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1. Introduction 

Enzymes are biochemical catalysts and essential regulators of metabolism, 

differentiation and proliferation of every single cell [1]. Not surprisingly, as one 

of the largest groups of enzymes [2], kinases play a physiological role of 

particular importance, and dysfunction of kinases has been associated with 

various diseases. For example, the chromosomal mutation [(t9;22)(q34;q11)], 

known as the Philadelphia chromosome, leads to the related fusion oncoprotein 

Bcr-Abl [3-5]. Deregulated tyrosine kinase activity of Bcr-Abl is the biochemical 

characteristic of chronic myeloid leukemia (CML) [6-8]. In 2001, approval and 

introduction of the selective inhibitor imatinib (Glivec®, Gleevec®) was celebrated 

as the magic bullet against CML [7, 9-10]. 

However, selective inhibitors are valuable tools not only for correcting 

pathological states but also for the elucidation of biochemical and cellular 

functions. Selective inhibition of a kinase is physiologically more meaningful than 

knockout of the respective kinase gene, e.g. by RNA interference [11-12]. 

The Wee-kinase family, particularly Wee1 and Myt1, are crucial regulators of the 

cell cycle and have repeatedly been suggested as potential drug targets [12-15]. 

Inhibition of these kinases may abrogate cellular protection mechanisms, 

selectively leading to apoptosis in rapidly proliferating cancer cells. 

In 2009, the introduction of the first selective Wee1 inhibitor, MK-1775, offered 

the possibility of proving this concept [16]. By now, MK-1775 is in phase-II 

clinical trials [17] and medicinal as well as biological research has progressed 

significantly because the available inhibitor renders experimental verification of 

given hypotheses possible (e.g. [18-22]).  

In contrast, for Myt1, no selective inhibitors are known. At the beginning of the 

work described herein, there was hardly any information on compounds affecting 

Myt1. Two reports mentioned the assaying of some known ATP-competitive 

kinase inhibitors against Myt1 but the results were contradictory [23-24]. Rational 

development of selective inhibitors requires profound knowledge on a molecular 

level. The identification of chemical structures affecting the target protein is a 

major step to gaining insights into these molecular mechanisms and is prerequisite 

to realizing substances that provide both potency and selectivity. 

Thus, inhibitors are indispensible for assessing the actual biological role and 

druggability of a given target protein.  
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2. Theoretical Background 

To set the stage, background knowledge about the structure and function of 

kinases and general ways of kinase inhibition are concisely summarized in the 

following. Subsequently, the present knowledge on the biological role of Myt1 

and the rationale for the development of Myt1 inhibitors are presented.  

2.1. Kinases 
Genes encoding for kinases comprise one of the largest families within the human 

genome [2] and, altogether, 539 kinase genes are known so far [25]. Functionally, 

kinases catalyze the transfer of the γ-phosphate group of ATP to a given acceptor 

group. Protein kinases, for instance, use serine, threonine, tyrosine or histidine 

residues as acceptor groups (throughout this thesis, the term 'kinases' equals 

'protein kinases'). Phosphorylation can affect proteins in a number of ways: It acts 

as a means of activation or inactivation, alters binding to other proteins, or 

changes subcellular localization. Through the activity of the kinases' counterparts, 

the phosphatases, this process is fully reversible, giving this post-translational 

modification a switch-like character [26]. Therefore, kinases are involved in 

intertwined networks and feedback loops, most often in a redundant manner, to 

control cellular functions [27-28]. 

2.1.1. From Structure to Molecular Function 
Besides functional aspects, the molecular structure within the kinase family is also 

very similar. As an example, the crystal structure of the catalytic domain of the 

Myt1 kinase (PDB: 3P1A) is shown in Fig. 1.  

The kinase domain of any kinase consists of two lobes: an N-terminal lobe, 

mainly consisting of β-sheets, and a C-terminal lobe, dominated by α-helical 

structure elements. Both parts are linked via a hinge region containing the binding 

motif for the adenine moiety of ATP. The carbohydrate core and the phosphate 

groups are coordinatively locked into position by a divalent magnesium ion and a 

conserved lysine residue [29]. Features differing between kinases, such as the 

gatekeeper residue and other non-conserved regions, are of major importance for 

kinase inhibition and will be discussed in more detail in the following sections.  

As a further general kinase feature, an activation loop containing the conserved 

DFG-motif is of major importance for the actual catalytic mechanism. 
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Fig. 1: General structure of a kinase domain (here: Myt1; PDB: 3P1A). On the left, the two lobes 
can be seen, connected via a hinge region that is responsible for ATP binding as shown 
exemplarily on the right in the Traxler model [30]. GK: Gatekeeper residue. Grey shading 
indicates non-conserved regions. Adapted with permission from [31]. Copyright 2010 American 
Chemical Society. 

Insights into the catalytic course of events of phosphoryl transfer were gained by 

structural elucidation of the catalytic subunit of protein kinase A (PKA) in 

complex with ADP, magnesium ions, aluminium fluoride and substrate peptide 

[32]: The aluminium fluoride in its planar geometry forms a trigonal bipyramidal 

coordination with the oxygen atoms of the donor and acceptor groups, mimicking 

the transition state of an actual phosphoryl transfer. 

The aspartyl residue of the DFG-motif coordinates a magnesium ion that, in turn, 

coordinatively adjusts the phosphate groups of ATP. The recipient hydroxyl 

function, as a nucleophile, attacks the γ-phosphate group of ATP, which, when 

transferred, passes through a trigonal bipyramidal transition state. Other amino 

acid residues in the active site help increase the nucleophilicity of the initial 

attacking acceptor functionality, such as a further conserved aspartate residue that 

may aid by deprotonating the substrate hydroxyl function [33]. Taken together, 

the reaction rate is increased by orders of magnitude so that the requirements of a 

switch-like regulation can be met. 

2.1.2. Kinase Inhibition 
Generally, there are three ways to inhibit a kinase: 

� Substrate-site targeting inhibitors disrupt the protein-protein interaction 

between the kinase and its direct downstream target. Historically, there has 

been a problem in obtaining druglike, small molecule substrate mimetics, 
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since these protein-protein binding sites are usually solvent-exposed and 

rather featureless surface patches [34]. Notwithstanding, some successful 

examples of substrate-site ligands were reported in the literature (e.g. [35-

36]). These inhibitors usually provide only micromolar potency. However, 

since they do not need to compete with millimolar levels of ATP inside the 

cell but with rather low concentrations of protein substrates, acceptable in 

vivo potency can arise from surprisingly low levels of affinity compared to 

ATP-competitive inhibitors [37]. 
 

� Allosteric inhibitors, sometimes referred to as type III inhibitors, target a 

site different from substrate or co-substrate binding site, even though they 

may bind in spatial proximity to it (reviewed in [38]). So far, there are 

relatively few examples of allosteric inhibitors, but there has been a 

consistent effort to develop such inhibitors [39]. 
 

� ATP-competitive inhibitors displace the co-substrate from its binding site. 

The majority of the small-molecule inhibitors that have been developed target the 

ATP binding site, including all approved and marketed kinase inhibitors (as of 

July 2013). With respect to the conformation adopted by the conserved DFG-

motif that controls the kinase activation state [33], ATP-competitive inhibitors can 

be further divided in two subgroups: type I and type II inhibitors. Type I inhibitors 

target the active kinase conformation, where the aspartate residue in the DFG-

motif faces the ATP-binding cleft while the phenylalanin residue is buried in a 

hydrophobic pocket adjacent to this site ('DFG-in' conformation) [31]. Type I 

inhibitors tend to participate in similar interactions as the adenine ring of ATP and 

form 1-3 hydrogen bonds with the backbone amides of the hinge region. Since all 

kinases utilize ATP as a co-substrate, affinity and selectivity have to be achieved 

through specific interactions with hydrophobic pockets adjacent to the ATP-

binding site [40]. 

Due to the inherent necessity to bind ATP, the active DFG-in conformation is 

very similar among kinases. Type II inhibitors target inactive conformations, 

which are more heterogenous in nature [41].  

Usually, in this inactive conformation, the DFG-motif is in a flipped orientation 

relative to the active form, with the phenylalanine residue rotated almost 180° and 

the aspartate side chain facing out of the active site ('DFG-out'), blocking access 
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of ATP. This rearrangement opens up an additional hydrophobic pocket that is 

adressed by type II inhibitors. Additionally, a characteristic set of hydrogen bonds 

with a conserved glutamate in the αC-helix and the backbone amide of the 

aspartate in the DFG-motif is often observed [31]. Exemplary binding modes as 

obtained for the tyrosine kinase Src are displayed in Fig. 2. 

 
Fig. 2: Schematic representation of dasatinib, a type I inhibitor, bound to the tyrosine kinase Src 
(A). The adenine pocket is shown shaded. Dasatinib forms an additional hydrogen bond with the 
Thr gatekeeper residue in Src. On the right (B), a schematic representation of a type II inhibitor 
bound to the tyrosine kinase Src is shown. Two hydrogen bonds are formed with the hinge region 
of the kinase. The characteristic hydrogen bonds with the conserved glutamate residue in the αC-
helix and the amide backbone of the aspartate of the DFG-motif are shown. The DFG-out pocket is 
shaded. Adapted with permission from [31]. Copyright 2010 Americal Chemican Society. 

Type I inhibitors occupy the adenine pocket in the ATP binding cleft and form the 

typical hydrogen bonds with the amide backbone of the hinge region. For type II 

inhibitors, two hydrogen bonds with the hinge region of the kinase are formed. In 

addition, a characteristic set of hydrogen bonds with the conserved glutamate 

residue in the αC-helix and the amide backbone of the aspartate of the DFG-motif 

is typically formed. The DFG-out pocket that is generated by the movement of the 

phenylalanine residue of the DFG-motif is exploited by the inhibitor [31]. 

Although there are no experimental techniques that allow for determination of the 

relevant intracellular kinase conformations, the available crystal structures 

highlight the plasticity of the kinase active site and suggest the existence of a 

dynamic equilibrium [42].  

Also, further adressable inactive kinase conformations have been reported, for 

instance the αC-helix-out conformation observed for EGFR in complex with 

lapatinib. This conformation retains the generally active DFG-in form but leads to 

inactivation by rotating and shifting the αC-helix outwards, revealing an 

additional pocket [43-44]. 
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Like type I inhibitors, type II inhibitors usually form hydrogen-bonding 

interactions with the amide backbone of the hinge region and hydrophobic 

contacts with the adenine site. Currently, the number of kinases that are able to 

adopt the DFG-out conformation is not known, but for kinases structurally 

characterized in this conformation, the orientation of the DFG-motif is highly 

conserved [31]. Type II compounds typically have a lower dissociation constant 

(koff) with extended residence time, which has a favorable impact on kinase 

inhibition [45-46]. 

However, drawing a distinction between type II and allosteric inhibitors is 

sometimes difficult, since even inhibitors that bind outside the ATP site can be 

ATP-competitive in kinetic studies. Compounds that bind to inactive states can be 

either ATP-competitive or uncompetitive depending on their binding mode. For 

example, lapatinib extends into the ATP region and is therefore considered type 

II, while other DFG-out and αC-out ligands do not reach the ATP site and have 

been described as allosteric [47]. 

Another approach for the general design of kinase inhibitors has been proposed by 

ZUCCOTTO et al., so called type I 1/2 inhibitors [48] (see Fig. 3). These inhibitors 

recognize the target kinases in their DFG-in conformation and, at the same time, 

extend to target the back cavity, establishing a defined set of conserved 

interactions with those residues characteristic for the type II design (DFG-out). 

 
Fig. 3: Comparison of the hydrophobic back pockets (shaded) of kinases having a large Phe (e.g. 
Cdk2, A) or a small Thr (e.g. Myt1, B) gatekeeper residue. The size of the gatekepper limits the 
dimensions of the back pocket. Figure adapted from ZUCCOTTO et al. [48] with permission. 
Copyright 2010, American Chemical Society. 

The back cavity is mainly hydrophobic and is not occupied by the native 

cosubstrate ATP. Its size and shape are primarily controlled by the gatekeeper 

residue which is the first residue of the hinge region, connecting the C- and N-

terminal lobes. If the gatekepper is small, e.g. threonine, the side chain no longer 

limits the size of the cavity which expands towards β-sheet 5 and the αC-helix 

[48].  
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For targeting kinases with a small gatekepper, it is clear that the exploitation of 

this cavity will increase affinity (i.e. potency) as well as selectivity. In contrast, 

those kinases having a large gatekepper residue, e.g. phenylalanine, will have a 

much smaller back cavity which makes it more difficult to gain affinity there. 

Approximately 23% of all kinases have small gatekeeper residues with threonine 

being the most abundant one (18%), indicating the potential in terms of gaining 

selectivity [29]. In part, also mid-sized gatekeepers allow the occupation of the 

back cavity. For example, for methionine as a gatekeeper, it has been reported that 

its flexible side chain may move, hence opening the back pocket which can then 

indeed be targeted [49].  

The first evidence that the back cavity can be exploited by an inhibitor was 

provided by TONG et al., who solved the crystal structure of mitogen-activated 

protein kinase 14 (MAPK14) in complex with an analogue of the highly potent 

inhibitor SB203580 and found the back cavity to be occupied [50-51]. Also other 

inhibitors, e.g. dasatinib, target this area. 

The gatekeeper may also play a relevant role in general type II inhibition, as it 

might control which kinases can access the DFG-out conformation. Most kinases 

observed in DFG-out state have a small gatekeeper residue, particularly the Thr 

residue [48] which can be used as one of a number of means to introduce 

selectivity to kinase inhibition.  

2.1.3. Selectivity in Kinase Inhibition 
The term 'selectivity' is usually understood as the ratio of Ki or IC50 values for 

different kinases [52]. Having in mind that more than 500 kinases have been 

found, this measure does not seem to be suitable. To get a first impression of the 

inhibition pattern over the entire kinome, kinase dendrograms are often used but 

quantification remains difficult [2]. Mainly, two other measures have emerged and 

prevailed to quantify selectivity: The kinase selectivity score s (0 ≤ s ≤ 1, with 1 

being completely unselective and values close to zero indicating selective 

inhibitors) [53] and the Gini coefficient G (0 ≤ G ≤ 1, with 0 being completely 

unselective and increasing selectivity as G approaches unity) [52]. These values 

give an overall idea of selectivity but they do not take into account the pattern of 

selectivity of a compound for a kinase family or subset [54]. Therefore, selectivity 

has to be considered on a case-by-case basis. 
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Defining and measuring inhibitor selectivity has become a critical activity both in 

the development of new drugs and the application of inhibitors as research tools 

for biological studies [54]. While research initially focused on specificity or high 

selectivity for therapeutic use, clinical experience and a growing understanding of 

kinase biology have indicated that compounds with a broader spectrum can be 

even more effective [34, 55]. 

However, selectivity is still important, as off-target kinase inhibition may cause 

additional toxicity [56-57]. Moreover, inhibitors that are used as biochemical 

research tools to understand biological systems should be as selective as possible 

to elucidate the actual function of the target kinase [58]. Measuring the selectivity 

and understanding the common features of kinase inhibitors may reinforce the 

development of less promiscuous agents or at least offer the possibility of 

prioritizing hits from library screening with regard to scaffolds with greater 

potential for a high degree of selectivity [59-60]. 

Besides efforts to assess inhibitor selectivity by simple chemical descriptors [61] 

or physical properties [62], more target-based, rational approaches have gained a 

lot of attention [63]: 

� Shape complementarity between ligands and receptors is a fundamental 

aspect of molecular recognition and can be used to gain selectivity through 

specific interactions, even if only a single residue differs among closely 

related kinases [64]. 
 

� Electrostatic complementarity is a more complex concept but has also 

proven key in introducing selectivity, e.g. for the tyrosine kinases' 

counterpart, the tyrosine phosphatases [65]. 
 

� Explicit water molecules bound at the target site can provide key 

differences even in cases where the binding sites are highly similar [66]. 

For instance, these differences in water molecule locations, energetics, or 

both were able to explain experimentally observed kinase selectivity 

among Src kinases [67]. 
 

� Exploitation of allosteric pockets and non-competitive binding is a very 

promising concept and some examples have been described (e.g. [46, 68]). 

Among the best known allosteric inhibitors are MEK inhibitors, e.g. CI-

1040, many of which are highly selective because of the uniqueness of 
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their binding site [69]. However, the approach is hampered by the inability 

to correctly predict such an inhibition and a general lack of examples in 

the PDB [34]. So far, there are no examples of predicting allosteric sites 

that were later confirmed experimentally [63].  
 

� Conformational selection and flexibility is probably the most widely used 

approach to gain selectivity in kinase inhibitor development [11, 70]. 

The key notion for the latter is targeting of the inactive kinase state as described in 

the last section. While all kinases have the DFG-containing activation loop, the 

transition to the inactive DFG-out state has not been observed for all kinases, 

thereby offering a potential mechanism to gain selectivity. Generally, for inactive 

kinases, less is known about these conformations, so designing inhibitors becomes 

more of a challenge [42, 71]. 

At least for the Abl kinase, it was proposed through in silico modelling and, 

subsequently, experimentally shown that the incorporation of a large, lipophilic 

trifluoromethylbenzamide group at certain positions of known active 

conformation inhibitors can transform them into inhibitors binding the inactive 

conformation [72]. The relation between type I and type II inhibitors is clear, as 

the type I pharmacophore is a subset of the type II pharmacophore and they both 

display the same interactions in the adenine region of the ATP binding site [48]. 

Furthermore, a computational approach has been described to convert DFG-in 

kinase structures to the DFG-out form [73]. This method provides a chance to 

identify type II inhibitors in cases where only active kinase states are available as 

a crystal structure, although general energetic accessibility of the converted 

structure was not taken into account and has to be assessed individually. 

However, the common belief that type II inhibitors are more selective does not 

hold true in every case [74].  

Generally, the type II selectivity advantage may partly arise from the fact that not 

all kinases can adopt the required conformation. Aurora kinase inhibitors that 

preferentially bind active or inactive conformations have been described as 

showing good selectivity, suggesting that both conformations offer unique motifs 

that can be exploited [75]. However, a comprehensive analysis of kinase inhibitor 

selectivity confirmed a general trend that type II inhibitors are more likely to be 

selective than type I inhibitors, although a type II binding mode does not 

guarantee high selectivity, nor is it required [76]. In fact, some type I inhibitors 
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(e.g. tofacitinib) were as selective as any of the type II inhibitors, whereas some 

type II inhibitors (e.g. AST487) were among the least selective compounds [76]. 

2.1.4. Kinase Inhibitor Drug Resistance 
As kinases have become increasingly more prevalent as drug targets, significant 

success has been achieved in targeting kinases involved in cancer. In many cases, 

clinical success has been shown to exist only within a narrow time frame. As most 

kinase inhibitors exert their effects by targeting a specific kinase or set of kinases, 

there is strong selective pressure for the development of mutations that prevent 

drug binding [42]. This problem is of particular importance when targeting 

inactive kinase conformations because they show a distinct susceptibility to loss 

of inhibitor sensitivity due to mutations. In active kinases, a mutation that 

prevents binding of an inhibitor will often cause loss of affinity towards ATP and 

abolish the kinase activity. In inactive kinase conformations, however, inhibitors 

bind to residues that are not necessarily involved in ATP binding. Mutations at 

these positions can cause loss of inhibitor sensitivity while remaining a functional 

kinase [54, 77]. As an example, an alteration of the Bcr-Abl gatekeeper residue 

(T315I), attributed to gene mutation, can cause complete loss of imatinib 

sensitivity [78]. There is a limited spectrum of mutations that are available to a 

kinase for developing resistance due to the necessity of maintaining the catalytic 

activity. The gatekeeper is not directly involved in ATP recognition so mutations 

do not affect the catalytic activity while the shape of the binding pocket is 

changed, preventing the inhibitor from binding. In order to overcome drug 

resistance caused by mutations, second-generation kinase inhibitors were 

developed that inhibit most of the resistant kinase mutants (e.g. nilotinib in case of 

imatinib resistence [79-80]). 

2.2. Myt1, a Wee Family Kinase 
In the following, the Myt1 kinase will be introduced. Starting from structural 

features and comparison to its closest relative, Wee1, the current knowledge 

concerning the physiological role of Myt1 will be discussed, finally leading to the 

rationale of utilizing Myt1 as a potential drug target. 

2.2.1. Structural Features 
In humans, the Wee kinase family consists of three kinases: Myt1 and two Wee1 

kinases (Wee1, Wee1B). Both Wee1 kinases differ in temporal and spatial 
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expression and, in somatic cells, only Wee1 appears to be relevant [81]. 

Therefore, Wee1B is excluded in the following and only Wee1 and Myt1 are 

meant by the term 'Wee kinases'. 

The central kinase domain of Wee kinases is atypical. Although tyrosine kinase 

activity for Wee1 and Myt1 is undisputed [82-83], sequence similarity searches do 

not place them in any of the tyrosine kinase subfamilies [84] and comparison with 

the full kinome led to formation of a separate kinase family consisting of these 

two kinases [2].  

Overall, Wee kinases display a standard two-lobed kinase fold (as described in 

Section 2.1.1.). The active site region contains a catalytic segment that includes 

the essential catalytic aspartate (Wee1: Asp426, Myt1: Asp233) and the activation 

loop which provides a substrate binding platform and can undergo conformational 

changes to control the activation state (vide supra). Since the residue preceding 

the catalytic aspartate is not an arginine but rather nonpolar (Wee1: Met425, 

Myt1: Leu232), it has been suggested that Wee1 kinase does not need to be 

activated by phosphorylation of the activation loop [33, 85] and the same can be 

assumed for Myt1. 

Sequence alignment of Wee family members of various species suggests several 

structurally conserved features across the whole kinase domain [85]. 

Superimposition studies for Wee1 revealed the closest structural matches to be 

Ser/Thr kinases, including the active forms of Cdk2 and Chk1. Notably, a tyrosine 

kinase is not encountered until the 14th hit [85]. Due to lack of structural data at 

that time, Myt1 was not included in the study. In addition to structural studies, 

also the sequence is more closely related to Ser/Thr kinases than to Tyr kinases, as 

illustrated by a simple BLAST comparison of catalytic kinase domains [85-86]. 

Taken together, Wee kinases may have evolved from Ser/Thr kinases and a few 

key mutations may have converted them to functional Tyr kinases [85]. This 

hypothesis is supported by the fact that Myt1, as a dual-specific kinase, has been 

observed to phosphorylate Tyr and Thr residues alike [83, 87]. 

Both Wee kinases target the same site, the glycine rich loop of Cycline-dependent 

kinase 1 (Cdk1). Wee1 acts specifically to phosphorylate Tyr15, while Myt1 is 

dual-specific for Tyr15 as well as Thr14 [82-83, 87]. Considering the close 

relationship, where does the difference in substrate specificity come from? For 

Tyr15 phosphorylation, the features that allow correct orientation are given in 
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both Wee kinases. A single differing residue in their glycine-rich loop may 

account for the Thr kinase activity of Myt1 [85]: Thr14 modification requires the 

substrate to approach the glycine-rich loop of the phosphorylating kinase more 

closely. In Wee1, Glu309 at the tip of this loop may inhibit a closer approach in 

the same way that phosphorylation of Cdk1 is believed to interfere with substrate 

binding through steric hindrance [88]. Corresponding to Glu309 in Wee1, the 

Ser120 residue in Myt1 is less bulky and does not cause electrostatic repulsion as 

does the negative charge of the glutamate side chain. Therefore, in contrast to 

Wee1, a closer substrate approach is realized that may make effective threonine 

phosphorylation possible. 

2.2.2. Myt1 and its Physiological Role 
To understand the physiological role of Myt1, the cell cycle, particularly the 

transition from G2- to M-phase and its regulation will be introduced. 

Subsequently, Myt1 and its intracellular functions will be discussed in more 

detail, from its classical understanding as a Cdk1 regulatory kinase, to more recent 

insights covering Golgi fragmentation and checkpoint recovery. However, these 

sections only cover regulations carried out by Myt1. How Myt1 itself can be 

regulated and how all its functions can be meaningfully combined remains rather 

unclear.  

Without knowing the resulting effects, Myt1 interacts with Pin1 [89], but only 

after Cdk1/CycB catalyzed phosphorylation [90]. Myt1 is an indirect downstream 

target of Mek1 [91] and a direct target of Plk1 (Polo-like kinase 1) [92]. 

Additionally, Myt1 appears to be a HSP90 client [93], since inhibition of HSP90 

destabilized Myt1 [94]. In starfish (Asterina pectinifera) as well as mammalians, 

Myt1 activity is downregulated by Akt-dependent phosphorylation [94-95]. 

For now, all of these findings stand for themselves and research has not succeeded 

in generating a meaningful combination of this data. 

2.2.2.1. Cell Cycle in General and G2/M in Particular 

Myt1 acts as a cell cycle regulating kinase. The cell cycle is organized into a 

series of intertwined pathways, whereby the initiation of each event depends upon 

successful completion of previous events [96]. Cell division (mitosis) starts the 

cycle, subsequently, the cells either go into a resting phase (called G0) or a 

presynthetic (gap) phase (called G1), in which enzyme production occurs in 

preparation for de novo nucleic acid synthesis. Production of DNA then occurs in 
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an S-phase (synthesis). The S-phase is followed by another gap-phase (G2), in 

which RNA, critical proteins, and the mitotic spindle apparatus are generated for 

the next mitotic (M) phase [97]. 

This ordered progression is guarded by cell cycle checkpoints, i.e. mechanisms by 

which the cell actively halts progression through the cell cycle until it is ensured 

that earlier processes, such as DNA replication or mitosis, are completed [98]. In 

response to endogenous and exogenous sources of DNA damage, these 

mechanisms are indispensible for maintaining genomic integrity [99]. Activation 

of DNA damage checkpoints is enabled by recognition of DNA-damage by 

sensors, followed by an ordered activation of upstream kinases (ATM/ATR) and 

effector kinases (Chk1/Chk2), the latter of which can directly target the major cell 

cycle machinery [100]. A cell cycle arrest or delay upon DNA damage can be 

induced intra S-phase and at the transitions from G1 to S and from G2 to M-phase 

[100].  

The decision to enter mitosis primarily depends on the activity of Cyclin-

dependent kinase 1 (Cdk1). Cyclin-dependent kinases are catalytically inactive in 

their monomeric forms and their concentrations remain quite constant throughout 

the cell cycle [101-102]. Association with activators (cyclins) leads to 

heterodimeric active kinase complexes that can phosphorylate hundreds of 

downstream targets [103-104]. Cyclins are proteins that oscillate in synchrony 

with the cell cycle, thereby regulating the activity of the respective Cdk exactly as 

needed for proper cell cycle progression. In mammalian cells, A- and B-type 

cyclins are synthesized and degraded around the time of mitosis and are regarded 

as mitotic cyclins. Importantly, Cyclin B accumulation and degradation occurs 

slightly later than Cyclin A, regulated at the levels of transcription and proteolysis 

[105]. After initiation of the G2/M transition by complexation of CycA and 

phosphorylation of various downstream targets [106], CycA is degraded and Cdk1 

becomes part of the M-phase promoting factor (MPF), which is composed of 

Cdk1 and CycB [107-109]. Cdk1/CycB is, in turn, regulated by complex 

mechanisms. 

In the inner feedback loops, Cdk1/CycB activity is controlled by the balance 

between Wee kinases and Cdc25 phosphatases that is responsible for the status of 

inhibitory phosphorylations at Thr14 and Tyr15 [110]. These kinases and 

phosphatases are in turn regulated by Cdk1 activity. Once activated, Cdk1/CycB 
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can phosphorylate Wee1 and Myt1 to promote their inactivation via different 

cascades [92, 111-112]. Additionally, Cdk1/CycB can activate Cdc25 

phosphatases which shifts the equilibrium even more towards active Cdk1/CycB 

(autoamplification) [110]. In other words, through the inner feedback loops, 

Cdk1/CycB can stimulate its further activation by directly activating its activators 

and deactivating its inactivators [27]. 

The regulating network becomes even more complex, if outer feedback loops, i.e. 

indirect regulation mechanisms besides Thr14/Tyr15 phosphorylations, are taken 

into account [27]. These feedback loops are superimposed on the inner feedback 

loops but act via other mediating enzymes such as Plk1. Plk1, a direct and indirect 

target of Cdk1/CycB [113-114], can mediate indirect inhibition through 

phosphorylations of Wee kinases and, at the same time, activate the Cdc25 

phosphatases [92, 112, 115]. 

These feedback loops not only promote an efficient activation of Cdk1/CycB but 

also ensure that other regulatory factors needed for successful cell division are 

activated in a coordinated manner. Supporting this notion, short-circuiting the 

inner feedback loop by expression of a Wee1/Myt1-insenstitive Cdk1 mutant 

(T14A, Y15F) led to abnormal cell division [116]. Owing to the numerous 

feedback loops, Cdk1/CycB activation is considered a bistable process, meaning 

the majority of the complexes are inactive, active or approaching one of these 

states [117-119]. Therefore, a cell will or will not enter mitosis, but cannot rest in 

an intermediate state [27]. Since the inactivation threshold requires lower 

Cdk1/CycB concentrations than the activation threshold (hysteresis), successful 

mitotic entry is ensured and, at the same time, the cell is given an opportunity to 

block mitotic entry in case of premature activity fluctuations [119-120]. 

Another important matter in Cdk1/CycB control and mitotic entry is 

nucleocytoplasmic shuttling. With respect to various posttranslational 

modifications, subcellular trafficking of CycB and Cdk1/CycB is altered because 

modifications affect the affinity towards transport proteins that mediate traffic 

between nucleus and cytoplasm. Therefore, spatial sequestration can also prevent 

protein interactions if the requirements for cell cycle progression have not yet 

been met [27, 121-122]. 

Altogether, entry into mitosis is controlled not only by regulation of CycB 

accumulation but also by inner and outer feedback loops as well as spatial and 
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time-dependent sequestration of the respective proteins. Myt1 is involved in some 

of these mechanisms and its actual role will be clarified in the upcoming section. 

2.2.2.2. Myt1 in Regulation of Mitotic Entry 

The Myt1 kinase was discovered in 1995 as a membrane-associated kinase that is 

responsible for inhibitory Cdk1 phosphorylations [83]. The kinase activity 

towards Thr14 and Tyr15 of the Cdk1 protein is high in interphase and decreases 

due to hyperphosphorylation in M-phase [83, 92, 111]. In contrast to Wee1, Myt1 

exhibits a more restricted substrate specificity, in that it phosphorylates Cdk1 but 

not Cdk2 complexes [111]. 

The direct Cdk1/CycB regulation consists of two independent mechanisms. First, 

there are inhibitory phosphorylations at Thr14 and Tyr15 [87, 123]. Importantly, 

phosphorylation of Cdk1/CycB at Thr161 of the Cdk subunit by Cdk activating 

kinase (CAK) is prerequisite for activation of the Cdk/Cyc complex [124-125]. 

The phosphorylation of Thr161 is, in turn, tightly coupled to Thr14 

phosphorylation [126]. Fig. 4 displays the current understanding of the direct 

phosphorylation-driven regulation of Cdk1/CycB [126]. 

 
Fig. 4: Current understanding of direct phosphorylation-driven regulation of Cdk1/CycB. For 
description refer to the text. Reproduced with permission from [126], copyright 2011, 
Coulonval et al. 

Cdk1/CycB is continuously shuttling but mostly cytoplasmic, due to its more 

active nuclear export [106, 127]. Upon binding to CycB, nonphosphorylated Cdk1 

can be immediately phosphorylated at Thr14 and/or Tyr15 by Wee1 (mostly 

located to the nucleus, but also present in the cytoplasm to a lesser extent [128]) 
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and/or Myt1, but not nuclear CAK [124]. In the absence of Thr161 

phosphorylation, these Cdk1/CycB complexes are unstable and therefore release 

monomeric Cdk1 with its various possible phosphorylation patterns [129]. 

Nuclear trafficking pathways adressing pThr14-Cdk1/CycB are probably 

responsible for the observation that Thr161 modification is strictly associated with 

Thr14 modification. The actual activation is then mediated by nuclear Cdc25 

phosphatases that hydrolyze the inhibitory phosphorylations while maintaining the 

required Thr161 modification. The tight coupling of Thr161 and Thr14 

phosphorylation protects Cdk1/CycB from premature activation and ensures that 

it is only activated by dephosphorylation [126]. 

As a second mechanism to regulate Cdk1/CycB, there is a C-terminal domain 

within the Myt1 protein that interacts with Cdk1 complexes [90]. In contrast to the 

mostly nuclear Wee1, Myt1 is localized to endoplasmic reticulum and Golgi 

complex by a membrane-tether [87]. Binding of Cdk1 complexes by Myt1 

sequesters them in the cytoplasm, thereby precluding entry into the nucleus and 

preventing cell cycle progression [90]. In a predictive mathematical model of the 

G2 checkpoint, Myt1 depletion led to nuclear accumulation of Cdk1/CycB [130]. 

Overexpression of Myt1 prevented entry into mitosis but the catalytic kinase 

activity was not essential for a cell cycle delay observed in human cells. Although 

the accumulation within the G2/M population was less efficient for catalytically 

inactive Myt1 than wild-type Myt1, the importance of the direct protein-protein 

interaction should not be underestimated [90]. These findings may partly explain 

the limited effects on mitotic entry of Myt1 knock-down by RNA interference 

[12, 91, 131] and highlight the need for small molecule inhibitors. 

2.2.2.3. Intracellular Membrane Dynamics and Mitotic Exit 

The idea that Myt1 might be involved in intracellular membrane dynamics came 

up quite recently [132]. Meanwhile, there is evidence that Myt1 plays a pivotal 

role in regulation of these processes. Myt1 depletion in somatic mammalian cells 

(HeLa) by RNA interference yielded a dramatically transformed morphology of 

the Golgi apparatus [131], namely condensed non-ribbon-like membranous 

structures near the nucleus. These cells showed a retarded proliferation rate and 

died within 10 d. These effects on Golgi reassembly were also observed when the 

Wee1 and Myt1 kinase inhibitor PD166285 was added to cycling cells [133]. 
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In mammalian cells, the Golgi apparatus fragments into thousands of vesicles and 

tubules during prometaphase, and rapidly reassembles during telophase [134]. The 

Golgi fragmentation is thought to facilitate the equal partitioning of Golgi 

membranes between the two daughter cells during cell division [134] and has 

been reported to be an important step for mitotic progression [135-136]. Myt1 is 

not involved in maintenance of Golgi structure during interphase but is required 

for membrane fragmentation in G2 [91] as well as Golgi reassembly during 

telophase [131]. The Golgi apparatus is closely related to the endoplasmic 

reticulum (ER) [137]. The ER is a continuous membrane system enclosing a 

single luminal space and comprises fine tubular networks and cisternae 

throughout the cytoplasm [138-139]. Myt1 is also of major importance for the 

reassembly of the fine interphase-type ER meshwork during mitotic exit, as 

depletion led to disruption of the ER meshwork [131]. Importantly, these effects 

are caused by the kinase activity of Myt1, not by binding-mediated secondary 

effects [131]. Mitotic Golgi fragmentation in mammalian cells depends on Cdk1 

[140] and by complete suppression of Cdk1/CycB kinase activity through 

inhibitory phosphorylations at the end of mitosis, Myt1 facilitates Golgi and ER 

assembly [131, 141]. The observed inhibitory Cdk1 phosphorylations at the end of 

mitosis are also part of an alternative mitotic exit mechanism in case of impaired 

CycB-degradation, which is the common way of transition from M to G1 [142-

143]. In G1, inhibitory Cdk1 phosphorylations can lock Cdk1 in the inactive state 

[133]. A lack of these inhibitory Cdk1 phosphorylations, as observed by 

expressing an insensitive Cdk1(T14A,Y15F) mutant in somatic cells, makes the 

cells inable to properly lock the cell cycle at this stage, leading to rapid cell 

cycling with premature transition from G1- to S-phase or direct transition from 

G1- to M-phase [116]. 

