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Summary

Mitosis is a key step in the cell cycle process which is strongly regulated by reversible
phosphorylation. In our study we used proteomic tools to understand the regulatory
mechanisms of mitosis by studying phospho-regulation of kinases. We wanted to compare
different stages of cell cycle progression with main focus on mitotic stages in terms of site-
specific kinase phosphorylation i.e. identification of phosphorylation sites on kinases and
their relative dynamics during mitotic progression. We have done both large scale kinome
studies using kinase enrichment as well as targeted studies focusing on single kinases

(BubR1, Bubl).

We first standardized methods for large scale synchronization of cells in different
stages of the cell cycle. Using large scale kinome study to compare three mitotic states, i.e.,
prometaphase, metaphase and telophase, we generated a resource of information about
phosphorylation dynamics for more than 900 kinase phosphorylation sites from 206 kinases.
Around 25% of the kinase phosphorylation sites were found to be modulated by at least 50%
during mitotic progression. Further network analysis of jointly regulated kinase groups
suggested that cyclin-dependent kinase and mitogen-activated kinase centered interaction
networks are coordinately down- and upregulated in late mitosis, respectively. MAP kinase
activation is separately verified by western blot analysis. Importantly, being a global study
our data provided a global view of the mitotic phospho-regulation of the kinome; and
moreover identified attractive candidates for future studies of phosphorylation-based mitotic

signaling apart from covering the already known events.

Both BubR1 and Bub1 kinases were identified in the above study though the sequence
coverage obtained was limited. We have chosen these kinases for detailed study due to their
essential role in mitosis. We mapped phosphorylation sites on BubR1 and searched for the
upstream kinase phosphorylating these residues. We demonstrated that BubR1 is
phosphorylated by Cdkl and that phosphorylation is required for BubR1 chromosome
congression function. Since it is already established that Bubl has kinase activity, we tried to
identify the autophosphorylation sites on Bubl and detected 15 sites that are

autophosphorylated in-vitro.



1.0 Introduction

1.1 Cell cycle

Cell division is one of the fundamental processes required for survival and the continuation
of life [1]. During cell division, the parent cell divides into two daughter cells capable of
undergoing further divisions. The underlining goal of cell division is the faithful replication
followed by equal segregation of genetic material. Eukaryotic cells are highly
compartmentalized. Importantly, the nucleus, a double membrane compartment encapsulates
the genetic material that is organized into chromatin, long supercoiled DNA structures in
complex with a large variety of proteins, notably histones. Eukaryotic cell division proceeds
through a number of discrete steps. First, cells prepare for cell division by interpreting
various intra and extra-cellular signals. The decision to undergo cell division is a point of no
return and cells remain committed for division or trigger apoptosis otherwise. Subsequently,
the genetic material is replicated, followed by the equal distribution of cell contents to
nascent daughter cells, and finally the physical separation of the daughter cells. Erroneous
cell division is costly for organisms. Errors in the replication of genetic material compromise
the integrity of the genome. Errors in chromosome segregation and physical separation lead
to aneuploidy and polyploidy, fostering cell death and cancer. Fidelity of each step is guarded
by multiple redundant pathways, ensuring the robustness of the whole process. These highly

orchestrated series of events are collectively termed ‘cell cycle’ (Figure 1).

1.2 Mitosis

Mitosis is the most spectacular part of the cell cycle during which genetic material is
equally divided between the two daughter cells. Mitosis consists of 5 stages, i.e., prophase,
prometaphase, metaphase, anaphase and telophase (Figure 1). Cytokinesis, the physical
separation of the daughter cells, follows mitosis. Mitosis together with cytokinesis is called
M-phase. During prophase, the nuclear membrane breaks down and chromatin starts to
condense into chromosomes. By prometaphase, condensed chromosomes are formed and
centrosomes start emanating microtubules. In metaphase, all chromosomes are captured by
the microtubules and brought to the center of the cell. Following this, chromosomes are
moved to the opposite ends (anaphase). In the last stage (telophase) most of the changes that

were initiated in the beginning of mitosis are reverted back to the initial state i.e. formation of



nuclear envelope, decondensation of the chromosomes etc. Mitosis is under tight regulation
since chromosome segregation errors may result in cancer or cell death [1]. Interestingly,
little or no protein synthesis takes place in mitosis and most of the mitotic events are

regulated by protein phosphorylation and protein degradation[1].

Prophase Prometaphase

Metaphase Anaphase A Anaphase B

f '3

»

End of cytokinesis

Figure 1. Eukaryotic cell cycle with emphasis on mitotic stages.

Representative pictures from different mitotic states are shown. Chromatin/chromosomes are stained
with DAPI (Blue) whereas centrosomes and microtubules are stained by antibody coupled to alexa red
(Red) and FITC (Green) respectively. The red arrow marks a mitotic spindle; and the white arrow

points at a midbody.



1.2.1 Spindle assembly checkpoint

Physically, the segregation of sister chromatids into the two daughter cells is carried
out by the mitotic spindle, a highly dynamic microtubule-based structure. Since proper
bipolar attachment of chromosomes to spindle microtubules is essential for the correct
segregation of chromosomes, this critical step is monitored by a signaling pathway, known as
the spindle assembly checkpoint (SAC) [2]. The SAC is a ubiquitous safety mechanism that
evolved in eukaryotes to avoid chromosomal segregation errors. It remains active and halts
mitotic progression until the two sister kinetochores are bound to microtubules emanating
from opposite poles, resulting in bi orientation (amphitelic attachment) (Figure 2). Elegant
studies have shown that even single unattached kinetochores keep the SAC active and block
the onset of anaphase [3]. In some cases, both kinetochores of a sister chromatic pair may be
captured by microtubules emanating from the same centrosome, i.e. syntelic attachments,
resulting in loss of tension between the kinetochores. Such mismatches also activate the SAC,
giving the cells time to correct the mismatches. Thus, the SAC monitors both unattached
kinetochores and tension between the kinetochores. In mitotic HeLa cells, for example, SAC
activity is turned on by adding either nocodazole which destabilizes the microtubules leading
to attachment defects, or taxol which stablises the microtubules, leading to tension defects.
However, not all kinetochore—microtubule attachment defects are detected by the SAC. Each
kinetochore has binding sites for around 20-25 microtubules. Therefore, a kinetochore may
bind to microtubules from opposite poles (merotelic attachments). Merotelic attachments
generate both tension and chromosome bi-orientation and hence are not detected by the SAC
[4], thus leading to aneuploidy. However, both syntelic and merotelic attachments are

corrected by Aurora B kinase mediated pathways[2].

1.2.2 The molecular mechanism of the SAC

After DNA replication, sister DNA molecules/chromatids are held together by
cohesion rings (Figure 2a). Removal of cohesin rings is thus mandatory for the separation of
the sister chromatids. Cohesin rings are cleaved by separase, a caspase like protease which is
kept inactive by a protein called securin [5]. The anaphase promoting complex/cyclosome
(APC/C) is an E3 ubiquitin ligase that marks target proteins for degradation by the 26S
proteasome. Prior to anaphase, securin is ubiquitinated by the APC/C, thus initiating its
degradation. This leads to separase activation and cleavage of cohesion rings separating the

sister chromatids. The APC/C also initiates the degradation of Cyclin B. leading to the
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inactivation of Cdk1 prior to anaphase. Cdc20 is a co-factor of APC/C, which is required for
its activity. The SAC negatively regulates the ability of Cdc20 to activate the APC/C [6; 7],
preventing polyubiquitylation of two of its key substrates, cyclin B and securin, thereby

preventing their destruction by the 26S proteasome.

SAC components are required for metaphase arrest in response to defects in bi-
orientation. The mitotic checkpoint complex (MCC) is a main component of the SAC, which
contains several proteins, i.e,. Mad2, BubR1 and Bub3, as well as Cdc20. The MCC
inactivates the APC/C preventing the degradation of securin and cyclin B. Besides the MCC,
other important SAC components include Madl as well as the kinases Bubl, TTK(MPS1)
and Aurora B. These proteins are required for amplification of the SAC signal and regulate
the rate of MCC formation [2]. Additional proteins such as ROD, ZW10 and ZWILCH (RZZ
complex), MAP Kinases, Cdkl, Nek2, Plkl, CENP-E and dynein also play important roles

[2].

Kinetochores are the main sites of SAC activity and assembly of SAC components
[8]. During prometaphase, Cdc20 and most of the other SAC proteins accumulate at the
kinetochores. The MCC accumulates in mitosis and associates with the APC/C. Within the
MCC, both Mad2 and BubR1 bind Cdc20 directly. The interaction of BubR1 with Cdc20
requires all SAC proteins, whereas only Madl and MPS1 are required for Mad2—Cdc20
binding [6; 9; 10]. Purified human MCC is a potent inhibitor of APC/C; compared with
recombinant Mad2, MCC with all its components is 3,000-fold more effective [11]. BubR1
has a distinct binding site on Cdc20 from Mad2 and, together, Mad2 and BubR1 have a
synergistic effect on APC/C inhibition [2].

A) E)
Armphitelic attachment
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Figure 2: Different types of kinetochore-microtubule attachments and their consequences in

anaphase.
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A) Schematic representation of sister chromatids with amphitelic attachment. B) When the two sister
kinetochores are bound to microtubules coming from opposite poles (Amphitelic attachment), tension
is generated between the kinetochores, silencing the SAC, and the sister chromatids are pulled in
opposite directions leading to normal chromosomal segregation. In cases where both the sister
kinetochores are bound to microtubule coming from the same pole (Syntelic attachment) or where a
kinetochore is bound to microtubules from opposite poles rather than to just one pole (Merotelic
attachment),chromosomal  segregation  errors may  occur. Figure adopted from

http://www.bch.msu.Edu/faculty /kuo/histoneH3mitoticprogression.jpg.

1.3 Regulation of kinase by phosphorylation

Reversible  phosphorylation is a  ubiquitous  posttranslational  protein
modification,which is involved in the regulation of almost all biological processes [12; 13;
14]. In humans, 518 protein kinases (PKs) have been identified in the genome;
thesephosphorylate the majority of cellular proteins and increase the diversity of the
proteome by several fold [15]. Addition of a phosphate group to a protein can alter its
structural, catalytical, and functional properties; hence kinases require tight regulation to
avoid unspecific phosphorylation which can be deleterious to cells [16; 17; 18]. As a result,
cells employ a variety of mechanisms to ensure proper regulation of kinase activities [19].
Importantly, most kinases are also in turn regulated through auto-phosphorylation and
phosphorylation by other kinases, thus generating complex phosphorylation networks. In
particular, phosphorylation on activation segments is a common mechanism to modulate
kinase activities [20; 21; 22], but additional phosphorylation sites are also frequently required
for fine tuning of kinase activities [23]. Some kinases contain phosphopeptide binding
domains which recognize pre-phosphorylated sites on other kinases, resulting in processive
phosphorylation and/or targeting of kinases to distinct cellular locations [24; 25; 26; 27].
Since such priming phosphorylation events depend on the activities of the priming kinases,
these motifs act as conditional docking sites and restrict the interaction with docking kinases
to a particular point in time and physiological state. In addition, phosphorylation sites may act
through combinatorial mechanisms or through crosstalk with other posttranslational
modifications (PTMs) [28; 29], thus further increasing the complexity of kinase regulatory

networks.

Regulation of kinases is of particular interest in mitosis as most of the mitotic events

are regulated by reversible protein phosphorylation [1]. Cyclin-dependent kinase 1 (Cdk1), an
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evolutionarily conserved master mitotic kinase, is activated prior to mitosis and initiates most
of the mitotic events. Cdk1l works in close association with other essential mitotic kinases
such as Plk1, Aurora A and Aurora B for the regulation of mitotic progression [1; 30; 31; 32;
33]. Plkl and Aurora kinases dynamically localize to different subcellular locations to
perform multiple functions during mitosis and are phosphorylated at several conserved sites.
Although little is known about the precise roles of these phosphorylation sites, emerging data
indicate that they are involved in regulating localization-specific functions [5; 34]. Further,
the kinases Bub1, BubR1, TTK (Mps1), and kinases of the Nek family play important roles in
maintaining the fidelity and robustness of mitosis [1]. Recently, a genome-wide RNA
mediated interference screen identified M-phase phenotypes for many kinases which have not
previously been implicated in cell cycle functions, indicating that additional kinases have

important mitotic functions [35].

1.4 Mass Spectrometry in biology

Any instrument capable of measuring mass-to-charge ratio (m/z) of charged particles
is called a mass spectrometer. Two particles with the same m/z move similarly in space and
time when subjected to the same electric and magnetic fields. In other words, the motion of a
charged particle under the influence of electromagnetic fields is unique and depends only on
m/z. Mass Spectrometry (MS) makes use of this principle to measure the m/z values of
molecules. In MS the analytes are ionized to generate charged molecules and then the m/z of
those molecules is measured. In general a mass spectrometer is composed of three principle
components- an ion source, mass analyzer and a detector. Depending on the choice and
configuration of these components, MS instrument are available in different forms with

different capabilities.

In 1912, the first MS instrument was constructed by J.J.Thomson, which was used to
identify the isotopes of various elements. When the accuracy of the measurement is
sufficient, it is possible to identify that ion by matching the measured m/z value to the values
in a library (Identification). Fragmenting the molecule and measuring the m/z values of those
fragments (MS/MS spectra) helps in elucidating the chemical structures of molecules, such as
peptides (Primary structure identification). Fragmentation can be achieved by collision with
inert gas molecules (collision induced dissociation, CID), electron capturing (electron capture

disassociation, ECD) or by electron transfer (electron transfer dissociation, ETD). CID, the
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most commonly used dissociation technique, produces b- and y- type peptide fragment ions
and this is often sufficient to determine the peptide sequence. However, in case of PTMs,
such as phosphorylation, CID preferentially cleaves the weakly bound PTM from the peptide,
resulting in little fragmentation of the peptide backbone and making the identification of
peptide sequence and/or the location of the modification difficult. Alternatively, ETD
induces fragmentation of the peptide backbone in a sequence independent manner, keeping
the PTM intact and produces primarily c- and z-type fragment ions. Further, the intensity of
the peptide in two or more samples can be compared from MS spectra (SILAC) or MS/MS

spectra (iTRAQ) to estimate the relative abundance (Quantitation).

Mass specrometers are rapid and robust; current instruments measure around 1-50
mass spectra per second under typical workflows. Moreover, the sensitivity is in the
attomolar range for peptides and they can be configured easily in high throughput workflows.
These features of MS instruments changed the way in which biological molecules such as
proteins, lipids and carbohydrates are analyzed. It paved path to fields like proteomics. MS
become an invaluable tool for the identification of proteins, protein-protein interactions, post-
translational modifications and protein quantitation. Especially in recent years, tremendous
advances in terms of instrument performance, methods efficiency, and computational power
shifted the focus from small-scale projects to large-scale proteomic studies, allowing the
study of the dynamics of proteomes in different cell types, under various stimuli, or under

diverse experimental conditions.

1.5 Mass spectrometric instrumentation

1.5.1 Ion source

Ion sources generates ions from the analytes, which are channeled to the mass
analyzer. A variety of ionization techniques are available for mass spectrometry. Based on
the physical state of the analyte, ion sources are classified in to three types, viz. gas, liquid
and solid-state. Only liquid- and solid- phase ion sources are used for peptides as peptides are

thermally unstable and do not have sufficient vapor pressure[36].

In solid-state ion sources, such as matrix-assisted laser desorption/ionization

(MALDI), the analyte is mixed with a matrix (commonly used matrixes are 3,5-dimethoxy-4-

14



hydroxycinnamic acid, a-cyano-4-hydroxycinnamic acid and 2,5-dihydroxybenzoic acid)[37;
38]. When the solvent is evaporated the analyte will co-crystallize with the matrix. These
crystals are then irradiated by a laser, which ionizes the matrix molecules. The matrix then
transfers its charge to the analyte molecules generating analyte ions. Further, apart from
aiding the ionization of analyte molecules, the matrix also protects them from the disruptive

energy of the laser.

Electrospray ionization (ESI) is the best example for a liquid-phase ion source. This
technique was introduced by John Bennett Fenn [39], for which he was awarded the Nobel
Prize in 2002. In this method, the analyte is dissolved and passed through a narrow capillary
tube at flow rates of 0.05-200 uL min™. An electric potential (1-7 kV) is applied between the
tip of the capillary and the opening of the mass specrometer, which are typically separated by
0.3-3 cm. This induces charge accumulation at the tip of the capillary tube on the liquid drop
that breaks the drop into highly charged smaller droplets. These droplets pass through a
heated capillary which is at the opening of the MS instrument,where the solvent is evaporated
leaving analyte ions. An inert gas like nitrogen is injected coaxially at low flow rates to limit

the spatial dispersion of the spray.

