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Introduction

1 – Introduction
1.1 The cell cycle
During a typical lifespan somatic cells have to duplicate their components and
divide, ensuring an equal partitioning of their content into a pair of daughter cells.
The complex and highly regulated series of events, which lead eukaryotic cells to
their reproduction is called the cell division cycle (Morgan 2006).
The cell cycle can be divided in four phases, traditionally based on the occurring
chromosomal events (Figure 1.1). The duplication of the genome takes place in
the so-called synthesis phase (or S phase), while its repartition happens during
the mitotic phase (or M phase) subdivided in mitosis (chromosomes segregation)
and cytokinesis (cell division). Two additional periods called gap phases (G1 and
G2 respectively) complete the cycle. G1 precedes the synthetic stage and
constitutes the initial time of cell growth after cytokinesis; G2 instead occurs
before M phase and represents an important regulatory period prior the mitotic
event. Moreover, the time in between two successive M phases is referred to as
interphase, while an extended non-dividing state eventually occurring due to
unfavored growth conditions is named G0.

Figure 1.1: Schematic representation of the eukaryotic cell division cycle (from Morgan
2006).
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Every cell has to tightly regulate the timing of the cell-cycle phases, controlling
the completion and the accuracy of events taking place in each stage and
coordinating its reproduction with proliferative signals eventually coming from the
extracellular environment. A biochemical regulatory mechanism known as the
cell-cycle control system governs those events. This system is based on the
cycle dependent activities of proteins belonging to the Cdk (Cyclin-dependent
kinase) and Cyclin families.
Cdk kinases play a pivotal role in regulating the progression through the different
phases of the cell cycle by activating or inhibiting via phosphorylation a large
number of crucial target proteins (Nurse 1999). To be functional Cdks require to
be bound to their specific regulatory partners belonging to the Cyclin protein
family. In humans there are four known Cdks involved in this process (Cdk-1, 2, 4
and 6) and four classes of Cyclins grouped according to their phase of activity
(G1: Cyclin-D; G1/S: Cyclin E; S: Cyclin A, M: Cyclin B).
The activation of Cdks at the proper time is granted by the cell-cycle dependent
expression of the corresponding Cyclin subunit, the concentration of which
oscillates notably according to the relative stage of the cycle (Figure 1.2).
Synthesis and degradation of Cyclins are in turn positively or negatively
regulated by different mechanisms including feedback loop pathways, other CdkCyclin activated complexes and several intracellular and extracellular trigger
factors. Moreover, higher levels of time and space regulation of the cell cycle are
conferred to the system by CAK (Cdk-Activating Kinase) and CKI (Cdk-Inhibitor)
proteins.
This extremely complex regulatory network is interlaced with the establishment
and satisfaction of phase transition checkpoints (Figure 1.2; Hartwell and Weinert
1989). The checkpoints ensure the correct progression through the cell cycle
phases, delaying or preventing the initiation of late events before the correct
completion of early ones. The first checkpoint called Start or G1/S occurs in late
G1, senses when the conditions are ideal for cell proliferation and allows the
expression of S phase Cyclins, driving the initiation of DNA replication. The
second checkpoint takes place at the G2/M transition and allows the activation of
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mitotic specific Cdk-Cyclin complexes only when the synthesis of DNA is
completed and mistakes eventually occurred in this process corrected. The last
checkpoint (M) happens in mitosis at the metaphase to anaphase transition and
secures the process of equal partitioning of the duplicated genome (see § 1.2).
Several and not yet fully understood are the molecular pathways by which
checkpoint protein complexes are established, maintained and satisfied
according to the cellular signaling system sensed.
Hence, an extremely accurate biochemical timer ultimately beats the cell-cycle
phases. This system grants the proper succession of the cell-cycle events,
ensures the stability of the genome through strictly controlled DNA duplication
and repartition processes and coordinates the cell division with the extracellular
environment.
In 2001 “for their discoveries of key regulators of the cell cycle”, Leland H.
Hartwell, R. Timothy Hunt and Paul M. Nurse were awarded with the Nobel Prize
in medicine.

Figure 1.2: Simplified scheme of the cell‐cycle control system (from Morgan 2006). Top:
oscillating levels of three major Cyclin types during the cell cycle; Bottom: establishment
and activity of the Cdk‐Cyclin complexes. The cell‐cycle checkpoints (vertical red bars) are
depicted at the corresponding cycle phases. The APC complex and its activity will be treated
in the following section (§ 1.2).
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1.2 The mitotic phase
Upon completion of the synthetic phase, every cell contains a duplicated copy of
its genome. The events taking place to ensure the equal repartition of the
replicated chromosome set into the two newly forming daughter cells constitute
the last part of the cell division cycle, named the mitotic phase.
During mitosis cells are subjected to a number of dramatic morphologic and
functional rearrangements, according to which this stage has been traditionally
subdivided (Figure 1.3; Pines 2006). The first phase, known as prophase is
characterized by the condensation of chromatin into compact hyper-coiled
structures, the chromosomes, the separation of the duplicated centrosomes
(Meraldi and Nigg 2002) and the initiation of the mitotic spindle assembly. During
the subsequent stage, named prometaphase, the nuclear envelop breakdown
takes place and the spindle now completely formed utilizes a “search and
capture” mechanisms to bind the chromosomes previously confined in the
nucleus (Kirschner and Mitchison 1986). Specialized structures built on
centromeric DNA, the kinetochores, mediate the attachment of microtubules to
sister chromatids (Maiato et al. 2004). The microtubule depolymerization
happening at kinetochores, coordinated with poleward and polar ejection forces
produced by motor proteins (§ 1.3) are responsible for the chromosome
movements in this phase. Metaphase is reached once all chromosomes are
properly aligned to the equatorial region of the spindle, the so-called metaphase
plate. The tension established between sister kinetochores generates a signal
cascade that induces the silencing of the mitotic checkpoint (Nezi and Musacchio
2009), allowing an equal segregation of the replicated chromatids in anaphase A
followed by the movement of the spindle poles towards opposite directions in
anaphase B. Telophase constitutes the last stage of mitosis and it is
characterized by the disassembly of the mitotic spindle, the decondensation of
chromatin and the reformation of the nuclear envelop. Cytokinesis begins upon
anaphase completion and concludes the mitotic phase. In this stage the
ingression of the cleavage furrow is promoted by the actin-myosin contractile ring
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and takes place correspondingly to the spindle midzone. This process causes the
pinching of the cell cortex and, coupled with the deposition of new membrane,
leads the mother cell to eventually divide originating two independent daughter
cells (Eggert et al. 2006).

Figure 1.3: phases of mitosis of
newt lung cells; green =
microtubules, blue = DNA (from
Rieder and Khodjakov 2003). A =
prophase; B‐D = prometaphase; E
= metaphase; F = anaphase A; G =
anaphase B; H telophase.

The faithful transmission of the genetic information from mother to daughter cells
constitutes a crucial process of the cell cycle, which has to be meticulously
controlled. During the mitotic phase a fundamental role is played in this regard by
the M checkpoint, also known as the Spindle Assembly Checkpoint (SAC). The
SAC is a prometaphase regulatory system that ensures the establishment of a
correct kinetochores-microtubules attachment and prevents the premature
segregation of sister chromatids (Musacchio and Salmon 2007). Main target of
the SAC is the Cell division cycle 20 (Cdc20) protein, an activating co-factor of
the E3 ubiquitin ligase complex called the Anaphase Promoting Complex /
Cyclosome (APC/C; Peters 1999). At metaphase to anaphase transition APCCdc20
ubiquitylates and, thus, targets key mitotic substrate as Securin and Cyclin-B for
destruction. Degradation of Securin leads to the activation of the proteolytic
enzyme Separase which consequently causes the removal of the Cohesin
complex from the centromeric region of sister chromatids, allowing in final
instance their separation (Diaz-Martinez and Clarke 2009). Destruction of CyclinB induces instead the inactivation of the mitotic master regulator Cdk1, followed
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by the dephosphorylation of its mitotic substrates necessary to promote the
progression through anaphase and telophase and ultimately the mitotic exit
(Bollen et al. 2009).
The SAC proteins MAD2, BubR1 and Bub3 form, together with Cdc20, the socalled Mitotic Checkpoint Complex (MCC). The MCC complex not only prevents
APC activation by sequestering Cdc20 but it appears to actively inhibit the
Cyclosome upon binding (Sudakin et al. 2001). Hence, the functions of the SAC
consist in sensing the lack of tension between malattached sister kinetochores
and generate an await signal to delay the onset of anaphase until errors are
corrected and proper attachments restored. Due to their complexity and the
elevated number of components involved (Figure 1.4a), the mechanisms by
which the SAC is established, propagates the halt signal and becomes silenced
(Figure 1.4b) remain to be fully elucidated and are currently objected of intensive
studies (De Antoni et al. 2005; Musacchio and Salmon 2007; Nilsson et al. 2008;
Nezi and Musacchio 2009).

Figure 1.4: a) Schematic
representation of key proteins
involved in the Spindle
Assembly Checkpoint (adapted
from Musacchio and Salmon
2007). b) Scheme of the SAC
activation/inactivation mech‐
anism according to the “Mad2
template model” (modified from De Antoni et al. 2005). In thistemplate
model open‐Mad2
(O) binds
mod
Cdc20 only in its closed conformation (C) achieved through previous binding to the Mad1‐closed‐
Mad2 complex at unattached kinetochores, which can be considered as the structural
“template”. The inactivation of the checkpoint occurs through multiple mechanisms involving
other effectors as p31comet and dynein.
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1.3 Motor proteins and mitosis
In all eukaryotes, the segregation of the parental genomic material into the
nascent daughter cells is accomplished by a specialized structure that is based
on a bipolar array of microtubules (MTs), the mitotic spindle (Wittmann et al.
2001). Microtubules are rigid polymers made of thirteen protofilaments of α/β
tubulin dimers arranged in a cylindrical structure. They posses a fast growing
plus end which exposes β-tubulin subunits and it is stabilized by a GTP cap, and
a minus end which terminates with α-tubulins and displays slower rate of tubulin
association (Morgan 2006). Microtubules ends can rapidly interchange between
periods of shrinkage (catastrophe) and growth (rescue), a phenomenon known
as dynamic instability.
According to their position and function within the spindle it is possible to group
the microtubules in three sub-classes: kinetochore, interpolar and astral MTs
(Figure 1.5a). Kinetochore-microtubules (k-MTs) bind chromosomes with their
plus ends while on the opposite site the minus ends are embedded at the spindle
poles. The main function of k-MTs is to establish end-on attachments at
kinetochores, generating inter-kinetochore tension and poleward forces (Dumont
and Mitchison 2009). Interpolar or non-kinetochore microtubules lie between the
spindle poles, are arranged in an anti-parallel fashion and are thought to confer
stability to the spindle ensuring its bipolarity. Astral microtubules are nucleated by
the centrosomes and are responsible for anchoring the spindle to the cell cortex
towards their plus ends.

Centrosomes cover a major role in nucleating the

spindle microtubules even though cells of higher plants and oocytes of many
vertebrates are still able to assemble functional spindles in their absence, due to
self-organizing properties ascribed to microtubules and MT-associated proteins.
Fundamental in this regard is the function accomplished by the small GTPase
Ran, which induces the nucleation and the stabilization of microtubules in the
proximity of chromatin (O'Connell and Khodjakov 2007).
The molecular forces that drive the spindle assembly and the chromosome
movements during mitosis are generated within the spindle by different
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mechanisms. An important role in this matter is played by motor proteins
belonging to the kinesin and dynein protein suparfamilies (Figure 1.5b). Those
proteins can bind microtubules via their globular motor domain and convert the
energy released upon ATP hydrolysis into mechanical forces (Gennerich and
Vale 2009). Eg5, a member of the kinesin-5 family, forms homotetramers and it is
known to cross-link and push apart anti-parallel microtubules, ensuring the
spindle bipolarity (Kapitein et al. 2005). Kif15 (kinesin-12) and the minus-end
directed Cytoplasmic dynein, also contributes in generating spindle poleward
forces (Tanenbaum et al. 2009), while another minus end directed protein, Ncd
(kinesin-14), counteracts their action (Hentrich and Surrey 2010). Ncd and the
complex dynein-NuMA are also known to play a crucial role in organizing and
focusing the microtubules minus-ends at the spindle poles (Radulescu and
Cleveland 2010). The chromokinesins Kid (kinesin-10) and Kif4 (kinesin-4) link
the mono-oriented chromosomes lying in the proximity of the spindle poles to
growing

microtubules,

producing

polar-ejection

forces

that

push

the

chromosomes towards the metaphase plate (Mazumdar and Misteli 2005). CenpE (kinesin-7) is thought to participate in this process, regulating the microtubule
attachment at kinetochores (Yao et al. 2000). MCAK (kinesin-13) specifically
depolymerizes the microtubule ends inducing catastrophe and playing a major
role in generating poleward forces (Walczak 2003). Another kinesin possessing
depolymerase activity is Kif18A (kinesin-8), which contributes for the alignment of
chromosomes at the metaphase plate (§1.4). Once metaphase is established,
the highly dynamic spindle is at steady-state, during which poleward and polarejection forces sum to zero. As soon as the mitotic checkpoint is satisfied, the
removal of Cohesin from the centromers and the degradation of ejection force
generators (e.g. Kid) shift the balance in favor to the outward translocation of
chromosomes and spindle poles, resulting in the anaphase chromosome
segregation. The phenomenon known as poleward flux, that is an evolutionary
conserved mechanism by which microtubules are actively slid towards the poles
while their minus ends get depolymerized (Rogers et al. 2005), is believed to
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work together with the depolymerization occurring at kinetochores to generate
the poleward forces acting in this process.
Moreover, Kif14 (kinesin-3) and the kinesin-6 family members Mkpl1 and Mklp2
(Glotzer 2009) are involved in cytokinesis. In the end, upon completion of
telophase, the spindle machinery is turned off and disassembled and cells are
able to sustain mitotic exit.

Figure 1.5: a) Top: architecture of the mammalian mitotic spindle; green = microtubules;
blue = chromosomes; red = sister kinetochores; +/‐ = microtubule ends. Bottom: Sub‐classes
of spindle microtubules (adapted from Dumont and Mitchison 2009). b) Cartoon of the
principal motor proteins involved in spindle assembly; arrows indicate the forces applied on
the microtubules by the motor proteins, opposite to the motor directionality (modified from
Wittmann et al. 2001). c) Schematic representation of the forces acting on the spindle
(adapted from Dumont and Mitchison 2009).
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1.4 The mitotic kinesin Kif18A
Motor proteins belonging to the kinesin superfamily (KIFs) play fundamental roles
in multiple cellular processes, ranging from the transport of organelles, protein
complexes and mRNAs to the assembly of the mitotic spindle and the
congression and segregation of chromosomes in mitosis (Miki et al. 2005;
Hirokawa et al. 2009). The members of this superfamily share a highly conserved
molecular structure, the motor domain, which includes ATP and microtubules
binding

sites

(Figure

1.6a;

Woehlke

and

Schliwa

2000).