Notably, the Myt1-mediated effects on Golgi fragmentation and G1 regulation are 

independent of Cdk1. Myt1 is inactivated in mitosis through hyper-

phosphorylation [83, 111], but is activated shortly after mitotic exit [133]. 

Specific in vivo targets for Myt1 besides Cdk1/Cyc complexes that allow a direct 

link to G1 regulation and membrane dynamics are still to be identified [91, 133]. 

2.2.2.4. Checkpoint Recovery and Maintaining G2-Arrest 

When DNA damage occurs to a cell in G2-phase, the subsequent cell cycle arrest 

is achieved through posttranslational modifications as discussed above. Upon 
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repair of the damaged DNA, the cell can resume the cell cycle, a process that is 

referred to as checkpoint recovery [144].  

Most recently, it was suggested that Myt1 plays a relatively minor role in 

unperturbed cell cycle and rather bears an essential function in G2 checkpoint 

recovery [15]. This Myt1 function in checkpoint recovery is completely 

independent of Wee1. It is hypothesized that the G2 DNA damage checkpoint 

maintains Cdk1 in a Thr14- and Tyr15-phosphorylated, inactive state, which is 

controlled by enhanced Wee kinase activity and reduced Cdc25 phosphatase 

activity [15]. As Plk1 is an important regulator of G2 checkpoint recovery, it 

mediates activation of Cdc25 and inactivation of Wee1 [144]. Because Myt1 is 

known to be negatively regulated by Plk1 through direct phosphorylations [92] 

and, moreover, found to be inactivated during checkpoint recovery, there might be 

a connection [15].  

Downregulation of Myt1 accelerated checkpoint recovery and mitotic entry. 

Interestingly, in accordance with these findings, depletion of Myt1 potentiates 

with DNA damage to inhibit tumor growth, as observed in mouse xenograft 

models [15]. The involvement of Myt1 in checkpoint recovery was also predicted 

in silico using a mathematical model of the transition from G2- to M-phase [130]. 

2.2.2.5. Meiosis 

Myt1 has a pivotal role in gametogenesis in various species such as Xenopus 

laevis [145], Drosophila melanogaster [146] and Caenorhabditis elegans [147]. 

As Myt1 is the only Cdk1 inhibitory kinase in prophase-arrested Xenopus oocytes, 

Myt1 is believed to be important in the meiotic cycle during early development 

[145]. With respect to lacking evidence in mammalian cells, this section is kept 

short. Future research will elucidate the role of Myt1 in this field and the 

significance for human cells. 

2.2.3. Myt1 as a Potential Drug Target in Cancer Therapy 
Mutations to p53, a protein of major importance to the G1 checkpoint, have been 

implicated in more than half of all human oncogenesis [148]. Due to mutations in 

the p53 network, many cancer cells have defective G1 checkpoint mechanisms 

[14, 148], which can result in increased DNA damage at the G2 checkpoint 

compared to normal cells [149]. Selective G2 checkpoint abrogation, disrupting a 

signal pathway not involved with p53, should not harm normal cells because they 

have another, p53-dependent pathway to halt the cell cycle at this point [13]. 
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Therefore, a novel strategy of selective sensitization evolved, combining 

checkpoint abrogation with DNA damaging agents [150] or radiation [151]. 

The first (unintentionally) used G2 checkpoint abrogator was caffeine; the exact 

mechanism, however, still remains unclear [152-153]. 

Abrogation of the G2 checkpoint forces cells with unrepaired DNA damage into 

premature mitotis. This checkpoint abrogation can be induced by pharmacological 

manipulation, resulting in mitotic catastrophe and apoptosis when the extent of 

unrepaired DNA damage exceeds a varying threshold [150, 154-155]. Checkpoint 

abrogation is prerequisite for mitotic catastrophe [156], which results in apoptotic 

and non-apoptotic cell death [157]. Yet, apoptosis is not required for the lethal 

effect of mitotic catastrophe [158]. 

Cells with intact G1 checkpoint arrest, such as normal cells or cancer cells with 

intact p53 signaling, are less dependent on the G2 checkpoint arrest and are, 

therefore, not as sensitive towards G2 checkpoint abrogation [159]. 

Inhibitory Cdk1 phosphorylations are responsible for radiation-induced G2 arrest 

[160] and this checkpoint can be abrogated by expressing a non-phosphorylatable 

Cdk1 mutant [160]. 

Confirmed or suggested targets for G2 checkpoint abrogation and mitotic 

catastrophe are Wee1 [161], Myt1 [159], Chk1 [161] and Hsp90 [162].  

Indeed, selective Wee1 inhibition by MK-1775 showed promising effects, just as 

predicted [16]: MK-1775 treated cells expressing short hairpin RNA against p53 

were much more sensitive towards gemcitabine, carboplatin or cisplatin [16]. 

In accordance with the theory, effects of MK-1775 monotherapy were only 

moderate. However, MK-1775 enhanced the cytotoxic effects of 5-fluorouracil (5-

FU) in p53-deficient colon cancer cells and pancreatic cancer cells, but not in 

wild-type p53 colon cancer cells [20]. Similar results were obtained in 

combination with gemcitabine [163], doxorubicin, carboplatin and cisplatin [20]. 

Similar to Wee1 knockdown, Myt1 knockdown increased the kinetics of G2/M 

transition, promoted early entry into mitosis [91] or led to total checkpoint 

abrogation [12]. Doxorubicin-induced G2 arrest in HeLa cells was abrogated 

when Myt1 was knocked down [12]. 

Downregulation of Myt1 shortened the time between checkpoint abrogation and 

mitotic entry which also increased the level of subsequent cell death. Therefore, 

Myt1 may be a useful target for anti-cancer therapy [15]. In xenograft models, 
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Myt1 revealed to be a particularly attractive target because it is of relatively minor 

importance for normal cell cycle progression [15]. Inhibitors of cell cycle 

components that are essential for normal cell cycle progression may be too toxic 

for normal cells and unsuitable for use in therapies [15]. 

So far, some other findings rather stand on their own but highlight the potential 

for Myt1 inhibition in cancer therapy: Myt1 was up-regulated by more than 10fold 

in seven tested ovarian cancer cell lines [164]; and gastric cancer cells were found 

to overexpress Myt1 in response to the α-emitter Bi213 prior to cell death [165]. 

In a RNAi screening across the entire kinome in combination with cytarabine in 

leukemias, Chk1 and Myt1 were the strongest sensitizers [166]. However, since a 

selective Myt1 inhibitor was not available, MK-1775 was used instead to inhibit 

Wee1 as the most closely related kinase. Leukemia cells were sensitized 97fold 

compared to cytarabine control [166], raising expectations with regard to Myt1 

inhibition in future cancer therapy. 

2.3. Target-Based Drug Discovery and Virtual Screening 
In target-based drug discovery, the organism is seen as a series of genes and 

pathways and the goal is to develop drugs that affect only one molecular 

mechanism (i.e. the target) in order to selectively treat the deficit causing the 

disease while avoiding major side effects [167].  

The strengths of the approach are high screening capacity and the ability to 

formulate clear requirements for the drug, which allows the implementation of 

‘rational drug design’. Its weakness is that drugs can only be optimized against a 

small number of targets simultaneously. Therefore, this approach is inconsistent 

with ‘dirty’ drugs, i.e. drugs having multiple targets. Another weakness is the 

dissociation of physiology from the drug discovery process [167]. 

For the generation of novel lead structures, random screening of comprehensive 

compound collections (High throughput screening, HTS) can be considered a 

major source [168]. However, as the available compound sets become larger and 

larger and while the costs for such a screening rise, the hit rates actually decrease 

[169]. Screening of many thousands of compounds in HTS is financially difficult 

to afford for many companies and academic institutions [170]. Screening of a 

preselected subset, so called focused screening, is an alternate strategy to random 

screening [171]. Following this idea, information derived from the molecular 

structure of the desired target is used to filter libraries through a virtual screening 
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process. The goal of this procedure is to reduce the number of compounds for 

biological testing and, at the same time, to increase the probability of a focused 

library containing active compounds [172]. Due to the availability of X-ray crystal 

structures, virtual screening and 3D database searches, such approaches have been 

increasingly used in the pharmaceutical industry [173].  

There are many possibilities to virtually screen compound libraries, including 

various two-dimensional (2D) and three-dimensional (3D) structural approaches, 

pharmacophore models, fingerprints and QSAR models [174-177]. Many 

successful examples of virtual screening approaches to target-based drug 

discovery are known, e.g. modulators of the retinoic acid receptor [178] or novel 

inhibitors of the human carbonic anhydrase [179]. 

When both receptor (protein) and ligand structures are known, the docking 

receptor-based approach is the most ideal situation [180-182]. The ligand can be 

docked into the receptor site and molecular mechanics can be used to simulate the 

respective ligand-receptor interactions and dynamics. Many software programs 

for the implementation of virtual screenings have been developed, e.g. GOLD 

[183], DOCK [184] or Glide [185], to name only a few. 

Generally, a protein-based virtual screening flowchart comprises four essential 

steps [186]: The 2D database is filtered and suitable compounds are converted 

into 3D structures (Step 1). Then, each molecule is docked in the active site of the 

target protein (Step 2). The interaction between ligand and target protein is scored, 

if a docking solution has been found (Step 3). Finally, the data is extracted and the 

top scorers are post-processed to define a virtual screening hitlist (Step 4). 

Databases can be filtered with respect to undesired properties of compounds. 

Common examples for such properties used as filter are accordance to the 

Lipinski 'Rule-of-Five' [187] or absence of highly-reactive chemical groups (acyl-

halides, Michael-acceptors, etc.) [188]. In any case, the filter should be adapted to 

the size of the electronic database and the properties that are required [189]. 

As another practical aspect of virtual screening applications, the construction of 

known compound training databases is very important. Such a database usually 

contains a thousand compounds including up to 20 known active ligands and can 

be used to examine and refine the hypothetic query against the test database in 

terms of hit precision rate, false-negative rate and false-positive rate before 

searches in the large target database [173]. 
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From theory to practice: How to carry out such a target

process? A general guideline including essential steps of such a process is 

presented in Fig. 5 [190
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3. Aim of the Work 

As highlighted in former sections, Myt1 is a kinase that raises a lot of unanswered 

questions in the cellular context. Biochemical research tools are required to assess 

the true physiological role and druggability of this kinase. 

At the beginning of this work, the inhibition profile of Myt1 was totally unclear. 

Very few reports existed, and these delivered inconsistent results, e.g. in terms of 

the effect of the pan-kinase inhibitor staurosporine [23-24]. 

To resolve these questions, the goal was to develop assay systems for the 

evaluation of potential inhibitors. Since Myt1 is, to date, not commercially 

available as an enzymatically active protein, it was proposed to generate Myt1 in a 

human expression system in cooperation with Dr. F. Erdmann (Institute of 

Pharmacy, Department of Pharmacology, MLU Halle-Wittenberg). 

In 2005, ZHOU et al. reported glycoglycerolipids extracted from marine algae to 

be potent and selective Myt1 inhibitors [197]. The most potent compound was 

synthesized and derivatized in the working group of Dr. Schmidt/Prof. Sippl. It 

was proposed that this class of compounds should be evaluated based on the 

reliable biochemical assay methods developed. 

Because the expertise of the working group around Prof. Sippl in virtual screening 

approaches should be used to discover formerly unknown inhibitors, 

investigations on the inhibition profile are of particular importance. In silico 

approaches require both positive and negative controls to validate theoretical 

models prior to the actual virtual screening. As an important part of the present 

work, the goal was to generate data for such a training set. Compounds suggested 

by subsequent virtual screenings were then assessed concerning their Myt1 

inhibitory properties. 

A few months after the beginning of this work, a crystal structure of the Myt1 

kinase domain entered the protein databases (PDB: 3P1A [198]), significantly 

facilitating computational approaches. 

Altogether, the goal was to generate recombinant human Myt1 kinase and set up 

suitable assays. Inhibition data generated by these assays was then used to get one 

step closer to the ultimate goal of a Myt1 inhibitor providing both potency and 

selectivity.  
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4. Materials and Methods 

4.1. Devices and Equipment 

Microplate readers 

NOVOstar BMG Labtech (Heidelberg, Germany) 
Polarstar OMEGA BMG Labtech (Heidelberg, Germany) 
EnVision Perkin-Elmer (Waltham, MA, USA) 
Infinite M1000 Tecan (Männedorf, Switzerland) 
 

Cell culture 

Autoclave ML2540 Tuttnauer (Breda, Netherlands) 
Water bath WB 7 Memmert (Schwabach, Germany) 
Light microscope CK2 Olympus (Hamburg, Germany) 
Workbench Tecnoflow Integra Biosciences (Fernwald, Germany) 
Pipette controller Pipetboy plus Integra Biosciences (Fernwald, Germany) 
Flame burner Fireboy eco Integra Biosciences (Fernwald, Germany) 
Incubator Cellsafe  Integra Biosciences (Fernwald, Germany) 
Benchtop centrifuge Biofuge 13 Heraeus Instruments (Hanau, Germany) 
Refrigerated centifuge Avanti 30 Centrifuge Beckman (Krefeld, Germany) 
Counting chamber Neubauer-improved,  

bright line, 0.1 mm 
Marienfeld  
(Lauda-Königshofen, Germany) 

 

SDS-PAGE and Western blotting 

Gel caster Mighty Small Multiple Gel 
Caster SE250 

GE Healthcare Life Sciences 
(Freiburg, Germany) 

Transfer cell Trans-Blot SD semi dry 
transfer cell  

Bio-Rad (Munich, Germany) 

X-ray film cassette Hypercassette  Amersham Lifescience  
(Little Chalfont, UK) 

Power supply PowerPac 200 Bio-Rad (Munich, Germany) 
Elektrophoresis chamber Mighty Small II SF250  Hoefer (Holliston, MA, USA) 
 

Chromatography 

MPLC PuriFlash 430 
 
Silica gel 60, 40e63 mesh column 

Interchim  
(Montluçon Cedex, France) 
Merck (Darmstadt, Germany) 

HPLC, analytical 
(system 1) 

1200 series 
Autosampler G1329A 
 
Pump G1312A 
Degasser G1379B 
Column Jupiter C18 250 x 4,6 mm 
 
UV/Vis-Detector G1365B 

 
Agilent technologies 
(Santa Clara, CA, USA) 
Agilent technologies 
Agilent technologies 
Phenomenex  
(Aschaffenburg, Germany) 
Agilent technologies 

HPLC, analytical 
(system 2) 

Sampler 851-AS 
LiChroCART 125-4 (LiChrospher 100) 
RP-18 (5 µm) column 
Pump PU-980 
UV-Detector UV-975 
Fluorescence detectorFP-920 

Jasco (Tokyo, Japan) 
Merck (Darmstadt, Germany) 
 
Jasco (Tokyo, Japan) 
Jasco (Tokyo, Japan) 
Jasco (Tokyo, Japan) 
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HPLC, analytical 
(system 3) 

Autosampler SIL-HT 
Column XTerra RP18 3.5 µm 3.9 x 
100 mm 
Pumps LC-10AD 
Detector (DAD) SPD-M10A VP PDA 

Shimadzu (Kyoto, Japan) 
Waters (Milford, MA, USA) 
 
Shimadzu (Kyoto, Japan) 
Shimadzu (Kyoto, Japan) 

HPLC, preparative L-6200 Intelligent Pump 
 
250-25 mm LiChrospher 100 RP-8 
(5 µm) Column 
L-4200 UV-Vis Detector 
D-2500 Chromato-Integrator 

Merck-Hitachi 
(Darmstadt, Germany) 
HiBar (Urbach, Germany) 
 
Merck-Hitachi 
Merck-Hitachi 

 

Devices for Microarray Studies 

Fluorescence Scanner  
for microarray slides 

GenePix 4000B Molecular Devices 
(Sunnyvale, CA, USA) 

Hybstation HS400 Tecan (Männedorf, Switzerland) 
 

Miscellaneous 

Benchtop centrifuge Force 7 Labnet (Woodbridge, NJ, USA) 
Centrifuge (refrigerated) Centrifuge 5804 R Eppendorf (Hamburg, Germany) 
Digital analytical balance LE225D  Sartorius (Goettingen, Germany) 
Gel documentation system Gel Doc XR Bio-Rad (Munich, Germany) 
Orbital shaker Polymax 1040 Heidolph (Schwabach, Germany) 
pH meter  inoLab pH Level 1 WTW (Weilheim, Germany) 
Pipette controller Accu-Jet® Brand (Wertheim, Germany) 
Pipettes, single channel Biopette® 10, 20, 200, 1000 

Research 100, 1000 
Labnet (Woodbridge, NJ, USA) 
Eppendorf (Hamburg, Germany) 

Repetitive pipette HandyStep®  Brand (Wertheim, Germany) 
Rocking shaker Duomax 1030 Heidolph (Schwabach, Germany) 
Shaking incubator 444-0274 VWR (Dresden, Germany) 
Spectrophotometer  NanoVue® GE Healthcare Life Sciences 

(Freiburg, Germany) 
SpeedVac® Savant-AES1010 Savant (Farmingdale, NY, USA) 
Thermomixer Thermomixer comfort Eppendorf (Hamburg, Germany) 
Ultrasonic bath Transsonic T 460/H Carl Roth (Karlsruhe, Germany) 
Vortexer  REAX 2000 Heidolph (Schwabach, Germany) 
Water purification device  DirectQ5 Millipore (Eschborn, Germany) 
Water purification device 
(Ultrapure) 

xCAD  TKA (Niederelbert, Germany) 

4.2. Consumables 
384-Well plate, black Optiplate®  black opaque 

#6007270  
Perkin-Elmer  
(Waltham, MA, USA) 

384-Well plate, white Optiplate® white opaque 
#6007290  

Perkin-Elmer  
(Waltham, MA, USA) 

6-, 24-, 96-Well tissue culture 
plates, F-bottom, sterile, clear 

#92006,# 92024,# 92096 TPP (Trasadingen, Switzerland) 

96-Well plate, F-bottom, 
black 

#655 900 Greiner Bio-One 
(Frickenhausen, Germany) 

96-Well plate, F-bottom, 
black, half-area, non binding 
surface 

#3686  Corning (Corning, NY, USA) 
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96-Well plate, F-bottom, clear #650 101  Greiner Bio-One 
(Frickenhausen, Germany) 

Adhesive plate sealer EasySEAL #676 001 Greiner BioOne 
(Frickenhausen, Germany) 

Blotting paper Blotting Pad 707 VWR (Dresden, Germany) 
Canulae Sterican® 0.6 x 30 mm  B. Braun  

(Melsungen, Germany) 
Centrifuge tubes 15 ml, 50 ml BD (Franklin Lakes, NJ, USA) 
Cryo tubes  2 ml Roth (Karlsruhe, Germany) 
Dispense tips PlastiBrand® PD-Tips  0.1, 

0.5, 1.25 ml  
Brand (Wertheim, Germany) 

IMAC gravity columns HiTrap® (1 ml) GE Healthcare Life Sciences 
(Freiburg, Germany) 

IMAC spin columns His-Select® Sigma (Schnelldorf, Germany) 
Nitrocellulose membranes Amersham HyBond®-ECL  GE Healthcare Life Sciences 

(Freiburg, Germany) 
Pipette tips  0.1-10, 2-200, 100-1000  VWR (Dresden, Germany) 
Pipettes, sterile, disposable 5 ml, 10 ml, 25 ml VWR (Dresden, Germany) 
PVDF membranes 0.2 µm, LC2002 Invitrogen (Madison, WI, USA) 
Safe lock tubes 1.5, 2 ml Eppendorf  

(Hamburg, Germany) 
Syringe sterile filter  Pore size 0.2 µm VWR (Dresden, Germany) 
Syringes, disposable, Luer 
conus  

Discardit® II 10 ml  Beckton Dickinson (Madrid, 
Spain) 

Tissue culture dishes 10 cm, 20 cm TPP (Trasadingen, Switzerland) 
TLC silica gel plates (E. Merck 60 

F254) 
Merck (Darmstadt, Germany) 

Tubes  1.5 ml, amber Brand (Wertheim, Germany) 
 PP farblos 0.5 ml, 1.5 ml, 2 ml Ratiolab (Dreieich, Germany) 
 Protein LoBind Safe-Lock 

1,5 ml 
Eppendorf  
(Hamburg, Germany) 

4.3. Reagents 

Cell culture 

Accutase®  PAA (Coelbe, Germany) 
DMEM (with Phenolred) PAA (Coelbe, Germany) 
DMSO (HybriMax®)  Sigma (Schnelldorf, Germany) 
Dulbecco's PBS (D-PBS)  PAA (Coelbe, Germany) 
FCS (tetracycline negative) PAA (Coelbe, Germany) 
FCS GOLD®  PAA (Coelbe, Germany) 
GlutaMAX® (L-Ala-L-Gln) Gibco®, Life technologies  

(Carlsbad, CA, USA) 
Lipofectamine® LTX & Plus Reagent Invitrogen (Carlsbad, CA, USA) 
OptiMEM® (without Phenolred) Invitrogen (Carlsbad, CA, USA) 
Trypan blue (C.I. 23850) Applichem (Darmstadt, Germany) 
 

Solid Phase Peptide Synthesis 

Acetic anhydride  Merck (Darmstadt, Germany) 
DIPEA  Merck (Darmstadt, Germany) 
DMF (Synthesis grade, low in water < 150 ppm) VWR (Dresden, Germany) 
Fmoc-L-Arg(Pbf)-OH  AnaSpec (Fremont, CA, USA) 
Fmoc-L-Asp(OtBu)-OH  GL Biochem (Shanghai, China) 
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Fmoc-L-Glu(OtBu)-OH  AnaSpec (Fremont, CA, USA) 
Fmoc-L-Gly-OH  Alexis Corporations  

(Lausen, Switzerland) 
Fmoc-L-His(Trt)-OH  GL Biochem (Shanghai, China) 
Fmoc-L-Lys(Boc)-OH  AnaSpec (Fremont, CA, USA) 
Fmoc-L-Met-OH  AnaSpec (Fremont, CA, USA) 
Fmoc-L-Thr(tBu)-OH  AnaSpec (Fremont, CA, USA) 
Fmoc-L-Tyr(tBu)-OH  AnaSpec (Fremont, CA, USA) 
Fmoc-L-Val-OH  AnaSpec (Fremont, CA, USA) 
Fmoc-Rink-Amide MBHA (0,45 mmol/g; 100-
200 mesh;75-200 µm) 

Novabiochem® Merck 
(Darmstadt, Germany) 

Piperidine  Merck (Darmstadt, Germany) 
PyBOP  Sigma (Schnelldorf, Germany) 
TFA  Uvasol® Merck (Darmstadt, Germany) 

Chemicals 

Acetonitrile (ACN, LiChrosolv®)  Merck (Darmstadt, Germany) 
Acrylamide/Bisacrylamide (37.5:1) 40% (w/V) Applichem (Darmstadt, Germany) 
Agarose  Invitrogen (Carlsbad, CA, USA) 
Ammonium persulfate (APS)  Sigma (Schnelldorf, Germany) 
Ammonium sulfate  Applichem (Darmstadt, Germany) 
Bicinchoninic acid (BCA)  Sigma (Schnelldorf, Germany) 
Brij-35®  Applichem (Darmstadt, Germany) 
BSA (blocking protein, RIA/EIA-grade) Applichem (Darmstadt, Germany) 
BSA (protein standard)  Fluka (St. Gallen, Switzerland) 
CAPS  Applichem (Darmstadt, Germany) 
3-[(3-Cholamidopropyl-)dimethyl ammonio]-1-
propane sulfonate (CHAPS) 

Sigma (Schnelldorf, Germany) 

Coomassie®-Brilliant-Blue G-250  Applichem (Darmstadt, Germany) 
DasAFITC  This work (4.18) 
Dasatinib  LC Laboratories (Woburn, MA, USA) 
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) Merck (Darmstadt, Germany) 
1,6-Diphenyl-1,3,5-hexatriene (DPH) Sigma (Schnelldorf, Germany) 
Diphenyl phosphoryl azide (DPPA)  Sigma (Schnelldorf, Germany) 
Disodium Ethylendiamintetraacetic acid dihydrate 
(EDTA) 

Sigma (Schnelldorf, Germany) 

Dithiothreitol (DTT)  Sigma (Schnelldorf, Germany) 
DMSO (for molecular biology)  Sigma (Schnelldorf, Germany) 
DNA-Marker (GeneRuler 1 Kb Plus DNA Ladder) Fermentas (St. Leon-Rot, Germany) 
Ethidium bromide  Invitrogen (Carlsbad, CA, USA) 
Ethyleneglycol-bis(2-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA) 

Applichem (Darmstadt, Germany) 

FITC isomer I  Sigma (Schnelldorf, Germany) 
Fluorescein, sodium salt   Sigma (Schnelldorf, Germany) 
Fluorescein-5-maleimide (F5M)  Pierce (Rockford, IL, USA) 
Glycerol (molecular biology grade, >99%) Sigma (Schnelldorf, Germany) 
HEPES  Applichem (Darmstadt, Germany) 
Imidazole  Sigma (Schnelldorf, Germany) 
Kinase tracer 178(PV5593)  Invitrogen (Madison, WI, USA) 
Kinase tracer 236 (PV5592)  Invitrogen (Madison, WI, USA) 
Magnesium sulfate (MgSO4)  Applichem (Darmstadt, Germany) 
Methanol (MeOH, HPLC-grade)   Applichem (Darmstadt, Germany) 
Ninhydrin  Sigma (Schnelldorf, Germany) 
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Palladium on activated charcoal  
(Pd/C, 5% Pd basis) 

 Aldrich (Schnelldorf, Germany) 

Photo-developer concentrate  Kodak (Stuttgart, Germany) 
Photo-fixer concentrate  Kodak (Stuttgart, Germany) 
Ponceau S (C.I. 27195)  Applichem (Darmstadt, Germany) 
Potassium hydrogencarbonate  Roth (Karlsuhe, Germany) 
Protease inhibitor cocktail (Complete® EDTA-free) Roche Diagnostics  

(Mannheim, Germany) 
Protein marker for SDS-PAGE (Protein Marker III) Applichem (Darmstadt, Germany) 
Protein marker for Western Blot  
(Protein Marker II, prestained) 

Applichem (Darmstadt, Germany) 

Sodium azide (NaN3)  Sigma (Schnelldorf, Germany) 
Sodium chloride (BioXtra®, NaCl)  Sigma (Schnelldorf, Germany) 
Sodium dodecyl sulfate (SDS)  Applichem (Darmstadt, Germany) 
Sodium molybdate tetrahydrate  Applichem (Darmstadt, Germany) 
N, N, N’, N’-Tetramethylethylenediamine (TEMED) Sigma (Schnelldorf, Germany) 
TGS-Puffer 10x  Applichem (Darmstadt, Germany) 
Trichloroacetic acid (TCA)  Applichem (Darmstadt, Germany) 
Trifluoroacetic acid (TFA)  Sigma (Schnelldorf, Germany) 
Tris base (Trizma®)  Sigma (Schnelldorf, Germany) 
Triton® X-100 (TX100)  Sigma (Schnelldorf, Germany) 
Tween®-20  Applichem (Darmstadt, Germany) 
 

Test compounds 

0497595 Chembridge (San Diego, CA, USA)  
1R-0035 Keyorganics (Camelford, UK)  
1R-0046 Keyorganics (Camelford, UK)  
2R-1301 Keyorganics (Camelford, UK)  
3,7-Dihydroxyflavone-Hydrate (Aldrich, Schnelldorf, Germany)  
5665106 Chembridge (San Diego, CA, USA)  
5679818 Chembridge (San Diego, CA, USA)  
5924018 Chembridge (San Diego, CA, USA)  
6643980 Chembridge (San Diego, CA, USA)  
7507346 Chembridge (San Diego, CA, USA)  
7651491 Chembridge (San Diego, CA, USA)  
7705209 Chembridge (San Diego, CA, USA)  
7706204 Chembridge (San Diego, CA, USA)  
7928497 Chembridge (San Diego, CA, USA)  
7938491 Chembridge (San Diego, CA, USA)  
7G-003 Keyorganics (Camelford, UK)  
8D-022 Keyorganics (Camelford, UK)  
9L-564S Keyorganics (Camelford, UK)  
9N-661S Keyorganics (Camelford, UK)  
7769763 Chembridge (San Diego, CA, USA)  
7697266 Chembridge (San Diego, CA, USA)  
7871748 Chembridge (San Diego, CA, USA)  
38874115 Chembridge (San Diego, CA, USA)  
5849648 Chembridge (San Diego, CA, USA)  
7960104 Chembridge (San Diego, CA, USA)  
7773617 Chembridge (San Diego, CA, USA)  
AC-Compounds Synthesized by B. Sauer, MLU Halle-Wittenberg  
Bisindolylmaleimid I LC Laboratories (Woburn, MA, USA)  
Bosutinib LC Laboratories (Woburn, MA, USA)  
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BS-Compounds Synthesized by B. Sauer [199]  
CUDC-101 LC Laboratories (Woburn, MA, USA)  
Daidzein Sigma (Schnelldorf, Germany)  
Dasatinib LC Laboratories (Woburn, MA, USA)  
Erlotinib ChemieTek (Indianapolis, IN, USA)  
Fisetin Sigma (Schnelldorf, Germany)  
Gefitinib LC Laboratories (Woburn, MA, USA)  
Genistein Sigma (Schnelldorf, Germany)  
Glycoglycerolipds Synthesized by C. Göllner [200]  
GS-Compounds Synthesized by G. M. A. Al-Mazaideh [201]   
HA-1077 LC Laboratories (Woburn, MA, USA)  
Heptafluorbutyrate Acros Organics (Geel, Belgium)  
Imatinib LC Laboratories (Woburn, MA, USA)  
K252a LC Laboratories (Woburn, MA, USA)  
Kaempferol Fluka (St. Gallen, Switzerland)  
OSSK_670031 Chembridge (San Diego, CA, USA)  
OSSK_670181 Chembridge (San Diego, CA, USA)  
OSSL_110276 Chembridge (San Diego, CA, USA)  
OSSL_164599 Chembridge (San Diego, CA, USA)  
OSSL_438946 Chembridge (San Diego, CA, USA)  
OSSL_048423 Chembridge (San Diego, CA, USA)  
OSSK_318710 Chembridge (San Diego, CA, USA)  
OSSL_410731 Chembridge (San Diego, CA, USA)  
OSSL_396401 Chembridge (San Diego, CA, USA)  
OSSL_719027 Chembridge (San Diego, CA, USA)  
OSSL_393954 Chembridge (San Diego, CA, USA)  
Lapatinib LC Laboratories (Woburn, MA, USA)  
Lestaurtinib (CEP-701) LC Laboratories (Woburn, MA, USA)  
Myricetin Fluka (St. Gallen, Switzerland)  
Naringenin (Racemate) Sigma (Schnelldorf, Germany)  
Neratinib LC Laboratories (Woburn, MA, USA)  
PD166285 Santa Cruz Biotechnology (Santa Cruz, CA, USA  
PD173952 Sigma (Schnelldorf, Germany)  
PD180970 Sigma (Schnelldorf, Germany)  
Phloretin Sigma (Schnelldorf, Germany)  
PKC-412 (Midostaurin) LC Laboratories (Woburn, MA, USA)  
Quercetin Sigma (Schnelldorf, Germany)  
Roscovitine LC Laboratories (Woburn, MA, USA)  
Saracatinib LC Laboratories (Woburn, MA, USA)  
SB203580 LC Laboratories (Woburn, MA, USA)  
Silibinin Sigma (Schnelldorf, Germany)  
Staurosporine LC Laboratories (Woburn, MA, USA)  
Sunitinib Pfizer (Groton, CT, USA)  
Tivozanib LC Laboratories (Woburn, MA, USA)  
Tyrphostin AG 1478 LC Laboratories (Woburn, MA, USA)  
U0126 LC Laboratories (Woburn, MA, USA)  
Vatalanib ChemieTek (Indianapolis, IN, USA)  
Wee1-Inhibitor Calbiochem#681640 Merck (Darmstadt, Germany)  
 

Peptides and Microarrays 

A002-D_747 (DGHEYIYVDPMQL) Thermo (Bonn, Germany) 
Ac-Cdk11-24  
(Ac-MEDYTKIEKIGEGTYGVVYKGRHK-OH) 

This work (4.22) 
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Cdk16-17
 (KVEKIGEGTYVV)  ProBiodrug (Halle, Germany) 

EFS_HUMAN_302 (GTDEGIYDVPLLG) Thermo (Bonn, Germany) 
eTY (EKIGEGTYGVVYKC) ProBiodrug (Halle, Germany) 
FPIA II Probe ((6-FAM)KI(pY)VV) IKFZ (Leipzig, Germany) 
H-Cdk11-24  
(H-MEDYTKIEKIGEGTYGVVYKGRHK-OH) 

This work (4.22) 

INR1_HUMAN_548 (SSSIDEYFSEQPL) Thermo (Bonn, Germany) 
Phospho-PDGFRA-Y572 (SPDGHE(pY)IYVDPMQ) Abgent (San Diego, CA, USA) 
Phospho-TrkA-Y676 (FGMSRDI(pY)STDYYRV) Abgent (San Diego, CA, USA) 
Poly-AEKY (Ala:Glu:Lys:Tyr 6:2:5:1) Sigma (Schnelldorf, Germany) 
pTpY (QKIGEG(pT)(pY)GVVYKC) ProBiodrug (Halle, Germany) 
pTY (QKIGEG(pT)YGVVYKC) ProBiodrug (Halle, Germany) 
TpY (QKIGEGT(pY)GVVYKC) ProBiodrug (Halle, Germany) 
TRKA_HUMAN_482 (GMSRDIYSTDYYR) Thermo (Bonn, Germany) 
TY (QKIGEGTYGVVYKC) ProBiodrug (Halle, Germany) 
 

High-content peptide microarray slides were from JPT (Berlin, Germany) and 

kindly provided by Prof. Dr. M. Schutkowski (Institute of Biochemistry and 

Biotechnology, Martin-Luther-University Halle-Wittenberg). 
 

Enzymes 

Abl1  ProQinase (Freiburg, Germany) 
Btk  ProQinase (Freiburg, Germany) 
Cdk1  ProQinase (Freiburg, Germany) 
Cdk1/CycB1  ProQinase (Freiburg, Germany) 
Myt175-362  This work (4.5.2) 
Myt1fl  This work (4.5.1) 
Wee1250-646  ProQinase (Freiburg, Germany) 
Wee1fl  Invitrogen (Carlsbad, CA, USA) 
 

Antibodies 

Anti-Cdk1  Cell Signaling (Danvers, MA, USA) 
Anti-GAPDH (D16H11) XP  Cell Signaling (Danvers, MA, USA) 
Anti-His  Cell Signaling (Danvers, MA, USA) 
Anti-mouse IgG Dylight649 conjugate #35515 Pierce (Rockford, IL, USA) 
Anti-Myt1  Cell Signaling (Danvers, MA, USA) 
Anti-pThr (42H4)  Cell Signaling (Danvers, MA, USA) 
Anti-pThr14-Cdk1  Cell Signaling (Danvers, MA, USA) 
Anti-pTyr15-Cdk1  Cell Signaling (Danvers, MA, USA) 
Eu-labeled anti-His tag antibody  Invitrogen (Madison, WI, USA) 
HRP-conj. Affinipure Anti-Mouse  Jackson ImmunoResearch Laboratories 

(Westgrove, PA, USA) 
HRP-conj. Affinipure Anti-Rabbit  Jackson ImmunoResearch Laboratories 

(Westgrove, PA, USA) 

Kits 

WesternBreeze chromogenic immunodetection kit  Sigma (Schnelldorf, Germany) 
Plasmide Mega Kit  Qiagen (Hilden, Germany) 
Enhanced Chemoluminescence Western Blot 
analysis system 

 GE Healthcare Life Sciences 
(Freiburg, Germany) 
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4.4. Buffers and Solutions 
For all solutions mentioned in this section, ultrapure water was used as solvent. 