ESI has some characteristic features. Most importantly, it is able to generate multiply
charged ions provided the molecules are large enough. Since the mass spectrometer measures
only the m/z values and for a given instrument the measuring range is limited, multiply
charged ions make analysis of large molecules such as proteins possible. ESI-trap instruments
can measure m/z values between 50-2000Th. So proteins/peptides which are out of this range
cannott be analyzed in their singly charged ionic states. However, for a protein of 20,000 kDa
, for instance, the m/z value of a typical 20" charge state is ~1,000 and falls within the range
of the instrument. Another feature of ESI is that the number of ions generated is proportional
to the concentration of the analyte and does not depend on the absolute amount. Further, the
number of ions generated is sensitive to the solvent used and the electrolyte concentration in
the solvent. One more advantage of the ESI source is that it can be seamlessly coupled to

HPLC systems[36].

1.5.2 Mass analyzers

Mass analyzers separate the ions that are generated by the ion source, according to

their m/z. As there are many ion sources, different mass analyzers are also available, each
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with specific advantages and disadvantages. All mass analyzers make use of static or
dynamic electric and/or magnetic fields but differ in the way these fields are applied. They
are broadly divided into two classes; first, scanning analyzers which transmit ions in a
stepwise manner based on the m/z value, e.g., quadrupole and ion-trap mass analyzers.
Second, simultaneous analyzers which transmit all the ions in one step, e.g., time of flight
(TOF) and Orbitrap analyzers. It is possible to combine different types of mass analyzers in a
single MS instrument. This offers versatility and better performance. Before opting for a
mass analyzer there are at least five important features which have to be considered, i.e.

measuring range, speed of analysis, transmission efficiency, mass accuracy and resolution.

1.5.2.1 Linear quadrupole ion trap

An ion trap is a device which traps ions in two or three dimensional space using direct
current (DC) and radio frequency (RF) oscillating alternate current (AC) electric fields. The
first generation of ion traps, the 3D ion trap was invented by Wolfgang Paul who was later
awarded the Nobel Prize [40]. Linear quadrupole ion traps or 2D ion traps are second
generation ion traps, which have improved features compared to 3D ion traps. The linear ion
trap can function both as a storage device of ions for a period of time and as a mass analyzer.
Linear ion trap is exemplified by the LTQ XL mass spectrometer from Thermo Electron

Corporation, the instrument that is used in this study.

The LTQ linear trap is made up of two pairs of orthogonally positioned hyperbolic
rods, which are cut into three sections. The central section is about three times larger (37 mm)
than the two end sections. The side rods in the central section contain a slit along the z-axis
through which ions can be ejected from the trap and the two detectors are placed facing the

slits.
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Figure 3 Basic design of the linear quadrupole ion trap.

A) Schematic representation of the linear quadrupole ion trap design (adopted from Schwartz et al,
2002). B) Schematic representation of linear quadrupole ion trap during operation. Ions of various
masses (represented by different colors) enter the linear ion trap. During scan out the ions are ejected
from the trap in order of increasing mass-to-charge ratio. The ions exit the trap through slits in the exit
rods. The ions then strike the detection system on either side of the trap (adopted from LTQ XL

Hardware Manual, Thermo Electron Corporation, June 2006).

During the operation, DC voltages are applied such that the same voltage is applied to
rods facing each other, whereas adjacent rods have identical electrical potential strengths but
opposite polarities. Ions are trapped in axial direction by applying different DC voltages to
the three sections. Further, the rods end in lenses to which positive potential for positive ions
and negative potential for negative ions are applied, thus they also repel the ions into the trap
axially. Ions are trapped in radial direction by applying the RF AC voltages (main RF

voltage) of the same amplitude but different polarities to the adjacent rods.

In order to store ions in the ion trap, their trajectories should be stable in both radial
and axial directions simultaneously. Motion of ions inside a quadrupole trap can be described

by the Mathieu equation. Solving the Mathieu equation gives the following relations [41].
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In the above equations m is the ion mass; z is the ion charge. U and V are DC and RF
potentials applied to the hyperbolic rods, respectively; o is the angular frequency of the RF;
1o is the radius, i.e. half the distance between the opposite rods; a, and q, are dimensionless
trapping parameters in the Mathieu equation, which establish the relation between
coordinates of ion and time; B, is a additional trapping parameter which is a complex function
of a,, qu (equation not shown). The values B,=0, f,=1 correspond to boundaries of stable

regions, i.e. the point at which the trajectory of an ion becomes unstable[41].

The main RF voltage is ramped from low amplitude to high amplitude at constant
voltage. Stability of an ion in radial direction depends on the main RF voltage i.e. the
trajectory of an ion is stable only up to a certain RF voltage (resonance voltage)[42]. Initially
a low RF voltage is applied allowing all the ions above a certain m/z values to be retained
(storage voltage). Then, by ramping the main voltage at constant rate ions can be successively
ejected in the order low to high m/z values. For MS/MS analysis, all the ions except the ion
of interest should be ejected before the fragmentation. This is achieved with the help of ion
isolation waveform voltages i.e. all resonance voltages except that of the ion of interest are
applied[42]. Additionally, a resonance ejection AC voltage, i.e. fixed frequency with
increasing amplitude, is applied during the ramping of the main RF voltage. When an ion is
about to be ejected from the mass analyzer cavity by the main RF voltage, it approaches
resonance with the resonance ejection AC voltage. As a result ions move away from the
center into a region where the field produced by the main RF voltage is strong, thus

enhancing the ejection of the ion and improving the mass resolution [42].

Linear ion-traps offer many advantages over 3D traps; 15 times higher ion capacity, 3
times faster scan rate, up to 100% detection efficiency, and up to 70% trapping efficiency.
However, the mass accuracy of ion traps is in the range of 0.2-2.0 Da and resolution less than

1,000 (at high scanning speed).
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1.5.2.2 The electrostatic trap or orbitrap

The orbitrap is an electrostatic trap that was developed from a completely new
concept, proposed by Makarov [43; 44], and was commercially released by Thermo Electron
Corporation in 2005. The orbitrap mass analyzer quickly gained popularity due to its superior
mass accuracy (low ppm or ppb) and high resolution (upto 1,00,000) without requiring any

powerful magnets. It uses fourier transformation to obtain the mass spectra.

The design of the orbitrap consists of a central spindle shaped electrode (maximum
diameter of 8 mm) surrounded by a barrel shaped external electrode. The external electrode is
made by two equal half’s which are kept at a small distance. DC voltage of several kilovolts
is applied to the central electrode, negative for positive ions and positive for negative ions
and the external electrode is at ground potential [36]. lons enter the trap tangentially through
this gap with a kinetic energy of few kiloelectronvolts and start oscillating. Ions follow
intricate paths inside the trap under the influence of a quadro-logarithmic field, due to the

peculiar geometry of the trap. The angular frequency () of an ion inside the trap is given by
w=|(L)k (kisfield curvature)
m

This equation is of great interest as it implies that the frequency is directly linked to the ratio
of ¢/m and independent of the initial kinetic energy. As a result, by measuring the frequency

of an ion inside the orbitrap, its m/z value can be calculated.

—> lon trajectory

—> Inner

electrode
— Quter

electrode

Figure 4. Cross section of orbitrap mass analyzer (courtesy, Thermo Electron Corporation ).
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1.5.3 Detectors
Detectors generate an electric current proportional to the number of ions reaching
them (impact detectors). This electric current is then used to measure the relative intensity. A

variety of impact detectors suiting to different mass analyzers are available.

The LTQ MS is equipped with an off-axis detection system (Figure 3). Ions ejected
from the ion trap hit two conversion dynodes which are placed perpendicular to the ion exit,
producing secondary particles. Positive secondary particles are of interest for negative ions
and vice versa. The concave shape of the dynode helps in focusing the ions which are
channeled through an electron multiplier. The electron multipliers generally operate at a gain
of 10°. The current that is leaving the electron multiplier is converted to voltage by an
electrometer and is recorded. Since the detection system is placed off-axis to the mass

analyzer, neutral molecules will not reach the conversion dynode thus avoiding noise.

The detectors in Fourier transform ion cyclotron resonance (FTICR) or Orbitrap
analyzers are different from impact-type detectors. These detectors measure the broadband
current that is generated by the oscillating ions present in the trap. This image current is later

resolved in to individual frequencies using the mathematical Fourier transformation.

1.6 Methods for quantitation

Mass spectrometry based quantitative methods can be broadly classified as label free
and label based methods. Label free methods are simple and inexpensive as they do not
involve any additional steps in the experimental design or reagents. Ideally, the intensity
value in the mass spectrum should be sufficient to perform relative quantitation. However,
ionization of an ion depends on multiple factors including the complexity of the sample. This
coupled together with variations in liquid chromatography (LC) profiles leads to large run-to-
run variation. Thus, label free methods are less reliable and mostly qualitative (eg. spectral
counting). It is important to note that label free methods which make use of identified
peptides to correct the variation in LC profiles along with replicates tend to be more accurate
[45; 46]. Further, mass accuracy and resolution of the data are very important for any

quantitative method. Thus FT instruments are preferred over ion trap instruments.

Label based methods introduce a label into the sample either chemically (iTRAQ,

ICAT) or metabolically (SILAC). The label can be either isotopic or isobaric. In case of
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isotopic labeling the label introduced into the sample and the control differ by few Daltons.
As a result, the peptides show up as doublets in the MS spectrum. Isobaric labeling works
slightly differently. The mass of the sample and the control would be the same after labeling.
However, when these peptides are fragmented, they release reporter ions of different m/z, i.e.

quantitation is achieved through MS/MS spectra.

Isotopic labeling is exemplified by stable isotope labeling with amino acids in cell
culture (SILAC). SILAC is developed mainly for cultured cell lines; however recent studies
have shown that it can be successfully extended to popular model systems such as mice(Mus
musculus), drosophila (Drosophila melanogaster), yeast (Saccharomyces cerevisiae), etc [47;
48; 49]. In this method, natural amino acids (commonly arginine and lysine) containing C13,
N15 and H2 isotopes act as labels [50]. Cells are grown in culture media that are devoid of
those amino acids which need to be labeled. Commonly used media are Dulbecco’s Modified
Eagle’s Medium (DMEM) and RPMI-1640 without labeling amino acids. Labeled amino
acids are separately added to the medium and are incorporate into the proteins using cells
own translation machinery. All 20 amino acids are available in isotopic labeled forms.
Arginine and lysine are the preferred choices, because trypsin cleaves after arginine and
lysine residues making sure that every peptide will contain at least one arginine or lysine
except the peptide containing the protein C-terminus. Further, arginine and lysine are
essential amino acids for human cell lines i.e. they cannot be synthesized internally. This
ensures complete labeling of the proteome (>97%). For simple quantitative analyses, (e.g.,
protein quantitation in a simple protein mixture) labeling with one amino acid might be
sufficient. However, if all the peptides need to be quantified, such as for PTM analysis, both
arginine and lysine should be used for tryptic protein digests. Moreover, normal fetal calf
serum (FCS) contains many amino acids, including arginine and lysine. Hence dialyzed FCS
is necessary for complete labeling of proteins. SILAC quantitation is more reproducible than
the methods using chemical labels. First, as opposed to chemical labeling, SILAC labeling is
achieved prior to cell lysis. As a result, cells from sample and control can be mixed and
processed together, minimizing variation arising from downstream steps. Second,
quantitation is achieved through MS spectra acquired during the peptide elution (which are
often more than one) as opposed to MS/MS spectra (which are often one per m/z). However,
the main limitation of the SILAC method is that it cannot be used to analyze harvested tissue

samples.
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1.7 Phosphoproteomics

Phosphorylation is one of the most common reversible post translational
modifications of proteins. In mammals, phosphorylation occurs mainly on serine, threonine
and tyrosine residues. Although many proteins are phosphorylated, not all molecules of a
given population are phosphorylated. Furthermore, only 1-2 % of peptides are usually
phosphorylated, making prior enrichment mandatory for their detection [51]. Many methods
were proposed for the enrichment of phosphopeptides. Immobilized metal-ion affinity
chromatography (IMAC), which was originally developed for purification of His-tagged
proteins, was extended to phosphopeptides [52]. Phospho groups are negatively charged,
hence they bind to positively charged metal ions such as Fe3+, Ga3+, Al3+ or Zr4+ through
electrostatic interactions. As a main drawback, IMAC is highly sensitive to the salt
concentration in the sample and prior desalting steps are necessary. On the other hand, metal-
oxide chromatography (MOC) using titania, zirconia, and alumina was shown to be tolerant
to salts in the sample [53]. Ideally, for comprehensive coverage of the phosphoproteome both

methods are incorporated into the workflow [54].

Successful enrichment of phosphpeptides depends on many factors. Non-specific
binding of acidic peptides to the metal oxide is a major bottleneck. It was shown that
nonspecific binding can be reduced by using low pH and by introducing appropriate aliphatic
hydroxy acid (i.e. modifier). At low pH all the carboxyl groups will be protonated and the
modified molecules compete with acidic peptides for binding to the metal oxide. Titanium

dioxide with lactic acid or glycolic acid as modifiers give good results [55].

Elution of the phosphopeptides from the metal dioxide is a non trivial step. Peptides
are eluted by changing the pH of the solution to alkaline. Ammonia solution is the preferred
choice for phosphopeptide elution but recent studies suggested that for complete elution of
peptides, especially multiply phosphorylated peptides, more than one basic reagent is
necessary. Successive elution with ammonia, piperidine and pyrolidine is shown to be more

effective to achieve efficient elution [56].

In addition to IMAC and MOC many other methods have been developed to detect
phosphopeptides selectively, including strong cation exchange (SCX) chromatography [57]
and MS based methods such as precursor ion scanning in the negative mode [58], neutral loss

triggered MS3 [59], and pseudo-MS3 [60].
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Once the phosphopeptide is identified by MS, a next important step is to identify the
precise location of the phosphorylation site within the peptide. Information about actual
phosphorylation sites biologically more meaningful than information about phosphopeptides.
When the peptide sequence contains more than one serine/threonine/tyrosine residue,
phosphorylation needs to be assigned to the correct residue, using peptide fragmentation data
in the MS/MS spectra. However, gaps in the MS/MS ion series as well as close spacing of the
serine/threonine/tyrosine residues often complicate the precise determination of the
phosphorylation sites. Hence, for each possible phosphorylation site a probability value is
assigned (localization probability) and generally phosphorylation sites with localization

probabilities exceeding 75% are considered valid [57].

1.8 Bioinformatic tools for the analysis of mass spectrometry data

Over the past decade, proteomics has undergone a shift from qualitative to
quantitative strategies and has emerged as a method-of-choice for analyzing the dynamics of
proteomes in different cell types, under various stimuli, or under diverse experimental
conditions [61]. As a consequence, the amount of published proteomic data has increased
rapidly and in-depth analysis of large-scale proteomic datasets is becoming more and more
important as the interest in proper biological interpretation of the data is increasing. Gene
ontology, pathway analysis and protein-protein interaction analysis emerged as invaluable

tools to convert large datasets into knowledge of biological significance.

1.8.1 Gene ontology

While describing a particular protein or function, researchers often do not use terms
consistently. This is now overcome by the use of controlled ontology called Gene Ontology
(GO)[62]. Every gene/protein can thus be described by a finite vocabulary at different levels
of granularity. Within GO, a limited set of species-independent terms are available, thus
strongly reducing ambiguities. Each GO-entry consists of a number (GO-identifier) and a
term associated with it. Each term can then belong to one of the three GO-categories, namely
‘biological process’, ‘molecular function’ or ‘cellular component’. It is important to note that
GO is structured in a hierarchical way. Each term constitutes a node in a directed acyclic

graph, with one or more parent terms and one or more child nodes.
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GO-term analysis often constitutes the most basic step in the bioinformatic
characterization of proteomic datasets. A simple way to analyze the data is to annotate the
proteins with GO-terms and determine whether they show enrichment for a particular group
of biological processes, functions or cellular compartments. Several tools are available to
accomplish this task; an extensive list of GO-related tools can be found at
http://www.geneontology.org/GO.tools.microarray.shtml. Moreover, these tools often serve
as meta-tools in that they not only search for GO terms, but also integrate information from
pathways, domains and other important biological attributes. DAVID is an example of such a
popular meta-tool [63] that helps to detect over- or under-represented GO terms within a

dataset.