Sustaining

conformational rearrangements, kinesin are able to convert the chemical energy
generated upon ATP hydrolysis into mechanical work that in most cases is in turn
translated into a processive motion along the microtubule lattice (Sack et al.
1999). A sub-group of KIFs, the so-called mitotic kinesins, carries out its essential
functions during different phases of mitosis and includes members of at least 10
different families (§ 1.2 and 1.3).
Kif18A is a component of the kinesin-8 family, which couples its functions as
motor protein to a microtubule depolymerase activity (Mayr et al. 2007). This
kinesin displays a dynamic spindle localization in mitosis (Figure 1.6b) and it is
required to regulate the chromosome alignment at the metaphase plate (Stumpff
and Wordeman 2007). Its depolymerase activity is highly conserved among
eukaryotes (Gandhi et al. 2004; Gupta et al. 2006) and it has been shown to
affect microtubules both in vitro and in vivo (Varga et al. 2006; Tischer et al.
2009), destabilizing them in a length-dependent manner (longer MTs are
depolymerized faster than shorter ones). An explanation for this phenomenon
has been recently proposed in a study carried out by Varga et al. through the
“antenna model” hypothesis (Figure 1.6c; Varga et al. 2009). Kif18A is known to
bind kinetochore-microtubules and to walk towards their plus end, originating a
concentration gradient along the MT lattice. Due to its high processivity (for the
Kif18A budding yeast homolog, Kip3p, the average run length on MTs before
detachment has been estimated in 11 ± 2 µm, resulting in a dissociation rate
before the MT end < 40%; Varga et al. 2009), the motor protein will accumulate
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at the microtubule end proportionally to its length (i.e. the longer is the
microtubule, the higher is the number of Kif18A molecules that can bind and
move toward its plus end). Once the protein reaches the protofilament end it will
not fall off but, on the contrary, it will remain tightly bound to one terminal tubulin
dimer (the end-residence time of Kip3p 0.05 nM was estimated in 36 ± 4 s; Varga
al. 2009). When a second incoming molecule arrives at the occupied MT
terminus, it will “bump” against the resident molecule causing the detachment of
the

complex

kinesin-tubulin

dimer,

ultimately

inducing

the

microtubule

catastrophe. This model is consistent with the greater accumulation of Kif18A
observed in vivo at the plus end of microtubules connected to a lagging
kinetochore compared to the corresponding leading sister kinetochore (Stumpff
et al. 2008). Microtubules bound to lagging kinetochores are in fact longer, as
they lengthen beyond the spindle equatorial region following the chromosomal
movement towards the distal pole. The higher concentration of Kif18A specifically
observed on these MTs is thought to promote their shortening by increasing the
probability of catastrophe events. This process will in turn promote a directional
switch of the chromosome movement from away-from-pole to poleward, as well
as a switch of the sister kinetochores condition (the lagging kinetochore will
become leading and vice versa). The mechanism proposed by Stumpff et al.
would therefore act in vivo reducing unidirectional chromosomal movements,
limiting their oscillatory amplitude along the spindle. Moreover, due to its way of
action, this regulatory mechanism is shut down as soon as the microtubules
connected to bi-oriented sister kinetochores measure equal lengths (i.e. when
the chromosomes are aligned at the metaphase plate).
These data, based on the budding yeast protein Kip3p, are in agreement with the
phenotype observed upon depletion of Kif18A in human cells, namely: the
checkpoint dependent arrest of cells in mitosis with elongated spindles and
unaligned chromosomes and the increased rate of mono-oriented chromosome
oscillatory movements (Mayr et al. 2007; Stumpff et al. 2008).
Additionally, a function as Cenp-E regulatory partner has been recently ascribed
to Kif18A by the work of Huang et al. According to these authors in fact, these
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two kinesins interact both in vitro and in vivo. Moreover, upon Kif18A knockdown
they could observe reduced levels of Cenp-E and its displacement from the
spindle, together with the mislocalization of BuBR1 (which in turn depends on
Cenp-E binding). These findings imply that the phenotypes induced by Kif18A
depletion in human cells could be explained, at least in part, by the impaired
functionality of Cenp-E and/or BubR1 (Huang et al. 2009).
Finally, studies performed in Drosophila melanogaster on the Kif18A homolog
Klp67A suggested a role for this kinesin as an anaphase central spindle
stabilizing factor (Gatt et al. 2005). Even though those evidences are supported
by Kif18A re-localization to the central spindle of somatic human cells in
anaphase (Figure 1.6b), they remained so far unexplored in the mammalian cell
culture system due to the lack of appropriate and versatile experimental tools,
such as one represented by a Kif18A small molecule inhibitor.

Figure 1.6: a) Schematic representation of the conventional kinesin heavy‐chain dimer (from
Woehlke and Schliwa 2000). b) Localization of endogenous Kif18A in HeLa cells during the
indicated mitotic stages compared to the outer kinetochore protein Hec1; green = Kif18A;
red = Hec1; scale bar = 5 μm. The insets show magnified views of the regions indicated by
white boxes; scale bar = 2 μm (adapted from Stumpff et al. 2008). c) Cartooned
representation of the antenna model; green = Kif18A; orange‐red structure = microtubule
(from Varga et al. 2009).
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1.5 Chemical genetics: a tool to study mitosis
Chemical genetics by definition is the research approach that uses small organic
molecules as probes to study protein functions (Mayer 2003). Those compounds
can be found among the vast group of bioactive molecules present in nature
(Wani et al. 1971) or they can be generated in vitro by synthesis (De Brabander
et al. 1976).
Their possible utilization ranges from the study of single protein in in vitro
systems (Catarinella et al. 2009) to the analysis of biological pathways in cultured
cells (Steegmaier et al. 2007) or in whole living organisms (Burns et al. 2005).
Several are the characteristics of small molecules according to which their use is
indicated to dissect dynamic cellular processes, such as mitosis (Florian et al.
2007).
In first place they act on a very fast time scale and their effect can often be
reverted upon removal from the assay solution (Figure 2.4) or culturing medium.
Other standard cell biological techniques, such as protein mutagenesis or
depletion require a time resolution in the order of days and are in most cases
irreversible.
Moreover, the compound treatment usually affects evenly entire populations of
cells and the effect can be controlled through titration. Once more those results
cannot be easily achieved by the use of other methods, which involve
transfection procedures or cell microinjections.
If the target protein is conserved across different species, it is likely that the same
compound displays the very same effect in different organisms. For instance the
Eg5 inhibitor monastrol has been initially identified in African green monkey cells
(Mayer et al. 1999) and some of its derivatives are currently tested in clinical
trials for their possible implication in treating human cancer.
Finally, another advantage of small molecules resides in the fact that their
application often leads to the inhibition of the protein of interest within the studied
system. This allows the investigation of inactive protein complexes and molecular
pathways, which would be impossible upon protein depletion via classic genetic
approaches or RNA interference (RNAi; Martin and Caplen 2007).
13
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Yet, chemical genetics also presents some disadvantages. Often, in fact, active
inhibitors are identified through in vitro high-throughput screenings directed
against one or few proteins of interest, an approach named reverse chemical
genetics. Those selected molecules might not display the same activity when
tested on cells. On the other hand, forward chemical genetics techniques can be
pursued to select compounds according to the phenotype induced by them in
vivo. The latter case ensures the selection of active compounds but is negatively
affected by the difficulties to identify their relevant targets within the cellular
contest. Moreover, once a molecule of interest has been identified by forward or
reverse chemical genetics, its target must be validated by different techniques
and its specificity of action has to be proven. Especially this last part is of great
importance in order to be able to rule out the existence of possible off targets,
which could interfere with the process studied. Nonetheless, several are the
example of small molecule inhibitors with validated targets, which were
successfully identified and employed to analyze protein functions in narrow time
windows along the cell cycle and specifically in mitosis, as the Plk1 (Lenart et al.
2007; Santamaria et al. 2007) and the Aurora kinase (Ditchfield et al. 2003; Hauf
et al. 2003; Gadea and Ruderman 2005) inhibitors.
The use of small molecules has therefore proven to be an invaluable tool in the
modern biological investigation and its importance is underlined by the growing
impact that this approach displays nowadays in the scientific community.

1.6 Basic aspects of enzyme inhibition
Enzymes are biological catalysts able to increase the rate of chemical reactions
in living organisms without being consumed in the process (Mathews and Van
Holde 1998). The Michaelis-Menten kinetics describes the behavior of enzyme
catalyzed reactions under specific conditions. In an elegant study published at
the beginning of the 20th century (Michaelis and Menten 1913) Leonor Michaelis
and Maud Leonora Menten, based on the work of the French chemist Victor
Henri, proposed an equation that correlates the velocity of an enzymatic reaction
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to the variation of its substrate concentration (Figure 1.7a, middle). Even though
the applicability of this equation is restricted to simplified systems (Figure 1.7a,
middle panel), it has proven to be extremely useful to study the activity of
numerous enzymes (Atkins and Nimmo 1980).
According to the Michaelis-Menten kinetics four possible mechanisms of
reversible enzyme inhibition exist, namely: the competitive, the noncompetitive,
the uncompetitive and the mixed inhibitory system (Figure 1.7b-e).
Competitive inhibition occurs when the inhibitor (I) binds the active site of the free
enzyme (E) preventing the formation of the complex enzyme-substrate (ES).
Given that I and S compete for the same binding site, the inhibitory effect can be
reverted in the presence of a large excess of S. In this system I influences the
apparent affinity between E and S that will be lowered, resulting in an increase of
the Michaelis constant (Km). The maximum velocity of the reaction (Vmax) will
instead remain unaffected (Figure 1.7b).
The noncompetitive inhibition applies to molecules that bind to an allosteric site
of the enzyme and eventually to the ES complex. This mechanism will not affect
the ability of the substrate to interact with the catalytic core of the enzyme,
therefore the Km will result unaltered. Nonetheless I will exert its influence on the
Vmax, which will be reduced independently of the S maximal concentration (Figure
1.7c).
The uncompetitive inhibition involves a particular mechanism by which I can
affect only the complex ES and not the free enzyme alone. As a result, the
values of both Km and Vmax will decrease (Figure 1.7d).
Finally, the mixed inhibition is a special case of allosteric inhibition according to
which I can bind the free enzyme E as well as the complex ES with two different
binding constants (Ki and Ki’), causing in turn a mixed inhibitory effect displayed
by the increase of the Km and the decrease of the Vmax (Figure 1.7e).
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Figure 1.7: a) Cartoon of an enzyme catalyzed reaction (left), scheme of the reaction
(middle) and graphic interpretation of the Michaelis‐Menten equation (right). Upon enzyme
(blue, E) binding, the substrate (orange, S) is turned into product (green, P). The Michaelis‐
Menten equation (middle panel) is valid assuming that E+S and ES are at equilibrium and
that [ES] is at steady‐state. The latter assumption is considered true when [S] >> [E] (quasi
steady‐state), therefore the reaction rate calculated in this condition is defined as initial
velocity (V0). b) Example of competitive inhibition. The inhibitor (dark‐grey, I) is usually
similar to S and competes with it for the same binding site on E (left). Increasing
concentrations of I (right) will apparently increase the enzyme Km without affecting the Vmax
of the reaction (schematically presented in the middle panel; rate constants and dissociation
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constants other than the inhibitor one (Ki) are omitted for clarity). c) Scheme of
noncompetitive inhibition. I binds the enzyme (and, eventually, with same affinity the ES
complex) in a different site compared to S. Therefore, ES can be formed with no effect on
the enzyme Km. The maximum velocity of the reaction will instead be lowered. d) The
uncompetitive inhibition is characterized by the fact that I can bind only the ES complex and
not the free enzyme. In this system Vmax will be reduced because of the inhibitor effect,
while Km will decrease according to Le Chatelier’s principle. e) Mixed inhibition. I can
allosterically bind with different affinity E or ES (Ki ≠ Ki’), affecting both the reaction Vmax
(decreased upon inhibitor binding) and the enzyme Km (apparently increased).

1.7 Aim of this project
Kif18A is a plus-end directed motor protein belonging to the kinesin 8 family,
characterized by its unique dual functionality that is: it can walk along the
microtubules and it can depolymerize them specifically at their plus end (Mayr et
al. 2007). Kif18A was also shown to be a highly processive motor, able to
destabilize microtubules in a length-dependent manner (Varga et al. 2009).
Recent studies demonstrated that Kif18A plays a fundamental role in mitosis,
contributing to the correct alignment of the chromosomes at the spindle
metaphase plate (Stumpff et al. 2008) and/or acting as regulator of key mitotic
proteins as Cenp-E or BubR1 (Huang et al. 2009). Moreover, a direct role of this
kinesin in anaphase has been proposed (Gatt et al. 2005).
The aim of this work consisted in the validation and the characterization of the
first Kif18A small molecule inhibitor (Grüner 2004), which could then be utilized
as an invaluable tool to study the mechanisms of action of this kinesin both in
vitro and in vivo, helping to address the questions concerning Kif18A
depolymerize activity and its functionality in early and in late stages of mitosis so
far remained unanswered.
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2 – Results
BTB-1 is the first small molecule inhibitor of the mitotic kinesin Kif18A. Following
in this section the description of the compound identification and its detailed
biochemical and biological characterization.

2.1 Identification of BTB-1
To identify inhibitors of the mitotic kinesin Kif18A, Tamara Grüner performed an
in vitro screening of a commercially available small molecule library (9000 HitKit,
Maybridge) consisting of 9000 synthetic compounds (Grüner 2004). A malachitegreen based assay (Geladopoulos et al. 1991) was used to perform the
screening. In this procedure the in vitro ATPase activity of Kif18A could be
monitored spectrophotometrically, based on the fact that the free phosphate
released in the hydrolysis reaction induced a subsequent increase in absorption
by reacting with the malachite-green solution. The screening was performed in a
miniaturized format (384 well/plates) and the transfer of compounds and
reagents as well as the absorbance measurements were performed through
highly automated procedures. The microtubule stimulated ATPase activity of
GST-Kif18Amotor (1-467aa; Figure 2.1a) was used as readout for the screening
and it was set to 100% in the absence of inhibitors. Each compound of the library
was tested in duplicated at a concentration of about 50 µM and it was considered
as a Kif18A inhibitor if the ATPase activity of the kinesin was reduced to less than
35% (inhibitory effect > 65%). According to this criterion, four compounds were
selected as Kif18A inhibitors. Furthermore, to sort out unspecifically acting
compounds the results of this screening were crosschecked with the data
obtained in screenings previously performed in the Mayer lab, directed against
other fourteen target proteins. An identified hit (inhibitory effect > 65%) was then
considered specific for Kif18A if its inhibitory effect on other tested proteins was
less than 20%. Only one out of the four selected small molecules satisfied also
this second criterion. Thus, the compound 4-chloro-2-nitrodiphenyl sulphone
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(Figure 2.1b), named hereafter BTB-1, was identified as in vitro inhibitor of Kif18A
and selected for further analysis.

Figure 2.1: a) Schematic representation of Kif18A. b) Structure of the identified compound
BTB‐1 (4‐chloro‐2‐nitrodiphenyl sulphone).

