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1. Introduction

Enzymes are biochemical catalysts and essentiallategs of metabolism,
differentiation and proliferation of every singlelic[1]. Not surprisingly, as one
of the largest groups of enzymes [2], kinases mayhysiological role of
particular importance, and dysfunction of kinasess tbeen associated with
various diseases. For example, the chromosomal tiot§(t9;22)(q34;911)],
known as the Philadelphia chromosome, leads tadlaed fusion oncoprotein
Bcer-Abl [3-5]. Deregulated tyrosine kinase actival/Bcr-Abl is the biochemical
characteristic of chronic myeloid leukemia (CML)-8g In 2001, approval and
introduction of the selective inhibitor imatinib I{@c®, Gleeve®) was celebrated
as the magic bullet against CML [7, 9-10].

However, selective inhibitors are valuable toolst ranly for correcting
pathological states but also for the elucidation badchemical and cellular
functions. Selective inhibition of a kinase is piojsgically more meaningful than
knockout of the respective kinase gene, e.g. by Ritéference [11-12].

The Wee-kinase family, particularly Weel and Mwfe crucial regulators of the
cell cycle and have repeatedly been suggested tast@d drug targets [12-15].
Inhibition of these kinases may abrogate -cellulaptgrtion mechanisms,
selectively leading to apoptosis in rapidly pral#gng cancer cells.

In 2009, the introduction of the first selective &leinhibitor, MK-1775, offered
the possibility of proving this concept [16]. By mpMK-1775 is in phase-ll
clinical trials [17] and medicinal as well as bigical research has progressed
significantly because the available inhibitor rersdexperimental verification of
given hypotheses possible (e.g. [18-22]).

In contrast, for Mytl, no selective inhibitors d&mown. At the beginning of the
work described herein, there was hardly any infagilmnaon compounds affecting
Mytl. Two reports mentioned the assaying of somewkn ATP-competitive
kinase inhibitors against Mytl but the results wasstradictory [23-24]. Rational
development of selective inhibitors requires profdknowledge on a molecular
level. The identification of chemical structuredeafing the target protein is a
major step to gaining insights into these molecolachanisms and is prerequisite
to realizing substances that provide both potemclyselectivity.

Thus, inhibitors are indispensible for assessing dlotual biological role and

druggability of a given target protein.
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2. Theoretical Background

To set the stage, background knowledge about thestste and function of
kinases and general ways of kinase inhibition amecisely summarized in the
following. Subsequently, the present knowledge lua hiological role of Mytl

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

2.1. Kinases

Genes encoding for kinases comprise one of thesafgmilies within the human
genome [2] and, altogether, 539 kinase genes arerkiso far [25]. Functionally,
kinases catalyze the transfer of fhphosphate group of ATP to a given acceptor
group. Protein kinases, for instance, use serimeohine, tyrosine or histidine
residues as acceptor groups (throughout this théses term ‘'kinases' equals
'protein kinases'). Phosphorylation can affectganstin a number of ways: It acts
as a means of activation or inactivation, altersdisig to other proteins, or
changes subcellular localization. Through the @gtinf the kinases' counterparts,
the phosphatases, this process is fully reverstidng this post-translational
modification a switch-like character [26]. Therefprkinases are involved in
intertwined networks and feedback loops, most oftea redundant manner, to

control cellular functions [27-28].

2.1.1. From Structureto Molecular Function
Besides functional aspects, the molecular struatitten the kinase family is also
very similar. As an example, the crystal structafehe catalytic domain of the
Mytl kinase (PDB: 3P1A) is shown in Fig. 1.
The kinase domain of any kinase consists of twaedokan N-terminal lobe,
mainly consisting offf-sheets, and a C-terminal lobe, dominatedobyelical
structure elements. Both parts are linked via géniregion containing the binding
motif for the adenine moiety of ATP. The carbohydraore and the phosphate
groups are coordinatively locked into position bgligalent magnesium ion and a
conserved lysine residue [29]. Features differiegween kinases, such as the
gatekeeper residue and other non-conserved regiom®f major importance for
kinase inhibition and will be discussed in moreadleh the following sections.
As a further general kinase feature, an activalbmp containing the conserved

DFG-motif is of major importance for the actualatgtic mechanism.
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Fig. 1: General structure of a kinase domain (here: MRQ2B: 3P1A). On the left, the two lobes

can be seen, connected via a hinge region thaesdponsible for ATP binding as shown
exemplarily on the right in the Traxler model [3GhK: Gatekeeper residue. Grey shading
indicates non-conserved regions. Adapted with pegioin from [31]. Copyright 2010 American

Chemical Society.

Insights into the catalytic course of events of gftryl transfer were gained by
structural elucidation of the catalytic subunit fotein kinase A (PKA) in
complex with ADP, magnesium ions, aluminium flueridnd substrate peptide
[32]: The aluminium fluoride in its planar geometorms a trigonal bipyramidal
coordination with the oxygen atoms of the donor aaceptor groups, mimicking
the transition state of an actual phosphoryl transf

The aspartyl residue of the DFG-motif coordinatesagnesium ion that, in turn,
coordinatively adjusts the phosphate groups of ATRe recipient hydroxyl
function, as a nucleophile, attacks thosphate group of ATP, which, when
transferred, passes through a trigonal bipyramiaisition state. Other amino
acid residues in the active site help increaseniinaeophilicity of the initial
attacking acceptor functionality, such as a furtt@iserved aspartate residue that
may aid by deprotonating the substrate hydroxycfiem [33]. Taken together,
the reaction rate is increased by orders of madeiso that the requirements of a

switch-like regulation can be met.

2.1.2. Kinaselnhibition
Generally, there are three ways to inhibit a kinase
» Substrate-site targeting inhibitors disrupt thetg@roprotein interaction
between the kinase and its direct downstream tarstorically, there has

been a problem in obtaining druglike, small molecsilibstrate mimetics,
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since these proteiprotein binding sites are usually solvent-exposed a
rather featureless surface patches [34]. Notwitlibtey, some successful
examples of substrate-site ligands were reporteédariterature (e.g. [35-
36]). These inhibitors usually provide only micrdaropotency. However,
since they do not need to compete with millimoéasels of ATP inside the
cell but with rather low concentrations of protsimbstrates, acceptabte
Vivo potency can arise from surprisingly low levelsafifnity compared to
ATP-competitive inhibitors [37].

» Allosteric inhibitors, sometimes referred to aseypl inhibitors, target a
site different from substrate or co-substrate lmgdite, even though they
may bind in spatial proximity to it (reviewed ing]3. So far, there are
relatively few examples of allosteric inhibitorsutbthere has been a

consistent effort to develop such inhibitors [39].
>» ATP-competitive inhibitors displace the co-subsrfabm its binding site.

The majority of the small-molecule inhibitors thestve been developed target the
ATP binding site, including all approved and maekekinase inhibitors (as of
July 2013). With respect to the conformation addpby the conserved DFG-
motif that controls the kinase activation state] [23' P-competitive inhibitors can
be further divided in two subgroups: type | andetypinhibitors. Type I inhibitors
target the active kinase conformation, where thgamate residue in the DFG-
motif faces the ATP-binding cleft while the phernglan residue is buried in a
hydrophobic pocket adjacent to this site (‘DFGeohformation) [31]. Type |
inhibitors tend to participate in similar interaxts as the adenine ring of ATP and
form 1-3 hydrogen bonds with the backbone amiddb@®hinge region. Since all
kinases utilize ATP as a co-substrate, affinity aatkctivity have to be achieved
through specific interactions with hydrophobic petsk adjacent to the ATP-
binding site [40].

Due to the inherent necessity to bind ATP, thevacbFG-in conformation is
very similar among kinases. Type Il inhibitors ®&rgnactive conformations,
which are more heterogenous in nature [41].

Usually, in this inactive conformation, the DFG-mas in a flipped orientation
relative to the active form, with the phenylalanmesidue rotated almost 180° and

the aspartate side chain facing out of the actitee(¥DFG-out’), blocking access
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of ATP. This rearrangement opens up an additiogdrdphobic pocket that is

adressed by type Il inhibitors. Additionally, a cheteristic set of hydrogen bonds
with a conserved glutamate in the&-helix and the backbone amide of the
aspartate in the DFG-motif is often observed [EXNemplary binding modes as

obtained for the tyrosine kinase Src are displagdelg. 2.
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Fig. 2: Schematic representation of dasatinib, a typéibitor, bound to the tyrosine kinase Src
(A). The adenine pocket is shown shaded. Dasatimiins an additional hydrogen bond with the
Thr gatekeeper residue in Src. On the right (B3claematic representation of a type Il inhibitor
bound to the tyrosine kinase Src is shown. Two dgen bonds are formed with the hinge region
of the kinase. The characteristic hydrogen bondk thie conserved glutamate residue inde
helix and the amide backbone of the aspartateeoDthG-motif are shown. The DFG-out pocket is
shaded. Adapted with permission from [31]. Copyrig®10 Americal Chemican Society.

Type | inhibitors occupy the adenine pocket in Aid° binding cleft and form the
typical hydrogen bonds with the amide backboneheftiinge region. For type Il
inhibitors, two hydrogen bonds with the hinge regad the kinase are formed. In
addition, a characteristic set of hydrogen bondth whe conserved glutamate
residue in thexC-helix and the amide backbone of the aspartateeoDFG-motif

is typically formed. The DFG-out pocket that is geated by the movement of the
phenylalanine residue of the DFG-motif is exploibgcthe inhibitor [31].

Although there are no experimental techniquesahatv for determination of the
relevant intracellular kinase conformations, theaikable crystal structures
highlight the plasticity of the kinase active sérd suggest the existence of a
dynamic equilibrium [42].

Also, further adressable inactive kinase conforomatihave been reported, for
instance theaC-helix-out conformation observed for EGFR in coexplwith
lapatinib. This conformation retains the generaltyive DFG-in form but leads to
inactivation by rotating and shifting theC-helix outwards, revealing an
additional pocket [43-44].
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Like type 1 inhibitors, type Il inhibitors usuallyform hydrogen-bonding
interactions with the amide backbone of the hinggian and hydrophobic
contacts with the adenine site. Currently, the nemdf kinases that are able to
adopt the DFG-out conformation is not known, but fonases structurally
characterized in this conformation, the orientatainthe DFG-motif is highly
conserved [31]. Type Il compounds typically havieaer dissociation constant
(ko) with extended residence time, which has a faverampact on kinase
inhibition [45-46].

However, drawing a distinction between type Il aalbsteric inhibitors is
sometimes difficult, since even inhibitors that diautside the ATP site can be
ATP-competitive in kinetic studies. Compounds thiad to inactive states can be
either ATP-competitive or uncompetitive dependingtbeir binding mode. For
example, lapatinib extends into the ATP region entherefore considered type
II, while other DFG-out andC-out ligands do not reach the ATP site and have
been described as allosteric [47].

Another approach for the general design of kinakéitors has been proposed by
ZuccoTToet al., so called type | 1/2 inhibitors [48] (d&ig. 3). These inhibitors
recognize the target kinases in their DFG-in canfiiion and, at the same time,
extend to target the back cavity, establishing dindd set of conserved

interactions with those residues characteristi¢tertype 1l design (DFG-out).
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0 0
NH NH CH
HN HN
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Fig. 3: Comparison of the hydrophobic back pockets (shadE#inases having a large Phe (e.g.
Cdk2, A) or a small Thr (e.g. Mytl, B) gatekeepesidue. The size of the gatekepper limits the
dimensions of the back pocket. Figure adapted f@wacoTTo et al. [48] with permission.
Copyright 2010, American Chemical Society.

The back cavity is mainly hydrophobic and is nottugmed by the native
cosubstrate ATP. Its size and shape are primadhtrolled by the gatekeeper
residue which is the first residue of the hingeiorgconnecting the C- and N-
terminal lobes. If the gatekepper is small, e.gedhine, the side chain no longer
limits the size of the cavity which expands towapdsheet 5 and theC-helix
[48].



8 Theoretical Background

For targeting kinases with a small gatekeppers itlear that the exploitation of
this cavity will increase affinity (i.e. potency} avell as selectivity. In contrast,
those kinases having a large gatekepper residgeplkenylalanine, will have a
much smaller back cavity which makes it more difficco gain affinity there.
Approximately 23% of all kinases have small gatpleeaesidues with threonine
being the most abundant one (18%), indicating thtergial in terms of gaining
selectivity [29]. In part, also mid-sized gatekempallow the occupation of the
back cavity. For example, for methionine as a gzgpkr, it has been reported that
its flexible side chain may move, hence openinglthek pocket which can then
indeed be targeted [49].

The first evidence that the back cavity can be atgd by an inhibitor was
provided by DNG et al.,, who solved the crystal structure of mitogetivated
protein kinase 14 (MAPK14) in complex with an ample of the highly potent
inhibitor SB203580 and found the back cavity toooeupied [50-51]. Also other
inhibitors, e.g. dasatinib, target this area.

The gatekeeper may also play a relevant role irergériype Il inhibition, as it
might control which kinases can access the DFGeonformation. Most kinases
observed in DFG-out state have a small gatekeegsaiue, particularly the Thr
residue [48] which can be used as one of a numbaneans to introduce

selectivity to kinase inhibition.

2.1.3. Selectivity in Kinase I nhibition
The term 'selectivity' is usually understood as @ of K or 1Cs5o values for
different kinases [52]. Having in mind that moreanh500 kinases have been
found, this measure does not seem to be suitablgeT a first impression of the
inhibition pattern over the entire kinome, kinasgndrograms are often used but
guantification remains difficult [2]. Mainly, twotber measures have emerged and
prevailed to quantify selectivity: The kinase sélety score s (< s< 1, with 1
being completely unselective and values close tm zadicating selective
inhibitors) [53] and the Gini coefficient G @ G < 1, with 0 being completely
unselective and increasing selectivity as G apgreaanity) [52]. These values
give an overall idea of selectivity but they do tette into account the pattern of
selectivity of a compound for a kinase family obset [54]. Therefore, selectivity

has to be considered on a case-by-case basis.
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Defining and measuring inhibitor selectivity hastme a critical activity both in
the development of new drugs and the applicatiomlwmbitors as research tools
for biological studies [54]. While research inilyafocused on specificity or high
selectivity for therapeutic use, clinical experierand a growing understanding of
kinase biology have indicated that compounds withr@ader spectrum can be
even more effective [34, 55].
However, selectivity is still important, as offggt kinase inhibition may cause
additional toxicity [56-57]. Moreover, inhibitordat are used as biochemical
research tools to understand biological systemsldHme as selective as possible
to elucidate the actual function of the target ke§8]. Measuring the selectivity
and understanding the common features of kinasiiiats may reinforce the
development of less promiscuous agents or at letist the possibility of
prioritizing hits from library screening with reghrto scaffolds with greater
potential for a high degree of selectivity [59-60].
Besides efforts to assess inhibitor selectivitysbyple chemical descriptors [61]
or physical properties [62], more target-basedomal approaches have gained a
lot of attention [63]:
» Shape complementarity between ligands and recemoasfundamental
aspect of molecular recognition and can be usegito selectivity through
specific interactions, even if only a single resdiliffers among closely

related kinases [64].

» Electrostatic complementarity is a more complexcemh but has also
proven key in introducing selectivity, e.g. for thgrosine kinases'
counterpart, the tyrosine phosphatases [65].

>» Explicit water molecules bound at the target sitn grovide key
differences even in cases where the binding siteshighly similar [66].
For instance, these differences in water moleautations, energetics, or
both were able to explain experimentally observadhde selectivity
among Src kinases [67].

>» Exploitation of allosteric pockets and non-competitbinding is a very
promising concept and some examples have beenloe$ce.g. [46, 68]).
Among the best known allosteric inhibitors are MEKibitors, e.g. CI-

1040, many of which are highly selective becaus¢hefuniqueness of
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their binding site [69]. However, the approachasnpered by the inability
to correctly predict such an inhibition and a gahdsick of examples in
the PDB [34]. So far, there are no examples of iptied) allosteric sites

that were later confirmed experimentally [63].

» Conformational selection and flexibility is probglthe most widely used

approach to gain selectivity in kinase inhibitovel®epment [11, 70].

The key notion for the latter is targeting of thadtive kinase state as described in
the last section. While all kinases have the DF@&aaing activation loop, the
transition to the inactive DFG-out state has nagrbebserved for all kinases,
thereby offering a potential mechanism to gainaelgy. Generally, for inactive
kinases, less is known about these conformatiandesigning inhibitors becomes
more of a challenge [42, 71].

At least for the Abl kinase, it was proposed thioug silico modelling and,
subsequently, experimentally shown that the inc@foan of a large, lipophilic
trifluoromethylbenzamide group at certain positionsd known active
conformation inhibitors can transform them intoibitors binding the inactive
conformation [72]. The relation between type | dyge Il inhibitors is clear, as
the type | pharmacophore is a subset of the typddrmacophore and they both
display the same interactions in the adenine regiaghe ATP binding site [48].
Furthermore, a computational approach has beerribedcto convert DFG-in
kinase structures to the DFG-out form [73]. Thistmoe provides a chance to
identify type Il inhibitors in cases where onlyigetkinase states are available as
a crystal structure, although general energeticesssbility of the converted
structure was not taken into account and has tsbessed individually.

However, the common belief that type Il inhibit@re more selective does not
hold true in every case [74].

Generally, the type Il selectivity advantage mastlparise from the fact that not
all kinases can adopt the required conformationtofeu kinase inhibitors that
preferentially bind active or inactive conformatsomave been described as
showing good selectivity, suggesting that both oonftions offer unique motifs
that can be exploited [75]. However, a comprehenaialysis of kinase inhibitor
selectivity confirmed a general trend that typénHibitors are more likely to be
selective than type | inhibitors, although a tydebinding mode does not

guarantee high selectivity, nor is it required [7#)] fact, some type | inhibitors
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(e.g. tofacitinib) were as selective as any oftifpe 1l inhibitors, whereas some
type Il inhibitors (e.g. AST487) were among thesteselective compounds [76].

2.1.4. Kinaselnhibitor Drug Resistance
As kinases have become increasingly more prevalermirug targets, significant
success has been achieved in targeting kinaselv@avim cancer. In many cases,
clinical success has been shown to exist only wighnarrow time frame. As most
kinase inhibitors exert their effects by targetangpecific kinase or set of kinases,
there is strong selective pressure for the devedoprof mutations that prevent
drug binding [42]. This problem is of particular portance when targeting
inactive kinase conformations because they showstanck susceptibility to loss
of inhibitor sensitivity due to mutations. In aaikinases, a mutation that
prevents binding of an inhibitor will often causes$ of affinity towards ATP and
abolish the kinase activity. In inactive kinase foomations, however, inhibitors
bind to residues that are not necessarily invoiveATP binding. Mutations at
these positions can cause loss of inhibitor sefityitivhile remaining a functional
kinase [54, 77]. As an example, an alteration ef Btr-Abl gatekeeper residue
(T315l), attributed to gene mutation, can cause piete loss of imatinib
sensitivity [78]. There is a limited spectrum of taions that are available to a
kinase for developing resistance due to the ndgeskimaintaining the catalytic
activity. The gatekeeper is not directly involvedATP recognition so mutations
do not affect the catalytic activity while the skapf the binding pocket is
changed, preventing the inhibitor from binding. ¢énder to overcome drug
resistance caused by mutations, second-generatinasek inhibitors were
developed that inhibit most of the resistant kinasgants (e.g. nilotinib in case of

imatinib resistence [79-80]).

2.2. Mytl, a Wee Family Kinase
In the following, the Mytl kinase will be introduteStarting from structural
features and comparison to its closest relativegel)ehe current knowledge
concerning the physiological role of Mytl will besdussed, finally leading to the

rationale of utilizing Mytl as a potential drugdat.

2.2.1. Structural Features
In humans, the Wee kinase family consists of thieases: Mytl and two Weel
kinases (Weel, WeelB). Both Weel kinases diffeteimporal and spatial
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expression and, in somatic cells, only Weel appaarde relevant [81].
Therefore, WeelB is excluded in the following amdyoWeel and Mytl are
meant by the term 'Wee kinases'.

The central kinase domain of Wee kinases is atypidéhough tyrosine kinase
activity for Weel and Mytl is undisputed [82-83gsence similarity searches do
not place them in any of the tyrosine kinase sublfesni84] and comparison with
the full kinome led to formation of a separate kmdamily consisting of these
two kinases [2].

Overall, Wee kinases display a standard two-lobedde fold (as described in
Section 2.1.1.). The active site region contairgai@lytic segment that includes
the essential catalytic aspartate (Weel: Asp4261Mysp233) and the activation
loop which provides a substrate binding platforrd aan undergo conformational
changes to control the activation statel¢ supra. Since the residue preceding
the catalytic aspartate is not an arginine buterathonpolar (Weel: Met425,
Mytl: Leu232), it has been suggested that Weelskirdoes not need to be
activated by phosphorylation of the activation 1d8B, 85] and the same can be
assumed for Myt1.

Sequence alignment of Wee family members of vargpexies suggests several
structurally conserved features across the wholeasd domain [85].
Superimposition studies for Weel revealed the slosguctural matches to be
Ser/Thr kinases, including the active forms of Cdk® Chk1. Notably, a tyrosine
kinase is not encountered until the 14th hit [§3)e to lack of structural data at
that time, Mytl was not included in the study. bidiéion to structural studies,
also the sequence is more closely related to Sekihses than to Tyr kinases, as
illustrated by a simple BLAST comparison of catalykinase domains [85-86].
Taken together, Wee kinases may have evolved frerfT& kinases and a few
key mutations may have converted them to functiohal kinases [85]. This
hypothesis is supported by the fact that Mytl, asia-specific kinase, has been
observed to phosphorylate Tyr and Thr residue §88, 87].

Both Wee kinases target the same site, the glyahdoop of Cycline-dependent
kinase 1 (Cdkl). Weel acts specifically to phosplate Tyrl5, while Mytl is
dual-specific for Tyrl5 as well as Thrl4 [82-83,].8Considering the close
relationship, where does the difference in substsgecificity come from? For

Tyrl5 phosphorylation, the features that allow eotrorientation are given in
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both Wee kinases. A single differing residue inirthgdycine-rich loop may
account for the Thr kinase activity of Mytl [85]hiL4 modification requires the
substrate to approach the glycine-rich loop of phesphorylating kinase more
closely. In Weel, GIlu309 at the tip of this loopymiahibit a closer approach in
the same way that phosphorylation of Cdkl is belieto interfere with substrate
binding through steric hindrance [88]. Correspogdin Glu309 in Weel, the
Ser120 residue in Mytl is less bulky and does aate electrostatic repulsion as
does the negative charge of the glutamate sidench#erefore, in contrast to
Weel, a closer substrate approach is realizednthgt make effective threonine
phosphorylation possible.

2.2.2. Mytl andits Physiological Role
To understand the physiological role of Mytl, thal cycle, particularly the
transition from G2- to M-phase and its regulationll woe introduced.
Subsequently, Mytl and its intracellular functiondl be discussed in more
detail, from its classical understanding as a Qaigllatory kinase, to more recent
insights covering Golgi fragmentation and checkpoetovery. However, these
sections only cover regulations carried dwyt Mytl. How Mytl itself can be
regulated and how all its functions can be meanihgtombined remains rather
unclear.
Without knowing the resulting effects, Mytl intetaavith Pinl [89], but only
after Cdk1/CycB catalyzed phosphorylation [90]. M4 an indirect downstream
target of Mekl [91] and a direct target of PIk1l I(Rlke kinase 1) [92].
Additionally, Myt1 appears to be a HSP9O0 client][23nce inhibition of HSP90
destabilized Mytl [94]. In starfistAéterina pectiniferpas well as mammalians,
Mytl activity is downregulated by Akt-dependent ppborylation [94-95].
For now, all of these findings stand for themselwed 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
Mytl acts as a cell cycle regulating kinase. Thi¢ ©gcle is organized into a
series of intertwined pathways, whereby the ingiabf each event depends upon
successful completion of previous events [96]. @alision (mitosis) starts the
cycle, subsequently, the cells either go into dirrgsphase (called GO) or a
presynthetic (gp) phase (called G1), in which enzyme producticoucs in

preparation fode novonucleic acid synthesis. Production of DNA thenursdn
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an S-phase_ysmthesis). The S-phase is followed by another dese (G2), in
which RNA, critical proteins, and the mitotic spi@dpparatus are generated for
the next mitotic (M) phase [97].

This ordered progression is guarded by cell cybkrkpoints, i.e. mechanisms by
which the cell actively halts progression through tell cycle until it is ensured
that earlier processes, such as DNA replicatiomibosis, are completed [98]. In
response to endogenous and exogenous sources of B&dage, these
mechanisms are indispensible for maintaining genantegrity [99]. Activation
of DNA damage checkpoints is enabled by recognittdhDNA-damage by
sensors, followed by an ordered activation of gastr kinases (ATM/ATR) and
effector kinases (Chk1/Chk2), the latter of whiem directly target the major cell
cycle machinery [100]. A cell cycle arrest or delsgon DNA damage can be
induced intra S-phase and at the transitions frdmdaS and from G2 to M-phase
[100].

The decision to enter mitosis primarily depends tbe activity of Cyclin-
dependent kinase 1 (Cdk1l). Cyclin-dependent kinasegatalytically inactive in
their monomeric forms and their concentrations fiengaite constant throughout
the cell cycle [101-102]. Association with activiesto (cyclins) leads to
heterodimeric active kinase complexes that can gifmylate hundreds of
downstream targets [103-104]. Cyclins are protéivad oscillate in synchrony
with the cell cycle, thereby regulating the activaf the respective Cdk exactly as
needed for proper cell cycle progression. In maranatells, A- and B-type
cyclins are synthesized and degraded around theedirmitosis and are regarded
as mitotic cyclins. Importantly, Cyclin B accumudat and degradation occurs
slightly later than Cyclin A, regulated at the lbsvef transcription and proteolysis
[105]. After initiation of the G2/M transition byomplexation of CycA and
phosphorylation of various downstream targets [[LO§EA is degraded and Cdkl
becomes part of the M-phase promoting factor (MRW#)ich is composed of
Cdkl and CycB [107-109]. Cdkl1l/CycB is, in turn, ukded by complex
mechanisms.

In the inner feedback loops, Cdk1l/CycB activitycientrolled by the balance
between Wee kinases and Cdc25 phosphatases teapansible for the status of
inhibitory phosphorylations at Thrl4 and Tyrl5 [L10hese kinases and
phosphatases are in turn regulated by Cdkl acti@tce activated, Cdk1/CycB
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can phosphorylate Weel and Mytl to promote theactimation via different
cascades [92, 111-112]. Additionally, Cdkl1l/CycB cacttivate Cdc25
phosphatases which shifts the equilibrium even nmoneards active Cdk1/CycB
(autoamplification) [110]. In other words, throudghe inner feedback loops,
Cdk1/CycB can stimulate its further activation bsedtly activating its activators
and deactivating its inactivators [27].

The regulating network becomes even more compieyter feedback loops, i.e.
indirect regulation mechanisms besides Thr14/Tyiésphorylations, are taken
into account [27]. These feedback loops are supeErs®d on the inner feedback
loops but act via other mediating enzymes suchkds Plk1, a direct and indirect
target of Cdkl1l/CycB [113-114], can mediate indirgahibition through
phosphorylations of Wee kinases and, at the same, tactivate the Cdc25
phosphatases [92, 112, 115].

These feedback loops not only promote an efficaatitvation of Cdk1/CycB but
also ensure that other regulatory factors neededudocessful cell division are
activated in a coordinated manner. Supporting tiagon, short-circuiting the
inner feedback loop by expression of a Weel/Mytkistitive Cdkl mutant
(T14A, Y15F) led to abnormal cell division [116].wihg to the numerous
feedback loops, Cdk1/CycB activation is consideadaistable process, meaning
the majority of the complexes are inactive, aciweapproaching one of these
states [117-119]. Therefore, a cell will or willtrenter mitosis, but cannot rest in
an intermediate state [27]. Since the inactivatibimeshold requires lower
Cdk1/CycB concentrations than the activation thoét{hysteresis), successful
mitotic entry is ensured and, at the same timec#lleis given an opportunity to
block mitotic entry in case of premature activityctuations [119-120].

Another important matter in Cdk1l/CycB control anditatic entry is
nucleocytoplasmic shuttling. With respect to vasiouposttranslational
modifications, subcellular trafficking of CycB ai@ik1/CycB is altered because
modifications affect the affinity towards transpnoteins that mediate traffic
between nucleus and cytoplasm. Therefore, spaplestration can also prevent
protein interactions if the requirements for celtle progression have not yet
been met [27, 121-122].

Altogether, entry into mitosis is controlled notlprby regulation of CycB

accumulation but also by inner and outer feedbacdkd as well as spatial and
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time-dependent sequestration of the respectiveimotMytl is involved in some
of these mechanisms and its actual role will bafed in the upcoming section.

2.2.2.2. Myt1 in Regulation of Mitotic Entry
The Mytl kinase was discovered in 1995 as a memekaigsociated kinase that is
responsible for inhibitory Cdkl phosphorylations3][8 The kinase activity
towards Thrl4 and Tyrl5 of the Cdkl protein is higlinterphase and decreases
due to hyperphosphorylation in M-phase [83, 92 | 1klcontrast to Weel, Mytl
exhibits a more restricted substrate specificitythiat it phosphorylates Cdk1 but
not Cdk2 complexes [111].
The direct Cdk1/CycB regulation consists of twodpdndent mechanisms. First,
there are inhibitory phosphorylations at Thrl4 diydl5 [87, 123]. Importantly,
phosphorylation of Cdk1/CycB at Thr161 of the Cdibwnit by Cdk activating
kinase (CAK) is prerequisite for activation of tlek/Cyc complex [124-125].
The phosphorylation of Thrl6l is, in turn, tightlgoupled to Thrl4
phosphorylation [126]. Fig. 4 displays the curremiderstanding of the direct
phosphorylation-driven regulation of Cdk1/CycB [1.26
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Fig. 4: Current understanding of direct phosphorylatioialr regulation of Cdk1l/CycB. For
description refer to the text. Reproduced with pesion from [126], copyright 2011,
Coulonval et al.

Cdk1/CycB is continuously shuttling but mostly gy@smic, due to its more
active nuclear export [106, 127]. Upon binding tB, nonphosphorylated Cdk1
can be immediately phosphorylated at Thrl4 andAmm3 by Weel (mostly

located to the nucleus, but also present in theptgsm to a lesser extent [128])
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and/or Mytl, but not nuclear CAK [124]. In the abse of Thrl6l
phosphorylation, these Cdk1/CycB complexes areabiestand therefore release
monomeric Cdkl with its various possible phosphairgh patterns [129].
Nuclear trafficking pathways adressing pThrl4-CAytB are probably
responsible for the observation that Thr161 modifan is strictly associated with
Thr1l4 modification. The actual activation is therediated by nuclear Cdc25
phosphatases that hydrolyze the inhibitory phosgations while maintaining the
required Thrl6l modification. The tight coupling dfhrl61 and Thrl4
phosphorylation protects Cdk1/CycB from prematwtvation and ensures that
it is only activated by dephosphorylation [126].

As a second mechanism to regulate Cdk1/CycB, ttere C-terminal domain
within the Myt1 protein that interacts with Cdkl1ngplexes [90]. In contrast to the
mostly nuclear Weel, Mytl is localized to endoplasmeticulum and Golgi
complex by a membrane-tether [87]. Binding of Cdédmplexes by Mytl
sequesters them in the cytoplasm, thereby predueitiry into the nucleus and
preventing cell cycle progression [90]. In a prége mathematical model of the
G2 checkpoint, Myt1 depletion led to nuclear acclaton of Cdk1/CycB [130].
Overexpression of Mytl prevented entry into mitolsig the catalytic kinase
activity was not essential for a cell cycle delégerved in human cells. Although
the accumulation within the G2/M population wasslesficient for catalytically
inactive Mytl than wild-type Mytl, the importancé tbe direct protein-protein
interaction should not be underestimated [90]. €Hewxlings may partly explain
the limited effects on mitotic entry of Mytl knodown by RNA interference
[12, 91, 131] and highlight the need for small ncale inhibitors.

2.2.2.3. Intracellular Membrane Dynamics and Mitotic Exit

The idea that Mytl might be involved in intraceluimembrane dynamics came
up quite recently [132]. Meanwhile, there is evidernhat Mytl plays a pivotal
role in regulation of these processes. Mytl demtetn somatic mammalian cells
(HeLa) by RNA interference yielded a dramaticalignisformed morphology of
the Golgi apparatus [131], namely condensed ndmwriHike membranous
structures near the nucleus. These cells showetheded proliferation rate and
died within 10 d. These effects on Golgi reassemi@ye also observed when the
Weel and Mytl kinase inhibitor PD166285 was addez/tling cells [133].
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In mammalian cells, the Golgi apparatus fragmamits thousands of vesicles and
tubules during prometaphase, and rapidly reassandblieng telophase [134]. The
Golgi fragmentation is thought to facilitate theuaf partitioning of Golgi
membranes between the two daughter cells duringdogkion [134] and has
been reported to be an important step for mitotagpession [135-136]. Mytl is
not involved in maintenance of Golgi structure dgrinterphase but is required
for membrane fragmentation in G2 [91] as well asdgiGoeassembly during
telophase [131]. The Golgi apparatus is closelytesl to the endoplasmic
reticulum (ER) [137]. The ER is a continuous membraystem enclosing a
single luminal space and comprises fine tubularwodts and cisternae
throughout the cytoplasm [138-139]. Mytl is alsonedjor importance for the
reassembly of the fine interphase-type ER meshvehuking mitotic exit, as
depletion led to disruption of the ER meshwork [[L3thportantly, these effects
are caused by the kinase activity of Mytl, not liydimg-mediated secondary
effects [131]. Mitotic Golgi fragmentation in mamhaa cells depends on Cdkl
[140] and by complete suppression of Cdkl1l/CycB senaactivity through
inhibitory phosphorylations at the end of mitodiytl facilitates Golgi and ER
assembly [131, 141]. The observed inhibitory Cdkaégphorylations at the end of
mitosis are also part of an alternative mitotict ewechanism in case of impaired
CycB-degradation, which is the common way of tramsifrom M to G1 [142-
143]. In G1, inhibitory Cdk1 phosphorylations cagk Cdk1l in the inactive state
[133]. A lack of these inhibitory Cdkl phosphoryeis, as observed by
expressing an insensitive Cdk1(T14A,Y15F) mutansamatic cells, makes the
cells inable to properly lock the cell cycle atsttstage, leading to rapid cell
cycling with premature transition from G1- to S-pheor direct transition from
G1- to M-phase [116].

Notably, the Mytl-mediated effects on Golgi fragitation and G1 regulation are
independent of Cdkl. Mytl is inactivated in mitosterough hyper-
phosphorylation [83, 111], but is activated shordfter mitotic exit [133].
Specificin vivo targets for Mytl besides Cdk1/Cyc complexes tHatvaa direct
link to G1 regulation and membrane dynamics atktgtbe identified [91, 133].

2.2.2.4. Checkpoint Recovery and Maintaining G2-Arrest
When DNA damage occurs to a cell in G2-phase, tisexjuent cell cycle arrest

is achieved through posttranslational modificatiass discussed above. Upon
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repair of the damaged DNA, the cell can resumectiecycle, a process that is
referred to as checkpoint recovery [144].

Most recently, it was suggested that Mytl playsetatively minor role in
unperturbed cell cycle and rather bears an essduatiation in G2 checkpoint
recovery [15]. This Mytl function in checkpoint oce@ry is completely
independent of Weel. It is hypothesized that theDBA damage checkpoint
maintains Cdkl in a Thrl4- and Tyrl5-phosphorylaiedctive state, which is
controlled by enhanced Wee kinase activity and eeduCdc25 phosphatase
activity [15]. As PIk1 is an important regulator &2 checkpoint recovery, it
mediates activation of Cdc25 and inactivation oféd¢l144]. Because Mytl is
known to be negatively regulated by Plk1 througteati phosphorylations [92]
and, moreover, found to be inactivated during chetk recovery, there might be
a connection [15].