1.8.2 Pathway analysis

A biological pathway consists of a series of well defined reactions among
biomolecules which will result in a specific biological outcome. As pathways focus on
physical and functional interactions between proteins rather than merely taking the gene-
centric view of GO-based analyses, pathway analyses have the potential to take the analysis
of proteomic data one step further. Pathway analysis using proteomic data is extremely useful
in areas such as signal transduction, metabolic processes, and cell cycle progression, which
involve extensive regulation at the protein level (i.e. by posttranslational modifications) and
thus cannot be comprehensively studied by mRNA expression analysis alone. Pathway
models are manually curated and are iteratively refined to keep up-to-date with the emerging
scientific data. Manual annotation mainly focuses on well-known and well-studied pathways,
thus possibly leaving out pathways which may be potentially interesting for other researchers.
Metabolic pathways are well established compared to signaling pathways, mostly because

they are actively constructed by a number of dedicated groups [64].

Currently, around 300 pathway resources are available. Some of the popular and
freely available pathway databases are KEGG[65], Reactome[66], STKE[67],
PANTHER][68], Biomodels[69], GenMAPP[70], and PID[71]. Over-representation analysis
is often used to annotate the protein lists of interest, in a similar way as mentioned above in
the gene ontology section, especially when analyzing data from proteome states measured

under different conditions. Meta-tools such as DAVID, PANTHER [68] and Babelomics [72]
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provide over-representation analysis of GO terms, domains and pathways. In addition, they

cluster similar/relevant annotations in the results in order to reduce the redundancy of terms.

1.8.3 Interaction networks

Proteins work rarely in isolation but rather function in complexes as multi-protein
machines. Since their assembly is largely mediated by protein-protein interactions (PPIs),
functional modules within a proteome may be revealed by PPI analyses[73]. In general, PPIs
comprise both physical and functional interactions, which may be further grouped into
experimentally determined and computationally predicted interactions. Functional
interactions include sharing a common substrate in a pathway, regulating each other at the
transcriptional level, or indirect binding through participation in larger multi-protein
assemblies [74]. HPRD [75], IntAct [76], MINT [77], BIND [78], DIP [79], and BioGRID
[80] are some of the popular databases covering experimentally obtained PPIs, derived from a

combination of automatic extraction and expert curation.

STRING is a powerful meta-database incorporating data from many curated databases
(IntAct, BioGRID, HPRD, MINT, DIP and BIND), additional in-silico predicted interactions
and additional pathway information with an easy-to-use web interface. STRING thus
constitutes a very popular tool for interaction network analysis of proteomic data. It
incorporates experimentally derived interactions from the above databases along with
interactions obtained from computational predictions and text mining. Importantly, the types
of included interactions can be easily specified by the user for any given analysis, thus
allowing different levels of stringency. Lists of proteins can directly serve as an input to
STRING, so that all known interactions as well as hub-proteins can easily be extracted.
However, when interpreting the predicted interactions one has to be very careful to select the

right parameters and types of interaction data..
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2.0 Results (Part 1): Phosphorylation dynamics of protein kinases across mitosis*

*This work is included in a manuscript that has been accepted for publication: Quantitative site-
specific phosphorylation dynamics of human protein kinases during different mitotic stages. Kalyan
Dulla, Henrik Daub, Renate Hornberger, Erich A. Nigg, Roman Korner. Molecular & Cellular

Proteomics (2010), in press.

I would like to state that kinase enrichment from the cell lysates was performed in
collaboration with Dr. Henrik Daub and Frau Renate Hornberger (MPIB). All the other

upstream and downstream experiments were performed by myself.

2.1 Introduction

Although protein phosphorylation plays a pivotal role in the regulation of cellular
networks, many phosphorylation events remain undiscovered mainly due to technical
limitations [81]. The advent of mass spectrometry based proteomics along with developments
in phosphopeptide enrichment methods has enabled large scale global phosphoproteomic
studies [55; 82]. However, the number of phosphorylation sites identified on kinases is
limited compared to other proteins due to their frequently low expression levels. In order to
overcome this problem, small inhibitor based kinase enrichment strategies were developed
resulting in the identification of more than 200 kinases from HeL a cell lysates [83; 84]. This
method was also used recently to compare the phospho-kinomes during S-phase and M-phase
of the cell cycle resulting in the identification of several hundreds of M-phase specific kinase
phosphorylation sites [83]. In the present study, we address the dynamics of the phospho-
kinome during mitotic progression using large scale cell synchronization at three distinct
mitotic stages, small inhibitor based kinase enrichment and SILAC based quantitative mass
spectrometry. Thus we have determined the mitotic phosphorylation dynamics of more than
900 kinase phosphorylation sites, and identified distinctly regulated kinase interaction
networks. Our results provide a valuable resource for the dynamics of the kinome during
mitotic progression and give insight into the systems properties of kinase interaction

networks.

2.2 Experimental strategy

SILAC is amongst the preferred methods for comparative proteomic studies in

mammalian cell lines and provides easy and accurate quantitation [50; 85]. In the present
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study, we used SILAC triple labeling in combination with small inhibitor based kinase
enrichment and large scale cell synchronization methods (Figure 5). In brief, three
populations of HeLa cells were grown in large scale under identical conditions using spinner
cultures in light, medium and heavy SILAC media containing different isotopic forms of
arginine and lysine. Next, cells were synchronized in prometaphase, metaphase and telophase
using the drugs nocodazole and MG132 (Figure 5) and the three cell populations were lysed
and mixed in equal proportions. From the lysate, cellular protein kinases were enriched using
kinase affinity chromatography and fractionated by one dimensional SDS-PAGE followed by
tryptic digestion of the proteins. Alternatively, the enriched kinase fraction was in-solution
digested by trypsin and fractionated using SCX. All fractions were enriched for
phosphopeptides using TiO, and measured by nanoLC-MS/MS. Flowthrough fractions
remaining after phosphopeptide enrichment were also analyzed for calculating protein ratios.

To address the biological reproducibility, experiments were carried out in triplicate.

2.3 Large scale synchronization of HeLa cells in different mitotic stages

HeLa cell lines are popular model systems for mammalian cell cycle research and are
often used in large scale proteomics studies [83; 86]. Established protocols for Hela
synchronization at specific mitotic stages, however, are optimized for adherent HeLa cell
lines, which are not compatible with the large amounts of cells needed for kinase enrichment.
Therefore, we developed mitotic synchronization protocols for HeLa Suspension (HeLa S)
cells, which can be grown on a sufficiently large scale in suspension (spinner) cultures. To
assure HeLa S undergoes normal cell cycle, growth Kkinetics were studied and
immunofluorescence pictures after DNA and o-Tubulin staining microscopy pictures were
taken across the cell cycle. These results demonstrate that HeLLa S cells faithfully mimic the
normal cell cycle and can be synchronized with traditional mitotic inhibitors (Figure 6).

Double synchronization with thymidine in S-phase followed by treatment with
microtubule destabilizing drugs such as nocodazole is the preferred method to enrich HelLa
cells in mitosis. Nocodazole is a reversible inhibitor which efficiently arrests the cells in a
prometaphase like state with an active SAC. Generally, drug induced mitotic states mimic
natural mitotic stages but may not perfectly represent unperturbed mitosis. However,
synchronization with thymidine and nocodazole are accepted methods in biological studies of
mitosis and our current knowledge of mitotic progression is to a large extent based on the use

of these drugs for synchronization. To reduce possible side effects to a minimum, we used a
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single thymidine block instead of the double thymidine arrest. Also for the nocodazole and
MG132 synchronization steps, we have carefully determined the minimal concentrations and
incubation times of the drugs to reduce possible side effects.

Various nocodazole concentrations were tested and 40-50 ng/ml were found sufficient
to block HeLa S cells in mitosis. For adherent nocodazole treated HeLa cell cultures, the
purity of the mitotic cell fraction can be strongly increased by shake-off of the rounded
mitotic cells. Unfortunately, this shake-off method cannot be applied to cells grown in
suspension and we therefore tried other means to increase the purity of mitotic HeLa S cells.
Assuming that an increase of the growth stimulus may help cells reaching prometaphase
faster and thus more synchronously, nocodazole was applied to media with increased
concentrations of FCS. As expected, cells supplemented with higher concentrations of FCS
(20%) entered into mitosis more coherently with more than 90% of cells reaching
prometaphase within 12 hours of thymidine release (Figure 7B). Next, to enrich cells in
metaphase, MG132, a reversible cell permeable proteasome inhibitor, was employed. This
drug blocks proteasome mediated degradation of Securin which is required for progression to
anaphase. Importantly, cells blocked by MG132 are characterized by an inactivated SAC
providing the opportunity to study SAC signaling by comparison with nocodazole blocked
cells with an active SAC. Thus approximately 90 % of the MG132 blocked cells were
determined to be in metaphase. Finally, to enrich for the telophase state, cells were released
from MGI132 and the optimal time to harvest telophase cells was determined by
immunofluorescence microscopy of DNA stained cell fractions at various time points.
Synchronization in telophase turned out to be the most difficult and least reproducible task
since this stage is rather short (typically 20-30 minutes) and there are no drugs available to
block cells efficiently in telophase. HeLa cells released from MG132 enter telophase after
approximately 90-120 minutes (release time from the metaphase block and anaphase). This
duration is slightly longer than in unperturbed mitosis as the cells take some time to recover
from the MG132 block. After optimization of the release period, 45 %, 60 %, and 70 %
telophase cells were counted in experiment 1, experiment 2, and experiment 3, respectively
(Figure 7B).

We further benchmarked the samples using western blot analysis of various mitotic
markers (Figure 7D). The concentrations of Cyclin B and Securin are known to be low in S-
phase, to peak in prometaphase and metaphase, and to be quickly diminished in anaphase
after inactivation of the SAC. As shown in Figure 7D, western blot analyses of the

synchronized Hela S cells are fully consistent with the expected expression levels.
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Phosphorylation of Ser10 of Histone H3 is a marker for chromosome condensation. Since
anti-pSer10 staining is not diminished in the telophase sample (Figure 7D), we conclude that
cells did not enter the next G1 cycle yet. Further, BubR1 pSer676 has been shown to be
phosphorylated in prometaphase but not in metaphase[87] so the western blots in Figure 7D
demonstrate a good separation between prometaphase and metaphase enriched cells. In
summary, the western blot results along with the immunofluorescence pictures (Figure 7B)
show that the samples faithfully represent the mitotic stages prometaphase, metaphase and

telophase.
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Figure 6. Characterization of the HeLa S cell line.

A) Picture of HeLa S cells on cell culture dishes. B) Growth curve of HeLa S cells. C) Representative
immunofluorescence pictures of HeLa S cells across different stages of the cell-cycle in the order
interphase, prometaphase, metaphase, anaphase, telophase and cytokinesis. DNA and Tubulin are

stained in blue and green, respectively. Scale bars represent 10 pm.
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Figure 7. Outline and quality control of the cell synchronization procedure

A) Eukaryotic cell cycle with emphasis on mitotic stages. Centrosomes are shown as red dots,
chromosomes are depicted in blue, and microtubules are displayed in green. The employed
synchronization steps are indicated in the diagram with inward and outward directed arrows marking
the addition and release of drugs. T and N refer to thymidine and nocodazole, respectively. B)
Representative pictures from prometaphase, metaphase and anaphase cells. The yellow arrow
highlights a microtubule cluster; the pink arrow marks a mitotic spindle; and the white arrow points at
a midbody, scale bars represent 10 um. C) Synchronization efficiencies were plotted as counted from
the images.D) Western blot analyses of the samples using various mitotic markers. P stands for
prometaphase samples obtained from nocodazole block (Stage 1), M represents metaphase samples
from a MG132 (Stage 2) block, T marks telophase (Stage 3) samples from MG132 release, and S-
stands for thymidine blocked HeLa cells in S-phase. The S-phase stage is not part of the proteomics

experiment but was included in the western blot analyses as a reference.

2.4 Identification of proteins and phosphorylation sites

The experiments carried out in biological triplicates resulting in 117 raw files with

555,444 MS/MS spectra, making data analysis computationally and technically challenging.
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Analysis of SILAC data was done in a fully automated manner using the MaxQuant software
suite (version 1.0.12.5)[45] in association with the MASCOT search engine [88]. To ensure
the fidelity of protein and phosphorylation site identifications, the decoy database strategy
was used to minimize false positive rates (FDR) [89]. Peptide sequences were assigned for
one third of the MS/MS spectra at a FDR of 0.01. We used a conservative approach for
calculating the number of proteins and phosphopeptides identified in our study. All the
peptide isoforms (SILAC and PTM’s) matching to a single sequence were counted as one and
all the proteins which share common peptides were grouped into one protein group [45].
Distinguishing protein kinases from other proteins turned out to be a complex task, as
multiple isoforms and splice variants are annotated for many kinases in the IPI database.
Therefore, we strictly adhered to the kinase sequences provided by Manning and coworkers.
(KinBase database version 08.02) [15] [90] and kinase peptides were identified by matching
identified peptide sequences to kinase sequences. Later, these peptides were assembled into
proteins essentially as described for the MaxQuant algorithm. The efficiency of the
enrichment for kinases is demonstrated by the large number of kinase identified in this study.
From the three biological replicates, 206 protein kinases could be detected of which 163 were
phosphorylated (Table I). On average, each kinase was identified by 19 tryptic peptides and
at least two un-phosphorylated peptides were identified for 164 kinases. For phosphopeptides
with more than one S/T/Y residues, the MaxQuant’s PTM scoring algorithm was used to
calculate localization probabilities of phosphorylation sites for each of these residues [83].
Regarding the grouping of phosphorylation sites according to the confidence level of
phosphorylation site identifications within the phosphopeptide sequences, we adapted the
classification scheme of Olsen et al [57]. In total, 944 high-confidence phosphorylation sites
on protein kinases were detected (class I sites), whereas 277 phosphorylation sites fell into
lower confidence classes (class II and III sites). Kinase phosphopeptides accounted for 68%
of the total phosphopeptide ion count, further demonstrating the efficiency of the kinase
enrichment strategy. The use of SCX separation after in-solution digestion as an alternative
strategy to SDS-PAGE (in combination with in-gel digestion) is beneficial, as only 34% of
the total phosphorylation sites were identified by both methods, thus indicating that the two
methods are highly complementary. However, we did not detect significant differences
between the pools of phosphopeptides detected by the SCX and SDS-PAGE strategies s in
terms of peptide length and the percentage of multiply phosphorylated peptides. To compare
the kinase coverage of this work with the related prior studies of Daub et al.[83] and

Dephoure et al. [86], we calculated the numbers and overlaps of the detected kinase
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phosphorylation sites. Compared to the Daub et al. dataset we detected about the same
number of kinase phosphorylation sites, whereas about 40 % more kinase phosphorylation
sites were detected compared to the study by Dephoure et al., thus justifying the use of a

kinase enrichment strategy.

Table 1. Summary of Mitotic Kinome

Total number of protein kinases (PK) 206
PK Phosphorylation sites Class | 945
Class II 169
Class III 108
False-discovery rate (FDR), peptides 1.0%
Non-PK Phosphorylation sites (Class 1) 1374

Table 1. Summary of the numbers of detected kinases and phosphorylation sites.

2.5 Mitotic dynamics of kinase phosphorylation sites

SILAC triple labeling along with cell synchronization techniques allowed us to
compare three specific mitotic stages. Phosphorylation site ratios were normalized to protein
ratios in order to eliminate variations resulting from different expression levels at the
analyzed stages, unequal sample mixing and labeling efficiency of different isotopic forms of
arginine and lysine [45]. If no unphosphorylated peptides were detected to calculate protein
ratios (7 % of the detected kinase phosphorylation sites), global correction factors were used
[45] (appendix, suppl. Data S3). In order to choose optimal thresholds for identifying
regulated phosphorylation sites, we analyzed a 1 to 1 mixture of mitotic lysates (identically
prepared but distinctly SILAC labeled samples) in a separate experiment. Less than 95% and
99% of the detected phosphorylation site ratios differed by more than 35% and 50%,
respectively (appendix, suppl. Data S4). Based on these values, we decided to accept
regulation levels above 1.5 (3/2) for upregulation and below 0.66 (2/3) for downregulation, as
significant. Reproducibility of the results between the experiments was found to be high,
even though the samples were biological replicates (suppl. Data S3). Less than 11 % and 19
% of the phosphorylation site ratios differed from each other by more than 35% for
prometaphase-metaphase and metaphase-telophase transitions, respectively, between
experiment 2 and experiment 3 for example. Of the three replicates, experiment 3 was found

to be best in terms of synchronization efficiency and number of detected phosphorylation
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sites (Figure 8), so results from experiment 3 are shown in all figures unless otherwise

mentioned.

