
 

Technische Universität München 

Max-Planck-Institut für Biochemie 

 
 

Development of new approaches for kinase-centric 

proteomics 

 

 

 

Felix Sebastian Oppermann 

 

 

 

Vollständiger Abdruck der von der Fakultät für Chemie der Technischen Universität 

München zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften 

genehmigten Dissertation. 

 

 

 

Vorsitzender:    Univ.-Prof. Dr. Michael Groll 

Prüfer der Dissertation:  1. Priv.-Doz. Dr. Henrik Daub  

2. Univ.-Prof. Dr. Johannes Buchner 

 

 

 

Die Dissertation wurde am 23.08.2010 bei der Technischen Universität München 

eingereicht und durch die Fakultät für Chemie am 01.12.2010 angenommen.  

 



 

 

 
 

 

 

 

 

 

 

 

for my parents 

 

 

 
 

 

 

 

 

 

 

 



 

Content 
 

I. Introduction ........................................................................................................... 1 

1.1 Protein kinases in health and disease .............................................................. 1 

1.1.1 Protein kinases and phosphorylation-based signaling ............................. 1 

1.1.2 Control of substrate specificity ............................................................... 2 

1.1.3 Protein kinases and human cancer .......................................................... 3 

1.1.4 Inhibiting protein kinase activity ............................................................. 4 

1.2 Chronic myeloid leukemia and Bcr-Abl ............................................................. 5 

1.2.1 Chronic myeloid leukemia ........................................................................... 5 

1.2.2 Protein domains of Bcr-Abl and leukemogenic signaling ........................... 7 

1.2.3 Therapeutic strategies for treating chronic myeloid leukemia ..................... 9 

2.4 Imatinib and resistance formation ................................................................. 10 

1.3 Polo-like kinase 1, a mitotic Serine/Threonine kinase ...................................... 12 

1.3.1 Structural properties and activity control of Polo-like kinase 1 ................. 12 

1.3.2 Mitotic functions of Polo-like kinase 1 ...................................................... 13 

1.3.3 Polo like kinase 1 and human cancer ......................................................... 16 

1.4 Mass spectrometry-based proteomics ............................................................... 17 

1.4.1 Mass spectrometry applied to protein research .......................................... 17 

1.4.2 Quantitative proteomics ............................................................................. 19 

1.4.3 Phosphoproteomics .................................................................................... 21 

1.5 Characterizing protein kinase inhibitors and kinase signaling .......................... 22 

1.5.1 Chemical proteomics .................................................................................. 22 

1.5.2 Chemical genetics ...................................................................................... 24 

II. Aims of the thesis ................................................................................................... 26 

III. Materials and Methods .......................................................................................... 28 

3.1 Material sources ................................................................................................ 28 

3.1.1 Laboratory chemicals and biochemicals .................................................... 28 

3.1.2 Chemicals for SILAC and MS-analysis ..................................................... 28 

3.1.3 Other materials ........................................................................................... 29 

3.2 Cell culture Media ............................................................................................. 29 



 

3.3 Stock solutions and commonly used buffers ..................................................... 29 

3.4 Cells ................................................................................................................... 30 

3.5 Antibodies ......................................................................................................... 31 

3.5.1 Primary antibodies ...................................................................................... 31 

3.5.2 Secondary antibodies .................................................................................. 31 

3.6 Cell culture .................................................................................................... 32 

3.7 Protein analytical methods ................................................................................ 32 

3.7.1 Determination of protein concentration in cell lysates ............................... 32 

3.7.2 SDS-polyacrylamide-gelelectrophoresis (SDS-PAGE) ............................. 32 

3.7.3 Transfer of proteins onto nitrocellulose membranes .................................. 32 

3.7.4 Immunoblot detection ................................................................................ 32 

3.8 SILAC labeling, cell lysis and anti-pTyr immunoprecipitation ........................ 33 

3.8.1 Cell culture in SILAC medium .................................................................. 33 

3.8.2 Cell lysis with Tritron X-100 ..................................................................... 34 

3.8.3 Cell lysis with NP-40 and anti-pTyr immunoprecipitation ........................ 34 

3.8.4 Cell lysis with 8M Urea ............................................................................. 35 

3.9 Generation of kinase inhibitor resins and kinase-affinity enrichment .............. 35 

3.9.1 Study for the quantitative comparison of kinase inhibitor resins ............... 35 

3.9. Study for the quantitative comparison of relative kinase expression levels 36 

3.9.3 Study for the qualitative comparison of phosho-kinomes .......................... 36 

3.9.4 Study for the identification of cellular imatinib targets and imatinib-

sensitive phosphorylation sites ............................................................................ 36 

3.10 Mass spectrometry sample preparation ........................................................... 37 

3.10.1 In-solution protein digest ......................................................................... 37 

3.10.2 In-gel protein digest ................................................................................. 38 

3.10.3 Titanium dioxide microsphere-based enrichment of phosphopeptides .... 38 

3.10.4 Immobilized metal affinity chromatography for phosphopeptide 

enrichment ........................................................................................................... 39 

3.10.5 Strong cation exchange chromatography for phosphopeptide separation 

(ResourceS column) ............................................................................................ 39 



 

3.10.5 Strong cation exchange chromatography for phosphopeptide separation 

(polySULFOETHYL A column) ........................................................................ 39 

3.10.6 Sample processing for the comparison of inhibitor-resins, kinase 

expression levels and the phospho-kinome analysis ........................................... 40 

3.10.7 Sample processing for the identification of imatinib targets and imatinib-

sensitive phosphorylation events ......................................................................... 40 

3.10.8 Sample processing for the cellular substrate identification for Polo-like-

kinase 1 ................................................................................................................ 40 

3.11 MS analysis and data processing ..................................................................... 41 

3.11.1 MS analysis on the LTQ-Orbitrap ............................................................ 41 

3.11.2 Peptide identification, quantification and data analysis (MSQuant) ........ 41 

3.11.3 Peptide identification and quantification (MaxQuant) ............................. 43 

3.11.4 Determine Ratio similarity coefficient curves (RSC) .............................. 43 

3.11.5 Gene ontology analysis ............................................................................ 44 

3.11.6 Phosphorylation site overlap between technical and biological replicates.

 ............................................................................................................................. 44 

IV. Results ................................................................................................................... 45 

4.1  Large-scale Proteomics Analysis of the Human Kinome ............................. 46 

4.1.1 Comparative profiling for kinase-selective pre-fractionation reagents ...... 46 

4.1.2 Comparative Kinase Expression Analysis in Different Cancer Cell Lines 54 

4.1.3 Benchmark analysis of the PTM scoring algorithm ................................... 59 

4.1.4   Kinase-centric phosphoproteomics analysis of cancer cell lines ............. 61 

4.2 Identification of cellular imatinib targets and imatinib-sensitive phosphorylation 

sites .......................................................................................................................... 69 

4.2.1 Multicolumn-based protein kinase affinity chromatography ..................... 69 

4.2.2 Parallel, batch-wise processing for protein kinase enrichment .................. 73 

4.2.3 Analysis of the phosphotyrosine-containing sub-proteome upon imatinib 

treatment .............................................................................................................. 80 

4.3  Identification of Plk1 cellular substrates ...................................................... 84 

4.3.1 Implementation of an efficient phosphopeptide enrichment strategy ........ 84 

4.3.2 New strategy for the identification of cellular substrates of Plk1 .............. 86 



 

4.3.3 Characterization of the identified cellular substrates of Plk1 .................... 91 

V. Discussion .............................................................................................................. 94 

5.1. Large-scale proteomics analysis of the human kinome ................................... 94 

5.1.1 Pyrido[2,3-d]pyrimidin-based affinity resins are efficient protein kinase 

pre-fractionation tools ......................................................................................... 94 

5.1.2 Comparative analysis of kinase expression in three cancer cell lines ........ 96 

5.1.3 Benchmark analysis for the precision in automated phosphorylation site 

localization .......................................................................................................... 97 

5.1.4 In-depth survey of kinase phosphorylations ............................................... 98 

5.2 Identification of cellular kinase inhibitor targets and interconnected mediators 

of downstream signaling cascades .......................................................................... 99 

5.2.1 Identification of direct kinase inhibitor targets without prior compound 

immobilization .................................................................................................... 99 

5.2.2 Identification of mediators in Bcr-Abl signaling cascades ...................... 102 

5.3 New strategy for the analysis of cellular kinase-substrate relationships ......... 106 

5.3.1 Establishment of an optimized phosphoproteomics workflow ................ 106 

5.3.2 Identification of cellular substrates of Plk1 .............................................. 107 

VI. Summary ............................................................................................................. 111 

VII. Literature ............................................................................................................ 112 

VIII. Appendix .......................................................................................................... 126 



I. Introduction                                                                                                                        1 

 

 

I. Introduction  

 

1.1 Protein kinases in health and disease 

 

Every cell of a multi-cellular organism interacts with its environment. This requires highly 

complex molecular networks for the appropriate regulation of both inter- and intracellular 

signaling. In case of humans the underlying machinery needs to be exceedingly 

sophisticated as an estimated total number of 100 trillion cells
 
have to act coordinately to 

ensure homeostasis of the whole organism.  An important mechanism in cellular signal 

transduction is based on the binding of external ligands to cellular receptors. This triggers a 

response at their cytoplasmic site which typically initiates various cellular signaling 

cascades. By employing a multitude of different effector proteins these signal transduction 

pathways modify protein functions to induce major cellular changes such as altered gene 

expression patterns. The highly conserved code of eukaryotic signal transduction pathways 

is based on post-translational modifications (PTM) of proteins. The most common and 

intensely studied PTM is the reversible protein phosphorylation on serine, threonine and 

tyrosine residues catalyzed by members of the human protein kinase superfamily of 

enzymes.  

 

1.1.1 Protein kinases and phosphorylation-based signaling 

The first example of phosphorylation-dependent activity control of proteins was described 

for glycogen phosphorylase in 1955 
1-2

. Thereafter, the term kinase was coined for proteins 

that transfer a phosphate group to an amino acid residue of a substrate protein. In 1979, the 

group of Tony Hunter discovered that, in addition to serine and threonine, protein 

phosphorylation also occurred on tyrosine residues 
3
. Furthermore, seminal studies with 

tumor viruses revealed the existence of specific protein tyrosine kinases, in particular the Src 
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protein from rous sarcoma virus  (RSV) 
4
 and the Abl protein from Abelson leukemia virus 

5
. In addition, it was demonstrated that the human epidermal growth factor receptor (EGFR) 

is  homologous to the protein encoded by the v-Erb-B oncogene from avian erythroblastosis 

virus 
6
.  

Today it is firmly established that reversible protein phosphorylation represents the most 

common type of PTM in eukaryotic organisms and is evolutionary conserved from yeast to 

man 
7
. The importance for accurate regulation of cellular signaling cascades is underscored 

by the fact that about two percent of the human genome encode for protein kinases 
8
. 

Therefore, protein kinases present one of the largest protein families. Moreover, it is 

estimated that about one third of all cellular proteins are modified through reversible protein 

phosphorylation 
9
. The human genome project revealed the existence of a total of 518 

distinct PKs 
8
. These are classified into two major groups consisting of about 400 

serine/threonine and 90 tyrosine directed kinases which can further be subdivided into 

families and subfamilies based on sequence similarities, and the other constituted by atypical 

protein kinases 
8
.  

 

1.1.2 Control of substrate specificity  

As there is an estimated number of about 700.000 potential phosphorylation sites per cell 

multiple mechanism have evolved that endow PKs with  high substrate specificity 
10

. The 

majority of PKs possess a conserved catalytic kinase domain that consists of an N-terminal 

lobe, which is rich in β-sheet structures, and a larger C-terminal lobe comprising mainly α-

helices. ATP is coordinately bound in the cleft between these two main lobes. Conserved 

residues in the phosphate binding loop (P-loop) of the C-terminal lobe ensure the correct 

spatial orientation as a premise for the transfer of the γ-phosphate group from an ATP 

molecule to a substrate protein 
11

. In general, specificity is determined by the amino acid 

composition and size of the substrate binding site, which is generally more spacious in case 

of tyrosine directed PKs compared to serine/threonine kinases. Moreover, PK activity can be 

controlled through phosphorylation events in the centrally located activation segment 
12

. 

The particular modification state of a protein can not only modify its function but in addition 

also recruit other proteins. Thus, substrate specificity can also be controlled by binding of a 
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respective PK, or an associated protein, to substrate proteins through specific binding motifs 

13-14
. To decode the state of modification, specialized modular protein interaction domains 

that function in localization and assembly of multiprotein complexes have evolved. The 

most common protein domains that recognize phosphorylated tyrosine residues are the Src-

homology 2 domain (SH2) and the phosphotyrosine binding domain (PTB). In case of the 

growth factor receptor-bound protein 2 (Grb2) and SH2 domain-containing transforming 

protein (SHC) these domains mediate binding to the epidermal growth factor receptor 

(EGFR) at phosphorylated tyrosine residues of its cytoplasmic region. Phosphorylation-

dependent interactions can also be mediated by phosphoserine/threonine-binding domains 

such as 14-3-3 domains, WD40-repeat domain (WD40) and the polo-box domain (PBD) 
13

. 

Besides proteins also other entities such as sugars and lipids are modified by specific 

phosphorylation. In case of lipids phosphoinositides represent common docking sites for 

other signaling proteins or act as second messengers, respectively. The pleckstrin homology 

domain (PH) typically interacts with phosphoinositides, thereby recruiting proteins to the 

cell membrane and bringing them into proximity to transmembrane proteins such as receptor 

tyrosine kinases (RTKs). Aside from protein phosphorylation a diverse set of additional 

PTMs fulfils important regulatory functions in signal transmission, e.g. the methylation of 

arginine (Arg), the acetylation, methylation, ubiquitylation or sumoylation of lysine (Lys) 

and hydroxylation of proline (Pro) residues among others 
15

. 

Taken together, substrate specificity is determined not only by the amino acid sequence of 

the catalytic groove of the PK and its cognate substrate peptide but instead occurs on 

multiple levels in a concerted manner. In addition, alterations in the expression level, e.g. in 

a cell cycle dependent manner, and protein interaction domains influencing the local PK-

substrate ratio create mechanisms for space- and time-dependent regulation. 

 

1.1.3 Protein kinases and human cancer 

Deregulated tyrosine phosphorylation in the context of cancer was first  postulated in 1976 

by the later Nobel laureates Bishop and Varmus who discovered the transforming capacity 

of the Rous sarcoma virus (RSV) 
16

. Since then numerous PKs including the EGFR and Abl 
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have been proven to be such homologs of viral oncogenes 
5-6

. Notably, in many cancers of 

epithelial origin like breast and lung cancers, members of the EGFR family show aberrant 

activity 
17

. 

Nearly all cellular processes like metabolism, cell growth, differentiation, cell cycle control 

and apoptosis are regulated by phosphorylation-based signal transmission. In particular, 

aberrant protein kinase expression or constitutive kinase activity, often due to gene 

amplification or mutational changes, are involved in pathological processes leading to 

cellular transformation and tumor development 
18-19

, immunodeficiencies 
20

, diabetes 
21

 and 

cardiovascular diseases. Besides, genetic rearrangements resulting in the expression of 

fusion proteins with significantly altered activity, as it is the case for the Bcr-Abl 

oncoprotein 
22

, account for a significant subset of known oncogenes. 

Today it is known that the human genome encodes at least 350 proto-oncogenes among 

which protein kinases are particularly prominent 
23

. Therefore, PKs have emerged as a major 

class of drug targets for therapeutic intervention and after G-protein coupled receptors, 

represent the most pursued target class in current drug development 
24-26

.  

 

1.1.4 Inhibiting protein kinase activity 

Groundbreaking discoveries by Paul Ehrlich and his coworkers at the beginning of the 20
th

 

century established the concept of targeted therapeutic intervention. Ehrlich postulated his 

„magic bullet‟ concept to fight human diseases through the targeted elimination of a 

„pathogen‟ with chemical drugs which should be without adverse effects in healthy body 

cells 
24

. Today‟s strategies for the targeted inhibition of PKs with chemical compounds are 

based on the identification of naturally occurring small molecules that interfere with PK 

activity. In 1977, a screen for microbial alkaloids resulted in the identification and 

purification of the indolocarbazole staurosporine from Streptomyces staurosporeus.  

Staurosporine was shown to inhibit multiple PKs, including protein kinase C (PKC), at 

nanomolar concentrations 
27-28

. The first described evidence for a natural product affecting 

the tyrosine kinase activity of PKs was described in 1983 for the bioflavonoid quercetin, 

which was shown to inhibit the phosphorylation activity of v-Src 
29

. In 1984, Hiroyoschi 

Hidaka demonstrated the feasibility of synthesizing specific inhibitors for serine kinases that 
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were ATP-competitive and, most importantly, also cell-permeable 
30

. This paved the way for 

further studies towards the rational design of small molecule inhibitors. Tyrphostins, the first 

class of designed protein tyrosine kinase inhibitors, interfered with the EGFR. Importantly, 

these compounds exhibited a anti-proliferative potential as initially demonstrated in A431 

cells 
31

.  

Today, antibodies and small molecule-based approaches represent the major therapeutic 

strategies targeting disease-relevant PKs. For the rational development of such PK-directed 

drugs comprehensive insights into the mechanisms of PK-mediated cellular signaling is of 

outstanding importance.  

 

1.2 Chronic myeloid leukemia and Bcr-Abl 

 

1.2.1 Chronic myeloid leukemia  

In 1845, two reports showed that hypertrophy of the spleen and liver is associated with 

leukocytosis 
32-33

. Later this chronic hyperproliferative disease of hematopoietic progenitor 

cells was termed chronic myeloid leukemia (CML). The course of CML can be subdivided 

into three distinct stages, namely a chronic, an accelerated and a blast phase, which is also 

known as blast crisis. The progression from a single hematopoietic stem cell expressing the 

BCR-ABL fusion gene, which initiates the chronic phase of CML, to the blast phase, is 

depicted in Figure 1.  
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Blast
phase

Blast
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Figure 1: Development of chronic myeloid leukemia. CML is defined by three different stages of 

disease progression, the chronic, accelerated (not depicted) and blast phase. Initiated by the occurrence 

of the BCR-ABL fusion gene, hematopoietic stem cells (HSC) over time lose their differentiation 

potential into common myeloid- and lymphoid progenitor cells (CMP and CLP). The chronic phase of 

CML is characterized by an excessive production of mature granulocytes (CML-CP). At this stage 

progenitor cells remain capable of differentiating into granulocyte/macrophage progenitors (GMP) and 

megacaryocyte/erythrocyte progenitors (MEP), the progenitors of granulocyes (G) and macrophages 

(M) as well as red blood cells (RBC) and platelets, respectively. The later blast phase is denoted after 

the accumulation of undifferentiated, immature hematopoietic cells. Adapted from Ruibao Ren, Nature 

Reviews Cancer, 2005. 

 

 

Most patients are diagnosed during the initial chronic phase when they show symptoms such 

as an enlarged spleen, fatigue and weight loss as well as an increased white blood cell 

(WBC) count of about 150*10
9
/L containing < 2 % immature, undifferentiated cells, called 

blasts. At that stage the bulk of the hematopoietic stem cells (HSC) are still capable of 

differentiating into mature granulocytes. The advanced stages of CML are characterized by 

increased numbers of undifferentiated and non-functional granulocytes. Disease progression 

is driven by the accumulation of mutations in various genes including  TP53, retinoblastoma 

1, p16
INK4A

 or aberrant expression of oncogenes like MYC 
34

. Blasts counts between 10-19 

% of all WBCs associated with thrombocytopenia define the accelerated phase. During the 

fatal blast phase the blast count exceeds 20 % and, in addition to thrombocytopenia, anemia 
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occurs. About two thirds of all patients develop blasts of myeloid origin, the other one-third 

from lymphoid origin. 

Important insights into the underlying molecular mechanism were obtained in 1960 by 

Nowell and Hungerford who detected distinct chromosomal abnormalities when performing 

karyotyping experiments with blood cells derived from CML patients 
35

. Later, this was 

termed Philadelphia (Ph) chromosome and its abnormality was demonstrated to result from 

a reciprocal translocation involving chromosome 9 and 22 
36

. This translocation generates 

the BCR-ABL fusion gene consisting of the 3‟ sequence of the ABL gene on chromosome 9 

juxtaposed to the 5‟ sequence of the breakpoint cluster region (BCR) gene on a shortened 

chromosome 22. Due to varying breakpoints in the ABL gene at 9q34 and three distinct 

breakpoint cluster regions within the BCR gene, different variants of the BCR-ABL fusion 

gene can occur. The majority of all CML patients express the chimeric 210 kDa protein 

(p210 BCR-ABL, named Bcr-Abl in the following) 
37

. In contrast, p190 BCR-ABL is 

associated with acute lymphoblastic leukemia (ALL) 
38

 and p230 BCR-ABL with 

neutrophilic-chronic myeloid leukemia (CML-N) 
39

.  

The majority of cancers arise through the stepwise accumulation of genetic alterations 
40

, 

whereas the chronic phase of CML is believed to originate solely from the expression of the 

Bcr-Abl fusion protein in a pluripotent hematopoietic stem cell 
41

. Besides the homology to 

the viral oncogene v-Abl suggesting its oncogenic potential the transforming capacity of 

Bcr-Abl was demonstrated in vitro 
42

. Furthermore, the retroviral transduction of bone-

marrow cells with the Bcr-Abl fusion protein caused a myeloproliferative disease in mice 

resembling the chronic stage of human CML 
43

.  

 

1.2.2 Protein domains of Bcr-Abl and leukemogenic signaling 

The mechanism of malignant transformation induced by Bcr-Abl is based on altered 

adhesion, constitutive mitogenic signaling and an reduced apoptosis rate 
44

. Due to structural 

features of Bcr-Abl distinct from the c-Abl protein, the Abl kinase domain in Bcr-Abl is 

constitutively active 
45-46

. In further contrast to c-Abl, which shuttles between the nucleus 

and cytoplasm, Bcr-Abl is mainly localized in the cytoplasm. In addition, there are many 

other protein domains involved in modulating its kinase activity and linking Bcr-Abl to 
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downstream signaling pathways (Figure 2). Together, altered cellular localization, 

deregulated kinase activity and recruitment of an entire molecular machinery results into 

abnormal substrate phosphorylations that transduce the disease-promoting signals from Bcr-

Abl. 

 

 
 

Figure 2: Protein domain organization and signaling of the Bcr-Abl fusion protein. In the Bcr-Abl 

fusion protein (p210BCR-ABL) the coiled-coil domain in the Bcr moiety enables the formation of 

dimers or tetramers facilitating trans-phosphorylation. The growth factor receptor-bound protein 2 

(Grb2) binds phosphorylated tyrosine-177 through its SH2 domain. Grb2-associated proteins like son 

of sevenless (SOS) and Grb2-associated binding protein 2 (GAB2) are bound via the SH3 domain of 

Grb2. Grb2 can also be recruited by the Src homology and collagen (SHC) protein upon 

phosphorylation that is bound by the SH2 domain of Abl. In addition, the Abl SH3 domain can 

regulate cell adhesion and migration by mediating the interaction with different proteins. Proliferation 

and survival are promoted by Bcr-Abl through the activation of Ras- and PI3K/Akt-mediated 

signaling. Furthermore, junB, which inhibits proliferation and survival by counteracting the Ras target 

c-jun, is negatively regulated. Activation and/or direct interactions are indicated by red arrows, 

negative regulation by black arrows. Dashed lines indicate a multistep process. DH, Dbl/CDC24 

guanine-nuleotide exchange factor homology; PP, proline-rich SH3 binding site. Adapted from Ruibao 

Ren, Nature Reviews Cancer, 2005. 
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Oligomerization of Bcr-Abl is mediated through the coiled-coil motif in the Bcr moiety and 

facilitates several auto- and/or trans-phosphorylation events 
47-48

. These include the 

activation-loop phosphorylation of Tyr-1294 (corresponding to Tyr-412 in c-Abl) and Tyr-

1127 (Tyr-245 in c-Abl) leading to increased catalytic activity 
49

. In addition, 

phosphorylation of Tyr177 in the Bcr-portion of the protein creates a binding site for the 

SH2 domain of the growth factor receptor bound protein 2 (Grb2) 
50

. Grb2 in turn acts as a 

docking protein for the son-of-sevenless (Sos) protein and Grb2-associated binding protein 2 

(GAB2). Recruitment of the Sos protein, a guanine nucleotide exchange factor (GEF) that 

activates Ras, links Bcr-Abl to Ras-mediated signaling 
51

. Ras signaling can further be 

activated by the adaptor molecules CrkL and Shc, which are also known substrates of Bcr-

Abl 
52-53

. Furthermore, Gab2 recruits the SH2 domain containing protein phosphatase 

(SHP2) that, besides activating Ras, was shown to activate phosphatidylinositol 3-kinase 

(PI3K) 
54

. The PI3K downstream effector Akt elicits anti-apoptotic signaling 
55

. 

Over the past years, the list of reported cellular targets has kept growing with detection 

methods switching more and more to large-scale phosphoproteomics analyses 
56-57

. Yet, for 

a comprehensive understanding of the cellular signaling cascades involved in Bcr-Abl 

mediated signaling, it is essential to identify all its substrates and gain further insights in 

associated downstream signaling events.  

 

1.2.3 Therapeutic strategies for treating chronic myeloid leukemia 

A therapeutic strategy to treat CML in the chronic phase is based on immune therapy using 

interferon alpha, often in combination with cytarabine, a chemotherapeutic agent. This can 

restore the WBC count to normal levels in up to 70 % of the patients but is often associated 

with adverse side effects 
58

.  

The transforming capacity of Bcr-Abl is directly associated with its tyrosine kinase activity 

22
. Consequently, this provided a rationale for direct inhibition of Bcr-Abl as a therapeutic 

strategy. The first compounds tested were natural products, isolated from fungal extracts, 

like the flavoid quercetin 
59

 and the isoflavonoid genistein 
60

. Notably, the set of 

„tyrphostins‟ originally developed against the EGFR also contained molecules that 

selectively inhibited Bcr-Abl over c-Abl 
61-62

.  
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Therefore, pharmaceutical kinase inhibitor screening programs were initiated and 

researchers at CIBA-Geigy (today part of Novartis) developed a series of molecules based 

on 2-phenylamidopyrimidines that included compound CGP57148, now typically referred to 

as STI571 or imatinib, which inhibited v-Abl, PDGFR, c-Kit and ARG 
63-65

. Pre-clinical 

benefit was demonstrated by the ability of imatinib to inhibit the growth of Bcr-Abl positive 

cells as well as Bcr-Abl-induced tumors in mice 
66-67

. These results were translated into 

clinical trials 
68-69

 that eventually resulted into the FDA approval of imatinib for the 

treatment of chronic phase CML in May 2001.  

 

2.4 Imatinib and resistance formation 

In most malignant diseases the emergence of drug resistances is based on similar 

mechanisms. These include the expression of a drug-insensitive variant of the targeted 

protein, up-regulation of the target protein, the activation of alternate pathways, or increased 

drug-efflux through transporter proteins 
70

. Despite the remarkable initial response rates for 

imatinib prolonged treatment often results in the emergence of resistance 
71

. 

