
TECHNISCHE UNIVERSITÄT MÜNCHEN
Fakultät für Chemie

Institut für Organische Chemie und Biochemie
Lehrstuhl für Organische Chemie II

Inhibition of Polo-like Kinase 1 by Small 
Molecules Targeting the Polo-Box Domain

Wolfgang Reindl

Vollständiger Abdruck der von der Fakultät für Chemie 
der Technischen Universität München zur Erlangung 

des akademischen Grades eines 

Doktors der Naturwissenschaften (Dr. rer. nat.)
 

genehmigten Dissertation.

  Vorsitzender:  Univ.-Prof. Dr. Christian Becker

  Prüfer der Dissertation:  1. Univ.-Prof. Dr. Horst Kessler
 2. Univ.-Prof. Dr. Bernhard Küster

Die Dissertation wurde am 08.05.2008 bei der Technischen Universität München 
eingereicht und durch die Fakultät für Chemie am 18.06.2008 angenommen.





Index I

Index

1. Introduction.....................................................................................................1
1.1 Protein-Protein Interactions..........................................................................................1
1.2 Modulation of Protein-Protein Interactions................................................................1

1.2.1 Antisense Techniques................................................................................................2
1.2.2 Antibodies.................................................................................................................2
1.2.3 Peptides and Peptidomimetics..................................................................................3
1.2.4 Small Molecules.......................................................................................................3

1.3 The Mitotic Serine/Threonine Kinase Plk1..................................................................5
1.3.1 Polo-like Kinases: an Overview...............................................................................5
1.3.2 Structure of Plks.......................................................................................................6

1.3.2.1 Overall Structure...............................................................................................6
1.3.2.2 The Kinase Domain..........................................................................................7
1.3.2.3 The Polo-Box Domain......................................................................................8

1.3.3 Regulation and Mechanism of Plk1 Activity............................................................9
1.3.3.1 Regulation of  the Protein Level.......................................................................9
1.3.3.2 Regulation of Plk1 Functions ...........................................................................9
1.3.3.3 Mechanism of Plk1 Activity ..........................................................................11

1.3.4 Cellular Functions of Polo-like Kinases.................................................................12
1.3.4.1 Multiple Cell-Cycle Functions of Plk1...........................................................12
1.3.4.2 The Roles of Plk2, Plk3 and Plk4...................................................................16

1.3.5 Plk1 and Cancer......................................................................................................16
1.3.6 Strategies for Plk1 Inhibition..................................................................................17

1.3.6.1 Small Interfering RNAs (siRNAs) and Antisense Oligonucleotides (ASOs).17
1.3.6.2 Interfering Peptides.........................................................................................17
1.3.6.3 Small-Molecule Inhibitors..............................................................................17

1.4 Aims...............................................................................................................................20

2. Materials & Methods....................................................................................22
2.1 Materials........................................................................................................................22

2.1.1 Chemicals and Reagents.........................................................................................22
2.1.2 Chemical Libraries and Small Molecules...............................................................23
2.1.3 Kits, Markers and Miscellaneous Materials...........................................................23
2.1.4 Media, Buffers and Solutions.................................................................................24

2.1.4.1 Bacterial Culture Media .................................................................................24
2.1.4.2 Cell Culture Media..........................................................................................24
2.1.4.3 Frequently Used Buffers and Solutions .........................................................24



Index II

2.1.5 Bacterial Strains......................................................................................................26
2.1.6 Cell Lines................................................................................................................26
2.1.7 Primary Cloning Vectors and cDNAs ....................................................................27
2.1.8 Primers....................................................................................................................27

2.1.8.1 Cloning Primers..............................................................................................27
2.1.8.2 Mutagenesis Primers.......................................................................................28

2.1.9 Plasmids..................................................................................................................28
2.1.9.1 Basic Vectors...................................................................................................28
2.1.9.2 Modified Vectors.............................................................................................29

2.1.10 Proteins.................................................................................................................29
2.1.10.1 Enzymes........................................................................................................29
2.1.10.2 Antibodies.....................................................................................................29
2.1.10.3 Recombinant Proteins...................................................................................30

2.1.11 Peptides.................................................................................................................30
2.2 Molecular Biology Methods.........................................................................................31

2.2.1 Microbiological Techniques...................................................................................31
2.2.1.1 Cultivation and Maintenance of Bacterial Strains..........................................31
2.2.1.2 Transformation of Competent E. coli Strains.................................................31
2.2.1.3 Isolation of  E. coli Plasmid DNA..................................................................31

2.2.2 DNA Amplification ................................................................................................31
2.2.2.1 Polymerase Chain Reaction (PCR).................................................................31
2.2.2.2 Mutagenesis PCR............................................................................................32

2.2.3 Enzymatic Treatment of DNA................................................................................33
2.2.3.1 DNA Restriction with Endonucleases.............................................................33
2.2.3.2 Ligation of DNA Fragments...........................................................................33

2.2.4 Agarose Gel Electrophoresis and DNA Purification..............................................33
2.2.5 Sequencing..............................................................................................................34

2.3 Protein Isolation Methods............................................................................................34
2.3.1 Protein Expression..................................................................................................34
2.3.2 Protein Extraction...................................................................................................34
2.3.3 Protein Purification.................................................................................................34

2.3.3.1 His-tag Affinity Chromatography...................................................................35
2.3.3.2 MBP-tag Affinity Chromatography................................................................35

2.3.4 Dialysis...................................................................................................................35
2.3.5 Protein Stocks.........................................................................................................36

2.4 Protein Biochemistry Methods ...................................................................................36
2.4.1 Determination of Protein Concentration.................................................................36

2.4.1.1 Bradford Protein Assay...................................................................................36



Index III

2.4.1.2 BCA Protein Assay.........................................................................................36
2.4.2 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)........................................36
2.4.3 Western Blot / Immunoblot.....................................................................................37

2.5 Eukaryotic Cell Culture Methods...............................................................................38
2.5.1 General Cell Culture Techniques............................................................................38
2.5.2 Transient Transfection of Mammalian Cells...........................................................38
2.5.3 Cell Lysis................................................................................................................38

2.6 Cell Biology Methods ..................................................................................................38
2.6.1 Immunofluorescence ..............................................................................................38
2.6.2 Determination of Mitotic Index and Mitotic Phases...............................................39
2.6.3 Quantification of Plk1 Localization .......................................................................39

2.7 Fluorescence Polarization............................................................................................39
2.7.1 Binding Curves.......................................................................................................40
2.7.2 Inhibition Curves ...................................................................................................41
2.7.3 Z’-Factor.................................................................................................................41
2.7.4 High-Throughput Screen........................................................................................42

3. Results.............................................................................................................43
3.1 Fluorescence Polarization Assay.................................................................................43

3.1.1 Cloning, Expression and Purification of the Plk1 PBD..........................................43
3.1.2 Establishment and Optimization of a FP-Based Binding Assay.............................44

3.1.2.1 Application of Fluorophore-Labeled Peptides................................................44
3.1.2.2 Determination of Optimal Buffer Conditions.................................................46
3.1.2.3 Temporal Stability...........................................................................................47

3.1.3 Test of Inhibition and Binding Studies...................................................................48
3.1.4 Determination of the Z’-Factor...............................................................................50

3.2 High-Throughput Screen.............................................................................................51
3.2.1 Screening Process...................................................................................................51
3.2.2 Validation of Primary Screening Data....................................................................52
3.2.3 Identification of Poloxin and Thymoquinone.........................................................54

3.3 Specificity Profiles of Poloxin and Thymoquinone....................................................55
3.4 Cellular Assays..............................................................................................................59

3.4.1 Transfection of the Plk1 PBD.................................................................................59
3.4.1.1 PBD-Expression Increases the Mitotic Index.................................................61
3.4.1.2 PBD-Expression Causes a Prometaphase-Arrest............................................61
3.4.1.3 Phenotype of PBD-transfected Cells..............................................................62
3.4.1.4 Plk1 Localization in PBD-transfected Cells...................................................63



Index IV

3.4.2 Effects of Poloxin and Thymoquinone...................................................................65
3.4.2.1 Determination of the Timepoint for Analysis of Effects.................................65
3.4.2.2 Influence of Poloxin and Thymoquinone on the Mitotic Index......................65
3.4.2.3 The Mitotic Marker Protein Phospho-Cdc25C...............................................67
3.4.2.4 Phase-Distribution of Cells Arrested by Poloxin and Thymoquinone............68
3.4.2.5 Phenotype Caused by Poloxin and Thymoquinone Treatment of Cells..........69
3.4.2.6 Apoptosis.........................................................................................................70
3.4.2.7 Plk1 Localization in Poloxin and Thymoquinone Treated Cells....................71
3.4.2.8 Phosphorylation of BubR1..............................................................................73

3.5 Inhibition of the Plk2 PBD and Plk3 PBD.................................................................74
3.6 Inhibitory Mechanism of Poloxin and Thymoquinone.............................................77

4. Discussion.......................................................................................................78
4.1 Validation of the Plk1 PBD as Target for  Small-Molecule Inhibitors....................78
4.2 Assay Development.......................................................................................................79

4.2.1 A Homogeneous Assay Based on Fluorescence Polarization.................................79
4.2.2 Assay Controls and Z'-factor..................................................................................81
4.2.3 Binding Studies.......................................................................................................82

4.3 Evaluation of the High-Throughput Screen...............................................................83
4.3.1 Comparison of Different Screening Techniques.....................................................83
4.3.2 Analysis and Processing of Screening Data ...........................................................84
4.3.3 Screening for Inhibitors of STAT5b ......................................................................86

4.4 Poloxin and Thymoquinone.........................................................................................87
4.4.1 In vitro Characterization and Specificity Profiles...................................................87
4.4.2 Cellular Activities...................................................................................................88
4.4.3 Binding Mechanism................................................................................................90

4.5 Relevance of the Identified Plk1 Inhibitors...............................................................91
4.6 Outlook..........................................................................................................................91

5. Summary........................................................................................................93

6. Abbreviation Index........................................................................................94

7. Bibliography...................................................................................................95

8. Publications..................................................................................................109

9. Acknowledgements......................................................................................110



1. Introduction 1

1. Introduction

1.1 Protein-Protein Interactions
One of the major challenges in biomedical research is to gain a thorough understanding of 

precisely how protein expression is translated into biological functions within a cell. It has 

become evident that instead of acting on their own, most proteins show activity as members 

of protein complexes (Gavin et al., 2002). The cellular function of a particular protein may be 

dependent on the identity of its binding partners within a protein complex.

Involvement  of  protein-protein  interactions  and protein  complexes  has  been  shown to  be 

crucial for a large number of vital processes, such as cell-cell communication (Yap  et al., 

2007), cellular signal transduction (Jorissen et al., 2003), cell cycle control (Nigg, 2001), or 

apoptosis and cell death (Okada & Mak, 2004). 

For  example,  in  EGFR  (epidermal  growth  factor  receptor)  signaling,  interaction  of 

extracellular ligands with the membrane-bound receptor EGFR leads to the formation of a 

complex  cellular  network  of  adaptor  proteins,  like  Grb2  (growth  factor  receptor  binding 

protein 2), and effector proteins, for example the MAP or Akt kinases. This ultimately leads to 

the  activation  of  transcription  factors,  like  c-Myc  or  the  STATs  (signal  transducers  and 

activators  of  transcription),  followed by subsequent  transcription  and expression  of  target 

proteins (Jorissen et al., 2003).

The cell cycle, the series of events by which a cell replicates, is subject to regulation by a 

large number of protein complexes.  The temporally-  and spatially-restricted interaction of 

proteins and the formation of complexes on different cellular structures, such as centrosomes 

or kinetochores, allows cells a tight control of the whole process. The involvement of protein 

complexes in different mitotic checkpoints guarantees an error-free chromosome segregation 

(Nigg, 2001).

1.2 Modulation of Protein-Protein Interactions
As  a  result  of  the  central  role  of  protein  complexes  in  cellular  processes,  aberrant  or 

inappropriate protein-protein interactions hold the potential to cause pathological conditions, 

e.g. cancer. Modulation of protein functions or interactions therefore offers the possibility for 

the treatment of human diseases. There are several techniques available by which to interfere 

with protein function or inhibit protein-protein interactions. Protein expression can be blocked 
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at the mRNA-level using antisense techniques, or the functional activity of proteins and the 

formation of protein complexes can be blocked using antibodies, peptides or peptidomimetics, 

or small molecules. Each of these techniques has certain advantages. However, for application 

as therapeutics, the various techniques also have inherent drawbacks.

1.2.1 Antisense Techniques
There  are  several  antisense  techniques  available,  the  two  most  prominent  being  small 

interfering RNAs (siRNA) and antisense oligonucleotides (ASOs). These two techniques are 

used to block protein expression at the mRNA level.

siRNAs take advantage of the process of RNA interference (RNAi), a cellular mechanism for 

viral  protection.  An  enzyme  called  Dicer  recognizes  and  cleaves  double-stranded  RNA, 

resulting in the formation of 21-23 nucleotide long RNA molecules. These small RNAs can 

interact with the mRNA of certain proteins, which leads to subsequent degradation by the 

RISC  (RNA-induced  silencing  complex)  (Hammond,  2005).  Therefore,  application  of 

siRNAs covering part of the sequence of the desired protein leads to silencing of this protein 

by RISC-mediated degradation of its mRNA. 

ASOs are single-stranded DNA molecules with a length of 15-20 nucleotides, complementary 

to the mRNA of the desired protein. Binding to mRNA either blocks translation because of an 

arrest  of  ribosome function,  or  induces  RNase H,  an endonuclease which  recognizes  and 

cleaves RNA:DNA hybrids (Scherer & Rossi, 2003).

In summary, antisense techniques represent a tool for directed and effective silencing of single 

protein activities. However, there is restricted cellular uptake of siRNAs and ASOs, and in 

both cases RNA or DNA molecules are subject to rapid degradation by nucleases within the 

cell. Furthermore, gene silencing leads to an irreversible inhibition of protein expression and 

hence function, which is not always suitable for the investigation of essential proteins.

1.2.2 Antibodies
Ever since development of the hybridoma technique (Kohler & Milstein, 1976), monoclonal 

antibodies have been an important tool for scientific and pharmaceutical research. Besides 

their well-documented functions for the immune system, antibodies can be used to interfere 

with signal transduction by blocking ligand-receptor or protein-protein interactions (Kim et  

al., 2005).
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The most important advantage of the use of monoclonal  antibodies is  the high degree of 

specificity for a certain antigen. Various antibodies have been established as promising anti-

tumor  agents.  For  example,  Trastuzumab  (Herceptin®)  is  used  for  the  therapy of  breast 

cancer.  It  blocks  dimerization  and subsequent  signaling  of  the  receptor  HER-2,  which  is 

overexpressed  in  various  breast  cancer  cell  lines  (Nahta  &  Esteva,  2006).  Bevacizumab 

(Avastin®) recognizes VEGF (vascular endothelial growth factor) and inhibits tumor growth 

by blocking the formation of new blood vessels (Ferrara et al., 2004). Cetuximab (Erbitux®) 

is used as an inhibitor of the EGFR in head and neck cancers in the clinical setting (Goldberg, 

2005).

One big drawback of antibodies as modulators of protein-protein interactions is the fact that 

they  are  located  in  the  extracellular  compartment  only,  restricting  their  application  to 

extracellular receptors.

1.2.3 Peptides and Peptidomimetics
Peptides  and  peptidomimetics  can  also  be  employed  for  the  inhibition  of  protein-protein 

interactions.  If  the  interaction  of  interest  is  mediated  by specific  binding  sites  or  known 

binding motifs, peptides can be designed according to the binding sequence. Proteins are then 

inhibited via competition for the binding site. 

For example, the peptide cyclo(RGDf-N(Me)V-) (Cilengitide), was developed by the group of 

Prof. Horst Kessler at the Technical University of Munich and was shown to be an inhibitor of 

the tumor-associated integrin receptor  αVβ3, which plays an important role for angiogenesis 

(Aumailley  et  al.,  1991;  Dechantsreiter  et  al.,  1999;  Meyer  et  al.,  2006).  Cilengitide  is 

currently undergoing clinical trials as an inhibitor of angiogenesis. Another example is a short 

synthetic  peptide  that  was  shown to  inhibit  the  interaction between the  tumor  suppressor 

protein p53 and MDM2 (Picksley et al., 1994).

Advantages of peptides as modulators are that their sequences can easily be optimized further, 

for example by phage display (Bottger et al., 1996) or peptide screens (Elia et al., 2003a), and 

that their inhibitory activity is reversible. However, cellular uptake of peptides is limited. 

1.2.4 Small Molecules
In general, the term “small molecule” describes organic molecules with a molecular weight 

below 500 g/mol. These compounds can be of natural origin, modified natural products, or 
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synthetic substances. The molecular weight can sometimes exceed 500 g/mol, especially in 

the case of natural products (Lipinski et al., 2001).

The development of small molecules as modulators of protein-protein inhibitors is subject to 

certain difficulties. One problem is the identification of lead structures for targeting protein-

protein interactions, as only a small number of natural products modulators are known. In 

addition, the binding interface tends to be relatively flat with no obvious binding cavities for 

small molecules (Jones & Thornton, 1996; Berg, 2003), and the area of recognition sites in 

protein-protein complex is usually greater than 1100 Å2 (Lo Conte et al., 1999), which vastly 

exceeds the potential binding area of a low-molecular weight compound. This is why protein-

protein interfaces used to be regarded as non-druggable by small molecules. However, it has 

been demonstrated that a minor fraction of the protein-protein interface residues in fact can 

account for the majority of the free energy of binding between proteins. These so called “hot 

spots” tend to cluster residues important for binding energy at the center of the protein-protein 

interface,  and  are  surrounded  by  energetically  less  important  amino  acid  residues  that 

probably serve to occlude bulk solvent  (Clackson & Wells,  1995; Bogan & Thorn,  1998; 

Berg, 2003).

Unlike all other presented techniques for the inhibition of protein-protein interactions, small 

molecules have the big advantage of excellent cellular uptake. A small molecule's potential for 

solubility and cell permeability is described by the “rule of 5” (Lipinski  et al., 2001). Poor 

absorption or permeation are likely if the following criteria are not met:

● molecular weight < 500 g/mol
● logP < 5
● H-bond acceptors (O- and N-atoms) < 10
● H-bond donors (OH- and NH-groups) < 5
● one rule may be violated

P is the partition coefficient, which describes the lipophilicity of a small molecule expressed 

as a ratio of octanol solubility to aqueous solubility.  Substances meeting these criteria are 

likely to display good absorption or permeation. Compound classes that are substrates for 

biological transporters are exceptions to the rule.

Furthermore, small molecules can be used in a temporally-controlled manner, allowing for the 

study of timepoint-sensitive processes, such as those involved in the cell cycle.

Despite all primary doubts, the principal feasibility of using small organic molecules to target 

protein-protein interactions has been clearly demonstrated by a large number of compounds. 
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One example for a natural product used as a small-molecule inhibitor is the taxane paclitaxel 

(Taxol®)  (Rowinsky,  1997),  a  diterpenoid  isolated  from the  bark  of  the  pacific  yew tree 

(Taxus brefifolia),  and its semi-synthetic derivative docetaxel (Taxotere®) (Guenard  et al., 

1993). Both substances stabilize the interactions of the  β-subunit  of tubulin heterodimers, 

which enhances polymerization of tubulin into microtubules. As a consequence, microtubules 

cannot  depolymerize  during  mitosis  which  leads  to  cell  cycle  arrest  and  apoptosis. 

Microtubule stabilization by taxanes  has been approved for the  treatment of a  number  of 

human cancers (Berg, 2003). 

Furthermore, many of the FDA-approved cancer therapeutics are small molecules. Amongst 

the  most  prominent  are  imatinib  (Gleevec®),  gefitinib  (Iressa®),  erlotinib  (Tarceva®), 

sorafenib (Nexavar®), and sunitinib (Sutent®).

1.3 The Mitotic Serine/Threonine Kinase Plk1

1.3.1 Polo-like Kinases: an Overview
The genomic stability of all eukaryotic organisms depends on accurate mitotic and meiotic 

cell  divisions.  Error-free  segregation  of  chromosomes  is  a  prerequisite  for  correct 

proliferation. Chromosomal imbalances can lead to cellular defects and cancer. The cell cycle 

is  consequently  a  highly-regulated  process.  Especially  in  M-phase  (mitosis  followed  by 

cytokinesis),  where  cells  undergo  a  major  reorganization  of  cellular  architecture,  a  large 

network of regulator proteins and error-checkpoints orchestrates correct mitotic progression. 

Several kinase families have been shown to play key roles in the regulation of M-phase, in 

particular cyclin-dependent kinases (CDKs), Aurora kinases, and Polo-like kinases (Plks). The 

latter are a family of serine/threonine kinases, and were first described in a screen for mutants 

affecting spindle pole behavior in  Drosophila melanogaster (polo) (Sunkel & Glover, 1988; 

Llamazares et al., 1991), which gave the name for this kinase family, and in Saccharomyces 

cerevisiae  (cdc5)  (Kitada  et  al.,  1993).  Subsequently  Plks  have  been  found  in  many 

eukaryotes,  for example in  Schizosaccharomyces  pombe (Plo1p) (Ohkura  et  al.,  1995),  in 

Caenorhabditis elegans (Plc1, Plc2, Plc3) (Chase et al., 2000a; Chase et al., 2000b), and in 

Xenopus laevis (Plx1, Plx2, Plx3) (Descombes & Nigg, 1998; Qian et al., 1998; Duncan et al., 

2001). In mammals, four Plks have been identified: Plk1 (Clay et al., 1993; Lake & Jelinek, 

1993; Holtrich  et al., 1994; Hamanaka  et al., 1994), Plk2 or SNK (serum-inducible kinase) 

(Simmons  et al.,  1992),  Plk3 or FNK / PRK (FGF-inducible kinase /  proliferation-related 
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kinase) (Ouyang et al., 1997; Holtrich et al., 2000), and Plk4 or SAK (Fode et al., 1994).

Plks have been shown to play key roles in various stages of mitosis, such as bipolar spindle 

formation,  chromosome  segregation  and  cytokinesis,  and  in  ensuring  the  fidelity  of 

checkpoint controls. Plk1 is the best-characterized Plk family member. Besides its multiple 

roles during mitosis, it has been shown that Plk1 is overexpressed in many types of human 

tumors and its expression is correlated with poor patient prognosis (Eckerdt et al., 2005).

1.3.2 Structure of Plks
1.3.2.1 Overall Structure
All  human Plks  share a  similar  architecture,  consisting of  a  highly conserved N-terminal 

serine/threonine kinase domain, and a C-terminal  region containing one (Plk4) or two (Plk1, 

Plk2, Plk3) unique signature motif(s), termed polo-boxes, giving this domain the name polo-

box domain (PBD) (Barr  et al., 2004; Strebhardt & Ullrich, 2006). The PBD is a protein-

binding  domain  recognizing  a  S-(pS/pT)-(P/X)  phosphomotif  on  substrates  (Elia  et  al., 

2003a). Figure 1.1 schematically depicts the structures of the four human Plks.

Fig. 1.1: Schematic representation of the structures of the human Plks. Protein lengths are given on the right 
(aa: amino acids). Positions of the kinase domain (red), the polo-box domain and the polo-boxes (PB; blue) are 
depicted.  Residues  important  for  enzymatic  activity (K82,  T210),  for  degradation (D-box;  yellow),  and  for 
substrate  recognition  (W414,  H538,  K540)  are  given  for  Plk1.  Adapted  by  permission  from  Macmillan 
Publishers Ltd: Strebhardt & Ullrich, Nat Rev Cancer, copyright 2006. 
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Several residues of Plk1 play important roles for regulation and activity: Lys82 is involved in 

ATP-binding and catalytic activity (Seong et al., 2002). Phosphorylation of Thr210 leads to 

activation of Plk1 (Jang  et al., 2002b). Residues in the D-box mediate protein degradation 

(Lindon & Pines, 2004). Trp414, His538 and Lys540 are crucial for contacting the phosphate 

group within the binding motif on substrates (Elia et al., 2003b). Residues with corresponding 

functions are also present in the other Plk family members (Strebhardt & Ullrich, 2006).

1.3.2.2 The Kinase Domain
The  structure  of  a  T210V mutant  of  the  Plk1  kinase  domain  in  complex  with  the  non-

hydrolyzable ATP analogue adenylylimidodiphosphate (AMPPNP) (Kothe et al., 2007a), and 

the structure of the wildtype Plk1 kinase domain in complex with a ankyrin-repeat protein 

(Bandeiras et al., 2008) revealed the typical kinase fold (Fig. 1.2).  

Fig. 1.2: Structure of the kinase domain. The activation loop is shown in orange. Bound AMPPNP is shown as 
gray sticks. PDB ID: 2OU7 (Kothe et al., 2007a). 
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The ATP binding site is located in a cleft, formed between the N-terminal lobe, composed 

predominantly of an antiparallel β-sheet, and the α-helical C-terminal lobe. The two lobes are 

connected  by  a  hinge  region.  The  unphosphorylated  activation  loop  is  in  an  extended 

conformation (Kothe et al., 2007a; Bandeiras et al., 2008).

Unique features of the Plk1 ATP binding site are the presence of a bulky phenylalanine at the 

bottom of the binding site combined with a smaller cysteine in the roof of the pocket (valine 

in many other kinases), a cluster of positively charged residues in the solvent-exposed area 

outside the adenine pocket, and an extra pocket created by Leu132 in the hinge region (Kothe 

et al., 2007a). 

It has been recently shown in co-crystallization studies that the specificity against non-Plks of 

the potent Plk1 kinase domain inhibitor BI 2536 (Lenart et al., 2007; Steegmaier et al., 2007) 

is due to interaction with the above-mentioned small binding-pocket generated by Leu132 

(Kothe et al., 2007b).

1.3.2.3 The Polo-Box Domain
The crystal structure of the Plk1 PBD in complex with a short phosphopeptide (Elia  et al., 

2003b; Cheng et al., 2003) is depicted in figure 1.3. 