During the prometaphase to metaphase transition, phosphorylation site regulation
exceeding the above defined threshold was found to be confined to few kinases which
comprise important known regulators of the SAC such as TTK (Mps1) and Plk1 (Figure 9A,
Figure 10). Notably, even though the percentage of significantly regulated phosphorylation
sites did not exceed 10 %, a stronger regulation of phosphorylated peptides compared to non-
phosphorylated peptides was observed (Figure 9B), thus demonstrating a small but significant
regulation of the phospho-kinome between these mitotic stages. In contrast, a pronounced
regulation of the phospho-kinome was observed in telophase with 17% downregulated and

8% upregulated phosphorylation sites (Figure 9C).
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Figure 8: Comparison of the biological replicate experiments in terms of synchronization

efficiency (based on Cyclin B levels) and detected phosphorylation sites.

A) Cyclin B levels along the analyzed mitotic stages as calculated by MaxQuant were plotted for the
three experiments. The levels remained constant during prometaphase-metaphase transition whereas
they dropped abruptly between metaphase and telophase, in complete agreement with Cdk1 activity.
The extent of Cyclin B degradation is an indication of the synchronization efficiency in telophase. B)

Number of class I kinase phosphorylation sites identified in each experiment.
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Figure 9: Quantitative dynamics of the phosphokinome across mitosis.
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A)Percentage of class I phosphorylation sites that are upregulated (upward directed bars) above a ratio
of 1.5 or downregulated below a ratio of 0.66 (downward directed bars) between metaphase and
prometaphase and telophase and metaphase, respectively. Percentage of the measured ratios between
metaphase and Prometaphase B), and between telophase and metaphase C) are depicted separately
for phosphorylated kinase peptides (red) and unphosphorylated kinase peptides (blue).

Importantly, the identified phosphoproteins comprise key mitotic kinases, such as
Cdkl, Plk1, Aurora A (AURKA), Aurora B (AURKB), and TTK (Mpsl), allowing insight
into their phosphorylation based regulation during mitosis (Figure 10). The activating
phosphorylation site of the key mitotic kinase Cdkl, T161, for example, stayed constant in
metaphase whereas the inhibitory phosphorylation site T14 continued to be dephosphorylated
(Figure 10). Inactivation of Cdk1, which is required for mitotic exit, is reflected by the down
regulation of the activating Cdk1 T-loop phosphorylation site T161 in the telophase sample.
Plk1, another crucial mitotic kinase, contains two conserved threonines, T210 and T214, on
its activation segment (Figure 10, Table II) which were both phosphorylated in mitosis. T210
has been previously described as the major activating phosphorylation site of Plk1 in mitotic
HeLa cells [21] and, in agreement with the essential role of Plkl in cytokinesis, this site
remained phosphorylated throughout mitosis. In contrast, T214 was found to be
dephosphorylated after silencing of the spindle checkpoint in metaphase, suggesting that this
phosphorylation site may have other functions than regulating Plk1 activity. During mitosis
Aurora A is localized at spindle poles and the mitotic spindle, where it regulates the functions
of centrosomes and spindles and is required for proper mitotic progression [32]. Aurora A
activation segment phosphorylation sites (Figure 10, Table II) as well as 4 other
phosphorylation sites of this kinase continued to be phosphorylated during the prometaphase-
metaphase transition, indicating that complete activation of Aurora A is not achieved until
metaphase. Interestingly, the Aurora A activation segment was dephosphorylated in
telophase, whereas phosphorylation of the Aurora B activation segment along with other
phosphorylation sites, stayed constant in mitosis, which is in agreement with the reported role

of Aurora B in cytokinesis.
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Figure. 10: Phosphorylation dynamics of key mitotic kinases.

The regulation of phosphorylation sites (red triangle: upregulated; green triangle: downregulated; blue
square: regulation below threshold; black circle: no data available) is shown for the ratios between
prometaphase and S-phase (first position, data taken from Daub et al.[83]), between metaphase and
prometaphase (second position), and between telophase and metaphase. Data were taken from
experiment 3 (best synchronization) if available. Phosphorylation sites marked with a star were only

detected in the experiments 1 or 2.

Maternal Embryonic Leucine Zipper Kinase (Melk) inhibits pre-mRNA splicing by
binding NIPP1 in a cell-cycle regulated manner. In-vitro studies have shown that
phosphorylation of T460, T466 and T478 residues is critical for Melk-Nipp1 binding [91]and
pre-mRNA splicing inhibition. Importantly, our in-vivo data confirm these results as the
phosphorylated Melk residues are highly dephosphorylated in telophase (suppl. Data S3).
Similarly, PKC delta, which was recently shown to be important for meiotic spindle

formation, was found to be dephosphorylated on multiple sites in metaphase [92] (suppl. Data
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S3), suggesting that these phosphorylation sites may be interesting in the context of potential

mitotic roles of this kinase.
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Table 2.Dynamics of protein kinase activation segment phosphorylation.

The regulation of kinase activation segment phosphorylation sites (red triangle: upregulated; green
triangle: downregulated; blue square: regulation below threshold; black circle: no data available) is
shown for the ratios between prometaphase and S-phase (first position, data taken from Daub et al.
[83]), between metaphase and prometaphase (second position), and between telophase and metaphase
(third position). Data were taken from experiment 3 (best synchronization) if available.
Phosphorylation sites marked with a star were only detected in experiments 1 or 2. Non-Class I sites

are underlined.

2.6 Network analysis

Proteins work rarely in isolation but rather function in complexes as multi-protein
machines. Importantly, members of protein interaction networks are frequently regulated in a
similar fashion thus enhancing the robustness of signaling events [74]. To detect regulatory
networks involved in mitotic exit, we therefore asked whether phosphoproteins with similar
phosphorylation dynamics in telophase were enriched for members of specific interaction
networks. To this end, we extracted a group of proteins containing at least one upregulated
phosphorylation site (group U, 59 proteins) and another group, with proteins containing at
least one downregulated phosphorylation event (group D, 130 proteins). Importantly, the
overlap between the groups was modest (22 proteins), illustrating the specificity of the
applied approach. To gain further insight into underlying mitotic phosphorylation networks,
interaction network analyses were performed separately for the upregulated and
downregulated groups and the results were visualized (appendix, Figure S1, S2). Strikingly, a
Cdk1 interaction network was found enriched in group D (Figure 11A), which is in
agreement with the de-activation of Cdk1 in late mitosis [93]. To compensate for the unequal
number of proteins in each group, average numbers of interactors were computed (number of
interactions in a particular group of proteins / total number of proteins in that group). 2.5 fold
more Cdkl1 interactors were found in D compared to U and 9 fold more, compared to a
randomly chosen set of proteins (Figure 11B). Along similar lines, we observed that 54% of
the phosphorylation sites matching a stringent Cdk1 motif ((S/T)PXR) were downregulated

(suppl. Data S3), compared to the 17% of sites in the total dataset. This demonstrates that
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although the overall number of downregulated phosphorylation sites is relatively small, a

large number of Cdk1 phosphorylation sites are downregulated nevertheless.
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Figure 11: Interaction networks and enriched functional annotations.

A) Selected part of an interaction network extracted from a group of proteins with downregulated
phosphorylation sites centered on Cdk1; the insert B) shows the enrichment of Cdk1 interactors in the
complete interaction network of proteins with downregulated phosphorylation sites (Fig. S5),
compared to protein with upregulated phosphorylation sites (Fig. S6), and a random group from the
Uniprot dataset. C) Highlights that the functional annotation term “microtubule skeleton” is enriched
in this network. D) Selected part of an interaction network extracted from a group of proteins with
upregulated phosphorylation sites in telophase, containing many MAP kinases. The insert E) shows
the enrichment of MAPK interactors in the complete interaction network of proteins with upregulated
phosphorylation sites (Fig. S6), compared to protein with downregulated phosphorylation sites (Fig.
S5), and a random group from the Uniprot dataset. The enrichment of the functional annotation

“nuclear membrane” in this network is shown in F).
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Regarding the group of proteins containing up-regulated phosphorylation sites,
MAPK signaling pathway was found to be highly enriched (7.5 folds, p-value 1.4E-6) (Figure
11D). Further, we analyzed the functional annotations of proteins in the D- and U-groups. As
may be expected, ‘protein kinase’ and ‘cell cycle’ were highly enriched terms in both the
groups. Apart from these, the term ‘microtubule cytoskeleton” was enriched 4.8 fold (p-value
1.4E-5) in D (Figure 11C). Interestingly, the enrichment of the term ‘nuclear membrane part’
in U (22.3 folds, P 6.3E-6) (Figure 11F) suggests that phosphorylation may also have a role

in nuclear envelope reformation.

In summary, network analysis of sub-groups of proteins with similar phosphorylation
dynamics identifies mitotic interaction networks of proteins and is therefore useful for the

detection of the pathways targeted by phosphorylation-based signaling.

2.7 MAPK pathways are activated during late mitosis

Although mitotic exit is thought to be mostly driven by dephosphorylation events,
some kinases were nevertheless found to be phosphorylated in telophase. As shown above,
functional annotation revealed that most of these kinases either belong to the MAPK family
or represent components of MAPK pathways (Figure 11D). MAPKs have been studied
extensively due to their strong association with many important cellular processes such as
cell proliferation, survival, growth and differentiation [94]. As part of key signaling pathways
MAPKSs are activated in response to various mitogenic signals and stress factors. The role of
MAPKSs during the G1/S transition is relatively well understood but their function in mitotic
progression has been discussed controversially. Initial studies suggested that Erk1 and Erk2
localize to centrosomes and kinetochores and that their activities are required for proper
spindle formation and timely metaphase-anaphase transition in mouse fibroblast like 3T3
cells [95]. These finding, however, could not be confirmed by a successive study in normal
and transformed human cells [96]. Another member of the MAP kinase family, p38 was
observed to localize to centrosomes during HeLa cell mitosis [34] [97] and to be required for
the metaphase-anaphase transition in developing retina [98]. However a subsequent study
demonstrated that the timing of the metaphase-anaphase transition was not affected in
absence of p38 activity [99]. Even though these conflicting results may be partially explained

by the use of different model systems and experimental techniques, further elucidation of the
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role of MAPK during mitotic progression is clearly needed. Since our study tracked the
phosphorylation of kinases during mitosis through a kinome approach, a wide range of
MAPK could be analyzed simultaneously (Figure 12A). We found that the MAP kinases
Erk1/2 and p38 were phosphorylated on their activation segments and that the relative
abundances of these phosphorylation sites peak during late mitosis (telophase). Importantly,
these results were found consistently in all three biological replicates (appendix, suppl. Data
S3) and were further confirmed using a phosphospecific antibody against the pTXpY motif of
p38 and Erk1/2 with additional time points in mitosis (Figure 12B). MG132 treatment of cells
is known to activate programmed cell death response that is initiated by Jnk activation, and
p38 alpha is one of the prototypical stress-activated kinases. To address the concern that the
observed pathway activation was related to drug related side effects, we released cells
directly from nocadazole and still observed phosphorylation on p38 and Erk1/2, thus ruling
out MG132 treatment as the primary cause of phosphorylation. To rule out nocadazole as the
cause of phosphorylation we kept one batch of cells in nocodazole while another batch of
cells was released from this drug. We observed phosphorylation on p38 as well as Erk1/2

only in the cells that were released into telophase.

Taken together, we speculate that the detected upregulation of phosphorylation sites
on a MAPK interaction network during late mitosis indicates a role of these kinases in late
mitotic events, a view which is consistent with a recent report showing that phosphorylation

of PKCe by p38 is required for cytokinesis [26].
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Figure 12: Activation segment phosphorylation of MAP kinases in mitosis.

A) Dynamics of activation segment phosphorylation of different MAP kinases identified in the study.
B) Western blots depicting the activation segment phosphorylation of p38 & Erk1/2 MAP kinases. T-
stands for thymidine blocked HeLa cells in S-phase. N- represents prometaphase sample obtained
from nocodazole block. Upon release from nocodazole cells are harvested at 6 different time points.
N* represents the sample for which the nocodazole block was continued for 150 minutes after the
initial nocodazole block. Phosphorylation on p38 and Erk1/2 is observed only in the cells that were

released into telophase.

2.8 Changes made during mitotic entry are restored at the end of mitosis

Whereas the current study was focused on the dynamics of the phospho-kinome
during different phases of mitotic progression, a previous study has quantitatively analyzed
the phosphorylation of the kinome during S-phase and prometaphase [83]. Since one
common time point (nocodazole block in prometaphase) was used in both experiments, it
became possible to combine the results of the two studies to broaden the monitored time
window and to analyze the correlation between the observed phospho-kinome dynamics

(Figure 13).

Interestingly, phosphorylation sites which were found to be upregulated between S-
phase and prometaphase were significantly more downregulated between prometaphase and
telophase than phosphorylation sites that either stayed constant during the prometaphase/S-
phase transition or were downregulated (Figure 13). This correlation is reminiscent of the
cycling behavior of Cdk activities which drive the “cell cycle oscillator” [93; 100]. According
to the current perception of mitosis, Cdkl activity initiates mitosis and mitotic exit requires
Cdkl1 inactivation, thus restoring the initial state [101]. In line with this view, the observed
correlation between upregulation during mitotic entry and downregulation at mitotic exit (and
vice versa) can also be interpreted as a partial reconstitution of a “non-mitotic”

phosphokinome state towards the end of mitosis.
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Figure 13: Correlation between kinase phosphorylation site regulation at mitotic entry and

mitotic exit.

The proportions of the Class I kinase phosphorylation sites which were found upregulated (red), not
significantly changed (blue) or downregulated (green) between S-phase and prometaphase (the ratios

were taken from Daub et al.(35)) in relation to their regulation in telophase are shown.

2.9 Regulation of non-kinases in mitosis

Even though a strong enrichment for kinases could be achieved through our
experimental strategy (see above), other ‘contaminating’ proteins were also detected. These
‘non-kinases’ may form stable complexes with kinases, as may be the case for the detected
Cyclins, or bind to the kinase affinity columns through undesired selectivities [102]. Thus, a
total of 1730 phosphorylation sites (Table I), including 1374 class-I sites could be identified
on these proteins in addition to the above discussed kinase phosphorylation sites (suppl. Data
S3) Although the detection of these other phosphorylation sites was not the purpose of this
study, closer analysis revealed that key mitotic proteins were also covered, thus providing
additional information on the regulation of mitotic progression dynamics. For instance, we
identified more than 12 phosphorylation sites on Borealin, an important component of the
Chromosomal Passenger Complex (CPC). Out of those, three of the conserved pTP sites,
located close to the Borealin C-terminus, were consistently downregulated in telophase in all

three replicates. During the metaphase to anaphase transition the CPC moves from
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centromeres to the spindle midzone, which can be inhibited by constitutively active Cdkl
[103]. Moreover, the C-terminus of Borealin was already previously shown to be important
for CPC targeting to centromers [104]. It is therefore conceivable, that the three
downregulated phosphorylation sites at the C-terminus of Borealin may play a role in
targeting the CPC to centromers, so these sites may constitute attractive targets for future
mutational analyses. Another detected phosphorylation substrate, Protein Regulator of
Cytokinesis (Prcl), is a key protein required for cytokinesis and was found to be
phosphorylated on 12 sites during mitosis. Previously, it was already reported that Plkl
phosphorylates Prcl at the two sites TS78 and T602, thus promoting the interaction of Prcl
with several kinesin motor proteins required for cytokinesis [105]. Interestingly, both these
reported sites were identified in our study. Since the T602 containing peptide covers the C-
terminus of Prcl and does not contain the SILAC labeled amino acids Lysine and Arginine,
this peptide could unfortunately not be quantified. The peptide spanning the other reported
phosphorylation site, T578, however, was found to be upregulated once all chromosomes
were captured by microtubules (ratio 1.45 metaphase/prometaphase). Interestingly, also the
protein level of PCRI1 varied during mitosis, peaking in metaphase and decreasing again in
telophase (ratios in experiments 1, 2 and 3: 1.3, 1.63, 1.88 metaphase/prometaphase; 1.22,
0.62, 0.67 telophase/metaphase). As previous studies had suggested that the level of Prcl
remains constant throughout mitosis [105], we speculate that the Prcl level is maintained by
an equilibrium between synthesis and degradation, so that MG132 mediated proteasome
inhibition as used in this study, would result in elevated protein levels. It is also interesting in
this context that, cap-independent protein translation during mitosis was shown to be
important for recruiting Plk1 to the central spindle [106]. Since Prcl plays a crucial role in
targeting PIk1 to the central spindle, it may be rewarding to test whether Prcl is translated

through a cap-independent mechanism during mitosis.