2.2 Screening validation
To validate the screening results we tested in a malachite-green based assay the
inhibitory effect of different concentrations of BTB-1 against the ATPase activity
of recombinant Kif18A (1-898aa; Figure 2.1a). To perform these experiments we
utilized the recombinant full-length protein purified from insect cells via N-terminal
histidine tag (His-Kif18AFL). This procedure allowed us to exclude the protein tag
or contaminant prokaryotic proteins eventually present in the screening prep as
off-targets of BTB-1. Moreover, to improve the sensitivity of the assay compared
to the less stringent screening conditions, we performed a fine titration of the
kinesin activity in the presence of varying amount of its substrate, ATP, and
pseudo-substrate, microtubules (MTs). The final concentrations of protein and
substrates were chosen in order to obtain a linear increase in the ATPase activity
of Kif18A over the time (Figure 2.2a). As depicted in Figure 2.2b, BTB-1 could
strongly inhibit Kif18A also in this different experimental set up, confirming the
results obtained in the screening. Notably, BTB-1 could inhibit Kif18A in a dose
dependent manner. High concentrations of monastrol, a well-known Eg5 inhibitor
(Mayer et al. 1999) were used as specificity control. As expected monastrol
showed no significant effect in inhibiting Kif18A (Figure 2.2b, grey column).
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Figure 2.2: a) The in vitro
ATPase activity of increasing
concentrations of His‐Kif18AFL
was determined by malachite‐
green assay. [ATP] = 100 µM;
[MTs] = 200 nM (unless
otherwise specified).
b) Quantification of BTB‐1
inhibitory effect towards His‐
Kif18AFL (15 nM) MT stimulated
ATPase activity.

2.3 BTB-1 potency and specificity
The IC50 value is often used to describe the inhibitory capacity of a compound
since it quantifies the concentration of inhibitor required to halve the rate of an
enzyme catalyzed reaction under specified conditions (Burlingham and Widlanski
2003). To determine the half maximal inhibitory concentration of BTB-1 we
utilized a steady-state ATPase enzyme-coupled assay (Figure 2.3a; Lindsley
2001). This experimental approach allowed us to monitor in real-time the MT
stimulated ATPase activity of His-Kif18Amotor (1-467aa; Figure 2.1a) in the
absence or in the presence of different concentrations of inhibitor. BTB-1 resulted
to be a very effective Kif18A inhibitor with an estimated IC50 value of 1.69 µM
(Figure 2.3b). To unambiguously verify the chemical identity of BTB-1, the
molecule was re-synthesized by Tobias Strittmatter (Catarinella et al. 2009) and
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tested for its ability to inhibit Kif18A mediated ATP hydrolysis as described
above. Also in this case the newly synthesized molecule showed a potent
inhibitory effect, with an IC50 value of 1.86 µM (Figure 2.3b). Next, we utilized the
enzyme-coupled assay to investigate the specificity of BTB-1 towards Kif18A.
Importantly, none of the other mitotic kinesin tested showed any significant
reduction in their ATPase activity upon BTB-1 treatment (Figure 2.3c).
Taken together these results confirmed by a different experimental approach that
BTB-1 is a potent and specific inhibitor of the ATPase activity of the mitotic
kinesin Kif18A.

Figure 2.3: a) Schematic representation of the reactions involved in the enzyme‐coupled
assay (modified from Lindsley 2001). b) Increasing concentrations of BTB‐1 and re‐
synthesized BTB‐1 were used to estimate the compound IC50 in the presence of 22 nM His‐
Kif18Amotor ([ATP] = 650 μM; [MTs] = 3 μM). The data were fitted by nonlinear regression
(Motulsky 2007) and the IC50 values were calculated using a four‐parameter dose‐response
equation (see Materials and methods, § 4.6.2). c) Quantification of the inhibitory effect of
100 μM BTB‐1 tested on different recombinant kinesins by enzyme‐coupled assay.
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2.4 Reversibility of BTB-1 inhibitory effect
A major characteristic of small molecules resides in the fact that their effect can
often be rapidly reverted by simply removing them from the assay solution. To
test whether BTB-1 acts reversibly we established an in vitro MT gliding assay
(Figure 2.4a) using a flow chamber with a capacity of about 20 µl, which allowed
us to quickly exchange the reaction solution containing ATP, MTs and DMSO or
BTB-1. To perform this assay, recombinant His-Kif18AFL was first adsorbed to the
glass surface of the flow chamber and then incubated with fluorescently labeled
MTs and motility solution containing ATP (§ 4.7). In this scenario the protein is
able to bind the MTs but it cannot walk along them because its N-terminus is
immobilized onto the flow chamber. Yet, Kif18A is still able to hydrolyze ATP and
to convert the chemical energy generated in this reaction into mechanical forces,
inducing in turn the gliding of the bound MTs. The resulting movement of MTs is
therefore a direct consequence of the kinesin activity and it can be easily
monitored by time-lapse microscopy.
The results of this experiment are shown in Figure 2.4. The presence of DMSO
as solvent control does not interfere with the ability of Kif18A to induce the MTs
gliding (Figure 2.4b top kymograph and Figure 2.4c) at a speed of (0.036 ±
0.015) µm/s, in accordance with previous reports (Mayr et al. 2007). Replacing
the motility solution in the flow chamber with one containing 100 µM BTB-1
almost completely abolished the MTs movement (Figure 2.4b middle kymograph
and Figure 2.4c. MTs velocity = (0.003 ± 0.001) µm/s). Upon inhibitor wash out
the kinesin regained most of its activity moving the MTs at a speed of (0.027 ±
0.013) µm/s (Figure 2.4b bottom kymograph and Figure 2.4c). 100 µM monastrol
was used as negative control to validate the experimental set up (Figure 2.4d
and 2.4e). As expected, before and after addition of monastrol Kif18A was able
to move MTs with no relevant variation in velocity (respectively (0.048 ± 0.014)
µm/s before and (0.046 ± 0.012) µm/s after addition of monastrol). In summary,
with this experimental approach we could demonstrate that BTB-1 can inhibit the
ATPase activity of Kif18A in vitro in a reversible manner.
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Figure 2.4: a) Top ‐ schematic representation of the MT gliding assay: red = MT; blue/black
structure = His‐Kif18AFL; light blue = glass surface. Bottom ‐ fluorescence images of His‐
Kif18AFL mediated MT movement (arrows indicate the MT tip at each time point; scale bar =
5 μm). b) Representative kymographs of MT gliding assay performed in the presence of
DMSO, after flushing in 100 μM BTB‐1, and after wash out of BTB‐1 (scale bar = 5 μm). c)
Quantification of MTs motility (n = 10 MTs; experiments were performed as described for
b). d) Representative kymographs of His‐Kif18AFL mediated movement of a MT in the
presence of DMSO or 100 μM monastrol (scale bar = 5 μm). e) Quantification of MTs
motility (n = 10 MTs; experiments were performed as described for d).
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2.5 Inhibitory kinetics of BTB-1
To better understand the mode of action of BTB-1 we utilized the enzymecoupled assay to perform a detailed analysis of its inhibitory kinetics. First, we
analyzed whether BTB-1 acts competitively with ATP. To this end, we determined
the ATP hydrolysis rate mediated by His-Kif18Amotor activity in the presence of
increasing concentrations of ATP, saturating concentrations of MTs and
increasing concentrations of BTB-1 or DMSO used as solvent control. We then
fitted the data set obtained to the competitive, noncompetitive, uncompetitive or
mixed enzymatic inhibitory models, according to the Michaelis-Menten kinetics
(Figure 2.5a). The best fitting model, which was determined based on the
calculated values of: best-fit, standard error, confidence intervals and lack of fit,
(Table 2.1) was chosen to classify the inhibitory mechanism of the compound.
This analysis revealed that BTB-1 inhibits Kif18A in an ATP competitive manner
(Figure 2.5a, top-left panel; Table 2.1, highlighted values). To validate our
experimental

setup

we

repeated

these

experiments

using

increasing

concentrations of ATPγS (Figure 2.5b), a slowly hydrolyzed ATP analogue known
to act as an ATP competitive inhibitor (Bagshaw 2001). If our calculations were
correct one would expect the competitive inhibitory model to be the best fitting
one also in the case of ATPγS. As can be derived from Figure 2.5c and Table
2.2, we could correctly classify ATPγS as an ATP competitive inhibitor,
confirming therefore our prediction and the solidity of our calculations.

2.6 Microtubules effect on the inhibitory process
Kinesins use the chemical energy derived by the hydrolysis of ATP to walk along
microtubules (Gennerich and Vale 2009). ATP is therefore the bona fide
substrate of these proteins while MTs act as pseudo-substrate, capable to
enhance their enzymatic activity (also known as kinesin MT stimulated activity)
without being turned-over by the enzyme itself. To analyze how MTs affect the
inhibitory kinetics of BTB-1, we measured Kif18A ATPase activity as described in
§ 2.5, varying this time the concentration of the pseudo-substrate (MTs) and
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keeping ATP constantly at saturating levels (Figure 2.6). Knowing that ATP and
MTs have distinct binding sites within the motor domain of Kif18A (Figure 2.1a),
one could predict an inhibitory kinetics different from the competitive mode (i.e. if
BTB-1 specifically competes with ATP for its binding site as we determined it is
not expected to bind the MT domain as well). In agreement with our prediction,
the data analysis revealed the uncompetitive inhibitory model as the most
probable one, closely followed by the noncompetitive system (Figure 2.6 and
Table 2.3). Therefore, the results of our enzyme kinetics analysis imply that BTB1 inhibits the ATPase activity of Kif18A in vitro in an ATP competitive and MTs
uncompetitive manner.
Figure 2.5: a) To determine the
inhibitory mechanism of BTB‐1,
the rate of ATP hydrolysis
mediated by recombinant Kif18A
was estimated in the presence of
saturating concentrations of MTs
and varying concentrations of
ATP and inhibitor. The dataset
obtained was fitted by nonlinear
regression (Motulsky 2007) using
four different mathematical
models,
corresponding
to:
competitive,
noncompetitive,
uncompetitive inhibition or a
mixed model which plots the
data evaluating these three
models together. The best fitting
was
obtained
using
the
competitive inhibitory model
(top‐left panel; see also Table
2.1 and Materials and methods
for details). b) The inhibitory
mechanism of ATPγS was
determined with the same
experimental procedure and
mathematical analysis utilized
for BTB‐1. The graphical results
of the nonlinear regression
fitting
are
shown.
The
competitive model resulted to
be the best fitting (top‐left panel
and Table 2.2).
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Table 2.1: Results of the nonlinear regression fitting (Motulsky 2007) utilized to determine
the inhibitory mechanism of BTB‐1. The competitive inhibitory model was chosen based on
the high degree of accuracy in calculating its best‐fit values indicated by the low standard
error and confidence intervals (highlighted values). The P value obtained in the replicates
test for the lack of fit and the Alpha value > 1 calculated using the mixed model analysis
(Copeland 2000) confirmed the adequacy of the model chosen (refer to the paragraph 4.6.1
of Materials and methods for a detailed description of the inhibitory model analysis).

Table 2.2: Results of the nonlinear regression fitting utilized to determine the inhibitory
mechanism of ATPγS. The experiments and the mathematical analysis were performed as
previously described for BTB‐1.
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Figure 2.6: The inhibitory
kinetics of BTB‐1 was
assessed in the presence of
increasing concentrations
of MTs and saturating
levels
of
ATP.
The
inhibitory model analysis
was
performed
as
described in § 2.5; the
results of the nonlinear
regression
fitting
are
displayed. The uncompeti‐
tive model resulted to be
the best fitting one
(bottom‐left panel and
Table 2.3)

Table 2.3: Results of the nonlinear regression fitting utilized to determine the inhibitory
kinetics of BTB‐1 towards MTs. The model analysis indicates the uncompetitive inhibitory
kinetics as the most probable one according to the low values of standard error and
confidence intervals, the highest P value and the Alpha value of the mixed model
(highlighted in yellow; see Materials and methods for details). Yet, this analysis did not allow
us to completely exclude the noncompetitive inhibitory mechanism (this model could still fit
the experimental data, even though with an increased margin of error in the test for lack of
fit; value highlighted in red). Further experiments were therefore performed to verify the
goodness of this mathematical model prediction (see § 2.7).
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2.7 BTB-1 does not inhibit Kif18A’s basal activity
The uncompetitive inhibition is a particular case of enzymatic inhibition, which
can take place when the enzyme has either more than one substrate or a
pseudo-substrate in addition to its bona fide substrate as in the case of Kif18A.
On the contrary of a noncompetitive inhibitory kinetics (§ 1.6), the uncompetitive
model implies that BTB-1 can bind and prevent Kif18A to hydrolyze ATP only
after the protein has bound to MTs. If this applies, the basal MT independent
ATPase activity of Kif18A should not be affected by BTB-1. To test this we
monitored the ATP hydrolysis rate of His-Kif18Amotor by enzyme-coupled assay in
three different phases: phase I - basal ATP hydrolysis in the absence of BTB-1;
phase II - basal ATP hydrolysis in the presence of BTB-1; phase III - MT
stimulated ATP hydrolysis in the presence of BTB-1. In this scenario we would
expect to detect an inhibitory effect of BTB-1 only in phase III while no difference
should be notable between phases I and II. The results of this experiment are
shown in Figure 2.7a. During phase I, Kif18A hydrolyzed ATP at rate of 0.12 s-1
(phase I, blue and red line). Upon addition of 100 µM BTB-1 (phase II, blue line)
or DMSO (phase II, red line) no significant variation was detected in the ATP
hydrolysis rate (0.12 s-1 and 0.11 s-1 respectively). The apparent increase in
absorption observed after BTB-1 addition was unrelated to Kif18A activity since
the same effect was observed for the control sample treated with BTB-1 but
lacking Kif18A (phase II, black line). Finally, the addition of MTs strongly
enhanced the hydrolysis reaction in the presence of DMSO (0.3 s-1; phase III, red
line) but not in the presence of BTB-1 (0.13 s-1; phase III, blue line) confirming
therefore the ability of BTB-1 to inhibit Kif18A only in the presence of MTs
(quantified in Figure 2.7b).
Monastrol is known to be an allosteric inhibitor of Eg5, able to inhibit both the
basal and the MT stimulated activity of this kinesin, following a noncompetitive
kinetics (Maliga et al. 2002). For its properties monastrol was the most suitable
control to validate this procedure, therefore we monitored its ability to perturb the
ATP hydrolysis rate mediated by the motor domain of Eg5 as described above
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for Kif18A. As can be derived from Figures 2.7c and 2.7d we could detect the
inhibitory effect of monastrol both in the absence (phase II, dark-green line) and
in the presence (phase III, dark-green line) of MTs, consistently with previous
reports.
In conclusion, with this analysis we could show that BTB-1 inhibits only the MT
stimulated ATPase activity of Kif18A, confirming therefore the results of our
inhibitory kinetics model.

