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Summary

Summary

An unbiased Chemical Proteomics approach for the identification of non-protein kinase off-
targets of the multitarget protein kinase inhibitor C1 is presented. Two different compound
immobilization routes were applied in order to identify off-targets interacting with distinct
compound moieties. Furthermore, a soluble mimic of the immobilized compound was
employed to confirm an appropriate compound immobilization with regard to protein kinase
capturing. After having captured several protein kinases by using Cl-matrix, 27 kinases were
selected for a biochemical selectivity screen. A strong enzyme inhibition was found for the
CDKs, demonstrating a high inhibitory potency, as well as for several other kinases from
different kinase families indicating a poor selectivity of that compound. Besides this, several
kinases which were captured by the C1-matrix showed only a low inhibition in the selectivity
studies. Thus, an affinity capturing by the Cl-matrix in the setup used for this study is not
necessarily correlated with a high affinity binding but depends on both, affinity and
expression level. In addition, a protein extract might differ from the physiological conditions
with regard to the physico-chemical behavior of the proteins. Moreover, an indirect capturing
of proteins via their association to other target proteins and protein complexes might occur.
The low inhibitiory potency of C1 toward some kinases initially identified by the affinity pull-
down and the identification of cyclins which are known to form complexes with CDKs
support this assumption. This underlines the essential need for additional methods such as
quantitative biochemical binding studies whenever reasonable in order to (de-)validate the
results from affinity pull-down experiments. Furthermore, the mimic was applied to assess the
functional effects of the linker on target binding. For this purpose, the mimic was screened in
the same panel of kinases which was used for the selectivity studies of C1. The comparison of
the selectivity patterns of compound and mimic revealed individual effects of the linker on
distinct targets. Predominantly, the linker caused a reduction of inhibitory potential, very
likely due to steric effects. However, some kinases showed an increased inhibition by the
mimic compared to CI, presumably due to additional interaction options provided by the
linker. Thus, a mimic helps to improve the data interpretation of Chemical Proteomics
experiments, but it does not allow a general prediction of functional effects of the linker on
target binding.

Within this Chemical Proteomics approach, the human pyridoxal kinase (PDXK) was
identified as being captured by Cl-matrix. Interestingly, PDXK is described to bind to the

CDK2 inhibitor (R)-roscovitine, as well. PDXK is a non-protein kinase, responsible for the



Summary

phosphorylation of vitamin B6, a cofactor for numerous enzymes such as aminotransferases
and decarboxylases. The PDXK/ C1 interaction was shown to occur at the substrate binding
site rather than at the ATP site. However, subsequent quantitative binding studies including
several C1 analogs revealed a very limited inhibition of PDXK activity. It was concluded that
effects in pharmacological applications caused by a PDXK/ C1 interaction seem unlikely.

By employing an alternative immobilization route of C1, the carbonic anhydrase 2 (CA2) was
found among others to be captured by the Cla-matrix. Since the ubiquitous CA2 is inhibited
by C1 in the submicromolar range (ICs), as demonstrated by subsequent activity assays,
unwanted pharmacological effects or a trapping of the compound due to this interaction have
to be taken into consideration. However, these results indicate that a modification at the
sulfonamide group prevents CA2 from binding, most likely due to steric hindrance. To
summarize, the utilization of different compound immobilization routes as a valuable method
for an unbiased off-target profiling by Chemical Proteomics was introduced. By successfully
applying this methodology, several off-targets interacting with distinct compound moieties
were identified. The strategy of different compound immobilization routes can be employed
for the target identification for hit compounds originating from phenotypic screens in cell-
based assays or animal studies, as well. Thus, the utilization of different immobilization

routes may become a useful tool for future off-target and target identification strategies.
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Zusammenfassung

Ziel dieser Arbeit war die Identifizierung unbekannter sekundérer Zielproteine, so genannter
off-targets, des multitarget Proteinkinase-Inhibitors C1 mit Hilfe eines ergebnisoffenen
Chemical Proteomics-Ansatzes. Um off-targets zu finden, die an unterschiedliche Substanz-
motive binden, wurde die Methodik der unterschiedlichen Immobilisierungsstrategien
eingefiihrt. Dariiber hinaus wurde ein so genanntes Mimik, d.h. eine 16sliche Nachahmung der
immobilisierten Substanz, verwendet, um die prinzipielle Eignung der gewihlten Inhibitor-
Kupplung hinsichtlich einer Anreicherung von Proteinkinasen zu zeigen und potentielle
Linkereffekte zu untersuchen. Nachdem eine Reihe von Proteinkinasen angereichert und
identifiziert werden konnten, wurden 27 davon fiir eine biochemische Selektivitidtsstudie mit
rekombinant hergestellten Enzymen ausgewdhlt. Zum einen wurde eine starke Inhibierung der
Enzymaktivitit der getesteten CDKs gefunden, womit das groBe inhibitorische Potential der
Substanz gezeigt wurde. Zum anderen wurden auch bei einer Reihe weiterer Kinasen
verschiedener Proteinkinase-Familien eine starke Abnahme der Enzymaktivitit in Gegenwart
des Inhibitors gefunden. Dies offenbarte die begrenzte Selektivitit des Kinase-Inhibitors. Des
Weiteren trat bei einigen Kinasen eine nur geringe Aktivititsabnahme auf. Es wurde
geschlussfolgert, dass die Anreicherung eines Proteins in dem fiir diese Arbeit verwendetem
Chemical Proteomics-Ansatz nicht zwangsldufig mit einer hohen Affinitdt korreliert.
Vielmehr scheint die Anreicherung von Proteinen in Abhingigkeit von der jeweiligen
Affinitdt und Expressionsstirke zu erfolgen. Dariiber hinaus konnte die Préparation eines
geeigneten Proteinextraktes eine Verdnderung des physiko-chemische Verhaltens der Proteine
induziert haben. Auch eine indirekte Anreicherung von Proteinen {iber deren Assoziation mit
anderen Zielproteinen und Proteinkomplexen kann nicht ausgeschlossen werden. Diese
Annahme wird durch die Identifizierung von Cyclinen, von denen bekannt ist, dass sie feste
Proteinkomplexe mit verschiedenen CDKs eingehen, untermauert. Diese Ergebnisse flihrten
zu der Erkenntnis, dass weiterfilhrende quantitative biochemische Bindungsstudien zur
Validierung der Resultate aus Proteomics-Versuchen essentiell sind. Im Rahmen weiterer
Untersuchungen wurde ein Mimik des gekuppelten Inhibitors verwendet, um funktionelle
Effekte des Linkers auf das Binden der Zielproteine zu untersuchen. Dazu wurde das Mimik
der gleichen Selektivititsstudie wie zuvor die Substanz C1 unterzogen. Der Vergleich der
beiden Selektivitdtsmuster zeigte in der Mehrheit eine Abnahme der inhibitorischen Wirkung
der Substanz infolge der Einfiihrung des Linkers, vermutlich aufgrund von sterisch Effekten.

Allerdings konnte vereinzelt auch ein Gewinn des inhibitorischen Potentials beobachtet
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werden. Hervorgerufen durch die funktionellen Gruppen des Linkers, traten bei den
betroffenen Kinasen vermutlich zusitzliche Wechselwirkungen und einhergehend damit
hohere Bindungsaffinititen auf. Es wurde geschlussfolgert, dass ein Mimik hilfreich bei
Interpretation der Daten aus Chemical Proteomics-Ansétzen ist, allerdings nicht die generelle
Vorhersage von funktionalen Effekten des Linkers auf das Binden von Zielproteinen erlaubt.
Im Rahmen dieser Arbeit wurde die humane Pyridoxalkinase (PDXK) als
potentielles off-target des Inhibitors C1 identifiziert. Interessanterweise ist in der Literatur ein
Binden dieses Enzyms an den CDK-Inhibitor (R)-roscovitine beschrieben. PDXK ist eine
Nicht-Proteinkinase, die fiir die Phosphorylierung von Vitamin B6 verantwortlich ist. Dieses
Vitamin ist ein essentieller Cofaktor fiir zahlreiche Aminotransferasen und Decarboxylasen.
Es konnte gezeigt werden, dass die PDXK/ Cl-Interaktion an der Substrat-Bindungsstelle
auftritt und nicht, wie urspriinglich vermutet, {iber die ATP-Bindungsstelle vermittelt wird. In
anschlieBenden Bindungsstudien wurde jedoch auch bei hohen Inhibitorkonzentrationen (50
uM) eine nur sehr begrenzte Enzym-Inhibition gemessen. Effekte in pharmakologischen
Anwendungen des Inhibitors C1 aufgrund einer Wechselwirkung mit der Pyridoxalkinase
erscheinen daher sehr unwahrscheinlich.
Im Rahmen einer zweiten Immobilisierungsstrategie wurde eine alternative Inhibitor-Matrix
generiert. Diese fiihrte zur Identifizierung weiterer potentieller off-targets, darunter der
Carboanhydrase 2 (CA2). In anschlieBende Enzym-Aktivitdtsassays konnte eine starke
Bindungsaffinitdt (ICsg) im submikromolaren Bereich gezeigt werden. Daher miissen
ungewollte pharmakologische Effekte oder zumindest das ,,Wegfangen* des Inhibitors
aufgrund dieser starken Wechselwirkung der Substanz mit der ubiquitér exprimierten CA2 in
Betracht gezogen werden. Es konnte jedoch gezeigt werden, dass durch eine Modifikation des
Sulfonamidmotivs diese ungewollte Wechselwirkung, vermutlich aufgrund von sterischen
Effekten, vollstindig unterbunden werden kann.
Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die Verwendung
unterschiedlicher Immobilisierungsstrategien eine wertvolle Methodik darstellt, um neue und
unbekannte off-targets von potentiellen Wirkstoffkandidaten zu identifizieren. Durch die
erfolgreiche Anwendung dieser Methodik auf den Proteinkinase-Inhibitor C1 wurden
verschiedene off-targets identifiziert, die mit wunterschiedlichen Substanzmotiven
wechselwirken. Die Methodik unterschiedlicher Immobilisierungsstrategien erscheint
ebenfalls geeignet, um Zielproteine von Substanzen zu identifizieren, die in phénotypischen
Screens in zell-basierten Assays oder Tierstudien gefunden wurden und deren

Wirkmechanismen noch unbekannt sind.
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1.1. Protein kinases play a key role in many cellular processes and
represent suitable drug targets

The 518 human protein kinases constitute about 1.7 % of all human genes (Manning, G. et al.
2002b) and are representing one of the largest families of genes in eukaryotes (Manning, G. et
al. 2002a). On the basis of their structural relatedness, the members of that family are grouped
into about 20 subfamilies. In 1963, the phosphorylation of proteins was identified as a
regulatory mechanism for the control of the glycogen metabolism (Cohen, P. et al. 2001).
Since than, the awareness of protein phosphorylation mediated by protein kinases as a
mechanism of utmost importance for the regulation of protein function has grown remarkably
(Cohen, P. et al. 2001). Protein kinases have turned out to have a key role in many cellular
processes like metabolism, transcription, cell cycle progression, cytoskeletal rearrangement
and cell movement, apoptosis, and differentiation. Additionally, protein kinases are
significantly involved in intercellular communication during development, in physiological
responses and in homeostasis, and in the functioning of the nervous and immune systems
(Manning, G. et al. 2002b). Accordingly, a variety of studies shows that protein kinases are
suitable pharmaceutical target proteins, whose activity can be modified by a drug in order to
treat the diseases which are caused by their dysregulation. Dysregulated kinase activities
caused by upregulation, constitutional activation or inactivation were shown to cause various
severe pathological conditions (Cohen, P. 2002), e.g. cancer (Boehm, J. S. et al. 2007,
Carpten, J. D. et al. 2007; Davies, H. et al. 2002; Engelman, J. A. et al. 2007; Soda, M. et al.
2007; Strebhardt, K. et al. 2006; Tse, A. N. et al. 2007), central nervous system disorders
(Hayashi, M. L. et al. 2007; Smith, W. W. et al. 2006), autoimmune diseases (Whartenby, K.
A. et al. 2005), post-transplant immunosuppression (Changelian, P. S. et al. 2003),
osteoporosis (Buckbinder, L. et al. 2007) and metabolic disorders (Solinas, G. et al. 2007).

In particular, proliferative diseases such as cancer have stimulated considerable efforts in
order to develop therapies against uncontrolled cell proliferation and tumor growth
(Weinmann, H. et al. 2005). Since cyclin-dependent protein kinases (CDKs) have essential
roles during the correct initiation and co-ordination of the cell division cycle phases, the
manipulation of CDK activity is considered as one of potential therapy approaches for the

treatment of cancer and non-cancer indications (Meijer, L. et al. 1999).
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1.2.  The cell cycle

The eukaryotic cell division cycle consists of four highly regulated and co-ordinated
sequential phases during which the genome is replicated and segregated, giving two
genetically identical daughter cells. The Gl-phase is characterized by cell growth and the
response to extracellular stimuli. The DNA replication occurs during the S-phase resulting in
a tetraploid DNA content (4N). The entry into the M-phase (mitosis) is prepared during the
G2-phase and in the mitosis, the duplicated DNA gets segregated (division of the cell
nucleus). Subsequently, the cell divides and the DNA is distributed to the two genetically
identical daughter cells, each containing a diploid amount of DNA (2N). A reversible exit,
which may occur after the M-phase, is termed GO-phase or quiescence, whereas the

irreversible exit from the cell cycle is known as senescence or terminal differentiation.