In addition to the identification of potentially important regulatory phosphorylation
sites, the detection of “non-kinase” proteins also allowed us to further evaluate
synchronization efficiencies. The protein level of Cyclin B, the regulatory subunit of Cdkl,
stayed constant between prometaphase and metaphase whereas it was found to drop
significantly in telophase, a finding which is in agreement with western blot data (Figure
14A) and the dynamics of mitotic Cdkl1 activity. In particular, Cyclin B levels were found
reduced by more than 3 fold, thus indicating that the synchronization efficiency of telophase

cells exceeded 70 %. Further, the levels of a-Tubulin, a commonly used loading control for
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mitotic samples, remained almost constant throughout mitosis (ratios in experiments 1, 2 and
3: 0.98, 0.98, 1.07 metaphase/prometaphase; 0.92, 1.00, 1.00 telophase/metaphase) (Figure
14B), highlighting the accuracy of SILAC based quantitation and downstream data analysis

steps.
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Figure 14: Regulation of (A) Cdk’s and Cyclin’s and (B) Tubulins during mitotic progression were
plotted for the three experiments. Except for Cyclin A, Cyclin B1, and Cyclin B2, levels of other
Cyclins and Cdk’s remained almost constant throughout mitosis. Tubulin levels stayed very close to 1

indicating the analytical accuracy the SILAC based quantitation.
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Having demonstrated that value of a comprehensive phosphoproteomic approach for studying
the regulation of mitotic progression in part 1 of this thesis, in the following part 2 I will
describe my contribution to a collaborative study that focuses on the function of two key

components of the mitotic spindle assembly check point, BubR1 and Bubl
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3.0 Results (Part 2): Characterization of function of BubR1 and Bubl1 kinase
phosphorylation*

*Part of this work is included in a manuscript that has been accepted for publication: Uncoupling of
BubR1 Spindle Checkpoint and Chromosome Congression Functions. Sabine Elowe, Kalyan Dulla,
Zhen Dou, Xiuling Li, Erich A. Nigg.Journal of Cell Science 123 (2010) 84-94.

I emphasize that the work presented in this chapter was done in collaboration with Dr. Sabine
Elowe (MPIB). The experiments described in 3.3 and 3.4 were performed by Dr. Elowe as
well as generation of the Bubl WT and KD constructs (in 3.6). The results are shown here in

order to confer biological relevance to the proteomics analysis that was carried out by me.

3.1 Introduction

Budding uninhibited by benzimidazole 1 homolog beta (BubR1) protein, also known
as mitotic-arrest deficient (Mad) 3 in yeast, derived its name from the loss of function study
in which it was first identified [107]. Benzimidazole compounds such as nocodazole act as
spindle poisons by destabilizing microtubule structures. Contrary to wild type cells, cells
depleted of BubR1 fail to arrest in mitosis (metaphase) in presence of spindle poisons,
leading to severe chromosomal defects. As described in (section 1.2.1), BubR1 is an essential
component of the MCC, which is an integral part of the SAC that monitors spindle defects
[2]. In yeast, the SAC is a non essential pathway which becomes important only in presence
of spindle poisons or spindle defects. However, in metazoans, components of the SAC such
as BubR1 are essential proteins, implying they have additional functions apart from SAC
[108]. BubR1 is classified as a protein kinase due to its sequence homology, though
substrates are not yet identified in-vivo and there is also no evidence for its kinase activity in
in-vitro kinase assays. It was recently shown by our group that phosphorylation of BubR1 by
PIk1 is required for stable kinetochore-microtubule attachments [87; 109]. Nevertheless, Plk1
phosphorylation cannot alone account for the congression defects observed in BubRl1-
depleted cells [110]. Indeed, in addition to Plk1l, Cdkl is able to efficiently phosphorylate
BubR1 in-vitro [87]. We therefore sought to identify novel phosphorylation sites on BubR1
that are specifically upregulated in mitosis and studied their functional significance. In
addition, we also sought to study a closely related kinase, budding uninhibited by
benzimidazole 1 (Bubl), which is also an essential component of SAC signaling. Bubl is
highly phosphorylated in mitosis and localizes to kinetochores. It phosphorylates Cdc20,
which regulates the binding of Cdc20 to MCC and thus the activity of the APC/C (see
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section 1.2.2) [111]. Similarly, there is also evidence for the involvement of Bubl in other
mitotic functions, though its precise role is poorly understood [2]. Like other kinases, Bubl is
also thought to be regulated by phosphorylation, hence information about the phosphorylation

dynamics of Bubl may provide valuable insight for functional studies.

3.2 Identification of BubR1 phosphorylation sites in mitosis

BubR1 is a low abundant protein, making its identification difficult without prior
enrichment. To identify the BubR1 phosphorylation sites that are specifically regulated in
mitosis we combined Hela cell synchronization, antibody based BubR1 purification and
SILAC quantitation. We performed two SILAC double labeling experiments (Figure 15).
First, we compared phosphorylation and protein levels of BubR1 between S-phase and
prometaphase. In a second experiment, comparison is made between prometaphase and
metaphase (i.e. SAC active versus SAC inactive) (data not shown). Initial results showed that
a large abundance of non-phosphorylated peptides masked the phosphorylated peptides,
suggesting the need for a prior phosphopeptide enrichment step. Upon TiO2 based
phosphopeptide enrichment we were able to indentify 12 phosphorylation sites (Figure 16a).
This is a significant improvement compared to our whole kinome study where only two
phosphorylation sites were identified on BubR1 (see partl) justifying the use of a small scale
targeted approach. Out of many phosphorylation sites that were indentified on BubRI,
phospho-Serine-Proline (SP) motifs (S543, S574, S670, S720, and S1043) were of particular
interest, as SP motifs are preferentially phosphorylated by Cdkl, the “master-kinase” of
mitotic progression (Figure 16b). Using the SILAC approach, we were able to quantify the
extent of mitosis-specific phosphorylation at 4 of these sites, and showed that
phosphorylation is upregulated in the nocodazole arrested sample (Figure 17a). S574 was
identified in a non-tryptic peptide; as it contained neither arginine nor lysine it could not be
directly quantified by the SILAC procedure used here. Independently, Huang er al. recently
reported the identification of S543, S670, and S1043 as mitosis specific phosphorylation sites
on BubR1 [112], but S720 and S574 represent novel sites.
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Figure 15: Schematic representation of the SILAC double labeling procedure
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Two populations of HeLa cells were grown in parallel in different SILAC media under identical
conditions. One population of cells was snap frozen after 16 hour of thymidine block where as the
second population of cells was washed and released into nocodazole containing media for 12 hours
and then snap frozen. In the second experiment i.e. prometaphase vs metaphase, cells were blocked
in nocodazole and mgl32 respectively. Cells were lysed, mixed in a one to one ratio, and BubR1
pulled down using an anti-BubR1 antibody. BubR1 (along with its interacting partners) was eluted
from the antibody, separated on SDS-PAGE and analyzed by MS following trypsin digestion and
phosphopeptide enrichment.

A)
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Peptide Sequence Phosphorylation Mascot  Ratio
site Score (M/S)
EGGALSEAMpSLEGDEWELSK S16 61 3
YISWTEQNYPQGGK - 9 -
ESNMpSTLLER S99 21 -
LQpSQHR S191 25 5
EAELLp(TS)AEKR T434 or S435 41 150
pSPPADPPR S543 37 14
TSESITSNEDVSPDVCDEFTGIEPLSED - 21 0.5
AIITGFR
DLPpSDPER S633 20 3
KLpSPIIEDSR S670 62 10
LSPIIEDpSR S676 35 300
EATHSSGFSGSSASVASTSSIK - 15 7
LELTNETSENPTQpSPWCSQYR S720 58 24
AEIVHGDLpSPR S884 51 85
VQLDVFpTLSGFR T926 45 16
VGKLTpSPGALLFQ- S1043 21 54
B)

5543 KKNK|SFPADP

S574 NEDV|SPDVCD

S670 IKKLSPIEED

5720 NPTQSHWCSQ

51043 GKLTSHGALL

Figure 16: List of BubR1 phosphorylation sites identified by mass spectrometry.

A) The peptides identified in the study are listed along with the position of the phosphorylation site
(phosphorylated serine, threonine and tyrosine residues are shown as pS, pT and pY), MASCOT score
and the ratio between M-phase andS-phase. In cases where the position of the phosphorylation cannot
be determined confidently, only the phosphopeptide sequence is shown. B) Sequence alignment of the

five phosphorylation sites which are chosen for further study, indicating the common SP motif

between these sites in BubR1.
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3.3 Cdk1 phosphorylates S543, S670, and S1043 in-vitro

To test whether the phosphorylation sites identified here contribute to the
characteristic electrophoretic upshift of mitotic BubR1, MYC-tagged constructs for BubR1-
WT, -620A (Polo-box domain binding mutant), -5A, and the phospho-mimicking 5D (where
all five phosphorylation sites were mutated to aspartate) were expressed in Hela cells. The
S620A mutant was included in this analysis, as we have previously shown that Plkl
phosphorylation regulates the characteristic mitotic upshift in BubR1 [87]. Cells were then
harvested after a 16 h released from thymidine arrest into nocodazole, before proteins were
analyzed by Western blotting. BubR1-WT exhibited the characteristic double band pattern,
whereas BubR1-620A, as predicted, migrated as a single faster migrating species (Figure
17a). Both BubR1-5A and BubR1-5D also exhibited a double band pattern, suggesting that
mutation of these 5 residues is not sufficient to eliminate the mitotic BubR1 upshift (Figure

17a).

Interestingly, the 5 sites described here comprise a serine followed by a proline
residue, suggesting that a proline-directed kinase such as Cdk1 may phosphorylate these sites,
although phosphorylation at several of these has been suggested to be Mps1-dependent [112].
To compare BubR 1 phosphorylation by Cdk1 and Mps1, we performed in-vitro kinase assays
using recombinant full-length BubR1 as a substrate. Whereas Cdk1 was able to efficiently
phosphorylate BubR1, there was no detectable phosphorylation on BubR1 by Mps1 kinase
representing the same specific activity (Figure 17b), although both Cdkl and Mpsl
efficiently phosphorylated Borealin under the same conditions (Figure 17b). To clarify
whether the SP sites identified here are indeed Cdkl target sites, we generated 12mer
peptides centered on each of the 5 serines and used these peptides as in-vitro substrates for
Cdk1. Corresponding control peptides were synthesized with the serine phospho-acceptor
positions changed to alanine to determine signal specificity. The peptides comprising S543,
S670, and S1043 became phosphorylated in this assay, whereas the alanine versions of the
same peptides were either not detectably phosphorylated or phosphorylated to a significantly
reduced extent (Figure 17c). Collectively, these observations suggest that Cdk1 may directly
phosphorylate BubR1 in-vivo, and that the loss of BubR1 phosphorylation upon Mpsl

depletion may reflect an indirect mechanism.
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Figure 17: Cdk1 phosphorylates BubR1 in-vitro on S543, S670, and S1043:

A) Western blot showing the electrophoretic mobility of MYC-tagged BubRI-WT and the
phosphosite mutants BubR1-620A, -5A, and -5D (upper panel). Alpha-tubulin is shown as loading
control (lower panel). B) In vitro phosphorylation of recombinant MBP-BubR1 (left panels) or MBP-
Borealin (right panels) in either kinase buffer alone, or by Cdk1 or Mps1. BubR1 and Borealin input
is illustrated by Coommassie brilliant blue (CBB) staining (lower panels). C) Immobilized peptides
synthesized directly on cellulose membranes were used as substrates for Cdkl in in-vitro kinase

assays. Peptide phosphorylation was visualized by autoradiography.

3.4 BubR1-5A mutant expressing cells exhibit severe congression defects

Initially we sought to determine whether loss of BubR1 phosphorylation at the SP
sites identified here results in changes to BubR1 localization or in gross structural defects in
the protein. Endogenous BubR1 was depleted using siRNA oligos that target the 3’-UTR
region of BubR1 [87], and cells were simultaneously transfected with MYC-tagged BubR1
WT or phosphorylation site mutants. MYC-BubR1 WT localized as expected to the outer-
KT, as demonstrated by co-localization with Hecl, as did MYC-BubR1 620A, 5A and 5D
(data not shown). In addition BubR1-5A and 5D retained the ability to co-immuno-precipitate
Cdc20 and Bub3 (data not shown), confirming that MCC assembly is maintained. These
results demonstrate that mutation of the 5 phosphorylation sites on BubR1 did not result in
gross conformation or structural defects in the BubR1 protein that would preclude

kinetochore localization and MCC formation.

To explore whether the phosphorylation of the 5 identified SP sites on BubR1
contributes to the congression or checkpoint function of BubR1 (or both), we took several
independent approaches. Initially, we examined mitotic progression by staining of fixed cells

(Figure 18a). After MG132 treatment, BubR1-620A, -5A, and -5D-expressing cells were all
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unable to align proper metaphases to the same extent as BubR1-WT expressing cells (Figure
18b). This indicates that lack of phosphorylation on one or several of the 5 sites identified in
this study causes congression defects, and that the BubR1-5D phospho-mimicking mutant
cannot rescue the BubR1 depletion phenotype. A BubR1-4A/D mutant (which retained the
previously described S670) also exhibited aberrant metaphases after MG132 treatment,
arguing for a significant contribution from the remaining 4 serine residues to the chromosome
alignment function of BubR1.

Close examination of cells expressing the various mutants revealed differences with
regard to their precise congression defects (Figure 18c). As expected, cells depleted of
endogenous BubR1 and rescued with the empty plasmid failed to congress chromosomes
efficiently, so that KTs were spread along the length of the pole-to-pole axis (Figure 18c). In
contrast, cells expressing BubR1-WT generally formed tight metaphase plates, with KTs
efficiently aligned at the spindle equator. Cells expressing BubR1-620A were largely able to
align their KTs, although resulting metaphases were considerably broader, whereas both
BubR1-5A and -5D expressing cells resembled those depleted of endogenous BubR1, with
many KTs remaining unattached and spread along the entire pole-to-pole axis. Quantification
of KT misalignment observed with the various BubR1 mutants revealed that the degree of
misalignment in cells expressing either BubR1-5A or BubR1-5D was almost as severe as in
cells entirely depleted of BubR1 (25% in BubR1-5A and 22% in BubR1-5D compared to
30% of cells transfected with vector control (Figure 18c). These observations suggest that
these 5 phosphorylation sites likely make the most significant contribution to the congression
function of BubR1. As a second, complementary approach, we examined the function of
BubR1 phosphorylation site mutants in real-time by time-lapse video microscopy performed
on HeLa cells stably expressing histone H2B-GFP. To track individual cells, we used BubR1
constructs tagged with mCherry, as previously described [87]. Representative stills from each
movie, taken at the indicated time points after the onset of chromosome condensation, and
quantification of time in mitosis is summarized in Figure 4d. Cells depleted of endogenous
BubR1 and expressing the mCherry tag alone exited mitosis very rapidly (90% of the cells
within 60 min), without metaphase alignment and often with lagging chromosomes, as
expected. This phenotype was rescued by BubR1-WT expression. As previously described,
BubR1-620A expressing cells exited mitosis more slowly, with approximately 40% of the
cells entering anaphase more than 140 min after chromosome condensation, compared to
about 25% of BubR1-WT expressing cells. Cells expressing BubR1-5A or BubR1-5D

displayed severe congression defects; they were often unable to reach metaphase and many
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cells were unable to exit mitosis within the imaging period (16 h). As a result, only 25% of
BubR1-5A and 42% of BubR1-5D expressing cells reached anaphase within 140 min.
Interestingly, amongst the cells expressing BubR1-5A and BubR1-5D that were able to exit
mitosis, we were unable to detect any lagging chromosomes in anaphase. This, together with
the observation that the many cells unable to align at metaphase did not exit mitosis, suggests
that the checkpoint function of BubR1 is maintained in the BubR1-5A mutant.