Downregulation of Mytl accelerated checkpoint resgvand mitotic entry.
Interestingly, in accordance with these findingspldtion of Mytl potentiates
with DNA damage to inhibit tumor growth, as observie@ mouse xenograft
models [15]. The involvement of Mytl in checkpoiatovery was also predicted
in silico using a mathematical model of the transition fi@é& to M-phase [130].

2.2.2.5. Meiosis
Mytl has a pivotal role in gametogenesis in varispscies such aXenopus
laevis [145], Drosophila melanogastel46] andCaenorhabditis elegangl47].
As Mytl is the only Cdk1 inhibitory kinase in prase-arrestedenopusoocytes,
Mytl is believed to be important in the meiotic keyduring early development
[145]. With respect to lacking evidence in mammalcells, this section is kept
short. Future research will elucidate the role oftMin this field and the

significance for human cells.

2.2.3. Mytl asa Potential Drug Target in Cancer Therapy
Mutations to p53, a protein of major importancehte G1 checkpoint, have been
implicated in more than half of all human oncoge&n§s48]. Due to mutations in
the p53 network, many cancer cells have defectitececkpoint mechanisms
[14, 148], which can result in increased DNA damagethe G2 checkpoint
compared to normal cells [149]. Selective G2 chealpabrogation, disrupting a
signal pathway not involved with p53, should notrhanormal cells because they

have another, p53-dependent pathway to halt tHecgele at this point [13].



20 Theoretical Background

Therefore, a novel strategy of selective sensitmatevolved, combining
checkpoint abrogation with DNA damaging agents [IBQadiation [151].

The first (unintentionally) used G2 checkpoint gjator was caffeine; the exact
mechanism, however, still remains unclear [152-153]

Abrogation of the G2 checkpoint forces cells witlrepaired DNA damage into
premature mitotis. This checkpoint abrogation cannduced by pharmacological
manipulation, resulting in mitotic catastrophe ambptosis when the extent of
unrepaired DNA damage exceeds a varying thresidld, [154-155]. Checkpoint
abrogation is prerequisite for mitotic catastropti&6], which results in apoptotic
and non-apoptotic cell death [157]. Yet, apoptesisiot required for the lethal
effect of mitotic catastrophe [158].

Cells with intact G1 checkpoint arrest, such asnabrcells or cancer cells with
intact p53 signaling, are less dependent on theck&kpoint arrest and are,
therefore, not as sensitive towards G2 checkpdirdgation [159].

Inhibitory Cdk1 phosphorylations are responsiblereiation-induced G2 arrest
[160] and this checkpoint can be abrogated by esgimg a non-phosphorylatable
Cdk1 mutant [160].

Confirmed or suggested targets for G2 checkpoinogdiion and mitotic
catastrophe are Weel [161], Myt1 [159], Chk1 [1&4dl Hsp90 [162].

Indeed, selective Weel inhibition by MK-1775 shovpedmising effects, just as
predicted [16]: MK-1775 treated cells expressingrsimairpin RNA againsp53
were much more sensitive towards gemcitabine, @dahba or cisplatin [16].

In accordance with the theory, effects of MK-177®notherapy were only
moderate. However, MK-1775 enhanced the cytotoffects of 5-fluorouracil (5-
FU) in p53deficient colon cancer cells and pancreatic cameds, but not in
wild-type p53 colon cancer cells [20]. Similar results were oled In
combination with gemcitabine [163], doxorubicinrlwaplatin and cisplatin [20].
Similar to Weel knockdown, Mytl knockdown increaskd kinetics of G2/M
transition, promoted early entry into mitosis [94] led to total checkpoint
abrogation [12]. Doxorubicin-induced G2 arrest ield cells was abrogated
when Mytl was knocked down [12].

Downregulation of Mytl shortened the time betwebeakpoint abrogation and
mitotic entry which also increased the level of seduent cell death. Therefore,

Mytl may be a useful target for anti-cancer therf®). In xenograft models,
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Mytl revealed to be a particularly attractive tangecause it is of relatively minor
importance for normal cell cycle progression [1Hjhibitors of cell cycle
components that are essential for normal cell cpotgression may be too toxic
for normal cells and unsuitable for use in therapi].

So far, some other findings rather stand on them but highlight the potential
for Mytl inhibition in cancer therapy: Mytl was uggulated by more than 10fold
in seven tested ovarian cancer cell lines [164(; gewstric cancer cells were found
to overexpresMytl in response to the-emitter Bf** prior to cell death [165].

In a RNAI screening across the entire kinome in loioiation with cytarabine in
leukemias ChklandMytl were the strongest sensitizers [166]. Howeveesan
selective Mytl inhibitor was not available, MK-17W&as used instead to inhibit
Weel as the most closely related kinase. Leukewila were sensitized 97fold
compared to cytarabine control [166], raising expons with regard to Mytl
inhibition in future cancer therapy.

2.3. Target-Based Drug Discovery and Virtual Screening
In target-based drug discovery, the organism is see a series of genes and
pathways and the goal is to develop drugs thatcafémly one molecular
mechanism (i.e. the target) in order to selectiviebat the deficit causing the
disease while avoiding major side effects [167].
The strengths of the approach are high screenipgcts and the ability to
formulate clear requirements for the drug, whiclove$ the implementation of
‘rational drug design’. Its weakness is that drags only be optimized against a
small number of targets simultaneously. Thereftnes, approach is inconsistent
with ‘dirty’ drugs, i.e. drugs having multiple taty. Another weakness is the
dissociation of physiology from the drug discovprgcess [167].
For the generation of novel lead structures, randomening of comprehensive
compound collections (High throughput screening,SHTan be considered a
major source [168]. However, as the available caimgosets become larger and
larger and while the costs for such a screenirgy tige hit rates actually decrease
[169]. Screening of many thousands of compoundsTi8 is financially difficult
to afford for many companies and academic instingi[170]. Screening of a
preselected subset, so called focused screeniag, aiternate strategy to random
screening [171]. Following this idea, informatioerived from the molecular

structure of the desired target is used to filierakies through a virtual screening
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process. The goal of this procedure is to redueentimber of compounds for
biological testing and, at the same time, to inseetlhe probability of a focused
library containing active compounds [172]. Duehe availability of X-ray crystal
structures, virtual screening and 3D database Isegarsuch approaches have been
increasingly used in the pharmaceutical indust@s]1

There are many possibilities to virtually screermmpound libraries, including
various two-dimensional (2D) and three-dimensiqi3&) structural approaches,
pharmacophore models, fingerprints and QSAR modé&is4-177]. Many
successful examples of virtual screening approaduwoestarget-based drug
discovery are known, e.g. modulators of the retiramid receptor [178] or novel
inhibitors of the human carbonic anhydrase [179].

When both receptor (protein) and ligand structuaes known, the docking
receptor-based approach is the most ideal situ§ti®®-182]. The ligand can be
docked into the receptor site and molecular mecdsaran be used to simulate the
respective ligand-receptor interactions and dynamidany software programs
for the implementation of virtual screenings hawerb developed, e.g. GOLD
[183], DOCK [184] or Glide [185], to name only anfe

Generally, a protein-based virtual screening floartlcomprises four essential
steps [186]: The 2D database is filtered and sl@itabmpounds are converted
into 3D structures (Step 1). Then, each molecutiocked in the active site of the
target protein (Step 2). The interaction betwegarid and target protein is scored,
if a docking solution has been found (Step 3). n¢he data is extracted and the
top scorers are post-processed to define a vsturakning hitlist (Step 4).
Databases can be filtered with respect to undegiregerties of compounds.
Common examples for such properties used as fdter accordance to the
Lipinski 'Rule-of-Five' [187] or absence of highigactive chemical groups (acyl-
halides, Michael-acceptors, etc.) [188]. In anyecdise filter should be adapted to
the size of the electronic database and the piepédhat are required [189].

As another practical aspect of virtual screeningliagtions, the construction of
known compound training databases is very impaortdoth a database usually
contains a thousand compounds including up to 2@vknactive ligands and can
be used to examine and refine the hypothetic gagainst the test database in
terms of hit precision rate, false-negative ratel dalse-positive rate before

searches in the large target database [173].
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From theory to practice: How to carry out such rydi-based drug discovel
process? A general guideline including essentiapsstof such a process
presented in Fig. BL9C-191].

Target Identification ——= | Assay Development ——=| Primary Screening +—— Inl;sg):lol:jﬁc(i:tc;iﬂit:l\;m

l

\4
pa— Rank-Order T ——
onfirm erification in :
Structure/Purity > (Dose-Dependent > Alternative Assay > Il aatien
Response?)

Fig. 5: A general workflow for a targ-based drug discovery process.

As implied bythe name of the approach, a target has to be sdl@ttadvance
This is a complex process guided by medical aratesiic considerations togett
with a sound seintific rationale of the disease hypothesis linkingene produc
to a disease staf@92]. Examples for successful target approaches areiiors!
of angiotensirconverting enzyme (ACE[193] and HIV proteas[194].

In a next step, an appropriate a: has to be designed in order to scree
comprehensive or focused library. Assay developnaéms at delivering a te
system to detect target modulation reproducibly eawl be considered a critic
step because the choice of an assay technologyndepin many factors
including compatibility with given hardware (instnentation) and availab
expertise but also assay sensitivity consideratiand the susceptibility t
possible assay artifar [190]. Generally, the test quality is primarily detereik
by the ability of the assay to detect hit compoundsclvitan be assessed b
number of statistical measures, e.g. t-factor [195].

After primary screening, retesting of primary hitsder identical conditions is
mandatory step in any screening worw [190]. If the compound ac
reproducibly and structure/purity are known, a ~dependence of t/ response
must be investigated for two reasons: On the omel,h& helps rank the hits ar
on the other hand, it verifies the assumed modactibn, as idicated by the
development of the resulting d-response curve [196].

As a further validation, the remaining compounds ba tested in an orthogor
assay system to exclude fe-positive hits caused by artifacts.

Lead structures emerging from suchrocess can then be subjected to fur

evaluation and optimizatic
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3. Aim of the Work

As highlighted in former sections, Myt1 is a kindkat raises a lot of unanswered
guestions in the cellular context. Biochemical agsk tools are required to assess
the true physiological role and druggability ofsthinase.

At the beginning of this work, the inhibition prigfiof Mytl was totally unclear.
Very few reports existed, and these delivered isistant results, e.g. in terms of
the effect of the pan-kinase inhibitor staurosp®f3-24].

To resolve these questions, the goal was to devekyay systems for the
evaluation of potential inhibitors. Since Mytl & date, not commercially
available as an enzymatically active protein, isyweoposed to generate Mytl in a
human expression system in cooperation with Dr.EFdmann (Institute of
Pharmacy, Department of Pharmacology, MLU Halletgviberg).

In 2005, AHou et al. reported glycoglycerolipids extracted fromarine algae to
be potent and selective Mytl inhibitors [197]. Tim@st potent compound was
synthesized and derivatized in the working grouofSchmidt/Prof. Sippl. It
was proposed that this class of compounds shoulévlaéuated based on the
reliable biochemical assay methods developed.

Because the expertise of the working group arouné Bippl in virtual screening
approaches should be used to discover formerly awkn inhibitors,
investigations on the inhibition profile are of pewlar importance.n silico
approaches require both positive and negative alsnto validate theoretical
models prior to the actual virtual screening. Asiraportant part of the present
work, the goal was to generate data for such aitgiset. Compounds suggested
by subsequent virtual screenings were then assessecerning their Mytl
inhibitory properties.

A few months after the beginning of this work, gstal structure of the Mytl
kinase domain entered the protein databases (PPBA J198]), significantly
facilitating computational approaches.

Altogether, the goal was to generate recombinantamMytl kinase and set up
suitable assays. Inhibition data generated by thesays was then used to get one
step closer to the ultimate goal of a Mytl inhibipyoviding both potency and

selectivity.



26




Materials and Methods

27

4. Materials and Methods

4.1. Devices and Equipment

Microplate readers

NOVOstar
Polarstar OMEGA
EnVision

Infinite M1000

Cell culture

Autoclave ML2540
Water bath WB 7

Light microscope CKk2
Workbench Tecnoflow
Pipette controller Pipetboy plus
Flame burner Fireboy eco
Incubator Cellsafe
Benchtop centrifuge Biofuge 13

Refrigerated centifuge
Counting chamber

Avanti 30 Centrifuge
Neubauer-improved,
bright line, 0.1 mm

SDS-PAGE and Western blotting

Mighty Small Multiple Gel
Caster SE250

Trans-Blot SD semi dry
transfer cell

Hypercassette

Gel caster
Transfer cell
X-ray film cassette

PowerPac 200
Mighty Small Il SF250

Power supply
Elektrophoresis chamber

Chromatography

MPLC PuriFlash 430

Silica gel 60, 40e63 mesh column
1200 series

Autosampler G1329A

HPLC, analytical
(system 1)

Pump G1312A
Degasser G1379B
Column Jupiter C18 250 x 4,6 mm

UV/Vis-Detector G1365B
HPLC, analytical ~ Sampler 851-AS
(system 2)
RP-18 (5 um) column
Pump PU-980
UV-Detector UV-975

Fluorescence detectorFP-920

BMG Labtech (Heidelberg, Germany)
BMG Labtech (Heidelberg, Germany)
Perkin-Elmer (Waltham, MA, USA)
Tecan (Mannedorf, Switzerland)

Tuttnauer (Breda, Netherlands)
Memmert (Schwabach, Germany)
Olympus (Hamburg, Germany)
Integra Biosciences (Fernw@édrmany)
Integra Bioscien(feernwald, Germany)
Integra Biosciences (FalthwGermany)
Integra Biosciences (Fernw@lkekmany)
Heraeus Instrumé@sgsau, Germany)
Becknfidrefeld, Germany)
Marienfeld
(Lauda-Konigshofen, Germany)

GE Healthcare Life Sciences
(Freiburg, Germany)
Bio-Rad (Munich, Germany)

Amersham Litasog

(Little Chalfont, UK)
Bio-Rad (Munich, Germany)
HodHolliston, MA, USA)

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

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

LiChroCART 125-4 (LiChrospher 100) Merck (Darmstadt, Germany)

Jasco (Tokyo, Japan)
Jasco (Tokyo, Japan)
Jasco (Tokyo, Japan)
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HPLC, analytical ~ Autosampler SIL-HT
(system 3) Column XTerra RP18 3.5 um 3.9 x
100 mm
Pumps LC-10AD
Detector (DAD) SPD-M10A VP PDA
HPLC, preparative  L-6200 Intelligent Pump

250-25 mm LiChrospher 100 RP-8
(5 pm) Column

L-4200 UV-Vis Detector

D-2500 Chromato-Integrator

Devices for Microarray Studies

Fluorescence Scanner GenePix 4000B
for microarray slides
Hybstation HS400

Miscellaneous

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

Shimadzu (Kyoto, Japan)
Shimadzu (Kyoto, Japan)
Merck-Hitachi
(Darmstadt, Germany)
HiBar (Urbach, Germany)

Merck-Hitachi
Merck-Hitachi

Molecular Devices

(Sunnyvale, CA, USA)

Tecan (Mannedorf, Switzerland)

Benchtop centrifuge Force 7 Labnet (Woodbridge, \8A)
Centrifuge (refrigerated) Centrifuge 5804 R Eppeh@damburg, Germany)
Digital analytical balance LE225D Sartorius (Gigten, Germany)
Gel documentation system Gel Doc XR Bio-Rad (Munt@krmany)
Orbital shaker Polymax 1040 Heidolph (Schwabachr@ay)
pH meter inoLab pH Level 1 WTW (Weilheim, Germany)
Pipette controller Accu-J&t Brand (Wertheim, Germany)
Pipettes, single channel Biopéttk0, 20, 200, 1000 Labnet (Woodbridge, NJ, USA)

Research 100, 1000

Repetitive pipette HandySt&p
Rocking shaker Duomax 1030
Shaking incubator 444-0274
Spectrophotometer NanoVtie
SpeedVal Savant-AES1010
Thermomixer Thermomixer comfort
Ultrasonic bath Transsonic T 460/H
Vortexer REAX 2000

Water purification device DirectQ5

Water purification device xCAD

(Ultrapure)

4.2. Consumables

384-Well plate, black Optiplate black opaque
#6007270

384-Well plate, white Optiplafewhite opaque
#6007290

6-, 24-, 96-Well tissue culture #92006,# 92024 # 92096
plates, F-bottom, sterile, clear

96-Well plate, F-bottom, #655 900
black
96-Well plate, F-bottom, #3686

black, half-area, non binding
surface

Eppendorf (Hamburg, Germany)
Brand (Wertheim, Germany)

Heidolph (Schwabachim@ey)
VWR (Dresden, Germany)

GE Healthcare Life Sciences
(Freiburg, Germany)

Savant (Farmingdale, NY, USA)
Eppendorf (Hambugrmany)
Carl Roth (Kaute, Germany)

Heidolph (Schwabach, Germany)
Millipore (Edmbrn, Germany)

TKA (Niederelbert, Germany)

Perkin-Elmer
(Waltham, MA, USA)
Perkin-Elmer
(Waltham, MA, USA)
TPP (Trasadingen, Switzgylan

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

Adhesive plate sealer

Blotting paper
Canulae

Centrifuge tubes
Cryo tubes
Dispense tips

IMAC gravity columns

IMAC spin columns
Nitrocellulose membranes

Pipette tips

Pipettes, sterile, disposable
PVDF membranes

Safe lock tubes

Syringe sterile filter
Syringes, disposable, Luer
conus

Tissue culture dishes

TLC

Tubes

4.3. Reagents
Cell culture

#650 101
EasySEAL #676 001

Blotting Pad 707
Steric&h0.6 x 30 mm

15 ml, 50 ml

2 mi

PlastiBrafi®PD-Tips 0.1,
0.5,1.25 ml|

HiTraP (1 ml)

His-Selett
Amersham HyBS8ECL

0.1-10, 2-200, 100-1000
5ml, 10 ml, 25 ml

0.2 um, LC2002

15,2 ml

Pore size 0.2 um
Discardif 11 10 ml

10 cm, 20 cm

Greines-Bine
(Frickenhausen, Germany)
GreineOB®
(Frickenhausen, Germany)
VWR (Dresden, Geng)a
B. Braun
(Melsungen, Germany)
BD (Franklin Lakes, NISA)
Roth (Karlsruhe, Germany)
Brand (Wertheim, Germany)

GE Healthcare Life Sciences
(Freiburg, Germany)

Sigma (Schnelldorf, Germany)
GE Healthcare Life Sciences
(Freiburg, Germany)

VWR (Dresd&ermany)

R\{Dresden, Germany)

Invitrogen (Madish,USA)

Eppendorf
(Hamburg, Germany)

VWR (DrexsdGermany)
Beckton Dickinson (Madrid,
Spain)

TPP (Trasadjri®eiizerland)

silica gel plates (E. Merck 60 Merck (Darmstadt, Germany)

F254)
1.5 ml, amber

PP farblos 0.5 ml, 1.5 ml, 2 ml
Protein LoBind Safe-Lock

1,5ml

Brand (Wertheim, Germany)
Ratiolab (Dreigi€@ermany)
Eppendorf
(Hamburg, Germany)

Accutas&

DMEM (with Phenolred)
DMSO (HybriMax’)
Dulbecco's PBS (D-PBS)
FCS (tetracycline negative)
FCS GOLDY

GlutaMAX® (L-Ala-L-GlIn)

Lipofectamin& LTX & Plus Reagent

OptiMEM® (without Phenolred)
Trypan blue (C.I. 23850)

Solid Phase Peptide Synthesis

Acetic anhydride
DIPEA

DMF (Synthesis grade, low in water < 150 ppm)

Fmoc-L-Arg(Pbf)-OH
Fmoc-L-Asp(OtBu)-OH

PAA (Coelbe, Germany)
PAA (Coelbe, Germany)
Sigma (Schnelldorf, Germany)
PAA (Coelbe, Germany)
PAA (Coelbe, Germany)
PAA (Coelbe, Germany)
Gibcd®, Life technologies
(Carlsbad, CA, USA)
Invitrogen (Carlsbad, CA, USA)
Invitrogen (Carlsbad, CA, USA)
Applichem (Darmstadt, Geany)

Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)
VWRgsden, Germany)
AnaSpec (Fremont, CA, USA)
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- Novabiocherfi Merck
200 mesh;75-200 um) (Darmstadt, Germany)
Piperidine Merck (Darmstadt, Germany)
PyBOP Sigma (Schnelldorf, Germany)
TFA Uvasof Merck (Darmstadt, Germany)
Chemicals
Acetonitrile (ACN, LiChrosol¥) Merck (Darmstadt, Germany)
Acrylamide/Bisacrylamide (37.5:1) 40% (w/V) Appliein (Darmstadt, Germany)
Agarose Invitrogen (Carlsbad, CA, USA)
Ammonium persulfate (APS) Sigma (Schnelldorf, Gang)
Ammonium sulfate Applichem (Darmstadt, Germany)
Bicinchoninic acid (BCA) Sigma (Schnelldorf, Genmya
Brij-35° Applichem (Darmstadt, Germany)
BSA (blocking protein, RIA/EIA-grade) Applichem (brastadt, Germany)
BSA (protein standard) Fluka (St. Gallen, Switaad)
CAPS Applichem (Darmstadt, Germany)
3-[(3-Cholamidopropyl-)dimethyl ammonio]-1- Sigma (Schnelldorf, Germany)
propane sulfonate (CHAPS)
Coomassi&-Brilliant-Blue G-250 Applichem (Darmstadt, Gernyan
DasAFITC This work (4.18)
Dasatinib LC Laboratories (Woburn, MA, USA)
1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) Merck (Patadt, Germany)
1,6-Diphenyl-1,3,5-hexatriene (DPH) Sigma (SchrafidGermany)
Diphenyl phosphoryl azide (DPPA) Sigma (Schnefidéermany)
Disodium Ethylendiamintetraacetic acid dihydrate = Sigma (Schnelldorf, Germany)
(EDTA)
Dithiothreitol (DTT) Sigma (Schnelldorf, Germany)
DMSO (for molecular biology) Sigma (Schnelldorfe@any)
DNA-Marker (GeneRuler 1 Kb Plus DNA Ladder) Fernzn{St. Leon-Rot, Germany)
Ethidium bromide Invitrogen (Carlsbad, CA, USA)
Ethyleneglycol-bis(2-aminoethyl ethex)N,N',N- Applichem (Darmstadt, Germany)
tetraacetic acid (EGTA)
FITC isomer | Sigma (Schnelldorf, Germany)
Fluorescein, sodium salt Sigma (Schnelldorf, Gary
Fluorescein-5-maleimide (F5M) Pierce (Rockford, USA)
Glycerol (molecular biology grade, >99%) Sigma (Saidorf, Germany)
HEPES Applichem (Darmstadt, Germany)
Imidazole Sigma (Schnelldorf, Germany)
Kinase tracer 178(PV5593) Invitrogen (Madison, WEA)
Kinase tracer 236 (PV5592) Invitrogen (Madison, WSA)
Magnesium sulfate (MgSQp Applichem (Darmstadt, Germany)
Methanol (MeOH, HPLC-grade) Applichem (Darmstag&rmany)

Ninhydrin Sigma (Schnelldorf, Germany)
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Palladium on activated charcoal
(Pd/C, 5% Pd basis)
Photo-developer concentrate
Photo-fixer concentrate
Ponceau S (C.I. 27195)
Potassium hydrogencarbonate

Protease inhibitor cocktail (Compl&tEDTA-free)

Protein marker for SDS-PAGE (Protein Marker I11)

Protein marker for Western Blot
(Protein Marker Il, prestained)
Sodium azide (Na}y

Sodium chloride (BioXtrg, NaCl)
Sodium dodecyl sulfate (SDS)
Sodium molybdate tetrahydrate

N, N, N’, N-Tetramethylethylenediamine (TEMED)

TGS-Puffer 10x
Trichloroacetic acid (TCA)
Trifluoroacetic acid (TFA)
Tris base (Trizma)

Triton® X-100 (TX100)
Tweerf-20

Test compounds

0497595
1R-0035
1R-0046
2R-1301
3,7-Dihydroxyflavone-Hydrate
5665106
5679818
5924018
6643980
7507346
7651491
7705209
7706204
7928497
7938491
7G-003

8D-022
9L-564S
9N-661S
7769763
7697266
7871748
38874115
5849648
7960104
7773617
AC-Compounds
Bisindolylmaleimid |
Bosutinib

Aldrich (Schnelldorf, Germany)

Kodak (Stuttgart, Gesm
Kodak (Stuttgart, Germany)
Applichem (Darmstadt, Gegna
Roth (Karlsuhe, Ggiman
Roche Diagnostics
(Mannheim, Germany)

@ichem (Darmstadt, Germany)
Applichem (Darmstadt, Germany)

Sigma (Schnelldorf, Germany)
Sigma (Schnelldorf, Germany)
Applichem (Darmsté&trmany)
Applichem (Darmst&eairmany)
Sigma (SchrafidGermany)
Applichem (Darmstadt, Germany)
Applichem (Darmstadti@any)
Sigma (Schnelldorf, Gany)
Sigma (Schnelldorf, Germany)
Sigma (Schnelldorf, Germany)
Applichem (Darmstadt, Germany)

Chembridge (San Diego, CA, USA)
Keyorganics (Camelford, UK)
Keyorganics (Camelford, UK)
Keyorganics (Camelford, UK)
(Aldrich, SchnelldoGermany)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Keyorganics (Camelford, UK)
Keyorganics (Camelford, UK)
Keyorganics (Camelford, UK)
Keyorganics (Camelford, UK)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)

Synthesized by B. Sauer, MLU Hallet®viiberg

LC Laboratories (Woburn, MA,SA)
LC Laboratories (Woburn, MA, USA)
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BS-Compounds
CuDC-101
Daidzein
Dasatinib

Erlotinib

Fisetin

Gefitinib

Genistein
Glycoglycerolipds
GS-Compounds
HA-1077
Heptafluorbutyrate
Imatinib

K252a
Kaempferol
OSSK_670031
OSSK_670181
OSSL_110276
OSSL_164599
OSSL_438946
OSSL_048423
OSSK_318710
OSSL_410731
OSSL_396401
OSSL_719027
OSSL_393954
Lapatinib
Lestaurtinib (CEP-701)
Myricetin
Naringenin (Racemate)
Neratinib
PD166285
PD173952
PD180970
Phloretin
PKC-412 (Midostaurin)
Quercetin
Roscovitine
Saracatinib
SB203580
Silibinin
Staurosporine
Sunitinib
Tivozanib
Tyrphostin AG 1478
u0126

Vatalanib

Weel-Inhibitor Calbiochem#681640

Peptides and Microarrays
A002-D_747 (DGHEYIYVDPMQL)

Ac-Cdk1+%4

Synthesized by B. Sauer [199]

LC Laboratories (Woburn, MA, USA)
Sigma (Schnelldorf, Germany)

LC Laboratories (Woburn, MA, USA)

ChemieTek (Indianapolis, IN, USA)
Sigma (Schnelldorf, Germany)

LC Laboratories (Woburn, MA, USA)
Sigma (Schnelldorf, Germany)
Synthesized by C. Gdllner [200]

Synthesized by G. M. A. Al-Mazaidebil]2

LC Laboratories (Woburn, MA, USA)
Acros Organics (Geel, Belgium)

LC Laboratories (Woburn, MA, USA)
LC Laboratories (Woburn, MA, USA)
Fluka (St. Gallen, Switzerland)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
Chembridge (San Diego, CA, USA)
LC Laboratories (Woburn, MA, USA)

LC Laboratories (Woburn, MASA)

Fluka (St. Gallen, Switzerland)

Sigma (Schnelldorf, Germany)

LC Laboratories (Woburn, MA, USA)
Santa Cruz Biotechnology (Santa Cruz, T34
Sigma (Schnelldorf, Germany)
Sigma (Schnelldorf, Germany)
Sigma (Schnelldorf, Germany)

LC Laboratories (Woburn, MASA)
Sigma (Schnelldorf, Germany)

LC Laboratories (Woburn, MA, USA)
LC Laboratories (Woburn, MA, USA)
LC Laboratories (Woburn, MA, USA)

Sigma (Schnelldorf, Germany)

LC Laboratories (Woburn, MA, USA)

Pfizer (Groton, CT, USA)

LC Laboratories (Woburn, MA, USA)
LC Laboratories (Woburn, MA, USA
LC Laboratories (Woburn, MA, USA)
ChemieTek (Indianapolis, IN, USA)

Merck (Darmst&#rmany)

Thermo (Bonn, Germany)
This work (4.22)

(Ac-MEDYTKIEKIGEGTYGVVYKGRHK-OH)
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CdkI*Y (KVEKIGEGTYVV)

EFS_HUMAN_302 (GTDEGIYDVPLLG)

eTY (EKIGEGTYGVVYKC)

FPIA Il Probe ((6-FAM)KI(pY)VV)

H-Cdk1*
(H-MEDYTKIEKIGEGTYGVVYKGRHK-OH)
INR1_HUMAN_548 (SSSIDEYFSEQPL)
Phospho-PDGFRA-Y572 (SPDGHE(pY)IYVDPMQ)
Phospho-TrkA-Y676 (FGMSRDI(pY)STDYYRYV)
Poly-AEKY (Ala:Glu:Lys:Tyreg.»:5.1)

pTpY (QKIGEG(pT)(pY)GVVYKC)

PTY (QKIGEG(pT)YGVVYKC)

TpY (QKIGEGT(pY)GVVYKC)
TRKA_HUMAN_482 (GMSRDIYSTDYYR)

TY (QKIGEGTYGVVYKC)

ProBiodrug (Halle, Germany)
Thermo (Bonn, Germany
ProBiodrug (Halle, Germany)
IKFZ (Leipzig, Gerrany)

This work (4.22)

Thermo (Bonn, Gerylan

Abgent (S2iego, CA, USA)

Abgent (S&iego, CA, USA)
Sigma (Schnelldorf, Germany)
ProBiodrug (Halle, Geramy)
ProBiodrug (Halle, Germany)
ProBiodrug (Halle, Germany)
Thermo (Bonn, Germgn
ProBiodrug (Halle, Germany)

High-content peptide microarray slides were fronT JBerlin, Germany) and
kindly provided by Prof. Dr. M. Schutkowski (Ingtie of Biochemistry and

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

Enzymes

Abll

Btk

Cdk1
Cdk1/CycB1
My.t175-362
Myt1fl
Weef5c-64€
Weelfl

Antibodies

Anti-Cdk1

Anti-GAPDH (D16H11) XP

Anti-His

Anti-mouse IgG Dylight649 conjugate #35515
Anti-Myt1

Anti-pThr (42H4)

Anti-pThr14-Cdk1

Anti-pTyr15-Cdk1

Eu-labeled anti-His tag antibody

HRP-con;j. Affinipure Anti-Mouse

HRP-con;j. Affinipure Anti-Rabbit

Kits
WesternBreeze chromogenic immunodetection kit
Plasmide Mega Kit

Enhanced Chemoluminescence Western Blot
analysis system

ProQinase (Freiburg, Germany)
ProQinase (Freiburg, Germany)
ProQinase (Freiburg, Germany)
ProQinase (Freiburg, Germany)
This work (4.5.2)

This work (4.5.1)

ProQinase (Freiburg, Germany)
Invitrogen (Carlsbad, CA, USA)

Cell Signaling (Danvers, MA, USA)
Cell Signaling (Danvers, MAISA)
Cell Signaling (Danvers, MA, USA)
PieRedkford, IL, USA)
Cell Signaling (Danvers, MA, USA)
Cell Signaling (Danvers, MA, USA)
Cell Signaling (Danvers, MA, USA)
Cell Signaling (Danvers, MA, USA)
Invitrogen (MaisWI, USA)
Jackson ImmunoRa®éd Laboratories
(Westgrove, PA, USA)
Jackson ImmunoReasch Laboratories
(Westgrove, PA, USA)

Sigachnelldorf, Germany)
Qiagen (Hilden, Germany)
GE Healthcare Life Sciences

(Freiburg, Germany)
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4.4. Buffers and Solutions

For all solutions mentioned in this section, ultregpwater was used as solvent.

BCA-Reagent |

BCA-Reagent Il
Bradford Reagent

Complete cell culture medium
Fluorescein stock solution

IMAC elution buffer (pH 7.5)
IMAC equilibration buffer (pH 7.8)

IMAC wash buffer (pH 7.8)

Kinase binding assay buffer A (pH 7.5)
Kinase binding assay buffer B (pH 7.5)

Lysis buffer

Lysis buffer (mild lysis)

Ponceau staining solution
SDS-PAGE fixer
SDS-PAGE loading buffer (pH 6.8)

SDS-PAGE running buffer (pH 8.3)
SDS-PAGE separating gel buffer
SDS-PAGE stacking gel buffer
SDS-PAGE staining solution A
SDS-PAGE staining solution B

Standard kinase buffer (pH 7.5)

TAE buffer (pH 8.3)
TE buffer (pH 8.0)
Transfer buffer

Tris buffered saline (TBS)

Tris buffered saline with Tween-20
(TBS-T)

Trypan blue solution

1% BCA (sodium salt), 2% sodium cadie
monohydrate, 0.16% disodium tartrate, 0.4%
sodium hydroxide, 0.95% sodium
hydrogencarbonate, pH 11.25

40 g/l Copper-ll-sulfate-pentahydrat

40 mg/l Coomas$sRrilliant Blau G-250,
8,5% o-phosphoric acid, 10% EtOH

DMEM (with phenol retl) % FCS,
2 mM GlutaMAX
1 mM Fluorescein, 20 @APS pH 9.6

50 mM Tris-HCI pH 7.350 mM NaCl; 3 mM
MgCl,; 20% glycerol; 0.5% Triton X-100,
250 mM imidazole (pH 7.5)

50 mM Tris-HCIHb 7.8; 150 mM NaCl; 3 mM
MgCl,; 20% glycerol; 0.5% Triton X-100

50 mM Tris-HCI pH 7.8; @5nM NaCl; 3 mM
MgCl,; 20% glycerol; 0.5% Triton X-100,

5 mM imidazole (pH 7.8)

50 mM HEPESOH, 10 mM MgCJ, 1 mM
EGTA, 0.01% Brij-35.

50 mM HEP¥ESOH, 10 mM MgC), 1 mM
DTT, 0.03% CHAPS.

25 mM Tris-HCI pH 7.5, 150 mM NaClnavi
MgCl,, 1 mM DTT, 1% Triton X-100, 10%
Glycerol, 1x ComplefBEDTA-free

50 mM Tris-HCI pH 7.8, 85mM NaCl,

0.5 mM EDTA, 0.5% Triton X-100,
1x Complet& EDTA-free
0.2 g/l Ponceau S (2.9,r801g/l TCA
40% MeOH, 10% AcOH
0.004% bromo phdahae, 400 mM DTT,
20% glycerol, 4% SDS, 125 mM Tris-HCI
192 mM glycing, M Tris, 0.1% SDS
1.5 M Tris-HCI pig 8.
0.5 M Tris-HCI pH 6.8
50 g/l Coomassie Bxilt Blue G-250
20 g/l o-phosphorimac
100 g/l ammonium sulfate
50 mM Tris-HCI,mM NaCl, 10 mM MgC},
1 mM DTT, 0,04% Triton X-100,
Complete EDTA-free.