In the particular case of imatinib treatment of CML patients, which is remarkably efficient in 

the initial, chronic phase 
72

, drug resistance in later disease stages is primarily caused by 

acquired mutations in the BCR-ABL gene 
71, 73

. Among those, frequently detected mutations 

are amino acid substitutions such asTyr253His/Phe, Glu255Lys, the ‟gatekeeper‟ residue 

substitution Thr315Ile and Met351Thr 
74

. Importantly, the Thr315Ile mutation sterically 

hinders access of imatinib to the hydrophobic pocket adjacent to the ATP-binding pocket 

which is crucial for imatinib binding, whereas binding of ATP and the catalytic activity of 

Bcr-Abl are not abrogated. Crystal structure analysis revealed a binding mechanism in 

which imatinib targets the ATP-binding pocket of catalytic inactive Bcr-Abl in the DFG-out 

confirmation (Figure 3) 
75-76

. These structural analyses helped to understand how additional 

mutations in the BCR-ABL gene, also at sites distant to the ATP-binding pocket, can result in 

resistance against imatinib treatment.  
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Figure 3: Ribbon- and chemical structure of the Abl-imatinib interaction. Imatinib binds to 

catalytic inactive Abl in the DFG-out conformation. The DFG motif resides at the start of the kinase 

activation loop (dark blue). The hinge region, the activation loop of Abl and imatinib (light blue) are 

indicated in the ribbon structure (left). Atoms of imatinib involved in binding to Abl are indicated in 

red. In the chemical structure (right), hydrogen bonds between imatinib and Abl are depicted in dashed 

lines and the hydrophobic regions I and II in shaded beige and yellow. Reproduced from Jianming 

Zhang, Priscilla L. Yang and Nathanael S. Gray, Nature Reviews Cancer, 2009. 

 

Resistance formation by point mutations in the BCR-ABL gene gave insights into the 

molecular escape mechanism and provided evidence for the necessity of continued Bcr-Abl 

signaling. Notably, this also highlights the general validity of the PK inhibition approach in 

CML and confirmed Bcr-Abl variants as suitable targets for second-line treatment 
70

. 

Therefore, Bcr-Abl inhibitors that inhibit imatinib-resistant Bcr-Abl variants have been 

developed. This resulted in the FDA approval of the dual-specificity kinase inhibitor 

dasatinib (BMS-354825) and the imatinib analog nilotinib (AMN107) in 2006 and 2007 

respectively 
77-78

. Nonetheless, these compounds are not capable of inhibiting the Thr351Ile 

variant, which accounts for about 15 % of all cases of imatinib resistance in patients. 

However, compounds that demonstrated promising results in imatinib-resistant patients 

carrying the Thr315Ile mutation, such as MK-0457 (VX-680), have been reported recently 

79-80
. Moreover, combined administration of the allosteric Bcr-Abl inhibitor GNF-2 and 

ATP-competitive inhibitors have been shown to efficiently inhibit the Thr315Ile Bcr-Abl 

variant in vitro and in vivo 
81

.  

However, as shown for dasatinib and nilotinib, resistance formation remains a major 

obstacle 
82

 and appears to be an inevitable consequence of targeted therapeutic approaches. 

Therefore, an in-depth understanding of cellular signaling downstream of Bcr-Abl and the 

identification of additional targets could reveal alternative therapeutic strategies that might 
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eventually overcome cellular drug-escape mechanisms in case of CML and other 

hyperproliferative diseases. 

 

1.3 Polo-like kinase 1, a mitotic Serine/Threonine kinase 

 

One of the most fundamental cellular processes is mitotic cell division. Only through the 

precise regulation of this complex process error-free chromosome segregation is ensured and 

thereby genomic integrity maintained. This is of exceeding importance as genomic 

alterations are closely associated with disease progression in human cancer. Besides cycline-

dependent kinases (Cdk), which are regarded as central regulators of cell proliferation, 

kinases of the Aurora, never in mitosis gene a (NIMA) as well as the Polo family are 

pivotally involved in regulating mitotic progression 
83

.  

 

1.3.1 Structural properties and activity control of Polo-like kinase 1 

The serine/threonine kinase Plk1 belongs to the family of polo-like kinases consisting of 

four members (Plk1-4) and is evolutionary conserved from yeast to man 
84-85

. All human Plk 

family members share a common protein domain architecture (Figure 4). Their structure is 

divided into an amino-terminal serine/threonine kinase domain, a destruction-box involved 

in anaphase-promoting-complex (APC)-mediated degradation 
86

 and a carboxy-terminal 

polo-box domain (PBD) 
84

. The PBD is a phosphopeptide-binding motif involved in 

substrate recruitment through its ability to recognize a phosphorylated consensus sequence 

S-(pS/pT)-(P/X) on cellular Plk target proteins 
87

. 
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Figure 4: Plk1 protein domains and key residues. Located in the N-terminal kinase domain of Plk1, 

Lys82 and Thr210 are important residues involved in regulating catalytic activity. The destruction box 

(D-box) functions in Plk1 degradation. Within the C-terminal polo box (PB) domains Trp414, His538 

and Lys540 mediate binding to the Plk1 consensus motif. Reproduced from Klaus Strebhardt and Axel 

Ullrich, Nature Reviews Cancer, 2006.  

 

As Plk1 is a key regulator of centrosome assembly and mitosis its activity is tightly regulated 

in a cell cycle-dependent manner. Dynamic changes of protein expression, which peaks at the 

G2/M transition 
88

, as well as an activating phosphorylation of Thr-210 in the kinase domain 

89-90
  carried out by Aurora A kinase in cooperation with bora 

91-92
  allow for the spatio-

temporal control of Plk1 activity in mitotic cells. In addition to conferring substrate 

specificity, phosphopeptide binding to the PBD relieves an autoinhibitory interaction of the 

PBD with the kinase domain which further results in increased catalytic activity 
93-94

.  

 

1.3.2 Mitotic functions of Polo-like kinase 1 

Crucial involvement of Plk1 in establishing a bipolar spindle apparatus was experimentally 

indicated by antibody microinjections resulting in severe mitotic defects 
95-96

. Based on 

discoveries revealing the dynamic localization of Plk1 during cell cycle progression to 

various cellular structures like centrosomes, the central spindle apparatus and the midbody 
97

 

it was postulated that this behavior might correlate with a multitude of different Plk1 

substrates.  

The dual specificity phosphatase Cdc25 was the first reported cellular substrate of Plk1 and 

initially identified in Xenopus egg extracts 
98

. Later, Plk1-mediated phosphoregulation of 

Cdc25 was also shown in human cells. Here, increased Cdc25 phosphorylation correlated 

with increased phosphatase activity 
99

. In turn, Cdc25 activates cyclin-dependent kinase 1 
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(Cdk1) by counteracting Wee1 and Myt1 function through dephosphorylation of the Cdk1 

residues Thr14 and Thr15 
100

. Dephosphorylated Cdk1 in complex with cyclin B1, a further 

substrate of Plk1 
101

 then fulfils its key functions in mitotic progression. Notably, kinase 

activities of Wee1 and Myt1 are known to be inhibited by phosphorylation, and both are 

reported substrates for human Plk1 
102-103

. Together, these examples indicate a tight 

regulation of the mitotic entry by Plk1 (Figure 5). 

 

 

 

Figure 5: Mitotic functions of Plk1. Plk1 regulates mitotic progression by interacting with a 

multitude of different proteins. Shown are selected activating (black arrows) and inactivating (red blunt 

arrow) modifications of target proteins by Plk1. Abbreviations and protein names are described in the 

main text. Reproduced from Klaus Strebhardt and Axel Ullrich, Nature Reviews Cancer, 2006.  

 

A second function of Plk1, the establishment of a functioning spindle apparatus, was 

discovered in Drosophila melanogaster mutants 
104

. Plk1 recruits the γ-tubulin-containing 

multiprotein ring complex (γ-TuRC), which is involved in microtubule nucleation, to the 

centrosome where it participates in the formation of a bipolar mitotic spindle 
105

. Another 

protein involved in microtubule organization is ninein-like protein (Nlp) that interacts with 

the γ-TuRC. Phosphorylation of Nlp by Plk1 at the G2/M-transition abolishes its interaction 
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with γ-TuRC and leads to its dissociation from the centrosomes, which might enable the 

recruitment of other γ-TuRC-binding proteins 
106-107

. Cellular mislocalization of Plk1 has 

been shown to provoke defects in chromosome congression 
108

. Moreover, Plk1 is required 

for proper spindle assembly, microbubule-kinetochore attachment 
109

, and is also involved in 

the spindle assembly checkpoint (SAC). The SAC is a crucial surveillance mechanism that 

ensures the correct attachment of the two kinetochores of each chromosome to opposite 

spindle poles as a prerequisite of chromosome segregation. Plk1 recruits several proteins 

involved in the SAC such as BubR1, Cenp-E, Mad2 and Nurf2 by generating the so-called 

3F3/2 phosphoepitope on tension-lacking kinetochores 
110-112

. Besides other cellular 

responses this causes the inactivation of the E3-ubiquitin ligase anaphase-promoting 

complex/cyclosome (APC/C), the main regulator of chromosome segregation 
113

. Upon 

satisfaction of the SAC, Plk1 phosphorylates the APC/C inhibitor Emi2 thereby targeting it 

for degradation 
114-115

. Once activated, APC/C ubiquitinates securin and thereby primes it for 

proteosomal degradation. This leads to the release of separase, which in turn cleaves the 

multi-protein complex cohesin that interconnects sister chromatids. As a result separation of 

sister chromatids at the onset of anaphase occurs 
116

. A prerequisite for the dissociation of 

cohesin is the phosphorylation of its SA2 subunit that was also identified as a Plk1 substrate 

117
. In addition, together with separase, Plk1 is also involved in centriole disengagement and 

duplication 
118

. 

In concordance with its localization at the midbody in late mitosis 
95

 Plk1 executes essential 

functions in cytokinesis. The Plk1-mediated phosphorylation of several proteins has been 

shown to be required for the initiation of cytokinesis, such as mitotic kinesin-like protein2 

(Mklp2) 
119

, nuclear distribution geneC (NudC) 
120

  and Nir2 
121

. Important insights into the 

requirements for the initiation of cytokinesis came from studies utilizing the „chemical 

genetics‟ approach developed by Kevan Shokats group 
122

. Applied to Plk1, it was 

demonstrated that inhibition of human Plk1 at anaphase onset, after silencing the SAC, 

resulted in defective cytokinesis 
123

. This was accompanied by disordered localization of the 

RhoA GTPase and Ect2, the corresponding guanine nucleotide exchange factor (GEF) 

required for RhoA activity at the equatorial cortex, which resulted in the absence of cleavage 

furrow-inducing signals. Recently, it was shown that site-specific phorphorylation of 

HsCYK-4 by Plk1 creates the essential docking site for recruitment of Ect2 
124

. 
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1.3.3 Polo like kinase 1 and human cancer 

The importance of accurate cell cycle regulation and surveillance mechanisms is obvious as 

errors in chromosome segregation will result in chromosomal instability which, in 

conjunction with other, yet unidentified factors, permits aneuploid cells to propagate 
125

. 

Chromosomal instability acts as a driving force for the eventual onset of oncogenic 

transformation 
126-127

. Therefore, it is not surprising that deregulated expression levels of 

Plk1 have been reported in a variety of human cancer including non-small cell lung cancer, 

gastric carcinoma, melanoma, breast cancer, ovarian cancer, prostate cancer and 

glioblastoma and are often associated with poor prognosis 
128-129

. 

DNA damage checkpoints confer a cellular surveillance mechanism to detect DNA lesions 

and elicit the activation of repair or, in case of severe DNA damage, apoptotic pathways. 

Their proper functioning is of major importance to maintain homeostasis and guard against 

neoplastic transformation. Besides the ataxia-telangiectasia mutated (ATM) and ataxia-

telangiectasia and Rad3-related (ATR) kinases, the retinoblastoma (RB) protein and the 

transcription factor p53 have emerged as key regulators of the DNA damage checkpoints 
130

. 

Increased Plk1 activity can counteract these effects by overriding DNA damage checkpoints 

131-132
. Moreover, Plk1-mediated phosphorylation of p53 inhibits its pro-apoptotic function 

133
. Therefore, Plk1 is an attractive anti-cancer target as abrogation of Plk1 function can 

cause a prolonged mitotic arrest followed by apoptosis. Furthermore, it could be shown that 

transformed cells are more sensitive towards Plk1 depletion compared to normal cells 
134-135

.  

Among the different approaches initiated to develop Plk1 inhibitors, promising ATP-

competitive small molecules have emerged.  Several compounds like BI 2536 or 

GSK461364 have entered clinical trials and as in case of BI 2536 demonstrated robust Plk1 

inhibition and efficacy in xenograft models 
136-137

. A hurdle for these ATP-competitive 

inhibitors is reasoned in their potential off-target effects towards other essential kinases. As 

the PBD is unique for Plks, targeting this domain might offer an alternative strategy for the 

development of Plk family-specific inhibitors. Recently, the first non-peptidic compound, 

poloxin, which interferes with PBD-mediated protein-protein interactions, has been 

described and shown to induce mitotic arrest and apoptosis in HeLa cells 
138

 .  

Since the initial discovery of Plk1 various cellular substrates have been identified. In 

addition, the consensus sequence of Plk1 substrate phosphorylation sites has been 
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determined 
102

. However, a comprehensive knowledge of how Plk1 elicits its various mitotic 

functions through site-specific phosphorylation is needed to gain mechanistic insights into 

the overall mode of action of therapeutic Plk1 inhibition 
70

. 

 

 

1.4 Mass spectrometry-based proteomics  

 

The ultimate goal of proteomics is to study and analyze the entire proteome that 

encompasses all expressed proteins in a cell or organism 
139

. Mass spectrometry (MS) has 

tremendously advanced as a technique to study cellular biochemistry on a global scale and 

recently enabled the sequencing and quantification of an entire eukaryotic proteome as 

demonstrated for S. cerevisiae 
140

. The basic principle of MS is the measurement of 

mass/charge ratios (m/z) of ionized analytes. Therefore, a mass spectrometer consists of an 

ion source, which converts analytes into gas-phase ions, a mass analyzer, which resolves 

ions according to their m/z ratios, and a detector that measures the resulting ion signal 

intensities and records them in a mass spectrum.  

 

1.4.1 Mass spectrometry applied to protein research 

Compared to more classic techniques like one-dimensional (1D) gel electrophoresis 

followed by antibody-based immunoblot analysis, MS analysis upon proteolytic cleavage of 

proteins to peptides offers considerable advantages: First, MS allows for the unbiased 

analysis of complex protein mixtures of unknown composition derived from any organism 

characterized one the genome level 
141

. Second, MS offers a way for high-throughput 

analysis of thousands of proteins in a single experiment. And third, the continued increase in 

the dynamic detection range, sophisticated separation methods and database search 

strategies combined with novel algorithms for automated quantification allow for high 

sensitivity and accuracy as well as the acquisition of trustworthy data. In addition, tandem 

MS (MS/MS) provides sequence information of analyzed peptide ions supporting 

unambiguous peptide identification as well as enabling site-specific analysis of PTMs. 
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Today‟s most widely used MS approach in protein research is the so called bottom-up or 

shotgun proteomics where, instead of whole proteins, peptides are analyzed. The analyzer 

used in all MS experiments reported in this thesis is the hybrid linear ion trap (LTQ)-

Orbitrap mass spectrometer 
142

. The LTQ-Orbitrap combines the high mass accuracy and 

wide dynamic range of the Orbitrap, a Fourier-transform ion cyclotron (FT-ICR) instrument, 

with the speed and sensitivity of the linear ion trap. The typical experimental workflow 

adopted in the experiments of the present study, is depicted in Figure 6. Extracted proteins, 

derived from a cell line, tissue or body fluid are usually proteolytically digested with trypsin 

that cleaves C-terminal to arginine and lysine residues 
143

. Various methods can be applied 

to reduce the sample complexity and thereby boost proteome coverage. Three different 

fractionation techniques were utilized in the present study: First, the separation of whole 

proteins according to their molecular weights via gel electrophoresis. Second, the 

immunoprecipitation of tyrosine phosphorylated proteins with modification-specific 

antibodies. And third, the fractionation of phosphopeptides by means of strong cation 

exchange chromatography (SCX). SCX utilizes differences between the capacity of 

phosphorylated and non-phosphorylated peptides to bind to the stationary phase of the SCX 

column. Furthermore, phosphopeptides are separated according to their net charge at an 

acidic pH 
144

. In the LC-MS/MS experiments following sample fractionation and preparation 

peptides are then separated by reversed-phase chromatography and the masses of eluting 

peptides are determined in an initial survey scan (MS scan) in the Orbitrap part of the mass 

spectrometer. Selected ions are then isolated and fragmented by collision-induced 

dissociation (CID) for the subsequent measurement of the resulting fragment ions (MS/MS 

or MS2 scan) in the linear ion trap. Taking advantage of search algorithms (e.g. Mascot) and 

the respective protein database as reference the generated mass lists are then matched to 

peptide sequences and assigned to proteins. 
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Figure 6: Workflow of a typical shotgun proteomic experiment. Cells are cultured and treated 

according to the individual biological question e.g. with a small molecule inhibitor or growth factor 

before protein digest. Proteins or peptides can be separated by, for example, gel electrophoresis or ion 

exchange chromatography (e.g. SCX). Typically, nanoscale reversed-phase liquid chromatography 

(LC) is coupled online to the mass spectrometer (e.g. an LTQ-orbitrap) via an electrospay ion source. 

The peaklists extracted from acquired MS and MS/MS spectra are used in subsequent database 

searches for peptide identification. Adapted from Hanno Steen and Mathias Mann, Nature Reviews 

Molecular Cell Biology, 2004. 

 

1.4.2 Quantitative proteomics 

A major challenge in proteomics is the quantitative analysis of two or more physiological 

states in a given biological system. As MS is not quantitative per se various approaches have 

been developed to overcome this limitation including approximations that take into account 

the sequence coverage or the number of peptide-spectrum matches 
145-146

. However, these 

approaches are often rather inaccurate with respect to the quantitation of relative protein 

abundance.  

Protein or peptide labeling with non-radioactive stable isotopes, either done metabolically or 

chemically, offers today‟s most accurate methods for relative quantitative proteomics 
147

. 

These techniques are based on the assumption that a mass difference introduced by isotope 

labeling will not alter the chemical properties of the peptides but enable their differential 

detection by MS. Stable isotope labeling by amino acids in cell culture (SILAC) 
148

 is the 

most commonly used method for metabolic labeling that uses heavy isotope variants of 

arginine and lysine which, combined with tryptic protein digestion, ensures the labeling of 

all peptides except the very C-terminal ones. Generally, SILAC allows comparing up to 

three cell populations or samples in a single experiment. Therefore, cells are grown in the 

presence of either the natural (“light”) or isotopically labeled (“medium” and “heavy”) 

amino acid analogues with substituted 
13

C, 
15

N or 
2
H atoms. Compared to the “light” peptide 

incorporation of “medium” and “heavy” amino acids results in a defined mass shift that is 

detectable in MS survey scans. As the only difference between the distinct SILAC states is 

the mass of newly synthesized proteins cell growth is usually not affected 
149

. Furthermore, 
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more complex comparisons such as time course analyses can be performed by combining 

different experiments that share one identically SILAC-encoded and treated cell population 

as a common reference 
150

. Notably, as cell populations are mixed directly after cell lysis 

(Figure 7), no additional errors are introduced during the subsequent sample preparation and 

potential pooling errors can later be accounted for.  Recently, the SILAC approach has been 

successfully applied also to mice, enabling quantitative MS experiments even in a 

mammalian organism 
151

. 

 

 

 

Figure 7: SILAC-based quantitative proteomics. Cells are grown in medium containing the 

respective „light‟, „medium‟ and „heavy‟ amino acids. Upon complete labeling, cells can be stimulated 

with a growth factor or treated with a small molecule inhibitor in comparison to a control cell 

population. After optional sample fractionation or purification, proteins are digested and the relative 

intensities of the stable isotope-labeled peptides can be distinguished in the MS survey can of an LC-

MS/MS experiment. Relative quantification of identified peptides is done either software-aided 

(MSQuant) or fully automated (MaxQuant). 

 

In cases where metabolic labeling is not applicable, for example when analyzing human 

body fluids or tissue samples, chemical modification with stable isotope-bearing reagents 

offers an alternative strategy for quantitative MS data acquisition. The first example for the 

chemical tagging of proteins was the cysteine-directed “isotope coded affinity tag” (ICAT) 

152
. Today‟s commonly used reagents for in vitro labeling are “isotope tags for relative and 

absolute quantification” (iTRAQ) 
153

 and the “tandem affinity tag” (TMT) techniques 
154

. 

Another approach that even allows for absolute quantification (AQUA) is based on the 
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addition of synthetic isotopically labeled peptides in known amounts prior to MS analysis 

155
. 

 

1.4.3 Phosphoproteomics 

Post-translational protein modification (PTM) is a common cellular mechanism that enables 

the fast modulation of protein function. The most widespread PTM is the reversible 

phosphorylation of serine, threonine and tyrosine residues catalyzed by protein kinases, 
156

. 

Until recently, common techniques applied in protein phosphorylation research were 

laborious and time-consuming and hence of only low throughput 
157

.  

In contrast to serine and threonine, high-affinity antibodies directed against phosphorylated 

tyrosine residues have been generated like the 4G10 (Millipore) or p-Tyr-100 (Cell 

Signaling Technology) antibodies. These allow for an efficient enrichment of pTyr-

containing proteins or peptides prior to MS analysis and enable the concurrent analysis of 

hundreds of pTyr residues in a single MS experiment 
158

. To enable the analysis of 

phosphorylation events all phosphorylatable residues including serines and threonines, 

general phosphopeptide enrichment methods have been developed 
159-160

. The most 

frequently applied methods are based on the binding of phosphate groups to trivalent metal 

ions like Fe
3+

 or Ga
3+ 

exploited in immobilized metal affinity chromatography (IMAC) 
161-

162
 and the adsorption of phosphate groups by titanium dioxide (TiO2) microspheres through 

Lewis acid-base interactions 
163-164

. TiO2-based phosphopeptide enrichment after prior one-

dimensional gel electrophoresis allowed for the quantitative analysis of more than 6,000 

phosphorylation events upon EGF stimulation in HeLa cells 
150

. More recently, a 

combination of phosphopeptide separation by means of SCX followed by IMAC-based 

phosphopeptide enrichment identified more than 13,000 phosphosites in Drosophila 

melanogaster embryos 
165

. 

In conclusion, the development of powerful methods for phosphopeptide enrichment 

combined with MS-based identification and quantification resulted in a drastic increase in 

the number of phosphorylation events that can be analyzed in a single proteomics 

experiment. Thus, today‟s global phosphoproteomics studies often monitor thousands of 

phosphorylation sites in cellular systems 
166-168

. 



I. Introduction                                                                                                                        22 

 

 

 

1.5 Characterizing protein kinase inhibitors and kinase signaling 

 

Small molecule inhibitors of PK activity are often directed against the conserved ATP-

binding pocket. Thus, the question of the actual specificity of these compounds is evident. In 

the process of drug development, the identification of ideally all cellular targets of a drug is 

of crucial importance, as this might allow the prediction of potential target-related toxicities. 

Moreover, detailed knowledge of all cellular drug targets can be advantageous to exploit the 

full therapeutic potential and reveal alternative targets of potential therapeutic relevance in 

additional medical indications. Besides, the identification of essential downstream mediators 

of the cellular signaling cascades that are controlled by drug-targeted PKs can reveal 

candidate proteins for the development of novel therapeutics. 

The field of MS-based chemical proteomics is more and more emerging as a powerful 

technique to study proteome-wide small molecule-protein interactions and has proven to be 

a suitable tool for efficient PK pre-fractionation. In addition, novel chemical genetics 

approaches allow for the targeted functional analysis of a single PK. 

 

1.5.1 Chemical proteomics 

Chemical proteomics techniques can be divided into three major experimental concepts. 

First, and of particular interest regarding the scope of this thesis, are approaches based on 

immobilized small molecule inhibitors that are utilized as affinity capture reagents. Second, 

global proteomic approaches to study cellular effects upon small molecule interference can 

be employed. And third, activity-based protein profiling strategies allow for the 

identification of proteins that interact with a small molecule probe consisting of a reactive 

part fused to an affinity tag for subsequent purification 
169-170

. 

Already about forty years ago the general concept of employing an immobilized drug for 

affinity chromatography to enrich and identify interacting proteins was developed 
171

. 

Recent combination with modern MS-based protein analysis has markedly increased the 
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possibilities of this technique. Ideally, for the most comprehensive analysis possible, this 

analysis should take place in the presence of all potential interacting proteins. In contrast to 

kinase activity assays that allow quantitative selectivity testing against a panel of 

recombinant enzymes 
172

, chemical proteomics enables the unbiased analysis in the context 

of the entire expressed proteome. Furthermore, chemical proteomics enables to study 

naturally occurring, un-engineered proteins at their endogenous expression levels, harboring 

physiological PTMs, and interacting with their cellular binding partners 
169-170

.  

Seminal studies employing immobilized small molecule PK inhibitors as affinity capture 

reagents were conducted with the CDK inhibitor purvalanol B and paved the way for the 

further exploration of this strategy 
173-174

. By introducing an suitable linker, which contains 

an amino-, carboxy- or hydroxyl group and can be used for immobilization on a matrix 

while maintaining the biological activity of the small molecule, this approach can 

theoretically be applied to any given chemical compound. The capabilities of this approach 

have been demonstrated in a study to unambigously identify the cellular interaction profile 

for an analog of the p38 inhibitor SB 203580 
175

. In addition to the known target p38α also 

cyclin-G associated kinase (GAK), casein kinase 1 (CK1) and Rip-like interacting caspase-

like apoptosis-regulatory protein kinase (RICK), among others, were identified as novel 

targets. Similar studies were performed with bisindolylmaleimide derivates targeting protein 

kinase C 
176

, the pyrido[2,3-d]pyrimidine based compound PP58 
177

, the gefitinib analog 

AX14596 
178

 and an derivate of the angiogenesis inhibitor SU6668 
179

. Besides an often 

broad cellular protein interaction profile of the tested compounds these studies also revealed 

specific interactions with non-PK proteins. In many cases these are other nucleotide-

utilizing enzymes like adenosine kinase and quinone reductase type 2 (NQO2) 
176

. 

The importance of PKs in the regulation of cellular signaling cascades and their involvement 

in pathological processes 
18

 create the rationale for their comprehensive and global analysis. 

However, even in large-scale proteomics analysis, the information gained about PKs is often 

limited due to their comparatively low cellular expression levels. In addition, the targeted 

analysis of PKs is often hindered by the lack of high-affinity antibodies. To overcome these 

limitations, experimental strategies utilizing different, immobilized, and rather promiscuous 

small molecule PK inhibitors for combined affinity chromatography have been reported 
57, 
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180
. Furthermore, the effectiveness of this approach was underscored in a SILAC-based 

quantitative study on cell cycle-dependent changes in the phosphorylation state of PKs 
166

.   

Employing their „kinobeads‟ approach in combination with iTRAQ-based quantitative MS, 

Bantscheff and colleagues studied dose-dependent competitive protein binding for the 

clinical Bcr-Abl inhibitors imatinib, bosutinib and dasatinib 
57

. In addition they presented a 

strategy to estimate target-specific IC50 concentrations at which half-maximal binding 

competition for a respective PK inhibitor is observed. The quantitative inaccuracy inherent 

to this approach, which assumes binding of only a small fraction of the total amount of a 

given protein to the „kinobeads‟, is evident from comparison with other data derived from in 

vitro kinase activity assays, which in some cases differed by up to three orders of magnitude. 

