for
nuclear reassembly already is laid in early anaphase. Through a process dependent on Aurora B kinase,
chromosomes there reach a compacted structure and further, chromosome axes shorten, reaching
their minimal size mid-anaphase. This process was shown to be a prerequisite for a homogenous
nucleus in G1128. Accurate alignment of chromosomes earlier in mitosis, dependent on Kif18A, was
further shown to contribute to the formation of proper nuclear shape post mitosis129.
The assembly of the nuclear envelope starts with the accumulation of the protein BAF which catalyzes
the formation of fine DNA bridges, thus setting a base layer for the envelope and at the same time
separating nuclear from cytoplasmic material130. In late anaphase, lipid structures derived from the ER
assemble on the surface of the chromatin. At the same time, nuclear porins start to assemble the
nuclear pores. Step by step, vesicles fuse to form a membrane around the chromosomes containing
nuclear pores in between 131.
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Figure 3.4: Cytokinesis assembly and recruitment of the actomyosin ring during anaphase. Contraction of the actomyosin
ring results in cleavage furrow formation. The central spindle transforms into the intercellular bridge, and chromosomes
recondense during telophase. Abscission, the last step of cytokinesis, then separates the two daughter cells. Image adapted
from Mierzwa et al. - Cytokinetic abscission: molecular mechanisms and temporal control132.

The central spindle between the newly forming nuclei on the contrary remains intact. As the
actomyosin ring further ingresses, it becomes a very dense microtubule array that is called intercellular
bridge (figure 3.4). The overlap zone of interdigitating microtubules and numerous interacting proteins
becomes a tightly packed structure named midbody. The machinery for subsequent abscission
assembles at the midbody, resulting in recruitment of ESCRTIII, the major player of cell segregation132.
Depending on the cell type, the plasma membrane is either broken on both sites of the midbody and
thus releasing this structure to the extracellular room. Alternatively, it is only broken on one site of the
midbody and the protein structure is inherited to one of the daughter cells133.
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3.4 Motors of Mitosis: Kinesins
Microtubules
The cellular microtubule structure is a fundamental part of the cytoskeleton. Microtubules consist of
long fibers consisting of α-β-tubulin heterodimers that form long repetitive linear polymer chains. Each
microtubule is formed out of 13 long α-β-tubulin chains that are arranged in a circular shape with a
hollow core134. The α-β-sequence gives microtubule fibers a distinct directionality. New heterodimers
typically are added at the β-end, designating it as the ‘growing’ or ‘plus-end’, while the α-end is
referred to as ‘minus-end’. Tubulin binds GTP, and that of β-tubulin is hydrolysed upon its integration
into a microtubule protofilament. Therefore, only the plus-end contains GTP-β-tubulin. GTP-β-tubulin
heterodimers have different physical properties, and therefore protofilaments at the ‘plus-end’ have
a more flexible structure whose distinct shape is still under debate135.

Figure 3.5: Different models for microtubule structure during microtubule assembly and disassembly. (a) Microtubule
structure during disassembly pictured as a schematic (left) and with an exemplary cryo-EM image (right). (b,d,c) Three
possible models for microtubule structure during assembly pictured as a schematic (left) and with an exemplary cryo-EM
image (right). Image adapted from Gudimchuk and McIntosh - Regulation of microtubule dynamics, mechanics and function
through the growing tip135.

Microtubules are highly dynamic structures, constantly switching from polymerization to shrinkage
(catastrophe) and shrinkage to polymerization (rescue)136, 137. The concentration of free tubulin greatly
shifts the balance, meaning a high tubulin concentration favours rescue and a low concentration
favours GTP hydrolysis and thus catastrophe137. In the cellular system, this intrinsic dynamic behaviour
of microtubules is further affected by numerous microtubule binding proteins and microtubule
modifying enzymes like kinesins.
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The kinesin superfamily proteins
The kinesins superfamily proteins (KIFs) play, amongst other motor proteins like myosins or dyneins,
crucial roles in many cellular processes. Kinesins do transport vesicles, move organelles, protein
complexes or mRNAs along microtubules138, and influence microtubule dynamics139. During mitosis,
kinesins play irreplaceable roles in organizing the mitotic spindle and its dynamics140.
The kinesin superfamily members are classified according to their sequence similarities within the
motor domain and functional relationships. Different subfamilies range from kinesin-1 to the kinesin14 family plus an uncategorized orphan group141. They all share a conserved globular domain often
referred to as the ‘head domain’142. In most kinesins, this domain both binds microtubules and
contains a pocket for ATP hydrolysis, allowing them to move actively along microtubules by ATP
hydrolysis143. The adjacent ‘neck linker’ domain plays an important role in controlling motion direction
of the motor protein. The ‘head’ and ‘neck linker’ together form the highly conserved motor domain.
The rest of the protein consists of the ‘stalk’ and the ‘tail’ domain. The latter two can vary substantially
between different kinesins. Typically, the ‘stalk’ serves as interaction domain of two or more kinesin
monomers whereas the ‘tail’ domain in many cases binds different sorts of cargo142. Structurally, most
kinesins have an N-terminal motor domain, but in some family members this domain lies at the Cterminus; and even kinesins with the motor domain in the middle exist144. Most kinesin superfamily
members form dimers, some however also stay monomeric or form tetramers145.
Although the detailed mechanism of how kinesin motors move along microtubules was under debate
for decades, many details are known today, derived from numerous studies that for example analyzed
motility kinesin motors in vitro, the motion of both kinesin heads individually and crystal structures of
different ATP states. In brief, the mechanism that mostly was studied by the example of conventional
kinesin Kif5B, an N-terminal, dimeric kinesin starts with one motor domain binding microtubules. The
second motor domain is in this state sterically too far away for tubulin binding. The ATP binding pocket
of motor domain one is in a nucleotide-free state146. Upon subsequent ATP binding, a conformational
change in the ‘head’ domain turns the neck linker onto the ‘head’ domain. This motion further
transmits tension via the coiled-coil region of the ‘stalk’ and results in a forward swing of the second
‘head’147. Being in a nucleotide-free state, the second ‘head’ now can bind to microtubules146.
Meanwhile, the neck linker on the first ‘head’ stimulates ATP hydrolysis. This again triggers a
conformational change in the first ‘head’ domain, which reduces affinity for microtubules and
simultaneously releases the neck linker148. The former second ‘head’ on the contrary now can bind ATP
and the whole cycle begins again146.
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Figure 3.6: Mechanism of kinesin motion along microtubules. The mechanism of directed motion along microtubules starts
with binding of the motor domain to tubulin in a nucleotide-free state (2). This allows binding of ATP, which further results
in a conformational change of the neck linker and allows binding of the second head to tubulin (3). The neck linker
conformation on motor domain 1 promotes ATP hydrolysis. The motor domain 2 meanwhile binds ATP (5). This results again
in a conformational change that weakens the affinity of motor domain 1 to microtubules (6). Image adapted from Kasprzak
and Hajdo - Directionality of kinesin motors149.

Many kinesin families have important roles during mitosis145. Some concern the transport of cargo, but
most kinesins during mitosis are known to regulate microtubule dynamics at numerous cellular
localizations.
A typical example for a classical transport function is kinesin-7 family member CENP-E. It moves
chromosomes to the plus ends of kinetochore microtubules, a function essential for successful
chromosome congression at the cell equator150. Another group of the kinesin superfamily, referred to
as ‘chromokinesins’, is characterized by its C-terminal DNA binding domains. Although the group
consists of several members from different families, they act cooperatively during metaphase to
establish a pushing force against chromosome arms away from the spindle poles, the ‘polar ejection
force’. Kinesin-4 family member Kif4A or kinesin-10 family member Kid are prominent examples151.
With anaphase onset, both Kid and Kif4A change their chromosomal localization and move to the
central spindle midzone. The kinesin-4 family member is phosphorylated at T1161 by Cdk1 in early
mitosis, a modification required for its chromosomal localization152. Upon decline of Cdk1 activity, it is
dephosphorylated and migrates together with its binding partner PRC1 to the central spindle midzone.
Kif4A here dampens elongation of the central spindle microtubules153. A similar mechanism is known
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for Kid as well154. Generally, posttranslational modifications of kinesins play an important role in fine
tuning their localizations or functions during cell division. Another example are the kinesin-13 family
members, a group of kinesins hallmarked by the fact that its members contain the motor domain in
the middle and instead of processive motion along microtubules, they merely diffuse. ATP-hydrolysis
is used for generation of curved microtubule ends, a configuration that results in microtubule
shortening155. Several members of this family are known to be phosphorylated by Aurora B at their
neck, a modification that locally inhibits their depolymerization activity118, 156, 157.
Another aspect concerning the role of kinesins is well illustrated by the example kinesin-5 family
member Eg5, a major player in establishment of a bipolar spindle. With two pairs of ‘head domains’
pointing each in opposite directions, the tetrameric motor protein can crosslink anti-parallel
microtubule fibers. As both ‘headpairs’ move towards opposite plus-ends, the microtubules are slid
apart and the characteristic bipolar array of the spindle is formed158. Interestingly, although inhibition
of Eg5 results in a drastic failure of bipolar spindle formation in prometaphase, during central spindle
formation an effect of Eg5 inhibition is only observed upon co-depletion of further kinesins like the
PRC1-dependent Kif4A or both kinesin-6 members MKlp1 and MKlp2111. This redundancy of Eg5
presence can already be observed during bipolar spindle formation in prometaphase. Here, its absence
can be compensated by higher expression of the kinesin-12 family member Kif15, which achieves
bipolarity equally efficiently by a slightly different mechanism159,

160

. Likely, these compensatory

mechanisms exist for many more kinesins and this probably ensures a high robustness of the delicate
process of cell division.

Kinesin-8 family member Kif18A
The kinesin-8 family member Kif18A is, although it was discovered and described early on, one of the
less understood kinesin superfamily members. It was first described in a large screen in 2005 aimed at
finding new roles of kinesin superfamily proteins during mitosis. Treatment of HeLa cells with siRNA
against Kif18A resulted in elongated mitotic spindles and inability of cells to align chromosomes at the
cell equator161. These findings were confirmed shortly after in more detailed studies94, 162. Most cells
were found stuck in a prometaphase-like state for many hours, unable to satisfy the spindle assembly
checkpoint162. The phenotype later was described as generally heterogeneous, with many cells that
are stuck in mitosis for hours that eventually undergo slippage or apoptosis163.
During the G2-M transition, expression of Kif18A is upregulated162. The kinesin that is found in the
nucleus during interphase162 then accumulates in a comet-like gradient at the plus-tips of kinetochore
microtubules94, 162. In vitro, the plus-end directed162, dimeric motor protein164 migrates with very high
processivity along kinetochore microtubules164. Once it reaches the plus-tip, the kinesin does not
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diffuse away but remains there for an extended period164, 165. Besides the N-terminal motor domain,
Kif18A contains an additional microtubule binding site in its C-terminal ‘tail’ domain. The C-terminal
domain is required for efficient accumulation at the k-fiber plus-ends, as indicated by Kif18A mutants
that could not reach the plus-tips when deprived of the C-terminal domain164, 166, 167. The, in comparison
to other kinesins, relatively long neck linker additionally increases run length of Kif18A and allows the
kinesin to successfully bypass obstacles on crowded kinetochore microtubules168.
Kif18A’s motor domain stands out from the conventional kinesin motor domain by an elongated loop2
structure that resembles the N-terminal domain of kinesin-13s169, 170. Kinesin-13s are classified as
depolymerases due to their microtubule shortening effect171, 172, but the function of Kif18A differs from
that of kinesin-13 depolymerases. Kinesin-13s diffuse along microtubules173, and upon binding ATP,
their loop2 structure locks microtubule ends in a curved structure174-177. The curved protofilaments are
‘peeled off’ the microtubule strand, resulting in significantly higher catastrophe rates171,178. Although
Kif18A was observed to have a concentration-dependent shortening effect on microtubules in vitro as
well162, later studies described Kif18A more frequently as a stabilizing or capping protein that rather
dampens microtubule dynamics94, 165.

Figure 3.7: Two possible models to explain the microtubule shortening effect of Kif18A. (A) In the active depolymerization
case, microtubule ends are bent similarly as described for kinesin-13 family members. In this model, active bending of
microtubules results in depolymerization. (B) In the capping case, Kif18A binds the curve ends and thus prevents the dynamic
microtubule behaviour of constant growth and shrinkage. Once Kif18A motors reach a concentration threshold, catastrophe
may shorten the microtubule fiber. Adapted from Shrestha et al. - Emerging Insights into the Function of Kinesin-8 Proteins
in Microtubule Length Regulation179.
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Unlike Kinesin-13 family members, Kif18A requires ATP for directed motion162 but not for its
microtubule shortening effect180. The monomeric motor domain of Kif18A was found to bind curved
microtubule ends and potentially may stabilize them180, a mechanism similarly described for the S.
cerevisiae kinesin-8 Kip3181. A current model therefore proposes that upon a certain concentration of
Kif18A at microtubule ends, the curved end is stabilized, which would prevent dynamic growth and
shrinkage, and consequently catastrophe happens179.
Despite an arising understanding of the kinesin’s behaviour in vitro, it should be noted however that
in the cellular environment many factors like other kinesins or microtubule binding proteins may
contribute to k-fiber dynamics. Kif18A for example was also found to interact with the kinesin-7 family
member CENP-E182, 183. Further, Kif18A is phosphorylated by Cdk1 in early mitosis93, and this might alter
its functionality. During this state, chromosomes are observed to oscillate around the cell equator.
Oscillations are the result of constant polymerization and depolymerization of kinetochore
microtubules on both sister chromatids184. Only upon dephosphorylation by PP1 during metaphase,
Kif18A accumulates more prominently at the plus-tips of kinetochore fibers and chromosome
oscillations are dampened93. In the state of declining Cdk1 activity, also the spindle assembly
checkpoint becomes silenced and stable kinetochore-microtubule bonds are crucial for the subsequent
segregation of the genetic material in anaphase (see 3.2.3). In the absence of Kif18A on the contrary,
chromosomes oscillate in a pronounced manner at the cell equator94 and cells fail to silence the spindle
assembly checkpoint response162,
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. It is therefore clear that Kif18A plays a role in silencing

chromosome oscillations for successful chromosome congression and subsequent anaphase entry.
How these processes however are achieved by Kif18A on a molecular level is still not fully understood.
Interestingly, despite the prominent phenotype of its depletion in HeLa cells, other cell types do not
show drastic phenotypes. Human telomerase immortalized (hTERT)-RPE cells, non-cancerous retinal
epithelial cells, also display alignment defects but enter anaphase regardless129. Kif18A knockout mice
were found to be viable yet with underdeveloped seminiferous tubules and males were infertile183. In
the case of a double allelic Kif18A missense mutation both males and females were viable but
infertile185. Mutant mice pups however grew slower and showed lower bodyweights as compared to
their wild type litter mates129. Embryonic fibroblasts derived from Kif18A missense mice however did,
despite alignment defects and slower growth, divide normally, similar to RPE cells. Germ cells on the
contrary resembled more the phenotype described for HeLa cells185. Overall, these findings led to the
speculation that distinct cell types are more dependent on the presence of the motor protein than
others. Indeed, Kif18A mRNA levels seem to be higher in proliferative tissues like testes185. It is unclear
however whether this is a mere consequence of the higher expression during mitosis and therefore it
is currently unclear whether mRNA levels in a tissue are an accurate representation of cell types that
are more sensitive to Kif18A withdrawal. Interestingly, Kif18A expression is also frequently found
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aberrant in cancerous tissue186-196 and often correlated with a poor prognosis187, 189, 190, 192, 193, 196-200.
Mice with tumors that were treated with Kif18A siRNA clearly showed attenuated growth or even
shrinkage of the tumors186, a finding that opened the doors for more extensive research whether
Kif18A could be a suitable target for anti-cancer treatment. A specific dependency of chromosomally
instable tumor cells on Kif18A expression for proliferation201 further is in line with the specifically high
sensitivity of HeLa cells towards Kif18A knockdown.
Besides many exciting doors that were opened, on the cellular level, the kinesin still is poorly
understood. Aside from Kif18A’s function in chromosome alignment at kinetochore plus-tips, the
absence of Kif18A also reportedly can result in cytokinesis failure161. Indeed, the kinesin is also
observed at microtubule bridging fibers in metaphase202 and later accumulates at the central spindle
and the midbody94. It is therefore possible, that Kif18A may have a function during mitotic exit as well.
The fact that kinesin-8 family members in other organisms also have functions in anaphase may
strengthen this hypothesis. The budding yeast kinesin-8 family member Kip3 was found to dampen
central spindle elongation in anaphase203, whereas D. melanogaster kinesin-8 family member Klp67A
was found to be required for central spindle stability in meiosis204. Drawing conclusions for Kif18A from
the observations of other related kinesins in other species must be done with caution, as phylogenetic
analyses in ancient eukaryotes revealed an extremely diverse occurrence of different kinesin family
members that must have evolved in numerous directions205. Budding yeast for example does not
encode any kinesin-13 family members206, so Kip3 may partially compensate for their existence. In
addition, the S. cerevisiae kinesin-8 homolog even was shown to slide microtubules 207, an ability that
however seems to date unique to the budding yeast homolog within the kinesin-8 family.
Nevertheless, also experiments in human tissue culture cells strengthen the assumption that Kif18A
may have further roles during mitotic exit. In cells treated with Kif18A siRNA increased poleward speed
of kinetochores towards the spindle poles was observed in anaphase A94. Further, cell division in RPE
cells that contained a Kif18A knockout gave rise to aberrantly shaped daughter cell nuclei and
micronuclei129. Whether this was a direct consequence of Kif18A being absent during mitotic exit or a
general result of cell division with unaligned chromosomes however remained unclear. In addition,
Kif18A may be modified by further posttranslational modifications that could influence its behaviour.
Studies for instance found a glycosylation208 or sumoylation sites209, 210 on the motor protein, but to
date neither the modified residues nor the concrete function of these modifications in a cellular
context could be specified.
Altogether, there are numerous indications for possible functions of Ki18A beyond chromosome
alignment. However, finding these has proven to be difficult, mostly due to the fact that siRNA
treatment against the kinesin results in a mitotic arrest. The population of cells that enter anaphase
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nonetheless typically do so by spindle assembly checkpoint slippage163, making it hard to distinguish
between effects are Kif18A specific or whether they come from a general effect of, for example,
division with unaligned chromosomes. Therefore, an alternative method to study Kif18A not only could
reveal its putative contribution to mitotic exit and hence fill some gaps of the fragmentary
understanding we have about late mitotic spindle dynamics. It also could give many new insights
concerning the molecular and cellular function of the kinesin and overall give rise to a more holistic
understanding of the motor protein.

3.5 Methods to Study Mitotic Proteins
To understand processes in cell biology, an understanding of the molecular details happening on the
protein level is crucial. This does not only help to expand the general understanding for biological
systems, but also allows explaining or even developing treatments for diseases where distinct
processes are malfunctioning. Typically, proteins involved in a certain process like cell division are
identified by the search of mutants who fail to successfully complete the process of interest.

Genetic Protein Knockout
Early models for studying mechanisms of cell division were the unicellular yeasts Schizosaccharomyces
pombe and Saccharomyces cerevisiae. The main advantage of these organisms is that they can,
depending on their environment, live in a haploid state - which makes genetic knockouts especially
easy. Knockouts can be induced by chemicals, radiation or insertion of a marker gene within the gene
locus of a target gene that simultaneously serves as readout for successfully targeted clones. Many
forward genetics approaches have led to the discovery of genes and their respective protein products
involved in cell division211. A prominent example of proteins discovered in a yeast screen are the cell
division cycle (cdc) genes212.
Animal systems on the contrary are diploid systems, and recessive gene knockouts typically are
compensated for by the second allele while dominant allele mutations often cannot be studied due to
their lethality. Although many methods such as the CreloxP system or the more recent CRISPR Cas9
technology function with high reliability, they are often not a good choice for studying genes essential
for basic cellular processes. Knockout of important cell cycle genes usually results in non-viable clones.
Even if knockouts of distinct genes form viable cells, they divide highly aberrant and frequently create
problems like multinucleated cells. However, for the performance of experiments with a knockout, a
cell line derived from the mother clone needs to be grown, an impossible step if the first cell division
is unsuccessful or highly aberrant. In yeast, lethality can be compensated for by making use of the
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diploid form or by generation of temperature sensitive mutants, however this is not easily possible
with higher eukaryotes. Newer approaches therefore attempt to generate inducible knockout cell
lines. But, despite new techniques such as CRISPR Cas9, still not every transfected cell becomes a
successful and identical knockout. In summary, despite many new available technologies, the
downside of genetic knockout approaches is that for many essential genes, knockout cells die or do
not divide and thus phenotypes cannot be observed. The concept of studying cellular processes or the
role of a protein of interest by genetic knockout therefore has major limitations in human cells.