BCA-Reagent I 1% BCA (sodium salt), 2% sodium carbonate 
monohydrate, 0.16% disodium tartrate, 0.4% 
sodium hydroxide, 0.95% sodium 
hydrogencarbonate, pH 11.25 

BCA-Reagent II 40 g/l Copper-II-sulfate-pentahydrate 
Bradford Reagent 40 mg/l Coomassie® Brilliant Blau G-250, 

8,5% o-phosphoric acid, 10% EtOH 
Complete cell culture medium DMEM (with phenol red), 10 % FCS,  

2 mM GlutaMAX 
Fluorescein stock solution 1 mM Fluorescein, 20 mM CAPS pH 9.6 
IMAC elution buffer (pH 7.5) 50 mM Tris-HCl pH 7.5; 150 mM NaCl; 3 mM 

MgCl2; 20% glycerol; 0.5% Triton X-100, 
250 mM imidazole (pH 7.5) 

IMAC equilibration buffer (pH 7.8) 50 mM Tris-HCl pH 7.8; 150 mM NaCl; 3 mM 
MgCl2; 20% glycerol; 0.5% Triton X-100 

IMAC wash buffer (pH 7.8) 50 mM Tris-HCl pH 7.8; 150 mM NaCl; 3 mM 
MgCl2; 20% glycerol; 0.5% Triton X-100, 
5 mM imidazole (pH 7.8) 

Kinase binding assay buffer A (pH 7.5) 50 mM HEPES-NaOH, 10 mM MgCl2, 1 mM 
EGTA, 0.01% Brij-35. 

Kinase binding assay buffer B (pH 7.5) 50 mM HEPES-NaOH, 10 mM MgCl2, 1 mM 
DTT, 0.03% CHAPS. 

Lysis buffer 25 mM Tris-HCl pH 7.5, 150 mM NaCl, 3 mM 
MgCl2, 1 mM DTT, 1% Triton X-100, 10% 
Glycerol, 1x Complete® EDTA-free 

Lysis buffer (mild lysis) 50 mM Tris-HCl pH 7.8, 150 mM NaCl, 
0.5 mM EDTA, 0.5% Triton X-100, 
1x Complete® EDTA-free 

Ponceau staining solution 0.2 g/l Ponceau S (2.6 mM), 30 g/l TCA 

SDS-PAGE fixer 40% MeOH, 10% AcOH 
SDS-PAGE loading buffer (pH 6.8) 0.004% bromo phenol blue, 400 mM DTT, 

20% glycerol, 4% SDS, 125 mM Tris-HCl 
SDS-PAGE running buffer (pH 8.3)  192 mM glycine, 25 mM Tris, 0.1% SDS 
SDS-PAGE separating gel buffer 1.5 M Tris-HCl pH 8.8 
SDS-PAGE stacking gel buffer 0.5 M Tris-HCl pH 6.8 
SDS-PAGE staining solution A 50 g/l Coomassie Brilliant Blue G-250 
SDS-PAGE staining solution B 20 g/l o-phosphoric acid,  

100 g/l ammonium sulfate 
Standard kinase buffer (pH 7.5) 50 mM Tris-HCl, 40 mM NaCl, 10 mM MgCl2, 

1 mM DTT, 0,04% Triton X-100, 
Complete EDTA-free. 

TAE buffer (pH 8.3) 40 mM Tris, 40 mM acetate, 1 mM EDTA 
TE buffer (pH 8.0) 10 mM Tris-HCl, 1 mM EDTA 
Transfer buffer 14.35 g/l Glycin (191 mM), 3 g/l Tris (25 mM), 

20% (V/V) Methanol 
Tris buffered saline (TBS) 25 mM Tris pH 7.2, 137 mM NaCl 
Tris buffered saline with Tween-20  
(TBS-T) 

25 mM Tris pH 7.2, 137 mM NaCl, 
0.1% Tween 20 

Trypan blue solution 5 g/l (5.2 mM) Trypan blue, 150 mM NaCl 



Materials and Methods  35 
 

4.5. Kinase Preparation 
Generally, when working with a membrane-associated enzyme, there are two 

routes that can be used to obtain it. Either one has to solubilize a suitable full-

length construct using a detergent [202] or a domain construct is required to 

overcome the solubilization step [203]. Both approaches were persued in this 

work. 

The generation of Myt1 was carried out in cooperation with Dr. F. Erdmann 

(MLU Halle-Wittenberg, Institute of Pharmacy, Department of Pharmacology).  

4.5.1. Myt1 (full-length) 

Full-length Myt1 was transiently expressed in the human cell line HEK293. Cell 

culture was handled under aseptic conditions using a clean workbench 

(Tecnoflow, Integra Biosciences). 

4.5.1.1. Cell Culture 

Cells were cultured in Dulbecco’s modified Eagle's medium (DMEM), 

supplemented with 10% FCS and GlutaMAX at 37°C and 5% (V/V) CO2 in a 

humidified incubator. Approximately 0.1 ml/cm² media was used for culture, 

independent of the respective cell culture vessel. When a confluent monolayer 

was reached, the cells were passaged. For this, the cells were washed with D-PBS, 

detached by Accutase following the instructions of the supplier and transferred 

into a 50 ml tube. After centrifugation (2000 RPM, 5 min, 20°C), the supernatant 

was removed and the pellet resuspended in media. A vital stain was conducted 

and the number of living cells was determined (vide infra). Subsequently, 

500 cells per cm² were seeded in the respective vessel and cultured as described 

above.  

4.5.1.2. Vital Stain and Cell Counting 

To distinguish between dead and living cells, a vital stain by means of trypan blue 

was performed. As a negatively charged dye, it is not able to cross an intact cell 

membrane. Therefore, cells that are alive appear white in front of a blue 

background while dead cells are coloured blue due to the loss of membrane 

integrity. The procedure followed standard methodologies [204]. The cell 

suspension was diluted 5fold with D-PBS. To an aliquot of the resulting 

suspension, an equal amount of trypan blue staining solution (autoclaved before 

use) was added. After homogenisation, the mixture was incubated for 2 min at 
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37°C and transferred into Neubauer's improved counting chamber. The total 

number of cells N was determined by counting the cells using a light microscope 

and subsequent calculation following Eq. 1 (F: dilution factor; V: total volume 

cells were suspended in; Z: arithmetic mean value determined by counting). 

� = � ∗ � ∗ � ∗ 10	   (Eq. 1)    

4.5.1.3. Transfection and Harvesting 

Transfection was carried out with pcDNA3.1-Hismax-Myt1 expression plasmide 

(provided by Dr. F. Erdmann) by means of cationic lipids. Cationic lipids, neutral 

accessory lipids and DNA form complexes, so-called lipoplexes, that are able to 

fuse with the cell membrane. Fusion with the membrane releases the complexed 

DNA inside of the cell [205-206].  

Cells were seeded onto tissue culture plates (diameter: 20 cm) and grown until 

approximately 80% confluence. Then, lipofectamine LTX and Plus reagent were 

used according to the recommendations of the supplier. As it is a transient 

expression system, cells will gradually lose the respective plasmide and stop 

producing the recombinant protein. Systematic expression experiments indicated 

56 h after transfection to be the optimum time for harvesting. Cells were detached 

by Accutase, transferred into a 50 ml tube with D-PBS and harvested by 

centrifugation (2000 RPM, 5 min, 20°C). 

4.5.1.4. Isolation of Protein 

The pellet was resuspended in lysis buffer containing 25 mM Tris-HCl pH 7.8, 

150 mM NaCl, 10 mM MgCl2, 10% glycerol, 1% Triton X-100 and Complete 

EDTA-free protease inhibitor cocktail. Cells were finally lysed by shear stress 

using a 25 g needle and the lysate shaken on ice for 1 h. After centrifugation at 

10 000 g for 15 min, the supernatant was loaded onto a HIS-Select column 

(Sigma) pre-equilibrated with IMAC equilibration buffer (50 mM Tris-HCl 

pH 7.8, 150 mM NaCl, 3 mM MgCl2, 20% glycerol, 0.5% Triton X-100). The 

column was washed with IMAC wash buffer (equilibration buffer + 5 mM 

imidazole) and eluted with IMAC elution buffer (equilibration buffer + 250 mM 

imidazole). All steps were carried out at 4°C and the final eluate was 

supplemented with DTT (2 mM), frozen in ethanol/dry ice and stored at -80°C. 

The purification was controlled by coomassie stained SDS-PAGE analysis of all 

fractions. Determination of protein concentrations was conducted via BCA-assay 
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using BSA as protein standard. Identity of Myt1 was confirmed via anti-Myt1 and 

anti-His-tag western blotting experiments. 

4.5.2. Myt1 (kinase domain) 
The Myt1 kinase domain (comprising amino acids 75 to 362) was generally 

expressed and purified as described in [207]. The corresponding gene sequence of 

a Myt1 fragment (Myt75-362) was cloned in pET28 plasmide and transformed into 

E. coli BL21(DE3) by electroporation. After inoculation of 1 l LB media, the cells 

were cultured at 37°C until OD600 reached 0.6. Following subsequent cultivation 

at 22°C until OD600 = 1.0, expression was induced by addition of IPTG (0.5 mM). 

Cells were harvested by centrifugation, the pellet re-suspended in binding buffer 

and frozen at -20°C. Thawed bacterial cells were disrupted by sonication on ice. 

Subsequently, after another centrifugation step, the supernatant containing the 

His6-fusion protein was purified by affinity chromatography (1 ml Ni2+ HiTrap 

column, GE Healthcare) according to the recommendations of the manufacturer. 

Eluates were frozen in ethanol/dry ice and stored at -80°C. All steps were carried 

out on ice and analyzed in SDS-PAGE and ECL coupled western blotting system 

(anti-Myt1 and anti-His-tag). Determination of protein concentrations was 

conducted via BCA-assay.  

4.6. Statistics and General Data Analysis 
Quantitative data are expressed as arithmetic means unless stated otherwise and 

are derived from at least three independent experiments.  

To examine the consistency of acquired data, the observations were tested for 

outliers on a regular basis. While for less than 30 observations, DIXON's test [208] 

was used, GRUBBS' test for outliers [209] was used for the examination of larger 

data sets (> 30 Observations). 

Student’s two-tailed t-tests were used to evaluate the statistical significance of 

differences between the means of paired data sets. Differences were considered 

significant when p < 0.05. 

When calculating differences (e.g. Anisotropy Δr), the resulting statistical error Δy 

was calculated with respect to Gaussian error propagation: 

∆� = �|∆��|² + |∆��|²   (Eq. 2)    

Generally, data calculations were performed using Microsoft Office Excel 2007. 

Regression analysis was conducted by means of GraphPad Prism 5.01 (GraphPad 
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Software, Inc., La Jolla, CA, USA). IC50 Curves were fitted via nonlinear 

regression (sigmoidal dose-response with variable slope) to equation 3: 

� = ������� + ������������
����� !"#(%&'#())∗+,-- /-��0  (Eq. 3)    

Saturation binding curves were generated by nonlinear regression. For Kd 

estimations, data were fitted to equation 4: 

� = ��1)∗2
34�2     (Eq. 4)    

To assess screening assay performance, the Z' factor [195] is preferred over other 

measures such as the signal window or the assay variability ratio [210]. Z' factor 

was calculated according to equation 5: 

�5 = 6(�67�8∗(9(�97)
6(�67    (Eq. 5)    

where σ+ and σ- are the standard deviations of the positive and negative control 

wells. µ+ and µ- denote the average anisotropy values of those wells. 

4.7. BCA-Assay 
Since Myt1 isolation requires solubilization, a protein quantitation assay had to be 

used which is insensitive towards detergents. In contrast to other common 

methods such as the methodology described by BRADFORD [211], the BCA-Assay 

meets this requirement. In alkaline solution, copper-II is reduced to copper-I in 

presence of protein. Copper-I is subject to complexation by bicinchoninic acid 

(BCA), leading to formation of a purple colored complex that can be quantified 

photometrically. Because reducing agents such as thiols can strongly interfere 

with this assay, an aliquot of protein solution had to be removed for analytics 

prior to DTT supplementation. 

The assay was performed in a modified procedure of the originally published 

version by SMITH  et al. [212]. To 200 µl standard working reagent (50 parts 

Reagent I + 1 part Reagent II; exact reagent constitutions are given in 

Section 4.4), 10 µl sample was added in a transparent 96-Well plate (F-bottom, 

full area). The microplate was incubated at 60°C for 30 min at gentle shaking 

(400 RPM). After cooling down to room temperature, the plate was read in 

absorbance mode at a wavelength of 570 nm by a NOVOstar or PolarStar 

OMEGA platereader (BMG). 

Blank controls and protein standards were carried along on the same microplate. 



Materials and Methods  39 
 

Bovine serum albumin (BSA, purchased from Fluka) was used as a protein 

standard. For protein concentrations ranging from 50 µg/ml to 500 µg/ml protein, 

this method showed excellent linearity. 

4.8. Peptide Quantitation 
Concentrations of all non-phospho peptide solutions used in fluorescence 

polarization assays were determined by measuring absorbance at 280 nm using a 

NanoVue Plus spectrophotometer (GE Healthcare Life Sciences). For each 

peptide, molar absorptivity (ε280) was calculated according to the Edelhoch 

method [213], taking into account contributions from tyrosine and tryptophane 

present in the primary structure. Prior to calculation, nonprotein absorbance at 

280 nm was subtracted as described in [214]. Tyrosine and tryptophane 

absorptivities amount to 1280 and 5690 M-1*cm-1, respectively. This procedure is 

affected by an estimated error of 5% at most [215]. Phospho peptides were totally 

hydrolyzed by hydrochloric acid (5 M HCl, 24 h, 95°C) and the free amino acids 

were determined either by a ninhydrin-based assay as reported before [216] or by 

a HPLC-based method (HPLC system 1) as described by BÄßLER [217]. Both 

methods yielded equivalent results. 

4.9. SDS-PAGE 
SDS-PAGE was carried out as a discontinous electrophoresis as described by 

LÄMMLI  [218]. The gels were pipetted as shown in Table 1 and, after addition of 

TEMED and APS, the separating gel transferred between glass slides.  

Table 1: Constitution of 12% separating gels and 4% stacking gels. 
2 Gels Separating gel Stacking gel 

Acrylamid-Bis 40% 4500 µl 975 µl 

1,5 M Tris-HCl pH 8,8 3750 µl --- 

0,5 M Tris-HCl pH 6,8 --- 1875 µl 

mQ-Wasser 6510 µl 4500 µl 

SDS 10% (w/V) 150 µl 75 µl 

APS 10% (m/m) 75 µl 37.5 µl 

TEMED 15 µl 15 µl 

 

After polymerization under n-BuOH (30 min), the butanol was removed, the 

surface washed three times with water and the stacking gel poured onto the 
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separating gel. After inserting the gel comb, polymerization proceeded for 45 min. 

The resulting gels can be stored at +4°C in a humidified bag for up to one week. 

Protein samples were diluted 1 : 2 with loading buffer and incubated at 95°C for 

5 min at 1000 RPM. The protein separation was performed using 4% stacking gels 

and 12% separating gels (crosslinking C = 2.6%). Up to 20 µl per lane were 

loaded onto the gel (thickness 0.75 mm). The electrophoresis was run at a voltage 

of 80 V (stacking gel) and 160 V (separating gel) until the blue dye was migrated 

out of the gel. For analytical SDS-PAGE, an unstained protein ladder was used 

(Protein Marker III, Applichem), while for SDS-PAGE in preparation for western 

blotting, a stained protein marker (Protein Marker II, Applichem) was favored. 

For colloidal Coomassie staining, the gel was shaken for 1 h in fixer, washed 

twice with water and stained overnight in Coomassie staining solution (49 parts 

staining solution I + 1 part staining solution II, prepared at least 3 h in advance 

and shaken until use). Destaining was done with water. Gelanalyzer 2010a was 

used for densitometric evaluation. 

4.10. Western Blot 
After SDS-PAGE, the gel was equilibrated for 20 min in transfer buffer. Blotting 

on nitrocellulose membranes (HyBond) was carried out in a Trans-Blot SD semi 

dry transfer cell (Bio-Rad) for 90 min at 25 V for a single mini-gel. Blotting was 

controlled by Ponceau S staining of the membrane prior to blocking (5 min 

shaking in Ponceau staining solution, partly destained with water for visual 

inspection and, finally, completely destained with TBS-T). Blocking of the 

membrane was performed by adding 5% (w/V) BSA (EIA/RIA grade) in TBS-T 

for 1 h at ambient temperature on a shaker. After washing twice with TBS-T, the 

primary antibody diluted in TBS-T containing blocking protein (5%) was 

incubated overnight with the membrane (4°C). The next day, the membrane was 

rinsed three times and washed five times with TBS-T, before a dilution of suitable 

secondary antibody in TBS-T was added (incubation for 1 h at room temperature). 

Finally, three rinsing and five washing steps were conducted, before detection by 

enhanced chemoluminescence (ECL detection kit) was performed according to the 

recommendations of the supplier.  

All antibodies that were used are listed in Section 4.3. Dilutions were made as 

recommended by the respective supplier. 
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4.11. Dot Blot 
Dot blots were carried out using the WesternBreeze chromogenic 

immunodetection kit (Invitrogen). This kit makes use of the BCIP/NBT system 

(5-bromo-4-chloro-3-indolyl phosphate / nitro blue tetrazolium). The secondary 

antibody is conjugated to alkaline phosphatase that produces a blue purple product 

from BCIP/NBT [219].  

After kinase reaction, samples were dried using a SpeedVac, redissolved and a 

volume of 5 µl was spotted onto a PVDF membrane, air-dried and treated 

according to the instructions of the WesternBreeze manufacturer. Gel Pro 

Analyzer 3.1 was used for densitometric evaluation. 

4.12. TCA Precipitation 
Protein precipitations were carried out in Protein LoBind tubes (1.5 ml). The 

procedure was started by addition of trichloroacetic acid to a final concentration 

of 5%. The mixture was incubated on ice for 30 min and, subsequently, 

centrifugated (10.000 g, 10 min, 4°C). The supernatant was removed and the 

pellet washed with acetone (dried, degassed and precooled to -20°C). After 

another centrifugation step (vide supra) and removal of the supernatant, the pellet 

was washed again twice. Finally, solvent residues were evaporated in vacuo. 

4.13. In vitro Kinase Reactions Utilizing Protein Substrates 
Kinase reactions were carried out using 125 nM protein substrates and were 

started by addition of ATP to a final concentration of 250-400 µM. Standard 

kinase buffer consisted of 50 mM Tris-HCl pH 7.5, 40 mM NaCl, 10 mM MgCl2, 

1 mM DTT, 2 mM molybdate, 0.04% Triton X-100, and EDTA-free protease 

inhibitor cocktail. The reaction mixture was incubated for 2 h at 30°C and the 

reaction terminated by addition of 20 µl stop solution (100 mM EDTA in 50 mM 

Tris, pH 7.5). Recombinant Cdk1 and Cdk1/CycB1 complex were obtained as 

GST fusion proteins from ProQinase (Freiburg, Germany) and their 

phosphorylation monitored via western blotting. The protein was subjected to 

TCA precipitation and dissolved in loading buffer before subsequent SDS-PAGE 

and western blotting procedures were carried out.  



42 Materials and Methods 

4.14. Fluorescence Polarization: Background and Analysis 
Fluorescence polarization (FP) is a ratiometric technique which depends on 

differing rotational properties between small and large molecules.  

When an isotropically distributed fluorophore is excited by plane-polarized light, 

only those fluorophores which are appropriately oriented relative to the excitation 

plane can absorb the light, a process called photoselection [220]. 

However, these fluorescent molecules are not immobilized but undergo free 

diffusion and rotation (Brownian motion). When fluorescent molecules in solution 

are excited with polarized light, the degree to which the emitted light retains 

polarization reflects the rotation that the fluorophore underwent during the course 

of the excited state [221]. For a very slowly rotating molecule, the polarization of 

the exciting light is maintained during emission, while a quickly rotating molecule 

displays nearly isotropic emission upon polarized excitation. This phenomenon 

was first described by PERRIN in 1926 [222].  

Fluorescence polarization is quantitated by measurement of the fluorescence 

intensity in two detection planes perpendicular to each other, parallel to the 

exciting light (I∥) and perpendicular to the exciting light (I⊥). The difference 

between both channels (ΔI = I∥ - I⊥) can be normalized against the sum of both 

channels (I∥ + I⊥), leading to the entity polarization P, or against the total 

fluorescence intensity, leading to the entity anisotropy r. Both dimensionless 

entities have equal physical meaning, but anisotropy should be preferred due to 

reasons of additivity [223]. The total fluorescence intensity Itotal is mathematically 

represented as follows [224]: 

<���=> = <∥ + 2 ∗ <@    (Eq. 6)    

The influences on FP can be described quantitatively by the Perrin-Equation 

[222]. In short, FP of a given molecule is positively correlated to the absolute 

temperature, and it is negatively correlated to the viscosity of the solution and the 

effective molar volume of the rotating unit. For a spherical protein, the unknown 

volume can be approximated by a term containing the molecular weight, the 

degree of hydration and the partial specific volume [220, 225]. Taken together, 

there is a correlation between FP and the molecular weight of the fluorescent 

molecule (or complex) that can be used analytically. 

Fluorescence polarization was measured using a NOVOstar or a PolarStar 

OMEGA plate reader (BMG) at 485 nm excitation and 520 nm emission 
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wavelength using the suitable FP optics module. Prior to sample measurements, 

calibration by means of 30 nM fluorescein was performed and used to calculate a 

K-factor (Eq. 7), which was afterwards used to calculate the fluorescence 

polarization P of the respective sample (Eq. 8). 

A = B║�CD-E�F0GH0,I∗B║

CD-E�F0GH0,I∗B┴�B┴
   (Eq. 7)    

 

K = B║�3∗B┴
B║�3∗B┴

   (Eq. 8)    

Prior to each calculation of fluorescence polarization, a background correction 

was carried out by subtracting the average fluorescence intensity of at least five 

appropriate control wells in each detection plane. Since fluorescence polarization 

does not behave additively, use of this unit will lead to tainted results [223]. 

Therefore, fluorescence polarization is reported as anisotropy r (Definition of 

anisotropy is shown in Eq. 9). 

L = B║�B┴
B║��∗B┴

    (Eq. 9)    

Polarization P can be converted into anisotropy r using equation 10. 

L = �∗C
8�C   (Eq. 10)   

In all FP assays, the total fluorescence intensity (Eq. 6) was monitored to reveal 

inconsistencies and identify false positives. 

4.15. Fluorescence Polarization Immunoassay (FPIA) 
Tyrosine kinase activity using synthetic Cdk1-derived peptides 

QKIGEGTYGVVYKC (TY), EKIGEGTYGVVYKC (eTY), 

QKIGEGpTYGVVYKC (pTY), QKIGEGTpYGVVYKC (TpY) and 

QKIGEGpTpYGVVYKC (pTpY) was analyzed via a fluorescence polarization 

immunoassay as a modified version of the one published in [24]. pTpY was 

labeled with fluorescein-5-maleimide to give the final probe pTpY-F5M. The 

labeling procedure and subsequent purification via HPLC (system 1) was 

conducted following the protocols developed by BÄßLER [217]. 

Myt1-Kinase (50 nM) in kinase buffer was pre-incubated with Cdk1-derived 

peptides (10 µM) or 2 µg/50 µl Ala:Glu:Lys:Tyr 6:2:5:1 (Poly-AEKY) in a total 

volume of 50 µl in black half-area 96-well microplates. The reaction was started 

by addition of ATP (250 µM) and proceeded for 2 h at 30°C. Subsequent 
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termination by 25 µl stop solution was followed by addition of 25 µl detection 

solution consisting of respective antibody and 20 nM pTpY labeled with 

fluorescein-5-maleimid (pTpY-F5M) in 25 mM Tris-HCl pH 7.5, 150 mM NaCl, 

10 mM MgCl2. After another incubation period (30 min), fluorescence 

polarization was measured. Antibodies utilized for this application were anti-

pTyr15-Cdk1 antibody (8.8 nM final concentration) for the detection of Tyr - 

phosphorylated Cdk1-derived peptides and anti-pTyr antibody (135 nM final 

concentration) for the detection of phosphorylated Poly-AEKY. 

4.16. pTyr FP Immunoassay (FPIA II) 
Kinase reactions were carried out in 96-well half area non binding surface plates 

in a final assay volume of 40 µl. Peptide substrate (20 - 200 µM) was dissolved in 

the same buffer as used in microarray assays. ATP was present at 400 µM. Kinase 

reactions were started by the addition of kinase (40 nM), proceeded for 2 h at 

30°C (gentle shaking) and were terminated by addition of 10 µl stop solution 

(100 mM EDTA, 50 mM Tris-HCl, pH 7.5). For the inhibitor studies, all dilutions 

were made from 10 mM stock solutions in DMSO and had a final assay 

concentration of 5 µM with 0.5% DMSO in the assay buffer.  

pTyr-peptide detection was performed by adding 10 µl of a solution containing 

anti-pTyr antibody (pTyr-P-100) and (6-FAM)KI(pY)VV to a final concentration 

of 45 nM and 2.5 nM, respectively. After equilibration for 1 h at room 

temperature on a shaker, fluorescence polarization was measured as described in 

Section 4.14. Suitable background controls were carried along to allow for 

specific background correction. 

4.17. LanthaScreen Binding Assay 
TR-FRET binding assays were performed in white 384-well low volume plates at 

room temperature in sterile-filtered kinase buffer A (KBA) consisting of 50 mM 

HEPES-NaOH (pH 7.5), 0.01% Brij-35, 10 mM MgCl2, and 1 mM EGTA. 

4.17.1. Instrumentational Setup and Data Analysis 
The LanthaScreen Eu kinase binding assay is a very demanding assay in terms of 

the instrumental requirements. In this work, three different plate readers were used 

for this assay. The instrumental settings used for each device are displayed in 

Table 2. The results obtained using these settings are of comparable quality.  
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A ratio of raw acceptor/donor intensities was calculated and normalized relative to 

wells containing fully bound or fully outcompeted tracer and reported as [relative 

percent tracer displaced].  

Table 2: Time-resolved fluorescence settings for performing LanthaScreen kinase binding assays. 
Plate Reader PolarStar OMEGA 

(BMG)a 

Infinite M1000 

(Tecan) 

EnVision  

(Perkin-Elmer) 

Excitation filter 337/30 nm 317/20 nmb 340/30 nm 

Emission filter 1 

(acceptor) 

TR 665 nm 665/12 nmb 665/10 nm 

Emission filter 2 

(donor) 

TR 620 nm 620/12 nmb 615/10 nm 

z-height 9c 'optimal' 'optimal' 

Delay  60 µs 100 µs 60 µs 

Integration time 100 µs 200 µs 100 µs 

Number of flashes 50 100 (100 Hz) 100 

PMT gain auto  auto auto 
a Advanced Assay Technology TRF reading head required. 
b Tecan Infinite M1000 is a monochromator based plate reader, no filters are required. 
c The z-height has to be adjusted manually. In the present assay, z-height postion 9 performed best. 

4.17.2. Tracer Titrations 
A serial dilution starting from 3000 nM tracer concentration was conducted in 

KBA. 5 µl of this solution was transferred to respective wells and, after addition 

of 5 µl positive control (30 µM PD166285 in KBA with 3% DMSO) or 5 µl 

vehicle control (3% DMSO in KBA), 5 µl solution containing 6 nM Eu-labeled 

antibody and 3-fold the desired kinase concentration in KBA was added. Final test 

concentrations were 2 nM Eu-labeled antibody, 10 µM PD166285, 1% DMSO 

and varying concentrations for tracer and Myt1. After centrifugation (500 g, 

2 min), the plate was incubated at room temperature for 1 h while being shaken 

(500 RPM). After another centrifugation step, the plate was read as described in 

Section 4.17.1. 

4.17.3. Inhibitor Studies 
For all experiments with a kinase inhibitor, a dilution series of inhibitor was first 

prepared in 100% DMSO at 100fold the desired final assay concentration. From 

this master dilution series, inhibitors were diluted 33.3fold in kinase buffer for an 

intermediate concentration of inhibitor 3fold of that to be used in the assay 
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(containing 3% DMSO). To 5 µL of each concentration of inhibitor to be tested, 

appropriate assay reagents (15 nM Myt1, 10 nM tracer, 2 nM Eu-labeled anti-His-

tag antibody) were added to bring the final volume to 15 µL and the final DMSO 

concentration to 1%. In general, all assays were performed with three replicates of 

each inhibitor concentration. Plates were centrifugated at 500 g for 2 min after 

pipetting and before reading (see 4.17.1).  

4.18. Synthesis and Characterization of DasAFITC 
All reagents were purchased and used without further purification unless stated 

otherwise. Solvents were dried according to standard procedures. All reactions 

were carried out under an atmosphere of dry argon. Mass spectra (MS) were 

recorded off-line with nano-ESI (Proxeon emitters, Odense, Denmark) on a LTQ-

Orbitrap XL (Thermo Scientific). 1H NMR and 13C NMR spectra were recorded 

on a Varian Gemini 2000 and a Varian Inova 500; chemical shifts were referenced 

to residual solvent signals and reported in ppm (δ). Chromatography was 

performed on silica gel (Merck silica gel 60, 40e63 mesh) by MPLC (Interchim 

PuriFlash 430). As in-process control, TLC was carried out on silica gel plates (E. 

Merck 60 F254); spots were detected visually by ultraviolet irradiation (254 nm) 

or by spray detection (compound 3, solution of 150 mg ninhydrin, 1.5 ml glacial 

acetic acid and 45 ml acetone) and heated to 130°C for 2 min. 

The purity of the final compounds was determined by analytical HPLC (system 2) 

using a LiChroCART 125-4 (LiChrospher 100) RP-18 column (5 µm). A slightly 

modified method as described previously was used [226]. Modifications included 

the use of MeOH:buffer 60:40 as an eluent and, additionally to UV-detection 

(Jasco UV-975), fluorescence detection (Jasco FP-920) at 480 nm (excitation) / 

520 nm (emission). 

Dasatinib 1 was from LC Laboratories (Woburn, MA, USA). The azide 2 was 

synthesized using a modified approach from ISAACS et al. [227-228]. Dasatinib 

(200 mg, 0.41 mmol) was dissolved in 5 ml THF and cooled to -5°C. 

Diphenylphosphoryl azide (DPPA; 137 µl, 0.615 mmol) was added and stirred for 

15 min. Subsequently, the base DBU (92 µl, 0.615 mmol) was added dropwise. 

The reaction mixture was stirred for 16 h and allowed to warm to room 

temperature. NaN3 (70 mg, 1.08 mmol) was added and the resulting suspension 

stirred for another 5 h. Saturated KHCO3-solution was added and the precipitate 

was filtered off. Purification was carried out by column chromatography using 
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chloroform/methanol on silica gel. The resulting organic azide 2 was instantly 

reduced by hydrogen using catalytic amounts of palladium (5%) on carbon. The 

azide 2 (184 mg, 0.36 mmol) was dissolved in 15 ml MeOH + 1 ml ethyl acetate. 

After addition of catalyst and connection to hydrogen at 1 bar, the reaction 

proceeded for 23 h giving the respective amine 3. 1H NMR (400 MHz, CD3OD) δ 

8.18 (s, 1H, thiazol-H), 7.39 (dd, J = 7.3; J = 1.8 Hz, 1H, chloroanilide-H), 7.32 – 

7.21 (m, 2H, chloroanilide-H), 6.05 (s, 1H, pyrimidine-H), 3.77 – 3.60 (m, 4H, 

pyrimidine-N(CH2-R)2), 2.93 (t, J = 7.3 Hz, 2H, R-CH2-NH2), 2.71 – 2.55 (m, 

6H, (Ralkyl-CH2)3-N), 2.51 (s, 3H, pyrimidine-CH3), 2.36 (s, 3H, chloroanilide-

CH3). MS (ESI) m/z 487 [M+H]+, m/z 485 [M-H]-. 

N-[3',6'-dihydroxy-3-oxo-3H-spiro(2-benzofuran-1,9'-xanthen)-5-yl]-N'-(2-[4-{4-

([N-{2-chloro-6-methylphenyl}-5-carboxamido]-thiazol-2-yl)amino-2-

methylpyrimid-6-yl}piperazinyl]-ethyl)thiourea 4, was synthesized using a 

modified procedure by LEE et al. [229]. The amine 3 (85 mg, 0.18 mmol) was 

dissolved in 5 ml THF/abs. EtOH (3:2) and cooled to 0°C. FITC isomer I (90 mg, 

0.23 mmol), dissolved in 1 ml solvent, was added and the reaction was stirred for 

6 h. The mixture was frozen in dry ice and lyophilized. The residue was purified 

by MPLC (chloroform/methanol gradient) to give the final fluorescent probe 4 

(51 mg, 33%). The full characterization is given in Section 5.3.1. Fluorescence 

characterization by 3D scans and emission scans was conducted by means of 

Tecans's Infinite M1000 plate reader. Aqueous buffered solutions (10 µM 

compound in 50 mM Tris-HCl pH 7.5) were used.  

Because the synthesized fluoroprobe 4 is a Dasatinib-derived Amine coupled to 

FITC, it is referred to as DasAFITC in the following. 

4.19. CMC Determination Assays 
When DasAFITC was used for CMC assays, the assay buffer consisted of 50 mM 

HEPES-NaOH pH 7.5 plus respective detergent. The assay volume was 60 µl with 

a final concentration of 5 nM fluorescent probe DasAFITC. After a 15 min 

incubation period at gentle shaking, FP was measured as described (Section 4.14). 

For investigations on association colloid formation of glycoglycerolipids and 

DasAFITC, two further methods were used, basically as described: a photometric 

assay based on inclusion of Coomassie Brilliant Blue G-250 [230], and a 

fluorimetric assay based on inclusion of 1,6-diphenyl-1,3,5-hexatriene (DPH) 

[231]. The fluorescence assay (filter settings: 355 nm Ex/ 460 nm Em) was 
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conducted in black half-area 96-Well plates (Corning) with a final assay volume 

of 60 µl, while the absorbance assay (monitored at 450 nm and 620 nm) was 

performed in transparent 96-well plates (Greiner) with an assay volume of 250 µl. 

DasAFITC did not interfere spectroscopically with either of the assays. As a 

reference, Triton X-100 had a CMC of 0.0096% and 0.008% (w/V), respectively. 

4.20. DasAFITC Assay Procedure 
The DasAFITC assay is an FP based kinase binding assay utilizing DasAFITC as 

a fluoroprobe. Wee1, Btk and Abl1wt were obtained from ProQinase as GST 

fusion proteins. The assays were carried out in black half-area 96-well plates 

(Corning). Fluorescence anisotropy was measured with a BMG PolarStar 

OMEGA or a BMG NOVOstar plate reader (Heidelberg, Germany) using a 

485 nm excitation and 520 nm emission filter setup. Whenever dasatinib was used 

as a displacement control, it was included in the assay buffer at a concentration of 

10 µM. 