Recently, our group reported an optimized approach which allows for the unambiguous 

identification of cellular target proteins as well as rather accurate affinity measurements for 

small molecule inhibitors, peptides and proteins and showed good agreement with in vitro 

kinase activity assays 
181

.  

 

1.5.2 Chemical genetics  

In addition to global phosphoproteomics analyses the accurate and comprehensive 

identification of the direct cellular substrates of an individual PK is of paramount interest. 

This can be achieved by mutating a bulky residue in the ATP binding pocket of a PK, 

usually to a comparatively small glycine, thereby enabling the catalytic usage of an N
6
-

modified radioactive ATP analogs 
182

. The resulting γ-
32

P-labled substrates can then be 

detected also in the presence of other PKs. However, a general limitation is the inefficient 

delivery of the highly charged ATP molecules into the cell as well as hydrolysis of the ATP 

analog.  

Another approach is based on interfering with the catalytic activity of the PK of interest. 

Importantly, this needs to be accurately controlled with high temporal resolution. Thus, 

methods like genetic knock-out or transient depletion of proteins by RNA interference, 

which often cause additional secondary changes, are only of limited value 
183

. In contrast, 

small molecule kinase inhibitors meet these requirements and allow fast and effective 

inhibition of targeted PKs. However, although used in innumerable studies for elucidating 



I. Introduction                                                                                                                        25 

 

cellular functions of PKs, many PK inhibitors are far from being truly specific 
184-185

. 

Ideally, monoselective inhibition of the kinase of interest is sought to be achieved in a 

tightly controlled manner. 

 

 

 

Figure 8: Principle of protein kinase inhibition by analog-sensitizing mutations. The bulky ATP-

or purine analogs cannot be utilized by the wild-type PK (WT) that remains insensitive. In contrast, the 

mutated and thereby enlarged ATP binding pocket of the analog-sensitive PK variant (mutas) is 

accessible to these analogs and can therefore be selectively inhibited. Adapted from Randall CL et al. 

Cell Cycle, 2007. 

 

In theory, this is enabled by a powerful approach that was developed by the group of Kevan 

Shokat and is named „chemical genetics‟ (Figure 8). This approach combines the features of 

small molecule inhibitors with the high accuracy achieved by introducing an analog-

sensitizing mutation in the ATP binding pocket. Their initial report described the generation 

of a recombinant v-Src variant that proved to be selectively inhibited by N
6
-modified purine-

based small molecule inhibitors in vitro and in vivo 
186

. In a subsequent study they generated 

a yeast strain expressing an inhibitor-sensitive variant of the human CDK1 which was 

selectively inhibited by a bulky analog of the kinase inhibitor PP1 
122

. Recently, this 

technique has successfully been applied to the human cell cycle-regulatory kinase, Plk1 
123

. 

Moreover, another study utilizing the same Plk1 variant-expressing, analog-sensitive cell 

line identified the protein HsCYK, a subunit of centralspindlin, as a novel substrate of Plk1 

adding further evidence to Plk1‟s functioning in the initiation of cytokinesis 
124

.  

Taken together, this approach presents a powerful technique to study the cellular function of 

PKs. However, its specificity has not yet been systematically analyzed. Besides, a limitation 

of the approach is that it cannot prove whether phosphoregulation is due direct substrate 

phosphorylation by the investigated PK. In addition, for some PKs it proved difficult to 

generate functional analog-sensitive PK variants. 
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II. Aims of the thesis 

 

Post-translational protein modification by phosphorylation by members of the protein kinase 

superfamily is a central regulatory mechanism in eukaryotic signal transduction pathways. As the 

catalytic activity of protein kinases is itself controlled by reversible phosphorylation, detailed 

information about site-specific phosphorylation events on protein kinases and their cellular 

expression level can provide information on the activity status of connected signaling networks. 

Malfunctioning of various protein kinases has been associated with a variety of human cancers.  

Thus, protein kinases have emerged as major drug targets for therapeutic intervention. Among 

others, small molecule inhibitors that interfere with the protein kinase activity have successfully 

been introduced as therapeutic drugs. In addition, immobilized inhibitors with a broad spectrum 

of interacting kinases have been developed as enrichment tools enabling mass spectrometry-

based kinase-centric studies. However, so far no systematic in vivo approaches for the 

identification of cellular substrates of human protein kinases have been developed.  

 

This thesis comprises three projects with the common goal of advancing proteomics strategies 

for comprehensive kinase and kinase signaling analysis. The aim of the first project was to 

delineate the binding characteristics of kinase inhibitor affinity resins to advance kinase-selective 

analysis by mass spectrometry-based proteomics. The resin with the broadest identified kinase 

selectivity should be further exploited for a quantitative comparison of cellular kinase expression 

levels and a qualitative analysis of their phosphorylation status in three cancer cell lines. 

The second project, which was in parts conducted in cooperation with Susanne Breitkopf 

(another PhD candidate of our group), had the goal to develop a strategy to identify direct 

cellular target proteins of the clinical Bcr-Abl inhibitor imatinib as well as small molecule-

tractable signal transducers based on drug-induced alterations in their phosphorylation level.   

A prerequisite for the third project of this thesis was to set up a stable workflow for the strong 

cation exchange chromatography-based phosphopeptide separation prior to phosphopeptide 

enrichment by means of immobilized metal affinity chromatography. This was then exploited in 

cooperation with the PhD candidate Kathrin Grundner-Culemann to develop an experimental 

strategy for the global analysis of cellular kinase-substrate relationships. Our intention was to 
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pursue a strategy that combines chemical genetics with quantitative phosphoproteomics analysis. 

For this purpose, we utilized genetically engineered cell lines expressing either wild-type Plk1 or 

an analog-sensitive kinase variant, which can be differentially inhibited by the small molecule 

inhibitor 3-MB-PP1.  
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III. Materials and Methods 

 

3.1 Material sources 

3.1.1 Laboratory chemicals and biochemicals 

Acrylamide       Serva, Heidelberg 

APS (Ammonium peroxodisulfate)    Bio-Rad, München 

Bisacrylamide       Roth, Karlsruhe 

BSA (Bovine serum albumin)    Sigma, Taufkirchen 

HEPES (N-(2-Hydroxyethyl)piperazine-N'-   Serva, Heidelberg 

(2-ethanesulfonic acid)) 

IAA (Iodoacetic acid)     Sigma, Steinheim 

L-Glutamine       (GibCo) Invitrogen, Eggenstein 

PMSF  (Phenylmethanesulfonyl fluoride)   Sigma, Taufkirchen 

Ponceau S       Sigma, Taufkirchen 

SDS (Sodium dodecyl sulfate)    Roth, Karlsruhe 

Sodium azide       Serva, Heidelberg 

Sodium fluoride      Sigma, Taufkirchen 

Sodium orthovanadate     Sigma, Taufkirchen 

TEMED (N,N,N',N'-Tetramethylethylenediamine)  Serva, Heidelberg 

Triton X-100       Roth, Karlsruhe 

 

All other chemicals were purchased in analytical grade from Merck (Darmstadt). 

 

3.1.2 Chemicals for SILAC and MS-analysis 

Acetonitrile for HPLC     Sigma, Taufkirchen 

Ammoniumbicarbonate     Sigma, Taufkirchen 

Ammonium hydroxide     Merck, Darmstadt 

Antioxidance      Invitrogen, Eggenstein 

2,5-Dihydroxybenzoic acid     Fluka, Taufkirchen 

DTT        Sigma, Taufkirchen 

Fetal bovine serum, dialyzed     Gibco, USA 

Iodoacetamide      Sigma, Taufkirchen 

L-Arginine       Gibco, USA 

L-Arginine: HCl, U-13C6 14N4     Cambridge Isotope Laboratories, USA 

L-Arginine: HCl, U-13C615N4     Cambridge Isotope Laboratories, USA 
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L-Glutamine       Gibco, USA 

L-Lysine       Gibco, USA 

L-Lysine: 2 HCl, 2H4      Cambridge Isotope Laboratories, USA 

L-Lysine: 2 HCl, U-13C615N2     Cambridge Isotope Laboratories, USA 

Lys-C        WAKO, Neuss 

n-octosylglucoside      Roche, Mannheim 

Penicillin/Streptomycin, 100x    PAA, Germany 

SILAC DMEM      Gibco, USA; Thermo Fisher Scientific 

SILAC DMEM:F12     Gibco, USA 

SILAC RPMI      Gibco, USA; Thermo Fisher Scientific 

Thio urea       Invitrogen, Eggenstein 

Trypsin (seq. grade modified)    Promega, USA 

Urea        Merck, Darmstadt 

 

3.1.3 Other materials 

Cell culture materials      Greiner, Solingen 

Nunclon, Dänemark 

Falcon, UK 

Cellulose nitrate 0.45 µm     Schleicher & Schüll, Dassel 

ECL Kit       PerkinElmer/NEN, Köln 

Hyperfilm MP      Amersham Pharmacia, Freiburg 

Micro BCA Protein Assay Kit    Pierce, Sankt Augustin 

Parafilm       Dynatech, Denkendorf 

Protein A-Sepharose      Amersham Pharmacia, Freiburg 

Protein G-Sepharose      Amersham Pharmacia, Freiburg 

 

3.2 Cell culture Media 

Gibco
TM

 media and additives were obtained from Invitrogen (Eggenstein). Media were 

supplemented to the requirements of each cell line. Freeze medium contained 95 % 

heatinactivated FCS and 5 % DMSO. 

 

3.3 Stock solutions and commonly used buffers 

Collecting gel  buffer (4x)    0.5 M Tris/HCl pH6.8 

       0.4 % SDS 

Laemmli buffer (3x)      100 mM Tris/HCl pH 6.8 

3.0 % SDS 

45.0 % Glycerol 
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0.01 % Bromphenol blue 

7.5 % ß-Mercaptoethanol 

 

NET        50.0 mM Tris/HCl pH 7.4 

5.0 mM EDTA 

0.05 % Triton X-100 

150.0 mM NaCl 

 

PBS        137.0 mM NaCl 

27.0 mM KCl 

80.9 mM Na2HPO4 

1.5 mM KH2PO4 

pH 7.4 

 

SD-Transblot       50.0 mM Tris/HCl pH 7.5 

40.0 mM Glycine 

20.0 % Methanol 

0.004 % SDS 

 

Separating gel  buffer (4x)    0.5 M Tris/HCl pH 8.8 

       0.4 % SDS 

 

“Strip” buffer       62.5 mM Tris/HCl pH 6.8 

2.0 % SDS 

100.0 mM β-Mercaptoethanol 
 

3.4 Cells 

 

Cell line   Description      Origin  

HCT116  Colon, colorectal carcinoma    ATCC, USA 

hTERT RPE Plk1
as/wt 

Telomerase expressing human retinal pigment  
123

 

epithelial cells, expressing either wild-type (wt)  

or analog sensitive (as) variants of Plk1 

K562   Chronic myelogenous leukemia cell line,  ATCC, USA 

   Bcr-Abl positive  

MDA-MB-435S Melanoma derived cells*    ATCC, USA 

MV4-11  Biphenotypic B myelomonocytic leukemia  ATCC, USA 

 

ATCC, American Type Culture Collection, Manassas, USA 

* 
187
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3.5 Antibodies 

3.5.1 Primary antibodies 

The following antibodies were used for immunoprecipitation or as primary antibodies in 

immunoblot analysis. 

 

Antibody      Description     Origin/Reference 

 

Axl   Goat, polyclonal    SC, USA 

CDC2   Rabbit, polyclonal, recognizes   CST, USA 

CK1α   Goat, polyclonal    SC, USA 

DDR1   Rabbit, polyclonal    SC, USA 

 

FAK   Rabbit, polyclonal    SC, USA 

Fer   Rabbit, polyclonal    
188

 

Fes   Goat, polyclonal    SC, USA 

HCK   Rabbit, polyclonal    SC, USA 

JAK1   Rabbit, polyclonal    SC, USA 

Met   Mouse, monoclonal 

Pak4   Rabbit, polyclonal    CST, USA 

Plk1   Mouse, monoclonal    
166

 

PYK2   Rabbit, polyclonal    Millipore, USA 

Syk   Rabbit, polyclonal    SC, USA 

pTyr (4G10)   Mouse, monoclonal, recognizes   UBI, USA 

phosphorylated tyrosine residues 
 

CST, Cell Signaling Technolology, Inc.; SC, Santa Cruz Biotechnology, Inc. 

 

3.5.2 Secondary antibodies 

For immunoblot analysis corresponding secondary antibodies conjugated with horseradish 

peroxidase (HRP) were utilized. 

 

Antibody     Dilution    Origin/Reference 

 

Goat anti-mouse-HRP   1 : 10,000    Sigma, Taufkirchen 

Goat anti-rabbit-HRP    1 : 50,000    BioRad, München 
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3.6 Cell culture 

Cell lines were grown in a humidified 93 % air, 7 % CO2 incubator (Heraeus, B5060 

EK/CO2) at 37°C and routinely assayed for mycoplasma contamination using a 

bisbenzimidestaining kit (Sigma). Before seeding cells were counted with a Coulter Counter 

(Coulter Electronics). All of the cell lines (American Type Culture Collection, USA) were 

routinely grown according to the supplier‟s instructions. 

 

3.7 Protein analytical methods 

3.7.1 Determination of protein concentration in cell lysates 

The “Micro BCA Protein Assay Kit” (Pierce, Sankt Augustin) and “BioRad protein assay” 

(BioRad, München) were used according to the manufacturer‟s instructions. 

3.7.2 SDS-polyacrylamide-gelelectrophoresis (SDS-PAGE) 

SDS-PAGE was conducted as described previously
189

. The following proteins were used as 

molecular weight standards: 

 

 

 

 

3.7.3 Transfer of proteins onto nitrocellulose membranes 

For immunoblot analysis proteins were transferred to nitrocellulose membranes 
190

 for 2 h at 

0.8 mA/cm2 using a "Semidry”-Blot device in the presence of Transblot-SD buffer. 

Following transfer, proteins were stained with Ponceau S (2 g/l in 2 % TCA) in order to 

visualize and mark standard protein bands. The membrane was destained in water. 

 

3.7.4 Immunoblot detection 

After electroblotting the transferred proteins are bound to the surface of the nitrocellulose 

membrane, providing access for reaction with immunodetection reagents. Remaining 

binding sites were blocked by immersing the membrane in 1x NET, 0.25 % gelatin for at 

least 1 h. The membrane was then probed with primary antibody (typically overnight). 
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Antibodies were diluted 1:500 to 1:2000 in NET, 0.25 % gelatin. The membrane was 

washed 3 times in 1x NET, 0.25 % gelatin, incubated for 1 h with secondary antibody and 

washed again 3x for 20 min. Antibody-antigen complexes were identified using horseradish 

peroxidase coupled to the secondary anti-IgG antibody. Luminescent substrates were used 

to visualize peroxidase activity. Signals were detected with X-ray films or a digital camera 

unit. Membranes were stripped of bound antibody by shaking in strip-buffer for 1 h at 50°C. 

Stripped membranes were blocked and re-probed with different primary antibody to 

confirm equal protein loading. 

 

3.8 SILAC labeling, cell lysis and anti-pTyr 

immunoprecipitation 

3.8.1 Cell culture in SILAC medium 

For quantitative MS-based studies, all cells, except hTERT-RPE cells, were grown in media 

containing either 45 mg/l unlabeled L-arginine and 76 mg/l unlabeled L-lysine (Arg
0
, Lys

0
) 

or equimolar amounts of L-[U-
13

C6,
14

N4]arginine and L-[
2
H4]lysine (Arg

6
, Lys

4
), or L-[U-

13
C6,

15
N4] and L-[U-

13
C6,

15
N2]lysine (Arg

10
, Lys

8
) (Cambridge Isotope Laboratories or 

Sigma-Isotec) as well as dialyzed FBS (Gibco). All media were supplemented with 

penicillin and streptomycin (Invitrogen). 

 

MV4-11 (ATCC, #CRL-9591) were grown in RPMI 1640 medium (Invitrogen) containing 

20 % fetal bovine serum (Invitrogen), MDA-MB-435S (435S, ATCC #HTB-129) and 

HCT116 (ATCC #CCL-247) were grown in Dulbecco‟s modified Eagle‟s medium 

(Invitrogen) containing 10 % FBS. All cells were cultured for six cell doublings to achieve 

complete labeling of cellular proteins. The adherent HCT116 and 435S cells were lysed 

directly on cell culture plates, MV4-11 cells were harvested by centrifugation before cell 

lysis. 

 

K562 cells (ATCC, # CCL-243) were cultured in suspension in RPMI1640 medium 

(Invitrogen) containing 10 % FBS. K562 cells were either grown in SILAC medium for six 

cell doublings on 15 cm dishes (chapter 4.2.1 and 4.2.3) or for five cell doublings on 15 cm 

dishes and then transferred to spinner flasks (BellCo Glass, USA) into 500 ml fresh SILAC 

medium at a cell density of 0.25 x 10
6
 cells/ml (chapter 4.2.2) and then grown for another 

two cell doublings before treatment with imatinib. As indicated in Table A. 1 K562 cells 

were either treated with 1 µM or 10 µM imatinib mesylate (ACC corporation, USA) or 

control-incubated with DMSO before harvesting by centrifugation. 

 

hTERT-RPE Plk1
as/wt

 cells 
123

 were grown in (1:1) DMEM:F12 medium, supplemented 

with 10 % dialyzed FBS, sodium-pyruvate, L-glutamate and 1 % penicillin-streptomycin 

(Invitrogen). For each biological replicate experiment cells were labeled separately by 
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culturing in the presence of either 175 μM L-arginine  and 250 μM L-lysine (Arg
0
, Lys

0
) or 

L-[U-
13

C6,
14

N4]-arginine and L-[U-
13

C6,
15

N2]-lysine (Arg
10

, Lys
8
) (Cambridge Isotope 

Laboratories or Sigma). After six cell doublings and complete labeling of cellular proteins, 

cells were seeded at 1.6 x 10
6 

cells per P15 dish (6 or 10 dishes, respectively, finally 

resulting in 2.5 or 4 mg per labeling condition; Table A. 3). After 18 h, 1 μg/ml 

Aphidicoline (Sigma) was added for 12h for pre-synchronization. Cells were washed with 

1xPBS and cultured for another 13 h in fresh medium containing the respective SILAC 

amino acids as well as 50 ng/ml nocodazole (Sigma) and 5 μg/ml 3-MB-PP1 (Priaxon, 

Munich, Germany) to arrest the cells in M phase and selectively inhibit analogue sensitive 

Plk1. Cells were washed once with the respective wash-out medium (with FBS but without 

labeled amino acids) and respective wash-out media were added for 30 min. Wash-out 

media contained either 50 ng/ml nocodazole and 5 μg/ml 3-MB-PP1 or only 50 ng/ml 

nocodazole in (Arg
0
, Lys

0
)- or (Arg

10
, Lys

8
) in SILAC medium containing the respective 

isotope labeled amino acids. These allocations were switched for every other experiment 

(Table A. 3).  

 

3.8.2 Cell lysis with Tritron X-100  

HCT116, K562, MDA-MB-435S and MV4-11 cells were lysed in 50 mM Hepes-NaOH pH 

7.5, 150 mM NaCl, 0.5 % Tritron X-100, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 

mM NaF, 2.5 mM Na3VO4, 50 ng/ml calyculin A (Alexis Biochemicals, San Diego, USA), 

10 μg/ml aprotinin, 10μg/ml leupeptin and 1 % phosphatase inhibitor cocktail 1 and 2 

(Sigma) for 1 h at 4°C. The cell debris was removed by centrifugation (20 min at 13.000 

rpm) and by filtering through 0.22 μm mixed esters of cellulose membranes (Millipore). 

Protein concentration was measured using the BCA assay (Pierce). 

 

3.8.3 Cell lysis with NP-40 and anti-pTyr immunoprecipitation  

The enrichment of tyrosine phosphorylated proteins was conducted as described previously 
158

. Briefly, SILAC-encoded K562 cells (chapter 5.2.3, Table A. 1) (1 x 10
8
 cells per 

SILAC-label resulting in 10 mg total protein per SILAC-label) were washed once with PBS 

and lysed for 20 min in lysis buffer (50 mM Tris, pH 7.5; 150 mM NaCl; 1 % NP40; 0.1 % 

sodium deoxycholate; 1 mM EDTA; 1 mM sodium orthovanadate; 1 mM PMSF; 0.1 µg/ml 

aprotinin; 10 mM NaF). Cells were resuspended in lysis buffer while working on ice and 

then lysed at 4°C. In addition, all buffers were chilled at 4°C. Lysates were precleared by 

centrifugation at 13,000 rpm for 10 min. The BCA-assay (Pierce) was used to determine the 

absolute protein amount and thereupon mix the lysates in a 1:1 ratio. For anti-pTyr 

immunoprecipitation 200 µg 4G10 antibody was coupled to with 40 µl protein A-Sepharose 

(Amersham Biosciences) by pre-incubating for 2 h in NP40 lysis buffer. After washing once 

with lysis buffer, the anti-pTyr containing beads were added to the mixed cell lysates 

incubated for 4 h. Precipitates were subsequently washed 4x with lysis buffer and 

precipitated proteins were eluted twice with urea buffer (7 M; 2 M thiourea; 50 mM HEPES 

pH 7.5; 1 % n-octosyl glucoside) for 10 min at 37°C. 
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3.8.4 Cell lysis with 8M Urea 

hTERT RPE Plk1
as/wt 

cells were lysed in 8 M Urea, 50 mM Tris pH 8.2, 75 mM NaCl, 1 

mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 mM NaF, 2.5 mM Na3VO4, 50 ng/ml calyculin 

A (Alexis Biochemicals, San Diego, USA), 10 μg/ml aprotinin, 10 μg/ml leupeptin and 1 % 

phosphatase inhibitor cocktail 1 and 2 (v/v) (Sigma) for 5 min on ice. Cell extracts were 

sonicated 3x for 1 minute on ice (Sonopulus GM70, Brandelin electronic, Berlin, Germany). 

The cell debris was removed by centrifugation (20 min at 13.000 rpm). Protein 

concentration was measured using the BioRad protein assay (BioRad) and cell populations 

were mixed 1:1. 

 

3.9 Generation of kinase inhibitor resins and kinase-affinity 

enrichment 

3.9.1 Study for the quantitative comparison of kinase inhibitor resins  

The kinase inhibitor VI16832 was prepared as described 
166

. VI16741 and VI16743 were 

synthesized accordingly, except that 8-ethyl-2-methanesulfonyl-8H-pyrido[2,3-d]pyrimidin-

7-one and 8-cyclopentyl-2-methanesulfonyl-8H-pyrido[2,3-d]pyrimidin-7-one were used as 

starting material instead of 8-bicyclo-[2.2.1]hept-2-yl-2-methanesulfonyl-8H-pyrido[2,3-

d]pyrimidin-7-one in case of VI16832 
191

. For preparation of the affinity resins used in the 

SILAC experiments, 2 volumes of a 3 mM inhibitor solution prepared in 50 % DMF, 50 % 

EtOH were mixed with 1 volume of drained ECH-Sepharose beads (GE Healthcare) and 

then subjected to carbodiimide-catalyzed immobilization according to described procedures 
180

. Coupling efficiencies were similar for all three inhibitors, resulting in a concentration of 

1.5 mM immobilized ligand on Sepharose beads as determined by UV-Vis measurements 

(data not shown). Kinase enrichment in the phosphoproteomics experiments was performed 

with VI16832 covalently immobilized on epoxy-activated Sepharose (GE Healthcare) 

according to a reported coupling protocol 
178

. Here, 2 volumes of 1.5 mM VI16832 solution 

prepared in 50 % DMSO, 50 % 50 mM Na2CO3 pH 11 were subjected to 1 volume of 

drained epoxy-activated Sepharose to initiate the coupling reaction. 

For comparative SILAC analysis of different inhibitor resins, 1.5 mg from each 

differentially labeled MV4-11 lysate was subjected to in vitro association with the 

respective kinase inhibitor resins. 30 μl of drained beads coupled with the respective kinase 

inhibitor were washed three times with lysis buffer and a further three times with lysis 

buffer containing 1 M NaCl. Washed beads were incubated for 2.5 hours at 4°C in the dark 

with the lysates that had been adjusted to 1 M NaCl in a final volume of 650 μl. In each 

experiment, aliquots of the three differentially labeled lysates were pooled to determine the 

initial SILAC ratios and resulting correction factors for the quantification after affinity 

enrichment. Beads were washed twice with lysis buffer containing 1 M NaCl and twice with 

lysis buffer containing 150 mM NaCl. For elution, resin-bound proteins were incubated for 

10 minutes with 50 μl 0.5 % LDS buffer (Invitrogen) containing 50 mM DTT at 70°C. 
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Elution fractions were pooled and concentrated by a factor of three in a vacuum 

concentrator (Eppendorf). Moreover, aliquots of the different elution fractions were 

compared by immunoblotting with kinase-specific antibodies. 

 

3.9. Study for the quantitative comparison of relative kinase expression 

levels 

For SILAC-based comparison of protein kinases in MV4-11, HCT116 and 435S cells, total 

cell lysates were prepared as described above and all adjusted to 1.5 mg protein in a volume 

of 500 μl. This amount of protein was obtained upon lysis of 17 x 10
6
 MV4-11, 7.3 x 10

6
 

HCT116 and 5.3 x 10
6
 435S cells, respectively. The three lysates were pooled prior to 

incubation with 90 μl of drained VI16832 beads according to the same protocol as used for 

the inhibitor resin comparisons. 

 

3.9.3 Study for the qualitative comparison of phospho-kinomes  

Protein kinase enrichment for phosphorylation site mapping was performed using an ÄKTA 

explorer system and Tricorn 5/20 chromatography columns (GE Healthcare) packed with 

500 μl of VI16832 resin. Cells were lysed in a volume of 35 to 40 ml per experiment. The 

protein amounts of the starting extracts used in the first and second experiments were: 435S, 

85 and 120 mg; HCT116, 240 and 175 mg; MV4-11, 180 and 120 mg.  Lysates were 

adjusted to 1M NaCl prior to loading onto the VI16832 column at a flow rate of 0.07 

ml/min. Subsequent washing and elution steps were performed as described previously 
180

. 

Protein-containing elution fractions were lyophilized, re-suspended in one tenth of the 

initial volume, and then desalted by protein precipitation 
192

 prior to 1D gel electrophoresis. 

 

3.9.4 Study for the identification of cellular imatinib targets and imatinib-

sensitive phosphorylation sites 

Kinase inhibitor resins containing the immobilized compounds VI16832, purvalanol B, 

bisindolylmaleimide X, AX14596 and SU6668 were essentially prepared as described 

previously 
166, 179-180

 with the only differences that 2 volumes of 1.5 mM (instead of 

previously 0.75 mM) 
166

 VI16832 solution and 2 volumes of 5 mM (instead of 10 mM) 
180

 

bisindolylmaleimide X were coupled to 1 volume of aspirated epoxy-activated Sepharose 

6B for immobilization.  

For the initially performed multicolumn affinity chromatography (chapter 4.2.1), we, in 

addition to the 5 above described inhibitor resins, also prepared a VI16741 inhibitor resin. 