RNA Interference
With the emerge of RNA interference (RNAi), a reliable method became available as a tool to
specifically reduce the translation from mRNA to amino acids of a protein of interest. This ultimately
results in a drop of protein level, dependent on the intrinsic lifetime, abundance, and regulation of a
protein213. In contrast to genetic knockouts, mRNA and consequently also the corresponding protein
quantities are reduced for a short time and the reduction can usually be titrated. Like in many other
fields, this method also brought numerous advances in the field of cell division research and, for
example, led to large screens that identified many functions of individual mitotic kinesins161. However,
especially because mitosis and cytokinesis are relatively fast events, this method also has limitations.
Typically, a significant reduction of a certain protein takes approximately 24-72 hours, whereas cell
division only takes 1-2 hours. This means it is difficult to control at what time point a certain protein
level is present or absent in the cell. In addition, in recent years awareness has grown that a slow
reduction of protein levels may result in compensatory mechanisms potentially overshadowing a
phenotype that otherwise would occur214. Thirdly, if proteins are to be studied in later mitotic stages
but knockdown already results in a strong phenotype beforehand, because the protein already has a
function before or in early mitosis, the time point of interest cannot be observed. In the case of the
kinesin Kif18A, treatment of HeLa cells with siRNAs gave valuable insights into its function in
chromosome alignment during early mitosis161,
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, but it remains unknown whether there are

functions beyond chromosome alignment during mitotic exit, since cells typically do not reach
anaphase94.

Small Molecule Inhibitors
Unlike RNAi, small molecules act extremely rapidly. Doses and thus the degree of inhibition can be
controlled easily by titration of different concentrations. Many small molecules act such that they can
be easily washed out and thus their effect can be reversed. For fast processes such as mitosis, small
molecules therefore are particularly useful215. Even if there is no inhibitor available for many proteins
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of interest, the usage of small molecules to synchronize cells at a distinct mitotic stage is extremely
useful. The best-known inhibitors against a kinesin target are directed against the anti-parallel slider
Eg5. After the discovery of monastrol216, the compound was further optimized and today a variety of
highly efficient inhibitors such as STLC217 are available as research tools. Other drugs targeting kinesins
are for example praprotain against Kif20A218, AZ82 against KifC1219, but also the Kif18A inhibitor BTB1220. The latter however is not cell penetrable and thus only is a useful tool for in vitro experiments.
New small molecules recently were patented with improved characteristics221, but are not available to
the public and no report about their application in research exists to date.
Despite their useful properties, the main disadvantages of small molecules inhibitors are the extreme
effort to find a specific inhibitor against a protein of interest and the typically unknown number of offtargets. Even though typically major suspects are excluded, for each inhibitor there are thousands of
possibilities that could be off-targets and thus interfere with an experimental approach. Furthermore,
unlike genetic methods, an inhibitor only interferes with catalytic activity or binding sites, but the
protein is still present. This can be of advantage, for example because no compensatory mechanisms
such as alternative protein translation are expected to occur. On the other hand, the scaffold of the
protein is still there and other functions beside the inhibited activity might still occur.

Alternative Methods for Targeted Reduction of a Protein Level
Although genetic knockout, RNA knockdown and small molecules are indispensable technologies, their
disadvantages with regard to essential genes, off-target effects and in some cases slow or irreversible
nature led to the requirement of alternative methods. To date, many systems are available that mostly
rely on the attachment of a tag to the protein of interest. Typically, upon a stimulus that can be a small
molecule or light, the protein is delocalized or degraded. A frequently used method relies on the
interaction between FKBP12 and the FRB domain of mTOR in the presence of rapamycin. This approach
has been used, amongst other applications, to delocalize proteins of interest to the plasma
membrane222. It has been used for example for relocalizing the kinesins Kif18A and MKAC from their
mitotic locations at kinetochores to an artificial anchor protein at the plasma membrane upon
rapamycin addition214. An interesting, alternative approach used the F36V of FKBP12’s DmrB domain
as a tag for the dimeric kinesin-1 and kinesin-3. Upon addition of the rapamycin analogue B/B
homodimerizer (or Rapalog-2), the N-terminally tagged subunits of the dimeric protein complex form
a covalent bond. In the case of motile proteins as kinesins typically are, the motion along microtubule
consequently is prevented, since the N-terminal motor domains are ‘tied up’223. Many other variants
of rapamycin and its receptors exist for diverse types of scientific applications. Even an unstable variant
of FKBP12 exists. It is degraded with its fusion target, unless the small molecule shld1, a variant of
rapamycin, is present224.
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An alternative, frequently used method is the auxin-inducible degron system. Here, the protein of
interest is tagged with a degron originally derived from plants, the auxin-inducible degron (AID). This
degron is recognized by the E3-ligase SCF-complex in plants. The highly conserved protein ligase
functions identically in human cells, however it requires co-expression of the SCF subunit F-box protein
TIR1 to recognize the AID motif. Upon addition of small molecule auxin derivatives such as indol-3acetic acid (IAA), additional subunit of the SCF-complex recognizes the AID-tag and ubiquitylates it.
Proteins of interest carrying the AID-sequence consequently are degraded225, 226. A very similar method
is the deGradFP technique, where the F-box protein is fused to a nanobody. Upon expression of this
construct, the nanobody specifically recognizes a variety of fluorophores, such as GFP-tagged or venustagged proteins of interest. Other than the auxin-dependent method, this method requires induced
expression of a protein construct for degradation and only recognizes substrates that are tagged with
a fluorophore.
Similar techniques based on antibody-dependent recognition have been developed since. The trim
away approach relies on the E3 ligase TRIM21 that directly recognizes the Fc tail of antibodies and
targets them together with their bound antigen for proteasomal degradation227. The beauty of this
method is that the protein of interest does not need an additional tag. However, it requires injection
of an antibody into the cell. It therefore is most convenient for usage in big cell types or in vitro
experiments. The dTag system on the contrary is a newly developed variant of the FKBP12 system.
Again, the FKBP12F36V variant is added to the protein. For induction of degradation, a bifunctional
ligand consisting of a rapamycin-homolog and a thalidomide homolog connects both the target protein
and the subunit cereblon (CRBN) of the E3 ligase complex CRL4-CRBN228. Many more similar techniques
exist to induce proteolysis of a target protein, like the SMASh-tag degron or the UnaG degron229, 230.
On the bottom line, their function is similar, and the choice for the best suiting system greatly depends
on the target protein and the experimental approach.
Optogenetic approaches are another possibility. Typically, these techniques that are also referred to
as ‘knocksideways’, rely on photoactivated dimerization of two different tags attached to the protein
of interest and a receptor located elsewhere231. A frequently used tag is the LOV2 domain from
Aradopsis thaliana. It changes conformation upon exposure to blue light and was combined with the
iLID system that is based on two bacterial proteins. An affinity improved construct containing the
bacterial SsrA peptide together with the LOV2 domain that blocks its binding site is fused to the anchor
protein (iLID). Its binding partner SspB is fused to the target protein. Upon light exposure, SsrA
becomes accessible through a conformational change of the LOV2 domain, and the two proteins
dimerize, delocalizing the protein of interest to the site of the anchor protein232. However, although
using this iLID in combination with the mitochondrial anchor peptide Mito and Kif18A as a protein of
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interest resulted in successful interaction, Kif18A was not localized to the mitochondria but instead
moved mitochondria to the microtubule plus-tips at the kinetochore233. In Saccharomyces cerevisiae,
the LOV2 domain was used successfully for induction of protein degradation in combination with a
degron from a murine ornithine decarboxylase degron234, however this technique exhibited relatively
slow degradation kinetics.
A completely different strategy is to make a protein of interest inhibitable. For the kinesins Kif3A and
Kif4A it was shown that their motor domains can be modified such that they become targets of the
potent Eg5 inhibitor STLC235. While it can be expected that this approach could work for other kinesins
too, it requires extensive remodeling of their motor domain. In addition, in a cellular system not only
the protein of interest but also Eg5 is always a target. Alternatively, it was shown successfully for
kinesin-1 and kinesin-3 that integration of the short tetracysteine tag into their motor domain will
react with the ReAsh dye. This covalent interaction in turn blocks the motor domain’s movement that
is required for directed kinesin motion223.
Despite the versatility and many reports on positive application of these techniques, most of them rely
on a modified protein of interest. This is problematic if the tag is not tolerated by the protein to be
studied. Also, prerequisite is either knockdown of the target protein and transient expression of an
exogenous, tagged variant or alternatively a genetic knock-in. Approaches based on antibody-assisted
target recognition on the contrary have the advantage of functioning with the wild type protein, but
require injection of an antibody or development of a specific nanobody. In all the techniques, reported
kinetics for degradation typically vary between minutes or hours and depend on protein localization,
abundance, or accessibility of the tag attached.
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Aim of this work
In contrast to the extensive work that has been put into early mitosis research, such as the construction
of the mitotic spindle, the mitotic exit is rather unknown territory. Although nowadays there is a
relatively clear picture of the general processes in anaphase, there is still much to explore. This
concerns, for example, the mechanism of poleward kinetochore movement in anaphase, the dynamics
of the central spindle and the regulation of processes by kinases and phosphatases. Although for many
proteins and enzymes a role in central spindle establishment is known, their exact function and
interplay often remains unknown.
A putative candidate with yet to discover functions is the kinesin Kif18A. Despite extensive research
regarding its involvement in the regulation of chromosome oscillations during mitotic spindle
assembly, hardly anything is known about the motor protein in later mitotic stages. Hints from previous
cellular experiments revealed not only a distinct localization of the protein during anaphase and
beyond, but also suggested processes such as an influence in poleward kinetochore movement or a
role in nuclear reformation. Given what is known about the molecular function of the motor protein,
the role that Kif18A plays in other organisms in terms of central spindle length regulation and stability
could also be a logical contribution for the protein in the human system.
Uncovering the putative involvement of Kif18A in late mitosis of human cells however faces the
problem that in absence of the protein, for example through siRNA treatment, cells rarely enter
anaphase or do so with unaligned chromosomes, often by mitotic checkpoint slippage. The ideal
method to study Kif18A therefore would allow extremely rapid protein degradation upon spindle
assembly checkpoint satisfaction, such that the pre-anaphase function of Kif18A would be unaffected.
Cells then would enter anaphase with properly aligned chromosomes and a low protein level of the
kinesin. This could be provided by systems that directly target protein levels. Unlike siRNA, protein
targeted methods typically act faster and protein levels can be controlled directly.
The aim of this work therefore is to establish such a method and observe potential phenotypes of
Kif18A absence specifically during mitotic exit. Ideally, a suitable method also could be transferred to
other proteins to examine their role in the late stages of cell division.
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4 Results
4.1 Human Kif18A Localizes to the Anaphase Spindle
Since the detailed localization of motor protein Kif18A during anaphase or mitotic exit has not yet been
precisely described we first analyzed localization of the kinesin in detail. Kif18A was tagged Nterminally with the enhanced green fluorescent protein (EGFP)236 and stably cloned into HeLa cells
under control of a TetOn promotor. These cells constitutively expressing H2B-mCherry as DNA label
and EGFP-Kif18A upon tetracycline addition were depleted of endogenous Kif18A by siRNA. They were
then blocked in S-phase by thymidine and expression of the fluorescently labelled Kif18A was induced
by tetracycline. This previously reported approach93 allowed replacement of the endogenous protein
by a fluorescent version at a similar level, thus avoiding protein overexpression, and additionally cells
could be released from thymidine block to undergo a simultaneous first mitosis in presence of the
fluorescent Kif18A.
Live-cell imaging of these cells revealed the previously thoroughly described localization of the kinesin
on the mitotic spindle and subsequent migration to the typical, comet-like localization on the
kinetochore fibers as chromosomes aligned at cell equator during metaphase94, 162. At anaphase onset,
when chromosomes segregated through microtubule depolymerization at the spindle poles, the
protein remained at the kinetochore fibers as described earlier94. During anaphase B, when the central
spindle formed, the protein accumulated increasingly at the cell equator, decorating the plus-tips of
the growing central spindle midzone in accordance with previous reports94,

186

. This signal did

strengthen significantly in late anaphase. As the midzone was compacted by membrane constriction,
Kif18A remained there. While the daughter nuclei reformed and chromosomes decondensed, the
fluorescent signal of the protein could be observed to reaccumulate in the nucleus where it eventually
gradually disappeared when cells exited mitosis (figure 4.1A). This distinct localization pattern supports
the presumption that the kinesin could have functions during central spindle formation and mitotic
exit.
To exclude artefacts from protein tagging or altered protein levels by expression of a construct from a
non-endogenous promotor, a cell line expressing no exogenous Kif18A was synchronized equally with
thymidine, released and cells were chemically fixed in late mitosis. Staining of Kif18A by
immunofluorescence showed a signal of the endogenous protein corresponding well to the previous
live-cell observations. By using two different antibodies, off-targets of either of the antibodies could
be excluded (figure 4.1B). Furthermore, specificity of the antibody was validated by treatment of cells
with siRNA against Kif18A. Figure 4.1C shows a clear loss of fluorescent signal in mitotic cells if cells
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were treated with siRNA, confirming that the protein detected by the antibody indeed is Kif18A.
Previous reports of Kif18A signals at astral microtubules in HeLa cells could not be confirmed186.

Figure 4.1: Localization of Kif18A during mitotic exit (A) Live-cell analysis of HeLa cells expressing EGFP-Kif18A and H2BmCherry. Time points of images taken are labeled in lower panel. (B) Immunofluorescence staining using two different Kif18A
antibodies shown in upper and lower panel as indicated. (C) Kif18A staining with respective antibodies in comparison to
Kif18A knockdown by siRNA (right). Arrows indicate cells exhibiting Kif18A signal loss. (D) Immunofluorescence staining of
Kif18A in hTERT-RPE cells.

To verify whether Kif18A also localizes identically in a non-cancerous, alternative cell line, retinal
pigmented epithelial (hTERT-RPE) cells were treated similarly, fixed in mitosis, and stained by
immunofluorescence for Kif18A. Again, Kif18A localization was shown to be consistent (figure 4.1D).
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4.2 Kif18A is Degraded Slowly During Mitotic Exit
To characterize the behaviour of Kif18A protein levels during mitotic exit better, cells were presynchronized in S-phase by thymidine, released and when they were approaching mitosis incubated in
taxol. This drug is known to cause a mitotic arrest by inhibiting microtubule depolymerization237,
leading to abnormal mitotic spindle dynamics that prevents mitotic progression as the checkpoint
cannot be satisfied. After 12 hours, the Aurora B inhibitor ZM447439 was added in order to silence the
spindle assembly checkpoint arrest and biochemically force cells synchronously out of mitotic arrest238.
With this setup, control protein Cyclin B1 revealed a fast degradation kinetic of less than 30 min as
described also for live cell experiments19, indicating a successfully silenced spindle assembly
checkpoint.

Figure 4.2: Protein levels of Kif18A during mitotic exit. (A) Scheme of experimental procedure for time course experiment
and result showing levels of Kif18A and Cyclin B1 during mitotic exit. Time points show time relative to ZM447439 addition.
Vinculin served as loading control. (B) Result of identical experimental procedure as in A but using reversine for mitotic exit
induction. (C) Result of an identical experimental procedure as in A but using nocodazole instead of taxol and reversine
instead of ZM447439.

R e s u l t s | 37

To exclude an influence of a non-functional Aurora B kinase on Kif18A degradation, the experiment
was repeated but the small molecule inhibitor reversine was used instead of ZM447439 to force cells
out of mitosis. This well described inhibitor of the checkpoint kinase Mps187 silences the spindle
assembly checkpoint independently on the presence of microtubules. Both Cyclin B1 and Kif18A were
degraded with similar kinetics as in the previous experiment (figure 4.2B).
As the presence of taxol greatly interferes with microtubule dynamics and it has been described that
microtubule-associated proteins are not degraded while bound to microtubules239, the experiment
was repeated but using a nocodazole arrest instead of taxol. In this case, microtubules were completely
depolymerized, and cells were forced out of mitosis by reversine again. Similar to the previous
experiments, Kif18A was degraded significantly slower than Cyclin B1, indicating that independently
of the presence of microtubules or any of the used drugs, degradation starts only when Cyclin B1 has
almost completely disappeared and occurs, despite a similarly suggested mechanism of degradation
for both proteins240, with significantly slower kinetics as the cell cycle regulator (figure 4.2C).

4.3 Development of a Tool to Study Kif18A in Late Mitosis
As means to reveal the function of a protein it is often useful to remove it from the cellular system and
observe phenotypes. This usually gives valuable hints about the function and allows designing more
specific experiments. Although knockdown of Kif18A protein levels by siRNA is an established, wellfunctioning method, it is not ideal to study mitotic exit, as it will result in a spindle assembly checkpoint
induced arrest of cells in prometaphase162. This results in most cells not exiting mitosis any other way
as a slippage by eventual checkpoint exhaustion. Phenotypes of Kif18A absence during mitotic exit
would therefore likely be overshadowed be drastic abnormalities due to mitotic slippage without
aligned chromosomes or a properly silenced checkpoint. Consequently, to understand the role of
Kif18A post metaphase, a tool to remove the protein rapidly after a satisfied spindle assembly
checkpoint would be ideal.
Small molecule inhibitors against Kif18A would be a great option, however BTB-1, the only available
Kif18A inhibitor, works solely successfully in vitro241, which is not a suitable option for studying a
cellular process dependent on an intact mitotic spindle and undisturbed protein localization. We
therefore tried to inhibit kinesin motion by crosslinking the individual motor domains of the
homodimer Kif18A, thus preventing processive forward motion on microtubules. For both kinesin-1
and kinesin-3 it was previously shown that fusing the DmrB domain (FKBP variant F36V) to the
respective motor domain, addition of the B/B homodimerizer (Rapalog-2) could successfully inhibit
kinesin motility223. A cell line expressing DmrB-EGFP-Kif18A had already been cloned242 and we
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consequently performed live cell experiments analysing whether the modified protein could substitute
for wild type Kif18A and how effectively it could be inhibited. Unfortunately, addition of the B/B
homodimerizer did not result in a typical Kif18A deficiency phenotype. On the contrary, we could
observe large aggregates of fluorescent protein in telophase cells, presumably a result of
intermolecular crosslinking instead of the desired crosslink between two motor domains of a
homodimer (data not shown). We therefore neglected this approach.
Although another group could show during the course of our work that it was possible to use a similar
approach by delocalizing GFP-FKBP-Kif18A to a binding partner at the plasma membrane upon addition
of rapamycin214, we preferred a method that would not just delocalize the protein. We therefore chose
an alternative system in which Kif18A would instead be degraded at the desired time point.

Auxin-inducible degron
The auxin-inducible degron (AID) was a potentially promising method as it allows selective induction
of degradation of a target protein226. In plants, proteins containing the AID sequence bind the hormone
auxin (indole-3-acetic acid, IAA) if it is released by a stimulus. These proteins are subsequently
recognized by the F-box protein TIR1, a subunit of the E3 ubiquitin ligase SCF complex, leading to
ubiquitylation and ultimately degradation. Whereas SCF ligase is a highly conserved E3 ligase within
eukaryotes, the TIR1 subunit and the auxin system is plant specific. It was thus adopted as a system to
induce degradation of distinct proteins in mammalian cells by simply tagging them with the AID
sequence (figure 4.3A). Co-expression of TIR1 ensures specific recognition of the AID sequence by the
SCF complex.
To degrade Kif18A at anaphase onset, EGFP-AID-Kif18A was cloned and stably integrated into the
genome of a HeLa cell line under the TET ON promotor. Additionally, this cell line constitutively
expressed the SCF subunit TIR1 and H2B-mCherry as marker for mitotic progression. Auxin was added
in two concentrations, 250 µM and 500 µM and samples were taken every 10 min. Protein levels of
Kif18A and EGFP-AID-Kif18A were analyzed by western blot (figure 4.3B). Already after 10 min, the
majority of the EGFP-AID-Kif18A had disappeared, whereas the endogenous Kif18A remained stable
throughout the time course of 20 min. A quantification of fluorescence intensity (figure 4.3D) revealed
a reduction to almost undetectable protein levels within individual cells. Both before addition of the
hormone and in control cells provided with the solvent DMSO only, fluorescence levels remained
stable.
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Figure 4.3: Auxin mediated degradation of Kif18A. (A) Schematic overview of the auxin inducible degradation method. Kif18A
is tagged with an AID sequence that is recognized by the TIR1 subunit of the SCF complex upon auxin addition. (B)* Cells
constitutively expressing TIR1 and EGFP-AID-Kif18A upon tetracycline addition were treated with indicated concentrations of
auxin for 20 min. Protein levels of endogenous Kif18A and EGFP-AID-Kif18A were blotted. (C) Disappearance of the green
fluorescent EGFP-AID-Kif18A signal after addition of auxin. Images were taken every 5 min. Brightfield images (lower panel)
show an otherwise unaffected cell. (D)* Quantification of EGFP fluorescence level following auxin addition and solvent control
for 20 min. Error bars depict the mean of relative fluorescence values from a total of 7 cells. (E) Quantification of timing from
nuclear envelope breakdown (NEBD) to anaphase onset (chromosome segregation) of cells treated as indicated below. Error
bars show mean value. (F) Cells constitutively expressing H2B-mCherry were treated as shown in E. Auxin was added to cells
in late metaphase approximately 9 h after thymidine release. Cells were imaged every 10 min post auxin addition. *These
experiments were performed by Ernestine Treimer/Julia Häfner.