40 mM Tris, 40 mM acetate, 1 niENDTA

10 mM Tris-HCI, 1 mM EDTA

14.35 g/l Glycin (191 mM), 3 g/liF(25 mM),
20% (V/IV) Methanol

25 mM Tris pH 7.2, 13KImMlaCl
25 mM Tris pH 7.2, 137 mM NacCl,

0.1% Tween 20
5 g/l (5.2 mM) Trypan blue 01%M NacCl
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4.5. Kinase Preparation
Generally, when working with a membrane-associaedyme, there are two
routes that can be used to obtain it. Either oretbhasolubilize a suitable full-
length construct using a detergent [202] or a dan@nstruct is required to
overcome the solubilization step [203]. Both apphms were persued in this
work.
The generation of Mytl was carried out in cooperatwith Dr. F. Erdmann
(MLU Halle-Wittenberg, Institute of Pharmacy, Dejpaent of Pharmacology).

451. Mytl (full-length)
Full-length Mytl was transiently expressed in thenlan cell line HEK293. Cell
culture was handled under aseptic conditions usigclean workbench

(Tecnoflow, Integra Biosciences).

4.5.1.1. Cell Culture
Cells were cultured in Dulbecco’s modified Eaglesedium (DMEM),
supplemented with 10% FCS and GlutaMAX at 37°C &fd (V/V) CO; in a
humidified incubator. Approximately 0.1 ml/cm? madwas used for culture,
independent of the respective cell culture vesaéien a confluent monolayer
was reached, the cells were passaged. For thisetlsewere washed with D-PBS,
detached by Accutase following the instructionsthed supplier and transferred
into a 50 ml tube. After centrifugation (2000 RP™min, 20°C), the supernatant
was removed and the pellet resuspended in medidtafA stain was conducted
and the number of living cells was determineddé¢ infrg. Subsequently,
500 cells per cm? were seeded in the respectiveel/esnd cultured as described

above.

4.5.1.2. Vital Stain and Cell Counting
To distinguish between dead and living cells, al\gtain by means of trypan blue
was performed. As a negatively charged dye, itisable to cross an intact cell
membrane. Therefore, cells that are alive appeatewh front of a blue
background while dead cells are coloured blue adu¢hé loss of membrane
integrity. The procedure followed standard methodms [204]. The cell
suspension was diluted 5fold with D-PBS. To an waigof the resulting
suspension, an equal amount of trypan blue staisahgtion (autoclaved before
use) was added. After homogenisation, the mixtuas wmcubated for 2 min at
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37°C and transferred into Neubauer's improved @ognthamber. The total
number of cellsN was determined by counting the cells using a ligldroscope
and subsequent calculation following Eq.F ¢lilution factor;V: total volume
cells were suspended if; arithmetic mean value determined by counting).
N=Zx*Fx*Vx*10* (Eqg. 1)

4.5.1.3. Transfection and Harvesting
Transfection was carried out with pcDNA3.1-Hismaxytll expression plasmide
(provided by Dr. F. Erdmann) by means of catioipalk. Cationic lipids, neutral
accessory lipids and DNA form complexes, so-caliedplexes, that are able to
fuse with the cell membrane. Fusion with the meméreeleases the complexed
DNA inside of the cell [205-206].
Cells were seeded onto tissue culture plates (deam20 cm) and grown until
approximately 80% confluence. Then, lipofectamifeXland Plus reagent were
used according to the recommendations of the supphs it is a transient
expression system, cells will gradually lose thepestive plasmide and stop
producing the recombinant protein. Systematic esgiom experiments indicated
56 h after transfection to be the optimum timelfarvesting. Cells were detached
by Accutase, transferred into a 50 ml tube with BSPand harvested by
centrifugation (2000 RPM, 5 min, 20°C).

4.5.1.4. Isolation of Protein

The pellet was resuspended in lysis buffer contgir5 mM Tris-HCI pH 7.8,
150 mM NaCl, 10 mM MgGl 10% glycerol, 1% Triton X-100 and Complete
EDTA-free protease inhibitor cocktail. Cells wetaally lysed by shear stress
using a 25 g needle and the lysate shaken on icé fio After centrifugation at
10 000 g for 15 min, the supernatant was loadea @ntHIS-Select column
(Sigma) pre-equilibrated with IMAC equilibration fler (50 mM Tris-HCI
pH 7.8, 150 mM NaCl, 3 mM Mggl 20% glycerol, 0.5% Triton X-100). The
column was washed with IMAC wash buffer (equilibvat buffer + 5 mM
imidazole) and eluted with IMAC elution buffer (alijoration buffer + 250 mM
imidazole). All steps were carried out at 4°C art tfinal eluate was
supplemented with DTT (2 mM), frozen in ethanol/dtg and stored at -80°C.
The purification was controlled by coomassie st@if®S-PAGE analysis of all

fractions. Determination of protein concentratiovess conducted via BCA-assay
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using BSA as protein standard. Identity of Mytl wasfirmed via anti-Myt1 and
anti-His-tag western blotting experiments.

45.2. Mytl (kinase domain)
The Mytl kinase domain (comprising amino acids @5362) was generally
expressed and purified as described in [207]. Tmesponding gene sequence of
a Mytl fragment (My?>%) was cloned in pET28 plasmide and transformed into
E. coliBL21(DE3) by electroporation. After inoculation bf LB media, the cells
were cultured at 37°C until Q) reached 0.6. Following subsequent cultivation
at 22°C until Oy = 1.0, expression was induced by addition of IRIG mM).
Cells were harvested by centrifugation, the pelesuspended in binding buffer
and frozen at -20°C. Thawed bacterial cells weseugited by sonication on ice.
Subsequently, after another centrifugation step, shpernatant containing the
Hise-fusion protein was purified by affinity chromataghy (1 ml Nf* HiTrap
column, GE Healthcare) according to the recommeéniastof the manufacturer.
Eluates were frozen in ethanol/dry ice and stote@@C. All steps were carried
out on ice and analyzed in SDS-PAGE and ECL couplestern blotting system
(anti-Mytl and anti-His-tag). Determination of pet concentrations was

conducted via BCA-assay.

4.6. Statistics and General Data Analysis
Quantitative data are expressed as arithmetic maaless stated otherwise and
are derived from at least three independent ex@srisn
To examine the consistency of acquired data, theemvhtions were tested for
outliers on a regular basis. While for less tharoBfervations, DON's test [208]
was used, 8uBBs test for outliers [209] was used for the examorabf larger
data sets (> 30 Observations).
Student’s two-tailed-tests were used to evaluate the statistical sugm€e of
differences between the means of paired data Bétsrences were considered
significant wherp < 0.05.
When calculating differences (e.g. Anisotrofry, the resulting statistical errdy
was calculated with respect to Gaussian error gapan:

By = /18y11* + Ay, |? (Eq. 2)

Generally, data calculations were performed usingrdgoft Office Excel 2007.

Regression analysis was conducted by means of BeabRrism 5.01 (GraphPad
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Software, Inc., La Jolla, CA, USA). i Curves were fitted via nonlinear
regression (sigmoidal dose-response with varidblee$ to equation 3:

_ Ytop —Ybottom
Y = Ybottom T 1+1019810(IC50—x)+Hill Slope (Eq. 3)

Saturation binding curves were generated by noatinegression. For K

estimations, data were fitted to equation 4:

y =Zoe (Eq. 4)

Kg+x
To assess screening assay performance, the Z* {aéty is preferred over other
measures such as the signal window or the ass&biiy ratio [210]. Z' factor
was calculated according to equation 5:

_ u—pt=3x(c"+at)
po—pt

A (Eq. 5)
wheres’ andc™ are the standard deviations of the positive arghtiee control

wells. " and |i denote the average anisotropy values of those well

4.7. BCA-Assay
Since Mytl isolation requires solubilization, afeio quantitation assay had to be
used which is insensitive towards detergents. Intreast to other common
methods such as the methodology describedAnpBoRD [211], the BCA-Assay
meets this requirement. In alkaline solution, cagpés reduced to copper-l in
presence of protein. Copper-I is subject to congtler by bicinchoninic acid
(BCA), leading to formation of a purple colored qaex that can be quantified
photometrically. Because reducing agents such ia¢sthan strongly interfere
with this assay, an aliquot of protein solution hadbe removed for analytics
prior to DTT supplementation.
The assay was performed in a modified proceduréheforiginally published
version by #TH et al. [212]. To 200 ul standard working reagesd [farts
Reagent | + 1 part Reagent IlI; exact reagent dotisils are given in
Section 4.4), 10 pl sample was added in a transp&@Well plate (F-bottom,
full area). The microplate was incubated at 60°€ 30 min at gentle shaking
(400 RPM). After cooling down to room temperatutee plate was read in
absorbance mode at a wavelength of 570 nm by a N&AfCor PolarStar
OMEGA platereader (BMG).

Blank controls and protein standards were carriedgaon the same microplate.
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Bovine serum albumin (BSA, purchased from Fluka)swesed as a protein
standard. For protein concentrations ranging fr@mg/ml to 500 pg/ml protein,

this method showed excellent linearity.

4.8. Peptide Quantitation

Concentrations of all non-phospho peptide solutiarsed in fluorescence
polarization assays were determined by measurisgrbbnce at 280 nm using a
NanoVue Plus spectrophotometer (GE Healthcare B6gences). For each
peptide, molar absorptivityefgg) was calculated according to the Edelhoch
method [213], taking into account contributionsnfrdayrosine and tryptophane
present in the primary structure. Prior to calaalat nonprotein absorbance at
280 nm was subtracted as described in [214]. Tyeosand tryptophane
absorptivities amount to 1280 and 5690*¢m™, respectively. This procedure is
affected by an estimated error of 5% at most [2P&pspho peptides were totally
hydrolyzed by hydrochloric acid (5 M HCI, 24 h, @§°and the free amino acids
were determined either by a ninhydrin-based assag@orted before [216] or by
a HPLC-based method (HPLC system 1) as describeBAByeER [217]. Both

methods yielded equivalent results.

4.9. SDS-PAGE
SDS-PAGE was carried out as a discontinous eleutn@gsis as described by
LAMMLI [218]. The gels were pipetted as shown in Tabéend, after addition of
TEMED and APS, the separating gel transferred betvggass slides.

Table 1: Constitution of 12% separating gels and 4% stargls.

2 Gels Separating gel Stacking gel
Acrylamid-Bis 40% 4500 pl 975 ul

1,5 M Tris-HCI pH 8,8 3750 pl

0,5 M Tris-HCI pH 6,8 1875 pl
mQ-Wasser 6510 pl 4500 pl
SDS 10% (w/V) 150 ul 75 ul

APS 10% (m/m) 75 pl 37.5 ul
TEMED 15 pl 15 pl

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

surface washed three times with water and the istgcel poured onto the
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separating gel. After inserting the gel comb, pdyization proceeded for 45 min.
The resulting gels can be stored at +4°C in a hifimitbag for up to one week.
Protein samples were diluted 1 : 2 with loadingfé&uénd incubated at 95°C for
5 min at 1000 RPM. The protein separation was pedd using 4% stacking gels
and 12% separating gels (crosslinking C = 2.6%). tdyR0 pl per lane were
loaded onto the gel (thickness 0.75 mm). The alpbibresis was run at a voltage
of 80 V (stacking gel) and 160 V (separating geliitthe blue dye was migrated
out of the gel. For analytical SDS-PAGE, an un&tdiprotein ladder was used
(Protein Marker Ill, Applichem), while for SDS-PAGE preparation for western
blotting, a stained protein marker (Protein MarkeApplichem) was favored.

For colloidal Coomassie staining, the gel was shale 1 h in fixer, washed
twice with water and stained overnight in Coomasséning solution (49 parts
staining solution | + 1 part staining solution pkepared at least 3 h in advance
and shaken until use). Destaining was done witrew&belanalyzer 2010a was

used for densitometric evaluation.

4.10. Western Blot

After SDS-PAGE, the gel was equilibrated for 20 nmrtransfer buffer. Blotting
on nitrocellulose membranes (HyBond) was carriedio@a Trans-Blot SD semi
dry transfer cell (Bio-Rad) for 90 min at 25 V farsingle mini-gel. Blotting was
controlled by Ponceau S staining of the membraner go blocking (5 min
shaking in Ponceau staining solution, partly desthi with water for visual
inspection and, finally, completely destained willBS-T). Blocking of the
membrane was performed by adding 5% (w/V) BSA (BRI grade) in TBS-T
for 1 h at ambient temperature on a shaker. Afteshing twice with TBS-T, the
primary antibody diluted in TBS-T containing bloogi protein (5%) was
incubated overnight with the membrane (4°C). Thet day, the membrane was
rinsed three times and washed five times with TB®efore a dilution of suitable
secondary antibody in TBS-T was added (incubatiorifh at room temperature).
Finally, three rinsing and five washing steps wevaducted, before detection by
enhanced chemoluminescence (ECL detection kit)pga®rmed according to the
recommendations of the supplier.

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

recommended by the respective supplier.



Materials and Methods 41

4.11. Dot Blot

Dot blots were carried out using the WesternBreezbromogenic
immunodetection kit (Invitrogen). This kit makeseusf the BCIP/NBT system
(5-bromo-4-chloro-3-indolyl phosphate / nitro bltegrazolium). The secondary
antibody is conjugated to alkaline phosphataseptatuces a blue purple product
from BCIP/NBT [219].

After kinase reaction, samples were dried usingpee8Vac, redissolved and a
volume of 5 pul was spotted onto a PVDF membranedrsed and treated
according to the instructions of the WesternBreeaanufacturer. Gel Pro

Analyzer 3.1 was used for densitometric evaluation.

4.12. TCA Precipitation
Protein precipitations were carried out in ProtewBind tubes (1.5 ml). The
procedure was started by addition of trichloroacatid to a final concentration
of 5%. The mixture was incubated on ice for 30 naind, subsequently,
centrifugated (10.000 g, 10 min, 4°C). The supematvas removed and the
pellet washed with acetone (dried, degassed ancdoqlexd to -20°C). After
another centrifugation stepide suprd and removal of the supernatant, the pellet

was washed again twice. Finally, solvent residuesevevaporateith vacuo

4.13. In vitro Kinase Reactions Utilizing Protein Substrates
Kinase reactions were carried out using 125 nM ganosubstrates and were
started by addition of ATP to a final concentratioh 250-400 uM. Standard
kinase buffer consisted of 50 mM Tris-HCI pH 7.8,mMM NaCl, 10 mM MgCJ,

1 mM DTT, 2 mM molybdate, 0.04% Triton X-100, and>EA-free protease
inhibitor cocktail. The reaction mixture was inctdsh for 2 h at 30°C and the
reaction terminated by addition of 20 pul stop dolut{100 mM EDTA in 50 mM
Tris, pH 7.5). Recombinant Cdkl and Cdk1/CycB1l complex were obthias
GST fusion proteins from ProQinase (Freiburg, Geypa and their
phosphorylation monitored via western blotting. Tp@tein was subjected to
TCA precipitation and dissolved in loading buffeafdre subsequent SDS-PAGE

and western blotting procedures were carried out.
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4.14. Fluorescence Polarization: Background and Analysis
Fluorescence polarization (FP) is a ratiometrichbégue which depends on
differing rotational properties between small aadjé molecules.

When an isotropically distributed fluorophore isiked by plane-polarized light,
only those fluorophores which are appropriatelgioied relative to the excitation
plane can absorb the light, a process called pakoson [220].
However, these fluorescent molecules are not imhzebi but undergo free
diffusion and rotation (Brownian motion). When flescent molecules in solution
are excited with polarized light, the degree to alhthe emitted light retains
polarization reflects the rotation that the fludnope underwent during the course
of the excited state [221]. For a very slowly rotgtmolecule, the polarization of
the exciting light is maintained during emissiomile a quickly rotating molecule
displays nearly isotropic emission upon polarizeditation. This phenomenon
was first described byERRIN in 1926 [222].
Fluorescence polarization is quantitated by measen¢ of the fluorescence
intensity in two detection planes perpendicularetch other, parallel to the
exciting light (;) and perpendicular to the exciting light)( The difference
between both channelgl(=1;-1.) can be normalized against the sum of both
channels I +1.), leading to the entity polarizatio®, or against the total
fluorescence intensity, leading to the entity amguy r. Both dimensionless
entities have equal physical meaning, but anisgtisdpuld be preferred due to
reasons of additivity [223]. The total fluorescemuensitylq IS mathematically
represented as follows [224]:

Itotar = Iy + 2% 1 (Eg. 6)
The influences on FP can be described quantitgtibbgl the Perrin-Equation
[222]. In short, FP of a given molecule is posityveorrelated to the absolute
temperature, and it is negatively correlated touviseosity of the solution and the
effective molar volume of the rotating unit. Fospherical protein, the unknown
volume can be approximated by a term containing ritedecular weight, the
degree of hydration and the partial specific volui220, 225]. Taken together,
there is a correlation between FP and the molecutght of the fluorescent
molecule (or complex) that can be used analytically
Fluorescence polarization was measured using a NsPArOor a PolarStar
OMEGA plate reader (BMG) at 485 nm excitation and0fm emission
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wavelength using the suitable FP optics moduleorRad sample measurements,
calibration by means of 30 nM fluorescein was penfed and used to calculate a
K-factor (Eq. 7), which was afterwards used to wlate the fluorescence

polarization P of the respective sample (Eqg. 8).

_ I|| _PFluorescein*I"

K= PFriuorescein*I++1+ (Eq 7)
p= Iy —K*I. (Eq 8)

I” +K*I.

Prior to each calculation of fluorescence polaregta background correction
was carried out by subtracting the average flu@mse intensity of at least five
appropriate control wells in each detection pleBiace fluorescence polarization
does not behave additively, use of this unit waldd to tainted results [223].
Therefore, fluorescence polarization is reportedaasotropyr (Definition of

anisotropy is shown in Eq. 9).

Iy—I.
=1 (Eq. 9)

- I" +2x1.

PolarizationP can be converted into anisotropysing equation 10.

__ 2xP
© 3-p

(Eq. 10)

In all FP assays, the total fluorescence inten&ty. 6) was monitored to reveal

inconsistencies and identify false positives.

4.15. Fluorescence Polarization Immunoassay (FPIA)
Tyrosine  kinase activity using synthetic Cdkl-dedv peptides
QKIGEGTYGVVYKC (TY), EKIGEGTYGVVYKC (eTY),
QKIGEGPTYGVVYKC  (pTY), QKIGEGTpYGVVYKC (TpY) and
QKIGEGpTpYGVVYKC (pTpY) was analyzed via a fluoresce polarization
immunoassay as a modified version of the one puddisin [24]. pTpY was
labeled with fluorescein-5-maleimide to give theali probe pTpY-F5M. The
labeling procedure and subsequent purification MBRLC (system 1) was
conducted following the protocols developed B\RER [217].
Mytl-Kinase (50 nM) in kinase buffer was pre-inctdsh with Cdk1-derived
peptides (10 uM) or 2 pug/50 pl Ala:Glu:Lys:Tg#s.1 (Poly-AEKY) in a total
volume of 50 pl in black half-area 96-well microjgis. The reaction was started
by addition of ATP (250 uM) and proceeded for 2th 38°C. Subsequent
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termination by 25 ul stop solution was followed &gdition of 25 pl detection
solution consisting of respective antibody and RD pTpY labeled with
fluorescein-5-maleimid (pTpY-F5M) in 25 mM Tris-H@H 7.5, 150 mM NacCl,
10 mM MgCh. After another incubation period (30 min), fluoresce
polarization was measured. Antibodies utilized fiois application were anti-
pTyrl5-Cdkl antibody (8.8 nM final concentratiomy fthe detection of Tyr -
phosphorylated Cdkl1-derived peptides and anti-pagtibody (135 nM final
concentration) for the detection of phosphoryldetly-AEKY .

4.16. pTyr FP Immunoassay (FPIA II)
Kinase reactions were carried out in 96-well ha#faanon binding surface plates
in a final assay volume of 40 pul. Peptide substfafe- 200 uM) was dissolved in
the same buffer as used in microarray assays. Adg$present at 400 uM. Kinase
reactions were started by the addition of kinagen(l), proceeded for 2 h at
30°C (gentle shaking) and were terminated by asiditf 10 pl stop solution
(100 mM EDTA, 50 mM Tris-HCI, pH 7.5). For the ifditor studies, all dilutions
were made from 10 mM stock solutions in DMSO andl tea final assay
concentration of 5 uM with 0.5% DMSO in the assaffdr.
pTyr-peptide detection was performed by adding L6fya solution containing
anti-pTyr antibody (pTyr-P-100) and (6-FAM)KI(pY)VY6 a final concentration
of 45nM and 2.5nM, respectively. After equilibcet for 1 h at room
temperature on a shaker, fluorescence polarizates measured as described in
Section 4.14. Suitable background controls weregiazaralong to allow for

specific background correction.

4.17. LanthaScreen Binding Assay
TR-FRET binding assays were performed in white @@l-low volume plates at
room temperature in sterile-filtered kinase bu#e(KBA) consisting of 50 mM
HEPES-NaOH (pH 7.5), 0.01% Brij-35, 10 mM MgCand 1 mM EGTA.

4.17.1. Instrumentational Setup and Data Analysis
The LanthaScreen Eu kinase binding assay is ademanding assay in terms of
the instrumental requirements. In this work, thag&erent plate readers were used
for this assay. The instrumental settings usedefmh device are displayed in

Table 2. The results obtained using these settingef comparable quality.
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A ratio of raw acceptor/donor intensities was clted and normalized relative to
wells containing fully bound or fully outcompetadder and reported as [relative

percent tracer displaced].

Table 2: Time-resolved fluorescence settings for performingthaScreen kinase binding assays.

Plate Reader PolarStar OMEGA Infinite M1000 EnVision
(BMG)? (Tecan) (Perkin-Elmer)
Excitation filter 337/30 nm 317/20 f’im 340/30 nm
Emission filter 1 TR 665 nm 665/12 nfn 665/10 nm
(acceptor)
Emission filter 2 TR 620 nm 620/12 nfn 615/10 nm
(donar)
z-height 9 ‘optimal’ ‘optimal’
Delay 60 ps 100 ps 60 us
Integration time 100 ps 200 ps 100 ps
Number of flashes 50 100 (100 Hz) 100
PMT gain auto auto auto

& Advanced Assay Technology TRF reading head required
® Tecan Infinite M1000 is a monochromator basedepleader, no filters are required.

° The z-height has to be adjusted manually. In teegnt assay, z-height postion 9 performed best.

4.17.2. Tracer Titrations

A serial dilution starting from 3000 nM tracer centration was conducted in
KBA. 5 ul of this solution was transferred to resipee wells and, after addition
of 5 ul positive control (30 uM PD166285 in KBA Wwit3% DMSO) or 5 ul
vehicle control (3% DMSO in KBA), 5 pl solution daming 6 nM Eu-labeled
antibody and 3-fold the desired kinase concenimatidKBA was added. Final test
concentrations were 2 nM Eu-labeled antibody, 10 RB1L66285, 1% DMSO
and varying concentrations for tracer and Mytl.eAftentrifugation (500 g,
2 min), the plate was incubated at room temperdturd h while being shaken
(500 RPM). After another centrifugation step, thatgp was read as described in
Section 4.17.1.

4.17.3. Inhibitor Studies
For all experiments with a kinase inhibitor, a tda series of inhibitor was first
prepared in 100% DMSO at 100fold the desired fasday concentration. From
this master dilution series, inhibitors were dith&3.3fold in kinase buffer for an

intermediate concentration of inhibitor 3fold ofathto be used in the assay
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(containing 3% DMSO). To 5 uL of each concentratidnnhibitor to be tested,
appropriate assay reagents (15 nM Mytl, 10 nM tr&eM Eu-labeled anti-His-
tag antibody) were added to bring the final volumd5 pL and the final DMSO
concentration to 1%. In general, all assays wertopaed with three replicates of
each inhibitor concentration. Plates were centafad 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 funpleification unless stated
otherwise. Solvents were dried according to stahgmocedures. All reactions
were carried out under an atmosphere of dry arfytess spectra (MS) were
recorded off-line with nano-ESI (Proxeon emittédslense, Denmark) on a LTQ-
Orbitrap XL (Thermo Scientific)*H NMR and**C NMR spectra were recorded
on a Varian Gemini 2000 and a Varian Inova 500nthbal shifts were referenced
to residual solvent signals and reported in ppih Chromatography was
performed on silica gel (Merck silica gel 60, 40e68sh) by MPLC (Interchim
PuriFlash 430). As in-process control, TLC wasiedrout on silica gel plates (E.
Merck 60 F254); spots were detected visually byaulblet irradiation (254 nm)
or by spray detection (compoudsolution of 150 mg ninhydrin, 1.5 ml glacial
acetic acid and 45 ml acetone) and heated to 18(°Zmin.
The purity of the final compounds was determinedbglytical HPLC (system 2)
using a LIChroCART 125-4 (LiChrospher 100) RP-18i0m (5 um). A slightly
modified method as described previously was us2a][2Modifications included
the use of MeOH:buffer 60:40 as an eluent and, tedailly to UV-detection
(Jasco UV-975), fluorescence detection (Jasco FR-82480 nm (excitation) /
520 nm (emission).
Dasatinibl was from LC Laboratories (Woburn, MA, USA). Theidez2 was
synthesized using a modified approach fr@anacs et al. [227-228]. Dasatinib
(200 mg, 0.41 mmol) was dissolved in 5ml THF andoled to -5°C.
Diphenylphosphoryl azide (DPPA; 137 ul, 0.615 mnvad)s added and stirred for
15 min. Subsequently, the base DBU (92 ul, 0.61®hnvas added dropwise.
The reaction mixture was stirred for 16 h and a#ldwto warm to room
temperature. NajN(70 mg, 1.08 mmol) was added and the resultingesusion
stirred for another 5 h. Saturated KHESDlution was added and the precipitate
was filtered off. Purification was carried out bglumn chromatography using
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chloroform/methanol on silica gel. The resultinggamic azide2 was instantly
reduced by hydrogen using catalytic amounts ofagalim (5%) on carbon. The
azide2 (184 mg, 0.36 mmol) was dissolved in 15 ml MeOH ml ethyl acetate.
After addition of catalyst and connection to hyd¥ongat 1 bar, the reaction
proceeded for 23 h giving the respective an@indd NMR (400 MHz, CROD) &
8.18 (s, 1H, thiazoH), 7.39 (ddJ = 7.3;J = 1.8 Hz, 1H, chloroanilidét), 7.32 —
7.21 (m, 2H, chloroanilidét), 6.05 (s, 1H, pyrimidinét), 3.77 — 3.60 (m, 4H,
pyrimidine-N(CH2-R),), 2.93 (t,J = 7.3 Hz, 2H, R-El,-NHy), 2.71 — 2.55 (m,
6H, (Raky-CH32)3-N), 2.51 (s, 3H, pyrimidine-B3), 2.36 (s, 3H, chloroanilide-
CHs). MS (ESI) m/z 487 [M+H], m/z 485 [M-H].
N-[3',6'-dihydroxy-3-oxo-Bi-spiro(2-benzofuran-1,9'-xanthen)-5-W-(2-[4-{4-
(IN-{2-chloro-6-methylphenyl}-5-carboxamido]-thiazol2)amino-2-
methylpyrimid-6-yl}piperazinyl]-ethyl)thiourea4, was synthesized using a
modified procedure byEE et al. [229]. The amin& (85 mg, 0.18 mmol) was
dissolved in 5 ml THF/abs. EtOH (3:2) and coole®t€. FITC isomer | (90 mg,
0.23 mmol), dissolved in 1 ml solvent, was added @@ reaction was stirred for
6 h. The mixture was frozen in dry ice and lyoatl. The residue was purified
by MPLC (chloroform/methanol gradient) to give tfieal fluorescent probe
(51 mg, 33%). The full characterization is givenSection 5.3.1. Fluorescence
characterization by 3D scans and emission scansceagucted by means of
Tecans's Infinite M1000 plate reader. Aqueous Ieffesolutions (10 puM
compound in 50 mM Tris-HCI pH 7.5) were used.

Because the synthesized fluoropra@bes a_Daatinib-derived_Anine 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 asdégrlmonsisted of 50 mM
HEPES-NaOH pH 7.5 plus respective detergent. Thayaslume was 60 pl with
a final concentration of 5nM fluorescent probe RS C. After a 15 min
incubation period at gentle shaking, FP was medsasalescribed (Section 4.14).
For investigations on association colloid formatiofh glycoglycerolipids and
DasAFITC, two further methods were used, basicadlyescribed: a photometric
assay based on inclusion of Coomassie BrillianteBB-250 [230], and a
fluorimetric assay based on inclusion of 1,6-diplen3,5-hexatriene (DPH)

[231]. The fluorescence assay (filter settings: 866 Ex/ 460 nm Em) was
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conducted in black half-area 96-Well plates (Caghiwith a final assay volume
of 60 ul, while the absorbance assay (monitored=ftnm and 620 nm) was
performed in transparent 96-well plates (Greinathw&n assay volume of 250 pl.
DasAFITC did not interfere spectroscopically witlther of the assays. As a
reference, Triton X-100 had a CMC of 0.0096% ard8% (w/V), respectively.

4.20. DasAFITC Assay Procedure

The DasAFITC assay is an FP based kinase bindsayagilizing DasAFITC as
a fluoroprobe. Weel, Btk and Abllwt were obtaineaht ProQinase as GST
fusion proteins. The assays were carried out ickblzalf-area 96-well plates
(Corning). Fluorescence anisotropy was measured wit BMG PolarStar
OMEGA or a BMG NOVOstar plate reader (Heidelberggri@any) using a
485 nm excitation and 520 nm emission filter seWpenever dasatinib was used
as a displacement control, it was included in teag buffer at a concentration of
10 uM.

4.20.1. Kinase Concentration and Incubation Time
For initial titrations, 5 nM ligand was incubatedhvincreasing concentrations of
the respective kinase (0-80 nM for Abl1, Btk anded/e0-250 nM for Myt1). For
each concentration, wells containing 10 uM dadatweére included as controls.
The plates were gently shaken at room temperatace anisotropyr was
measured after 30, 60 and 120 min. The differemtesden the values measured

for sample and fully outcompeted sample at the eesge concentration is

displayed agir. All tests were carried out with 27 pl assay voduriRor long-term

incubation tests (8 h), the assay volume was isegtao 90 pl in order to

minimize evaporation effects.

4.20.2. Kinase Binding Assays
Kinase assays were conducted in sterile-filtereth$e binding assay buffer B
(KBB). A final DMSO concentration of 1% was incluteat all times. For all
experiments with potential inhibitors, a dilutioares was prepared in DMSO at
100-fold the desired assay concentration. Fromdihigion series, inhibitors were
diluted 33.3-fold in assay buffer, yielding 3-falde desired assay concentration
in 3% DMSO. To 9 ul of each concentration of comupbto be tested, 9 pul tracer

and 9 ul kinase solution were added, giving a tasslay volume of 27 pl. Each



Materials and Methods 49

data point was performed at least in triplicatenaFitracer concentration
(DasAFITC) used was 5 nM. Kinase concentrationsewis nM (Abl1), 40 nM
(Btk), and 100 nM (Mytl). Incubation periods befamading were 60 min for
Abl1l and Btk, and 120 min for Mytl. For better caamgbility, anisotropy values
were normalized against dasatinib controls (10086etr displaced) and vehicle
controls (0% displaced). Each plate containedastlgéve wells of both controls.

4.20.3. Anisotropy Data Analysis
Data processing was generally carried out as destbefore (Section 4.14).
To deduce Kvalues from this fluorescence polarization basmdpetition assay,
displacement curves were fitted to the exact coitiyetbinding model [232-
233], as shown in Eq. 11:

Myt1
rf+[1?1—]*g*rb

d

where[Myt1] = —% + 2 * m * COS g, with
a=K;+K; + [Tracer]y, — [I], — [Mytl],
b = K; x ([Tracer]y — [Myt1]o) + Ka([I]o — [Mytl]o) + Kq * K;
¢ = —Kq * K; * [Myt1],

—2a3+9ab-27c¢
6 = arccos —————
2%/ (a?-3b)?
Kq is the dissociation constant of the complex betwe ligand and the enzyme,
K; is the dissociation constant of the complex betwammpetitive inhibitor and
enzyme.r; andry, are the anisotropies of free and bound labeleahtigg equals
the quantum yield enhancement factor with regaravétls without kinase but

with tracer. The total inhibitor concentration épresented bj] o.

4.21. Microarray Assays
Two microarray slides were positioned face-to-fageparated by two spacers
(0.3 mm). 350 pl reaction mixture containing king88 nM) in sterile filtered
standard kinase buffer together with 250 uM ATP wasisferred bubble-free
into the resulting reaction space between the tdes Subsequently, the slide
sandwich was incubated at 30°C for 2 h in a hurh&haber. After incubation, the
slides were washed five times with 50 ml TBS caomtag 0.1% Triton X-100 for
5 min followed by washing steps with deionized waténally, the microarray

slides were spun dry at room temperature. For adyitdetection, Tecan's Hyb
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Station HS 400 was used in a semi-automatic praeedll steps were carried
out at 25°C and the protocol was as follows: ARewashing steps with TBS-T
(TBS + 0.1% Tween-20; 2 min wash, 2 min soak), amaend soak step with TBS
was performed. Subsequently, the primary antibodwti{pTyr P-100, at
10 pg/ml in TBS-T containing 3% BSA) was injecteadahybridized for 1 h.
After 5 washing steps with TBS-T and another stefh WBS, the secondary
antibody (Goat anti-mouse IgG #35515 as Dylight @é%jugate (Pierce) at a
concentration of 1 ug/ml in TBS-T containing 3% BSwas injected and
hybridized for 30 min. After five additional waslgirsteps (TBS-T), the slides
were rinsed with TBS and deionized water. Subseodtng under a stream of
gaseous nitrogen vyielded slides ready for detectiar negative controls, the
microarrays were subjected to the same proceduh®utiaddition of kinase.

The microarray slides were scanned at 635 nm (nedireel) and 532 nm (green
channel) using GenePix 4000B (Molecular Devicesa &MT gain of 600. The
response from the red channel was used to quahgfyesponse, while the green
channel was used to align the array grid in anslyémages were saved
electronically (TIFF and JPG formats) and analya#lizing the circular feature
alignment of the GenePix Pro 6.1 software and Gen&Ray List (GAL) files
supplied by JPT (Berlin, Germany). Quality contdnditions set were as
described before [234]. GenePix results were saetithe median foreground
and background intensities of the individual peptgpots were used for further
analysis.

In the case of the radioactive assay, which wasethout in the working group of
Prof. Schutkowski (Institute of Biochemistry andoiichnology, MLU Halle
Wittenberg), 300 ul of reaction mixture containkigase in assay buffer together
with 10 uM ATP and 500 uCiyf**P]-ATP were transferred into the reaction
space between the two slides. The incorporatecbaativity was detected by
exposure of the microarrays for 2-8 d to imaginatgs (Fuji BAS-MS) followed
by readout with a phosphor imager (FujiFilm FLA-D)0

4.22. Solid Phase Peptide Synthesis
Peptides Cdk1** (H-MEDYTKIEKIGEGTYGVVYKGRHK-OH) and Ac-
Cdk1*** (Ac-MEDYTKIEKIGEGTYGVVYKGRHK-OH) were synthesizedn
Fmoc-Rink MBHA basically as described in [235] nling a standard Fmoc/tBu

based strategy. After final cleavage of side-clamtecting groups and cleavage
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from the resin by TFA containing 2% water, the TWAsS removed using a rotary
evaporator. The crude product was precipitateddaitian of cold diethyl ether,
carefully filtered off and washed with cold eth8olvent residues were removed
in vacuoin an exsiccator. Purification was carried outpogparative RP-HPLC.
A prepacked 250-25 mm LiChrospher 100 RP-8 (5 pohjran from Hibar was
used and the UV-Vis detector was set to 220 nmhallew gradient over 100 min
from water containing 0.1% TFA to 50% ACN (0.1% TF#as run and the
eluate collected and fractionated.