Therefore 2 volumes of 5 mM VI16741 were coupled to 1 volume of aspirated epoxy-

activated Sepharose 6B for immobilization. 0,5 ml of the respective resins were packed in 



III. Materials and Methods                                                                                               37 

                                                                                                

 

either individual Tricorn 5/20 chromatography columns (GE Healthcare) (VI16832, 

purvalanol B and bisindolylmaleimide X resins) or 0.33 ml of each resin were packed 

successively in a Tricorn 5/50 chromatography column (GE Healthcare) (VI16741, 

AX14596 and SU6668 resins). The columns were connected as indicated in Figure 26C. 

Cell lysates of 4x10
8
 cells per SILAC-label, resulting in a about 35 mg total protein per 

SILAC-label were pooled (1:1:1) and were adjusted to 1M NaCl prior to loading onto the 

columns at a flow rate of 0.07 ml/min. Subsequent washing and elution steps were 

performed as described previously 
180

. Protein-containing elution fractions were lyophilized, 

re-suspended with ddH2O in one tenth of the initial volume, and then desalted by protein 

precipitation according to Wessel & Flügge 
192

 prior to one-dimensional gel electrophoresis 

and tryptic in-gel digest or in-solution digest with trypsin and subsequent strong cation 

exchange chromatography. 

For parallel, batch-wise, kinase-affinity enrichment in each of the two replicate experiments 

(chapter 4.2.2), we prepared a mixed kinase inhibitor resin containing 0,5 ml of the 

VI16832 and purvalanol B resins and 0,33 ml of the bisindolylmaleimide X, AX14596 and 

SU6668 resins. Frozen cell pellets from differentially encoded and treated K562 cell 

populations were solubilized with 9 ml of lysis buffer containing 50 mM Hepes-NaOH, pH 

7.5, 150 mM NaCl, 0.5 % Triton X-100, 1 mM EDTA, 1 mM EGTA, 1mM PMSF, 10 mM 

NaF, 2.5 mM Na3VO4, 50 ng/ml calyculin A (Alexis Biochemicals, San Diego, CA), 10 

µg/ml aprotinin, 10 µg/ml leupeptin, and 1 % phosphatase inhibitor mixtures 1 and 2 

(Sigma) for 1 h at 4°C. Cell debris was removed by centrifugation (20 min at 13,000 rpm) 

and by further filtering through 0.22-µm mixed esters of cellulose membranes (Millipore). 

Protein concentration was measured using the BCA assay (Pierce). 55 mg of each of the 

three differentially labeled K562 lysates were adjusted to a final concentration of 1 M NaCl 

and a final volume of 10 ml. SILAC-encoded samples were then subjected to parallel in 

vitro associations with 0.7 ml mixed kinase inhibitor resin for 2 h at 4°C in the dark. Beads 

were then washed three times with 10 ml lysis buffer adjusted to 1 M NaCl and twice with 

lysis buffer containing 150 mM NaCl. For elution of bound proteins, mixed kinase inhibitor 

beads were repeatedly incubated for 10 min with 1.4 ml elution buffer (20 mM Tris-HCl pH 

7.5, 5mM DTT, 0.5 % SDS) at 50°C. Aliquots of the resulting elution fractions were 

analyzed by SDS-PAGE and silver-staining. Protein-containing elution fractions were 

pooled and lyophilized, and then resuspended with ddH2O in one tenths of the initial 

volume prior to protein precipitation according to the protocol by Wessel & Flügge 
192

. 

 

3.10 Mass spectrometry sample preparation 

3.10.1 In-solution protein digest 

For subsequent strong cation exchange chromatography with the ResourceS column 

(Amersham) Precipitated PK-enriched samples were dissolved in 7 M urea; 2 M thiourea; 

50 mM HEPES pH 7.5; 1 % n-octosyl glucoside. Protein samples, that were previously 

purified by anti-pTyr immunoprecipitation were directly eluted in the above described urea 

buffer. Thiol groups on proteins were reduced by adding 2 mM DTT (final conc.) for 45 
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min at 25°C and cysteines were then carboxymethylated with 5.5 mM IAA for 30 min at 

RT. The endoproteinase Lys-C (Wako) was added in an enzyme/substrate ratio of 1/100 

(wt/wt) and the proteins were digested for 4 h at RT. Thereafter, the resulting peptide 

mixtures were diluted with ddH2O to achieve a final urea concentration below 2 M. Then, 

modified trypsin (sequencing grade, Promega) was added in an enzyme/substrate ratio of 

1/100 (wt/wt) and the digest was incubated at RT over night. In the end, trypsin activity was 

quenched by adding 1 % trifluoroacetic acid (TFA). 

 

3.10.2 In-gel protein digest  

Kinase enriched samples were separated by SDS-PAGE, using NuPAGE Novex Bis-Tris 

gels (Invitrogen) according to the manufacturer‟s instructions. The colloidal Blue Staining 

Kit (Invitrogen) was used to stain the gel with Coomassie blue. The protein-containing 

lane(s) were cut into 3, 6 or 16 slices as indicated in the different chapters. In-gel digestion 

which was performed as described 
193

. Gel slices were cut into small pieces and washed 

with 50 mM ammonium bicarbonate (ABC) / 50 % ethanol until cubes were fully destained. 

Gel pieces were dehydrated with ethanol and rehydrated with 50 mM ABC containing 10 

mM DTT. Thiol groups on proteins were reduced for 1 h at 56°C. The reduced thiol groups 

were then alkylated by adding 55 mM IAA in 50 mM ABC for 1 h at 25° C in the dark. Gel 

pieces were again washed twice with a 50 mM ABC / 50 % ethanol solution, dehydrated 

with 100 % ethanol and dried in a concentrator 5301 (Eppendorf). Each gel fraction was re-

hydrated in 50 mM ABC solution containing trypsin (1:100 wt/wt) and samples were 

digested at 37° C over night. Supernatants were collected and residual peptides were 

extracted by incubating twice with 30 % acetonitrile (MeCN) in 3 % TFA followed by two 

incubations with 100 % MeCN. All extracts of a respective fraction were combined and the 

samples were concentrated in a concentrator 5301 (Eppendorf) to remove all MeCN. Then, 

samples were desalted and enriched using in-house made C18 STAGE Tip columns 
193-194

. 

Eluted peptides were concentrator 5301 (Eppendorf) to a final volume of 3-4 μl.  For MS-

analysis samples where then mixed 1:1 with 1 % TFA and 5 % MeCN. 

 

3.10.3 Titanium dioxide microsphere-based enrichment of phosphopeptides 

Subsequently to the trypsin digest, phosphopeptides were enriched using Titanium dioxide 

(TiO2) microspheres as described 
150, 163-164

. Peptide samples were diluted 1:6 with 30 g/L 

2,5-dihydroxybenzoic acid (DHB) in 80 % MeCN/ 0.1 % TFA. 5 µg TiO2 microspheres 

(GL Sciences Inc.) were washed once with elution buffer (NH3 water in 20 % MeCN, pH 

10.5) and equilibrated with washing buffer (50 % MeCN, 0.1 % TFA). The TiO2 resin was 

preloaded with DHB by washing with loading buffer (6 g/L DHB in 15 % MeCN). Peptide 

samples were then loaded onto the TiO2 resin for 30-60 min at RT on a spinning wheel. The 

resin was then washed 3 times with washing buffer and bound phosphopeptides were eluted 

twice for 10 min at RT with elution buffer while constantly rocking. The eluted peptides 

were filtered through in-house made C8 StageTips in 200 µl pipette-tips. This was followed 

by a subsequent rinse of the C8 StageTips with 30 µl of 80 % MeCN / 0.5 % acetic, which 



III. Materials and Methods                                                                                               39 

                                                                                                

 

was combined with the filtered sample. Then the pH value of the sample was adjusted to 

approximately pH 7 by adding TFA and the eluates were concentrated in a concentrator 

5301 (Eppendorf) to a final volume of 3-4 μl. For MS-analysis samples where then mixed 

1:1 with 4% MeCN and 0.2 % TFA. 

 

3.10.4 Immobilized metal affinity chromatography for phosphopeptide 

enrichment 

Lyophilized peptides of each sample were resuspended in  200 μl 40  % MeCN (vol/vol), 25 

mM formic acid and incubated with 5 μl PHOS-Select Iron Affinity Gel (Sigma) for 1 h at 

25 °C shaking at 1.400 rpm in a Thermomixer comfort (Eppendorf).  C18 StageTips were 

prepared as described by Rappsilber et al. 
194

. Equilibration of the StageTips, loading, wash- 

and elution steps were done as described by Villen & Gygi in the protocol for the 

„combined IMAC enrichment and phosphopeptide desalting‟ 
195

. Eluted peptides were 

concentrated to a volume of 4 μl and mixed 1:1 with 4 % MeCN (vol/vol), 0.2 % 

trifluoroacetic acid (vol/vol) prior to LC-MS/MS analysis. 

 

 

3.10.5 Strong cation exchange chromatography for phosphopeptide 

separation (ResourceS column) 

Strong cation exchange chromatography was performed based on two previously described 

protocols 
144, 196

. Briefly, kinase-enriched proteins from SILAC-encoded K562 cells were 

employed for in-solution digest with trypsin. Peptide mixture was diluted with ddH2O to 

result in a conductivity < 4 mS/cm and filled onto a 50 ml Superloop™ (Amersham 

Biosciences) and loaded at a flow rate of 1 ml/min on a 1ml Resource S column (Amersham 

Biosciences) operated with an Äkta Explorer system (GE Healthcare) equipped with a 

fraction collector. Phosphopeptides were separated by applying a linear gradient from 100 

% buffer A (30 % MeCN, 5mM KH2PO4, pH 2.7) to 60 % buffer B (30 % MeCN, 5mM 

KH2PO4, 350mM KCl, pH 2.7) at a flow rate of 1 ml/min over 30 column volumes. 

Fractions were pooled to obtain a total of 7 samples, which were concentrated in a 

concentrator 5301 (Eppendorf) and subsequently employed for TiO2 microsphere 

phosphopeptide enrichment.  

 

3.10.5 Strong cation exchange chromatography for phosphopeptide 

separation (polySULFOETHYL A column) 

Different amounts of lyophilized peptides (Table A. 3) were dissolved in 600 μl 30 % 

MeCN (vol/vol), 7 mM KH2PO4, pH 2.65 and loaded on a polySULFOETHYL A column 

250x9.4 mm, 200 Å pore size and 5 mm particle size (PolyLC) operated with an Äkta 
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Explorer system (GE Healthcare) at 3 ml/min. The flow through was collected and bound 

peptides were separated by applying a gradient from 0 to 105 mM KCl over 33 minutes 

followed by  350 mM KCL, H2O and 500 mM NaCl each for 10 minutes. During the whole 

gradient fractions of 3 ml are collected and later pooled based on the measured absorbance 

at 215 nm to obtain a set of twelve distinct samples. After removing the MeCN in a 

concentrator 5301 (Eppendorf) samples are desalted in 100mg reverse-phase tC18 SepPak 

solid-phase extraction cartridges (Waters) as described above. Two aliquots per sample 

were snap-frozen in liquid N2, lyophilized and stored at -20°C until phosphopeptide 

enrichment by means of IMAC.  

 

3.10.6 Sample processing for the comparison of inhibitor-resins, kinase 

expression levels and the phospho-kinome analysis 

Kinase-enriched protein samples were separated by gel electrophoresis. In all SILAC 

experiments, gels were cut into three slices followed by in-gel digestion with trypsin and 

peptide purification with StageTips as described 
193-194

. For phosphopeptide identification 

experiments gels-lanes were cut in either three (experiment 1) or 6 (experiment 2) distinct 

molecular weight regions, prior to in-gel proteolysis with trypsin. Phosphopeptides were 

thereupon specifically enriched using TiO2 microspheres. 

 

3.10.7 Sample processing for the identification of imatinib targets and 

imatinib-sensitive phosphorylation events 

Either 50 % or 25 % of the total kinase-enriched protein amount, from SILAC-encoded 

K562 cells, were employed for in-solution digest with trypsin for subsequent SCX 

(ResourceS column) (Table A. 1). The remaining 50 % or 75 %, respectively, were 

dissolved in 1.5x LDS-Buffer and employed to in-gel digest. 20 % of the resulting peptide 

mixture was mixed with an equal volume of 1 % TFA, 5 % MeCN and then desalted on C18 

StageTips. The larger part of 80 % of each fraction from the tryptic in-gel digests were 

subjected to phosphopeptide enrichment using titanium dioxide (TiO2) microspheres. 

 

3.10.8 Sample processing for the cellular substrate identification for Polo-

like-kinase 1 

Pooled lysates (8-10 mg total protein, Table A. 3) were adjusted to 6 M Urea and 1.5 M 

Tiourea for Tryptic in-solution digest. Samples are reduced in the presence of 1mM DTT 

(Sigma) in 20 mM ammonium bicarbonate for 45 min at 25°C, and then alkylated with 5.5 

mM IAA (Sigma) in 20 mM ammonium bicarbonate for 30 minutes at 25°C. Proteins were 
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first digested for 4 h by adding Lys-C (Wako) at an enzyme /substrate ratio of 1/100 (wt/wt) 

then samples were diluted 1:4 with H2O and sequencing grade trypsin (Promega) was added 

at an enzyme /substrate ratio of 1/150 (wt/wt) for overnight digest. Temperature was 

adjusted and samples constantly rocked at 450 rpm in a Thermomixer comfort (Eppendorf). 

Digest was stopped by acidification with trifluoroacetic acid (Fluka).  

Tryptic peptides were then filtered through a 0.22 μm polyvinylidene fluorid membrane 

(Millipore) and desalted using 500 mg reverse-phase tC18 SepPak solid-phase extraction 

cartridges (Waters). Equilibration of the cartridges, sample loading, washing and elution of 

desalted peptides was done as described previously 
195

. Desalted peptides were frozen with 

liquid N2 and lyophilized using a Lyovac GT2 (Leybold-Heraeus) equipped with a Chemie-

HYBRID-Pumpe RC 6 (VACUUBRAND, Wertheim, Germany). Lyophilized peptides 

were stored at -20°C. 

 

3.11 MS analysis and data processing 

3.11.1 MS analysis on the LTQ-Orbitrap 

MS analyses were done as described previously 
150, 166

. Briefly, peptide separations were 

done on 15 cm analytical columns (75 µm inner diameter) in-house packed with 3 µm C18 

beads (Reprosil-AQ Pur, Dr. Maisch) using a nanoflow HPLC system (Agilent 

Technologies 1100), which was coupled online to a LTQ-Orbitrap mass spectrometer 

(Thermo Fisher Scientific) via a nanoelectrospray ion source (Proxeon Biosystems). The 

LTQ-Orbitrap was operated in the data-dependent mode to automatically switch between 

full scan MS in the orbitrap analyzer (with resolution R=60,000 at m/z 400) and the 

fragmentation of the five most intense peptide ions (for all experiments in chapter 4.1 and 

4.2 ) by either MS/MS or multi-stage activation in the LTQ part of the instrument, the latter 

being triggered on neutral loss species at 97.97, 48.99, or 32.66 m/z below the precursor ion 

for 30 ms 
197

. Notably, in all experiments for the cellular substrate identification of Plk1 

(chapter 5.3), the ten most intense peptide ions were subjected to fragmentation and MS
2
 

acquisition. For all measurements with the orbitrap detector, a lock-mass strategy was used 

for internal calibration as described 
198

. 

 

3.11.2 Peptide identification, quantification and data analysis (MSQuant) 

All experiments presented in chapter 5.1 were performed with MSQuant. Raw MS files 

acquired from individual experiments were merged using the Raw2msm software 
198

 and 

the resulting msm files were searched against concatenated forward and reversed versions 

of the human IPI protein database version 3.13 (SILAC-based inhibitor comparison), 
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version 3.19 (phosphorylation site mapping) or version 3.24 (SILAC-based kinome 

profiling) containing 57,032, 60,397 and 66,921 protein entries, using the Mascot search 

engine (Matrix Science). All databases contained frequently occurring contaminants 

including human keratins, porcine trypsin and endopeptidase Lys-C.  Search parameters 

were set to up to three missed cleavages, mass tolerances of 25 ppm for MS and 0.5 Da for 

MS/MS scans. Carbamidomethylation of cysteine was set as fixed modification; variable 

modifications included oxidized methionine, phosphorylation of serine, threonine and 

tyrosine, N-acetyl protein, N-pyroglutamine and, in the SILAC experiments, the isotopic 

variants Lys
4
, Lys

8
, Arg

6
 and Arg

10
. 

The html output files generated by Mascot together with the raw data files were then further 

processed using the MSQuant software (http://msquant.sourceforge.net, versions 1.4.0 used 

for SILAC-based inhibitor comparison and version 1.4.3 for SILAC-based kinome profiling 

and phosphorylation site identification). Prior to peptide quantification or computation of 

post-translational modification (PTM) scores, peptide datasets were filtered for a false-

discovery rate (FDR) of less than 1 % (p < 0.01) according to a target/decoy database 

searching strategy. To achieve a FDR of less than 1 %, filtering criteria such as a peptide 

length ≥ 6 and a mass error < 5ppm were applied together with a minimal Mascot score that 

ranged from 21 to 29 depending on the experiment. MSQuant determines the average ratio 

over the peptide elution profile and all precursor ion assignments used for quantitation were 

manually validated 
150, 199

. Upon normalization for the initial SILAC pooling error, protein 

ratios were calculated as the mean of all ratios from uniquely assigned peptides.  

To identify highly significant differences in relative protein abundance, the relative ratios of 

the protein quantifications from the two biological replicate experiments were analyzed for 

their normal distribution to account for the combined biological and technical variation in 

the quantitative MS analyses. Protein abundance was considered as significantly different (p 

< 0.01) in case ratios differed from the mean by 2,58 σ as determined from the „ratio of 

ratios‟ distributions of the biological replicate analyses. 

The assignment of phosphorylation sites in identified phosphopeptides was done with the 

PTM scoring algorithm implemented in MSQuant as described previously 
150

. In this study, 

phosphorylation sites were rated as class I in case of a localization probability of at least 

0.95. The localization p-values for all identified phosphopeptides as well as the 

corresponding annotated MS/MS spectra can be accessed online at http://www.phosida.org 
200

. 

 

http://www.phosida.org/
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3.11.3 Peptide identification and quantification (MaxQuant) 

All experiments presented in chapter 5.2 and 5.3 were performed with MaxQuant 

(http://www.maxquant.org/). 

All MS raw files from the respective experiment were collectively processed with the 

MaxQuant software suite version 1.0.13.12 (chapter 4.1 and 4.2) or version 1.0.12.5 

(chapter 4.3). MaxQuant performs peak list generation, SILAC-based quantitation, 

estimation of false discovery rates, peptide to protein group assembly, and data filtration 

and presentation as described 
201

. Data were searched against a concatenated forward and 

reversed version of the human International Protein Index (IPI) database version 3.37 

containing 69141 protein entries and 175 frequently detected contaminants (such as porcine 

trypsin, human keratins and Lys-C) using the Mascot search engine (Matrix Science; 

version 2.2.04). Cysteine carbamidomethylation was set as a fixed modification and 

methionine oxidation, protein N-acetylation, loss of ammonia from N-terminal glutamine as 

well as phosphorylation of serine, threonine and tyrosine residues were allowed as variable 

modifications. Spectra resulting from isotopically labeled peptides, as revealed by presearch 

MaxQuant analysis of SILAC partners, were searched with the fixed modifications Arg
6
 

and Lys
4
 or Arg

10
 and Lys

8
, respectively, whereas spectra for which a SILAC state could 

not be assigned before database searching were searched with Arg
6
, Arg

10
,
 
Lys

4
 and Lys

8 
as 

variable modifications. The accepted mass tolerance was set to 5 p.p.m for precursor ions 

and to 0.5 Da for fragment ions. The minimum required peptide length was 6 amino acids 

and up to three missed cleavage sites and three isotopically labeled amino acids were 

permitted. The accepted FDR was 1 % for both protein and peptide identifications, and the 

cut-off for the posterior error probability (PEP) of peptides set to 10 %. Phosphorylation site 

assignments were performed by a modified version of the PTM scoring algorithm 
150

 

implemented in MaxQuant. Phosphorylation site assignments were classified as class I sites 

in case of a localization probability of at least 0.75 and a score difference of at least 5 to the 

second most likely assignment.  
 

3.11.4 Determine Ratio similarity coefficient curves (RSC) 

We defined the ratio of similarity coefficient (RSC) by the absolute value of the difference 

between a minimum of two ratios divided by the sum of the ratios, which were required to 

be quantified in at least two biological replicate experiments. For each phosphopeptide, the 

ratios of two or all biological experiments with opposite label assignment were averaged for 

PLK1
as

 and PLK1
wt

 cells respectively and the corresponding RSC was calculated. Sites 

were arbitrarily considered as regulated when the logarithmized average value was greater 

than 1 or less than -1.  Accordingly, sites were assigned to one of the following categories: 

(A) as and wt not regulated, (B) as regulated, wt not regulated, (C) as not regulated wt 

regulated and (D) as and wt regulated. The resulting numbers, when all experiments were 

considered, were plotted against an increasing RSC cut-off. 
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3.11.5 Gene ontology analysis  

For enrichment analysis of gene ontology (GO) categories, Cytoscape 
202

 together with the 

BinGO plugin 
202-203

 was used to identify statistically over-represented GO biological 

process, cellular component and molecular function terms compared to a reference dataset 

consisting of all IPI entries and their respective GO identifiers essentially as described 
204

. 

Selected GO terms being significantly enriched in the set of cellular Plk1 substrates over all 

identified phosphoproteins (p < 0.01), in the analysis on non-PK binders to the VI16832 

kinase-affinity resin (p < 0.001) were displayed. 
 

3.11.6 Phosphorylation site overlap between technical and biological 

replicates. 

For visualizing the overlap of quantified class I phosphosites of each individual experiment 

(18 technical and 9 biological) versus all other we calculated the overlap of two datasets as 

percent overlap to the smaller one (A) and similarity in form of the Jaccard coefficient (B) 

as described by Choudhary et al. 
205

 defined by the following equotions: 

 
 

∩[Data1, Data2]
 [Data1, Data2]  min

X 100(A)
∩[Data1, Data2]
 [Data1, Data2]

∩ X 100(B)



IV. Results   45 

IV. Results 

 

Protein kinases are key regulators of most eukaryotic signal transduction pathways that can 

modify the function of substrate proteins through reversible phosphorylation of serine, 

threonine and tyrosine residues. Thus, protein kinases are crucially involved in the regulation 

of nearly all biological processes. Moreover, overexpression or aberrant activity of multiple 

kinases has been correlated to the emergence and progression of human cancers. Protein 

kinases are therefore regarded as important drug targets for therapeutic intervention. 

In the first part of this study, a generic strategy for the MS-based quantitative assessment of 

immobilized small molecule kinase inhibitors will be presented. Subsequently we employed 

kinase pre-fractionation for a quantitative comparison of kinase expression levels across 

different cancer cell lines and for comprehensive kinase-centric phosphoproteomics analysis.  

In the second part we report a strategy for the identification of target proteins for small 

molecule kinase inhibitors based on competitive protein capturing by kinase-affinity resins. 

We confirmed previously reported targets of imatinib and in addition present novel proteins 

that function as mediators in the cellular signaling cascades that are initiated by the target 

proteins of imatinib.  

For conducting the third part of this thesis we combined strong cation exchange 

chromatography and immobilized metal affinity chromatography for phosphopeptide 

enrichment and demonstrate its effectiveness. Integrating this phosphoproteomics workflow 

with chemical genetics we report an experimental approach for the systematic in vivo 

analysis of kinase-substrate relationships and applied it to identify cellular substrates of Plk1.   
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4.1  Large-scale Proteomics Analysis of the Human Kinome 

 

Signal transduction through reversible phosphorylation is a ubiquitous and the most intensely 

studied type of eukaryotic PTMs. The targeted analysis of PKs through antibody-based 

enrichment has been limited by the availability of efficient antibodies and is of only low 

throughput. Initially, immobilized small molecule kinase inhibitors were used as affinity 

capture reagents to identify the respective interacting PKs and other proteins 
175, 206-207

. 

Recently, strategies for the efficient pre-fractionation of PKs, by utilizing several non-

selective immobilized compounds, significantly expanded the toolbox for kinase-centric 

proteomics 
57, 166, 180

. Ideally, the set of small molecules should result in the enrichment of all 

human PKs and thus enable truly global kinase-centric proteomics analysis. However, as 

even the largest reported study to date covers only an estimated 70 % of the expressed human 

kinase complement 
166

 there is the continued need to further improve kinase-selective 

proteomics analysis.  

 

4.1.1 Comparative profiling for kinase-selective pre-fractionation reagents 

The pyrido[2,3-d]pyrimidine-based small molecule compound PP58 has been previously 

reported to interact with more than 30 PKs 
177

. A common characteristic of many of these 

kinases is the presence of a small amino acid at the „gate-keeper‟ position, which allows 

positioning of the spacious dichlorophenyl moiety of PP58 in a hydrophobic pocket near the 

ATP binding site 
208

. We therefore reasoned that a PP58 derivate lacking the dichlorophenyl 

moiety should also effectively target PKs possessing larger amino acid residues at the crucial 

„gate-keeper‟ position, which account for the majority of protein kinases encoded by the 

human genome. However, initial experiments with such a truncated version of PP58 

indicated rather weak kinase affinity. Therefore, and to analyze the effect of different N8 

substituents, we designed a set of pyrido[2,3-d]pyrimidine-based derivates with N8 

substituents of varying size which were synthesized in the lab of György Kéri. The chemical 

structures of three compounds with either comparatively large cyclopentyl or norbornyl 

moieties, termed VI16743 and VI16832, or a smaller ethyl moiety, termed VI16741, are 

shown in Figure 9A.  
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Figure 9: Pyrido[2,3-d]pyrimidine-based kinase inhibitor resins and silver-stained elution fractions. 

(A) Chemical structures of pyrido[2,3-d]pyrimidine-based inhibitors used as affinity capture reagents for 

protein kinase enrichment. The amino groups (marked by arrows) were used for immobilization on a 

Sepharose matrix. Aliquots of the elution fractions from either kinase inhibitor resins or control resin 

devoid of an immobilized ligand were analyzed by SDS-PAGE and silver-staining. (B) Individual protein 

bands indicated by a red box were analyzed in a separate LS-MS/MS experiment and identified as 

delta(3,5),delta(2,4)-dienoyl-CoA isomerase in case of the VI16741 and VI16743 resins and as the 

multifunctional protein ADE2 in the eluate of the VI16832 resin, respectively. 

 

To utilize the compounds for later affinity enrichment we initially generated the respective 

affinity resins by immobilizing the compounds through their primary amino groups (Figure 

9A). To enable quantitative MS analysis 
149

 we performed SILAC with the acute 

myelogenous leukemia (AML) cell line MV4-11. Cells were lysed after complete labeling of 

the cells with either normal arginine and lysine (Arg0/Lys0) or the „medium‟ (Arg6/Lys4) 

and „heavy‟ (Arg10/Lys8) isotopic variants. Thereupon, the differentially SILAC-encoded 

MV4-11 lysates were incubated with a respective resin. In a second biological replicate, a so-

called „label-switch‟ experiment, the affinity resins were incubated with differently SILAC-

encoded cell lysates (Figure 10). After in vitro association and elution of the captured 

proteins an aliquot of each elution fraction was analyzed by gel electrophoresis and silver-

staining (Figure 9B). 