1.3. Cell cycle co-ordination by cyclin-dependent kinase/ cyclin
complexes

The co-ordinated progression through the cell cycle of eukaryotic cells is highly regulated by
the activity of cyclin-dependent kinases (CDKs), a family of Ser/ Thr protein kinases. At
certain times during the cell cycle, they non-covalently form specific 1:1 complexes with
different cyclins (Cyc), the regulatory subunits of the resulting CDK holoenzymes
(CDK/ Cyc) (Morgan, D. O. 1997). The entry and the progression through the restriction
point in G1 require a combination of CDK4,6/ CycD and CDK2/ CycE activity (Massague, J.
2004; Woo, R. A. et al. 2003). Once this restriction point has been passed, the cell no longer
requires growth factors and proliferative signaling molecules in order to initiate DNA
synthesis and complete one cell cycle (Hitomi, M. et al. 2006). A key substrate of
CDK4,6/ CycD and CDK?2/ CycE is the tumor suppressor gene product retino blastoma (Rb).
In its functional state it acts as a transcriptional corepressor. Besides other mechanisms,
unphosphorylated Rb binds E2F-type transcription factors and forms histone deacetylase
(HDAC)-containing transcription repressor complexes (Lipinski, M. M. et al. 1999). A
hyperphosphorylation of Rb by CDKs causes a release of bound E2F, resulting in the
transcription of the respective E2F target genes involved in DNA synthesis, and in cell cycle
progression (Zhu, L. 2005). Additionally, Rb phosphorylation disrupts Rb-HDAC repressor
complexes leading to further gene activation (Zhang, H. S. et al. 2000), the transition through
the G1-restriction point and the entry into the S-phase. CDK2/ CycE and CDK2/ CycA are

responsible for the progression through the S-phase and its finalization (Senderowicz, A. M.
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et al. 2000). As soon as the cell has entered the S-phase, CDK2/ CycA phosphorylates and
thereby inactivates E2F. After the replication of the DNA has been completed, the
CDK1/ CycB complex co-ordinates the passage through the G2- and the M-phase (Nilsson, I.
et al. 2000) (Figure 1).

GO0-phase

Segragation of
dublicated DNA

\

Mitosis

DNA
replication

Figure 1. Co-ordination of the eukaryotic cell cycle by CDK/ cyclin complexes. The co-ordinated progression
through the cell cycle of eukaryotic cells is highly regulated by the activity of 1:1 complexes of cyclin-dependent
kinases (CDKs) with different cyclins (Cyc). In response to extracellular stimuli by growth factors, the
CDKA4,6/ CycD complex is activated and phosphorylates the tumor suppressor gene product retino blastoma (Rb)
in the Gl-phase. Unphosphorylated Rb binds E2F-type transcription factors which are released upon the
hyperphosphorylation of Rb. Subsequently, the released E2F induces the transcription of target genes involved in
DNA synthesis, and in cell cycle progression, resulting in the entry into the S-phase. CDK2/CycE
phosphorylates Rb in the late Gl-phase and thereby enhances this process. Afterwards, CDK2/ CycE and
CDK2/ CycA are responsible for the progression through the S-phase and its finalization. After the replication of
the DNA has been completed, the CDK1/ CycB complex is activated by the phosphorylation by CDK activating
kinases (CAKs). Upon activation, CDK 1/ CycB co-ordinates the passage through the G2- and the M-phase.
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1.4.  Cell cycle regulation and checkpoint control

The paramount importance of the cell cycle is reflected in its high degree of regulation.
Indeed, the activity of CDKs is tightly controlled by several control mechanisms including
cyclin synthesis and degradation, association of CDK/ Cyc complexes, phosphorylation and
dephosphorylation of regulatory Thr and Tyr residues of CDKs, and association of CDKs
with natural inhibitor proteins. Whereas the protein levels of CDKs are rather constant in
proliferating cells, the levels of cyclins vary through the cell cycle (Morgan, D. O. 1997). For
instance, CycD expression peaks in the early G1-phase due to growth factor stimuli whereas
the expression of CycE is induced by E2F transcription factors once the cell has passed the
Gl-restriction point. Cyclin downregulation is regulated by the N-terminal destruction-box
(D-box) of unbound cyclins and an ubiquitin-mediated proteolysis (King, R. W. et al. 1996).
In addition, CDK activity is regulated by their phosphorylation state. By phosphorylating
regulatory Thr residues, CDK activating kinases (CAKs) can induce CDK activity (Kaldis, P.
1999). In contrast, the kinase family Weel/ Mytl is described to mediate inactivating
phosphorylations of Thr/ Tyr residues (Booher, R. N. et al. 1997; Fattaey, A. et al. 1997;
Lundgren, K. et al. 1991), though, dephosphorylation by cdc25 phosphatase reconstitutes
CDK activity (Nilsson, L. et al. 2000). Furthermore, the activity of CDK/ Cyc complexes is
regulated by a group of natural CDK inhibitor proteins (CKIs) belonging to the CIP/ KIP
family (p21, p27, and p57) and the INK family (pl5, pl6, pl8, and pl9), respectively
(Harper, J. W. et al. 1996). By binding to certain CDKs via their N-terminus, they prevent
ATP binding to the catalytic domain of the respective CDKs (Pavletich, N. P. 1999). In
addition to the network of CDK activity, the correct progression of cell cycle events is
monitored by a checkpoint control system. The G1 checkpoint senses if the cell is appropriate
nourished, if it is correctly interacting with other cells or the substratum, and if DNA is intact.
Thereby, the G1 checkpoint ensures, that the DNA synthesis does not start until all
requirements are fulfilled (Massague, J. 2004). At the G2/ M checkpoint, the correct DNA
replication and assembly of the mitotic spindle is checked. Errors are repaired or the cell cycle
is aborted and apoptosis is induced to prevent passing these errors to daughter cells (Smits, V.

A. et al. 2001).
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1.5. CDKs - Targets for intervention in the cell cycle

Corresponding to the mechanisms illustrated above, the vast majority of human cancers have
abnormalities in some component of the Rb pathway because of hyperactivation of CDKs.
This abnormal activity results from an overexpression of cyclins and CDKs, respectively, or
Rb gene mutations, or a decrease in natural CDK inhibitor proteins (CKIs) (Senderowicz, A.
M. et al. 2000). For instance, the loss of the p27KIP1 protein confers a poor prognosis for
patients with breast, prostate, lung, colon, or gastric carcinoma (Tsihlias, J. et al. 1999).
Furthermore, the loss of the p16INK4a protein predicts a poor outcome in patients with non-
small-cell lung cancer or melanoma (Tsihlias, J. et al. 1999). For this reason, a mechanism-
based therapy using pharmacologic CDK inhibitors is described in the literature as a
promising approach in order to treat neoplasms by the induction of cell cycle arrest, apoptosis,
cell differentiation or sensitization to standard chemotherapies (Senderowicz, A. M. et al.
2000). For therapeutic interventions, direct and indirect strategies are proposed to modulate
CDK activity. Indirect CDK modulators could target the expression level and synthesis of the
CDK/ Cyc complexes or the CKIs. Alternatively, they could modulate the phosphorylation
state of CDKs by targeting CAKs or affecting cdc25 and Weel/ Mytl. Furthermore, the
manipulation of the proteolytic machinery which regulates the degradation of CDK/Cyc
complexes or their regulators is discussed (Senderowicz, A. M. et al. 2000). In contrast, ATP
competitive small molecule CDK inhibitors provide the opportunity for a rational drug design
in order to directly target the ATP binding site of CDKs. Figure 2 shows several CDK
inhibitors against various cancer indications which are currently in advanced preclinical
testing or in clinical trials (Malumbres, M. et al. 2008; Popowycz, F. et al. 2009; Sharma, P.
S. et al. 2008).
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Figure 2. Several CDK inhibitors in preclinical testing or clinical trials.

1.6.  ATP competitive small molecule protein kinase inhibitors

Since all protein kinases employ the nucleotide ATP for the phosphorylation reaction, the
ATP binding pocket was originally thought not to be an appropriate target for drug discovery
(Toledo, L. M. et al. 1999). First, due to the high degree of conservation of the ATP-binding
pocket within the protein kinase family, selectivity is a significant challenge for drug
development. Moreover, the high intracellular ATP concentration of up to 5 mM and K
values in the micromolar range for most of the protein kinases in order to ensure ATP
saturation, ATP competitive inhibitors need to have an inhibitory potential in the low
nanomolar range for an efficient in vivo competition (Lawrence, D. S. et al. 1998). Finally, a
multitude of ATP-dependent enzymes exists, representing an immense potential of toxicity
for indiscriminant ATP mimetic compounds (Morin, M. J. 2000). Nevertheless, the approval
of the first selective tyrosine-kinase inhibitor imatinib (Gleevec, Novartis, Figure 3)

(Capdeville, R. et al. 2002) has demonstrated that protein kinases represent an attractive target
10
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class. Its success has extremely encouraged pharma industry to generate a multitude of kinase
inhibitors, showing that imatinib is not unique (Baselga, J. 2006; Collins, I. et al. 2006).
Besides G-protein coupled receptors, protein kinases have now become the most important
drug target class (Cohen, P. 2002; Goldstein, D. M. et al. 2008). The increasing availability of
x-ray structures of protein kinases in complex with selective, ATP-site directed compounds
has helped to elucidate the inhibitory mechanisms. It was shown that selective compounds
occupy both conserved and non-conserved residues within the ATP binding site (Cherry, M.
et al. 2004; Fischer, P. M. 2004; Toledo, L. M. et al. 1999). These non-conserved amino acid
residues are not involved in the ATP binding but can be unique for a subset of protein kinases
and therefore provide opportunities for specific interactions and the chemical optimization of

inhibitors.
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Gleevec (Imatinib, Novartis)

Figure 3. Gleevec (imatinib, a 2-phenylaminopyrimidine, Novartis) is an ATP-competitive drug which is used
for the treatment of chronic myelogenous leukemia (CML), gastrointestinal stromal tumors (GISTs) and other
types of cancer. The hematological stem cell disorder CML arises from a reciprocal translocation between
chromosome 9 and 22, giving the Philadelphia chromosome. The molecular consequence is a fusion gene of c-
ADbl (Abelson tyrosine kinase) and Brc (breakpoint cluster region). The resulting gene product is the
constitutively active Brc-Abl tyrosine kinase, which leads to an excessive proliferation of myeloid cells in the
bone marrow. Imatinib decreases the kinase activity by occupying the ATP site of Brc-Abl. Further known
targets of Imatinib are c-Kit and PDGF-R. Imatinib was the first selective tyrosine-kinase inhibitor to be
approved by the FDA and triggered a variety of pharmaceutical drug development programs aimed at identifying

selective kinase inhibitors for various indications.

1.7.  Current rational drug discovery strategies might miss unknown off-
targets

The majority of current rational drug discovery strategies are based on a target-centric
process. Several technologies, e.g. northern array-based platforms, are used for the
identification of targets and target classes. Once a target had been identified, it is functional

validated by RNA interference (RNAi, used especially for target overexpression or
11
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knockdown), transgenic animals, and model organisms (Benson, J. D. et al. 2006).
Subsequently, for lead generation, libraries of compounds are screened against the
recombinant, isolated, purified target protein or functional protein domain in order to identify
hits. Hits are compounds which are capable of inhibiting the enzymatic activity of the selected
target with weak or moderate potency and often poor selectivity. During the lead optimization
process, these initially identified hits are further profiled and optimized with regard to their
potency. The compound selectivity is addressed by counterscreens in protein kinase assay
panels resulting in a small number of lead compounds. In theory, a further improvement of
pharmacological properties leads to a candidate structure which is preclinical profiled in
animal models and finally tested in clinical trials (Figure 4) (Morwick, T. et al. 2006;
Pevarello, P. et al. 2004; Wittman, M. et al. 2005). In practice, however, results from
biochemical screening data do not necessarily correlate with the observed effects in cells,
animals or in human. Discrepancies may be explained by additional, unknown drug effects.
Besides the desired on-target kinase inhibition, the compounds might affect multiple unknown
off-targets, which either contribute to the biological effect of the kinase inhibitor or which
counteract or lead to detrimental side-effects. Indeed, it has been estimated that another 1500
human proteins besides protein kinases may exist utilizing ATP (Valsasina, B. et al. 2004),
e.g. ATPases such as heat shock proteins (HSP) and kinesins, GTPases, sulfotransferases and
others (Chene, P. 2003). Thus, due to a high degree of structural conservation of the ATP
binding site, toward which most inhibitors are directed, multiple targets and off-target effects
contributing to the biological activity have been reported for several drugs (Bantscheff, M. et
al. 2007; Budillon, A. et al. 2005; Hall, S. E. 2006; Morphy, R. et al. 2004; Verweij, J. et al.
2007). In order to obtain deeper insights into the target space of a compound, additional
strategies for a more global compound profiling have been developed, such as Chemical
Proteomics (Daub, H. 2005; Drewes G. et al. 2007; Katayama, H. et al. 2007; Knockaert, M.
et al. 2002), active-site labeling probes (Cravatt, B. F. et al. 2008; Sadaghiani, A. M. et al.
2007), compound-immobilized surface plasmon resonance (SPR) technologies (Boozer, C. et

al. 2006) and small molecule microarrays (Uttamchandani, M. et al. 2005).