To observe putative phenotypes of cells exiting mitosis in the absence of Kif18A, the endogenous
protein was depleted by siRNA. Expression of EGFP-AID-Kif18A was induced by tetracycline and cells
were synchronized by thymidine in S phase. After 15 h, cells were released from thymidine and auxin
was either added directly (1), after 4 h (t2) or after 8 h (t3) when cells were about to reach mitosis
(figure 4.3E). The EGFP-AID-Kif18A construct could fully restore the prolonged mitotic arrest in the
absence of Kif18A (figure 4.3E, third column). If auxin was added early, the siRNA phenotype could be
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mimicked. Addition of the plant hormone directly before mitosis on the contrary led to a mitotic timing
phenotype even stronger than Kif18A knockdown by siRNA (figure 4.3E). Analysis of these cells by livecell microscopy showed a gradual disappearance of the green fluorescent EGFP-AID-Kif18A signal at
the spindle and kinetochores. The chromosomes, previously tightly aligned at the metaphase plate,
increasingly spread around the cell equator, phenotypically strongly resembling the prometaphase
arrest during Kif18A knockdown (figure 4.3F).
Although Kif18A could be efficiently removed, it was not possible to foresee when a metaphase cell
would enter anaphase and thus difficult to add auxin to the correct time point. If added shortly before
anaphase onset, the alignment of chromosomes was reversed, and cells re-entered a prometaphaselike state where they stayed for the time of observation. Adding of the drug at anaphase onset was
not achieved in multiple replicates of the experiment. Additionally, it was further observed that a
fraction of the protein remained at the spindle poles (figure 4.3F), speaking for an undesired influence
of the attached AID tag that renders the kinesin partially unfunctional.
Overall, despite successful degradation of Kif18A, the disadvantages during application overweighted
for this method, namely the hindrance by the relatively large AID tag and the difficulty of initiating
degradation at the required cell cycle stage. To avoid both, a suitable method would get by with a
smaller tag and a more reproducible timepoint of degradation.

Destruction box mediated degradation
Optimally, Kif18A would be removed rapidly upon a satisfied spindle assembly checkpoint, as this
would ensure a properly assembled spindle and the perfect timing of anaphase onset. Two important
proteins degraded simultaneously at this time point: Cyclin B1 and Securin19, 45, 243, 244 .
They are both recognized via the same amino acid sequence for degradation: the destruction box (Dbox) motif45, 245. We hypothesized that if Kif18A or any other protein would have attached a similar Dbox motif, it would be degraded simultaneously with Securin and Cyclin B1. It was shown previously
that attachment of an extended D-Box motif was sufficient to degrade a targeted foreign protein for
degradation at the metaphase-to-anaphase transition in X.laevis45 and likewise GFP tagged with the
Cyclin B1 D-Box was shown to be degraded in human cells246, 247. Similarly, a fusion construct of the 87
N-terminal amino acids of Securin fused to the CAT protein successfully was shown to be degraded in
human NIH 3T3 cells identically to a fusion of CycBN1-106-CAT244. In all cases, a short amino acid sequence
was highly efficient in subjecting proteins reliably to degradation upon spindle assembly checkpoint
satisfaction.
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The motor protein therefore was tagged with the N-terminal amino acid sequences of Cyclin B1 and
Securin. As the destruction box motif itself does not include lysines, we chose the sequence long
enough to provide several lysines as ubiquitylation targets. Although it has been found with X. laevis
Cyclin B1 protein that none of the lysines is essential for degradation, fewer lysines were shown to
decrease degradation kinetics and a N-terminal construct of comparable length without any lysine
could not be degraded248.

Figure 4.4: Development of a tool for premature degradation of Kif18A. (A) Schematic overview of Kif18A fusion proteins
that were cloned and stably integrated into HeLa cell lines. (B) Expression profile of all variants described in A during (M)
mitosis and in interphase (I) 12 h later. Asterisk marks an unspecific band.

For Cyclin B1, we chose the first 70 amino acids and attached them N-terminally of the fluorescent
marker protein EGFP (figure 4.4A) as we hypothesized the tag would be accessible best in this position.
Although Securin has an additional degron motif, the KEN-box244, the destruction box motif is critical
for degradation upon spindle assembly checkpoint silencing243. We chose the sequence similarly to
Cyclin B1 from N-terminus until amino acid 110, encompassing nonetheless both D-Box and KEN-box,
and allowing enough space around the degron for lysines (figure 4.4A).
Since it was reported that a fusion of each of the proteins with the APC/C binder protein Cks1 enhances
degradation rates249, three more constructs were generated consisting of a fusion of each of the
proteins with Cks1 and an additional control construct tagged with Cks1 only (figure 4.4A). These
Kif18A variants were stably cloned into HeLa cell lines under the control of a tetracycline inducible
promotor and with H2B-mCherry constitutively expressed as a marker for mitotic stage. To ensure all
constructs were expressed in comparable amounts and formed stable proteins, we analyzed cell
extracts taken from synchronized cells during and after mitosis. During mitosis, we expected a peak in
expression and afterwards successful degradation of each of the constructs similarly to endogenous
Kif18A162. As expected, both endogenous Kif18A and cells expressing EGFP-Kif18A additionally showed
this pattern (figure 4.4B). All the constructs containing additional N-terminal tags also were reduced
after mitosis, however overall expression levels were dramatically lower,
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especially for the constructs containing Cks1. Further, live cell fluorescence microscopy revealed no
disturbances in localization with neither Cyclin B1 nor Securin as additional tag (data not shown). We
therefore decided to work with CycB1-EGFP-Kif18A as a promising tool to degrade Kif18A prematurely.
It was not only the smallest of all tags, but moreover also protein expression of CycB1-eGFP-Kif18A
was comparable to EGFP-Kif18A protein levels (figure 4.4B).

Figure 4.5: Development of a tool for premature degradation of Kif18A. (A) Schematic overview of the experimental
procedure followed for experiments B and C. (B) Live cell experiment of cells expressing EGFP-Kif18A (upper panel) or CycB1EGFP-Kif18A (lower panel). Images were taken every 3 min. One representative example for each condition is shown. (C)
Quantitative analysis of protein levels during mitotic exit. EGFP fluorescence was normalized to 100% at nuclear envelope
breakdown. Images were taken every 2 min and fluorescence was quantified relative to nuclear envelope breakdown. Shown
are 4 cells of each condition.

To validate whether this fusion protein would successfully be degraded upon spindle assembly
checkpoint satisfaction and analyze potential mitotic phenotypes, we depleted endogenous Kif18A by
a siRNA and synchronized cells in S-Phase by thymidine. Simultaneously, tetracycline was added to
induce expression of either EGFP-Kif18A or CycB1-EGFP-Kif18A in the respective cell line (figure 4.5A).
We started to image cells after thymidine release when they entered mitosis and followed mitotic exit.
Cells expressing EGFP-Kif18A showed the expected localization of Kif18A throughout mitosis (see
figure 4.1). On the contrary, the CycB1-EGFP-Kif18A protein disappeared shortly after chromosome
segregation while cells normally entered mitotic exit according to the H2B-mCherry signal (figure 4.5B).
The histone label showed successful DNA segregation and chromosome decondensation despite
absence of Kif18A. Remarkably, this was observed in every cell showing successful protein expression
prior to mitosis.
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Figure 4.6: Development of a tool for premature degradation of Kif18A. (A) Mutations of the destruction Box (D-box) motif
in the Cyclin B1 tag to create a non-degradable variant. (B) Quantitative analysis of protein levels during mitotic exit. eGFP
fluorescence was normalized to 100% at nuclear envelope breakdown. Images were taken every 2 min and fluorescence was
quantified relative to nuclear envelope breakdown. Shown are 3 typical examples for each condition.

We repeated the experiment using higher resolution microscopy settings and quantified fluorescence
of EGFP from nuclear envelope breakdown onwards throughout mitosis, subsequent cytokinesis and
G1 re-entry. A stable fluorescence signal during interphase confirmed non-bleaching imaging
conditions (data not shown). Both EGFP-Kif18A and CycB1-EGFP-Kif18A remained at a constant
protein level until anaphase onset. With the onset of chromosome segregation however, the
fluorescence signal of CycB1-EGFP-Kif18A dropped sharply to almost background levels within
approximately 10 min and thus significantly earlier than EGFP-Kif18A, which took about 120 min to
reach background fluorescence level (figure 4.6B). Although Cyclin B1 degradation is describe to start
during chromosome alignment in metaphase19, our data show that the tag efficiently removes Kif18A
significantly faster during mitotic exit in comparison to the untagged protein and therefore is a
promising tool for studying Kif18A function during that cell cycle stage. It may be that the destruction
box motif is not accessible before anaphase onset when attached to Kif18A, or alternatively that
protein interactions that usually occur in Cyclin B1 which result in its early degradation do not take
place in our small fragment.
We compared the degradation curve of 10 different cells (figure 4.5C) and found that this fast
degradation kinetic after chromosome segregation was highly reproducible and generalizable for all
cells. As a control, a non-degradable variant of the Cyclin B1 tag was cloned (figure 4.6A) and as
expected, expression of CyB1ND-EGFP-Kif18A showed no different degradation pattern as EGFP-Kif18A
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(figure 4.6B). This confirmed that the premature degradation occurred due to the degron and not
because of potentially altered behaviour of the kinesin due to additional 70 amino acids.
To exclude side effects of the Cyclin B1 tag interfering with normal Kif18A function and behaviour, a
rescue experiment was performed. Triplicates of all three cell lines were seeded out and again
synchronized in S-Phase by thymidine. The first sample of each cell line was left untreated, the second
was treated with siRNA against Kif18A, and the third was treated with both siRNA and tetracycline to
induce expression of the exogenous construct (figure 4.7A). Upon entry of mitosis, cells were followed
by live cell microscopy for 12 hours. The timing of cells from entering mitosis until anaphase onset was
quantified afterwards for all conditions. As expected, all three untreated control cell lines averaged a
mitotic timing of about 50 min, whereas all three siRNA treated cell lines showed greatly enhanced
mitosis durations (figure 4.7B).

Figure 4.7: Evaluation of the CycB1-tag as tool for premature degradation. (A) Mitotic timing analysis of cell lines treated as
indicated below. Time from nuclear envelope breakdown to anaphase onset was quantified. Data are from 3 identical
experiments. After the experiment, cells were collected and analyzed by western blot. (B) Percentage of cells shown in A with
a mitotic timing > 100 min in the respective conditions. Bars display the mean value of 3 experimental repetitions. Error bars
indicate standard deviation from the mean. (C) Analysis of data from A splitted into prometaphase and metaphase timing,
respectively. Bars show total mean value of cells from 3 experimental repetitions. (D) Percentage of cells from A displaying
phenotypes indicated on the right side. Bars display mean value of 3 experimental repetitions. Error bars indicate respective
standard deviation from the mean. (E) Kymographs of cells analyzed in A were created orthogonally to the spindle axis as a
measure of chromosome alignment from metaphase onwards (cartoon on the left). For reasons of clarity, only the H2BmCherry signal of cell lines expressing Kif18A variants as indicated below are shown.
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If expression of eGFP-Kif18A was induced, mitotic timing could be fully restored to 50 min,
demonstrating that under the experimental conditions, the exogenously expressed protein could
successfully replace Kif18A. Unfortunately, however, both expression of Cyclin B1-EGFP-Kif18A and
Cyclin B1ND-EGFP-Kif18A could not fully restore the mitotic timing of control cells, averaging timings of
about 20 min longer than the untreated control cell sample. To further elucidate the cause of this
delay, mitotic timing was analysed during prometaphase and metaphase individually (figure 4.7C). All
cells division analyzed previously were visually separated into prometaphase until the mitotic spindle
was fully established and metaphase from an aligned metaphase plate until the onset of chromosome
segregation. Clearly, the timing of mitotic spindle formation was unaffected by expression of either of
the 3 variants. Conversely, metaphase was considerably extended if either of both Cyclin B1-tagged
variants was expressed, indicating an interference of the CycB1 fragment with proper spindle assembly
checkpoint satisfaction or anaphase onset. This was further undermined by analyzing chromosome
motions over time which showed normal alignment in all three cases as opposed to Kif18A knockdown
(figure 4.7E), indicating that the additional Cyclin B1 amino acid sequence does not render the kinesin
unfunctional but rather speaking for an interference of the tag specifically at the kinetochore. We
analyzed phenotypes during mitosis in detail (figure 4.7D) and observed that in the presence of both
CycB1 constructs, a higher percentage of cells went into anaphase without tightly aligned
chromosomes and some metaphase cells occasionally showed a “breakage” phenotype. This effect
was characterized by already tightly aligned metaphase plates suddenly starting to partially bend at
one end towards one of the poles, leading to an abnormal distribution of chromosomes, and ultimately
resulting in micronuclei during nuclear envelope reformation (figure 4.7D).
In summary, attachment of the N-terminal 70 amino acid Cyclin B1 tag to Kif18A led to premature
degradation of Kif18A and seemed to not interfere with the motor protein in terms of protein level or
protein localization. It most likely preserved the endogenous protein function until the metaphase-toanaphase transition. However, whereas normally a cell with aligned chromosomes would satisfy the
spindle assembly checkpoint and start chromosome segregation, the presence of the short CycB1 tag
at the kinetochores delays anaphase onset without any visible reason, which sometimes resulted in
metaphase plate “breakage” and daughter cells containing micronuclei.

4.4 Modification of the Cyclin B1-tag
To draw conclusions about putative Kif18A functions during mitotic exit, it is critical that the method
of premature degradation does not interfere with the protein beforehand. We therefore sought to
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improve the attached amino acid sequence such that it still would be degraded successfully but
without side effects on mitotic progression during metaphase. To narrow down what the possible
problematic with these 70 residues could be, we took a closer look at the sequence and noted a very
prominent positive charge (figure 4.8A). As it was reported previously that a highly positively charged
peptide was sufficient to interact and even influence microtubule dynamics250, we decided to
neutralize the positive charge of the 70 amino acid tags by mutating single residues. To ensure that
sequence remained a functional degron, we first aligned it with the Cyclin B1 N-terminus of several
well-studied eukaryotic model organisms. Of the 15 positively charged residues one lysine is part of
the degron sequence and two further residues in close proximity were very highly conserved and
therefore excluded from mutagenesis (figure 4.8B).
Several reports found that the lysines C-terminal of the D-box were ubiquitinated early251 and peptides
of CycB1 X. laevis fusion proteins with more lysines in this area were degraded faster248. In addition,
studies of the preferred lysine environment for APC/C ubiquitylation252 revealed that lysines which are
more likely ubiquitylation targets were found C-terminal of the degron motif.
We therefore mutated the three most N-terminal lysines as there were no hints that they could be
important ubiquitylation targets. To achieve a more equal distribution of the remaining positive
charge, we also chose K59 of the C-terminal lysines. Further, we mutated all arginines in the sequence
except for the essential and highly conserved R42 within the degron and the equally very conserved
R40 right next to it. We introduced the amino acid glutamine in all positions, as a polar option with a
sidechain of roughly comparable size.

R e s u l t s | 47

Figure 4.8: Modification of the Cyclin B1-tag. (A) The 70 amino acids of the Cyclin B1-tag. Positively charged residues are
shown in yellow (lysines) and red (arginines). The destruction box motif is labelled in orange. Arrows indicate amino acids
that were mutated to glutamine. (B) Sequence alignment of the N-terminal part of Cyclin B1 in several eukaryotic model
organisms. Shown are all positively charged residues of h. sapiens Cyclin B1 and their respective alignment partners. (C)
Mitotic timing analysis of cell lines treated as indicated. Time from nuclear envelope breakdown to anaphase onset was
quantified. Afterwards, cells were collected and analyzed by western blot. (D) Quantification of fluorescence intensity during
mitotic exit of cells depleted of endogenous Kif18A and expressing indicated fluorescent constructs.

We repeated the analysis of protein degradation by quantification of fluorescence intensity in mitotic
cells. We prepared cell lines expressing either EGFP-Kif18A as control, the original CycB1-EGFP-Kif18A
or the newly modified CycBmod-EGFP-Kif18A upon tetracycline induction. For the experiment, we again
depleted the endogenous Kif18A and analyzed synchronized cells during mitotic exit. Surprisingly, both
Cyclin B1 tags acted with equal efficiency (figure 4.8C). Despite the introduced 7 amino acid changes
to glutamine, the fluorescence signal dropped to background levels within 10-15 min after anaphase
onset. This demonstrated that the remaining lysines kept the sequence still as efficient as the native
and the mutated ones are indeed largely dispensable for successful proteolysis. We also cloned the
construct with a non-degradable destruction box (CycBmodND), and this construct could fully restore the
slow degradation pattern of EGFP-Kif18A (figure 4.8C).
We subsequently analysed mitotic timing of cells expressing CycBmod-EGFP-Kif18A. We compared the
mitotic timing of untreated cells, cells treated with a non-targeting siRNA as transfection control, cells
depleted of endogenous Kif18A by siRNA and cells depleted of Kif18A expressing different fluorescent
rescue constructs. As expected, there was no influence of non-targeting siRNA transfection on Kif18A
protein levels or time in mitosis (figure 4.8D). For depletion of Kif18A, we changed to a new siRNA
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construct with a more intense phenotype and thus observed more cells with significantly prolonged
mitotic timing. As expected, EGFP-Kif18A expression was at a similar level to endogenous Kif18A and
fully restored mitotic timing to the initial state. Interestingly, both expression of CycBmod-EGFP-Kif18A
and CycBmodND-EGFP-Kif18A were both equally efficient as untagged EGFP-Kif18A at restoring the
mitotic timing to control conditions (figure 4.8D).
Finally, to confirm that with the disappearance of fluorescence the protein indeed was completely
degraded, we synchronized cells using thymidine, initiated expression of exogenous Kif18A variants in
each cell line by addition of tetracycline and released cells after 15 h from the S-phase block. When
they were reaching prometaphase, we added taxol for 12 h and initiated a synchronous anaphase by
addition of ZM447439 (similar to figure 4.2A). We performed a time course and took samples to follow
Kif18A protein levels during mitotic exit. Both EGFP-Kif18A and CycBmodND-EGFP-Kif18A showed a
protein level profile comparable or even slightly higher as endogenous Kif18A (figure 4.9). On the
contrary, Cyc1mod-EGFP-Kif18A clearly disappeared at a faster kinetic, confirming the functionality of
the tag not only measured by fluorescence but also directly on protein level.

Figure 4.9: Premature degradation of CycBmod-EGFP-Kif18A. Mitotic cells in taxol were treated with ZM447439 to initiate
synchronous anaphase onset and samples were taken at indicated time points after addition of the drug. Both exogenous
Kif18A constructs (upper band) and endogenous Kif18A (lower band) levels are visible in the upper panel. Degradation of
Cyclin B1 (middle panel) confirms a successful induction of mitotic exit. Asterisk marks a probably incomplete translational
byprodct of exogenous Kif18A.

We conclude that the modified Cyclin B1-tag is a successfully created tool to deplete Kif18A
prematurely at anaphase onset.
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4.6 Evaluation of CycB1-Tagging as a General Tool
Many proteins and several kinesins amongst them have well characterized functions during anaphase
and beyond. To test the newly developed tool, we chose two proteins with a well-described role during
mitotic exit: chromokinesin Kif4A and Aurora B kinase.
Similar to the experiments with Kif18A, stable cell lines expressing fusion constructs tagged with EGFP,
CycBmod-EGFP and CycBmodND-EGFP upon tetracycline induction were cloned. Again, constitutively
expressed histone H2B-mCherry served as indicator for mitotic state.