Overall, the three elution fractions derived from the affinity capture resins show a similar 

protein band pattern, although compared to the VI16741 fraction most proteins appeared to 
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be slightly more abundant in the VI16743 and VI16832 eluates. Interestingly, some protein 

bands seemed to show resin-specific binding. We therefore analyzed these bands in separate 

LC-MS/MS experiments.  The prominent 35 kDa protein band in the VI16741 and VI16743 

elution fraction was identified as delta(3,5),delta(2,4)-dienoyl-CoA isomerase, and the 

VI16832 resin-specific 50 kDa protein as the multifunctional protein ADE2. This apparently 

resin-specific capturing of purine-binding non-PK proteins indicates different binding 

properties of the pyrido[2,3-d]pyrimidine-based derivates conferred by the distinct 

hydrophobic moieties in the N8 position. 

The major part of the elution fractions was then combined and proteins were separated by gel 

electrophoresis. Sample complexity was reduced by cutting the gel-lane into three slices 

comprising proteins of different molecular weight ranges prior to tryptic protein digestion.  

Tryptic peptides of each fraction were enriched and desalted by C18 StageTips 
194

 and 

subjected to LC-MS/MS analysis on a LTQ-Orbitrap hybrid mass spectrometer.  

 

 

 

Figure 10: Quantitative chemical proteomics to evaluate kinase inhibitor resins. Schematic 

workflow used for comparative quantitative MS analysis of cellular proteins enriched by the different 

inhibitor resins from SILAC-encoded MV4-11 total cell extracts. 

 

The generated MS raw files were combined, converted into peak lists, and searches against a 

concatenated database containing both forward and reversed sequences 
209

, were done using 

the Mascot search engine. This target/decoy search strategy allowed defining cut-off 

thresholds regarding the Mascot scores and mass errors of all identified peptides. These were 

specified in each individual experiment to filter for an estimated false-positive rate of less 



IV. Results   49 

than one percent (p < 0.01) on the peptide level according to the peptide-spectrum matches 

involving reversed sequences. The resulting peptide lists were then employed for SILAC-

based quantification using the MSQuant software and all peptides were manually checked 

199
. The abundance ratios determined for all unique peptides were used to calculate the 

corresponding relative protein levels in the different resin eluates. Taken both experiments 

together, quantitative data for more than 130 PKs derived from the MV4-11 affinity capture 

resin eluates was obtained.  

These calculated protein ratios reflect the amount of a particular PK or other non-PK protein 

captured by the respective affinity resin. For pair-wise comparisons of the affinity resins we 

averaged the protein ratios of two independent experiments and plotted them on a 

logarithmic scale (log2). A considerable subset of protein kinases interacted more strongly 

with the VI16743 and V16832 resins compared to the VI16741-containing beads, indicating 

that the space-filling cyclopentyl and norbonyl moieties in the N8 position resulted in an 

overall increase in potency with respect to kinase binding (Figure 11A). However, in a few 

cases the comparatively bulky N8-substituents of the VI16743 and VI16832 resins abolished 

protein kinase binding. Notably, various NIMA-related expressed kinase (NEK) family 

members (NEK3, 6 and 7) were found in higher abundance in the VI16741 resin eluates. In 

contrast, the differences between the VI16743 and V16832 resins were less pronounced, with 

only small subsets of PKs preferentially bound by either affinity matrix (Figure 11A). Similar 

comparisons were also made for the more than 250 non-protein kinase proteins quantified 

from the affinity resin eluates (Figure 11B). Similar to the outcome of the pair-wise PK 

comparisons non-PK proteins were also more efficiently retained by the VI16743 and 

V16832 resins compared to the VI16741-containing beads. However, the VI16832 resin 

showed an overall stronger affinity towards non-PK proteins compared to the VI16743 resin. 
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Figure 11: Comparison of the analyzed pyrido[2,3-d]pyrimidine-based affinity resins. Relative 

protein binding to the affinity resins was determined by SILAC-based quantitative MS of unique 

peptides. For the pair-wise resin comparisons, the averaged ratios of two independent experiments were 

plotted on a logarithmic scale (log2) for all protein kinases (A) and all other quantified non-protein 

kinase proteins (B). 

 

To verify the quantitative MS approach by a different method, immunoblot analyses were 

performed with a selection of kinase-specific antibodies. The outcome of this analysis was in 

full concordance with the MS results (Figure 12A, B). 
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Figure 12: Analysis of protein kinases enriched with three different pyrido[2,3-d]pyrimidine-

based affinity resins. (A) Aliquots of MV4-11 cell lysate and eluted protein from incubations with 

the indicated inhibitor resins or control (Ctrl) beads were separated by SDS-PAGE and 

immunoblotted with antibodies recognizing the kinases CDC2, CK1α, FAK, Fes, HCK, Plk1 and Syk. 

For comparison, ratios of relative kinase binding according to the quantitative MS analysis are shown. 

(B) MS spectra of a HCK peptide detected as a triplet due to SILAC encoding. Upon swapped SILAC 

labeling relative ion intensities changed accordingly in replicate experiments. Peptide species derived 

from the different affinity purifications are marked by arrows and the resulting ratios are shown for 

both experiments. 

 

As we used the averaged ratios from both individual SILAC-based quantitative MS 

experiments for the comparisons of the resins we further scrutinized the reproducibility of 

our SILAC-based quantification strategy. Therefore, protein kinase ratios obtained in 

biological replicate analyses were visualized in scatter plot (Figure 13A). Notably, 

independent experimental ratios for VI16743 versus VI16741 as well as for VI16832 versus 

VI16741 resin binding were highly similar, demonstrating high accuracy and reliability of 

the quantitative MS approach. Comparable results were obtained for the identified non-

protein kinases (Figure 13B). 

 

 

 

Figure 13: Comparison of protein kinases enriched with three different pyrido[2,3-d]pyrimidine 

ligands. Log2 transformed ratios of proteins binding to the different resins are shown in scatter plot 

comparisons of two independent experiments for all protein kinases (A) and all other quantified non-
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protein kinase proteins (B). Pearson correlation coefficients (R2) close to one indicated an overall high 

concordance of measured protein ratios in biological replicates.      

 

We next plotted the „ratio of ratio‟ distribution from the biological replicate analyses (Figure 

14) and determined the corresponding values for protein ratios that indicate preferential 

binding to one or the other resin with high confidence (p < 0.01). According to this 

assessment ratios of less than 0.38 or higher than 2.65 indicated resin-specific protein 

binding. 

 

 

 

Figure 14: Reproducibility of protein binding in biological replicate analysis. Proteins were binned 

according their log2 values of the VI16743/VI16741 or the VI16832/VI16741 resin binding ratios. 

Gaussian regression analysis was applied to calculate the mean and standard deviation for the log2 

transformed ratios-of-ratios. 

 

For a more thorough analysis of the set of affinity resin enriched proteins we initially 

performed Gene ontology (GO) analysis of all quantified proteins. This analysis revealed 

highly significant overrepresentation (p < 0.001) of various GO molecular function terms 

directly linked to PKs like ATP binding, phosphotransferase activity and magnesium ion 

binding (Figure 15A). This information adds further proof for the effectiveness of the 

exploited kinase pre-fractionation resins. In addition, albeit PKs accounted for only about one 

third of all quantified proteins, they were on average quantified with three times more 

peptides compared to non-PK proteins pointing towards even higher enrichment efficiency as 

evident from the GO analysis.  

To gain additional information on the non-PK proteins that were selectively enriched by the 

tested pyrido[2,3-d]pyrimidine-based affinity ligands, we next performed a GO analysis with 



IV. Results   53 

solely this subset of proteins (Figure 15B). This analysis revealed significant 

overrepresentation (p < 0.001) for multiple GO molecular function terms related to general 

nucleotide-utilizing enzymes such as oxidoreductases, dehydrogenases, and lipid kinase. 

Remarkably, these enriched enzymes comprised additional important signaling factors like 

phosphatidylinositol 3-kinase and phosphatidylinositol-4,5-bisphosphate 3- kinase, besides 

others. Moreover, the GO analysis of the non-PK proteins detected over-representation of the 

molecular function term “protein kinase binding” which resulted from specific co-

purification of PK interactors such as various cyclins as well as other regulatory kinase 

subunits. 

 

 

 

Figure 15: Gene ontology analysis of proteins enriched with immobilized kinase inhibitors. (A) 

All proteins, or (B) all non-protein kinases that were identified with at least one unique peptide upon 
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pre-fractionation by pyrido[2,3-d]pyrimidine affinity resins from MV4-11 cell extracts were compared 

to the entire list of IPI entries (IPI Human version 3.13). Selected, significantly over-represented GO 

molecular function terms (p < 0.001) are shown. Ratios represent the numbers of either inhibitor-

enriched proteins or all IPI entries annotated to the listed GO molecular function term divided by the 

respective numbers of all proteins with annotated GO molecular function terms. 

 

4.1.2 Comparative Kinase Expression Analysis in Different Cancer Cell 

Lines 

As delineated above, the quantitative comparison of pyrido[2,3-d]pyrimidine affinity resins 

revealed efficient kinome pre-fractionation by the VI16743 and VI16832 resins. We choose 

to further employ the VI16832 affinity resin to monitor cell type-specific differences of 

relative kinase expression levels. Application of such an approach for a comparative analysis 

of tumor cells is particularly relevant, given that constitutive activation or overexpression of 

various members of the protein kinase superfamily has been described as important events in 

tumorgenesis. To test this strategy, a set of rather diverse cancer cell lines (MV4-11 

leukemia, HCT-116 colon carcinoma and 435S melanoma-derived cells) were differentially 

SILAC-encoded prior to cell lysis. Total cell extracts were subsequently combined and 

subjected to VI16832 affinity resin chromatography, followed by sample processing and 

quantitative MS as described above for the quantitative affinity resin comparison (Figure 16). 
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Figure 16: Schematic workflow for the comparison of protein kinase expression profiles. Three 

cancer cell lines (MV4-11 leukemia, HCT-116 colon carcinoma and 435S melanoma-derived cells) 

were differentially SILAC-encoded for quantitative MS-based comparison of VI16832-interacting sub-

proteomes. 

 

In total, more than 170 protein kinases and almost 40 other nucleotide-utilizing enzymes 

were identified and their relative expression levels in the three cancer cell lines were 

quantitatively assessed. We performed two replicate biological experiments and calculated 

the average protein ratios to evaluate the reproducibility of our experimental procedure. 

Therefore, protein ratios of biological replicate experiments were visualized in scatter plots 

(Figure 17). The overall high accuracy and trustworthiness of the approach were again 

indicated by high Pearson correlation coefficients (R
2
). 

 

 

 

Figure 17: Concordance of expression analysis across different cancer cell lines in biological 

replicate experiments. Log2 transformed protein ratios of cell line versus cell line expression are 

shown in scatter plot comparisons of two independent experiments. High Pearson correlation 

coefficients (R2) indicated an overall high reproducibility of measured protein ratios in biological 

replicates.     

 

To compare relative expression profiles for the set of quantified proteins we arbitrarily set the 

relative expression value in the cell line with the highest protein abundance to 100 %. Based 

on this the quantified ratios were then used to determine percentage values reflecting the 

relative expression in the other two cell lines. In cases where no peptide ion signals were 

recorded in one or two of the analyzed cell lines, expression values were set to 0 %. Next, we 

generated a heat map to analyze and categorize quantified PKs and other nucleotide-binding 
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enzymes according to their relative expression patterns across the three cancer cell lines 

(Figure 18).  
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Figure 18: Comparative kinase expression analysis across different cancer cell lines. Quantified 

ratios for protein kinases and other nucleotide-binding proteins were transformed into relative 

expression levels with the highest expression in any of the three cell lines set to 1. Based on these 

values, a heat map was generated to visualize relative expression levels across the analyzed cancer cell 

lines. 

 

Cells of the acute myelogenous leukemia (AML) cell line MV4-11 harbor an internal tandem 

duplication in the juxtamembrane domain of the FMS-like tyrosine kinase 3 (FLT3). This 

mutation is also present in a subset of AML patients and results in constitutive up-regulation 

of growth-promoting FLT3 tyrosine kinase activity 
210

. Strikingly, detection of FLT3 

expression was exclusive to MV4-11 cells (Figure 18), demonstrating that our comparative 

analysis revealed this key oncogenic kinase in AML pathogenesis. 

To verify that differential resin binding measured by quantitative MS reflects the actual cell 

type-specific kinase expression we furthermore performed immunoblot analysis with whole 

cell extracts by applying denaturing lysis conditions. Moreover, we thereby aimed to 

investigate whether the detected differences might be due to possible cell-type specific 

localization to certain cellular compartments, which might be more or less soluble under non-

denaturing lysis conditions. These conditions are necessary to enable subsequent affinity 

purification of native PKs. In addition, these validation experiments were conducted with 

cells cultured in normal growth medium, to verify that the chosen SILAC approach does not 

provoke cell-type specific effects that might have caused some of the detected protein 

expression differences. As shown in Figure 19A for a set of selected PKs found to be 

differentially expressed in the analyzed cell lines, the immunoblot analyses were in good 

agreement with the measured SILAC ratios. This indicated that other potential sources of 

variation that could affect the affinity purification approach apparently had no major 

influence on the SILAC-based quantitative cell line comparisons. 
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Figure 19: Immunoblot verification of MS-based kinase expression analysis across different 

cancer cell lines and comparison of kinase relative expression values according in the major 

groups of the kinome. (A) Total cell lysates of MV4–11, HCT116, and 435S cells were 

immunoblotted with antibodies recognizing the kinases Axl, DDR1, FAK, Fer, Fes, JAK1, Met, 

PAK4, PYK2, and Syk. For comparison, binding ratios according to the SILAC-based quantification 

of VI16832 resin-bound protein kinases are shown. (B) Summed relative expression values for the 

seven major kinase groups as well as the atypical and other kinases according to Manning et al. were 

compared for MV4-11, HCT116 and 435S cells. Members of the tyrosine kinase (TK) group were 

further subdivided into cytoplasmic and receptor tyrosine kinases.  

 

For a more general comparative analysis of PK expression differences across the investigated 

cancer cell lines the relative expression values for all PKs of the seven major groups of the 

kinome as well as for the other and atypical kinases were summed (Figure 19B). In the 

majority of the groups this comparison revealed highly similar overall expression levels. 

Remarkably, when we divided the tyrosine kinase group into its cytoplasmic and receptor-

type members, we found the summed relative expression level of cytoplasmic PTKs to be 

higher in the MV4-11 suspension cells compared to the adherent HCT116 and 435S cell 

lines. Notably, some PKs, namely several members of the Src family (Lyn, Fgr and HCK), 

Syk and the Tec family kinases (Btk and Tec), were expressed solely or at distinctly higher 

levels in MV4-11 cells. Interestingly, we also detected cases of an inverse expression of the 

closely related cytoplasmic PTKs.  Fes and PYK2 were far more prominent in MV4-11 cells, 

whereas Fer and FAK were found in much higher levels in HCT116 and 435S cells. In 
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contrast to cytoplasmic PTKs, our analysis revealed an overall higher expression status of 

RTKs in the adherent cell lines HCT116 and 435S (Figure 19B).  

 

4.1.3 Benchmark analysis of the PTM scoring algorithm 

The analysis of site-specific phosphorylation events on PKs and other proteins is of particular 

relevance, as these PTMs can be indicative of their cellular catalytic activities 
166, 211

. Thus, 

the accurate localization of phosphorylation sites in phosphopeptides is of central importance 

in phosphoproteomics analyses. The algorithm implemented in the data analysis and 

quantitation software MSQuant and MaxQuant was originally described by Olsen et al. 
150, 

212
. These software suites were utilized for automated, probability-based localization of 

phosphorylation sites in this study. The principles of this algorithm have been described in 

detail also by Daub et al. 
166

. 

To validate the applied algorithm we analyzed a set of known synthetic and casein-derived 

phosphopeptides. The phosphorylation sites of casein derived phosphopeptides have been 

frequently analyzed and recently revisited 
213

. Thus, this set of phosphopeptides was selected 

to serve as a reference and each phosphopeptide was required to contain at least one non-

phosphorylated residue. α- and β-casein were digested with trypsin and thereupon we 

enriched phosphopeptides utilizing TiO2 microspheres 
163-164

. About 500 fmol of each peptide 

were combined and analyzed by LC-MS/MS on the LTQ-Orbitrap. Next, we exploited 

Mascot for peptide identification and MSQuant was used to calculate the PTM scores for all 

phosphopeptide spectra and to determine phosphorylation site probabilities (Table 1).  
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Table 1: Analysis of synthetic- and casein-derived phosphopeptides for benchmarking of the PTM 

scoring algorithm. 

 

 

 

This dataset was then used to calculate the corresponding precision and sensitivity in respect 

to the p-values of the phosphorylation site probability (Figure 20). Together, 27 out of the 37 

phosphorylated residues were identified and assigned correctly with a p-value of 1. Notably, 

for all sites identified with a p-value of 1 there was no false assignment. For class I 

phosphorylation sites localized with a p-value of 0.75 or higher, the precision was still 94 % 

thus validating the PTM scoring algorithm as a reliable tool for the confident assignment of 

phosphorylated residues within identified phosphopeptides.   

 

 

 

Figure 20: Benchmarking of the PTM Scoring Algorithm. The PTM scoring algorithm implemented in 

MSQuant and MaxQuant was benchmarked against a set of synthetic and casein-derived phosphopeptides. 

MSQuant was used to calculate the PTM scores for all phosphopeptide spectra and to determine 

phosphorylation site probabilities (see Table 1). The precision of the algorithm in relation to the p-values of the 

phosphorylation site probabilities (A) and its sensitivity of phosphorylation site identification (B) was analyzed. 

For all class I phosphorylation sites (p-value > 0.75) the precision was still 94 %. 
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4.1.4   Kinase-centric phosphoproteomics analysis of cancer cell lines  

The coordinated regulation of kinase function occurs on multiple levels. Besides regulation 

on the respective expression level, catalytic activity can be modified by site-specific 

phosphorylations. Moreover, protein kinases can not only modulate each other‟s functions 

and activities through site-specific phosphorylations, but often also undergo specific 

autophosphorylation once they get activated 
12

. As many PKs represent key regulators in 

cellular signal transduction pathways, the comprehensive analysis of the PK phosphorylation 

state can provide valuable information about the activation state of phosphorylation-

controlled signaling. 

For the global analysis of site–specific phosphorylations on PKs pre-fractionation strategies 

have proven to be particularly useful
166, 180

. In this study we demonstrated the effectiveness 

of the VI16832 affinity resin for the thorough comparison of PK expression pattern among 

different cancer cell lines. Furthermore, we aimed to exploit its potential for PK 

phosphoproteomics analysis. Therefore, we employed the VI16832 resin for PK enrichments 

from MV4-11, HCT116 and 435S cell lysates. In contrast to the above described inhibitor 

resin and PK expression level comparisons, which were conducted by batch-wise purification 

from cell extracts, we choose a column chromatography set-up to allow for the processing of 

larger amounts of cell-derived material 
166, 180

.  Aliquots of each elution fraction of the PK 

pre-fractionation were analyzed by gel electrophoresis and silver-staining before protein-

containing elution fractions were pooled and precipitated. To further reduce the sample 

complexity prior to subsequent phosphopeptide enrichment by means of TiO2 microspheres 

163-164
 the enriched protein samples were fractionated by 1D gel electrophoresis prior to 

trypsin digestion and phosphopeptide enrichment. All raw data files from the LC-MS/MS 

analyses derived from each cell line were merged and processed together. Identified 

phosphopeptides were further filtered for identifications with a false-discovery rate of less 

than 1 % for each individual experiment as described above. Site-specific identification of 

phosphosites was achieved by applying the computational PTM scoring algorithm 

implemented in the MSQuant software 
150

. The high accuracy of the PTM scoring algorithm 

has been demonstrated previously see chapter 5.1.3 
166

. 

Taken together, the phosphoproteomics analysis of VI16832-enriched fractions from MV4-

11, HCT116 and 435S cells resulted in more than 8,500 phosphopeptide identifications. 
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These translated into almost 1,700 distinct phosphopeptide species derived from 212 

different members of the PK superfamily. In addition, we could identify more than 1,300 

distinct phosphopeptides on 563 non-PK proteins. Together, these comprised more than 

1,200 phosphorylation sites on PKs and about 900 phosphorylation sites on other non-PK 

proteins that were pinpointed with very high confidence (p > 0.95) (Table 2). The annotated 

MS/MS spectra of identified phosphopeptides are deposited and accessible through the 

Phosida database (http://www.phosida.com) 
200

. 

 

Table 2: Overview of the results from the phospho-kinome analysis. Numbers of identified 

phosphoproteins, phosphopeptide sequences, phosphopeptides and confidently assigned phosphorylation 

sites (p > 0.95) are shown either for protein kinases or for all other proteins analyzed upon VI16832 

affinity chromatography. 

 

 

 

To evaluate the distribution of phosphorylated PKs upon enrichment with the VI16832 resin 

across the human kinome we marked all PKs that were identified with at least one unique 

phosphopeptide and indicated their cell line origin in the dendrogram of the human kinome 

(Figure 21). Apparently, the VI16832 resin did not select for specific groups or families of 

the kinome as the more than 200 identified PKs are rather evenly distributed. Thus, this non-

selective enrichment of PKs derived from all branches of the human kinome further 

highlights the utility of the VI16832 affinity resin as powerful enrichment tool for PKs, in 

particular if combined with subsequent phosphopeptide enrichment.  

 

http://www.phosida.com/
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Figure 21: Phosphorylation site mapping across the human kinome. Protein kinase-derived 

phosphopeptides identified upon enrichment by VI16832 affinity chromatography are marked in the 

dendrogram of the human kinome 8. Colors indicate in which of the analyzed cell lines phosphopeptides 

were identified. The kinome tree illustration was adapted with permission from Cell Signaling 

Technology, Inc. (http:/www.cellsignal.com/). 

 

About 50 % of the protein kinases were identified with phosphopeptides in all three cell lines 

(Figure 21). However, different phosphorylation sites were often identified on commonly 

expressed protein kinases, suggesting a considerable degree of cell type-specific phospho-
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regulation of kinase functions. Therefore, we analyzed the cell line specific distribution of 

the identified phosphorylation sites on PKs as illustrated in the Venn diagrams shown in 

Figure 22. Importantly, the analysis of VI16832-retained proteins from the three distinct 

cancer cell lines considerably increased the overall number of identified phosphorylation 

sites on protein kinases. 

 

 

 

Figure 22: Comparison of identified phosphorylation sites in the analyzed cell lines. Cell line 

comparisons of the identified phosphorylation sites on protein kinases, which were confidently localized 

to specific serines, threonines or tyrosines (class I sites, p > 0.95). Numbers are shown for all 

phosphorylation sites combined (pSTY) and separately for phosphoserine, -threonine and –tyrosine (pS, 

pT and pY). 

 

In addition to PKs, phosphorylation sites were also identified on various nucleotide-binding 

enzymes as well as other proteins including regulatory subunits of protein kinases (Table 2, 

Figure 23A). Notably, even if about two thirds of all proteins enriched through the VI16832 

affinity resin accounted for non-PKs, PKs were on average identified with considerably more 

peptides per protein. Moreover, we summed the phosphopeptide signal intensities for all 

identified PKs and non-PKs and found more than 80 % to be derived from PKs captured by 

the VI16832 affinity resin (Figure 23A). The summed phosphopeptide intensities per protein 

kinase resemble a normal distribution (Figure 23B), which further underscores the 

remarkable dynamic range of the phosphoproteomics workflow applied in this study (Figure 

A. 1).  
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Figure 23: Efficiency of protein kinase pre-fractionation. To evaluate the efficiency of the VI16832 

affinity resin for protein kinase pre-fractionation the relative distributions of protein kinases (PK) and all 

other phosphoproteins (non-PKs) are shown in respect to the numbers of identified proteins and 

phosphopeptides, and in respect to the sum of all phosphopeptide intensities. 

 

The seminal analysis of cellular phosphoamino acid distribution by Hunter and Sefton 

revealed 0.05 % pTyr, 10 % pThr and 90 % pSer, 90% 
4
. Recently, global 

phosphoproteomics analyses by Olsen et al. found phosphotyrosine to be more prominent as 

these results comprised about 2 % pTyr, 12 % pThr and 86 % pSer 
150

. Interestingly, when 

we analyzed the distribution of phosphoserine, -threonine and –tyrosine sites in our dataset 

we found tyrosine phosphorylation to be considerably more prominent on PKs than on non-

PK proteins (Table 3). When we restricted our analysis to the activation segment of PKs 

tyrosine phosphorylation was even identified as the most abundant type of modification 

(Table 3, Figure 24).  

 

 

 

 

 

 

 

 

 

 



IV. Results   66 

 

Table 3: Distribution of Ser(P), Thr(P) and Tyr(P). Distributions of phosphorylation sites by amino 

acid are shown for affinity purified fractions from 435S, HCT116 and MV4-11 cells. Percentages are 

shown for protein kinases, for the activation loop regions of protein kinases and for all other 

phosphoproteins. 

 

 

 

PK catalytic activity is often induced once PKs adopt a dedicated conformational state upon 

phosphorylations in their activation segments. Thus, these specific modifications are crucial 

for activity control and information about the actual phosphorylation state of a PK activation 

segment can therefore indicate the respective kinase‟s cellular activity 
12

. Our study 

underpins the high importance of tyrosine phosphorylation for the activity control of kinase-

mediated signal transduction. Altogether, PK-affinity enrichment by the VI16832 resin 

allowed the detection of these key regulatory modifications on more than 50 PKs as shown in 

Figure 24.   
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Figure 24: Identified phosphorylation sites in the kinase activation loop region of protein kinases. 
Phosphopeptides with at least one confidently assigned phosphorylation site (class I, in bold red) in at 

least one cell line (marked by X) are shown and highlighted in yellow. Additional class III 

phosphorylation sites are shown in light red. Cell lines in which the same sequence and number of 

phosphorylations was found in the absence of site-determining information are indicated by X. In case 

activation segment phosphopeptides are shared among different members of the expressed kinome, 

alternative protein kinases are indicated in parentheses. 

 

To compare the qualitative phosphoproteomics dataset generated in this study with other 

large-scale studies focusing on phosphorylation events on PKs we utilized the data available 
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from three previous quantitative phosphoproteomics studies on human proteins. In their 

global analysis of EGF-mediated signaling Olsen et al. identified almost 6,000 site-specific 

phosphorylation events 
150

. Our generated dataset comprises about four times more 

phosphorylation sites assigned to PKs compared to the 270 of that study. In addition, our data 

identified about twice as much phosphorylation sites on PKs as found by Dephoure et al. in 

their analysis of mitotic phosphorylation 
167

. Moreover, when compared to a previous 

quantitative analysis of our group that detected 1,007 confidently localized phosphorylation 

events on PKs of which many were regulated in a cell cycle-dependent manner 
166

, the 1,201 

PK-assigned phosphorylation sites of this study even exceed the number identified in this 

previous study. In addition, even if there is a high overlap between these two studies, PK 

phosphorylation analysis upon VI16832 affinity resin enrichment identified more than 600 

additional sites (Figure 25). Thus, at the time of its publication, this study represented the 

most comprehensive phosphoproteomics analysis on PKs.  