12



1. Introduction

benzenesulfonamide moiety

aminopyrimidine moiety

Lead profiling Lead optimization

QOO00000

elolelolelelele
2 a2 e e e

-
R
)
QO
™y
R
')
o)
I
e
Y

Preclinical profiling

+

Clinical trials

Lead generation

Target-Centric
Rational Drug
Design

Target validation

D
Target identification M e

Gene
Figure 4. The scheme illustrates the process of a target-based rational drug design. Suitable targets are identified
and validated by employing several technology platforms before lead discovery starts to screen libraries of
compounds against the recombinant, isolated, purified target protein or functional target domain in order to find
a hit compound. Once an appropriate hit structure had been identified, such techniques as x-ray crystallography
and NMR spectroscopy are used to obtain three-dimensional information about the target/ compound complex.
Based on these information, the compound potency is increased during the lead generation and optimization
process by generating suitable derivatives of the compound. In addition, the selectivity of a compound is
addressed by counterscreens in enzyme assay panels. A further improvement of pharmacological properties can
lead to a candidate structure which is preclinical profiled in animal models and finally tested in clinical trials
before approval. However, unknown off-target effects might occur, which either contribute to the biological

effect of the drug or lead to detrimental side-effects, potentially resulting in the project exit.
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1.8.  Chemical Proteomics is a valuable tool for additional compound
characterization

Chemical proteomics is a direct and unbiased approach in order to obtain protein-binding
profiles of compounds of interest. Compared to biochemical screening assays using
recombinant proteins, a Chemical Proteomics approach provides the opportunity to profile a
compound against any proteome of interest containing fully three-dimensional folded
proteins, including all of their post-translational modifications. For this purpose, a small-
molecule ligand is modified by introducing a suitable reactive group, e.g. a primary amine, or
a linker enabling the immobilization to a solid support, referred to as matrix. Crystallographic
data of the target/ compound complex or computational modeling studies can provide
valuable information for the selection of an appropriate coupling region which would not
interfere with the known binding orientation of the compound in the ATP pocket. Afterwards,
an inhibitor affinity chromatography (IAC) is carried out. To this end, the compound matrix is
incubated with a protein extract which can be cell, tissue, or tumor extracts for the affinity
capturing of potential drug targets. An extensive washing procedure using 1 M salt and
several washing steps are crucial parameter in order to reduce non-specific interaction of high
abundant proteins with the matrix or the linker. If non-specific binders are not removed, they
not only might produce artefacts but may also bind and saturate the compound matrix, thereby
impairing the capturing of high-affinity, low abundant binders. Subsequently, the captured
proteins are eluted either specifically using free compound or non-specifically by
denaturation. Due to the often very limited solubility of compounds in aqueous buffers,
reducing their capability of a complete elution, a combination of free inhibitor and ATP was
introduced for a specific and more comprehensive elution (Godl, K. et al. 2003). Moreover, a
sequential elution was suggested to provide additional information of the strength of
interactions (Lolli, G. et al. 2003). Finally, eluted proteins are identified by mass spectrometry
or immunodetection. (Figure 5.)

The concept of a serial affinity chromatography was introduced in order to confirm a specific
enrichment of a potential target protein (Yamamoto, K. et al. 2006). To this end, the protein
extract is incubated with the compound matrix. Subsequently, the flow-through is mixed with
the same amount of fresh compound matrix. Specific binders are essentially captured by the
first affinity matrix whereas the amounts of non-specifically bound proteins are similar for
both matrices. Using this method, the protein target of FK506 (FKBP12),
benzenesulfonamide (carbonic anhydrase 2) and methotrexate (dihydrofolate reductase) were
identified in proof-of-concept experiments (Yamamoto, K. et al. 2006). In parallel to
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capturing experiments using compound matrix, a control matrix can be employed for pull-
down experiments. By comparing the resultant protein patterns, non-specific binders as well
as biologically irrelevant interactions can be identified. If available, an inactive compound can
be used to prepare the control matrix, as suggested by (Knockaert M et al. 2000).
Alternatively, control experiments can be carried out by using blocked and thereby inactivated

matrices as demonstrated in the literature (Godl, K. et al. 2003).
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Figure 5. Protein/ compound interaction profiling by Chemical Proteomics. Linkable compound analogs
provided with a suitable linker are synthesized and covalently immobilized to a solid support. It has to be made
sure that the linker does not interfere with the activity of the compound. The resulting compound affinity matrix
is employed for affinity capturing of interacting protein targets from cell, tissue or tumor lysate. After extensive
washing, bound proteins are eluted specifically using free compound (often, compound solubility is limited) or
non-specifically by denaturation (or sequentially by applying both) and subsequently analyzed by 1D-SDS-
PAGE, LC-MS/MS, and bioinformatical data processing. Non-specifically bound proteins can be identified in
parallel experiments where a control matrix (e.g. an immobilized inactive compound analog or blocked

Sepharose™) is used for pull-down experiments.

Several studies illustrate that Chemical Proteomics has been successfully implemented for the
characterization of kinase inhibitors and other drug candidates. For instance, the FK506-
binding protein and mammalian histone deacetylase 1 were identified by employing Chemical
Proteomics (Harding, M. W. et al. 1989; Taunton, J. et al. 1996). Fukuda et al. identified
leptomycin B as a specific inhibitor of the nuclear export signal-dependent protein, CRM1
(Fukuda, M. et al. 1997). Godl et al. demonstrated the enrichment of several previously
unknown high-affinity kinase targets of the anti-inflammatory drug SB203580 and of the
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angiogenesis inhibitor SU6668 by the respective compound matrices (Godl, K. et al. 2003;
Godl, K. et al. 2005). Several other examples exist, revealing further targets of ATP-mimetic
compounds by inhibitor affinity chromatography (Brehmer, D. et al. 2004; Brehmer, D. et al.
2005; Knockaert M et al. 2000; Knockaert, M. et al. 2002; Liu, Y. et al. 2005; Wissing, J. et
al. 2004).

The Kinobeads approach is an advanced technology which quantitatively measures the
competition of a free compound with an affinity matrix consisting of several immobilized tool
compounds selected to capture a large portion of the expressed kinome and other purine
binding proteins (Bantscheff, M. et al. 2007; Kruse, U. et al. 2008). Imatinib, dasatinib and
bosutinib (Capdeville, R. et al. 2002; Hantschel, O. et al. 2004; Weisberg, E. et al. 2007)
were successfully reprofiled by the Kinobeads technology (Bantscheff, M. et al. 2007).
Known targets of the drugs were confirmed and new targets identified, demonstrating the
capability of Chemical Proteomics to provide valuable information for drug discovery.
However, by profiling compounds against a subset of proteins captured by tool compounds,
the unbiased character in regard to potential off-targets, a particular advantage of Chemical
Proteomics, gets lost to some extent . In fact, an unbiased off-target characterization during
lead optimization processes is highly desirable in order to gain deeper insights into the
biological activity and the off-target profile of a drug, respectively. Emphasizing this, the
investigation of the off-target profile of (R)-roscovitine (Seliciclib, Cyclacel Pharmaceuticals,
Figure 6) by affinity chromatography with the drug immobilized on a Sepharose™ matrix
(Bach, S. et al. 2005; Bettayeb, K. et al. 2008), revealed an unexpected off-target. (R)-
roscovitine is an ATP-competitive small molecule CDK inhibitor which is currently in phase
2 clinical trials for various cancer indications (de la, Motte S. et al. 2004; McClue, S. J. et al.
2002). In addition to its expected targets extracellular signal-regulated kinase 1 (ERKI),
ERK2, and cyclin-dependent kinases (CDKs), the previously unknown off-target pyridoxal
kinase (PDXK) was identified. It has been suggested that the unexpected binding activity of
(R)-roscovitine to PDXK explains some of the biological effects of the drug or dilutes its on-
target effects by reducing the amount of free (R)-roscovitine which is available for the desired

target interaction.
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Figure 6. Structure of the purine class CDK inhibitor (R)-roscovitine (Seliciclib, Cyclacel Pharmaceuticals). The
off-target profile of this ATP-competitive inhibitor was investigated by inhibitor affinity chromatography by
others and the previously unknown off-target pyridoxal kinase (PDXK) was identified.

1.9. Compound C1

The research compound C1 (Figure 7) was generated in an in-house drug discovery program
aimed at identifying and optimizing a small molecule multitarget CDK inhibitor in order to
investigate its suitability for the treatment of cancer. The ATP-competitive compound was
previously shown to have high potency against CDK2 and macrocyclic derivatives were
described as multitarget CDK and VEGF-R inhibitors with potent antiproliferative activities
towards various human tumor cells and in a human tumor xenograft model (Luecking, U. et
al. 2007). The inhibitor C1 chemically belongs to the group of diaminopyrimidines and
contains an aminopyrimidine and a benzenesulfonamide moiety with the sulfonamide group
in the para position. Collaborative efforts of high-throughput screening, medicinal chemistry,
and structural biology compiled broad knowledge about the structure-activity relationship
with regard to CDK2 binding. For instance, the aminopyrimidine moiety was shown to bind
to the hinge region of CDK2 by two hydrogen bonds and the sulfonamide group is known to
form two hydrogen bonds to the main chain and side chain of Asp-86 and one water-mediated
hydrogen bond to the carbonyl group of Ile-10 (Luecking, U. et al. 2007). However, little is
known about the off-target profile of that compound, particularly with regard to potential non-

protein kinase interactions.
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Figure 7. Structure of the compound C1. The pyrimidine class compound contains an aminopyrimidine and a
benzenesulfonamide moiety with the sulfonamide group in the para position. The ATP-competitive inhibitor
was identified in a drug discovery program aimed at generating a small molecule multitarget CDK inhibitor.

Previous studies demonstrated that its inhibitory potential toward CDK2 activity is in the low nanomolar range.
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2. Aim of this thesis

Cyclin-dependent kinases are described in the literature as promising targets for small
molecule kinase inhibitors in order to treat cancer by the induction of cell cycle arrest,
apoptosis, cell differentiation or sensitization to standard chemotherapies. Thus, pharma
industry has generated several ATP-competitive CDK inhibitors some of which are currently
tested in clinical trials. In contrast, the in-house generated multitarget CDK inhibitor C1 is
still object of ongoing optimization processes, although, its high inhibitory potential against
CDK2 activity has already been shown and some knowledge of its structure-activity
relationship with regard to the desired target binding has been obtained, yet (Luecking, U. et
al. 2007). However, the available technologies reveal little about the non-protein kinase off-
target profile of that compound. The objective of this work was therefore to introduce the
Chemical Proteomics technology as a tool broadening the knowledge about the off-target
profile of compound Cl1, particularly with respect to potential non-protein kinase interactions.
Based on a computational model of a compound/ target complex, the first goal was to
identify appropriate compound immobilization routes in order to capture proteins interacting
with distinct compound moieties. Furthermore, a compound derivative provided with a
suitable linker and a functional group for the desired coupling reaction was synthesized within
this work. Additional derivatives, including a soluble mimic and another linkable analog,
were provided by colleagues. An additional goal was to employ the soluble mimic of the
coupled inhibitor to confirm, that the immobilization of the compound would not interfere
with its functionality and to analyze potential linker effects due to the immobilization.
Moreover, it was necessary to introduce a suitable assay protocol for the Chemical Proteomics
approach. This included washing and sample preparation procedures in order to
comprehensively analyze the captured proteins over the entire molecular weight range by
mass spectrometry.
Additionally, an essential aim of this thesis was the biochemical characterization of identified
compound/ off-target interactions. This included the testing of the compound in a protein
kinase assay panel as well as the recombinant expression and purification of a potential off-

target protein for biochemical binding studies.
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3. Materials and Methods

3.1. Reagents and antibodies:

Unless otherwise stated, all reagents were purchased from Sigma (Munich, Germany).
Primary antibodies used were monoclonal mouse anti-CDK2 antibody (Santa Cruz
Biotechnology, Inc., Heidelberg, Germany), polyclonal rabbit anti-PDXK (Abcam plc,
Cambridge, UK), and polyclonal rabbit anti-CA2 (Chemicon/ Millipore, Billerica, MA,
USA). IRDye® 800CW conjugated donkey anti-mouse antibody and IRDye® 700DX donkey
anti-rabbit antibody (both from Rockland Immunochemicals, Inc., Gilbertsville, PA, USA)
were used as the corresponding fluorescently-labeled secondary antibodies. All antibodies

were diluted as recommended by the manufacturer.

3.2.  Chemical Proteomics

3.2.1. Computational modeling

Based on previously published co-crystallization experiments of CDK2 in complex with
various C1 analogs (Luecking, U. et al. 2007), C1 was modeled into the ATP binding pocket
of CDK2 using Discovery Studio 2.1 (Accelrys, Cambridge, UK). The solvent accessible
surface was calculated using Pymol (DeLano Scientific LLC, Palo Alto, CA, USA). This
work was done by Dr. Martina Schaefer (Bayer Schering Pharma AG, Structural Biology).

3.2.2. Synthetic procedures

Figure 8 shows the synthesis of compound C1-SL, which was performed within this thesis.
Analogous to this synthetic procedure, compound C1 and its analogs C1-LL (mimic), and Cla
(Figure 9) were generated in-house by Dr. Ulrich Luecking (Bayer Schering Pharma AG,
Medicinal Chemistry Berlin). The correct compound identity was confirmed by 'H-NMR and
MS.

4-Amino-benzenesulfonyl fluoride (B): 4-Nitro-benzenesulfonyl fluoride A (5 g, 24.4 mmol)
(Acros, Geel, Belgium) in 125 mL ethanol was hydrogenated for 2 h at room temperature
under normal pressure using Raney nickel. Subsequently, the suspension was filtered and 4-
Amino-benzenesulfonyl fluoride (B) was recrystallized from diisopropyl ether/ hexane (1:1,

v/v). 3.8 g (21.7 mmol, 89 % yield) of the product (B) was obtained.
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(5-Bromo-2-chloro-pyrimidin-4-yl)-prop-2-ynyl-amine (E): Prop-2-ynylamine (D) (1.5 mL,
21.9 mmol) and triethylamine (3 mL, 21.9 mmol) were added to a stirred solution of 5-
Bromo-2,4-dichloro-pyrimidine C (5 g, 21.9 mmol) in 100 mL acetonitrile at RT. After 4 h,
the reaction was stopped by the addition of citric acid (20 %) and extracted with ethyl acetate
(2x). The organic phase was dried (Na;SO4) and concentrated in vacuo. 5.3 g (21.5 mmol,
98 % vyield) of the product (5-Bromo-2-chloro-pyrimidin-4-yl)-prop-2-ynyl-amine (E) was

obtained.