Purities >80% at 220 nm were achieved as indicdigdanalytical HPLC
(system 3, water / ACN gradient): H-Cdif (86.1%) and Ac-CdK1** (80.1%).
Analysis was realized using a RP18 column. Identitgs confirmed by
Dr. Schierhorn from the Institute of BiochemistrydaBiotechnology (MLU
Halle-Wittenberg) using MALDI-MS with 2,5-Dihydroxenzoic acid matrix.
Spectra and chromatograms are given in the app¢pdid6).
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5. Results and Discussion

As assay development is central to this work, satesistudies were conducted to
find out about a possible further progression. &itinis turned out to be difficult,
assay development focused on binding assays asmsméscreening compounds
without need for anin vitro substrate. Indeed, after development and
establishment of binding assays, potential inhibitovere tested and also a
postulated Mytl inhibitor (a glycoglycerolipid) wakoroughly reevaluated.
Finally, the search for am vitro substrate was taken up again and microarray

experiments led to the identification of suitabldstrates.

5.1. Substrate Studies
Identification of a molecule that can be phosphatad by the isolated kinase is
one of the most important parts of kinase assagldpwment [223]. Therefore, a
detailed analysis of different substrates was requilnitially, three general types
of substrates were tested: a heterodimeric promamplex Cdk1l/CycBl
representing the native substrate, the single Gutkiein and peptides derived
from the phosphorylation sites Thrl4 and Tyrl5 witlthe Cdkl1l primary
structure. The phosphorylation status was monitoredividually for each
phosphorylation site in order to reveal differenoesimilarities.
In this study, full-length Myt1 (sometimes referredas Myt1fl) was expressed in
the humarcell line HEK293 as Hisfusion protein, solubilized and, subsequently,
purified via immobilized metal ion affinity chron@graphy, as described in [236].
First of all, the question was whether Mytl kinat®ws the expected kinase
activity. The native substrate Cdk1/CycB1 as wslheonomeric Cdkl were used
in kinase reactions and phosphorylations at Thrigt Byr15 were monitored via
western blot analysis using anti-pThr14-Cdk1- ant-aTyrl5-Cdk1-antibodies
(Fig. 6).
Regarding Cdk1, a definite increase of pThrl4 angr}b in presence of Mytl
was detected. Results of controls with and with&diP were comparable
concerning both phosphorylation sites. Using CdktEl as a substrate, the
phosphorylation pattern changed, controls with awvithout ATP no longer
matched. In fact, hyperphosphorylation at bothssié interest was detected,
indicating autophosphorylation by the activatedak® complex. Under these

conditions, the amounts of product formed in aroplibsphorylation reaction are
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similar to those mediated by Mytl and the actualntution of
autophosphorylation and phosphorylation by Mytlnmdrbe figured out clearly.
However, the fact that Mytl accepts Cdkl cyclin pteres has been studied
before using a catalytically inactive Cdk1(K33R)tant [87].

A B

pThr14- Cdk1 PThr14- Cak1| s ‘ -
Cdk1 + + + MPF + + +
Myt1 + + - Mytt  + + -
ATP - + + ATP - + +

pTyr15- CdkA . oTyrts-Cak1| —= (D
Cdk1  + + + MPF  + + +
Mytt -+ + - Mytt  + + -
ATP - + + ATP - + +

Fig. 6: Phosphorylation of Cdk1 (A) and Cdk1/CycB1 (MPH,® human Mytl kinase. Shown
are representative western blot images using amtifpt-Cdk1- (top) and anti-pTyr15-Cdk1-
antibodies (bottom). Each panel consists of thpaetive sample surrounded by controls with and
without ATP/enzyme.

The finding that Cdk/Cyc complexes are prone t@mplubsphorylation raises an
issue with previous Mytl inhibition data. It migimterfere with a Mytl kinase
activity assay utilizing an active complex as astidie, particularly because no
control experiments without Mytl were mentioned ][2Zhis issue and its
implications will be discussed in more detail ircaming sections.

Generally, a reasonable approach toward yieldiegreening-amenable substrate
Is to use peptides derived from the native phospaton site or the use of
randomly generated peptides [237].

Utilizing peptide substrates, tyrosine phosphorgled were investigated by
means of a fluorescence polarization immunoassiA)-

The assay is based on a labeled probe (low FPr#mabe bound by an antibody,
resulting in a high FP value. The general principés introduced by ENDLIKER
and FEIGEN in 1961 [238] and, decades later, adapted to kmas a direct
approach [239]. In order to save antibody and gamsitivity, the assay principle
was converted to a competitive FPIA shortly afted4(]. Such a competitive
approach was used in the following.

FPIA was performed as a modified version of the quiblished in [24].
Modifications include an increase in sensitivity @fold and monitoring of
Tyrl5 phosphorylation independent from the Thrbdust.

A bis-phosphorylated peptide derived from the ratphospho-site (CdRT9
together with a C-terminally inserted cysteine (WTERKIGEG(pT)(pY)GV-
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VYKC) was labeled thiol-selectivelwith fluorescein-5-maleimide according to
established protocols [217]. The fluorescent prbEpY-F5M) shows a rather
low intrinsic fluorescence polarization which iscieased upon addition of a
suitable antibody. In solution, the antibody-antig@mplexes rotate more slowly
than the antigen on its own, resulting in a highd? value. The assay
concentration for the probe should be as low asiplesto set up a sensitive
method. As indicated by pretests, a probe condamtraf 5 nM is suitable to
obtain sufficient signal to background ratios (S&BY coefficients of variation for
both channels (CV <5%). The pTyr targeting monoaloantibodies used had
satisfactory affinities towards the probe as intidaby antibody titrations: K
values of 8.5nM (anti-pTyrl5-Cdkl) and 124 nM {@Tyr antibody) were
obtained (data not shown). The respective assageobrations were 8.8 nM (anti-
pTyrl5-Cdkl) and 135 nM (anti-pTyr antibody).

Using the specific anti-pTyrl5-Cdkl antibody, tlesay makes the detection of
low nanomolar concentrations of phosphorylated idepbossible. The Eg lies
around 18 nM, meaning a substrate turnover of 0.(&%0 uM substrate) would
result in a half maximum FP-decrease (Fig. 7). differing height of the bottom
plateaus could be explained by unspecific effeatssed by increased amounts of
BSA and glycerol that were brought into the assagmusing the more specific

antibody (purchased with a lower antibody concéiang.

A anti-pTyr15-Cdk1 antibody B anti-pTyr antibody
0.20- 0.20-
045 ECsg = 18 nM 0.154 ECso = 190 nM
= = ¥
o Qo
g o
£ 0.10- 5 0104
g B 3 X
s c 3
< <
0.05 0.051
0-00 L 1 1 L] 1 T 1 0-03 T T 1 T
102 107 10° 10" 10% 10° 10¢ 102 102 10" 10" 10"
TpY [nM] TpY [uM]

Fig. 7: To assess the analytical performance of both adyitsetups with (A) anti-pTyr15-Cdk1-
antibody and (B) anti-pTyr-antibody, TpY, imitatipdosphorylation of the utilized peptides, was
used to displace the probe from the antibody. pHbh6wed the same properties concerning
displacement of the probe, whereas TY, eTY and pidvnot lead to a decrease in fluorescence
polarization (data not shown). Data shown hereasgmt means = SD (n=3).

Initially, only QKIGEGTYGVVYKC (designated TY) was testea Cdkl1 derived
peptide as described in [24] which contains amiodlsa9 to 20 of the native
Cdk1, the additional cysteine at the C-terminus arathange in the first position
from native Glu8 to GIn8. TY was not accepted asubstrate by Mytl to a
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detectable extent, so it was hypothesized thatNherminal Gin might form
pyroglutamic acid in a spontaneous manner affedtiegkinase reaction in some
way. The hypothesis that TY has a tendency to farnpyroglutamic acid
derivative was supported by capillary electrophisretudies, which showed a
gradual loss of a single positive charge duringilbration periods in absence of
enzyme (data not shown). Apparently, this cycl@atlid not affect the antibody
binding, but to avoid any negative effect it wasiroped to the native amino acid
Glu at the N-terminus (eTYEKIGEGTYGVVYKC). However, still no kinase
activity could be detected. Also the Thrl4 monosphorylated TY peptide
(pTY), which proved to be a suitable substrateMytl’'s closest relative, Weel

kinase, was not recognized as a substrate (Fig. 8).

substrate: pTY substrate: Poly-AEKY
Myt 1] Myt175-362 Myt1fl Myt175-362
250+
——_ T
200 200
& 1501 T 1501
E E
o 100+ o 100+
0
ATP + - ATP + + +

TpY - - - - TpY - - + - -

Fig. 8: Results of FPIA in terms of acceptance of peptglibstrates of Mytlfl and the kinase
domain only (Myt1>3%. For pTY (left) as well as Poly-AEKY (right), mes of both samples
differ highly significantly from TpY-containing pd&e controls (p < 0.001), indicating that no
tyrosine phosphorylations occurred; utilizing TY&®FY as substrates resulted also in detection of
no phosphorylated peptide (data not shown).

Since Cdk1l as a whole protein is accepted as dratdyshe possibility should be
assessed that it might be an effect dependingemtiiecular mass only, because
Cdk1-derived peptides have a much lower moleculaigit compared to the
entire Cdk1 protein, altering the interactions wiitle enzyme and the rigidity of
the substrate. To answer this question, a polyge®oly-AEKY with an average
molecular weight up to 30 kDa was tested as a mtbstThis substrate was
shown to be suitable as a tyrosine kinase subsamade additionally, has been
used successfully in Weel kinase assays [241-242fder to adapt the FPIA to
this application, the antibody was simply changedn unspecific pTyr-antibody,
so any phosphorylated tyrosine can displace therdikcent probe from the
antibody (Fig. 7). No phosphorylation could be degd, indicating that this
unspecific but large polypeptide is not suitabl@a &gytl substrate either (Fig. 8).
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Determination of the threonine kinase activity eanout to be difficult, in part
presumably due to the large neighbouring Tyr-moighpairing binding of
antibodies. Furthermore, pThr antibodies are ofieinjected to low affinity and
narrow specificity [243]. Indeed, one monoclonatitaody (anti-pThr) failed to
bind pTpY-F5M in fluorescence polarization as wels immunoblotting
experiments (data not shown). A polyclonal antibaiyti-pThr14-Cdk1) was not
suitable for FPIA but performed well in dot blotpeximents. As can be seen in
Fig. 9, no phosphorylation of Thrl4 could be obedrutilizing Cdkl1-derived
peptides as substrates in full-length Mytl kinastviy experiments. Controls
represent reaction mixtures without ATP where aingef amount of
phosphopeptide was added to mimic product formatibiMytl catalyzed TY
phosphorylation, it certainly would have been dietg#cat substrate conversions

down to 0.4%.
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Fig. 9: Dot blot results using anti-pThr14-Cdkl antibodymimary antibody. Panel A provides
the densitometric evaluation derived from data shawpanel B. Neither Myt1fl nor Myf%3¢?
showed any detectable phosphorylation activityizitiy eTY or TY (data not shown) as
substrates. Positive controls show the expectathsidor mono- and bisphosphorylated substrate
at a turnover as indicated.

Since simplification of the substrate protein dmt fead to any detectable kinase
activity, the isolated kinase domain of the humagtMkinase was used as a
model protein (Myti>3*3. The C-terminal region (amino acids 437 —499) is
thought to be responsible for interaction with tkElkl/CycB1l complex.
Therefore, a protein lacking this sequence mightelss restrictive in terms of
substrate recognition [244]. In addition, the pntatmembrane association motif
is not present anymore which remarkably facilitapagification procedures.
Myt1”°3%2was tested for Tyr and Thr kinase activity (seg. Bi for tyrosine and
Fig. 9 for threonine kinase activity). Overall, tlkénhase domain showed no
detectable kinase activity either in terms of Thrd4 Tyrl5, leading to the
conclusion that the recognition of the substratehayfull-length kinase might be

of higher complexity.
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The human Mytl kinase was revealed to be a vetyictdge enzyme concerning
substrate acceptance. In fact, no simplified stmgctwas identified that was
phosphorylated by Mytl. The denial of phosphorglatis even more surprising
considering the fact that Weel, the closest radatff Mytl within the human

kinome, is known to accept all tested substratablel'3).

However, the tested protein substrates proved ites& to be active in terms of

Thr and Tyr kinase activity as expected.

Table 3: Comparison of Mytl and Weel concerning substrate@ance.

Mytl Weel
(Full-length) (Full-length)
Substrate Thr kinase activity ~ Tyr kinase activity ~ Tyr kinase activity
Poly-AEKY  (No Thr residues contained) - +[242]
Cdk1-derived - - + [24, 82]
peptides
Cdk1 + + + [82]
Cdk1/CycB1 #) (+) +[151]

%Contributions of autophosphorylation and phosphdigiaby Mytl cannot clearly be figured out, but
acceptance has been shown before [87].

To achieve more insights into the interaction oftMgs well as Weel with their
putative substrates, the X-ray structure of thateel Cdk2 in complex with its
substrate (PDB code: 1QMZ) was used to model atipdexes. In silico studies
were carried out by Dr. K. Wichapong (DepartmentMédicinal Chemistry,

Institute of Pharmacy, MLU Halle-Wittenberg). Seqoe alignment and protein
modeling were performed using MOE2010.10 [245] aXday structures

available in the Protein Data Bank (PDB code asicatdd). For detailed

information on the computational methods refer24g]. Even though the percent
sequence identity between each pair is relatively (22.4% for Cdk2-Weel,

28.6% for Cdk2-Mytl and 35.3% for Mytl-Weel, sepamix, Fig. 42), the

overall 3D-structures are very similar as indicatad low root mean square
deviations (RMSD) of about 2 A for the kinase domdaiherefore, it is reasonable
to use this Cdk2-substrate complex as a templataadel the other complexes
(Myt1-ATP-TY, Weel-ATP-TY). The stability of the rdeled complexes was
investigated by molecular dynamics (MD) simulatioviich were carried out by
means of Amber99SB [247]. Simulation time was seb@ ns. The MD results
show clearly that the Weel-substrate was stabletbee50 ns with an interaction
of Thr14/Tyrl5 and the residues of the kinase phosgpation site. In contrast,
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the simulation of Mytl-ATP-TY shows the N-terminphrt of the substrate
moving out of the pocket in the case of Mytl (RiQ).

This is also indicated by high fluctuation in thB1BD plots of the Mytl-substrate
complex (around 5 - 6 A) whereas the substratdhénWeel complex does not
show significant movements (around 3 A, see apperfdy. 43). The modeled
kinase-substrate complexes (Fig. 10) suggest tatntain difference among
Weel and Mytl and its substrate interaction maynligne N-terminal part of the
substrate from GIn8 to Thrl4 as well as in theraxteng residues at the Myt1 and
Weel binding site.

arp_/

Fig. 10: Weel-substrate (A) and Mytl-substrate complex Bjived from the last snapshot
(50 ns) of MD simulation. Protein structure is simoas orange ribbon for Weel, magenta ribbon
for Mytl and amino acid residues of Weel and My# displayed as cyan stick. Substrate is
represented by green ribbon.

In case of Mytl, Glul2 is surrounded by GIn195, 16& Asp270, Arg272,

Tyr273 and Glu298, which introduce a strong negalectrostatic potential in
the surrounding area (see appendix, Fig. 44), tieguin repulsion of the TY

substrate as observed during the MD simulatiorthéhcase of Weel, Glul2 is
surrounded by Ser389, Ala385, Cys509, Phe482, Asmtw Arg483, which

introduce a favorable positive electrostatic paggnfsee appendix, Fig. 44).
Moreover, the Weel-TY interaction is stabilized two hydrogen bonds, one
between Tyr392 of Weel (Gly202 in Mytl) and GIn8yJTand the second

between Ser389 and Glyll of TY. Hence, there aomgtattracting interactions
between the N-terminal part of the TY substrate &Mdel explaining the

substrate activity, whereas for Mytl no favorabigeiaction could be observed.
Which parts within the Cdkl sequence are esseiatialytl interaction and to

what extent Cdkl could be reduced in complexitytder to be recognized by
Mytl has to be clarified in further studies. Thader 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 turnetbdae complex, a binding assay
was used to obtain compound affinity data. The @ggn is guided by the
assumption that a compound displacing ATP fromhimeling pocket will be an
inhibitor of the respective kinase. This assumptioastly holds true, though
exceptions are known [248]. In general, the usebioding assays in drug
discovery is not necessarily accompanied by disadges. It has been shown
that data gained by a kinase binding assay mayigeoa better correlation to
cellular effects than a conventional enzyme agtivdlssay. Moreover, the
identification of hits targeting inactive kinasenformations is strongly facilitated
compared to activity assays [249-250].
To generate a first inhibition profile, a TR-FRE&ded kinase binding assay as
reported by EBAKKEN et al. (LanthaScreen, [249]) was adapted to Mitlthis
assay, a fluorescently labeled ATP competitive gn&racer binds to the kinase
while a europium (Eu) labeled antibody binds to fheification tag of the
recombinant kinase. The spatial proximity of Euelalol antibody and kinase
tracer leads to Forster resonance energy trarlSREET) to the fluorescence label
(acceptor) upon excitation of the Eu (donor). Amy+nhibitor will not affect the
binding to the kinase, therefore maintaining higkEH values, measured as ratio
Emission (acceptor) to Emission (donor). If a coommbdisplaces the tracer from
the kinase, a spatial proximity between both lakelsnot exist anymore and the
FRET will be lowered. Enabled by the lanthanoid elaba time-resolved
measurement mode is used in this assay systentam aimproved signal to noise

ratios.

5.2.1. Assay Development: LanthaScreen (Adaption to Myt1)
The development of an assay, particularly a bindasgay, requires a known
inhibitor. PD166285 was reported to be a potentIMwtibitor (1Go = 72 nM),
although being more potent against Weel{ 24 nM) [151]. At the time the
assay was implemented, it was the only known cawgfit inhibitor [133, 251]. It
is a very promiscuous inhibitor which targets manlyer kinases, such as c-Src
and PDGFR [251] to mention only two, but it was dise early assay
development as a positive control.
The LanthaScreen assay platform is validated bystgplier for 239 kinases

including various kinase mutants (as of July 20b8) Mytl has not been
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described so far. Each kinase requires an affimenoercially available tracer to
set up such an assay and the suitable kinase-fpacenas to be found on a case-
by-case basis. Guided by kinase similarities, twonpsing tracers (chemical
structures are not disclosed by the manufacturergwhosen and tested. Binding
of the tracer was tested by adding various diliohthe respective tracer to a
mixture of kinase and Eu-labeled anti His-tag ardipin presence or absence of
PD166285 (10 uM) at different concentrations of MyFig. 11 displays tracer
titrations for both tested tracers at 15 nM Myt1.
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Fig. 11: Tracer titrations using tracer 236 (A) and trad&8 (B) in presence of competitor
PD166285 (squares) or vehicle (DMSO, open circks)l5 nM Mytlfl. For tracer 178, the
difference between bound and competitively displattacer shows a distinct local maximum (C)
which comes out more clearly when plotting the psgendow as an assay performance measure
(D). Data represent means + SEM (n=3).

For tracer 236, no binding to Mytl was detecteccesithe FRET curves of
competitor and control, measured as emission (atioeptor / donor), completely
overlay. The increase of the curves at high traercentrations is caused by
diffusion-enhanced FRET. Using tracer 178, bothvesirare clearly separated
indicating binding of the tracer to Mytl and enabliFRET. Again, at high

concentrations of tracer, the extent of diffusioin&nced FRET rises, narrowing
the assay window remarkably [249, 252]. To deteemim suitable tracer

concentration for the actual screening assay, twannfactors have to be
considered: The tracergkand the assay window. It is recommended to usertra

concentrations as close to thg & possible in order to realize a sensitive assay
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with ICso values being close to the actual inhibition comistdhe difference
between FRET curves of the tracer titration in eneg or absence of competitor
should result in a saturation binding curve allagyvlyy determination. However,
the curve clearly shows a local maximum which préek valid kK estimations
(Fig. 11C). Presumably, the decrease in the enmssato difference AER) is
caused by diffusion-enhanced interference of Trit¥nl00, a detergent
necessarily brought into the assay through thebddation step in Mytlfl
prepraration. Since the top plateau cannot be m@ted, the tracer Kmay be
estimated roughly to be below 10 nM. The assay @windcalculated as fold-
increase of vehicle ER to competitor ER, shows earclmaximum at
approximately 10 nM. Systematic experiments on yasparformance were
omitted due to low amounts of available protein.wdwger, according to
LanthaScreen validation data of the supplier, aaysvindow > 2 will typically
yield a robust assay (Z' > 0.5) [253]. Concentratiof Eu-labeled antibody were
kept constant at 2 nM throughout assay developnaeatsure relative excess of
kinase and, therefore, nearly quantitative antibdulyding. The final assay
conditions were determined as follows: 10 nM trat&B, 15 nM Mytlfl and
2 nM Eu-labeled antibody in a total assay volumelsful (384-well plate
format). The exact protocol can be found in thehods section.

For a better comparability, all values were normeli against positive and
negative controls (10 uM PD166285 and 1% DMSO, eetyely) and reported
as [relative-% tracer displaced]. Using this praged the positive control
PD166285 had an Kgvalue of 7.2 nM (s. Fig. 12).
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Fig. 12: Using the established assay protocol, the posttbrerol PD166285 had an d¢£value of
7.2 nM. Data reported as means + SEM (n=3).

Throughout this work, 16 curves were fitted to the data by GraphPad Prigr 5

(San Diego, CA) using sigmoidal dose-response aithriable slope.
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5.2.2. LanthaScreen Inhibition Data
Because common kinase inhibitors have not beeedesgainst human Mytl
kinase so far, known promiscuous kinase inhibisush as staurosporine as well
as more selective tyrosine kinase inhibitors whiddve been approved and
marketed, such as lapatinib and imatinib, wereste$d obtain a first inhibition
profile.
All compounds were tested three times at two dffierconcentrations. Any
substance binding >50% at 10 UM was subjectedutthdr testing and I£g
values were determined. Quantitative data are egpte as means + standard
error. PD166285 was used as a positive control. goamds and respective
effects at a concentration as indicated are digplayy Table 4.

Table 4: Test of common kinase inhibitors for effects oa tuman Mytl kinase. Binding of the
respective compound is reported in [relative-%édratisplaced].

Compound Displacement at Displacement [Cso[nM]
5 UM [%] at 10 uM [%)]
Bisindolylmaleimide | no displ® no displ. n. t°
Dasatinib 95.5+0.3 97.1+0.3 63.0+x1.1
Erlotinib 71+1.7 8.2+0.7 n. t.
Gefitinib no displ. 6.9+24 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. 72+x1.1
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 uM
Sunitinib no displ. no displ. n. t.
Tyrphostin AG 1478 24.8+0.7 395+15 n. t.
u0126 7.6x0.7 no displ. n. t.
Vatalanib no displ. no displ. n. t.

#no displ.: no displacement (<5%) at the specifissay concentration
®n. t.: not tested

Most of the tested compounds did not affect Mythe Tkinase was insensitive
even towards highly promiscuous inhibitors suclstasirosporine, sunitinib and
bisindolylmaleimide |. The effects of erlotinib argkfitinib were negligible.

Major effects could be determined for dasatinib aggohostin AG 1478.

However, binding of the latter was too weak to datee IG, values due to

limitations of the assay system (see upcoming &e&i2.3). Dasatinib displaced
the kinase tracer from Mytl with angd¢bf about 63 nM (Fig. 13).
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Interestingly, staurosporine had no effect in coi@ions up to 10 uM (Fig. 13).
Literature data concerning staurosporine effectdvigil were contradictory at
that time. While BBIAN et al. found Mytl to be insensitive towards stapayine
[23], other essays by#STIANSDOTTIRet al. and Bou et al. reported 16§ values
against Mytl [24, 197]. The data presentedZbpu et al. are discussed in the
upcoming Section 5.4, together with the reevalwatmf glycoglycerolipid
inhibitors.
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Fig. 13: Myt1fl inhibitor titrations with dasatinib (A) andtaurosporine (B) in the LanthaScreen
kinase binding assay. Dasatinib had ag,I¢alue of approximately 63 nM while staurosporine
showed no effect up to 10 pM. Data displayed assesSEM (n=3).

Here, staurosporine did not affect Mytl. This fimglihelps reveal potential
inherent contradictions in the report oRIKTIANSDOTTIRet al. Therein, the found
inhibitor sensitivities differ vastly between Weafhd Mytl (for instance, Mytl
was highly sensitive to staurosporine whereas Wead not at all). Altogether,
the Mytl inhibitor activities described correlatglwknown Cdk inhibitors rather
than with Weel inhibitors. Thus, taking into accotime autophosphorylation
activities detected (see 5.1), the Mytl inhibitatiaties described may be
incorrectly reported in parts. The compound effetdtected might possibly be
caused by Cdk-affecting mechanisms. No experimentshibitor pretreatments
were mentioned to rule out this possibility. Howewvimese facts do not at all
affect the validity of the Weel results becaussdhests were carried out by the
authors using a peptidic substrate instead of @a@idk/Cyc complexes.

The finding that staurosporine did not bind to Mytlthe LanthaScreen assay is
supported by a recent study with the Mytl kinase@o which was expressed in
E. coli[76] and is, furthermore, cross-validated by taet fthat the staurosporine
derivatives midostaurin and K252a did not show eiffigct in concentrations up to
10 uM either. Also other compounds which usuallizibit a broad range of
kinases (e.g. sunitinib) did not affect Mytl. Besawssay development requires
positive controls, i.e. known inhibitors, these sual inhibition properties may be
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jointly responsible for the lack of data so far.rdén compounds displaced the
kinase tracer from Mytl. The chemical scaffoldghefse compounds share some

structural similarity which can be seen in Fig. 14.
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Fig. 14: Chemical structures of PD166285, tyrphostin AG8 diid dasatinib.
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Even the largest available kinase panels contaly @riraction of all kinases of
the human kinome, and often the kinase domain ordiead of the full-length
protein. In addition, the panels are often highlgskd by containing mostly
kinases that can be easily purified and assayeditiddally, as these kinases are
typically purified from non-mammalian cells, theg dot contain their naturally
occurring post-translational modifications [6]. Mytis a difficult to obtain
membrane-associated kinase which is, to the beswlkdge, not commercially
available as an enzymatically active protein so Tris kinase is of special
interest because it is involved in pathways of majgportance for development
and survival of many cancer cells.

Mytl was expressed in a human cell line, which mepost-translational
modifications are approximately as in the actuahan target cells. The tested
kinase preparation showed the typical catalytiovagttowards Thrl4 and Tyrl5
of Cdkl, target sites specific for Mytl. Additiohaldue to the fact that the
epitope tag is present in the kinase of interesy,dhe assay system used is
insensitive to contaminating kinases [249]. Togethéth the affirmation of
PD166285 as a tightly binding compound, the resrksvalid.

Previously, Mytl was suggested as a target of msatising an MS-driven
proteomics approach [254]. However, this approastdua chemically altered,
immobilized dasatinib-derivative. Taking into acobuhat former comparable
studies did not reveal Mytl to be a target of dagaf255], affirmation in a more
specific way was needed. Dasatinib, having a Gaeffiicient of 0.74, is not a
very selective inhibitor, though it is by far na promiscuous as staurosporine
(G =0.20) or K252a (G = 0.29) [256].
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In thein vitro test system used, dasatinib was found to affedfiMirongly, with
an 1G value of about 63 nM, leading to the conclusiaat tytl may indeed be
a target of dasatinib. However, the affinity of al&sib towards its reported
primary targets, Abl and Src, lies in the subnanameoange [257] and is thus
much higher compared to Mytl. Future work has t@aé whether Mytl can be
confirmed as a substantial target also in a celkit&ironment.

5.2.3. LanthaScreen: Limitations and Drawbacks
The LanthaScreen platform is a robust yet speesgay system. However, there
are some drawbacks. As described in Section Sa2saturation binding curve for
the tracer could not be derived. Therefore, theatdistion constant Kcannot be
estimated with sufficient certainty. Without trad€y, it is not possible to deviate
inhibition constants (K out of 1G;, values. G values are assay specific and need
to be converted into Kto yield a measure widely independent from theiact
assay. That conversion is carried out mathemagitsllpublished equations, e.g.
the Cheng-Prusoff equation, which includes pararadiesides the Kg such as
tracer concentration and tracey [R58].
Furthermore, the assay is limited in terms of tbacentrations of a given test
compound. High compound concentrations cannot stededue to non-specific
diffusion enhanced FRET mechanisms as mentionedrédaefThe presence of
compounds containing aromatic systems, as arergrasenost kinase inhibitors,
is therefore limited to about 10 uM (assay conitin).
The reason for both drawbacks is likely the santerag. 15 may illustrate it:
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Fig. 15: lllustration of spectroscopic compound interferemth the LanthaScreen assay. Data
represent means + SEM (n=3).

The graph displays the actual FRET, indicated by thmission ratio
acceptor/donor. Dashed lines mark the emissiono rédr fully displaced
(PD166285) and fully bound (vehicle) controls. Restor two test compounds as
synthesized by AMAzAIDEH [201], each of them tested at two different
concentrations, are shown. The compounds differy anl the degree of
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benzylation. GS34, bearing no benzyl moieties, dagglisplace the tracer from
Mytl, the FRET is comparable to vehicle controleTgerbenzylated compound
(GS23), however, affects the spectroscopic readioddes not lead to a decreased
FRET as expected for a binding compound, but rathbiances the FRET signal
in a dose dependent manner.

Mytl, as a membrane-associated protein, must lbbitined out of the membrane
by using detergents. Among five detergents commasigd for this purpose,
Triton X-100 performed best in terms of solubilieat capacity as well as
selectivity [236]. Triton X-100 is an alkyl-substied phenol ether which may
interfere with the assay readout exactly as sontlkeeofest compounds do.
Another drawback of the assay lies in its complexithe tracer structure is
unknown and the entire assay relies totally orathiteHis tag antibody utilized. A
series of glycotriazoles, synthesized by&r [199], was tested and yielded two
dose dependent hits (BS11 and BS12) with estimiigglvalues of about 17 -

18 uM. The general structure as well as both sangehits are shown in Fig. 16.
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Fig. 16: General structure of the tested glycotriazoleeseaind two screening hits thereof.

Due to the hydrophilic carbohydrate structure tbgewith the aromatic triazole,

the possibility that the effects measured are ahuse displacement of the

antibody instead of displacement of the traceraowit be excluded.

Indeed, the two hits might be false-positives, andther orthogonal secondary
assay was needed to verify the results.

Additionally, at that time, the Institute of Phamgadid not have suitable

equipment for LanthaScreen because this assayrysdemanding in terms of

instrumentation. Experiments had to be run on platelers of other institutes.
Therefore, another assay was desired that can terrped using the given

instruments.

Docking studies were carried out to identify pot@nstarting points for the

development of an orthogonal assay system.
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5.2.4. Docking Studies
The potent inhibitors PD166285 and dasatinib welgexted to furthem silico
studies to investigate their putative interactibnha kinase binding sitén silico
studies mentioned here were carried out by Dr. kchapong.
First of all, the X-ray structure of Mytl (PDB Co81A) and Weel (PDB code
1X8B) was analyzed. Even though the sequence tgdrgtween Weel and Mytl
is rather low (35.3%), the overall 3D-structurespexially the binding pocket, are
quite similar (see appendix, Fig. 45). Root meanasg deviation (RMSD)
between these two structures is 1.73 A (backbowmensgjt Therefore, it is
reasonable to use the same protocol for Mytl docks for Weel docking. As
discussed previously [259], the X-ray structuresVéel-inhibitor complexes
reveal the interaction between inhibitors and tesidues Glu377 and Cys379
located at the hinge region. It is well known frother kinases that the residues at
the hinge region play an important role for intérag with ATP-competitive
inhibitors or ATP. Thus, the key residues whereiditbrs and ATP bind are
Glul88, Cys190 and the Thrl87 gatekeeper resididyti (see also appendix,
Fig. 45).
Previously, pyridopyrimidine derivatives were suwussxfelly docked into the
binding pocket of Weel kinase [260]. The dockingufes showed a conserved
binding, namely an H-bond interaction between thd Ahd N atom of the
inhibitor's pyrimidine ring (the main scaffold) vkitthe Cys379 residue. For the
Mytl kinase, the docking proposed the same bindimayle, as displayed in
Fig. 17A.

|

Fig. 17: GOLD doéking solution of compound PD166285 (magestick) in the binding pocket of
Mytl (A) and a schematic representation of therattons between compound PD166285 and the
residues in the binding pocket of Mytl (B). H-boradle displayed as dashed lines.
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The H-bond interactions were found between the Nbiaand the pyrimidine
ring of the inhibitor with Cys190. The benzene rimgh the chloro substituent at
the ortho position is located at the hydrophobickab. There is also another
interaction between the benzene ring of the inbibitith Pro192 and Leull6, as
shown in Fig. 17.

Dasatinib is a well-known kinase inhibitor, and es&l X-ray structures of kinases
(active conformation) complexed with dasatinib available in the Protein Data
Bank; for example PDB code 2GQG (Abl kinase), 3G&ESrc kinase), and
3K54 (Btk kinase). Superimposition of these X-rayustures reveals that
dasatinib not only forms H-bonds with residueshat hinge region but also with
the gatekeeper residue (see appendix, Fig. 46).

The molecular docking results for dasatinib and M¢RDB code 3P1A, active
conformation), as displayed in Fig. 18, yielded slaene binding mode as for the
other protein kinases. H-bond interactions werenfobetween NH and the N
atom of the thiazole ring with Cys190, and betwé®ssn NH atom with Thr187
(gatekeeper residue). The additional interactidween dasatinib and Pro192 was

also found, as shown in Fig. 18.

Fig. 18: GOLD docking solution of dasatinib (magenta stickjhe ATP-binding pocket of Mytl
(A) and a schematic representation of the intevastibbetween dasatinib and the residues in the
ATP-binding pocket of Myt1 (B).

According to their binding modes, both potent intoits exploit a hydrophobic
pocket beyond the gatekeeper residue and not belyegions targeted by ATP,
favored by the small threonine residue in this f@si About 18% of all protein
kinases contain a Thr-gatekeeper. As this resisim@t very bulky, it provides the

possibility to target the back pocket in a morecepeway [48].
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5.3. FP Based Kinase Binding Assay: DasAFITC-Assay
As mentioned before, dasatinib is a well-investgapproved drug in anti-cancer
therapy that binds tightly to many kinases [76].eCio advantages in terms of
commercially available amounts and financial coasations, it was decided to
focus on dasatinib instead of PD166285. As a sappioint for the development
of another Mytl kinase binding assay, the molecdtaking studies indicated the
hydroxy-ethyl residue of dasatinib to be solvenpased (see Fig. 18 and
appendix, Fig. 46). Together with the fact thatadteration at this position, i.e.
covalent linkage to a resin [255], maintained th#itg to bind to several kinases,
it was assumed that a chemical modification ath@drophilic position would not
have a major negative impact on the binding progeriCovalent linkage of a
fluorophore at this position, i.e. formation of alecular probe, might be the key
to a fluorescence polarization (FP) based bindgsgaa
The assay principle is outlined in Fig. 19. It ssbd on a fluorescently labeled
ATP-competitive inhibitor as a tracer.

O . - high FP [ Tracer
t[—  —p 0 Non-Inhibitor
Kinase
low M, high M, B owFp B Inhibitor
fast rotation slow rotation

low FP high FP

Fig. 19: The assay principle is based on a fluorescenthelédl ATP-competitive compound
(tracer) having a rather low intrinsic FP. Upondiing to the kinase, the increased size of the
complex leads to slower rotation and, thereforghéi fluorescence polarization. While a non-
inhibitor does not affect the kinase-tracer complan inhibitor displaces the tracer from the
kinase, lowering the polarization.