 

 

 

Figure 26: Comparison of kinase-derived phosphorylation sites in large-scale phosphoproteomics 

datasets.  Overlap of the identified class I phosphorylation sites derived from protein kinases in this study 

(p > 0,95) with the sites reported in previous study by Olsen et al. (class I, p > 0,75), Dephoure et al. 

(Ascore >13, p > 0,95)  and Daub et al. (class I, p > 0,75) 150, 166-167. 
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4.2 Identification of cellular imatinib targets and imatinib-

sensitive phosphorylation sites 

 

The targeted inhibition of deregulated protein kinase activity has evolved as major 

therapeutic concept in treating human cancer 
214

. In case of chronic myelogenous leukemia 

(CML) there is a direct link between the expression of the fusion protein Bcr-Abl and the 

emergence of this multiproliferative disease of hematopoietic stem cells 
22

. Therefore, 

inhibition of the Bcr-Abl kinase activity by the small molecule kinase inhibitor imatinib has 

proven highly efficient for treating patients in the chronic phase of the disease 
68-69

. However, 

during continued treatment, especially during more advanced disease stages, resistances often 

occur 
71, 73

. Thus, in addition to a detailed knowledge of the cellular targets of imatinib, a 

comprehensive understanding of the downstream mediators of Bcr-Abl signaling is of crucial 

importance for the identification of potential candidate proteins for novel therapeutic 

intervention strategies.  

 

4.2.1 Multicolumn-based protein kinase affinity chromatography 

We aimed to develop a strategy that integrates the identification of potential direct cellular 

targets of a small molecule inhibitor as well as mediators of associated downstream signaling 

cascades in a single experiment. Therefore, we choose the well characterized inhibitor of the 

Bcr-Abl fusion protein, imatinib, to test our experimental strategy. 

Initially, we analyzed the effect of different imatinib concentrations and treatment times in 

the human myeloid leukemia cell line K562 
215

 by immunoblot analysis of total cell lysates 

using a phosphotyrosine-specific antibody. After 24 h we detected a marked reduction in 

global tyrosine phosphorylation with an imatinib concentration of 10 µM (Figure 26B). Thus, 

to compare early and late effects of cellular imatinib-responsiveness, we choose to culture 

K562 cells in 10 µM imatinib for either 90 min or 16 compared to DMSO-treated cells that 

served as control. We reasoned that binding of imatinib to either the ATP-binding pocket of a 

PK or other nucleotide-utilizing protein should result in reduced retention of these proteins 

by the PK-selective affinity resins. Thus, according to this rationale, proteins detected in 
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reduced amounts compared to the control cells should either represent direct targets of 

imatinib, like Bcr-Abl, or interacting proteins of such direct targets  

Efficient pre-fractionation strategies that utilize multiple kinase-selective molecules with 

rather broad selectivity have been developed and shown to enable global MS-based analysis 

of PKs 
57, 166, 180

. To further improve this technique we included an additional compound, 

termed VI16741, to a previous five-resin multicolumn approach developed by our group 
166

. 

The molecular structures of all six compounds employed for the modified multicolumn PK 

enrichment approach are depicted in Figure 26A. To allow successive protein-binding to the 

distinct kinase-selective affinity resins the four columns were connected in series (Figure 

26C). The experimental workflow of the entire experiment is depicted in Figure 26D. For 

quantitative MS analysis three populations of K562 cells were cultured for six cell doublings 

in different SILAC medium containing either „light‟ (Arg0/Lys0), „medium‟ (Arg6/Lys4) or 

„heavy‟ (Arg10/Lys8) isotopic variants. Cells were then supplemented with 10 µM imatinib 

(„medium‟ and „heavy‟) or DMSO („light‟) as control and cultured for another 16 hours 

(„light‟ and „heavy‟) or 90 minutes („medium‟) prior to cell lysis (Table A. 1). Cleared cell 

lysates were mixed in a 1:1:1 ratio and loaded onto the affinity resins at 4°C in the dark to 

avoid possible light-induced decay of the affinity resin inhibitors. In case of the purvalanol B 

affinity resin an initial specific elution with an excess of free inhibitor was performed. 

Thereupon, all columns were reconnected and submitted to an unspecific elution with SDS-

containing buffer. Elution fractions were collected and aliquots were analyzed by SDS-

PAGE and silver-staining (data not shown). The protein-containing fractions were pooled 

followed by lyophilization, and then precipitated in aliquots according to the protocol of 

Wessel & Flügge. To enhance the overall analytical depth we combined two MS sample 

separation-strategies. One half of the proteins were separated according to their respective 

molecular weight by 1D gel electrophoresis prior to tryptic protein digestion of six distinct 

molecular weight regions. The other part was subjected to tryptic digestion in-solution and 

resulting peptide mixture was separated by SCX into seven consecutive fractions 
150, 166

. A 

fifth of the gel-extracted peptides was used for subsequent total peptide enrichment and 

desalting by C18 StageTip purification 
194

. The larger remainders and the complete SCX-

derived peptide fractions were subjected to phosphopeptide enrichment by means for TiO2 

microspheres 
163-164

. All samples were analyzed in LC-MS/MS analyses with the LTQ-



IV. Results   71 

Orbitrap. Initially, raw file processing and quantification was done with MSQuant as 

described above. For a recent re-analysis the results of which are shown here MaxQuant was 

utilized 
216

.  
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Figure 26: Column-based, 6-resin affinity chromatography for protein kinase pre-fractionation. (A) 

Molecular structures of the compounds utilized for generating the affinity resins. The reactive group used 

for immobilization of the respective compound on a Sepharose matrix is indicated by an orange circle. (B) 

K562 cells were treated with different imatinib concentrations for 24h before cell lysis and immunoblot 

analysis with a pTyr-specific antibody. (C) PK pre-fractionation was conducted by a combination of six 

distinct PK-selective affinity resins employed in a multicolumn affinity chromatography approach. Mixed 

cell lysates derived from differently treated, SILAC-encoded, K562 cell populations were loaded onto 

four serially connected columns containing the respective affinity resin (indicated by the color-code) and 

bound proteins were subsequently eluted. (D) K562 cells, grown in cell culture dishes, were differentially 

SILAC-encoded before treatment with 10 μM imatinib or DMSO for 90 minutes and 16 hours, 

respectively. The combined elution fractions were split in two parts. One part was separated by 1D gel 

electrophoresis prior to tryptic protein digest. The major part of the extracted peptides was used for 

phosphopeptide enrichment by means of titanium dioxide before LC-MS/MS analysis. The remainders of 

each fraction was enriched and desalted via C18 StageTips and directly analyzed. The other part of the 

pooled elution fractions was subjected to a tryptic in-solution digest. Peptides were then fractionated by 

strong cation exchange (SCX) chromatography and collected peptide fractions were used for 

phosphopeptide enrichment.  

 

The determined ratios of selected proteins like Abl1, Abl2, BCR and Grb2 are shown in 

Table 4. Notably, in case of the main target of imatinib Bcr-Abl no protein-ratios were 

determined as we detected only phosphorylated peptides that cannot be utilized for protein 

quantification. In addition, for the reported Bcr-Abl interactor Grb2 
50, 217

 no significant 

reduction in protein binding upon imatinib treatment was observed. Moreover, as shown for 

SYK and NQO2, two other reported targets of imatinib 
57, 218

, we detected only a slight 

reduction in protein binding according to quantified protein species from imatinib-treated 

samples. Thus, these results indicated that the employed multicolumn affinity approach did 

not allow the identification of potential direct cellular targets of imatinib. This was likely due 

to imatinib exchange reactions among proteins derived from differentially labeled and treated 

cells that occurred post-lysis prior to chromatographic separation.   

 

Table 4: Selected identified- and quantified proteins upon 6-resin affinity chromatography. Ratio 

M/L reflects the protein derived from K562 cells treated for 90 minutes with 10μM imatinib compared to 

the DMSO-incubated control cells. Ratio H/L reflects the protein derived from K562 cells treated for 16 

hours with 10μM imatinib compared to DMSO-treated control cells. n.a., protein ratio was not 

determined. 
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Nevertheless, we could quantify more than 1,100 class I phosphosites (p > 0.75) and this set 

comprised unique phosphopeptides of about 130 distinct PKs. Among others, we detected 

phosphopeptides for Abl1, Abl2 and SHC1, some of which showed more than twofold down-

regulation upon imatinib-treatment (data not shown).  

 

4.2.2 Parallel, batch-wise processing for protein kinase enrichment  

Above we described that kinase enrichment by a multicolumn approach did not allow to 

identify potential direct targets of imatinib. Therefore, we decided to develop a different 

strategy for this project - the simultaneous processing of multiple cell lysates in parallel, 

batch-wise affinity enrichments. Furthermore, as we demonstrated in the PK-selective 

affinity resin comparisons that the VI16832 resin captures a higher number and larger 

amount of PKs compared to the VI16741 resin, the latter material was not included anymore 

and we used a mix of kinase inhibitor resins containing the immobilized compounds 

VI16832, purvalanol B, bisindolylmaleimide X, AX14596 and SU6668. 

In addition, we modified our previously applied experimental workflow as depicted in Figure 

27. K562 cells were grown in SILAC medium for five cell doublings on 15 cm dishes and 

then transferred into spinner flasks. After two further rounds of cell division, K562 cells were 

treated with either 1 µM or 10 µM imatinib or were control-incubated with DMSO for 90 

min (Table A. 1). Cell pellets were aliquoted, snap-frozen and stored at -80°C until cell lysis.  
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Figure 27: Schematic workflow for the MS-based identification of potential imatinib targets in 

combination with phosphoproteomics analysis in K562 cells by batch-wise, parallel kinase 

enrichment. SILAC-encoded K562 cells were grown in spinner flasks before treatment with the indicated 

concentrations of imatinib or DMSO as control for 90 minutes. Upon cell lysis, protein kinases (PK) were 

enriched separately for each SILAC state by batch-wise incubations with a combination of five different 

PK-selective affinity resins. Enriched proteins were eluted and combined. The bulk of the combined 

elution fractions (75 %) were separated by 1D gel electrophoresis prior to tryptic protein digest. The 

major part of the extracted peptides was used for phosphopeptide enrichment utilizing titanium dioxide 

before LC-MS/MS analysis. The remainders were filtered via C18 StageTips and directly analyzed. The 

smaller part of the pooled elution fractions (25 %) was subjected to tryptic in-solution digests and 

peptides were thereupon fractionated by strong cation exchange (SCX) chromatography. The major part 
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of these collected fractions was used for phosphopeptide enrichment. Peptides in the remainders were 

extracted with C18 StageTips and directly analyzed. Peptide identification and quantification was 

conducted with MaxQuant.  

 

Equal amounts of the respective cell lysates were individually incubated for PK pre-

fractionation. An aliquot of each elution fraction was analyzed by SDS-PAGE and silver-

staining. Protein-containing elution fractions were pooled, lyophilized and then precipitated. 

A quarter of this material was in-solution digested and afterwards separated in seven 

fractions by means of SCX as described above. The larger remainder was separated by 1D 

gel electrophoresis, but, in contrast to the previous experiment, the gel was cut into 16 

distinct molecular weight regions. In both replicate analyses, 20 % of every fraction of the 

gel-extracted peptides or from each SCX fraction were directly desalted with C18 StageTips 

194
. The remaining peptides were subjected to TiO2-based phosphopeptide enrichment 

163-164
. 

Two consecutive fractions of the gel-extracted peptides were combined resulting in 8 

phosphopeptide enrichments from gel-derived material. Upon LC-MS/MS all generated raw 

files were collectively  processed with the MaxQuant software suite 
216

. 

In total, the analysis of two biological replicate experiments resulted in the quantification of 

more than 1,200 proteins with a false-discovery rate of below 1 % (Table 5).  More than half 

of them were detected in both biological replicate experiments. In case of the 183 quantified 

PKs about two thirds were repeatedly detected.  

 

Table 5: Overview of quantified phosphosites and proteins after batch-wise 5-resin protein kinase 

pre-fractionation. Numbers of quantified and confidently assigned phosphorylation sites (p > 0.75), 

protein kinases and non-protein kinase proteins are shown for the two biological replicate experiments 

individually as well as the resulting experimental overlap and total numbers of the whole study.  

 

 

 

Altogether, more than 1,800 confidently assigned phosphorylation sites (class I, p > 0.75) 

were quantified (Table 5). About half of these were derived from PKs. Again, the 
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phosphosites derived from PKs revealed a slightly higher overlap between the two biological 

replicate experiments compared to all quantified phosphosites. The distribution analysis of 

site-specific phosphorylations revealed that about 81 % of all quantified events were on 

serine residues whereas 13 % and 6 % were located on threonine and tyrosine residues, 

respectively (Table 6). Compared to our previous analysis (see chapter 4.1.4), this indicates a 

slight increase in the overall level of tyrosine phosphorylation which might reflect the 

constantly active tyrosine kinase activity of the Bcr-Abl fusion protein in the untreated K562 

control population. 

 

Table 6: Distribution of Ser(P), Thr(P) and Tyr(P). Distributions of phosphorylation sites by amino 

acid are shown for 5-resin pre-fractionated proteins from K562 cells. Percentages reflect all quantified 

class I phosphosites (p > 0.75) derived from the two biological replicate experiments.  

 

 

 

Next, we analyzed whether our experimental concept of parallel, batch-wise PK pre-

fractionations upon prior imatinib treatment enabled us to reach our major goal – the 

identification of direct targets for a small molecule inhibitor. Therefore, we applied rather 

restrictive cut-off criteria and required all proteins to be quantified in both biological 

replicate experiments. In addition, candidate imatinib targets had to exhibit reduced binding 

to the PK-selective affinity resins by at least a factor two in case of SILAC-encoded cell 

population treated with 10 µM imatinib. Obviously, proteins that fulfill these criteria will not 

only comprise direct cellular imatinib targets but in addition also their interaction partners.  

The quantified protein ratios were log2 transformed and plotted for the two replicate 

experiments. Notably, this analysis revealed the known imatinib target Bcr-Abl and its 

associated signal transducers Grb2 and SHIP2 
50, 217

 to be markedly reduced already upon 

exposure to 1 µM imatinib (Figure 28A). In accordance with the reported high affinity of 

imatinib for Bcr-Abl, the binding of Bcr-Abl to the multi-inhibitor resin was almost 

completely suppressed upon treatment of K562 cells with 1 µM imatinib. In addition, we 

detected a comparatively pronounced reduction in protein retention for discoidin domain 

receptor 1 (DDR1). This receptor tyrosine kinase has recently been identified as a high-

affinity target of imatinib by Bantscheff and colleagues 
57

. Furthermore, our analysis revealed 
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imatinib-dependent competition for quinone reductase 2 (NQO2) and the tyrosine kinase 

Syk. Again, these two enzymes have been reported as additional imatinib targets 
57, 207, 218

.  

 

 

 

Figure 28: Identified direct and indirect cellular imatinib targets. Log2 transformed protein ratios are 

shown in scatter plot comparisons of the two biological replicate experiments (A) after 1 μM imatinib 

treatment, (B) after 10 μM imatinib treatment.  

 

In addition to establishing an experimental strategy for the identification of direct targets of 

small molecule kinase inhibitors, the second goal of this study was to conduct an integrated 

phosphoproteomics analysis to identify protein kinases in downstream signaling cascades of 

direct imatinib targets. Therefore, we set stringent cut-off criteria and only considered sites 

that were either more than twofold regulated in both experiments or showed an average 

regulation of greater than twofold with both ratios differing by a factor of less than two. 

Notably, solely on the Bcr-Abl protein we quantified 15 tyrosine phosphorylated peptides 

which showed strongly reduced phosphopeptide ratios. In cases in which regulated 

phosphopeptides derived from a direct or indirect imatinib target are detected, special 

precaution is warranted, as these quantified ratios likely reflect a combination of reduced 

protein retention and cellular dephosphorylation. Very low SILAC ratios, caused by strong 

reduction of the amount of retained protein upon imatinib treatment, are difficult to measure 

with high accuracy due to the limited dynamic range of SILAC-based quantification. Thus, 
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we did not consider regulated phosphorylation events on Bcr-Abl and its interacting proteins 

in our subsequent analysis.  

In contrast to direct cellular imatinib targets, imatinib treatment would not affect inhibitor 

resin binding of downstream kinases but instead result in the repression of site-specific 

phosphorylations. Therefore, we calculated log2 transformed phosphopeptide ratios of the 

biological replicate analyses and visualized these in scatter plots (Figure 29). As indicated by 

the dense cloud around log2 values of zero the majority of the quantified phosphorylation 

events remained unchanged upon imatinib treatment. However, we observed consistent 

down- or up-regulation on about 70 distinct phosphorylation sites upon treatment of K562 

cells with the higher imatinib concentration.  

 

 

 

Figure 29: Concordance of quantified phosphopeptide ratios upon previous imatinib treatment. 

Log2 transformed protein ratios are shown in scatter plot comparisons of the two biological replicate 

experiments (A) after 1 μM imatinib treatment, (B) after 10 μM imatinib treatment. The red lines indicate 

phosphopeptides that are more than twofold regulated in both experiments.  

 

Notably, for a considerable number of identified phosphoproteins our experimental approach 

provided additional information on the retained relative protein amount. Therefore, for 

almost two thirds of all quantified phosphosites we could normalize the reported ratio 

according to measure protein abundance levels. A selected list of proteins, which were found 

to comprise imatinib-sensitive phosphorylation sites normalize for protein abundance, such 

as FAK, Syk and Plk1, is shown in Table A. 2. Among others, we observed a dose-dependent 
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down-regulation on pTyr-551 of the cytoplasmic tyrosine kinase BTK, with an almost 70 % 

reduction measured for the 10 µM imatinib concentration (Figure 30A). Importantly, 

quantification of non-phosphorylated peptides from BTK revealed that comparable protein 

amounts were retained by the inhibitor resin from imatinib-treated cells. In addition, we 

detected a similar regulation on pTyr-774 of the receptor tyrosine kinase EphB4 (Figure 

30B).  
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Figure 30: Imatinib-sensitive phosphorylation sites. MS scan of a typical unmodified peptide 

representing the amount of protein (left side) and a specific class I phosphopeptide (p > 0.75) that was 

found to be sensitive to imatinib treatment (right side). These proteins are therefore classified as 

mediators in the signaling cascade downstream of direct imatinib targets. The respective treatment of the 

SILA-encoded K562 cell population, as well as the resulting quantified peptide ratios and the protein-

normalized phosphopeptide ratios are indicated below. The peptides shown are derived from the tyrosine 

kinase BTK (A) and the receptor tyrosine kinase EphB4 (B).  

 

Notably, we not only identified down-regulated phosphorylation events but also detected a 

total of 24 proteins that harbor phosphorylation sites that were reproducibly up-regulated 

upon treatment with 10 µM imatinib (Figure 24). Besides others, these included Polo-like-

kinase 1, TTK, Wee1 and Myt (Table A. 2).  

 

4.2.3 Analysis of the phosphotyrosine-containing sub-proteome upon 

imatinib treatment 

Among cellular phosphorylation events the phosphorylation of tyrosine residues is the least 

abundant. In addition to recent global phosphoproteomics analyses, e.g. by Olsen et al. (ref.), 

this was also evident from experiments reported in this thesis. As a consequence, global 

phosphopeptide enrichment strategies such as TiO2- or IMAC-based methods often reveal 

rather few pTyr sites although these modifications often have important regulatory functions. 

However, in contrast to phosphorylated serine and threonine residues, antibodies with high 

affinity and specificity for phosphotyrosine-containing proteins or peptides have been 

generated. To monitor imatinib-induced changes on the cellular phosphotyrosine level with 

maximum sensitivity we cultured SILAC-encoded cell populations for 90 minutes either in 

the presence of 10 µM imatinib or DMSO as control in two biological replicate experiments 

(Figure 31A; Table A. 1). Upon cell lysis tyrosine phosphorylated proteins were 

immunoprecipitated by anti-phosphotyrosine antibodies captured on protein-A Sepharose 

beads. Subsequently, phosphopeptide enrichment and MS analysis were performed as 

described above and MaxQuant was used for quantification.  
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Figure 11: Experimental scheme and overview of quantified phosphosites upon imatinib treatment 

and immunoprecipitation of tyrosine phosphorylated proteins. (A) SILAC encoded cells were 

incubated with either 10 μM imatinib or DMSO as control before α-pTyr immunoprecipitation of tyrosine 

phosphorylated proteins. (B) Venn diagram showing the number of quantified phosphopeptides in the two 

replicate experiments and their overlap. (C) Distribution of phosphorylation sites by amino acid. 

Percentages reflect class I phosphosites (p > 0.75) quantified in both replicate experiments. (D) Log2 

transformed phosphopeptide ratios are shown in scatter plot comparison of the independent experiments.  

 

Altogether, this straightforward experimental setup, which required less than 10 h of LTQ-

Orbitrap measuring time, allowed for the confident identification of 401 class I phosphosites 

(p > 0.75) comprising 153 phosphotyrosine residues (Figure 31B).  We next analyzed the 

distribution of phosphorylation sites by amino acids for all class I phosphosites that were 

quantified in one or both biological replicate experiments. Notably, almost 40 % of these 

sites were phosphotyrosine sites and about 55 % and 5 % were sites on serine- and threonine, 

respectively (Figure 31C). In addition, to address the question of experimental 

reproducibility the phosphosite ratios of two separate experiments were log2 transformed and 

plotted in scatter plot comparison (Figure 31D). As evident from this analysis most of the 

phosphosites are not regulated upon imatinib treatment, as indicated by the dense „cloud‟ 

around log2 values of about zero. However, as expected upon inhibition of the catalytic 

activity of Bcr-Abl by imatinib, a certain amount of phosphosites was identified to be down-



IV. Results   82 

regulated. Notably, as evident from the overall close proximity to the diagonal line indicating 

100 % experimental reproducibility, in most cases such down-regulation events were 

consistently observed in two independent analyses.  

We choose a conservative cut-off threshold to identify imatinib-responsive sites and required 

a minimum twofold regulation in both replicate experiments. Based on these criteria, our set 

of reproducibly down-regulated phosphosites comprised a multitude of sites that have been 

previously reported to be sensitive to imatinib, such as various Bcr-Abl sites in addition to 

pTyr on interacting proteins like Abi-1, Gab1 and Shc as well as on downstream mediators of 

Bcr-Abl signaling such as Erk2, SHIP2 and STAT5A (Table 7) 
56

. Notably, we also 

identified many unreported imatinib-sensitive phosphorylation sites on proteins previously 

implicated as imatinib-sensitive such as Abi-1, Erk2, SHIP-2 and ZO2. Furthermore, our 

study identified several new proteins as sensitive to imatinib treatment such as Casc3, Gab2, 

Ptp2c, Tpx2, SgK269, ZO1 and others (Table 7).  
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Table 7: Selected imatinib-sensitive phosphopeptides. The phosphopeptide ratios reflect (10μM 

imatinib/DMSO) for experiment 1 (Exp. I) and experiment 2 (Exp. II). 
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4.3  Identification of Plk1 cellular substrates 

 

Polo-like kinase 1 is known to be a key regulator that orchestrates progression through 

mitosis and the mechanisms involved in its spatio-temporal regulation have been intensely 

studied 
87, 97

. Generally, detailed knowledge of cellular kinase-substrate relationships is 

essential to chart the information flow within signal transduction networks. In case of Plk1 

several cellular substrates have been reported and a linear consensus motif for Plk1-mediated 

substrate phosphorylation has been determined 
97, 102, 219-220

. Previously, progress in the 

identification of in vivo kinase substrates has been rather slow, as these efforts were mostly 

hypothesis-driven and involved tedious validation work. Here, we present an experimental 

concept that integrates chemical genetics, quantitative mass spectrometry and large-scale 

data processing including statistical testing to allow for efficient and trustworthy cellular 

substrate identification (CSI). 

 

4.3.1 Implementation of an efficient phosphopeptide enrichment strategy 

About one third of all cellular proteins are thought to be modified by phosphorylation 
9
. 

Protein phosphorylations are often sub-stoichiometric events 
156

. In addition, many regulatory 

phosphoproteins are of low cellular abundance. Thus, to overcome the resulting challenges 

for the comprehensive large-scale phosphoproteomics analysis efficient phosphoprotein 

and/or phosphopeptide enrichment methods are needed. To implement a stable work-flow for 

gel-free phosphopeptide enrichment we modified a recently published protocol that combines 

SCX and IMAC techniques 
195

.  

To enable quantitative MS analysis human retinal pigment epithelial (RPE) cells, in which 

both copies of the PLK1 loci had been disrupted and which were reconstituted with either 

wild-type PLK1 (PLK1
wt

) or an analog-sensitive PLK1 mutant (PLK1
as

) 
123

, were grown 

under light- and heavy SILAC conditions 
149

. Mitotic extracts of the cells were combined, 

proteins were digested with trypsin, and proteolytically generated peptides were then desalted 

and lyophilized. Tryptic peptides were separated by SCX by applying a salt gradient directly 

after sample loading (Figure 32A). A total of twelve pooled SCX fractions were then again 

desalted, aliquoted in two fractions, and lyophilized. Lyophilized peptides were subjected to 
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IMAC-based phosphopeptide enrichment prior to subsequent MS analysis. To analyze the 

separation power of our SCX we visualized the solution charge separation of identified 

phosphopeptides in the SCX fractions (Figure 32C). Phosphopeptides with a negative charge 

or an overall charge of zero are most prominent in SCX flow-through fractions one and two. 

With increasing salt concentrations phosphopeptides carrying one, two or more positive net 

charges are successively eluted. The analysis of the percentage of identified phosphopeptides 

over the percentage of non-phosphorylated peptides derived from every SCX fraction 

revealed efficient enrichment of >70 % in most fractions (Figure 32B). Notably, the 

phosphopeptide overlap between two consecutive SCX fractions is fairly low, as 

demonstrated by the comparatively low numbers of phosphopeptides from SCX fractions that 

were already identified already in the previous SCX fraction (Figure 32D). 

 

 

 

Figure 32: Combination of strong cation exchange chromatography (SCX) and immobilized metal 

affinity chromatography (IMAC) for advanced phosphopeptide separation and enrichment. (A) 

Chromatogram of the SCX-based separation of tryptic peptides. Conductivity is shown in brown and the 

absorbance at 215 nm is indicated in red. (B) Solution-charge distribution of all quantified peptides in the 

twelve SCX fractions. (C) Ratio of identified phosphopeptides to non-phosphorylated peptides after 

phosphopeptide-enrichment by IMAC. (D) Phosphopeptide distribution, shown as the overlap between 

consecutive SCX fractions (black) and the total number of identified phosphopeptides (grey). Data 
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derived from a single technical replicate analysis. PP, phosphopeptide; pSTY, phosphorylation site on 

serine, threonine or tyrosine 

 

Taken together, this demonstrates the high separation power of the SCX combined with 

highly efficient phosphopeptide enrichment by IMAC. In addition, this approach resulted in 

the quantification of almost 10,000 phosphorylation sites form a single experiment involving 

MS analysis of 12 sample fractions.  