Fig. 1.3: Structure of the PBD. The two polo-boxes are depicted in light and dark blue. Gray indicates residues 
of the PBD, not part of the polo-boxes. The phosphopeptide (red; sticks) binds along the cleft between the two 

polo-boxes. PDB ID: 1Q4K (Cheng et al., 2003).
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It showed that the two polo-boxes, each of which exhibits folds based on a six-stranded  β-

sheet and an  α-helix, associate to form a 12-stranded β-sandwich domain. Phosphopeptides 

comprising an S-(pT/pS)-(P/X) motif (Elia et al., 2003a) bind along a positively charged cleft 

between  the  two  polo-boxes,  the  phosphate  group  making  crucial  contacts  with  Trp414, 

His538 and Lys540 (Elia et al., 2003b; Cheng et al., 2003). The same principle is applied with 

Plk2 and Plk3.  For formation of the substrate binding cleft, Plk4 has to form homodimers 

(Leung et al., 2002).

1.3.3 Regulation and Mechanism of Plk1 Activity
1.3.3.1 Regulation of  the Protein Level
Plk1 synthesis and activity, respectively, are regulated by Plk1 transcription and degradation. 

While Plk1 levels are low throughout G0-, G1- and S-phase, they show a strong increase 

during G2- and a peak in M-phase (Golsteyn et al., 1994; Golsteyn et al., 1995). As seen for 

Plo1p (Plk from  S. pombe), where the dramatic rise in protein levels is due to a positive-

feedback loop in which Plo1p phosphorylates and activates transcription factors leading to 

enhanced expression of Plo1p (Anderson  et al., 2002), a similar autoregulatory mechanism 

has been reported for human cells. The tumor suppressor protein p53 was identified as a key 

player for the precise restriction of Plk1 gene expression. As the activity of p53 is in turn 

controlled by Plk1, it  contributes to the regulation of its own expression by the ability to 

render p53 inactive (Ando et al., 2004; Martin & Strebhardt, 2006). 

It  has been shown that  mitotic exit  is  dependent  on the degradation of mitotic regulators 

(Morgan, 1999; Peters, 2002). Plk1 gets inactivated by proteolytic degradation through the 

ubiquitin-proteasome pathway at  the  end of  mitosis.  The  main  regulator  involved in  this 

process is a ubiquitin-ligase, termed anaphase-promoting complex/cyclosome (APC/C). The 

APC/C-Cdc20 complex promotes metaphase to anaphase transition, whereas the APC/C-Cdh1 

complex takes over  in late anaphase and is  responsible  for Plk1 degradation.  The APC/C 

recognizes  a  destruction  signal  on  Plk1  (D-box)  which  leads  to  subsequent  proteolytic 

cleavage (Lindon & Pines, 2004). 

In summary, Plk1 activity is restricted to mitosis by tight temporal control of its protein level.

1.3.3.2 Regulation of Plk1 Functions 
The PBD is involved in regulation of the catalytic domain. It folds back to the kinase domain 

and, by blocking the active site, keeps it in an autoinhibited state (Mundt et al., 1997; Jang et  
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al.,  2002a).  Two different  mechanisms  for  the  release  from autoinhibition  are  discussed: 

stimulation of Plk1 activity by activating phosphorylations in the T-loop, and phosphopeptide/

ligand binding to the PBD. 

Like many other kinases, Plk1 contains a threonine (T210) in its activation loop (T-loop). In 

CDK2/cyclin A, for example, phosphorylation of the equivalent residue (Thr 160) leads to 

activation  of  the  kinase  (Russo  et  al.,  1996).  It  has  been  shown that  Thr210 is  a  major 

phosphorylation site in activated Plk1. Substitution of Thr210 by the phosphomimetic amino 

acid aspartate leads to induction, while substitution with valine leads to inhibition of Plk1 

activity (Jang et al., 2002b). The human Ste20-like kinase (Slk) and serine/threonine kinase 

10 (Stk10) have been identified as possible  upstream kinases (Ellinger-Ziegelbauer  et  al., 

2000; Walter et al., 2003; Johnson et al., 2008). Therefore, phosphorylation of Thr210 appears 

to act as inducer of Plk1 activity.

The PBD binds to substrates containing a certain S-(pS/pT)-(P/X) binding motif (Elia et al., 

2003a).  Upon binding to a ligand, the PBD folds away from the kinase domain, releasing 

autoinhibition of the kinase domain. However, PBD docking sites have to be established by so 

called “priming phosphorylations” before binding occurs (Elia  et al., 2003a). Reports have 

shown that CDK1/cyclin B can act as a priming kinase (Sillje & Nigg, 2003; Barr  et al., 

2004), as well as other kinases (Rapley et al., 2005; Rauh et al., 2005), including Plk1 itself 

(Neef  et al., 2003; Kang  et al., 2006). Such a mechanism could serve as positive-feedback 

loop to concentrate Plk1 at required sites. Binding of the PBD to substrates not only activates

Fig. 1.4: Mechanisms for the activation of Plk1. The Plk1 kinase domain can be released from autoinhibition 
by phosphorylation of the T-loop by activating kinases or by binding of the PBD to primed docking proteins. 
Adapted by permission from Macmillan Publishers Ltd: Barr et al., Nat Rev Mol Cell Biol, copyright 2004. 



1. Introduction 11

the kinase domain, it also targets Plk1 to various cellular structures (Elia et al., 2003a). Thus, 

the  mechanism of  interaction  with  pre-phosphorylated  substrates  allows  for  temporal  and 

spatial control of cellular Plk1 functions.

Figure 1.4 depicts the mechanisms for Plk1 activation.

1.3.3.3 Mechanism of Plk1 Activity 
As reported by Hanisch  et al., 2006, two-different mechanisms of Plk1 activity have to be 

distinguished: PBD-dependent and PBD-independent functions.

PBD-dependent functions require pre-localization of Plk1 via the PBD to the cellular vicinity 

of  substrate  proteins,  followed  by  subsequent  phosphorylation  of  these  targets.  PBD-

dependent functions also depend on correct localization of Plk1 to subcellular structures. By 

this mechanism,  Plk1 activity is spatially controlled.

PBD-independent functions do not require prior PBD-mediated localization. Plk1 is probably 

activated by phosphorylation of T210 in the T-loop, followed by direct phosphorylation of 

target proteins.

Figure 1.5 shows a scheme for the two different mechanisms of Plk1 function.

Fig. 1.5: Two different mechanisms of Plk1 function. A. PBD-dependent functions require pre-localization of 
Plk1 to primed substrates. Release of autoinhibition from the kinase domain (KD) is mediated by ligand-binding 
of  the PBD.  B.  PBD-independent  functions  can be carried out  without  specific  PBD-mediated  localization. 
Relief from autoinhibition is achieved by phosphorylation of T210 in the T-loop of the kinase domain (KD). 
Curved black arrows symbolize phosphorylation reactions.

A. PBD-dependent functions 

B. PBD-independent functions 
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It was shown that inhibition of PBD-dependent functions by ectopic expression of the PBD 

leads to a checkpoint-dependent arrest with impaired chromosome congression (Hanisch  et  

al.,  2006;  Jiang  et  al.,  2006,  Fink  et  al.,  2007).  This  is  completely  different  from  the 

phenotype observed for Plk1 depletion (Spankuch-Schmitt el al., 2002b; Liu et al., 2003) or 

inhibition of the kinase domain (Stevenson et al., 2002; Liu  et al., 2005; Gumireddy et al., 

2005; McInnes  et al., 2006; Peters  et al., 2006; Lansing  et al.,  2007; Lenart  et al.,  2007; 

Steegmaier  et  al.,  2007;  Santamaria  et al.,  2007),  which blocks both PBD-dependent and 

PBD-independent functions. Cells arrested in mitosis by depletion or enzymatic inactivation 

of  Plk1  showed  monoastral  spindles,  due  to  inhibition  of  centrosome  maturation  and 

separation.  Therefore,  the  existence  of  these  two  mechanisms  of  Plk1  activity  has 

considerable implications for Plk1 inhibitors. A PBD-specific inhibitor would be a valuable 

research tool for the differentiation of PBD-dependent and PBD-independent functions.

1.3.4 Cellular Functions of Polo-like Kinases
1.3.4.1 Multiple Cell-Cycle Functions of Plk1
Plk1 is regarded as one of the key regulators of mitotic events, and it is essential for the 

maintenance of genomic stability. It is involved in virtually all steps of mitosis ranging from 

mitotic entry to cytokinesis (Barr et al., 2004; van de Weerdt & Medema, 2006).

G2/M Transition
Initiation of mitosis requires nuclear translocation and activation of the M-phase regulator 

Cdk1/Cyclin B. Its activity is primarily controlled by the concerted activity of the two kinases 

Wee1 and Myt1, and the phosphatase Cdc25C, which in turn are controlled by components of 

the DNA damage checkpoint. Before the onset of mitosis, Cdk1/Cyclin B is kept inactive by 

two phosphorylations on Thr14 and Tyr15, effected by Wee1 and Myt1. Cdk1/Cyclin B is 

activated  as  a  consequence  of  phosphorylation  of  Wee1  and  Myt1,  which  leads  to  their 

inhibition, and of Cdc25C, which gets activated and dephosphorylates Thr14 and Tyr15 of 

Cdk1/Cyclin B (Nigg, 2001). 

It has been shown that Plk1 is involved in the phosphorylation of Wee1 and Myt1, which 

leads to their inactivation, and even SCFβ-TrCP-mediated degradation of Wee1 (Watanabe et al., 

2004; Nakajima et al., 2003). Plk1 also phosphorylates and activates Cdc25C (Roshak et al., 

2000). Once activated, Cdk1/Cyclin B triggers phosphorylation of Wee1, Myt1, Cdc25C and 

possibly Plk1 in a positive feedback loop (Barr et al., 2004; Abrieu et al., 1998).
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DNA Damage Checkpoint
As Plk1 is an activator of Cdk1/Cyclin B, and therefore a promoter of mitosis, it is involved in 

restarting the cell cycle after a DNA damage checkpoint mediated arrest in G2-phase. 

One Plk1 target involved in the checkpoint is the tumor suppressor protein p53. On recovery 

from arrest,  Plk1 phosphorylates and inactivates p53 (Ando  et al.,  2004). Chk2 is another 

interaction partner of Plk1. During DNA damage, Chk2 is activated by the checkpoint kinases 

ATM and ATR. On checkpoint exit, Chk2 is bound and phosphorylated by Plk1, rendering it 

inactive  (Tsvetkov,  2004;  Tsvetkov  et  al.,  2005).  Furthermore,  Plk1  phosphorylates  and 

inactivates the breast cancer susceptibility protein BRCA2, which is essential for the repair of 

DNA double-strand breaks (Lin  et al.,  2003; Lee  et al., 2004). Therefore, Plk1 leads to a 

restart  of the cell  cycle after  DNA damage by inactivation of crucial checkpoint proteins, 

while Plk1 in turn gets inactivated by ATM and ATR upon DNA damage (Tsvetkov, 2004).

Centrosome Maturation and Bipolar Spindle Formation
Plk1 is involved in correct maturation of the centrosomes. Reduced Plk1 activity leads to 

aberrant spindle poles, which was found in a mutant screen in D. melanogaster and lead to the 

discovery of the Plk family (Sunkel & Glover, 1988; Llamazares et al., 1991). It was shown 

that Plk1 recruits the  γ-tubulin ring complex (γ-TuRC) to the centrosomes, which increases 

the microtubule-nucleation activity required for spindle formation (Lane & Nigg, 1996). Nlp 

(ninein-like  protein)  interacts  with  the  γ-TuRC in  interphase,  contributing  to  microtubule 

organization. At the onset of mitosis, its phosphorylation by Plk1 leads to dissociation from 

the  centrosome,  allowing  the  recruitment  of  other  proteins  serving  as  scaffolds  for 

microtubule nucleation (Casenghi et al., 2003; Casenghi et al., 2005). The tubulin-stabilizing 

protein  TCTP  (translationally  controlled  tumor  protein)  is  another  substrate  of  Plk1. 

Phosphorylation  of  TCTP decreases  its  microtubule-stabilizing  activity  and  promotes  the 

increase in microtubule dynamics that occurs after metaphase (Yarm, 2002).

Formation  of  a  bipolar  spindle  is  essential  for  error-free  chromosome segregation  during 

mitosis.  Plk1  was  shown to  be  required  for  the  formation  of  functional  spindles.  It  was 

reported  that  Plk1  phosphorylates  Kiz  (Kizuna),  which  plays  an  important  role  for 

stabilization  of  mature  centrosomes,  spindle  pole  integrity  and  bipolar  spindle  formation 

(Oshimori et al., 2006).

Recently,  centrosome  recruitment  of  Plk1  was  shown  to  be  dispensable  for  centrosome 

maturation and bipolar spindle formation, suggesting that the centrosomal functions of Plk1 
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are PBD-independent and Plk1 activity does not have to be specifically bound to centrosomes 

(Hanisch et al., 2006).

Chromosome Alignment and Spindle Checkpoint
Plk1 is implicated in chromosome alignment, since mislocalization of Plk1 in the cell leads to 

chromosome congression defects (Hanisch et al., 2006). 

Furthermore, Plk1 is required for the formation of stable microtubule-kinetochore interactions 

(van Vugt  et al., 2004a; Sumara  et al., 2004), and is involved in activation of the spindle 

checkpoint.  The  spindle  checkpoint  is  a  cellular  mechanism  that  ensures  fidelity  of 

chromosome segregation by preventing cell-cycle progression until all chromosomes make 

bipolar  spindle  attachments  and  come  under  tension  (Pinsky  &  Biggins,  2005).   Plk1 

contributes to this mechanism by creating the 3F3/2 phosphoepitope on kinetochores lacking 

tension,  which  leads  to  the  recruitment  and/or  activation  of  several  spindle  checkpoint 

proteins, like Mad2, Hec1/Ndc80, BubR1, Cenp-E, or Nuf2 (Ahonen  et al., 2005; Wong & 

Fang,  2005;  Wong  &  Fang,  2007).  These  proteins  in  turn  block  metaphase-to-anaphase 

transition by keeping the APC/C inactive (Fang et al., 1998; Martin-Lluesma et al., 2002) or 

enhancing correct stable kinetochore-microtubule attachment (DeLuca et al., 2002; Lampson 

& Kapoor, 2005), ultimately leading to satisfaction of the spindle checkpoint.

Activation of APC/C and Chromosome Segregation
Bipolar spindle attachment of all kinetochores leads to subsequent chromosome segregation. 

The  main  regulator  for  this  process  is  the  APC/C  (Peters,  2002).  The  APC/C  is  tightly 

regulated. For example, Mad2 forms a complex with and sequesters Cdc20, an indispensable 

cofactor for the APC/C. On satisfaction of the spindle checkpoint,  Mad2 dissociates from 

Cdc20,  which  subsequently  forms  a  complex  with  the  APC/C  (Fang  et  al.,  1998).  The 

involvement  of Plk1 in  activation of  the APC/C was discovered recently (Schmidt  et  al., 

2005; Liu & Maller, 2005; Rauh et al., 2005; Hansen et al., 2006). In the proposed model in 

Xenopus, Plx1 phophorylates Xerp1, also known as cytostatic factor (CF) (Emi1 in human 

cells),  an inhibitor protein for the APC/C. Phosphorylation leads to inactivation of Xerp1, 

which releases the APC/C from the block. The activated APC/C-Cdc20 complex subsequently 

marks  securin  for  degradation  by  the  proteasome.  This  releases  separase,  which  cleaves 

cohesin (a protein complex which holds chromatid arms together), leading to sister-chromatid 

separation and the onset of anaphase (Nasmyth, 2005). 

Cohesin cleavage is also supported by Plk1. Phosphorylation of the cohesin subunit SA2 is 
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essential  for  dissociation  of  cohesin  from chromosome arms  in  early  mitosis,  facilitating 

sister-chromatid resolution  (Hauf et al., 2005), whereas phosphorylation of the subunit Scc1 

enhances its separase cleavage (Hornig & Uhlmann, 2004).

Cytokinesis and Mitotic Exit
Plk1  has  been  implicated  in  cytokinesis,  consistent  with  Plk1  localization  to  the  central 

spindle/midbody in late mitosis (Donaldson et al., 2001).

It  has been shown that  error-free cytokinesis  depends on correct  localization of Plk1 and 

interaction with the two mitotic kinesin-like proteins Mklp1/CHO1 and Mklp2 (Liu  et al., 

2004; Neef  et al., 2003). Phosphorylation of NudC by Plk1 is required for the execution of 

cytokinesis. NudC mutants lacking the Plk1 phosphorylation site lead to cytokinesis defects 

and multinucleated cells (Zhou et al., 2003).

It has also been shown that Plk1 regulates cytokinesis through Golgi-associated proteins. Plk1 

phosphorylates  the  Golgi  protein  Nir2,  mainly  involved  in  remodeling  of  cytoskeletal 

elements. Nir2 phosphorylation by Plk1 is indispensable for the completion of cytokinesis 

(Litvak et al., 2004).

Figure 1.6 summarizes the mitotic functions of Plk1.

Fig. 1.6: Mitotic functions of Plk1. Adapted by permission from Macmillan Publishers Ltd: Strebhardt & 
Ullrich, Nat Rev Cancer, copyright 2006.
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1.3.4.2 The Roles of Plk2, Plk3 and Plk4
Plk2 / Snk
Unlike Plk1, which shows its highest activity in G2- and M-phase (Golsteyn  et al.,  1994; 

Golsteyn et al., 1995), Plk2 was identified as an early-growth-response gene, which plays a 

role in G1- and early S-phase (Simmons  et al., 1992). There is evidence that Plk2 may be 

involved  in  centriole  duplication  during  S-phase,  since  variations  in  Plk2  levels  lead  to 

incorrect numbers of centrosomes (Warnke et al., 2004). Furthermore, Plk2 may also play a 

role in the DNA damage checkpoint, since Plk2 mRNA is induced by DNA-damaging agents 

(Burns et al., 2003) However, it seems that Plk2 is a non-essential gene. Plk2-/- embryos are 

viable  (Ma  et  al.,  2003),  and  Plk2  depletion  in  HeLa  and  U2OS  cells  does  not  alter 

progression through the cell cycle (Burns et al., 2003).

Plk3 / Fnk / Prk
Plk3 protein levels remain relatively constant during the cell cycle (Bahassi et al., 2002). Like 

Plk1, Plk3 has been linked to stress-response to DNA damage. However, Plk1 and Plk3 seem 

to  have  opposing  functions  in  this  process.  Plk1  expression  is  downregulated,  and  Plk1 

activity is  inhibited by ATM/ATR phosphorylation (Ree  et  al.,  2003;  Tsvetkov,  2004).  In 

contrast, Plk3  activity is rapidly induced by ATM (Bahassi  et al., 2002). Known targets of 

Plk3 are p53 and Cdc25C (Xie  et al., 2001; Ouyang  et al., 1999). In this case Plk3 again 

exerts opposing functions to Plk1: Plk3 promotes p53 function (Xie et al., 2001), and inhibits 

Cdc25C (Ouyang et al., 1999).

Plk4 / Sak
Plk4 levels increase in late G1-phase, remain elevated during through S- and M-phase and 

decline in early G1-phase (Fode et al., 1996). Like Plk1, Plk4 is essential for cell viability and 

proliferation (Fode et al., 1994; Hudson et al., 2001). Little is known about Plk4 functions. 

However,  involvement  of Plk4 in centriole  duplication and biogenesis  has been described 

recently (Habedanck et al., 2005; Kleylein-Sohn et al., 2007), suggesting an explanation for 

Plk4's crucial function in cell proliferation.

1.3.5 Plk1 and Cancer
Since Plk1 is a promoter of mitosis and cellular proliferation, it holds oncogenic potential. 

Indeed, Plk1 was found to be overexpressed in a broad range of human tumors, including non-

small-cell lung cancer, oropharyngeal carcinoma, oesophageal carcinoma, gastric carcinoma, 
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melanoma, breast cancer, ovarian cancer, endometrial cancer, colorectal cancer, glioblastoma, 

papillary carcinoma,  pancreatic  cancer,  prostate  cancer,  hepatoblastoma,  and non-Hodgkin 

lymphoma. Plk1 is regarded as an adverse prognostic marker for cancer patients (Eckerdt et  

al., 2005; Strebhardt & Ullrich, 2006).

The oncogenic potential  of  Plk1 is  supported by several  other  studies:  Overexpression of 

wildtype Plk1 results in mitotic defects and multi-nucleation (Mundt et al., 1997; Jang et al., 

2002a). Expression of the hyperactive T210D mutant of Plk1 can override the DNA damage 

checkpoint  (Smits  et  al.,  2000;  van  Vugt  et  al.,  2004b).  Furthermore,  the  p53  tumor 

suppressor  is  phosphorylated  by  Plk1,  which  inhibits  the  pro-apoptotic  functions  of  p53 

(Ando et al., 2004).  Inhibition of Plk1 functions by various approaches (see 1.3.6) leads to 

the induction of apoptosis in tumor cells. Therefore Plk1 is regarded as a therapeutic target for 

the treatment of human cancers.

1.3.6 Strategies for Plk1 Inhibition
Because  of  its  implications  in  tumor  development,  there  have  been  numerous  studies 

describing various approaches for Plk1 inhibition.

1.3.6.1 Small Interfering RNAs (siRNAs) and Antisense Oligonucleotides (ASOs)
Various studies have uniformly shown that interference with Plk1 expression using siRNA or 

ASOs  leads  to  decreased  Plk1  mRNA and  protein-levels,  resulting  in  reduced  cellular 

proliferation,  cell  cycle  arrest  and  apoptosis  in  various  cancer  cell  lines.  Furthermore, 

tumorigenesis  in  xenograft  mouse  models  was  reduced  (Spankuch-Schmitt  et  al.,  2002a, 

Spankuch-Schmitt et al., 2002b; Liu & Erikson, 2003; Guan et al., 2005).

1.3.6.2 Interfering Peptides
A peptide  derived  from  the  sequence  of  polo-box  1  (aa  410-429)  was  used  to  block 

endogenous Plk1 binding sites, resulting in decreased proliferation and apoptosis of several 

tumor  cell  lines.  To allow for  cellular  uptake,  the  peptide  was  fused  to  an  antennapedia 

peptide,  which  was  reported  to  enter  cells  via  nonendocytotic,  and  receptor-/transporter-

independent pathways (Yuan et al., 2002).

1.3.6.3 Small-Molecule Inhibitors
The first identified small-molecule Plk1 inhibitor was the marine natural product Scytonemin, 
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a pigment isolated from cyanobacteria. It inhibited recombinant Plk1 with an IC50 of 2 µM via 

a proposed mixed competition mechanism. However, various other kinases were blocked with 

equal potency: Myt1, Chk1, Cdk1/Cyclin B, or PKCβ2 (Stevenson et al., 2002).

The widely used PI3-kinase inhibitor Wortmannin was also found to potently inhibit  Plk1 

(IC50 = 24 nM) by an ATP-competitive mechanism. However, several other kinases, e.g. Plk3 

are also inhibited by Wortmannin (Liu et al., 2005; Liu et al., 2007).

ON01910 has been shown to be a inhibitor of Plk1 activity via a non-ATP-competitive mode 

(IC50 = 9-10 nM). The presence of ON01910 caused mitotic arrest in a wide range of human 

tumors, characterized by spindle abnormalities and induction of apoptosis. Tumor growth was 

inhibited in animal models. Several other kinases were also inhibited: Abl, Flt-1, PDGFR, Src, 

Fyn, and Plk2. ON01910 is currently being explored in clinical settings (Gumireddy et al., 

2005).

An  in  silico docking  screen  performed  by Cyclacel  led  to  the  identification  of  the  ATP-

competitor Cyclapolin-1, a benzthiazole N-oxide. Cyclapolin-1 inhibited Plk1 with an IC50 of 

approximately 20 nM, causing spindle collapse in HeLa and  Drosophila S2 cells, which is 

typical for Plk1 inhibition. Only minor effects were seen on a panel of 20 other kinases. A 

small fraction of cells was arrested in mitosis, suggesting the cell cycle may also be affected 

in G1/S (McInnes et al., 2006).

DAP-81 was synthesized using a diaminopyrimidine as the basic scaffold, and inhibited Plk1 

with an IC50 of 0.9 µM. No selectivity data was shown, but DAP-81 causes spindle collapse, 

leading  to  monopolar  spindles,  consistent  with  Plk1  inhibition  (Davis-Ward  et  al.,  2004; 

Peters et al., 2006).

The leflunomide metabolite analog LFM-A13 has been identified as a Plk1 inhibitor (IC50 = 

10.3 µM). LFM-A13 showed anti-proliferative activity against  human breast  cancer  cells. 

However, LFM-A13 also inhibited Plk3 and Bruton's tyrosine kinase (BTK), for which it was 

originally designed (Mahajan et al., 1999; Uckun et al., 2007).

GlaxoSmithKline identified Compound 1,  a thiophene benzimidazole,  as a low-nanomolar 

ATP-competitive inhibitor of Plk1 and Plk3. Compound 1 caused a mitotic arrest with spindle 

defects,  resulting  in  apoptosis  and  inhibition  of  proliferation  in  several  tumor  cell  lines 

(Lansing et al., 2007).
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Fig. 1.7: Structures of published Plk1 inhibitors.
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BI 2536 is a novel highly-effective Plk1 inhibitor (IC50 = 1 nM) developed by Boehringer 

Ingelheim, based on dihydropteridinone. Plk2 (IC50 = 4 nM) and Plk3 (IC50 = 9 nM) were also 

inhibited to some extent, but no other kinase was inhibited from a panel of 63 kinases. All 

observed cellular effects and phenotypes were consistent with Plk1 inhibition (Lenart  et al., 

2007). BI 2536 was also highly active against a large panel of human tumors and progressed 

into clinical studies (Steegmaier et al., 2007). As shown in crystallography studies, BI 2536 

competes for the ATP binding site (Kothe et al., 2007b).