Due to its rather low molecular weight, the probeves very quickly in solution
phase when excited by polarized light, leadingow Fluorescence polarization
values. However, if a suitable kinase is added, rti@ecular weight of the
complex will be dramatically increased compared tihe tracer itself. The
rotational correlation time of the complex will teéore be increased (slower
rotation) leading to increased polarization of therescence emission. A non-
inhibitor added to this complex will not affect thénding of the tracer and the
high fluorescence polarization will be maintainéd inhibitor, however, will

displace the tracer from the kinase which resuliswered FP values.
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As a fluorophore, it was decided to use fluoresahie to its many available
labeling derivatives, its excellent quantum yielidaroadly available suitable

instrumentation.

5.3.1. Synthesisand Characterization of a Suitable Tracer
Different synthetic plans were pursued using déferlabeling reagents such as
aminofluorescein or thioacetamidofluorescein. Thesimsuccessful derivative,
however, was based on fluorescein isothiocyanalfeC)fFas the defined single
isomer | (fluorescein 5-isothiocyanate).

The synthesis route to the fluorophore-labeled tifdbaderivative 4, N-[3',6'-
dihydroxy-3-oxo-3-spiro(2-benzofuran-1,9'-xanthen)-5-\[-(2-[4-{4-([N-{2-
chloro-6-methylphenyl}-5-carboxamido]-thiazol-2-gthino-2-methylpyrimid-6-
yl}piperazinyl]-ethyl)thiourea, is outlined in Fig20 (as a_Dadinib-derived
Amine FITGadduct, the final product is named DasAFITC).

Fig. 20: Synthesis of a fluorescein-labeled dasatinib-deire: (a) DPPA, DBU, Naj THF,
5°C; (b) H, Pd/C, MeOH:EtOAc (15:1); (c) FITC isomer |, EtAHHF (3:2), 0°C.

The primary hydroxyl-function was converted into azide by means of
diphenylphosphoryl azide (DPPA), vyielding a 1:1 tamre of azide and
diphenylphosphoryl ester. Addition of sodium azldd to full conversion from
the ester to the desired azide (overall yield 8/@duction of this function was
achieved by hydrogenation in presence of Pd/C aviield of 90%. The resulting
amine was coupled to fluorescein isothiocyanatmesd in ethanol/THF forming
a thiourea linker between fluorophore and pharmboop (yield after

purification: 33%), giving the final product DasART 4.
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C43H3CINgOsS,: M), = 287°C;*H NMR (400 MHz, DMSO-g) 5 ppm 8.15 (dJ) =
1.9 Hz, 1H, 4-fluoresceiny), 8.14 (s, 1H, thiazolet), 7.75 (ddJ = 8.3 Hz;J =
2.0 Hz, 1H, 6-fluoresceinyH), 7.34 (d,J = 7.4 Hz, 1H, 6-chloroanilidét), 7.28 -
7.20 (m, 2H, 4-, 5-chloroanilided, 7.17 (d,J = 8.3 Hz, 1H, 7-fluoresceiny),
6.70 - 6.65 (m, 4H, 1'-,4'-,5'-,8'-fluoresceiny); 6.52 (ddJ = 8.7 Hz;J = 2.4 Hz,
2H, 2',7'-fluoresceinyH), 6.00 (s, 1H, pyrimidingt), 3.66 (s, 4H, pyrimidine-
N(CH2-R)y), 2.74 (t,J = 6.1 Hz, 2H, PN-CH»-CH,-NHR"), 2.72 - 2,61 (m, 4H,
(R-CH,-CH3):N-CHx-R"), 2.47 (s, 3H, pyrimidinedds3), 2.32 (s, 3H, chloro-
anilide-CHs), 1.29 - 1.21 (m, 2H, MN-CH,-CH»-NH-CS-R’); *C NMR (125
MHz, DMSO-d6)6 ppm 180.01, 168.36, 164.98, 162.36, 162.16, 159.53.40,
156.77, 151.72, 141.26, 140.67, 138.63, 133.35,7B3232.25, 128.81, 127.96,
126.80, 125.50, 123.93, 123.48, 112.44, 109.56,080282.47, 62.90, 62.86,
59.69, 52.04, 43.40, 40.87, 25.40, 16.24, 15.80:MRcalculated for [M+H] =
876.2148, found 876.2148NK = 0.0083 ppm); UV/Vis (pH 7.5, aqueous buffer)
Mmaxi(e = 29400 M™*cm™) = 328 nm, Amaxde = 27400 M™*cm™) = 498 nm;
Ri(MeOH/HCCE 4:6) = 0.37; HPLQ = 5,8 min, 98.64%.

Because DasAFITC was intended as a probe, theefluence properties were
investigated in more detail. Fig. 21 shows the contplot of a 3D scan of
DasAFITC, i.e. the emission spectra for any givecitation were detected. Only

Stokes fluorescence (emission wavelength > exeitatiavelength) is shown.
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Fig. 21: Fluorescence characterization of DasAFITC by 3&nsio a contour plot (A). Emission

scans at 330 nm indicate that DasAFITC has inhdfBHET properties (B). Upon covalent linkage
to FITC, the emission maximum of the dasatinib witiamine3 shifts to the typical fluorescein

maximum.

The dasatinib-like part of the molecule is fluoescitself and emits light in the
UV range. For DasAFITC, all detected fluoresceneession maxima are at the
same wavelength of about 525 nm, the typical flsoeen emission. Apparently,
DasAFITC is subject to inherent fluorescence resoaanergy transfer. Emission
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scans at 330 nm, a wavelength where the DasAFIECupsor3 has properties
comparable to dasatinib, reveal that after labelimtdy fluorescein, the emission
wavelength dramatically shifts. Therefore, intragmoilar FRET can be assumed.
Due to intrinsic depolarization during FRET, thifeet could not be exploited
any further in this assay and common fluorescericsetandard filter settings
(485 nm Ex /520 nm Em) was used in the developroktiite assay.

5.3.2. Assay Development: DasAFITC Assay
Fluorescence anisotropy is calculated as a raticcan, therefore, be considered a
natural constant of a compound in a defined envi@mt. Since the anisotropy of
the free fluoroprobe defines the bottom of the asgadow, it was attempted to
determine this value in kinase buffer A (50 mM HEPgH 7.5, 10 mM MgGl
1 mM EGTA, detergent 0.01% Brij-35). Detergents @senxmonly used in kinase
buffers to increase the assay reproducibility amdetduce the number of false-
positive hits [261]. The found value of about 0.1&8nisotropy) was
unexplainably high for such a low molecular weightbe, which usually shows
r << 0.1. To understand this phenomenon and exadderption effects, various
assay buffers containing different detergents adodking proteins were tested.
All measurements confirmed a high value, exceptufieb containing CHAPS
(data not shown). CHAPS is a detergent with a ixedbt high critical micelle
concentration (CMC), which was not exceeded intéis¢ buffer. This finding led
to the idea that DasAFITC might have a strong aptphc character, so the
lipophilic part is incorporated in micelles whilket hydrophilic fluorescein part
remains at the surface of the association colldids hypothesis would make it
possible to develop a CMC determination assay basdlde same tracer.
If values determined by this procedure were in etaoce with CMC values
reported in the literature, it would highlight tbenstitution of the assay buffer as

a major critical point.

5.3.2.1. CMC Determination and Assay Buffer
The approach of using fluorescence anisotropy fMCCdetermination was
reported in 2005 and the probe consisted of dedammyofluorescein [262],
whose fatty acid residue appears to be much mpoplilic than the dasatinib-
moiety of DasAFITC. To see whether the CMC was oesfble for changes in
the anisotropy, detergents from different classesevtested over a broad range of

concentrations (Fig. 22A). At very low concentragpa plausible, of about 0.07
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was observed and, as the respective CMC was ap@mtaa sudden increase in
anisotropy appeared. The Hill-slope of the fittedves was >>1, meaning that the
changes do not come from a reversible binding mxdeut rather from physical
phenomena such as the formation of associationidsl[263]. Interestingly, the
tested detergents do not reach the same top plaiéauheight of the plateau
apparently correlates with dimensions and fluidatly the resulting colloidal
structure. SDS forms rather small but clearly dedimicelles, leading to a lower
fluorescence anisotropy upon insertion of the prtten the bigger micellar
structures of CHAPS. CMC determinations for cetylathylammonium bromide
(CTAB), as an example of a cationic detergent, weaelly possible, since the
results showed bad reproducibility and achievedieslfar below literature (data
not shown). This may be caused by the complememelantric charges of CTAB

(positive) and the negatively charged carboxylatefion of fluorescein.
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Fig. 22: Fluorescence anisotropy changes on insertioneoptbbe into micelles (A), but also the
quantum yield may change dramatically (B). Direetldction of the CMC from the anisotropy (C)
therefore leads to wrong results. Calculation ef blound fraction, taking quantum yield changes
into account, is needed for a correct determingfi@n

Another important finding, which has not been maméd in the previously
described CMC determination anisotropy methodol@$?2], is the simultaneous

change in quantum yields. Not only anisotropy clesngpon insertion of the
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fluoroprobe into micelles, also dramatic changesowerall fluorescence were
observed for all tested detergents (Fig. 22B). &€hebhanges appear to be
unpredictable and so the overall fluorescence sitignshould always be
calculated from the raw datho(y = I | + 2*I 1). The physical parameter measured
(anisotropy) is only the apparent value that isrfed additively out of bound and
free fractions of fluoroprobe together with thep@gtive intrinsic anisotropies.
Alterations in the quantum yield prevent this asgtiom from being true and

anisotropy can be translated into the bound fradfi) using equation 12 [264]:

fo = rrp) (Eq. 12)

N Tp—Tr+(g—D*(rp—1)

whereinr; andry, represent the anisotropies of free or bound flpobe andj is
the quantum vyield enhancement factor, simply catea by dividing the
fluorescence intensity of the respective samplé wie fluorescence intensity of
an equimolar sample of free fluorescent probe.

For CMC determination, two steps are necessar\stlfiiran experiment as
mentioned before, covering many powers of ten (eotration), has to be
performed to get an idea of the CMC (Fig. 22A).dnsecond step, a linear
equidistant concentration series enclosing the Ci& to be carried out (for
example, see Fig. 22C). The anisotropy remainstanh$§;) and, beginning with
the CMC, anisotropy increases linearly. The intetiea of both resulting lines
should be equal to the CMC but is misleading dugterations in quantum yield.
A translation fromr into f, is necessary to get the correct CMC as intersectio
point (Fig. 22D), since fluorescence intensity asupon insertion (Fig. 22B).
Table 5 shows CMC data determined with and withmartection for quantum
yield changes and compares the true values withqurely reported CMCs.

Table 5: CMC values of selected detergents, resulting sroomnitting quantum yield changes and

comparison with CMC values from literature. CMCasswere conducted in 50 mM HEPES plus
respective detergent.

Detergent Apparent True CMC  True Systematic Literature CMC Reference
CMC (%) (%) (bound CMC  errof (%) (mM)
(anisotropy)  fraction) (mM)
Nonionic:
Triton X-100° 0.00733 0.00692 0.11 +6.0 0.22 (water) [265]
Anionic:
Dodecyl 0.0411 0.0453 1.57 -9.3 3.6 (25 mM HEPES) [262]
sulfate, sodium 0.72 (25 mM HEPES
+ 200 mM NaCl)
Betaine:
CHAPS 0.14636 0.1562 2.54 +6.3 4 (10 mM HEPES + [266]

50 mM NacCl)

&error if CMC is calculated from anisotropy, omittiggantum yield changes.

® this detergent is not a single defined substavice 625 g/mol was used for calculation of the mityar
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A systematic error can easily be avoided by talgngto account as discussed
above. The determined values are in accordancelivetature.

Another advantage of this methodology is the useeo§ low amounts of probe,
thus minimizing the perturbation of micelle struetand formation by insertion
of the probe. Due to that low concentration andptaperties of DasAFITC, this
method is able to measure CMC in a fully aqueowsr@mment. Many published
CMC determination procedures include organic sdbjere.g. THF [231] or
ethanol [230], because of probe solubility issues.

It is to be noted that the development of the C\€ag was initially not intended.
While trying to establish the kinase binding asssrious problems concerning
the anisotropy value of the free probe came upsdP@ communication with
Dr. Munoz, author of a report establishing a simglssay [250], revealed that they
were facing similar problems when deriving a prétmen SB203580, a highly
potent p38 MAP kinase inhibitor. Therefore, thelpdeon might be generic to FP
based assays. In their assay, they finally madeotise assay buffer containing
CHAPS to solve the problem, without understandirty whis helped. However,
to prove whether the high anisotropy value may laeised by insertion
phenomena when the buffer contains detergents ath@veespective CMC, the
probe was used to actually determine the CMC @fregice detergents. The CMC
determinations, matching literature values, prowg&ence that this assumption
is true and, indeed, should alert the practitidnepotential pitfalls when setting
up an FP based assay.

The CMC assay itself can be considered an addltiealaie to the probe and
highlights the use of a quantum vyield correctionewhapplying such a
methodology [262].

Having the amphiphilic character of DasAFITC in ohinan assay buffer
containing a detergent concentration far belowCit4C had to be used. Also the
possibility that DasAFITC might form aggregatesitsnown, interfering with the
assay principle, was examined. No formation of eission colloids was observed
in concentrations up to 10 uM using two differer¢thods [230-231] (data not
shown).

The final kinase binding assay buffer B (KBB) cated of 50 mM HEPES-
NaOH pH 7.5, 10 mM MgGC]J 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 concentrati® a very essential step. One
has to make a compromise between assay sensithmggsurement error and
kinase consumption. Since DMSO strongly affectsetmssivity of fluorescein,
1% DMSO was included in any test, whether or nobmpound was present. As
indicated by pretests, 384-well plates did not mlevan adequate signal-to-noise
ratio at low concentrations, probably due to a eatlow area of the well
geometry. Therefore, 96-well plates were used austeising a half-area well
geometry to reduce the assay volume. Analyticalegte showed that, given the
instrumentation, an assay volume of 27 ul at aetraoncentration of 5 nM is
well-suited to yield a signal-to-noise ratio ofl@st ten in both channels (data not
shown), ensuring acceptable instrumental errors €C8%%). 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: Whtte required affinity that
allows for setting up an assay as intended? To tre@ muantitative, what Kfor
dasatinib against a given kinase is sufficient?
To answer this question, four different kinaseduding Mytl were chosen with
respect to their reported binding affinity towardasatinib. The kinases were
Weel (Ky=7000nM), Mytl (k=130nM), Btk (kk=1.4nM) and Abll
(Kq=0.038 nM) [76]. For the generation of full-lehgMytl as a membrane
associated protein, it is indispensible to userdet#s for protein solubilization
[236]. The use of detergents below their respediiC may cause irreversible
protein aggregation and has to be avoided. Sireediatinib-derived fluorescent
probe is not compatible with assay conditions idiclg detergents above their
CMC, the isolated Mytl kinase domain was used is #ssay. Lack of the
membrane association motif allows for protein egpi@n and purification
without using detergents.
For a binding assay, it is crucial to know thg &f the respective probe. In
fluorescence anisotropy assays, the binding isotloan be constructed by adding
increasing amounts of protein to a constant comagon of fluorescent probe.
5nM probe were incubated with defined amounts air fdifferent kinases.

Measurements were taken after incubation periods3@min, 60 min and
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120 min. Fig. 23A shows the change in anisotropynmared to fully
outcompeted, dasatinib-containing contrals) @fter 120 min incubation.
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Fig. 23: Change in anisotropy upon kinase titration (A)l t&kted kinases except Weel bind the
kinase tracer and the development reflects thémigfin the following order: Abll > Btk > Mytl

> Weel. However, changes of the overall fluoreseantensity (B) necessitate a quantum yield
correction. Data reported as means + SEM (n=4).

Weel does not bind the kinase tracer to a sigmifieatent. Abll, Btk and Mytl
do so and the concentrations at half the maximwrease reflect the expected
affinity towards the tracer, which decreases in dhger Abll > Btk > Mytl >
Weel. Thetr plateau for Btk and Abl1 lies higher than for Myt¥hlues are given
in Table 6. Responsible for this effect is mainhe tmolecular weight of the
kinases, which directly affects the assay windowl1lAand Btk have a GST-tag,
which is many times heavier than the ¢&sg of Mytl. If one is planning to carry
out fluorescence polarization experiments, it isisable to use a GST-tag to
increase the mass of the complex, leading to arased ,.ung and, therefore, a
better assay window.

The curves shown in Fig. 23A, however, should reubed for the estimation of
Kg, because, as mentioned for the CMC assay, drardadicges in the overall
fluorescence intensity (Fig. 23B) necessitate aection for the quantum yield
using the equation mentioned above. The estimatgdrdfues for the three
binding kinases (apparentykderived from anisotropy; trueqKderived from the
bound fraction) as well as quantum yield enhanceénfi@ctors and maximum
anisotropy differences between bound and free tigar displayed in Table 6.
The Ky estimations using anisotropy and the calculatedntofraction differ
vastly. Unacceptable systematic errors may occdrthe error itself, even the
tendency, is basically unpredictable and has tmbeitored in every single case.
However, the true Kis in accordance with values reported in literatufhe
reference data by A¥Is et al. [76] was generated using quantitative PGR a

readout principle. The affinities of the selectethakes are approximately
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equidistant on a log-scale. Since there is no diogtion in the present assay, the
determined I§ values are equidistant on a linear scale andcteftee expected
behaviour.

Table 6: Comparison of K estimations based on obtained anisotropy curvppatent) and
calculated bound fraction (true) with values reedrin literature.

Kinase Apparent True Systematic Literature Quantum Aanisotropy Molecular
Kg [nM] Ke errof (%) Kq[nM] yield Mass
[nM] [76] enhancement (tested
factor’ Protein)
[kDa]
Abll 10.5 16.5 -36% 0.038 2.21 0.172 76
Btk 81.2 55.1 +47% 14 2.10 0.229 77
Mytl 45.2 138 -67% 130 1.30 0.110 33
Weel n/a n/d n/d 7000 n/a n/d 75

2error if CMC is calculated from anisotropy, omittiggantum yield changes.

b K4 for Abllwt was calculated as the arithmetic mefptmsphorylated and non-phosphorylated Abl1.
¢ not applicable because no binding was detected.

d calculated from fluorescence intensities of fidbund and fully displaced ligand.

¢ difference between fully bound and fully displadig@nd. Equals the maximum measurement window.

With respect to assay window and estimatggitivas decided to perform further
kinase assays at concentrations of 15nM (Abl1)nM5(Btk), and 100 nM
(Mytl). The kinase tracer used was not suitable gerforming Weel kinase
assays. The affinity of Weel to dasatinib as theisg compound was apparently
not sufficient. However, the required affinity astarting point for such an assay
certainly lies beyond the 130 nMykf Mytl. This will hold true, particularly if
the molecular mass of the kinase is big enoughchvban be achieved by, for
instance, using full-length kinases and/or higheunolar weight purification tags
such as GST.

5.3.2.4. Time Dependence and Assay Performance

In the kinase titration experiment, it was notitedt the Abll and Btk curves did
not change between the measurements taken at 3@mdirL20 min, while for
Mytl the anisotropy of the samples without dashtaontinued to increase.

Since special attention is given to Mytl, a mor¢adied analysis in terms of
association times was carried out (Fig. 24). Vehicbntrol, containing 1%
DMSO, and fully outcompeted samples containing tissa (10 uM) were
incubated over a long time period and measurenvegrts taken repeatedly.

The assay window, represented by the differencevdmat these two controls,
needs at least two hours to develop a stable $fmarthe other two kinases, Abll
and Btk, the binding process was fully completedres-10 min (data not shown).
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All formed kinase-tracer-complexes showed excellgability for at least 8 h,
indicating a basically robust assay system. Ligdisdociation was not as slow as
ligand association. Addition of dasatinib (10 pM)preequilibrated kinase-tracer-
complex displaced the tracer with a dissociatiolf-lifa of t;,, = 2 min, reaching

equilibrium after approximately 10 min (equalsa*tdata not shown).
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Fig. 24: Time course of the association of kinase tracdrMuytl. The assay window, represented
by the difference between bound tracer (Vehiclgrobnand fully outcompeted tracer (Dasatinib),
does not reach a stable plateau until at leashtws of incubation. For Abl1l and Btk, the binding
process is completed after 5-10 min (data not sholata represent means + SEM (n=3).

The meeting of the incubation time criterion istadarly important in screening
experiments. Usually, an equilibrium is reachecrafive association half-lives
[267], which is approximately after 3 h in the pmesassay (association half-life
ty2 = 0.6 h). In practice, however, incubation timesger than 2 h did not lead to
better Z' factors. Systematic Z' experiments yidld@ = 0.33 after 1 h and 0.52
after 2 h. On the one hand, these numbers illestizt a too short incubation
time is necessarily accompanied by a loss of sargequality but, on the other
hand, that if suitable incubation time criteria @abkeen met, the assay is
excellently suited to screening applications [33-34ig. 25 shows a
representative plate of such a systematical Z' exmnt after 120 min
incubation. Minus blank controls, half the platé{8ell) contained dasatinib and

half the plate respective vehicle control.
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Fig. 25: A representative result of a plate containing tiagmcontrols (j4), n=44) and vehicle
controls (i, n=44). Dashed lines indicate a distance of tstaedard deviations.
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As can be seen, the vehicle controls show a highmotropy with an acceptable
standard deviation, which allows for certain idécdition of hits. The span

between mean values of the controls together witket times their standard
deviations (dashed lines) is distinct, proving sdability of the assay also for
screening applications. In further inhibitor stug]i@20 min for Mytl and 60 min

for Abl1/Btk were used as incubation periods befdete reading.

Using these optimized assay conditions, test dais always normalized against
dasatinib control (100% displacement) and vehidetrol (0% displacement) to

allow for better comparability.

5.3.2.5. Assay Validation
Several compounds were assessed to compare thes regh values reported in
the literature and obtained from the LanthaScressay as described in
Section 5.2.
For Abll and Btk, exemplary Kg values were determined to show the general
applicability of the assay. Some known inactive poomds were also included as

a confirmation of the test system. See Fig. 2@&f@mplary 1G, curves.
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Fig. 26: Exemplary 1G, curves for dasatinib with Abl1 and Btk, provingadytical suitability of
the described procedure. Data represent means +@HMee experiments.

Table 7 summarizes the results for Abll and Btk.

Table 7: Determined inhibition profile for the kinases AbHind Btk, and comparison with
literature data.

Compound Abll: 1G Literature K, Kg, Btk: ICs Literature K,
[nM] |C50 [nM] [nM] Kd, |C5(] [nM]
Dasatinib 2.27 0.038[76], 9 10.16 1.4 [76], 5 [268]
[255], 14 [268]
Lapatinib No effect No effect [256] No effeét  No effect [256]
SB203580 No effebt No effect [76] No effeét No effect [76]
Roscovitine No effeét No effect [256] No effeét  No effect [256]

®Mean displacement < 10% at 10 uM

The data displayed for Abll and Btk correspond#$ wierature values, showing

the general analytical suitability of the describgebcedure. The remarkable
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slope-differences between both curves can be equaby the findings of
SHOICHET [196]. Steep dose-response-curves can occur ifbthéing constant
(compound to protein) is much lower than the acardyme concentration. The
ratio (kinase concentration togKis much higher for Abll (15 nM / 0.038 nM =
395) than for Btk (45 nM / 1.4 nM = 32), which eapis well why the curve for
Abl1 is remarkably steeper.

It can be assumed that the assay performanceshidr akd Btk are even better
compared to Mytl due to the increased assay wiradeduced from the kinase
titrations. Therefore, and because the focus &f Work clearly lies with Mytl,
the compound series was expanded to include mosp@onds ever reported to
inhibit Myt1. 1Cso curves are shown in Fig. 27 and all results oktimncluding

derived K values, are summarized in Table 8.

PD166285
Dasatinib
Bosutinib
Tyrphostin
AG 1478

1004

Fit
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Compound [nM]
Fig. 27:1Cso curves for identified Mytl inhibitors. Data repeas means = SEM (n=3).

Table 8: Inhibition profile of Myt1 obtained by the DasARCFassay.

Compound Mean Ig K; Literature K, Kq, 1Cso (nM) or
[nM] inhibition at concentration
Dasatinib 202 73 +16 nM 130 [76],'63
PD166285 31,1 2.0+1.5nM 7,72 [151]
Tyrphostin AG1478 55 pM 26 + 8 uM 25% at 5 fyM0% at 10 pM
Bosutinib 704 304 +£71nM 350 [76]
Roscovitine No effeét - No effect [23]
Staurosporine No effett - No effect [76]”
Gefitinib No effect - No effect [76]”
Lapatinib No effect . No effect [76]”
SB203580 No effedt . No effect [76]”
Erlotinib No effect - No effect [76]”
HA-1077 No effect - No effect
Sunitinib No effect . No effect [76]”
Neratinib No effect - No effect [76]
Midostaurin No effeét - No effect [76]”
K252a No effect - No effect
u0126 No effect - No effect
CEP-701 No effect - No effect [76]

(Lestaurtinib)

#Mean displacement < 10%

b as obtained by LanthaScreen kinase binding assag Myt1 as full-length protein (see 5.2)
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The test panel of kinase inhibitors contained niofy known inhibitors. Also

negative controls were included to see whether @lsisay utilizing the kinase
domain of Mytl leads to fully equivalent resultsrqmared to full-length Mytl as
tested in the LanthaScreen assay (Section 5.2).

The obtained Kvalues are comparable to those reported in tleeatitre and

provide the possibility to rank the inhibitors eddly. This might be of particular
importance for future virtual screening studiese Tihhibition profile not only

matches former studies with the kinase domain tsd &nown full-length or

functional data. Therefore, the use of the kinas®@aln instead of the full-length
enzyme is a suitable model for Mytl binding assays.

5.3.3. Inhibitor Screening
Altogether, more than 150 compounds were testetthenDasAFITC assay for
their ability to affect Mytl. The compounds wereosén with respect to
computational suggestions or general additionsh#o ihhibition profile. Also,
promising inhibitor classes such as flavonoids brca@riazoles were tested.
Structures of all compounds not common to gendralde research are given in

the appendix (p. 140). Selected compounds williseugsed in the following.

5.3.3.1. Identifying False-Postives: Flavonoids as Examples
One of the classes screened against Mytl were rftagls. Flavonoids are
polyphenolic compounds with a high degree of vammatTypically, they contain
a Gs-scaffold and are structurally based on 1,3-diphenypane (flavonoids) or
1,2-diphenyl propane (isoflavonoids) [269]. Morarh6500 structures are known,
differing in hydroxylation, methylation, glycosylah and other modifications
[270]. Flavonoids are known to have antiproliferatieffects [269] and it has
become clear that these effects are mediated byifispdigand-protein
interactions [271]. In particular in the kinasddieflavonoids have gained a lot of
attention [269, 271]. Therefore, a set of ten flanids' was chosen based on
previously described kinase effects, occurence @odf and commercial
availability. Importantly, genistein was includedthe test set, an isoflavone that

has previously been shown to inhibit many tyro&imases [274]. This compound

! Flavonoids chosen for testing (in alphabeticaleoydknown kinase effects are exemplarily
referenced: daidzein; 3,7-dihydroxy flavone (3,7H)H fisetin [272-273]; genistein [274];

kaempferol [275]; myricetin [276-277]; naringeni@7B]; phloretin [279]; quercetin [277, 280]
and silibinin [281].
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is of particular importance because it was repodgsd potential modulator of
Mytl in a biological study in TRAMP cancer cellS(.

Flavonoids, particularly their aglycones, appeahiésin many biological assays
and are often referred to isquent hitterd283-284]. However, these effects are
often caused not by a specific mechanism, but rathe unspecific assay
interference due to their many hydroxyl functiomsl aspectroscopic properties
(e.g. fluorescence). How to handle potential faesiives will be demonstrated
in the following.

All flavonoids were screened at 10 uM and 50 pMtiplicates. Indeed, this class
turned out to be analytically difficult. After premy screening, only daidzein,
genistein, naringenin and silibinin could be cettaiexcluded as Mytl effectors
(mean displacement <10% and absence of anomalibg).other compounds
showed anomalies such as autofluorescence (fisetimyricetin > quercetin >>
kaempferol) or remarkable displacement at 50 uMlevhiaving no effect at
10 uM. The inclusion of appropriate wells (contagino DasAFITC) in a
secondary screening allowed for specific backgroctmection and showed that
quercetin and kaempferol did not bind to Mytl. Témaissivity of fisetin and
myricetin was very high and the respective backgdoeorrection indicated
fluorescence quenching effects as the absolutasityeof the probe was lowered
by more than half compared to control wells. Theref the DasAFITC assay
failed to assess these two compounds.

The two remaining compounds, phloretin and 3,7-DMiere investigated by
means of the Hill-slope as an analytical paramed&arting from 100 uM, four
serial dilutions (1:2) were made and assayed (filda points, assayed in
triplicates). Indeed, absolute Hill-slopes > 3 wet#ained for both compounds
after nonlinear regression (phloretin: 3.9; 3,7-DHE6.4). According to
SHOICHET, there are three possible explanations for stexe-desponse curves
(absolute slope > 1.5) [196]: The enzyme conceptranight be higher than the
inhibition constant of the compound (1) or the extiye enzyme might have
several interaction sites (2). Both possibilities de excluded due to micromolar
compound concentrations and the specificity of dasatinib-derived tracer and
the use of the lone kinase domain. The remainiagae is a physical effect (3),
common to so-called promiscuous inhibitors [285]28®hese compounds form

aggregates with a size of 30-400 nm and insertepr®tor probes, leading to
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wrong results. Since these aggregates are not ¢brumgil a concentration
threshold is reached, the dose-response curve nedtawill be very steep.
However, the occurence of these aggregates is remtigiable and is highly
influenced by the exact assay conditions. Flavanbiave already been described
as promiscuous inhibitors (e.g. quercetin [287]urtker photometric studies
under assay conditions (data not shown) indicatatl o precipitation occurred
in the respective concentrations for phloretin, levi8,7-DHF showed distinct
insolubilities > 25 uM. Taken together, the effeatphloretin and 3,7-DHF were
caused by physical effects and not by specificratgon with Mytl. These
compounds were identified as false positives inghmary screening, although
only phloretin showed the characteristics of a pseomous inhibitor in the sense
of MCGOVERN [286].

None of the tested flavonoids were revealed to Myt inhibitor, though fisetin
and myricetin could not be assessed due to theaflaarescent properties, a
problem common to any screening based on fluorescesad-out [261]. This
section, however, demonstrated how false-positiesults can be identified

without using an alternate assay.

5.3.3.2. Virtual Screening
Docking-based approaches are commonly implememegrediction of the
binding mode of a novel lead compound to a targetem. Although these
docking-based approaches are usually able to repeodhe experimentally
observed binding mode, accurate prediction of thedibg affinity is still
challenging [288].
Molecular docking is a fast and simple method ahneefore, frequently used for
screening of compound databases. Simple scoringjifuns are often applied to
estimate binding affinities but often show a poorrelation with experimental
results [259, 289-290] and are, moreover, not ateuenough to discriminate
active from inactive compounds.
Thein silico studies described herein were carried out by DMichapong. The
compounds tested in the TR-FRET based binding asssy5.2.2) were docked
into the binding pocket of Mytl (PDB: 3P1A). Howeyall of these compounds
showed similar binding modes and H-bonds with lesidues at the hinge region
(Cys190 or Glul88). Comparison of the docking ssqf&oldScore) revealed that
active and inactive compounds were incorrectly eahk-or example, dasatinib
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and PD166285 as affine binders yielded GoldScofeS2d0 and 51.4, while
experimentally inactive compounds such as K252dJ0i26 produced even
higher scores (59.8 and 64.6, respectively). Thesalts indicate that binding
mode and docking score cannot be used to explaiotgte-activity relationships
or to discriminate active from inactive compoundis. accordance with this
finding a test set comprising twelve compounds ctete from the Chembridge
library with respect to molecular docking resultsl chot have any effect in
LanthaScreen or DasAFITC assay (Set: Chembridged,appendix (p. 140) for
chemical structures).

Therefore, binding free energy calculations weredugor postprocessing of
protein-ligand docking poses as a more accuratdhadeand QM/MM-GBSA
(Quantum Mechanics/ Molecular Mechanics GeneraliBendn Surface Area)
scoring using AMBER11 [291] performed best.

Only the top-ranked docking pose of every compownad rescored by calculating
the binding free energy using this method and ttaeked accordingly. Inactive
compounds yielded positive values, indicating uafable binding to Mytl. By
means of MD simulations and subsequent QM/MM-GBS®Arisg of average
MD snapshots, the method was also able to sephighdy active (nanomolar
affinity) from weakly active compounds (micromotfinity).

As a validation of the methodology, external tests svere selected and screened
in the DasAFITC assay. One set containing severpoanmds from Key Organics
was chosen as a negative control: Molecular dockimglied binding to Myt1,
while QM/MM-GBSA scoring predicted the compounds lie inactive (Set:
Keyorganics, see appendix (p. 140) for chemicalcsiires). Independently, a
database containing 23 known kinase inhibitors wasked, binding modes
compared to available crystal structure data aagtises refined using QM/MM-
GBSA scoring. Three compounds were predicted toabgve compounds
(PD173952, PD180970 and CUDC-101) and two compowumals predicted to be
weakly active (saracatinib and tivozanib).

As predicted, screening of the Keyorganics setOgil¥ and 20 uM did not lead
to a significant displacement of the kinase trgdata not shown).

The kinase inhibitor set consisted of the followirgmpounds (in alphabetical order): CHIR911,
CUDC-101, GDC-0941, Go 6976, H-89, KU-0063794, L§4Q202, MK1775, Mubritinib, OSU-
03012, PD173074, PD173952, PD180970, PD325901, GE08PIK-75, PIK-90, Saracatinib,
Tivozanib, Tyrphostin 48, Vargatef, Vemurafenib, 782, ZSTK474.
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Using the same screening procedure, the five congmopredicted to be active
were also tested. The results are summarized ite Bab

Table 9: Results for five compounds suggested by virtuatesting. Data was generated in the
DasAFITC assay and is displayed as means + SEM)(n=3

Compound Displacement Displacement Mean IG, Ki
at 10 uM [%]  at 20 uM [%)]
PD-173952 102+ 3 93 +10 55 nM 8.1+3.6nM
PD-180970 67+5 72+6 2700 nM 1.35+0.27 uM
CuDC-101 No effeét No effect - -
Saracatinib 39.0+0,3 48 + 3 10.0 uM 5.2+ 1.5uM
Tivozanib No effect No effect - -

®Mean displacement < 10%

Three out of the five compounds had major effestthe assay. The effects for
both screening concentrations differ in a dose-déeet manner and no assay
interference by autofluorescence occurred. For BP3Z, it appears that both
screening concentrations already lie in the disptent plateau. PD180970 and
saracatinib showed dose-responses that could bl/eds meaning they are less
potent than PD173952. CUDC-101 and tivozanib didshow significant effects
and were wrongly predicted although possible effeadt higher concentrations
were not explored.

A critical step in the VS method used is the s@acof the right binding mode.
An incorrectly selected binding pose will resultairfialse prediction of the binding
affinity. Moreover, as the entropy term in this egach is simply approximated
from the number of rotable bonds, highly flexibpounds such as CUDC-101
can lead to an overestimation of the entropy chamgen binding, which can
result in false positive results. Tivozanib wasdmicted to be a weakly active
compound, which did not hold true.

To further investigate the dose-dependence fothhee hit compounds and also
to rank the compounds among other Mytl inhibité€gy values were determined
and used to derive inhibition constants)(K'he dose-response curves obtained
are displayed in Fig. 28, the data is included abl& 9. Hill-slopes showed no
anomalies.

Saracatinib, predicted to be a weakly active comgoulid indeed bind to Mytl
with  micromolar affinity (K=5.2uM) and, most importantly, both
pyridopyrimidine derivatives predicted to be actsreowed remarkable affinities:
PD180970 had a low micromolar inhibition constahtl5 uM and PD173952
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was revealed to be a highly affine compound, hawang; value in the low
nanomolar range (approximately 8 nM).
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Fig. 28: ICs curves for the three hit compounds derived fronual screening. Data represent
means + SEM (n=3).