4.20.1. Kinase Concentration and Incubation Time 
For initial titrations, 5 nM ligand was incubated with increasing concentrations of 

the respective kinase (0-80 nM for Abl1, Btk and Wee1, 0-250 nM for Myt1). For 

each concentration, wells containing 10 µM dasatinib were included as controls. 

The plates were gently shaken at room temperature and anisotropy r was 

measured after 30, 60 and 120 min. The difference between the values measured 

for sample and fully outcompeted sample at the respective concentration is 

displayed as ∆r. All tests were carried out with 27 µl assay volume. For long-term 

incubation tests (8 h), the assay volume was increased to 90 µl in order to 

minimize evaporation effects. 

4.20.2. Kinase Binding Assays 
Kinase assays were conducted in sterile-filtered kinase binding assay buffer B 

(KBB). A final DMSO concentration of 1% was included at all times. For all 

experiments with potential inhibitors, a dilution series was prepared in DMSO at 

100-fold the desired assay concentration. From this dilution series, inhibitors were 

diluted 33.3-fold in assay buffer, yielding 3-fold the desired assay concentration 

in 3% DMSO. To 9 µl of each concentration of compound to be tested, 9 µl tracer 

and 9 µl kinase solution were added, giving a total assay volume of 27 µl. Each 
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data point was performed at least in triplicate. Final tracer concentration 

(DasAFITC) used was 5 nM. Kinase concentrations were 15 nM (Abl1), 40 nM 

(Btk), and 100 nM (Myt1). Incubation periods before reading were 60 min for 

Abl1 and Btk, and 120 min for Myt1. For better comparability, anisotropy values 

were normalized against dasatinib controls (100% tracer displaced) and vehicle 

controls (0% displaced). Each plate contained at least five wells of both controls.  

4.20.3. Anisotropy Data Analysis 
Data processing was generally carried out as described before (Section 4.14).  

To deduce Ki values from this fluorescence polarization based competition assay, 

displacement curves were fitted to the exact competitive binding model [232-

233], as shown in Eq. 11: 

L = MN�[PQ�"]
S4 ∗T∗M�

��[PQ�"]
S4 ∗T     (Eq. 11)   

where [U�V1] = − =
8 + �

8 ∗ �(X� − 3Z) ∗ [\] ^
8, with 

 X = A_ + A` + [aLX[bL]� − [<]� − [U�V1]� 

 Z = A` ∗ ([aLX[bL]� − [U�V1]�) + A_([<]� − [U�V1]�) + A_ ∗ A` 

 [ = −A_ ∗ A` ∗ [U�V1]�  
 c = XL[[\] ��=³�e=���fg

�∗�(=h�8�)³  

Kd is the dissociation constant of the complex between the ligand and the enzyme, 

K i is the dissociation constant of the complex between competitive inhibitor and 

enzyme. r f and rb are the anisotropies of free and bound labeled ligand, g equals 

the quantum yield enhancement factor with regard to wells without kinase but 

with tracer. The total inhibitor concentration is represented by [I] 0. 

4.21. Microarray Assays 
Two microarray slides were positioned face-to-face, separated by two spacers 

(0.3 mm). 350 µl reaction mixture containing kinase (80 nM) in sterile filtered 

standard kinase buffer together with 250 µM ATP was transferred bubble-free 

into the resulting reaction space between the two slides. Subsequently, the slide 

sandwich was incubated at 30°C for 2 h in a humid chamber. After incubation, the 

slides were washed five times with 50 ml TBS containing 0.1% Triton X-100 for 

5 min followed by washing steps with deionized water. Finally, the microarray 

slides were spun dry at room temperature. For antibody detection, Tecan's Hyb 
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Station HS 400 was used in a semi-automatic procedure. All steps were carried 

out at 25°C and the protocol was as follows: After 2 washing steps with TBS-T 

(TBS + 0.1% Tween-20; 2 min wash, 2 min soak), a wash and soak step with TBS 

was performed. Subsequently, the primary antibody (Anti-pTyr P-100, at 

10 µg/ml in TBS-T containing 3% BSA) was injected and hybridized for 1 h. 

After 5 washing steps with TBS-T and another step with TBS, the secondary 

antibody (Goat anti-mouse IgG #35515 as Dylight 649 conjugate (Pierce) at a 

concentration of 1 µg/ml in TBS-T containing 3% BSA) was injected and 

hybridized for 30 min. After five additional washing steps (TBS-T), the slides 

were rinsed with TBS and deionized water. Subsequent drying under a stream of 

gaseous nitrogen yielded slides ready for detection. For negative controls, the 

microarrays were subjected to the same procedure without addition of kinase. 

The microarray slides were scanned at 635 nm (red channel) and 532 nm (green 

channel) using GenePix 4000B (Molecular Devices) at a PMT gain of 600. The 

response from the red channel was used to quantify the response, while the green 

channel was used to align the array grid in analysis. Images were saved 

electronically (TIFF and JPG formats) and analyzed utilizing the circular feature 

alignment of the GenePix Pro 6.1 software and GenePix Array List (GAL) files 

supplied by JPT (Berlin, Germany). Quality control conditions set were as 

described before [234]. GenePix results were saved and the median foreground 

and background intensities of the individual peptide spots were used for further 

analysis. 

In the case of the radioactive assay, which was carried out in the working group of 

Prof. Schutkowski (Institute of Biochemistry and Biotechnology, MLU Halle 

Wittenberg), 300 µl of reaction mixture containing kinase in assay buffer together 

with 10 µM ATP and 500 µCi [γ-33P]-ATP were transferred into the reaction 

space between the two slides. The incorporated radioactivity was detected by 

exposure of the microarrays for 2-8 d to imaging plates (Fuji BAS-MS) followed 

by readout with a phosphor imager (FujiFilm FLA-7000). 

4.22. Solid Phase Peptide Synthesis 
Peptides Cdk11-24 (H-MEDYTKIEKIGEGTYGVVYKGRHK-OH) and Ac-

Cdk11-24 (Ac-MEDYTKIEKIGEGTYGVVYKGRHK-OH) were synthesized on 

Fmoc-Rink MBHA basically as described in [235] following a standard Fmoc/tBu 

based strategy. After final cleavage of side-chain protecting groups and cleavage 



Materials and Methods  51 
 

from the resin by TFA containing 2% water, the TFA was removed using a rotary 

evaporator. The crude product was precipitated by addition of cold diethyl ether, 

carefully filtered off and washed with cold ether. Solvent residues were removed 

in vacuo in an exsiccator. Purification was carried out by preparative RP-HPLC. 

A prepacked 250-25 mm LiChrospher 100 RP-8 (5 µm) column from Hibar was 

used and the UV-Vis detector was set to 220 nm. A shallow gradient over 100 min 

from water containing 0.1% TFA to 50% ACN (0.1% TFA) was run and the 

eluate collected and fractionated.  

Purities > 80% at 220 nm were achieved as indicated by analytical HPLC 

(system 3, water / ACN gradient): H-Cdk11-24 (86.1%) and Ac-Cdk11-24 (80.1%). 

Analysis was realized using a RP18 column. Identity was confirmed by 

Dr. Schierhorn from the Institute of Biochemistry and Biotechnology (MLU 

Halle-Wittenberg) using MALDI-MS with 2,5-Dihydroxybenzoic acid matrix. 

Spectra and chromatograms are given in the appendix (p. 146). 
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5. Results and Discussion 

As assay development is central to this work, substrate studies were conducted to 

find out about a possible further progression. Since this turned out to be difficult, 

assay development focused on binding assays as a means of screening compounds 

without need for an in vitro substrate. Indeed, after development and 

establishment of binding assays, potential inhibitors were tested and also a 

postulated Myt1 inhibitor (a glycoglycerolipid) was thoroughly reevaluated. 

Finally, the search for an in vitro substrate was taken up again and microarray 

experiments led to the identification of suitable substrates. 

5.1. Substrate Studies 
Identification of a molecule that can be phosphorylated by the isolated kinase is 

one of the most important parts of kinase assay development [223]. Therefore, a 

detailed analysis of different substrates was required. Initially, three general types 

of substrates were tested: a heterodimeric protein complex Cdk1/CycB1 

representing the native substrate, the single Cdk1 protein and peptides derived 

from the phosphorylation sites Thr14 and Tyr15 within the Cdk1 primary 

structure. The phosphorylation status was monitored individually for each 

phosphorylation site in order to reveal differences or similarities. 

In this study, full-length Myt1 (sometimes referred to as Myt1fl) was expressed in 

the human cell line HEK293 as His6 fusion protein, solubilized and, subsequently, 

purified via immobilized metal ion affinity chromatography, as described in [236].  

First of all, the question was whether Myt1 kinase shows the expected kinase 

activity. The native substrate Cdk1/CycB1 as well as monomeric Cdk1 were used 

in kinase reactions and phosphorylations at Thr14 and Tyr15 were monitored via 

western blot analysis using anti-pThr14-Cdk1- and anti-pTyr15-Cdk1-antibodies 

(Fig. 6).  

Regarding Cdk1, a definite increase of pThr14 and pTyr15 in presence of Myt1 

was detected. Results of controls with and without ATP were comparable 

concerning both phosphorylation sites. Using Cdk1/CycB1 as a substrate, the 

phosphorylation pattern changed, controls with and without ATP no longer 

matched. In fact, hyperphosphorylation at both sites of interest was detected, 

indicating autophosphorylation by the activated kinase complex. Under these 

conditions, the amounts of product formed in an autophosphorylation reaction are 
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similar to those mediated by Myt1 and the actual contribution of 

autophosphorylation and phosphorylation by Myt1 cannot be figured out clearly. 

However, the fact that Myt1 accepts Cdk1 cyclin complexes has been studied 

before using a catalytically inactive Cdk1(K33R) mutant [87]. 

 
Fig. 6: Phosphorylation of Cdk1 (A) and Cdk1/CycB1 (MPF, B) by human Myt1 kinase. Shown 
are representative western blot images using anti-pThr14-Cdk1- (top) and anti-pTyr15-Cdk1- 
antibodies (bottom). Each panel consists of the respective sample surrounded by controls with and 
without ATP/enzyme. 

The finding that Cdk/Cyc complexes are prone to autophosphorylation raises an 

issue with previous Myt1 inhibition data. It might interfere with a Myt1 kinase 

activity assay utilizing an active complex as a substrate, particularly because no 

control experiments without Myt1 were mentioned [24]. This issue and its 

implications will be discussed in more detail in upcoming sections. 

Generally, a reasonable approach toward yielding a screening-amenable substrate 

is to use peptides derived from the native phosphorylation site or the use of 

randomly generated peptides [237]. 

Utilizing peptide substrates, tyrosine phosphorylations were investigated by 

means of a fluorescence polarization immunoassay (FPIA).  

The assay is based on a labeled probe (low FP) that can be bound by an antibody, 

resulting in a high FP value. The general principle was introduced by DANDLIKER  

and FEIGEN in 1961 [238] and, decades later, adapted to kinases in a direct 

approach [239]. In order to save antibody and gain sensitivity, the assay principle 

was converted to a competitive FPIA shortly after [240]. Such a competitive 

approach was used in the following. 

FPIA was performed as a modified version of the one published in [24]. 

Modifications include an increase in sensitivity by 10fold and monitoring of 

Tyr15 phosphorylation independent from the Thr14 status. 

A bis-phosphorylated peptide derived from the native phospho-site (Cdk18-20) 

together with a C-terminally inserted cysteine (pTpY: QKIGEG(pT)(pY)GV-
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VYKC) was labeled thiol-selectively with fluorescein-5-maleimide according to 

established protocols [217]. The fluorescent probe (pTpY-F5M) shows a rather 

low intrinsic fluorescence polarization which is increased upon addition of a 

suitable antibody. In solution, the antibody-antigen-complexes rotate more slowly 

than the antigen on its own, resulting in a higher FP value. The assay 

concentration for the probe should be as low as possible to set up a sensitive 

method. As indicated by pretests, a probe concentration of 5 nM is suitable to 

obtain sufficient signal to background ratios (S/B) and coefficients of variation for 

both channels (CV < 5%). The pTyr targeting monoclonal antibodies used had 

satisfactory affinities towards the probe as indicated by antibody titrations: Kd 

values of 8.5 nM (anti-pTyr15-Cdk1) and 124 nM (anti-pTyr antibody) were 

obtained (data not shown). The respective assay concentrations were 8.8 nM (anti-

pTyr15-Cdk1) and 135 nM (anti-pTyr antibody). 

Using the specific anti-pTyr15-Cdk1 antibody, the assay makes the detection of 

low nanomolar concentrations of phosphorylated peptide possible. The EC50 lies 

around 18 nM, meaning a substrate turnover of 0.18% (at 10 µM substrate) would 

result in a half maximum FP-decrease (Fig. 7). The differing height of the bottom 

plateaus could be explained by unspecific effects caused by increased amounts of 

BSA and glycerol that were brought into the assay when using the more specific 

antibody (purchased with a lower antibody concentration). 

 
Fig. 7: To assess the analytical performance of both antibody setups with (A) anti-pTyr15-Cdk1-
antibody and (B) anti-pTyr-antibody, TpY, imitating phosphorylation of the utilized peptides, was 
used to displace the probe from the antibody. pTpY showed the same properties concerning 
displacement of the probe, whereas TY, eTY and pTY did not lead to a decrease in fluorescence 
polarization (data not shown). Data shown here represent means ± SD (n=3). 

Initially, only QKIGEGTYGVVYKC (designated TY) was tested, a Cdk1 derived 

peptide as described in [24] which contains amino acids 9 to 20 of the native 

Cdk1, the additional cysteine at the C-terminus and a change in the first position 

from native Glu8 to Gln8. TY was not accepted as a substrate by Myt1 to a 
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detectable extent, so it was hypothesized that the N-terminal Gln might form 

pyroglutamic acid in a spontaneous manner affecting the kinase reaction in some 

way. The hypothesis that TY has a tendency to form a pyroglutamic acid 

derivative was supported by capillary electrophoresis studies, which showed a 

gradual loss of a single positive charge during incubation periods in absence of 

enzyme (data not shown). Apparently, this cyclisation did not affect the antibody 

binding, but to avoid any negative effect it was changed to the native amino acid 

Glu at the N-terminus (eTY: EKIGEGTYGVVYKC). However, still no kinase 

activity could be detected. Also the Thr14 monosphosphorylated TY peptide 

(pTY), which proved to be a suitable substrate for Myt1’s closest relative, Wee1 

kinase, was not recognized as a substrate (Fig. 8).  

 
Fig. 8: Results of FPIA in terms of acceptance of peptidic substrates of Myt1fl and the kinase 
domain only (Myt175-362). For pTY (left) as well as Poly-AEKY (right), means of both samples 
differ highly significantly from TpY-containing positive controls (p < 0.001), indicating that no 
tyrosine phosphorylations occurred; utilizing TY or eTY as substrates resulted also in detection of 
no phosphorylated peptide (data not shown). 

Since Cdk1 as a whole protein is accepted as a substrate, the possibility should be 

assessed that it might be an effect depending on the molecular mass only, because 

Cdk1-derived peptides have a much lower molecular weight compared to the 

entire Cdk1 protein, altering the interactions with the enzyme and the rigidity of 

the substrate. To answer this question, a polypeptide Poly-AEKY with an average 

molecular weight up to 30 kDa was tested as a substrate. This substrate was 

shown to be suitable as a tyrosine kinase substrate and, additionally, has been 

used successfully in Wee1 kinase assays [241-242]. In order to adapt the FPIA to 

this application, the antibody was simply changed to an unspecific pTyr-antibody, 

so any phosphorylated tyrosine can displace the fluorescent probe from the 

antibody (Fig. 7). No phosphorylation could be detected, indicating that this 

unspecific but large polypeptide is not suitable as a Myt1 substrate either (Fig. 8). 
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Determination of the threonine kinase activity turned out to be difficult, in part 

presumably due to the large neighbouring Tyr-moiety impairing binding of 

antibodies. Furthermore, pThr antibodies are often subjected to low affinity and 

narrow specificity [243]. Indeed, one monoclonal antibody (anti-pThr) failed to 

bind pTpY-F5M in fluorescence polarization as well as immunoblotting 

experiments (data not shown). A polyclonal antibody (anti-pThr14-Cdk1) was not 

suitable for FPIA but performed well in dot blot experiments. As can be seen in 

Fig. 9, no phosphorylation of Thr14 could be observed utilizing Cdk1-derived 

peptides as substrates in full-length Myt1 kinase activity experiments. Controls 

represent reaction mixtures without ATP where a defined amount of 

phosphopeptide was added to mimic product formation. If Myt1 catalyzed TY 

phosphorylation, it certainly would have been detected at substrate conversions 

down to 0.4%.  

 
Fig. 9: Dot blot results using anti-pThr14-Cdk1 antibody as primary antibody. Panel A provides 
the densitometric evaluation derived from data shown in panel B. Neither Myt1fl nor Myt175-362 
showed any detectable phosphorylation activity utilizing eTY or TY (data not shown) as 
substrates. Positive controls show the expected signals for mono- and bisphosphorylated substrate 
at a turnover as indicated. 

Since simplification of the substrate protein did not lead to any detectable kinase 

activity, the isolated kinase domain of the human Myt1 kinase was used as a 

model protein (Myt175-362). The C-terminal region (amino acids 437 – 499) is 

thought to be responsible for interaction with the Cdk1/CycB1 complex. 

Therefore, a protein lacking this sequence might be less restrictive in terms of 

substrate recognition [244]. In addition, the putative membrane association motif 

is not present anymore which remarkably facilitates purification procedures. 

Myt175-362 was tested for Tyr and Thr kinase activity (see Fig. 8 for tyrosine and 

Fig. 9 for threonine kinase activity). Overall, the kinase domain showed no 

detectable kinase activity either in terms of Thr14 or Tyr15, leading to the 

conclusion that the recognition of the substrate by the full-length kinase might be 

of higher complexity. 
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The human Myt1 kinase was revealed to be a very restrictive enzyme concerning 

substrate acceptance. In fact, no simplified structure was identified that was 

phosphorylated by Myt1. The denial of phosphorylation is even more surprising 

considering the fact that Wee1, the closest relative of Myt1 within the human 

kinome, is known to accept all tested substrates (Table 3).  

However, the tested protein substrates proved the kinase to be active in terms of 

Thr and Tyr kinase activity as expected.  

Table 3: Comparison of Myt1 and Wee1 concerning substrate acceptance. 

 
Myt1 

(Full-length) 
Wee1  

(Full-length) 
Substrate Thr kinase activity Tyr kinase activity Tyr kinase activity 

Poly-AEKY (No Thr residues contained) -            + [242] 
Cdk1-derived 

peptides 
- -          + [24, 82] 

Cdk1 + +         + [82]  
Cdk1/CycB1                (+)a              (+)a         + [151] 

aContributions of autophosphorylation and phosphorylation by Myt1 cannot clearly be figured out, but 
acceptance has been shown before [87]. 

 

To achieve more insights into the interaction of Myt1 as well as Wee1 with their 

putative substrates, the X-ray structure of the related Cdk2 in complex with its 

substrate (PDB code: 1QMZ) was used to model all complexes. In silico studies 

were carried out by Dr. K. Wichapong (Department of Medicinal Chemistry, 

Institute of Pharmacy, MLU Halle-Wittenberg). Sequence alignment and protein 

modeling were performed using MOE2010.10 [245] and X-ray structures 

available in the Protein Data Bank (PDB code as indicated). For detailed 

information on the computational methods refer to [246]. Even though the percent 

sequence identity between each pair is relatively low (22.4% for Cdk2-Wee1, 

28.6% for Cdk2-Myt1 and 35.3% for Myt1-Wee1, see appendix, Fig. 42), the 

overall 3D-structures are very similar as indicated by low root mean square 

deviations (RMSD) of about 2 Å for the kinase domain. Therefore, it is reasonable 

to use this Cdk2-substrate complex as a template to model the other complexes 

(Myt1-ATP-TY, Wee1-ATP-TY). The stability of the modeled complexes was 

investigated by molecular dynamics (MD) simulations which were carried out by 

means of Amber99SB [247]. Simulation time was set to 50 ns. The MD results 

show clearly that the Wee1-substrate was stable over the 50 ns with an interaction 

of Thr14/Tyr15 and the residues of the kinase phosphorylation site. In contrast, 



Results and Discussion  59 
 

the simulation of Myt1-ATP-TY shows the N-terminal part of the substrate 

moving out of the pocket in the case of Myt1 (Fig. 10).  

This is also indicated by high fluctuation in the RMSD plots of the Myt1-substrate 

complex (around 5 - 6 Å) whereas the substrate in the Wee1 complex does not 

show significant movements (around 3 Å, see appendix, Fig. 43). The modeled 

kinase-substrate complexes (Fig. 10) suggest that the main difference among 

Wee1 and Myt1 and its substrate interaction may lie in the N-terminal part of the 

substrate from Gln8 to Thr14 as well as in the interacting residues at the Myt1 and 

Wee1 binding site. 

 
Fig. 10: Wee1-substrate (A) and Myt1-substrate complex (B) derived from the last snapshot 
(50 ns) of MD simulation. Protein structure is shown as orange ribbon for Wee1, magenta ribbon 
for Myt1 and amino acid residues of Wee1 and Myt1 are displayed as cyan stick. Substrate is 
represented by green ribbon. 

In case of Myt1, Glu12 is surrounded by Gln195, Glu199 Asp270, Arg272, 

Tyr273 and Glu298, which introduce a strong negative electrostatic potential in 

the surrounding area (see appendix, Fig. 44), resulting in repulsion of the TY 

substrate as observed during the MD simulation. In the case of Wee1, Glu12 is 

surrounded by Ser389, Ala385, Cys509, Phe482, Asp479 and Arg483, which 

introduce a favorable positive electrostatic potential (see appendix, Fig. 44). 

Moreover, the Wee1-TY interaction is stabilized by two hydrogen bonds, one 

between Tyr392 of Wee1 (Gly202 in Myt1) and Gln8 (TY) and the second 

between Ser389 and Gly11 of TY. Hence, there are strong attracting interactions 

between the N-terminal part of the TY substrate and Wee1 explaining the 

substrate activity, whereas for Myt1 no favorable interaction could be observed. 

Which parts within the Cdk1 sequence are essential for Myt1 interaction and to 

what extent Cdk1 could be reduced in complexity in order to be recognized by 

Myt1 has to be clarified in further studies. The reader is referred to Section 5.5. 
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5.2. TR-FRET Based Binding Assay: LanthaScreen 
Since the search for a suitable substrate turned out to be complex, a binding assay 

was used to obtain compound affinity data. The approach is guided by the 

assumption that a compound displacing ATP from the binding pocket will be an 

inhibitor of the respective kinase. This assumption mostly holds true, though 

exceptions are known [248]. In general, the use of binding assays in drug 

discovery is not necessarily accompanied by disadvantages. It has been shown 

that data gained by a kinase binding assay may provide a better correlation to 

cellular effects than a conventional enzyme activity assay. Moreover, the 

identification of hits targeting inactive kinase conformations is strongly facilitated 

compared to activity assays [249-250]. 

To generate a first inhibition profile, a TR-FRET based kinase binding assay as 

reported by LEBAKKEN et al. (LanthaScreen, [249]) was adapted to Myt1. In this 

assay, a fluorescently labeled ATP competitive kinase tracer binds to the kinase 

while a europium (Eu) labeled antibody binds to the purification tag of the 

recombinant kinase. The spatial proximity of Eu-labeled antibody and kinase 

tracer leads to Förster resonance energy transfer (FRET) to the fluorescence label 

(acceptor) upon excitation of the Eu (donor). Any non-inhibitor will not affect the 

binding to the kinase, therefore maintaining high FRET values, measured as ratio 

Emission (acceptor) to Emission (donor). If a compound displaces the tracer from 

the kinase, a spatial proximity between both labels will not exist anymore and the 

FRET will be lowered. Enabled by the lanthanoid label, a time-resolved 

measurement mode is used in this assay system to obtain improved signal to noise 

ratios. 

5.2.1. Assay Development: LanthaScreen (Adaption to Myt1) 
The development of an assay, particularly a binding assay, requires a known 

inhibitor. PD166285 was reported to be a potent Myt1 inhibitor (IC50 = 72 nM), 

although being more potent against Wee1 (IC50 = 24 nM) [151]. At the time the 

assay was implemented, it was the only known confirmed inhibitor [133, 251]. It 

is a very promiscuous inhibitor which targets many other kinases, such as c-Src 

and PDGFR [251] to mention only two, but it was used in early assay 

development as a positive control. 

The LanthaScreen assay platform is validated by the supplier for 239 kinases 

including various kinase mutants (as of July 2013) but Myt1 has not been 
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described so far. Each kinase requires an affine commercially available tracer to 

set up such an assay and the suitable kinase-tracer pair has to be found on a case-

by-case basis. Guided by kinase similarities, two promising tracers (chemical 

structures are not disclosed by the manufacturer) were chosen and tested. Binding 

of the tracer was tested by adding various dilutions of the respective tracer to a 

mixture of kinase and Eu-labeled anti His-tag antibody in presence or absence of 

PD166285 (10 µM) at different concentrations of Myt1. Fig. 11 displays tracer 

titrations for both tested tracers at 15 nM Myt1. 

 
Fig. 11: Tracer titrations using tracer 236 (A) and tracer 178 (B) in presence of competitor 
PD166285 (squares) or vehicle (DMSO, open circles) at 15 nM Myt1fl. For tracer 178, the 
difference between bound and competitively displaced tracer shows a distinct local maximum (C) 
which comes out more clearly when plotting the assay window as an assay performance measure 
(D). Data represent means ± SEM (n=3). 

For tracer 236, no binding to Myt1 was detected since the FRET curves of 

competitor and control, measured as emission ratio (acceptor / donor), completely 

overlay. The increase of the curves at high tracer concentrations is caused by 

diffusion-enhanced FRET. Using tracer 178, both curves are clearly separated 

indicating binding of the tracer to Myt1 and enabling FRET. Again, at high 

concentrations of tracer, the extent of diffusion-enhanced FRET rises, narrowing 

the assay window remarkably [249, 252]. To determine a suitable tracer 

concentration for the actual screening assay, two main factors have to be 

considered: The tracer Kd and the assay window. It is recommended to use tracer 

concentrations as close to the Kd as possible in order to realize a sensitive assay 
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with IC50 values being close to the actual inhibition constant. The difference 

between FRET curves of the tracer titration in presence or absence of competitor 

should result in a saturation binding curve allowing Kd determination. However, 

the curve clearly shows a local maximum which precludes valid Kd estimations 

(Fig. 11C). Presumably, the decrease in the emission ratio difference (ΔER) is 

caused by diffusion-enhanced interference of Triton X-100, a detergent 

necessarily brought into the assay through the solubilisation step in Myt1fl 

prepraration. Since the top plateau cannot be determined, the tracer Kd may be 

estimated roughly to be below 10 nM. The assay window, calculated as fold-

increase of vehicle ER to competitor ER, shows a clear maximum at 

approximately 10 nM. Systematic experiments on assay performance were 

omitted due to low amounts of available protein. However, according to 

LanthaScreen validation data of the supplier, an assay window > 2 will typically 

yield a robust assay (Z' > 0.5) [253]. Concentrations of Eu-labeled antibody were 

kept constant at 2 nM throughout assay development to ensure relative excess of 

kinase and, therefore, nearly quantitative antibody binding. The final assay 

conditions were determined as follows: 10 nM tracer 178, 15 nM Myt1fl and 

2 nM Eu-labeled antibody in a total assay volume of 15 µl (384-well plate 

format). The exact protocol can be found in the methods section. 

For a better comparability, all values were normalized against positive and 

negative controls (10 µM PD166285 and 1% DMSO, respectively) and reported 

as [relative-% tracer displaced]. Using this procedure, the positive control 

PD166285 had an IC50 value of 7.2 nM (s. Fig. 12). 

 
Fig. 12: Using the established assay protocol, the positive control PD166285 had an IC50 value of 
7.2 nM. Data reported as means ± SEM (n=3). 

Throughout this work, IC50 curves were fitted to the data by GraphPad Prism 5.01 

(San Diego, CA) using sigmoidal dose-response with a variable slope. 
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5.2.2. LanthaScreen Inhibition Data 
Because common kinase inhibitors have not been tested against human Myt1 

kinase so far, known promiscuous kinase inhibitors such as staurosporine as well 

as more selective tyrosine kinase inhibitors which have been approved and 

marketed, such as lapatinib and imatinib, were tested to obtain a first inhibition 

profile. 

All compounds were tested three times at two different concentrations. Any 

substance binding > 50% at 10 µM was subjected to further testing and IC50 

values were determined. Quantitative data are expressed as means ± standard 

error. PD166285 was used as a positive control. Compounds and respective 

effects at a concentration as indicated are displayed in Table 4. 

Table 4: Test of common kinase inhibitors for effects on the human Myt1 kinase. Binding of the 
respective compound is reported in [relative-% tracer displaced]. 
Compound Displacement at 

5 µM [%] 
Displacement 
at 10 µM [%] 

IC50 [nM]  

Bisindolylmaleimide I no displ.a no displ. n. t.b 
Dasatinib  95.5 ± 0.3 97.1 ± 0.3 63.0 ± 1.1 
Erlotinib  7.1 ± 1.7 8.2 ± 0.7 n. t. 
Gefitinib no displ. 6.9 ± 2.4 n. t. 
HA-1077 no displ. no displ. n. t. 
Imatinib no displ. no displ. n. t. 
K252a no displ. no displ. n. t. 
Lapatinib  no displ. no displ. n. t. 
PD166285 n. t. n. t. 7.2 ± 1.1 
Midostaurin no displ. no displ. n. t. 
SB 203580 no displ. no displ. n. t. 
Staurosporine n. t. n. t. no displ. up to 10 µM 
Sunitinib no displ. no displ. n. t. 
Tyrphostin AG 1478 24.8 ± 0.7 39.5 ± 1.5 n. t. 
U0126 7.6 ± 0.7 no displ. n. t. 
Vatalanib no displ. no displ. n. t. 

a no displ.: no displacement (<5%) at the specified assay concentration 
b n. t.: not tested  

 

Most of the tested compounds did not affect Myt1. The kinase was insensitive 

even towards highly promiscuous inhibitors such as staurosporine, sunitinib and 

bisindolylmaleimide I. The effects of erlotinib and gefitinib were negligible. 

Major effects could be determined for dasatinib and tyrphostin AG 1478. 

However, binding of the latter was too weak to determine IC50 values due to 

limitations of the assay system (see upcoming Section 5.2.3). Dasatinib displaced 

the kinase tracer from Myt1 with an IC50 of about 63 nM (Fig. 13).  
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Interestingly, staurosporine had no effect in concentrations up to 10 µM (Fig. 13). 

Literature data concerning staurosporine effects on Myt1 were contradictory at 

that time. While FABIAN  et al. found Myt1 to be insensitive towards staurosporine 

[23], other essays by KRISTJÁNSDÓTTIR et al. and ZHOU et al. reported IC50 values 

against Myt1 [24, 197]. The data presented by ZHOU et al. are discussed in the 

upcoming Section 5.4, together with the reevaluation of glycoglycerolipid 

inhibitors.  

 
Fig. 13: Myt1fl inhibitor titrations with dasatinib (A) and staurosporine (B) in the LanthaScreen 
kinase binding assay. Dasatinib had an IC50 value of approximately 63 nM while staurosporine 
showed no effect up to 10 µM. Data displayed as means ± SEM (n=3). 

Here, staurosporine did not affect Myt1. This finding helps reveal potential 

inherent contradictions in the report of KRISTJÁNSDÓTTIR et al. Therein, the found 

inhibitor sensitivities differ vastly between Wee1 and Myt1 (for instance, Myt1 

was highly sensitive to staurosporine whereas Wee1 was not at all). Altogether, 

the Myt1 inhibitor activities described correlate with known Cdk inhibitors rather 

than with Wee1 inhibitors. Thus, taking into account the autophosphorylation 

activities detected (see 5.1), the Myt1 inhibitor activities described may be 

incorrectly reported in parts. The compound effects detected might possibly be 

caused by Cdk-affecting mechanisms. No experiments or inhibitor pretreatments 

were mentioned to rule out this possibility. However, these facts do not at all 

affect the validity of the Wee1 results because these tests were carried out by the 

authors using a peptidic substrate instead of active Cdk/Cyc complexes. 

The finding that staurosporine did not bind to Myt1 in the LanthaScreen assay is 

supported by a recent study with the Myt1 kinase domain which was expressed in 

E. coli [76] and is, furthermore, cross-validated by the fact that the staurosporine 

derivatives midostaurin and K252a did not show any effect in concentrations up to 

10 µM either. Also other compounds which usually inhibit a broad range of 

kinases (e.g. sunitinib) did not affect Myt1. Because assay development requires 

positive controls, i.e. known inhibitors, these unusual inhibition properties may be 
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jointly responsible for the lack of data so far. Three compounds displaced the 

kinase tracer from Myt1. The chemical scaffolds of these compounds share some 

structural similarity which can be seen in Fig. 14.  
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Fig. 14: Chemical structures of PD166285, tyrphostin AG 1478 and dasatinib. 

Even the largest available kinase panels contain only a fraction of all kinases of 

the human kinome, and often the kinase domain only instead of the full-length 

protein. In addition, the panels are often highly biased by containing mostly 

kinases that can be easily purified and assayed. Additionally, as these kinases are 

typically purified from non-mammalian cells, they do not contain their naturally 

occurring post-translational modifications [6]. Myt1 is a difficult to obtain 

membrane-associated kinase which is, to the best knowledge, not commercially 

available as an enzymatically active protein so far. This kinase is of special 

interest because it is involved in pathways of major importance for development 

and survival of many cancer cells.  

Myt1 was expressed in a human cell line, which means post-translational 

modifications are approximately as in the actual human target cells. The tested 

kinase preparation showed the typical catalytic activity towards Thr14 and Tyr15 

of Cdk1, target sites specific for Myt1. Additionally, due to the fact that the 

epitope tag is present in the kinase of interest only, the assay system used is 

insensitive to contaminating kinases [249]. Together with the affirmation of 

PD166285 as a tightly binding compound, the results are valid.  

Previously, Myt1 was suggested as a target of dasatinib using an MS-driven 

proteomics approach [254]. However, this approach used a chemically altered, 

immobilized dasatinib-derivative. Taking into account that former comparable 

studies did not reveal Myt1 to be a target of dasatinib [255], affirmation in a more 

specific way was needed. Dasatinib, having a Gini-coefficient of 0.74, is not a 

very selective inhibitor, though it is by far not as promiscuous as staurosporine 

(G = 0.20) or K252a (G = 0.29) [256]. 

PD166285 Tyrphostin 
AG 1478 

Dasatinib 
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In the in vitro test system used, dasatinib was found to affect Myt1 strongly, with 

an IC50 value of about 63 nM, leading to the conclusion that Myt1 may indeed be 

a target of dasatinib. However, the affinity of dasatinib towards its reported 

primary targets, Abl and Src, lies in the subnanomolar range [257] and is thus 

much higher compared to Myt1. Future work has to reveal whether Myt1 can be 

confirmed as a substantial target also in a cellular environment.  