Figure 4.10: Premature degradation of Kif4A and Aurora B. (A, C) Fluorescence microscopy of cells expressing fluorescent
constructs indicated on the right of the panels. All cells were depleted of the respective endogenous counterparts. H2BmCherry was stably co-expressed as a DNA label confirming mitotic stage. (B, D) Western blot analysis of protein levels of
samples after experiments A and C confirming successful expression of exogenous fusion constructs and knockdown of the
endogenous protein. Asterisk marks a probably incomplete translation byproduct of exogenous Aurora B.

After confirming that each of the fusion proteins showed unaltered localization (figure 4.10A, C), and
was expressed correctly (figure 4.10B, D), we analyzed degradation kinetics. As previously with Kif18A
(figure 4.6B, 4.8C), fluorescence intensity of cells synchronized by thymidine and depleted of
endogenous Kif4A and Aurora B, respectively, was measured during mitotic exit. At anaphase onset,
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neither EGFP-Kif4A nor CycBmodND-EGFP-Kif4A showed a major loss in fluorescence signal. In contrast,
the signal of CycBmod-EGFP-Kif4A decreased significantly, however with a much slower kinetic as
CycBmod-EGFP-Kif18A (figure 4.11A, D).

Figure 4.11: Quantitative comparison of premature degradation efficiency. (A, B) Quantitative fluorescence intensity of cells
expressing the indicated proteins in absence of the respective endogenous counterpart during mitotic exit. At least 9-10 cells
were analyzed, and one exemplary curve is displayed. (C) Mean of the relative total fluorescence intensities at nuclear
envelope breakdown of all cells analyzed for experiments A and B. Error bars display standard deviation from the mean (D)
Quantitative comparison of relative degradation curves with the Cyclin B1-tag during indicated times at mitotic exit. Error
bars display standard deviation from the mean.

We next compared this degradation data obtained with Kif4A and Kif18A to our constructs of Aurora B
kinase. Unlike the previously analyzed kinesins, we observed a degradation kinetic starting already
approximately 10 minutes before nuclear envelope breakdown for CycBmod-EGFP-AurB (figure 4.11B).
Although the fluorescent Aurora B constructs showed the overall highest protein abundance of all
three proteins studied (figure 4.11C), attachment of the Cyclin B1mod-tag to the kinase resulted in highly
efficient premature disappearance of its fluorescence signal. With a degradation rate of CycBmod-EGFPAurB that is only marginally slower as CycBmod-EGFP-Kif18A, the tag proved very efficient for a nonmotor protein likewise.
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Since we have now successfully demonstrated that the method of early degradation worked perfectly
with Kif4A and Aurora B as well, we set out to determine whether premature absence of Kif4A and
Aurora B resulted in similar phenotypes as previously described in experiments using siRNA knockdown
or, in the case of Aurora B, kinase inhibition.
Cells depleted of Kif4A show highly elongated spindles in anaphase153, 161, 253, mis-organized central
spindles153, 254, 255 and frequently result in binucleated daughter cells161, 255, 256. To test whether this
phenotype would also appear if Kif4A was present in early mitosis but degraded with our tool at
anaphase onset, we depleted cells grown on coverslips of endogenous Kif4A, synchronized cells in
mitosis by thymidine and induced expression of CycBmod-EGFP-Kif4A. We fixed cells 13 h after
thymidine release, a time point where most of them were in late mitosis and stained the mitotic spindle
with a tubulin antibody. As reported previously for analysis of Kif4A knockdown153, spindles were then
measured from pole to pole and cell length was measured as means to quantify the spindle length
relative to the respective mitotic state (figure 4.12A). In comparison to cells expressing EGFP-Kif4A,
these cells clearly showed a trend to more elongated spindles, however the phenotype was not as
pronounced as Kif4A depletion by siRNA (figure 4.12 B). Cells expressing CycBmodND-eGFP-Kif4A on the
contrary showed spindle pole distance measures undistinguishable from EGFP-Kif4A. This
demonstrates that degradation of Kif4A at anaphase onset using our Cyclin B1-tag can reproduce welldescribed phenotypes originally studied by RNAi during mitotic exit. It may be less efficient because of
the slower degradation of the chromokinesin (figure 4.11A, D), resulting in significantly reduced
protein levels but not in complete protein absence during central spindle formation.
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Figure 4.12: Premature degradation of Kif4A results in elongated central spindles. (A) Schematic cell showing parameters
measured for B and C. (B) Synchronized cells were fixed in late mitosis and stained for microtubules. Cell length and pole-topole distance were measured in all mitotic cells. The left graph shows control cells (blue circles) and cells treated with siRNA
against Kif4A (red squares) in comparison. On the right-hand side, cells treated with siRNA and induced expression of EGFPKif4A (green diamonds), CycBmod-EGFP-Kif4A (orange triangles) and CycBmodND-EGFP-Kif4A (yellow circles) are shown. Trend
lines show linear regression of each condition. (C) As in B, but measurement of midzone length as indicated in A. (D)
Synchronized cells treated as indicated below were fixed and occurrence of lagging chromosomes (blue bars) and DNA bridges
(diagonal lines) were quantified. Multiple occurrences in one cell were counted as 1.

We repeated the experiment measuring midzone length instead of pole-to-pole distance, with the
same result (figure 4.12C), further strengthening the hypothesis that indeed the absence of Kif4A’s
function on the central spindle was causative for the observed spindle elongation. However, beside
its functions during anaphase, Kif4A also has numerous reported functions during interphase257 and
early mitosis152, 258, 259, resulting amongst others in DNA segregation errors258 in absence of the protein.
With our tool, we did not expect an increased occurrence of those early mitotic phenotypes. We
therefore analyzed our fixed cells for DNA bridges and lagging chromosomes. In comparison to control
cells, knockdown of Kif4A greatly enhanced the percentage of cells with visible DNA segregation errors.
Interestingly, expression of each of the three Kif4A constructs could diminish the occurrence of DNA
bridges to a rate similar to control cells (figure 4.12D). This strengthens the hypothesis that DNA
bridges are the consequence of a Kif4A function earlier in mitosis that is not affected by our tool. The
occurrence of lagging chromosomes on the contrary generally was too low for any statistical
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conclusions within this experimental set up. However, since we performed this experimental analysis
only once this is a preliminary result.
Like Kif4A, the Ser/Thr protein kinase Aurora B has an extensively described function during mitotic
exit. While first experiments expressing a kinase dead Aurora B version revealed dominant negative
defects in cleavage furrow formation and subsequent cytokinesis failure260, later experiments using
RNAi or small molecule inhibitors against Aurora B similarly showed chromosome alignment and
segregation failure261, 262 and at later mitotic stages defects in central spindle formation, cleavage
furrow formation and consequentially cytokinesis defects263.
To observe late mitotic phenotypes as a potential consequence of premature degradation of our
CycBmod-EGFP-AurB constructs, we synchronized cells treated with siRNA against Aurora B in mitosis
via thymidine block and induced expression of either EGFP-AurB, CycBmod-EGFP-AurB or CycBmodNDEGFP-AurB in the respective cell lines by tetracycline. Untreated cells, cells only treated with siRNA
against Aurora B or cells treated with the Aurora B inhibitor ZM447436 served as comparison for
observed phenotypes. We chose a typical dose (2 µM) and a very high dose (20 µM) of the small
molecule ZM447436 as previous findings had shown a fine, dose-dependent threshold for the
observation of cytokinesis failure264.
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Figure 4.13: Premature degradation of Aurora B using CycBmod-EGFP-AurB. (A-C) Quantification of percentage of cells treated
as stated below the graph showing the respective phenotypes. (D) Exemplary images showing the phenotypes analyzed in AC displayed as a merge of transmitted light and H2B-mCherry fluorescence signal. EGFP fluorescence is not shown for reasons
of clarity. Time scales are in minutes from metaphase or a state describable as such. blot of samples taken after the live-cell
experiment performed for A-C showing protein levels of Aurora B constructs. Asterisk marks a probably incomplete
translational byproduct of exogenous Aurora B.

As reported previously, cells treated with siRNA against the kinase or with the specific Aurora B small
molecule inhibitor ZM447439261, 264 showed an increase in chromosome alignment defects (figure
4.13A, D). While siRNA treatment only resulted in 22 % of cells with alignment issues, a low dose of
ZM447436 could increase the number and a high dose of the inhibitor resulted in a 100% phenotype
with no single cell without alignment defect remaining. Additional expression of both EGFP-AurB and
CycBmodND-EGFP-AurB in cells depleted of endogenous Aurora B could reduce the number of alignment
defects; however, expression of CycBmod-EGFP-AurB showed no difference concerning alignment
defects to the knockdown condition. Although cell division without properly aligned chromosomes is
not a mitotic exit phenotype, this finding could potentially be explained by the earlier onset of
degradation of the CycBmod-EGFP-AurB construct before anaphase onset, as opposed to the case of
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CycBmod-EGFP-Kif18A or CycBmod-EGFP-Kif4A, where a reduction in protein levels only could be
observed upon chromosome segregation (figure 4.11B, D).
Interestingly, segregation failures could only be observed in cells treated with ZM447439. While the
observed penetrance of the phenotype was relatively minor with the lower concentration, a high
concentration resulted in a very pronounced segregation failure phenotype (figure 4.13B, D). This may
indicate a dependency on fully reduced kinase activity levels for observation of this phenotype that we
could not achieve by RNAi. Alternatively, it could be explained by putative off-target effects of
ZM447436 or by the difference between elimination of the complete protein as opposed to only
preventing its kinase activity. Hence, the ability of our rescue constructs to compensate for
chromosome segregation failures could not be assessed.
On the contrary, with all cells failing at chromosome segregation, no downstream cytokinesis defects
could be observed in cells treated with 20 µM ZM447436, whereas the lower dose and siRNA treatment
showed them to some extent. Cytokinesis failures could not be rescued by any of the constructs,
however expression of CycBmod-EGFP-AurB lead to worsening of the phenotype and increased numbers
of cells with cytokinesis failures (figure 4.13C, D) and in consequence accumulation of polyploid cells.
As Aurora B kinase requires all components of the CPC (chromosomal passenger complex) for many of
its functions262, 265 and absence of Aurora B also destabilizes INCENP and survivin262, one possible
explanation could be that with our experimental protocol the total amount of CPC complexes is
reduced as a consequence of Aurora B knockdown and cannot be reestablished by subsequent
expression of exogenous Aurora B constructs. The amount of other CPC components likely limits the
overall number of functional complexes, even if Aurora B variants are present in excess (figure 4.3E).
In line with this, we could not observe a difference to untreated control cells in any of the analyzed
phenotypes if EGFP-AurB was expressed without previous siRNA treatment, despite significantly
elevated protein levels of the kinase (figure 4.13 A-C, E). Findings that efficient overexpression of
Aurora B in S. cerevisiae can only be achieved if other components of the CPC are overexpressed266
additionally support this hypothesis. In the case of CycBmod-EGFP-AurB, siRNA treatment prior to
expression of the exogenous construct would result in a lower number of CPC complexes. Upon
addition of tetracycline, the modified Kif18A would be partially incorporated into the lower, remaining
number of CPC complexes. At anaphase onset, however, the catalytic core of the complex would be
degraded, giving a possible explanation to the high number of cytokinesis failures under this condition.
In conclusion, we successfully could apply our method to proteins other than Kif18A with a previously
known protein function during mitotic exit. Although phenotypes could only be replicated to a certain
extent by the attachment of CycBmod-EGFP to either Kif4A or Aurora B, chances that a putative role of
Kif18A during mitotic exit could be observed were assumable. Firstly, because for the Kif18A construct
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a faster degradation kinetic as with CycBmod-EGFP-Kif4A could be observed and secondly because
Kif18A is not known to rely on a protein complex for its function that is destabilized in its absence and
thus result in a complicated interplay being disrupted. Moreover, no degradation could be observed
prior to anaphase onset as with CycBmod-EGFP-AurB, making Kif18A an ideal candidate for our newly
developed method.

4.7 Phenotype of Premature Kif18A Degradation
During the course of creating our CycBmod-EGFP-Kif18A, we could not observe any immediate
abnormalities during cell division. Now, to characterize phenotypes of premature disappearance of
Kif18A, we therefore followed previous reports containing hints towards putative functions of the
kinesin in late mitotic stages.
In the early days of Kif18A research, experiments using RNAi against the motor protein not only led to
discovery of the prominent chromosome alignment phenotype but also observations that in absence
of Kif18A cells occasionally failed at cytokinesis161 and showed increased chromosome-to-pole speed
during Anaphase A94. As we never observed the former, we went on assessing the latter in more detail.
We treated cells with siRNA against the motor protein, expression of either EGFP-Kif18A, CycBmodEGFP-Kif18A or CycmodND-EGFP-Kif18A was induced by tetracycline addition and cells were
simultaneously synchronized in S-phase by thymidine. After 15 hours incubation, cells were released
and simultaneously the microtubule dye SiR-tubulin was added. We imaged cells during mitosis and
subsequently quantified chromosome motion towards the spindle poles. Unlike described, we could
not observe increased poleward velocity of chromosomes during Anaphase A. This discrepancy could
be explained by the fact that we performed the experiment using H2B-mCherry as DNA marker and
tubulin staining by SiR-tubulin and did formally not quantify kinetochore to centrosome movement.
We tried to replicate the experiment in cells expressing Centrin2-mCherry, CENP-A-mScarlet in
combination with our TetOn system for expression of our GFP-tagged Kif18A variants but failed at
producing suitable cell lines. During the course of generating these data, we also realized that the
difference between analyzed cells may depend on the angle of spindle imaging; hence we tried to
image z-stacks, which however was not tolerated by our cells as it required in addition to three
fluorescent channels also extremely short time intervals of imaging. We conclude that in order to draw
definite conclusions a better method would have to be established.
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Figure 4.14: Analysis of DNA segregation during mitotic exit. (A) Schematic overview of parameters measured. (B)
Measurement of chromosome-to-pole distance. Cells were depleted of endogenous Kif18A and expressing constructs as
stated on the bottom right. Timepoint zero depicts chromosome segregation onset. Chromosomes were measured as
averaged line relative to the longitudinal axis. Data points represent the mean of at least 5 different cells, error bars show
standard deviation of the mean. (C) Enlarged section of B. (D) Measurement of chromosome distance during mitotic exit.
Timepoint zero depicts chromosome segregation onset. Chromosomes were measured as averaged line relative to the
longitudinal axis. Values before chromosome segregation hence represent average metaphase plate width. Data points
represent the mean of 5-10 different cells per condition, error bars show standard deviation of the mean. (E) Enlarged section
of E.

We then started to analyse cells in anaphase B by measuring chromosome distance during the process
of central spindle establishment (figure 4.14A). In comparison to cells expressing EGFP-Kif18A, we
could not observe altered motions of chromosomes in cells expressing CycBmod-EGFP-Kif18A or
CycBmodND-EGFP-Kif18A. Notably though, a clearly reproducible altered kinetic was observed for cells
depleted of Kif18A (figure 4.14D, enlarged in E). The segregation of chromosomes was slower, and
although in the end it reached a similar distance as in all other cells, the time to get there was longer.
In cells expressing CycBmod-EGFP-Kif18A this was not observed despite successful degradation of the
kinesin at anaphase onset. Therefore, either very small, hardly detectable amounts of Kif18A still are
present and are already sufficient for a normal segregation kinetic with CycBmod-EGFP-Kif18A, or,
alternatively, we favour the explanation that in cells depleted of Kif18A, the failure to establish tight
alignment of chromosomes during metaphase may influence the kinetic also at later time points. The
fact that we did not see any correlation with expression levels of our Kif18A constructs and this velocity
effect (data not shown) further supports the hypothesis that the retarded chromosome motion is
rather a consequence of Kif18A absence during chromosome alignment than a function of the kinesin
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during mitotic exit. Although this did not result in any new insights, it demonstrates the importance
of discrimination whether observed phenotypes in any cell stage are a direct or rather indirect
consequence of protein malfunction.
We figured that Kif18A may alternatively be involved in a process during mitotic exit not directly
related to microtubule elongation. Mutations in Klp67A, the D. melanogaster homolog of Kif18A were
found to cause severe central spindle instability during female meiosis204. We similarly examined
central spindles of Anaphase B cells. We could not observe morphological differences. We therefore
challenged cells with a cold treatment prior to fixation. It is known that microtubules are
depolymerized at low temperatures; however, different microtubule structures have different
sensitivities267. Because central spindle microtubules are known to be generally more stable against
depolymerizing drugs268, we designed a similar experiment using cold treatment during anaphase. Cells
depleted of endogenous Kif18A were induced to express our constructs. After reaching anaphase, they
were treated for different times on ice and fixed afterwards. We found that 15 min cold shock led to
complete disappearance of most spindle microtubules except for central spindle microtubules (data
not shown). However, we could not observe differences between the cells expressing our different
constructs. We quantified microtubule intensities as means to discover not immediately obvious
differences. Unfortunately, we found that these data were more sensitive towards the order of
antibody staining against microtubules than to any Kif18A construct we expressed and consequently
we neglected this approach.
Instead, we set up an experiment to observe general mitotic exit kinetics to analyze consequences of
premature, rapid degradation of Kif18A at anaphase onset. We treated cells with siRNA against the
motor protein. Expression of either EGFP-Kif18A, CycBmod-EGFP-Kif18A or CycmodND-EGFP-Kif18A was
induced by tetracycline addition and cells were simultaneously synchronized in S-phase by thymidine.
To achieve high representative numbers of cells in high resolution and good condition we
circumvented live-cell analysis by fixation of cells 13 h after thymidine release when the majority of
dividing cells was about to exit mitosis. We then categorized cells into anaphase A, anaphase B or
telophase cells. Cells with segregated chromosomes but without visible central spindle were classified
as anaphase A, whereas cells clearly showing a central spindle were counted as anaphase B. Cells
already showing signs of chromosome recondensation or cleavage furrow formation were counted as
telophase. We could not observe significant differences in the occurrence of distinct mitotic phases
(figure 4.15A).
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Figure 4.15: Analysis of phenotypes during mitotic exit in absence of Kif18A. (A) Total number of cells pooled from 3
individual experiments assigned to mitotic phase as described. (B) Quantification of cells from A with phenotypes as indicated
on the right. Error bars display standard deviation from the mean.

Within the course of 3 experiments, the percentage of cells in Anaphase A, Anaphase B or Telophase
remained constant with only insignificant fluctuations between either of the three constructs. We
conclude that greatly reduced levels of Kif18A do not influence timing of mitotic exit to a relevant
extent. We then quantified all abnormalities that could be observed in these cells. We observed DNA
bridges, lagging or delayed chromosomes but could not detect variations in frequency of occurrence
(figure 4.15B). Although DNA segregation phenotypes typically are a consequence of errors that occur
already during S-phase or during chromosome attachment to the spindle, their resolution depends on
the abscission checkpoint269, 270. For us, it would be a logical consequence that, should Kif18A be
involved in this process, a change in the number of such unresolved events would be observable. We
therefore consider it unlikely that premature absence of Kif18A has any consequences on late mitotic
checkpoints. However, we must emphasize that ultra fine DNA bridges (UFBs)271 are not detectable
with our method and therefore we cannot make a final statement about this specific case.
Next, we addressed the question whether precocious absence of Kif18A rather had consequences not
during mitotic exit but after cell division. Previous reports suggested that Kif18A’s function in
chromosome alignment was causative for an increase in cells with abnormally shaped nuclei after
mitosis129. These studies were performed in RPE cells with a homozygous Kif18A knockout and could
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therefore not distinguish whether issues with nuclear reassembly during telophase required a function
of Kif18A after metaphase as well.
We analyzed nuclear morphology prior mitosis in mother cells and post mitosis in respective daughter
cells depleted of endogenous Kif18A but expressing our constructs instead. Even though previous
studies used nuclear solidity to describe aberrant nuclear morphology, we decided to rather analyse
circularity (figure 4.16A). In cases of binucleated or lobular structures this parameter gave more
representative results (figure 4.16B). We first compared the circularity values of pre-mitotic mother
cells pooled from three individual experiments. A slightly lower median value for the circularity of
mother cells expressing EGFP-Kif18A could be observed as opposed to the other two conditions with
cells expressing either CycBmod-EGFP-Kif18A or its non-degradable variant, probably speaking for a cellline intrinsic characteristic (figure 4.16 C), especially as the same trend was seen for the daughter cells.
Because the mitotic phenotype of Kif18A was described as affecting a percentage of cells particularly
strong163, we quantified the percentage of outliers below a circularity value of 0.72. We found a slight
increase from mother to daughter cells for all conditions analyzed (figure 4.16F), again with both
CycB1-tagged constructs showing slightly more abnormal cells than EGFP-Kif18A expressing control
cells.
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Figure 4.16: Analysis of nuclear shape post mitosis. (A) Mathematical definition for the calculation of solidity and circularity,
respectively. (B) Comparison of circularity versus solidity values measured for the shapes pictured above. (C) Circularity values
pooled from three individual experiments of mother cells depleted of endogenous Kif18A expressing Kif18A variants as
described on the right. (D) Top: circularity values of cells treated as described below. Bars display median values for each
condition. Bottom: Percentage of cells with circularity values below 0.72. (E) Circularity values pooled from three individual
experiments of daughter cells depleted of endogenous Kif18A expressing Kif18A variants as described on the right. (F)
Percentage of cells of C and E with circularity values below 0.72. Error bars show standard deviation from the mean of 3
experimental repetitions.