With respect to questions raised in the literattings is an interesting finding.
PD173952 was found not to affect Weel and, moreaaeted as an S-phase
blocking agent in MCF-7 and MDA-MB-468 cells, pddgi due to unclear
membrane effects [292]. Since Mytl is involved iembrane dynamics (see
2.2.2.3), Mytl inhibition might be partly responisilior the observed phenotype.

The chemical structures of the three identifiecchihpounds are given in Fig. 29.
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Fig. 29: Chemical structures of three hit compounds ideti¥/ia virtual screening.

Furthermore, all Mytl inhibitors mentioned in tli®rk were investigated with
regard to structural as well as binding mode sintigs. Their chemical scaffold
contains a thiazole (dasatinib), a quinazolinepftgstin AG 1478, saracatinib) or
a pyridopyrimidine structure (PD compounds). Theutures of the ligand-
protein-complexes obtained after energy minimizaticevealed that these
aromatic rings play an important role for interagtiwith Phe240x« - n -

interactions). For inactive compounds such as miatr bisindolylmaleimide I,

such an - n - interaction was not observed. The finding of P4te as a key
interaction for Mytl inhibition could be of partiew importance to gain
selectivity over other kinases. Many other kingggm1, Cdk2, EGFR, Abl,...) do
not include a phenylalanine at this position, laher aliphatic side chains of Ala

or Leu residues. Thus, for designing more seleciilebitors against Mytl,
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aromatic ring systems should be inserted to gaieraction with the Phe240
residue.

Taken together, thim 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 nbit aate to be expected for
further screenings. As shown byABBOROUGH et al., when testing a library that
only contains compounds known to affect kinases,hih rates will dramatically
increase, no matter which kinase is screened [IM4g. identified structures may
help learn about the ATP binding pocket of Mytlgugh further screenings for
the identification of less promiscuous and lessemsively researched lead

structures are necessary.

5.3.3.3. Glycotriazoles
The glycotriazole series was also tested in theABBRC assay (for chemical
structures refer to the appendix, p. 142). Intérght, the two hits from the
LanthaScreen assay (BS11, BS12) could not be eérifi concentrations up to
100 uM. This finding supports the hypothesis tha tompounds affect the
antibody binding to the His-tag rather than actudlkplacing the tracer from the
kinase in the LanthaScreen kinase binding assay.
The case of the glycotriazoles clearly shows thatitable secondary assay can be
considered essential for validation of novel leadicdures and screening hits.
Usually, a functional enzymatic assay is prefefogdhis task. In absence of such
an assay, however, an orthogonally acting bindsgay may also help verify or
falsify results gained in the primary assay.

5.34. DasAFITC Assay. Conclusion, Limitations, Drawbacks
The present assay is a homogenous, single step agbaut need for a special
substrate. Basically, only kinase and labeled ligame needed. This can be
considered advantageous over other Mytl bindingyassuch as LanthaScreen,
because no capricious antibodies have to be usedinEtrumentation to perform
the assay is much less demanding and broadly alailamany laboratories.

The effect that buffer additives strongly affea thynamic range of such an assay
does not only apply to detergents but has also lbeswcribed for other buffer
components, for instance blocking proteins suchB&A [293]. This effect
generally limits the use of fluorescence anisotrbpged methods in biological

samples (blood, lysates, etc.).
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A major point in any FP based competition assatheés affinity of the labeled
ligand. Usually, it is advisable to use a ligandaffine as possible in order to
expand the range of resolvable inhibitors [294-2%klbnanomolar affinity probes
have successfully been used in such assays [283pproximate estimate for the
low end of K values that can be resolved is thevdlue of the fluorescent ligand
[294]. This is one of the limitations of the ass#gscribed herein. Kinases with
different affinities towards the tracer were testewtl a Mytl kinase assay (K
approx. 130 nM) was still good in terms of assagfggeance (Z'). However, the
lower tracer affinity compared to the other kinasegls to limitation in resolvable
inhibitor potencies lying in the low nanomolar rengrhe statistical approach
used, described byHANG et al. [232], improves the ability to rank compdan
and may partly compensate this effect.

Another limitation lies in the fluorophore itsel€ompound fluorescence is a
common cause of assay interference. Heterocyclmpooinds that dominate
screening collections commonly fluoresce in theeldveen range. Therefore,
fluorescein is susceptible to this type of opticdkrference [284]. Indeed, the
assay was not able to analyze the binding progeofiéwo flavonoids, myricetin
and fisetin, due to their autofluorescence propsrat the wavelenghth of the
fluorophore.

Therefore, the use of a fluorophore that is excitéti more red-shifted light will
decrease assay interference and can be considévadtageous [296-297]. This
might be a subject for future assay optimization.

5.35. Affinity of ATP to Mytl
One factor that limits the translation framvitro assay data to a cellular context
is the co-dependence of the inhibitor potency oa ititrinsic affinity of the
inhibitor and the kinetics of the enzyme with redde its cofactor ATP [11]. In a
typical functional assay for reversible, ATP-conifpet inhibitors, inhibitor
potency is expressed as arsd@alue which is a function of its intrinsic affigit
(Ki) and the degree of competition from ATP [54].
Therefore, the binding affinity of ATP to Mytl wasvestigated in the
DasAFITC-assay. The Hg acquired by displacing the probe through ATP is a
good measure for the affinity and equals the appadvichaelis-Menten constant
(Km,app- By applying the methodology byHANG et al. (see 4.20.3), the resulting
Kiatp €quals the Michaelis-Menten constani, ((p).
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Serial dilutions of ATP were performed and teststhrting from an assay
concentration of approximately 7 mM. Higher assaynaentrations led to
fluorescence quenching effects and had to be eadluthe respective plates were
read at different timepoints (15 min to 4 h) and turve did not shift within this
timeframe, indicating that ATP-degradation can bglected as a source of error.
In this experiment, a mixture of ATP and probe wgagen to the kinase. Since
probe and kinase were not preincubated, sigmoiglales having their inflection
point at comparable concentrations were obtaingd.3 shows the displacement
curve for ATP after 120 min incubation.
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Fig. 30: Displacement curve for ATP obtained in the DasAT4dssay. Data represent means +
SEM (n=3). A sigmoidal dose-response with variatge was applied, top was set to 100%.

The Hill-slope resulting from non-linear regressioan be considered almost
optimal (1.08), indicating competitive behaviour ATP. The IG is equal to
2.3 mM. K, was calculated to be 1.2 + 0.2 mM. Importantlyis tts the first
estimation of ATP-affinity for Myt1.

Many kinases have Katp in the range of 10-100 uM. However, there are also
significant outliers with millimolar values for ¥atp [11]: For example, several
phosphatidylinositol 4-kinases and mMTOR have mdlan K, arp values [298-
300].

Low affinities towards ATP do not preclude kinasgivaty because the cellular
ATP concentration is high, typically 1-5 mM [30130

In cells, an inhibitor that has similar, Kalues against several kinases will inhibit
more potently those kinases that have a highgsK Analogously, although not
found in a binding assay, a compound having; anKhe mid-micromolar range
might be a potent functional inhibitor. Such a cannpd could be missed in
binding assays because the concentrations neededidplacement are not
reachable due to solubility issues. In a functicasday however, it can compete

with ATP and inhibit the kinase reaction.
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The isolated kinase domain may have differing #ffifrom the native enzyme,
l.e. different Ky atp. The difference between protein constructs isiqddrly
apparent when assaying allosteric kinase inhihiteos example, potent allosteric
Akt inhibitors require the presence of a specifiengin of the kinase protein to
show inhibitory activity [303]. Furthermore, }atp can be affected by the
substrate used, e.g. when comparing protein suésti@a peptide substrates [304].
Taken together, the millimolar Kate should be carefully interpreted, although it
provides evidence that the inhibition profile ob&d by binding assays should be
ascertained in a functional assay in future re$gastce the binding affinity
towards ATP is, apparently, only moderate.

5.4. Glycoglycerolipidsas Mytl I nhibitors?

Based on a report ofHOU et al., the glycoglycerolipid 1,2-dipalmitoyl-BH
palmitoyl-6'-amino-6'-deoxy-D-glucosyl)snglycerol (GGL1) is said to be a
selective Myt1 inhibitor. That compound was synibed [305] and derivatized to
learn about the mechanism of action of this cld$® chemical synthesis was
carried out by Dr. C. Gdllner and the structures @®GL1 and its tested
derivatives are presented in Table 10.

Table 10: Glycoglycerolipids synthesized by Dr. Gollner. Téarbohydrate core was varied from

glucose (GGL1, GGLf) to galactose (GGL® GGLZ) and mannose (GGk3 GGL3B). Using
the glucoside, capryloyl chains were inserted abtef palmitoyl chains (GGld.

R R’ R R’ R R° R’

GGLL OH H OH H P H DPG

R GGLIp OH H OH H P DPG H
U GGLl2e¢ H OH OH H P H DPG

R N\ GGL2p H OH OH H P DPG H
" GGl OH H H OH P H DPG

GGL3p OH H H OH P DPG H

GGL4aq OH H OH H ct H DCG

2pP: palmitoyl.
b C: capryloyl.
¢ DPG: 1,2-dipalmitoykn-glycerol.
4DCG: 1,2-dicapryloysnglycerol

Starting from GGL1, the carbohydrate core was dafigucose (GGL1, GGL),
galactose (GGLZ GGLZ) and mannose (GGk3 GGL33), in o- and B-
anomeric configuration). As a further variation ®GL1, the side chains were

shortened from palmitoyl to capryloyl moieties ((Asl.
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Other working groups have also spent a lot of meteaffort on the synthesis of
this compound class, but reliable Mytl assay dataséll missing [306-308].
Once again, this lack of Mytl data might be causgthe difficulties in assaying
this kinase such as membrane association, regifiyctn substrate acceptance,
and unusual inhibition properties.

The glycoglycerolipids were tested three times he LanthaScreen assay at
3 pug/ml and 30 pg/ml. No effects on Mytl could etedmined. Only GGL&
showed a negligible displacement (7.5%) of the s@nimacer at 30 pug/ml.

There are two possibilities why GGL1, which is rapd to inhibit Mytl quite
potently (IGo 0.12 pg/ml), did not show any effect in this as$ather the results
of the original work must be questioned, or thiassl unfolds its effect distant
from the ATP-binding pocket.

Type Il kinase inhibitors are compounds that baxglusively to sites other than
the ATP-binding site. Due to steric reasons calisetthree fatty acid chains in the
glycoglycerolipids, a mechanism of action outside ATP-binding site is likely,
making it type Il instead of ATP-competitive. Evahough most type Il
inhibitors do not directly bind to the ATP siteetimajority must either alter the
active site in a way that displaces the traceriod lzlose to the active site. The
glycoglycerolipids did not displace the tracerhaligh a maximum concentration
up to 250-fold the reported dgwas used. Considering the potency of GGL1 in an
activity assay, the conclusion may, indeed, be drthat the effect of this class is
unfolded far from the active site. So far, thereidy one known example of a
type Il inhibitor which could not be detected irbeding assay but in an activity
assay. This compound inhibited p3&pending on the substrate used [309-310].
The chemical structure of the tested compoundsthegewith the cellular
localization of Mytl, membrane-bound at the endsiplia reticulum, give rise to
another thesis. All tested GGLs are very hydropthabd therefore practically
insoluble in water. Not until solutizer (30% DMS®@) tenside were added could
the compound be dissolved. Therefore, these congsoare likely to interact
with more hydrophobic structures such as bilaysrenjbranes) and micelles. As
can be seen in Fig. 31, the membrane associatidif within the Myt1 protein
sequence shows spatial proximity to both the kindsmain and the Cdkl

interaction site [90].



94 Results and Discussion

110-359 .382-398 .437-499.
1 t 1

H [ Kinase domain
; Membrane association motif
&3 Cdk1 interaction site

Fulklength Myt1 1-499

Fig. 31: lllustration of the full-length Myt1 sequence amdpective function of selected regions.

Because an interaction of the GGLs with the kindsmain was not observed,
GGL effects on the substrate (Cdk1) recognitioMgtl might be responsible for
their reported inhibitory potential.

To verify or falsify the results obtained in thenthaScreen assay, GGL1 was also
tested in the DasAFITC-assay. Here, only the Mytlage domain was used for
binding studies. Also with this anisotropy baseading assay, no effects could be
determined (Fig. 32).
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Fig. 32: Test of GGL1 in the DasAFITC-based binding assdye reported Mytl
glycoglycerolipid inhibitor did not have any effdntthis assay.

A closer look at the described assay procedurbamdport by ZAou et al. reveals
some conceptional deficits. The description thersikept short. An FPIA was
conducted and KISTIANSDOTTIRet al. [24] is cited as a reference. However, the
assay was run in a direct instead of a competép@oach using a labeled Cdk1-
derived peptide substrate.

This leads to two general problems: Firsth\RI&TIANSDOTTIRet al. as well as the
results described in this thesis suggest that Migés not accept short Cdkl-
derived peptides as substrates. Secondly, direotescence polarization assays
carry some inherent limitations. A labeled substriat directly phosphorylated
and, subsequently, bound by an antibody. The raguitP is increased compared
to the free unbound probe. The measured fluorescanisotropy is an additive
entity based on the intrinsic anisotropies of faeel bound fluorescent probe, (

andrs) together with their respective fractiorigdndf;):

r=fpx1,+ frx1y (Eq. 13)



Results and Discussion 95

Unphosphorylated peptide will not be bound by thebady but it is still present
in considerable amounts and, as it is labeled.,ilitimterfere with the assay by
narrowing the dynamic range [311]. As shown by, \Wubstrate conversions of at
least 50% are required to overcome this effecttangield an appropriate assay
window [223].

If it is, furthermore, taken into account, that thigbstrate probe was used at a
concentration of 2.5 nM, such a conversion ismsigly limited by diffusion.
Altogether, the assay used to prove the inhibiedfgcts of GGL1 on Mytl is not
very trustworthy.

Assay interference by insertion of the labeled sabs into association colloids
formed by GGL1 when dissolved in kinase buffer wasluded by CMC
inclusion assays (see 4.19) for concentrations s&sl un the reported testing
procedures.

To further examine whether the original publicatipnZHou et al. can be correct,
a functional investigation was needed. Thereforegombinant GST-Cdkl
(125 nM) was incubated with full-length Mytl (80 hMind ATP (250 uM) as
described in Section 4.13 in presence or absené&&ifl (30 pg/ml). Samples
containing dasatinib (10 uM) were carried alongnagbitor controls and samples
without ATP were used as background controls. My&k present in all samples.
After incubation (2 h) the reaction was terminat®d addition of EDTA. The
protein was isolated by TCA precipitation and prepafor SDS-PAGE and
subsequent western blotting. As primary antibodeedi-pTyrl5 Cdk1l antibody
was used to visualize Mytl kinase activity and-&uk1 total antibody was used
as loading control to exclude protein loss causgdwbrk up and handling.
Representative western blot results are displayédg. 33.

1 2 3 4
90 kDa { Ra
Anti-pTyr15-Cdk1 , e

8 kDa

90 kDa

Anti-Cdk1 [ ————
48 kDa

ATP -+ o+ o+

GGL1 - - + -

Dasatinib =) e = +

Fig. 33: Representative western blot results for investigat on the inhibitory properties of
glycoglycerolipid GGL1 on full-length Myt1.

As indicated by the anti-Cdk1 total antibody, aereloading of the samples can

be assumed. Therefore, differences in the detgatedphorylation status can be
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considered a result from the Mytl kinase reactids. expected, the control
without ATP (lane 1) showed a low basal phosphdigmaof Cdkl, while the
kinase reaction (conversion control containing tabs, cosubstrate and kinase;
lane 2) drastically altered the phosphorylationustaAddition of GGL1 (lane 3)
did not reduce the formation of phospho-Tyrl5 Cdkinpared to the conversion
control. The addition of dasatinib (lane 4), howeweas indeed able to inhibit the
kinase reaction. The amount of detected kinasdiogagroduct remained close to
the basal phosphorylation. The formation of phosplumiuct could not be totally
suppressed which is mainly caused by the conditissed in this experiment
(large excess of ATP and long incubation periods).

The concentration of GGL1 used here was about #8@st higher than the
reported 1G, value. No relevant functional inhibition occurredpparently,
GGL1 is not able to inhibit Myt1-mediated phospHatipn of Cdk1.

In summary, GGL1 did not affect full-length Mytl & kinase binding assay.
Also, the kinase domain in another binding assag wat affected and even a
functional assay with full-length Myt1 failed topm@duce the results obtained by
ZHou et al.

The glycoglycerolipid GGL1 is, apparently, no initdo of the human Mytl

kinase.

5.5. Advanced Substrate Studies
To finally identify a suitablén vitro substrate that allows for the development of a
medium-throughput functional assay, the scope wakenved to test a more
diverse set of possible substrates. As a sophisticdechnique, peptide
microarrays allow for the screening of thousandgatential substrates at the

same time, providing a unique possibility for kiagsofiling [312].

55.1. Peptide Microarray Studies
As a starting point for the discovery of kinasestdtes, two high content peptide
microarrays as described in [243] were used, dygpda altogether, 2304 peptides
derived from human protein sequences, arrangetréetidentical subarrays on
chemically modified microscope slides. These pegstidiere extracted from the
databases SwissProt [313] and Phosphobase [314k@sences known to be
phosphorylated in the human proteome. Each miagamas incubated with full-
length Mytl and full-length Weel in the presenceAdiP and the resulting
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phosphorylations were visualized by an anti phogphusine antibody and a
fluorescent dye-labeled secondary antibody. Alsacraarray controls were
performed which were treated equally but in abserfidgnase. In the first line, an
immunological anti-pTyr method was used insteadaufioactivity to visualize
substrate phosphorylations. Fluorescence readdalggable over a radioactive
readout, since the resolution of phosphor imagemramatically lower than for
fluorescence scanners. Additionally, incorporatofrradioactivity in microarray
studies leads more towards a yes/no answer, whibeelscence is much easier to
guantitate, hence allowing statistical approacleebe used to identify the most
promising peptides. Notwithstanding, the radioaetypproach was used to verify
the results from the antibody based experiments.

After fluorescence readout, the indexvas calculated as a measure of response
according to MHTMAN et al. [315]. The index is defined as follows, wittx
being the median of foreground intensity (actualtsr background intensity
(area around the actual spot having 3fold the diama the respective spot), as
indicated:

I — lng <fForeground> (Eq 14)

XBackground

As a measure of response, the ratiometric inde%][&l well defined even if
background signal is higher than foreground sigfad. for empty spots as
negative controls). Importantly, it provides thevacdtage of introducing
homoscedasticity, facilitating statistical analyst®owever, the importance of the
visual inspection of every single spot cannot beremphasized for such a
ratiometric measure and has to be carried outuhr¢234].

For the identification of false positives, contedperiments without kinase were
run. A graphical display index vs. 10gx(¥pqckgrouna) Was used for data
evaluation, designated Nahtman-plot in the follayi\s shown in Fig. 34, a
clear distinction is given between peptide spoth aireproducible response in all
three blocks, and negative controls (no peptidettspo empty). Using this
methodology, for the two slides, nine reproducitaése-positive peptides with
high response indices could be identified (6+3)tHWespect to No et al. [234],
these peptides can serve as positive controlsihduexperiments and, moreover,
can be used to normalize readouts to allow for tleebe&omparability between

slides and kinase outcomes.
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Index
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Fig. 34: Nahtman-plot for both microarrays | (A) and Il (Bs a means of identifying false
positives from antibody control slides. Reprodueifallse positives (plus signs) as well as negative
controls (open circles) are indicated.

The two different slides were assessed individuailg only the final results are
presented together. After the kinase experimehtsrésponses were normalized
using a two-step methodology. Firstly, the globatdmmn normalization was
conducted [316]. Secondly, a positive control-gdicd®rmalization as described
by NGo et al. was carried out [234]. Aligned dot plotstieé normalized data for
Mytl and Weel are shown in Fig. 35. Both kinasesewesed in equal
concentrations (80 nM) under identical conditioi$e differences in range
between Mytl and Weel may arise from differencéaéden the kinase activities

of both preparations.

A B

EO -]
11
(9]
0]
-
=
S
_ —
Expected
-
Expected

x B
a ;
2 * '
= 3- S ’ L
.8 2_ . ' i -2 -1 0 1 2 k) 2 - 0 1 2 3 4
N I . Observed Observed
'a ‘E‘ 5 4 :
€ od.... R S - . : ' :
3 0 # s z
=z ~1- | E, 1 : T E’ 1
: - 2 o 8 o F
'2‘ . a a H
Lﬁ 1 . ‘; 1 ;
oo 1 4
7 B
-3 -3 ' H
2 -1 o * z b *-2 -1 0 ; ; 5 ‘4
Observed Observed

Fig. 35: Aligned dot plots of the normalized response index the individually assessed

microarray chips after incubation with Weel and MyA, displayed as Median + interquartile

range). Quantile-quantile-plots for Weel (B) andtM{C) are also shown: Slide | (upper panel)
and slide 1l (lower panel). Arrows mark gaps in t@€-plots. Indices beyond this gap were
considered hits. Each set contains 1152 datapogaigulated as mean index out of three
replicates.

To identify promising hits, quantile-quantile-plai®Q-plots, Fig. 35) were used
as a simple means of cluster analysis for the twdovidual microarrays. Gaps in
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the QQ-plot indicate discontinuity. Higher respaaee unlikely to be part of the
normally distributed population (the negative paftthe dataset). More likely,
higher responses constitute another, independgntligtmn of positives. Gaps at
higher responses were identified visually and amjex beyond the gap was
considered a hit. The resulting hits were individuprocessed. Any peptides that
appeared at least once in one of the antibody @oexperiments were removed,
as well as peptides that contained a tyrosine ontgrminal position or not at all
in their sequences. Finally, a visual inspectioead¢h individual spot was carried
out to exclude false positives gained by artifacts.

Altogether, 21 top hits could be identified for Weavhereas Mytl yielded 11
peptides. The overlap of both sets is representeddeptides (Fig. 36).

This result was confirmed by a radioactive experimasing §->*P]-ATP and
subsequent detection of incorporated radioactivity. of these peptides were
clearly positive in this radioactive approach (dada shown).

O,

Fig. 36: Venn-plot of potential peptide substrates ideatifin microarray experiments for Weel
and Mytl. For more information on the peptidesréfehe upcoming tables.

A Venn-plot is shown in Fig. 36. Full informatiom dhe peptides as potential
substrates can be found in Table 11 (Weel) andeTEbl(Mytl). Peptide names
consist of a protein abbreviation and an ID numbegether unambiguously
identifying the respective peptide. For the twotmiparrays, the top 50 highest
response peptides for both kinases are providdteiappendix (see p. 148).

In order to identify a suitable Mytin vitro substrate, four of the identified
peptides were selected for solution phase verifinabf these results: the highest
response peptides (EFS_HUMAN_302 and A002-D_74d)tevo peptides from
the overlap with Weel (TrkA_HUMAN_482 and INR1_HUNA548). To test

these substrates for acceptance by Mytl, a suitasiay was required.
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Table 11: Potential peptide substrates identified for Weelalphabetical order. Peptides also
positive for Myt1 are highlighted (grey).

Name Uniprot ID Sequence Full name
[317]

AD15_HUMAN_684 Q13444 VMLGAGYWYRARL  ADAM 15 (A disirggrin and
metalloproteinase domain 15)

C79A_HUMAN_175 P11912 YEDENLYEGLNLD Membrane-boumdmunoglobulin associated
protein (CD79a)

CDC2_HUMAN_287 P06493 KIGEGTYGVVYKG Cell division camot protein 2, Cyclin-
dependent kinase 1 (Cdk1)

DDR1_HUMAN_369 Q08345 GMSRNLYAGDYYR Epithelial disabn domain receptor 1
(Tyrosine kinase DDR1)

DDR1_HUMAN_371 Q08345 LYAGDYYRVQGRA Epithelial disatin domain receptor 1
(Tyrosine kinase DDR1)

EPB3_HUMAN_347 P54753 APGMKVYIDPFTY Ephrin type-Bceptor 3 (Tyrosine-protein
kinase receptor HEK-2)

ERB4_HUMAN_376 Q15303 VAENPEYLSEFSL ERBB-4 receptortpito-tyrosine kinase
(p180erbB4) (cell surface receptor HER4).

FAK2_HUMAN_410 Q14289 YIEDEDYYKASVT Focal adhesitimase 2 (FADK 2) (Proline-
rich tyrosine kinase 2)

IGIR_HUMAN_542 P08069 DIYETDYYRKGGK Insulin-like greth factor | receptor

IKKE_HUMAN_507 Q14164 DDEKFVSVYGTEE Inhibitor of ralear 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 p8@&mma

PIG2_HUMAN_101 P16885 RDINSLYDVSRMY Phospholipase &gna-2

RRPP_HRSV_983 P12579 NNEEESSYSYEEI RNA polymerase alpbanit
(Phosphoprotein P)

TRKA_HUMAN_16 P04629 DIYSTDYYRVGGR High affinity nee growth factor receptor
(TRK1, Trk-A)

TRKA_HUMAN_18 P04629 IYSTDYYRVGGRT High affinity neevgrowth 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 growthdeor receptor (Trk-B)

TRKB_HUMAN_180 Q16620 DVYSTDYYRVGGH BDNF/NT-3 growth d¢or receptor (Trk-B)

Table 12: Potential peptide substrates identified for Myl alphabetical order. Peptides also
positive for Weel are highlighted (grey).

Name Uniprot ID Sequence Full name
[317]

A002-D_747 P09619 DGHEYIYVDPMQL Beta platelet-dedvgrowth factor receptor

AO51-F_442 P07949 YPNDSVYANWMLS Proto-oncogene $yme-protein kinase
receptor Ret precursor

EFS_HUMAN_302 043281 GTDEGIYDVPLLG Embryonal FYNsasiated 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 ionotmopceptor EAAL chain
precursor

JS0648_1005 P35499 NPNYGYTSYDTFS Sodium channékatain

MK11_HUMAN_149 Q15759 DEEMTGYVATRWY MAP kinase p3g:ta

MK14_HUMAN_150 Q16539 DDEMTGYVATRWY MAP kinase p38

TRKA_HUMAN_482 P04629 GMSRDIYSTDYYR High affinity nerve growth factor receptor

(TRKL, Trk-A)
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55.2. A Homogenous FP Based pTyr Assay (FPIA 1)
For a specific verification of the peptides as Mgtibstrates, an assay aiming at
phospho-tyrosines was required. Because sepaatithgvashing steps as well as
radioactivity should be avoided, the methods toused are limited. Direct
measurement of phosphorylation, e.g. by fluoresckatmosensor peptides [318],
requires a known and optimized substrate, whicliasaloes not exist.
With respect to the expertise gained in former isidsee Section 5.1), it was
decided to use a homogenous fluorescence polanzdiased immunoassay
(FPIA). Because of its satisfying performance ie thicroarray studies, the same
antibody should be used in the assay to detectpploosyrosines. Phospho-
tyrosine is the key motif for antibody binding, nwatter what the surrounding
sequence is. Therefore, the assay should be sufabdletecting any pTyr.
No peptidic Mytl substrates have validly be repbrs® far which led to the
expectation that sensitivity could be another ingoarissue in this case. That is
why a competitive FPIA was used instead of a dioaet
First of all, a suitable fluorescent probe was eeed\s a requirement, the probe

should have a molecular weight as low as posskhite 87).

‘|VA I A >

Anisotropy r

" Displacing Phospho Peptide
Fig. 37: Theoretical considerations in terms of moleculaight of the probe in FP-based

immunoassays. The dynamic rangieincreases with decreasing mass of the probe, aiaing
sensitivity as indicated by the dashed line thatksiéhe EG, of both curves.

The lower the molecular weight of the probe, th#dvsehe dynamic range of the
final assay. The free probe is determined to shdemaFP due to fast rotation
(Brownian motion). Association to the antibody deditally increases the size
compared to the free probe, leading to an increaflaorescence polarization. If
a mixture of antibody-probe complex (high FP) isledito a kinase reaction, any
phospho-tyrosine residues formed will displace ttazer from the antibody,
resulting in a lowered FP. Due to the high molecuatass of the antibody, the
mass of the probe does not significantly affectttige plateau of a displacement

curve. The bottom plateau, however, depends totallthe intrinsic anisotropy of
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the probe. A heavy probe (consisting of many anaols) will yield a narrow
dynamic rangeAr;), while a low molecular weight probe (containinglyfew
amino acids) will yield an increased dynamic rafge), thereby improving the
overall assay performance.

As a compromise between molecular weight and pnogi@ suitable antibody
epitope, a labeled pentapeptide was used as a.probe

All peptides identified for Mytl that had only omentral tyrosine residue were
aligned to deduce a suitable pentapeptide XX(pYWih X being any amino
acid. The formerly identified sequences were chobsecause, obviously, they
could be bound by the antibody with sufficient iaitiy. The alignment led to the
sequence XI(pY)VV (data not shown). Because thesis mo conserved residue
for position one,N°-(6-Carboxyfluorescein)-L-lysine (6-FAM) was sekedtto
insert the fluorescence label. Finally, (6-FAM)KY}¥V was used as a probe.
Briefly, the final assay was planned as followsndSe reactions should be carried
out in 40 pl assay volume and the reaction terrachdity addition of 10 ul stop
solution containing EDTA. After addition of 10 pétction solution containing
antibody and probe, measurements can be taken e¢hglibrium is reached.

All tests conducted at the assay development sdagedirected to the planned
procedure. Assay conditions (microplate, volumesfe constitutions...) were set
in advance and followed accordingly.

Analytical pretests showed that FP of 2.5nM (6-BKMpY)VV can be
quantified with good certainty (CV < 5%). That centration was used for all
further tests. As a next step, a titration expenineith increasing amounts of
antibody was carried out. Varying amounts of ardipwere added to a solution
containing 2.5 nM probe. Controls containing the@ggho-peptide TpY (10 uM,
QLIGEGT(pY)GVVYKC), fully outcompeting the probe, ese carried along.
Results are shown in Fig. 38. In this assay, theduld be determined as 41 nM
by nonlinear regression. As can be seen, the fi@gephas an intrinsic anisotropy
of less than 0.05. In Section 5.1, a labeled tetrapeptide was used for similar
purposes, yielding an intrinsic anisotropy (freptme) of approximately 0.08. As
predicted yide suprd, the assay window utilizing the pentameric peptichcer is

noticeably increased. The maximum dynamic rangga.Q was 0.15 (anisotropy).
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Fig. 38: Titration of the fluorescent probe with antibodye antibody binds the probe resulting in

increased fluorescence polarization (closed cijcksd respective controls containing fully

outcompeted probe (low fluorescence polarizatigrerocircles). Nonlinear regression yielded a
K4 of 41 nM. Data displayed as means + SEM (n=3).

For further assay development, a compromise betwassay window (high

antibody concentration) and sensitivity (low antipoconcentration) had to be
made. An antibody concentration slightly highernththe Ky-value yielded a

sensitive yet robust assay. 45 nM antibody was useturther experiments,

providing a difference between bottom and top adudl®.08 (anisotropy) which

Is equal to 123 mP (polarization).

To get an idea of the sensitivity of this setupeéhdifferent peptides containing
phospho-tyrosine were used for exemplary displaoc¢iteations.

These phospho peptides mimic phosphorylated subsipaptides and the
displacment curves can help estimate the productdton required for detection.
Phospho peptides used were TpY, TrkA pY676 (15-cneeptide) and PDGFRA
pY572 (14-meric peptide). The resulting curvessir@wn in Fig. 39.

0.10
>
§' Peptide Inflection Point
g TpY 125nM £ 6 nM
S PDGERA Y572 272 i 16 i
—— TrkA pY676 P nvi=ten
-=— PDGFRA pY572
0.004+——

L LI B LI NN B AL AL B
102 10" 10°® 10' 102 10® 10¢
pY Peptide [nM]

Fig. 39: Titration of antibody-probe complexes with diffatgphospho peptides. The inflection
points vary with regard to the respective pTyr-edming epitope but remain in a nanomolar scale
indicating a sensitive assay system. Data represeans + SEM (n=4).

As can be seen from the decreasing curves, alhefphospho peptides did
efficiently displace the probe from the antibodyheTresulting E6p is a good
measure in terms of sensitivity and the valuesedngm 43 nM for TrkA pY676
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to 272 nM for PDGFRA pY572 (mean value for all pees: 147 nM). These
results indicate that the sensitivity of the morgtbreaction, indeed, depends on
the affinity of the formed product towards the botly. However, all peptides
could be detected in a submicromolar range withdgoertainty. Altogether, the
general suitability for the detection of pTyr-caniag peptides can be assumed
which allows for the application of this system ttee evaluation of peptide
substrates. Refer to Section 4.16 for the exaetyggsotocol as used in upcoming

sections.

5.5.3. Solution Phase Verification of Peptidic Substrates
For further solution phase substrate studies, ndt the four peptides derived
from microarray studies were tested, but also tlotber peptides. The previous
work (see 5.1) showed that a peptide derived frioenniative phosphorylation site
(Cdk2®?) was not modified by Mytin vitro. In silico studies suggested that the
interaction N-terminal from the actual phosphorngiatsite might be important for
substrate acceptance and that these interactiensoarsufficient in the CARE®
peptide. To prove or disprove this concept, a peptiontaining the amino acids
6-17 (Cdkf') was purchased to provide better N-terminal imtéoas.
Furthermore, peptides containing amino acids 1Q@dk{*?% were synthesized
by solid phase peptide synthesis to check whetherpeptides tested in early
substrate studies were simply too short to be meized. As a posttranslational
modification of this peptide, also acetylationstbé& N-terminus (Ac-Cdk1*%
were introduced, as is the case in the native Qada&tein [319].
These seven peptides were tested at 20-200 pMas&iexperiments containing
400 uM ATP in standard kinase buffer. Typicallyzgme concentrations of 1-
50 nM are used in such assays [320]. An importapéet to be considered is the
limited specificity of the detection principle. Arphospho tyrosine brought into
the assay will competitively displace the probe. nMaposttranslational
modifications including phosphorylations are repdrtor Myt1 [321-324]. One of
these putative modifications is a tyrosine resiquigr97) [322] which might
interfere with the assay by narrowing the assaydawwn To circumvent a large
extent of such an interference, it was decideeégoat 40 nM Myt1.
For monitoring the phosphorylation process, the dgamous assay as developed

in the last section (5.5.2) was used and the eanit summarized in Table 13.



Results and Discussion 105

Table 13: Evaluation of potential peptidic substratesnivitro kinase reactions using the FPIA II.
Data represent means + SEM (n=3).

. . 3
Potential substrate Extent assay window exploited [%0]

at 20 uM peptide at 200 uM peptide

EFS_HUMAN_302 65.1+0.8 76.3+2.9
TRKA_HUMAN_482 No effect No effect
INR1_HUMAN_548 No effect No effebt
A002-D_747 54.3+3.3 63.8+2.5
Cdk1**’ No effect No effec?
H-Cdk1? No effect No effect
Ac-Cdk1% No effect No effec?

#based on the dynamic assay range, calculatedriyot®without peptide and fully outcompeted colstro
containing 10 pM TpY

® mean effect < 10%

No relevant phosphorylations could be determinedtii@ three Cdkl-derived
peptides. Also with increased peptide concentratd®® puM), no conversion was
detected. In the case of the peptides derived froanoarray studies, two out of
four peptides were clearly modified at 20 uM. Huede two, the effect could even
be enhanced by increasing the peptide concentrato@00 uM. In control
experiments without kinase, none of the seven geptin concentrations up to
400 uM affected the binding of the probe to thabaaly. The peptides clearly
phosphorylated by Mytl were EFS_HUMAN_302 and A@)Z£47 (for more
information on these peptides refer to Table 12,00).