 

4.3.2 New strategy for the identification of cellular substrates of Plk1 

For the identification of cellular substrates for Plk1 we employed allele-sensitive mutants of 

PLK1, generated and previously validated in cellular assays 
123

, in combination with a highly 

optimized and automated phosphoproteomics workflow as described above and depicted in 

Figure 33A. PLK1
wt

 or PLK1
as

 cells, the latter expressing a Plk1 variant that can be 

specifically inhibited by the small molecule 3-MB-PP1, were encoded by SILAC. During a 

mitotic arrest in the presence of 3-MB-PP1, the enzymatic activity of Plk1 is repressed in the 

PLK1
as

- but not the PLK1
wt

 cells. We then washed the cells to remove 3-MB-PP1 and 

subsequently incubated them for another 30 min in nocodazole-containing medium with or 

without 3-MB-PP1. This enabled us to compare PLK1
as

 cells with repressed Plk1 activity to 

mitotically arrested cells in which Plk1 activity had been re-activated. In parallel, PLK1
wt

 

cells were treated in essentially the same way to control for potential off-target effects of 3-

MB-PP1 (Figure 33A).  As we could demonstrate in immunoblot analysis for the reported 

Plk1 substrate BubR1 
221

, the above described inhibitor wash-out strategy proved to be quite 

effective (data not shown).  
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Figure 33: Experimental strategy and resulting phosphopeptide-, site- and protein identifications in 

the Plk1 cellular substrate identification. (A) Workflow in the Plk1 cellular substrate identification 

experiments. Mitotic arrest of SILAC-labeled PLK1as/wt cells is done in nocodazole and 3-MB-PP1. 

Thereupon, wash-out is performed in either 3-MB-PP1-containing or 3-MB-PP1-free media for 30 

minutes prior to cell lysis and protein digestion. Desalted peptides are separated by SCX, desalted again 

and phosphopeptides are enriched by means of IMAC prior to LC-MS/MS analysis. Peptide identification 

and quantification is conducted with MaxQuant before bioinformatics data processing for high confidence 

identification of cellular substrates. (B) Venn diagrams of all phosphopeptides, class I phosphosites and 

phosphoproteins detected in PLK1as- or PLK1wt experiments.  

 

Total cell lysates of differentially treated PLK1
as

 or PLK1
wt

 cells were pooled and 

phosphopeptides enriched according to the aforementioned workflow. The MaxQuant 

software suite was used for peptide identification and quantification 
216

.  To attain high 

coverage of the cellular phosphoproteome we performed a total of nine biological replicate 

experiments with altered SILAC labeling regimes and further analyzed technical replicates in 

each of these biological replicate experiments (Table A. 3). The generated raw files were 

combined and processed together. In total, this resulted in the hitherto most comprehensive 
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phosphoproteomics dataset comprising more than 23,000 class I phosphosites on about 4,500 

phosphoproteins (Figure 33B, Table 8).  

 

Table 8: Overview of the results in the Plk1 cellular substrate identification. All quantified 

phosphosites, phosphopeptides and phosphoproteins of the cellular substrate identification study for Plk1 

and the comprised regulated species, revealed by ratio of similarity coefficient analysis, derived from 

either PLK1as or PLK1wt cells or combined are shown. 

 

  PLK1
as

 PLK1
wt

 Total 

Phosphosites 19692 18408 23430 

Phosphopeptides 21531 20363 24813 

Phosphoproteins 4577 4492 4849 

Regulated Phosphopeptides 404 1 - 

Regulated Phosphoproteins 284 1 - 

 

 

Individual comparison of all technical replicates and biological experiments revealed a high 

overlap and similarity proving good reproducibility of our workflow (Figure 34A, B; Figure 

A.2 and A.3). Notably, in both cell systems, we could gradually increase the total number of 

quantified phosphopeptides by incrementing the number of biological experiments (Figure 

35C). This was also the case when we analyzed the number of phosphopeptides that were 

identified in at least two biological replicate experiments (Figure 34D). This enabled us to 

filter for reproducible ratios across biological replicate analyses.  

Intriguingly, the experimental set-up employed in this study not only provided a dataset of 

altered phosphorylation events upon catalytic reactivation of Plk1 after inhibitor wash-out in 

the PLK1
as

 cells but, in addition, also enabled the monitoring of Plk1-unrelated 3-MB-PP1 

off-target effects due to the concomitant analysis of PLK1
wt 

cells after inhibitor wash-out.  
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Figure 34: Comparison of the biological replicate experiments. All quantified phosphopeptides 

carrying class I phosphosites in the nine individual biological experiments were compared in „one versus 

all‟ comparisons. (A) Overlap between all datasets in relation to the smaller one. (B) Jaccard similarity 

coefficient showing the overlap of two datasets in relation to their union, as described in the materials and 

methods section. (C) Total number of quantified phosphopeptides as a function of the number of 

combined biological experiments. (D) Total number of phosphopeptides that were quantified in two or 

more experiments in the PLK1as or PLK1wt cells as a function of the number of combined biological 

experiments. 

 

Initially, we aimed to determine the minimal requirements needed to eliminate false-positives 

among identified, regulated phosphorylation events. Therefore, we analyzed all pair-wise 

combinations of reciprocal SILAC experiments in the PLK1
as 

cells as well as the 

corresponding combinations of PLK1
wt

 experiments with respect to phosphorylation ratios 

quantified in both compared experiments. First, we calculated for each individual ratio a ratio 

similarity coefficient (RSC) defined by the absolute value of the difference between two 

ratios divided by the mean of the ratios determined in biological duplicates. As cut-off 
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criteria for regulated phosphorylation events we choose a minimum of twofold regulation. 

For different RSC thresholds we then calculated the number of regulated phosphopeptides 

derived from either the PLK1
as 

or PLK1
wt

 cells that were not identified as regulated in the 

other cell system. We determined the number of phosphorylation events that were either 

considered as regulated or as not regulated in both cell systems according to the different 

RSC thresholds (Table A. 5). In addition, we performed a combined RSC analysis 

comprising all nine biological experiments. The resulting numbers of this comparative 

analysis are plotted in Figure 35A. In the PLK1
wt

 cells we found less than one exclusively 

regulated phosphopeptide, even with a RSC of as high as 0.5. Compared to the more than 

400 phosphopeptides exclusively regulated in PLK1
as

 cells, this corresponds to a false-

discovery rate of less than 1 % (Figure 35A). In contrast, when we compared single 

biological experiments of PLK1
as

 and PLK1
wt

 cells the estimated false-positive rates 

associated with Plk1
as

-mediated changes greater than twofold were as high as 10 % (Table A. 

4). Notably, although the requirement to be independently quantified in two biological 

experiments results in the identification of less regulated phosphopeptides, the number of 

congruently regulated phosphopeptides increases to a larger extent than the actual 

phosphopeptide identifications with an increasing number of combined biological 

experiments (Figure 35C). Collectively, this approach enabled us to identify more than 400 

distinct phosphopeptides in PLK1
as

 cells, which are derived from 284 distinct proteins, and 

that were regulated by at least twofold upon inhibitor wash-out with a RSC of < 0.4 (Figure 

35B, C; Table 8; and Table A. 6). In marked contrast to this, only one phosphopeptide with 

consistent regulation in PLK1
wt

 cells was identified. This casein kinase 1δ-derived peptide is 

regulated in both PLK1
as

 and PLK1
wt

 cell lines and therefore represents a off-target effect 

that is not specifically linked to analog-sensitive kinase inhibition. Remarkably, despite the 

more than 100 events that exhibit more than twofold regulation upon 3-MB-PP1 wash-out in 

the PLK1
wt

 cells in individual experiments, we did not identify a single phosphopeptide that 

showed consistent regulation solely in this cell line across biological replicates (Figure 35A, 

B).  
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Figure 35: Comparison of reproducibly regulated phosphopeptides in PLK1
as

 and PLK1
wt

 cells. (A) Total 

number of quantified and regulated phosphopeptides in the RPE-PLK1as/wt cells as a function of the ratio of 

similarity coefficient (RSC). (B) Boxplot analysis of quantified phosphosite ratios in PLK1asand PLK1wt cells. 

Depicted are either all ratios or all mean ratios with a RSC < 0.4. (C) Regulated phosphopeptides with a RSC < 

0.4 identified with increasing number of biological experiments with PLK1as - and PLK1wt cells.  

 

4.3.3 Characterization of the identified cellular substrates of Plk1 

In the following, we aimed to analyze our set of cellular Plk1 downstream signal transducers 

with respect to possible cellular functions and potentially direct kinase-substrate 

relationships. Therefore, we initially performed enrichment analysis for the gene ontology 
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(GO) cellular component, molecular function and biological process categories. In case of the 

cellular component category this revealed known and well-studied sites of Plk1 action to be 

highly overrepresented, such as the centrosome, kinetochore and spindle apparatus (Figure 

36A). In addition, this pointed to potential Plk1 functions on multiple components of the 

nuclear envelope. Moreover, compared to all identified phosphoproteins or the entire human 

IPI database, we found Plk1-regulated phosphoproteins highly enriched in key mitotic 

processes such as the establishment and/or maintenance of chromatin architecture and 

microtubule based processes (Figure 35C). Interestingly, terms relating to DNA-dependent 

transcription and transcriptional cofactor activity were also overrepresented (Figure 36B). 

Next, we performed multiple enrichment analyses for reported amino acid motifs connected 

to Plk1 activity and function. These revealed the reported consensus motif for Plk1 (*E/D-X-

pS/pT-F/L/I/Y/W/V/M*) 
102

 to be highly enriched in the set of identified Plk1 substrate 

proteins compared to all other identified proteins (Figure 36D). In addition, we found a less 

stringent consensus motif for Plk1 displaying an aspartate, glutamate or asparagine residue in 

the -2 position enriched by more than twofold. Notably, more than 85 % of all 284 identified 

Plk1 substrate proteins contained this motif. Besides, a simplified PBD binding motif (*S-

pS/pT*) was also enriched in Plk1-regulated compared to all identified phosphoproteins 

(Figure 36D). This simplified PBD binding motif does not contain the proline residue at the 

+1 position as described by Elia et al. 
87

. 
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Figure 36: Gene ontology- and motif enrichment analysis. Selected overrepresented (p <0.05) terms 

after Gene ontology enrichment analysis in the (A) cellular component-, (B) molecular function- and (C) 

biological process categories. Proteins that were identified with at least one phosphopeptide as a cellular 

Plk1 substrate based of the CSI-technology results were compared to all other identified phosphoproteins 

and the entire list of IPI entries. (D) Percentage of all identified and Plk1-regulated phosphoproteins 

matching the reported Plk1 consensus sequence (*E/D-X-pS/pT-F/L/I/Y/W/V/M*), a less stringent 

version of the Plk1 motif or harboring the PBD motif (*S-pS/pT*).  
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V. Discussion 

 

5.1. Large-scale proteomics analysis of the human kinome 

Protein kinases (PK) represent central proteins in phosphorylation-based signal transduction. 

Aberrant PK expression or activity has been associated with multiple pathological processes 

eventually leading to malignant transformation and tumor development 
18

. Therefore, PKs have 

emerged as a major class of drug targets for therapeutic intervention 
24-26

. 

 

5.1.1 Pyrido[2,3-d]pyrimidin-based affinity resins are efficient protein kinase 

pre-fractionation tools 

The often low cellular expression levels of PKs require specific enrichment techniques for their 

analysis. Immunoprecipitation with specific antibodies is a commonly applied strategy to enrich 

and detect specific PKs and their post translational modifications (PTMs). These studies, 

however, are restricted to available high affinity antibodies and not applicable for the global 

analysis of PK modification. Therefore, pre-fractionation techniques that permit the concomitant 

enrichment of large numbers of PKs have been developed. A rather unbiased strategy is based on 

affinity pre-fractionation methods that utilize immobilized small molecule inhibitors which are 

selective for PKs 
175, 206-207

. Recently, our group and others have demonstrated the high 

efficiency of such pre-fractionation strategies that employ multiple PK-selective affinity resins, 

in particular when combined with subsequent phosphopeptide enrichment techniques 
57, 166, 180

. In 

general, PK-selective affinity resins have to meet two important criteria: First, they have to 

exhibit rather promiscuous affinity towards distinct PKs. And second, they have to show strong 

selectivity for PKs compared to other cellular proteins.   

In this study we established a generic strategy for the comprehensive comparison of structurally 

related small molecule inhibitors from the pyrido[2,3-d]pyrimidine class of compounds 
191

. Pair-

wise comparisons of the relative amount of either captured PKs or non-PK proteins allowed for a 

differential assessment of affinity resin performance. We demonstrated that the affinity resins 

VI16743 and VI16832 are particular efficient as PK pre-fractionation tools, as they both were 
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capable of retaining more than 130 distinct PKs from single cellline extracts. In addition, we 

could demonstrate that our batch-wise PK pre-fractionation approach enabled accurate and 

reproducible SILAC-based quantification.  Notably, these comparisons showed that even in case 

of structurally highly related small molecule inhibitors the overall number of interactors and 

affinities of the individual targets are differentially affected upon chemical modifications of the 

inhibitor core structure. 

Even in large-scale proteomics analyses rather little information about the relative cellular 

expression levels of PKs or their modification states is obtained in case unfractionated cell 

extracts are analyzed 
150, 222-223

. For example, this is exemplified by the total lysate analysis from 

Olsen et al. who quantified only 270 phosphorylations on PKs in their assessment of 6,000 

phosphorylation sites upon EGF stimulation in HeLa cells 
150

. Therefore, in case the antibody-

based analysis of a PK is not an option for selective enrichment, small molecule-based PK-

selective affinity resins can provide a straightforward alternative for targeted PK biochemistry, 

for example by separating a small molecule-enriched PK mix by gel electrophoresis and  the 

subsequent restriction to the molecular weight region that comprises the kinase-of-interest. 

Therefore, the dataset generated in this study provides a wealth of information on PKs amenable 

to such focused signal transduction approaches, and these might involve quantitative MS to 

monitor PTM regulation upon different types of cell treatment. 

Another approach to enrich for tyrosine phosphorylated PKs utilizes high affinity antibodies 

directed against tyrosine phosphorylated proteins 
224

. However, for the global analysis of PKs, 

these approaches are not applicable as such an analysis is inherently restricted to tyrosine 

phosphorylated proteins and therefore does not cover the vast majority of Ser/Thr kinases. 

Therefore, for unrestricted kinase-centric analysis from total cell extracts affinity purification 

strategies utilizing multiple immobilized compounds with distinct kinase selectivity profiles have 

been developed 
57, 166

. However, even if these approaches already cover a major fraction of the 

expressed cellular kinome, they have not been systematically optimized. This can be achieved by 

the comparative assessment of new enrichment compounds predicted to be rather unselective 

across the expressed kinome.  The quantitative MS-based experimental strategy described for the 

comparison of pyrido[2,3-d]pyrimidine derivatives in this study represents a generic approach 

for such optimization efforts. In particular, future applications might characterize other kinase-
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selective capture molecules retaining subsets of the expressed kinome that are not accessible by 

VI16743 and VI16832 affinity resins. 

 

5.1.2 Comparative analysis of kinase expression in three cancer cell lines  

The goal of PK-centric proteomics analyses is the unbiased evaluation of this cellular sub-

proteome. In this study, we implemented a compact and straightforward experimental strategy 

for the quantitative analysis of relative PK expression levels in different cancer cell lines 

utilizing the previously characterized VI16832 affinity resin. This allowed the analysis of more 

than 170 distinct PKs and a multitude of other nucleotide-utilizing enzymes. As mammalian cells 

are estimated to express about 300 PKs 
225

, this number indicates substantial kinome coverage by 

a single PK-selective affinity resin. 

In addition, our VI16832 affinity resin-based kinase pre-fractionation strategy enabled the 

quantitative analysis of more than twice the number of protein kinases previously reported in a 

different approach based on reactive acyl phosphate-containing nucleotides for kinase expression 

profiling 
226

. Moreover, compared to recent studies that combined several distinct affinity resins 

for PK enrichment – such as the „kinobeads‟ approach described by Bantscheff and colleagues 

comprising seven different molecules - the VI16832 affinity resin as a single reagent allowed for 

the analysis of a comparable number of PKs 
57, 166

.  

Quantitative MS by means of SILAC allows the comparative analysis of up to three different cell 

populations in a single experiment 
148

. However, more complex studies are possible by utilizing a 

shared reference sample across multiple triple-SILAC experiments. Thus, two or more SILAC 

experiments can be multiplexed 
150, 168

. In addition to time-course analysis or comparison of cell 

cycle stages this approach could also be applied for comprehensive kinase profiling across a 

large collection of cancer cell lines. Such analyses might reveal disease-associated PK 

expression patterns of PKs and thereby point to possible new targets for drug development 

activities. Moreover, such PK analyses are not necessarily restricted to cancer cell lines but could 

also be performed on primary tumor samples. Such applications might either use SILAC-

encoded material from cell culture extracts as reference for PK quantitation   
227

 or alternative 

quantification approaches based on isobaric tagging for relative and absolute quantification 

(iTRAQ) 
153

 or tandem mass tag (TMT) 
154

  reagents.  
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Recently, Rikova and colleagues performed a large scale proteomics analysis of 

phosphotyrosine-containing proteomes in  more than 40 non-small cell lung cancer cell lines 

(NSCLC) and about 150 NSCLC tumors 
211

. Subsequent clustering analysis revealed known 

oncogenic kinases like the EGFR and c-Met as well as novel PK fusion-proteins of ALK and 

ROS to be implicated in NSCLC.  Furthermore, another important finding was that tumors and 

cell lines often differed in the set of expressed and activated PKs. In comparison to such 

phosphotyrosine-directed approaches, proteomics analysis of PK pre-fractionated sub-proteomes 

is expected to provide overlapping information with respect to tyrosine-phosphorylated PKs. On 

the other hand, the latter approach is expected to provide complementary data about 

serine/threonine kinases. In addition, expression data for the majority of the expressed members 

of the about 400 serine/threonine kinases of the human kinome will most likely reveal further 

insights into cancer cell biology. The importance of controlling serine/threonine kinase activity 

in terms of maintaining cellular integrity was exemplified by studies that revealed an association 

between the overexpression of mitotic kinases (like Aurora A/B, Plk1 and NEK2) and 

chromosomal instability which has been implicated in the emergence of human cancer 
129, 228

. 

The pyrido[2,3-d]pyrimidine inhibitor resins described in this study are particularly useful for 

such surveys, due to their ability to capture the majority of tyrosine-directed PKs as well as up to 

100 additional serine/threonine kinases from individual cell extracts.  

 

5.1.3 Benchmark analysis for the precision in automated phosphorylation site 

localization  

For the automated site-specific analysis of phosphorylation events an algorithm called PTM 

scoring has been developed by Olsen et al. 
150

. This algorithm is implemented in the two 

software packages utilized for MS data analysis in this study (MSQuant and MaxQuant). In total, 

our benchmark analysis comprised a set of almost forty phosphorylation sites. For the first time, 

we systematically addressed the important question of how precisely this algorithm pinpoints 

actual modification sites. Notably, we observed no false assignments in case of phosphorylation 

sites that were identified with a p-value of 1.  In addition, we still detected 94 % precision for 

sites assigned with a p-value of 0.75 or higher, which are commonly referred to as class I 

phosphorylation sites and are localized with high confidence. These findings were confirmed by 
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a further assessment of the PTM scoring algorithm that utilized a previous large-scale 

phosphoproteomics study of manually assigned phosphorylation sites as a reference dataset 
166

. 

In summary, we demonstrated the overall high accuracy of the PTM scoring algorithm and 

confirmed it as a valuable tool for the site-specific localization of phosphorylated residues. 

 

5.1.4 In-depth survey of kinase phosphorylations 

Phosphorylations can regulate protein function, either by direct allosteric effects or by modifying 

protein-protein interactions. Many proteins are phosphorylated on multiple sites 
229

 and some 

human proteins have been shown to contain up to 150 phosphorylation sites 
200

. In addition to 

catalyzing phosphorylations on their cellular substrate proteins, PKs are themselves modified by 

phosphorylations and knowledge of their actual phosphorylation state can provide information 

on their cellular catalytic activity 
12

. Therefore, strategies which combine initial PK enrichment 

with subsequent phosphopeptide enrichment methods for the comprehensive analysis of 

phosphorylations on PKs have been developed 
57, 166, 180

. In this study we further exploited the 

capability of the pyrido[2,3-d]pyrimidine-based VI16832 affinity resin to pre-fractionate PKs for 

an extensive site-specific analysis of phosphorylation sites. The more than 1,200 distinct 

phosphorylation sites that were identified presented the hitherto largest dataset of this PTM on 

PKs. Notably, different phosphorylation sites were often identified on commonly expressed PKs 

pointing towards potential cell type specific phosphoregulation of kinase functions. However, 

PK-enriched fractions were analyzed in individual qualitative MS experiments derived from 

different cell lines. Therefore, the lack of phosphopeptides for a certain PK cannot be regarded as 

definite proof for cell-type specific differences. This could also be due to run-to-run differences, 

which are inherent to LC-MS/MS analyses performed in the data-dependent acquisition mode. 

Nevertheless, our large-scale analysis provides a plethora of new starting points for further 

functional studies on cellular kinase regulation. The efficiency of our PK enrichment is further 

underscored by the higher overall phosphopeptide intensities for PKs compared to all other non-

PK-derived phosphopeptide intensities. Importantly, these are not caused by a few high abundant 

and highly phosphorylated PKs but appear evenly distributed. However, some protein kinases 

accounted for particular high phosphopeptide intensities which likely reflected their high cellular 

abundance.  
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One important question, which has not been addressed in our study, is the functionality of the 

observed phosphorylations or alterations in the phosphorylation level. It is conceivable that not 

all phosphorylations possess regulatory function 
230

. This might particularly be true for 

phosphorylation sites with low stoichiometry. Recently, our group has reported a strategy to gain 

information about the stoichiometry of site-specific phosphorylations 
166

. However, in case of 

phosphorylation-dependent regulation of enzymatic activity, even a comparatively small 

percentage of altered protein function can result in a cellular effect. As most proteins harbor 

phosphorylations on multiple sites 
229, 231

, the picture gets even more complicated.   

In conclusion, this study underscored the enormous potential of approaches that integrate kinase 

pre-fractionation, phosphopeptide enrichment and high-resolution and high-accuracy MS. 

Moreover, this strategy exhibits considerable potential for future studies across different cancer 

cell lines or tumor samples. Further, kinome-wide comparisons on both the protein- as well as 

their state of post-translational modification might significantly expand our knowledge about 

kinase drug targets and their oncogenic activities on a systems-wide level. 

 

5.2 Identification of cellular kinase inhibitor targets and 

interconnected mediators of downstream signaling cascades 

 

Detailed knowledge about all direct cellular targets of a small molecule kinase inhibitor is of 

importance in selecting the appropriate inhibitor for the right indication and unveiling targets 

mediating potentially harmful side-effects. Furthermore, the comprehensive identification of 

essential mediators in downstream signalling cascades can reveal potential alternative proteins 

for therapeutic intervention. 

  

5.2.1 Identification of direct kinase inhibitor targets without prior compound 

immobilization  

Until recently, experimental strategies for the MS-based identification of direct targets of small 

molecule kinase inhibitors were commonly based on the generation of affinity resins displaying 

an immobilized variant of the drug-of-interest 
175

. These strategies allow employing total cellular 
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extracts thus enabling the profiling of the respective compound against a complete cellular 

proteome with proteins in their naturally occurring PTM states. However, for immobilization of 

the small molecule the presence of a functional group is a prerequisite. In some cases, available 

structural data of protein-drug complexes facilitates the synthetic design of such linker-

containing derivates. Nevertheless, introduction of a linker can result in altered protein binding 

affinities 
232

. Moreover, the linker itself can affect protein binding 
233

. Thus, the synthesized 

derivate has ideally to be tested and compared against the genuine compound regarding its in 

vitro and in vivo bioactivity 
175

. To overcome these impediments we implemented an approach 

that detects the competitive binding of target proteins of small molecule inhibitors to a mix of 

PK-selective affinity resins. In theory, the amount of a retained protein that presents a direct 

target of the tested inhibitor should be markedly reduced upon prior inhibitor incubation of the 

respective cell population. 

Especially in case of highly sensitive MS-based quantitative experiments individual sample 

processing is susceptible for the introduction of quantitative variations. Quantitative proteomics 

analyses utilizing SILAC-based labeling allow combining total cell extracts of differentially 

treated cell populations, thereby eliminating the risk to introduce any variances in subsequent 

sample processing steps. In our initial approach we combined cell lysates of differentially treated 

cell lines prior to multi-column PK-selective affinity chromatography. This strategy resulted in 

the quantification of about 130 distinct PKs and more than 1,100 phosphosites. However, as 

shown in Table 4, no protein ratio could be determined for the Bcr-Abl fusion protein. Besides, 

the determined protein ratio of the Bcr-Abl interacting protein Grb2 that reflected the amount of 

captured protein derived from imatinib-treated cells in respect to control cells was unchanged.  

Moreover, no competitive binding of quinone reductase 2 (NQO2), which is a known non-PK 

target of imatinib, was monitored 
57

. An explanation for these findings might be an excess of free 

imatinib in the imatinib-treated cells which can upon cell lysis also bind to its targets derived 

from untreated control proteins. Thus, this might reflect the dynamic equilibrium of the 

interaction between imatinib and its target proteins. During the course of the PK pre-

fractionation this most probably resulted in an equivalent binding of imatinib to target proteins in 

all three SILAC-conditions. In case of Bcr-Abl, the high affinity of imatinib 
234

 therefore 

apparently resulted in the complete abolishment of protein retention by the PK-selective affinity 

resins. In conclusion, and to avoid these disadvantages, we decided to modify our experimental 
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strategy. We therefore conceived a parallel batch-wise PK pre-fractionation and pooled the 

distinct eluates after affinity enrichment. At the time of these experiments were done such a 

strategy had not been reported in the literature. However, in the meantime a similar strategy was 

published by Bantscheff and colleagues who studied the competitive retention of proteins by a 

mix of seven PK-selective affinity resins for the small molecule inhibitors imatinib, dasatinib and 

nilotinib 
57

.  

Moreover, we aimed to re-use the PK-affinity resins in one of our experiments. However, 

effective and convenient protein elution by simple incubation with a LDS-buffer at 70°C, as 

utilized in the comparison of three different kinase-affinity resins, was not possible as this might 

cause the inhibitor beads to clump. As a consequence, the surface area of the beads gets reduced 

resulting in lower binding capacities. Initially, we established an elution protocol utilizing an 

SDS-buffer at a lower temperature of 50 °C. The efficiency of this elution was similar to an 

elution with a LDS-buffer at 70°C. Moreover, upon protein elution and subsequent regeneration 

of the affinity resins they preserved their binding capacity in a succeeding second incubation 

(data not shown). Thus, these results indicate a viable strategy to re-use inhibitor affinity resins, 

which is important in case of limited compound availability.  

The quantitative MS-based analysis of two biological replicate experiments resulted in the 

quantification of more than 170 PKs. As this accounts for more than half of the expressed 

cellular kinome this demonstrates high PK enrichment efficiency. Moreover, these results were 

highly reproducible and allowed for identifying proteins that exhibited the expected binding 

characteristics of direct cellular imatinib targets and their interacting proteins, as shown for Bcr-

Abl and its associated signal transducers Grb2 and SHIP2 
50, 235

. However, we did not detect all 

of the recently identified Bcr-Abl interacting proteins 
236

. In agreement with the reported high 

affinity of imatinib towards Bcr-Abl the binding of Bcr-Abl to the multi-inhibitor affinity resins 

was almost completely prevented upon prior exposure of K562 cells to 1 µM imatinib. 