Although we cannot exclude that the addition of the CycB1-fragment to Kif18A slightly lowers
circularity of nuclei, we consider it unlikely that short term expression of these variants influences
nuclear morphology already prior to mitosis.
To further investigate this issue, we compared each of our cell lines not just under conditions of
knockdown and exogenous Kif18A expression but untreated and treated with siRNA only. The trend
towards cell line intrinsic circularity values was confirmed. Like previous findings with RPE knockout
cells129, we found that knockdown generally increased the number of outlier cells with a circularity
value below 0.72, albeit to a highly variable extent. Additional expression of exogenous Kif18A variants
only revealed a rescue in the case of CycBmodND-EGFP-Kif18A (figure 4.16D). We therefore conclude that
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observed circularity abnormalities cannot, at least not exclusively, be attributed to neither knockdown
of Kif18A by siRNA nor exogenous expression of the CycB1-tagged Kif18A variant, and most definitely
not to premature degradation of the motor protein. We also could not observe other phenotypes in
any of the analyzed conditions regarding mitotic outcome and G1 phase.

Unfortunately, despite our successfully established, well-functioning method for premature Kif18A
degradation, we have to conclude that we cannot detect any effect on cells if Kif18A is degraded
prematurely. The absence of any abnormal observation however does not exclude the possibility that
there are effects that yet remain to be discovered.
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5 Discussion
Efficiency of CycBmod mediated degradation
In our attempts to study a function of Kif18A at mitotic exit we established a well-functioning tool for
efficient degradation of proteins of interest at anaphase onset. Using the Cyclin B1 degron motif
allowed coupling of degradation with the satisfaction of the spindle assembly checkpoint, which not
only ensures degradation occurs at a very well-defied time point during the cell cycle, but also ensures
that cells entering anaphase have had no issues during early mitosis. Indeed, in the course of our
experiments we could not observe a single cell where degradation of CycBmod –tagged proteins did not
start timely at anaphase onset. In addition, our method exhibits rapid degradation rates that however
showed some variation depending on the substrate tagged with CycBmod. Both Kif18A and Aurora B
declined to hardly detectable levels within 10-15 min after anaphase onset. The kinase however
declined to levels of about 90% already during 10 min prior to anaphase, whereas Kif18A levels
remained constant but showed a faster decline upon anaphase onset. Kif4A levels on the contrary
were only reduced to approximately 40% during this time window. The degradation rate then became
much slower, detectable fluorescence levels were roughly halving within the next 100-120 min (see
figure 4.11). Our comparison with fluorescence intensity as measure of protein concentration could
not explain these differences, since for example Aurora B was the most abundant kinase but showed
a more efficient degradation rate as Kif4A regardless. Therefore, the difference must be either the
accessibility of the tag, which could depend on specific protein fold, or alternatively its localization
within the cell.
Since we tagged all proteins analyzed in this study additionally with EGFP, the barrel-shaped
fluorescent protein272 was in all cases adjacent to the CycBmod tag. We consider it unlikely that EGFP
interferes with recognition of the CycBmod sequence since any arising issues would have occurred in all
cases similarly. Since however both the N-terminus and C-terminus of EGFP are on the same side of
the barrel shape272, it is possible that the mostly helical N-terminal domain273 of cyclin B1 displays
interactions with the substrate protein. This could both limit degron recognition and interfere with the
normal function of the substrate protein. Both possibilities can only be tested experimentally.
Accessibility of the degron motif within the CycBmod must be well in the case of Kif18A and Aurora B,
since they are both degraded rapidly. The fast rate that later changes into a slower rate in the case of
Kif4A leaves posttranslational modifications as one possibility could play a potential role in influencing
accessibility of the CycBmod degron.
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To avoid the second possibility that is influence of CycBmod on the substrate protein it is important that
its proper function is ensured. In the case of Kif18A, we could show that CycBmod-EGFP-Kif18A could
fully rescue the prolonged mitotic prometaphase timing that occurs during siRNA treatment. Before
we introduced the mutations of 6 lysine residues, we observed problems of metaphase cells to exit
mitosis when CycB1-EGFP-Kif18A was expressed in Kif18A-RNAi cells. Although we suspected that the
positive charge of the tag would enhance binding of the kinesin to microtubules, similar as it has been
observed with histidine-tagged kinesins, we cannot exclude that this was rather a possible
consequence of direct interference with N-terminal residues of Kif18A. However, our optimization that
resulted in the CycBmod-tag did not have these issues anymore and could fully compensate for wild type
Kif18A. With Kif4A and Aurora B, it was less straight forward to prove that both proteins were
unaffected prior to anaphase. For Kif4A, we analyzed DNA bridges and could find a clear rescue with
CycBmod comparison to the knockdown case. Although we cannot exclude issues of other nature, we
could not find a behaviour different to that of wild type Kif4A in early mitosis. In the case of Aurora B,
there was no rescue of chromosome alignment failure with expression of CycBmod-EGFP-AurB.
However, the more distinct phenotype of failed chromosome segregation could not be achieved with
our siRNA protocol. Hence, we cannot give a detailed conclusion as to whether there is an interference
or no full rescue with the tag. For both Kif4A and Aurora B, experimental repetitions and optimizations
could give a more detailed picture. Overall, however, we have not observed any undesired side-effects
with CycBmod on the substrate protein any case.
Despite individual protein folds, it must be considered that typical environments of proteins of interest,
such as the kinetochore or the central spindle, are crowded structures where dense networks of
protein interactions could give rise to numerous intermolecular interactions. Proteins in close
proximity of the tagged substrate could therefore mask the degron sequence. In consequence, one
possible explanation for the slow, incomplete degradation of Kif4A could be that part of the CycB modEGFP-Kif4A population has an inaccessible degron tag. In that scenario, after the initial drop at
anaphase onset, the remaining kinesin is tightly bound to the central spindles scaffold and only
proteins that are diffusing off could be degraded. The activity of APC/CCdc20 declines in late mitosis due
to ubiquitylation of Cdc20274 and therefore the slow degradation kinetics observed even 2 hours after
anaphase in the case of Kif4A could also be a consequence of reduced Cdc20 activity or a changed
proteolytic mechanism by either APC/CCdh1 or an alternative, unknown E3 ligase. Ultimately, only
thorough studies that include tagging of many substrates at similar locations could give more definite
answers to this.
Another realistic possibility would be that the location of a protein of interest tagged with the CycBmod
sequence determines its degradation efficiency. It would for example be a plausible explanation that
substrates located in spots where high levels of APC/C are found are more likely to be degraded faster.
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Studies analyzing localization of the E3 ligase APC/C during prometaphase revealed that it is localized
at spindle poles275 (centrosomes to be more specific)276, spindle microtubules275 and centromeres of
unaligned chromosomes where it disappears upon correct alignment275. Its substrate Cyclin B1 is found
on outer kinetochores of unaligned chromosomes. Upon successful microtubule attachment of
kinetochores, it is transported in a dynein-dynactin dependent manner to the spindle poles where it
disappears once all chromosomes are successfully aligned19, 20. This suggests that its degradation
occurs predominantly at the spindle poles. Interestingly, when examining the degradation of Cyclin B1
by injection of Cyclin B1-GFP and subsequent live cell imaging, Clute and Pines observed that
degradation started 26 min prior to anaphase onset and was mostly completed when cells reached
anaphase19. On the contrary, all proteins we tagged in the work presented here had a significantly later
onset of degradation. Both Kif18A and Kif4A only were degraded upon anaphase onset and in the case
of Aurora B, we noticed a decline in protein levels starting approximately 10 min prior anaphase onset,
to about 90% upon chromosome segregation onset. This gap in comparison to Cyclin B1 can partially
be explained by the fact that our tag is only a fragment of the protein, as previous studies with Cyclin
B1 peptides revealed a less efficient degradation of truncated N-terminal Cyclin B1 peptides248.
Another explanation for this observation could be that the location of our substrates differs clearly
from that of Cyclin B1. Kif18A is found on the spindle scaffold and accumulates at the k-fiber plus tips
at the time point we expect it to be recognized94,

162

. Kif4A as a chromokinesin localizes at the

chromosome arms and only migrates to the central spindle upon SAC silencing258. Aurora B is
characterized to form discrete pools that can be found at the inner centromere, adjacent to the inner
centromere and the outer centromere277. According to this, Kif18A at the microtubule could interact
with the E3 ligase at the microtubule scaffold, Aurora B and Kif4A however potentially only before
checkpoint satisfaction at the centromere. This however does not match our observed kinetics. We
therefore hypothesize that degradation of CycBmod-tagged proteins must be mediated by a cytosolic
pool of both substrate and E3 ligase. Less data exists about cytosolic pools as they are sensitive towards
background fluorescence and easily disappear during the process of fixation and staining. We can
imagine the following scenario: According to its degradation curve, Aurora B must be the most dynamic
substrate and therefore is recognized as soon as active APC/CCdc20 exists in the cytosol. Kif18A bound
to the k-fibers only disassociates in significant amounts upon anaphase onset and is degraded then.
For Kif4A the same may be true, however a proportion of this protein moves to a location where it is
inaccessible or shows not very dynamic behaviour. Although both kinesins, and also Aurora B as part
of the CPC, are recruited to the central spindle, residual amounts of both Kif18A and Aurora B
disappear at a much faster rate. Therefore, either our first explanation of a masked degron in the case
of Kif4A is correct or the chromokinesin binds with an extremely low off-rate to the central spindle
scaffold.
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Furthermore, we cannot exclude that other degradation mechanisms interfere with the process of
APC/CCdc20 mediated degradation of our CycBmod fragment. Despite Cyclin B1, which is a very well
studied APC/C substrate43, 44, not much is known about degradation of Kif18A, Kif4A and Aurora B. A
study suggesting that Kif18A is an APC/CCdc20 substrate could show interaction with APC/C through coimmunoprecipitation240, but is contradicted by a study that classifies Kif18A as a substrate of
APC/CCdh1 278. The same study also suggests that Kif4A may be regulated by APC/CCdh1, however it
shows a much more stable overall profile. Aurora B is known to be degraded by APC/CCdh1 in late
mitosis279, 280. It is therefore possible that in the case of Kif18A, an intrinsic ubiquitylation pathway
increases the degradation rate by recognizing a degron motif directly localized within the kinesin.

Limits of CycBmod as a tool
Due to the high reliability of premature degradation that we could observe regarding all the CycBmod
tagged substrates in this work, we can speculate on the generatability of this tool. However, this
requires that several questions are addressed. First, we have to know more about the mechanism that
defines when and how efficient a CycBmod-tagged protein is degraded. For example, attachment of the
N-terminal tag could result in unspecific protein interactions in certain cases, or it could well be that
for some proteins of interest N-terminal tagging is not possible due to steric hindrance. For the
substrates we have chosen, we made sure in all cases that N-terminal tagging with a fluorophore
already was established and described as unproblematic, but it may be that it is problematic for other
proteins, for example for proteins of interest that are part of a protein complex. We have not obtained
data as to whether the tag also would function C-terminally or embedded between the protein of
interest and a fluorophore or even another additional tag. These questions however are difficult to
generalize, and we therefore chose to not address them in this work. Rather, we prefer stressing that
each substrate to be tagged with our CycBmod tool should be subjected to a thorough examination
concerning suitability and best options for tagging.
Furthermore, the fact that our system relies on a cellular intrinsic degradation pathway may limit its
capacity. It was shown previously shown that inefficient degradation if Cyclin B1 does not prevent
anaphase onset but may re-activate the spindle assembly checkpoint281. If a protein tagged with
CycBmod would interfere with degradation of Cyclin B1, this for example could result in failure to
translocate CPC to the midzone and cytokinesis failure281. Regardless of possibly observed phenotypes
that result from tagging a protein of interest with CycBmod, it should be excluded that it is not a
consequence of failure to satisfy the spindle assembly checkpoint. We could not observe evidence for
inefficient degradation or failure in spindle checkpoint inactivation failure with the substrates we have
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chosen, but it could be that proteins with very high abundance or proteins with a very similar
localization as Cyclin B1 could interfere with endogenous Cyclin B1 degradation.
An important limitation of this method is moreover that it relies on expression of an exogenous protein
construct. This in turn requires not only efficient knockdown of the corresponding endogenous protein
but also at the same time expression levels of the exogenous construct at a comparable level to the
endogenous protein must be ensured. It is frequently the case that exogenous proteins are expressed
under a highly efficient promotor and strongly exceed endogenous protein levels. This could not only
interfere with degradation efficiency of CycBmod at anaphase onset, but also, more importantly, could
result in the observation of behaviours that are not occurring at wild type protein levels.
In our experiments, we titrated both the timepoint and concentration of tetracycline addition.
Thereby, we could ensure that protein levels were similar to the one of the endogenous proteins.
However, we still noted that despite working with stable cell lines, the Kif4A and Kif18A constructs
showed a great cell-to-cell variability in terms of fluorescence intensity and hence likely abundance of
the exogenous protein. Variations in protein levels between individual cells that are genetically
identical and were treated identically is known for many other proteins282-284. As we did not observe
this with Aurora B, we conclude that this likely depends on the existence of cellular pathways that
regulate protein levels. However, we cannot exclude that in the case of Kif4A and Kif18A tetracycline
induced expression results in cellular protein abundance variations that are usually not occurring.
Experimentally, these variations give rise to variable phenotypes. In combination with the fact that a
similar variability with knockdown of endogenous protein must be assumed, the resulting lower
number of cells that both contain the desired exogenous protein level, and a successful knockdown
may influence experimental outcomes. For example, the occurring frequency of a certain phenotype
may be reduced or observed phenotypes may be more variable.

Outlook on CycBmod as a General Tool
Due to the fast and efficient degradation at distinct time point of the cell cycle, our method has a high
potential for successful study of numerous protein functions during mitotic exit. The size of the
required tag is comparatively small, it works well in combination with a fluorescent protein marker and
there is a good chance for rapid degradation of the desired substrate. Ideally, two points can be
improved in future work.
Firstly, a clearer picture what substrates generally are well degraded when tagged with CycBmod would
allow an early prediction whether a protein of interest would be a good candidate.
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And secondly, the possibility to combine the CycBmod tag with a genetic knock-in approach would
circumvent problems that occur due to both heterogenous knockdown in a cell population and
heterogenous expression by tetracycline induced expression. Instead, a protein of interest could be
expressed from its native promotor. For successful experiments however, the knock-in approach
would have to be conditional, which could for example be achieved by a combination with the Cre/loxP
system285. Otherwise, newly generated cell lines would accumulate errors with every cell division
where the protein of interest was degraded prematurely.

Possible Situation of Kif18A at Mitotic Exit
We attached the CycBmod tag successfully to Kif18A and could successfully report a rescue of the
distinct mitotic timing phenotype in prometaphase. Upon successful spindle assembly checkpoint
satisfaction, cells entered anaphase and the CycBmod-EGFP-Kif18A construct was degraded rapidly.
However, neither during live-cell analysis nor in cell populations fixed in late mitosis we could recognize
any difference at first glance if Kif18A was degraded prematurely. We therefore followed previous
reports concerning anaphase functions of Kif18A to analyze potential phenotypes.
During anaphase A in human tissue culture cells, increased poleward motions were observed in
absence of the kinesin94. In our work, we could not replicate the experiment that consisted of a cell
line expressing EGFP-CENP-B, Venus-centrin and either expression of fluorescently labelled Kif18A or
knockdown of the endogenous protein. Instead, we analyzed cells depleted of the endogenous protein
but expressing Kif18A fusion constructs and H2B-mCherry and combined this with a staining for SiRtubulin. We analyzed motion of DNA towards the poles. In the case of Kif18A knockdown without
expression of ectopic Kif18A, we observed no altered motion of chromosomes towards spindle poles
(figure 4.14) which is in contradiction to the previously reported data. Expression of Cycbmod-EGFPKif18A did not change this. However, when comparing the short duration of anaphase A that lies in the
range of 5 minutes99 with the kinetics of our CycBmod tag that is typically hardly detectable 10-15 min
after anaphase onset (figure 4.11), we think that during the poleward motion of kinetochores,
relatively high levels of the kinesin remain available. It therefore is generally questionable whether at
that stage any effect of CycBmod-EGFP-Kif18A expression already could be observed.
In contrast to Anaphase A, we could observe a sharp drop of CycBmod-EGFP-Kif18A levels during
Anaphase B. We analyzed chromosome segregation speed in our cells expressing H2B-mCherry and
different Kif18A constructs. Co-staining with SiR-tubulin allowed observation of spindle dynamics. Cells
depleted of Kif18A segregated chromosomes more slowly than control depleted cells (figure 4.14), but
all constructs, CycBmod-EGFP-Kif18A as well as EGFP-Kif18A and CycBmodND tagged Kif18A, rescued this
phenotype equally well. It could be that in the case of Kif18A knockdown, the slower segregation is not
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an actual consequence of Kif18A absence during chromosome segregation but of the misaligned
chromosomes at anaphase onset. Analysis of G1 nuclei in Kif18A knockout hTERT-RPE cells revealed
aberrant nuclear shapes of daughter cells129, which also was hypothesized to be a consequence of
disorganized chromosomes at anaphase onset. As it could not be excluded that it is rather a function
of Kif18A resulting in issues with nuclear reassembly we replicated the reported experiment and
analyzed whether the same effect would happen if Kif18A was degraded prematurely (figure 4.16).
With our HeLa cells, we however could not observe any effect neither of premature degradation of
Kif18A nor of knockdown.
It could be that either knockdown is not sufficient for this phenotype and a full knockout is required.
Alternatively, this effect could be cell type specific for RPE cells and is less pronounced in HeLa cells.
But since first steps of nuclear reassembly already occur in anaphase128 we think it is likely that issues
with nuclear reassembly are not the result of Kif18A absence but a mere consequence of segregation
with unaligned chromosomes which occurs regardless of the method used for reducing Kif18A levels
and in all cell lines129, 185.
Considering the reported molecular functions of Kif18A, we figured if it plays a role during anaphase,
it most likely would be through an influence on microtubule dynamics of the central spindle. Elongated
anaphase spindles as previously reported for prometaphase spindles162 and in S. cerevisiae203 were not
observed in our experiments. But since Kif18A is frequently described as microtubule stabilizing
kinesin94, 165, we hypothesized it would be feasible to assume an influence on microtubule stability
during mitotic exit. As we could not observe mis-shaped central spindles, we sought to challenge cells
with a cold shock. This method that was applied previously for example to measure stability of
kinetochore microtubules286 consists of a cold treatment during which microtubules that are less stable
decompose faster. Our attempts to measure microtubule intensity after cold shock treatment as
means to quantify microtubule stability unfortunately failed due to issues with staining replicability.
We therefore are not able to draw clear conclusions on the influence of Kif18A on microtubule stability
during mitotic exit.
A recent study performed co-depletion experiments of different central spindle factors together with
inhibition of kinesin Eg5 in HeLa cells. In the case of Kif18A, it was only possible to perform a partial
depletion, otherwise cells would not enter anaphase. However, spindle elongation was slower under
this condition111. This could be an interesting experiment to combine with our tool, since it would allow
proper anaphase onset but a complete degradation during anaphase. Altogether we think it is possible
that many compensatory mechanisms exist during mitotic exit. This would cells allow to ensure that
processes crucial for survival like chromosome segregation and daughter cell formation are less error
prone. These mechanisms however can only be revealed by depleting or inhibiting multiple proteins
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but could be the key to understanding dynamics at the central spindle. This would not only add to our
theoretical understanding of cell division but be helpful knowledge to for example asses the potential
or side-effects of drugs directed against mitotic factors like kinesin Kif18A, that currently under
investigation.
Lastly, we cannot exclude that Kif18A is a dispensable factor during cytokinesis, at least in the cellular
system. It may not be crucial for a cell to degrade the motor protein rapidly at a distinct time point,
hence the slow degradation curve of endogenous Kif18A during mitotic exit.
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6 Materials and Methods
6.1 Chemicals and Reagents
Unless stated otherwise, all chemicals used in this work were at least of purity grade p.a. (pro analysis)
and purchased from commercial suppliers. For buffer preparation, de-ionized and ultra-filtered water
from a Milli Q system (Millipore) was used.