For the putative Mytl substrates, formation of thigosphorylated substrate
peptides during kinase reaction was also qualéhtivconfirmed via ESI-MS
(carried out by Dr. Schierhorn, Institute of Bioafistry and Biotechnology,
MLU Halle-Wittenberg). Presence of both phospho-BFSMAN_ 302 and
phospho-A002-D_747 was proven in positive as wehegative ionization mode.
Surprisingly, also for the other two peptides frtme microarray approach, m/z
values matching the respective phospho-peptides feend.

At least for TRKA_HUMAN_482, it can be assumed thatlevant formation of
the pY676-containing peptide (equal to positionf The 13-meric peptide) would
have been detected on a nanomolar scale, becaaigpitbpes of the phospho-
peptide is very closely related to the positive tomnused in displacement
experiments during assay development (as seergin3B). The same applies to
the Cdk1-derived peptides.

In contrast to EFS_HUMAN_302, the sequence of ADOZ47 contains two
tyrosine residues quite close to each other. Basethe data gained so far, a

certain determination of the exact position thas weodified is not possible.
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To solve the issues raised by the preliminary M& @ad to doubtlessly identify
the actual phosphorylation sites, MS-based fragatiemt studies were conducted
by Dr. C. lhling from the working group of Prof.rgi Institute of Pharmacy,
MLU Halle-Wittenberg.

Formation of both phospho-EFS_HUMAN_302 and phosfpf62-D_747 could
be confirmed and, moreover, fragmentation provedidientity as tyrosine kinase
reaction products as expected. For phospho-AOOA4D,_7the actual
phosphorylation site could be resolved. The Tyrdes in position 7 of the
peptide, equal to Tyr581 in the full-length protdimrned out to be modified.
Surprisingly, also for TRKA_HUMAN_482 and INR1_HUMMA 548, formation
of the respective phospho-tyrosine containing petglwas confirmed. For these
two peptides, however, also phosphorylation ofrgeresidues was found. Mass
spectra of relevant fragmented ionized phosphoigeptire given in the appendix
(see p. 159).

Having in mind that these peptides were not recghi as tyrosine-
phosphorylated in the FPIA I, there are differgaissibilities to explain these
results. Since the conducted MS-studies did nat teaquantitative results, one
might argue that the amount of pTyr-containing piidis very low and,
therefore, the displacement of the probe is ndicsemt to enable an FP-change
surmounting the normal background variation. Blatkecess of the antibody to
the epitope caused by the phospho-serine residueg aramatical change of the
peptide surface characteristics might be anotheslaeation why the two
phospho-peptides were not recognized in the FRIA 1l

Mytl is a dual-specific kinase that is generallaratterized as a threonine and
tyrosine modifying kinase. However, Mytl is alsoolum to modify serine
residues, although this kind of posttranslationaddification has only been
described for Myt1 autophosphorylation so far [87].

The native Mytl substrate contains both targes siext to each other. A substrate
molecule that binds to Mytl can therefore be medifat threonine, tyrosine or
both. A sharp line between these three possilsltennot be drawn. Whether the
two general kinase activities (Ser/Thr kinase @gtiand Tyr kinase activity) can
be separated is unknown. The present work focusdgrosine kinase substrates

but the fact that Myt1 is also able to modify amawids besides tyrosine has to be
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emphasized. Further studies are required to eltecibytl in terms of Ser/Thr
kinase activity.

To validate the two identified Mytl tyrosine sulasérs, the inhibition profile was
examined. Since there is no selective Mytl inhibéweailable so far, specificity
has to be gained from a combination of kinase i,

The Mytl inhibitor analysis is based on the resoltDavis et al. who set up
inhibition profiles for > 80% of the human protdimome [76]. It was found that,
using dasatinib and CEP-701 (lestaurtinib) as imdnib, only three tyrosine
kinases showed the same inhibition profile as MiARHA8, EPHB3 and ErbB2).
Dasatinib inhibits Myt1, while the generally versomiscuous inhibitor CEP-701
should not affect the catalytic affinity of Mytl.dditionally, PD-173952, a
pyrido [2,3-d] pyrimidine-based inhibitor closelglated to PD-173955, should be
used. This compound is appromixately 10fold moréepotoward Mytl than
dasatinib (K values 8 nM and 73 nM, respectively). Taking PDEY3 into
account, only two kinases should exhibit the samhgbition profile (EPHA8 and
EPHB3). And only for Myt1, the inhibitory potencyr be ordered as follows:
PD173952 > dasatinib >> CEP-701.

Kinase reactions (200 uM peptide, 400 uM ATP) ia pgresence or absence of
5uM CEP-701, dasatinib or PD173952 were carriedt outh both
EFS_HUMAN_302 and A002-D_747. Using these cond#jahe assay window
was exploited to an extent of approximately 64% Q& 747) and 76%
(EFS_HUMAN_302), meaning that the assay was inliitear range and the
change in fluorescence anisotropy should be dyreptbportional to product
formation. Anisotropy values were converted intdatige conversion using
controls without substrate and conversion contvatbout inhibitor. The results
are displayed in Fig. 40.

For both substrates, the conversion as seen is&irgactions in the absence of
inhibitor is dramatically decreased in presencealasgatinib. In presence of the
even more potent inhibitor PD173952, the converslomps down to baseline.
The presence of CEP-701 does not considerablytafiecconversion relative to
conversion controls. Altogether, the results eyaathtch the inhibition profile as
expected from the literature. So far, only Mytlkigown to show this inhibition

profile.
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Fig. 40: Validation of substrates EFS_HUMAN_302 (A) and 2dD 747 (B) by inhibition
profile. Values normalized against controls angbldiged as means + SEM (n=3).

Weel (full-length) analytics by FPIA |l failed due high autophosphorylation
activity, which narrowed the assay window in a Wagt did not allow substrate
evaluation. Native Weel does not include tyrosimsidues modified by
phosphorylation. However, the GST-tag of the conumdly obtained Weel
includes 14 Tyr residues that are possibly modifiedng incubation.

To gain more insight into the substrate recognipoocess, the catalytic domains
of both Weel and Mytl (Myf23%2 wee?***) were tested with the seven
peptidic substrates. The same conditions were @sedn successful Mytlfl
studies. Neither of the kinase domains mediatedhdtion of phosphorylated
peptide to a detectable extent. The commerciallichmsed kinase domain of
Weel was also provided as fusion protein to GSTwéler, the assay window
was not affected in any way compared to controte denial of the Mytl kinase
domain to mediate formation of phospho peptideshinige explained by the
findings of WELLS et al., who found the C-terminal domain of Myt1A437-499)

to be important for acceptance of protein substrfd86]. Possibly, this domain is
also involved in the recognition of peptide sulissaHowever, the absence of a
crystal structure of full-length Mytl precludes ther structural studiem silico
and moves the answer to this question to futureares.

The finding that Weel substrate recognition différat strongly is somewhat
surprising because marniy vitro assays use the Weel single domain protein as
tested here for activity-based screening assays ife[242]). Indeed, the Weel
kinase domain exhibited ATP conversion independemin the presence or
absence of Poly-AEKY substrate in a standard lvaffe-based luminescence

assay (data not shown). This issue emphasizes,agair, that data generated by
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isolated domains instead of full-length proteingento be evaluated carefully on a
case-by-case basis.

Altogether, 2304 peptides (13-meric) derived froomian phosphorylation sites
[243] were utilized in kinase reactions via peptideroarray technology. 855 of
these peptides contained potential phospho-tyrosgsegdues. The microarray
experiments revealed 11 possible Mytl substrateseMas revealed to have 21
possible substrates, having an overlap with pakrtlytl substrates of 4
peptides. Interestingly, the native phosphorylatsite of both kinases, an N-
terminal region of Cdkl, was identified as a sudistronly for Weel. This
matches former reports [24] as well as data geeerat this work (Section 5.1)
wherein Weel but not Mytl accepted peptidic sutesrderived from this site
(Cdk2®%)).

Computer-driven approaches suggested that a lackeshiction N-terminal from
the phosphorylation site might be responsible. Thoestigate this concept,
peptides derived from an N-terminal shift of theptide sequence (Cdk1’) as
well as general prolongation with and without akdtgn at the N-terminus
(Cdk1*#* Ac-Cdk1“*%) were tested. Additionally, to identify a peptididytl
substrate, four peptides were chosen for solutioase verification and tested
together with the Cdkl-derived peptides. For thisrppse, an improved
homogenous fluorescence polarization immunoassay m@aoduced which is
broadly applicable to issues aiming at phosphosipe@modifications.

None of the Cdkl-derived peptides were phosphagléty Mytl, leading to the
conclusion that simply deducing a sequence fromnidie/e substrate, omitting
the 3D structure of the protein, is not necessatigcessful. Protein folding may
lead to totally different surface characteristiompared to the isolated target site.
However, other peptide sequeneethough not associated with the native target
protein—- may mimic the native substrate and can, therefbee,efficiently
phosphorylated. That is one of the reasons whyigephicroarray technology
helps learn about enzymes in general and kinageariicular.

Two substrates phosphorylated in the microarragexgents were not detected in
a normal solution phase reaction. Various causeghtnbe responsible for this
discrepancy\ide supra including general differences between the assayd) as
effects of peptide immobilization on enzyme/antipdainding or other surface
effects. The peptides EFS_HUMAN_302 and A002-D_w%tuld clearly be
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verified as Mytl substrates. Formation of the respe phosphorylation product
was also confirmed via MS and also the exact phmgpdtion site was identified
by MS/MS studies. These substrates were validageiatobition profiling using
CEP-701 (lestaurtinib), dasatinib and PD173952 eBasn data for 442 kinases,
covering > 80% of the kinome [76], there is no i@ kinase but Myt1l showing
an inhibition profile as observed here.

A common workflow in microarray experiments inclgd®t only generation of a
hit list, but also deduction of a consensus sequédrased on the list of target
peptides (e.g. [325]). Such a consensus sequemdrsobtained by aligning the
target peptides, or identification of substrateifadge.g. by WebLogos [326]).

Two of the four microarray derived peptides provede good substrates also in
solution phase. Unfortunately, two peptides are emmbugh to deduce a valid
consensus sequence. A verification of the othesdgquences from the microarray
studies is necessary in order to allow for a megfnlralignment.

As analysis of the ensemble of hit sequences dideanl to meaningful results,
the two identified peptidic tyrosine kinase suhbssa(Fig. 41B and C) were
compared to the native phospho-site within the Csiduence (Fig. 41A).

KIGeTIeWTiG
 DGHEY VORI
 GTOEG  DIPLLS

Fig. 41: Sequence comparison of a 13-meric peptide defived Cdk1 (Cdki?, A) with A002-
D_747 (B) and EFS_HUMAN_302 (C). Colors denote ttaure of the respective side chain:
basic (blue), lipophilic (black), acidic (red), hgghhilic (green), primary amide structure (pink).

Importantly, only Tyr phosphorylations were invgstied here. Both novel
substrates share sequence features. The aminoremitiles C-terminal to the
actual phospho-site are quite lipophilic: Both ghar Pro in position +3 and
further hydrophobic positions in this region. Fertmore, a negative charge
caused by Asp in position +1 or +2 is present ithlswbstrates. In the N-terminal
regions, all three peptides have a Glu in commasifon -3). Taken together,
the three peptides show quite similar charactessiihey are rather hydrophobic
C-terminally, and have a negative charge N-ternyn&d the phospho Tyr.
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However, the non-accepted Cdkl substrates differ positively charged 'frame’
around the phospho-site, having lysine residug®sitions -6 and +5.

Lysine side chains are almost quantitatively prated under physiological
conditions (pK = 10.8 [327]), resulting in permanent positive rgfeg around the
Tyr-residue. For histidine, as in position -4 of 0%9D_HUMAN_747, the side
chain is protonated to less than 10% at pH 7.5 R [327]), leading to different
surface characteristics compared to a Lys sidenchithe native whole protein,
the phospho-site lies in the glycine-rich loopeayflexible region of the protein.
To allow for phosphorylation of Tyr, the positivearges are oriented away from
Mytl: The regions N-terminal and C-terminal fromrI¥ form antiparallep3-
sheets as observed for Cdk2 (PDB: 2DS1 and 1W8&e tis no available Cdkl
crystal structure, but Cdk2 offers 100% sequenestity in this region).
Therefore, the surface characteristics betweereprdCdkl) and protein-derived
peptides (e.g. CART? differ strongly, offering an explanation for tiserved
substrate acceptance. The required interactionsb@ayimicked by the identified
peptide substrates, leading to formation of thpeesve phospho-product.

Of course, the identified peptides can be used @eeldp functional assays.
Moreover, the proteins related to the substratdigep identified on arrays are
potential downstream targets of the profiled kin@a8]. Recently, a new cellular
downstream target for Weel was discovered, vagfhamding its biological role
[329]. Similarly, besides the assay developmerg, glkptide studies presented
herein may help to clarify cellular processes amther define the biological role
of Mytl and other proteins. For the two proteinattimclude the verified peptidic
Mytl target sequences, little is known about thde rmf respective
phosphorylation sites. While A002-D is reportedrtodify its Tyr579 and Tyr581
residues by autophosphorylation [330-331], the $&naesponsible for EFS
modification at Tyr253 is unknown [317]. Future Wdras to resolve whether the

results reported herein can be transferred to arabcellular environment.
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6. Summary and Perspectives

Even large pharmaceutical companies succeeded iongbout 61% of their
kinase screening projects, where success is dedis@@éneration of enzyme, assay
development and completion of the actual screejd8g].

In the present work, the membrane-associated Mytdsk was generated based
on a mammalian expression system. As a first ste@ssay development,
substrate studies led to the conclusion that th@oagh of simply deducing a
peptide from the cellular target sequence is nfficeent. Neither Thr, nor Tyr
kinase activity evolved as monitored by immunolohgit experiments and
fluorescence polarization immunoassays (FPIA). Myglealed to be more
restrictive in terms of substrate acceptance agaoed to its most closely related
Wee-kinase family member Weel.

To overcome these problems, a TR-FRET based binaisgy was established
and, indeed, substantial contributions to the itiloib profile of this kinase were
made. Interestingly, the approved drug dasatinib feand to be a highly affine
Mytl inhibitor while highly promiscuous compoundgch as staurosporine did
not affect Mytl. The inhibition data generated bg (TR-FRET based binding
assay provided a first training set which proveeéfulsin the development of
virtual screening protocols.

The identification of dasatinib led to the develgnh of a fluorescence
polarization based kinase binding assay for Mytbwelver, the synthesized
fluorescent probe, which was based on dasatinibyeat to be sensitive to
detergents due to insertion phenomena. This probteght be generic to FP
applications and was finally circumvented by usthg isolated Mytl kinase
domain as expressed frofa. coli. Since this protein lacks the membrane-
association motif, the need for detergents aboeda {8MC is eliminated. The
results generated by this assay are in accordaiicdul-length data, confirming
the kinase domain as an appropriate model proteiMftl in this assay.

Most of the compounds ever reported to inhibit Mytdre tested and the derived
inhibition constants help rank-order the inhibitordiably, further facilitating
computational approaches.

The assay showed excellent suitability to screeapications as indicated by Z'
factors > 0.5 and it was used for the assessmanbod than 150 compounds. The

selection of compounds to be tested was mostly eguidy virtual screening
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suggestions, but also promising classes of potentibitors were investigated,
such as flavonoids, glycotriazoles or availableakm inhibitors as a general
contribution to the inhibition profile (e.g. lesténib).

Additionally, a glycoglycerolipid reported to inlibMytl was thoroughly
reassessed by binding studies with full-length Mysblated kinase domain and
functional investigations. These studies indicathatt the aforesaid
glycoglycerolipid is not an inhibitor of Myt1.

Screening of compounds suggested by a QM/MM-GBSAuai screening
approach led, indeed, to the identification of ¢hrfermerly unknown Mytl
inhibitors, remarkably expanding the number of Ede inhibitors. Although
none of these compounds are specific toward My#dy will help to learn about
the actual binding pocket and the key interactiomguired for high affinity.
Driven by computational approaches, compound intenas with Phe240 or with
the gatekeeper residue Thrl87 appear to be pragniizrting points for the
development of selective Mytl inhibitors. The soiag assays provided herein
will act as invaluable tools for the identificatiofinhibitors in future research.
Taking up the idea of a peptidic Mytl substrateimgthe number of tested
peptides for this purpose was vastly expanded ley afspeptide microarray
technology, a powerful means of kinase profilinged¥ and Mytl were tested
with hundreds of peptides, leading to a hit lispadmising substrates. For Myt1,
four peptides were tested in an improved FPIA agrah phospho-tyrosines for
solution phase verification, and two peptides wiedeed phosphorylated in a
dose-dependent manner. Formation of the respephieepho products was also
confirmed via MS. The two identified peptides wduether validated as Mytl
substrates using kinase inhibitors. Since no sigewihibitor is known so far,
selectivity was gained from a combination of compuaisi and the resulting
inhibition profile confirmed the peptides to be Nygubstrates.

Future research can use these peptides not onlythtordevelopment of a
functional medium or high throughput assay, bub a3 derive substrate-site
inhibitors or to identify new cellular downstreaardets of Mytl. Identification of
Histone 2B as a Weel target enormously expandedunderstanding of this
kinase [329]. As the biological role of Mytl is nptoperly described yet, new

targets in a cellular context may help elucidagéiblogical function.
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Appendix

Sequence Alignment and Modeling

CDE2-1CME 1l ----M-ENFQEVEKIGEGTYGVVYKARNELTGEVVALEEIRLDTETEGVPSTAIREISLL
Weel-1X8B 251 MESRYTTEFHELEKIGSGEFGSVFECVERLDGCIYAIKRSEKPLAGSVDEQNALREVYLAE
Mytl-3F1R 102 PECFFQQSFQ?LSRLGHGSYGEVFKVFSKEDGRLYAVBRSMSPFRGPKDRARKLQEVGSP
...... s® F ok kek . ok o koA ]
CDE2-10ME 56 KEL-NHPNIVELLCVIHTENKELYLVFEFLH-QDLEEKFMDASA--LTGIPLPLIESYLFQL
Weel-1¥8B 351 AVLGQHSHVVRYFSAWAEDDHVMLICNEYCNGGSLACAISENYRIMSYFEEAELEDLLLOV
Mytl-3F1A 162 EKVGQOHPCCVRLECAWEEGGILYLCTELCG-PSLOCHCELWG- - -ASLPEAQVWGYLRDT

. T * . . . * * . . . *

CDEZ-1CMZ 112 LQCLAFCHSHRVLHRDLEPQNLLINTEGAIKLADFGLARAFGVPVRTIYTHEVVTLWYRAF

Weel-1X8B 411 GRCLEYIHSMSLVHMDIEPSNIFIS-EVMFKIGDLGHVTRIS----SPOVEEGDSREFLAN
MytCl-3F1Z4 218 ILJiLLHLHSQIJL\THLDWPANIFLCPFGPCKLJDFGLLVELG ——————— VOQEGDPRYMAF

* * & P -l-* * .. * a * * . . *

CDE2-1CME 172 EI--LLGCKYYSTAVDIWSLGTIFAEMVTRRALFPCDSEIDQLFRIFETLDEFSE - -WVVEE

We=l-1X8B 486 EV--LOENYTALPEADIFALALTVVCLAACAEPLEREN- - - -CDOWHEIRQGEELPE - -TBOW
Mytl-3F1L 277 EL--LOGSYE--TAMDVEFSLGLTILEVACNMELPHG- - - -GEGAQQLRQGYL?P-EFTAG
E * E R * - Pl - &

CDEz2-1¢0ME 255 ID-EDGRSLLSQMLITYDPNERISAFAATAIIPFFQDV
Weel-1X0D 538 LS-QCIMTELLEVMIIIPDPERRPSAMALVEIISVL---
Mytl-3F1& 320 L5-5CLRS ‘.?LM‘[LEPDPIUJRATAIALLALPVL.RQF

- - . * . wE .k ow W

Fig. 42: Sequence alignment @dk2 (PDB code 1QMZ), Weel (PDB Code 1X8B) and Mytl
(PDB code 3PIA). Stars represent residues thatidmetical whereas dots and colons denote
similar residues.
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Fig. 43: RMSD plots obtained from MD simulation of Weel-a¥d Myt1-TY.
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GIn8 (substraté Lys9 (substrate)
\

Fig. 44: Interaction of TY substrate residues (GIn8, Ly8®y12, Thr14 and Tyrl5) with (Ayytl
and (B) Weel. Mytl is shown as magenta ribbon afah stick, whereas the Weel is shown as
orange ribbon and cyan stick. The TY substratepsasented as green ribbon and stick.

“Gatekeeper Residue”
Asn376(Wee1) Thri87(Myt1)

GIu377(Wee1) / Glu188(Myt1)

Cys379(Wee1) | Cys190(Myt1)

Activation Loop

Fig. 45: Comparison of the overall structure of Weel (PDRI€1X8B) and Mytl (PDB: 3P1A).
The structure of Weel and Mytl are shown as gradroeange ribbon, respectively.
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Fig. 46: Comparison of the binding mode of dasatinib (whstiek) in the binding pocket of
different kinases (Abl: orange-2GQG, c-Src: mag&@&sdD, and Btk: cyan-3K54).
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Chemical Structures of Selected Screening Compounds
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Glycotriazole series

a) Methyl glucosides
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c) Triazolo glycosides
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DasAFITC: HR-MS

1_120524144300 4300 RT- 5,78 AV: 1 TNL: 3.77E7"
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Analytics of PeptidesSynthesized in tis Work: HPLC and MS
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Top 50 Peptides per Slide from Microarray Experimerts
For top and bottom slide (I and Il) from the miamag reaction chamber, the 50

highest response peptides are displayed for MytilVilee 1. Peptides are listed in

four tables, providing informations on rank (#),,lDame, arithmetic mean

response index, standard deviation (SD), numbesbskrvations (N), sequence

and the full name of the corresponding protein. Muoal data reflects the

response indek(Eq. 14, Section 5.5.1).

Dr

1

2)

na

Myt Chip |
# |ID | Name Mean |SD |N |Sequence FullName
Index
1 302| EFS_HUMAN 12,91 | 1,59 3 GTDEGIYDV-embryonal FYN-associated
PLLG substrate (HEFS)
2 509| INSR_HUMAN | 7,04 1,03 | 3 GMTRDIYET- insulin receptor (IR)
DYYR
3 659 MKO9_HUMAN | 6,49 1,20 | 3 NFMMTPYV-| mitogen-activated protein kinase
VTRYY (c-Jun N-terminal kinase 2, INK2
4 657 MKO8_HUMAN | 6,47 166 | 3 SFMMTPYV-| mitogen-activated protein kinase §
VTRYY (Stress-activated protein kinase
JNK1) (c-Jun N-terminal kinase 1
5 747| A002-D 5,19 0,95 3 DGHEYIYV- | beta platelet-derived growth facto
DPMQL receptor
6 482| TRKA_HUMAN | 5,06 0,94 | 3 GMSRDIYST high affinity nerve growth factor
DYYR receptor precursor (TRK1
transforming tyrosine kinase
protein) (p140-TrkA) (Trk-A)
7 369| DDR1_HUMAN | 4,09 0,21 | 3 GMSRNLYA-| epithelial discoidin domain recept
GDYYR 1 precursor (Tyrosine-protein
kinase CAK) (Cell adhesion kinas
(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- | ephrin type-B receptor 2 precurso|
PFTY (Tyrosine-protein kinase receptor
EPH-3) (DRT) (Receptor protein-
tyrosine kinase HEK5) (ERK)
9 111| KP58_HUMAN | 3,74 0,40]| 2 RIEEGTYGV1 galactosyltransferase associated
4 VYRA protein kinase p58/GTA (Cell
division cycle 2-like 1) (CLK-1)
(p58 CLK-1)
10 | 548/ INR1_HUMAN |3,71 0,57 | 3 SSSIDEYFSH-interferon-alpha/beta receptor alp
QPL chain precursor (IFN-alpha-REC)
11 | 341| EPB1_HUMAN | 3,69 1,09 | 3 SPGMKIYID-| ephrin type-B receptor 1 precurso
PFTY (Tyrosine-protein kinase receptor
EPH-2) (NET) (HEK®6) (ELK)
12 | 327| EPA4_HUMAN | 3,35 1,06 | 3 NQGVRTYV-| ephrin type-A receptor 4 precurso
DPFTY (Tyrosine-protein kinase receptor
SEK) (Receptor protein-tyrosine
kinase HEKS)
13 | 684| AD15 HUMAN | 3,29 0,17 | 2 VMLGAGY- | ADAM 15 precursor (A disintegrin
WYRARL and metalloproteinasdomain 15)
(Metalloproteinase-like)
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14 | 115| FGR1_HUMAN | 3,26 0,87 LTSNQEYLD¢ basic fibroblast growth factor
LSMP receptor 1 precursor (FGFR-1)
(bFGF-R) (Fms-like tyrosine
kinase-2) (c-fgr)
15 | 175| C79A_HUMAN | 3,23 1,12 YEDENLYE- | B-cell antigen receptor complex
GLNLD associated protein alpha-
chaiprecursor (Ig-alpha) (MB-1
membrane glycoprotein) (Surface
IgMassociated protein) (Membranie-
bound immunoglobulin associated
protein) (CD79a)
16 | 362| EPB4_HUMAN | 3,21 1,01 GHGTKVYI- | ephrin type-B receptor 4 precurso
DPFTY (Tyrosine-protein kinase receptor
HTK)
17 | 101| PIG2_HUMAN | 3,17 0,81 RDINSLYDV+ 1-phosphatidylinositol 4,5-
SRMY bisphosphate phosphodiesterase
gamma-2 (Phospholipase C-1V)
18 | 710| TIE2_HUMAN | 3,02 0,87 LYEKFTYA- | angiopoietin 1 receptor precursor
GIDCS (Tyrosine-proteikinase receptor
TIE-2) (Tyrosine-protein kinase
receptor TEK) (P14TEK) (Tunica
interna endothelial cell kinase)
19 | 653| MK13_HUMAN | 3,01 0,53 DAEMTGYV-| mitogen-activated protein kinase 13
VTRWY (Stress-activated protein kinase-4)
(Mitogen-activated protein kinase
p38 delta) (MAP kinase p38 deltg)
20 | 357| CDN1_HUMAN | 2,96 1,02 GRKRRQTS-| cyclin-dependent kinase inhibitor 1
MTDFY (Melanoma differentiatioassociated
protein 6) (MDA-6) (P21) (CDK-
interacting protein 1)
21 | 651| MK12_HUMAN |2,73 0,43 DSEMTGYV-| mitogen-activated protein kinase 12
VTRWY (Extracellular signal-regulated
kinase 6) (ERK-6) (ERK5) (Stress-
activated protein kinase-3)
(Mitogen-activated protein kinase
p38y) (MAP kinas p38§)
22 | 656/ MKO7_HUMAN | 2,73 0,28 QYFMTEYV- | mitogen-activated protein kinase 7
ATRWY (Extracellular signal- regulated
kinase 5) (ERK-5) (ERK4) (BMK1
kinase)
23 | 376/ ERB4_HUMAN | 2,67 1,11 VAENPEYLS{ ERBB-4 receptor protein-tyrosine
EFSL kinase precursor (p180erbB4)
(Tyrosine kinase-type cell surface
receptor HER4)
24 | 410| FAK2_HUMAN | 2,59 0,89 YIEDEDYYK-| focal adhesion kinase 2 (FADK 2)
ASVT (Proline-rich tyrosine kinase 2)
(Cell adhesion kinase beta) (CAK
beta)
25 | 117| TRKB_HUMAN | 2,57 0,37 GMSRDVYS-| BDNF/NT-3 growth factors
TDYYR receptor precursor (TrkB tyrosine
kinase) (GP145-TrkB) (Trk-B)
26 | 358/ CDN1_HUMAN | 2,54 0,16 RKRRQTSM-| cyclin-dependent kinase inhibitor 1
TDFYH (Melanoma differentiatioassociated
protein 6) (MDA-6) (P21) (CDK-
interacting protein 1)
27 | 899| A008-C 2,53 0,30 YEPETVYEV-cortactin
AGAG
28 | 347| EPB3_HUMAN | 2,50 1,13 APGMKVYI- | ephrin type-B receptor 3 precurso
DPFTY (Tyrosine-protein kinase receptor

HEK-2)
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29 | 542|IGIR_HUMAN |2,35 0,48 DIYETDYYR-| insulin-like growth factor | recepto
KGGK precursor
30 | 375| ERB4_HUMAN | 2,35 1,14 TLQHPDYL- | ERBB-4 receptor protein-tyrosine
QEYST kinase precursor (p180erbB4)
(Tyrosine kinase-type cell surface
receptor HER4)
31 | 468| A066-C 2,27 0,48 AFDNLYYW-| ErbB-2 receptor protein-tyrosine
DQDPP kinase precursor
32 | 855| CDK2_HUMAN | 2,25 0,65 KIGEGTYGVH cell division protein kinase 2 (p33
VYKA protein kinase)
33 | 168/ CDC2_HUMAN | 2,21 0,70 EKIGEGTYGH cell division control protein 2
VVYK homolog (P34 protein kinase)
(Cyclin-dependent kinase 1)
(CDK1)
34 | 550 MINK_HUMAN | 2,18 0,58 QARVLESY- | IsK slow voltage-gated potassium
RSCYV channel protein (Minimal potassiu
channel) (MinK)
35 | 746| A002-C 2,15 0,86 SSDGHEYIY} beta platelet-derived growth facto
VDPM receptor precursor
36 | 745| TRKB_HUMAN (2,10 0,79 VYSTDYYR- | BDNF/NT-3 growth factors
VGGHT receptor precursor (Trk tyrosine
kinase) (GP145-TrkB) (Trk-B)
37 | 101| STK9_HUMAN | 2,03 0,12 NANYTEYV- | serine/threonine-protein kinase 9
4 ATRWY
38 | 514|IRS1_HUMAN |1,99 0,35 LENGLNYI- | insulin receptor substrate-1 (IRS-]
DLDLV
39 | 262| DCX_HUMAN 1,93 0,27 IVYAVSSDR-| doublecortin (Lissencephalin-X)
FRSF (Lis-X) (Doublin)
40 | 105/ SPIH_HUMAN |1,83 0,09 FDDDFHIYV-| spindlin homolog (Protein DXF34
2 YDLV
41 | 711| TIE2_HUMAN |1,81 0,08 MTCAELYE- | angiopoietin 1 receptor precursor
KLPQG (Tyrosine-proteikinase receptor
TIE-2) (Tyrosine-protein kinase
receptor TEK) (P14TEK) (Tunica
interna endothelial cell kinase)
42 | 113| TXK_HUMAN |1,72 0,35 YVLDDEYV- | tyrosine-protein kinase TXK
5 SSFGA
43 |43 | ACHD_ 1,65 0,15 ISKAEEYFL- | acetylcholine receptor protein
HUMAN LKSR
44 | 530| AO61-A 1,65 0,12 LAVSEEYLD{ fibroblast growth factor receptor 4
LRLT precursor (FGFR-4)
45 | 182| CDK5_HUMAN | 1,63 0,19 EKIGEGTYGH cell division protein kinase 5 (Tau
TVFK protein kinase Il catalytic subunit
(TPKII catalytic subunit)
(Serine/threonine-protein kinase
PSSALRE)
46 | 113| ROR1_HUMAN | 1,63 0,21 EIYSADYYR-| tyrosine-protein kinase
3 VQSK transmembrane receptor ROR1
precursor (Neurotrophic tyrosine
kinase
47 | 983| RRPP_HRSV 1,51 0,2Q NNEEESSYSRNA polymerase alpha subunit
YEEI (Phosphoprotein P)
48 | 138| A003-A 1,49 0,12 GASTGIYEA{ alpha enolase
LELR
49 | 313| P53_HUMAN 1,48 0,37 LSQETFSDL; cellular tumor antigen p53 (Tumot
WKLL suppressor p53) (Phosphoproteip
50 | 256/ DDR2_HUMAN | 1,48 0,25 NLYSGDYY- | discoidin domain receptor 2
RIQGR precursor (Receptor protein-

tyrosine kinase TKT) (Tyrosine-
protein kinase TYRO 10)