5.2.3. LanthaScreen: Limitations and Drawbacks 
The LanthaScreen platform is a robust yet specific assay system. However, there 

are some drawbacks. As described in Section 5.2.1, a saturation binding curve for 

the tracer could not be derived. Therefore, the dissociation constant Kd cannot be 

estimated with sufficient certainty. Without tracer Kd, it is not possible to deviate 

inhibition constants (Ki) out of IC50 values. IC50 values are assay specific and need 

to be converted into Ki to yield a measure widely independent from the actual 

assay. That conversion is carried out mathematically by published equations, e.g. 

the Cheng-Prusoff equation, which includes parameters besides the IC50 such as 

tracer concentration and tracer Kd [258]. 

Furthermore, the assay is limited in terms of the concentrations of a given test 

compound. High compound concentrations cannot be tested due to non-specific 

diffusion enhanced FRET mechanisms as mentioned before. The presence of 

compounds containing aromatic systems, as are present in most kinase inhibitors, 

is therefore limited to about 10 µM (assay concentration). 

The reason for both drawbacks is likely the same and Fig. 15 may illustrate it:  

 
Fig. 15: Illustration of spectroscopic compound interference with the LanthaScreen assay. Data 
represent means ± SEM (n=3). 

The graph displays the actual FRET, indicated by the emission ratio 

acceptor/donor. Dashed lines mark the emission ratio for fully displaced 

(PD166285) and fully bound (vehicle) controls. Results for two test compounds as 

synthesized by AL-MAZAIDEH [201], each of them tested at two different 

concentrations, are shown. The compounds differ only in the degree of 
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benzylation. GS34, bearing no benzyl moieties, does not displace the tracer from 

Myt1, the FRET is comparable to vehicle control. The perbenzylated compound 

(GS23), however, affects the spectroscopic readout. It does not lead to a decreased 

FRET as expected for a binding compound, but rather enhances the FRET signal 

in a dose dependent manner. 

Myt1, as a membrane-associated protein, must be solubilized out of the membrane 

by using detergents. Among five detergents commonly used for this purpose, 

Triton X-100 performed best in terms of solubilisation capacity as well as 

selectivity [236]. Triton X-100 is an alkyl-substituted phenol ether which may 

interfere with the assay readout exactly as some of the test compounds do.  

Another drawback of the assay lies in its complexity. The tracer structure is 

unknown and the entire assay relies totally on the anti-His tag antibody utilized. A 

series of glycotriazoles, synthesized by SAUER [199], was tested and yielded two 

dose dependent hits (BS11 and BS12) with estimated IC50 values of about 17 -

 18 µM. The general structure as well as both screening hits are shown in Fig. 16. 

 
Fig. 16: General structure of the tested glycotriazole series and two screening hits thereof. 

Due to the hydrophilic carbohydrate structure together with the aromatic triazole, 

the possibility that the effects measured are caused by displacement of the 

antibody instead of displacement of the tracer could not be excluded.  

Indeed, the two hits might be false-positives, and another orthogonal secondary 

assay was needed to verify the results.  

Additionally, at that time, the Institute of Pharmacy did not have suitable 

equipment for LanthaScreen because this assay is very demanding in terms of 

instrumentation. Experiments had to be run on plate readers of other institutes. 

Therefore, another assay was desired that can be performed using the given 

instruments. 

Docking studies were carried out to identify potential starting points for the 

development of an orthogonal assay system. 
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5.2.4. Docking Studies 
The potent inhibitors PD166285 and dasatinib were subjected to further in silico 

studies to investigate their putative interaction at the kinase binding site. In silico 

studies mentioned here were carried out by Dr. K. Wichapong. 

First of all, the X-ray structure of Myt1 (PDB Code 3P1A) and Wee1 (PDB code 

1X8B) was analyzed. Even though the sequence identity between Wee1 and Myt1 

is rather low (35.3%), the overall 3D-structures, especially the binding pocket, are 

quite similar (see appendix, Fig. 45). Root mean square deviation (RMSD) 

between these two structures is 1.73 Å (backbone atoms). Therefore, it is 

reasonable to use the same protocol for Myt1 docking as for Wee1 docking. As 

discussed previously [259], the X-ray structures of Wee1-inhibitor complexes 

reveal the interaction between inhibitors and the residues Glu377 and Cys379 

located at the hinge region. It is well known from other kinases that the residues at 

the hinge region play an important role for interacting with ATP-competitive 

inhibitors or ATP. Thus, the key residues where inhibitors and ATP bind are 

Glu188, Cys190 and the Thr187 gatekeeper residue of Myt1 (see also appendix, 

Fig. 45).  

Previously, pyridopyrimidine derivatives were successfully docked into the 

binding pocket of Wee1 kinase [260]. The docking results showed a conserved 

binding, namely an H-bond interaction between the NH and N atom of the 

inhibitor’s pyrimidine ring (the main scaffold) with the Cys379 residue. For the 

Myt1 kinase, the docking proposed the same binding mode, as displayed in 

Fig. 17A.  

 
Fig. 17: GOLD docking solution of compound PD166285 (magenta stick) in the binding pocket of 
Myt1 (A) and a schematic representation of the interactions between compound PD166285 and the 
residues in the binding pocket of Myt1 (B). H-bonds are displayed as dashed lines. 
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The H-bond interactions were found between the NH atom and the pyrimidine 

ring of the inhibitor with Cys190. The benzene ring with the chloro substituent at 

the ortho position is located at the hydrophobic pocket. There is also another 

interaction between the benzene ring of the inhibitor with Pro192 and Leu116, as 

shown in Fig. 17. 

Dasatinib is a well-known kinase inhibitor, and several X-ray structures of kinases 

(active conformation) complexed with dasatinib are available in the Protein Data 

Bank; for example PDB code 2GQG (Abl kinase), 3G5D (c-Src kinase), and 

3K54 (Btk kinase). Superimposition of these X-ray structures reveals that 

dasatinib not only forms H-bonds with residues at the hinge region but also with 

the gatekeeper residue (see appendix, Fig. 46).  

The molecular docking results for dasatinib and Myt1 (PDB code 3P1A, active 

conformation), as displayed in Fig. 18, yielded the same binding mode as for the 

other protein kinases. H-bond interactions were found between NH and the N 

atom of the thiazole ring with Cys190, and between the NH atom with Thr187 

(gatekeeper residue). The additional interaction between dasatinib and Pro192 was 

also found, as shown in Fig. 18. 

 
Fig. 18: GOLD docking solution of dasatinib (magenta stick) in the ATP-binding pocket of Myt1 
(A) and a schematic representation of the interactions between dasatinib and the residues in the 
ATP-binding pocket of Myt1 (B). 

According to their binding modes, both potent inhibitors exploit a hydrophobic 

pocket beyond the gatekeeper residue and not only the regions targeted by ATP, 

favored by the small threonine residue in this position. About 18% of all protein 

kinases contain a Thr-gatekeeper. As this residue is not very bulky, it provides the 

possibility to target the back pocket in a more specific way [48]. 
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5.3. FP Based Kinase Binding Assay: DasAFITC-Assay 
As mentioned before, dasatinib is a well-investigated approved drug in anti-cancer 

therapy that binds tightly to many kinases [76]. Due to advantages in terms of 

commercially available amounts and financial considerations, it was decided to 

focus on dasatinib instead of PD166285. As a starting point for the development 

of another Myt1 kinase binding assay, the molecular docking studies indicated the 

hydroxy-ethyl residue of dasatinib to be solvent exposed (see Fig. 18 and 

appendix, Fig. 46). Together with the fact that an alteration at this position, i.e. 

covalent linkage to a resin [255], maintained the ability to bind to several kinases, 

it was assumed that a chemical modification at this hydrophilic position would not 

have a major negative impact on the binding properties. Covalent linkage of a 

fluorophore at this position, i.e. formation of a molecular probe, might be the key 

to a fluorescence polarization (FP) based binding assay. 

The assay principle is outlined in Fig. 19. It is based on a fluorescently labeled 

ATP-competitive inhibitor as a tracer.  

 
Fig. 19: The assay principle is based on a fluorescently labeled ATP-competitive compound 
(tracer) having a rather low intrinsic FP. Upon binding to the kinase, the increased size of the 
complex leads to slower rotation and, therefore, higher fluorescence polarization. While a non-
inhibitor does not affect the kinase-tracer complex, an inhibitor displaces the tracer from the 
kinase, lowering the polarization. 

Due to its rather low molecular weight, the probe moves very quickly in solution 

phase when excited by polarized light, leading to low fluorescence polarization 

values. However, if a suitable kinase is added, the molecular weight of the 

complex will be dramatically increased compared to the tracer itself. The 

rotational correlation time of the complex will therefore be increased (slower 

rotation) leading to increased polarization of the fluorescence emission. A non-

inhibitor added to this complex will not affect the binding of the tracer and the 

high fluorescence polarization will be maintained. An inhibitor, however, will 

displace the tracer from the kinase which results in lowered FP values. 
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As a fluorophore, it was decided to use fluorescein due to its many available 

labeling derivatives, its excellent quantum yield and broadly available suitable 

instrumentation. 

5.3.1. Synthesis and Characterization of a Suitable Tracer 
Different synthetic plans were pursued using different labeling reagents such as 

aminofluorescein or thioacetamidofluorescein. The most successful derivative, 

however, was based on fluorescein isothiocyanate (FITC) as the defined single 

isomer I (fluorescein 5-isothiocyanate).  

The synthesis route to the fluorophore-labeled dasatinib derivative 4, N-[3',6'-

dihydroxy-3-oxo-3H-spiro(2-benzofuran-1,9'-xanthen)-5-yl]-N'-(2-[4-{4-([N-{2-

chloro-6-methylphenyl}-5-carboxamido]-thiazol-2-yl)amino-2-methylpyrimid-6-

yl}piperazinyl]-ethyl)thiourea, is outlined in Fig. 20 (as a Dasatinib-derived 

Amine FITC-adduct, the final product is named DasAFITC).  

 
Fig. 20: Synthesis of a fluorescein-labeled dasatinib-derivative: (a) DPPA, DBU, NaN3, THF, 
5°C; (b) H2, Pd/C, MeOH:EtOAc (15:1); (c) FITC isomer I, EtOH:THF (3:2), 0°C. 

The primary hydroxyl-function was converted into an azide by means of 

diphenylphosphoryl azide (DPPA), yielding a 1:1 mixture of azide and 

diphenylphosphoryl ester. Addition of sodium azide led to full conversion from 

the ester to the desired azide (overall yield 87%). Reduction of this function was 

achieved by hydrogenation in presence of Pd/C with a yield of 90%. The resulting 

amine was coupled to fluorescein isothiocyanate isomer I in ethanol/THF forming 

a thiourea linker between fluorophore and pharmacophore (yield after 

purification: 33%), giving the final product DasAFITC 4. 
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C43H38ClN9O6S2: Mp = 287°C; 1H NMR (400 MHz, DMSO-d6) δ ppm 8.15 (d, J = 

1.9 Hz, 1H, 4-fluoresceinyl-H), 8.14 (s, 1H, thiazole-H), 7.75 (dd, J = 8.3 Hz; J = 

2.0 Hz, 1H, 6-fluoresceinyl-H), 7.34 (d, J = 7.4 Hz, 1H, 6-chloroanilide-H), 7.28 - 

7.20 (m, 2H, 4-, 5-chloroanilide-H), 7.17 (d, J = 8.3 Hz, 1H, 7-fluoresceinyl-H), 

6.70 - 6.65 (m, 4H, 1'-,4'-,5'-,8'-fluoresceinyl-H), 6.52 (dd, J = 8.7 Hz; J = 2.4 Hz, 

2H, 2',7'-fluoresceinyl-H), 6.00 (s, 1H, pyrimidine-H), 3.66 (s, 4H, pyrimidine-

N(CH2-R)2), 2.74 (t, J = 6.1 Hz, 2H, R2N-CH2-CH2-NHR'), 2.72 - 2,61 (m, 4H, 

(R-CH2-CH2)2N-CH2-R'), 2.47 (s, 3H, pyrimidine-CH3), 2.32 (s, 3H, chloro-

anilide-CH3), 1.29 - 1.21 (m, 2H, R2N-CH2-CH2-NH-CS-R'); 13C NMR (125 

MHz, DMSO-d6) δ ppm 180.01, 168.36, 164.98, 162.36, 162.16, 159.73, 159.40, 

156.77, 151.72, 141.26, 140.67, 138.63, 133.35, 132.78, 132.25, 128.81, 127.96, 

126.80, 125.50, 123.93, 123.48, 112.44, 109.56, 102.05, 82.47, 62.90, 62.86, 

59.69, 52.04, 43.40, 40.87, 25.40, 16.24, 15.80; HR-MS calculated for [M+H]+ = 

876.2148, found 876.2148 (∆M = 0.0083 ppm); UV/Vis (pH 7.5, aqueous buffer) 

λmax1(ε = 29400 M-1*cm-1) = 328 nm, λmax2(ε = 27400 M-1*cm-1) = 498 nm; 

Rf(MeOH/HCCl3 4:6) = 0.37; HPLC t = 5,8 min, 98.64%. 

Because DasAFITC was intended as a probe, the fluorescence properties were 

investigated in more detail. Fig. 21 shows the contour plot of a 3D scan of 

DasAFITC, i.e. the emission spectra for any given excitation were detected. Only 

Stokes fluorescence (emission wavelength > excitation wavelength) is shown. 

 
Fig. 21: Fluorescence characterization of DasAFITC by 3D scan in a contour plot (A). Emission 
scans at 330 nm indicate that DasAFITC has inherent FRET properties (B). Upon covalent linkage 
to FITC, the emission maximum of the dasatinib derived amine 3 shifts to the typical fluorescein 
maximum. 

The dasatinib-like part of the molecule is fluorescent itself and emits light in the 

UV range. For DasAFITC, all detected fluorescence emission maxima are at the 

same wavelength of about 525 nm, the typical fluorescein emission. Apparently, 

DasAFITC is subject to inherent fluorescence resonance energy transfer. Emission 



Results and Discussion  73 
 

scans at 330 nm, a wavelength where the DasAFITC precursor 3 has properties 

comparable to dasatinib, reveal that after labeling with fluorescein, the emission 

wavelength dramatically shifts. Therefore, intramolecular FRET can be assumed. 

Due to intrinsic depolarization during FRET, this effect could not be exploited 

any further in this assay and common fluorescence at standard filter settings 

(485 nm Ex / 520 nm Em) was used in the development of the assay. 

5.3.2. Assay Development: DasAFITC Assay 
Fluorescence anisotropy is calculated as a ratio and can, therefore, be considered a 

natural constant of a compound in a defined environment. Since the anisotropy of 

the free fluoroprobe defines the bottom of the assay window, it was attempted to 

determine this value in kinase buffer A (50 mM HEPES pH 7.5, 10 mM MgCl2, 

1 mM EGTA, detergent 0.01% Brij-35). Detergents are commonly used in kinase 

buffers to increase the assay reproducibility and to reduce the number of false-

positive hits [261]. The found value of about 0.180 (anisotropy) was 

unexplainably high for such a low molecular weight probe, which usually shows 

r << 0.1. To understand this phenomenon and exclude adsorption effects, various 

assay buffers containing different detergents and blocking proteins were tested. 

All measurements confirmed a high value, except a buffer containing CHAPS 

(data not shown). CHAPS is a detergent with a relatively high critical micelle 

concentration (CMC), which was not exceeded in the test buffer. This finding led 

to the idea that DasAFITC might have a strong amphiphilic character, so the 

lipophilic part is incorporated in micelles while the hydrophilic fluorescein part 

remains at the surface of the association colloid. This hypothesis would make it 

possible to develop a CMC determination assay based on the same tracer.  

If values determined by this procedure were in accordance with CMC values 

reported in the literature, it would highlight the constitution of the assay buffer as 

a major critical point. 

5.3.2.1. CMC Determination and Assay Buffer 

The approach of using fluorescence anisotropy for CMC determination was 

reported in 2005 and the probe consisted of decanoylaminofluorescein [262], 

whose fatty acid residue appears to be much more lipophilic than the dasatinib-

moiety of DasAFITC. To see whether the CMC was responsible for changes in 

the anisotropy, detergents from different classes were tested over a broad range of 

concentrations (Fig. 22A). At very low concentrations, a plausible r0 of about 0.07 
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was observed and, as the respective CMC was approached, a sudden increase in 

anisotropy appeared. The Hill-slope of the fitted curves was >>1, meaning that the 

changes do not come from a reversible binding process, but rather from physical 

phenomena such as the formation of association colloids [263]. Interestingly, the 

tested detergents do not reach the same top plateau. The height of the plateau 

apparently correlates with dimensions and fluidity of the resulting colloidal 

structure. SDS forms rather small but clearly defined micelles, leading to a lower 

fluorescence anisotropy upon insertion of the probe than the bigger micellar 

structures of CHAPS. CMC determinations for cetyltrimethylammonium bromide 

(CTAB), as an example of a cationic detergent, were hardly possible, since the 

results showed bad reproducibility and achieved values far below literature (data 

not shown). This may be caused by the complementary electric charges of CTAB 

(positive) and the negatively charged carboxylate function of fluorescein. 

 
Fig. 22: Fluorescence anisotropy changes on insertion of the probe into micelles (A), but also the 
quantum yield may change dramatically (B). Direct deduction of the CMC from the anisotropy (C) 
therefore leads to wrong results. Calculation of the bound fraction, taking quantum yield changes 
into account, is needed for a correct determination (D). 

Another important finding, which has not been mentioned in the previously 

described CMC determination anisotropy methodology [262], is the simultaneous 

change in quantum yields. Not only anisotropy changes upon insertion of the 
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fluoroprobe into micelles, also dramatic changes in overall fluorescence were 

observed for all tested detergents (Fig. 22B). These changes appear to be 

unpredictable and so the overall fluorescence intensity should always be 

calculated from the raw data (Itotal = I║ + 2*I ┴). The physical parameter measured 

(anisotropy) is only the apparent value that is formed additively out of bound and 

free fractions of fluoroprobe together with the respective intrinsic anisotropies. 

Alterations in the quantum yield prevent this assumption from being true and 

anisotropy can be translated into the bound fraction (fb) using equation 12 [264]: 

i� = jM�MNk
M��MN�(T��)∗(M��M)  (Eq. 12)   

wherein r f and rb represent the anisotropies of free or bound fluoroprobe and g is 

the quantum yield enhancement factor, simply calculated by dividing the 

fluorescence intensity of the respective sample with the fluorescence intensity of 

an equimolar sample of free fluorescent probe. 

For CMC determination, two steps are necessary: Firstly, an experiment as 

mentioned before, covering many powers of ten (concentration), has to be 

performed to get an idea of the CMC (Fig. 22A). In a second step, a linear 

equidistant concentration series enclosing the CMC has to be carried out (for 

example, see Fig. 22C). The anisotropy remains constant (r f) and, beginning with 

the CMC, anisotropy increases linearly. The intersection of both resulting lines 

should be equal to the CMC but is misleading due to alterations in quantum yield. 

A translation from r into fb is necessary to get the correct CMC as intersection 

point (Fig. 22D), since fluorescence intensity changes upon insertion (Fig. 22B). 

Table 5 shows CMC data determined with and without correction for quantum 

yield changes and compares the true values with previously reported CMCs. 

Table 5: CMC values of selected detergents, resulting errors omitting quantum yield changes and 
comparison with CMC values from literature. CMC assays were conducted in 50 mM HEPES plus 
respective detergent. 

Detergent Apparent 
CMC (%) 

(anisotropy) 

True CMC 
(%) (bound 

fraction) 

True 
CMC 
(mM) 

Systematic 
errora (%) 

Literature CMC 
(mM) 

Reference 

Nonionic: 
Triton X-100b 

 
0.00733 

 
0.00692 

 
0.11 

 
+6.0 

 
0.22 (water) 

 
[265] 

Anionic: 
Dodecyl 
sulfate, sodium 

 
0.0411 

 
0.0453 

 
1.57 

 
-9.3 

 
3.6 (25 mM HEPES) 
0.72 (25 mM HEPES 

+ 200 mM NaCl) 

 
[262] 

Betaine: 
CHAPS 

 
0.14636 

 
0.1562 

 
2.54 

 
+6.3 

 
4 (10 mM HEPES + 

50 mM NaCl) 

 
[266] 

a error if CMC is calculated from anisotropy, omitting quantum yield changes. 
b this detergent is not a single defined substance, M = 625 g/mol was used for calculation of the molarity. 
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A systematic error can easily be avoided by taking g into account as discussed 

above. The determined values are in accordance with literature.  

Another advantage of this methodology is the use of very low amounts of probe, 

thus minimizing the perturbation of micelle structure and formation by insertion 

of the probe. Due to that low concentration and the properties of DasAFITC, this 

method is able to measure CMC in a fully aqueous environment. Many published 

CMC determination procedures include organic solvents, e.g. THF [231] or 

ethanol [230], because of probe solubility issues. 

It is to be noted that the development of the CMC assay was initially not intended. 

While trying to establish the kinase binding assay, serious problems concerning 

the anisotropy value of the free probe came up. Personal communication with 

Dr. Munoz, author of a report establishing a similar assay [250], revealed that they 

were facing similar problems when deriving a probe from SB203580, a highly 

potent p38 MAP kinase inhibitor. Therefore, the problem might be generic to FP 

based assays. In their assay, they finally made use of an assay buffer containing 

CHAPS to solve the problem, without understanding why this helped. However, 

to prove whether the high anisotropy value may be caused by insertion 

phenomena when the buffer contains detergents above the respective CMC, the 

probe was used to actually determine the CMC of reference detergents. The CMC 

determinations, matching literature values, provide evidence that this assumption 

is true and, indeed, should alert the practitioner to potential pitfalls when setting 

up an FP based assay.  

The CMC assay itself can be considered an additional value to the probe and 

highlights the use of a quantum yield correction when applying such a 

methodology [262].  

Having the amphiphilic character of DasAFITC in mind, an assay buffer 

containing a detergent concentration far below its CMC had to be used. Also the 

possibility that DasAFITC might form aggregates on its own, interfering with the 

assay principle, was examined. No formation of association colloids was observed 

in concentrations up to 10 µM using two different methods [230-231] (data not 

shown).  

The final kinase binding assay buffer B (KBB) consisted of 50 mM HEPES-

NaOH pH 7.5, 10 mM MgCl2, 0.03% CHAPS, 1 mM DTT. 
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5.3.2.2. Microplates and Tracer Concentration 

Next, the choice of the optimal ligand concentration is a very essential step. One 

has to make a compromise between assay sensitivity, measurement error and 

kinase consumption. Since DMSO strongly affects the emissivity of fluorescein, 

1% DMSO was included in any test, whether or not a compound was present. As 

indicated by pretests, 384-well plates did not provide an adequate signal-to-noise 

ratio at low concentrations, probably due to a rather low area of the well 

geometry. Therefore, 96-well plates were used instead, using a half-area well 

geometry to reduce the assay volume. Analytical pretests showed that, given the 

instrumentation, an assay volume of 27 µl at a tracer concentration of 5 nM is 

well-suited to yield a signal-to-noise ratio of at least ten in both channels (data not 

shown), ensuring acceptable instrumental errors (CV < 5%). This concentration 

was used in all further kinase experiments. 

5.3.2.3. Construction of Binding Isotherms 

The most important question at that stage was: What is the required affinity that 

allows for setting up an assay as intended? To be more quantitative, what Kd for 

dasatinib against a given kinase is sufficient? 

To answer this question, four different kinases including Myt1 were chosen with 

respect to their reported binding affinity towards dasatinib. The kinases were 

Wee1 (Kd = 7000 nM), Myt1 (Kd = 130 nM), Btk (Kd = 1.4 nM) and Abl1 

(Kd = 0.038 nM) [76]. For the generation of full-length Myt1 as a membrane 

associated protein, it is indispensible to use detergents for protein solubilization 

[236]. The use of detergents below their respective CMC may cause irreversible 

protein aggregation and has to be avoided. Since the dasatinib-derived fluorescent 

probe is not compatible with assay conditions including detergents above their 

CMC, the isolated Myt1 kinase domain was used in this assay. Lack of the 

membrane association motif allows for protein expression and purification 

without using detergents. 

For a binding assay, it is crucial to know the Kd of the respective probe. In 

fluorescence anisotropy assays, the binding isotherm can be constructed by adding 

increasing amounts of protein to a constant concentration of fluorescent probe. 

5 nM probe were incubated with defined amounts of four different kinases. 

Measurements were taken after incubation periods of 30 min, 60 min and 
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120 min. Fig. 23A shows the change in anisotropy compared to fully 

outcompeted, dasatinib-containing controls (Δr) after 120 min incubation. 

 
Fig. 23: Change in anisotropy upon kinase titration (A). All tested kinases except Wee1 bind the 
kinase tracer and the development reflects their affinity in the following order: Abl1 > Btk > Myt1 
> Wee1. However, changes of the overall fluorescence intensity (B) necessitate a quantum yield 
correction. Data reported as means ± SEM (n=4). 

Wee1 does not bind the kinase tracer to a significant extent. Abl1, Btk and Myt1 

do so and the concentrations at half the maximum increase reflect the expected 

affinity towards the tracer, which decreases in the order Abl1 > Btk > Myt1 > 

Wee1. The Δr plateau for Btk and Abl1 lies higher than for Myt1, values are given 

in Table 6. Responsible for this effect is mainly the molecular weight of the 

kinases, which directly affects the assay window. Abl1 and Btk have a GST-tag, 

which is many times heavier than the His6 tag of Myt1. If one is planning to carry 

out fluorescence polarization experiments, it is advisable to use a GST-tag to 

increase the mass of the complex, leading to an increased rbound and, therefore, a 

better assay window.  

The curves shown in Fig. 23A, however, should not be used for the estimation of 

Kd, because, as mentioned for the CMC assay, dramatic changes in the overall 

fluorescence intensity (Fig. 23B) necessitate a correction for the quantum yield 

using the equation mentioned above. The estimated Kd values for the three 

binding kinases (apparent Kd: derived from anisotropy; true Kd: derived from the 

bound fraction) as well as quantum yield enhancement factors and maximum 

anisotropy differences between bound and free ligand are displayed in Table 6. 

The Kd estimations using anisotropy and the calculated bound fraction differ 

vastly. Unacceptable systematic errors may occur and the error itself, even the 

tendency, is basically unpredictable and has to be monitored in every single case. 

However, the true Kd is in accordance with values reported in literature. The 

reference data by DAVIS et al. [76] was generated using quantitative PCR as 

readout principle. The affinities of the selected kinases are approximately 
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equidistant on a log-scale. Since there is no amplification in the present assay, the 

determined Kd values are equidistant on a linear scale and reflect the expected 

behaviour. 

Table 6: Comparison of Kd estimations based on obtained anisotropy curves (apparent) and 
calculated bound fraction (true) with values reported in literature. 
Kinase Apparent 

Kd [nM] 
True 
Kd 

[nM] 

Systematic 
errora (%) 

Literature 
Kd [nM] 

[76] 

Quantum 
yield 
enhancement 
factord 

Δanisotropye Molecular 
Mass 
(tested 
Protein) 
[kDa] 

Abl1 10.5 16.5 -36% 0.038b 2.21 0.172 76 
Btk 81.2 55.1 +47% 1.4 2.10 0.229 77 

Myt1 45.2 138 -67% 130 1.30 0.110 33 
Wee1 n/ac n/ac n/ac 7000 n/ac n/ac 75 

a error if CMC is calculated from anisotropy, omitting quantum yield changes. 
b Kd for Abl1wt was calculated as the arithmetic mean of phosphorylated and non-phosphorylated Abl1. 
c not applicable because no binding was detected. 
d calculated from fluorescence intensities of fully bound and fully displaced ligand. 
e difference between fully bound and fully displaced ligand. Equals the maximum measurement window. 

 

With respect to assay window and estimated Kd, it was decided to perform further 

kinase assays at concentrations of 15 nM (Abl1), 45 nM (Btk), and 100 nM 

(Myt1). The kinase tracer used was not suitable for performing Wee1 kinase 

assays. The affinity of Wee1 to dasatinib as the starting compound was apparently 

not sufficient. However, the required affinity as a starting point for such an assay 

certainly lies beyond the 130 nM Kd of Myt1. This will hold true, particularly if 

the molecular mass of the kinase is big enough, which can be achieved by, for 

instance, using full-length kinases and/or high molecular weight purification tags 

such as GST. 

5.3.2.4. Time Dependence and Assay Performance 

In the kinase titration experiment, it was noticed that the Abl1 and Btk curves did 

not change between the measurements taken at 30 min and 120 min, while for 

Myt1 the anisotropy of the samples without dasatinib continued to increase.  

Since special attention is given to Myt1, a more detailed analysis in terms of 

association times was carried out (Fig. 24). Vehicle control, containing 1% 

DMSO, and fully outcompeted samples containing dasatinib (10 µM) were 

incubated over a long time period and measurements were taken repeatedly.  

The assay window, represented by the difference between these two controls, 

needs at least two hours to develop a stable span. For the other two kinases, Abl1 

and Btk, the binding process was fully completed after 5-10 min (data not shown). 
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All formed kinase-tracer-complexes showed excellent stability for at least 8 h, 

indicating a basically robust assay system. Ligand dissociation was not as slow as 

ligand association. Addition of dasatinib (10 µM) to preequilibrated kinase-tracer-

complex displaced the tracer with a dissociation half-life of t1/2 = 2 min, reaching 

equilibrium after approximately 10 min (equals 5*t1/2; data not shown). 

 
Fig. 24: Time course of the association of kinase tracer and Myt1. The assay window, represented 
by the difference between bound tracer (Vehicle control) and fully outcompeted tracer (Dasatinib), 
does not reach a stable plateau until at least two hours of incubation. For Abl1 and Btk, the binding 
process is completed after 5-10 min (data not shown). Data represent means ± SEM (n=3). 

The meeting of the incubation time criterion is particularly important in screening 

experiments. Usually, an equilibrium is reached after five association half-lives 

[267], which is approximately after 3 h in the present assay (association half-life 

t1/2 = 0.6 h). In practice, however, incubation times longer than 2 h did not lead to 

better Z' factors. Systematic Z’ experiments yielded Z’ = 0.33 after 1 h and 0.52 

after 2 h. On the one hand, these numbers illustrate that a too short incubation 

time is necessarily accompanied by a loss of screening quality but, on the other 

hand, that if suitable incubation time criteria have been met, the assay is 

excellently suited to screening applications [33-34]. Fig. 25 shows a 

representative plate of such a systematical Z’ experiment after 120 min 

incubation. Minus blank controls, half the plate (96-well) contained dasatinib and 

half the plate respective vehicle control.  

 
Fig. 25: A representative result of a plate containing dasatinib controls (µ(+), n=44) and vehicle 
controls (µ(-), n=44). Dashed lines indicate a distance of three standard deviations. 
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As can be seen, the vehicle controls show a higher anisotropy with an acceptable 

standard deviation, which allows for certain identification of hits. The span 

between mean values of the controls together with three times their standard 

deviations (dashed lines) is distinct, proving the suitability of the assay also for 

screening applications. In further inhibitor studies, 120 min for Myt1 and 60 min 

for Abl1/Btk were used as incubation periods before plate reading. 

Using these optimized assay conditions, test data was always normalized against 

dasatinib control (100% displacement) and vehicle control (0% displacement) to 

allow for better comparability. 

5.3.2.5. Assay Validation 

Several compounds were assessed to compare the results with values reported in 

the literature and obtained from the LanthaScreen assay as described in 

Section 5.2. 

For Abl1 and Btk, exemplary IC50 values were determined to show the general 

applicability of the assay. Some known inactive compounds were also included as 

a confirmation of the test system. See Fig. 26 for exemplary IC50 curves. 

 
Fig. 26: Exemplary IC50 curves for dasatinib with Abl1 and Btk, proving analytical suitability of 
the described procedure. Data represent means ± SEM of three experiments. 

Table 7 summarizes the results for Abl1 and Btk. 

Table 7: Determined inhibition profile for the kinases Abl1 and Btk, and comparison with 
literature data. 

Compound Abl1: IC50 
[nM] 

Literature Ki, Kd, 
IC50 [nM] 

Btk: IC50 
[nM] 

Literature Ki, 
Kd, IC50 [nM] 

Dasatinib 2.27 0.038 [76], 9 
[255], 14 [268] 

10.16 1.4 [76], 5 [268] 

Lapatinib No effecta No effect [256] No effecta No effect [256] 
SB203580 No effecta No effect [76] No effecta No effect [76] 

Roscovitine No effecta No effect [256] No effecta No effect [256] 
aMean displacement < 10% at 10 µM 

 

The data displayed for Abl1 and Btk corresponds with literature values, showing 

the general analytical suitability of the described procedure. The remarkable 
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slope-differences between both curves can be explained by the findings of 

SHOICHET [196]. Steep dose-response-curves can occur if the binding constant 

(compound to protein) is much lower than the actual enzyme concentration. The 

ratio (kinase concentration to Kd) is much higher for Abl1 (15 nM / 0.038 nM = 

395) than for Btk (45 nM / 1.4 nM = 32), which explains well why the curve for 

Abl1 is remarkably steeper. 

It can be assumed that the assay performances for Abl1 and Btk are even better 

compared to Myt1 due to the increased assay window as deduced from the kinase 

titrations. Therefore, and because the focus of this work clearly lies with Myt1, 

the compound series was expanded to include most compounds ever reported to 

inhibit Myt1. IC50 curves are shown in Fig. 27 and all results obtained, including 

derived Ki values, are summarized in Table 8. 

 
Fig. 27: IC50 curves for identified Myt1 inhibitors. Data represent means ± SEM (n=3). 

Table 8: Inhibition profile of Myt1 obtained by the DasAFITC-assay. 
Compound Mean IC50 

[nM] 
K i Literature Ki, Kd, IC50 (nM) or 

inhibition at concentration 
Dasatinib 202 73 ± 16 nM 130 [76], 63b 
PD166285 31,1 2.0 ± 1.5 nM 7.2b, 72 [151] 
Tyrphostin AG1478 55 µM 26 ± 8 µM 25% at 5 µMb, 40% at 10 µMb 
Bosutinib 704 304 ± 71 nM 350 [76] 
Roscovitine No effecta - No effect [23] 
Staurosporine No effecta, - No effect [76], b 
Gefitinib No effecta - No effect [76], b 
Lapatinib No effecta - No effect [76], b 
SB203580 No effecta - No effect [76], b 
Erlotinib No effecta - No effect [76], b 
HA-1077 No effecta - No effectb 
Sunitinib No effecta - No effect [76], b 
Neratinib No effecta - No effect [76] 
Midostaurin No effecta - No effect [76], b 
K252a No effecta - No effectb 
U0126 No effecta - No effectb 
CEP-701 
(Lestaurtinib) 

No effecta - No effect [76] 

a Mean displacement < 10% 
b as obtained by LanthaScreen kinase binding assay using Myt1 as full-length protein (see 5.2) 
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The test panel of kinase inhibitors contained not only known inhibitors. Also 

negative controls were included to see whether this assay utilizing the kinase 

domain of Myt1 leads to fully equivalent results compared to full-length Myt1 as 

tested in the LanthaScreen assay (Section 5.2).  

The obtained Ki values are comparable to those reported in the literature and 

provide the possibility to rank the inhibitors reliably. This might be of particular 

importance for future virtual screening studies. The inhibition profile not only 

matches former studies with the kinase domain but also known full-length or 

functional data. Therefore, the use of the kinase domain instead of the full-length 

enzyme is a suitable model for Myt1 binding assays.  

5.3.3. Inhibitor Screening 
Altogether, more than 150 compounds were tested in the DasAFITC assay for 

their ability to affect Myt1. The compounds were chosen with respect to 

computational suggestions or general additions to the inhibition profile. Also, 

promising inhibitor classes such as flavonoids or glycotriazoles were tested. 