4-(5-Bromo-4-prop-2-ynylamino-pyrimidin-2-ylamino)-benzenesulfonyl  fluoride (F): (5-
Bromo-2-chloro-pyrimidin-4-yl)-prop-2-ynyl-amine (E) (3.1 g, 12.7 mmol) and HCI (6.4 mL,
4 M in dioxane) were added to a stirred solution of 4-Amino-benzenesulfonyl fluoride (B)
(3.3 g, 19.1 mmol) in 44.6 mL 2-butanol. Subsequently, the reaction mixture was stirred
under reflux for 22 h at 60 °C. After cooling, the precipitate formed was drained via a suction
pump, washed with water and diisopropyl ether, and dried in vacuo. 4.9 g (11.6 mmol, 91 %
yield) of the product 4-(5-Bromo-4-prop-2-ynylamino-pyrimidin-2-ylamino)-benzenesulfonyl
fluoride (F) was obtained in form of the hydrochloride.

{2-[4-(5-Bromo-4-prop-2-ynylamino-pyrimidin-2-yl-amino)-benzenesulfonyl amino]-ethyl}-
carbamic acid tert-butyl ester (H): (2-Amino-ethyl)-carbamic acid tert-butyl ester G (1.14 g,
7.1 mmol) in 5 mL 2-butanol, 4-Dimethylaminopyridine (DMAP) (175 mg, 1.4 mmol) and
triethylamine (1.31 mL, 9.4 mmol) were added to a stirred solution of 4-(5-Bromo-4-prop-2-
ynylamino-pyrimidin-2-ylamino)-benzenesulfonyl fluoride hydrochloride (F) (2 g, 4.7 mmol)
in 20 mL 2-butanol. After the addition, the reaction mixture was stirred under reflux for 140 h
at 80 °C. After cooling, the precipitate formed was drained via a suction pump, washed with
cold ethanol, and dried in vacuo. 1.94 g (3.7 mmol, 79 % yield) of the product {2-[4-(5-
Bromo-4-prop-2-ynylamino-pyrimidin-2-yl-amino)-benzenesulfonyl amino]-ethyl}-carbamic

acid tert-butyl ester (H) was obtained.

N-(2-Amino-ethyl)-4-(5-bromo-4-prop-2-ynyl-amino-pyrimidin-2-ylamino)-

benzenesulfonamide (C1-SL, J): 4.2 mL trifluoroacetic acid (TFA) (4 °C) were added to a
stirred solution of {2-[4-(5-Bromo-4-prop-2-ynylamino-pyrimidin-2-yl-amino)-benzene-
sulfonyl amino]-ethyl}-carbamic acid tert-butyl ester (H) (1.92 g, 3.7 mmol) in 30 mL
acetonitrile. After the addition, the reaction mixture was stirred under reflux for 24 h at room

temperature. Subsequently, the temperature was increased to 50 °C for one hour. The reaction
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mixture was made basic by the addition of NaHCO; (saturated) and extracted with ethyl
acetate (2x). The combined organic phases were dried (Na,SO,), filtered, and concentrated in
vacuo. The resulting mixture of educt and product was separated by semi-preparative HPLC.
A C18 column (XBridge, Waters, Eschborn, Germany) with 3.5 um particle size, 4.6 mm ID
and 10 cm length and a 15 min linear gradient of 1 to 99 % acetonitrile in water, containing
0.1 % TFA were used to separate the samples. 0.89 g ( 2.1 mmol, 57 % yield) of the product
N-(2-Amino-ethyl)-4-(5-bromo-4-prop-2-ynyl-amino-pyrimidin-2-ylamino)-benzenesulfon-
amide (C1-SL, J) was obtained.
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Figure 8. Synthesis of C1-SL: a) Raney-nickel, EtOH, RT, 89 %; b) NEt; , MeCN, RT, 98 %; c) 2-butanol, HCI
(4 M in dioxane), reflux, 60 °C - RT, then water and diisopropyl ether, 91 %; d) 2-butanol, DMAP, NEt,
reflux, 80 °C = 4 °C, then cold EtOH, 79%; e) MeCN, TFA, reflux, RT = 50 °C; then NaHCO;, ethyl acetate,
HPLC, 57 %.
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3.2.3. Generation of inhibitor matrices via immobilization routes 1 & 2 and

control matrix

In order to perform alternative immobilization routes of compound Cl1, the analogs C1-SL
(for route 1) and Cla (for route 2) were generated (as described above) and coupled to epoxy-
activated Sepharose™ 6B (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), similarly as
described (Brehmer, D. et al. 2004; Godl, K. et al. 2003) (Figure 9). For this purpose, drained
Sepharose™ beads were resuspended in 2 volumes of 20 mM C1-SL or Cla dissolved in
coupling buffer (50 % dimethylformamide/ 0.1 M Na,CO; pH 11) and incubated overnight at
room temperature in the dark. After three washes with coupling buffer, remaining reactive
groups were blocked with 1 M ethanolamine, pH 11. Subsequently, washing steps were
performed according to the manufacturer‘s instructions. Control matrix was prepared by
directly blocking epoxy-activated Sepharose’™ 6B with 1 M ethanolamine, pH 11 and equal

treatment as described above. The matrices were stored at 4 °C in the dark.
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Figure 9. A) For immobilization route 1 of compound Cl1, the “short linker”-analog C1-SL was generated and
coupled to epoxy-activated Sepharose™ beads in a one step reaction, resulting in the Cl-matrix. For the
generation of an alternative inhibitor matrix, the C1 analog Cla was coupled to epoxy-activated Sepharose™
beads at the 4-position according to the immobilization route 2, resulting in the Cla-matrix. B) Control matrix

was prepared by directly blocking epoxy-activated Sepharose™™ 6B with ethanolamine.
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3.2.4. Calculation of the coupling rate and the compound density exemplified

for C1-matrix

For the calculation of the coupling rate of compound C1-SL to epoxy-activated Sepharose™
6B, the absorbance of C1-SL solution was determined photometrically at 280 nm before and
after incubation with the Sepharose™™ beads against a blank (solvent without compound). C1-
SL solution incubated with blocked Sepharose™ (control matrix) was used as a reference. A
SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) and UV-Vis
transparent 96-well microtitre plates (BD Biosciences Europe, Erembodegem, Belgium) were
employed for the measurements. A CI1-SL calibration curve was used to calculate the

respective compound concentrations.

3.2.5.  Immobilization of pyridoxal

Coupling of pyridoxal to EAH—Sepharose™ 4B (GE Healthcare Bio-Sciences AB) was
adapted from the protocol described (Cash, C. D. et al. 1980). The beads (50 mL) were
pretreated as recommended by the manufacturer and added to 350 mL of a 120 mM pyridoxal
hydrochloride solution, pH 7. After incubating overnight at room temperature in the dark,
sodium borohydride (20 mg/ mL) was added dropwise until all traces of yellow color had
disappeared. Meanwhile, 7 % acetic acid was used to keep the pH below 9 (Figure 10).
Subsequently, the matrix was allowed to reach room temperature and the pH was adjusted to
pH 6 with 7 % acetic acid in order to destroy residual sodium borohydride. After washing the
pyridoxal matrix with 250 mL of 3 M potassium chloride solution and 250 mL CV of water,

the matrix was stored at 4 °C in the dark.

OH EAH-Sepharose OH
—\-"...
| X N0 pH7 | X
—_— H
N .= NaBH,, pH <9 N =~
OH OH
pyridoxal (PL) pyridoxal matrix

Figure 10. The substrate of PDXK, pyridoxal, was coupled to EAH-Sepharose™ in a two-step reaction. The
resulting pyridoxal matrix was employed for the purification of recombinant PDXK and for the characterization

of the PDXK/ C1 interaction.
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3.2.6. Cells, cell culture, and cell lysis

NCI-H460 cells (human large cell lung carcinoma cell line, HTB-177, ATCC/ LGC Standards
GmbH, Wesel, Germany) were cultured in DMEM/ Ham's F12 (1:1) (Biochrom, Berlin,
Germany) supplemented with 10 % FBS. Frozen HeLa cells (human cervix carcinoma cell
line, CilBiotech, Mons, Belgium) and H460 cells were lysed in lysis buffer containing 50 mM
Tris/ HCL, pH 8.0, 150 mM NaCl, 10 % glycerol, 0.5 % NP-40, 1 mM EGTA, 1 mM EDTA, 5
mM DTT, 1 mM orthovanadate and Complete protease inhibitor cocktail (Roche Diagnostics
GmbH, Mannheim, Germany). For affinity chromatography experiments, lysates were
precleared by centrifugation (30 min, 50000 g, 4 °C, Optima ™ L-90K Ultracentrifuge,
Beckmann Coulter, Krefeld, Germany) and the protein concentration was determined using

the Bradford method.

3.2.7. Determination of protein concentration using the Bradford method

Protein concentrations were determined using the Bradford method (Bradford, M. M. 1976)
which is based on a colorimetrical measuring of the reduction potential of proteins by a redox
reaction. For this purpose, a BSA calibration curve was prepared. A BSA stock solution (2
mg/ mL, albumin standard, Pierce Biotechnology, Rockford, IL, USA) was diluted in PBS
resulting in standards of increasing BSA concentration covering a range of 20 pug/ mL to 2000
ng/ mL. 25 pL of each concentration standard were added in triplicates to 200 uL of a
mixture of BCA™ Protein Assay Reagent A und B (50:1, reagent A:B, v/v, Pierce
Biotechnology), mixed and incubated for 30 min at 37 °C. Samples of interest were treated
equally. Afterwards, the absorption was measured at 595 nm using a SpectraMax 190
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). The resulting calibration

curve was used to determine the protein concentration of the respective samples.

3.2.8. Inhibitor affinity chromatography (IAC)

Inhibitor affinity chromatography experiments were performed similarly as described
(Brehmer, D. et al. 2004; Godl, K. et al. 2003). HeLa and H460 cell extracts corresponding to
9 mg of total protein (approx. 200 pL) were adjusted to 1 M NaCl. Optionally, 10 mM
pyridoxine in low-salt washing buffer (see below) was spiked into the sample. Cell extracts
were incubated with 25 pL of drained affinity matrix (C1-, Cla-, pyridoxal matrix) or 50 puL
of control matrix for 3 h at 4 °C in Micro Bio-Spin Chromatography Columns (Biorad,
Hercules, CA, USA). Subsequently, the flow-through was discarded whereas the beads were
kept for the washing procedure. After three washing steps with 450 pL of high-salt washing

buffer (1 M NaCl, 50 mM Tris/ HCI, pH 8.0, 10 % glycerol, 1 mM EGTA, 1 mM EDTA) and
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three steps with 450 puL of low-salt washing buffer (150 mM NaCl, otherwise the same
composition as the high-salt washing buffer) the beads were (sequentially) eluted by 200 puL
each of several elution buffers (depending on the question addressed) for 20 min at 4 °C, or
by 22.5 uL of LDS-SB elution buffer for 10 min at 90 °C. ATP buffer: 10 mM ATP, 20 mM
MgCl; in low-salt washing buffer; compound buffer: saturated compound solution in low-salt
washing buffer; pyridoxine buffer: 10 mM pyridoxine in low-salt washing buffer; LDS-SB:
2x LDS-sample buffer, 1x sample reducing agent (both from Invitrogen, Karlsruhe,
Germany). The volume of the elution fractions (with exception of LDS-SB elution fraction
which was directly loaded on SDS-PAGE (Laemmli, U. K. 1970) was reduced to 100 pL in a
Speed Vac® Plus SC110A concentrator (GMI, Ramsey, MN, USA) before precipitation of
proteins using the 2-D Clean-Up Kit (GE Healthcare Bio-Sciences AB). Precipitated proteins
were dissolved in 20 pL. LDS-SB and after reduction (1x sample reducing agent, 90 °C, 10
min) and alkylation (by 50 mM iodoacetamide, 30 min, room temperature, in the dark)
separated by 1-D SDS-PAGE. Proteins were either transferred to a nitrocellulose membrane
and immunoblotted with the indicated antibodies or stained with Coomassie and prepared for

analysis by mass spectrometry.

3.2.9. Serial inhibitor affinity chromatography

Cell extracts were treated as described above. The flow-through, however, was not discarded,
but mixed with fresh affinity or control matrix and incubated for 3 h at 4 °C. After washing
and elution steps as described for inhibitor affinity chromatography, samples were separated

by SDS-PAGE and immunoblotted using an anti-PDXK antibody.

3.2.10. SDS-PAGE

SDS or LDS (sodium or lithium dodecyl sulfate) is used to denatured proteins and apply a
negative charge to each protein in proportion to its mass. Subsequently, a voltage is applied to
separate denatured proteins according to their size and charge in a polyacrylamide gel
(Laemmli, U. K. 1970). The NuPage-XCell SureLock™ Mini-Cell-System (Invitrogen
GmbH, Karlsruhe, Germany) was used for the separation of protein mixtures. Protein samples
were incubated in NuPAGE® LDS-sample buffer containing NuPAGE® sample reducing
agent for 10 min at 95 °C. Subsequently, samples and the SeeBlue® Plus 2 pre-stained marker
were loaded on NuPAGE® Novex 4-12% Bis-Tris pre-cast gels and separated at 200 V for 45
min using 1x NuPAGE® MOPS buffer (all reagents from Invitrogen GmbH).
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3.2.11. Coomassie staining

The dyes Coomassie Brilliant Blue R250 and G250 (both SERVA Electrophoresis GmbH,
Heidelberg, Germany) were used for non-specifically staining protein bands in
polyacrylamide protein gels. For this purpose, the protein gels were incubated for approx. 30
min in Coomassie staining solution (0.12 % (w/v) Coomassie Brilliant Blue R250, 0.12 %
(w/v) Coomassie Brilliant Blue G250, 10 % (v/v) acetic acid, 50 % (v/v) ethanol, water) and

destained in destaining solution (10 % (v/v) acetic acid, water) at room temperature.