Figure 2.7: a) ATPase activity of His‐Kif18Amotor. Phase I: basal ATPase activity before
addition of DMSO (red line) or 100 μM BTB‐1 (blue line). Phase II: basal ATPase activity after
addition of DMSO or 100 μM BTB‐1. Phase III: MT stimulated ATPase activity in the presence
of DMSO or 100 μM BTB‐1. Violet line: DMSO control reaction lacking His‐Kif18Amotor. Black
line: BTB‐1 control reaction lacking His‐Kif18Amotor. : DMSO/BTB‐1 addition; : MTs
addition; light‐gray areas: time points used to calculate the ATP hydrolysis rate in each
phase (see § 4.6 of Materials and methods). b) Quantification of His‐Kif18Amotor activity
expressed in arbitrary units during phase I, II, and III as described in (a); red = DMSO, blue =
BTB‐1 (the quantification of the buffer controls is omitted). c) ATPase activity of His‐Eg5motor
(1‐371aa). Red line: DMSO; Dark‐green line: 100 μM monastrol; Violet line: DMSO control
lacking His‐Eg5motor; Light‐green line: monastrol control lacking His‐Eg5motor. d)
Quantification of His‐Eg5motor activity expressed in arbitrary units; red = DMSO, green =
monastrol (the quantification of the buffer controls is omitted).

29

BTB‐1 affects the mitotic progression of HeLa cells

2.8 BTB-1 affects the mitotic progression of HeLa cells
Due to the ability to easily cross cell membranes and the very fast time of action,
small molecules are suitable probes to study protein functions in vivo (Mayer
2003). To test the effects of BTB-1 in an in vivo system, we treated asynchronous
populations of HeLa cells with increasing amounts of this small molecule for 18 h
(Figure 2.8 a-d). As can be seen in Figure 2.8a and 2.8b, BTB-1 caused a dose
dependent increase in the mitotic index. The cells arrested in mitosis showed a
variety of phenotypes (quantified in Figure 2.8c) among which the most frequent
were: aberrant spindles in a prometaphase/metaphase like state with unaligned
chromosomes or abnormally short spindles (Figure 2.8d). In the presence of
BTB-1, endogenous Kif18A immunostaining decorated the MTs but given the
severely compromised spindle structures it was difficult to assess whether the
kinesin was still able to localize specifically at the plus end of the kinetochoreMTs, as in the wild-type situation (Mayr et al. 2007; Stumpff et al. 2008).
To follow the chromosome movements upon BTB-1 treatment, we filmed HeLa
cells stably expressing histon H2B-GFP. In the presence of the compound, the
cells showed severe defects in chromosome congression and segregation
mechanisms (Figure 2.8f), which finally allowed them to divide after a prolonged
time in mitosis (Figure 2.8e) or to eventually undergo apoptosis.
The complex range of cellular phenotypes induced by BTB-1 could be explained
by the drug dependent alteration of the MT dynamics during mitosis. These
effects could be caused by: 1) the inhibition of the MT destabilization mediated
by Kif18A in vivo; 2) the ability of the compound to target directly the MTs, acting
as a tubulin drug; 3) the inhibition, direct or indirect, of possible off-target proteins
in the cellular context. The understanding of BTB-1 derived phenotypes
constituted a very challenging question that we tried to answer, as reported in the
next experimental sections.
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Figure 2.8: a) Representative image of an asynchronous population of HeLa cells treated
with BTB‐1 (40 μM, 18 h). The anti‐phospho histon H3 staining (red) was used to visualize
the mitotic cells (green = α‐tubulin; blue = Hoechst; scale bar = 40 μm). b) Quantification of
the mitotic index of HeLa cells treated with increasing amount of BTB‐1 (n ≥ 180 cells;
treatment and staining as above). c) Quantification of the phenotype penetrance in HeLa
cells caused by increasing concentrations of BTB‐1 (n = 100 mitotic cells; averages and
standard deviations are derived from two independent experiments). M = monoasters; SS =
short spindles; MS = multipolar spindles; BS = “banana‐shaped” spindles; FP = spindles with
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fused poles; DSP = disorganized spindles in prometaphase; DSM = disorganized spindles in
metaphase; DSA = disorganized spindles in anaphase; LC = lagging chromosomes; CC =
chromosome congression defects; NP = normal prophase; NPM = normal prometaphase;
NM = normal metaphase; NA = normal anaphase; NT = normal telophase. d) Examples of
BTB‐1 induced phenotypes (red = Kif18A; green = α‐tubulin; blue = Hoechst; scale bar = 5
μm). e) Quantification of the time in mitosis calculated from nuclear envelop breakdown to
anaphase onset of asynchronous HeLa cells filmed in the presence of DMSO or 20 μM BTB‐1
(n ≥ 50 cells; the results of three independent experiments are shown grouped in one graph;
each symbol corresponds to one cell). f) Still images of HeLa cells (time points in minutes are
shown) stably expressing Histon H2B‐GFP treated as in e) (scale bar = 10 μm). BTB‐1 treated
cells showed defects in aligning and maintaining the chromosomes at the metaphase plate;
after a prolonged time in mitosis the cells managed to divide (BTB‐1 – top panels) often with
an aberrant chromosome segregation (BTB‐1 – middle panels) or eventually underwent
apoptosis (BTB‐1 – bottom panels).

2.9 Interfering with Kif18A
To better understand the phenotype induced by BTB-1 in vivo, we compared its
effect with phenotypes obtained by interfering with Kif18A functions within the cell
using standard cell biological approaches.
In first place, we depleted Kif18A by RNA interference (RNAi). The knockdown of
Kif18A is known to induce a checkpoint dependent accumulation of cells in
mitosis

with

aberrant

spindle

structures

and

deficiencies

in

aligning

chromosomes at the metaphase plate (Mayr et al. 2007; Stumpff et al. 2008).
As expected, Kif18A RNAi led to an increase in the mitotic population of HeLa
cells (data not shown), most of which presented the characteristic “bananashaped” spindles with elongated MTs and chromosomes grouped in a broad
metaphase plate (Figure 2.9a). Yet, this phenotype typically caused by Kif18A
depletion was not relevantly observed in BTB-1 treated cells (Figure 2.8c).
Moreover, we over-expressed in HeLa cells a mutated form of Kif18A tagged with
GFP (Kif18AWM, Figure 2.1a). This mutant carries an amino acid substitution
(K119R) in the Walker-A motif (Walker et al. 1982) of Kif18A motor domain that
allows the protein to bind the MTs but not the ATP. Therefore, Kif18AWM cannot
walk along the MTs, mimicking the effect eventually induced by BTB-1. As shown
in Figure 2.9b, Kif18AWM localized to the spindle. In particular, it seemed to be
enriched at the spindle poles failing to accumulate at the plus ends of
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kinetochore-MTs. Also in this case the phenotype did not completely resemble
the one induced by BTB-1.
In conclusion, interfering with Kif18A activity in vivo using the two approaches
described resulted in a phenotype different from the BTB-1 derived one. Even
though these results could be explained by the means of different treatments
which the cells were exposed to (i.e. the depletion of the endogenous protein by
RNAi, the over-expression of a mutated protein and the inactivation of the
endogenous protein by small molecules), they raised on the other end the
necessity to further control the specificity of action of BTB-1 within the cell
environment.

Figure
2.9:
a)
Representative image
of a Kif18A depleted
cell (scale bar = 5 μm);
b) Characteristic lo‐
calization of Kif18AWM
over‐expressed in the
endogenous
Kif18A
RNAi background (scale
bar = 5 μm).

2.10 BTB-1 has no relevant effects in interphase
Kif18A exerts its known functions during mitosis and its localization varies
accordingly during the cell cycle (Mayr et al. 2007). In interphase the protein has
nuclear localization, which prevents its interactions with the MT network at this
stage. Thus, we reasoned that if BTB-1 would affect interphase processes, this
could possibly be an indication of an off-target effect of the compound. To test
this hypothesis we treated HeLa cells with high concentrations of BTB-1 and we
analyzed by immunostaining the integrity of the MTs, the Golgi apparatus, the
endoplasmic reticulum and the actin filament network in interphase cells.
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As can be observed in Figure 2.10 none of the structure mentioned appeared to
be affected by BTB-1 treatment. Nevertheless, the compound was active,
causing its typical mitotic phenotype described above (Figure 2.10a-c right
panels). We could therefore conclude that, under the experimental conditions
used, BTB-1 did not show any relevant effect in interphase cells.

2.11 Microtubules regrowth
Given that the phenotypes caused by BTB-1 did not exactly match the ones
induced by other approaches, we investigated the possibility of a direct effect of
BTB-1 on MTs. To this end, we performed a MT regrowth assay where MTs are
first completely depolymerized via cold treatment and, then, stimulated to regrow
by shifting the temperature raising it again to 37°C. Tubulin drugs as nocodazole,
are known to influence the MTs regrowth process typically slowing down their
regeneration (Luduena and Roach 1991). As shown in Figure 2.11 we allowed
the regrowth of the MT cytoskeleton of HeLa cells in the presence of DMSO,
BTB-1 and nocodazole. As expected, low doses of nocodazole greatly affected
the nucleation of MTs, which were barely visible after 5 minutes of incubation at
37°C (Figure 2.11c). Under the same experimental conditions, cells treated with
DMSO or BTB-1 were instead able to nucleate MTs already after 1 minute,
partially reforming their cytoskeleton after 5 (Figures 2.11a and 2.11b).
Although a fine titration of the compound as well as detailed kinetics studies still
need to be performed to rule out mild effects of BTB-1 on the MTs regrowth, the
results of these preliminary experiments indicate that BTB-1 does not significantly
affect MT dynamics directly.
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Figure 2.10: a) HeLa cells were treated for 18 h with DMSO or BTB‐1 (25 μM), fixed and
stained to detect the MT (anti‐α‐tubulin antibodies) and the actin (TRITC conjugated
phalloidin) networks; left panels = interphase cells; right panels = mitotic cells; scale bars =
10 μM); b) Representative images of HeLa cells treated and imaged as in a). The Golgi
apparatus was visualized via 58K/FTCD immunostaining. c) Treatment and
immunofluorescence of HeLa cells was performed as above; the ER was detected by anti‐
calnexin antibodies.
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Figure 2.11: a) MT re‐
growth assay performed in
HeLa cells in the presence
of DMSO. Representative
images are shown; time
point 0 = switch of the
culture temperature to 37
°C to allow the MTs re‐
growth;
time
points
(minutes) and scale bar (10
μm)
are
shown.
b)
Representative images of
the MTs regrowth in the
presence of 25 μM BTB‐1.
Time points and scale bar
as in a). c) Representative
images of the regrowth
assay performed in the
presence of 150 nM
nocodazole. Time points
and scale bar as above.

2.12 BTB-1 derivatives
Minor substitutions in the structure of small molecule inhibitors can lead to
dramatic variations of the biological effect of the compounds, affecting their
potency and/or solubility (Lima and Barreiro 2005). The resulting derivatives can
range from more potent in vitro and/or in vivo inhibitors to totally inactive drugs.
To identify other potential Kif18A inhibitors, we screened 55 BTB-1 related small
molecules (Maybridge, “cherry picked” compounds; Table 2.4) by malachitegreen and enzyme-coupled assays. The combined results of these two in vitro
approaches allowed us to select 8 BTB-1 derivatives to be further characterized
in vivo (Figure 2.12). Unfortunately, when tested on cells none of the selected
compound showed any relevant phenotype (data not shown).
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Table 2.4: Schematic structures of the BTB‐1 related small molecules (Maybridge) tested for
Kif18A inhibition (the numbers listed correspond to the Mayer lab chemical compound
inventory).

Figure 2.12: Combined results of the sub‐screening performed on recombinant His‐
Kif18Amotor using the BTB‐1 related molecules depicted above. The sub‐screening was
performed by malachite‐green assay (black columns) and validated by enzyme‐coupled
assay (white columns). The compounds were tested at a final concentration of 50 μM in
both experimental systems. Highlighted in yellow: compounds selected for the in vivo
characterization according to the results of the sub‐screening (green line); highlighted in
red: BTB‐1.
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3 – Discussion
In the last two decades the chemical genetics approach to study protein functions
in vitro and in vivo has become a widely utilized system in the biological
research, thanks also to the advent of combinatorial chemistry (Mitchison 1994)
and the establishment of sophisticated microscopy and automated analysis
techniques (Mitchison 2005).
The work presented in this study aimed to validate and characterize with state-ofthe-art methodologies a novel inhibitor of the kinesin-8 family member Kif18A.

3.1 Small molecule screening
The identification of novel uncharacterized small molecules in high-throughput
screenings relies on: 1) the availability of a relative large number of compounds
to test; 2) the design of suitable screening strategies; 3) the possibility to validate
the screening results with specific tests, eventually including different
experimental procedures compared to the ones utilized for the primary
identification (Florian et al. 2007).
The small molecule screening described in this study fulfilled all the
aforementioned criteria and led to the identification of BTB-1.
The library screened consisted of 9000 synthetic compounds (Maybridge), a
number relatively easy to handle in terms of experimental time and costs, also
due to the use of a miniaturized format (384 well/plates) and a high-throughput
automation. Nonetheless, this library still granted the desired level of molecules
variability (McGregor and Pallai 1997).
The overall assay methodology was based on the well-established malachitegreen technique (Baykov et al. 1988; Geladopoulos et al. 1991), which conferred
the screening the necessary robustness and reliability. Moreover, the reverse
chemical genetics approach utilized (Mayer 2003) allowed us to specifically look
for Kif18A inhibitors.
The results obtained in the primary screen were confirmed first reproducing the
inhibitory effect of BTB-1 by malachite-green assay on a different protein
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fragment, then by the use of two completely unrelated approaches, namely: the
enzyme-coupled assay and the microtubule motility assay. The enzyme-coupled
assay is another well-established technique to study protein owning an ATPase
activity (Huang and Hackney 1994). The advantage of this procedure consists in
the fact that the ATP is continuously regenerated during the assay (Figure 2.3a).
If ATP does not become a limiting factor over the time of the analysis, it is
possible to monitor the linear activity of the studied protein and its inhibition in
real-time for a prolonged period (Lindsley 2001). Due to these peculiarities the
enzyme-coupled assay represents a perfect system to study in detail the ATPase
activity of kinesins in vitro. Even though this approach could be used to run
primary screenings, it has some disadvantages compared to the malachite-green
based assay. For example the possibility to identify false positives is increased
by the presence of compounds eventually targeting enzymes of the ATP
regenerating system. Moreover, it is necessary to handle a large amount of data
produced by real-time measurements and the overall experimental set up is more
complicated. For these reasons its use is favored to test a reduced amount of
compounds performing a primary screen validation.
The microtubule motility or “gliding” assay is instead a widely utilized technique to
specifically study the action of kinesins (McDonald et al. 1990; Mayer et al. 1999;
Varga et al. 2009), as well as other motor proteins (Vale and Toyoshima 1988), in
vitro. Since Kif18A motility on microtubules is strictly dependent on its ability to
hydrolyze ATP, this scenario constituted a suitable in vitro system to evaluate
from a different perspective BTB-1 inhibitory effect.
The presented screening procedure allowed us to select a small number of
compounds, which showed an evident capability to inhibit the ATPase activity of
Kif18A in vitro (§ 2.1). The crosscheck of these results with our database,
containing the output of other screenings previously performed in the Mayer lab
using different target proteins, allowed us to narrow down our findings to one
compound. The following validation of the screening results with three unrelated
approaches strongly confirmed the output of the primary screen excluding the
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possibility of technical artifacts related to the malachite-green technique or to the
protein expression and purification (Figures 2.2 - 2.4).
This entire procedure represents an important tool, which could be generally
used to identify inhibitors of other kinesins of interest or, with little variations, it
can be applied to the study of a larger number of proteins with an inducible
ATPase activity in vitro.