Structures of all compounds not common to general kinase research are given in 

the appendix (p. 140). Selected compounds will be discussed in the following. 

5.3.3.1. Identifying False-Postives: Flavonoids as Examples 

One of the classes screened against Myt1 were flavonoids. Flavonoids are 

polyphenolic compounds with a high degree of variation. Typically, they contain 

a C15-scaffold and are structurally based on 1,3-diphenyl propane (flavonoids) or 

1,2-diphenyl propane (isoflavonoids) [269]. More than 6500 structures are known, 

differing in hydroxylation, methylation, glycosylation and other modifications 

[270]. Flavonoids are known to have antiproliferative effects [269] and it has 

become clear that these effects are mediated by specific ligand-protein 

interactions [271]. In particular in the kinase field, flavonoids have gained a lot of 

attention [269, 271]. Therefore, a set of ten flavonoids1 was chosen based on 

previously described kinase effects, occurence in food and commercial 

availability. Importantly, genistein was included in the test set, an isoflavone that 

has previously been shown to inhibit many tyrosine kinases [274]. This compound 

                                                 
1 Flavonoids chosen for testing (in alphabetical order), known kinase effects are exemplarily 
referenced: daidzein; 3,7-dihydroxy flavone (3,7-DHF); fisetin [272-273]; genistein [274]; 
kaempferol [275]; myricetin [276-277]; naringenin [278]; phloretin [279]; quercetin [277, 280] 
and silibinin [281]. 
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is of particular importance because it was reported as a potential modulator of 

Myt1 in a biological study in TRAMP cancer cells [282].  

Flavonoids, particularly their aglycones, appear as hits in many biological assays 

and are often referred to as frequent hitters [283-284]. However, these effects are 

often caused not by a specific mechanism, but rather by unspecific assay 

interference due to their many hydroxyl functions and spectroscopic properties 

(e.g. fluorescence). How to handle potential false-positives will be demonstrated 

in the following. 

All flavonoids were screened at 10 µM and 50 µM in triplicates. Indeed, this class 

turned out to be analytically difficult. After primary screening, only daidzein, 

genistein, naringenin and silibinin could be certainly excluded as Myt1 effectors 

(mean displacement < 10% and absence of anomalies). The other compounds 

showed anomalies such as autofluorescence (fisetin >> myricetin > quercetin >> 

kaempferol) or remarkable displacement at 50 µM while having no effect at 

10 µM. The inclusion of appropriate wells (containing no DasAFITC) in a 

secondary screening allowed for specific background correction and showed that 

quercetin and kaempferol did not bind to Myt1. The emissivity of fisetin and 

myricetin was very high and the respective background correction indicated 

fluorescence quenching effects as the absolute intensity of the probe was lowered 

by more than half compared to control wells. Therefore, the DasAFITC assay 

failed to assess these two compounds. 

The two remaining compounds, phloretin and 3,7-DHF, were investigated by 

means of the Hill-slope as an analytical parameter. Starting from 100 µM, four 

serial dilutions (1:2) were made and assayed (five data points, assayed in 

triplicates). Indeed, absolute Hill-slopes > 3 were obtained for both compounds 

after nonlinear regression (phloretin: 3.9; 3,7-DHF: 16.4). According to 

SHOICHET, there are three possible explanations for steep dose-response curves 

(absolute slope > 1.5) [196]: The enzyme concentration might be higher than the 

inhibition constant of the compound (1) or the respective enzyme might have 

several interaction sites (2). Both possibilities can be excluded due to micromolar 

compound concentrations and the specificity of the dasatinib-derived tracer and 

the use of the lone kinase domain. The remaining reason is a physical effect (3), 

common to so-called promiscuous inhibitors [285-286]: These compounds form 

aggregates with a size of 30-400 nm and insert proteins or probes, leading to 
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wrong results. Since these aggregates are not formed until a concentration 

threshold is reached, the dose-response curve obtained will be very steep. 

However, the occurence of these aggregates is not predictable and is highly 

influenced by the exact assay conditions. Flavonoids have already been described 

as promiscuous inhibitors (e.g. quercetin [287]). Further photometric studies 

under assay conditions (data not shown) indicated that no precipitation occurred 

in the respective concentrations for phloretin, while 3,7-DHF showed distinct 

insolubilities > 25 µM. Taken together, the effects of phloretin and 3,7-DHF were 

caused by physical effects and not by specific interaction with Myt1. These 

compounds were identified as false positives in the primary screening, although 

only phloretin showed the characteristics of a promiscuous inhibitor in the sense 

of MCGOVERN [286]. 

None of the tested flavonoids were revealed to be a Myt1 inhibitor, though fisetin 

and myricetin could not be assessed due to their autofluorescent properties, a 

problem common to any screening based on fluorescence read-out [261]. This 

section, however, demonstrated how false-positive results can be identified 

without using an alternate assay.  

5.3.3.2. Virtual Screening 

Docking-based approaches are commonly implemented in prediction of the 

binding mode of a novel lead compound to a target protein. Although these 

docking-based approaches are usually able to reproduce the experimentally 

observed binding mode, accurate prediction of the binding affinity is still 

challenging [288]. 

Molecular docking is a fast and simple method and, therefore, frequently used for 

screening of compound databases. Simple scoring functions are often applied to 

estimate binding affinities but often show a poor correlation with experimental 

results [259, 289-290] and are, moreover, not accurate enough to discriminate 

active from inactive compounds. 

The in silico studies described herein were carried out by Dr. K. Wichapong. The 

compounds tested in the TR-FRET based binding assay (see 5.2.2) were docked 

into the binding pocket of Myt1 (PDB: 3P1A). However, all of these compounds 

showed similar binding modes and H-bonds with key residues at the hinge region 

(Cys190 or Glu188). Comparison of the docking scores (GoldScore) revealed that 

active and inactive compounds were incorrectly ranked. For example, dasatinib 
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and PD166285 as affine binders yielded GoldScores of 52.0 and 51.4, while 

experimentally inactive compounds such as K252a or U0126 produced even 

higher scores (59.8 and 64.6, respectively). These results indicate that binding 

mode and docking score cannot be used to explain structure-activity relationships 

or to discriminate active from inactive compounds. In accordance with this 

finding a test set comprising twelve compounds selected from the Chembridge 

library with respect to molecular docking results did not have any effect in 

LanthaScreen or DasAFITC assay (Set: Chembridge I, see appendix (p. 140) for 

chemical structures). 

Therefore, binding free energy calculations were used for postprocessing of 

protein-ligand docking poses as a more accurate method and QM/MM-GBSA 

(Quantum Mechanics/ Molecular Mechanics Generalized Born Surface Area) 

scoring using AMBER11 [291] performed best.  

Only the top-ranked docking pose of every compound was rescored by calculating 

the binding free energy using this method and then ranked accordingly. Inactive 

compounds yielded positive values, indicating unfavorable binding to Myt1. By 

means of MD simulations and subsequent QM/MM-GBSA scoring of average 

MD snapshots, the method was also able to separate highly active (nanomolar 

affinity) from weakly active compounds (micromolar affinity). 

As a validation of the methodology, external test sets were selected and screened 

in the DasAFITC assay. One set containing seven compounds from Key Organics 

was chosen as a negative control: Molecular docking implied binding to Myt1, 

while QM/MM-GBSA scoring predicted the compounds to be inactive (Set: 

Keyorganics, see appendix (p. 140) for chemical structures). Independently, a 

database containing 23 known kinase inhibitors was docked2, binding modes 

compared to available crystal structure data and the poses refined using QM/MM-

GBSA scoring. Three compounds were predicted to be active compounds 

(PD173952, PD180970 and CUDC-101) and two compounds were predicted to be 

weakly active (saracatinib and tivozanib). 

As predicted, screening of the Keyorganics set at 10 µM and 20 µM did not lead 

to a significant displacement of the kinase tracer (data not shown).  

                                                 
2The kinase inhibitor set consisted of the following compounds (in alphabetical order): CHIR911, 
CUDC-101, GDC-0941, Go 6976, H-89, KU-0063794, LY 294002, MK1775, Mubritinib, OSU-
03012, PD173074, PD173952, PD180970, PD325901, PD98059, PIK-75, PIK-90, Saracatinib, 
Tivozanib, Tyrphostin 48, Vargatef, Vemurafenib, VX-702, ZSTK474. 



Results and Discussion  87 
 

Using the same screening procedure, the five compounds predicted to be active 

were also tested. The results are summarized in Table 9. 

Table 9: Results for five compounds suggested by virtual screening. Data was generated in the 
DasAFITC assay and is displayed as means ± SEM (n=3). 
Compound Displacement 

at 10 µM [%] 
Displacement 
at 20 µM [%] 

Mean IC50 Ki 

PD-173952 102 ± 3 93 ± 10 55 nM 8.1 ± 3.6 nM 
PD-180970 67 ± 5 72 ± 6 2700 nM 1.35 ± 0.27 µM 
CUDC-101 No effecta No effecta - - 
Saracatinib 39.0 ± 0,3 48 ± 3 10.0 µM 5.2 ± 1.5 µM 
Tivozanib No effecta No effecta - - 

aMean displacement < 10% 

 

Three out of the five compounds had major effects in the assay. The effects for 

both screening concentrations differ in a dose-dependent manner and no assay 

interference by autofluorescence occurred. For PD173952, it appears that both 

screening concentrations already lie in the displacement plateau. PD180970 and 

saracatinib showed dose-responses that could be resolved, meaning they are less 

potent than PD173952. CUDC-101 and tivozanib did not show significant effects 

and were wrongly predicted although possible effects at higher concentrations 

were not explored. 

A critical step in the VS method used is the selection of the right binding mode. 

An incorrectly selected binding pose will result in a false prediction of the binding 

affinity. Moreover, as the entropy term in this approach is simply approximated 

from the number of rotable bonds, highly flexible compounds such as CUDC-101 

can lead to an overestimation of the entropy change upon binding, which can 

result in false positive results. Tivozanib was predicted to be a weakly active 

compound, which did not hold true. 

To further investigate the dose-dependence for the three hit compounds and also 

to rank the compounds among other Myt1 inhibitors, IC50 values were determined 

and used to derive inhibition constants (Ki). The dose-response curves obtained 

are displayed in Fig. 28, the data is included in Table 9. Hill-slopes showed no 

anomalies. 

Saracatinib, predicted to be a weakly active compound, did indeed bind to Myt1 

with micromolar affinity (Ki = 5.2 µM) and, most importantly, both 

pyridopyrimidine derivatives predicted to be active showed remarkable affinities: 

PD180970 had a low micromolar inhibition constant of 1.35 µM and PD173952 
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was revealed to be a highly affine compound, having a Ki value in the low 

nanomolar range (approximately 8 nM). 

 
Fig. 28: IC50 curves for the three hit compounds derived from virtual screening. Data represent 
means ± SEM (n=3). 

With respect to questions raised in the literature, this is an interesting finding. 

PD173952 was found not to affect Wee1 and, moreover, acted as an S-phase 

blocking agent in MCF-7 and MDA-MB-468 cells, possibly due to unclear 

membrane effects [292]. Since Myt1 is involved in membrane dynamics (see 

2.2.2.3), Myt1 inhibition might be partly responsible for the observed phenotype. 

The chemical structures of the three identified hit compounds are given in Fig. 29. 
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Fig. 29: Chemical structures of three hit compounds identified via virtual screening. 

Furthermore, all Myt1 inhibitors mentioned in this work were investigated with 

regard to structural as well as binding mode similarities. Their chemical scaffold 

contains a thiazole (dasatinib), a quinazoline (tyrphostin AG 1478, saracatinib) or 

a pyridopyrimidine structure (PD compounds). The structures of the ligand-

protein-complexes obtained after energy minimization revealed that these 

aromatic rings play an important role for interacting with Phe240 (π - π - 

interactions). For inactive compounds such as imatinib or bisindolylmaleimide I, 

such a π - π - interaction was not observed. The finding of Phe240 as a key 

interaction for Myt1 inhibition could be of particular importance to gain 

selectivity over other kinases. Many other kinases (Pim1, Cdk2, EGFR, Abl,...) do 

not include a phenylalanine at this position, but rather aliphatic side chains of Ala 

or Leu residues. Thus, for designing more selective inhibitors against Myt1, 
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aromatic ring systems should be inserted to gain interaction with the Phe240 

residue. 

Taken together, the in vitro screening of compounds suggested by VS confirmed 

the ability to identify hits in the DasAFITC assay.  

Three hits out of five suggested compounds is not a hit rate to be expected for 

further screenings. As shown by BAMBOROUGH et al., when testing a library that 

only contains compounds known to affect kinases, the hit rates will dramatically 

increase, no matter which kinase is screened [74]. The identified structures may 

help learn about the ATP binding pocket of Myt1, though further screenings for 

the identification of less promiscuous and less extensively researched lead 

structures are necessary.  

5.3.3.3. Glycotriazoles 

The glycotriazole series was also tested in the DasAFITC assay (for chemical 

structures refer to the appendix, p. 142). Interestingly, the two hits from the 

LanthaScreen assay (BS11, BS12) could not be verified in concentrations up to 

100 µM. This finding supports the hypothesis that the compounds affect the 

antibody binding to the His-tag rather than actually displacing the tracer from the 

kinase in the LanthaScreen kinase binding assay. 

The case of the glycotriazoles clearly shows that a suitable secondary assay can be 

considered essential for validation of novel lead structures and screening hits. 

Usually, a functional enzymatic assay is preferred for this task. In absence of such 

an assay, however, an orthogonally acting binding assay may also help verify or 

falsify results gained in the primary assay. 

5.3.4. DasAFITC Assay: Conclusion, Limitations, Drawbacks 
The present assay is a homogenous, single step assay without need for a special 

substrate. Basically, only kinase and labeled ligand are needed. This can be 

considered advantageous over other Myt1 binding assays such as LanthaScreen, 

because no capricious antibodies have to be used. The instrumentation to perform 

the assay is much less demanding and broadly available in many laboratories. 

The effect that buffer additives strongly affect the dynamic range of such an assay 

does not only apply to detergents but has also been described for other buffer 

components, for instance blocking proteins such as BSA [293]. This effect 

generally limits the use of fluorescence anisotropy based methods in biological 

samples (blood, lysates, etc.). 
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A major point in any FP based competition assay is the affinity of the labeled 

ligand. Usually, it is advisable to use a ligand as affine as possible in order to 

expand the range of resolvable inhibitors [294-295]. Subnanomolar affinity probes 

have successfully been used in such assays [293]. An approximate estimate for the 

low end of Ki values that can be resolved is the Kd value of the fluorescent ligand 

[294]. This is one of the limitations of the assay described herein. Kinases with 

different affinities towards the tracer were tested and a Myt1 kinase assay (Kd 

approx. 130 nM) was still good in terms of assay performance (Z'). However, the 

lower tracer affinity compared to the other kinases leads to limitation in resolvable 

inhibitor potencies lying in the low nanomolar range. The statistical approach 

used, described by ZHANG et al. [232], improves the ability to rank compounds 

and may partly compensate this effect. 

Another limitation lies in the fluorophore itself. Compound fluorescence is a 

common cause of assay interference. Heterocyclic compounds that dominate 

screening collections commonly fluoresce in the blue-green range. Therefore, 

fluorescein is susceptible to this type of optical interference [284]. Indeed, the 

assay was not able to analyze the binding properties of two flavonoids, myricetin 

and fisetin, due to their autofluorescence properties at the wavelenghth of the 

fluorophore. 

Therefore, the use of a fluorophore that is excited with more red-shifted light will 

decrease assay interference and can be considered advantageous [296-297]. This 

might be a subject for future assay optimization.  

5.3.5. Affinity of ATP to Myt1 
One factor that limits the translation from in vitro assay data to a cellular context 

is the co-dependence of the inhibitor potency on the intrinsic affinity of the 

inhibitor and the kinetics of the enzyme with respect to its cofactor ATP [11]. In a 

typical functional assay for reversible, ATP-competitive inhibitors, inhibitor 

potency is expressed as an IC50 value which is a function of its intrinsic affinity 

(K i) and the degree of competition from ATP [54]. 

Therefore, the binding affinity of ATP to Myt1 was investigated in the 

DasAFITC-assay. The IC50 acquired by displacing the probe through ATP is a 

good measure for the affinity and equals the apparent Michaelis-Menten constant 

(Km,app). By applying the methodology by ZHANG et al. (see 4.20.3), the resulting 

K i,ATP equals the Michaelis-Menten constant (Km,ATP). 
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Serial dilutions of ATP were performed and tested, starting from an assay 

concentration of approximately 7 mM. Higher assay concentrations led to 

fluorescence quenching effects and had to be excluded. The respective plates were 

read at different timepoints (15 min to 4 h) and the curve did not shift within this 

timeframe, indicating that ATP-degradation can be neglected as a source of error. 

In this experiment, a mixture of ATP and probe was given to the kinase. Since 

probe and kinase were not preincubated, sigmoidal curves having their inflection 

point at comparable concentrations were obtained. Fig. 30 shows the displacement 

curve for ATP after 120 min incubation.  

 
Fig. 30: Displacement curve for ATP obtained in the DasAFITC-assay. Data represent means ± 
SEM (n=3). A sigmoidal dose-response with variable slope was applied, top was set to 100%. 

The Hill-slope resulting from non-linear regression can be considered almost 

optimal (1.08), indicating competitive behaviour of ATP. The IC50 is equal to 

2.3 mM. Km was calculated to be 1.2 ± 0.2 mM. Importantly, this is the first 

estimation of ATP-affinity for Myt1. 

Many kinases have Km,ATP in the range of 10-100 µM. However, there are also 

significant outliers with millimolar values for Km,ATP [11]: For example, several 

phosphatidylinositol 4-kinases and mTOR have millimolar Km,ATP values [298-

300]. 

Low affinities towards ATP do not preclude kinase activity because the cellular 

ATP concentration is high, typically 1-5 mM [301-302]. 

In cells, an inhibitor that has similar Ki values against several kinases will inhibit 

more potently those kinases that have a higher Km,ATP. Analogously, although not 

found in a binding assay, a compound having a Ki in the mid-micromolar range 

might be a potent functional inhibitor. Such a compound could be missed in 

binding assays because the concentrations needed for displacement are not 

reachable due to solubility issues. In a functional assay however, it can compete 

with ATP and inhibit the kinase reaction. 
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The isolated kinase domain may have differing affinity from the native enzyme, 

i.e. different Km,ATP. The difference between protein constructs is particularly 

apparent when assaying allosteric kinase inhibitors. For example, potent allosteric 

Akt inhibitors require the presence of a specific domain of the kinase protein to 

show inhibitory activity [303]. Furthermore, Km,ATP  can be affected by the 

substrate used, e.g. when comparing protein substrates to peptide substrates [304]. 

Taken together, the millimolar Km,ATP should be carefully interpreted, although it 

provides evidence that the inhibition profile obtained by binding assays should be 

ascertained in a functional assay in future research, since the binding affinity 

towards ATP is, apparently, only moderate. 

5.4. Glycoglycerolipids as Myt1 Inhibitors? 
Based on a report of ZHOU et al., the glycoglycerolipid 1,2-dipalmitoyl-3-(N-

palmitoyl-6'-amino-6'-deoxy-α-D-glucosyl)-sn-glycerol (GGL1) is said to be a 

selective Myt1 inhibitor. That compound was synthesized [305] and derivatized to 

learn about the mechanism of action of this class. The chemical synthesis was 

carried out by Dr. C. Göllner and the structures for GGL1 and its tested 

derivatives are presented in Table 10.  

Table 10: Glycoglycerolipids synthesized by Dr. Göllner. The carbohydrate core was varied from 
glucose (GGL1, GGL1β) to galactose (GGL2α, GGL2β) and mannose (GGL3α, GGL3β). Using 
the glucoside, capryloyl chains were inserted instead of palmitoyl chains (GGL4α). 

   R1 R2 R3 R4 R5 R6 R7 

 GGL1 OH H OH H Pa H DPGb 

 GGL1β OH H OH H P DPG H 

 GGL2α H OH OH H P H DPG 

 GGL2β H OH OH H P DPG H 

 GGL3α OH H H OH P H DPG 

 GGL3β OH H H OH P DPG H 

 GGL4α OH H OH H Cc H DCGd 
a P: palmitoyl.  
b C: capryloyl.  
c DPG: 1,2-dipalmitoyl-sn-glycerol.  
d DCG: 1,2-dicapryloyl-sn-glycerol  

Starting from GGL1, the carbohydrate core was varied (glucose (GGL1, GGL1β), 

galactose (GGL2α, GGL2β) and mannose (GGL3α, GGL3β), in α- and β-

anomeric configuration). As a further variation of GGL1, the side chains were 

shortened from palmitoyl to capryloyl moieties (GGL4α). 
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Other working groups have also spent a lot of research effort on the synthesis of 

this compound class, but reliable Myt1 assay data are still missing [306-308]. 

Once again, this lack of Myt1 data might be caused by the difficulties in assaying 

this kinase such as membrane association, restrictivity in substrate acceptance, 

and unusual inhibition properties. 

The glycoglycerolipids were tested three times in the LanthaScreen assay at 

3 µg/ml and 30 µg/ml. No effects on Myt1 could be determined. Only GGL2α 

showed a negligible displacement (7.5%) of the kinase tracer at 30 µg/ml.  

There are two possibilities why GGL1, which is reported to inhibit Myt1 quite 

potently (IC50 0.12 µg/ml), did not show any effect in this assay. Either the results 

of the original work must be questioned, or this class unfolds its effect distant 

from the ATP-binding pocket. 

Type III kinase inhibitors are compounds that bind exclusively to sites other than 

the ATP-binding site. Due to steric reasons caused by three fatty acid chains in the 

glycoglycerolipids, a mechanism of action outside the ATP-binding site is likely, 

making it type III instead of ATP-competitive. Even though most type III 

inhibitors do not directly bind to the ATP site, the majority must either alter the 

active site in a way that displaces the tracer or bind close to the active site. The 

glycoglycerolipids did not displace the tracer, although a maximum concentration 

up to 250-fold the reported IC50 was used. Considering the potency of GGL1 in an 

activity assay, the conclusion may, indeed, be drawn that the effect of this class is 

unfolded far from the active site. So far, there is only one known example of a 

type III inhibitor which could not be detected in a binding assay but in an activity 

assay. This compound inhibited p38α depending on the substrate used [309-310].  

The chemical structure of the tested compounds together with the cellular 

localization of Myt1, membrane-bound at the endoplasmic reticulum, give rise to 

another thesis. All tested GGLs are very hydrophobic and therefore practically 

insoluble in water. Not until solutizer (30% DMSO) or tenside were added could 

the compound be dissolved. Therefore, these compounds are likely to interact 

with more hydrophobic structures such as bilayers (membranes) and micelles. As 

can be seen in Fig. 31, the membrane association motif within the Myt1 protein 

sequence shows spatial proximity to both the kinase domain and the Cdk1 

interaction site [90]. 



94 Results and Discussion 

 
Fig. 31: Illustration of the full-length Myt1 sequence and respective function of selected regions. 

Because an interaction of the GGLs with the kinase domain was not observed, 

GGL effects on the substrate (Cdk1) recognition of Myt1 might be responsible for 

their reported inhibitory potential. 

To verify or falsify the results obtained in the LanthaScreen assay, GGL1 was also 

tested in the DasAFITC-assay. Here, only the Myt1 kinase domain was used for 

binding studies. Also with this anisotropy based binding assay, no effects could be 

determined (Fig. 32). 

 
Fig. 32: Test of GGL1 in the DasAFITC-based binding assay. The reported Myt1 
glycoglycerolipid inhibitor did not have any effect in this assay. 

A closer look at the described assay procedure in the report by ZHOU et al. reveals 

some conceptional deficits. The description therein is kept short. An FPIA was 

conducted and KRISTJÁNSDÓTTIR et al. [24] is cited as a reference. However, the 

assay was run in a direct instead of a competitive approach using a labeled Cdk1-

derived peptide substrate.  

This leads to two general problems: Firstly, KRISTJÁNSDÓTTIR et al. as well as the 

results described in this thesis suggest that Myt1 does not accept short Cdk1-

derived peptides as substrates. Secondly, direct fluorescence polarization assays 

carry some inherent limitations. A labeled substrate is directly phosphorylated 

and, subsequently, bound by an antibody. The resulting FP is increased compared 

to the free unbound probe. The measured fluorescence anisotropy is an additive 

entity based on the intrinsic anisotropies of free and bound fluorescent probe (rb 

and r f) together with their respective fractions (fb and ff): 

L = i� ∗ L� + il ∗ Ll    (Eq. 13)   
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Unphosphorylated peptide will not be bound by the antibody but it is still present 

in considerable amounts and, as it is labeled, it will interfere with the assay by 

narrowing the dynamic range [311]. As shown by WU, substrate conversions of at 

least 50% are required to overcome this effect and to yield an appropriate assay 

window [223].  

If it is, furthermore, taken into account, that the substrate probe was used at a 

concentration of 2.5 nM, such a conversion is intrinsicly limited by diffusion. 

Altogether, the assay used to prove the inhibitory effects of GGL1 on Myt1 is not 

very trustworthy.  

Assay interference by insertion of the labeled substrate into association colloids 

formed by GGL1 when dissolved in kinase buffer was excluded by CMC 

inclusion assays (see 4.19) for concentrations as used in the reported testing 

procedures. 

To further examine whether the original publication by ZHOU et al. can be correct, 

a functional investigation was needed. Therefore, recombinant GST-Cdk1 

(125 nM) was incubated with full-length Myt1 (80 nM) and ATP (250 µM) as 

described in Section 4.13 in presence or absence of GGL1 (30 µg/ml). Samples 

containing dasatinib (10 µM) were carried along as inhibitor controls and samples 

without ATP were used as background controls. Myt1 was present in all samples. 

After incubation (2 h) the reaction was terminated by addition of EDTA. The 

protein was isolated by TCA precipitation and prepared for SDS-PAGE and 

subsequent western blotting. As primary antibodies, anti-pTyr15 Cdk1 antibody 

was used to visualize Myt1 kinase activity and anti-Cdk1 total antibody was used 

as loading control to exclude protein loss caused by work up and handling. 

Representative western blot results are displayed in Fig. 33. 

 
Fig. 33: Representative western blot results for investigations on the inhibitory properties of 
glycoglycerolipid GGL1 on full-length Myt1. 

As indicated by the anti-Cdk1 total antibody, an even loading of the samples can 

be assumed. Therefore, differences in the detected phosphorylation status can be 
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considered a result from the Myt1 kinase reaction. As expected, the control 

without ATP (lane 1) showed a low basal phosphorylation of Cdk1, while the 

kinase reaction (conversion control containing substrate, cosubstrate and kinase; 

lane 2) drastically altered the phosphorylation status. Addition of GGL1 (lane 3) 

did not reduce the formation of phospho-Tyr15 Cdk1 compared to the conversion 

control. The addition of dasatinib (lane 4), however, was indeed able to inhibit the 

kinase reaction. The amount of detected kinase reaction product remained close to 

the basal phosphorylation. The formation of phospho-product could not be totally 

suppressed which is mainly caused by the conditions used in this experiment 

(large excess of ATP and long incubation periods).  

The concentration of GGL1 used here was about 250 times higher than the 

reported IC50 value. No relevant functional inhibition occurred. Apparently, 

GGL1 is not able to inhibit Myt1-mediated phosphorylation of Cdk1. 

In summary, GGL1 did not affect full-length Myt1 in a kinase binding assay. 

Also, the kinase domain in another binding assay was not affected and even a 

functional assay with full-length Myt1 failed to reproduce the results obtained by 

ZHOU et al.  

The glycoglycerolipid GGL1 is, apparently, no inhibitor of the human Myt1 

kinase. 

5.5. Advanced Substrate Studies 
To finally identify a suitable in vitro substrate that allows for the development of a 

medium-throughput functional assay, the scope was widened to test a more 

diverse set of possible substrates. As a sophisticated technique, peptide 

microarrays allow for the screening of thousands of potential substrates at the 

same time, providing a unique possibility for kinase profiling [312].  

5.5.1. Peptide Microarray Studies 
As a starting point for the discovery of kinase substrates, two high content peptide 

microarrays as described in [243] were used, displaying, altogether, 2304 peptides 

derived from human protein sequences, arranged in three identical subarrays on 

chemically modified microscope slides. These peptides were extracted from the 

databases SwissProt [313] and Phosphobase [314] as sequences known to be 

phosphorylated in the human proteome. Each microarray was incubated with full-

length Myt1 and full-length Wee1 in the presence of ATP and the resulting 
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phosphorylations were visualized by an anti phospho-tyrosine antibody and a 

fluorescent dye-labeled secondary antibody. Also, microarray controls were 

performed which were treated equally but in absence of kinase. In the first line, an 

immunological anti-pTyr method was used instead of radioactivity to visualize 

substrate phosphorylations. Fluorescence readout is favorable over a radioactive 

readout, since the resolution of phosphor imagers is dramatically lower than for 

fluorescence scanners. Additionally, incorporation of radioactivity in microarray 

studies leads more towards a yes/no answer, while fluorescence is much easier to 

quantitate, hence allowing statistical approaches to be used to identify the most 

promising peptides. Notwithstanding, the radioactive approach was used to verify 

the results from the antibody based experiments. 

After fluorescence readout, the index I was calculated as a measure of response 

according to NAHTMAN  et al. [315]. The index I is defined as follows, with mn 

being the median of foreground intensity (actual spot) or background intensity 

(area around the actual spot having 3fold the diameter of the respective spot), as 

indicated: 

< = o\p� q2nD�F0rF�EI4
2ns1HtrF�EI4

u   (Eq. 14)   

As a measure of response, the ratiometric index [315] is well defined even if 

background signal is higher than foreground signal (e.g. for empty spots as 

negative controls). Importantly, it provides the advantage of introducing 

homoscedasticity, facilitating statistical analysis. However, the importance of the 

visual inspection of every single spot cannot be overemphasized for such a 

ratiometric measure and has to be carried out carefully [234].  

For the identification of false positives, control experiments without kinase were 

run. A graphical display index I vs. log2(mn�=gvTM�wx_) was used for data 

evaluation, designated Nahtman-plot in the following. As shown in Fig. 34, a 

clear distinction is given between peptide spots with a reproducible response in all 

three blocks, and negative controls (no peptide spotted, empty). Using this 

methodology, for the two slides, nine reproducible false-positive peptides with 

high response indices could be identified (6+3). With respect to NGO et al. [234], 

these peptides can serve as positive controls in further experiments and, moreover, 

can be used to normalize readouts to allow for a better comparability between 

slides and kinase outcomes. 
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Fig. 34: Nahtman-plot for both microarrays I (A) and II (B) as a means of identifying false 
positives from antibody control slides. Reproducible false positives (plus signs) as well as negative 
controls (open circles) are indicated. 

The two different slides were assessed individually and only the final results are 

presented together. After the kinase experiments, the responses were normalized 

using a two-step methodology. Firstly, the global median normalization was 

conducted [316]. Secondly, a positive control-guided normalization as described 

by NGO et al. was carried out [234]. Aligned dot plots of the normalized data for 

Myt1 and Wee1 are shown in Fig. 35. Both kinases were used in equal 

concentrations (80 nM) under identical conditions. The differences in range 

between Myt1 and Wee1 may arise from differences between the kinase activities 

of both preparations. 

 
Fig. 35: Aligned dot plots of the normalized response index for the individually assessed 
microarray chips after incubation with Wee1 and Myt1 (A, displayed as Median ± interquartile 
range). Quantile-quantile-plots for Wee1 (B) and Myt1 (C) are also shown: Slide I (upper panel) 
and slide II (lower panel). Arrows mark gaps in the QQ-plots. Indices beyond this gap were 
considered hits. Each set contains 1152 datapoints, calculated as mean index out of three 
replicates. 

To identify promising hits, quantile-quantile-plots (QQ-plots, Fig. 35) were used 

as a simple means of cluster analysis for the two individual microarrays. Gaps in 
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the QQ-plot indicate discontinuity. Higher responses are unlikely to be part of the 

normally distributed population (the negative part of the dataset). More likely, 

higher responses constitute another, independent population of positives. Gaps at 

higher responses were identified visually and any index beyond the gap was 

considered a hit. The resulting hits were individually processed. Any peptides that 

appeared at least once in one of the antibody control experiments were removed, 

as well as peptides that contained a tyrosine only in terminal position or not at all 

in their sequences. Finally, a visual inspection of each individual spot was carried 

out to exclude false positives gained by artifacts.  

Altogether, 21 top hits could be identified for Wee1, whereas Myt1 yielded 11 

peptides. The overlap of both sets is represented by 4 peptides (Fig. 36).  

This result was confirmed by a radioactive experiment using [γ-33P]-ATP and 

subsequent detection of incorporated radioactivity. All of these peptides were 

clearly positive in this radioactive approach (data not shown). 

 
Fig. 36: Venn-plot of potential peptide substrates identified in microarray experiments for Wee1 
and Myt1. For more information on the peptides refer to the upcoming tables. 

A Venn-plot is shown in Fig. 36. Full information on the peptides as potential 

substrates can be found in Table 11 (Wee1) and Table 12 (Myt1). Peptide names 

consist of a protein abbreviation and an ID number, together unambiguously 

identifying the respective peptide. For the two peptide arrays, the top 50 highest 

response peptides for both kinases are provided in the appendix (see p. 148). 

In order to identify a suitable Myt1 in vitro substrate, four of the identified 

peptides were selected for solution phase verification of these results: the highest 

response peptides (EFS_HUMAN_302 and A002-D_747) and two peptides from 

the overlap with Wee1 (TrkA_HUMAN_482 and INR1_HUMAN_548). To test 

these substrates for acceptance by Myt1, a suitable assay was required. 
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Table 11: Potential peptide substrates identified for Wee1 in alphabetical order. Peptides also 
positive for Myt1 are highlighted (grey). 
Name Uniprot ID 

[317] 
Sequence Full name 

AD15_HUMAN_684 Q13444 VMLGAGYWYRARL ADAM 15 (A disintegrin and 
metalloproteinase domain 15) 

C79A_HUMAN_175 P11912 YEDENLYEGLNLD Membrane-bound immunoglobulin associated 
protein (CD79a) 

CDC2_HUMAN_287 P06493 KIGEGTYGVVYKG Cell division control protein 2, Cyclin-
dependent kinase 1 (Cdk1) 

DDR1_HUMAN_369 Q08345 GMSRNLYAGDYYR Epithelial discoidin domain receptor 1 
(Tyrosine kinase DDR1) 

DDR1_HUMAN_371 Q08345 LYAGDYYRVQGRA Epithelial discoidin domain receptor 1 
(Tyrosine kinase DDR1) 

EPB3_HUMAN_347 P54753 APGMKVYIDPFTY Ephrin type-B receptor 3 (Tyrosine-protein 
kinase receptor HEK-2) 

ERB4_HUMAN_376 Q15303 VAENPEYLSEFSL ERBB-4 receptor protein-tyrosine kinase 
(p180erbB4) (cell surface receptor HER4). 