3.2.12. LC-coupled mass spectrometry

Lanes from Coomassie stained SDS-PAGEs were sliced across the separation range and
subjected to in-gel tryptic digestion similarly as described (Shevchenko, A. et al. 2006). ESI-
based LC-MS/MS analyses were carried out using an Eksigent NanoLC 2D system (Eksigent,
Dublin, CA, USA). A C18 capillary column (NanoSeparations, Nieuwkoop, Netherlands)
with 5 um biosphere material, 75 um ID and 15 cm length was used at a flow rate of 250
nL/min. A C18 Zorbax 300 SB column (Agilent, Technologies Deutschland GmbH,
Boblingen, Germany) with 5 pm pore material, 300 pm ID and 5 mm length was used as a
trap column. The samples were separated by a 35 min linear gradient of 2 to 35 % acetonitrile
in water, containing 0.1 % formic acid. The HPLC was coupled to a quadrupole/ time-of-
flight mass spectrometer (QSTAR XL) using a nanoelectrospray source (both from Applied
Biosystems/ MDS Sciex, Concord, Canada). The electrospray voltage was set to 2.0 kV. The
data acquisition mode was set to one full MS scan (m/z range 350 to 1100) followed by three
MS/MS events using information-dependent acquisition (the three most intense ions from a
given MS scan were subjected to CID). The peptide masses, which were selected for CID,
were excluded from reanalysis for 30 s.

For the mass determination of intact proteins, a 4000 A PLRP-S column (Michrom
Bioresources, Inc., Auburn, AC, USA) with 8 um pore material, 75 pm ID and 15 cm length
was used at a flow rate of 300 nL/ min. A CapTrap Protein column (Michrom Bioresources)
with 200 pm ID and 2 mm length was used as a trap column. The samples were separated by
a 25 min linear gradient of 4,8 to 50 % acetonitrile in water, containing 0.1 % formic acid.
The HPLC was coupled to a quadrupole/ time-of-flight mass spectrometer (QSTAR XL)

using a nanoelectrospray source (both from Applied Biosystems/ MDS Sciex).
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3.2.13. Data processing

The raw files from the QSTAR XL were converted to Mascot generic format-files by Mascot
Daemon (version 2.2). MS/MS spectra were searched using Mascot'™ 2.0 software (Matrix
Science Ltd., London, UK) against an in-house curated version of the human IPI
(International Protein Index) protein database combined with a decoy version of this database
(Elias, J. E. et al. 2005), which was created by a script supplied by Matrix Science. The search
was performed with tryptic cleavage specificity with one missed cleavage site, a mass
tolerance of 100 ppm for the precursor ions and 0.5 Da for the fragment ions, methionine
oxidation and cysteine carbamidomethylation as variable modifications. Protein
identifications were accepted when at least two peptides with a Mascot ion score of > 25 for
each peptide were found. The false discovery rate (FDR) for peptides was < 5 % in each case.
The protein redundancy in the dataset was eliminated by the ProteinScape software (Version
1.3 SR2, Protagen/ Bruker Daltonik GmbH, Bremen, Germany) (Bluggel, M. et al. 2004). In
order to further reduce dataset complexity by combining several splicing variants for one
protein, and because gene IDs are more stable, BioXM software (version 2.5, BioMax
Informatics AG, Martinsried, Germany) was used to replace IPI numbers by gene IDs as
provided by the Entrez gene database. Resulting lists of gene IDs and gene products were

used for further data analyses.

3.2.14. Western Blot

The iBlot™ Dry Blotting System (Invitrogen) was used for Western blotting. A gel matrix
technology enables the system to generate a high voltage field strength and high protein
currents to increase the transfer speed. Proteins were transferred subsequent to SDS-PAGE

separation from polyacrylamide gels onto nitrocellulose membranes in 6 min at 20 V.

3.2.15. Immunodetection of proteins

The membranes were blocked in Odyssey® Blocking Buffer (LI-COR Biosciences GmbH,
Bad Homburg, Germany) for 1 h at room temperature and incubated overnight at 4 °C with
the specified primary antibodies diluted in Odyssey® Blocking Buffer. Afterwards, the
membranes were washed with PBS/ 0.1 % (v/v) Tween-20 for 10 min (3x) and incubated with
the corresponding fluorescently-labeled secondary antibodies diluted in Odyssey® Blocking
Buffer for 1 h at room temperature. After three washing steps in PBS/ 0.1 % (v/v) Tween-20
for 10 min and one in PBS for 5 min, the membranes were scanned using an Odyssey®

Infrared Imaging System (LI-COR) and the appropriate IR channel.
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3.3. PDXK expression & purification

3.3.1. PDXK expression vector

The recombinant vector pET11a-PDXK kindly provided by Kastner et al. (Kastner, U. et al.
2007). The coding sequence of the splice isoform 1 of PDXK had been introduced into a Ndel
and BamHI restriction site (w/o tag, Figure 11). The vector was analyzed by digestion with

specific restriction endonucleases and agarose gel electrophoresis.
Bam HI (6258) _T7 terminator

splice isoform 1 of PDXK

Ndel (5317) / pET11a-PDXK

6580 bp

/
T7 promoter

Figure 11. The recombinant vector pET11a-PDXK for expression of the splice isoform 1 of the human
pyridoxal kinase (PDXK) in E. coli.

3.3.2. Restriction digest

Double restriction digest was carried out as recommended by the manufacturer (New England
Biolabs homepage, “Double digest Finder”, www.neb.com). 10 units of BamH1 and 20 units
of Ndel were added to NEBuffer 3 supplemented with BSA (all from New England Biolabs
GmbH, Frankfurt am Main, Germany) and applied to 1 pg of DNA in a final volume of 30 uL
for 75 min at 37 °C. Digested DNA was analyzed by agarose gel electrophoresis.
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3.3.3. Agarose gel electrophoresis

For the analysis of the restriction digest, the DNA was separated according to their size in an
agarose gel. For this purpose, SYBR® Safe DNA gel stain *10,000X concentrate in DMSO (5
pL, Invitrogen GmbH) was added to a solution of agarose NA (1 % (w/v), GE Healthcare
Bio-Sciences AB) in 1XxTAE buffer (40 mM Tris/ HCI, 1 mM EDTA, pH 8.3, Invitrogen
GmbH). The samples were dissolved in Blue Juice™ sample buffer (65 % (w/v) sucrose, 10
mM Tris/ HCI (pH 7.5), 10 mM EDTA, and 0.3 % (w/v) bromophenol blue, Invitrogen
GmbH), loaded on the gel and separated at 130 V for 75 min. 1xXTAE was used as running
buffer, a 1kb DNA ladder and a 100bp DNA ladder were used as markers (all from Invitrogen
GmbH).

3.3.4. Transformation

50 ng plasmid DNA (pET11a-PDXK) were added to thawed BL21 (DE3) competent cells (50
puL, Novagen/ EMD Chemicals Inc., Darmstadt, Germany). The cells were incubated on ice
for 30 min and at 42 °C for 30 s. Subsequent to another incubation on ice for 1 min, 250 pL
S.0.C. medium (Invitrogen) were added and the cells were incubated for 1 h at 37 °C with
shaking (200 rpm). Afterwards, the cells were plated on agar plates containing ampicillin and

incubated overnight.

3.3.5. Plasmid DNA isolation and sequencing

Subsequent to transformation, one clone was grown in Luria—Bertani medium containing
ampicillin (200 pg/ mL) for 8 h at 37 °C with shaking (180 rpm). In order to prepare a cell
stock solutions, 100 pL of cell culture were mixed with 900 puL of 10 % (v/v) glycerol and
frozen at -80 °C. The remaining culture was used for plasmid DNA preparation employing a
QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany). Subsequently, the plasmid DNA
was sequenced over its entire length (AGOWA GmbH, Berlin, Germany) to ensure that no
mutations had been introduced and that the DNA sequence was correct. The respective
sequencing primers (Table 1) were provided by AGOWA GmbH. The Vector NTI v10.0.1

Software (Invitrogen) was used to analyze the obtained dataset.

Table 1. Primers for sequencing of the recombinant vector pET11a-PDXK.

Primers Sequence 5’-3’
T7prom TAATACGACTCACTATAGGG
T7term GCTAGTTATTGCTCAGCGG
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3.3.6. Determination of DNA and protein concentration by NanoDrop

The NanoDrop SD-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) was used to determine DNA and protein (purified) concentrations. DNA absorbance
was measured at 260 nm and protein absorbance at 280 nm. The molecular weight and the

molar extinction coefficient of the PDXK are listed in Table 2.

Table 2. The molecular weight and the molar extinction coefficient of the human pyridoxal kinase (PDXK).
Protein Molecular Weight [kDa] Molar Ext. Coeff. [cm™ mMm™]®
native PDXK 35.1 29,9

[a] calculated by the GPMAW v6.21 (Lighthouse data, Odense M, DK)

3.3.7. PDXK expression

The recombinant E.coli strain BL21 (DE3)-pET11a-PDXK was grown in Luria—Bertani
medium containing ampicillin (200 pg/ mL) overnight at 37 °C. The cells of this preculture
were harvested, washed and grown in CIRCLEGROW® medium (Qbiogene, Heidelberg,
Germany) supplemented with ampicillin at 37 °C until ODgo = 1. Isopropyl thio-B-D-
galactoside (IPTG) was added to a final concentration of 0.03 mM, and the culture was
incubated with shaking for 24 h at 37 °C. The cell pellet derived from 2 L of culture was
frozen at -80 °C.

3.3.8. Purification of PDXK

For affinity purification of PDXK, its substrate pyridoxal was coupled to EAH—Sepharose™
(GE Healthcare Bio-Sciences AB) as described above. A preparative LC glass column (TAC
35x125 mm, Kronlab, Dislaken, Germany) was packed with the resulting pyridoxal matrix
and equilibrated with column buffer (50 mM Tris’HCI, pH 7.4; 200 mM NaCl, 1 mM
EDTA). The frozen bacterial cells derived from 2 L of culture were resuspended in ice cold
column buffer before Microfluidizer (Microfluidics, Lampertheim, Germany) treatment for
cell disruption. After sedimentation of the cell debris (45 min, 100000 g, 4 °C, Optima ™ L-
90K Ultracentrifuge, Beckmann Coulter) the supernatant was adjusted to 100 mM KCI and
loaded onto the pyridoxal column for affinity purification similar as described (Cash, C. D. et
al. 1980) at 4 °C. To remove unbound proteins, the column was sequentially washed with
washing buffer WB1 (2 mM potassium phosphate pH 7, 0.1 mM glutathione, 100 mM KCI),

washing buffer WB2 (2 mM potassium phosphate pH 7, 0.1 mM glutathione, 400 mM KCI)
31




3. Materials and Methods

and again with washing buffer WB1. A pyridoxine elution buffer (2 mM potassium phosphate
pH 7, 0.1 mM glutathione, 100 mM KCI, 10 mM pyridoxine) was applied for an isocratic
elution of PDXK at a flowrate of 5 mL/ min. Since both, pyridoxine and the PDXK, absorb
UV-light at 280 nm, capillary electrophoresis (LabChip® 90 System, Caliper, Ruesselsheim,
Germany) (Lin, S. et al. 2003) was used to monitor the purification and identify the protein
containing fractions. In order to determine whether the native state of the purified
recombinant PDXK was a monomer or a higher oligomer and to sense the presence of
aggregated proteins, an analytical size exclusion chromatography was performed at 4 °C
using a Superdex'™ 200 5/ 150 GL column (GE Healthcare Bio-Sciences AB) equilibrated
with SEC buffer (0.1 M potassium phosphate pH 6) at a flowrate of 0.3 mL/min.
Subsequently, a gel filtration standard (Bio-Rad Laboratories GmbH, Munich, Germany) was
applied to the same column as a calibration standard for a molecular weight determination of
the PDXK. Afterwards, a preparative size exclusion chromatography (SEC) was performed in
order to separate PDXK from the pyridoxine. To this end, the respective protein pool was
concentrated using Amicon Ultra-15 Centrifugal Filter Units (10 kDa cut-off, Millipore,
Schwalbach, Germany) and loaded onto a HiLoad™ 26/60 Superdex 75 column (GE
Healthcare Bio-Sciences AB), which had been equilibrated with SEC buffer (0.1 M potassium
phosphate pH 6). The same SEC buffer was used for elution at a flowrate of 1 mL/ min. An
aliquot of the SEC buffer was kept for later isothermal titration calorimetry (ITC)
experiments. Capillary electrophoresis (LabChip® 90 System, Caliper) was used to monitor
the preparative size exclusion chromatography. The identity and the purity of the PDXK in
the final pool fraction was confirmed by SDS-PAGE and LC-ESI-MS/MS analysis (as

described above).