To more rigorously test this conclusion, we assessed the ability of cells expressing
either MYC-BubR1 WT or BubR1 phosphosite mutants to remain mitotically arrested upon
microtubule depolymerization. Non-rescued cells were unable to arrest in the presence of
nocodazole, whereas cells rescued with BubRI-WT arrested efficiently (Figure 18e).
Similarly, cells expressing MYC-BubR1-620A, -5A or -5D all arrested to the same extent as
BubR1-WT expressing cells, indicating that the SAC function of BubR1 is functional in these
cells. Collectively, our observations indicate that phosphorylation at the 5 sites described here
is critical for BubR1 function in KT-MT attachment and chromosome congression, but is not
required for mediating the SAC response in either an unperturbed mitosis or after a

nocodazole challenge.
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Figure 18: BubR1-5A mutants cause severe congression defects but retain SAC function.

(A) Schematic representation of BubR1 rescue protocol for testing mitotic progression and
chromosome alignment. B) Representative images of metaphase cells expressing the various BubR1
phosphomutants after 3 h MG132 treatment. Cells were co-stained for alpha-tubulin (Cy2, shown in
green), CREST human autoimmune serum (Cy5, shown here in red), and MYC (Cy3, shown in red)
to facilitate identification of rescued cells. Representative KT-MT connections (white arrows) were
enlarged and are shown below each image. Scale bar represents 10um. C) Quantitation of the degree
of chromosome misalignment in cells expressing BubR1 mutants in (B). KT position was measured as
a function of the distance from pole-spindle equator. Bars represent the mean + SE of 5-6 cells, > 60
KTs per cell. E) Bar graph indicating time elapsed between chromosome condensation and anaphase
onset. Elapsed time was split into three categories: 0-60 min, 60-140 min, and >140 min, and the
percentage of cells fitting into each category was calculated for cells expressing each of the different
MYC-BubR1 constructs. Bars are represent the mean + SE of 8 independent experiments (n=100-220
cells). F) Bar graph showing mitotic index (after 14 h nocodazole treatment) in cells depleted of
endogenous BubR1, and expressing BubR1 phosphorylation site mutants relative to BubR1-WT
expressing cells. Bars indicate mean + SE of 3 independent experiments (160-250 cells per

experiment). The mitotic index of non-treated cell analyzed under the same conditions was 27%.

3.5 Bubl phosphorylation in mitosis

With the encouraging results from the functional studies of BubR1 phosphorylation we next
sought to also study phospho-regulation of Bubl kinase. Little is known about the function of
Bubl mitotic phosphorylation. From the whole kinome study we identified four
phosphorylation sites on Bubl (Figure 19). Furthermore, a few additional sites were also

reported on Bub1 in the Uniprot database.
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Modified Sequence Phosphorylated Mascot Score Ratio

Residue (Meta/Prometa)
MGPSVGpSQQELR S331 25 0.3
VQPSPTVHTK - 14 1
TLAPSpPK T593 10 1
SpPGDFTSAAQLASTPFHK S596 28 0.8
DGKFSpPIQEK S655 35 1

Figure 19:Bubl ir-vivo phosphorylation sites identified in whole kinome study.

The Bublphosphopeptides identified in the whole kinome study are listed along with the position of
the phosphorylation site (phosphorylated serine, threonine and tyrosine residues are shown as pS, pT
and pY), MASCOT score and the ratio between metaphase and prometaphase. In cases where the
position of the phosphorylation cannot be determined confidently, only the phosphopeptide sequence

is shown.

3.6 Increasing the sequence coverage of Bubl by using multiple proteases

In proteomics, trypsin is the protease of choice for generating peptides from proteins.
However, digestion by trypsin alone does usually not lead to allow complete sequence
coverage of the protein, since many resulting peptides may be too short or too long for
sensitive detection by MS. We therefore employed the additional proteases Lys-C, Glu-C
(V8) and Elastase in our workflow and found that the use of multiple proteases increased the

sequence coverage of Bubl by two fold (Figure 20).
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Figure 20: Sequence coverage of Bubl obtained with multiple proteases.

CEENMVVESE.
AELGVELCRL
PWDDKLIFEL
HLLGECAFAD
LEFESMOHMFM
QGLVISFRME
CLALIDLGOS
VL ATVY CMLF
CHHLPSLDLL

Employing multiple proteases increased the sequence coverage of Bubl from 33% (trypsin alone) to
68% (trypsin, elastase and glu-C). Peptides identified by combination of proteases is shown in bold
and red whereas peptides identified with trypsin are underlined.

3.7 Identification of auto-phosphorylation sites on Bub1

Bubl is a multi-tasking kinase required for the SAC and for proper segregation of
chromosomes during mitosis. Unlike BubR1, Bubl was shown to contain active kinase
domain in-vitro and some in-vivo substrates have also been reported [113]. One of the
common mechanisms of regulation of kinase activity is through T-loop phosphorylation
and/or autophosphorylation. Therefore, identification of Bubl autophosphorylation sites can
throw light on phospho-regulation of Bubl. To identify autophosphorylation sites, we
combined SILAC based quantitative Mass spectrometry, antibody based Bubl purification

and in-vitro kinase assays.

We expressed Bubl wild type (WT) and kinase dead (KD) versions in 293T cells
(Figure 21). Mitotic cells were lysed and Bubl was purified by immpunoprecipitation. Bubl
WT and KD were subjected to kinase assays separately, allowing autophosphorylation to
occur. Next, phosphorylation of Bubl and its interacting partners was quantitatively
compared between WT and KD using SILAC. To address the reproducibility, experiments

were carried out in biological triplicates. (Figure 23). We observed around 15
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phosphorylation sites which were highly upregulated in kinase assays using the WT

enzyme.(Figure 22, Figure 23). Results were consistent between the triplicate experiments.
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Figure 21: Schematic representation of workflow for the identification of in-vitro Bubl

autophosphorylation sites
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Peptide Sequence Residue Score Ratio WT/KD
APCLPVTYQQTPVNMEK - 7 100
CNKpTLAPSPK T589 29 66
DGKFpSPIQEK S655 33
EAPPVVPPLANAISAA- - 18 4
LVSPATSQSIAPPVPLK

FpSPIQEKpSPK S655 & S661 15 2
FSPIQEKpSPK S661 19 3.4
GESEFSFEELR S247 46 0.8
GpTIFTAK T960 38 56
GpTIFpTAK T960 & T963 12 10
IISSLSSAFHVFEDGNK - 44 61
LHQVVETSHEDLPApSQER S314 32 1
LLpSGLSK S752 14 34
LPpSKPK S563 17 9
LPVEpSVHILEDK S618 52 6
LpSQPAAGGVLTCEAELGVEACR S679 56 11
LpTETHLPAQAR T148 18 4
MGPSVGpPSQQELR S331 =t 1.3
NKPpTGAR T548 11 100
NQGSELSG VIp(SS)ACDK S198 or S199 67 49
QALSSHMYSASLLR - 72 28
QCTQATLDSCEENMVVPSR - 45 1.4
RVITISK T213 23 100
SEYSVHSSLASK - 46 8
pSNPGNNMACISK S176 53 47
pSPGDFTSAAQLASTPFHK S596 95 2
P(SS)\GAWGVNK S509 or S 510 60 48
TEFQLGSK - 13 5
pTFGER T552 22 9
pTLAPSPK T589 26 49
TSEPLHNVQVLNQMITSK - 63 43
VANTSSFHTTPNTSLGMVQATPSK - 30 44
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VITISKSEYSVHSSLASK - 36 10
VQPpSPTVHTK S459 17 1.4
AQTVTDSMFAVApPSK 5402 53 61

Figure 22: Bubl auto-phosphorylation analysis.

List of phosphorylation sites identified on Bub1 upon in-vitro kinase assay. Bub1 sites phosphorylated
by kinases other than Bubl should be of the same abundance between WT and KD samples.
Phosphorylation sites that are highly phosphorylated only in the WT (i.e. high WT/KD ratio) are most
likely reflecting autophosphorylation.
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Figure 23: Results from the three Bubl auto-phosphorylation experiments were well in

agreement with each other
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3.8 Identification of phosphorylation sites on Bub1 interaction partners

During the co-immunoprecipitation the Bubl interaction partners BubR1 and Bub3
were also enriched in the Bub1 preparation. Phosphopeptide analysis showed that both BuR1
and Bub3 contained phosphorylation sites which were upregulared upon Bubl1 kinase assay,
indicating these sites might be phosphorylated by Bubl (Figure 24). However, it is important
to note that BubR1 and Bub3 phosphorylation sites could be identified only in one
experiment each (presumably due to their low abundance in Bubl immunoprecipitates).
Hence further studies would be required to confirm the reality of Bub1 phosphorylation sites

on BubR1and Bub3.

Protein Peptide Residue Score Ratio Wt/KD
BubR1 DLPpSDPER S633 15 0.5
BubR1 IEPSINHILSTR - 18 7.031
BubR1 LQpSQHR S191 17 18.544
BubR1 VQpSHQQASEEK S384 23 21.339
BubR1 STLAELKpSK S232 15 35.493
Bub3 VAVEYLDPpSPEVQK S211 28 1.26
Bub3 TGSNEFK - 8 1.34

Figure 24: BubR1 and Bub3 phosphorylation upon Bub1 kinase assay.

List of phosphorylation sites identified on BubR1 and Bub3 upon Bubl in-vitro kinase assay. BubR1
and Bub3 sites phosphorylated by kinases other than Bubl should be of similarabundance between
WT and KD samples; hence, the phosphorylation sites that are highly phosphorylated only in WT
enzyme (i.e. high WT/KD ratio) are most likely phosphorylated by Bub1.
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4.0 Discussion

4.1 Small-molecule kinase inhibitor based enrichment of the kinome

By using large amounts of starting material and a combination of approaches, we have
identified more than 900 unique phosphorylation sites on protein kinases, including novel
sites, illustrating the complexity of the mitotic kinome signalling network. Prior enrichment
of the kinases using inhibitor based affinity chromatography was found to be the key to
increase the coverage of the kinome. The strategies presented here for studying phospho
kinome are not specific to mitosis and in principle can be applied to any comparative
proteomic study focused on the regulation of the kinome. For instance, Schreiber et al.
studied Lysophosphatidic acid (LPA) induced signaling events in A498 kidney carcinoma
cells using both total cell lysates and protein kinase-enriched fractions. This integrated
workflow allowed extensive coverage of LPA signaling by capturing both kinases and their
substrates[114]. Similarly, Sharma et al were able to identify and quantify cellular target
protein interactions with externally introduced ligands using a kinase inhibitors based

enrichment strategy [115].

To get a good coverage of the mitotic phosphokinome, we used 60mg of protein from
each cell cycle stage. However, for many applications obtaining such a large amount of
starting material would be a difficult task. Moreover, in many cases quantitating the kinome
itself, across different cell types or physiological states, can provide valuable insights. Such
small scale studies or the studies focusing on protein levels, can still benefit from using just
one inhibitor (VI16832) alone as immobilized kinase capturing ligand (our study used four
additional capturing ligands along with VI16832). This simplified workflow provides
enrichment for more than 150 kinases from 1 mg of starting material [102].

Although we identified more than 200 kinases in our present study, these represent
only 40% of the human kinome. However this can be explained considering that not all
kinases are ubiquitously expressed; many kinases are specific to a particular tissue or
physiological state. This is exemplified in the recent study by Oppermann et al who
compared kinomes of three different cell lines and observed that expressed kinome greatly
vary among different cell types [102]. Moreover many members of the kinase superfamily
share high sequence homology. In bottom up proteomics, proteins are digested into peptides

and the peptides capable of discriminating the isoforms (unique peptides) may not be suitable
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for analysis in MS due to their size, sequence or PTMs. This problem is even more
pronounced in shotgun proteomics where frequently only few peptides are identified for the
proteins. For instance, the peptides indentified in our study map to 292 kinases but only 190

of them contained unique peptides.

4.2 HeL a cell synchronization

Interestingly, in spite of the complex nature of events involved, eukaryotic mitosis
lasts less than one hour. Quantitation of phosphorylation/protein levels across mitosis poses a
challenge as mitotic stages are difficult to synchronize due to their close spacing in time.
Efficiency of cell synchronization is a critical factor that decides the minimum measurable
change in phosphorylation/protein levels. For instance, in a hypothetical scenario where a
phosphorylation site is regulated fourfold between two stages, when studied in a sample of
50% purity, only 2 fold regulation is observed. Hence, we addressed this situation by
optimizing the cell synchronization methods to improve purity of the sample and conducting

the experiments in biological triplicates.

Cell permeable inhibitors targeting various proteins involved in cell cycle progression
serve as valuable tools for basic research. Although thymidine and nocodazole blocks do not
exactly mimic physiological stages of the cell cycle, both have been shown to fairly
reproduce cell cycle events and helpin understanding cell cycle regulation. This is
exemplified by the vast amount of scientific literature citing these reagents. However, some
concerns still remain- for example, it cannot be ruled out that some of the observed changes
may be the result of mild activation of the DNA damage and/or response apoptosis induced
by thymidine and nocodazole blocks, respectively. In the event of DNA damage, key mitotic
kinases such as Cdkl and Plkl are inactivated, preventing cell entry into mitosis. In our
synchronization procedure more than 90% of the cells entered mitosis, arguing against DNA
damage response activation. Further, in case of MAP kinase phosphorylation, which is
examined using additional experiments (Figure 12), similar results were obtained even in the
absence of MG132 or during prolonged nocodazole block. So it is more probable that the
observed phospho-regulation is specific to each mitotic stage and not related to drug induced

side effects.
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Growing HeLa cells in suspension cultures has many advantages over growing them
on plates. Studies requiring large amounts of material would be laborious and costly if done
on cell culture plates. Suspension cultures achieve high cell densities (1.2-1.8 X 10° cells/ml),
minimizing the usage of cell culture medium usage and other reagents. This would be an
important consideration if the medium is supplemented with expensive reagents such as
isotopic amino acids, inhibitors etc. Typical HeLa S3 cells form cell aggregates after few
generations in suspension cultures. To overcome this problem we used a non adherent variant
of the HeLa S3 cell line, known as HeLa S. Additionally, comparisons of results with Daub
et al [83] and Dephoure et al [86] as well as further studies carried out in our laboratory
shown that the results obtained in these two cell lines are similar (data not shown).

The protocols for large scale synchronization of cells in mitosis are useful in isolating
many other sub-proteomes such as the mitotic spindle. As an example, isolation of mitotic
spindles also requires large amounts of starting material and spinner cultures are found
unsuitable due to high percentage of interphase cells, making their purification laborious
[116]. Since in our method we were able to minimize the interphase cells in the mitotic
preparation, we tried isolating the spindles from spinner cultures and obtained good results.
These strategies thus respond to a growing contemporary need for comparative studies of

different sub proteomes.

4.3 Identification of protein kinases

After extensive analysis of the human genome and EST databases, Manning et al
narrowed down the human kinome to 518 putative members and provided their sequences
[15]. However sequence databases such as IPI, NCBI, Swissprot etc. contained several
additional sequences (redundant entries, splice variants) with different names. As mentioned
in the above section, in bottom-up proteomic studies proteins are digested prior to
measurement by MS and thus protein sequences are inferred by matching the peptide
sequences to the protein sequence database. This is a non trivial step as the peptide sequence
may match to multiple protein sequences, especially to different splice variants [89].
Whenever the set of identified peptides in one protein was equal to or completely contained
in the set of identified peptides of another protein, these two proteins were joined in a single
protein group and the protein with maximum number of peptides is shown as the leading
protein for that protein group. However, most of the 944 protein kinase phosphorylation sites

identified in our study matched to more than one protein sequence in the IPI database (suppl.
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Data S3). Furthermore, in some cases identified peptides in both proteins were identical,
meaning that leading protein assignment was arbitrary. This created a problem for counting
the number of protein kinases, comparison of phosphorylation sites between different studies
and also while using bioinformatic tools such as DAVID. We dealt with this problem by
stripping off the protein information from the phosphopeptide sequence and using this
sequence for comparing with kinase sequences provided by Manning et al and also for
comparisons with datasets from Daub et al [83] and Dephoure et al [86]. This approach has
the advantages that we were able to match the peptide/phosphorylation sites between
different datasets even if they corresponded to different names of a same protein. However,
the caveat remains that in some minority cases two different proteins (with different
functions) may generate an identical peptide sequence and assigning the peptide to the wrong
protein can give rise to artifacts in comparison between different datasets as well as in the

downstream GO, pathway and PPI analysis.