Recently ZK-Thiazolidinone (TAL),  a  Plk1 inhibitor  (IC50 = 19 nM) developed by Bayer 

Schering Pharma, was published.  TAL also inhibited Plk2, Plk3 and Plk4, but showed no 

significant activity on a panel of 93 other kinases. TAL was validated in a large variety of 

cellular assays and showed effects and phenotypes consistent with Plk1 inhibition (Santamaria 

et al., 2007).

Figure 1.7 shows the structures of the described Plk1 inhibitors. The structure of Compound 1 

by GlaxoSmithKline has not been disclosed.

In summary, nearly all published Plk1 inhibitors act as ATP-competitors, targeting the kinase 

domain (exception: ON01910, unknown mechanism), resulting mostly in monopolar spindels, 

mitotic arrest and apoptosis of cancer cell lines.  

1.4 Aims
Plk1 is one of the key enzymes for mitotic regulation and maintenance of genomic stability. It 

is involved in most steps of mitosis and has functions for checkpoint control. Overexpression 

of Plk1 leads to tumorigenesis and has prognostic potential in cancer, validating Plk1 as a 

therapeutic target. Plk1 is therefore an interesting target for inhibition studies, which might 

yield  a  broader  picture  of  Plk1's  role  in  cell  cycle  control,  leading  to  a  better  global 

understanding of mitosis and the cell cycle. Plk1 inhibition also represents an important anti-

tumor therapy.

The aim of this thesis was a new approach towards Plk1 inhibition: Identification of inhibitors 

for the Plk1 polo-box domain (PBD). Up to  now, all  published Plk1 inhibitors  target the 

function of the kinase domain. PBD-specific inhibitors would have two important advantages. 

Firstly, they could be used as valuable new Plk1 research tools, since they would allow a clear 

distinction between PBD-dependent and PBD-independent functions with a temporal control. 

Secondly, they would represent an alternative strategy,  by which to target Plk1 in tumors. 
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Since  there  are  approximately  400  serine/threonine  kinases,  all  sharing  a  similar  kinase 

domain  fold  (Manning  et  al.,  2002),  but  only  4  Plks  containing  a  PBD,  PBD-targeted 

inhibitors have the potential to be much more specific than kinase domain inhibitors (Fig. 

1.8).

Fig. 1.8: Schematic depiction of the human kinome. Serine/threonine kinases are highlighted in light red. The 
4 Plks are marked with red dots. Group names: TK: tyrosine kinase; TKL: tyrosine kinase-like; STE: homologs 
of yeast Sterile 7, Sterile 11, Sterile 20 kinases; CK1: casein kinase; AGC: containing PKA, PKG, PKC families; 
CAMK: calcium/calmodulin-dependent protein kinase; CMGC: containing CDK, MAPK, GSK3, CLK families. 
Adapted by permission from Cell Signaling Technology, Inc.: Manning et al., Science, copyright 2002.

PBD-specific inhibitors will be identified in a high-throughput screen based on an  in vitro 

fluorescence polarization assay. Potential candidate molecules will subsequently be analyzed 

for specificity and cellular effects consistent with inhibition of the Plk1 PBD.
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2. Materials & Methods

2.1 Materials

2.1.1 Chemicals and Reagents
Acetic acid Fluka (Buchs, SUI) 
Acrylamide Serva (Heidelberg)
Agar (Difco™) BD Biosciences (Heidelberg)
Agarose Eurogentec (Köln)
Ampicillin Roche (Mannheim)
Antipain Fluka (Buchs, SUI)
Aphidicolin Sigma-Aldrich (Steinheim)
Aprotinin Sigma-Aldrich (Steinheim)
Bisacrylamide Serva (Heidelberg)
Bovine γ-globulin Sigma-Aldrich (Steinheim)
Bovine serum albumin (BSA) Sigma-Aldrich (Steinheim)
Chloramphenicol Calbiochem (Schwalbach)
Deoxy nucleotide (dA/G/C/TTP) Amersham (Freiburg)
4',6-diamidino-2-phenylindole hydrochloride (DAPI) Roche (Mannheim)
Dimethyl sulfoxide (DMSO) Riedel-de Haën (Seelze)
Dimethyl sulfoxide (DMSO), anhydrous Sigma-Aldrich (Steinheim)
Dithiothreitol (DTT) Sigma-Aldrich (Steinheim)
Ethanol p.a. Riedel-de Haën (Seelze)
Ethidium bromide Roth (Karlsruhe)
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) Biomol (Hamburg)
Isopropanol Fluka (Buchs, SUI)
Isopropyl thiogalactopyranoside (IPTG) Fermentas (St. Leon-Rot) 
Kanamycin Invitrogen (Karlsruhe) 
Leupeptin Serva (Heidelberg)
Methanol Fisher Scientific (Schwerte)
N,N,N’,N’-Tetramethylethylenediamine (TEMED) Serva (Heidelberg)
Nocodazole Sigma-Aldrich (Steinheim) 
Nonidet® P-40 Substitute (NP-40) Fluka (Buchs, SUI)
NZ amine Sigma-Aldrich (Steinheim)
Pepstatin Roche (Mannheim)
Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich (Steinheim) 
Serva Blue R Serva (Heidelberg)
Sodium dodecyl sulfate (SDS) Serva (Heidelberg)
Sodium orthovanadate Sigma-Aldrich (Steinheim)
Tris Sigma-Aldrich (Steinheim)
Triton X-100 Roth (Karlsruhe)
Tryptone (Bacto™) BD Biosciences (Heidelberg)
Tween 20 Sigma-Aldrich (Steinheim)
Western Lightning™ Chemoluminescence Reagent Plus PerkinElmer (Boston, USA)
Yeast extract (Bacto™) BD Biosciences (Heidelberg)

All other chemicals were purchased from Merck (Darmstadt) at quality level p.a.
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2.1.2 Chemical Libraries and Small Molecules
For high-throughput screening 22,461 compounds were used: Chemically diverse libraries 
from ChemDiv (San Diego,  USA;  8298 compounds),  Maybridge  (Trevillet,  UK;  HitsKit: 
9000 compounds), and 5,163 miscellaneous compounds

Poloxin  ([2-methyl-4-oxo-5-(propan-2-yl)  cyclohexa-2,5-dien-1-ylidene]  amino  2-methyl 
benzoate) was purchased from ChemDiv (San Diego, USA; compound code 1436-0018) and 
purified by reversed phase HPLC. Identity and purity were furthermore verified by mass 
spectrometry and 400 MHz  1H-NMR (> 97%). Thymoquinone was purchased from Sigma-
Aldrich, and its identity and purity were verified by mass spectrometry and 400 MHz  1H-
NMR (> 97%).

2.1.3 Kits, Markers and Miscellaneous Materials
Amylose resin                                                                 New England Biolabs (Frankfurt) 
BCA™ Protein Assay Kit Pierce (Rockford, USA)
Bio-Rad Protein Assay Bio-Rad (München)
Cell culture dishes/flasks BD Falcon (Heidelberg)

Corning Inc. (Corning, USA)
Chromatography paper 3MM Whatman (Dassel)
Coverslips Hartenstein (Würzburg)
CryoTube™ vials Nunc (Roskilde, DK)
Flouromount-G                                                                Southern Biotech (Birmingham, USA)
His•Bind® resin Novagen (Madison, USA)
Hyperfilm™ Amersham (Freiburg)
Kaleidoscope™ protein marker Bio-Rad (München)
Millex®-HA 0.45 µm sterile filter Millipore (Schwalbach)
Parafilm Pechiney Plastic Packaging 

       (Chicago, USA)
Plastic ware BD Falcon (Heidelberg)

Eppendorf (Wesseling-Berzdorf)
Greiner bio-one (Frickenhausen)
Nunc (Roskilde, DK)

Poly-Prep® chromatography columns Bio-Rad (München)
Protran® nitrocellulose transfer membrane Whatman (Dassel)
QIAGEN® Plasmid Maxi Kit Qiagen (Hilden)
QIAprep® Spin Miniprep Kit Qiagen (Hilden)
QIAquick® Gel Extraction Kit Qiagen (Hilden)
QuikChange® II Site-Directed Mutagenesis Kit Stratagene (Heidelberg)
Screening plates Corning Inc. (Corning, USA)

Thermo Fisher (Schwerte)
SmartLadder DNA marker Eurogentec (Köln)
Spectra/Por® dialysis membrane  Spectrum Laboratories (Rancho 

   Dominguez, USA)
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2.1.4 Media, Buffers and Solutions
2.1.4.1 Bacterial Culture Media 
Luria-Bertani broth (LB) (1 L) 10 g  Tryptone

5 g Yeast extract
10 g NaCl
pH 7.0

NZY+ broth (1 L) 10 g NZ amine
5 g Yeast extract
5 g NaCl
pH 7.5
added after autoclaving (filter-sterilized):

12.5 ml of 1 M MgCl2

12.5 ml of 1 M MgSO4

20 ml of 20 % (w/v) glucose

For solid culture media 12 g agar was added to 1 L of medium (LB agar).

All  media  were  autoclaved  and  filter-sterilized  antibiotics  were  added  afterwards  at  the 
following  final  concentrations:  100  μg/ml  ampicillin,  50  μg/ml  kanamycin,  34  μg/ml 
chloramphenicol.

2.1.4.2 Cell Culture Media
The medium used for  cell  culture  in  this  thesis  was Dulbecco’s  Modified Eagle Medium 
(DMEM) supplemented with 4.5 mg/ml glucose (high glucose), 2 mM L-glutamine, 1 mM 
sodium  pyruvate,  10  %  fetal  calf  serum  (FCS),  100  U/mL penicillin,  and  100  µg/mL 
streptomycin. DMEM and additives were purchased from GIBCO/Invitrogen (Karlsruhe), L-
glutamine and penicillin/ streptomycin from PAA (Pasching, AUT).

Long-term stocks of cells were set up in cryo medium consisting of 90 % FCS and 10 % 
DMSO and stored under liquid nitrogen.

2.1.4.3 Frequently Used Buffers and Solutions 
All buffers and solutions were prepared with bi-distilled water.

Acrylamide solution (30/0,8) 30 % (w/v) Acrylamide
0.8 % (w/v)  Bisacrylamide

Amylose resin buffer 20 mM Tris/HCl, pH 7.5
200 mM NaCl
1 mM EDTA 

Amylose resin elution buffer 20 mM  Tris/HCl, pH 7.5
200 mM  NaCl
1 mM EDTA
10 mM Maltose
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Coomassie R-250 solution 0.25 % (w/v) Serva Blue R
45 % Methanol
10 % Acetic acid

DNA loading buffer (6x) 30 % Glycerol
0.3 %  Bromophenole blue
0.3 % Xylene cyanol
100 mM EDTA

His-tag binding buffer 20 mM Tris/HCl, pH 8.0
500 mM NaCl
5 mM Imidazole

His-tag wash buffer 20 mM Tris/HCl, pH 8.0
500 mM NaCl
60 / 200 mM Imidazole

His-tag elution buffer 20 mM Tris/HCl, pH 8.0
500 mM NaCl
1 M Imidazole

Laemmli buffer (3x) 10 mM EDTA
3 % SDS
20 % Glycerol
0.05 % Bromophenole blue
3 % ß-Mercaptoethanol

Lysis buffer 50 mM HEPES, pH 7.5
150 mM NaCl
1 mM EDTA
10 % Glycerol
1 % Triton X-100
10 mM Na2P2O7•10 H2O
2 mM Na3VO4

1 mM Aprotinin
0.5 mM PMSF

NET-gelatine 50 mM Tris/HCl, pH 7.5 
150 mM NaCl
5 mM EDTA
0.05 % Triton X-100
0.25 % (w/v) Gelatine

PBS(T) 137 mM NaCl
2.7 mM KCl
8.1 mM Na2HPO4

1.5 mM KH2PO4 

(0.1 % Tween 20)
pH 7.4
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Transblot-SD buffer 50 mM Tris/HCl pH 7.5
40 mM Glycine
20 % Methanol
0.004 % SDS

Strip buffer 62.5 mM Tris/HCl, pH 6.8
2 % SDS
0.83 % ß-Mercaptoethanol

TBE buffer 89 mM Tris/HCl, pH 8.0
89 mM Boric acid
3 mM EDTA

TBS(T) 25 mM Tris/HCl, pH 7.6
137 mM NaCl
2.7 mM KCl
(0.1 % Tween-20)

TE (10/0,1) 10 mM Tris/HCl, pH 8.0
1 mM EDTA

Tris-Glycin-SDS buffer 25 mM Tris/HCl, pH 8.8
192 mM Glycine
1 % SDS

2.1.5 Bacterial Strains
The E. coli strains in table 2.1 were used for transformations, plasmid amplifications (DH5α) 
and for protein expression (Rosetta™).

Tab. 2.1: Used bacterial strains

Strain Properties/Genotype Source
DH5α F- φ80dlacZM15 (lacZYA-argF)U169 deoR 

recA1 endA1 hsdR17(r k- m k+) phoA supE44 
thi-1 gyrA96 relA1 λ-

Invitrogen (Karlsruhe)

Rosetta™ (DE3) BL21 derivatives, express 6 additional tRNAs 
rarely occuring in E. coli;
F- ompT hsdSB (rB

- mB
-) gal dcm (DE3) pRARE 

(CamR)

Novagen (Madison, 
USA)

2.1.6 Cell Lines
The  cervix  adenocarcinoma  cell  line  HeLa  (ATCC  CCL-2)  was  used  for  all  cellular 
experiments in this thesis.
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2.1.7 Primary Cloning Vectors and cDNAs 
Plk1 and Plk1 PBD were cloned by PCR with the vector pRK5-PLKtag as template, which 
had been produced by Katja Specht (Max Planck Institute of Biochemistry, Martinsried).

All other proteins produced in this thesis were primarily cloned by PCR using cDNA from 
either placenta or HeLa S3 cells. cDNAs were previously isolated by Tatjana Knyazeva (Max 
Planck Institute of Biochemistry, Martinsried). 

2.1.8 Primers
Primers were either used to clone the cDNA of proteins (see 2.2.2.1) or to introduce mutations 
into the DNA sequence of a protein coding for single amino acid exchanges (see 2.2.2.2). All 
primers were purchased from Sigma-Genosys (Steinheim).

2.1.8.1 Cloning Primers
Application: Cloning of wildtype Plk1 and the Plk1 polo-box domain (PBD; aa 326-603)
Sequence: 

Plk1-1-fwd ATTGGCCGGCCGATGAGTGCTGCAGTGACTGCAGG
Plk1-326-fwd ATTGGCCGGCCGATGTCGATTGCTCCCAGCAGCCTGGA
Plk1-603-rev ATTGGCGCGCCGAGGCCTTGAGACGGTTGCTGG

Application: Cloning of the Plk2 PBD (aa 355-685)
Sequence:

Plk2-355-fwd ATTGGCCGGCCGATGCACTTATCAAGCCCAGCTAAGAA
Plk2-685-rev ATTGGCGCGCCGCGTTACATCTTTGTAAGAGCATGTTCAGG

Application: Cloning of the Plk3 PBD (aa 335-646)
Sequence:

Plk3-335-fwd ATTGGCCGGCCGATGACACCCCCCAACCCAGCTAGGAGTC
Plk3-646-rev ATTGGCGCGCCGCTGGGCTGCGGTCCCGGAG

Application: Cloning of the Chk2 forkhead-associated domain (FHA; aa 1-225)
Sequence:

Chk2-1-fwd ATTGGCCGGCCGATGTCTCGGGAGTCGGATGTTGA
Chk2-225-rev ATTGGCGCGCCGTTTTTGACATGATGTATTCATCTCTTAATGC

Application: Cloning of 14-3-3ζ
Sequence:

14-3-3ζ-fwd ATTGGCCGGCCGATGGATAAAAATGAGCTGGTTCAG
14-3-3ζ-rev ATTGGCGCGCCGCATTTTCCCCTCCTTCTCCTGCTTC

All cloning primers are given in the 5’→3’ direction. Primers were designed in such a way 
that all forward (fwd) primers introduced a FseI restriction site (GGCCGGCC) at the 5’-side, 
reverse  (rev)  primers  an  AscI  restriction  site  (GGCGCGCC) at  the  3’-side  of  the  cloned 
cDNA. 

Primer  design  was  done  using  the  Amplify  v1.2  software  for  Macintosh  (Engels,  1993) 
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including the following rules: The melting temperature (TM) of a primer should be between 60 
and 72 °C; There should be no more than two guanines and cytosines or one thymidin at the 
3’-end of a primer; The content of the bases guanine and cytosine should be between 40 and 
60 %. Furthermore, primers were designed not to contain self-complementary regions which 
could lead to the formation of secondary structures.

2.1.8.2 Mutagenesis Primers
Application: Introduction of a mutation into the cDNA of the Plk1 PBD coding for the amino 

acid exchange W414F
Sequence:

sense Plk1-W414F CTTCTGGGTCAGCAAGTTTGTGGACTATTCGGACAAG
antisense Plk1-W414F CTTGTCCGAATAGTCCACAAACTTGCTGACCCAGAAG

Application: Introduction of two mutations into the cDNA of the Plk1 PBD coding for the 
amino acid exchanges H538A / K540A

Sequence:

sense Plk1-H538A/K540A     
CTTCTTCCAGGATGCCACCGCGCTCATCTTGTGCC

antisense Plk1-H538A/K540A
  GGCACAAGATGAGCGCGGTGGCATCCTGGAAGAAG

All mutagenesis primers are given in the 5’→3’ direction. The sites coding for the amino acid 
exchanges are shown in bold.

Mutagenesis primers were designed with PrimerX (http://www.bioinformatics.org/primerx/) 
using  “QuikChange  Site-Directed  Mutagenesis  Kit  by  Strategene”  as  the  mutagenesis 
protocol and standard settings. Special attention was given to ensure that the mutated codons 
created were of frequent E. coli codon usage.

2.1.9 Plasmids
2.1.9.1 Basic Vectors
All of the following basic vectors (Tab. 2.2) were provided by Thomas Mayer (University of 
Konstanz) or Olaf Stemmann (Max Planck Institute of Biochemistry, Martinsried).

Tab. 2.2: Used basic vectors

Vector Properties

pET28a-10His-FA
(“pET28a”)

Modified pET28a expression vector (Novagen; Madison, USA);
Kanr N-terminal 10x His-tag, lacI coding sequence, T7 promotor, 
FseI and AscI restriction sites

pMAL-C-6His-FA
(“pMAL-C)

Combination and modification of pMAL-C (New England Biolabs; 
Frankfurt) and pQE-70 (Qiagen; Hilden) expression vectors;
Ampr, N-terminal MBP-tag and C-terminal 6x His-tag, lacI coding 
sequence, tac promotor, FseI and AscI restriction sites

pCS2-MT-FA
(“pCS2-MT”)

Modified pCS2-MT expression/transfection vector;
Ampr, N-terminal 6x myc epitope tag, sCMV promotor, FseI and AscI 
restriction sites

http://www.bioinformatics.org/primerx/
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2.1.9.2 Modified Vectors
The following vectors (Tab. 2.3) were produced during this work by cloning of cDNA or 
mutations into basic vectors.

Tab. 2.3: Used modified vectors

Vector Cloned Inserts
pMAL-C/Plk1 cDNA of the human Plk1
pET28a/Plk1 PBD cDNA of the human Plk1 PBD (aa 326-603)
pET28a/Plk1 PBD FAA cDNA of the human Plk1 PBD (aa 326-603) with introduced 

mutations coding for W414F, H538A, K540A
pMAL-C/Plk2 PBD cDNA of the human Plk2 PBD (aa 355-685)
pMAL-C/Plk3 PBD cDNA of the human Plk3 PBD (aa 335-646)
pET28a/Chk2 FHA cDNA of the human Chk2 FHA domain (aa 1-225)
pET28a/14-3-3ζ cDNA of human 14-3-3ζ
pCS2-MT/Plk1 PBD cDNA of the human Plk1 PBD (aa 326-603)
pCS2-MT/Plk1 PBD FAA cDNA of the human Plk1 PBD (aa 326-603) with introduced 

mutations coding for W414F, H538A, K540A
pCS2-MT/Plk2 PBD cDNA of the human Plk1 PBD (aa 355-685)
pCS2-MT/Plk3 PBD cDNA of the human Plk1 PBD (aa 335-646)

2.1.10 Proteins
2.1.10.1 Enzymes
Pfu DNA Polymerase Fermentas (St. Leon-Rot)
PfuUltra™ High-Fidelity DNA Polymerase Stratagene (Heidelberg)
Restriction Enzymes Fermentas (St. Leon-Rot)

New England Biolabs (Frankfurt)
T4 DNA Ligase Fermentas (St. Leon-Rot)
Trypsin GIBCO/Invitrogen (Karlsruhe)

2.1.10.2 Antibodies
In this thesis, antibodies were used for Western blot and immunofluorescence experiments 
(Tab. 2.4).

Tab. 2.4: Used antibodies

Immunoblot Antibodies Properties Source
anti-myc (9E10) mouse, monoclonal Santa Cruz (Santa Cruz, USA)
anti-Cdc25C (C-20) rabbit, polyclonal Santa Cruz (Santa Cruz, USA)
anti-BubR1 (clone 9) mouse, monoclonal BD Biosciences (Heidelberg)
anti-Plk1, NT rabbit, polyclonal Upstate (Lake Placid, USA)
anti-actin rabbit, polyclonal Sigma-Aldrich (Steinheim)
anti-mouse HRP conjugate goat, polyclonal Dako (Hamburg)
anti-rabbit HRP conjugate swine, polyclonal Dako (Hamburg)
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Tab. 2.4: continued

Immunofluorescence Antibodies Properties Source
anti-γ-tubulin (clone GTU-88) mouse, monoclonal Sigma-Aldrich (Steinheim)
anti-α-tubulin (clone DM1A)
FITC conjugate

mouse, monoclonal Sigma-Aldrich (Steinheim)

anti-Plk1 (ab14209) rabbit, polyclonal Abcam (Cambridge, UK)
Alexa Flour® 546 anti-mouse goat, polyclonal Molecular Probes (Karlsruhe)
Alexa Fluor® 488 anti-rabbit goat, polyclonal Molecular Probes (Karlsruhe)

2.1.10.3 Recombinant Proteins
Some recombinant proteins were not produced in this thesis but provided by the following 
sources:

The Pin1 WW domain (aa 1-162) was provided by Martin Gräber (this group).

The Src-homology 2 domains (SH2) of STAT1 (aa 135-712), STAT3 (aa 135-712), STAT5b 
(aa 136-704), and Lck (aa 121-226) have been described (Schust & Berg, 2004 and Schust et  
al., 2006).

2.1.11 Peptides
Peptides (Tab. 2.5) were synthesized and purified using standard Fmoc chemistry by the core 
facility of the Max Planck Institute of Biochemistry (Martinsried), and by Peptide Specialty 
Laboratories  (Heidelberg).  Coupling  to  5-carboxyfluorescein  (5-CF)  was  performed  via 
N,N’-diisopropylcarbodiimide  (DIC)/1-hydroxy-benzotriazole  (HOBt)  activation  in  N,N-
dimethylformamide  (DMF)  or  via  the  NHS-ester.  Unless  stated  otherwise  (Ac:  Acetyl), 
peptides were synthesized with an N-terminal amino group and a C-terminal carboxyl group. 
Peptides were analyzed by HPLC and MS and showed purity >95 %.

Tab. 2.5: Used peptides

 Sequence  Properties
 5-CF-ASpTPLNGAKK  Plk1-binding fluoropeptide 1
 GPMQSpTPL-K(5-CF)-NH2  Plk1-binding fluoropeptide 2
 5-CF-MQSpTPLNG  Plk1-binding fluoropeptide 3
 5-CF-GPMQSpTPLNG  Plk1-binding fluoropeptide 4 
 MAGPMQSpTPLNGAKK  High-affinity Plk1-binding peptide 
 MAGPMQSTPLNGAKK  Unphosphorylated high-affinity Plk1-binding peptide
 Ac-ASpTPLNGAKK  Plk1-binding peptide reduced to SpTP-motif
 Ac-ASpSPLNGAYKK  Plk1-binding peptide reduced to SpSP-motif
 MAGPMSQDPLNGAKK  High-affinity Plk1-binding peptide with pT→D exchange
 MAGPMSQEPLNGAKK  High-affinity Plk1-binding peptide with pT→E exchange
 5-CF-GPMQTSpTPKNG  Plk2-binding fluoropeptide 
 5-CF-GPLATSpTPKNG  Plk3-binding fluoropeptide 
 5-CF-GHFDpTYLIRR  Chk2-binding fluoropeptide 
 Ac-GHFDpTYLIRR  Chk2-binding peptide
 5-CF-GWFYpSPRLKK  Pin1-binding fluoropeptide 
 5-CF-GARSHpSYPAKK  14-3-3ζ-binding fluoropeptide 
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Tab. 2.5: continued

 Sequence  Properties
 5-CF-GpYDKPHVL  STAT1-binding fluoropeptide 
 5-CF-GpYLPQTV-NH2  STAT3-binding fluoropeptide 
 5-CF-GpYLVLDKW  STAT5b-binding fluoropeptide 
 5-CF-GpYEEIP  Lck-binding fluoropeptide 

2.2 Molecular Biology Methods

2.2.1 Microbiological Techniques
2.2.1.1 Cultivation and Maintenance of Bacterial Strains
E. coli strains were grown at 37 °C overnight either in liquid LB medium or on LB agar plates 
containing the appropriate antibiotics.
For short-term storage,  E. coli cultures were kept on LB agar plates at 4 °C. For long-term 
conservation glycerol stocks were set up by mixing 750 µl of a 3 ml overnight culture with 
500 µl 50 % (v/v) glycerol and stored in CryoTube™ vials at -80 °C.