Furthermore, we detected similar binding characteristics for discoidin domain receptor 1 

(DDR1), which was previously identified as high affinity target of imatinib 
57

. In addition, we 

confirmed the findings by Bantscheff and colleagues, who reported NQO2 as the first direct 

target of imatinib representing a non-PK protein 
57

. The reported high affinities of imatinib 

towards DDR1 and NQO2 correlated with the marked reduction of the captured protein amount, 

which were already evident when incubated with 1 µM imatinib. Furthermore, we found the 



V. Discussion   102 

capture of the tyrosine kinase Syk to be competed by imatinib in a dose-dependent manner. Syk 

has previously been identified as imatinib target which exhibits a Ki value of 5 µM, indicating 

comparatively low-affinity towards imatinib compared to a Ki value of about 100 nM for c-Abl 

207, 218, 234
. Our study revealed Syk binding to be reduced by about two third at 10 µM imatinib, 

which is consistent with the reported lower affinity of imatinib. Thus, our described approach 

provides a means to distinguish high- and low-affinity binders.  

It has to be noted that during the course of this thesis also two other laboratories developed and 

published similar strategies 
57, 237

. Notably, the study by Shao-En Ong et al. demonstrated that 

such strategies are not limited to protein kinase inhibitors but can be applied also to other small 

molecule-based compounds such as immunophilin binders. Moreover, as already mentioned, 

Bantscheff et al. measured competitive protein binding to their „kinobeads‟ at different inhibitor 

concentrations and presented an approximation to derive IC50 values. Notably, this strategy has 

been considerably improved with respect to quantitative kinase affinity determinations 
181

. 

Therefore, it is now possible to not only identify potential direct targets of a small molecule 

inhibitor but in addition also to calculate rather accurate dissociation constants (Kd values), thus 

providing valuable information on the respective target affinities. 

 

5.2.2 Identification of mediators in Bcr-Abl signaling cascades 

In addition to the identification of direct cellular imatinib targets we also identified imatinib-

sensitive downstream mediators in CML cell signaling. In total, almost 2,000 site-specific 

phosphorylation events were quantified. Approximately 1,000 such events were quantified in 

biological replicate experiments and revealed good concordance of the quantified 

phosphopeptide ratios. Thus, compared to a previous study we quantified almost five times as 

many phosphorylation sites in K562 cells upon imatinib treatment 
57

. Notably, we applied 

stringent cut-off criteria that had to be met to classify phosphorylation site as imatinib-sensitive. 

For example, we detected as many as 15 distinct down-regulated tyrosine phosphorylated 

residues mapping to the Bcr-Abl oncoprotein. All these sites were found at very low ratios upon 

cellular imatinib treatment, which likely reflects a combined effect of cellular dephosphorylation 

and near complete prevention of Bcr-Abl protein binding upon imatinib treatment. Therefore, we 

did not consider phosphorylation sites on direct, high-affinity, imatinib targets any further. 
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However, in case of the low-affinity imatinib target Syk we detected three tyrosine 

phosphorylated sites, Tyr-323, Tyr-348 and Tyr-352, which were markedly stronger down-

regulated upon 10 µM imatinib treatment compared to Syk protein binding. As  these sites have 

been reported to increase Syk kinase activity 
238

 our results suggest cellular inactivation of Syk 

kinase activity upon high-dose imatinib treatment.  

In addition, we also identified a multitude of new down-regulated phosphorylation sites on 

proteins that were shown to be no direct targets of imatinib such as Tyr-551 on BTK and Tyr-

771 on EphB4. Both PKs underwent selective dephosphorylation on tyrosine residues while their 

protein binding to the kinase inhibitor resins was unchanged. Therefore, these kinases were 

classified as downstream signaling elements of direct imatinib targets. Notably, these events 

comprised sites with reported regulatory functions that have not previously been linked to Bcr-

Abl signaling. In addition, these sites are located at a conserved position in the activation loop 

that stabilizes the active kinase conformation in a phosphorylation-dependent manner 
12

. For 

pTyr-551 on the cytoplasmic tyrosine kinase BTK, 10 µM imatinib treatment resulted in an 

about threefold decrease in tyrosine phosphorylation. This site was previously reported to be 

phosphorylated by the tyrosine kinases Lyn and Syk 
239

. Therefore, our results suggest that 

reduced tyrosine phosphorylation levels on Syk resulting in reduced Syk kinase activity 

eventually affect the phosphorylation level of Tyr-551 on BTK. Moreover, BTK has been 

reported as a major target of the small molecule inhibitor dasatinib 
240

, which gained FDA 

approved as second-line treatment for CML patients upon imatinib failure. Based on these 

findings, BTK presents an interesting candidate for further analysis of the potential therapeutic 

value of its targeted inhibition in CML. However, it has to be noted that earlier data revealed that 

inactivation of BTK in Bcr-Abl-transformed murine cells has no effect on viability and cell 

proliferation, thus arguing against an essential function of BTK in Bcr-Abl mediated signaling 

241
. Nevertheless, despite this data, cell-type specific requirements for BTK might exist. 

Endogenous expression levels of Bcr-Abl for example might be considerably lower when 

compared to ectopic overexpression in murine cells of the lymphoid or myeloid linage.  

Moreover, imatinib treatment resulted in about 75 % reduction of the Tyr-883 phosphorylation of 

focal adhesion kinase (FAK). This numbering is based on the IPI database identifier and 

corresponds to Tyr-861 based on the UniProtKB/Swiss-Prot-identifier (Q05397, 

FAK1_HUMAN). Notably, increased phosphorylation on Tyr-861 of FAK was reported in 
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metastatic breast cancer cells 
242

. Moreover, Tyr-861 phosphorylation is important for the 

association of FAK and the breast cancer anti-estrogen resistance 1 (BCAR1) protein and plays a 

crucial role in rat sarcoma (Ras)-mediated cell transformation of fibroblast cells 
243

. The 

activation of Ras presents a hallmark in Bcr-Abl mediated cell transformation by promoting cell 

proliferation and survival 
244

. Thus, our data suggests a previously unknown function of FAK in 

Bcr-Abl mediated signaling in CML cells. Together, the about 70 down-regulated distinct 

phosphorylation sites add a considerable amount of new information on phosphorylation-based 

modification in K562 cells upon imatinib-treatment compared to a previous study that revealed 

only eight substantially down-regulated sites 
57

. 

Interestingly, imatinib treatment also caused the reproducible up-regulation of phosphorylation 

sites on 24 proteins. Notably, in contrast to the set of down-regulated sites, these were found on 

proteins like Myt1, Plk1 and Wee1 which are key promotors mitotic progression. Plk1 is 

overexpressed in many human tumors and has therefore emerged as a potential drug target 
129

. 

Moreover, abundant Plk1 expression levels were detected in a variety of human leukemia cell 

lines and have been reported to act synergistically in combination with the tubulin 

depolimerizing drug vincristine, resulting in growth inhibition and apoptosis of leukemia cells 

245
. The increased phosphorylation on Thr-210, which resides in the activation loop of Plk1, is 

crucial for Plk1 activity control 
89

 and points towards an induction of Plk1 kinase activity upon 

imatinib treatment. Thus, one might speculate that increased Plk1 activity is a possible cellular 

escape mechanism to compensate for Bcr-Abl suppression. However, it remains open to further 

investigations whether a combined inhibition of Plk1- and Bcr-Abl kinase activities in CML cells 

elicits synergistic effects in regard to inhibit cellular proliferation and inducing apoptosis. 

In addition, we performed a complementary analysis of imatinib-regulated tyrosine 

phosphorylations. This study was rather straightforward as it dealt with samples of comparable 

low complexity. Upon immunoprecipitation of tyrosine-phosphorylated proteins quantification 

of more than 400 distinct phosphorylation sites comprising more than 150 phosphorylations on 

tyrosine residues was possible. Compared to our integrated analysis of direct imatinib targets and 

their downstream mediators, which contained about 6 % of all phosphorylations on tyrosine, this 

corresponded to a more than sixfold enrichment. This indicated highly efficient enrichment of 

tyrosine-phosphorylated proteins by the utilized anti-phosphotyrosine antibody. Compared to a 

similar study published by Goss et al. 
56

 our study included biological replicate experiments, thus 
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increasing the trustworthiness of reported imatinib-sensitive phosphorylation sites. Notably, as 

demonstrated by the scatter plot analysis of the quantitative changes in the two individual 

experiments, our approach was highly reproducible. In total, 48 tyrosine residues were sensitive 

to imatinib treatment. These included the majority of sites that have been previously reported as 

responsive to imatinib in the analysis by Goss et al. and comprised phosphorylation sites on the 

Bcr-Abl interacting proteins like Abi-1, Gab1 and Shc as well as downstream mediators of Bcr-

Abl signaling such as Erk2, SHIP-2 and STAT5A. This concordance confirmed the 

trustworthiness of our approach in general. Moreover, in addition to novel phosphorylation sites 

on proteins previously reported as imatinib-sensitive our study also revealed novel proteins that 

we identified to contain imatinib-sensitive phosphorylation sites. The adaptor protein CRKL, a 

member of the Crk-assotiated substrate (CAS)- family, is known to bind Bcr-Abl via its SH3 

domain 
246

 which likely explains the marked reduction on pTyr-251 upon imatinib treatment. The 

importance of this and other Bcr-Abl adaptor proteins for the induction of leukemia in mice has 

recently been highlighted 
247

. Moreover, members of the CAS-family have been associated with 

lymphomas and leukemias 
248-249

. Interestingly, we revealed two imatinib-sensitive tyrosine 

phosphorylation sites (Tyr-195 and Tyr-350) on Cas scaffolding protein family member 4 

(CASS4/HEPL). These have not been previously connected to Bcr-Abl signaling. However, 

HEPL has recently been identified as a novel member of the CAS-family and its overexpression 

caused cell spreading and activation of FAK 
250

. As altered cellular adhesion is a major 

transforming principle in Bcr-Abl-driven malignancies, functional studies might reveal the 

potential role of HEPL in these processes. Moreover, we found pTyr-555 on the targeting protein 

for Xklp2 (TPX2) to be significantly down-regulated. TPX2 is involved in mitotic spindle 

formation and chromosome segregation 
251

 and has not yet been connected to leukemia. 

However, overexpression of TPX2 has been associated with various malignancies 
252-253

 and 

siRNA-mediated depletion causes cell cycle arrest and apoptosis in pancreatic cancer cell lines 

254
. Therefore, it will be interesting to examine possible synergistic effects in CML cells with 

regard to reduced proliferation rates and increased apoptosis after imatinib treatment in 

combination with inhibition of TPX2.  
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5.3 New strategy for the analysis of cellular kinase-substrate 

relationships 

 

Detailed knowledge of cellular kinase-substrate relationships is essential to chart the information 

flow within cellular signaling cascades. However, until now no systematic approaches for the in 

vivo identification of cellular substrates of a PK have been developed. Polo-like-kinase 1 (Plk1) 

is known as a key regulatory protein involved in multiple processes involved in progression 

through mitosis 
97, 255

. Moreover, overexpression of Plk1 has been reported in various human 

cancers 
129

.  

 

5.3.1 Establishment of an optimized phosphoproteomics workflow 

Comprehensive phosphoproteomics analysis critically depends on highly efficient 

phosphopeptide separation and enrichment strategies. One commonly applied strategy is based 

on the separation of complex phosphopeptide-containing total cell lysates by strong cation 

exchange chromatography (SCX) 
144

. Recently, Stephen Gygi and coworkers presented a 

protocol that combines SCX with phosphopeptide enrichment by immobilized metal affinity 

chromatography by which they obtained an impressive  high coverage of the cellular 

phosphoproteome 
195

. Compared to the SCX-based phosphoproteomics we used in  previous 

studies 
166

 this protocol appeared to be far more efficient. Based on that protocol, we established 

a modified strategy and demonstrated high separation power of the utilized SCX column and 

efficient subsequent IMAC-based phosphopeptide enrichment. Notably, this resulted in an about 

fivefold increase of identified phosphopeptides when compared to the number of quantified 

phosphopeptides upon SCX and phosphopeptide enrichment by TiO2 microspheres, which were 

conducted in the identification of imatinib-sensitive phosphorylation sites.  

When we employed this strategy for the identification of the cellular substrates of Plk1 we 

analyzed technical replicates of individual biological experiments. As expected, this resulted in a 

further increased total number of phosphopeptide quantifications. It will be interesting to test 

whether a recently launched larger SCX column containing about four times more resin material 
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can be employed to further increase SCX resolving power and thereby phosphoproteome 

coverage.  

Based on this, we conceived a strategy that combined chemical genetics with state-of-the-art 

phosphoproteomics. This integrated approach was evaluated to identify cellular PK substrates. In 

addition, we studied the specificity of the chemical genetics strategy on the molecular level, an 

issue that has not been previously addressed by unbiased approaches. So far, chemical genetics 

has mostly been applied in targeted, hypothesis-driven studies of protein function 
122-123

.  

 

5.3.2 Identification of cellular substrates of Plk1 

Typically, the ratios generated in quantitative MS experiments will follow a Gaussian 

distribution and even in an unperturbed cell system automated SILAC quantification reports a 

significant number of peptide ratios distinct from one due to their inaccurate quantification. This 

is of importance as in phosphoproteomics analyses quantitative data will comprise a certain 

amount of false-positive regulated phosphorylation events, even if a cut-off threshold of twofold 

change is applied. To avoid such artefacts it is essential to repeatedly measure regulated events in 

reproducible ratios in at least two biological replicate experiments.  

An inherent advantage of the applied inhibitor wash-out strategy is that all detected changes in 

cellular phosphorylations are a direct consequence of specifically altered Plk1 activity. In 

contrast, the more commonly applied strategy involving the addition of kinase inhibitors to cells, 

would have required cellular phosphatase activity to remove phosphate groups from existing 

Plk1 phosphorylation sites. In our hands, when we monitored the known Plk1 substrate BubR1 

221
, this strategy proved rather inefficient and required considerably higher concentrations of 3-

MB-PP1 (data not shown). In this study, we could demonstrate the feasibility of a genetically 

engineered cell system to meet all the above mentioned requirements by applying altered SILAC 

labeling regimes in both cell lines. Collectively, we quantified more than 23,000 distinct 

phosphorylation sites. Thus, to the best of our knowledge this study comprises the hitherto 

largest phosphoproteomics dataset, even surpassing the recently reported 20,443 phosphorylation 

sites by Olsen et al. 
168

. Importantly, we quantified a large fraction of all identified 

phosphopeptides in at least two biological replicate experiments, thus enabling us to filter for 

reproducible ratios across biological replicate analyses. Notably, we applied straightforward 
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filtering criteria based on ratio-similarity-coefficient (RSC) analysis. This enabled us to 

calculate, for the first time in a phosphoproteomics analysis, an experimentally validated, false-

discovery rate (FDR) for the observed regulated phosphorylation events.  

Altogether, we identified 284 candidate substrate proteins for Plk1 comprising more than 400 

distinct phosphorylation sites. For example, our data not only recapitulated previously reported 

in vitro Plk1 phosphorylation sites on centrosomal proteins such as Cep55 and Cep170 
256-257

, but 

unveiled additional Plk1-mediated phosphorylation events on proteins with fundamental roles in 

centrosome function including the pericentriolar material 1 protein (PCM1) 
258

 and nuclear 

distribution protein nudE homolog 1 (NDE1) (Table A. 6). These proteins have been implicated 

in essential mitotic processes. For example NDE1 is supposed to be involved in the translocation 

of Bub1 from the kinetochores to the spindle poles 
259

. Such rearrangements have been reported 

to regulate the initiation of chromosome segregation and the exit from mitosis 
260

. Our results 

provide the first evidence for their phosphoregulation by Plk1. We further identified site-specific 

modifications within Plk1 consensus motifs on kinesin-like microtubule motor proteins with both 

plus-end (Kif4A and Kif20A) and minus-end (CenpE) directed activities, pointing to a 

coordinated Plk1 control of spindle elongation and chromosome movement. In addition to 

CenpE, our data indicated direct Plk1 phosphorylation of several other proteins localizing to the 

centromere-kinetochore region such as the peripheral CenpF, which was shown to be required 

for microtubule attachment and spindle checkpoint function 
261

. Interestingly, we also identified 

extensive Plk1 regulation on various members of the nuclear pore complex such as Nup98, 

Nup107 and Nup153. These regulatory phosphorylations might not only contribute to nuclear 

envelope breakdown during prometaphase, but could moreover have mitotic functions as it has 

been described for RanBP2/Nup358 
262

. Very recently, these conclusions gained additional 

support by a study that revealed the multi-protein complex Nup107-160 to control the 

localization of the chromosome passenger complex (CPC) to the centromere 
263

. The CPC 

consists of aurora kinase B, INCENP, surviving and borealin, which possess crucial functions 

during mitosis 
264

. Notably, we also identified regulated phosphorylation events on INCENP. 

Moreover, the Nup107-160 complex was shown to recruit the γ-tubulin ring complex (γ‑TuRC), 

a key protein in microtubule nucleation, to unattached kinetochores 
265

. The overall concordance 

with previously reported Plk1 substrate requirements 
87, 102

 indicates that a large fraction of these 

phosphorylation changes are due to direct cellular modifications by Plk1. This was further 
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affirmed by gene ontology analyses that revealed well-studied sites of cellular Plk1 function to 

be highly enriched in our set of potential Plk1 substrates. As the vast majority of these proteins 

have not previously been reported as Plk1 substrates, our study adds a considerable amount of 

new information on cellular Plk1 substrates and provides a multitude of valuable candidates for 

further functional analysis. Moreover, it will be highly interesting to apply our presented cellular 

substrate identification strategy to PKs whose function and substrates are still elusive. 

Importantly, with identified sets of cellular PK substrates one could also assign corresponding 

linear phosphorylation site motifs by utilizing software programs like MotifX 
266

 or Dilimot 
267

.  

An advantage of the conducted RSC analysis is that, in addition to the calculation of an 

experimentally validated FDR, it enabled the identification of inherent effects of the utilized 

inhibitor due to the comparative analysis of cells expressing either a 3-MB-PP1-sensitive Plk1 

mutant or the inhibitor-resistant wild-type enzyme. Notably, our comprehensive 

phosphoproteomics analysis revealed only one protein, casein kinase 1 delta (CK1δ), as a likely 

off-target of the utilized small molecule inhibitor 3-MB-PP1. This observation is supported by 

the reported inhibition of CK1δ by the structurally related purine analog 1-NM-PP1 
184

, which 

has been shown to be less potent in inhibiting analog-sensitive variants of Plk1 
123

. Given that 

this Plk1-independent inhibition was identified against a background of more than 10,000 

quantified phosphorylation sites our results for the first time demonstrated the impressive cellular 

selectivity of 3-MB-PP1 for analog-sensitive kinase mutants 

It has to be mentioned that Stephen Gygi and coworkers combined a similar chemical genetics 

approach with phosphoproteomics analysis and reported 308 in vivo substrates for the cyclin-

dependent kinase (Cdk1) in Saccharomyces cerevisiae 
268

. However, the approach reported by 

Holt et al. differs from our approach in multiple ways. First to mention is that no control 

experiments were done in yeast cells expressing the Cdk1 wild-type enzyme despite the use of a 

twofold higher inhibitor dose. Thus, possible off-target effects of the utilized inhibitor 1-NM-

PP1 have not been evaluated. Second, they add the inhibitor to previously synchronized cell 

populations and therefore measure cellular phosphatase activity against already existing Cdk1 

phosphorylations which might, as shown in our experiments for the Plk1 substrate BubR1, be 

limited in mitotic cells. And third, they analyze three distinct cell states and report all individual 

phosphorylation events that are at least twofold down-regulated and match the minimal Cdk1 

consensus sequence as specific Cdk1 substrates. However, as they do not require reproducible 
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regulation, the reported Cdk1 substrates might contain an undefined number of false-positive 

identifications. Therefore our analysis extended the approach of Holt et al. and has essential 

advantages. In conclusion, our strategy defines a generic approach for the global analyses and 

high-confidence identification of cellular kinase substrates and includes the determination of an 

experimentally validated FDR. Furthermore, as the generation of genetically engineered cell 

systems is time consuming and not applicable for all proteins, we propose that in such cases the 

control experiments could be substituted by parallel control SILAC experiments in which 

different SILAC populations of identically treated cells are quantitatively analyzed as a reference 

to measure workflow-inherent quantification inaccuracies. This could also be generally applied 

in SILAC-based phosphoproteomics, for example when cellular effects of growth-factor 

stimulation or treatment with a therapeutic drug are monitored. Such an experimental design 

would be identical to the one implemented in our Plk1 wild-type/mutant comparisons with the 

only difference that the control set of SILAC cells remains untreated. This would enable 

subsequent RSC analysis and thus enable calculating an experimentally validated FDR for the 

observed cellular alterations on the level of phosphorylation changes or, more generally, of the 

regulation of protein expression or other types of PTMs.  
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VI. Summary 

 

In the first part of this thesis an in-depth, mass spectrometry-based characterization of three 

inhibitor affinity resins for protein kinase prefractionation from cell extracts was performed. 

Quantitative comparisons of kinase binding behavior identified the pyrido[2,3-d]pyrimidine-

based compound VI16832 as highly efficient capture molecule for broad kinase enrichment. The 

VI16832 affinity resin was further established as a valuable tool for the comparative analysis of 

relative kinase expression levels across different cancer cell lines and further applied for 

phosphorylation site mapping that generated the so far largest dataset for protein kinases.  

In the second part kinase enrichment with immobilized small molecules was further used to 

identify both direct targets and downstream signal transducers affected by the clinical kinase 

inhibitor imatinib. Competitive binding analyses revealed both known and previously unreported 

imatinib targets. Furthermore, quantitative phosphoproteomics analyses of kinase-enriched 

fractions upon imatinib treatment of CML cells identified more than 70 drug-regulated 

phosphorylation sites, most of which were not described previously. These data pointed to 

various additional mediators in Bcr-Abl-driven leukemogenic signaling, which are candidate 

proteins for further functional studies to unveil alternative targets for therapeutic intervention.  

Finally, in the third part, a highly efficient workflow was established for strong cation exchange 

chromatography-based phosphoproteomics analysis. This enabled the development of an 

experimental approach which, by integrating chemical genetics of protein kinases and MS-based 

phosphoproteomics, allowed for the systematic in vivo analysis of kinase-substrate relationships. 

In total, 284 proteins were identified as substrates of Plk1. Most of these have not been reported 

as Plk1 substrates but reflect known sites of cellular Plk1 function, however, in a yet 

unprecedented molecular complexity. Notably, identified Plk1 phosphorylation sites on cellular 

substrates correlated well with previously reported Plk1 substrate requirements. Therefore, our 

study provides a multitude of valuable candidates for further functional analysis. Moreover, an 

experimental design was developed that ensured the detection of biologically reproducible 

regulation events with very high confidence and can in principle be applied to any type of 

quantitative proteomics analysis. 
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Abbreviations 

 

Å    Ångström 

ATP     Adenosintriphosphate 

BSA     Bovine serum albumin 

°C     Degree celsius 

DMEM    Dulbecco's modified eagle medium 

DMF    Dimethylformamide 

DMSO    Dimethylsulfoxide 

DTT     Dithiothreitol 

ECL     Enhanced chemiluminescence 

EDTA     Ethylenediamintetraacetate 

EGF     Epidermal growth factor 

EGFR     Epidermal growth factor receptor 

EGTA     Ethylene glycol-bis(2-aminoethyl)-N,N,N',N'-tetraacetic acid 

EtOH    Ethanol 

FCS     Fetal calf serum 

FDR    False discovery rate 

Grb2    Growth factor receptor-bound protein 2 

H    Hour 

HEPES    N-(2-Hydroxyethyl)-piperazin-N„-2-Ethansulfonic acid 

IAA    Iodoacetamide 

IMAC    Immobilized metal affinity chromatography 

IP     Immunoprecipitation 

IPI     International Protein Index 

KCl    Potassium chloride 

kDa     Kilodalton 

µ     Micro 

l    Liter 

LC     Liquid chromatography 

m     Milli 

M     Molar 

min     Minute 

MS       Mass spectrometry 

MS2     tandem MS or MS/MS 

NaCl    Sodium chloride 

PAGE    Polyacrylamide gel elektrophoresis 

PBS     Phosphate-buffered saline 

PDGFR    Platelet-derived growth factor receptor 

PMSF    Phenylmethanesulfonyl fluoride 

PKCδ     Protein kinase C δ 

pSer     Phosphoserine 
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pThr     Phosphothreonine 

pTyr     Phosphotyrosine 

RSC    Ratio of similarity coefficient 

rpm     Rotations per minute 

RT     Room temperature 

SCX    Strong cation exchange (SCX) chromatography 

SDS     Sodium dodecyl sulfate 

SH2    Src homology domain 2 

siRNA    Short interfering RNA 

SILAC    Stable isotope labeling by amino acids in cell culture 

Src     Homologue to v-src (sarcoma viral oncogene) 

STAGEtips   STopAndGoExtraction tips 

TiO2    Titanium dioxide 

Tris     Tris(hydroxymethyl)aminomethan 

o.n.     Overnight 

V     Volt 

vol/vol    volume/volume 

Vol     Volume 

WT     Wild type 

wt/wt    weight/weight 
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Figure A. 1: Schematic workflow for the phosphoproteomics analysis of three cancer cell lines. 

Experiments with the cancer cell lines MV4-11 (leukemia), HCT-116 (colon carcinoma) and 435S 

(melanoma-derived cells) were analyzed in two replicates. Phosphopeptides were enriched by means 

of titanium dioxide (TiO2) prior to MS-based identification of VI16832-interacting sub-proteomes. 
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Figure A. 2: The phosphopeptides quantified in eighteen different technical replicates of the nine 

biological experiments were compared in ‘one versus all’ comparisons as the overlap between all 

datasets in relation to the smaller one.  
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Figure A. 3: The phosphopeptides quantified in eighteen different technical replicates of the nine 

biological experiments were compared in ‘one versus all’ comparisons for the Jaccard similarity 

coefficient showing the overlap of two datasets in relation to their union, as described in the online 

methods. 
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Table A. 1 Overview of the three different projects performed to identify cellular target proteins of 

imatinib in K562 cells and imatinib-sensitive phosphorylation sites. 

 

 
 

 

 

 

Table A. 2: Proteins comprising imatinib-sensitive phosphorylation sites. The shown phosphopeptide 

ratios reflect the averaged ratio from both biological replicate experiments that were normalized for 

the respective quantified protein ratio. 
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Table A. 3: Overview of all performed experiments in the Plk1 project. 

 

 

 

 

Table A. 4: Mutational comparison of individual biological experiments in respect to the ratio of 

similarity coefficient (RSC). Total number of quantified and regulated phosphopeptides detected in 

all possible combinations of one PLK1
as 

(except experiment as5) and one PLK1
wt

 experiments as a 

function of the RSC. 
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Table A. 5: Mutational two-paired comparison of biological experiments in respect to the ratio of 

similarity coefficient (RSC) Total number of quantified and regulated phosphopeptides detected in all 

possible combinations of two PLK1
as

  (except experiment as5) and two PLK1
wt

 experiments as a 

function of the RSC. 
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Table A. 6: Plk1cellular substrates revealed by the ratio of similarity coefficient (RSC) analysis.  
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