3.4. Enzymatic Assays

3.4.1. Pyridoxal kinase (PDXK)

The activity of recombinantly expressed and purified human PDXK (w/o tag) was assayed for
the determination of the Michaelis constant Kp, as well as for ICso-determination in the
presence of test compounds covering a range of 1 nM - 50 uM, similarly as described
(Kastner, U. et al. 2007). The assay determines phosphorylation of pyridoxal by PDXK by
measuring pyridoxal 5’-phosphate at its absorption maximum of 388 nm (Figure 12). Test
compounds dissolved in Me,SO were pipetted into the wells of a UV-Vis transparent 96-well

microtitre plate (BD Biosciences Europe, Erembodegem, Belgium) containing assay buffer
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(250 pL 70 mM potassium phosphate pH 6.2, 0.1 mM ZnCl,, 2.5 mM ATP, 2,5 ng/ mL
PDXK). The enzymatic reaction was started by addition of substrate dissolved in water (final
pyridoxal concentration was 0.5 mM). Absorbance was determined photometrically at 388 nm
against a blank (same mixture of reagents but without enzyme) using a SpectraMax 190
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) at 37 °C. The initial linear
formation rate of pyridoxal 5°-phosphate was used to calculate the PDXK activity, which is
expressed as percentage of vehicle control (wells containing 2 % Me,SO without test
compounds), representing maximal activity. Curves were fitted to the averaged value of each
triplicate using Sigma Plot 8.02 (Systat Software GmbH, Erkrath, Germany). 10 mM EDTA

served as a negative control; 2 % Me,SO was shown to have no effect on PDXK activity.

0] (@]
4 /4
HO HO Q\P’OH
Z OH PDXK . Z o-\
| ﬁh OH
x> N
N N
ATP ADP
pyridoxal (PL) pyridoxal 5'-phosphate (PLP)
A =315 nm Ay =388 nm

Figure 12. For K;, and ICsy determination, the PDXK activity was assayed by measuring the phosphorylation of
pyridoxal by PDXK at different substrate concentrations or in the presence of test compounds. For this purpose,

pyridoxal 5’-phosphate was measured at its peak absorption at 388 nm.

3.4.2. Cyclin-dependent kinase 2/ Cyclin E (CDK2/ CycE)

CDK?2/ CycE-inhibitory activity of compounds was quantified employing a CDK2/ CycE
HTRF® assay. Recombinant GST fusion proteins of human CDK2 and human CycE
(ProQinase GmbH, Freiburg, Germany) were used to measure the phosphorylation of the
biotinylated peptide biotin-Ttds-YISPLKSPYKISEG-amide (JERINI peptide technologies,
Berlin, Germany). The CDK2/ CycE was incubated for 60 min at 22 °C in the presence of
different concentrations of test compounds in 5 pL assay buffer [SO0 mM Tris/ HCI pH 8.0,
10 mM MgCl,, 1.0 mM dithiothreitol, 0.1 mM sodium orthovanadate, 10 uM ATP, 0.75 uM
substrate, 0.01 % (v/v) Nonidet-P40 (Sigma), 1 % (v/v) dimethylsulfoxide]. The concentration
of CDK2/ CycE was adjusted depending on the activity of the enzyme lot and was chosen
appropriately to measure the assay in the linear range. Typical concentrations were in the
range of 1 ng/ mL. The reaction was stopped by addition of 5 pL of a solution of HTRF®

detection reagents (0.2 uM streptavidine-XLent and 3.4 nM Phospho-(Ser) CDKs Substrate
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Antibody (product #2324B, Cell Signaling Technology, Danvers, MA, USA) and 4 nM Prot-
A-EuK (Protein A labeled with Europium Cryptate from Cis biointernational, France, product
no. 61PRAKLB)) in an aqueous EDTA-solution (100 mM EDTA, 800 mM KF, 0.2 % (w/v)
bovine serum albumin in 100 mM HEPES/NaOH pH 7.0). The resulting mixture was
incubated 1 h at 22 °C to allow the formation of the complex between the phosphorylated
biotinylated peptide and the detection reagents. Afterwards, the amount of phosphorylated
substrate was evaluated by measurement of the resonance energy transfer from the Prot-A-
EuK to the streptavidine-XLent. For this purpose, the fluorescence emissions at 620 nm and
665 nm after excitation at 350 nm were measured in a HTRF® reader, e.g. a Rubystar (BMG
Labtechnologies, Offenburg, Germany) or a Viewlux (Perkin-Elmer, Wiesbaden, Germany).
The ratio of the emissions at 665 nm and 622 nm was taken as the measure for the amount of
phosphorylated substrate. The data were normalized (enzyme reaction without inhibitor = 0 %
inhibition, all other assay components but no enzyme = 100 % inhibition) and ICsy values

were calculated by a 4 parameter fit using an in-house software.

3.4.3. Carbonic anhydrase 2 (CA2)

The inhibitory potential of compounds on human CA2 activity was determined (ICsgp). The
assay determines the hydrolysis of 4-nitrophenyl acetate by carbonic anhydrases (Pocker, Y.
et al. 1967), by measuring 4-nitrophenolate anion at 400 nm (Figure 13). A Tecan Rainbow
96-well spectrophotometer (Tecan Group Ltd., Maennedorf, Switzerland) was used for
measurement. Test compounds dissolved in Me,SO covering a concentration range of 0.01 —
25 uM (final) were pipetted in triplicates into the wells of a 96-well microtitre ELISA plate.
Wells containing solvent without test compound served as reference. Degassed assay buffer
(10 mM Tris/ HC1 pH 7.4, 80 mM NaCl) with 3 units/ well of CA2 was added. The enzymatic
reaction was started by addition of substrate solution (I mM 4-nitrophenyl acetate dissolved
in water-free acetonitrile; final substrate concentration was 50 puM). The plate was incubated
at room temperature for 60 min. Absorbance was determined photometrically at 400 nm
against a blank (same mixture of reagents but without enzyme). The enzyme activity is
expressed as percentage of vehicle control (2% Me,SO without test compounds),

representing maximal activity.
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Figure 13. For ICsy determination, CA2 activity was assayed by measuring the hydrolysis of 4-nitrophenyl
acetate by CA2 in the presence of test compounds. To this end, 4-nitrophenolate anion was measured at its

absorption maximum of 400 nm.

3.4.4. Selectivity screen by KinaseProfiler™ Service

Inhibitory potential of C1 and the mimic (C1-LL) for selected kinases was screened by
KinaseProfiler™ Service provided by Upstate/ Millipore (Dundee, UK) at 1 pM compound
and 10 puM ATP. Detailed information and assay protocols are available under

http://www.millipore.com.

3.5.  Isothermal titration calorimetry for Kp determination

The ITC experiments were performed using a Microcal VP-ITC instrument (MicroCal, LLC,
Northampton, MA, USA). The calorimeter was calibrated using standard electrical pulses as
recommended by the manufacturer. The sample cell was loaded with purified PDXK (12.6
uM) in 0.1 M potassium phosphate (pH 6.0). The syringe was loaded with C1-SL (140 uM) in
the same buffer. To ensure the same buffer conditions an aliquot of the size exclusion
chromatography buffer for protein purification was used to prepare the compound solution.
Titrations were performed at 25 °C with injection volumes of 12 uL and a spacing of 300 s.
Raw data were collected, corrected for ligand heats of dilution, and integrated using the

MicroCal Origin software supplied with the instrument.
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4. Results

4.1.  Two suitable compound immobilization routes derived from a
computational model of a compound/ target complex

A computational model of the protein kinase inhibitor C1 in complex with its target protein
CDK2 was derived from co-crystallization experiments of CDK2 in complex with various C1
analogs (Luecking, U. et al. 2007), (Figure 14 B). The model shows that the aminopyrimidine
moiety is located deep within in the ATP binding pocket of the kinase, whereas the
sulfonamide moiety is accessible from the solvent (Figure 14 C). Based on this computational
model, two suitable immobilization strategies of compound C1 were derived in order to
generate alternative compound affinity matrices for Chemical Proteomics approaches (Figure
15). For the immobilization route one, the sulfonamide group was identified as an appropriate
site for the coupling of the compound. According to the computational model, the resulting
compound affinity matrix was supposed to be suitable for the capturing of proteins interacting
with the aminopyrimidine moiety of compound C1 (e.g. protein kinases). The immobilization
route two via the side chain at the 4-position of the aminopyrimidine moiety, however,

appeared suitable for the capturing of proteins interacting via the sulfonamide moiety of C1.

Figure 14. Computational model: A) Compound C1, the sulfonamide moiety is highlighted in colour. B) A

general view of the target protein CDK?2 in complex with its inhibitor C1. C) Detail view of the ATP binding site
in complex with C1. The aminopyrimidine moiety is located deep within in the binding pocket, whereas the
sulfonamide moiety (in colour) is accessible from the solvent. Two different immobilization routes, via the
aminopyrimidine moiety and the sulfonamide moiety, respectively, were derived for Chemical Proteomics
approaches in order to capture proteins interacting with both compound moieties. (The computational model was

prepared by Dr. M. Schaefer, Bayer Schering Pharma AG Berlin, Germany.)
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Figure 15. Based on the computational model (see above), the sulfonamide group of C1 was identified as an
appropriate site for the immobilization route one in order to capture proteins interacting with the
aminopyrimidine moiety (e.g. protein kinases). The immobilization route two via the side chain at the 4-position

was supposed to be suitable for the capturing of proteins interacting via the sulfonamide moiety.

4.2.  Compound immobilization routes and the mimic

Having identified the sulfonamide group of compound CI1 as an appropriate site for a
compound immobilization (route 1), a short linker was attached at this group. The resulting
short linker analog C1-SL was immobilized to epoxy-activated Sepharose™™ beads (Figure
16). The resulting Cl-matrix was used for affinity purification of binding proteins in a
Chemical Proteomics approach. Futhermore, a soluble mimic of the Cl-matrix was
synthesized to confirm that the immobilization via the sulfonamide does not interfere with the
functionality of the compound and to analyze potential linker effects due to the compound
immobilization. For this purpose, Cl1 was provided with a linker similar to the linking
structure of the Sepharose'™ matrix, giving the long linker analog CI1-LL, referred to as
mimic (Figure 16). In addition, the C1 analog Cla was generated and coupled via the 4-
position of the aminopyrimidine moiety to epoxy-activated Sepharose™ beads (route 2)
giving the Cla-matrix (Figure 16). This affinity matrix was used to capture proteins
interacting via the sulfonamide moiety.

Finally, a control matrix was generated by blocking the functional groups of the epoxy-
activated Sepharose™ beads with ethanolamine. The resulting inactivated resin was used in

control experiments.
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Figure 16. For the compound immobilization route 1, the short linker analog C1-SL was generated and coupled
to a solid support (epoxy-activated Sepharose™ beads). Furthermore, a soluble mimic of the immobilized
inhibitor, referred to as CI1-LL (C1-“long-linker”) or mimic, was generated to confirm a suitable compound
immobilization with regard to target protein binding. Additionally, the mimic was used to analyze potential
effects of the linker. For the second immobilization route, the C1 analog Cla was immobilized to epoxy-

activated Sepharose’™ beads at the 4-position resulting in the Cla-matrix.

4.3.  Synthetic procedures

In order to immobilize compound Cl to epoxy-activated Sepharose’™ beads via its
sulfonamide moiety, the analog C1-SL was synthesized within this thesis as described in the
Materials and Methods section. Analogous to this synthetic procedure, compound C1, Cla
and C1-LL (mimic) were generated in-house by Dr. Ulrich Luecking (Bayer Schering Pharma
AG, Medicinal Chemistry Berlin). The correct identities of the respective intermediates and

final compounds were confirmed by 'H-NMR and MS. The results are listed in Table 3.
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Table 3. '"H-NMR and MS data of intermediates and compounds according to the synthetic procedures

described in the Materials and Methods section.

Compound 'H-NMR ([D6] DMSO) MS
4-Amino-benzenesulfonyl fluoride (B) 7.63 ppm (m, 2H), 6.68 ppm (m, 4H) 174 m/z (ESI-)
(5-Bromo-2-chloro-pyrimidin-4-yl)- 8.28 ppm (s, 1H), 8.13 ppm (br, 1H), 4.07 ppm 246 m/z (ESI+)
prop-2-ynyl-amine (E) (br, 2H), 3.09 ppm (t, 1H)

4-(5-Bromo-4-prop-2-ynylamino- 10.53 ppm (s, 1H), 8.25 ppm (s, 1H), 8.12 ppm | 385 m/z (ESI+)
pyrimidin-2-ylamino)-benzenesulfonyl (m, 2H), 8.06 ppm (t, 1H), 7.95 ppm (m, 2H),

fluoride (F) 4.14 ppm (d, 2H), 3.10 ppm (t, 1H)
{2-[4-(5-Bromo-4-prop-2-ynylamino- 9.78 ppm (s, 1H), 8.11 ppm (s, 1H), 7.96 ppm 525 m/z (ESI+)

pyrimidin-2-yl-amino)-benzenesulfonyl (m, 2H), 7.60 ppm (m, 2H), 7.54 ppm (t, 1H),
amino]-ethyl}-carbamic acid tert-butyl 6.73 ppm (t, 1H), 4.11 ppm (d, 2H), 3.10 ppm (t,

ester (H) 1H), 2.91 ppm (g, 2H), 2.69 ppm (q, 2H), 1.30
ppm (s, 9H)
N-(2-Amino-ethyl)-4-(5-bromo-4-prop-2- | 9.87 (s, 1H), 8.13 (s, 1H), 7.98 (m, 2H), 7.74 425 m/z (ESI+)
ynyl-amino-pyrimidin-2-ylamino)- (br, 2H), 7.61 (m, 4H), 4.11 (dd, 2H), 3.11 (tr,
benzenesulfonamide (C1-SL, J) 1H), 2.83 (m, 4H)
compound C1 10.35 (s, 1H), 8.23 (br, 2H), 7.89 (m, 2H), 7.70 383 m/z (ESI+)
(m, 2H), 7.20 (br, 2H), 4.12 (m, 2H), 3.19 (br,
1H)
mimic (C1-LL) 9.86 (s, 1H), 8.43 (m, 2H), 8.12 (s, 1H), 7.99 (m, = 555 m/z (ESI+)

2H), 7.61 (m, 4H), 4.11 (dd, 2H), 3.85 (m, 2H),
3.35 (m, 3H), 3.26 (m, 1H), 3.11 (tr, 1H), 2.98
(m, 4H), 2.81 (m, 1H), 1.43 (m, 2H), 1.27 (m,
2H), 0.83 (tr, 3H)

compound Cla 9.68 (s, 1H), 8.12 (s, 1H), 7.75 (m, 6H), 7.20 (tr, = 387 m/z (CI+)
1H), 7.13 (s, 2H), 3.61 (m, 2H), 3.08 (m, 2H)

4.4.  Structure-activity relationship observations

In order to perform different immobilization routes of C1, small modifications or linkers were
introduced into the compound as described above. To analyze the impact of these
modifications on the inhibitory potential towards the target protein CDK2, C1, C1-SL, CI1-LL
(mimic) and Cla were assayed in a CDK2 activity assay for ICso-determination (The data
were provided by an in-house screening facility; the results are summarized in Table 4). Since
the inhibition (ICsp) found for C1-SL and the mimic (C1-LL) was in the same single-digit
range as shown for C1, the corresponding compound matrix (C1-matrix) was anticipated to be

suitable for the affinity enrichment of binders. In contrast, a modification at the side chain in
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position 4 of the aminopyrimidine moiety of Cla caused a decrease in the inhibitory potential
by approximately one order of magnitude compared to the inhibitory activity of Cl1
(summarized in table 4-4 1). However, the remaining high inhibitory activity of 18 nM (ICs)

was assumed to be suitable for the efficient affinity capturing of binders.