3.2 BTB-1 inhibitory kinetics
3.2.1 The model analysis
To understand the way of action of BTB-1 we utilized a mathematical model
analysis, experimentally based on the Michaelis-Menten enzyme kinetics. The
rationale behind the choice of this approach can be explained by several factors.
In first place, the kinetic behavior of kinesins in vitro is well described by the
Michaelis-Menten equation (Schnitzer and Block 1997; Thomas et al. 2002), and
represents a commonly used approach to characterize these motor proteins
(Astumian and Derenyi 1999; Maliga et al. 2002). Moreover, this system allowed
us to estimate fundamental parameters to describe the affinity between Kif18A
and its bona fide substrate ATP (KmATP; Table 2.1), its pseudo-substrate
microtubules (KmMT – also known as K0.5 – Table 2.3) as well as the dissociation
constant of BTB-1 (Ki; Tables 2.1 and 2.3).
Another advantage of this approach resides in the employment of a nonlinear
regression computational software to fit the experimental data. This procedure
minimized errors generated in the data analysis, avoiding mistakes eventually
introduced by outdated linear regression methods (e.g. the double-reciprocal
transformation necessary to fit the experimental data with a Lineweaver-Burke
plot; Motulsky 2007). This calculation is based on an iterative approach in which
the input data are fitted according to the model of choice until the resulting curves
represents the best possible fitting (Motulsky 2007). It was therefore of great
importance to choose the correct model and to instruct the software with the most
accurate initial values. To achieve these results, we utilized in our experimental
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set up a solid technique as the enzyme-coupled assay (Kornberg and Pricer
1951) and we fitted the data with four different models.
A similar approach was also utilized to estimate with great accuracy the IC50 of
BTB-1 (Figure 2.3b).
The experimental approach utilized, coupled with the nonlinear regression
computation, conferred to our study a high degree of certainty. Nevertheless, the
mechanism of action of BTB-1 predicted by our model analysis would need to be
unambiguously verified through direct experimental procedures. A conclusive
approach is represented by the solution of Kif18A crystal structure in the absence
and in the presence of bound BTB-1 by x-ray crystallography. Even though this
method has proven to be successful for other kinesins (Yan et al. 2004), the MTuncompetitive nature of BTB-1 inhibition together with the difficulty to express
abundant levels of soluble Kif18A (data not shown) makes this approach hardly
pursuable. A direct experimental prove of competition between ATP and BTB-1
for the same binding site on Kif18A motor domain could also be obtained by the
establishment of a competitive binding assay (Kubala et al. 2004). In this
approach one substrate must be radio- or fluorescently labeled and subsequently
introduced into the system in large excess to displace the unlabeled substrate in
a competitive manner. Yet, this procedure is in first place restricted to the
analysis of competitive inhibitory processes. Secondly, it is often limited by the
phenomenon known as substrate inhibition (a large excess of substrate can
inhibit the enzymatic activity of a protein even in the absence of other inhibitory
molecules; Shen and Larter 1994) that, according to our initial evaluations,
appears to affect Kif18A (data not shown).
Therefore the model analysis utilized in this study represented the best approach
to elucidate the inhibitory mechanism of BTB-1 and its effect on Kif18A kinetics.
From one side this technique allowed us to draw conclusions based on results
with high degree of confidence and from the other we were able to circumvent all
the procedural difficulties presented by other conventional approaches.
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3.2.2 Unique features of BTB-1
The analysis of BTB-1 inhibitory kinetics shown in this study revealed a
competitive mechanism of action for this small molecule towards Kif18A ATP
dependent activity in vitro. This type of inhibition is often associated with a
relative low degree of specificity between inhibitor and target protein (Davies et
al. 2000). An intuitive explanation of this issue resides in the fact that ATP
binding sites are usually well-conserved among the members of the same protein
family. Therefore, if the inhibitor competes with ATP for its binding site on a target
protein, it might also interfere with other structurally and functionally related
proteins by the very same mechanism.
The proteins belonging to the kinesin superfamily are characterized by an
evolutionarily maintained structure known as motor domain (Miki et al. 2005).
This domain can be located in different parts of the protein but it is highly
conserved within the members of the superfamily, it includes ATP and MT
binding sites (Figure 2.1a) and it constitutes the catalytically active core of
kinesins. The way of action of BTB-1 on this well-conserved domain arose the
question of its selectivity.
Through in vitro assays we could prove that BTB-1 strongly and specifically
inhibits Kif18A (Figure 2.3c) but none of the other kinesins tested. The observed
selectivity of BTB-1 can be explained considering the MT-uncompetitive behavior
of the compound (Figures 2.6 and Table 2.3). In the absence of microtubules
BTB-1 did not show any inhibitory effect towards Kif18A basal ATPase activity
(Figures 2.7a and 2.7b). From this observation we could speculate that upon MT
binding a conformational change takes place in the motor domain of Kif18A,
exposing the ATP binding pocket and allowing BTB-1 to exert its functions. Our
theory is supported by previous studies performed on different kinesins, which
reported the existence a kinesin mechano-chemical cycle, according to which
kinesins undertake structural rearrangements depending on the protein-ADP,
protein-MT or protein-ATP complex state (Figure 3.1a; Mandelkow and Johnson
1998; Nitta et al. 2004). Nonetheless, to explain the specificity of BTB-1 our
hypothesis must imply that the structural modifications occurring in Kif18A bound
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to microtubules are unique of this protein (e.g. if a similar conformational change
would occur in the motor domain of other kinesins upon MT binding, the
specificity of BTB-1 towards Kif18A would be lost). Given the peculiarity of
Kif18A, which is the only kinesin with a dual-functionality that comprises both
motility

and

MT

depolymerization,

unpredicted

and

so

far

unknown

conformational rearrangements not observed in other kinesins are likely to
happen within the motor domain of Kif18A.
The selectivity of BTB-1 could also be explained by a second mechanism. In fact,
even though this compound functionally competes with ATP, its binding site on
Kif18A could still be located in a different position rather than the nucleotide
binding pocket itself. In this scenario, BTB-1 would be an allosteric inhibitor that
can antagonize in a competitive manner the ATP binding and/or hydrolysis. The
presence of a compound binding site in a poorly conserved region of Kif18A
motor domain would address the specificity issue, while complex conformational
rearrangements taking place upon ADP release and MT binding could explain its
competitive inhibitory kinetics (Figure 3.1b).
A similar explanation has been recently proposed for the KSP kinesin inhibitors
GSKs (Luo et al. 2007).
Ultimately, the validation of these hypotheses requires a deeper knowledge of
Kif18A mechano-chemical cycle and BTB-1 could eventually be used in in vitro
studies to dissect and gain more information about this poorly understood
process.
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Figure 3.1: a) Reaction scheme of the kinesin mechano‐chemical cycle. For simplicity the
pathway of a single‐headed kinesin is shown. K = kinesin; MT = microtubule; Pi = phosphate
(modified from Mandelkow and Johnson 1998). b) Model of BTB‐1 functional competitive
inhibition. Upon MT binding (i) the motor domain of Kif18A undergoes a minor
conformational change, exposing ATP and BTB‐1 binding pockets (ii). The binding and
hydrolysis of ATP allows the kinesin to sustain a second major rearrangement considered
necessary to dock the protein neck linker (not shown) and generate motion (iii‐top; Luo et
al. 2007). The binding of BTB‐1 (ii‐bottom) could instead mask the ATP binding pocket
eventually inducing a different conformational modification (iii‐bottom). Large amounts of
BTB‐1 would favor this pathway and the compound would result to be an allosteric inhibitor
of Kif18A that functionally compete the ATP binding. Light‐blue oval = Kif18A (motor
domain, single‐headed); yellow hexagons = ATP; red squares = BTB‐1; red‐orange cylindrical
structure = microtubule.

3.3 In vivo effects of BTB-1
The use of BTB-1 in the cell culture systems gave origin to a series of complex
phenotypes (Figure 2.8) of difficult interpretation. Kif18A is known to play a
crucial role in aligning the chromosomes at the metaphase plate by slowing down
their oscillation along the spindle and increasing the directional switch rate across
its equatorial region (Stumpff et al. 2008). Moreover, Kif18A is thought to
accomplish these functions by localizing unevenly at the plus ends of sister
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kinetochore-microtubules, depolymerizing preferentially longer microtubules
connected to lagging kinetochores (Gardner et al. 2008). Our study performed on
HeLa cells, revealed occurring defects in chromosome congression and
segregation upon BTB-1 treatment (Figure 2.8f). In agreement with these results,
the treated cells displayed a prolonged duration of the M-phase (Figure 2.8e)
and a dose dependent increase in the mitotic index (Figures 2.8a and b).
Moreover, BTB-1 induced the formation of aberrant spindle structures (Figure
2.8d). The severe misshape of those spindles compromised the possibility to
perform experiments aimed to quantify the inter-kinetochore distance upon BTB1 treatment or to detect the specific accumulation of Kif18A on sister
kinetochores. In this scenario, fine measurements necessary to quantify the rate
of chromosomes oscillation/switch were also not favored. Other standard cell
biological approaches as Kif18A knockdown by RNAi or the over-expression of
its walker-mutant (Mayr et al. 2007) showed different phenotypes compared to
the BTB-1 derived ones (Figure 2.9).
The main question remained to be answered was whether BTB-1 caused those
phenotypes via a direct inhibition of Kif18A in vivo or by affecting other cellular
processes. In interphase, the compound did not show any significant effect on
the cellular structures analyzed (Figure 2.10). Moreover, the immunofluorescence
experiments performed at this cell-cycle stage to detect the microtubule network
(Figure 2.10) as well as the results of the MT regrowth assay (Figure 2.11) did
not indicate tubulin to be a relevant target of BTB-1. Taken together these results
pointed towards a Kif18A specific inhibition operated by BTB-1 also within the
cellular contest. Yet, if from one side the differences between compound
treatment and Kif18A depletion/over-expression can be explained taking into
account the radical diversity of the cell treatments themselves (see below), it is
also true that a mild effect on tubulin or on other unknown proteins in vivo could
be very difficult to detect but could still be the cause, at least partially, of the
phenotypes observed.
An additional level of complexity in understanding BTB-1 induced phenotypes is
introduced by the fact that even if the compound specifically targets Kif18A within
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the cell, its inhibitory effect might influence to a certain extent other proteins that
require the activity of this kinesin to be correctly localized and/or activated. A
recent study showed that the depletion of Kif18A by RNAi in HeLa cells leads to
the destabilization of another kinesin, Cenp-E (Huang et al. 2009), which plays
important roles in chromosome alignment and SAC signaling (§ 1.2 and 1.3).
Among other functions Cenp-E is required to bind and activate the mitotic kinase
BubR1, which is also involved in chromosome attachment and in the
establishment of the mitotic checkpoint (Elowe et al. 2010). The multiple
phenotypes observed upon BTB-1 treatment could therefore derive by the sum of
different levels of inhibition of these crucial mitotic proteins.
Due to the high complexity of the scenario described, we were not able to
provide a definite explanation of this issue during the course of the presented
study. Further experiments are required to shed light onto this complicate matter
and future directions to be followed are discussed in the next section.
Finally, a general remark has to be done to underline how misleading could be
the comparison between small molecules and RNAi induced phenotypes. In first
place, on the opposite of an RNAi depletion, the phenotype generated by the use
of small molecules derives from the inhibition and not from the removal (or more
correctly the absence) of a protein within the cell, achieved with a high temporal
resolution. Moreover, it is known that slightly different inhibitors acting on the
same protein by the very same mechanism can induce different phenotypes
(Nitta et al. 2004). This fact alone could explain the differences eventually
occurring in cells upon small molecules or RNAi treatment. Furthermore, it has
been recently shown that the highly specificity of the RNAi procedure, granted by
the sequence of the silencing oligonucleotide chosen (Dykxhoorn and Lieberman
2005), it is not always achievable and the phenotypes thought to be induced by
the depletion of only one protein, could instead be the consequence of the partial
knockdown of multiple targets (Hübner et al. 2010), leading in turn to erroneous
comparisons.
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3.4 BTB-1: future directions
In the course of this work we demonstrated that the in vitro activities of Kif18A,
consequent to its ATP hydrolysis, could be specifically blocked by the use of
BTB-1 (Figure 2.4). This small molecule therefore constitutes an invaluable tool
to study Kif18A in vitro. In particular, the use of BTB-1 could help to elucidate
complex processes as the Kif18A mechano-chemical cycle or its MT lengthdependent depolymerizing mechanism (Varga et al. 2006).
To improve our understanding of BTB-1 activity and consequently of Kif18A
functionality both in vitro and in vivo, the most forward direction to follow is
probably represented by the synthesis and the screening of novel bioactive small
molecules, modified starting from the structure of the leading compound. The
discovery of more potent inhibitors would introduce evident advantages: in first
place they could be tested in the cell culture system at low concentrations,
reducing or abolishing side effects eventually induced by high levels of BTB-1.
Moreover, compounds having an IC50 in the low nanomolar range could be
further modified and implemented with tags necessary to perform affinity
purification experiments, which have often been extremely useful in inhibitortarget characterization studies (Ito et al. 2010). Few steps in this direction were
already taken in this work, by analyzing BTB-1 related molecules (Figure 2.12).
These compounds shared the main backbone structure of BTB-1, carrying at the
same time the substitution of several lateral residues (Table 2.4). The size of the
modification in each molecule together with the little number of compounds
tested could account for the reason why this procedure did not allow us to
identify a more potent Kif18A inhibitor. Yet, this analysis led to the identification
of a series of active and inactive compounds and these results will be of great
help to project and direct further synthesis efforts. In fact, the use of the most
recent techniques of combinatorial chemistry applied together with a bioisosteric
approach (Lima and Barreiro 2005) could produce within a considerably short
time a larger number of optimized molecules to test, increasing relevantly the
chances to identify more potent Kif18A inhibitors.
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The identification of such compounds would in turn constitute an important tool to
implement our knowledge about the in vivo functions of Kif18A. Specifically, it is
known that Kif18A relocalizes from the plus ends of kinetochore-microtubules in
metaphase to the spindle midzone and midbody during anaphase and
cytokinesis respectively (Mayr et al. 2007; Stumpff et al. 2008). This dynamic
relocalization suggests the existence of an additional role of Kif18A, which could
be accomplished after metaphase has been completed. This possibility remained
so far unexplored since the depletion of Kif18A by RNAi induces the cells to
arrest in prometaphase, precluding the possibility to investigate potential postmetaphase functions by this approach. The actual lack of appropriate
experimental tools could in future be overcome by the employment of a Kif18A
small molecule inhibitor, which might be used to specifically impair the kinesin
functions in late mitotic stages.
Finally, the use of BTB-1 or its related derivatives has to be considered in the
light of possible medical applications. Several are the examples of small
molecule inhibitors currently utilized in clinical trials because of their ability to
affect cell division/proliferation diseases, such as cancer (Bergnes et al. 2005;
Vapiwala 2005). Given the fundamental role of Kif18A in mitosis, a potent and
selective inhibitor targeting this kinesin could as well be utilized to serve this
purpose.