6.2 Molecular Cloning
All procedures are based on standard protocols described by Sambrook and Russel287. All gene
sequences used were from H. sapiens unless stated otherwise.

Plasmid Amplification and Purification
Plasmids were amplified by transformation of E. coli Turbo bacteria that were made competent by the
TSS method. Frozen bacteria were thawed on ice, DNA was added and following 20 min incubation a
heat shock was performed for 1 min at 42°C. Bacteria were put back on ice for further 2 min and
allowed to recover for 30 min in SOC (SOB medium supplied with 20 mM glucose). Afterwards, they
were plated on LB-agar containing the appropriate antibiotic for each respective plasmid and
incubated at 37°C for 12 h to grow colonies. Purification was performed from single colonies following
the instructions of the NucleoSpin Plasmid Easy Pure kit (Machery-Nagel). Concentrations of purified
plasmids were determined using a NanoDrop® ND-1000 Spectrophotometer (Peqlab). The correct
sequence of purified DNA constructs was verified by Sanger sequencing (SupremeRun, Eurofins
Genomics). All plasmids were stored at -20°C.

Restriction Digest, Ligation and Plasmid Purification
Plasmid inserts were exchanged or inserted by endonuclease digest using restriction enzymes (all from
New England Biolabs, NEB) in CutSmart buffer (NEB) according to the provider’s instructions. Following
the restriction digest, 5’-ends of vectors were treated with antarctic phosphatase (NEB) or calf
intestinal phosphate (NEB) to prevent self-ligation of the digested plasmid without insert.
To purify digested DNA fragments they were mixed with loading buffer (2.5 % Ficoll 400 and 0.04 %
Orange G) and separated by agarose gel electrophoresis using 0.8-2% agarose in TBE buffer (8.9 mM
Tris, 8.9 mM Boric acid and 0.2 mM EDTA) supplemented with 4 µl HDGreen™ Plus (INTAS) per 100 ml
agarose to visualize DNA. DNA fragment size was determined by using a 1 kb DNA ladder (Invitrogen).
Purification from gel was performed using the Zymoclean Gel DNA Recovery kit (Zymo Research).
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Concentration of purified DNA was determined by a NanoDrop® ND-1000 Spectrophotometer
(Peqlab).
For ligation of plasmid backbones and inserts T4 DNA Ligase (NEB) was used following the provider’s
protocol. Vectors and DNA fragments to be ligated were mixed in a molar ratio of 1:3, adding the small
insert in triple excess. After ligation newly created plasmids were transformed into E. coli bacteria (see
1.2.1), purified and both checked by sequencing (SupremeRun, Eurofins Genomics) and control digest
by agarose gel electrophoresis.

Polymerase Chain Reaction (PCR)
Amplification of DNA fragments by PCR was performed using Phusion™ High-Fidelity polymerase (NEB)
following instructions from the provider. Reactions were performed in a Veriti 96-well Thermal Cycler
(Applied Biosystems). DNA fragments were loaded onto agarose gel and purified as described in 6.2.2.
Templates for all newly cloned constructs already existed as part of the T.U. Mayer plasmid library and
were sequenced (SupremeRun, Eurofins Genomics) before usage.

Gibson Assembly
To create fusions of gene fragments, the Gibson Assembly method288 was used. Gene fragments were
created by PCR using Pfu Turbo (Agilent) or Phusion™ High-Fidelity (NEB) polymerase according to the
provider’s protocol and contained approximately 20 bp overhangs of the gene constructs to be fused
with (see table below). All PCR products were separated by agarose gel electrophoresis and purified
as described in 6.2.2.
The following fragments were created using primers as stated:
Fragment
A

Template
Cyclin B1

B

pCS2 vector

C

pCS2 vector

D

Securin

E

pCS2 vector

F

pCS2 vector

G

Cks1

H

pCS2 vector

I

pCS2 vector

Primer
P2631
P2634
P2633
P2165
P2164
P2632
P2627
P2630
P2629
P2165
P2164
P2628
P2635
P2638
P2637
P2165
P2164

Name
CycB1 N fwd
CycB1 C aa70 rev
CycB1 C aa70 fwd
Backbone rev
Backbone fwd
CycB1 N rev
Securin N fwd
Securin C aa110 rev
Securin C aa110 fwd
Backbone rev
Backbone fwd
Securin N rev
Cks1 N fwd
Cks1 C rev
Cks1 C fwd
Backbone rev
Backbone fwd

Sequence
CTTTTTGCAGGATCCACCcttaagatggcgctccgagtcac
GCTCCTCGCCCTTGCTCACagctgaaggttttgcttcc
ggaagcaaaaccttcagctGTGAGCAAGGGCGAGGAGC
GCATCTTACGGATGGCATGACAG
CTGTCATGCCATCCGTAAGATGC
gtgactcggagcgccatcttaagGGTGGATCCTGCAAAAAG
CTTTTTGCAGGATCCACCcttaagatggctactctgatctatg
CTCCTCGCCCTTGCTCACGGCATCATCTGAGGCAGG
CCTGCCTCAGATGATGCCGTGAGCAAGGGCGAGGAG
GCATCTTACGGATGGCATGACAG
CTGTCATGCCATCCGTAAGATGC
CATAGATCAGAGTAGCCATcttaagggtggatcctgcaaaaag
GCAGGATCCACCcttaagatgtcgcacaaacaaatttac
CCTCGCCCTTGCTCACtttctttggtttcttgggtag
ctacccaagaaaccaaagaaaGTGAGCAAGGGCGAGG
GCATCTTACGGATGGCATGACAG
CTGTCATGCCATCCGTAAGATGC
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P2636
Cks1 N rev
gtaaatttgtttgtgcgacatcttaagGGTGGATCCTGC
P2164
Backbone fwd
CTGTCATGCCATCCGTAAGATGC
P2640
CycB1 C Cks1 N rev
gtaaatttgtttgtgcgacatagctgaaggttttgcttcc
K
Construct 1
P2637
Cks1 C fwd
ctacccaagaaaccaaagaaaGTGAGCAAGGGCGAGG
P2165
Backbone rev
GCATCTTACGGATGGCATGACAG
L
Cks1
P2639
CycB1 C Cks1 N fwd
ggaagcaaaaccttcagctatgtcgcacaaacaaatttac
P2638
Cks1 C rev
CCTCGCCCTTGCTCACtttctttggtttcttgggtag
M
Construct 2
P2164
Backbone fwd
CTGTCATGCCATCCGTAAGATGC
P2642
Securin C Cks1 N fwd
gtaaatttgtttgtgcgacatGGCATCATCTGAG
N
Construct 2
P2637
Cks1 C fwd
ctacccaagaaaccaaagaaaGTGAGCAAGGGCGAGG
P2165
Backbone rev
GCATCTTACGGATGGCATGACAG
O
Cks1
P2641
Securin C Cks1 N fwd
CTCAGATGATGCCatgtcgcacaaacaaatttac
P2638
Cks1 C rev
gtaaatttgtttgtgcgacatGGCATCATCTGAG
Table 6.1: Summary of all PCR reactions performed to generate fragments for Gibson Assembly cloning. Conditions were
adjusted to the individual primers and templates. Primer number refers to the TUM lab general number, fwd forward; rev
reverse.
J

Construct 1

PCR products were assembled using the isothermal buffer (25% PEG-8000, 500 mM Tris-HCl pH 7.5,
50 mM MgCl2, 50 mM DTT, 1 mM of each dATP, dCTP, dGTP, dTTP, 5 mM NAD+) to prepare a 1.33x
master mix:
5x isothermal buffer
T5 exonuclease 1 U/µl
Phusion DNA polymerase 2 U/µl
Taq DNA ligase 40 U/µl
ddH2O

100 µl
2 µl
6.25 µl
50 µl
216.75 µl

For assembly, 15 µl of the 1.33x Gibson Assembly master mix were mixed with 5 µl of DNA fragments
according to their molecular weight:
1.33x master mix
Vector fragment I
Vector fragment II
Insert
ddH2O

15 µl
56 ng
44 ng
12 ng
To final volume of 20 µl

The mixture was incubated for 1 hour at 50°C in a Veriti 96-well Thermal Cycler (Applied Biosystems)
and subsequently transformed and purified as 6.2.1. To construct plasmids with more than one insert,
assembly was performed in two individual steps.
The following assemblies were performed:
Construct Number
Fragments
Final construct
1
A, B, C
pCS2 vector- AflII site- Cyclin B1 aa1-70 – eGFP- MCS
2
D, E, F
pCS2 vector – AflII site – Securin aa1-110- eGFP - MCS
3
G, H, I
pCS2 vector – AflII site – Cks1 - eGFP - MCS
4
A, B, C then J, K, L
pCS2 vector – AflII site – Cyclin B1 aa1-70 – Cks1 – eGFP- MCS
5
D, E, F then M, N, O
pCS2 vector – AflII site – Cyclin B1 aa1-70 – Cks1 – eGFP- MCS
Table 6.2: Summary of constructs created by Gibson Assembly cloning showing the respective PCR fragments used and the
final plasmids assembled. MCS, multiple cloning site of the pCS2 vector.
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Integration of the AflII restriction site in the 5’-region allowed an exchange of the pCS2 vector
backbone to a larger pcDNA5 backbone which could be used for cloning stable, tetracycline inducible
gene expressing cell lines.

Site-directed Mutagenesis
Point mutations to create amino acid exchanges were introduced by site-directed mutagenesis PCR.
Primers containing the desired changes were ordered (Biomers) and PCR was performed on the
plasmid to be altered using the Phusion™ High-Fidelity polymerase (NEB) according to the provider’s
protocol.
Following the reaction, the methylated template plasmid was digested by DpnI (NEB) for 1 h at 37°C.
Subsequently, the PCR product was transformed into E. coli Turbo bacteria for replication; isolated and
sequenced (see 6.2.1) to verify whether the correct changes were present. In order to exclude
mutations within the plasmid backbone, the newly created gene insert was subcloned into a new, nonPCR amplified vector backbone.
Primers used:
Target

Sequence

Purpose

Cyclin B1
ccaagcccggactgaggccaGCaacagctGCtggggacattggtaacaaagtc
D-Box from RTAL to ATAA (forward)
Cyclin B1
gactttgttaccaatgtccccaGCagctgttGCtggcctcagtccgggcttgg
D-Box from RTAL to ATAA (reverse)
Cyclin B1
GGATCCACCcttaagatggcgctccAagtcaccCAgaactcgaaaattaatgc
R4Q and R7Q (forward)
Cyclin B1
gcattaattttcgagttcTGggtgactTggagcgccatcttaagGGTGGATCC
R4Q and R7Q (reverse)
Cyclin B1
gcgaagatcaacatggcaggcgcaaagcAGgttcctacggcccctgctgc
R26Q (forward)
Cyclin B1
gcagcaggggccgtaggaacCTgctttgcgcctgccatgttgatcttcgc
R26Q (reverse)
Cyclin B1
gtgaacaactgcaggccCaaatgcctatgaagaaggaagc
K59Q (forward)
Cyclin B1
gcttccttcttcataggcatttGggcctgcagttgttcac
K59Q (reverse)
Cyclin B1
cgctccAagtcaccCAgaactcgCaaattaatgctgaaaataaggcg
K10Q after R4Q/R7Q (forward)
Cyclin B1
cgccttattttcagcattaatttGcgagttcTGggtgactTggagcg
K10Q after R4Q/R7Q (reverse)
Cyclin B1
aaattaatgctgaaaatCaggcgCagatcaacatggcaggcgcaaagc
K16Q and K18Q
Cyclin B1
gctttgcgcctgccatgttgatctGcgcctGattttcagcattaattt
K16Q and K18Q
Table 6.3: List of all mutagenesis primers used in this work. Conditions of PCR were adjusted according to respective
primers and templates used.

Cloning of siRNA resistant Kif18A
The gene sequence containing silent mutations for resistance to Oligo #12 (see 6.4.4) already existed
in the lab. To create a Kif18A protein resistant to siRNA Oligo #1 and #4 (see 6.4.4), two DNA constructs
were ordered (Biomers, see table 4). A pcDNA5 vector containing the full length Kif18A sequence
including resistance to siRNA oligo #12 was digested using FseI and NsiI and the fragment for resistance
against siRNA oligo #4, equally digested, was ligated in. After purification (see 6.2.1), the construct was
again digested using SacI and AscI and the DNA sequence for resistance against siRNA #1 was inserted.
Again, this plasmid was amplified in bacteria and purified. Finally, the complete Kif18A sequence was
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transferred into fresh pcDNA5 vectors containing the desired N-terminal tags by the standard
procedure (see 6.2.2).
Number
#12
#1
#4

Amino acid sequence
Tyr Gln Gln Gln Cys His Lys
Lys Leu Pro Glu Gln Glu
Gly Tyr Asn Cys Thr Val

Consensus sequence
Tac caa caa cag tgc cat aaa
aaa tta ccc gaa caa gaa
gga tat aat tgc aca gta

Mutated to
taT caG caa caA tgt caC aaG
aaG Cta ccT gaG caG gaG
ggG taC aaC tgT acT gtT

Table 6.4: Overview of silent gene sequence alteration to create siRNA resistance to the respective siRNA Oligos.

DNA Constructs Generated in this Work
Plasmids and constructs not listed here already existed in the TUM lab library.
TUM
No.

Gene (cDNA) insert

Vector backbone

Insert details

2732

CyclinB1 N1-70-EGFP-Kif18A

pCDNA5 with FRT site,
TetOn promotor

Kif18A resistant to siRNA Oligo #12

2733

Securin N1-110-EGFP-Kif18A

2734

Cks1-EGFP-Kif18A

2735

CyclinB1 N1-70-Cks1-EGFP-Kif18A

2736

Securin N1-110-Cks1-EGFP-Kif18A

2812

CyclinB1 N1-70 D-Box mut-EGFP-Kif18A

2829

Orysj TIR1B

3145

CyclinB1 N1-70_EGFP_Kif18A

pCDNA5 with FRT site,
TetOn promotor

3146

CyclinB1 N1-70 D-Box mut_EGFP_Kif18A

pCDNA5 with FRT site,
TetOn promotor

3157

EGFP-Kif18A

pCDNA5 with FRT site,
TetOn promotor

3162

CyclinB1 all mutations-EGFP-Kif18A

pCDNA5 with FRT site,
TetOn promotor

3163

CyclinB1 all mutations D-Box mut-EGFPKif18A

pCDNA5 with FRT site,
TetOn promotor

3275

mCherry-Centrin1

pcDNA3.1 with attB
site, blasticidin
resistance

3319

CyclinB1 all mutations-EGFP-Kif4A

pCDNA5 with FRT site,
TetOn promotor

3320

CyclinB1 all mutations D-Box mut -EGFPKif4A

pCDNA5 with FRT site,
TetOn promotor

3429

EGFP-Aurora B

pCDNA5 with FRT site,
TetOn promotor

pCDNA5 with FRT site,
TetOn promotor
pCDNA5 with FRT site,
TetOn promotor
pCDNA5 with FRT site,
TetOn promotor
pCDNA5 with FRT site,
TetOn promotor
pCDNA5 with FRT site,
TetOn promotor
pcDNA3.1 with
blasticidin resistance

Kif18A resistant to siRNA Oligo #12
Kif18A resistant to siRNA Oligo #12
Kif18A resistant to siRNA Oligo #12
Kif18A resistant to siRNA Oligo #12
Cyclin B1 RxxL mutated to AxxA
Kif18A resistant to siRNA Oligo #12
TiR1B from Oryza sativa subsp.
japonica, 9xMyc tag
Cyclin B1 R4Q , R7Q, K10Q, K16Q,
K18Q_R26Q, K59Q
Kif18A resistant to siRNA Oligo #12
Cyclin B1 R4Q , R7Q, K10Q, K16Q,
K18Q_R26Q, K59Q, RxxL to AxxA
Kif18A resistant to siRNA Oligo #12
Kif18A resistant to siRNA Oligo #12,
#1, #4
Cyclin B1 R4Q , R7Q, K10Q, K16Q,
K18Q_R26Q, K59Q
Kif18A resistant to siRNA Oligo #12,
#1, #4
Cyclin B1 R4Q , R7Q, K10Q, K16Q,
K18Q_R26Q, K59Q, RxxL to AxxA
Kif18A resistant to siRNA Oligo #12,
#1, #4

Cyclin B1 R4Q , R7Q, K10Q, K16Q,
K18Q_R26Q, K59Q
Kif4A resistant to siRNA Oligo #173
Cyclin B1 R4Q , R7Q, K10Q, K16Q,
K18Q_R26Q, K59Q, RxxL to AxxA
Kif4A resistant to siRNA Oligo #173
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pCDNA5 with FRT site,
Cyclin B1 R4Q, R7Q, K10Q, K16Q,
TetOn promotor
K18Q_R26Q, K59Q
pCDNA5 with FRT site,
Cyclin B1 R4Q, R7Q, K10Q, K16Q,
3431
CyclinB1 all mutations-EGFP-Aurora B
TetOn promotor
K18Q_R26Q, K59Q, RxxL to AxxA
Table 6.5: List of all plasmids generated and used in the course of this work. Plasmid number refers to the TUM lab general
number, siRNA Oligo number refers to the list in 6.4.4.
3430

CyclinB1 all mutations D-Box mut- EGFPAurora B

6.3 Biochemistry
Sample Preparation
For analysis of protein levels, cellular samples were trypsinized (see Cell Culture 6.4.1), centrifuged
mildly at 450xg and washed with PBS (phosphate buffered saline, 137 mM NaCl2, 2.7 mM KCl2, 10.2
mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). Unless stated otherwise cell pellets were treated directly with
laemmli buffer (180 mM Tris, 10% (w/v) SDS, 30% (w/v) Glycerol, 15% β-Mercaptoethanol,
Bromphenolblue, pH=6,8) and scratched thoroughly to disintegrate cell membranes. Subsequently,
these samples were boiled at 95°C for 10 min denaturation and if not used immediately stored at 20°C.

SDS-PAGE (SDS – Polyacrylamide Gel electrophoresis)
Polyacrylamide gels were poured biphasic; a separating gel (375 mM Tris pH 8.8, 0.1% Sodium dodecyl
sulfate (SDS), 7-12 % acrylamide/bisacrylamide) was topped with a stacking gel (62.5 mM Tris pH 6.8,
0.025% Sodium dodecyl sulfate, 2.1 % acrylamide/bisacrylamide) containing pockets for protein
loading. Gels were prepared in chambers containing running buffer (25 mM Tris; 200 mM Glycine;
0,05% (w/v) SDS), loaded with protein samples, PageRulerTM Prestained Protein Ladder (Thermo Fisher)
and BenchmarkTM Protein Ladder (Invitrogen) to determine protein sizes, and run at a constant current
of 25-50 mA.

Immunoblotting
Proteins separated by SDS-PAGE were transferred onto AmershamTM ProtranTM 0,45 µm NC
nitrocellulose membranes (GE Healthcare Life Sciences) by electrophoresis. Transfer was performed at
120 V for 60-90 min in fresh, cold transfer buffer (25 mM Tris, 190 mM Glycine, 0,01% Sodium dodecyl
sulfate, 20% Methanol). Transferred proteins were stained with Ponceau S (0,2% (w/v) Ponceau S, 1%
Acetic acid in ddH2O), bands of the BenchmarkTM Protein Ladder were marked by pencil and the
membrane was cut in suitable fragments for antibody staining of proteins of interest. Membranes
were subsequently blocked in PBST (137 mM NaCl2, 2.7 mM KCl2, 10.2 mM Na2HPO4, 1.8 mM KH2PO4,
pH 7.4, 0.1% Tween20) containing 1% milk powder for 30 min. Antibody dilutions were prepared in
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PBST containing 1% milk powder and membranes were rocked for 60 min. Following incubation with
primary antibody, two washes with PBST were performed before incubation with HRP (horse radish
peroxidase) conjugated secondary antibody for 60 min followed by another two washes. For detection
of the HRP signal, membranes were briefly incubated in ECL solution (100 mM Tris pH 8.5, 225 mM
Coumaric Acid in DMSO, 1.25 mM Luminol in DMSO and 0.01% H2O2) and the chemiluminescent signal
was detected with a LAS-3000 system (Fujifilm).