Table 4. Structure-activity relationship observations for C1-analogs.

compound Cl C1-SL mimic (C1-LL) Cla
1Cso [NM]

1 1 3 18
CDK2/CycEX

[a] HTRF® = Homogeneous Time Resolved Fluorescence Assay

45. Characterization of the C1-matrix

4.5.1. Calculation of the coupling rate and the compound density for C1-matrix

The Cl-matrix was characterized with regard to its compound density and the compound
coupling rate. For this purpose, the absorbance of a C1-SL coupling solution was determined
photometrically at 280 nm before and after incubation with the Sepharose™ beads against a
blank. CI-SL solution incubated with blocked Sepharose™ was used as a reference.
Afterwards, a compound calibration curve (Figure 17) was used to calculate the amount of
C1-SL which had been immobilized to the beads. Starting with a 20 mM C1-SL coupling
solution, 3 pmol of C1-SL were coupled to approximately 1.1 mL of drained Sepharose™™
beads, as described in detail in the calculation below. Thus, the final compound density was
2.7 umol compound per milliliter drained Sepharose™. This corresponds to a coupling rate of
approximately 7 — 14 %, assuming an active group density of 19 -40 pmol/ mL drained
Sepharose™, as specified by the manufacturer. The compound concentration on the bead
surface could not be calculated, due to missing manufacturer’s specifications regarding the
respective active group concentration. However, it was assumed to be high with respect to the
high compound density calculated above. Similar characteristics were assumed for the Cla-

matrix.
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Figure 17. The absorbance at 280 nm of a C1-SL coupling solution (test) was determined photometrically before
and after incubation with epoxy-activated Sepharose™ beads against a blank. C1-SL solution incubated with
blocked Sepharose™ was used as a reference (control). AA,g and a compound calibration curve were used to

calculate the amount of C1-SL which was immobilized to the Sepharose™ beads.

Atest =0.078 (1:1000)

Ace =0.085 (1:1000)

Asgo =0.005 cc1.sp — 0.0004  (As indicated by the C1-SL calibration curve, Figure 17)
CC1-SL = (AAjzs0 + 0.0004) x dilution factor / 0.005

CC1-SL = 1.5 umol/ mL

Nci-sL =ccrsL X VeisL (Vcise: 2 mL of a 20 mM C1-SL solution were applied.)
Ncy-g) =3 umol (n = amount of substance.)

3 umol of compound C1-SL were coupled to approx. 1.1 mL of drained Sepharose™ beads.

Compound density (dci.sp):

dcist =ncrst/ VSepharose (Vsepharose: 0.3 g freeze-dried SepharoseTM powder gave approx.

1.1 mL final volume of medium, as specified by the manufacterer)
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deigl =27 umol/ mL

The compound density of C1-matrix was 2.7 pmol/ mL drained Sepharose™ beads.

Coupling rate (rcisp):

I'ci-sL = dCl—SL/ dactive groups (daclive groups- 19-40 HmOl/ mL, as SpeCiﬁed by the
manufacterer)
Icisi =7-14%

The coupling rate of compound C1-SL to epoxy-activated Sepharose' ™ was approximately

7—14 %.

4.5.2. Proof-of-concept experiments

To demonstate the suitability of the Cl-matrix for the affinity enrichment of target proteins,
affinity capturing experiments were performed. To this end, HeLa cell extracts were
incubated with Cl-matrix and control matrix, respectively. Binding of the target protein
CDK2 to the compound matrix was confirmed by immunodetection after elution (Figure 18,
lane 1-3). No CDK2 enrichment resulted from using control matrix (lanes 4-6).

For the identification of a suitable elution buffer, the captured CDK2 was sequentially eluted
by applying 10 mM ATP/ 10 mM MgCl,/ low-salt washing buffer (detailed in experimental
section), followed by a saturated C1-SL solution (approx. 150 uM) in low-salt washing buffer
and finally LDS-sample buffer (lithtium dodecyl sulfate-sample buffer, LDS-SB) and heat
(Figure 18, lane 1-3). Neither ATP nor compound buffer were found to quantitatively elute
CDK2 from the matrix. Thus, unless otherwise stated, denaturing conditions by boiling beads
in LDS-SB were applied for subsequent experiments for a complete but non-specific elution

of the captured proteins.
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Figure 18. Proof-of-concept: HeLa cell extracts were incubated with compound matrix and control matrix,
respectively. After several washing steps, captured proteins were eluted sequentially by 1.) 10 mM ATP/ 10 mM
MgCl,/ low-salt washing buffer; 2.) a saturated C1-SL solution in low-salt washing buffer; 3.) 2x LDS-SB/ heat.
CDK2 binding to Cl-matrix was demonstrated by immunodetection (lanes 1-3). No CDK2 enrichment resulted

from using control matrix (lanes 4-6).

4.6.  The protein binding profile of C1-matrix

Having demonstrated the suitability of C1-matrix for the capturing of CDK2 from HeLa cell
extracts, LC-MS/MS analysis of eluted proteins was employed to obtain a protein binding
profile for the Cl-matrix (Figure 19). An initial LC-MS/MS-analysis of the entire separation
range (approximately 10 kDa —200 kDa) resulted in the identification of more than three
hundred proteins, the majority of which were supposably non-specific binders. Thus, several
measures were taken in order to improve the discrimination of non-specific interactions from
the primary compound targets. First, a more stringent data processing procedure was used
similar to the guidelines in publication of protein identification data described by (Carr, S. et
al. 2004). For this purpose, the false discovery rate was adjusted to <5 %, the threshold for a
peptide match was set to a Mascot ion score > 25 and proteins, identified by just one peptide
(“one-hit-wonders”) were removed from the list. Moreover, the redundancy of the data set
was eliminated by replacing the protein IDs by the corresponding gene IDs in order to
combine several splicing variants and protein IDs of one protein. Additionally, a biological
replicate of the Chemical Proteomics approach was conducted and the overlap of binders
identified in both experiments was kept for further data analysis. Finally, a control matrix was
employed for negative affinity purification experiments. Non-specific protein binders as well

as biological irrelevant interactions identified by using the control matrix were then, together
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with keratins, subtracted from the positive list resulted from using the C1-matrix. As a result,
approximately 90 proteins were identified fulfilling acceptance criteria described above. As
proteins assumed to be specific binders more than 30 protein kinases, several oxidoreductases,
ATP and GTP binding enzymes, and non-protein kinases were found. Additionally, associated
proteins, which are known to interact with several of the identified protein kinases (cyclins),
were detected. Furthermore, the list contained more than 30 proteins, which are presumably
non-specific binders since isoforms or other subunits of the same proteins, or other members
of the same protein families were found in control experiments, as well (e.g. members of the
tyrosine 3/tryptophan 5-monooxygenase activation protein family, tubulin isoforms, exportin
isoforms, importin isoforms, etc.). The results are summarized in Table 5. To obtain a

comprehensive interaction profile for the C1-matrix, more cell lines will have to be screened.

C1- control
matrix matrix

elution: LDS-SB

kDa
191 —

97 —

64—

51—

39—

28 —
lane 1 2
Figure 19. Affinity pull-down using C1-matrix: HeLa cell extracts were loaded on C1-matrix and control matrix,

respectively. After extensive washing, bound proteins were eluted by boiling the beads in 2x LDS-SB and

analyzed by SDS-PAGE, Coomassie staining and LC-MS/MS.

Table 5. Proteins identified by Chemical Proteomics using C1-matrix.
Gene Product™ Gene!®

protein kinases

AMP-activated protein kinase alpha 2 catalytic subunit [Homo sapiens] PRKAAZ2 [Homo sapiens]
AP2 associated kinase 1 [Homo sapiens] AAKI1 [Homo sapiens]
aurora kinase A [Homo sapiens];serine/threonine protein kinase 6 [Homo sapiens] AURKA [Homo sapiens]
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calcium/calmodulin-dependent protein kinase II delta isoform 3 [Homo sapiens]
calcium/calmodulin-dependent protein kinase II gamma isoform 6 [Homo sapiens]
CDC42-binding protein kinase beta [Homo sapiens]

cell division cycle 2 protein isoform 1 [Homo sapiens]

CHK1 checkpoint homolog [Homo sapiens]

conserved helix-loop-helix ubiquitous kinase [Homo sapiens]
cyclin-dependent kinase 2 isoform 1 [Homo sapiens]

cyclin-dependent kinase 5 [Homo sapiens]

cyclin-dependent kinase 7 [Homo sapiens]

cyclin-dependent kinase 9 [Homo sapiens]

fer (fps/fes related) tyrosine kinase (phosphoprotein NCP94) [Homo sapiens]
microtubule associated serine/threonine kinase-like [Homo sapiens]
mitogen-activated protein kinase 1 [Homo sapiens]

mitogen-activated protein kinase 3 isoform 2 [Homo sapiens]
mitogen-activated protein kinase 8 isoform 2 [Homo sapiens]
mitogen-activated protein kinase 9 isoform 1 [Homo sapiens]
mitogen-activated protein kinase kinase 1 [Homo sapiens]
mitogen-activated protein kinase kinase 2 [Homo sapiens]
mitogen-activated protein kinase kinase kinase 11 [Homo sapiens]
MLK-related kinase isoform 1 [Homo sapiens]

p21-activated kinase 4 isoform 1 [Homo sapiens]

PCTAIRE protein kinase 1 [Homo sapiens]

PCTAIRE protein kinase 2 [Homo sapiens]

protein kinase D2 [Homo sapiens]

protein kinase D3 [Homo sapiens]

protein kinase N2 [Homo sapiens]

receptor (TNFRSF)-interacting serine-threonine kinase 1 [Homo sapiens]
receptor-interacting serine-threonine kinase 2 [Homo sapiens]
serine/threonine kinase 10 [Homo sapiens]

serine/threonine kinase 17a (apoptosis-inducing) [Homo sapiens]
serine/threonine kinase 17b (apoptosis-inducing) [Homo sapiens]
serine/threonine kinase 2 [Homo sapiens]

serine/threonine kinase 3 (STE20 homolog, yeast) [Homo sapiens]
serine/threonine kinase 4 [Homo sapiens]

unc-51-like kinase 3 (C. elegans) [Homo sapiens]

viral oncogene yes-1 homolog 1 [Homo sapiens]

non-protein kinases

fructosamine-3-kinase-related protein [Homo sapiens]
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CAMK2D [Homo sapiens]
CAMK2G [Homo sapiens]
CDC42BPB [Homo sapiens]
CDK1 [Homo sapiens]
CHEK!1 [Homo sapiens]
CHUK [Homo sapiens]
CDK2 [Homo sapiens]
CDKS5 [Homo sapiens]
CDK?7 [Homo sapiens]
CDK9 [Homo sapiens]
FER [Homo sapiens]
MASTL [Homo sapiens]
MAPK1 [Homo sapiens]
MAPK3 [Homo sapiens]
MAPKS [Homo sapiens]
MAPKO9 [Homo sapiens]
MAP2K 1 [Homo sapiens]
MAP2K2 [Homo sapiens]
MAP3K11 [Homo sapiens]
ZAK [Homo sapiens]
PAK4 [Homo sapiens]
PCTK1 [Homo sapiens]
PCTK?2 [Homo sapiens]
PRKD?2 [Homo sapiens]
PRKD3 [Homo sapiens]
PKN2 [Homo sapiens]
RIPK1 [Homo sapiens]
RIPK2 [Homo sapiens]
STK 10 [Homo sapiens]
STK17A [Homo sapiens]
STK17B [Homo sapiens]
SLK [Homo sapiens]
STK3 [Homo sapiens]
STK4 [Homo sapiens]
ULK3 [Homo sapiens]

YESI [Homo sapiens]

FN3KRP [Homo sapiens]
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pyridoxal kinase [Homo sapiens]

non-catalytical subunits of protein kinases

AMP-activated protein kinase beta 2 non-catalytic subunit [Homo sapiens]

oxidoreductases
acyl-Coenzyme A dehydrogenase family, member 10 [Homo sapiens]

acyl-Coenzyme A dehydrogenase family, member 11 [Homo sapiens]; putative acyl-CoA

dehydrogenase [Homo sapiens]

apoptosis-inducing factor (AIF)-like mitchondrion-associated inducer of death [Homo sapiens]
biliverdin reductase B (flavin reductase (NADPH)) [Homo sapiens]
NAD synthetase 1 [Homo sapiens]
NAD(P)H dehydrogenase, quinone 2 [Homo sapiens]
thioredoxin peroxidase [Homo sapiens]
associated proteins
cyclin A [Homo sapiens]
cyclin B1 [Homo sapiens]
cyclin B2 [Homo sapiens]
cyclin T1 [Homo sapiens]