3.5 Conclusion
We reported in this study the validation and the characterization of the first
identified Kif18A inhibitor, named BTB-1 (4-chloro-2-nitrodiphenyl sulphone). In
our work we could demonstrate with three unrelated experimental approaches
that BTB-1 can strongly and selectively inhibit the ATPase activity of Kif18A in
vitro (Figures 2.2 - 2.4). Moreover, we could show that BTB-1 inhibitory effect is
reversible (Figure 2.4). A detailed analysis of BTB-1 inhibitory kinetics revealed
that this small molecule inhibits Kif18A in an ATP competitive and microtubule
uncompetitive manner (Figures 2.5 - 2.7). When tested on cells, BTB-1 caused a
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dose dependent increase in the mitotic index. Those cells presented aberrant
spindles, defects in congressing and segregating the chromosomes and they
required a prolonged time to complete mitosis (Figure 2.8).
Given the different modes of Kif18A inactivation, i.e. inhibiting its ATPase activity
(BTB-1) versus removing it from its cellular context (RNAi), together with the
complex role exerted by Kif18A during mitosis (Gardner et al. 2008), further
experiments are warrant in order to fully elucidate the phenotypes induced by
BTB-1 in vivo.
A model of functional ATP competition through an allosteric mechanism has
been proposed to explain the way of action of BTB-1 (Figure 3.1), making this
inhibitor the second small molecule known (the only one against Kif18A) to exert
its effects by this modality.
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4 – Materials and methods
4.1 Chemicals and buffers
All materials and reagents were obtained from commercial suppliers and used
without further purification, unless specified. Chemicals were at least of purity
grade p.a. (pro analysi). Buffers and solutions were prepared with deionized
water from a Milli-Q system (Millipore) and either autoclaved or sterile filtered
before use. Standard buffers utilized in this study are reported below.
Phosphate Buffered Saline (PBS): 137 mM NaCl2, 2.7 mM KCl2, 10.2 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4
Tris Buffered Saline (TBS): 10 mM Tris-HCl pH 7.6, 150 mM NaCl2

4.2 Molecular biology
4.2.1 Cloning: general procedures
All cloning procedures were performed according to standard molecular biology
techniques (Sambrook and Russell 2001). The DNA modifying enzymes
including: CIP and SAP phosphatases, T4 PNK kinase and restriction
endonucleases were purchased from New England Biolabs (unless otherwise
specified) and utilized in accordance with manufacturer instructions. Genes of
interest were amplified by PCR (Perkin Elmer GeneAmp PCR System 9600)
using Pfu Turbo polymerase (Stratagene) from human testis cDNA library
(Invitrogen) or cut by enzymatic restrictions from previously generated constructs.
DNA fragments were isolated from agarose gels using the QIAquick Gel
Extraction Kit (Qiagen). Ligation reactions were performed at RT for 1h using T4
DNA ligase (Roche). Plasmid DNA was transformed in the E.coli strain TG1 and
purified using the QIAprep Spin Miniprep Kit (Qiagen). The resulting constructs
were confirmed by sequencing at the MPI in house DNA sequencing facility and
entered in the Mayer lab plasmid collection.
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4.2.2 Cloning and mutagenesis of Kif18A fragments
The primers used to clone, sub-clone or mutagenize Kif18A fragments as well as
the plasmid used in this study, together with the Mayer lab inventory number
(TUM) are reported in Tables 4.1 and 4.2.
To facilitate the sub-cloning procedure, the amplified fragments were engineered
with FseI and AscI restriction sites at the 5’ and 3’ termini respectively, matching
with the same unique sites present in the multiple cloning site of each vector.
Oligo
TUM No.
206

Gene

Sequence

Specification

Kif18A

attaggccggccAATGTCTGTCACTGAGGAAG

5’ – FseI

208

Kif18A

attaggcgcgccATTTGTTTATGGCACTGTTGTTGG

3’ – AscI (motor – 1395bp)

347

Kif18A

attaggcgcgccCTTAGATTTCCTTTTGAAATATTTC

3’ – AscI (FL – 2694bp)

507

Kif18A

ggtgccactggtgctgggAGGacccacactatgctagg

5’ – Walker A motif mutagenesis

508

Kif18A

cctagcatagtgtgggtCCTcccagcaccagtggcacc

3’ – Walker A motif mutagenesis

176

Eg5

attaggccggccCATGGCGTCGCAGCCAAATT

5’ – FseI

177

Eg5

attaggcgcgccAGTTTCTGATTCACTTCAGGCT

3’ – AscI (motor – 1123bp)

46

Kif18A

Target: caaguacuuucagcaagca

3’ UTR siRNA duplex (Dharmacon)

29

GL2

Target: aacguacgcggaauacuucga

siRNA duplex (Dharmacon)

Table 4.1: List of oligonucleotides utilized in this study. Highlighted in grey: siRNA duplex
oligonucleotides.
Plasmid
TUM No.
301

Gene
Kif18A

306

Insert

Vector

Tag

Wild‐type, motor (1395bp)

pQE80‐F/A

His

Tamara Grüner

Kif18A

Wild‐type, motor (1395bp)

pGEX‐F/A

GST

Tamara Grüner

772

Kif18A

Walker A mutant, full length (2694bp)

pCS2‐GFP‐F/A

GFP

Monika Mayr

80

Kif18A

Wild‐type, full length (2694bp)

bacmid

His

Stefan Hümmer

622

Eg5

Wild‐type, motor (1123bp)

pQE80‐F/A

His

Jenny Bormann

Table 4.2: List of plasmids utilized in this study.

51

Made by

Biochemistry

4.3 Biochemistry
4.3.1 Protein expression and purification from bacteria via poly-histidine
(His) tag
Bacteria of the E.coli strain JM109RIL were transformed with suitable constructs
(see Table 4.2) for expression of poly-histidine tagged fusion proteins on LB agar
plates in the presence of selective antibiotics (ampicillin 100 µg/ml and
chloramphenicol 34 µg/ml) and incubated o/n at 37°C. A single colony of the
transformed clones (or alternatively a small amount of bacteria previously
amplified in liquid culture according to the following procedure and frozen before
induction in the presence of 50% glycerol) was used to inoculate 25 to 100 ml
culture of LB medium (pre-inoculum), grown o/n at 37°C including antibiotics as
above. 10 ml per liter of pre-inoculum were used to inoculate a new liquid culture
(2 to 4 liters) plus antibiotics as above. The culture was grown at 37°C until
OD600nm reached 0.6 units, then the expression of the recombinant protein was
induced with 0.5 mM IPTG and allowed for 18h at 18°C. After expression,
bacteria were harvested by centrifugation (4500 g, 15 min, 4°C) and the pellet
was first frozen (-80°C, 20 min) then thawed out and resuspended with 10 ml
lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 5 mM imidazole, 0.1% Triton X
100, Complete protease inhibitor (Roche)) per liter of original culture. Cell lysate
was obtained by high-pressure treatment using the EmulsiFlex-C5 homogenizer
(Avestin) and then cleared by centrifugation (8000 g, 30 min, 4°C). The cleared
lysate was incubated with Ni-NTA beads (Qiagen) for 2h at 4°C on a rotating
wheel (0.25 to 0.5 ml resin per liter of original culture were used), then washed 3
times in batch with 20 ml washing buffer (20 mM Tris pH 8.0, 300 mM NaCl, 20
mM imidazole, +/- 1 mM NaATP and 1 mM MgCl2) and finally eluted over a PolyPrep Chromatography Column (Bio-Rad) in 0.5 to 1 ml fractions (elution buffer:
20 mM Tris pH 8.0, 300 mM NaCl, 200 mM imidazole). The fractions containing
the recombinant protein were pooled together and dialyzed o/n at 4°C (dialysis
buffer: 10 mM β-mercaptoethanol, 10% glycerol, 25 mM Tris pH 7.4, 300 mM
NaCl) then aliquoted, snap-frozen and stored at -80°C.
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4.3.2 Protein expression and purification from bacteria via glutathione-Stransferase (GST) tag
Expression and purification of GST tagged fusion proteins was performed as
described in the section 4.3.1 with the following variations: 1) bacteria of the
E.coli strain BL21RIL were used; 2) 30 µg/ml kanamycin were used together with
the selective antibiotics reported above; 3) Glutathione Sepharose 4B beads
(Amersham) were used and the incubation with the cleared lysate was performed
o/n at 4°C on a rotating wheel; 4) lysis buffer: 100 mM Tris pH 7.3, 150 mM NaCl,
0.1% Triton X 100, 5 mM DTT, Complete protease inhibitor (Roche); 5) washing
buffer: 100 mM Tris pH 7.3, 150 mM NaCl, 1 mM NaATP, 1 mM MgCl2, 5 mM
DTT, 0.1% Triton X 100; 6) elution buffer: 100 mM Tris pH 8.0, 500 mM NaCl, 20
mM Glutathione (reduced); 7) dialysis buffer: 20 mM Hepes pH 7.4, 50 mM NaCl,
5% glycerol.
4.3.3 Protein expression and purification from SF9 cells via His tag
Sf9 insect cells (Spodoptera frugiperda) were grown in TC100 medium (PAN)
supplemented with 10% FCS and antibiotics (100 units/ml penicillin G and 1
mg/ml streptomycin) at 27°C in spinner flasks (50 rpm) as liquid culture (5 x 105
to 1.5 x 106 cells/ml). The infections were performed as follows: 5 x 108 cells
were harvested (400 g, 8 min, RT) and resuspended in 20 ml culturing medium
plus 10 ml of P3 viral supernatant and incubated on a roller 1h at RT. The cells
were then transferred back in the spinner flask and medium was added to a final
dilution of 1 x 106 cells/ml. Protein expression was allowed for 36 to 48 h, then
the cells were harvested as above, washed once with PBS and froze at -80°C.
Protein purification was performed as described in section 4.3.1 with the following
variations: 1) high-pressure treatment of the cell pellet was preceded by dounce
homogenization (20 min, 4°C) and the subsequent centrifugation was performed
at 90000 g; all buffers contained 1 mM ATP and 1 mM MgCl2.
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4.3.4 Antibodies production and purification
Rabbit polyclonal antibodies against human Kif18A were generated by Jenny
Bormann in collaboration with the MPI in house animal facility and affinity purified
by Monika Mayr, as reported in previously published work (Mayr et al. 2007). A
list of antibodies and dyes utilized in this study is reported in Table 4.3.
Antibody No. /
Dye
41

Antigen

Organism

Specification

Tubulin (DM1α)

Mouse

FITC conjugated, commercial (SIGMA)
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Calnexin

Mouse

gift

68

Kif18A (human)

Rabbit

By Jenny Bormann / Monika Mayr

166

Histidine

Mouse

Commercial (Dianova)

181

58K (rat)

Mouse

Commercial (SIGMA)

212

Eg5 (human)

Rabbit

By Stefan Hümmer

220

phospho Histon H3 (human)

Rabbit

Commercial (Millipore)

Phalloidin

TRITC labeled, commercial (SIGMA)

Hoechst (33342)

Commercial (SIGMA)

DAPI

Commercial (VWR)

Table 4.3: List of primary antibodies and dyes utilized in this study in western blot and
immunofluorescence experiments. The numbers refer to the list of the Mayer lab antibodies
collection.

4.3.5 Gel electrophoresis and immunoblot analysis
SDS page electrophoresis and western blot analysis were performed according
to standard protocols (Burnette 1981) to control each protein purification (data
not shown). The detection of the protein of interest was performed using specific
primary antibodies (see Table 4.3), commercially available HRP-conjugated
secondary antibodies (Bio-Rad and Dianova) and ECL (100 mM Tris-HCl pH 8.5,
1.25 mM luminol, 225 µM coumaric acid, 0.015% v/v H2O2) or ECL plus (Lumigen
TMA-6, GE Healthcare) reagents.
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4.4 Microtubules polymerization
4.4.1 Purification of pig brain tubulin
The purification of tubulin dimers from pig brains was performed through two
cycles of polymerization and depolymerization according to the Castoldi-Popov
protocol (Castoldi and Popov 2003).
After acquisition from local suppliers, the brain halves (≅ 1 Kg) were kept and
transported in ice cold PBS. The brains were immediately processed (cleaned
and freed from blood vessels and membranes) at 4°C, collected in DB buffer (50
mM MES pH 6.6, 1 mM CaCl2; ratio w/v = 1:1), homogenized with a mixer and
spun down (29000 g, 1h, 4°C). The supernatant fraction was supplemented with
glycerol (1 volume) and HMPB buffer (1M K-Pipes pH 6.8, 10 mM MgCl2, 20 mM
EGTA; 1 volume; pre-warmed at 37°C), 1.5 mM ATP and 0.5 mM GTP added to
induce the MT polymerization (1h, 37°C). The polymerized MTs were pelleted by
ultra-centrifugation (150000 g, 30 min, 37°C), resuspended with ice cold DB
buffer (1/10 of the volume used in the previous step) and kept 30 min at 4°C to
promote their depolymerization. The depolymerized MTs were cleared by ultracentrifugation (70000 g, 30 min, 4°C) and the supernatant fraction was treated as
in the previous polymerization step (addition of 1 volume of glycerol, 1 volume of
pre-warmed HMPB, 1.5 mM ATP, 0.5 mM GTP; incubation for 1h at 37°C).
Newly polymerized MTs were pelleted by ultra-centrifugation (150000 g, 30 min,
37°C), resuspended with ice cold BRB80 (80 mM K-Pipes, pH 6.8, 1 mM MgCl2,
1 mM EGTA) and homogenized with a dounce homogenizer (on ice, 30 min).
Upon ultra-centrifugation (100000 g, 30 min, 4°C) the supernatant fraction
containing the tubulin dimers was separated from the total homogenate. The
yield of purified tubulin was quantified spectrophotometrically (280 nm,