FAK2_HUMAN_410 Q14289 YIEDEDYYKASVT Focal adhesion kinase 2 (FADK 2) (Proline-
rich tyrosine  kinase 2) 

IG1R_HUMAN_542 P08069 DIYETDYYRKGGK Insulin-like growth factor I receptor 
IKKE_HUMAN_507 Q14164 DDEKFVSVYGTEE Inhibitor of nuclear factor kappa-B kinase 

epsilon subunit (IkBKE) (IKK-epsilon) 
INR1_HUMAN_548 P17181 SSSIDEYFSEQPL Interferon-alpha/beta receptor alpha chain 

(IFN-alpha-REC) 
INSR_HUMAN_509 P06213 GMTRDIYETDYYR Insulin receptor (IR) 
JC4503_133 Q15546 WKYLYRSPTDFMR macrophage maturation-associated transcript 

dd3f protein 
MK12_HUMAN_651 P53778 DSEMTGYVVTRWY MAP kinase p38 gamma 
PIG2_HUMAN_101 P16885 RDINSLYDVSRMY Phospholipase C-gamma-2 
RRPP_HRSV_983 P12579 NNEEESSYSYEEI RNA polymerase alpha subunit 

(Phosphoprotein P) 
TRKA_HUMAN_16 P04629 DIYSTDYYRVGGR High affinity nerve growth factor receptor 

(TRK1, Trk-A) 
TRKA_HUMAN_18 P04629 IYSTDYYRVGGRT High affinity nerve growth factor receptor 

(TRK1, Trk-A) 
TRKA_HUMAN_482 P04629 GMSRDIYSTDYYR High affinity nerve growth factor receptor 

(TRK1, Trk-A) 
TRKB_HUMAN_117 Q16620 GMSRDVYSTDYYR BDNF/NT-3 growth factor receptor (Trk-B) 
TRKB_HUMAN_180 Q16620 DVYSTDYYRVGGH BDNF/NT-3 growth factor receptor (Trk-B) 

 

Table 12: Potential peptide substrates identified for Myt1 in alphabetical order. Peptides also 
positive for Wee1 are highlighted (grey). 
Name Uniprot ID 

[317] 
Sequence Full name 

A002-D_747 P09619 DGHEYIYVDPMQL Beta platelet-derived growth factor receptor 
A051-F_442 P07949 YPNDSVYANWMLS Proto-oncogene tyrosine-protein kinase 

receptor Ret precursor 
EFS_HUMAN_302 O43281 GTDEGIYDVPLLG Embryonal FYN-associated substrate 

(HEFS). 
INR1_HUMAN_548 P17181 SSSIDEYFSEQPL Interferon-alpha/beta receptor alpha chain 

(IFN-alpha-REC) 
INSR_HUMAN_509 P06213 GMTRDIYETDYYR Insulin receptor (IR) 
JC4503_133 Q15546 WKYLYRSPTDFMR Macrophage maturation-associated transcript 

dd3f protein 
JH0826_968 Q16099 AFLLESTMNEYYR Glutamate ionotropic receptor EAA1 chain 

precursor 
JS0648_1005 P35499 NPNYGYTSYDTFS Sodium channel alpha chain 
MK11_HUMAN_149 Q15759 DEEMTGYVATRWY MAP kinase p38 beta 
MK14_HUMAN_150 Q16539 DDEMTGYVATRWY MAP kinase p38 
TRKA_HUMAN_482 P04629 GMSRDIYSTDYYR High affinity nerve growth factor receptor 

(TRK1, Trk-A) 
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5.5.2. A Homogenous FP Based pTyr Assay (FPIA II) 
For a specific verification of the peptides as Myt1 substrates, an assay aiming at 

phospho-tyrosines was required. Because separating and washing steps as well as 

radioactivity should be avoided, the methods to be used are limited. Direct 

measurement of phosphorylation, e.g. by fluorescent chemosensor peptides [318], 

requires a known and optimized substrate, which, so far, does not exist. 

With respect to the expertise gained in former studies (see Section 5.1), it was 

decided to use a homogenous fluorescence polarization based immunoassay 

(FPIA). Because of its satisfying performance in the microarray studies, the same 

antibody should be used in the assay to detect phospho tyrosines. Phospho-

tyrosine is the key motif for antibody binding, no matter what the surrounding 

sequence is. Therefore, the assay should be suitable for detecting any pTyr. 

No peptidic Myt1 substrates have validly be reported so far which led to the 

expectation that sensitivity could be another important issue in this case. That is 

why a competitive FPIA was used instead of a direct one. 

First of all, a suitable fluorescent probe was needed. As a requirement, the probe 

should have a molecular weight as low as possible (Fig. 37).  

 
Fig. 37: Theoretical considerations in terms of molecular weight of the probe in FP-based 
immunoassays. The dynamic range Δr increases with decreasing mass of the probe, maintaining 
sensitivity as indicated by the dashed line that marks the EC50 of both curves. 

The lower the molecular weight of the probe, the better the dynamic range of the 

final assay. The free probe is determined to show a low FP due to fast rotation 

(Brownian motion). Association to the antibody dramatically increases the size 

compared to the free probe, leading to an increase in fluorescence polarization. If 

a mixture of antibody-probe complex (high FP) is added to a kinase reaction, any 

phospho-tyrosine residues formed will displace the tracer from the antibody, 

resulting in a lowered FP. Due to the high molecular mass of the antibody, the 

mass of the probe does not significantly affect the top plateau of a displacement 

curve. The bottom plateau, however, depends totally on the intrinsic anisotropy of 
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the probe. A heavy probe (consisting of many amino acids) will yield a narrow 

dynamic range (Δr1), while a low molecular weight probe (containing only few 

amino acids) will yield an increased dynamic range (Δr2), thereby improving the 

overall assay performance.  

As a compromise between molecular weight and providing a suitable antibody 

epitope, a labeled pentapeptide was used as a probe. 

All peptides identified for Myt1 that had only one central tyrosine residue were 

aligned to deduce a suitable pentapeptide XX(pY)XX with X being any amino 

acid. The formerly identified sequences were chosen, because, obviously, they 

could be bound by the antibody with sufficient affinity. The alignment led to the 

sequence XI(pY)VV (data not shown). Because there was no conserved residue 

for position one, Nε-(6-Carboxyfluorescein)-L-lysine (6-FAM) was selected to 

insert the fluorescence label. Finally, (6-FAM)KI(pY)VV was used as a probe.  

Briefly, the final assay was planned as follows: Kinase reactions should be carried 

out in 40 µl assay volume and the reaction terminated by addition of 10 µl stop 

solution containing EDTA. After addition of 10 µl detection solution containing 

antibody and probe, measurements can be taken when equilibrium is reached.  

All tests conducted at the assay development stage are directed to the planned 

procedure. Assay conditions (microplate, volumes, buffer constitutions...) were set 

in advance and followed accordingly.  

Analytical pretests showed that FP of 2.5 nM (6-FAM)KI(pY)VV can be 

quantified with good certainty (CV < 5%). That concentration was used for all 

further tests. As a next step, a titration experiment with increasing amounts of 

antibody was carried out. Varying amounts of antibody were added to a solution 

containing 2.5 nM probe. Controls containing the phospho-peptide TpY (10 µM, 

QLIGEGT(pY)GVVYKC), fully outcompeting the probe, were carried along. 

Results are shown in Fig. 38. In this assay, the Kd could be determined as 41 nM 

by nonlinear regression. As can be seen, the free probe has an intrinsic anisotropy 

of less than 0.05. In Section 5.1, a labeled tetradecapeptide was used for similar 

purposes, yielding an intrinsic anisotropy (free peptide) of approximately 0.08. As 

predicted (vide supra), the assay window utilizing the pentameric peptide tracer is 

noticeably increased. The maximum dynamic range (Δrmax) was 0.15 (anisotropy). 
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Fig. 38: Titration of the fluorescent probe with antibody. The antibody binds the probe resulting in 
increased fluorescence polarization (closed circles) and respective controls containing fully 
outcompeted probe (low fluorescence polarization, open circles). Nonlinear regression yielded a 
Kd of 41 nM. Data displayed as means ± SEM (n=3). 

For further assay development, a compromise between assay window (high 

antibody concentration) and sensitivity (low antibody concentration) had to be 

made. An antibody concentration slightly higher than the Kd-value yielded a 

sensitive yet robust assay. 45 nM antibody was used in further experiments, 

providing a difference between bottom and top of about 0.08 (anisotropy) which 

is equal to 123 mP (polarization).  

To get an idea of the sensitivity of this setup, three different peptides containing 

phospho-tyrosine were used for exemplary displacement titrations.  

These phospho peptides mimic phosphorylated substrate peptides and the 

displacment curves can help estimate the product formation required for detection. 

Phospho peptides used were TpY, TrkA pY676 (15-meric peptide) and PDGFRA 

pY572 (14-meric peptide). The resulting curves are shown in Fig. 39. 

 
Fig. 39: Titration of antibody-probe complexes with different phospho peptides. The inflection 
points vary with regard to the respective pTyr-containing epitope but remain in a nanomolar scale 
indicating a sensitive assay system. Data represent means ± SEM (n=4). 

As can be seen from the decreasing curves, all of the phospho peptides did 

efficiently displace the probe from the antibody. The resulting EC50 is a good 

measure in terms of sensitivity and the values range from 43 nM for TrkA pY676 
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to 272 nM for PDGFRA pY572 (mean value for all peptides: 147 nM). These 

results indicate that the sensitivity of the monitored reaction, indeed, depends on 

the affinity of the formed product towards the antibody. However, all peptides 

could be detected in a submicromolar range with good certainty. Altogether, the 

general suitability for the detection of pTyr-containing peptides can be assumed 

which allows for the application of this system to the evaluation of peptide 

substrates. Refer to Section 4.16 for the exact assay protocol as used in upcoming 

sections. 

5.5.3. Solution Phase Verification of Peptidic Substrates 
For further solution phase substrate studies, not only the four peptides derived 

from microarray studies were tested, but also three other peptides. The previous 

work (see 5.1) showed that a peptide derived from the native phosphorylation site 

(Cdk18-20) was not modified by Myt1 in vitro. In silico studies suggested that the 

interaction N-terminal from the actual phosphorylation site might be important for 

substrate acceptance and that these interactions are not sufficient in the Cdk18-20 

peptide. To prove or disprove this concept, a peptide containing the amino acids 

6-17 (Cdk16-17) was purchased to provide better N-terminal interactions. 

Furthermore, peptides containing amino acids 1-24 (Cdk11-24) were synthesized 

by solid phase peptide synthesis to check whether the peptides tested in early 

substrate studies were simply too short to be recognized. As a posttranslational 

modification of this peptide, also acetylations of the N-terminus (Ac-Cdk11-24) 

were introduced, as is the case in the native Cdk1 protein [319]. 

These seven peptides were tested at 20-200 µM in kinase experiments containing 

400 µM ATP in standard kinase buffer. Typically, enzyme concentrations of 1-

50 nM are used in such assays [320]. An important aspect to be considered is the 

limited specificity of the detection principle. Any phospho tyrosine brought into 

the assay will competitively displace the probe. Many posttranslational 

modifications including phosphorylations are reported for Myt1 [321-324]. One of 

these putative modifications is a tyrosine residue (Tyr97) [322] which might 

interfere with the assay by narrowing the assay window. To circumvent a large 

extent of such an interference, it was decided to test at 40 nM Myt1.  

For monitoring the phosphorylation process, the homogenous assay as developed 

in the last section (5.5.2) was used and the results are summarized in Table 13.  
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Table 13: Evaluation of potential peptidic substrates in in vitro kinase reactions using the FPIA II. 
Data represent means ± SEM (n=3). 

Potential substrate 
Extent assay window exploited [%]a 

at 20 µM peptide at 200 µM peptide 
EFS_HUMAN_302 65.1 ± 0.8 76.3 ± 2.9 
TRKA_HUMAN_482 No effectb No effectb 
INR1_HUMAN_548 No effect No effectb 
A002-D_747 54.3 ± 3.3 63.8 ± 2.5 
Cdk16-17 No effectb No effectb 
H-Cdk11-24 No effectb No effectb 
Ac-Cdk11-24 No effectb No effectb 
a based on the dynamic assay range, calculated by controls without peptide and fully outcompeted controls  
  containing 10 µM TpY 
b mean effect < 10% 

 

No relevant phosphorylations could be determined for the three Cdk1-derived 

peptides. Also with increased peptide concentration (200 µM), no conversion was 

detected. In the case of the peptides derived from microarray studies, two out of 

four peptides were clearly modified at 20 µM. For these two, the effect could even 

be enhanced by increasing the peptide concentration to 200 µM. In control 

experiments without kinase, none of the seven peptides in concentrations up to 

400 µM affected the binding of the probe to the antibody. The peptides clearly 

phosphorylated by Myt1 were EFS_HUMAN_302 and A002-D_747 (for more 

information on these peptides refer to Table 12, p. 100). 

For the putative Myt1 substrates, formation of the phosphorylated substrate 

peptides during kinase reaction was also qualitatively confirmed via ESI-MS 

(carried out by Dr. Schierhorn, Institute of Biochemistry and Biotechnology, 

MLU Halle-Wittenberg). Presence of both phospho-EFS_HUMAN_302 and 

phospho-A002-D_747 was proven in positive as well as negative ionization mode. 

Surprisingly, also for the other two peptides from the microarray approach, m/z 

values matching the respective phospho-peptides were found.  

At least for TRKA_HUMAN_482, it can be assumed that a relevant formation of 

the pY676-containing peptide (equal to position 7 of the 13-meric peptide) would 

have been detected on a nanomolar scale, because the epitopes of the phospho-

peptide is very closely related to the positive control used in displacement 

experiments during assay development (as seen in Fig. 39). The same applies to 

the Cdk1-derived peptides.  

In contrast to EFS_HUMAN_302, the sequence of A002-D_747 contains two 

tyrosine residues quite close to each other. Based on the data gained so far, a 

certain determination of the exact position that was modified is not possible. 
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To solve the issues raised by the preliminary MS data and to doubtlessly identify 

the actual phosphorylation sites, MS-based fragmentation studies were conducted 

by Dr. C. Ihling from the working group of Prof. Sinz, Institute of Pharmacy, 

MLU Halle-Wittenberg. 

Formation of both phospho-EFS_HUMAN_302 and phospho-A002-D_747 could 

be confirmed and, moreover, fragmentation proved the identity as tyrosine kinase 

reaction products as expected. For phospho-A002-D_747, the actual 

phosphorylation site could be resolved. The Tyr residue in position 7 of the 

peptide, equal to Tyr581 in the full-length protein, turned out to be modified.  

Surprisingly, also for TRKA_HUMAN_482 and INR1_HUMAN_548, formation 

of the respective phospho-tyrosine containing products was confirmed. For these 

two peptides, however, also phosphorylation of serine residues was found. Mass 

spectra of relevant fragmented ionized phospho-peptides are given in the appendix 

(see p. 159). 

Having in mind that these peptides were not recognized as tyrosine-

phosphorylated in the FPIA II, there are different possibilities to explain these 

results. Since the conducted MS-studies did not lead to quantitative results, one 

might argue that the amount of pTyr-containing product is very low and, 

therefore, the displacement of the probe is not sufficient to enable an FP-change 

surmounting the normal background variation. Blocked access of the antibody to 

the epitope caused by the phospho-serine residues or the dramatical change of the 

peptide surface characteristics might be another explanation why the two 

phospho-peptides were not recognized in the FPIA II. 

Myt1 is a dual-specific kinase that is generally characterized as a threonine and 

tyrosine modifying kinase. However, Myt1 is also known to modify serine 

residues, although this kind of posttranslational modification has only been 

described for Myt1 autophosphorylation so far [87]. 

The native Myt1 substrate contains both target sites next to each other. A substrate 

molecule that binds to Myt1 can therefore be modified at threonine, tyrosine or 

both. A sharp line between these three possibilities cannot be drawn. Whether the 

two general kinase activities (Ser/Thr kinase activity and Tyr kinase activity) can 

be separated is unknown. The present work focuses on tyrosine kinase substrates 

but the fact that Myt1 is also able to modify amino acids besides tyrosine has to be 
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emphasized. Further studies are required to elucidate Myt1 in terms of Ser/Thr 

kinase activity.  

To validate the two identified Myt1 tyrosine substrates, the inhibition profile was 

examined. Since there is no selective Myt1 inhibitor available so far, specificity 

has to be gained from a combination of kinase inhibitors. 

The Myt1 inhibitor analysis is based on the results of DAVIS et al. who set up 

inhibition profiles for > 80% of the human protein kinome [76]. It was found that, 

using dasatinib and CEP-701 (lestaurtinib) as inhibitors, only three tyrosine 

kinases showed the same inhibition profile as Myt1 (EPHA8, EPHB3 and ErbB2). 

Dasatinib inhibits Myt1, while the generally very promiscuous inhibitor CEP-701 

should not affect the catalytic affinity of Myt1. Additionally, PD-173952, a 

pyrido [2,3-d] pyrimidine-based inhibitor closely related to PD-173955, should be 

used. This compound is appromixately 10fold more potent toward Myt1 than 

dasatinib (Ki values 8 nM and 73 nM, respectively). Taking PD173952 into 

account, only two kinases should exhibit the same inhibition profile (EPHA8 and 

EPHB3). And only for Myt1, the inhibitory potency can be ordered as follows: 

PD173952 > dasatinib >> CEP-701.  

Kinase reactions (200 µM peptide, 400 µM ATP) in the presence or absence of 

5 µM CEP-701, dasatinib or PD173952 were carried out with both 

EFS_HUMAN_302 and A002-D_747. Using these conditions, the assay window 

was exploited to an extent of approximately 64% (A002-D_747) and 76% 

(EFS_HUMAN_302), meaning that the assay was in its linear range and the 

change in fluorescence anisotropy should be directly proportional to product 

formation. Anisotropy values were converted into relative conversion using 

controls without substrate and conversion controls without inhibitor. The results 

are displayed in Fig. 40.  

For both substrates, the conversion as seen in kinase reactions in the absence of 

inhibitor is dramatically decreased in presence of dasatinib. In presence of the 

even more potent inhibitor PD173952, the conversion drops down to baseline. 

The presence of CEP-701 does not considerably affect the conversion relative to 

conversion controls. Altogether, the results exactly match the inhibition profile as 

expected from the literature. So far, only Myt1 is known to show this inhibition 

profile. 
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Fig. 40: Validation of substrates EFS_HUMAN_302 (A) and A002-D_747 (B) by inhibition 
profile. Values normalized against controls and displayed as means ± SEM (n=3). 

Wee1 (full-length) analytics by FPIA II failed due to high autophosphorylation 

activity, which narrowed the assay window in a way that did not allow substrate 

evaluation. Native Wee1 does not include tyrosine residues modified by 

phosphorylation. However, the GST-tag of the commercially obtained Wee1 

includes 14 Tyr residues that are possibly modified during incubation.  

To gain more insight into the substrate recognition process, the catalytic domains 

of both Wee1 and Myt1 (Myt175-362, Wee1250-464) were tested with the seven 

peptidic substrates. The same conditions were used as in successful Myt1fl 

studies. Neither of the kinase domains mediated formation of phosphorylated 

peptide to a detectable extent. The commercially purchased kinase domain of 

Wee1 was also provided as fusion protein to GST. However, the assay window 

was not affected in any way compared to controls. The denial of the Myt1 kinase 

domain to mediate formation of phospho peptides might be explained by the 

findings of WELLS et al., who found the C-terminal domain of Myt1 (AA437-499) 

to be important for acceptance of protein substrates [90]. Possibly, this domain is 

also involved in the recognition of peptide substrates. However, the absence of a 

crystal structure of full-length Myt1 precludes further structural studies in silico 

and moves the answer to this question to future research.  

The finding that Wee1 substrate recognition differs that strongly is somewhat 

surprising because many in vitro assays use the Wee1 single domain protein as 

tested here for activity-based screening assays (e.g. in [242]). Indeed, the Wee1 

kinase domain exhibited ATP conversion independent from the presence or 

absence of Poly-AEKY substrate in a standard luciferase-based luminescence 

assay (data not shown). This issue emphasizes, once again, that data generated by 
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isolated domains instead of full-length proteins have to be evaluated carefully on a 

case-by-case basis.  

Altogether, 2304 peptides (13-meric) derived from human phosphorylation sites 

[243] were utilized in kinase reactions via peptide microarray technology. 855 of 

these peptides contained potential phospho-tyrosine residues. The microarray 

experiments revealed 11 possible Myt1 substrates. Wee1 was revealed to have 21 

possible substrates, having an overlap with potential Myt1 substrates of 4 

peptides. Interestingly, the native phosphorylation site of both kinases, an N-

terminal region of Cdk1, was identified as a substrate only for Wee1. This 

matches former reports [24] as well as data generated in this work (Section 5.1) 

wherein Wee1 but not Myt1 accepted peptidic substrates derived from this site 

(Cdk18-20). 

Computer-driven approaches suggested that a lack of interaction N-terminal from 

the phosphorylation site might be responsible. To investigate this concept, 

peptides derived from an N-terminal shift of the peptide sequence (Cdk16-17) as 

well as general prolongation with and without acetylation at the N-terminus 

(Cdk11-24, Ac-Cdk11-24) were tested. Additionally, to identify a peptidic Myt1 

substrate, four peptides were chosen for solution phase verification and tested 

together with the Cdk1-derived peptides. For this purpose, an improved 

homogenous fluorescence polarization immunoassay was introduced which is 

broadly applicable to issues aiming at phospho-tyrosine modifications. 

None of the Cdk1-derived peptides were phosphorylated by Myt1, leading to the 

conclusion that simply deducing a sequence from the native substrate, omitting 

the 3D structure of the protein, is not necessarily successful. Protein folding may 

lead to totally different surface characteristics compared to the isolated target site. 

However, other peptide sequences ‒ though not associated with the native target 

protein ‒ may mimic the native substrate and can, therefore, be efficiently 

phosphorylated. That is one of the reasons why peptide microarray technology 

helps learn about enzymes in general and kinases in particular. 

Two substrates phosphorylated in the microarray experiments were not detected in 

a normal solution phase reaction. Various causes might be responsible for this 

discrepancy (vide supra) including general differences between the assays, such as 

effects of peptide immobilization on enzyme/antibody binding or other surface 

effects. The peptides EFS_HUMAN_302 and A002-D_747 could clearly be 
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verified as Myt1 substrates. Formation of the respective phosphorylation product 

was also confirmed via MS and also the exact phosphorylation site was identified 

by MS/MS studies. These substrates were validated by inhibition profiling using 

CEP-701 (lestaurtinib), dasatinib and PD173952. Based on data for 442 kinases, 

covering > 80% of the kinome [76], there is no tyrosine kinase but Myt1 showing 

an inhibition profile as observed here.  

A common workflow in microarray experiments includes not only generation of a 

hit list, but also deduction of a consensus sequence based on the list of target 

peptides (e.g. [325]). Such a consensus sequence is often obtained by aligning the 

target peptides, or identification of substrate motifs (e.g. by WebLogos [326]). 

Two of the four microarray derived peptides proved to be good substrates also in 

solution phase. Unfortunately, two peptides are not enough to deduce a valid 

consensus sequence. A verification of the other hit sequences from the microarray 

studies is necessary in order to allow for a meaningful alignment. 

As analysis of the ensemble of hit sequences did not lead to meaningful results, 

the two identified peptidic tyrosine kinase substrates (Fig. 41B and C) were 

compared to the native phospho-site within the Cdk1 sequence (Fig. 41A).  

 
Fig. 41: Sequence comparison of a 13-meric peptide derived from Cdk1 (Cdk19-21, A) with A002-
D_747 (B) and EFS_HUMAN_302 (C). Colors denote the nature of the respective side chain: 
basic (blue), lipophilic (black), acidic (red), hydrophilic (green), primary amide structure (pink). 

Importantly, only Tyr phosphorylations were investigated here. Both novel 

substrates share sequence features. The amino acid residues C-terminal to the 

actual phospho-site are quite lipophilic: Both share a Pro in position +3 and 

further hydrophobic positions in this region. Furthermore, a negative charge 

caused by Asp in position +1 or +2 is present in both substrates. In the N-terminal 

regions, all three peptides have a Glu in common (position -3). Taken together, 

the three peptides show quite similar characteristics: They are rather hydrophobic 

C-terminally, and have a negative charge N-terminally to the phospho Tyr. 
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However, the non-accepted Cdk1 substrates differ in a positively charged 'frame' 

around the phospho-site, having lysine residues in positions -6 and +5. 

Lysine side chains are almost quantitatively protonated under physiological 

conditions (pKa = 10.8 [327]), resulting in permanent positive charges around the 

Tyr-residue. For histidine, as in position -4 of A002-D_HUMAN_747, the side 

chain is protonated to less than 10% at pH 7.5 (pKa = 6 [327]), leading to different 

surface characteristics compared to a Lys side chain. In the native whole protein, 

the phospho-site lies in the glycine-rich loop, a very flexible region of the protein. 

To allow for phosphorylation of Tyr, the positive charges are oriented away from 

Myt1: The regions N-terminal and C-terminal from Tyr15 form antiparallel β-

sheets as observed for Cdk2 (PDB: 2DS1 and 1W8C, there is no available Cdk1 

crystal structure, but Cdk2 offers 100% sequence identity in this region).  

Therefore, the surface characteristics between protein (Cdk1) and protein-derived 

peptides (e.g. Cdk18-20) differ strongly, offering an explanation for the observed 

substrate acceptance. The required interactions may be mimicked by the identified 

peptide substrates, leading to formation of the respective phospho-product. 

Of course, the identified peptides can be used to develop functional assays. 

Moreover, the proteins related to the substrate peptides identified on arrays are 

potential downstream targets of the profiled kinase [328]. Recently, a new cellular 

downstream target for Wee1 was discovered, vastly expanding its biological role 

[329]. Similarly, besides the assay development, the peptide studies presented 

herein may help to clarify cellular processes and further define the biological role 

of Myt1 and other proteins. For the two proteins that include the verified peptidic 

Myt1 target sequences, little is known about the role of respective 

phosphorylation sites. While A002-D is reported to modify its Tyr579 and Tyr581 

residues by autophosphorylation [330-331], the kinase responsible for EFS 

modification at Tyr253 is unknown [317]. Future work has to resolve whether the 

results reported herein can be transferred to an actual cellular environment. 
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6. Summary and Perspectives 

Even large pharmaceutical companies succeeded only in about 61% of their 

kinase screening projects, where success is defined as generation of enzyme, assay 

development and completion of the actual screening [332]. 

In the present work, the membrane-associated Myt1 kinase was generated based 

on a mammalian expression system. As a first step in assay development, 

substrate studies led to the conclusion that the approach of simply deducing a 

peptide from the cellular target sequence is not sufficient. Neither Thr, nor Tyr 

kinase activity evolved as monitored by immunoblotting experiments and 

fluorescence polarization immunoassays (FPIA). Myt1 revealed to be more 

restrictive in terms of substrate acceptance as compared to its most closely related 

Wee-kinase family member Wee1. 

To overcome these problems, a TR-FRET based binding assay was established 

and, indeed, substantial contributions to the inhibition profile of this kinase were 

made. Interestingly, the approved drug dasatinib was found to be a highly affine 

Myt1 inhibitor while highly promiscuous compounds such as staurosporine did 

not affect Myt1. The inhibition data generated by the TR-FRET based binding 

assay provided a first training set which proved useful in the development of 

virtual screening protocols. 

The identification of dasatinib led to the development of a fluorescence 

polarization based kinase binding assay for Myt1. However, the synthesized 

fluorescent probe, which was based on dasatinib, proved to be sensitive to 

detergents due to insertion phenomena. This problem might be generic to FP 

applications and was finally circumvented by using the isolated Myt1 kinase 

domain as expressed from E. coli. Since this protein lacks the membrane-

association motif, the need for detergents above their CMC is eliminated. The 

results generated by this assay are in accordance with full-length data, confirming 

the kinase domain as an appropriate model protein for Myt1 in this assay.  

Most of the compounds ever reported to inhibit Myt1 were tested and the derived 

inhibition constants help rank-order the inhibitors reliably, further facilitating 

computational approaches. 

The assay showed excellent suitability to screening applications as indicated by Z' 

factors > 0.5 and it was used for the assessment of more than 150 compounds. The 

selection of compounds to be tested was mostly guided by virtual screening 
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suggestions, but also promising classes of potential inhibitors were investigated, 

such as flavonoids, glycotriazoles or available kinase inhibitors as a general 

contribution to the inhibition profile (e.g. lestaurtinib). 

Additionally, a glycoglycerolipid reported to inhibit Myt1 was thoroughly 

reassessed by binding studies with full-length Myt1, isolated kinase domain and 

functional investigations. These studies indicate that the aforesaid 

glycoglycerolipid is not an inhibitor of Myt1. 

Screening of compounds suggested by a QM/MM-GBSA virtual screening 

approach led, indeed, to the identification of three formerly unknown Myt1 

inhibitors, remarkably expanding the number of available inhibitors. Although 

none of these compounds are specific toward Myt1, they will help to learn about 

the actual binding pocket and the key interactions required for high affinity. 

Driven by computational approaches, compound interactions with Phe240 or with 

the gatekeeper residue Thr187 appear to be promising starting points for the 

development of selective Myt1 inhibitors. The screening assays provided herein 

will act as invaluable tools for the identification of inhibitors in future research.  

Taking up the idea of a peptidic Myt1 substrate again, the number of tested 

peptides for this purpose was vastly expanded by use of peptide microarray 

technology, a powerful means of kinase profiling. Wee1 and Myt1 were tested 

with hundreds of peptides, leading to a hit list of promising substrates. For Myt1, 

four peptides were tested in an improved FPIA aiming at phospho-tyrosines for 

solution phase verification, and two peptides were indeed phosphorylated in a 

dose-dependent manner. Formation of the respective phospho products was also 

confirmed via MS. The two identified peptides were further validated as Myt1 

substrates using kinase inhibitors. Since no specific inhibitor is known so far, 

selectivity was gained from a combination of compounds and the resulting 

inhibition profile confirmed the peptides to be Myt1 substrates. 

Future research can use these peptides not only for the development of a 

functional medium or high throughput assay, but also to derive substrate-site 

inhibitors or to identify new cellular downstream targets of Myt1. Identification of 

Histone 2B as a Wee1 target enormously expanded the understanding of this 

kinase [329]. As the biological role of Myt1 is not properly described yet, new 

targets in a cellular context may help elucidate its biological function.  
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Appendix 

Sequence Alignment and Modeling 

 
Fig. 42: Sequence alignment of Cdk2 (PDB code 1QMZ), Wee1 (PDB Code 1X8B) and Myt1 
(PDB code 3PIA). Stars represent residues that are identical whereas dots and colons denote 
similar residues. 

 

 

 

Fig. 43: RMSD plots obtained from MD simulation of Wee1-TY and Myt1-TY. 
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Fig. 44: Interaction of TY substrate residues (Gln8, Lys9, Glu12, Thr14 and Tyr15) with (A) Myt1 
and (B) Wee1. Myt1 is shown as magenta ribbon and cyan stick, whereas the Wee1 is shown as 
orange ribbon and cyan stick. The TY substrate is represented as green ribbon and stick. 

 

 

 

 
Fig. 45: Comparison of the overall structure of Wee1 (PDB Code 1X8B) and Myt1 (PDB: 3P1A). 
The structure of Wee1 and Myt1 are shown as green and orange ribbon, respectively. 
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Fig. 46: Comparison of the binding mode of dasatinib (white stick) in the binding pocket of 
different kinases (Abl: orange-2GQG, c-Src: magenta-3G5D, and Btk: cyan-3K54). 
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Chemical Structures of Selected Screening Compounds 
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Glycotriazole series 
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c) Triazolo glycosides 
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DasAFITC: 1H-NMR 

 

 

DasAFITC: 13C-NMR 
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DasAFITC: HR-MS 

 

 

DasAFITC: HPLC 
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Analytics of Peptides S
H-Cdk11-24 
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Top 50 Peptides per Slide from Microarray Experiments 
For top and bottom slide (I and II) from the microarray reaction chamber, the 50 

highest response peptides are displayed for Myt1 and Wee1. Peptides are listed in 

four tables, providing informations on rank (#), ID, name, arithmetic mean 

response index, standard deviation (SD), number of observations (N), sequence 

and the full name of the corresponding protein. Numerical data reflects the 

response index I (Eq. 14, Section 5.5.1). 