Antibodies used for immunoblotting
Target

Specification

α-tubulin

Mouse monoclonal, hybridoma-SN
in 1% FCS

Dilution
1:50 – 1:100

Supplier
Developmental Studies Hybridoma Bank,
clone AA4.3

Kif18A Nterm

Rabbit polyclonal, antigen aa 1-367

1:500

TUM-Lab #585, purification by M. Canistro289

Kif18A Cterm

Rabbit, polyclonal, aa 878-896

1:500

TUM-Lab #314, purification by M. Möckel

1:1000

Bethyl A308-080A-3

Kif18A Bethyl

Rabbit, polyclonal, antigen
between aa 848-898

Cyclin B1

Mouse, monoclonal

1:2000

Millipore 05-373

Kif4A

Rabbit, polyclonal

1:1000

Bethyl A301-074A-M

Aurora B

Rabbit, polyclonal

1:1000

Cell Signaling #3094

EGFP

Mouse, monoclonal, clone JL-8

1:1000

Clontech 632381

P150

Mouse, monoclonal

1:1000

BD Transduction Laboratories 610473

Vinculin

Rabbit, monoclonal

1:1000

Cell Signaling #13901S

Rabbit IgG

Donkey, HRP-tag

1:5000

Dianova

Mouse IgG

Donkey , HRP-tag

1:5000

Dianova

Table 6.6: List of antibodies used for immunoblotting. Sn supernatant; HRP Horseradish peroxidase; aa amino acid

6.4 Cellular Experiments
Tissue Culture
HeLa cells were grown in DMEM (Invitrogen) supplemented with 10% FCS (fetal calf serum, Gibco) and
1% antibiotics (100 u/ml penicillin, 100 u/ml streptavidin, Gibco) at 37°C in a humid atmosphere
containing 5% CO2. For detachment trypsin-EDTA (Thermo Fisher Scientific) or TrypsinLE (TrypLETM
select, Gibco) was used.
Cell lines cloned via the Flp-In/T-Rex System (see 5.4.2) were additionally supplemented with
400 ng/ml hygromycin (Invitrogen) unless they were used in an experiment.
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Generation of stable cell lines via the Flp-InTM/T-RexTM system
Stable cell lines were created using the Flp-InTM/T-RexTM kit (Invitrogen). A previously in the lab created
mother cell line (see J. Häfner, 2015290) containing a FRT (flippase recombination target) site and a
constitutively expressed Tet Repressor protein was transfected with H2B-mCherry using FuGENE 6
(Roche) and clones were selected for a suitable H2B-mCherry protein expression level and an
integration of the marker protein without visible side effects on morphology or cell growth. These cells
then were used for stable integration of proteins of interest at an equal, pre-defined genetic locus
using the FRT site. Transfection was performed at 20% confluency with both the gene of interest and
a plasmid for expression of Flp recombinase in a ratio of 1:10 using Xtreme Gene 9 transfection reagent
(Roche). The protein of interest was integrated in a pcDNA5 vector containing a Tet-On promotor for
gene expression induction as well as a FRT site for homologous recombination at the FRT locus of the
mother cell line. After 48 hours cells were detached and seeded on a larger culture dish. Once cells
were stably attached, antibiotic selection for positive clones was started using 400 ng/ml hygromycin.
Every 2-3 days medium was renewed and supplemented with fresh 400 ng/ml hygromycin. After 14
days, remaining colonies were detached by trypsinization, pooled, and seeded into a suitable culture
dish according to their respective cell number. Successful expression of the integrated protein of
interest was verified by addition of 5 µg/ml tetracycline hydrochloride (Sigma) and all cell lines were
checked by western blot for a similar protein expression level and its correct molecular weight, and by
fluorescence microscopy for correct protein localization.

Stable cell lines created in this work
Mother cell line/ secondary marker

Cell line name

Protein integrated

8.04/H2B-mCherry
8.04.1929
EGFP-Kif18A
8.13/H2B-mCherry and TIR1
8.13.2551
EGFP-AID-Kif18A
8.04/H2B-mCherry
8.04.2732
CycB-EGFP-Kif18A
8.04/H2B-mCherry
8.04.2733
Sec-EGFP-Kif18A
8.04/H2B-mCherry
8.04.2734
Cks1-EGFP-Kif18A
8.04/H2B-mCherry
8.04.2735
Cks1-CycB-EGFP-Kif18A
8.04/H2B-mCherry
8.04.2736
Cks1-Sec-EGFP-Kif18A
8.04/H2B-mCherry
8.04.2751
CycB-EGFP
8.04/H2B-mCherry
8.04.2812
CycBND-eGFP-Kif18A
8.04/H2B-mCherry
8.04.3157
EGFP-Kif18A
8.04/H2B-mCherry
8.04.3162
CycBmod -EGFP-Kif18A
8.04/H2B-mCherry
8.04.3163
CycBmodND-EGFP-Kif18A
8.04/H2B-mCherry
8.04.3314
CycBmod -EGFP-Kif18A
8.04/H2B-mCherry
8.04.3315
CycBmodND-EGFP-Kif18A
8.04/H2B-mCherry
8.04.2467
EGFP-Kif4A
8.04/H2B-mCherry
8.04.3319
CycBmod-EGFP-Kif4A
8.04/H2B-mCherry
8.04.3320
CycBmodND-EGFP-Kif4A
8.04/H2B-mCherry
8.04.3429
EGFP-Aurora B
8.04/H2B-mCherry
8.04.3431
CycBmod-EGFP-Aurora B
8.04/H2B-mCherry
8.04.3430
CycBmodDBox-EGFP-Aurora B
Table 6.7: List of stable cell lines created by the Flp-InTM/T-RexTM system and used in this work. Names of cell lines are the
nomenclature of the TUM lab and are referring to the mother cell line and respective plasmid integrated (see 5.2.6). AID –
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auxin inducible degron; CycB - Cyclin B1 aa 1-70; Sec Securin aa 1-110; CycBND – Cyclin B1 Non degradable destruction box
mutant R41A L44A; CycBmod – Cyclin B1 R4Q, R7Q, K10Q, K16Q, K18Q_R26Q, K59Q.

Small interfering RNA (siRNA) treatment
Cells were seeded 24 h prior to knockdown experiments and siRNA transfection was performed using
Lipofectamine RNAiMAX (Invitrogen). The following siRNA oligos were used:
Target /Number

Target Sequence

Provider

End
concentration

Kif18A (#12)
5’-aaccaacaacagtgccataaa-3’
Dharmacon
10 nM
Kif18A (#1)
5’-taaattacccgaacaagaa-3’
Dharmacon
10 nM
Kif18A (#4)
5’-ggatataattgcacagtac-3’
Dharmacon
10 nM
Kif4A (#173)
5’-ccaatgtgctcagacgtaa-3´
Dharmacon
10 nM
Aurora B (#145)
5’-ctcgggtgcgtgtgtttgtat-3’
Dharmacon
10 nM
Table 6.8: List of siRNA Oligos used in this work. Number in brackets refers to the TUM lab list number.

6.5 Experimental Workflows
General Rescue Protocol
This protocol was basis for most experiments. HeLa Kyoto cells stably expressing H2B-mCherry and
upon tetracycline induction EGFP-tagged proteins of interest (see 6.4.3) were seeded into an
appropriate culture dish. After 24 h, cells were treated with siRNA (for siRNA Oligos used in this work
see 6.4.4) and 9 hours later medium was replaced by medium containing 2 mM thymidine and
tetracycline hydrochloride (2.5 µg/ml for Kif18A, 2.5 µg/ml for Kif4A, 0.1 µg/ml for Aurora B) for 1518 h. Cells were then washed 3x with PBS (phosphate buffered saline, 137 mM NaCl2, 2.7 mM KCl2,
10.2 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) prewarmed to 37°C and medium was replaced by fresh
DMEM medium (Gibco, see 6.4.1) containing tetracycline hydrochloride (2.5 µg/ml for Kif18A, 2.5
µg/ml for Kif4A, 0.1 µg/ml for Aurora B).

Live cell analysis of Kif18A in late mitosis (figure 4.1A)
22.500 HeLa cells stably expressing H2B-mCherry and upon tetracycline induction EGFP-Kif18A
(8.04.1929, see 6.4.3) were seeded into a µ-Slide 8 well ibiTreat (ibidi®) dish and treated according to
the General Rescue Protocol (see 6.5.1) with the only change that 5 µg/ml tetracycline hydrochloride
were used at each step. 8 hours after thymidine release, medium was replaced by CO2-independet
medium (Gibco) containing 5 µg/ml tetracycline hydrochloride. Cells were moved to the environmental
chamber of a Cell Observer HS Spinning Disc confocal microscope (Zeiss) using a Plan-Apo 63x 1.4 oil
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objective. Images were taken every 150 s for 8 hours at 7 different positions per condition. Analysis
of data was performed using Zen software (Zeiss).

Immunostaining of endogenous Kif18A in late mitosis (figure 4.1B,C,D)
150 000 HeLa cells stably expressing H2B-Cherry (8.04, for details see 6.4.3) were seeded on glass cover
slips (13 mm diameter, thickness no. 1.5, Thermo Scientific) precoated with 0.01% (v/w) Poly-L-lysine
in a 12-well plate (Greiner bio-one). For knockdown, Kif18A oligo #1 was used (see 6.4.4). After 24
hours, cells were pre-permeabilized in PHEM buffer and fixed first by using formaldehyde, followed by
ice cold Methanol (for detailed immunofluorescence protocol see 6.6.1 paragraph c). Samples were
stained for Kif18A (all 4 antibodies listed in 6.6.2), microtubules (FITC-tubulin) and DNA
(Hoechst33342). Individual cells were imaged using a 100x/1.40 NA UPLS Apo objective (Olympus) on
a DeltaVision Core system (GE Healtcare) in 50 z-sections with a distance of 0.1 µm. Images were
deconvolved using softWoRx software (GE Healthcare, version 7.0.0). For more details concerning the
immunostaining protocol and reagents see 6.6.1.
Experiments with TERT-RPE cells were performed similarly. However, fixation was performed using icecold methanol (see 6.6.1 section b). Samples were stained for Kif18A (Kif18A Bethyl as listed in 6.6.2),
microtubules (FITC-tubulin) and DNA (Hoechst33342). Individual cells were imaged using a 100x/1.40
NA UPLS Apo objective (Olympus) on a DeltaVision Core system (GE Healtcare) in 10 z-sections with a
distance of 1 µm.

Taxol/Nocodazole-ZM447439/Reversine override (figue 4.2, 4.9)
HeLa cells (8.04 or 8.04.3157, 8.04.3162 and 8.04.3163) were seeded into 3 different 15 cm diameter
plates. 12 hours later, medium was replaced by fresh medium containing 2 mM thymidine. After
16 hours incubation, cells were washed 3 times in warm (37°C) PBS (phosphate buffered saline,
137 mM NaCl2, 2.7 mM KCl2, 10.2 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fresh medium was added.
6 hours later, taxol (0.2 µg/ml) was added to two dishes, nocodazole (1.5 µg/ml) to the third. After
10.5 hours, medium was collected, and dishes were washed thoroughly. Both liquids were unified and
centrifuged mildly for 3 min at 450 x g. Pelleted cells were resuspended in 10 ml fresh medium
containing taxol (0.2 µg/ml) or nocodazole (1.5 µg/ml) and filled into a 10 cm dish plastic dish without
coating to prevent cell attachment. Cell in taxol were provided with 5 ml medium containing either
taxol and ZM447439 (20 µM) or taxol and reversine (1 µM). Cells in nocodazole were provided with 5
ml medium and reversine (1 µM). All three dishes were mixed immediately to allow fast diffusion of
the drug. 500 µl samples were taken out directly afterwards, centrifuged for 1 min at 1000xg at 4°C,
supernatant was aspirated and replaced by 400 µl ice cold PBS. Cells were again centrifuged for 1 min
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at 1000xg, PBS was aspirated, and pellet was quickly frozen in liquid nitrogen. Samples were taken with
the identical procedure for all time points after thorough mixing of cells for a homogeneous
distribution. For immunoblot analysis, samples were thawed at 4°C and Lysis buffer (0,5% Triton X-100,
2 µg/ml DNAse, 1 mM DTT, Complete protease inhibitor (Roche), 300 mM NaCl, 25 mM TrisHCl pH 7.4,
5 mM EDTA, 2 µM MnCl2, 5 µg/ml lambda phosphatase, ddH2O) was added. Cell pellets were
thoroughly dissolved and incubated for 20 min on ice. Subsequently, samples were centrifuged at
20.000xg for 20 min, the supernatant was collected, diluted 1:1 in laemmli (see 6.3.1), boiled for 5 min
at 95°C and stored at 4°C until SDS-PAGE analysis (see 6.3.2).

Auxin Experiments (figure 4.3B)
300.000 HeLa cells/ml expressing EGFP-AID-Kif18A were seeded into two different 10 cm culture
dishes into medium containing 2 mM thymidine and 5 µg/ml tetracycline hydrochloride. Cells in the
first dish were collected after 24 hours by trypsinization (see 6.4.1). Cells in the second dish were
washed 3 times in pre-warmed PBS at 37°C and released into fresh medium. After 2 hours, 150 ng/µl
nocodazole was added. Following 12 hours incubation cells were harvested by mitotic shake-off. All
harvested cells were centrifuged at 450xg for 5 minutes at 20°C. They were then resuspended in prewarmed (37°C) medium (see 6.4.1) and split into three conical tubes. One tube was left untreated, the
others were supplied with 250 µM or 500 µM auxin. Each of the suspensions was divided into three
again and seeded into a 12 well plate. Cells were either collected directly or, following incubation at
37°C and 5% CO2, collected after 10 or 20 minutes. All samples were lysed on ice buffer (0,5% Triton X100, 2 µg/ml DNAse, 1 mM DTT, Complete protease inhibitor (Roche), 300 mM NaCl, 25 mM TrisHCl
pH 7.4, 5 mM EDTA, 2 µM MnCl2, ddH2O) for 30 min and centrifuged for 30 minutes at 20.000xg at 4°C.
The supernatant was collected, treated with lambda phosphatase (purified from bacteria, 25 µg/ml)
for 30 minutes at 30°C. Laemmli buffer (see 6.3.1) was added 1:1 and samples were analyzed by
immunoblotting (see 6.3.2).

Auxin Experiments (figure 4.3C, D)
90.000 HeLa cells (see 6.4.3) constitutively expressing TIR1 and H2B-mCherry and upon tetracycline
induction EGFP-AID-Kif18A were seeded into a 12 well plate. After 16 hours, cells were transfected
with siRNA using Oligo #12 (see 6.4.4) in a final concentration of 5 nM. After 9 hours incubation, cells
were synchronized using 2 mM thymidine and expression of EGFP-AID-Kif18A was induced
simultaneously using 5 µg/ml tetracycline hydrochloride. Following 15 hours thymidine block, cells
were then washed 3x with PBS (phosphate buffered saline, 137 mM NaCl2, 2.7 mM KCl2, 10.2 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) prewarmed to 37°C and medium was replaced by fresh medium
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containing 5 µg/ml tetracycline hydrochloride. Further 8 hours later, medium was replaced by CO 2independent medium (Gibco) containing 5 µg/ml tetracycline hydrochloride. Cells were moved to an
environmental chamber of an Axio Observer Z1 (Zeiss) and imaged every 5 minutes for 12 hours using
a Plan Apo 40x/0.95 objective. Of each condition, at least 3 positions were imaged. Protein samples
for western blot were taken after the experiment. Images were then analyzed using MetaXpress
software (version 5.3.0.0).

Rescue Experiment with Auxin (figure 4.3E)
90.000 HeLa cells (8.13.2551, see 6.4.3 ) were seeded into 12 well plates (Greiner bio-one) and treated
according to the General Rescue Protocol (see 6.5.1), however a concentration of 5 µg/ml tetracycline
hydrochloride was used. For siRNA treatment, Kif18A oligo #12 was used (see 6.4.4). 500 µM auxin
(Sigma) was added to individual wells treated with siRNA and tetracycline hydrochloride either directly
after thymidine release, 4 hours later, or 8 hours later. Medium was replaced by CO2-independent
medium (Gibco) 8 hours after thymidine release, cell dish was moved to the environmental chamber
of an Axio Observer Z1 (Zeiss) and imaged every 5 minutes for 12 hours. To obtain a good overview, 35 positions were imaged from each condition. After the experiment, protein samples were taken for
immunoblot analysis (see 6.3). The obtained images were analyzed using MetaXpress software
(version 5.3.0.0). Mitotic timing was quantified using nuclear envelope breakdown (NEBD), defined as
time point of obvious chromosome spread, as starting point and anaphase onset, defined as time point
of first visible chromosome segregation, as end point. Cells that were abnormal before mitosis or cells
going into mitosis later than 4 hours after imaging start were generally excluded from analysis. Cells
not going into anaphase within the recorded time were attributed an anaphase onset at the end of the
experiment. In conditions involving expression EGFP-tagged constructs only fluorescent cells were
counted.

Mitotic Phenotypes after Auxin Induced Degradation (figure 4.3F)
22.000 HeLa cells (8.13.2551, see 6.4.3) constitutively expressing TIR1 and H2B-mCherry and upon
tetracycline induction EGFP-AID-Kif18A were seeded into 8 well µ-Slides (ibiTreat, ibidi) and treated
according to the General Rescue Protocol (see 6.5.1). 12 hours after thymidine release, medium was
replaced by CO2-independent medium (Gibco) containing 5 µg/ml tetracycline. Cells were moved to an
environmental chamber (Applied Precision) on a DeltaVision Core system (GE Healthcare). Imaging
positions were set such that cells in late metaphase were in focus. Cells were imaged every 1 minute
for 36 minutes using a UApo/340 40x NA 1.35 oil objective (Olympus). 500 µM auxin (Sigma) dissolved
in DMSO (Sigma) was added after 5 minutes.
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Analysis of new protein tags (figure 4.4B)
90.000 HeLa cells (cell lines 8.04.1929, 8.04.2732, 8.04.2733, 8.04. 2734, 8.04.2735, 88.04.2736, see
6.4.3) per well were seeded into 12 well plates (Greiner bio-one) and treated according to the General
Rescue Protocol (see 6.5.1) using Kif18A Oligo #12 (see 6.4.4) was used for knockdown treatment. Cells
were then harvested 11 and 22 hours after thymidine release and analyzed by immunoblot (see 6.3).

Live-cell analysis of CycB-tagged Kif18A (figure 4.5B)
22.500 HeLa cells (8.04.1929 and 8.04.2732, see 6.4.3) per well were seeded into 8 well µ-Slides
(ibiTreat, ibidi) slides and treated according to the General Rescue Protocol (see 6.5.1) using Oligo #12
(see 6.4.4) for siRNA transfection. 9 hours after thymidine release, medium was replaced by CO2independent medium (Gibco) containing 5 µg/ml tetracycline hydrochloride. Cells were moved to an
environmental chamber of Cell Observer HS Spinning Disc confocal microscope (Zeiss), and of each
condition, 7 positions were imaged every 2.5 minutes for 8 hours using a Plan Apochromat 63x, NA 1.4
NA DIC oil objective (Zeiss). Images were analyzed using Zen software (Zeiss).

Rescue Experiments (figure 4.7A, B, C, D, 4.8C)
70.000 HeLa cells of each clone to be analyzed were seeded into 3 different wells of a 12 well culture
dish (IBL Glass Bottom Black Plates #1.5H-N). Cells were treated according to the General Rescue
Protocol (see 6.5.1). Treatment with siRNA was then performed using Kif18A oligo #12 (figure 4.7A) or
oligo #1 (figure 4.8C), Kif4A oligo #173 or Auora B oligo #145. 9 hours after thymidine release, medium
was exchanged to CO2-independent medium (Gibco) containing tetracycline hydrochloride as used
previously (2.5 µg/ml for Kif18A, 2.5 µg/ml for Kif4A, 0.1 µg/ml for Aurora B). Cells were moved to an
environmental chamber (Zeiss) on an Axio Observer Z1 (Zeiss) and imaged every 5 minutes for
12 hours. Of each condition 3-5 positions were imaged. Protein samples for western blot were taken
afterwards. Images were further analyzed using MetaXpress software (version 5.3.0.0). Timing was
quantified using nuclear envelope breakdown (NEBD), defined as time point of obvious chromosome
spread, as starting point and anaphase onset, defined as time point of first visible chromosome
segregation, as end point. If tetracycline-dependent expression of EGFP-tagged constructs was
induced, only fluorescent cells were counted. Cells that were abnormal before mitosis or cells going
into mitosis later than 4 hours after imaging start were generally excluded from analysis. Cells not
going into anaphase within the recorded time were ascribed an anaphase onset at the end of the
experiment.
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Analysis of Metaphases (figure 4.7E)
Image data of representative cells treated as described above (6.5.11) was analyzed using the ”Multi
Kymograph” feature of ImageJ software (version 1.50).