2.2.1.2 Transformation of Competent E. coli Strains
For transformation of  E. coli DH5α, 50 µl of cells were thawed and mixed with eiter 1 µl 
(30-100 ng) of isolated plasmid DNA (see 2.2.1.3) or 3 µl (5-15 ng) of a ligase reaction (see 
2.2.3.2). Mixed samples were incubated for 30 minutes on ice, followed by a 45 second heat 
shock at 42 °C and another incubation on ice for 2 minutes. Then 500 µl of antibiotic-free LB 
medium was added and samples were incubated for 1 hour at 37 °C on a rotating wheel. 
Afterwards,  100  µl  of  culture  volume  were  plated  on  LB  agar  plates  containing  the 
appropriate antibiotics and incubated overnight at 37 °C.
For transformation of  E. coli Rosetta™ (DE3), 1 µl (10ng) of plasmid DNA was incubated 
with 9 µl of cells for 5 minutes on ice. The pre-incubated samples were heat-shocked for 30 
seconds at 42 °C, cooled down for 2 minutes on ice and after addition of 50 µl LB medium 
without antibiotics incubated for 1 hour at 37 °C on a rotating wheel. The whole sample was 
subsequently plated on LB agar plates with the respective antibiotics and incubated overnight 
at 37 °C.

2.2.1.3 Isolation of  E. coli Plasmid DNA
Small  amounts of plasmid DNA (0.5-10 µg) were extracted from 3 ml overnight cultures 
using the QIAprep® Spin Miniprep Kit. 
For larger amounts (300-1000 µg) and higher purity, plasmids were isolated out of a 200 ml 
culture volume using the QIAGEN® Plasmid Maxi Kit. 
All plasmid preparations were carried out according to the corresponding kit manual.

2.2.2 DNA Amplification 
2.2.2.1 Polymerase Chain Reaction (PCR)
PCR is a fast and efficient method for in vitro amplification of a certain piece of DNA (Mullis 
& Faloona, 1987). A DNA segment flanked by a pair of primers (forward and reverse primer; 
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see 2.1.8.1) is exponentially amplified by a repeated cycle of denaturation, primer annealing 
and polymerase-driven primer elongation. 

The following standard PCR reaction was used:

5 μl    10x Pfu buffer (provided with Pfu DNA polymerase)
4 μl    25mM MgCl2

1 μl    sample DNA (50-100 ng plasmid or 1 µg cDNA)
1 μl    forward primer (10 pmol/μl)
1 μl    reverse primer (10 pmol/μl)
1 μl    dNTP mix (dA/G/C/TTP; 10 mM)
0.5 μl    Pfu DNA polymerase (2.5 U/μl)
36.5 μl    H2O

PCR reactions were carried out in 0.5 ml PCR tubes in a Progene thermal cycler (Techne; 
Stone, UK) using the following program (TM: primer melting temperature):

Denaturation: 5 min  @  95 °C
Amplification cycle: 30 sec @  95 °C (Denaturation)    |

30 sec @  TM – 5 °C (Annealing) | 35x
2 min @  72 °C (Elongation) |

Final elongation: 5 min  @  72 °C

The  results  of  PCR  reactions  were  analysed  on  agarose  gels  (see  2.2.4).  Positive  PCR 
products were subsequently cut out of the gel and purified (see 2.2.4).

2.2.2.2 Mutagenesis PCR
The QuikChange® II Site-Directed Mutagenesis Kit was used to introduce mutations into a 
protein’s cDNA that code for single amino acid exchanges. 

The principle of this method is that a plasmid containing the non-mutated cDNA as template 
and a pair of complementary primers (sense and  antisense primer; see 2.1.8.2) carrying the 
desired mutations are used to PCR-amplify the whole plasmid and at the same time introduce 
the mutations into the protein’s cDNA. The endonuclease  DpnI  is  specific for methylated 
DNA. As the template plasmid was isolated from E. coli DH5α its DNA is methylated and is 
therefore susceptible to  DpnI digestion. Hence  DpnI cleaves the template plasmid only and 
leaves the unmethylated newly synthesized plasmid carrying the desired mutations. 

The mutagenesis PCR was run according to the corresponding kit manual:

5 μl    10x reaction buffer 
1 μl    dsDNA template (approx. 10 ng) 
1 μl    sense primer (approx. 125 ng)
1 μl    antisense primer (approx. 125 ng)
1 μl    dNTP mix
3 µl    QuikSolution™ reagent
0.5 μl    PfuUltra™ High-Fidelity DNA polymerase (2.5 U/μl)
37.5 μl    H2O

PCR reactions were carried out in 0.5 ml PCR tubes in a Progene thermal cycler (Techne; 
Stone, UK) using the following program:
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Denaturation: 1 min  @  95 °C

Amplification cycle: 50 sec @  95 °C (Denaturation) |
50 sec @  60 °C (Annealing) | 18x 
x min  @  68 °C (Elongation) |

Final elongation: 7 min  @  68 °C

The elongation time (x) was calculated as 1 minute per kb of plasmid length.

After the PCR the samples were restriction digested with 10 U of the endonuclease DpnI. 2 µl 
of  digested  PCR product  was  subsequently transformed into  DH5α.  Single  colonies  were 
restreaked and used for plasmid preparations (see 2.2.1.3). To check for positive mutagenesis 
results, isolated plasmids were sequenced (see 2.2.5).

2.2.3 Enzymatic Treatment of DNA
2.2.3.1 DNA Restriction with Endonucleases
For a restriction digest,  approximately 0.5-2 µg of DNA (PCR fragment or plasmid) was 
mixed with 5-10 U per endonuclease in a reaction buffer recommended by the manufacturer. 
Some endonucleases  required  the addition  of  BSA. When incubating  with two restriction 
enzymes  at  the  same time buffer  conditions  guaranteeing  at  least  50 % activity for  each 
enzyme  were  applied.  Restriction  samples  were  incubated  for  3  hours  at  37  °C  and 
subsequently purified via agarose gel extraction (see 2.2.4).

2.2.3.2 Ligation of DNA Fragments
DNA fragments were ligated with a correspondingly cut vector in T4 DNA ligation buffer 
(provided with T4 DNA Ligase) using 5 U of T4 DNA Ligase. Approximately 15-40 ng of 
vector were used. The required amount of inserted DNA fragment was calculated according to 
the following formula:

 

Ligations were carried out for 2 hours at 16 °C. 3 µl of ligation reaction were subsequently 
transformed into E. coli DH5α (see 2.2.1.2). Plasmids were isolated from transformed clones 
and ligations controlled by sequencing (see 2.2.5).

2.2.4 Agarose Gel Electrophoresis and DNA Purification
Plasmids and DNA fragments were separated on 1 % agarose gels containing 0.01 % (v/v) 
ethidium bromide (Sambrook  et  al.,  1989).  DNA samples were mixed with DNA loading 
buffer and put into the agarose gel. Electrophoresis was performed in TBE buffer at 80 V for 
60-90 minutes. 

DNA bands were visualized on a transilluminator at 302 nm (intercalating ethidium bromide 
fluoresces orange when exposed to UV light) and photographs were taken with the IDA gel 
documentation  system  (Raytest;  Straubenhardt).  The  size  of  separated  DNA bands  was 
monitored via the Smart Ladder DNA marker.

If DNA samples had to be used for further experiments they were separated on 1 % agarose 

amount of insert
insert length  / amount of vector

vector length  = 3
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gels and visualized with a Dark Reader® (Clare Chemical Research; Dolores, USA) at 460 
nm to avoid introducing mutations.  Samples  were subsequently cut out of the gel  with a 
sterile blade and purified using the QIAquick® Gel Extraction Kit. The extraction was carried 
out according to the manufacturer’s manual.

2.2.5 Sequencing
DNA samples were sequenced on an ABI 3730 sequencer (Applied Biosystems; Darmstadt), 
using  the  ABI  Big  Dye 3.1 sequencing  protocol,  by the  core  facility  of  the  Max Planck 
Institute of Biochemistry (Martinsried).

2.3 Protein Isolation Methods

2.3.1 Protein Expression
All proteins were expressed in the  E. coli Rosetta™ (DE3) strain which carries a plasmid 
coding for 6 additional eukaryotic tRNAs leading to enhanced protein expression.

A 10 ml overnight culture was used to inoculate 1 L of LB medium with antibiotics in a 3 L 
conical flask with chicanes. Cultures were incubated at 37 °C and 140 rpm until an optical 
density at 600 nm (OD600) of 0.5-0.6 was reached. Cultures were subsequently transferred to 
room temperature and induced with 1 mM IPTG as soon as the OD600 reached 0.8-0.9. After 
overnight incubation at room temperature cells were harvested. Cell pellets were frozen at -80 
°C. 

2.3.2 Protein Extraction
Bacterially expressed proteins were extracted by sonication. For this purpose frozen bacterial 
pellets  were  thawed  on  ice  and  resuspended  in  the  appropriate  column  binding  buffer 
according to the affinity chromatography column to be used. Every 10 ml of cell suspension 
was sonicated four  times for  2  minutes  each time,  at  70 % power level  and 70 %/30 % 
pulse/pause interval, using a Sonoplus HD70 sonicator (Bandelin; Berlin). The sonicated cell 
suspension was centrifuged for 20 minutes at 19,000 rpm and 4 °C in an SS-34 rotor. The 
supernatant was additionally filtered using a Millex®-HA 0.45 µm sterile filter to completely 
remove cell debris and other insoluble components. The resulting protein solution was used 
for further purification.

2.3.3 Protein Purification
Expressed recombinant proteins can be purified by affinity chromatography. The method of 
purification depends on the expression plasmid and the hence expressed tag. 

The principle of affinity chromatography is that expressed tagged proteins can specifically 
and reversibly interact via their affinity tag with ligands covalently attached to a column resin. 
After  washing  away  unspecifically  bound  proteins,  the  desired  protein  can  be  eluted  by 
adding free ligand or by a change of buffer conditions.
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2.3.3.1 His-tag Affinity Chromatography
The His-tag is frequently used for the purification of recombinant proteins. The recombinant 
proteins produced in this thesis carried a tag consisting of 10 histidine residues. The imidazole 
groups of histidines can bind to Ni2+ ions complexed with iminodiacetic acid or nitrilotriacetic 
acid bound to a column resin. Bound protein can be eluted by adding free imidazole.

All buffers used contained 1 mM aprotinin und 0.5 mM PMSF for protease inhibition. For 
His-tag chromatography, thawed cell  pellets  were resuspended in 4 ml of His-tag binding 
buffer  per  100 ml  of  culture  volume.  The  resulting  protein  solution  after  sonication  was 
applied to an His•Bind® resin column. 250 µl of 50 % resin was used per 100 ml culture 
volume.  The  resin  was  settled  into  a  Poly-Prep® chromatography column (0.8  x  4  cm), 
charged with 50 mM NiSO4 and equilibrated in His-tag binding buffer before the protein 
solution was applied. Unspecifically bound proteins were subsequently removed by washing 
with 10 column bed volumes of His-tag binding buffer, 4 column bed volumes of His-tag 
wash buffer (60 mM imidazole), and 2 column bed volumes of His-tag wash buffer (200 mM 
imidazole).  Purified protein was then eluted 2 times with 2 column bed volumes His-tag 
elution buffer each.

2.3.3.2 MBP-tag Affinity Chromatography
Recombinant proteins fused to a 40 kDa maltose binding protein (MBP) can be purified using 
a resin with immobilized amylose. The MBP binds to amylose and can be eluted by adding 
free maltose. 

All buffers used contained 1 mM aprotinin und 0.5 mM PMSF for protease inhibition. For 
MBP-tag chromatography,  thawed cell  pellets  were resuspended in 5 ml of amylose resin 
buffer  per  100 ml  of  culture  volume.  The  resulting  protein  solution  after  sonication  was 
diluted 1/3 with amylose resin buffer and applied to an amylose resin column. 600 µl of 
amylose resin slurry was used per 100 ml culture volume. The resin was settled into a Poly-
Prep® chromatography column (0.8 x 4 cm) and equilibrated in amylose resin buffer before 
the protein solution was applied. Unspecifically bound proteins were subsequently removed 
by washing with 3 column bed volumes of amylose resin column buffer. MBP-tagged proteins 
were eluted with 10 mM maltose in amylose resin column buffer in 4 elution fractions of 0.6 
column bed volumes each.

2.3.4 Dialysis
After purification the ligands used for elution of protein had to be removed from the elution 
fractions. Furthermore protein had to be transferred into a buffer which would allow freezing 
and long-term storage without precipitation. 

For this purpose all elution fractions were combined and the additional protease inhibitors 
5µg/ml  antipain,  0.5  µg/ml  leupeptin  and  0.7  µg/ml  pepstatin  were  added.  The  protein 
solution was then filled into Spectra/Por® dialysis membranes (pore size: 3.5 kDa) which had 
been prepared by rinsing with 1 mM EDTA solution and water. Dialysis was performed three 
times against 100x the protein solution volume at 4 °C. The following dialysis buffer was 
used:
50 mM Tris/HCl (pH 8.0), 200 mM NaCl (for His-tagged Plk1 PBD: 400 mM), 1 mM EDTA, 
1 mM DTT, 10 % glycerol, 0.1 % NP-40 substitute.
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2.3.5 Protein Stocks
For long-term storage dialyzed protein was split into 50-100 µl aliquots and snap-frozen in 
liquid nitrogen. Frozen aliquots were stored at -80 °C.

2.4 Protein Biochemistry Methods 

2.4.1 Determination of Protein Concentration
2.4.1.1 Bradford Protein Assay
The measurement of protein concentration using the Bradford method (Bradford, 1976) is a 
colorimetric assay based on an absorbance shift of the dye Coomassie Brilliant Blue G-250 
(CBB). When bound to  protein,  the red form of CBB (absorption maximum: 465 nm) is 
changed into the blue form (absorption maximum: 595 nm). The degree of absorption shift is 
dependent on the protein concentration.

In this case, the Bio-Rad Protein Assay dye solution was used. 200 µl of a 1/5 dilution was 
added to 10 µl protein sample and incubated for 15 minutes at room temperature. Absorption 
was subsequently measured at 595 nm and the concentration was determined by comparison 
with the absorption of a standard curve of γ-globulin (20-400 µg/ml).

2.4.1.2 BCA Protein Assay
The measurement of protein concentration using the BCA protein assay (Smith et al., 1985) is 
based on the reduction of copper ions from Cu2+ to Cu+ by peptide bonds in a temperature-
dependent reaction. Cu+ ions get chelated by bicinchoninic acid (BCA) which causes a color 
change of the reaction sample from light green to purple. The amount of purple complex is 
proportional to protein concentration and can be detected at 562 nm.

In this case the BCA™ Protein Assay Kit was used according to the manufacturer’s manual. 
Protein concentration was determined by comparison with the absorption of a standard curve 
of BSA (100-2000 µg/ml).

2.4.2 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS polyacrylamide gels are used to separate proteins according to their molecular weight 
(Laemmli, 1970). The anionic detergent sodium dodecyl sulfate complexes proteins and gives 
all proteins a negative overall charge independent of amino acid composition and charges of 
side chains. The Laemmli buffer used contains β-mercaptoethanol, which reduces all inter- 
and intramolecular disulfide bridges. Furthermore, samples are boiled before electrophoresis 
at 95 °C for 10 minutes so that all secondary, tertiary and quaternary structures are removed. 
Movement of proteins in the gel is therefore dependent on molecular weight only.

The Atto Slab Electrophoresis Chamber System (Atto; Tokyo, JP) was used. Samples were 
run on two-layered gels consisting of stacking and resolving gel. The stacking gel contained 
4 % acrylamide solution (in Tris/HCl, pH 6.8 and 0.4 % SDS), the resolving gel 7.5 – 12.5 % 
(in Tris/HCl, pH 8.8 and 0.4 % SDS). To start  the polymerization reaction 0.125 % (v/v) 
TEMED and APS were added. 

For  sample  preparation,  Laemmli  buffer  was  added  to  each  protein  sample,  followed  by 
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boiling for 10 minutes at 95 °C. Samples were loaded into the gel wells using a Microliter® 
syringe  (Hamilton;  Bonaduz,  SUI).  The  Kaleidoscope™  protein  marker  was  used  as  a 
molecular weight standard.

SDS-PAGE was performed at a constant current of 20 mA per gel. After electrophoresis gels 
were either stained with Coomassie solution or proteins were transferred to a nitrocellulose 
membrane (see 2.4.3).

For  staining  gels  were washed for  10 minutes  in  Coomassie  R-250 solution  followed by 
destaining for several  hours in  10 % methanol /  10 % acetic acid.  For drying,  gels  were 
subsequently inserted air  bubble-free between two wet layers of cellophane and left  for 3 
hours in a GelAir dryer (Bio-Rad; München).

2.4.3 Western Blot / Immunoblot
This method is used to specifically detect a protein within a cellular extract. First the protein 
sample  is  separated  via  SDS-PAGE,  followed  by  transfer  to  a  nitrocellulose  membrane 
(Gershoni & Palade, 1983) where proteins can be probed by antibodies. Normally a two-step 
antibody detection system is used: a primary antibody binds to the antigen immobilized on the 
membrane, then a secondary antibody coupled to horseradish peroxidase (HRP) is used to 
detect the primary antibody. The enzymatic activity of the peroxidase can be used to visualize 
a protein band in a chemoluminescence reaction.

In this  thesis  after  gel  electrophoresis  (see 2.4.2)  proteins were transferred to  a  Protran® 
nitrocellulose  transfer  membrane  in  Transblot-SD  buffer  for  3h  at  0.8  mA per  cm2 of 
membrane in a semidry-blotting system. The blot was set up in the following order: anode, 4 
layers of Whatman paper, nitrocellulose membrane, polyacrylamide gel, another 4 layers of 
Whatman paper and cathode.

After  proteins  were transferred,  the transfer  was  checked by staining  the  membrane  with 
Ponceau S (2 % (w/v) in 30 % trichloroacetic acid) for 1 minute. This also allowed tagging of 
the marker  bands  on the membrane.  Ponceau S was subsequently washed out  with NET-
gelatine. 

To avoid unspecific binding of the primary antibody to nitrocellulose, the membrane was first 
blocked with NET-gelatine or 5% milk in TBST at 4 °C overnight. Next the membrane was 
incubated with primary antibody for 1 hour at room temperature, followed by three wash steps 
with NET-gelatine or TBST for 15 minutes each. Afterwards the membrane was incubated 
with the appropriate secondary antibody for 1 hour at room temperature followed by three 
further  wash  steps.  Protein  bands  were  detected  using  the  Western  Lightning™ 
Chemoluminescence Reagent Plus according to the manufacturer’s manual. 

If  the  membrane  was  to  be  reprobed,  all  bound  antibodies  were  removed  from  the 
nitrocellulose by incubation in strip buffer for 1 hour at 50 °C. After intensive washing with 
NET-gelatine to remove all traces of β-mercaptoethanol, the membrane was probed again with 
another set of antibodies. 

The following antibodies were used for immunoblotting: mouse anti-Myc (1:5,000), rabbit 
anti-Cdc25C (1:100), mouse anti-BubR1 (1:2,000), rabbit anti-Plk1 (1:1,000), and rabbit anti-
actin (1:5,000), followed by incubation with a goat anti-mouse or a swine anti-rabbit HRP-
conjugated secondary antibody (both 1:7,500).
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2.5 Eukaryotic Cell Culture Methods

2.5.1 General Cell Culture Techniques
Cells were cultivated in HERAcell® 150 CO2 incubators (Thermo Fisher; Schwerte) at 37 °C 
and 5 % CO2 under humidified atmosphere.  All working steps were carried out in sterile 
LaminAir hoods (Heraeus; Hanau and Holten; Allerod, DK). 

Cells were kept in fresh medium and passaged constantly. For long-term storage, cells were 
transferred into cryo medium in CryoTube™ vials and after stepwise freezing stored at -196 
°C in liquid nitrogen.

2.5.2 Transient Transfection of Mammalian Cells
Transient transfection of cells can be used to test  the effects of ectopically overexpressed 
proteins in mammalian cells. 

For this purpose cells were seeded in 6 well plates. After cell attachment plasmid transfections 
were  carried  out  using  the  FuGENE®  6  reagent  (Roche,  Mannheim)  according  to  the 
manufacturer’s manual. 48 hours after transfection cells were either lysed (see 2.5.3) to check 
protein levels or used for immunofluorescence experiments (see 2.6.1).

2.5.3 Cell Lysis
For lysis cells were washed once with PBS, scraped off the culture plate into lysis buffer and 
shaken for 30 minutes at 250 rpm. Cell debris and DNA were removed by centrifuging for 20 
minutes at  13,000 rpm. The supernatant was then transferred to a  new tube and used for 
determination of concentration (BCA protein assay; see 2.4.1.2) and further analysis.

For long-term storage lysates were split in 100-500 µl aliquots and frozen in liquid nitrogen. 
Frozen aliquots were stored at -80 °C.

2.6 Cell Biology Methods 

2.6.1 Immunofluorescence 
Immunofluorescence techniques are used to visualize cellular organelles and structures or to 
show the subcellular localization and distribution of biomolecules within a cell. Visualization 
is  achieved by fluorescence-labeling  of  cellular  components  with  dyes  or  with antibodies 
conjugated to dyes.

In this  thesis,  HeLa cells  were used for  all  immunofluorescence experiments.  Cells  were 
seeded in 12-well plates containing coverslips. The number of seeded cells was chosen so that 
the  cell  density  at  the  timepoint  of  fixation  was  approximately 80  %.  After  24  hours  of 
incubation cells were arrested in G1/S phase by addition of 1 µg/ml aphidicolin for 14 hours. 
Cells were then released into aphidicolin-free medium. Depending on the experiment DMSO, 
150 nM nocodazole or compounds were added to the medium at different time points. At 
various  timepoints  after  the  release,  in  most  cases  after  9  or  14  hours,  cells  were  fixed. 
Transfected cells used for immunofluorescence were fixed 48 hours after transfection. 
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For fixation cells  were first  washed once with PBS and then fixed and permeabilized in 
methanol for 15 min at -20 °C. Afterwards cells were washed three times with PBS to dispose 
of all methanol.

Before antibody treatment cells were incubated for 60 min in blocking solution (1 % goat 
serum in PBST) to minimize background staining. All antibodies were diluted in blocking 
solution, and incubations were carried out for 1 hour at room temperature in a humidified 
chamber, followed by 3 washes with PBST. The following antibodies were used: mouse anti-
γ-tubulin (1:1,000) which was detected with Alexa Fluor® 546-conjugated goat anti-mouse 
(1:1,000), mouse anti-α-tubulin-FITC (1:500), rabbit anti-Plk1, NT (1:75; Upstate) and rabbit 
anti-Plk1 (1:75;  Abcam) which were detected by Alexa Fluor® 488-conjugated goat  anti-
rabbit (1:1,000). DNA was stained with 2 µg/ml DAPI.

Immunofluorescence  microscopy  was  performed  on  an  Axioplan  2  Imaging  Microscope 
(Zeiss;  Jena).  All  photos  were  taken  on  a  DeltaVision® Microscope  (Applied  Precision; 
Issaquah,  USA)  at  100x  magnification.  Images  were  processed  using  a  deconvolution 
algorithm of the softWoRx software (Applied Precision). 

2.6.2 Determination of Mitotic Index and Mitotic Phases
To determine the percentage of mitotic cells,  the number of cells  undergoing mitosis  was 
counted within a population of approximately 200 cells fixed on coverslips.

For  determination  of  mitotic  phase  distribution  approximately  50  mitotic  cells  were 
categorized into prophase, prometaphase, metaphase, and ana-/telophase. Cells with defects in 
metaphase form a subpopulation of metaphase cells.

All counting experiments were repeated three times.

2.6.3 Quantification of Plk1 Localization 
The centrosomal/cytoplasmic ratio of Plk1 staining was determined by measuring the total 
intensity in a circular region of fixed diameter round the centrosome relative to the average 
intensity in three cytoplasmic regions of the same size. In each case 20 centrosomes were 
evaluated. 

For quantification images were taken on the Axioplan 2 Imaging Microscope with identical 
exposure times and settings for recording. Fluorescence intensities were analyzed using the 
MetaVue™ software (Molecular Devices; Ismaning).

2.7 Fluorescence Polarization
The theory of fluorescence polarization (FP) was first described by Perrin in 1926. It is based 
on the observation that fluorescent molecules in solution, which are excited with polarized 
light, will also emit light in the same polarized plane if the molecule remains stationary during 
the excitation of the fluorophore. Since molecules in solution rotate and tumble during the 
excited state, light is emitted in planes different from the plane used for the initial excitation. 
The light used for excitation gets depolarized. The degree of depolarization is dependent on 
the rotational mobility of a fluorophore. Small molecules rotate relatively fast, causing a high 
degree of depolarization, while large molecules show only little mobility during the excited 
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state, leading to a minor impact on polarization. FP is calculated using the following formula 
(I||:  fluorescence  intensity  measured  parallel  to  applied  light,  I⊥:  fluorescence  intensity 
measured perpendicular to applied light):

 

A FP-based assay was used for screening in this thesis. Small fluorophore-labeled peptides 
causing a strong depolarization were used in assays with protein-binding domains. A protein-
fluoropeptide  complex,  much  bigger  in  size,  caused  a  significantly  smaller  degree  of 
depolarization. This system was used to test for molecules inhibiting the protein-fluoropeptide 
interaction, causing a decrease in FP. Figure 2.1 schematically depicts the used assay setup.

Fig.  2.1:  Scheme of  the  used  fluorescence  polarization  assay.  The  PBD-peptide  complex  rotates  slowly, 
yielding a high FP signal. If binding is blocked by an inhibiting molecule, the free peptide rotates relatively fast, 
causing a high depolarization. The fluoropeptide is shown in red as sticks. The polo-boxes are shown in light and 
dark blue. PBD adapted from 1Q4K (see Fig. 1.3; Cheng et al., 2003).

2.7.1 Binding Curves
Binding curves can be used to determine the dissociation constant (Kd-value) of a protein-
protein interaction. The Kd-value is defined as the concentration of protein that will result in 
half-maximal binding. It is an important parameter to describe the binding affinity of two 
interaction  partners.  For  the  measurement  of  binding  curves  one  binding  partner  is  kept 
constant while the concentration of the other is steadily increased. 

In  this  thesis  several  protein-protein  interactions  were  investigated.  The  interaction  was 
represented by binding of  a  fluorophore-labeled peptide derived from substrate  studies or 
peptide  screens  to  a  protein-binding  domain  (see  2.1.11).  Fusions  of  the  peptides  with 
fluorophores allowed the analysis of interactions via FP. 5-carboxyfluorescein (CF) was used 
as label for all peptides.