(Neurotrophic tyrosine kinase)
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Myt1 Chip II
# ID | Name Mean |SD |N |Sequence FullName
Index
1 133|JC4503 4,93 0,64, 3 WKYLYRSP+{ macrophage maturation-associat
TDFMR transcript dd3f protein
2 766| RHOA _ 4,70 169 | 3 ARRGKKKS- | transforming protein RhoA (H12)
HUMAN GCLVL
3 150| MK14_HUMAN | 3,83 1,20 | 3 DDEMTGYV-| mitogen-activated protein kinase
ATRWY 14 (Mitogen-activateprotein kinas
p38) (MAP kinase p38) (Cytokineg
suppressive antiinflammatory dru
binding protein) (CSAID binding
protein) (CSBP(MAX-interacting
protein 2) (MAP kinase MXI2)
4 100| JS0648 3,45 0,49 3 NPNYGYTS{ sodium channel alpha chain
5 YDTFS
5 107|JC4812 3,35 0,50, 3 GYATKYTS-| hyaluronan synthase
7 RSRCY
6 442| AO51-F 3,27 0,24 3 YPNDSVYA-| proto-oncogene tyrosine-protein
NWMLS kinase receptor Ret precursor
7 149| MK11_HUMAN | 3,25 1,01 | 3 DEEMTGYV-| mitogen-activated protein kinase
ATRWY 11 (Mitogen-activateprotein kinas
p38 beta) (MAP kinase p38 beta
(p38b) (p38-2) (Stressactivated
protein kinase-2)
8 968| JH0826 2,96 0,67 3 AFLLESTM- | glutamate ionotropic receptor
NEYYR EAAL chain precursor
9 654| STHM_HUMAN | 2,87 1,10 | 3 | AEERRKSHE-stathmin (Phosphoprotein P19)
AEVL (PP19) (Oncoprotein 18)
(OP18(Leukemia-associated
phosphoprotein P18) (PP17)
(Prosolin(Metablastin) (PR22
protein)
10 | 211|JC2522 2,79 0,86 3 RKKLDESIY} nuclear autoantigen
DVAF
11 | 967|JH0826 2,53 0,69 3 QNSRYQTY+ glutamate ionotropic receptor
QRMWN EAAL1 chain precursor
12 | 536/ TVHURS 2,43 0,16 | 3 GLARDIYKN{ kinase-related protein ros-1
DYYR precursor
13 | 469| KRAF_HUMAN | 2,31 0,10 | 2 QRDSSYYW-| RAF proto-oncogene
EIEAS serine/threonine-protein kinase
(RAF-1) (C-RAF)
14 | 32 | A46612 2,30 0,59 3 YATVKQSS{ N-methyl-D-aspartate receptor
VDIYF chain 1 precursor
15 | 56 | A040-I 2,27 0,71 3 LGFKRSYEE-insulin receptor (IR)
HIPY
16 | 496| A38197 2,13 0,07 3 GIIGEGTYGH protein kinase cdc2-like
QVYK
17 | 17 | TRKA_HUMAN| 2,11 0,55 | 3 IIENPQYFSDt high affinity nerve growth factor
ACV receptor precursor (TRK1
transforming tyrosine kinase
protein) (p140-TrkA) (Trk-A)
18 | 147 MKO1_HUMAN | 2,11 0,57 | 3 TGFLTEYVA- mitogen-activated protein kinase
TRWY (Extracellular signalregulated
kinase 2) (ERK-2) (Mitogen-
activated protein kinase 2)
(MAkinase 2) (MAPK 2) (p42-
MAPK) (ERT1)
19 | 113| A46226 2,07 1,06| 3 RVLLRPSRR-somatostatin receptor 3
7 VRSQ
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20 | 835| HSHUP2 2,05 0,60 YRRRHCSR} sperm histone P2 precursor
RRLHR
21 |16 | TRKA_HUMAN | 2,00 0,51 DIYSTDYYR-| high affinity nerve growth factor
VGGR receptor precursor (TRK1
transforming tyrosine kinase
protein) (p140-TrkA) (Trk-A)
22 | 834| HSHUP1 1,97 0,64 RCCRSQSRBsperm histone P1
RYYR
23 | 72 | A54277 1,91 0,58 LYNRKTSRA transcription adaptor protein p300
VYKYC
24 |18 | TRKA_HUMAN | 1,83 0,21 IYSTDYYRV-| high affinity nerve growth factor
GGRT receptor precursor (TRK1
transforming tyrosine kinase
protein) (p140-TrkA) (Trk-A)
25 |6 A009-B 1,82 0,64 DMYDKEYYt hepatocyte growth factor receptor
SVHNK precursor (HGF-SF receptor)
26 | 756|JC2522 1,77 0,27 QWWNMPSPAuclear autoantigen (striatin,
SVDPY calmodulin binding protein 3)
27 | 422| S68236 1,77 0,20 WKGVKSTG-betaine/GABA transport protein
KVVYF BGT-1
28 | 105| A49368 1,75 0,51 VRWLQESR{ vesicle monoamine transporter
RSRKL
29 | 131| 060491 1,74 0,42 DQGDLMTP; mitogen activated protein kinase
QFTPY activated protein kinase
30 | 969| A45100 1,74 0,36 GLNQPSTPT-mitogen-activated protein kinase
HAAG kinase 1
31 | 965|JH0826 1,73 0,15 FLVARLTPY} glutamate ionotropic receptor
EWYS EAAL chain precursor
32 | 971| A46612 1,72 0,32 QKCDLVTT-| N-methyl-D-aspartate receptor
GELFF chain 1 precursor
33 | 41 | B059-B 1,70 0,42 GGVKRISGl histone H4
IYEE
34 | 531| TVHUTT 1,69 0,21 LAQAPPVYLA nerve growth factor receptor
DVLG
35 | 114| 568442 1,69 0,28 ASSQDCYD|-Grb2-associated binder-1 protein
4 PRAF
36 | 495|S71363 1,68 0,07 ALRRRRTLT-probable ATP-binding cassette
ELYT transporter ABC-3
37 | 646|S39162 1,68 0,32 LYNRKTSR-| transcription coactivator CREB-
VYKFC binding protein
38 | 428| JHO565 1,68 0,16 LLWLVSGST-calcium channel alpha-2b chain
HRLL precursor
39 |521|RBL2_HUMAN | 1,67 0,52 MDAPPLSPY}retinoblastoma-like protein 2 (13(
PFVR kDa retinoblastoma-
associateprotein) (PRB2) (P130)
(RBR-2)
40 | 34 | A46612 1,66 0,08 PRLRNPSDKN-methyl-D-aspartate receptor
FIYA chain 1 precursor
41 | 63 | JS0648 1,66 0,26 GLSVLRSFRsodium channel alpha chain
LLRV
42 | 717|S74251 1,65 0,43 AFLRSGSVYphosphorylase kinase beta chain
EPLK
43 | 384| KPCE_HUMAN | 1,64 0,44 NGVTTTTFC} protein kinase C
GTPD
44 | 330| B159-B 1,64 0,12 RSKGQESFKnucleophosmin (nucleolar
KQEK phosphoprotein B23)
45 | 106| A49368 1,64 0,26 LQESRRSRKvesicle monoamine transporter
LILF
46 | 533|173632 1,62 0,22 LGKATPIYL-| neurotrophin-3 receptor precursar

DILG
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47 | 106| A47430 1,61 0,24 3 YVQLPRSRR-gastrin/cholecystokinin receptor &
8 ALEL
48 | 961| A46226 1,60 0,08| 3 TGEKSSTMRsomatostatin receptor 3
ISYL
49 | 111|JS0670 1,59 0,44 GPARLEYY insulin receptor substrate-1
3 ENEKK
50 | 111| A57160 1,57 0,11 3 KYKRLRSM-| chemokine (C-C) receptor 4
9 TDVYL
Weel Chip |
# |ID | Name Mean |SD |N |Sequence FullName
Index
1 509| INSR_HUMAN | 1,56 0,17 | 3 GMTRDIYET{ insulin receptor (IR)
DYYR
2 577| LEPR_HUMAN | 1,34 227 | 3 RQPFVKYA- | leptin receptor precursor (LEP-R
TLISN (OB receptor) (OB-R) (HuB219)
3 505| IKKA_HUMAN |1,34 1,87 | 3 KDVDQGSL-| inhibitor of nuclear factor kappa-&
CTSFV 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-| focal adhesion kinase 2 (FADK 2
ASVT (Proline-rich tyrosine kinase 2)
(Cell adhesion kinase beta) (CAK
beta)
5 613| TAU_HUMAN 1,29 2,16 | 3 DRSGYSSPG-microtubule-associated protein tg
SPGT (Neurofibrillary tangle protein)
(Paired helical filament-tau) (PHH
tau)
6 983| RRPP_HRSV 1,28 0,17 NNEEESSYSRNA polymerase alpha subunit
YEEI (Phosphoprotein P)
7 357| CDN1_HUMAN | 1,27 0,09 2 GRKRRQTS-| cyclin-dependent kinase inhibitor|
MTDFY (Melanoma differentiation
associated protein 6) (MDA-6)
(P21) (CDK-interacting protein 1
8 345| EPB2_HUMAN | 1,25 0,10 | 3 TPGMKIYID- | ephrin type-B receptor 2 precurs
PFTY (Tyrosine-protein kinase recepto
EPH-3) (DRT) (Receptor protein-
tyrosine kinase HEK5) (ERK)
9 341| EPB1_HUMAN | 1,24 0,12 | 3 SPGMKIYID- | ephrin type-B receptor 1 precurs
PFTY (Tyrosine-protein kinase recepto
EPH-2) (NET) (HEK®6) (ELK)
10 | 684| AD15_HUMAN | 1,22 0,12 | 2 VMLGAGY- | ADAM 15 precursor (A disintegri
WYRARL and metalloproteinasdomain 15)
(Metalloproteinase-like)
11 | 653| MK13_HUMAN | 1,20 0,11 | 3 DAEMTGY- | mitogen-activated protein kinase
VVTRWY 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- 1-phosphatidylinositol 4,5-
SRMY bisphosphate phosphodiesterase
gamma-2 (Phospholipase C-1V)
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MKO09_HUMAN

1,18

0,14

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

DDEKFVSV-
YGTEE

inhibitor of nuclear factor kappa-B
kinase epsilon subunit (I kappa-B
kinase epsilon) (IkBKE) (IKK-
epsilon) (IKK-E) (Inducible |
kappa-B kinase) (IKK-i)

15

369

DDR1_HUMAN

1,15

0,31

GMSRNLYA-
GDYYR

epithelial discoidin domain
receptor 1 precursor (Tyrosine-
protein kinase CAK) (Cell
adhesion kinase) (Tyrosine kinas
DDR) (Discoidin receptor tyrosing
kinase) (TRK E) (Protein-tyro ine
kinase RTK 6) (CD167a antigen)

D

16

376

ERB4_HUMAN

1,15

0,11

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

GMSRDIYSTH
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

SSVLNDSPF
PEDD

M-phase phosphoprotein 8
(Fragment)

19

168

CDC2_HUMAN

1,12

0,17

EKIGEGTYGH
VVYK

cell division control protein 2
homolog (P34 protein kinase)
(Cyclin-dependent kinase 1)
(CDK1)

20

651

MK12_HUMAN

1,09

0,16

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 p$B

21

175

C79A_HUMAN

1,07

0,25

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

IG1IR_HUMAN

1,05

0,04

DIYETDYYR-
KGGK

insulin-like growth factor |
receptor

23

371

DDR1_HUMAN

1,04

0,10

LYAGDYYR-
VQGRA

epithelial discoidin domain
receptor 1 precursor (Tyrosine-
protein kinase CAK) (Cell
adhesion kinase) (Tyrosine kinas
DDR) (Discoidin receptor tyrosing
kinase) (TRK E) (Protein-tyrosineg
kinase RTK 6) (CD167a antigen)

1]

24

117

TRKB_HUMAN

1,02

0,06

GMSRDVYS-
TDYYR

BDNF/NT-3 growth factors
receptor precursor (TrkB tyrosine
kinase) (GP145-TrkB) (Trk-B)

25

548

INR1_HUMAN

1,02

0,23

SSSIDEYFS-

EQPL

interferon-alpha/beta receptor
alpha chain precursor (IRNREC)
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26 | 757 NEUM_ 0,99 1,65 TETGESSQAfneuromodulin (Axonal membrane
HUMAN EENI protein GAP-43) (PP46) (B-50)
(Protein F1) (Calmodulin-binding
protein P-57)
27 | 287 CDC2_HUMAN | 0,96 0,03 KIGEGTYGV; cell division control protein 2
VYKG homolog (P34 protein kinase)
(Cyclin-dependent kinase 1)
(CDK1)
28 | 180| TRKB_HUMAN | 0,96 0,09 DVYSTDYY- | BDNF/NT-3 growth factors
RVGGH receptor precursor (Trk tyrosine
kinase) (GP145-TrkB) (Trk-B)
29 | 347 EPB3_HUMAN | 0,96 0,02 APGMKVYI- | ephrin type-B receptor 3 precurs
DPFTY (Tyrosine-protein kinase recepto
HEK-2)
30 | 973| RBB8_HUMAN | 0,94 1,51 DPGADLSQ-| retinoblastoma-binding protein 8
YKMDV (RBBP-8) (CtBP interacting
protein) (CtIP) (Retinoblastoma-
interacting protein and myosin-
like) (RIM)
31 | 526 IRR_HUMAN 0,87 0,16 DVYETDYY- | insulin receptor-related protein
RKGGK (IRR) (IR-related receptor
32 | 291| DYRA _ 0,81 0,62 GQRIYQYIQ-| dual-specificity tyrosine-
HUMAN SRFY phosphorylation regulated kinase
1A (Protein kinase minibrain
homolog) (MNBH) (HP86) (Dual
specificity YAK1-related kinase)
33 | 262| DCX_HUMAN (0,77 0,61 IVYAVSSDR-| doublecortin (Lissencephalin-X)
FRSF (Lis-X) (Doublin)
34 | 362| EPB4_HUMAN | 0,76 0,55 GHGTKVYI- | ephrin type-B receptor 4 precurs
DPFTY (Tyrosine-protein kinase recepto
HTK)
35 | 937| KPYR_HUMAN | 0,76 1,00 GYLRRASV- | pyruvate kinase
AQLTQ
36 | 602| VINC_HUMAN |0,75 0,15 SFLDSGYRI-| vinculin (Metavinculin)
LGAV
37 | 657| MKO8_HUMAN | 0,75 0,09 SFMMTPYV-| mitogen-activated protein kinase
VTRYY (Stress-activated protein kinase
JNK1) (c-Jun N-terminal kinase 1
(INK-46)
38 | 605/ CCAC_HUMAN | 0,75 0,08 SLGRRASF- | voltage-dependent L-type calciun
HLECL channel alpha-1C subunit
(Calcium channel)
39 | 981| RRPP_HRSV 0,74 0,62 EEESSYSYERNA polymerase alpha subunit
EIND (Phosphoprotein P)
40 | 514|IRS1_HUMAN 0,73 0,17 LENGLNYI- | insulin receptor substrate-1
DLDLV (IRS-1)
41 | 100{ SCG1_HUMAN | 0,71 1,08 QINKRASG- | SCG10 protein (Superior cervica
9 QAFEL ganglion-10 protein)
42 | 327| EPA4_HUMAN | 0,71 0,54 NQGVRTYV-| ephrin type-A receptor 4 precurs
DPFTY (Tyrosine-protein kinase receptg
SEK) (Receptor protein-tyrosine
kinase HEKS8)
43 | 182| CDK5_HUMAN | 0,71 0,67 EKIGEGTY- | cell division protein kinase 5 (Tay
GTVFK protein kinase Il catalytic subuni

(TPKII catalytic subunit)
(Serine/threonine-protein kinase

PSSALRE)
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44 | 256/ DDR2_HUMAN | 0,68 0,49 | 3 NLYSGDYY- | discoidin domain receptor 2
RIQGR precursor (Receptor protein-
tyrosine kinase TKT) (Tyrosine-
protein kinase TYRO 10)
(Neurotrophic tyrosine kinase
45 | 656/ MKO7_HUMAN | 0,67 0,50 | 3 QYFMTEYV- | mitogen-activated protein kinase
ATRWY (Extracellular signal-regulated
kinase 5) (ERK-5) (ERK4)
(BMK1 kinase)
46 | 595| MGP_HUMAN | 0,67 0,54 | 3 CYESHESM-| matrix Gla-protein precursor
ESYEL (MGP)
47 | 111| B165-A 0,66 0,13 2 RIRRRASQ- | gamma-aminobutyric-acid receptor
5 LKVKI beta-1 subunit precursor
48 | 701| ACM4_HUMAN | 0,65 0,19 | 3 NATFKKTF- | muscarinic acetylcholine receptof
RHLLL M4
49 | 550 MINK_HUMAN | 0,65 0,54 | 3 QARVLESY- | IsK slow voltage-gated potassium
RSCYV channel protein (Minimal
potassium channel) (MinK)
50 | 111| KP58 HUMAN | 0,65 0,87| 2 RIEEGTYG- | galactosyltransferase associated
4 VVYRA protein kinase p58/GTA (Cell
division cycle 2-like 1) (CLK-1)
(p58 CLK-1)
Weel Chip I
# |ID | Name Mean |SD |N |Sequence FullName
Index
1 18 | TRKA_HUMAN | 1,05 0,17 | 3 IYSTDYYRV-| high affinity nerve growth factor
GGRT receptor precursor (TRK1
transforming tyrosine kinase
protein) (p140-TrkA) (Trk-A)
2 16 | TRKA_HUMAN | 0,87 0,10 | 3 DIYSTDYYR-| high affinity nerve growth factor
VGGR receptor precursor (TRK1
transforming tyrosine kinase
protein) (p140-TrkA) (Trk-A)
3 73 | IRS1_HUMAN | 0,86 0,10 2 HLRLSTSSG-insulin receptor substrate-1
RLLY (IRS-1)
4 502 | JHO371 0,83 0,00 2 DGISYTTLR{ B-cell adhesion protein CD22 beta
FPEM splice form precursor
5 34 | A46612 0,81 0,01 2 PRLRNPSDKN-methyl-D-aspartate receptor
FIYA chain 1 precursor
6 133 JC4503 0,76 0,08| 3 WKYLYRSP1 macrophage maturation-associated
TDFMR transcript dd3f protein
7 756| JC2522 0,74 0,15| 2 QWWNMPS; nuclear autoantigen (striatin,
PSVDPY calmodulin binding protein 3)
8 330| B159-B 0,68 0,11| 3 RSKGQESFKhnucleophosmin (nucleolar
KQEK phosphoprotein B23)
9 348| PVR2_HUMAN | 0,68 0,07| 3 GEEEEEYLD-poliovirus receptor related protein
KINP 2 precursor (Herpes virus
entrmediator B) (HveB) (Nectin 2
(CD112 antigen)
10 | 401| KPCT_HUMAN | 0,67 0,09 3 GDAKTNTF- | protein kinase C
CGTPD
11 | 131| 060491 0,67 0,26| 3 DQGDLMTP; mitogen activated protein kinase
QFTPY activated protein kinase
12 | 41 | B059-B 0,66 0,25 3 GGVKRISGlhistone H4
IYEE
13 | 121| A065-C 0,65 0,07| 3 HAEAALYK- | mast/stem cell growth factor
NLLHS receptor precursor (SCFR)
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14 | 534| A41527 0,65 0,11 DCLDGLYA-| protein-tyrosine kinase axl
LMSRC precursor
15 | 504| PC4035 0,63 0,20 PYILRRTT- | cell-cycle-dependent 350K nucle
MATRT protein
16 | 87 | KLC2_HUMAN | 0,63 0,16 KDKRRDSA-| kinesin light chain 2 (KLC 2)
PYGEY
17 | 484| RB_HUMAN 0,61 0,11 GGNIYISPL- | retinoblastoma-associated protei
KSPY (PP110) (P105-RB)
18 | 108| A49368 0,60 0,05 VDLRHVSV-| vesicle monoamine transporter
YGSVY
19 | 314| QRHUFT 0,59 0,08 YIHIYLTVR- | follitropin receptor precursor
NPNI
20 | 56 | A040-I 0,57 0,47 LGFKRSYE-| insulin receptor (IR)
EHIPY
21 |17 | TRKA_HUMAN | 0,57 0,15 IIENPQYFSDt high affinity nerve growth factor
ACV receptor precursor (TRK1
transforming tyrosine kinase
protein) (p140-TrkA) (Trk-A)
22 | 378/ KPC2_HUMAN | 0,56 0,44 RHPPVLTPP} protein kinase C
DQEV
23 | 825| QRHUMT 0,56 0,17 PQERMFTID: microtubule-associated protein 2
PKVY
24 | 719|S71339 0,55 0,08 ASGKRVSK{ urea transport protein
ALSYI
25 | 211]|JC2522 0,55 0,37 RKKLDESIY? nuclear autoantigen
DVAF
26 | 63 | JS0648 0,54 0,11 GLSVLRSFRsodium channel alpha chain
LLRV
27 | 111| A57160 0,54 0,11 KYKRLRSM-| chemokine (C-C) receptor 4
9 TDVYL
28 | 612|JS0648 0,54 0,03 AYVKKESGI-sodium channel alpha chain
DDMF
29 | 386| JN0O268 0,53 0,15 RTGKRLTR-| serotonin receptor 1B
AQLIT
30 | 32 | A46612 0,51 0,10 YATVKQSS{ N-methyl-D-aspartate receptor
VDIYF chain 1 precursor
31 | 287| A48222 0,51 0,08 LPIRRKTRS- dematin 48K chain
LPDR
32 | 392|JC2495 0,49 0,07 LKYRTKTR-| histamine H1 receptor
ASATI
33 | 533|173632 0,48 0,08 LGKATPIYL-| neurotrophin-3 receptor precursg
DILG
34 | 95 | B176-G 0,46 0,24 SVTVTRSY+ lamin A (70 kD lamin)
RSVGG
35 | 602| S68236 0,46 0,17 PRQLRKSG{ betaine/GABA transport protein
RRELL BGT-1
36 | 432|JS0648 0,46 0,27 NISALRTFR} sodium channel alpha chain
VLRA
37 | 601|JC2386 0,45 0,15 VWKGVKST} creatine transporter BS2M
GKIVY
38 | 395| A41795 0,45 0,02 ARYRRPTV-| somatostatin receptor 1
AKVVN
39 | 450{ AKT3_HUMAN |0,44 0,30 PHFPQFSYSt RAC-gamma serine/threonine
ASGR protein kinase (RAC-PK-
gamma(Protein kinase Akt-3)
(Protein kinase B
40 | 111|B176-K 0,44 0,31 GDDPLLTY- | lamin A (70 kD lamin)
RFPPK
41 | 140{JC4389 0,44 0,09 RISIFLSMQ- 5-formyltetrahydrofolate cyclo-
DEIE ligase
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42 | 412| PTEN_HUMAN | 0,44 0,09 PDHYRYSD-| protein-tyrosine phosphatase
TTDSD PTEN (Mutated in multiple

advanced cancers 1)

43 | 359(JC4776 0,44 0,04 WRHLTPTG¢ limbic-system-associated
REFEG membrane protein precursor

44 | 485| RB_HUMAN 0,44 0,34 IPHIPRSPYK; retinoblastoma-associated protei
FPS (PP110) (P105-RB)

45 | 35 | A46612 0,44 0,13 VLEFEASQKN-methyl-D-aspartate receptor
CDLV chain 1 precursor

46 | 531| TVHUTT 0,43 0,11 LAQAPPVYLA nerve growth factor receptor
DVLG precursor

47 | 269| 014974 0,43 0,08 REKRRSTGYmyosin phosphatase target subup
SFWT 1

48 | 279| A34400 0,43 0,11 IKNKKGTDLA ezrin
WLGV

49 | 613| CHK2_HUMAN | 0,42 0,10 QPHGSVTQSserine/threonine-protein kinase
QGSS Chk2 (Cds1)

50 | 178| A40409 0,42 0,11 LGGRALSN-| G-0/G-1 switch regulatory proteir

RQHAS

2

it
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MS/MS: Phospho-Peptides
Phospho-EFS_HUMAN_302

" Sequence: GTDEGIYDVPLLG ~
Y7-Phospho {79.96633 Da)
Charge: +2, Monoisotopic m/z: 714.81805 Da (-0.33 mmu/-0.46 ppm), MH+: 142862883 Da, RT:74.33 min, i

Extracted from: \DiscovererDasmaniSpectrumFilesiMS_20130710A002_EFS.RAW #3918 RT: 74.33
ITMS, CID, z=+2, Monc miz=714.81805 Da, MH+=1428 62883 Da, Match Tol.=0.8 Da
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Phospho-A002-D 747

i Sequence: DGHEYIYVDPMGQL -
Y7-Phospho (79.96633 Da)
Charge: +2, Maonoisctopic m/z: 830.34164 Da (-0.05 mmu/-0.06 ppm), MH=: 1653 67600 Da, RT: 113.60 min,

Extracted from: \DiscovererDaemon\SpectrumFiles\MS2_201307100\A002 RAW #5927-5058 RT: 113.60
ITMS, CID, 2=+2, Mone m/z=830.34164 Da, MH+=1659.67600 Da, Match Tol.=0.8 Da
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Phospho-INR1 HUMAN_548

| Sequence: SSSIDEYFSEQPL o
53-Phospho (7396633 Da)
Charge: +2, Monoisotopic m/z: 791.32207 Da (+0.59 mmu/+0.75 ppm), MH+: 1581.63686 Da, RT:27.63min,

Extracted from: \DiscovererDaeman|\SpectrumFilesiMatthias_PPeptide3_20130805MS1_TR_IN.RAW #4015-4111 RT: 87.63
ITMS, CID, z=+2, Mono mfz=791 32207 Da, MH+=1581.63686 Da, Match Tol.=0.8 Da
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" Sequence: 53SIDEYFSEQPL o
59-Phospho (79.96633 Da)
Charge: +2. Monoisctopic m/z: 791.32147 Da (0 mmu/-0.01 ppm). MH-+: 158163566 Da, RT: 85.75 min,

Extracted from: \DiscavererD: \Spactrur _PPeptided_20130805\MS1_TR_IN.RAW #3884-3909 RT: 8575
ITMS, CID, z=+2, Mono miz=781.32147 Da, MH+=1581 63566 Da, Match Tol =08 Da
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Phospho-TRKA_HUMAN_482

7 Sequence: GMSRDIYSTDYYR o
58-Phospho (79.96633 Da)
Charge: +2. Monoisctopic m/z: 853.84645 Da (-1.22mmu/-1.43ppm). MH=: 1706.68562 Da, RT:54.46 min,

Extracted from: \DiscavererD: \Spactrur _PPeptided_20130B05\MS1_TR_IN.RAW #1915-1928 RT:54.46
ITMS, CID, z=+2, Mono miz=853.84645 Da, MH+=1706 68562 Da, Match Tol =0.8 Da
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Abstract / Zusammenfassung

English:
Mytl is an important cell cycle regulating kinas¢éerein, systematic substrate

studies revealed the kinase to be restrictive imdeof substrate acceptance.
While simplified proteins (peptides) were not adeep full-length proteins were
efficiently phosphorylated. Since protein subssadee problematic in screening
assays, a kinase binding assay based on time-eesdlworescence resonance
energy transfer was established and a first inbibiprofile for this kinase was
obtained. As an alternate assay, a fluorescen@ipation based kinase binding
assay was developed and formerly unknown inhibiteese identified. Finally,
peptide microarray studies helped resolve the Mytlistrate issue. Indeed, two
peptides derived from this approach could be \etifand validated as Mytl
substrates also in solution phase.

Deutsch:

Die humane Mytl Kinase ist an der Regulation dedlzyldus beteiligt.

Systematische Substratstudien in dieser Arbeit teejgdass dieses Enzym
restriktiv in der Wahl seiner Substrate agiert. Véak vereinfachte Proteine
(Peptide) nicht phosphoryliert wurden, erwieserh giie Vollproteine als gute
Substrate. Da die Verwendung von ProteinsubstrateScreeningassays viele
Probleme mit sich bringt, wurde ein zeitaufgelostéluoreszenzresonanz-
energietransfer-basierter  Kinasebindungsassay i@tablund ein erstes
Inhibitionsprofil ermittelt. Als Assayalternative urde zudem ein auf
Fluoreszenzpolarisation basierender Bindungsassayiakelt und neue, vormals
unbekannte Hemmstoffe identifiziert. Schlie3lich rden Peptid-Microarrays
verwendet, um die Substratproblematik zu l6sen.sdclich konnten zwei
Peptide aus dieser Herangehensweise auch in L@dsimdytl Substrate bestatigt

und validiert werden.



164

g



Danksagung 165

Danksagung

Nach dem Horen einer Vorlesung Uber Assaymethoden der
Wirkstoffentwicklung und ersten Kkleineren Erfahreng wahrend eines
Studentenpraktikums zu Beginn des Hauptstudiums kiar, dass ich nichts
lieber tate, als in diesem Bereich eine eigensg@ndtorschungsleistung zu
erbringen. Leider schien es so, als sei dies miheme weiteren Werdegang nicht
vereinbar. Doch wahrend des Wabhlpflichtfachs Phamagegen Ende des
Hauptstudiums, wurde ich von Dr. Jens Kohler, segiePostdoc im Arbeitskreis
von Prof. M. Jung, angesprochen und auf die AbtgilMedizinische Chemie der
MLU Halle-Wittenberg aufmerksam gemacht. Inm dan&le sehr flr diesen
entscheidenden Hinweis.

Doch das wére sinnlos gewesen, hatten nicht mektddater Prof. W. Sippl und
mein direkter Betreuer Dr. M. Schmidt mir das Vauen entgegengebracht, hier
tatsachlich anfangen zu kénnen und arbeiten zwediiHierflr und fir samtliche
Unterstitzung mdchte ich mich ausdricklich bedanken

Prof. M. A. Glomb vom Institut fir Lebensmittelchemder MLU Halle-
Wittenberg danke ich dafir, die breite wissenstbh& Aufstellung der
Lebensmittelchemie wdrtlich genommen und mir dawuh Beginn an grol3e
Steine aus dem Weg geraumt zu haben.

Fur immerwahrenden Optimismus sowie steten Ratsteid Tat in allen Fragen
der Proteinbiochemie, Zellkultur und Proteinexpi@ssianke ich Dr. F. Erdmann
(Abteilung Pharmakologie, Institut fir Pharmaziel,. WHalle-Wittenberg), ohne
den die Arbeit in dieser Form nicht hatte entsteki@men.

Auch ohne bioinformatische Unterstlitzung und diercdgefiihrten Unter-
suchungenn silico wére diese Arbeit nicht in ihrer jetzigen Form stahden.
Hierflr danke ich den Theoretikern der Arbeitsgmrsppl, wobei insbesondere
Dr. K. Wichapong hervorzuheben ist, der immer wrenhét Ideen und grof3er
Kompetenz die Arbeit bereicherte.

Ferner danke ich ausdrucklich Prof. M. Jung von AU Freiburg i. Br. und
Prof. M. Schutkowski von der MLU Halle-Wittenbergpicht nur fir die
Ubernahme der Begutachtung, sondern auch fiur dialtlithe Bereicherung
dieser Arbeit durch Ideen (insbesondere in SachemthaScreen bzw. Peptid-
Microarrays) und Nutzungsmoglichkeiten von Geraten.



166 Danksagung

Dem gesamten Institutsbereich Pharmazeutische @hemnd Klinische
Pharmazie des Instituts fir Pharmazie mdchte idneneDank ausdrucken, da im
Rahmen dieser Arbeit sicherlich jede Arbeitsgruppieh in irgendeiner Form
unterstitzt hat, sei es durch Gerate (z.B. das N&&OPlattenlesegerat der
Arbeitsgruppe Prof. P. Imming) oder durch wichtigearbeiten (z.B. die von
Dr. C. Ihling, Arbeitsgruppe Prof. A. Sinz, durcligieten MS-Untersuchungen).
Prof. A. Simm von der Abteilung Herz-Thorax-Chirigrgles Uniklinikums Halle
danke ich fur die Mdglichkeit zur Nutzung des Ted4t000 Plattenlesegeréates.
Dr. S. Pfeiffer und Dominik Schneider bin ich ruomdn Dot Blots zu Dank
verpflichtet.

Fur fachlichen Beistand, gute Zusammenarbeit uneé schéne Zeit danke ich
den Mitgliedern der Arbeitsgruppe Langner/Dobnearsbesondere Christian
Wolk, Patrick Kreideweild und Nicole Erdmann. Flue dinterstitzung in den
Bereichen Microarray und Festphasenpeptidsynthaskedich der Arbeitsgruppe
um Prof. M. Schutkowski, insbesondere Antonia Magzh I. Born und Dr. A.
Schierhorn.

Claudia Henze danke ich fur die gute und fleiRBigearBeit im Rahmen ihrer
Diplomarbeit.

Auch nicht unerwéhnt bleiben soll die Tatigkeit #@rrekturleser, wobei ich hier
insbesondere Nora Bilowich zu groRem Dank verptithin.

An der Schnittstelle zwischen Arbeit und Privatielmeuss nattrlich der Kern der
Arbeitsgruppe Schmidt erwahnt werden: Dr. M. Schimidno Heimburg und
Benjamin Sauer. Uber weite Teile dieser Arbeit ganau diese Konstellation mit
mir gemeinsam im Labor und hat durch geschicktebr&eh von musikalischer
Untermalung und Aroma Nero stets daflir gesorgts dabeit und Freizeit
verschmolzen und zu einer unvergesslichen Zeit arurd

Meinen Eltern und auch GrofR3eltern kann ich nur dankir die Geduld im
Ertragen meines Gejammers, meiner standigen Abwesiennd des bestandig
hohen Stresspegels. Wie viele Staatsexamina urfdrigen noch kommen, habe
ich immer wieder gern erlautert.

Mein grof3tmoglicher Dank geht an meine jetzige Fuad damalige Freundin
Tanja, die 2010 den Weg von Baden-Wiurttemberg méalle gegangen ist und
mich vorher wie seitdem immer unterstitzt und gdgrahat. Ohne sie ware die

Welt grau.



Publikationen 167

Publikationen

Veroffentlichungen mit Fachbegutachtumegér-reviewy.

A. Rohe, F. Erdmann, C. Baller, K. Wichapong, Vpp§iM. Schmidt:

In vitro and in silico studies on substrate rectigniand acceptance of human
PKMYT1, a Cdkl inhibitory kinase.

Bioorganic & Medicinal Chemistry Lette(2012), Volume 22,1219-1223.

A. Rohe, C. Gollner, K. Wichapong, F. Erdmann, G. M Al-Mazaideh,
W. Sippl, M. Schmidt:

Evaluation of potential Mytl kinase inhibitors bRIFRET based binding assay.
European Journal of Medicinal Chemis{3013), Volume 61, 41-48.

A. Rohe, C. Henze, F. Erdmann, W. Sippl, M. Schmidt
A fluorescence anisotropy based Mytl kinase bindisgpy.
ASSAY and Drug Development Technolo2€4.3), DOI: 10.1089/adt.2013.534

Weitere Originalarbeiten sind in Vorbereitung, bamgereicht.

Poster auf wissenschatftlichen Konferenzen:

DPhG Jahrestagung 04.10. - 07.10.2010, Braunsch@eignany:

A. Rohe, C. Philipp, P. Balgarov, C. Gollner, G.-Mazaideh, F. Erdmann,
W. Sippl, H. Rlttinger, M. Schmidt:

Development of a CE based assay for determinatiomuonan Mytl kinase

activity.

Joint Meeting DPhG/ OPhG 20.09. - 23.09.2011, Irunsly Austria:

A. Rohe, F. Erdmann, C. Philipp, G. Al-Mazaidez, Goellner, W. Sippl,
M. Schmidt:

The human PKMYT1 as a target in G2/M transitionsdavery of new lead
structures.

Advances in Microarray Technology, 05.03.2013 088013, Barcelona, Spain:
A. Masch, A. Rohe, M. Schmidt, W. Sippl, V. Scholgpp J. Jansong,
N. Pawlowski, U. Reimer, M. Schutkowski:

Characterizing ‘Reader’, ‘Writer' and ‘Eraser of gst-translational
modifications by Histone Code Microarrays.

DPhG Annual Meeting 2013, 09.10.2013 - 11.10.218iburg i. Br., Germany:
A. Rohe, C. Henze, C. Platzer, F. Erdmann, W. SidpISchmidt:
A fluorescence anisotropy based Mytl kinase bindssay



168




Curriculum Vitae 169

Curriculum Vitae

Angaben zur Person:

Name: Alexander Rohe
Geburtstag: 06.11.1985
Geburtsort: Saarbriicken

Staatsangehorigkeit: deutsch

Familienstand: verheiratet

Angaben zur Ausbildung:

1996 — 2005: Gymnasium Johanneum in Homburg/Saar

06/2005: Allgemeine Hochschulreife

07-2005 — 09/2005:  Eintritt in die Bundeswehr ufigeaneine Grundausbildung

10/2005 — 10/2009: Studium der Pharmazie,
Albert-Ludwigs-Universitat Freiburg i. Br.

08/2007: Erster Abschnitt der Pharm. Prifung

10/20009: Zweiter Abschnitt der Pharm. Prifung
Abschluss: Staatsexamen

10/2009 — 04/2010: Praktikum nach AAppO, Weinbemptheke, Halle (Saale)

04/2010 — 10/2010: Praktikum nach AAppO und Anggti einer Diplomarbeit
in der AG Medizinische Chemie des InstitutsPliarmazie,
Martin-Luther-Universitat Halle-Wittenberg,
Leitung: Prof. Dr. Sippl, Abschluss: Diplom-Pheazeut

11/2010: Dritter Abschnitt der Pharm. Prifung,
im Anschluss: Erteilung der Approbation als Apeker

10/2010 — 04/2013: Studium der Lebensmittelchemie,
Martin-Luther-Universitat Halle-Wittenberg
Abschluss: Diplom-Lebensmittelchemiker

04/2010 — 05/2013: Promotionsstudent in der AG ldiediche Chemie des
Instituts fur Pharmazie, Martin-Luther-Unive#&italle-
Wittenberg, Leitung: Prof. Dr. Sippl

Seit 05/2013: Berufspraktische Ausbildung gema®¥@R.MChem in
der amtlichen Lebensmittel- und Bedarfsgegei&tan
uberwachung am Landesamt flr Verbraucherscmdz u
Lebensmittelsicherheit des Landes Sachsen-Anhalt
Halle (Saale)



170




Eigenstandigkeitserklarung 171

Eigenstandigkeitserklarung

Hiermit erklare ich an Eides statt, dass ich didi@#gende Arbeit selbststandig
und ohne fremde Hilfe angefertigt habe. Ich habéneeanderen als die
angegebenen Quellen und Hilfsmittel benutzt unddgie verwendeten Werken
wortlich oder inhaltlich entnommenen Stellen alElse kenntlich gemacht.
Ferner erklére ich, dass ich mich mit der vorlietgan Dissertation erstmals um
die Erlangung eines Doktorgrads bewerbe. Die wgelele Arbeit ist weder im
Inland noch im Ausland in gleicher oder &hnlicheorr® einer anderen
Prufungsbehérde zum Zweck einer Promotion oder seinanderen

Prufungsverfahren vorgelegt worden.

Halle (Saale), 28.08.2013 Alexander Rohe