Quantification of Degradation Efficiency (figure 4.5C, 4.6B, 4.8D, 4.11)
20.000 HeLa cells (see 6.4.3) expressing H2B-mCherry and tetracycline-inducible, EGFP-tagged proteins
of interest were seeded into 8 well µ-Slides (ibiTreat, ibidi) and treated according to the General Rescue
Protocol (see 6.5.1). Before imaging, medium was replaced by CO2-independent medium containing
tetracycline hydrochloride (2.5 µg/ml for Kif18A, 2.5 µg/ml for Kif4A, 0.1 µg/ml for Aurora B). Imaging
was started 9 h after thymidine release on a DeltaVision Core system (GE Healthcare) using a UApo/340
40x NA 1.35 oil objective (Olympus). Focus was set on mitotic cells. Images were taken every 3 min of
both the EGFP and mCherry signal in all positions and samples for western blotting were taken after
the experiment. Data analysis was performed using ImageJ software (version 1.50). Cells were
encircled such that all of the area where they moved during the movie was included and green
fluorescence intensity was measured. Intensity values were normalized by the average of three
background measurements and the respective cell area:
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑥 𝐶𝑒𝑙𝑙 𝐴𝑟𝑒𝑎)
The mCherry channel was used to define the time point of first visible chromosome congression as
begin of analysis and the first movement of chromosomes in opposite directions as anaphase onset.
Fluorescence intensity measured at the beginning of the analysis was set to 100%. Bleaching during
experiment was excluded by confirming a stable signal in interphase cells. For every condition, at least
10 cells were analysed, and if not all of them are displayed, a representative curve was chosen. For
analysis of fluorescence intensity at nuclear envelope breakdown (NEBD), the average of all normalized
values measured at NEBD was calculated.

Phenotype of Premature Degradation of Kif4A (figure 4.12)
70.000 HeLa cells (8.04.2467, 8.04.3319 and 8.04.3320, for details see 6.4.3) constitutively expressing
H2B-mCherry and exogenous Kif4A constructs upon induction with tetracycline were seeded onto glass
cover slips coated with 0.01% (v/w) poly-L-lysine (for details see 6.6.1) and treated according to the
the General Rescue Protocol (see 6.5.1). 13 hours after thymidine release, when most cells had
reached mitotic exit, cells were fixed in 4% formaldehyde (see 6.6.1a). Microtubules were stained by
immunofluorescence (α-tubulin antibody DM1α) and DNA by Hoechst33342. Cells were imaged on a
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Deltavision Core System (GE Healthcare) using a 100x 1.40 NA UPLS Apo (Olympus) oil objective. For
analysis, only cells in late mitotic states were chosen. Cells with disrupted morphology, cells with
already decondensed chromosomes or cells not showing any fluorescence although tetracycline had
been added for expression EGFP-tagged constructs, were excluded from analysis. Images were further
processed by deconvolution using softWoRx software (GE Healthcare, version 7.0.0). For analysis,
parameters of interest were then measured in each cell using ImageJ software (version 1.50). Curved
cells were measured in 2-3 interrupted lines to achieve a more accurate distance representation.

Live-Cell Analysis of Aurora B constructs (figure 4.13)
70.000 HeLa cells (8.04.3129, 8.04.3430, 8.04.3431, see 6.4.3 for details) constitutively expressing H2BmCherry and exogenous Aurora B constructs upon induction with tetracycline were seeded into a 12
well culture dish (IBL Glass Bottom Black Plates #1.5H-N) and treated according to the General Rescue
Protocol (see 6.5.1). However, 0.1 µg/ml tetracycline hydrochloride was added only 4 hours after
thymidine release. 9 hours after thymidine release medium was replaced by CO2-independent medium
(Gibco) and two wells with untreated control cells were treated with 2 µM or 20 µM ZM447439. Cells
were imaged throughout mitosis using a 20x 0.4 NA LD Plan Neo air objective (Zeiss) on an Axio
Observer Z1 (Zeiss) for 12 hours every 5 minutes. Of each condition, at least 3 positions were imaged.
Protein samples for western blot were taken after the experiment. Images were then analyzed using
MetaXpress software (version 5.3.0.0). Cells expressing exogenous Aurora B constructs were preselected and only fluorescent cells were chosen for analysis. Cells that were multinuclear before
mitosis, had a too dark or no H2B signal, or cells going at the end of movie into mitosis with no chance
of finishing in time were also generally excluded from analysis.

Analysis of Spindle Dynamics during Mitotic Exit (figure 4.14)
20.000 HeLa cells per well (8.04.3157, 8.04.3162 and 8.04.3163, see 6.4.3) were seeded into 8 well µSlides (ibiTreat, ibidi) slides and treated according to the General Rescue Protocol (see 6.5.1). After
thymidine release, medium was replaced by fresh, CO2-independent medium (Gibco), containing
100 nM SiR-tubulin (spirochrome) and 10 µM verapamil (gift by spirochrome). Cells were moved to an
environmental chamber on a DeltaVision Core system (GE Healthcare). After 8 hours incubation, 8
positions were imaged of each condition every 2 minutes for 10 hours in total using a 40x 1.35 NA
UApo/340 (Olympus) oil objective.
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Analysis of Mitotic Exit during in Absence of Kif18A (figure 4.15)
22.000 HeLa cells (8.04.3157, 8.04.3162 and 8.04.3163 see 6.4.3) were seeded into 8 well µ-Slides
(ibiTreat, ibidi) slides and treated according to the Rescue Protocol (see 6.5.1). 13 hours after
thymidine release, they were fixed using 4% formaldehyde. Cells were stained with Hoechst33342 to
ensure a homogenous DNA signal throughout the population (for detailed fixation and staining
protocol see 6.6.1(Immuno)fluorescence microscopy). Cell populations were then imaged on a
Deltavision CoreSystem (GE Healthcare) by searching for mitotic exit cells. Images were taken as a zstack of 10 µm divided into 20 sections with 0.5 µm distance using a 100x 1.40 NA UPLS Apo (Olympus)
oil objective. Cells were categorized into distinct cell cycle phases and all observed phenotypes were
noted. Cells with abnormal morphology were excluded from analysis.

Nuclear Morphology Analysis (4.16)
HeLa Cells (8.04.3180, 8.04.3314, 8.04.3315, see 6.4.3) stably expressing H2B-mCherry and tetracycline
inducible variants of EGFP-Kif18A were seeded into a 12 well culture dish (IBL Glass Bottom Black Plates
#1.5H-N) and prepared according to the General Rescue Protocol (see 6.5.1). Cells were imaged
9 hours after thymidine release using a 20x 0.4 NA LD Plan Neo (Zeiss) air objective on an Axio Observer
Z1 (Zeiss, see 6.6.3) for 12 h every 5 min. Analysis was performed using ImageJ software similarly as
reported previously129. The mCherry signal was encircled 10 min prior to chromosome condensation
in mother cells and 30 min after recondensation in both daughter cells. Both circularity and solidity
were quantified. In cells expressing EGFP-Kif18A variants, green fluorescent cells were pre-selected
before morphology analysis. Multinuclear mother cells or triplications were excluded from analysis.

6.6 Imaging
(Immuno)fluorescence microscopy
Cells were seeded into 12-well plates containing glass cover slips (13 mm diameter, thickness no. 1.5,
Thermo Scientific). For analysis of mitotic cells, coverslips were coated with 0.01% (v/w) poly-L-lysine
in sterilized water for at least 48 h and washed thoroughly with PBS (phosphate buffered saline,
137 mM NaCl2, 2.7 mM KCl2, 10.2 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) prior to usage. Cells were
then treated as required for experimental analysis. Fixation was performed using either formaldehyde
or formaldehyde and methanol:
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a) Fixation with formaldehyde
Cell culture medium was carefully aspirated and replaced by 4% formaldehyde in PERM buffer (100 mM
Pipes, 10 mM EGTA, 1 mM MgCl2, 0.2% Triton X-100, pH 6.8) at room temperature. After 20 min
incubation, the fixative was aspirated and coverslips were washed twice with TBS (Tris buffered saline
0.15 M NaCl, 0.02 M Tris-Cl pH 7.4) containing 0.1% Triton X-100, followed by over night incubation
with antibody diluting solution (2% BSA, 0.1% NaN3, TBS (Tris buffered saline 0.15 M NaCl, 0.02 M TrisCl pH 7.4), 0.1% Triton X-100) at 4°C.

b) Fixation with methanol
Cell culture medium was carefully aspirated, and cells were quickly moved to -20°C and incubated in
methanol (pre-chilled at -20°C) for 8 min. Fixative was aspirated and cells were washed twice with TBST
(Tris buffered saline 0.15 M NaCl, 0.02 M Tris-Cl pH 7.4, 0.1% Triton X-100) and blocked over night at
4°C in antibody diluting solution (2% BSA, 0.1% NaN3, TBS (Tris buffered saline 0.15 M NaCl, 0.02 M
Tris-Cl pH 7.4), 0.1% Triton X-100).

c) Fixation with formaldehyde and methanol
Cell culture medium was carefully aspirated, and cells were permeabilized for 2 min in pre-warmed
PHEM buffer (ingredients) containing 0.2% Triton X-100 at 37°C. Buffer was aspirated and exchanged
for prewarmed 2% formaldehyde in PHEM buffer. Cells were incubated for 5 min, and fixative was
disposed and cells were moved to -20°C and quickly incubated in methanol (pre-chilled at -20°C) for
8 min. Fixative was aspirated and cells were washed twice with PHEM (60 mM PIPES, 25 mM HEPES,
10 mM EGTA and 2 mM MgCl2, pH 7.0) containing 0.1% Triton X-100 and blocked over night at 4°C in
antibody diluting solution (2% BSA, 0.1% NaN3, TBS (Tris buffered saline 0.15 M NaCl, 0.02 M Tris-Cl
pH 7.4), 0.1% Triton X-100).
The next day coverslips were moved to a dark chamber on a parafilm covered glass bottom. Primary
antibodies or nanobodies were diluted appropriately (see table 8) in antibody diluting solution and
each cover slip was provided with 50 µl solution for 1 h. Afterwards, cover slips were washed twice
with TBST (Tris buffered saline 0.15 M NaCl, 0.02 M Tris-Cl pH 7.4, 0.1% Triton X-100) and subsequent
incubation with secondary antibodies was then performed identically. In order to stain for DNA, a third
washing step with TBS (Tris buffered saline 0.15 M NaCl, 0.02 M Tris-Cl pH 7.4) was performed and
cover slips were incubated with 50 µl Hoechst33342 (1 µg/ml) for 10 minutes and washed another 3
times with TBS. Coverslips were then mounted onto glass cover slides (Menzel, ThermoScientific) using
Mowiol® 4-88 solution (4.75 ml glycerol, 2.4 g Mowiol 4-88, 12 ml 200 mM Tris-Cl pH 8.5, 6 ml ddH2O).
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Antibodies used for Immunofluorescence Microscopy
Target

Specification

Kif18A bethyl

Rabbit, polyclonal, target between
aa 650-700

Dilution

Supplier

1:250

Bethyl A308-079A-1

Kif18A Cterm

Rabbit, Target peptide aa 879-896

1:100

TUM-Lab #314, Mayr et al. 2007162

eGFP

Nanobody (GFP booster)

1:200

Chromotek atto488

1:500

Merck (Sigma) F2168

α-Tubulin

α-Tubulin

Mouse monolonal, DM1α clone,
FITC tag
Mouse monoclonal, DM1α clone,
hybridoma-SN in 1% FCS

1:100

Developmental Studies Hybridoma
Bank, clone AA4.3

Lamin A/C

Mouse monoclonal, E-1 clone

1:100

Santa Cruz Biotechnology sc-376248

Rabbit IgG

Goat, Alexa 594 tag

1:1000

Molecular Probes A11037

Rabbit IgG

Goat, Alexa 647 tag

1:1000

Invitrogen A21245

Mouse IgG

Goat, Alexa Fluor 350 tag

1:100

Invitrogen A11045

Mouse IgG

Donkey, Cy5 tag

1:1000

Jackson ImmunoResearch 715-175-150

Table 6.9: List of antibodies used for immunofluorescence staining. TUM lab number refers to TUM lab general number, aa
amino acid; SN - supernatant

Live-cell microscopy
Cells were grown in an appropriate culture dish as indicated for each experiment. Prior to analysis, the
standard DMEM medium (see 6.4.1) was exchanged to CO2-independet medium (Gibco) containing
10% FCS (Gibco), 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco) and GlutaMAX (Invitrogen). Cells
were carefully moved to the prewarmed environmental chamber of the respective microscope,
allowed to relax for 15 min prior to setting up the experiment, and kept at 37°C throughout the
experiment.
For experiments requiring many conditions and a higher number of data, cells were grown in 12-well
plates (IBL Glass Bottom Black Plates #1.5H-N) and imaged using an Axio Observer Z1 (Zeiss) equipped
with an environmental chamber (Zeiss), Colibri LED Modules and a CoolSnap-ES2 camera
(Photometrics). Imaging was performed using a 20x 0.4 NA LD Plan Neo (Zeiss) air objective and
MetaMorph® or VisiView® software.
When a higher resolution was required, cells were grown in µ-Slide 8 well ibiTreat (ibidi®) dishes and
imaged on a DeltaVision Core system (GE Healthcare) mounted on a IX-71 inverted microscope
(Olympus) equipped with an environmental chamber (Applied Precision) and a CoolSnap HQ2 camera
(Photometrics). Images were obtained using a 40x 1.35 NA UApo/340 (Olympus) oil objective or a 100x
1.40 NA UPLS Apo (Olympus) oil objective, as stated in individual experiments.
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For live-cell localization analysis of EGFP-Kif18A localization (see 6.5.2) and CycB1-EGFP-Kif18A (see
6.5.10), cells were seeded into a µ-Slide 8 well ibiTreat (ibidi®) dish and imaged on a Cell Observer HS
Spinning Disc confocal microscope (Zeiss). Fluorophores were excited using an OPSL laser at 488 nm
and a diode laser at 561 nm through a Plan-Apo 63x 1.4 oil objective. Signal was detected by an Evolve
512 EMCCD camera (Photometrics).
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8 Appendix
8.1 Abbreviations
°C
µ
aa
AID
Ana onset
APC/C
ATP
AurB
BSA
Bub1
BubR1
C-term
CCAN
Cdk1
Cdc20
Cdh1
CKI
CycB1, CycB
CENP-E
D. melanogaster
ddH2O
DMEM
dNTP
DNA
DTT
ECL
E. coli
EDTA
EGFP
EGTA
FCS
Flp
FRT
G1
G2
g
GOI
h
HEC1
HEPES
HRP
hTERT-RPE1
IgG
IP
K/Lys

degree Celsius
micro
amino acid
auxin inducible degron
anaphase onset
anaphase promoting complex/cyclosome
adenosine triphosphate
aurora B
bovine serum albumine
BUB1 mitotic checkpoint serine/threonine kinase
mitotic spindle checkpoint protein BUBR1
C-terminus (carboxy terminus)
Constitutive Centromere Associated Network
cyclin-dependent kinase 1
cell division cycle 20 (protein)
cdc20 homologue 1 (protein encoded by the FZR1 gene)
cyclin-dependent kinase inhibitor
cyclin B1
centromere-associated protein E (protein)
Drosophila melanogaster
dionized water
Dulbecco's modified eagle medium
deoxynucleotide triphosphate
deoxyribonucleic acid
dithiothreitol
enhanced chemoluminescence
Escherichia coli
ethylene diamine tetraacetic acid
Enhanced green fluorescent protein
ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid
fetal bovine serum
flippase
flippase recombinant target
gap phase 1
gap phase 2
gramm
gene of interest
hour(s)
Kinetochore protein Ndc80 homolog
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
horseradish peroxidase
human immortalized retinal pigment epithelial cells
immunoglobulin G
immunoprecipitation
lysine
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KD
KT
kDa
KMN
kMTs
KNL1
Kif
m
M
Mad1
Mad2, o-Mad2, c-Mad2
MCAK
Mis12 complex
mod
M-phase
Mps1
MT
min
n
ND
Ndc80
NEBD
NuMA
PAGE
PCR
Plk1
PIPES
POI
PP1
PP2A-B56
Q/Glu
R/Arg
RT
RNA
RZZ
s
S/Ser
SAC
S. cerevisiae
SD
SDS
siRNA
SN
S-phase
S. pombe
TB
tet
TRIP13
TUM lab
r.u.
wt
xg

knock-down
kinetochore
kilo Dalton
KNL1-Mis12-Ndc80 network
kinetochore microtubules
kinetochore scaffold 1 protein complex
kinesin-family member
meter or milli
molar
mitotic spindle assembly checkpoint protein MAD1
mitotic spindle checkpoint component MAD2, open Mad2, closed Mad2
mitotic centromere associated kinesin
Mis12-Pmf1-Nsl1-Dsn1 complex
modified
mitosis
monopolar spindle 1, serine/threonine-protein kinase MPS1
microtubules
minute (s)
nano
non degradable
Ndc80-Nuf2-Spc24-Spc25 complex
nuclear envelope breakdown
nuclear mitotic apparatus protein 1
polyacrylamid gel electrophoresis
polymerase chain reaction
polo-like kinase 1
piperazine-N,N′-bis(2-ethanesulfonic acid)
protein of interest
protein phosphatase 1
protein phosphatase 2A with B56 subunit
glutamine
arginine
room temperature
ribonucleic acid
Rod-ZW10-Zwilch complex
seconds
serine
spindle assembly checkpoint
Saccharomyces cerevisiae
standard deviation
sodium dodecyl sulfate
small-interfering ribonucleic acid
supernatant
synthesis phase
Schizosaccharomyces pombe
terrific broth
tetracycline
Thomas U. Mayer laboratory
relative units
wildtype
accelerated gravity
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8.2 Contributions
All experimental work presented in this thesis was performed by myself (Franziska Teusel) with helpful
input from Thomas Mayer and members of the lab except for the following contributions:
The mother cell line 8.04 used for cloning containing H2B-mCherry and the FRT site for integration of
exogenous genes was cloned by Martina Baack.
Experiments using DmrB-EGFP-Kif18A were performed by Aurelia Saftien under supervision of Martin
Möckel during the course of her Bachelor thesis in 2016 or by Zeno Riester under my supervision during
the intensive course Molecular Genetics at the University of Konstanz in 2016.
Experiments with auxin-induced degradation (figure 3 B, D) were performed by Ernestine Treimer
under supervision of Julia Häfner during the intensive course Molecular Genetics at the University of
Konstanz in 2013.
DNA constructs with Kif4A (namely EGFP-Kif4A, CycBmod-EGFP-Kif4A and CycBmodND-EGFP-Kif4A) were
cloned by Stefanie Dörr during the intensive course Molecular Genetics in 2018.
During my pregnancy, gel electrophoresis and western blots (taxol/nocodazole/ZM447439/reversine
overrides (figure 4.2) and western blots from experiments with Kif4A and Aurora B (see figures 4.10,
4.13)) were kindly performed by Melanie Walter.
The antibody against Kif18A for immunoblotting (N-terminal, see 6.3.4) was a re-purification of a preexisting serum done by Marie Isabel Canistro during her Bachelor thesis in 2018 under supervision of
Martina Baack. The C-terminal peptide antibody against Kif18A (see 6.3.4) was purified by Martin
Möckel.
Further, helpful pre-experiments were performed by the students I supervised during the course of
this work: Marko Glunk, Jonas Wietstock, Michelle Jentzsch, Selina Gisinger, Stefan Jovanovic (Bachelor
thesis); Michael Adams, Zeno Riester, Anna Neuer, Alison Kickuth, Stefanie Dörr, Julian Hogg (intensive
course Molecular Genetics); Manuel Kenzler (Master thesis).
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