For  binding  curves  10  nM of  fluoropeptide  was  added  to  increasing  amounts  of  protein 
(0-2560 nM) in 10 mM Tris/HCl, pH 8.0 (for Stat1, Stat3, Stat5b, Lck: 10 mM HEPES, pH 
7.5), 50 mM NaCl, 1 mM EDTA, 0.1 % Nonidet P-40, and 10 % DMSO. For Plk1 binding 

FP =
I∥− I ⊥

I∥ I ⊥
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studies various buffers were used (see 3.1.2.2). FP of a bound protein-peptide complex was 
measured in 384-well plates on an Ultra Evolution™ plate reader (Tecan; Crailsheim) using a 
G-factor  of  0.998  (an  intrinsic  value  used  to  correct  for  imperfections  of  the  optical 
components of the measuring instrument; determined empirically). Corrected FP values were 
multiplied by 1000 and expressed in mP. Binding curve analysis and determination of the Kd-
value  was  done  with  SigmaPlot  (SPSS  Science  Software;  Erkrath)  using  a  “Hill  Four 
Parameter” curve fit. Experiments were performed in triplicate.

2.7.2 Inhibition Curves 
The IC50-value of an inhibition curve is defined as half-maximal inhibitory concentration and 
gives information about the effectivity of an inhibitor.

In this thesis inhibitors (small molecules or peptides) were tested for their ability to disrupt the 
binding of proteins and the respective fluoropeptides which would lead to a decrease in FP. 
For this purpose constant amounts of protein and peptide were used with increasing amounts 
of inhibitor. 

Proteins were used at the following final concentrations which correspond approximately to 
the Kd-values of the respective binding assays: Plk1: 45 nM, Plk2: 130 nM, Plk3: 1875 nM, 
Chk2: 240 nM, Pin1: 1000 nM, STAT1: 120 nM, STAT3: 160 nM, STAT5b: 110 nM; Lck: 40 
nM. Unless stated otherwise, proteins were incubated at 22 °C with test compounds for 1 hr 
prior to addition of 10 nM fluorophore-labeled peptides. The final concentration of buffer 
components used was: 10 mM Tris, pH 8.0 (for Stat1, Stat3, Stat5b, Lck: 10 mM HEPES, pH 
7.5), 50 mM NaCl, 1 mM EDTA, 0.1 % Nonidet P-40, and 10 % DMSO. FP was measured 
immediately afterwards as described above (see 2.7.1). Inhibition curves were fitted using the 
“Four Parameter Logistic” fit of SigmaPlot. Experiments were performed in triplicate.

2.7.3 Z’-Factor
In order to investigate the suitability of the FP assay for high-throughput screening, the Z’-
factor was analyzed (Zhang et al., 1999). This parameter correlates the individual variations 
between  measurements  in  different  wells  containing  identical  assay components  with  the 
differences in the FP values of bound and free fluoropeptide-probe.

The  Z’-factor  was  calculated  using  the  following  formula  (SD:  standard  deviation,  mP 
fluorescence  polarization,  bound:  incubation  of  protein  and  peptide,  free:  incubation  of 
protein, peptide and inhibitor):

In  the  ideal  case  Z’ equals  1,  which  means  that  well-to-well  variations  are  negligible 
compared to the differences of the fluorescence polarization values of the probe in the free 
state and the state in which a fraction is bound to the protein. In the worst case, Z’ approaches 
negative infinity, indicating that the differences of the fluorescence polarization values of the 
probe in the free state and the partially-bound state are negligible compared to the variations 
between wells containing the same assay components. An assay is considered to be well-
suited to high-throughput screening if Z’ is larger than 0.5.

Z ' = 1 −
3SDbound3SD free
mPbound−mP free
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In this thesis the Z’-factor was determined as follows: The “bound state” was represented by a 
mixture containing 10 nM of the peptide 5-CF-GPMQSpTPLNG with 45 nM of the Plk1 
PBD. The “free state” contained the same components but was additionally incubated with 10 
µM of the unlabeled peptide MAGPMQSpTPLNGAKK which competes for binding to the 
Plk1 PBD. Four independent experiments were performed in which the FP of both the bound 
and free fluorescence-probe were analyzed in 192 wells each. Experiments were carried out in 
10 mM Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% Nonidet P-40, and 10% 
DMSO.

2.7.4 High-Throughput Screen
The High-Throughput Screen (HTS) for inhibitors of the Plk1 PBD was carried out in a 384-
well  format  on  a  Biomek®  FX  dual-pod  screening  system (Beckman  Coulter;  Krefeld). 
Protein  and  peptide  solutions  were  transferred  with  a  96-multichannel  pipetting  head. 
Compound libraries were applied with a 384-pin HDR-tool (pin tool).

The  following  screening  protocol  based  on  FP  was  used:  20  µl  of  Plk1  PBD  (final 
concentration: 45 nM) was pipetted into 384-well plates. Compounds of chemically diverse 
libraries (22,461 small molecules in DMSO; see 2.1.2) were subsequently transferred. The pin 
tool settings for the transfers were: 

Draw: -2.3 mm from liquid, pod speed 5 % when entering and exiting a well, pause for 5 
seconds in liquid

Dispense: 0.7 mm from bottom, pod speed 5 % when entering and 30 % when exiting a well, 
3 dips, pause for 5 seconds in liquid on last dip

These settings were determined to transfer a volume of approximately 45 nl. The number of 
transfers  depended  on  the  concentration  of  compounds  in  the  different  libraries  and was 
adapted so that final compound concentrations of up to 60 µM were used.

The mixture of protein and compounds was incubated for 1 hour at room temperature before 
10 µl of the peptide 5-CF-GPMQSpTPLNG (final concentration: 10 nM) was added. Each 
plate contained control wells with buffer only, peptide solution in buffer and a mixture of 
protein and peptide without compounds. The screening buffer used contained 10 mM Tris, pH 
8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% Nonidet P-40, and DMSO. The final 
DMSO concentration was 10%. Each compound was tested in duplicate.

FP values were measured on an Ultra Evolution™ plate reader as described above (see 2.7.1), 
using the Magellan™ software (Tecan; Crailsheim). Small molecules with inhibiting activity 
could be detected by a decrease in FP in comparison to the control wells.
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3. Results

The serine/threonine kinase Plk1 is one of the key regulators of mitotic progression and it is 

overexpressed in many types  of  human cancers  (Barr  et  al.,  2004;  McInnes  et  al.,  2005; 

Strebhardt  & Ullrich,  2006).  Therefore  a  comprehensive  knowledge  of  Plk1  functions  is 

important for two reasons: for a better understanding of the cell cycle and its control, and for 

new strategies in cancer therapy.

The aim of this thesis was the identification of small-molecule inhibitors of the Plk1 PBD. 

With  one  exception  (Gumireddy  et  al.,  2005),  all  currently  described  non-peptidic  Plk1 

inhibitors target the kinase domain (Stevenson et al., 2002; Liu et al., 2005; McInnes et al., 

2006; Peters  et al., 2006; Lansing  et al., 2007; Lenart  et al., 2007; Steegmaier  et al., 2007; 

Santamaria  et al., 2007). Therefore inhibitors of the Plk1 PBD would represent a valuable 

new  Plk1  research  tool,  allowing  the  distinction  between  PBD-dependent  and  PBD-

independent functions. Furthermore, they could be used as an alternative strategy to target 

Plk1 in human tumors.

3.1 Fluorescence Polarization Assay
High-throughput screening offers a fast  approach for the identification of substances  with 

inhibitory activity. It allows efficient testing of compound libraries containing large numbers 

of substances in a short period of time. However a suitable screening assay has to be used.

Inhibitors of the Plk1 PBD would block Plk1 from binding to its substrates. Therefore an 

assay was needed which allowed Plk1-substrate interactions to be monitored. As fluorescence 

polarization (FP) assays had already been successfully shown to be suitable for the analysis of 

protein-protein interactions in high-throughput screens (Nasir & Jolley, 1999;  Schust  et al., 

2004; Nikolovska-Coleska et al., 2004; Du et al., 2006; Saldanha et al., 2006), it was decided 

to set up a Plk1-binding assay based on FP. In this assay Plk1-substrate interactions were to be 

represented by binding of fluorophore-labeled peptides to the PBD.

3.1.1 Cloning, Expression and Purification of the Plk1 PBD
Since small-molecules inhibiting the PBD and not the kinase domain should be identified,  the 

cDNA sequence coding for the PBD (aa 326-603) (Elia et al., 2003b) only was cloned into the 

expression vector pET28a (see 2.1.9.1). After transformation, the PBD fused to a 10x His-tag 
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was expressed in E. coli Rosetta™ (DE3) and purified via His-tag affinity chromatography. 

After  affinity  chromatography,  elution  fractions  were  combined  and  dialyzed.  Protein 

concentration was then determined. Several batches of PBD protein have been produced and 

the protein concentration of each batch was approximately 20-25 µM. The isolated PBD was 

used for FP-based binding assays.

3.1.2 Establishment and Optimization of a FP-Based Binding Assay
A binding assay suitable for detecting inhibition has to fulfill  two important requirements. 

Firstly,  the  resulting  binding  curve  should  show  a  steep  gradient,  which  represents  high 

binding affinity and guarantees high sensitivity for inhibition measurements. Secondly, the 

measurement  window defined  by minimal  and maximal  FP values  should  be  as  large  as 

possible, so that experimental variations and standard deviations can easily be distinguished. 

In the following experiments different setups were tested to find optimal binding conditions.

3.1.2.1 Application of Fluorophore-Labeled Peptides
The core consensus motif of the Plk1 PBD had originally been described as S-(pT/pS)-(P/X), 

and  the  peptide  described  to  have  the  highest  affinity  for  the  Plk1  PBD  was 

MAGPMQSpTPLNGAKK (Elia  et al., 2003a). Given the importance of the SpTP-motif for 

binding to the Plk1 PBD the following four 5-carboxyfluorescein (CF)-labeled peptides were 

designed on the basis of the optimal binding peptide:

5-CF-ASpTPLNGAKK 
GPMQSpTPL-K(5-CF)-NH2

5-CF-MQSpTPLNG
5-CF-GPMQSpTPLNG 

Peptides differed in peptide length and proximity of the CF-label to the core consensus motif, 

respectively. Furthermore the effect of N-terminal or C-terminal location of the CF-label was 

tested. The fluorophore should be located as close as possible to the interaction site with the 

protein in order to avoid unnecessary degrees of rotational freedom. Figure 3.1 shows the 

binding curves for the different peptides.

Only weak binding was observed for 5-CF-ASpTPLNGAKK (Kd = 3.8 ± 1.6 µM). This result 

can be explained by two studies describing the crystal structure of the complex between the 

Plk1 PBD and peptides comprising its preferred binding motif, which revealed that not only 

the tripeptide SpTP, but the sequence motif MQSpTPL is bound by the Plk1 PBD (Elia et al., 

2003b; Cheng et al., 2003). 
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Fig. 3.1: Comparison of four fluorophore-labeled peptides. Binding curves of four peptides differing in 
peptide length and location of the fluorescence-label. Sequences indicating the location of 5-carboxy- 

fluorescein (5-CF)-label are given. Error bars represent standard deviations (SD). 

Therefore,  the  fluoropeptides  GPMQSpTPL-K(5-CF)-NH2 and  5-CF-MQSpTPLNG were 

designed comprising  the  longer  sequences.  These  two peptides  were  additionally  used  to 

compare the effect of N- and C-terminal location of the CF-label. Both probes contain two 

additional  amino  acids  derived  from  the  optimal  binding  peptide  at  their  respective 

unmodified terminus to ensure that their ability to bind to the Plk1 PBD was not affected by 

positive or negative charges caused by protonation or deprotonation of the peptide termini. As 

expected, both probes showed improved affinity for the Plk1 PBD, whereas the affinity of the 

peptide GPMQSpTPL-K(5-CF)-NH2 with the C-terminal label (Kd = 407 ± 32 nM) was not as 

high as for the peptide 5-CF-MQSpTPLNG with N-terminal CF (Kd = 107 ± 10 nM).

Since  direct  attachment  of  the  bulky  and  hydrophobic  fluorophore  to  the  N-terminal 

methionine,  the backbone of which is  involved in binding to the protein,  would certainly 

negatively affect the protein-peptide interaction, two additional amino acids derived from the 

optimal binding peptide were inserted between the fluorophore and the peptide sequence. 

Indeed, the resulting fluoropeptide 5-CF-GPMQSpTPLNG showed very high affinity for the 

Plk1 PBD (Kd = 26 ± 2 nM) and was used for all further studies.
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3.1.2.2 Determination of Optimal Buffer Conditions
Various buffer components can influence protein-protein or protein-peptide interactions. The 

effect of NaCl and DMSO on the binding affinity of the fluoropeptide 5-CF-GPMQSpTPLNG 

towards the Plk1 PBD was therefore investigated.

NaCl
The crystal structure analysis of the complex between Plk1 and its binding motif revealed 

hydrogen bonds between the phosphothreonine of the peptide and histidine 538 and lysine 

540 (Elia et al., 2003b; Cheng et al., 2003), both of which are known to be required for the 

function of the Plk1 PBD. As binding between 5-CF-GPMQSpTPLNG and the Plk1 PBD was 

mediated to a significant extent by recognition of the phosphothreonine residue of the probe, 

high concentrations of ions could interfere with binding. Therefore different concentrations of 

NaCl were tested (Fig. 3.2). 
 Fig. 3.2: Effect of NaCl on binding. 
Binding curves in presence of 50  
mM, 100 mM and 200 mM NaCl. 
Error bars represent SD. 

Binding was indeed weakened by increasing concentrations of NaCl (50 mM: Kd = 26 ± 

2 nM; 100 mM: Kd = 39 ± 2 nM; 200 mM: Kd = 91 ± 2 nM). Thus, 50 mM NaCl was used 

for further experiments, because it resulted in the strongest binding affinity.

DMSO
DMSO is the most common solvent for chemical libraries, since the majority of compounds 

dissolve  reasonably well  in  DMSO.  Therefore,  an  assay to  be  used  for  the  discovery of 

bioactive  compounds  must  be  stable  in  the  presence  of  DMSO.  In  order  to  analyze  the 

stability of the interaction between the probe 5-CF-GPMQSpTPLNG and the Plk1 PBD in the 

presence of DMSO, 5 % and 10 % of this co-solvent were added to the assay buffer (Fig. 3.3). 
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Fig. 3.3: No dependency of binding 
affinity on DMSO concentration.  
Binding curves in absence and in pre- 
sence of 5 % and 10 % DMSO. Error 
bars represent SD.

Despite a negligible decrease in window size,  no significant change in the Kd-values was 

observed in the presence of DMSO (no DMSO: Kd = 26 ± 2 nM, 5 % DMSO:  Kd = 21 ± 

1 nM, 10 % DMSO: Kd = 26 ± 1 nM), indicating that the assay is compatible with up to 10 % 

DMSO.

3.1.2.3 Temporal Stability
High temporal stability of a binding assay allows the screening of large chemical libraries 

without  imposing  restrictions  with  regards  to  time.  Binding  between  the  probe  5-CF-

GPMQSpTPLNG and the Plk1 PBD was stable over a course of 24 hours with a constant Kd-

value of 25-27 nM, and thus displayed high temporal stability (Fig. 3.4).

Fig. 3.4: Temporal stability of the 
binding assay. Binding curves 
showed stability for up to 24h. 
Error bars represent SD.
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3.1.3 Test of Inhibition and Binding Studies
In order  to test  whether inhibition measurements are possible under the established assay 

conditions  the  inhibiting  activity of  the  unlabeled  peptide  MAGPMQSpTPLNGAKK was 

analyzed in a competition study with the peptide 5-CF-GPMQSpTPLNG (Fig. 3.5). The Plk1 

PBD was used at a final concentration of 45 nM providing an assay window larger than 100 

mP.

Fig 3.5: Inhibition curve of  MAGPMQSpTPLNGAKK. The peptide inhibits PBD-fluoropeptide 
interaction. Error bars represent SD.

MAGPMQSpTPLNGAKK potently inhibited the Plk1 PBD-fluoropeptide interaction with an 

IC50 of 0.39 ± 0.11 µM, indicating that the assay is well-suited for inhibition measurements.

For further characterization of the interaction between 5-CF-GPMQSpTPLNG and the Plk1 

PBD, competition analysis was performed with the following additional unlabeled peptides 

(Fig. 3.6):

MAGPMQSTPLNGAKK
Ac-ASpTPLNGAKK
Ac-ASpSPLNGAYKK
MAGPMQSDPLNGAKK
MAGPMQSEPLNGAKK
Ac-GHFDpTYLIRR (Chk2-binding)

The  unphosphorylated  peptide  MAGPMQSTPLNGAKK  displayed  more  than  200-fold 

weaker  antagonistic  activity  (IC50 =  98.7  ±  25.8  µM)  than  the  phosphorylated  version 

MAGPMQSpTPLNGAKK  (IC50 =  0.39  ±  0.11  µM).  The  peptide  Ac-ASpTPLNGAKK 

(IC50 = 32.2 ± 2.0 µM), which lacks amino acids of the optimal binding motif N-terminal of 

the  phosphothreonine,  also  showed  a  decrease  in  inhibitory  activity.  Consistent  with  the 
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previous observation that phosphothreonine provides significantly higher affinity for the Plk1 

PBD than  phosphoserine  (Elia  et  al.,  2003a),  the peptide Ac-ASpSPLNGAYKK was less 

active than Ac-ASpTPLNGAKK (19.2 ± 12.1% inhibition at 100 µM). 

Fig. 3.6: Binding studies with different competing peptides. Inhibition curves of different unlabeled peptides 
competing with the probe 5-CF-GPMQSpTPLNG for binding to the Plk1 PBD. Error bars represent SD.

Substitution of phosphothreonine for aspartic or glutamic acid is frequently used to mimic 

constitutive phosphorylation of the threonine residue. In order to test whether the Plk1 PBD 

lends itself to this approach, the phosphothreonine residue within the optimal binding motif 

was  substituted with aspartic  or glutamic  acid,  but  this  led to a  dramatic  loss  of activity 

(29.7 ± 9.2 % inhibition at 100 µM for glutamic acid, or no inhibition at all for aspartic acid). 

To investigate the specificity of binding between 5-CF-GPMQSpTPLNG and the Plk1 PBD in 

more detail,  we tested  the effect  of  the  peptide  Ac-GHFDpTYLIRR described to  bind  to 

another  phosphothreonine-binding  domain,  the  forkhead-associated  (FHA)  domain  of  the 

kinase  Chk2.  This  peptide  showed  minimal  inhibition  at  the  highest  concentration  tested 

(15.0 ± 5.7 % inhibition at 100 µM), indicating specific recognition between the probe 5-CF-

GPMQSpTPLNG and the Plk1 PBD.
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3.1.4 Determination of the Z’-Factor
In order to investigate the suitability of the assay for high-throughput screening, the Z’-factor 

was analyzed (Zhang et al., 1999). This parameter correlates the individual variations between 

measurements in different wells containing identical assay components with the differences in 

the fluorescence polarization values of the probe 5-CF-GPMQSpTPLNG in the absence and 

presence  of  the  Plk1  PBD.  An  assay  is  considered  to  be  well-suited  to  high-throughput 

screening if Z’ is larger than 0.5. 

To determine the Z’-factor of the FP assay used, we monitored the polarization of mixtures 

containing 5-CF-GPMQSpTPLNG (10 nM) and 45 nM Plk1 PBD. Since this concentration 

exceeds the Kd -value of 26 ± 2 nM, the majority of the fluorescein-labeled peptide molecules 

are protein-bound (“bound state”). In another set of wells, the same assay components were 

additionally incubated with the inhibiting peptide MAGPMQSpTPLNGAKK (10 µM), which 

displaced the fluorophore-labeled peptide molecules from the Plk1 PBD (“free state”). Z’ was 

calculated as 0.73 ± 0.06, indicating that the assay is excellently suitable for high-throughput 

screening (Fig. 3.7).

Fig. 3.7 Graphical illustration of the determination of the Z'-factor. Each dot represents the FP value of one 
well. There are 192 wells each with bound peptide and free peptide. The Z'-factor is determined according to 

the formula in 2.7.3 using the average values and the standard deviations for each state.
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3.2 High-Throughput Screen

3.2.1 Screening Process
In this thesis, 22,461 compounds were tested for inhibitory activity towards binding of the 

Plk1  PBD  to  the  probe  5-CF-GPMQSpTPLNG.  The  compounds  were  composed  of  a 

ChemDiv (CDI) library with 8,298 compounds, a Maybridge (MB) library, comprising 9,000 

compounds, and 5,183 miscellaneous substances.  The selected compounds covered a wide 

spectrum of chemical space ranging from natural products to semi-synthetic substances and 

de novo synthesized compounds. All compounds fulfilled Lipinski’s “rule of 5” (Lipinksi et  

al., 2001), which describes the factors playing a role for cellular uptake of substances. 

The screen was carried out on a Biomek® FX dual-pod screening system in 384-well plates. 

Compounds were transferred with a pin tool. All substances were screened at two different 

concentrations, 30 µM and 60 µM. Compounds were screened in duplicate.

After the screen, compounds were selected for further analysis according to their Plk1 PBD 

inhibiting  activity,  and  the  likelihood  of  specificity.  The  acquired  screening  data  was 

compared with the results of two analogous screens previously performed by this group. The 

aim of these screens was the identification of inhibitors for the dimerization and DNA-binding 

of the transcription factor c-Myc/Max (Kiessling et al., 2006) and for the SH2 domain of the 

transcription factor STAT3 (Schust et al., 2006). In these screens, compounds were tested at 

100 µM. 

As part of this thesis, the CDI and the MB libraries were additionally tested for inhibitors of 

the SH2 domain of the transcription factor STAT5b at 30 µM and 60 µM. An analogous FP-

based assay as for the Plk1 PBD was set up, used for the detection of compounds with the 

ability  to  inhibit  binding  of  the  fluorophore-labeled  peptide  5-CF-GpYLVLDKW, derived 

from the erythropoietin (EPO) receptor (Quelle  et al., 1996; May  et al., 1996) to the SH2 

domain of STAT5b (aa 136-704) (Schust  et al., 2006) (see 4.3.3). For selection of hits, the 

results of the Plk1 PBD screen were also compared with the STAT5b screening data. 

Only compounds inhibiting the Plk1 PBD in duplicate by more than 65 % at 60 µM were 

selected, while not inhibiting c-Myc/Max and STAT3 by more than 50 % at 100 µM, and 

STAT5b  by  more  than  40  %  at  60  µM.  Quantification  showed  strongly  increased  total 

fluorescence intensities for a number of compounds. These abnormal values were caused by 

intrinsic  fluorescence  of  the  test  compounds.  Such  molecules  were  not  analyzed  further. 

Figure 3.8 visualizes the hit selection process using the data for the CDI library as example. 
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Fig. 3.8: Compound selection, exemplified for the CDI library. Each dot represents a single compound with 
Plk1 inhibition (60 µM) plotted against c-Myc/Max, STAT3 (100 µM each; black squares each) or STAT5b (60 
µM; gray circles) inhibition. The following compounds were taken into further analysis: All compounds right of 
the solid red line, all compounds symbolized by black squares below the solid green line, and additionally all 
compounds symbolized by gray circles below the dashed green line. The location of Poloxin (see 3.2.3) in the 
plot was very similar for all three comparisons and is symbolized by the large red dot.

Altogether approximately 1 % (223 compounds) of the 22,461 compounds were picked for 

further analysis.

3.2.2 Validation of Primary Screening Data
Since the pin tool only transfers volumes in the low nanoliter range using adhesion forces, the 

system is  easily  susceptible to  errors.  In  order  to  sort  out  false  positives,  all  compounds 

selected for further analysis were tested again by hand at 60 µM. Only 94 of the selected 223 

compounds (42 %) could be verified.

In the next step, first specificity controls were applied. In analogous assays, the inhibitory 

effect of the remaining molecules on c-Myc/Max, Jun/Jun, and C/EBP or STAT3 was tested 

manually at 60 µM. Any compound inhibiting one of these proteins by more than 50 % was 

left out. Using these specificity controls 86 compounds remained.

After in vitro validation of selected compounds, their cellular effects were tested. Since Plk1 

inhibition leads to an arrest of cells in mitosis (Spankuch-Schmitt  et al., 2002a; Yuan et al., 
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2002; Stevenson et al., 2002; Spankuch-Schmitt et al., 2002b; Liu & Erikson, 2003; Liu et al., 

2005; Gumireddy et al., 2005; McInnes et al., 2006; Peters et al., 2006; Lansing et al., 2007; 

Lenart  et  al.,  2007;  Steegmaier  et  al.,  2007;  Santamaria  et  al.,  2007),  all  remaining 

compounds  were  tested  for  their  ability  to  increase  the  mitotic  index  by  at  least  2-fold. 

Compounds were primarily used at 50 µM. If this concentration turned out to be toxic to cells, 

substances were re-tested at 20 µM. Most compounds did not show any effect on cells or 

displayed toxicity, so that only 19 compounds led to an increase of mitotic cells.

Compounds blocking cells in mitosis were subsequently analyzed for their ability to induce 

any of the mitotic arrest phenotypes that can be explained by Plk1 inhibition. However, only 2 

compounds showed an appropriate phenotype. Most compounds either showed an increased 

mitotic  index  without  any  extraordinary  phenotype,  or  seemed  to  interfere  with  tubulin-

polymerization,  causing  a  nocodazole-like  phenotype  (Fig.  3.9).  Nocodazole  is  a  spindle 

poison depolymerizing  tubulin  (Jordan  et  al.,  1992)  (Fig.  3.9).  Table  3.1  summarizes  the 

validation of compounds.  

Fig. 3.9: Example for an improper arrest phenotype. MB compound 4416 is most likely depolymerizing 
spindles and by that causing a nocodazole-like phenotype. blue: DNA, green: α-tubulin (spindels and cyto-

skeleton); magnification: 100x.