4.4 Global view of mitotic kinome

Traditionally, the study of protein phosphorylation was a difficult task; new
phosphorylation sites were indentified using mutational analyses and their regulation studied
using phospho-specific antibodies. As a result, protein phosphorylation was often studies in
isolation or using few controls. However, the situation changed with the introduction of MS
and the advances in phosphoproteomics. MS based phosphorylation analysis allows the study
of multiple proteins simultaneously, thus generating a global view of the system that is being
studied. The main advantage of our data is that we were able to quantitatively measure the
dynamics of site-specific phosphorylation as well as protein levels from a single sample.
Kinases and their substrates form complex signaling networks where the status of each node
depends on the status of other nodes in that network. As an example, the activity of the
mitotic master kinase Cdk1 is controlled in a coordinated manner. Phosphorylation on the T-
loop activates the kinase, whereas phosphorylation in the N-terminus inactivates it. Cdkl
inactivating kinases (Weel, Mytl) as well as activating(Cdc25) phosphatases are also
controlled by Cdk1 by feedback loops. The activity of Cdkl1 is further modulated by its cyclin
binding partner, which stabilizes T-loop phosphorylation and confers substrate specificity. In
such a complex network, looking for a particular phosphorylation state or protein will not
give the real picture. Especially while studying a disease state, such as tumor cells which

have undergone adoption in response to their environment, comprehensive coverage of the
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system is essential. As a result the ability to measure the regulation of a particular protein in
comparison to the status of other proteins is of utmost importance. The large number of
identified kinase phosphorylation sites (and also their interacting partners) enables an
unbiased and quantitative view of the regulation of kinase networks, and thus constitutes a
valuable tool to study the systems properties of the kinome during mitosis. It is a well
established fact that Cdklis made inactive at the end of mitosis. We could see this
phenomenon in our data at multiple levels. The levels of the Cdkl subunit cyclin B went
down in telophase samples, together with T-loop dephosphorylation on Cdkl. Further
network analysis of jointly regulated protein groups suggested that the Cdkl centered
interaction network is downregulated in late mitosis (Figure 11 a,b). Similarly we found that
Erk1/2, p38 MAP kinases are activated late in mitosis (Figure 11 d,e). This novel finding is
further strengthened by the observation that members of MAP kinase pathways are enriched

in proteins with upregulated phosphorylation sites in telophase.

The above discussion clearly illustrates the power of a comprehensive kinome
analysis. As described in the first part of this thesis, the analysis of phosphorylation sites on a
protein population enriched for protein kinases has provided a wealth of information on the
regulation of mitotic progression. However it would be unrealistic to expect that a
comprehensive analysis of the type discussed above could provide complete coverage or
detailed information on the phosphorylation events on any particular mitotic kinase. Hence, it
is indispensable to complement comprehensive approaches with focused approaches, as
detailed in part 2 of this thesis and discussed below with regard to our results on BubR1 and

Bubl

4.5 Regulation of BubR1 function by phosphorylation

We reported here the identification of 5 proline-directed phosphorylation sites on
BubR1 and shown that at least 3 of the 5 sites are direct targets of Cdk1 in-vitro. Further we
have showed that loss of BubR1 phosphorylation results in faulty KT-MT attachments and
poor chromosome congression. In contrast, phosphorylation, at least at the sites described
here, appears to be largely dispensable for the SAC functions of BubR1. Huang et al. recently
suggested that Mpsl may be a major kinase for BubR1 in-vivo [112]. Although we also
observe loss of BubR1 phosphorylation upon Mpsl1 inhibition (data not shown), we have

been unable to directly phosphorylate BubR1 by Mpsl and thus favor the view that the
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reported result may represent an indirect effect, perhaps reflecting mislocalization of BubR1.
Indeed, a mislocalization of endogenous BubR1 upon Mpsl1 inhibition (our unpublished
results), and the lack of any detectable phosphorylation on the mislocalized BubR1-E413K
mutant support the conclusion that KT localization of BubR1 is required for its
phosphorylation. Importantly, the finding that phosphorylation on BubR1 at one of these SP
sites, S670, is significantly enhanced at unattached KTs but not at KTs lacking tension
(appendix), is in excellent agreement with the above study [112]. Recent studies indicate that
Cdkl-cyclin B1 localizes to KTs during prometaphase, where it contributes to the correct
attachment of MTs to KTs and efficient chromosome alignment through phosphorylation of
local substrates [117; 118]. Moreover, KT recruitment of Cdkl1 is increased in nocodazole but
not taxol treated cells [117], in agreement with the increase in S670 phosphorylation

observed here upon nocodazole but not taxol treatment.

4.6 Regulation of SAC and chromosome congression by different motifs of BubR1

BubR1 is a checkpoint protein which performs multiple functions in mitosis. In our
present study, we carried out functional analysis of conserved motifs of human BubR1 and
demonstrated that SAC and chromosome attachment functions can be uncoupled from each
other. Mutation of five proline-directed serine phosphorylation sites identified in vivo by
mass spectrometry abolished chromosome-spindle attachments but had no effect on SAC
functionality. In contrast, mutation of the two conserved KEN boxes required for SAC
function did not impact on chromosome congression [119]. Interestingly, the contribution of
the two KEN box motifs was found to be not equal. Cdc20 associated with the N-terminal but
not the C-terminal KEN-box, and mutation of the N-terminal KEN motif resulted in more
severe acceleration of mitotic timing. Moreover, the two KEN motifs were not sufficient for
maximal binding of Cdc20 and APC/C, which also requires sequences in the BubR1 C-
terminus. Finally, mutation of the GLEBS motif caused loss of Bub3 interaction and
mislocalization of BubR1 from the kinetochore; concomitantly, BubR1 phosphorylation as
well as SAC activity and chromosome congression were impaired, indicating that the GLEBS

motif is strictly required for both major functions of human BubR1[119].

4.7 Autophosphorylation and substrates of Bub1 kinase
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We have combined quantitative mass spectrometry and phosphopeptide enrichment
with traditional in-vitro kinase assays to identify site-specific autophosphorylation on Bubl
and its substrates. Contrary to BubR1, Bubl1 kinase activity is well established and required
for multiple mitotic functions. Kawashima et al shown that phosphorylation of yeast histone
2A by Bubl prevents chromosomal instability by insuring centromeric localization of
shugoshin [113]. Similarly, Gao et al reported that Bubl phosphorylates p53 (at serine 37)
upon SAC activation. This delays p53 mediated cell death and provides time for cells reach
chromosome biorientation [120]. In spite of these efforts many substrates of Bubl still remain
elusive. Eukaryotic cells have high kinase activity; as a result, differentiating phosphorylation
sites by a kinase of interest against a huge pool of phosphorylation sites targeted by other
kinase poses a big challenge. Further, the coverage of the phospho-proteome obtained in
typical proteomic studies is far from complete and mostly confined to abundant proteins. In
our experience, many of the important mitotic proteins (including the known interactors of
Bubl) are difficult to identify in MS without prior enrichment. To counteract some of these
problems we devised an Affinity purification MS (AP-MS) method. In these expirements,
Bubl was pulled down from cell lysates along with its interacting partners, using a Bubl-
derived monoclonal antibody. Then, in-vitro kinase assays were performed using the same
endogenous Bubl kinase. This setup allowed us to identify both autophosphorylation on

Bubl and Bubl phosphorylation sites on its interacting partners.

We identified more than 24 phosphorylation sites on Bubl. Out of those sites 15 were
phosphorylated more than two fold compared to a Bubl kinase dead mutant meaning that
these sites are most likely phosphorylated by Bubl (autophosphorylation). Moreover we
achieved 67% of Bubl sequence coverage compared to 16% in the large scale kinome study.
We also identified 3 sites on BubR1 which are highly phosphorylated in presence of Bubl.
Taken together this shows that our strategy was successful in identifying Bubl

autophosphorylation sites.

Interesting, we could also identify phosphorylation sites on BubR1 (a Bubl interactor)
that were highly phosphorylated Bubl kinase assays, suggesting that they are likely to be
phosphorylated by Bubl in-vivo also. In contrast, the phosphorylation sites identified on
Bub3 within the Bubl immunoprecipitates stayed constant, indicating that they are most
likely phosporylated another kinase. Interestingly, of the two phosphorylation sites

indentified in Bub3, S211 is highly conserved among different species (data not shown).
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Since little is known about Bub3 phosphorylation I might be rewarding to explore the
function of S211.

4.8 Advances in MS instrumentation and data analysis tools make large scale proteomic

studies possible

In the current report we presented results from three sets of experiments aimed at
understanding the phospho-regulation of kinases. First, a large scale whole kinome study
which captured known key mitotic kinases such as Plk1, TTK (Mps1), Aurora A, and Aurora
B as well as many kinases which have not previously been implied in mitotic functions. Thus,
the results of this study recapitulate many of the previously known mitotic events but also
identify attractive candidates for future studies of phosphorylation-based mitotic signaling.
Second, a small scale targeted study showed that the chromosome congression function of
BubR1 is mediated through five proline-directed phosphorylation sites. And third, a further
small scale targeted study investigated regulation of Bubl by autophosphorylation and in
addition identified candidate Bubl phosphorylation sites on its interactors. In all these
studies, we combined advances in mass spectrometry with biochemistry and cell biology
techniques. The orbitrap MS, which became commercially available around the time this
project was initiated, helped immensely in both identifying the phosphorylation sites and
quantifying their regulation across different states. Phosphopeptides often have low signal-to-
noise ratio and do not fragment well in MS/MS. However, the high mass accuracy and
resolution of orbitraps (<7 ppm, 60,000 FWHM) reduce false positive identifications
allowing identification of peptides with low Mascot scores. Further, this also helped during
SILAC based quantitation; high mass accuracy and resolution helps to precisely locate the
SILAC pair and distinguishes true signal from noise[121].Reduced false positive rates also
benefit quantitation accuracy as SILAC ratios of wrongly identified peptides may differ from

the ratios of true peptides, thus shifting the mean ratio.

On an concluding note, as the proteomic studies are becoming larger and larger, with
multiple replicates and thousands of protein/peptide identifications, data analysis is becoming
the major bottleneck. For instance, we used two different software suits; MSQuant (BubR1
and Bubl studies) and MaxQuant (whole kinome study) for SILAC data analysis. Although,
MSQuant, one the popular open source programs, offered flexibility and supported multiple

workflows, became very difficult to scale up when the number of identifications and raw files
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increased.. In contrast, MaxQuant, a recently introduced freely available program, is fully
automated with minimal user intervention. It cuts down the analysis time for of around 150
raw files and half a million MS/MS spectra to just a few days. Thus programs such as

MaxQuant are indispensible for large scale proteomic studies.
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5.0 Experimental procedures:

5.1 Antibodies

Anti-pSer676 BubR1 was raised in-house [87], anti-pThr180/Tyr182 p38 (#9211); anti-p38
(#9212); anti-pThr173/Tyr175 Erk1/2 (#4376); anti-Erk1/2 (#9102) were from Cell Signaling
Technologies, anti-pSerl0 HistoneH3 (#06570) and anti-Cyclin-B (#05373) were from
Upstate, anti-Securin (#ab3305) was from Abcam, and anti-a-Tubulin (#T79026), anti-o-
Tubulin-FITC (#F2168) were from Sigma-Aldrich, anti-MYC (9E10, ATCC), anti-Bubl

(Chemicon), CREST anti-human auto-immune serum (Immunovision).

5.2 Cell Culture, SILAC labeling and synchronization

For SILAC, HeLa S cells were grown in DMEM containing 10% dialyzed FCS (PAA), 50
U/ml penicillin, 50 pg/ml streptomycin and unlabeled L-arginine (RO) and L-lysine (KO)
(Sigma) (SILAC light) or L-[U-13C6,14N4]arginine (R6) and L-[2H4]lysine (K4) (SILAC
medium) or L-[U-13C6,15N4]arginine (R10) and L-[U-13C6,15N2]lysine (K8) (SILAC
heavy) (Cambridge Isotope Laboratories). Cells were grown at 37 °C in a humidified
incubator with 5% CO, atmosphere. After five cell doublings on culture dishes, cell cultures
were expanded in spinner flasks (INTEGRA Biosciences). Spinner flasks were operated at 45
rpm and were kept inside the cell culture incubator. Prior to synchronization, cells were
transferred to 400 ml fresh medium with 20% FCS and the cell density was adjusted to 0.6 x
10° cells/ml. HeLa S cells were first synchronized at the G1/S phase boundary by treatment
with 4 mM thymidine (Sigma) for 16 h. They were then released for 12 h into fresh medium.
After 4 h of release, 40 ng/ml nocodazole (Sigma) was added to arrest the cells in
prometaphase. One population of the prometaphase arrested cells was harvested by
centrifugation, whereas the two other populations were washed once, centrifuged at 300 x g
in PBS, and released in fresh medium containing 20 uM of MG132 (Calbiochem) to induce
metaphase arrest. The population of metaphase arrested cells was then harvested by
centrifugation, whereas the last population of cells was washed and released in fresh medium
for 90 min, when most of them had reached telophase. Harvested cells were snap-frozen by
liquid nitrogen and stored at —80°C until cell lysis. For BubR1 and Bubl1 studies, cells were
grown essentially as described above but only using SILAC light and heavy media. These

experiments were performed using 15-25 million cells per each stage.
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5.3 Immunofluorescence staining of cells

Before harvesting the cells at different mitotic stages, a small aliquot of around 0.5 ml of cell
suspension was taken into a 1.5 ml tube and incubated with fixing solution (1%
paraformaldehyde and 3% sucrose). Approximately 10% of the fixed cells were transferred to
a fresh 1.5 ml tube, treated with Triton X-100 (final concentration 0.1%) at room temperature
for 15 min with constant shaking. Cells were then centrifuged at 300 g and the supernatant
was discarded. The cell pellet was resuspended in 100 ul of PBS with 2% BSA. DAPI and
anti-o-Tubulin—FITC antibody were added. After 60 min of incubation, unbound DAPI and
antibody were removed and cells were washed once with PBS to reduce background staining.
Cells were kept at 4 °C and the mitotic stages of fixed cells were examined by

immunofluorescence microscopy.

5.4 Kinase enrichment

Affinity chromatography with the immobilized kinase inhibitors VI16832 [83],
bisindolylmaleimide X (Alexis Biochemicals), AX14596 [122] SU6668 [123] and purvalanol
B (Tocris) was done on an AKTA explorer system (GE Healthcare) as described except that 2
volumes of 1.5 mM and 5 mM inhibitor solutions were reacted with 1 volume of epoxy-
activated Sepharose beads to generate the VI16832 and bisindolylmaleimide X affinity resins,
respectively [83; 124]. Cell lysate was prepared as reported previously [124]and equal protein
amounts of prometaphase, metaphase and telophase HeLa S cell extracts were combined
prior to multi-resin affinity chromatography. Combined total cell extracts were loaded on the
5 different inhibitor resins filled into three consecutive columns at a flow rate of 70 pl/min.
The first and third column contained 0.5 ml of the V16832 and purvalanol B affinity resins,
whereas the second column was packed with 0.33 ml of the SU6668, AX14596, and
bisindolylmaleimide X matrices on top of each other. After sample loading and column
washing, resin-bound proteins were eluted and concentrated as described previously[83].

(Kinase enrichment was done in association with Henrik Daub and Renate Hornberger).