εTUBULIN =

115000 M-1 cm-1), adjusted to a final concentration of 10 mg/ml, aliquoted, snapfrozen and stored at -80°C.
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4.4.2 Polymerization of taxol stabilized microtubules
The polymerization of taxol stabilized microtubules was performed as follows: 1
ml of pig brain purified tubulin dimers (10 mg/ml, see paragraph above) was precleared by ultracentrifugation (186000 g, 4°C, 10 min) and supplemented with
25% glycerol, 1.5 mM GTP and BRB80 (final volume ≅ 2 ml) and incubated at
37°C for 30 min. After this first polymerization step 40 µM taxol was added to the
mix and the microtubules were allowed to polymerize for additional 30 min at
37°C. Finally the microtubules were pelleted by ultra-centrifugation (186000 g,
30 min, 35°C) and the pellet was resuspended in BRB80 + 25 µM taxol. The
concentration of polymerized microtubules was determined by measuring the
absorbance at 280 nm of tubulin dimers (resuspended in 6 M guanidine-HCl).
4.4.3 Polymerization of DMSO stabilized microtubules
A mix of 11.5 µl re-cycled tubulin (110 µM) and 3.5 µl fluorescently labeled
tubulin (50 µM, labeling stoichiometry = 2.3) was prepared, aliquoted, snapfrozen and stored at -80°C.
2.5 µl of the tubulin mix were supplemented with 0.5 µl MgCl2 (100 mM), 0.5 µl
GTP (25 mM), 0.6 µl DMSO and BRB80 (final volume 12.5 µl). The MT
polymerization was performed for 30 min at 37°C and the final concentration was
estimated as described above (§ 4.4.2).
Re-cycled tubulin was obtained by performing and additional cycle of MT
polymerization and depolymerization according to the procedure reported in §
4.4.1.
Fluorescently labeled tubulin (5(6)TAMRA-X SE, Invitrogen) was prepared
according to the Mitchison lab protocol (Mitchison): “Labeling tubulin and
Quantifying

Labeling

Stoichiometry”

available

http://mitchison.med.harvard.edu/protocols/label.html
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4.5 Malachite-green assay
4.5.1 Screening
To identify inhibitors of the mitotic kinesin Kif18A a miniaturized malachite-green
based assay (Baykov et al. 1988; Geladopoulos et al. 1991) was set up and the
screening of a 9000 small molecules library (HitKit 9000, Maybridge) was
performed as follows. 20 µl reaction mix/well containing: 210-922 nM purified
recombinant GST-Kif18Amotor (1-467aa) (different protein preparations showed
slightly different ATPase activities, therefore different kinesin concentrations had
to be used), 395 nM taxol stabilized MTs (pre-polymerized as described in §
4.4.2) and assay buffer (BRB80++: BRB80 buffer + 0.1 mg/ml BSA + 0.1
µM taxol) were transferred in 384 well plates (NUNC) with an automated
dispenser (Multidrop, Thermolabs). The chemical compounds were then
transferred from the storage to the target plate by automated pin-tool
(Biomeck2000, Beckman; final concentration per compound transferred ≅ 50
µM). The reaction was then started by the addition of 10 µl ATP solution per well
(100 µM final in BRB80) with the automated dispenser. After 18 min incubation at
RT the reaction was stopped by the addition of 60 µl/well perchloric acid (0.8 M
final) using the BiomeckFX robot (Beckman). 30 µl/well of this reaction were then
transferred in the final 384 well measuring plate and 40 µl/well malachite-green
solution (1.3 M HCl, 8.5 mM ammonium molybdate, 362.5 µM malachite-green)
were added by BiomeckFX. After 20 min incubation at RT, end point
measurements of the absorbance at 650 nm were performed using a plate
reader (Victor2, Perkin Elmer). Each compound was tested in duplicate; the
background value of the reaction (reaction lacking Kif18A) was calculated in at
least 1 well per row in each plate and subtracted from the values measured in the
corresponding row. In each plate, the activity of GST-Kif18Amotor in the presence
of DMSO was set to 100% and it was used as reference to calculate the
inhibitory effect of the compounds tested. The data analysis was performed using
Microsoft Excel.
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4.5.2 Screening validation
The screening validation was performed by malachite-green assay as described
above, with the following variations: 1) because of the small scale of these
experiments compared to the screening procedure, none of the automated
devices listed above were used but the transfer of reagents and solutions was
performed by hand pipetting; 2) all reactions were performed in duplicate in 1.5
ml tubes. Reaction mix/tube: His-Kif18AFL (15 nM), MTs (200 nM), ATP (100 µM;
added at last to start the reaction), DMSO (2%) or BTB-1 (at different
concentrations), BRB80++; final volume = 60 µl; 3) from the addition of ATP (time
point 0) and every subsequent 6 min, 10 µl of each reaction prepared as
described in 1) were transferred in a 384 well/plate pre-loaded with 40 µl
perchloric acid (1 M). After the acquisition of the last time point (24 min for
titration and 12 min for inhibitory experiments) 40 µl of malachite-green solution
(1 M HCl, 10 mM ammonium molybdate, 362.5 µM malachite-green) were added
in the 384 well/plate by multichannel pipette (Thermo). 4) Absorbance
measurements were taken with the SpectraMax M2 plate reader (Molecular
Devices) after 20 min of incubation at RT; 5) the raw data (average of two
measurements) were normalized subtracting the value of the time point 0 of each
reaction to the following time points acquired; the background value of the
reactions was estimated in each assay (reaction mix lacking Kif18A) and
eliminated; in the inhibitory experiments (performed in triplicate) the activity of
His-Kif18AFL in the presence of DMSO (time point 2) was set to 100% and used
as reference to calculate the inhibitory effect at the same time point for the
different concentrations of BTB-1 tested.
4.5.3 Sub-screening
The sub-screening of the 55 BTB-1 related small molecules (Maybridge, “cherry
picked” compounds) was performed in duplicate via automated malachite-green
assay as reported in § 4.5.1 with the following variations: 1) reaction mix/well:
His-Kif18Amotor (80 nM), MTs (200 nM), BRB80++; final volume 20 µl; 2) ATP (10
µl, 75 µM) 3) a mix of perchloric acid and malachite-green solution (1 M

58

Materials and methods
perchloric acid / 0.5 M HCl, 0.5 mM malachite-green, 5mM ammonium
molybdate) was prepared and transferred at once (70 µl/well) by BiomeckFX
robot to stop the ATP hydrolysis, starting at the same time the colorimetric
reaction.

4.6 Enzyme-coupled assay
The enzyme-coupled assay is a well-established method that couples at each
time the hydrolysis of an ATP molecule with the oxidation of a NADH molecule
(Figure 2.3a). Taking advantage of the fact that NADH strongly absorbs at 340
nm but NAD+ does not, it is possible to monitor spectrophotometrically the
oxidation of NADH in real-time. The resulting decrease in NADH concentration
over the time (slope steepness) can be converted in ATP hydrolysis per second
according to the Equation 1.
((-ΔA340nmmin-1 / (εNADH x optical length)) / [Kif18A]) / 60 s min-1

(1)

εNADH = 6.22x10-3 µM-1 cm-1
4.6.1 Analysis of BTB-1 inhibitory kinetics
A mix per well of: 22 nM recombinant His-Kif18Amotor, 112.5 µM BSA, 200 µM
NADH, 5 mM PEP (pH 7), 4 U ml-1 Pyruvate kinase, 8 U ml-1 Lactate
dehydrogenase and assay buffer (10 mM Imidazole/acetate pH 7.2, 5 mM Kacetate, 4 mM Mg-acetate, 2 mM EGTA, 20 µM taxol) was supplemented with 3
µM taxol stabilized MTs (prepared as described in § 4.4.2) and DMSO (0.5%) or
increasing concentrations of BTB-1 (Figure 2.5a). ATP at different concentrations
(0, 12.5, 25, 50, 75, 100, 150, 200, 300, 400, 500, 650 µM) was added at last to
start the reaction (final volume = 100 µl/well). The assays were performed in 384
well/plates (µCLEAR, NUNC) and the absorbance readings were taken at 340
nm using the Infinite 500 plate reader (Tecan).

In the experiment shown in

Figure 2.5b, increasing concentrations of ATPγS were used instead of BTB-1 to
compete with ATP. In Figure 2.6, ATP was kept constantly at 650 µM and the
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inhibitory effect of BTB-1 was assessed in the presence of different
concentrations of MTs (0, 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50, 100, 150, 200
nM). The raw data were obtained by at least three independent experiments and
converted in ATP hydrolysis rate per second based on the Equation 1. According
to the Michaelis-Menten kinetics each data set was fit to competitive (Equation
2), noncompetitive (Equation 3), uncompetitive (Equation 4) or mixed (Equation
5) inhibitory models in which Vmax, Km and Ki are shared (Motulsky 2007). The
fitting was performed by nonlinear regression using the software Prism 5
(GraphPad). The α value in the mixed model (Tables 2.1 - 2.3) is estimated by
the software according to the best data fitting and reflects the inhibitory
mechanism, as follows: 1) α = 1: the inhibitor does not influence the binding
between enzyme and substrate (the model becomes identical to noncompetitive);
2) α >> 1: the inhibitor binding interferes with the enzyme-substrate binding (the
model becomes identical to competitive) 3) 0 < α << 1: the binding of the inhibitor
enhances apparently the binding of the substrate to the enzyme (the model
becomes identical to uncompetitive) (Copeland 2000). The P value calculated in
the replicates test for lack of fit (Tables 2.1 - 2.3) is determined by the software,
based on the variation among replicates (SD replicates) and how far the fitted
curves are from the mean of the replicates (SD lack of fit). If the model chosen to
fit the experimental data is correct, the resulting P value will be ≤ 1; on the
contrary, inadequacy in the model chosen is indicated by a value of P << 1
(Motulsky 2007). KmObs/App: observed/apparent Km (Km estimated in the
presence of the inhibitor according to the fitting model chosen); Vmaxinh/App:
inhibited/apparent Vmax (Vmax calculated in the presence of the inhibitor according
to the fitting model chosen).
KmObs = Km x (1 + [inhibitor] / Ki); Y = Vmax x X / (KmObs + X)

(2)

Vmaxinh = Vmax / (1 + [inhibitor] / Ki); Y = Vmaxinh x X / (Km + X)

(3)

VmaxApp = Vmax / (1 + [inhibitor] / αKi); KmApp = Km / (1 + [inhibitor] / αKi);
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Y = VmaxApp x X / (KmApp + X)

(4)

VmaxApp = Vmax / (1 + [inhibitor] / (α x Ki));
KmApp = Km x (1 + [inhibitor] / Ki) / (1 + [inhibitor] / (α x Ki));
Y = VmaxApp x X / (KmApp + X)

(5)

4.6.2 IC50
Increasing concentrations of BTB-1 and re-synthesized BTB-1 were used to
determine the residual activity of 22 nM His-Kif18Amotor in the presence of 650 µM
ATP and 3 µM taxol stabilized microtubules (pre-polymerized as described in §
4.4.2) by enzyme-coupled assay, as reported in the previous section. DMSO
(0.5%) was used as solvent control and the activity of the protein in its presence,
estimated according to the slope steepness, was set to 100% and used as a
reference to calculate BTB-1 inhibitory effect per concentration tested. The data
shown in Figure 2.3b are derived from three independent experiments. A fourparameter dose-response equation (Equation 6) was used to fit the data using
the nonlinear regression calculation of Prism 5 (GraphPad). The estimated IC50s
are 1.687 µM (LogIC50 = 3.277 ± 0.070 nM) for BTB-1 and 1.861 µM (LogIC50 =
3.270 ± 0.035 nM) for BTB-1 re-synthesized respectively.
A detailed description of the re-synthesis of BTB-1 performed by Tobias
Strittmatter (Catarinella et al. 2009 – Supporting Information) can be found at:
http://dx.doi.org/10.1002/anie.200904510
Y = Bottom + (100 - Bottom) / (1 + 10 ((LogIC50 - X) x Hill Slope))

(6)