Tab. 3.1: Summary of compound validation.

Screened 
compounds

Compounds 
selected after 

screen

Compounds 
verified by 

hand

Compounds 
showing 

specificity

Compounds 
causing 

mitotic arrest

Compounds 
with correct 
phenotype

22,461 223 94 86 19 2

Of the 2 remaining compounds, the more effective compound was used for further analysis, 

while the other one will be evaluated in future studies.
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3.2.3 Identification of Poloxin and Thymoquinone
The compound with the best  specificity profile was named Poloxin (for  polo-box domain 

inhibitor).  Due to its diversity, the screening library did not contain analogues of Poloxin, 

from which preliminary structure-activity relationships might have been inferred. 

Poloxin’s core structure is represented by the natural product Thymoquinone. Thymoquinone 

is the bioactive constituent of the volatile oil of black seed (Nigella sativa), and is well-known 

for its anti-inflammatory and anti-oxidant activities (Gali-Muhtasib  et al., 2006). Moreover, 

numerous studies have demonstrated Thymoquinone’s potent anti-neoplastic activity, which 

seems to be specific for cancer cells (Shoieb et al., 2003; Rooney et al., 2005; Kaseb et al., 

2007; Gali-Muhtasib et al., 2008). However, direct molecular targets that could explain for its 

anti-neoplastic activity have not been reported to date. 

Figure 3.10 shows the chemical structures of Poloxin and its core structure Thymoquinone.

Fig. 3.10: Chemical structures of Poloxin and Thymoquinone.

In the screening and validation process, inhibition had been checked at single concentrations 

only. Full inhibition curves were next performed for these two compounds (Fig. 3.11). The 

Plk1 PBD was used at a final concentration of 45 nM.

Poloxin inhibited the Plk1 PBD with an apparent IC50 of 4.8 ± 1.3 µM. Thymoquinone was 

even four times more potent with an apparent IC50 of 1.14 ± 0.04 µM.
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Fig. 3.11: Inhibition curves of Poloxin and Thymoquinone. Poloxin and Thymoquinone inhibit the Plk1 PBD. 
Error bars represent SD.

3.3 Specificity Profiles of Poloxin and Thymoquinone
Specificity and possible side effects are very important criteria for the evaluation of a small-

molecule inhibitor. 

The most stringent specificity controls for a compound inhibiting the Plk1 PBD would be the 

PBDs of the three other Plk family members, Plk2, Plk3, and Plk4. However, with regard to 

the differences in folding and formation of the polo-box binding cleft, the PBD of Plk4 is only 

distantly  related  (Barr  et  al.,  2004;  Strebhardt  & Ullrich,  2006).  Furthermore  there  is  no 

information  on  any Plk4  binding  sequences  available,  which  would  be  necessary for  the 

design of fluorophore-labeled peptides for the use in FP assays. Thus the PBDs of Plk2 and 

Plk3 were used as the two most stringent specificity controls.

The PBD is part of the family of pS/pT-binding domains. Other pS/pT-binding domains are 

forkhead-associated (FHA) domains, WW domains (WW is derived from the presence of two 

signature  tryptophane residues),  and  14-3-3 proteins  (Yaffe  & Smerdon,  2004).  A closely 

related  family  is  formed  by  pY-binding  domains,  Src  homology  2  (SH2)  and  PTB 

(phosphotyrosine-binding) domains are an example of this domain family. 

For the acquisition of a comprehensive selectivity profile of Poloxin and Thymoquinone, it 

was attempted to monitor the inhibition of the PBDs of Plk2 and Plk3, of members of other 

pS/pT-binding domains, and of pY-binding in analogous FP-based binding assays. To this end 
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Fig. 3.12: Binding curves for specificity controls. Binding curves were recorded in analogous experiments as 
for Plk1 PBD. Y-axis: FP (mP), X-axis: conc protein (all: nM, except 14-3-3ζ: µM). Error bars represent SD.
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the  cDNAs coding  for  the  PBDs  of  Plk2  (aa  355-685;  Elia  et  al.,  2003b)  and  Plk3  (aa 

335-646; Elia et al., 2003b), for the Chk2 FHA domain (aa 1-225; Durocher et al., 2000) and 

for 14-3-3ζ (Yaffe  et al., 1997b) were cloned into the pMAL-C (Plk2 and Plk3) or pET28a 

(Chk2 and 14-3-3ζ) expression vectors. After transformation, proteins were expressed in  E. 

coli Rosetta™ (DE3) fused to a MPB-tag (pMAL-C) or10x His-tag and purified via MBP-tag 

or His-tag affinity chromatography. The purified WW domain of Pin1 (aa 1-162; Yaffe et al., 

1997a) was provided by Martin Gräber (this group). The production of the SH2 domains of 

STAT1 (aa 135-712), STAT3 (aa 135-712), STAT5b (aa 136-704), and Lck (aa 121-226) has 

been described (Schust & Berg, 2004; Schust et al., 2006). 

As the first step, FP-based binding assays, analogous to the Plk1 PBD assay, were set up for 

these proteins. Figure 3.12 shows the binding curves resulting from the interaction between 

the proteins and fluorophore-labeled peptides.

The resulting binding curves gave the following Kd-values: Plk2 PBD: 75 ± 5 nM, Plk3 PBD: 

6.2 ± 1.6 µM, Chk2 FHA: 189 ± 6 nM, Pin1 WW: 1.8 ± 0.1 µM, 14-3-3ζ: 17.8 ± 1.8 µM, 

STAT1 SH2: 111 ± 11 nM, STAT3 SH2: 163 ± 6 nM, STAT5b SH2: 119 ± 2 nM, Lck SH2: 30 

± 1 nM. That means that all proteins except 14-3-3ζ can be used for inhibition assays. For 

14-3-3ζ the Kd-value is too weak to guarantee a sensitive measurement of inhibitory activity.  

Inhibition experiments were performed in an analogous manner to those for the Plk1 PBD 

(see  2.7.2).  Proteins  were  used  at  the  following  final  concentrations  which  correspond 

approximately to the  Kd-values of the respective binding assays: Plk2: 130 nM, Plk3: 1875 

nM, Chk2: 240 nM, Pin1: 1000 nM, STAT1: 120 nM, STAT3: 160 nM, STAT5b: 110 nM; 

Lck: 40 nM.

Poloxin’s apparent IC50-value for inhibition of the Plk1 PBD was 4.8  ± 1.3 µM. The IC50 

values  for  the  PBDs  of  Plk2  and  Plk3  as  the  most  stringent  specificity  controls  were 

approximately 4-fold and 11-fold higher (Plk2 PDB: 18.7 ± 1.8 µM; Plk3 PBD: 53.9 ± 8.5 

µM).  The  other  protein-protein  interaction  domains  were  not  significantly  inhibited,  so 

Poloxin appears to be highly specific (Fig. 3.13). 

Thymoquinone inhibited the function of the Plk1 PBD even more potently than Poloxin with 

an apparent IC50 of 1.14 ± 0.04 µM, but displayed a less desirable specificity profile because it 

also affected the PBDs of Plk2 (1.90 ± 0.10 µM) and Plk3 (22.4 ± 0.8 µM), other subtypes of 

pS/pT-binding domains (Chk2 FHA: 3.9 ± 0.6 µM and Pin1 WW: 20.4 ± 0.9 µM), and the pY-

binding SH2 domain of STAT3 (10.9 ± 0.2 µM) (Fig. 3.14).
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Fig. 3.13: Specificity profile for Poloxin. Error bars represent SD.

Fig. 3.14: Specificity profile for Thymoquinone. Error bars represent SD.

In summary, both Poloxin and Thymoquinone inhibit the Plk1 PBD. Poloxin shows a clear 

preference  for  the  PBD family  and  displays  the  highest  inhibitory  activity  against  Plk1. 
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Thymoquinone inhibits Plk1 approximately 4-fold better than Poloxin, but also shows activity 

against several other protein-binding domains.

3.4 Cellular Assays

3.4.1 Transfection of the Plk1 PBD
Before analyzing the cellular  effects  of  Poloxin and Thymoquinone,  an adequate  positive 

control had to be found to indicate the consequences of in vivo Plk1 PBD inhibition.  

For the study of Plk1 PBD inhibition, the differentiation between PBD-dependent (whereby 

phosphorylation  by  Plk1  requires  pre-localization  to  substrates  via  the  PBD)  and  PBD-

independent  (whereby Plk1 can phosphorylate  substrates without  specific  pre-localization) 

functions is very important (Hanisch et al., 2006). A PBD-specific inhibitor would block the 

PBD from binding to pS/pT-sequences on substrate proteins. The kinase domain would not be 

affected  and  could  still  perform all  its  functions.  Therefore  only  PBD-specific  functions 

would be inhibited (Fig. 3.15).

Fig. 3.15: Scheme depicting the function of a PBD-specific inhibitor. A PBD-specific inhibitor (yellow star) 
would block the PBD of endogenous Plk1 from binding to its substrates, the kinase domain (KD) could still 

carry out all PBD-independent phosphorylations (black curved arrow).

The application of siRNA (Spankuch-Schmitt el al., 2002b; Liu & Erikson, 2003), one of the 

most common techniques for protein inhibition, is not appropriate in this situation because 

endogenous Plk1 would be completely eliminated. By this all Plk1 functions are inhibited. 

The same is true for using one of the described Plk1 kinase domain inhibitors (Stevenson et  

al., 2002; Liu et al., 2005; Gumireddy et al., 2005; McInnes et al., 2006; Peters et al., 2006; 

Lansing  et al., 2007; Lenart  et al., 2007; Steegmaier  et al., 2007; Santamaria  et al., 2007). 

Endogenous Plk1 could still bind to its substrates, but all phosphorylations are blocked.

However, when ectopically expressing the PBD only, all cellular Plk1 binding sites would be 

blocked and binding of endogenous Plk1 is inhibited. The kinase domain would still be active. 

Since this state exactly resembles the situation,  a PBD-specific inhibitor would cause, the 
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ectopic expression of the PBD was chosen as a positive control.

Figure 3.16 summarizes the modes of action of the different types of Plk1 inhibition.

Fig.  3.16:  Scheme  depicting  the  inhibition  of  Plk1  by  siRNA,  kinase  inhibitors  and  ectopic  PBD-
expression. A. siRNA and B. kinase inhibitors (green star) eliminate all Plk1 functions. C. Ectopically expressed 
PBD (green PBD) blocks PBD-dependent functions only.  KD: kinase domain. Phosphorylation reactions are 
marked by black curved arrows.

The cDNA sequence coding for the Plk1 PBD (aa 326-603; PBD WT; Elia et al., 2003a) was 

cloned into the vector pCS2-MT and transfected into HeLa cells. As a negative control,  a 

PBD-triple mutant containing the amino acid exchanges W414F, H538A and K540A (PBD 

FAA) was cloned into the same vector and used in HeLa cells. The three amino acids W414, 

H538 and K540 contact the phosphogroup within the binding motif of substrates. The mutant 

form is not able to bind to Plk1 substrates any more (Hanisch  et al., 2006). To verify the 

inability of the mutant PBD version to bind to 

substrates,  the  PBD  FAA  was  cloned 

analogously to the wildtype PBD (see 3.1.1) 

and tested in an FP binding assay. Figure 3.17 

shows  the  binding  inactivity  of  the  triple-

mutated PBD. 

Fig. 3.17: Binding curves of PBD WT 
and PBD FAA. Error bars represent SD. conc Plk1 PBD (WT or FAA) (nM)
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Transfection reactions were monitored via Western blotting (Fig 3.18).

Fig. 3.18: Western Blot monitoring PBD transfection. HeLa cells were transfected with the empty vector, 
wildtype PBD (PBD WT) and a triple mutant form (PBD FAA). Cell lysates were probed for myc-tagged 

PBDs. Actin levels were used as loading control.

3.4.1.1 PBD-Expression Increases the Mitotic Index
48 hours after  transfection the mitotic  index of the different  samples was determined.  As 

previously shown in the literature (Hanisch et al., 2006; Jiang et al., 2006, Fink et al., 2007), 

ectopic expression of the PBD led to an approximately 3-fold increase of mitotic cells (22.5 ± 

1.2 % in comparison to 6.7 ± 0.7 % in mock-transfected cells). Transfection with the mutated 

PBD led to no significant change of the mitotic index (10.0 ± 1.0 %) (Fig. 3.19).

Fig. 3.19: Mitotic indices for transfected HeLa cells. Error bars represent SD.

3.4.1.2 PBD-Expression Causes a Prometaphase-Arrest
To elucidate the exact timepoint of the mitotic arrest, the distribution of mitotic cells over the 

different phases of mitosis was analyzed (Fig. 3.20).

em
pty

 ve
cto

r

Plk1
 P

BD W
T

Plk1
 PBD FA

A

α-myc

α-actin

empty vector PBD WT PBD FAA

m
ito

tic
 in

de
x 

(%
)

0

5

10

15

20

25



3. Results 62

Fig. 3.20: Mitotic phases for transfected HeLa cells. “Metaphase with defects” describes a subpopulation of 
metaphase cells. Error bars represent SD. 

Expression of the PBD caused a dramatic increase in prophase  and prometaphase cells in 

comparison to cells transfected with empty vector, while the percentage of metaphase and 

ana-/telophase  cells  was  significantly  decreased.  Furthermore  approximately  80%  of 

metaphase  cells  in  PBD-transfected  cells  showed  chromosome  congression  defects,  a 

phenotype in which single or whole bundles of chromosomes are not properly congressed to 

the metaphase plate. Expression of the mutated PBD showed a similar phase profile to empty 

vector transfection (Tab. 3.2).

Tab. 3.2: Quantification of phase distribution for transfected HeLa cells. 

Prophase Prometaphase Metaphase Metaphase 
with defects Ana-/telophase

Empty vector 2.1 ± 0.3 % 21.5 ± 3.4 % 43.8 ± 3.5 % - 32.5 ± 1.2 %
Plk1 PBD WT 18.0 ± 5.3 % 61.7 ± 7.6 % 12.6 ± 1.8 % 10.5 ± 2.7 % 7.7 ± 5.6 %
Plk1 PBD FAA 1.4 ± 0.7 % 19.3 ± 3.1 % 44.1 ± 1.6 % - 35.9 ± 2.7 %

3.4.1.3 Phenotype of PBD-transfected Cells
No abnormalities were observed with respect to bipolar spindle formation and chromosome 

separation in empty vector and Plk1 PBD FAA transfection samples, as has been described 
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before (Hanisch et al., 2006). However, most cells ectopically expressing the wildtype PBD 

were  arrested  in  a  prometaphase-state  due  to  chromosome congression  defects  and  clear 

metaphase plates were rarely observed (Fig. 3.21).

Fig. 3.21: Phenotype caused by PBD-expression. DAPI: DNA; α-tubulin: spindles; γ−tubulin: centrosomes. 
Scale bar represents 5 µm.

3.4.1.4 Plk1 Localization in PBD-transfected Cells
During mitosis, Plk1 localizes to various cellular structures. In prometaphase and metaphase, 

Plk1 localizes to centrosomes and kinetochores (Barr et al., 2004). Since ectopic expression 

of the PBD should mislocalize endogenous Plk1 from its natural binding sites, the intensity of 

Plk1-dependent staining on centrosomes was analyzed. The antibody used was raised against 

the  N-terminus  of  Plk1,  so  that  only  endogenous  Plk1,  and  not  the  transfected  PBD  is 

detected. Plk1 localized to centrosomes is clearly visible in empty vector and Plk1 PBD FAA 

samples  by comparison with the colocalized  γ-tubulin  staining.  PBD WT-transfected cells 

showed a reduction of Plk1-dependent staining on centrosomes. The antibody used displayed 

high background staining which accounts for the large number of green “dots” in the Plk1 

staining (Fig. 3.22).
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Fig. 3.22: Plk1 localization in PBD-transfected cells. DAPI: DNA; γ−tubulin: centrosomes. Scale bars 
represent 5 µm.

Fig. 3.23: Quantification of centrosomal Plk1 localization. Error bars represent SD.
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Quantification  of  the  centrosomal/cytoplasmic  ratio  of  Plk1 staining  showed a  significant 

decrease with ectopic PBD-expression (empty vector: 1.35  ± 0.12; Plk1 PBD WT: 1.13 ± 

0.07; Plk1 PBD FAA: 1.37 ± 0.11) (Fig. 3.23).

3.4.2 Effects of Poloxin and Thymoquinone
3.4.2.1 Determination of the Timepoint for Analysis of Effects
To  investigate  the  cellular  effects  caused  by  Poloxin  and  Thymoquinone,  an  adequate 

timepoint for analysis had to be determined. Since the two compounds are expected to lead to 

a mitotic arrest, a timepoint should be chosen at which control cells have already left mitosis. 

To this end, cells were synchronized in G1/S phase with aphidicolin and then released into 

aphidicolin-free  medium  with  0.5  %  DMSO.  The  course  of  mitosis  was  monitored  by 

determination of the mitotic index at various timepoints (Tab. 3.3).

Tab. 3.3: Course of mitosis after release from G1/S arrest.

Time after release 5 h 6 h 7 h 8 h 9 h 10 h 11 h 12 h 13 h 14 h

Mitotic index < 5% < 5% 5-10% 10-20% 20-25% 20-25% 10% < 5% < 5% < 5%

Most cells reached mitosis within 8-10 hours after release from G1/S arrest. After 12 hours 

virtually all cells had progressed through mitosis. Therefore a release of 14 hours was chosen, 

because by this timepoint a clear difference between control cells and mitotically arrested 

cells should be visible.

3.4.2.2 Influence of Poloxin and Thymoquinone on the Mitotic Index
For the analysis of any effects of Poloxin and Thymoquinone on the mitotic index, cells were 

synchronized in G1/S phase by aphidicolin and then released into aphidicolin-free medium. 

Cells were fixed for analysis 14 hours later. Compounds were added at different timepoints 

after the release. Figure 3.24 depicts the experimental procedure.

In  the  first  experiment  cells  were  released  into  aphidicolin-free  medium  containing 

compounds.  Both  Poloxin  and  Thymoquinone  caused  a  dose-dependent  increase  of  the 

mitotic index of HeLa cells, as detected by visual inspection of cells under the microscope 

(Tab. 3.4 and Fig. 3.25).

Most HeLa control cells treated with DMSO reached mitosis 8-10 hours after release from 

aphidicolin-induced G1/S arrest. Protein levels of Plk1 are known to increase through G2-

phase,  peak  in  M-phase,  and  sharply  decrease  on  exit  from  mitosis  (Barr  et  al.,  2004; 
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Strebhardt & Ullrich, 2006). 

Fig. 3.24: Scheme depicting the experimental setup for detection of the mitotic index. Test of the effects of 
Poloxin and Thymoquinone on the mitotic index.

In order to rule out that the increase in the mitotic index observed 14 hours after release from 

G1/S arrest was caused by a delay in progression through S-phase, in which Plk1-levels are 

low, cells were released into inhibitor-free media for the first 7 hours, and treated with media 

containing the test compounds for the next 7 hours. Mitotic indices were not decreased under 

these experimental conditions, arguing against the possibility of off-target effects in S-phase 

as the cause of the mitotic arrest in HeLa cells. Rather, a slight increase in the mitotic indices 

was observed when the compounds were added 7 hours after G1/S-release, possibly because 

the later addition of the compounds limited the potential for their degradation or absorption by 

the components of the tissue culture media (Tab. 3.4 and Fig. 3.25). 

Tab. 3.4: Mitotic indices caused by Poloxin and Thymoquinone. Compounds were added at given timepoints.

0 h 7 h 0 h and 7 h
DMSO 4.7 ± 1.2 % 3.3 ± 0.8 % 3.3 ± 0.5 %

Poloxin 5 µM 5.4 ± 0.7 % 3.8 ± 0.6 % 4.9 ± 1.0 %

Poloxin 10 µM 6.5 ± 1.2 % 7.9 ± 0.5 % 11.5 ± 3.4 %

Poloxin 25 µM 15.0 ± 1.5 % 19.5 ± 5.2 % 25.8 ± 3.3 %

Thymoquinone 5 µM 4.6 ± 1.9 % 3.2 ± 1.0 % 4.0 ± 0.8 %

Thymoquinone 10 µM 4.8 ± 1.2 % 5.8 ± 0.6 % 7.2 ± 1.9 %

Thymoquinone 25 µM 8.9 ± 1.6 % 13.9 ± 3.6 % 11.6 ± 2.4 %
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To ensure that  all  cells,  including  those entering mitosis  earlier  than  7 hours  after  G1/S-

release,  were exposed to the test  compounds  before mitotic entry,  and that the cells  were 

continuously exposed to approximately equal concentrations of intact  test  compounds,  the 

inhibitors were added at  the time of the G1/S-release,  followed by an exchange of tissue 

culture media with media containing fresh compounds 7 hours later. Again, both compounds 

increased the mitotic index in a dose-dependent manner.  Furthermore the strongest effects 

were seen with this  mode of compound addition (Tab.  3.4 and Fig.  3.25).  Therefore this 

experimental setup was used for all further experiments.

Fig. 3.25: Mitotic indices caused by Poloxin and Thymoquinone. Compounds were added at the given 
timepoints. Error bars represent SD.

Thus, even though Thymoquinone was about 4-5 times more active than Poloxin in vitro, the 

compounds’ efficacy to induce mitotic arrest was comparable at a concentration of 10 µM, 

possibly  because  Thymoquinone’s  less  selective  mode  of  action  decreased  the  effective 

concentration available  for inhibiting the Plk1 PBD. At 25 µM, Thymoquinone displayed 

toxic side effects.

3.4.2.3 The Mitotic Marker Protein Phospho-Cdc25C
Another way to detect a mitotic arrest is the analysis of mitotic markers. The phosphatase 

Cdc25C is phosphorylated several times on entry into mitosis (Strausfeld et al., 1994). This 

hyper-phosphorylation can be monitored via an upshifted band in a Western blot (Schmidt et  

al., 2006). Lysates of cells treated with 25 µM of Poloxin in an analogous order as for the 
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determination  of  mitotic  indices  were  probed  for  the  presence  of  a  shifted  band.  In  this 

experiment, aphidicolin (blocks cells in G1/S phase) was used as a negative and nocodazole 

(blocks cells in mitosis) as a positive control (Fig. 3.26). Thymoquinone was not included in 

this test, because the toxic side effects at 25 µM were not compatible with the assay setup for 

the Western blot analysis.  Lysates of cells  treated with 25 µM of Poloxin show a shifted 

Cdc25C band, whereas no band is visible for DMSO treated control cells. This result also 

shows the mitotic arrest caused by Poloxin.

  

Fig. 3.26: Cdc25C hyperphosphorylation as marker for mitotic arrest. Mitotic Cdc25C is phosphorylated 
several times, resulting in an upshifted Cdc25C band. Actin levels were used as loading control.

3.4.2.4 Phase-Distribution of Cells Arrested by Poloxin and Thymoquinone
Analysis of the mitotic phase distribution revealed a dose-dependent increase in cells arrested 

in  prometaphase,  and  decrease  in  ana-/telophase  cells  in  the  presence  of  Poloxin  and 

Thymoquinone.  Amongst  the  cells  that  were  arrested  in  a  metaphase-like  state,  a  dose-

dependent increase of cells in which single or multiple chromosomes had failed to congress to 

the  metaphase  plate  was  visible.  The  percentage  of  metaphase  cells  with  chromosome 

congression defects increased from 7% in the DMSO control to 12%, 21%, and 54% in the 

presence of 5 µM, 10 µM, and 25 µM Poloxin, respectively. A lesser increase in the number 

of metaphase cells with chromosome congression defects was observed for Thymoquinone 

(9%, 16%, and 30% in the presence of 5 µM, 10 µM, and 25 µM Thymoquinone), indicative 

of a lower degree of intracellular specificity as compared to Poloxin (Fig. 3.27 and Tab. 3.5).
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Fig. 3.27: Mitotic phases for HeLa cells treated with Poloxin and Thymoquinone. “Metaphase with defects” 
describes a subpopulation of metaphase cells. Error bars represent SD.

Tab. 3.5: Quantification of phase distribution for Poloxin and Thymoquinone treated HeLa cells. 

Prophase Prometaphase Metaphase Metaphase 
with defects 

Ana-/
telophase

DMSO 7.1 ± 2.4 % 23.2 ± 4.5 % 43.5 ± 4.5 % 3.2 ± 1.1 % 26.3 ± 2.4 %
Poloxin 5 µM 6.3 ± 1.1 % 33.1 ± 0.9 % 38.8 ± 4.7 % 4.6 ± 1.0 % 21.7 ± 5.6 %
Poloxin 10 µM 4.3 ± 2.1 % 39.3 ± 2.0 % 43.3 ± 3.5 % 8.9 ± 2.4 % 13.1 ± 2.0 %
Poloxin 25 µM 2.6 ± 1.3 % 72.0 ± 4.6 % 24.5 ± 6.6 % 13.3 ± 2.7 % 1.5 ± 0.9 %

Thymoquinone 5 µM 4.7 ± 1.6 % 23.7 ± 4.0 % 42.8 ± 0.6 % 4.0 ± 2.2 % 28.8 ± 2.9 %
Thymoquinone 10 µM 4.7 ± 1.2 % 33.2 ± 4.7 % 37.3 ± 4.5 % 5.9 ± 1.2 % 24.8 ± 8.0 %
Thymoquinone 25 µM 7.0 ± 0.3 % 55.8 ± 4.5 % 26.4 ± 2.8 % 7.8 ± 1.0 % 10.6 ± 2.6 %

The similarity of the phenotypic effect exerted by Poloxin to that of PBD overexpression in a 

strongly  dose-dependent  manner  suggests  that  Poloxin  and  Thymoquinone  interfere  with 

correct localization of Plk1 by targeting the Plk1 PBD as the dominant mode of action.

3.4.2.5 Phenotype Caused by Poloxin and Thymoquinone Treatment of Cells
As  seen  for  overexpression  of  the  PBD,  Poloxin  and  Thymoquinone  arrested  cells  in 

prometaphase  due  to  chromosome  congression  defects  and  incorrectly  formed  metaphase 

plates (Fig 3.28).
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 Fig. 3.28: Phenotype caused by Poloxin and Thymoquinone. DAPI: DNA; α-tubulin: spindles; γ−tubulin: 
centrosomes. Scale bars represent 5 µm.