5.5 In-gel protein digestion
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Around 700 pg of the kinase-enriched fraction was dissolved in LDS loading buffer and
separated by SDS-PAGE using NuPAGE Novex Bis-Tris gels (Invitrogen) according to the
manufacturer's instructions. The gel was stained with Coomassie blue and protein bands were
visualized. The resulting lane was cut into around 15 slices which were then subjected to in-
gel digestion, essentially as described previously [125]. Gel slices were cut into small cubes of
1 mm?® and washed with 50 mM ammonium bicarbonate (ABC) and 30% acetonitrile (ACN)
until the cubes were fully destained. Gel cubes were dehydrated with 100% acetonitrile and
rehydrated with 50 mM ABC containing 10 mM DTT. Proteins were reduced for 1 h at 56
°C. Resulting free thiol groups were then alkylated by adding 55 mM iodoacetamide in 50
mM ABC for 30 min at 25 °C in the dark. Gel pieces were washed twice with a 50 mM ABC
solution, dehydrated with 100% acetonitrile, and dried in a vacuum concentrator. Each gel
fraction was rehydrated in 50 mM ABC solution containing 15 ng/ul of trypsin, and samples
were incubated at 37 °C overnight. Supernatants were transferred to new tubes, and residual
peptides were extracted out of the gel pieces by double incubation with 30% ACN in 5% TFA
and double incubation with 100% ACN. All extracts were combined, and ACN was
evaporated in a vacuum concentrator. In case of experiment 3, peptides were analyzed twice

(technical replicate).

5.6 In-solution protein digestion

One third of the precipitated kinase-enriched fraction was directly dissolved in 20 mM
HEPES buffer (pH 7.5) containing 7 M urea, and 2 M thiourea. Proteins were reduced by
adding 2 mM DTT (final concentration) for 45 min at 25 °C, and thiols were
carboxymethylated with 5.5 mM iodoacetamide for 30 min at room temperature.
Endoproteinase Lys-C (Wako) was added in an enzyme/substrate ratio of 1:50 (5-6 pug of
Lys-C), and the proteins were digested for 4 h at room temperature. The resulting peptide
mixtures were diluted with water (1:4) to reduce the final urea concentration below 2 M. For
double digestion, modified trypsin (sequencing grade, Roche) was added in an
enzyme/substrate ratio of 1:50 (5-6 ug of trypsin), and the digest was incubated at 30 °C

overnight. Trypsin activity was quenched by adding TFA to a final concentration of 1%.
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5.7 Strong-cation exchange (SCX)

The in-solution digests were loaded onto a strong-cation exchange (SCX) column
(Polysulfoethyl, 1 x 150 mm, 5 um particles, 200 A pore size, PolyLC Inc.) using a Jasco
2000-series HPLC system (Jasco Corporation). Peptides were separated by a linear 30
minutes gradient between 100% buffer A (5 mM KH,PO,, pH 2.7, 33% ACN) and 30%
buffer B (350 mM KCl, 5 mM KH,POy4, pH 2.7, 33% ACN) with a flow rate of 120 pL/min.

60 seconds fractions were collected using an automated fraction collector.

5.8 Phosphopeptide enrichment and desalting

Titanium dioxide beads were used to selectively enrich for phosphorylated peptides with
glycolic acid as a modifier [S55]. About 3 mg of titanium dioxide beads were transferred to a
GELoader tip (plugged at the constricted end by a small piece of C8 material) and washed
with 40 pL of 80 pg/pL glycolic acid in a mixture of 80% ACN and 0.2% TFA. Digested
peptides were dissolved in 20 pL. of 80 pg/uL glycolic acid in a mixture of 80% ACN and 2%
TFA and applied to microcolumns allowing phosphopeptides to bind to the titanium dioxide
phase. Microcolumns were then washed with 40 pL of 80 pg/uL glycolic acid in a mixture of
80% ACN and 0.2% TFA and 40 pL of a mixture of 80% ACN and 0.2% TFA (collected as
flow-through). Finally, phosphorylated peptides were eluted slowly with 40 pL of 0.6%
NH4OH and subsequently 40 pL. of 60% ACN. Flow-through fractions were desalted with
C18 reversed-phase material prior to LC-MS/MS analysis essentially as described [126].

5.9 Nano-L.C-MS/MS Analysis

All peptide samples were separated by online reverse phase nano-LC and analyzed by
electrospray MS/MS. Using a nanoACQUITY ultra performance liquid chromatography
system (Waters), samples were injected onto a 14-cm fused silica capillary column with an
inner diameter of 75 pm and a tip of 8 um (New Objective) packed in-house with 3-um
ReproSil-Pur C18-AQ (Dr. Maisch GmbH). The LC setup was connected to a LTQ-Orbitrap
MS (Thermo Fisher Scientific) equipped with a nanoelectrospray ion source (Proxeon
Biosystems). Peptides were separated and eluted by a stepwise 180 min gradient of 0-100%
between buffer A (0.2% formic acid in water) and buffer B (0.2% formic acid in acetonitrile).
Data-dependent acquisition was performed on the LTQ-Orbitrap using Xcalibur 2.0 software

in the positive ion mode. Survey full scan MS spectra (from m/z 300 to 2000) were acquired
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in the FT-Orbitrap with a resolution of 60 000 at m/z 400. A maximum of five peptides were
sequentially isolated for fragmentation in the linear ion trap using collision induced
dissociation (CID). The Orbitrap lock mass feature was applied to improve mass accuracy as
described [59]. To improve phosphopeptide analysis, the multistage activation option in the
software was enabled, and the neutral loss species at 97.97, 48.99, or 32.66 m/z below the

precursor ion were activated for 30 ms during fragmentation (pseudo-MS) [60].

5.10 Data processing and analysis

Raw data files were processed using the MaxQuant software suite (version 1.0.12.5) which
performs, amongst other tasks, peak list generation, mass re-calibration, SILAC based
quantitation, estimation of false discovery rates based on Mascot search results, and
assembling peptides to protein groups[45]. Generation of peak lists was performed with the
following MaxQuant parameters; top 12 MS/MS peaks for 100 Da, 3 data points for centroid,
Gaussian centroid determination, slice peaks at local minima. During the peak list generation
MaxQuant identified potential SILAC pairs based on mass differences of specified labeled
amino acids, intensity correlation over elution time etc. Mascot (version 2.2.0, Matrix
Science) was used for peptide identifications[88]. The initial precursor mass tolerance was set
to +7 ppm, whereas an accuracy of +0.5 Da was used for MS/MS fragmentation spectra.
Carbamidomethylation was set as fixed modification and methionine oxidation, protein N-
terminal acetylation, and phosphorylation (STY) were considered as variable modifications.
Putative SILAC pairs are searched with their respective labeled amino acids as fixed
modification whereas peaks which were not assigned to any of the SILAC pairs were
searched using R6, R10, K4 and K8 as variable modifications. Enzyme specificity was set to
Trypsin/P i.e. allowing cleavage N-terminal to proline in the context of [KR]P. Up to two
missed cleavages were allowed. The minimum required peptide length was set to 6 amino
acids. Searches were performed against IPI human (version 3.48; 71,400 protein entries) that
was concatenated with reverse database sequences (142,800 protein entries in total) [127].
Further, MaxQuant filtered Mascot results using additional parameters, such as the number of
labeled amino acids (max of 3) in the identified peptide sequence and the measured mass
accuracy as a function of intensity [45]. As an additional quality measure to increase
identification stringencies, we only accepted phosphorylation site identifications with Mascot
scores of at least 12 or PTM scores of at least 30. Quantitation of SILAC pairs was performed

with the following parameters; re-quantify, for protein quantitation discard unmodified
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counterpart peptides except for oxidation and acetyl protein N-terminal, use razor and unique
peptides, minimum ratio count of 1, minimum score 0, minimum peptides 1[45]. The initial
maximum false-discovery rates (FDR) were set to 0.02, and 0.05 for peptides and proteins,
respectively, and further reduced by Mascot score filtering as described above. FDR’s were
calculated as (number of hits in the reversed database/number of hits in the forward database)
x 100% [128].Whenever the set of identified peptides in one protein was equal to or
completely contained in the set of identified peptides of another protein these two proteins
were joined in a single protein group. Shared peptides are most parsimoniously associated
with the group with the highest number of identified peptides (‘razor' peptides [89]) but
remain in all groups where they occur [45]. In cases where the peptides have more than one
phosphorylation site, some of these phosphorylation sites are identified as multiply
phosphorylated peptides whereas others are identified on multiple singly phosphorylated
peptides. Different ratios of phosphorylation sites within the same peptide can only be
determined if the different singly phosphorylated peptides eluted at different time points. In
general, singly phosphorylated peptides are preferred for quantitation purposes compared to
multiply phosphorylated peptides, since the individual contributions of multiple
phosphorylation sites on the observed ratio of the phosphopeptide cannot be determined.

SILAC data from BubR1 and Bub1 studies is analyzed using MSQuant [129]

5.11 Interaction networks and functional clustering

Protein interaction networks were obtained from the STRING database version 8[74]using
the web interface available at string.embl.de with the following parameters: required
confidence, medium; network depth of 1; experiments and databases as prediction methods.
Interaction data obtained from string database were loaded to Cytoscape [130] for drawing
the images. Functional annotation clustering was done using DAVID Bioinformatics

Resources [131]. Default parameters with medium classification stringency were used.

5.12 Cell lysis and co-immunoprecipitation
Cells were mixed with lysis buffer consisting of 50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-
40 (igepal), 0.1% deoxycholate, phosphatase inhibitor cocktails I and II (sigma), 30 ug/ml

DNase, 30 ug/ml RNase and protease inhibitors (roche), to give a final protein concentration
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of about 2 ug /ul. Cells were left on ice for 10-20 minutes to lyse and then centrifuged at

14,000 rpm to remove the cell debris.

For co-immunoprecipitation, protein concentration of extract was measured and
approximately 1 ug of antibody bound to protein G beads per 1 mg of protein extract is
added. Co-immunoprecipitation was carried out in the cold room for about 2 hours under
constant mixing. Later beads are spun down and washed three times in the lysis buffer.

Laemmli buffer was added to the beads and separated on SDS-PAGE.

5.13 Kinase assay

In vitro phosphorylation of recombinant BubR1 was carried out in 30 pl of kinase reaction
buffer as previously described [87]. Recombinant active Cdkl was purchased from Upstate
Biotechnology, and GST-Mps1 from invitrogen. For Cdkl assays on peptides immobilized
cellulose membranes, dried membranes were first washed in ethanol and then hydrated in
kinase buffer (5S0mM Tris-HCI pH7.5, 10 mM MgCl2, 1 mM DTT, 100 uM NaF, 10uM
Sodium Vanadate) for 1 h, followed by overnight blocking in kinase buffer with 100mM
NaCl and 0.5 mg/ml BSA. The next day, the membrane was blocked again with kinase buffer
containing 1mg/ml BSA, 100 mM NaCl, and 50 uM cold ATP at 30°C for 45 min. The block
was subsequently replaced with kinase reaction buffer containing 0.2 mg/ml BSA, 50 pCi/ml
[v-32P]ATP [3000 Ci/mmol, 10 mCi/ml], 2 pg/ml recombinant Cdk1, and 50 pM ATP for 3
h on a shaker at 30°C. The membranes were then washed extensively: 10x 15 min in 1M
NaCl, 3 x 5 min in H20, 3 x min 5% H3PO4 , 3 x 5 min in H20, and then sonicated
overnight in 8M urea, 1% SDS (w/v), and 0.5% (v/v) B-mercaptoethanol to remove residual

nonspecific radioactivity. Phosphorylation was visualized by autoradiography.

For in-vitro Bubl IP and kinase assay six 15 cm cell culture plates were transfected with
myc-Bub1-WT and myc-Bub1-KD constructs, after 24 hrs nocodazole was added, and 16hr
later cells are harvested. Co-immunoprecipitation and kinase assasys were performed
separately, essentially as described above. After the co-immunoprecipitation beads were
washed with lysis buffer with 300 mM NaCl followed by wash with 1X kinase reaction
buffer without ATP. Then beads were incubated with 200 ul kinase reaction buffers with at
30 °C for 60 minutes. Later beads were washed once with kinase reaction buffer without
ATP, and beads from both the myc-Bubl-WT and myc-Bub1-KD were combined together.
Laemmli buffer was added to the beads and separated on SDS-PAGE.
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5.14 Peptide array synthesis and spots blotting

Peptide arrays were constructed according to the Spots-synthesis method according the
manufacturer’s directions (Intavis). For Cdc20 binding experiments, purified GST-Cdc20
fusion protein generated in SF9 insect cells was added at 5 pg/ml in TBST and incubated
together with the membrane overnight at 4 °C. Membranes were washed three times in TBST
and bound protein was visualized with anti-Cdc20 antibodies. Sequences of peptides
synthesized are as  follows: KEN?30: DEWELSKENVQPLRQ, KEN304:
PPMPRAKENELQAGP, S543: SEKKNKSPPADP, S574: TSNEDVSPDVCD, S670:
LSIKKLSPIIED, S720: SENPTQSPWCSQ, S1043: KVGKLTSPGALL.

81



6.0 Appendix

6.1 PPI network for proteins with upregulated phosphorylation sites
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Figure S1: Picture depicting interactions between proteins with upregulated phosphorylation

sites. The picture is generated using the STRING interaction database.
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6.2 PPI network for proteins with downregulated phosphorylation sites
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phosphorylation sites. The picture is generated using the STRING interaction database.
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6.3 Supporting data available at tranche
The following supporting data is saved at tranche: https://proteomecommons.org/tranche/.
They can be accessed using their corresponding hash:

Suppl. Data S3: SILAC ratios for proteins and phosphorylation sites
IFQ3DPx0drMMnDH7TO8yLW3sDkGPm7GzCUNt9SqNUMdkTr7uRB21btU9%nx173mgR
+xYJMHZreG+9nB/0ZDQ7YWqXpSAAAAAAAACbw==

Suppl. Data S4: Reproducability between the biological replicates
yZAuGOEdwwuNvYMH+DqJ6jSnxTw2VsB6Mdq+jhd2iS4dv3hwl/jOeL8VQp1vTOswEGn
HIVRoqGmxSCIDZA9Pocf2GM4AAAAAAAACaA==

Suppl. Data S5: Raw Files
L4TzZFOGZAYPyYmI+3GL6/WJSJEyHg4uxtGNefDjSBIW9q211zxEVq1ZPkOj8wK9qvEOd
LerqawRw3yVmgvGuXx/KLRYAAAAAAABYPA==

Suppl. Data S6: MS/MS peak lists of the 117 raw data
filesXZXixrydgHkFY0t6jDa25UOLuTQJ4E+7jnZK18069QHLOwW;joSdQitT04IGvBwOunW
PB5SupvnLq8Ha6kl+MK20Z02NWIAAAAAAAACOA==

Suppl. Data S7: Annotated MS/MS spectra (based on full resolution profile data) of all
phosphopeptides exported from MaxQuant

rISCPFUELrBZO0/8UnYyvIgOrIQA1LneEOdcWX4QpIp6yPA6VILahGA3WHOctKS8RFA
CLd1Z0eVeR9VhCHoLMr5QokDoAAAAAAAmMLhA==
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Abbreviations

APC/C Anaphase promoting complex/cyclosome

ATP Adenosine 5 -triphosphate

BSA Bovine serum albumin

Bubl Budding uninhibited by benzimidazole 1

BubR1 Budding uninhibited by benzimidazole 1 homolog beta
CDK1 Cyclin-dependent kinase 1

CID Collision induced dissociation

C-terminus  Carboxyl terminus

DAPI 4’,6-diamidino-2-phenylindole

DMEM Dulbecco’s modified eagle’s medium

DNA Deoxyribonucleic Acid

DTT Dithiothreitol

ECD Electron capture dissociation

ESI Electrospray ionization

ETD Electron transfer dissociation

FCS Fetal calf serum

FDR False positive rates

GO Gene ontology

HeLa S HeLa suspension cell line

ICAT Isotope coded affinity tag

IMAC Immobilized metal-ion affinity chromatography
IP Immunoprecipitation

iTRAQ Isobaric tag for relative and absolute quantitation
kDa kilo Daltons

MALDI Matrix-assisted laser desorption/ionization
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MCC

MOC

mRNA

MS

N-terminus

PBS

PMSF

PPI1

PRCI1

PTM

RF

SAC

SCX

SDS-PAGE

SILAC

siRNA

Tris

WT

Mmitotic checkpoint complex

Metal-oxide chromatography

Messenger ribonucleic acid

Mass spectrometry

Amino terminus

Phosphate-buffered saline

phenylmethylsulfonyl fluoride

Protein-protein interaction

Protein regulator of cytokinesis

Posttranslational modification

Radio frequency

Spindle assembly checkpoint

Strong cation exchange

Sodium dodecylsulfate polyacrylamide gelelectrophoresis
Stable isotope labeling with amino acids in cell culture
Small interference ribonucleic acid
Tris(hydroxymethyl)-aminomethane

Wild-type
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