4.6.3 BTB-1 specificity
The specificity of BTB-1 towards Kif18A was investigated by enzyme-coupled
assay as described in § 4.6.1, with the following variations: 1) recombinant HisKif18Amotor was tested at a final concentration of 40 nM; 2) all other kinesins
tested (purified with the help of Stefan Hümmer) were first titrated and then used
in appropriate concentrations to obtain under the same experimental conditions
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an activity comparable to the one of 40 nM Kif18A, namely: Eg5 = 15 nM; MCAK
= 450 nM; Kif4 = 10 nM; MKLP1 20 nM; MKLP2 30 nM; CENP-E 80 nM; MPP1 =
100 nM; 3) the reactions were performed in 1.5 ml tubes with a final volume of
150 µl and transferred immediately after addition of ATP (1 mM) in quartz
cuvettes (Hellma); 4) absorbance measurements were taken at 340 nm using the
Cary100bio spectrophotometer (Varian Inc.). The measurements were performed
in triplicate and the activity of each protein was set to 100% in the presence of
DMSO (0.75%) and used to estimate BTB-1 (100 µM) inhibitory effect as
reported in the previous section.
4.6.4 Kinesins' basal activity
The basal activity of His-Kif18Amotor (705 nM) and His-Eg5motor (800 nM) were
determined according to the standard enzyme-coupled assay protocol (§ 4.6.1),
with the following modifications: 1) DMSO (0.75%) or BTB-1/monastrol (100 µM)
and MTs (10 nM) were not present in the reaction mix but added at different
stages as described in § 2.7; 2) reactions and measurements were handled as
reported at points 3) and 4) in the previous paragraph. The quantifications shown
in Figure 2.7b) and d) refer to three independent experiments.
4.6.5 BTB-1 derivatives
To validate the results of the malachite-green sub-screening, the 55 BTB-1
related small molecules (Maybridge) were tested in triplicate by enzyme-coupled
assay at a concentration of 50 µM. With the exception of ATP, invariably kept at
650 µM, the reaction mix was prepared as in § 4.6.1; the measurements of
recombinant His-Kif18Amotor activity (22 nM) were also performed according to
the procedure reported in the aforementioned paragraph. DMSO (0.5%) and
BTB-1 (50 µM) were included in each measurement as negative and positive
controls respectively. The activity (slope steepness) of the kinesin in the
presence of DMSO was used as standard (100%) to calculate the inhibitory effect
of the small molecules tested.
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4.7 Microtubule motility assay
The MT motility assay was performed according to the Hancock-Howard protocol
(Hancock and Howard 2002). To be able to quickly exchange the solution of the
reaction, a flow chamber with a capacity of ≅ 20 µl was assembled by fixing an
18 x 18 mm coverslip on a 76 x 26 mm slide (Menzel-Glaser) using a doublesided adhesive tape. The experiment was performed as follows: 1) the chamber
was first coated with casein (BRB80 + 0.5 mg/ml casein, 5 min, 4°C) and then
filled with BCA buffer (BRB80, 0.2 mg/ml casein, 1 mM ATP, 5 min, 4°C)
containing the kinesin (100 nM His-Kif18AFL); 2) to facilitate the adsorption of
Kif18A to the glass surface, BCA buffer containing anti-His antibodies (67 mg/µl,
5 min, 4°C; see Table 4.3) was introduced into the chamber; 3) rhodamine
labeled MTs (30 nM; § 4.4.3) in BCT buffer (BRB80, 0.2 mg/ml casein, 10 µM
taxol, 5 min, RT) were introduced into the chamber; 4) the motility/anti-bleaching
mix (1.5 µl catalase (0.8 mg/ml), 1.5 µl D-glucose (2 M), 1.5 µl glucose oxidase
(2 mg/ml), 0.3 µl β-mercaptoethanol (14.3 M), 0.5 µl ATP (100 mM), 0.25 µl
DMSO/BTB-1/monastrol, BCT buffer (final volume 50 µl)) was flushed into the
chamber and the MT motility was recorded by time-lapse microscopy (Axio
Imager A.1, see Table 4.4).
The kymographs (realized with ImageJ) shown in Figures 2b and 2d depict the
movements of single MTs under the specified assay conditions; the
quantifications reported in Figures 2c and 2e are derived from three independent
experiments (the motility of both ends of 10 MTs per condition was quantified).
The movies of the MTs motility (Catarinella et al. 2009 – Supporting Information)
are available online at: http://dx.doi.org/10.1002/anie.200904510
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4.8 Cell biology
Cells were grown under standard conditions, unless otherwise specified.
Culturing medium (Gibco): Dulbecco’s modified Eagle medium (DMEM) +
GlutaMAX, supplemented with 10 % FCS and penicillin (100 U/ml) - streptomycin
(100 µg/ml). Culturing conditions: 37°C in a humid atmosphere with 5% CO2.
4.8.1 Compound treatment and immunofluorescence
HeLa cells (asynchronous population) were plated on coverslips and let adhere
o/n in 10 cm dishes (≅ 3 x 106 cells/plate). The coverslips were then transferred
in 24 well/plates and treated with different concentrations of BTB-1 or DMSO
(solvent control) for 18 h. The cells were then fixed and permeabilized in one
step, upon removal of culturing medium and incubation with the fixation buffer
(100 mM K-Pipes pH 6.8, 10 mM EGTA, 1 mM MgCl2, 0.2 % Triton X-100 + 4 %
formaldehyde) for 12 min at RT. The coverslips were then washed twice with
TBST (TBS + 0.1% Triton X-100) and blocked in AbDil buffer (2% BSA in TBST)
1 h at RT or o/n at 4°C. Antibodies and dyes were diluted in AbDil buffer and
incubated for 20-60 min at RT in dark-humid staining boxes (DAPI and Hoechst
were instead diluted in TBST and incubated for 5 min). Washing steps were
performed 2-3 times with TBST for 10 min. Washed samples were embedded in
mounting medium (20 mM Tris-HCl pH 8.8, 0.5% phenylenediamine, and 90%
glycerol) and the images were acquired as specified in Table 4.4.
4.8.2 Live cell imaging
HeLa cells stably expressing Histon-H2B–GFP were seeded in 12 well plates
(100000 cells/well) and synchronized in G1/S phase via thymidine treatment (2
mM, 18h). The cells were released (2 washes with PBS + 2 washes with culturing
medium) for 5 h, then the standard growing medium was replaced by a CO2
independent one (Gibco) supplemented as described in § 4.8. DMSO or BTB-1
was added at this stage at the desired concentrations and the cells were imaged
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immediately after the drug addition (18h, 37°C, 2 min/frame, 80 msec exposure
time; see Table 4.4).
4.8.3 RNAi and over-expression experiments
HeLa cells were seeded on coverslips in 6 well plates (400000 cells/well) and let
adhere o/n. The following morning the cells were transfected with suitable
constructs (1 µg pCS2-GFP carrying Kif18AWM (Table 4.2) or empty vector as
control). The transfection mix was prepared in OptiMEM (Gibco) and performed
using FuGene6 (Roche; utilized according to the manufacturer instruction). The
cells were simultaneously transfected with siRNA duplex oligonucleotides
directed against the 3’UTR of Kif18A or the GL2-Luciferase as control (Table
4.1). The transfection mix was prepared as above and performed using
Oligofectamine (Invitrogen; utilized according to the manufacturer instruction). To
synchronize cells in G1/S phase, 8 h after transfection the culturing medium was
replaced with one containing 2 mM thymidine. After 18 h the cells were released
as described in the previous paragraph and grown for additional 8-10 h to
specifically enrich the mitotic population. When most of the cells appeared to be
in mitosis after visual inspection, the coverslips were transferred, fix, stained and
imaged as reported in § 4.8.1 (see also Table 4.4). The remaining cells were
lysate (lysis buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.3% Triton-X100, 5
mM EDTA, Complete protease inhibitor (Roche)) and analyzed for the levels of
protein over-expression and depletion by western blot (not shown).
4.8.4 Regrowth assay
HeLa cells were seeded on coverslips as described in § 4.8.3. The MT network of
interphase cells was entirely depolymerized by cold treatment (1h incubation on
ice performed in a 4°C room). The coverslips were then transferred in 6
well/plates containing culturing medium pre-warmed at 37°C supplemented with
DMSO, BTB-1 or nocodazole (SIGMA) and immediately fixed (time point 0) or
incubated at this temperature for additional 1 to 5 min (see Figure 2.11). To fix
the cells, the coverslips were transferred in 6 well/plates containing fixation
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buffer. The newly formed MT network was visualized by immunostaining (DM1αFITC, Table 4.3) and imaged (Table 4.4; for fixation and staining procedure refer
to § 4.8.1).
Microscope
Axio Imager.A1 – Zeiss
(Visitron Systems)
Axio Imager.M1 – Zeiss
(Visitron Systems)
IX71 – Olympus
(Deltavision ‐ Applied Precision)
Axiovert 200M – Zeiss
(Visitron Systems)
IX71 – Olympus
(Deltavision ‐ Applied Precision)
Axioskop 2– Zeiss
(Visitron Systems)

Objective
Plan Apochromat 100x/1.40
oil (Zeiss)
Plan Apochromat 40x/0.95
(Zeiss)
UPlanSApo 100x/1.40 oil
(Olympus)
Plan Neofluar 20x/0.40
(Zeiss)
PlanApo 60x/1.42 oil
(Olympus)
Plan Apochromat 100x/1.40
oil (Zeiss)

Camera

Figure

Spot Pursuit
(Diagnostic Instruments)
Cascade II (Photometrics)

2.4 a

CoolSnap HQ2
(Photometrics)
CoolSnap HQ
(Photometrics)
CoolSnap HQ2
(Photometrics)
Micromax CCD 1300‐Y
(Sony)

2.8 d

2.8 a

2.8 f
2.10 a‐c
2.9 a, b;
2.11 a‐c

Table 4.4: List of microscope systems utilized in this study. The high‐resolution pictures
obtained with the Deltavision system are the result of the superimposition of multiple
images acquired along the z axis (0.2 μm optical sectioning). The images were deconvolved
and projected in a 2D space by SoftWoRx software (Applied Precision).
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5 – Appendix
5.1 Summary
The accurate transmission of the genetic information from mother to daughter
cells constitutes a crucial event in the life cycle of all eukaryotic cells (Morgan
2006). To fulfill this task cells rely on a specialized microtubule-based structure
called the mitotic spindle (Wittmann et al. 2001). The assembly and the functions
of the spindle apparatus are tightly regulated by the orchestrated interplay of
dynamic microtubules and motor proteins (Wittmann et al. 2001). In addition to
Cytoplasmic dynein, motor proteins of the kinesin superfamily are fundamental
for the structure and function of the mitotic spindle (Goshima and Vale 2003; Zhu
et al. 2005).
Kif18A is a member of the kinesin-8 protein family characterized by its unique
dual functionality, which couples a highly processive motor activity with the ability
to destabilize microtubules by specifically depolymerizing them at their plus end
(Mayr et al. 2007). Recent studies proposed Kif18A to be a key component in the
process of chromosome alignment (Stumpff and Wordeman 2007). Notably, this
kinesin is required to slow down the oscillatory movements of chromosomes
happening in prometaphase after their binding to kinetochore-microtubules and
to increase their switch rate across the spindle equatorial region, ultimately
leading to the correct chromosome positioning at the metaphase plate (Stumpff
et al. 2008). Other reports identified Kif18A as a regulatory partner of Cenp-E
(Huang et al. 2009; Zhang and Matunis 2009), a member of the kinesin-7 family
involved in chromosome alignment and checkpoint signaling pathways (Yao et al.
2000). Moreover, evidences derived from different works suggest a role of Kif18A
in late mitotic events (Gatt et al. 2005; Mayr et al. 2007; Stumpff et al. 2008).
The mechanisms by which Kif18A accomplishes these different functions are not
fully understood, partially due to the lack of appropriate experimental tools.
In this work we reported the functional characterization of the Kif18A small
molecule inhibitor 4-chloro-2-nitrodiphenyl sulphone, named BTB-1.
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Summary
This compound originally identified in a reverse chemical genetics highthroughput screening (Grüner 2004), has been validated as a specific and potent
inhibitor of the ATPase activity of Kif18A in vitro by three different unrelated
approaches. BTB-1 has proven to be effective against Kif18A at low micromolar
concentrations (IC50 = 1.7 µM) through a reversible inhibitory mechanism.
Moreover, detailed kinetics studies revealed its inhibitory activity to be ATP
competitive and microtubule uncompetitive. When tested on human cells BTB-1
induced a mitotic specific phenotype, characterized by the presence of aberrant
spindle structures, misaligned chromosomes, increased mitotic index and a
prolonged time to complete mitosis.
Collectively, these results led to the discovery of the first small molecule inhibitor
of the mitotic kinesin Kif18A, which could be employed as a powerful tool to
functionally dissect and characterize the different properties of this motor protein.
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5.2 Zusammenfassung
Die fehlerfreie Aufteilung der genetischen Information von der Mutterzelle auf die
beiden Tochterzellen ist ein wichtiger Abschnitt im Lebenszyklus eukaryotischer
Zellen (Morgan 2006). Um diese Aufgabe erfüllen zu können besitzen die Zellen
eine spezialisierte, auf Mikrotubuli basierende Struktur, die sogenannte
mitotische Spindel (Wittmann et al. 2001). Der Aufbau und die Funktion des
Spindelapparats werden durch das genau abgestimmte Zusammenspiel von
dynamischen Mikrotubuli und präzise regulierten Motorproteinen bestimmt
(Wittmann et al. 2001). Neben cytoplasmatischem Dynein sind Motorproteine der
Kinesin Superfamilie essentiell für die Struktur und Funktion der mitotischen
Spindel (Goshima and Vale 2003; Zhu et al. 2005).
Kif18A gehört zu der Kinesin-8 Proteinfamilie, deren Mitglieder eine einzigartige
duale Funktion besitzen: Sie können zum einen Mikrotubuli destablisieren, indem
sie spezifisch deren plus-Ende depolymerisieren, und zum anderen weisen sie
eine hoch prozessive Motoraktivität auf (Mayr et al. 2007).
In aktuellen Studien wurde Kif18A eine Schlüsselfunktion im Prozess der
Chromosomenanordnung zugeschrieben (Stumpff and Wordeman 2007). Das
Kinesin wird während der Metaphase benötigt um die oszilierenden Bewegungen
der

Chromosomen

nach

deren

Bindung

an

Kinetochormikrotubuli

abzuschwächen. Dadurch kann die Oszillationsrate der Chromosomen um die
Spindeläquatorebene erhöht werden, sodass letztendlich die Chromosomen
korrekt entlang der Metaphaseplatte positioniert werden können (Stumpff et al.
2008). Andere Studien identifizierten Kif18A als regulierenden Partner von CenpE (Huang et al. 2009; Zhang and Matunis 2009), ein Mitglied der Kinesin-7
Familie,

welches

an

der

Chromosomenanordnung

und

an

Signaltransduktionswegen des Spindelkontrollpunktes beteiligt ist (Yao et al.
2000). Weitere Studien lieferten Hinweise auf eine Funktion von Kif18A in der
späten Mitose (Gatt et al. 2005; Mayr et al. 2007; Stumpff et al. 2008).
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Zusammenfassung
Der genaue Mechanismus wie Kif18A diese unterschiedlichen Funktionen erfüllt
ist bis heute nicht im Detail bekannt, begründet zum Großteil durch das Fehlen
von geeigneten experimentellen Hilfsmitteln.
Die vorliegende Arbeit behandelt die funktionelle Charakterisierung des
niedermolekularen Kif18A Inhibitors 4-chloro-2-nitrodiphenyl sulphone, genannt
BTB-1.
Diese Verbindung wurde ursprünglich in einem revers-chemisch-genetischen
Hochdurchsatzverfahren identifiziert (Grüner 2004). Die Validierung von BTB-1
als spezifischer und potenter Inhibitor erfolgte anschließend durch drei
unterschiedliche und unabhängige in vitro Tests. Es wurde gezeigt, dass Kif18A
effektiv durch BTB-1 bei niedrigen molekularen Konzentrationen (IC50 = 1.7 µM)
durch einen reversiblen inhibitorischen Mechanismus inhibiert wird. Zusätzlich
erlaubten detaillierte kinetische Studien die Bestimmung der inhibitorischen
Aktivität als kompetitiv zu ATP und unkompetitiv gegenüber Mikrotubuli.
Nach Behandlung mit BTB-1 zeigten humane Zellen einen mitosespezifischen
Phänotyp, charakterisiert durch deformierte Spindel und fehlerhaft angeordnete
Chromosomen. Weiters zeichneten sich diese Zellen durch einen Anstieg im
mitotischen Index und eine verlängerte Mitose aus.
Zusammengefasst

führte

diese

Arbeit

zu

der

Entdeckung

des

ersten

niedermolekularen Inhibitors des Kinesins Kif18A, welcher als wichtiges
Hilfsmittel dienen kann, um zwischen den funktionellen Eigenschaften dieses
Motorproteins zu unterscheiden und sie zu charakterisieren.
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5.4 List of abbreviations
All units are reported according to the International System of Units (SI) (Taylor
and Thompson 2008)
§

paragraph

aa

amino acids

ADP

Adenosine-5'-DiPhosphate

ATP

Adenosine-5'-TriPhosphate

a.u.

arbitrary units

bp

base pair

BSA

Bovine Serum Albumin

CIP

Calf Intestinal Phosphatase

cDNA

complementary DeoxyriboNucleic Acid

DAPI

4',6-DiAmidino-2-PhenylIndole

DMSO

DiMethylSulfOxide

DNA

DeoxyriboNucleic Acid

DTT

DiThioThreitol

ECL

ElectroChemiLuminescence

ER

Endoplasmic Reticulum

FCS

Fetal Calf Serum

FITC

Fluorescein IsoThioCyanate

FL

Full Length

GFP

Green Fluorescent Protein

GST

Glutathione-S-Transferase

His

Histidine

HRP

HorseRadish Peroxidase

IC50

half maximal Inhibitory Concentration

IF

ImmunoFluorescence

IPTG

IsoPropyl-beta-D-ThioGalactopyranoside

Ki

inhibition constant

Km

Michaelis-Menten constant
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List of abbreviations
LB

Lysogeny Broth (also known as Luria-Bertani broth)

MT

MicroTubule

M-phase

Mitotic phase

MPI

Max Planck Institute of biochemistry (Martinsried / Munich)

N-terminus

amino-terminus

OD

Optical Density

o/n

over-night

PCR

Polymerase Chain Reaction

PNK

PolyNucleotide Kinase

RNA

RiboNucleic Acid

RNAi

RNA interference

RT

Room Temperature

SAC

Spindle Assembly Checkpoint

SAP

Shrimp Alkaline Phosphatase

siRNA

small interfering RNA

TRITC

TetramethylRhodamine B IsoThioCyanate

Vmax

maximum enzyme Velocity

WM

Walker-A Mutant
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