3.4.2.6 Apoptosis
Inhibition of Plk1 functions by small-molecule inhibitors of its catalytic activity (Stevenson et  

al., 2002; Liu et al., 2005; Gumireddy et al., 2005; McInnes et al., 2006; Peters et al., 2006; 

Lansing et al., 2007; Lenart et al., 2007; Steegmaier et al., 2007; Santamaria et al., 2007) or 

RNAi-mediated depletion (Spankuch-Schmitt  et  al.,  2002a;  Liu  & Erikson, 2003) induces 

apoptosis in cancer cells. In order to investigate whether inhibition of the intracellular Plk1 

PBD by Poloxin and Thymoquinone is sufficient to cause apoptosis, cells were examined for 

DNA  fragmentation  in  immuno-

fluorescence  experiments.  Indeed, 

cells  with  fragmented  DNA could 

be detected (Fig. 3.29). 

Fig.  3.29:  Apoptosis  caused  by  Poloxin 
and Thymoquinone. 
Cells show DNA fragmentation, a sign of 
apoptosis. blue: DAPI-stained DNA; mag-
nification: 100x.
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A  quantification  of  apoptotic  cells  was  not  possible  due  to  the  setup  of  the 

immunofluorescence experiments. During the process of sample preparation most apoptotic 

cells were washed off the coverslips.

3.4.2.7 Plk1 Localization in Poloxin and Thymoquinone Treated Cells
In order to verify that the mitotic arrest, the chromosome congression defects and apoptosis 

observed in the presence of the inhibitors were caused by incorrect distribution of endogenous 

Plk1, the localization of Plk1 was analyzed by immunofluorescence. In metaphase of DMSO 

treated  control  cells,  Plk1  located  to  centrosomes  and  kinetochores.  In  contrast,  in  the 

presence of Thymoquinone and Poloxin, both centrosomal and kinetochoral localization of 

Plk1 were significantly reduced (Fig 3.30).

Fig. 3.30: Plk1 localization in Poloxin and Thymoquinone treated metaphase cells. DAPI: DNA; γ−tubulin: 
centrosomes. Scale bar represents 5 µm.

Similarly,  centrosomal  localization  of  Plk1  in  prometaphase  was  strongly reduced  in  the 

presence of Poloxin and Thymoquinone, but was not significantly affected in cells arrested in 

prometaphase by nocodazole treatment (Fig. 3.31). Nocodazole was used as a control in order 
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to rule out the possibility that Plk1 mislocalizes from its binding sites as consequence of any 

prolonged mitotic arrest.

Fig. 3.31: Plk1 localization in Poloxin, Thymoquinone, and nocodazole treated prometaphase cells. DAPI: 
DNA; γ−tubulin: centrosomes. Scale bars represent 5 µm.

Quantification of the centrosomal/cytoplasmic ratio of Plk1 in prometaphase- and metaphase-

arrested  cells  revealed  a  highly  significant  decrease  in  the  presence  of  Poloxin  and 

Thymoquinone. As seen in all cell experiments before, the Poloxin showed higher cellular 

activity than Thymoquinone  (DMSO: 1.37  ± 0.15; Nocodazole: 1.31 ± 0.15; Poloxin (25 

µM): 1.08 ± 0.04; Thymoquinone (25 µM): 1.15 ± 0.08) (Fig. 3.32).
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 Fig. 3.32: Quantification of centrosomal Plk1 localization. Error bars represent SD.

3.4.2.8 Phosphorylation of BubR1
Since Poloxin mislocalizes endogenous Plk1 from its cellular binding sites, the next step was 

to test whether a PBD-dependent phosphorylation signal decreases as a result of missing Plk1. 

For this purpose the phosphorylation of BubR1 by Plk1 was analyzed. BubR1 is a mitotic 

checkpoint kinase located on kinetochores, which is phosphorylated by Plk1 (Matsumura et  

al.,  2007). This phosphorylation strictly requires prior localization of Plk1 to kinetochores 

(Elowe  et  al.,  2007).  The  phosphorylation  of  BubR1  by  Plk1  can  be  monitored  via  an 

upshifted BubR1 band in a Western Blot with cell lysates.

Different  concentrations  of  Poloxin  were  added  at  7  hours  after  release  into  medium 

containing 150 nM of nocodazole, just before most cells reached mitosis. Cells were lysed 

after  10 hours and tested in Western blots  (Fig 3.33). Thymoquinone was left  out of this 

experiment as it displayed toxicity at the concentrations used.

The Western Blot analysis  showed a concentration-dependent reduction of phosphorylated 

BubR1 levels, while Plk1- and actin-levels remained unchanged. As Plk1 is only expressed in 

mitosis,  the  Plk1  level  in  asynchronous  cells  is  reduced  (Fig.  3.34).  This  shows  that 

mislocalization of Plk1 by Poloxin leads to a consecutive reduction of PBD-dependent Plk1 

activity.
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Fig. 3.33: Scheme depicting the experimental setup for the analysis of BubR1 phosphorylation.

Fig. 3.34: Inhibition of PBD-dependent BubR1 phosphorylation. Dose-dependent reduction of phospho-
BubR1 levels by Poloxin. Actin levels were used as loading control.

3.5 Inhibition of the Plk2 PBD and Plk3 PBD
Since  the  PBDs  of  Plk2  and  Plk3  are  partially  inhibited  in  vitro by  Poloxin  and 

Thymoquinone,  possible  effects  of  an  in  vivo inhibition  of  these  two  proteins  were 

investigated.  For  this  purpose,  analogous  control  experiments  to  the  Plk1  PBD  were 

performed. The cDNAs coding for the PBDs of Plk2 (aa 355-685) and Plk3 (aa 335-646) 

(Elia  et al., 2003b) were cloned into the transfection vector pCS2-MT and transfected into 

HeLa cells. Transfection reactions were monitored via Western blotting (Fig. 3.35).
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Fig. 3.35: Western Blot monitoring PBD transfection. HeLa cells were transfected with the empty vector, Plk2 
PBD and Plk3 PBD. Cell lysates were probed for myc-tagged PBDs. Actin levels were used as loading control.

The effects of ectopic expression of the Plk2 PBD and the Plk3 PBD in HeLa cells were 

analyzed. Unlike the Plk1 PBD, expression of the PBDs of Plk2 and Plk3 caused no increase 

in mitotic cells (Plk2: 6.2 ± 1.2 % and Plk3: 5.6 ± 1.4 %, in comparison to 6.7 ± 0.7 % for the 

empty vector. (Fig. 3.36). The distribution over the different mitotic phases was similar to that 

of mock-transfected cells (Tab. 3.6 and Fig. 3.37). The results of overexpression of the Plk1 

PBD (WT and FAA) have been added for comparison.

Fig. 3.36: Mitotic indices for transfected HeLa cells. Error bars represent SD.

Tab. 3.6: Quantification of phase distribution for transfected HeLa cells. 

Prophase Prometaphase Metaphase Metaphase 
with defects Ana-/telophase

Empty vector 2.1 ± 0.3 % 21.5 ± 3.4 % 43.8 ± 3.5 % - 32.5 ± 1.2 %
Plk2 PBD 3.4 ± 2.4 % 12.8 ± 4.0 % 46.0 ± 6.3 % - 37.8 ± 2.4 %
Plk3 PBD 6.0 ± 2.0 % 15.2 ± 3.8 % 45.9 ± 4.6 % - 32.9 ± 2.6 %
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Fig. 3.37: Mitotic phases for transfected HeLa cells. “Metaphase with defects” describes a subpopulation of 
metaphase cells. Error bars represent SD.

Cells transfected with the PBDs of Plk2 and Plk3 showed a normal mitotic phenotype. No 

Chromosomes remained uncongressed and correct metaphase plates were formed (Fig. 3.38).

Fig. 3.38: Phenotype caused by PBD-expression. DAPI: DNA; α-tubulin: spindles; γ−tubulin: centrosomes. 
Scale bar represents 5 µm.

%
 o

f m
ito

tic
 c

el
ls

0

20

40

60

80
prophase 
prometaphase 
metaphase 
metaphase with defects
ana-/telophase 

empty
vector

Plk1 PBD
WT

Plk1 PBD
FAA

Plk2 PBD Plk3 PBD



3. Results 77

It seems that in vivo inhibition of Plk2 and Plk3 by ectopic expression of the PBDs of these 

two kinases has no obvious effect  on HeLa cells.  Therefore, one could argue that even if 

Poloxin and Thymoquinone inhibit the PBDs of Plk2 and Plk3 to some extent, it does not lead 

to any visible in vivo effects. 

However, no definite conclusion is possible, as the expression levels of the PBDs of Plk2 and 

Plk3 may have been different from the one observed for Plk1. Furthermore, literature gives no 

clear results regarding the overexpression of the Plk3 PBD. It is reported to both cause no 

cellular effects (Hanisch  et al., 2006) and lead to cell cycle arrest with cytokinesis defects 

(Jiang et al., 2006).

3.6 Inhibitory Mechanism of Poloxin and Thymoquinone
Time-dependency  of  a  reaction  is  a  strong  criterion  by  which  to  distinguish  between  a 

covalent  modification  (time-dependent)  and  the  formation  of  an  equilibrium  (time-

independent). In order to investigate time-dependency of the inhibition caused by Poloxin and 

Thymoquinone, the Plk1 PBD was incubated for 20, 40 and 60 minutes before addition of  5-

CF-GPMQSpTPLNG and subsequent measurement.

Inhibition of the Plk1 PBD by both Poloxin (apparent IC50-values: 20min: 16.6 ± 2.5 µM, 40 

min: 10.1 ± 0.3 µM, 60 min: 4.8 ± 1.3 µM) and Thymoquinone (apparent IC50-values: 20 min: 

2.59 ± 0.51 µM, 40 min: 1.67 ± 0.26 µM, 60 min: 1.14 ± 0.04 µM) was time-dependent (Fig. 

3.39), opening the possibility that covalent protein modification may in part contribute to the 

inhibitor-protein interaction.

 Fig. 3.39: Time-dependency of Plk1 PBD inhibition by Poloxin and Thymoquinone. Error bars represent 
SD.
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4. Discussion

4.1 Validation of the Plk1 PBD as Target for 
Small-Molecule Inhibitors

The serine/threonine kinase Plk1 is one of the key enzymes of mitosis, being involved in all 

steps from G2/M-transition and mitotic entry to cytokinesis. Plk1 was shown to carry out 

crucial functions on many important mitotic cellular structures, like centrosomes, spindles or 

kinetochores.  Furthermore,  Plk1  activity  has  been  indispensably  linked  with  both  DNA 

damage and the spindle checkpoint. For most of its functions, Plk1 has to bind to substrates 

with its protein-interaction domain, the PBD, followed by subsequent target phosphorylation 

(Barr et al., 2004; van de Weerdt & Medema, 2006). 

Therefore, a key focus of mitotic research lies in a comprehensive elucidation of the cell cycle 

functions and mechanisms of Plk1. Inhibition is a valuable tool for exploring protein function. 

Currently,  a number of small-molecule inhibitors of the enzymatic functions of Plk1 have 

been reported (Stevenson et al., 2002; Liu et al., 2005; Gumireddy et al., 2005; McInnes et  

al., 2006; Peters et al., 2006; Lansing et al., 2007; Lenart et al., 2007; Steegmaier et al., 2007; 

Santamaria et al., 2007). With one exception (Gumireddy et al., 2005), all these inhibitors are 

thought to compete for the ATP binding pocket. ATP competitors lead to an inhibition of the 

kinase domain, blocking all Plk1 functions. However, it has been shown that there are two 

kinds  of  Plk1  functions,  PBD-dependent  and  PBD-independent  functions  (Hanisch  et  al., 

2006). Thus, a tool allowing differentiation between these two mechanisms of action would 

be needed for a more precise understanding of Plk1 activity. While kinase domain inhibitors 

block all Plk1 functions, an inhibitor specific for the PBD, blocking substrate binding of Plk1, 

would only interfere with the subset of Plk1 functions which are PBD-dependent. Information 

about this subset would help to clarify which functions require pre-localization of Plk1, and 

would give hints at functions that play a role on crucial mitotic structures, like centrosomes or 

kinetochores.  PBD-specific  inhibition  can  be achieved by ectopic  expression  of  the  PBD 

(Hanisch  et al., 2006). However, the transfection step required does not allow for an exact 

starting-point  of  inhibition,  a  prerequisite  for  all  mitotic  experiments.  A small-molecule 

inhibitor of the PBD would be an ideal tool, since it guarantees tight temporal control of the 

inhibition.   

Plk1  is  overexpressed  in  a  large  variety  of  human  tumors,  causing  increased  cellular 

proliferation  with  aberrant  spindles  and  multinucleated  cells.  Since  it  is  regarded  as  an 
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adverse prognostic marker for tumor patients, Plk1 is widely considered to be a target for anti-

cancer therapy (Eckerdt  et al., 2005, Strebhardt & Ullrich, 2006). Clinical trials with small-

molecule inhibitors of Plk1 are ongoing (Gumireddy et al., 2005; Steegmaier et al., 2007).

Since  the  conserved  nature  of  the  ATP-binding  pocket  poses  a  serious  hurdle  for  the 

development  of  mono-specific  inhibitors,  careful  analysis  of the compounds’ activities  on 

many kinases is necessary in order to select compounds which inhibit the right set of kinases. 

The difficulties associated with the specificities of ATP-competitive kinase inhibitors suggest 

the exploration of an alternative mode of Plk1 inhibition. The Plk1 PBD had been suggested 

as  an  ideal  target  for  cancer  therapy due  to  its  unique  nature  which  could  facilitate  the 

development of specific agents targeting its function (Strebhardt & Ullrich, 2006). 

Nevertheless, small-molecule inhibitors which could validate the Plk1 PBD as meaningful 

target for small molecules had not been reported at the onset of this thesis. Therefore, it was 

the  goal  of  my  project  to  explore  the  feasibility  of  inhibiting  the  Plk1  PBD  by  small 

molecules.

4.2 Assay Development

4.2.1 A Homogeneous Assay Based on Fluorescence Polarization
The assay principle of fluorescence polarization (Owicki, 2000) was chosen for the primary 

screen, as this assay type is ideally suited for the identification of small-molecule inhibitors of 

binding  between  components  of  biological  systems,  such  as  inhibitors  of  DNA-protein 

interactions  (Rishi  et  al.,  2005;  Kiessling  et  al.,  2006),  or  peptide-protein  interactions 

(Coleman  et al.,  2005; Schust  & Berg, 2004; Schust  et al.,  2006). Recently,  the scope of 

fluorescence  polarization  assays  was  expanded  to  test  inhibitors  of  a  protein-aptamer 

interaction (Hafner et al., 2006).

The initial goal was to devise an assay based on fluorescence polarization (FP) which would 

allow for the analysis of the effect of test compounds on the function of the Plk1 PBD. To this 

end, peptides derived from the known binding motifs of the Plk1 PBD (Elia  et al., 2003a) 

were  labeled  with  5-carboxyfluorescein.  Since  their  molecular  weight  is  relatively  low 

compared to the molecular weight of the protein, they rotate quite fast in the unbound state in 

solution.  Because of  this  high mobility,  applied linear  polarized light  is  subject  to  strong 

depolarization. Upon binding of a probe to the Plk1 PBD, the rotation of the fluorophore, as 
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part of the protein-peptide complex, is strongly reduced. In turn, the measured FP is much 

higher. This system allowed the detection of substances with inhibitory activity for binding of 

the  PBD  to  the  fluoropeptide  or  substrates,  respectively.  PBD  inhibitors  would  cause  a 

dissociation of the probe from the PBD, resulting in a concentration-dependent decrease in 

measured FP.

A binding assay suitable for detecting inhibition has to fulfill  two important requirements. 

First, the resulting binding curve should show a steep gradient, which represents high binding 

affinity  and  guarantees  high  sensitivity  for  inhibition  measurements.  Second,  the 

measurement  window defined  by minimal  and maximal  FP values  should  be  as  large  as 

possible, so that experimental variations and standard deviations can easily be distinguished. 

Therefore, different set-ups were tested to find optimal binding conditions.

The probe 5-CF-GPMQSpTPLNG (Kd = 26 ± 2 nM) produced a superior binding curve in 

comparison to the other probes 5-CF-ASpTPLNGAKK (Kd = 3.8 ± 1.6 µM), GPMQSpTPL-

K(5-CF)-NH2 (Kd = 407 ± 32 nM), and  5-CF-MQSpTPLNG (Kd = 107 ± 10 nM) (Fig. 3.1). 

This result indicates that peptide-binding to the PBD not only depends on the existence of the 

core phosphomotif S-(pS/pT)-(P/X), but also on the sequence in immediate vicinity to the 

phosphogroup. Additionally,  placing the fluorophore on the C-terminal side of the peptide 

interfered  with  peptide  binding,  probably  by  steric  hindrance.  The  probe  5-CF-

GPMQSpTPLNG  covers  enough  amino  acids  of  the  optimal  PBD-binding  sequence  to 

guarantee  high-affinity  binding,  and  its  size  is  still  small  enough,  to  result  in  a  large 

measurement  window.  Additionally,  the  fluorophore-label  is  kept  away  from  the 

phosphomotif far enough, so that no steric hindrance occurs.

An increase in the concentration of NaCl in the assay buffer from 50 nM (Kd = 26 ± 2 nM), to 

100 nM (Kd = 39 ± 2 nM ) and 200 nM  (Kd = 91 ± 2 nM) led to a gradual weakening of 

binding affinity (Fig. 3.2). Probably, the increase in free ions interferes with the interactions of 

the PBD with the charged O-atoms of the peptide's phosphate group. Therefore, 50 mM NaCl 

was used for all further assays.

DMSO is one of the most common solvents for chemical substances. Since all libraries used 

were dissolved in DMSO, the screening assay had to show stability in the presence of DMSO. 

Testing of various DMSO concentrations (0 %, 5 %, and 10 %) showed that the Kd-value was 

stable at approximately 26 nM (Fig. 3.3), indicating that the assay is suitable for use with the 

libraries at hand. 10 % DMSO were used for the final screening buffer, ensuring compound 
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solubility.

Since the screening process, required temporal stability of the assay over a course of 1-2 

hours, the stability of the assay was analyzed with regard to time. The binding assay showed 

high temporal stability for 24 hours with a constant Kd-value of approximately 25-27 nM (Fig. 

3.4), setting no strict limitations on the duration of the screening process.

4.2.2 Assay Controls and Z'-factor
Subsequently, the suitability of the assay for the detection of substances with PBD-specific 

activities needed to be investigated. As positive control for a compound with high affinity for 

the Plk1 PBD, the peptide MAGPMQSpTPLNGAKK was used. This was described as the 

optimal  binding  sequence  for  the  Plk1  PBD  (Elia  et  al.,  2003a).  In  comparison  to  the 

fluoropeptide, this unlabeled peptide comprised several additional residues on both termini, 

thought to be involved in contacting the PBD. High affinity for binding of the PBD was 

therefore expected, leading to dissociation of the fluorescence probe and a decrease in the FP-

value. Indeed, dose-dependent inhibition of fluoropeptide-binding to the PBD by the probe 

MAGPMQSpTPLNGAKK was observed (IC50 = 0.39 ± 0.11 µM) (Fig. 3.5). 

To rule out that the inhibition observed was due to unspecific binding effects in the presence 

of high concentrations of competitor,  a  negative control  was also tested.  To this  end,  the 

unlabeled probe Ac-GHFDpTYLIRR was applied. Its sequence was derived from the binding 

motif described for FHA domains (Durocher et al., 2000). In binding experiments carried out 

in this thesis, the CF-labeled version of this peptide was shown to effectively bind the FHA 

domain of Chk2 (aa 1-225) (Kd = 189 ± 6 nM; Fig. 3.12). When tested as a competitor for 

PBD binding together with the probe 5-CF-GPMQSpTPLNG, only very low activity was 

observed (15.0 ± 5.7 % inhibition at 100 µM) (Fig. 3.6), indicating that only molecules with 

PBD-binding affinity can cause dissociation of the fluoropeptide.

Another  important  determinant  to  evaluate  the suitability of an assay for  high-throughput 

screening, is the Z'-factor (Zhang et al., 1999) (see 2.7.3). An assay is considered to be well-

suited for high-throughput screening if Z’ is larger than 0.5. The Z'-factor determined for the 

established assay, using the peptide  MAGPMQSpTPLNGAKK as inhibitor was 0.73 ± 0.06 

(Fig. 3.7), indicating that this assay is suitable for high-throughput screens. The competitor 

peptide MAGPMQSpTPLNGAKK was used at  a final  concentration of 10  µM, equal to 

approximately 90 % inhibition of fluoropeptide-binding to the PBD. The Z'-factor could have 

been further enhanced by using higher  concentrations of competitor,  leading to  a broader 
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measurement range.

4.2.3 Binding Studies
In order to investigate to what extent certain features of the PBD-binding motif contribute to 

the observed affinity for the PBD, various peptide probes were tested in equivalent inhibition 

setups, as described for MAGPMQSpTPLNGAKK above (Fig. 3.6). The higher the binding 

affinity  for  the  PBD,  the  stronger  the  effect  on  dissociation  of  the  fluoropeptide   5-CF-

GPMQSpTPLNG, and the higher the influence of a particular feature.

First,  two relatively short  peptides,  Ac-ASpTPLNGAKK and Ac-ASpSPLNGAYKK were 

used for testing the   influence of the core phosphomotif. Although described to bind to the 

motif  S-(pS/pT)-(P/X),  the  PBD  showed  a  clear  preference  for  the  phosphothreonine 

(IC50 = 32.2 ± 2.0 µM). The corresponding phosphoserine motif displayed only very weak 

affinity for the Plk1 PBD (19.2 ± 12.1 % inhibition at 100 µM) compared to the optimal 

peptide MAGPMQSpTPLNGAKK, similar to the negative control Ac-GHFDpTYLIRR. 

A more than 200-fold weaker antagonistic activity (IC50 = 98.7 ± 25.8 µM) was observed for 

the  unphosphorylated  peptide  MAGPMQSTPLNGAKK.  However,  inhibition  was  still 

significantly higher than observed for Ac-GHFDpTYLIRR, indicating that not only the core 

phosphomotif, but also the surrounding amino acids contribute to the PBD-binding affinity. 

Substitution of phosphothreonine by aspartic or glutamic acid is frequently used to mimic 

phosphorylation of a threonine residue and to convert phosphopeptide sequences into more 

drug-like  non-phosphorylated  sequences,  since  the  aspartic  or  glutamic  acid  side-chain 

presents a negatively charged group at approximately the same distance from the amino acid’s 

chiral  center  as phosphothreonine.  However,  replacement  of the phosphothreonine residue 

within the optimal binding motif with aspartic and glutamic acid lead to a dramatic loss in 

binding  activity  (glutamic  acid:  29.7  ±  9.2  % inhibition  at  100  µM;  aspartic  acid:   no 

inhibition at 100 µM). This result shows that the PBD is not applicable for this drug-discovery 

approach.
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4.3 Evaluation of the High-Throughput Screen

4.3.1 Comparison of Different Screening Techniques
The  frequent  lack  of  lead  structures  for  small-molecule  inhibitors  of  protein-protein 

interactions  can  be  overcome  by high-throughput  screening  of  large  compound  libraries. 

Chemical diversity in these libraries ensures a broad coverage of chemical space to increase 

the  likelihood of  identifying  privileged substructures  for  interference  with  protein-protein 

interactions (Berg, 2003). There are three main screening approaches: in vitro screening, cell-

based screening and virtual (in silico) screening.

In vitro screens present a rapid and economical method for the analysis of large numbers of 

compounds compiled into chemically diverse libraries. In this kind of screen, biochemical 

assays are used for the identification of inhibitors. One great advantage is that these assays, in 

contrast to cell-based assays, can be tailored to exactly address particular protein functions. In 

cellular screenings, the effects of substances always have to be evaluated in consideration of 

the global implications for the whole cell. Unfortunately, in vitro screening data give no hint 

of a compound’s cellular activity.  However, if  the screened compounds have already been 

preselected according to Lipinski's “rule of 5” (Lipinski  et al., 2001), screening hits should 

provide a good starting point with regard to cellular uptake. 

Cell-based screening of chemical libraries has the advantage of immediate information on cell 

permeability and toxicity of a compound. In the case of in vitro or in silico screenings, these 

have to be tested in separate in vivo assays after the primary screen.

Like  the  in  vitro approach, in  silico screening  is  a  very  fast  and  economic  technique. 

However, detailed knowledge about the protein-protein interaction site, possible compound 

binding  sites  or  preferred  binding  orientations  of  compounds  is  required.  The  unknown 

plasticity of such interaction sites often makes  in  silico screening complicated to  analyze 

(Jones & Thornton, 1996).

In this thesis, a fluorescence polarization based  in vitro assay was used for the detection of 

inhibitors of protein-protein interactions.  In general, fluorescence polarization represents an 

ideally-suited method for high-throughput screening, which is emphasized by the increasing 

number of publications describing FP-based assays for inhibitor screening (Schust  & Berg, 

2004; Nikolovska-Coleska et al., 2004; Du et al., 2006; Saldanha et al., 2006; Müller et al., 

2008b). In the reaction mixtures used for FP-based assays, equilibria are formed very rapidly, 

keeping  incubation  times  relatively short.  Reactions  can  be  carried  out  in  a  miniaturized 
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format, for example in 384-well plates, requiring only minimal volumes. This makes FP a 

time- and material-saving method. Furthermore, FP is very sensitive. However, FP techniques 

are vulnerable to substances with intrinsic fluorescence.  This can result  in very high total 

fluorescence intensity values, rendering such compounds incompatible with the determination 

of  inhibitory  activity.  This  problem  can  be  overcome  by  the  application  of  different 

fluorophore-labels.  In  this  thesis,  5-carboxyfluorescein  (excitation  wavelength:  485  nm; 

emission wavelength: 535 nm) was used. If a tested substance shows intrinsic fluorescence at 

a wavelength close to 535 nm, it can be re-tested with another fluorophore, for example Texas 

Red (excitation wavelength: 590 nm; emission wavelength: 635 nm).