Myt Chip I 

# ID Name Mean 
Index 

SD N Sequence FullName 

1 302 EFS_HUMAN 12,91 1,59 3 GTDEGIYDV-
PLLG 

embryonal FYN-associated 
substrate (HEFS) 

2 509 INSR_HUMAN    7,04 1,03 3 GMTRDIYET-
DYYR 

insulin receptor (IR) 

3 659 MK09_HUMAN    6,49 1,20 3 NFMMTPYV-
VTRYY 

mitogen-activated protein kinase 9 
(c-Jun N-terminal kinase 2, JNK2) 

4 657 MK08_HUMAN    6,47 1,66 3 SFMMTPYV-
VTRYY 

mitogen-activated protein kinase 8 
(Stress-activated  protein kinase 
JNK1) (c-Jun N-terminal kinase 1) 

5 747 A002-D   5,19 0,95 3 DGHEYIYV-
DPMQL 

beta platelet-derived growth factor 
receptor 

6 482 TRKA_HUMAN    5,06 0,94 3 GMSRDIYST-
DYYR 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

7 369 DDR1_HUMAN    4,09 0,21 3 GMSRNLYA-
GDYYR 

epithelial discoidin domain receptor 
1 precursor (Tyrosine-protein 
kinase CAK) (Cell adhesion kinase) 
(Tyrosine kinase  DDR) (Discoidin 
receptor tyrosine kinase) (TRK E) 
(Protein-tyrosine  kinase RTK 6) 
(CD167a antigen) 

8 345 EPB2_HUMAN    3,76 1,04 3 TPGMKIYID-
PFTY 

ephrin type-B receptor 2 precursor 
(Tyrosine-protein  kinase receptor 
EPH-3) (DRT) (Receptor protein-
tyrosine kinase HEK5) (ERK) 

9 111
4 

KP58_HUMAN 3,74 0,40 2 RIEEGTYGV-
VYRA 

galactosyltransferase associated 
protein kinase p58/GTA (Cell 
division cycle 2-like 1) (CLK-1) 
(p58 CLK-1) 

10 548 INR1_HUMAN    3,71 0,57 3 SSSIDEYFSE-
QPL 

interferon-alpha/beta receptor alpha 
chain precursor (IFN-alpha-REC) 

11 341 EPB1_HUMAN    3,69 1,09 3 SPGMKIYID-
PFTY 

ephrin type-B receptor 1 precursor  
(Tyrosine-protein  kinase receptor 
EPH-2) (NET) (HEK6) (ELK) 

12 327 EPA4_HUMAN    3,35 1,06 3 NQGVRTYV-
DPFTY 

ephrin type-A receptor 4 precursor 
(Tyrosine-protein kinase receptor 
SEK) (Receptor protein-tyrosine 
kinase HEK8) 

13 684 AD15_HUMAN 3,29 0,17 2 VMLGAGY-
WYRARL 

ADAM 15 precursor (A disintegrin 
and metalloproteinasdomain 15) 
(Metalloproteinase-like) 
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14 115 FGR1_HUMAN    3,26 0,87 3 LTSNQEYLD-
LSMP 

basic fibroblast growth factor 
receptor 1 precursor (FGFR-1) 
(bFGF-R) (Fms-like tyrosine 
kinase-2) (c-fgr) 

15 175 C79A_HUMAN 3,23 1,12 3 YEDENLYE-
GLNLD 

B-cell antigen receptor complex 
associated protein alpha-
chaiprecursor (Ig-alpha) (MB-1 
membrane glycoprotein) (Surface-
IgMassociated protein) (Membrane-
bound immunoglobulin associated 
protein) (CD79a) 

16 362 EPB4_HUMAN    3,21 1,01 3 GHGTKVYI-
DPFTY 

ephrin type-B receptor 4 precursor 
(Tyrosine-protein kinase receptor 
HTK) 

17 101 PIG2_HUMAN 3,17 0,81 3 RDINSLYDV-
SRMY 

1-phosphatidylinositol 4,5-
bisphosphate phosphodiesterase 
gamma-2 (Phospholipase C-IV) 

18 710 TIE2_HUMAN 3,02 0,87 3 LYEKFTYA-
GIDCS 

angiopoietin 1 receptor precursor 
(Tyrosine-proteikinase receptor 
TIE-2) (Tyrosine-protein kinase 
receptor TEK) (P14TEK) (Tunica 
interna endothelial cell kinase) 

19 653 MK13_HUMAN    3,01 0,53 3 DAEMTGYV-
VTRWY 

mitogen-activated protein kinase 13 
(Stress-activated  protein kinase-4) 
(Mitogen-activated protein kinase 
p38 delta) (MAP  kinase p38 delta) 

20 357 CDN1_HUMAN 2,96 1,02 3 GRKRRQTS-
MTDFY 

cyclin-dependent kinase inhibitor 1 
(Melanoma differentiatioassociated 
protein 6) (MDA-6) (P21) (CDK-
interacting protein 1) 

21 651 MK12_HUMAN    2,73 0,43 3 DSEMTGYV-
VTRWY 

mitogen-activated protein kinase 12 
(Extracellular  signal-regulated 
kinase 6) (ERK-6) (ERK5) (Stress-
activated protein kinase-3) 
(Mitogen-activated protein kinase 
p38γ) (MAP kinas  p38γ) 

22 656 MK07_HUMAN    2,73 0,28 3 QYFMTEYV-
ATRWY 

mitogen-activated protein kinase 7 
(Extracellular signal-  regulated 
kinase 5) (ERK-5) (ERK4) (BMK1 
kinase) 

23 376 ERB4_HUMAN    2,67 1,11 3 VAENPEYLS-
EFSL 

ERBB-4 receptor protein-tyrosine 
kinase precursor (p180erbB4) 
(Tyrosine kinase-type cell surface 
receptor HER4) 

24 410 FAK2_HUMAN    2,59 0,89 3 YIEDEDYYK-
ASVT 

focal adhesion kinase 2 (FADK 2) 
(Proline-rich tyrosine  kinase 2) 
(Cell adhesion kinase beta) (CAK 
beta) 

25 117 TRKB_HUMAN    2,57 0,37 3 GMSRDVYS-
TDYYR 

BDNF/NT-3 growth factors 
receptor precursor (TrkB  tyrosine 
kinase) (GP145-TrkB) (Trk-B) 

26 358 CDN1_HUMAN 2,54 0,16 2 RKRRQTSM-
TDFYH 

cyclin-dependent kinase inhibitor 1 
(Melanoma differentiatioassociated 
protein 6) (MDA-6) (P21) (CDK-
interacting protein 1) 

27 899 A008-C   2,53 0,30 2 YEPETVYEV-
AGAG 

cortactin 

28 347 EPB3_HUMAN    2,50 1,13 3 APGMKVYI-
DPFTY 

ephrin type-B receptor 3 precursor 
(Tyrosine-protein  kinase receptor 
HEK-2) 
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29 542 IG1R_HUMAN    2,35 0,48 3 DIYETDYYR-
KGGK 

insulin-like growth factor I receptor 
precursor 

30 375 ERB4_HUMAN    2,35 1,14 3 TLQHPDYL-
QEYST 

ERBB-4 receptor protein-tyrosine 
kinase precursor (p180erbB4) 
(Tyrosine kinase-type cell surface 
receptor HER4) 

31 468 A066-C   2,27 0,48 2 AFDNLYYW-
DQDPP 

ErbB-2 receptor protein-tyrosine 
kinase precursor 

32 855 CDK2_HUMAN 2,25 0,65 3 KIGEGTYGV-
VYKA 

cell division protein kinase 2 (p33 
protein kinase) 

33 168 CDC2_HUMAN    2,21 0,70 3 EKIGEGTYG-
VVYK 

cell division control protein 2 
homolog (P34 protein  kinase) 
(Cyclin-dependent kinase 1) 
(CDK1) 

34 550 MINK_HUMAN    2,18 0,58 3 QARVLESY-
RSCYV 

IsK slow voltage-gated potassium 
channel protein (Minimal potassium  
channel) (MinK) 

35 746 A002-C   2,15 0,86 3 SSDGHEYIY-
VDPM 

beta platelet-derived growth factor 
receptor precursor 

36 745 TRKB_HUMAN 2,10 0,79 3 VYSTDYYR-
VGGHT 

BDNF/NT-3 growth factors 
receptor precursor (Trk tyrosine 
kinase) (GP145-TrkB) (Trk-B) 

37 101
4 

STK9_HUMAN    2,03 0,12 3 NANYTEYV-
ATRWY 

serine/threonine-protein kinase 9 

38 514 IRS1_HUMAN     1,99 0,35 3 LENGLNYI-
DLDLV 

insulin receptor substrate-1 (IRS-1) 

39 262 DCX_HUMAN     1,93 0,27 3 IVYAVSSDR-
FRSF 

doublecortin (Lissencephalin-X) 
(Lis-X) (Doublin) 

40 105
2 

SPIH_HUMAN     1,83 0,09 3 FDDDFHIYV-
YDLV 

spindlin homolog (Protein DXF34) 

41 711 TIE2_HUMAN 1,81 0,08 3 MTCAELYE-
KLPQG 

angiopoietin 1 receptor precursor 
(Tyrosine-proteikinase receptor 
TIE-2) (Tyrosine-protein kinase 
receptor TEK) (P14TEK) (Tunica 
interna endothelial cell kinase) 

42 113
5 

TXK_HUMAN     1,72 0,35 3 YVLDDEYV-
SSFGA 

tyrosine-protein kinase TXK 

43 43 ACHD_ 
HUMAN  

1,65 0,15 3 ISKAEEYFL-
LKSR 

acetylcholine receptor protein 

44 530 A061-A   1,65 0,12 3 LAVSEEYLD-
LRLT 

fibroblast growth factor receptor 4 
precursor (FGFR-4) 

45 182 CDK5_HUMAN    1,63 0,19 3 EKIGEGTYG-
TVFK 

cell division protein kinase 5 (Tau 
protein kinase II  catalytic subunit) 
(TPKII catalytic subunit) 
(Serine/threonine-protein  kinase 
PSSALRE) 

46 113
3 

ROR1_HUMAN    1,63 0,21 3 EIYSADYYR-
VQSK 

tyrosine-protein kinase 
transmembrane receptor ROR1 
precursor (Neurotrophic tyrosine 
kinase 

47 983 RRPP_HRSV      1,51 0,20 3 NNEEESSYS-
YEEI 

RNA polymerase alpha subunit 
(Phosphoprotein P) 

48 138 A003-A   1,49 0,12 3 GASTGIYEA-
LELR 

alpha enolase 

49 313 P53_HUMAN 1,48 0,37 3 LSQETFSDL-
WKLL 

cellular tumor antigen p53 (Tumor 
suppressor p53) (Phosphoproteip53) 

50 256 DDR2_HUMAN    1,48 0,25 3 NLYSGDYY-
RIQGR 

discoidin domain receptor 2 
precursor (Receptor  protein-
tyrosine kinase TKT) (Tyrosine-
protein kinase TYRO 10) 
(Neurotrophic tyrosine kinase) 
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Myt1 Chip II 

# ID Name Mean 
Index 

SD N Sequence FullName 

1 133 JC4503 4,93 0,64 3 WKYLYRSP-
TDFMR 

macrophage maturation-associated 
transcript dd3f protein 

2 766 RHOA_ 
HUMAN 

4,70 1,69 3 ARRGKKKS-
GCLVL 

transforming protein RhoA (H12) 

3 150 MK14_HUMAN 3,83 1,20 3 DDEMTGYV-
ATRWY 

mitogen-activated protein kinase 
14 (Mitogen-activateprotein kinase 
p38) (MAP kinase p38) (Cytokine 
suppressive antiinflammatory drug 
binding protein) (CSAID binding 
protein) (CSBP(MAX-interacting 
protein 2) (MAP kinase MXI2) 

4 100
5 

JS0648 3,45 0,49 3 NPNYGYTS-
YDTFS 

sodium channel alpha chain 

5 107
7 

JC4812 3,35 0,50 3 GYATKYTS-
RSRCY 

hyaluronan synthase 

6 442 A051-F   3,27 0,24 3 YPNDSVYA-
NWMLS 

proto-oncogene tyrosine-protein 
kinase receptor Ret precursor 

7 149 MK11_HUMAN 3,25 1,01 3 DEEMTGYV-
ATRWY 

mitogen-activated protein kinase 
11 (Mitogen-activateprotein kinase 
p38 beta) (MAP kinase p38 beta) 
(p38b) (p38-2) (Stressactivated 
protein kinase-2) 

8 968 JH0826 2,96 0,67 3 AFLLESTM-
NEYYR 

glutamate ionotropic receptor 
EAA1 chain precursor 

9 654 STHM_HUMAN 2,87 1,10 3 AEERRKSHE-
AEVL 

stathmin (Phosphoprotein P19) 
(PP19) (Oncoprotein 18) 
(OP18(Leukemia-associated 
phosphoprotein P18) (PP17) 
(Prosolin(Metablastin) (PR22 
protein) 

10 211 JC2522 2,79 0,86 3 RKKLDESIY-
DVAF 

nuclear autoantigen 

11 967 JH0826 2,53 0,69 3 QNSRYQTY-
QRMWN 

glutamate ionotropic receptor 
EAA1 chain precursor 

12 536 TVHURS 2,43 0,16 3 GLARDIYKN-
DYYR 

kinase-related protein ros-1 
precursor 

13 469 KRAF_HUMAN 2,31 0,10 2 QRDSSYYW-
EIEAS 

RAF proto-oncogene 
serine/threonine-protein kinase 
(RAF-1) (C-RAF) 

14 32 A46612 2,30 0,59 3 YATVKQSS-
VDIYF 

N-methyl-D-aspartate receptor 
chain 1 precursor 

15 56 A040-I   2,27 0,71 3 LGFKRSYEE-
HIPY 

insulin receptor (IR) 

16 496 A38197 2,13 0,07 3 GIIGEGTYG-
QVYK 

protein kinase cdc2-like 

17 17 TRKA_HUMAN 2,11 0,55 3 IIENPQYFSD-
ACV 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

18 147 MK01_HUMAN 2,11 0,57 3 TGFLTEYVA-
TRWY 

mitogen-activated protein kinase 1 
(Extracellular signalregulated 
kinase 2) (ERK-2) (Mitogen-
activated protein kinase 2) 
(MAkinase 2) (MAPK 2) (p42-
MAPK) (ERT1) 

19 113
7 

A46226 2,07 1,06 3 RVLLRPSRR-
VRSQ 

somatostatin receptor 3 
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20 835 HSHUP2 2,05 0,60 3 YRRRHCSR-
RRLHR 

sperm histone P2 precursor 

21 16 TRKA_HUMAN 2,00 0,51 3 DIYSTDYYR-
VGGR 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

22 834 HSHUP1 1,97 0,64 3 RCCRSQSRS-
RYYR 

sperm histone P1 

23 72 A54277 1,91 0,58 2 LYNRKTSR-
VYKYC 

transcription adaptor protein p300 

24 18 TRKA_HUMAN 1,83 0,21 3 IYSTDYYRV-
GGRT 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

25 6 A009-B   1,82 0,64 3 DMYDKEYY-
SVHNK 

hepatocyte growth factor receptor 
precursor (HGF-SF receptor) 

26 756 JC2522 1,77 0,27 2 QWWNMPSP-
SVDPY 

nuclear autoantigen (striatin, 
calmodulin binding protein 3) 

27 422 S68236 1,77 0,20 3 WKGVKSTG-
KVVYF 

betaine/GABA transport protein 
BGT-1 

28 105 A49368 1,75 0,51 3 VRWLQESR-
RSRKL 

vesicle monoamine transporter 

29 131 O60491 1,74 0,42 3 DQGDLMTP-
QFTPY 

mitogen activated protein kinase 
activated protein kinase 

30 969 A45100 1,74 0,36 3 GLNQPSTPT-
HAAG 

mitogen-activated protein kinase 
kinase 1 

31 965 JH0826 1,73 0,15 3 FLVARLTPY-
EWYS 

glutamate ionotropic receptor 
EAA1 chain precursor 

32 971 A46612 1,72 0,32 2 QKCDLVTT-
GELFF 

N-methyl-D-aspartate receptor 
chain 1 precursor 

33 41 B059-B   1,70 0,42 3 GGVKRISGL-
IYEE 

histone H4 

34 531 TVHUTT 1,69 0,21 3 LAQAPPVYL-
DVLG 

nerve growth factor receptor 

35 114
4 

S68442 1,69 0,28 3 ASSQDCYDI-
PRAF 

Grb2-associated binder-1 protein 

36 495 S71363 1,68 0,07 3 ALRRRRTLT-
ELYT 

probable ATP-binding cassette 
transporter ABC-3 

37 646 S39162 1,68 0,32 2 LYNRKTSR-
VYKFC 

transcription coactivator CREB-
binding protein 

38 428 JH0565 1,68 0,16 3 LLWLVSGST-
HRLL 

calcium channel alpha-2b chain 
precursor 

39 521 RBL2_HUMAN 1,67 0,52 3 MDAPPLSPY-
PFVR 

retinoblastoma-like protein 2 (130 
kDa retinoblastoma-
associateprotein) (PRB2) (P130) 
(RBR-2) 

40 34 A46612 1,66 0,08 2 PRLRNPSDK-
FIYA 

N-methyl-D-aspartate receptor 
chain 1 precursor 

41 63 JS0648 1,66 0,26 3 GLSVLRSFR-
LLRV 

sodium channel alpha chain 

42 717 S74251 1,65 0,43 3 AFLRSGSVY-
EPLK 

phosphorylase kinase beta chain 

43 384 KPCE_HUMAN 1,64 0,44 3 NGVTTTTFC-
GTPD 

protein kinase C 

44 330 B159-B   1,64 0,12 3 RSKGQESFK-
KQEK 

nucleophosmin (nucleolar 
phosphoprotein B23) 

45 106 A49368 1,64 0,26 2 LQESRRSRK-
LILF 

vesicle monoamine transporter 

46 533 I73632 1,62 0,22 3 LGKATPIYL-
DILG 

neurotrophin-3 receptor precursor 
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47 106
8 

A47430 1,61 0,24 3 YVQLPRSRP-
ALEL 

gastrin/cholecystokinin receptor B 

48 961 A46226 1,60 0,08 3 TGEKSSTMR-
ISYL 

somatostatin receptor 3 

49 111
3 

JS0670 1,59 0,44 3 GPARLEYY-
ENEKK 

insulin receptor substrate-1 

50 111
9 

A57160 1,57 0,11 3 KYKRLRSM-
TDVYL 

chemokine (C-C) receptor 4 

 

Wee1 Chip I 

# ID Name Mean 
Index 

SD N Sequence FullName 

1 509 INSR_HUMAN    1,56 0,17 3 GMTRDIYET-
DYYR 

insulin receptor (IR) 

2 577 LEPR_HUMAN    1,34 2,27 3 RQPFVKYA-
TLISN 

leptin receptor precursor (LEP-R) 
(OB receptor) (OB-R) (HuB219) 

3 505 IKKA_HUMAN    1,34 1,87 3 KDVDQGSL-
CTSFV 

inhibitor of nuclear factor kappa-B 
kinase alpha subunit (I kappa-B 
kinase alpha) (IkBKA) (IKK-
alpha) (IKK-A) (IkappaB kinase) 
(I-kappa-B kinase 1) (IKK1) 
(Conserved helix-loop-helix u 
iquitous  kinase) (Nuclear factor 
NFkappaB inhibitor kinase alpha) 
(NFKBIKA) 

4 410 FAK2_HUMAN    1,33 0,04 3 YIEDEDYYK-
ASVT 

focal adhesion kinase 2 (FADK 2) 
(Proline-rich tyrosine  kinase 2) 
(Cell adhesion kinase beta) (CAK 
beta) 

5 613 TAU_HUMAN     1,29 2,16 3 DRSGYSSPG-
SPGT 

microtubule-associated protein tau 
(Neurofibrillary tangle protein) 
(Paired helical filament-tau) (PHF-
tau) 

6 983 RRPP_HRSV      1,28 0,17 3 NNEEESSYS-
YEEI 

RNA polymerase alpha subunit 
(Phosphoprotein P) 

7 357 CDN1_HUMAN 1,27 0,09 2 GRKRRQTS-
MTDFY 

cyclin-dependent kinase inhibitor 1 
(Melanoma differentiation 
associated protein 6) (MDA-6) 
(P21) (CDK-interacting protein 1) 

8 345 EPB2_HUMAN    1,25 0,10 3 TPGMKIYID-
PFTY 

ephrin type-B receptor 2 precursor 
(Tyrosine-protein kinase receptor 
EPH-3) (DRT) (Receptor protein-
tyrosine kinase HEK5) (ERK) 

9 341 EPB1_HUMAN    1,24 0,12 3 SPGMKIYID-
PFTY 

ephrin type-B receptor 1 precursor 
(Tyrosine-protein kinase receptor 
EPH-2) (NET) (HEK6) (ELK) 

10 684 AD15_HUMAN 1,22 0,12 2 VMLGAGY-
WYRARL 

ADAM 15 precursor (A disintegrin 
and metalloproteinasdomain 15) 
(Metalloproteinase-like) 

11 653 MK13_HUMAN    1,20 0,11 3 DAEMTGY-
VVTRWY 

mitogen-activated protein kinase 
13 (Stress-activated  protein 
kinase-4) (Mitogen-activated 
protein kinase p38 delta) (MAP  
kinase p38 delta) 

12 101 PIG2_HUMAN 1,18 0,19 3 RDINSLYDV-
SRMY 

1-phosphatidylinositol 4,5-
bisphosphate phosphodiesterase 
gamma-2 (Phospholipase C-IV) 
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13 659 MK09_HUMAN    1,18 0,14 3 NFMMTPYV-
VTRYY 

mitogen-activated protein kinase 9 
(Stress-activated  protein kinase 
JNK2) (c-Jun N-terminal kinase 2) 
(JNK-55) 

14 507 IKKE_HUMAN    1,17 0,02 3 DDEKFVSV-
YGTEE 

inhibitor of nuclear factor kappa-B 
kinase epsilon subunit (I kappa-B 
kinase epsilon) (IkBKE) (IKK-
epsilon) (IKK-E) (Inducible I 
kappa-B kinase) (IKK-i) 

15 369 DDR1_HUMAN    1,15 0,31 3 GMSRNLYA-
GDYYR 

epithelial discoidin domain 
receptor 1 precursor (Tyrosine-
protein kinase CAK) (Cell 
adhesion kinase) (Tyrosine kinase  
DDR) (Discoidin receptor tyrosine 
kinase) (TRK E) (Protein-tyro ine  
kinase RTK 6) (CD167a antigen) 

16 376 ERB4_HUMAN    1,15 0,11 3 VAENPEYLS-
EFSL 

ERBB-4 receptor protein-tyrosine 
kinase precursor (p180erbB4) 
(Tyrosine kinase-type cell surface 
receptor HER4) 

17 482 TRKA_HUMAN    1,14 0,23 3 GMSRDIYST-
DYYR 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

18 685 MPP8_HUMAN    1,13 1,89 3 SSVLNDSPF-
PEDD 

M-phase phosphoprotein 8 
(Fragment) 

19 168 CDC2_HUMAN    1,12 0,17 3 EKIGEGTYG-
VVYK 

cell division control protein 2 
homolog (P34 protein  kinase) 
(Cyclin-dependent kinase 1) 
(CDK1) 

20 651 MK12_HUMAN    1,09 0,16 3 DSEMTGYV-
VTRWY 

mitogen-activated protein kinase 
12 (Extracellular  signal-regulated 
kinase 6) (ERK-6) (ERK5) (Stress-
activated protein kinase-3) 
(Mitogen-activated protein kinase 
p38 gamma) (MAP kinase p38γ) 

21 175 C79A_HUMAN 1,07 0,25 3 YEDENLYE-
GLNLD 

B-cell antigen receptor complex 
associated protein alpha-chain 
precursor (Ig-alpha) (MB-1 
membrane glycoprotein) (Surface-
IgM associated protein) 
(Membrane-bound 
immunoglobulin associated 
protein) (CD79a) 

22 542 IG1R_HUMAN    1,05 0,04 3 DIYETDYYR-
KGGK 

insulin-like growth factor I 
receptor 

23 371 DDR1_HUMAN    1,04 0,10 3 LYAGDYYR-
VQGRA 

epithelial discoidin domain 
receptor 1 precursor (Tyrosine-
protein kinase CAK) (Cell 
adhesion kinase) (Tyrosine kinase 
DDR) (Discoidin receptor tyrosine 
kinase) (TRK E) (Protein-tyrosine 
kinase RTK 6) (CD167a antigen) 

24 117 TRKB_HUMAN    1,02 0,06 3 GMSRDVYS-
TDYYR 

BDNF/NT-3 growth factors 
receptor precursor (TrkB tyrosine 
kinase) (GP145-TrkB) (Trk-B) 

25 548 INR1_HUMAN    1,02 0,23 3 SSSIDEYFS-
EQPL 

interferon-alpha/beta receptor 
alpha chain precursor (IFNα-REC) 
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26 757 NEUM_ 
HUMAN     

0,99 1,65 3 TETGESSQA-
EENI 

neuromodulin (Axonal membrane 
protein GAP-43) (PP46) (B-50) 
(Protein F1) (Calmodulin-binding 
protein P-57) 

27 287 CDC2_HUMAN 0,96 0,03 2 KIGEGTYGV-
VYKG 

cell division control protein 2 
homolog (P34 protein kinase) 
(Cyclin-dependent kinase 1) 
(CDK1) 

28 180 TRKB_HUMAN 0,96 0,09 2 DVYSTDYY-
RVGGH 

BDNF/NT-3 growth factors 
receptor precursor (Trk tyrosine 
kinase) (GP145-TrkB) (Trk-B) 

29 347 EPB3_HUMAN    0,96 0,02 3 APGMKVYI-
DPFTY 

ephrin type-B receptor 3 precursor 
(Tyrosine-protein kinase receptor 
HEK-2) 

30 973 RBB8_HUMAN    0,94 1,51 3 DPGADLSQ-
YKMDV 

retinoblastoma-binding protein 8 
(RBBP-8) (CtBP interacting 
protein) (CtIP) (Retinoblastoma-
interacting protein and myosin-
like) (RIM) 

31 526 IRR_HUMAN      0,87 0,16 3 DVYETDYY-
RKGGK 

insulin receptor-related protein 
(IRR) (IR-related receptor 

32 291 DYRA_ 
HUMAN  

0,81 0,62 3 GQRIYQYIQ-
SRFY 

dual-specificity tyrosine-
phosphorylation regulated kinase 
1A (Protein kinase minibrain 
homolog) (MNBH) (HP86) (Dual 
specificity YAK1-related kinase) 

33 262 DCX_HUMAN     0,77 0,61 3 IVYAVSSDR-
FRSF 

doublecortin (Lissencephalin-X) 
(Lis-X) (Doublin) 

34 362 EPB4_HUMAN    0,76 0,55 3 GHGTKVYI-
DPFTY 

ephrin type-B receptor 4 precursor 
(Tyrosine-protein kinase receptor 
HTK) 

35 937 KPYR_HUMAN    0,76 1,00 3 GYLRRASV-
AQLTQ 

pyruvate kinase 

36 602 VINC_HUMAN    0,75 0,15 3 SFLDSGYRI-
LGAV 

vinculin (Metavinculin) 

37 657 MK08_HUMAN    0,75 0,09 3 SFMMTPYV-
VTRYY 

mitogen-activated protein kinase 8 
(Stress-activated protein kinase 
JNK1) (c-Jun N-terminal kinase 1) 
(JNK-46) 

38 605 CCAC_HUMAN    0,75 0,08 3 SLGRRASF-
HLECL 

voltage-dependent L-type calcium 
channel alpha-1C subunit 
(Calcium channel) 

39 981 RRPP_HRSV      0,74 0,62 3 EEESSYSYE-
EIND 

RNA polymerase alpha subunit 
(Phosphoprotein P) 

40 514 IRS1_HUMAN     0,73 0,17 3 LENGLNYI-
DLDLV 

insulin receptor substrate-1  
(IRS-1) 

41 100
9 

SCG1_HUMAN    0,71 1,08 3 QINKRASG-
QAFEL 

SCG10 protein (Superior cervical 
ganglion-10 protein) 

42 327 EPA4_HUMAN    0,71 0,54 3 NQGVRTYV-
DPFTY 

ephrin type-A receptor 4 precursor 
(Tyrosine-protein  kinase receptor 
SEK) (Receptor protein-tyrosine 
kinase HEK8) 

43 182 CDK5_HUMAN    0,71 0,67 3 EKIGEGTY-
GTVFK 

cell division protein kinase 5 (Tau 
protein kinase II  catalytic subunit) 
(TPKII catalytic subunit) 
(Serine/threonine-protein  kinase 
PSSALRE) 
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44 256 DDR2_HUMAN    0,68 0,49 3 NLYSGDYY-
RIQGR 

discoidin domain receptor 2 
precursor (Receptor  protein-
tyrosine kinase TKT) (Tyrosine-
protein kinase TYRO 10) 
(Neurotrophic tyrosine kinase 

45 656 MK07_HUMAN    0,67 0,50 3 QYFMTEYV-
ATRWY 

mitogen-activated protein kinase 7 
(Extracellular signal-regulated 
kinase 5) (ERK-5) (ERK4)  
(BMK1 kinase) 

46 595 MGP_HUMAN     0,67 0,54 3 CYESHESM-
ESYEL 

matrix Gla-protein precursor 
(MGP) 

47 111
5 

B165-A   0,66 0,13 2 RIRRRASQ-
LKVKI 

gamma-aminobutyric-acid receptor 
beta-1 subunit precursor 

48 701 ACM4_HUMAN    0,65 0,19 3 NATFKKTF-
RHLLL 

muscarinic acetylcholine receptor 
M4 

49 550 MINK_HUMAN    0,65 0,54 3 QARVLESY-
RSCYV 

IsK slow voltage-gated potassium 
channel protein (Minimal 
potassium channel) (MinK) 

50 111
4 

KP58_HUMAN 0,65 0,87 2 RIEEGTYG-
VVYRA 

galactosyltransferase associated 
protein kinase p58/GTA (Cell 
division cycle 2-like 1) (CLK-1) 
(p58 CLK-1) 

 

Wee1 Chip II 

# ID Name Mean 
Index 

SD N Sequence FullName 

1 18 TRKA_HUMAN 1,05 0,17 3 IYSTDYYRV-
GGRT 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

2 16 TRKA_HUMAN 0,87 0,10 3 DIYSTDYYR-
VGGR 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

3 73 IRS1_HUMAN 0,86 0,10 2 HLRLSTSSG-
RLLY 

insulin receptor substrate-1 
 (IRS-1) 

4 502 JH0371 0,83 0,00 2 DGISYTTLR-
FPEM 

B-cell adhesion protein CD22 beta 
splice form precursor 

5 34 A46612 0,81 0,01 2 PRLRNPSDK-
FIYA 

N-methyl-D-aspartate receptor 
chain 1 precursor 

6 133 JC4503 0,76 0,08 3 WKYLYRSP-
TDFMR 

macrophage maturation-associated 
transcript dd3f protein 

7 756 JC2522 0,74 0,15 2 QWWNMPS-
PSVDPY 

nuclear autoantigen (striatin, 
calmodulin binding protein 3) 

8 330 B159-B   0,68 0,11 3 RSKGQESFK-
KQEK 

nucleophosmin (nucleolar 
phosphoprotein B23) 

9 348 PVR2_HUMAN 0,68 0,07 3 GEEEEEYLD-
KINP 

poliovirus receptor related protein 
2 precursor (Herpes virus 
entrmediator B) (HveB) (Nectin 2) 
(CD112 antigen) 

10 401 KPCT_HUMAN 0,67 0,09 3 GDAKTNTF-
CGTPD 

protein kinase C 

11 131 O60491 0,67 0,26 3 DQGDLMTP-
QFTPY 

mitogen activated protein kinase 
activated protein kinase 

12 41 B059-B  0,66 0,25 3 GGVKRISGL-
IYEE 

histone H4 

13 121 A065-C   0,65 0,07 3 HAEAALYK-
NLLHS 

mast/stem cell growth factor 
receptor precursor (SCFR) 
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14 534 A41527 0,65 0,11 3 DCLDGLYA-
LMSRC 

protein-tyrosine kinase axl 
precursor 

15 504 PC4035 0,63 0,20 2 PYILRRTT-
MATRT 

cell-cycle-dependent 350K nuclear 
protein 

16 87 KLC2_HUMAN 0,63 0,16 3 KDKRRDSA-
PYGEY 

kinesin light chain 2 (KLC 2) 

17 484 RB_HUMAN 0,61 0,11 3 GGNIYISPL-
KSPY 

retinoblastoma-associated protein 
(PP110) (P105-RB) 

18 108 A49368 0,60 0,05 2 VDLRHVSV-
YGSVY 

vesicle monoamine transporter 

19 314 QRHUFT 0,59 0,08 3 YIHIYLTVR-
NPNI 

follitropin receptor precursor 

20 56 A040-I   0,57 0,47 3 LGFKRSYE-
EHIPY 

insulin receptor (IR) 

21 17 TRKA_HUMAN 0,57 0,15 3 IIENPQYFSD-
ACV 

high affinity nerve growth factor 
receptor precursor (TRK1 
transforming tyrosine kinase 
protein) (p140-TrkA) (Trk-A) 

22 378 KPC2_HUMAN 0,56 0,44 3 RHPPVLTPP-
DQEV 

protein kinase C 

23 825 QRHUMT 0,56 0,17 3 PQERMFTID-
PKVY 

microtubule-associated protein 2 

24 719 S71339 0,55 0,08 2 ASGKRVSK-
ALSYI 

urea transport protein 

25 211 JC2522 0,55 0,37 3 RKKLDESIY-
DVAF 

nuclear autoantigen 

26 63 JS0648 0,54 0,11 3 GLSVLRSFR-
LLRV 

sodium channel alpha chain 

27 111
9 

A57160 0,54 0,11 3 KYKRLRSM-
TDVYL 

chemokine (C-C) receptor 4 

28 612 JS0648 0,54 0,03 2 AYVKKESGI-
DDMF 

sodium channel alpha chain 

29 386 JN0268 0,53 0,15 3 RTGKRLTR-
AQLIT 

serotonin receptor 1B 

30 32 A46612 0,51 0,10 3 YATVKQSS-
VDIYF 

N-methyl-D-aspartate receptor 
chain 1 precursor 

31 287 A48222 0,51 0,08 2 LPIRRKTRS-
LPDR 

dematin 48K chain 

32 392 JC2495 0,49 0,07 3 LKYRTKTR-
ASATI 

histamine H1 receptor 

33 533 I73632 0,48 0,08 3 LGKATPIYL-
DILG 

neurotrophin-3 receptor precursor 

34 95 B176-G   0,46 0,24 3 SVTVTRSY-
RSVGG 

lamin A (70 kD lamin) 

35 602 S68236 0,46 0,17 3 PRQLRKSG-
RRELL 

betaine/GABA transport protein 
BGT-1 

36 432 JS0648 0,46 0,27 2 NISALRTFR-
VLRA 

sodium channel alpha chain 

37 601 JC2386 0,45 0,15 3 VWKGVKST-
GKIVY 

creatine transporter BS2M 

38 395 A41795 0,45 0,02 2 ARYRRPTV-
AKVVN 

somatostatin receptor 1 

39 450 AKT3_HUMAN 0,44 0,30 3 PHFPQFSYS-
ASGR 

RAC-gamma serine/threonine 
protein kinase (RAC-PK-
gamma(Protein kinase Akt-3) 
(Protein kinase B 

40 111 B176-K   0,44 0,31 3 GDDPLLTY-
RFPPK 

lamin A (70 kD lamin) 

41 140 JC4389 0,44 0,09 3 RISIFLSMQ-
DEIE 

5-formyltetrahydrofolate cyclo-
ligase 
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42 412 PTEN_HUMAN 0,44 0,09 3 PDHYRYSD-
TTDSD 

protein-tyrosine phosphatase 
PTEN (Mutated in multiple 
advanced cancers 1) 

43 359 JC4776 0,44 0,04 2 WRHLTPTG-
REFEG 

limbic-system-associated 
membrane protein precursor 

44 485 RB_HUMAN 0,44 0,34 3 IPHIPRSPYK-
FPS 

retinoblastoma-associated protein 
(PP110) (P105-RB) 

45 35 A46612 0,44 0,13 2 VLEFEASQK-
CDLV 

N-methyl-D-aspartate receptor 
chain 1 precursor 

46 531 TVHUTT 0,43 0,11 3 LAQAPPVYL-
DVLG 

nerve growth factor receptor 
precursor 

47 269 O14974 0,43 0,08 3 REKRRSTGV-
SFWT 

myosin phosphatase target subunit 
1 

48 279 A34400 0,43 0,11 3 IKNKKGTDL-
WLGV 

ezrin 

49 613 CHK2_HUMAN 0,42 0,10 2 QPHGSVTQS-
QGSS 

serine/threonine-protein kinase 
Chk2 (Cds1) 

50 178 A40409 0,42 0,11 2 LGGRALSN-
RQHAS 

G-0/G-1 switch regulatory protein 
2 
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MS/MS: Phospho-Peptides 
Phospho-EFS_HUMAN_302 

 

 

Phospho-A002-D_747 
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Phospho-INR1_HUMAN_548 
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Phospho-TRKA_HUMAN_482 
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Abstract / Zusammenfassung 

English: 

Myt1 is an important cell cycle regulating kinase. Herein, systematic substrate 

studies revealed the kinase to be restrictive in terms of substrate acceptance. 

While simplified proteins (peptides) were not accepted, full-length proteins were 

efficiently phosphorylated. Since protein substrates are problematic in screening 

assays, a kinase binding assay based on time-resolved fluorescence resonance 

energy transfer was established and a first inhibition profile for this kinase was 

obtained. As an alternate assay, a fluorescence polarization based kinase binding 

assay was developed and formerly unknown inhibitors were identified. Finally, 

peptide microarray studies helped resolve the Myt1 substrate issue. Indeed, two 

peptides derived from this approach could be verified and validated as Myt1 

substrates also in solution phase. 

 

Deutsch: 

Die humane Myt1 Kinase ist an der Regulation des Zellzyklus beteiligt. 

Systematische Substratstudien in dieser Arbeit zeigten, dass dieses Enzym 

restriktiv in der Wahl seiner Substrate agiert. Während vereinfachte Proteine 

(Peptide) nicht phosphoryliert wurden, erwiesen sich die Vollproteine als gute 

Substrate. Da die Verwendung von Proteinsubstraten in Screeningassays viele 

Probleme mit sich bringt, wurde ein zeitaufgelöster Fluoreszenzresonanz-

energietransfer-basierter Kinasebindungsassay etabliert und ein erstes 

Inhibitionsprofil ermittelt. Als Assayalternative wurde zudem ein auf 

Fluoreszenzpolarisation basierender Bindungsassay entwickelt und neue, vormals 

unbekannte Hemmstoffe identifiziert. Schließlich wurden Peptid-Microarrays 

verwendet, um die Substratproblematik zu lösen. Tatsächlich konnten zwei 

Peptide aus dieser Herangehensweise auch in Lösung als Myt1 Substrate bestätigt 

und validiert werden. 
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