4.3.2 Analysis and Processing of Screening Data 
The high-throughput screen performed in this thesis involved testing of 22,461 compounds for 

inhibitory activity on the Plk1 PBD. The screen was performed at 30 µM and 60 µM. These 

relatively high concentrations were chosen to ensure that no potential candidate was missed 

out.  The  screening  buffer  contained  a  final  concentration  of  10  %  DMSO,  in  general 

guaranteeing solubility for most tested small molecules.  

Screening data for the 22,461 chemical substances were analyzed in consideration of several 

criteria to select the compounds for further analysis. In order to rule out any false-positive 

screening  hits,  all  compounds  were  screened  in  duplicate,  and  only  substances  showing 

comparable  results  in  both  data  sets  were  evaluated  further.  Compounds  with  intrinsic 

fluorescence,  detectable  due  to  their  dramatically  increased  total  fluorescence  intensities, 

could not be correctly evaluated in the screening setup and were left out for further analysis. 

The  most  important  selection  criteria,  however,  were  the  initial  specificity  controls.  The 

acquired screening data was compared with the results of two analogous screens previously 

performed in this group. The aim of these screens was the identification of inhibitors for the 

dimerization  and  DNA-binding  of  the  transcription  factor  c-Myc/Max  and  for  the  SH2 

domain of the transcription factor STAT3 (Kiessling  et al., 2006; Schust  et al., 2006). The 

data for the CDI and MB libraries were additionally checked against screening results for 

inhibitors of the SH2 domain of the transcription factor STAT5b, an analogous screen which 

was performed as part of this thesis (see 4.3.3). Only compounds inhibiting the Plk1 PBD at 

60 µM above 65 %, c-Myc/Max and STAT3 at 100 µM below 50 %, and STAT5b at 60 µM 

below 40 % were used for further analysis (Fig. 3.8). The selection threshold for c-Myc/Max 

seems relatively high, but in the inhibitor screens for these two proteins, compounds were 
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used at 100 µM. Application of these criteria led to the selection of 223 compounds for further 

testing, which equals approximately 1 % of the 22,461 library molecules.

Empirical determination showed that the pin tool of the Biomek® FX screening system, used 

for  transferring  the  compound libraries  into  the  assay solution,  transfers  only very small 

volumes  in  the  low nanoliter  range,  driven  by adhesion  forces.  Thus,  this  setup  is  very 

sensitive  to  transfer  errors.  To  sort  out  false  positive  screening  hits,  detected  because  of 

inaccuracies of the automated transfer step, all compounds selected for further analysis were 

re-tested by hand. Only 94 of the selected 223 compounds (42 %) could be validated as 

positive hits. This relatively small yield confirms the susceptibility of the transfer method to 

errors. A different method, for example the application of a high-precision pipetting head, 

allowing  exact  transfers  of  low  microliter  volumes,  might  present  a  more  stable  and 

reproducible approach.

For these reasons, the remaining compounds were tested again by hand in assays with the 

specificity controls  c-Myc/Max,  STAT3,  or  STAT5.  Jun/Jun and C/EBP were included as 

additional  controls.  86  of  the  94  molecules  still  showed  specific  inhibition  of  Plk1, 

emphasizing  the  relevance  of  the  applied  specificity  criteria  for  primary  hit  selection. 

Additionally, this result points out the good comparability of different screens performed with 

the same libraries.

After in vitro validation, remaining compounds were further validated in the cellular context. 

As it has been uniformly shown that Plk1 inhibition leads to an arrest  of cells  in mitosis 

(Spankuch-Schmitt et al., 2002a; Yuan et al., 2002; Stevenson et al., 2002; Spankuch-Schmitt 

et al., 2002b; Liu & Erikson, 2003; Liu et al., 2005; Gumireddy et al., 2005; McInnes et al., 

2006; Peters  et al., 2006; Lansing  et al., 2007; Lenart  et al., 2007; Steegmaier  et al., 2007; 

Santamaria et al., 2007), all remaining compounds were tested for their ability to increase the 

mitotic index. As expected, cell permeability and cellular activity turned out to be the toughest 

exclusion criterion. Only 19 compounds led to a relatively significant increase of mitotic cells. 

Despite fulfilling Lipinski's “rule of 5” (Lipinski  et al.,  2001), apparently most molecules 

simply were not taken up by cells. If they were able to cross the cell membrane, they either 

did  not  show  any  cellular  effects,  or  could  have  been  degraded.  Many  compounds  also 

displayed toxicitiy. 

The last step in the validation process was the test whether the compounds causing a mitotic 

arrest  display  a  phenotype  consistent  with  Plk1  inhibition.  Since  there  are  hundreds  of 
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proteins involved in regulation of the cell cycle and inhibition of any of these could lead to a 

block in mitosis, the chances are relatively high that a compound might arrest cells in mitosis 

by effects other than inhibition of the Plk1 PBD. Indeed, only 2 compounds showed a Plk1-

specific inhibition phenotype, while most compounds did not show any particular phenotype 

at all or turned out to act as spindle poisons, interfering with tubulin polymerization (Fig. 3.9).

In summary, two compounds from the libraries were identified as potential inhibitors of the 

Plk1 PBD, yielding a final  hit  rate of 0.009 %. Although this rate might seem quite low, 

considering the chemical diversity of the used libraries and the lack of information about 

structural  compound classes,  which  preferably bind  to  the  PBD, this  represent  a  realistic 

result. The more effective of the two compounds was named Poloxin (for  polo-box domain 

inhibitor). The second identified compound will be evaluated in further studies. The natural 

product Thymoquinone represents Poloxin's core structure and was included for all further 

assays.

4.3.3 Screening for Inhibitors of STAT5b 
As part of this thesis, the libraries from ChemDiv (8,298 compounds) and Maybridge (9,000 

compounds) were tested for inhibitors of the SH2 domain of STAT5b in a parallel screen. This 

latent transcription factor has been recognized as a therapeutic target for many human tumors 

(Levy & Darnell, 2002). Screening was performed with an analogous FP-based assay to that 

used  for  the  Plk1  PBD,  which  was  used  to  detect  compounds  with  the  ability  to  inhibit 

binding  of  the  fluorophore-labeled  peptide  5-CF-GpYLVLDKW,  derived  from  the 

erythropoietin (EPO) receptor  (Quelle et al., 1996; May et al., 1996), to the SH2 domain of 

STAT5b (aa 136-704) (Schust et al., 2006; Müller et al., 2008b). 

This particular protein-peptide interaction appears to be very hard to inhibit. Screening of the 

17,298 compounds of the indicated libraries generated only one hit, showing specificity with 

respect  to  Plk1  PBD  screen.  The  identified  compound  was  a  chromone-derived  acyl 

hydrazone and disrupted the interaction between STAT5b and its  binding peptide with an 

apparent IC50 of 47 ± 17 µM. This compound was further validated by other members of this 

group, Judith Müller  and Bianca Sperl,  leading to the publication of the first  nonpeptidic 

small-molecule inhibitor of the STAT5b SH2 domain (Müller et al., 2008a).
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4.4 Poloxin and Thymoquinone
Poloxin,  the  most  specific  PBD-inhibiting  compound detected  in  the  screen,  and  its  core 

structure Thymoquinone, the bioactive component of the volatile oil of black seed (Nigella  

sativa) were further validated in various in vitro and in vivo assays. 

4.4.1 In vitro Characterization and Specificity Profiles
During  the  screening  and  validation  process,  the  compounds  had  been  tested  at  a  two 

concentrations only.  For a complete analysis of inhibitory activity, entire inhibition curves 

were first recorded for Poloxin and Thymoquinone (Fig. 3.11). Poloxin showed inhibition of 

the Plk1 PBD in the low micromolar range (apparent IC50 = 4.8 ± 1.3 µM), clearly confirming 

the activity observed in the screen.  Thymoquinone was even four times more potent with an 

apparent  IC50 of  1.14  ±  0.04  µM.  One  possible  explanation  for  Thymoquinone's  higher 

inhibitory activity could be that because of its smaller molecular size and the lack of bulky 

side chains, it can target a potential binding site on the PBD more effectively.

In general, specificity towards a certain target protein is a very important criterion rating the 

effectiveness  and  the  applicability  of  a  small-molecule  inhibitor.  Only  highly-specific 

inhibitory compounds can be used to clearly analyze functions of proteins, especially in the 

cellular context. For disease treatment, specific inhibitors are desirable in order to minimize 

unintentional or even harmful side-effects. 

Poloxin and Thymoquinone inhibit peptide- or substrate-binding to the Plk1 PBD. The PBD is 

part  of  the  domain  family  of  pS/pT-binding  domains.  The  best  specificity  controls  are 

therefore represented by other pS/pT-binding domain family members, with the PBDs of Plk2 

and Plk3 being the most stringent controls. The PBD of Plk4 is the most distant member of 

the family of PBDs, comprising only one polo-box. Because of the differences in folding, the 

Plk4 PBD is the least important specificity control within the family of PBDs. Nonetheless, it 

was  attempted  to  set  up a  binding  assay for  the  recombinant  PBD of  Plk4 (aa 638-970) 

(Habedanck  et  al.,  2005).  However,  since  there  is  no  information  on  binding  sequences 

available, and none of the other Plk's binding peptides showed any affinity towards Plk4, the 

setup  of  an  equivalent  binding  assay  failed.  Other  family  members  with  pS/pT-binding 

domains are FHA domains, WW domains, and 14-3-3 proteins (Yaffe & Smerdon, 2004). A 

closely related family is formed by pY-binding domains, for example SH2-domains. For a 

comprehensive specificity profile, the PBDs of Plk2 and Plk3, and representatives from all the 
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other domain families were included (FHA: Chk2; WW: Pin1; SH2: STAT1, STAT3, STAT5b, 

Lck). The setup of an inhibition assay for 14-3-3 proteins failed due to the weak affinity of the 

published binding-peptide (Yaffe et al., 1997b).

In analogous FP assays to that used for the Plk1 PBD, Poloxin showed an excellent specificity 

profile. It selectively targeted the PBD family only, with a significant preference for the Plk1 

PBD (apparent IC50s: Plk1: 4.8 ± 1.3 µM; Plk2: 18.7 ± 1.8 µM; Plk3: 53.9 ± 8.5 µM) (Fig. 

3.13). Despite its more potent  inhibition of the Plk1 PBD, Thymoquinone inhibited the PBDs 

of Plk2 and Plk3 and several other of the specificity controls (apparent IC50s: Plk1: 1.14 ± 

0.04 µM; Plk2: 1.90 ± 0.10 µM; Plk3: 22.4 ± 0.8 µM; Chk2: 3.9 ± 0.6 µM; Pin1: 20.4 ± 0.9 

µM; STAT3: 10.9 ± 0.2 µM) (Fig. 3.14). The same features of Thymoquinone that facilitate 

Plk1 inhibition  probably cause  the  side effects  observed on  several  other  protein-binding 

domains. It seems that the oxime and the toluolyl group of Poloxin cause a decrease in Plk1 

inhibition  in  comparison  to  Thymoquinone,  accompanied  by  a  potent  enhancement  in 

specificity.

It was attempted to validate the inhibitory activities of Poloxin and Thymoquinone in further, 

fluorescence-independent in vitro assays. Various pulldown assays were used to test, whether 

both compounds can interfere with binding of the PBD to immobilized Cdc25C, a natural 

Plk1  target  involved  in  the  onset  of  mitosis  (Nigg,  2001),  or  to  an  immobilized  peptide 

comprising the optimal PBD binding sequence. To this end, recombinant GST- oder MBP-

tagged Cdc25C was immobilized on GST sepharose or amylose resin, respectively. Cdc25C 

had been prephosphorylated with Cdk1/Cyclin B to create the docking site for the PBD. The 

optimal  PBD-binding  peptide,  carrying  a  cysteine  residue  on  a  linker,  was  coupled  to 

iodoacetamide beads. However, no matter what immobilization methods were used, all three 

beads turned out to allow too much unspecific binding, resulting in assays to instable and 

variable to allow for testing of small molecules.

4.4.2 Cellular Activities
Since Plk1 is one of the key regulators and promotors of mitosis, inhibition of Plk1 has been 

uniformly described to cause a mitotic arrest  (Spankuch-Schmitt  et al.,  2002a; Spankuch-

Schmitt el al., 2002b; Liu & Erikson, 2003; Yuan et al., 2002; Stevenson et al., 2002; Liu et  

al., 2005; Gumireddy et al., 2005; McInnes  et al., 2006; Peters  et al., 2006; Lansing  et al., 

2007; Lenart et al., 2007; Steegmaier et al., 2007; Santamaria et al., 2007). 

Ectopic expression of the Plk1 PBD, an ideal positive control for small-molecule inhibitors of 
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the  PBD,  also  arrested  HeLa  cells  in  prometaphase.  The  arrest  phenotype  showed 

chromosome  congression  defects,  caused  by  mislocalization  of  endogenous  Plk1  (Fig. 

3.19-3.23;  Hanisch  et  al.,  2006).  Poloxin and Thymoquinone also caused a prometaphase 

arrest (Fig. 3.25-3.27). In cooperation with Klaus Strebhardt's group from the University of 

Frankfurt,  this  arrest  was further demonstrated by a clear  increase of the mitotic markers 

Cyclin B1 and phosphohistone H3 in Western blots, and an increase of the G2/M peak in 

FACS  (fluorescence-activated  cell  sorting)  analysis.  Poloxin  and  Thymoquinone  also 

faithfully recapitulated the chromosome congression phenotype and mislocalization of Plk1 

(Fig. 3.28, 3.30 and 3.31), a clear indication that both compounds inhibit Plk1 by blocking 

PBD-mediated protein-protein interactions in vivo.  

Chromosome congression defects describe a phenotype in which single or whole bundles of 

chromosomes are not properly congressed to the metaphase plate. It has been shown that Plk1 

inhibition may lead to destabilized microtubule-kinetochore interactions, not creating enough 

tension across sister kinetochores (van Vugt et al., 2004a; Sumara et al., 2004). Therefore, one 

possible  explanation  for  the  occurrence  of  these  defects  could  be  that  mislocalization  of 

endogenous  Plk1  by  Poloxin  or  Thymoquinone  may  also  cause  instable  mictrotubule-

kinetochore  attachments  and  a  lack  of  tension,  not  allowing  spindle  forces  to  congress 

chromosomes  to  the  metaphase  plate.  One  reason  for  the  decreased  spindle-kinetochore 

interactions  could  in  turn  be  the  absence  of  Plk1-mediated  phosphorylations  on  key 

kinetochore  proteins,  for  example  BubR1  (Elowe  et  al.,  2007).  A clear  dose-dependent 

decrease of BubR1 phosphorylation was shown for Poloxin (Fig. 3.34).

It was repeatedly shown that a prolonged mitotic arrest, caused by inhibition of Plk1 functions 

(Spankuch-Schmitt et al., 2002a; Spankuch-Schmitt el al., 2002b; Liu & Erikson, 2003; Yuan 

et al., 2002; Stevenson et al., 2002; Liu et al., 2005; Gumireddy et al., 2005; McInnes et al., 

2006; Peters  et al., 2006; Lansing  et al., 2007; Lenart  et al., 2007; Steegmaier  et al., 2007; 

Santamaria  et al., 2007) induces apoptosis in cancer cells. The applications of both Poloxin 

and  Thymoquinone  lead  to  the  occurrence  of  apoptotic  cells,  identifiable  by  DNA 

fragmentation in immunofluorescence experiments (Fig. 3.29). The group of Klaus Strebhardt 

at the University of Frankfurt was able to quantify the emergence of apoptosis, showing a 

clear dose-dependent increase of apoptotic cells caused by Poloxin and Thymoquinone. At 25 

µM, first toxic side effects of Thymoquinone were observed.    

In summary, both Poloxin and Thymoquinone showed clear signs of in vivo inhibition of the 

Plk1  PBD.  Although  showing  a  more  potent  Plk1  inhibition  in  vitro,  Thymoquinone's 
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effectivity on the increase of the mitotic  index,  the percentage of cells  with chromosome 

congression defects or the mislocalization of endogenous Plk1 from chromosomes was always 

less potent than for Poloxin. This observation suggests that due to various side activities, the 

effectivity of Plk1 inhibition of Thymoquinone is reduced in comparison to Poloxin.  This 

notion is backed by the results of the specificity studies.

4.4.3 Binding Mechanism
In general, there are two possibilities for a small-molecule inhibitor to interact with its target 

protein:  covalent  modification  or  non-covalent  binding,  mediated  by  ionic  bonds, 

hydrophobic interactions or van-der-Waals forces, for example. When interacting with a target 

protein, there are several possible mechanisms for the inhibitory activity of a small molecule: 

An interaction site could simply be blocked by an inhibiting compound, a mechanism used for 

the inhibition of protein kinases with ATP-competitors, for example (Kothe  et al., 2007b). 

Another  possibility for  blocking  protein-protein  interactions  would  be  binding  of  a  small 

molecule followed by subsequent changes in a protein's conformation in an allosteric manner 

(DeDecker, 2000) or partial unfolding.

Both Poloxin and Thymoquinone showed a time-dependent inhibition of the Plk1 PBD in the 

fluorescence polarization assay (Fig. 3.39). Time-dependency of inhibition reactions normally 

implies  that  the  underlying  mechanisms  involves  covalent  modification  of  the  inhibition 

target.  In  consideration  of  the  structure  of  Poloxin,  two  possible  chemical  modifications 

would be Michael addition or condensation. 

Supporting  evidence  for  covalent  modification  of  Plk1  by  Poloxin  could  arise  from 

experimental approaches which involve incubation of the protein with Poloxin, subsequent 

tryptic/chymotryptic digest,  and identification of peptides by mass spectrometry.  However, 

attempts to identify a nucleophilic amino acid modified by Poloxin, remained inconclusive. It 

is conceivable that an amino acid which might have been modified by Poloxin was part of the 

protein sequence which was not detected in the mass spectrometric analysis. Alternatively, 

protein modification via Michael addition of a nucleophilic amino acid side chain to one of 

the activated double bonds of Poloxin, or condensation of Poloxin’s carbonyl group with a 

lysine side chain, could have been lost during sample preparation due to the reversible nature 

of  these  chemical  reactions.  Structural  data  would  help  to  clarify  the  protein-inhibitor 

interactions.
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4.5 Relevance of the Identified Plk1 Inhibitors
To my knowledge, Poloxin and Thymoquinone represent the first described inhibitors of the 

Plk1 PBD, opening up the possibility for a completely new approach to Plk1 inhibition. This 

has significant implications for both Plk1 research, since PBD-specific inhibitors allow a fast 

and precise differentiation of PBD-dependent and PBD-independent functions, and for cancer 

therapy, providing an alternative strategy to kinase domain inhibitors for targeting Plk1 in 

cancer cells.

Despite Thymoquinone’s well-documented anti-neoplastic effects, clinical trials which could 

validate  the  benefit  of  Thymoquinone  or  derivatives  for  cancer  patients  have  not  been 

initiated.  The lack of information about the molecular  targets  underlying Thymoquinone’s 

anti-cancer  activity  poses  a  serious  hurdle  to  drug  development.  Such  knowledge  would 

facilitate medicinal chemistry efforts aimed at improving the compound’s pharmacological 

properties to the level required for drugs, and also the pre-selection of patients which are 

likely to respond in clinical trials (Corson et al., 2007). Thus, the discovery of the Plk1 PBD, 

and also of the STAT3 SH2 domain as molecular targets of Thymoquinone not only suggests a 

rational explanation for this natural  product’s  anti-neoplastic effects  (Gali-Muhtasib  et al., 

2006), but also provides a strong argument for the development of Thymoquinone-derivatives 

as anti-cancer drugs. Moreover, the data acquired in this thesis add Thymoquinone to the very 

short list of natural products known to inhibit a protein-protein interaction. Nevertheless, it is 

to be expected that Thymoquinone has additional molecular targets related to its anti-cancer 

activities that were not uncovered in this study. 

Poloxin, a synthetic derivative of Thymoquinone, displays a superior specificity profile  in  

vitro and  in  cells.  In  addition,  Poloxin  offers  the  means  of  targeting  the  PBD  on  fast 

timescales, which should open the door for examining the function of the PBD in the context 

of cell-division dynamics. Finally, the specificity profiles of agents targeting the unique PBD 

like Poloxin are potentially more straightforward to analyze and manage than those of ATP-

competitive kinase inhibitors.

4.6 Outlook
There are several questions left to be addressed in future studies. For example, it would be 

very  interesting  to  find  out  precisely  what  chemical  groups  are  responsible  for  the 

enhancement of specificity on the transition from Thymoquinone to Poloxin. For this purpose, 
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specificity profiles of stepwise intermediate substances such as the oxime, the  O-acetylated 

oxime or the  O-benzoylated oxime could be determined.  Such a study can also be easily 

extended  for  the  determination  of  structure-activity  relationships  (SAR).  For  example, 

different  quinone  core  structures  can  be  tested,  or  differently substituted  phenyl  rings,  or 

whole new substituents. Determination of the binding mechanism of Poloxin by structural 

approaches  would also facilitate  understanding  of  Poloxin's  inhibitory activity  and would 

greatly enhance the design of more potent Poloxin derivatives.

For a clear confirmation of Poloxin's potential anti-tumor activity, its pro-apoptotic effects 

have to be validated in various other cancer cell  lines from different tissues and different 

tumor  types.  If  Poloxin  should  show  a  broad  anti-tumor  activity,  it  could  be  tested  in 

xenograft mouse models. This would indicate that PBD-specific inhibitors have the potential 

to be used as anti-cancer therapeutics. Additionally, Poloxin or any future derivatives could be 

used together with already existing Plk1 kinase domain inhibitors, allowing a more complete 

inhibition of Plk1 in cancer cells.
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5. Summary

The serine/threonine kinase Polo-like kinase 1 (Plk1) is a key regulator of multiple stages of 

mitosis. It is overexpressed in many types of human cancers and has been implicated as an 

adverse prognostic marker for tumor patients. Inhibition of Plk1 activity in certain cancer 

cells  leads  to  apoptosis,  thus  validating Plk1 as  a  target  for  anti-cancer  therapy.  As Plk1 

activity is indispensable for progression through mitosis, inhibition of Plk1 by cell-permeable 

inhibitors could provide novel insights into the cell cycle, and forms the basis for new anti-

cancer therapeutics. Small-molecule inhibitors of Plk1 usually target the enzyme's conserved 

ATP-binding site.

This  thesis  provides  proof-of-principle  that  Plk1  can  alternatively  be  targeted  by  small 

molecules which inhibit the function of the polo-box domain (PBD) of Plk1, which is required 

for  correct  intracellular  localization  of  Plk1.  Two  small  molecules,  the  natural  product 

Thymoquinone and a synthetic derivative named Poloxin, have been identified as the first 

known inhibitors of the PBD. Their activities and specificities have been validated in vitro and 

in vivo.

First, an assay based on fluorescence polarization was developed, which allowed the rapid 

detection of potential small-molecule inhibitors of the Plk1 PBD in a high-throughput screen. 

Testing of chemical diverse libraries comprising 22,461 compounds led to the identification of 

Poloxin. The core structure of Poloxin is represented by the natural product Thymoquinone, 

the bioactive constituent of the volatile oil of black seed (Nigella sativa), which is well-known 

for  its  anti-inflammatory  and  anti-neoplastic  activities.  Both  compounds  inhibited  the 

functions  of  the  Plk1  PBD  in  vitro in  the  low  micromolar  concentration  range.  Poloxin 

inhibited the functions of Plk1 PBD in a highly specific manner. Despite a more potent Plk1 

inhibition, Thymoquinone showed a less selective specificity profile. In vivo, both compounds 

arrested  cancer  cells  in  mitosis  with  chromosome  congression  defects,  consistent  with 

mislocalization of endogenous Plk1.

In summary, these data provide the first molecular explanation for the anti-cancer activity of 

the natural product Thymoquinone, and make it one of the very few natural products known 

to inhibit a protein-protein interaction. Poloxin's more selective activity against the PBD 

should make it an excellent tool for analyzing the role of the PBD in mammalian cells, and 

has implications for the future design of anti-cancer drugs.
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6. Abbreviation Index

The  following  list  shows  frequently  used  abbreviations.  For  additional  abbreviations  of 
chemical substances and reagents see 2.1.1. 

aa Amino acids
Ac Acetyl
APC/C Anaphase-promoting complex/cyclosome
ASO Antisense oligonucleotide
ATP Adenosine triphosphate
BCA Bicinchoninic acid
cDNA Complementary DNA
CDI library ChemDiv library
CDK Cyclin-dependent kinase
(5-)CF (5-)Carboxyfluorescein
DNA Deoxyribonucleic acid
EDTA Ethylene diamine tetraacetic acid 
EGFR Epidermal growth factor receptor
Fig. Figure
FHA domain Forkhead-associated domain
FNK FGF-inducible kinase
FP Fluorescence polarization
γ-TuRC γ-tubulin ring complex
HRP Horseradish peroxidase
HTS High-throughput screen
IC50 Half-maximal (50 %) inhibitory concentration 
KD Dissociation constant
LB Luria-Bertani broth
MB library Maybridge library
MBP Maltose binding protein
mRNA Messenger RNA
OD600 Optical density at 600 nm
PDB Protein Data Bank
PBD Polo-box domain
PCR Polymerase chain reaction
Plk Polo-like kinase
PRK Proliferation-related kinase
RNA Ribonucleic acid
RNAi RNA interference
SD Standard deviation(s)
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
siRNA Small interfering RNA
SH2 domain Src-homology 2 domain
SNK Serum-inducible kinase
STAT Signal transducer and activator of transcription
Tab. Table
TM Melting temperature of a primer
tRNA Transfer RNA

Amino acids were described by their one or three letter code. Phosphorylated amino acids 
were referred to as pX (X: one letter code). 
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