ATP-binding proteins

ATP citrate lyase isoform 1 [Homo sapiens]
small GTP-binding proteins
ADP-ribosylation factor-like 1 [Homo sapiens]

cell division cycle 42 isoform 1 [Homo sapiens]

PDXK [Homo sapiens]

PRKAB2 [Homo sapiens]

ACADI10 [Homo sapiens]

ACADI11 [Homo sapiens]

AMID [Homo sapiens]
BLVRB [Homo sapiens]
NADSYNI1 [Homo sapiens]
NQO2 [Homo sapiens]

PRDX4 [Homo sapiens]

CCNA2 [Homo sapiens]
CCNBI [Homo sapiens]
CCNB2 [Homo sapiens]

CCNT1 [Homo sapiens]

ACLY [Homo sapiens]

ARL1 [Homo sapiens]

CDC42 [Homo sapiens]

keratins and proteins which were also identified in control experiments using blocked Sepharose™ as affinity

matrix

acyl-Coenzyme A dehydrogenase, very long chain isoform 1 precursor [Homo sapiens]
aldolase A [Homo sapiens]

ATP synthase, H+ transporting, mitochondrial FO complex, subunit d isoform b [Homo sapiens]

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit precursor [Homo sapiens]

ATP synthase, H+ transporting, mitochondrial F1 complex, beta subunit precursor [Homo sapiens]

basic leucine zipper and W2 domains 1 [Homo sapiens]

basic leucine zipper and W2 domains 1 [Homo sapiens]

beta actin [Homo sapiens]

calnexin precursor [Homo sapiens]

carbamoyl-phosphate synthetase 1, mitochondrial [Homo sapiens]

carbamoylphosphate synthetase 2/aspartate transcarbamylase/dihydroorotase [Homo sapiens]
chaperonin containing TCP1, subunit 2 [Homo sapiens]

chaperonin containing TCP1, subunit 4 (delta) [Homo sapiens]

chaperonin containing TCP1, subunit 6A isoform b [Homo sapiens]

chaperonin containing TCP1, subunit 7 isoform b [Homo sapiens]
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ACADVL [Homo sapiens]
ALDOA [Homo sapiens]
ATP5H [Homo sapiens]
ATP5A1 [Homo sapiens]
ATP5B [Homo sapiens]
BZW1 [Homo sapiens]
LOC151579 [Homo sapiens]
ACTB [Homo sapiens]
CANX [Homo sapiens]
CPS1 [Homo sapiens]
CAD [Homo sapiens]
CCT2 [Homo sapiens]
CCT4 [Homo sapiens]
CCT6A [Homo sapiens]

CCT7 [Homo sapiens]
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clathrin heavy chain 1 [Homo sapiens]
cytochrome b5 reductase isoform 1 [Homo sapiens]

dynein, cytoplasmic 1, heavy chain 1 [Homo sapiens]

dynein, cytoplasmic 1, heavy chain 1 [Homo sapiens];dynein, cytoplasmic, heavy polypeptide 1 [Homo

sapiens]

eukaryotic translation initiation factor 2, subunit 3 gamma, 52kDa [Homo sapiens]
exportin 1 [Homo sapiens]

GCNI general control of amino-acid synthesis 1-like 1 [Homo sapiens]

heat shock 60kDa protein 1 (chaperonin) [Homo sapiens]

heat shock 60kDa protein 1 (chaperonin) [Homo sapiens];chaperonin [Homo sapiens]
heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) [Homo sapiens]

heat shock 70kDa protein 8 isoform 1 [Homo sapiens]

heat shock protein 90kDa alpha (cytosolic), class B member 1 [Homo sapiens]

heat shock protein 90kDa alpha (cytosolic), class B member 1 [Homo sapiens] ;heat shock 90kDa
protein 1, beta [Homo sapiens]
heat shock protein 90kDa beta (Grp94), member 1 [Homo sapiens];tumor rejection antigen (gp96) 1

[Homo sapiens]

heme oxygenase (decyclizing) 2 [Homo sapiens]

hydroxyacyl dehydrogenase, subunit A [Homo sapiens]

importin 7 [Homo sapiens]

1Q motif containing GTPase activating protein 1 [Homo sapiens]
karyopherin beta 1 [Homo sapiens]

keratin 1 [Homo sapiens]

keratin 10 [Homo sapiens]

keratin 9 [Homo sapiens]

lactate dehydrogenase A [Homo sapiens]

leucine rich repeat containing 59 [Homo sapiens];hypothetical protein LOC55379 [Homo sapiens]
leucine-rich PPR motif-containing protein [Homo sapiens]
mannose 6 phosphate receptor binding protein 1 [Homo sapiens]
Na+/K+ -ATPase alpha 1 subunit isoform a proprotein [Homo sapiens]
phospholipase A2, group IVA [Homo sapiens]

prohibitin 2 [Homo sapiens]

prohibitin 2 [Homo sapiens]

RABI1A, member RAS oncogene family [Homo sapiens]
RABI1B, member RAS oncogene family [Homo sapiens]

RAB7, member RAS oncogene family [Homo sapiens]

RAN binding protein 5 [Homo sapiens]

ras-related GTP-binding protein RAB10 [Homo sapiens]
ribophorin I precursor [Homo sapiens]

ribosomal protein S19 [Homo sapiens]
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CLTC [Homo sapiens]
CYBS5R3 [Homo sapiens]

DNCHI1 [Homo sapiens]

DYNCIHI1 [Homo sapiens]

EIF2S3 [Homo sapiens]
XPO1 [Homo sapiens]
GCNILI1 [Homo sapiens]
SPG13 [Homo sapiens]
HSPD1 [Homo sapiens]
HSPAS [Homo sapiens]
HSPAS8 [Homo sapiens]

HSPCB [Homo sapiens]

HSP90AB1 [Homo sapiens]

HSP90B1 [Homo sapiens]

HMOX2 [Homo sapiens]
HADHA [Homo sapiens]
IPO7 [Homo sapiens]
IQGAPI [Homo sapiens]
KPNB1 [Homo sapiens]
KRT1 [Homo sapiens]
KRT10 [Homo sapiens]
KRT9 [Homo sapiens]
LDHA [Homo sapiens]
LRRC59 [Homo sapiens]
LRPPRC [Homo sapiens]
M6PRBP1 [Homo sapiens]
ATP1A1 [Homo sapiens]
PLA2GA4A [Homo sapiens]
PHB2 [Homo sapiens]
REA [Homo sapiens]
RABIA [Homo sapiens]
RABI1B [Homo sapiens]
RAB7 [Homo sapiens]
RANBPS5 [Homo sapiens]
RAB10 [Homo sapiens]
RPN1 [Homo sapiens]

RPS19 [Homo sapiens]
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ribosomal protein S3 [Homo sapiens]

ribosomal protein S4, X-linked [Homo sapiens];ribosomal protein S4, X-linked X isoform [Homo

sapiens]

RuvB-like 2 [Homo sapiens]

splicing factor 3b, subunit 1 isoform 2 [Homo sapiens]
transferrin receptor [Homo sapiens]

tubulin, beta polypeptide [Homo sapiens]

tyrosine 3/tryptophan 5 -monooxygenase activation protein, epsilon polypeptide [Homo sapiens]

RPS3 [Homo sapiens]

RPS4X [Homo sapiens]

RUVBL2 [Homo sapiens]
SF3B1 [Homo sapiens]
TFRC [Homo sapiens]
TUBB [Homo sapiens]

YWHAE [Homo sapiens]

despite not being identified in control experiments, these proteins are supposed to predominantly represent

high aboundant background

archain [Homo sapiens]

ATP synthase, H+ transporting, mitochondrial FO complex, subunit B1 precursor [Homo sapiens]

CD9 antigen [Homo sapiens]
coatomer protein complex, subunit beta 1 [Homo sapiens]

COPB [Homo sapiens]

cullin-associated and neddylation-dissociated 1 [Homo sapiens]; TIP120 protein [Homo sapiens]

cytochrome P450, family 51 [Homo sapiens]

exportin 5 [Homo sapiens]

FGF intracellular binding protein isoform a [Homo sapiens]

heat shock 70kDa protein 9B precursor [Homo sapiens]
hypothetical protein LOC134147 [Homo sapiens]

hypothetical protein LOC9847 [Homo sapiens]

importin 9 [Homo sapiens]

interferon-induced transmembrane protein 3 (1-8U) [Homo sapiens]
LIM and senescent cell antigen-like domains 1 [Homo sapiens]
lymphocyte antigen 6 complex G5B [Homo sapiens]

parvin, alpha [Homo sapiens]

proteasome 26S non-ATPase subunit 2 [Homo sapiens]

RAB2, member RAS oncogene family [Homo sapiens]

ras suppressor protein 1 isoform 1 [Homo sapiens]

ribosomal protein L35a [Homo sapiens]

ribosomal protein P2 [Homo sapiens]

ribosomal protein S13 [Homo sapiens]

ribosomal protein S6 kinase, 90kDa, polypeptide 1 isoform b [Homo sapiens]
SARI1a gene homolog 1 [Homo sapiens]

signal recognition particle receptor, beta subunit [Homo sapiens]
stratifin [Homo sapiens]

TATA binding protein interacting protein 49 kDa [Homo sapiens]

transmembrane protein 109 [Homo sapiens]
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ARCNI1 [Homo sapiens]
ATP5F1 [Homo sapiens]
CD9 [Homo sapiens]
COPBI [Homo sapiens]
COPB [Homo sapiens]
CANDI [Homo sapiens]
CYPS1A1 [Homo sapiens]
XPOS5 [Homo sapiens]
FIBP [Homo sapiens]
HSPA9B [Homo sapiens]
LOC134147 [Homo sapiens]
KIAA0528 [Homo sapiens]
IPO9 [Homo sapiens]
IFITM3 [Homo sapiens]
LIMSI1 [Homo sapiens]
LY6GSB [Homo sapiens]
PARVA [Homo sapiens]
PSMD2 [Homo sapiens]
RAB?2 [Homo sapiens]
RSU1 [Homo sapiens]
RPL35A [Homo sapiens]
RPLP2 [Homo sapiens]
RPS13 [Homo sapiens]
RPS6KA1 [Homo sapiens]
SAR1A [Homo sapiens]
SRPRB [Homo sapiens]
SFN [Homo sapiens]
RUVBLI [Homo sapiens]

TMEM109 [Homo sapiens]
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tubulin, alpha, ubiquitous [Homo sapiens] K-ALPHA-1 [Homo sapiens]
tyrosine 3/tryptophan 5 -monooxygenase activation protein, theta polypeptide [Homo sapiens] YWHAQ [Homo sapiens]
tyrosine 3/tryptophan 5 -monooxygenase activation protein, zeta polypeptide [Homo sapiens] YWHAZ [Homo sapiens]

tyrosine 3-monooxygenase/tryptophan S-monooxygenase activation protein, beta polypeptide [Homo .
i YWHAB [Homo sapiens]
sapiens]

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide [Homo )
iens] YWHAG [Homo sapiens]
sapiens

[a] Entrez Gene nomenclature

4.7.  Protein kinase selectivity patterns of C1 and the mimic revealed
moderate linker effects

During the optimization processes, the compound C1 has been optimized with regard to
potent inhibition of CDK2. However, its selectivity was barely improved and is considered to
be poor. To analyze the protein kinase selectivity profile of C1, the compound was tested in a
panel of 27 recombinant protein kinases, which were identified in the Chemical Proteomics
experiments described above. The biochemical determination of the inhibitory potential for
the selected kinases was performed by the KinaseProfiler™ Service provided by
Upstate/ Millipore. At 1 uM compound concentration, C1 inhibited three other CDKs (CDK1,
5, and 9) and six further kinases (AURKA, CHEK 1, MAPK8, MAPK9, STK3, and STK17A)
by more than 90 % (Figure 20). In addition, five kinases were inhibited by more than 80 %
(CAMK2D, CDK7, PRKD2, STK4, STK10, and ULK3), five kinases by 50-80 %
(CAMK2G, CHUK, FER, MAPK1, YES), and six by less than 50 %.

To assess functional effects of the linker, the mimic was tested on the same panel of kinases
as Cl. A comparison of both selectivity patterns revealed that the mimic had less inhibitory
potency against most of the tested kinases. However, a few examples were found where the
mimic had more activity against a kinase compared to Cl1 (CAMK2G, PAK4, PKN2,
PRKD?2).

Besides the investigation of the protein kinase binding profile of C1 with Chemical
Proteomics, another focus of this work was the characterization of non-protein

kinase/ compound interactions.
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K]
E
E

C1

AURKA
CAMK2D
CAMK2G
CDC42BPB
CDK1
CDK2
CDK5
CDK7
CDK9
CHEKA1
CHUK
FER
MAP2K1
MAPKA1
MAPKS8
MAPK9
PAK4
PKN2
PRKD2
PRKD3
RIPK2
STK3
STK4
STK10
STKA7A
ULK3
YES1

Inhibition (%)
> 95
90-95
80-89
50-79
<50

Figure 20. Percentage of inhibition of 27 protein kinases identified by affinity pull-down experiments by C1 and
mimic (C1-LL). Inhibitors were tested at 1 pM compound and 10 pM ATP. Only a subset of protein kinases
captured by Cl-matrix were strongly inhibited by C1. A comparison of the selectivity patterns of C1 and the
mimic revealed moderate effects of the linker on the inhibitory potential. Data from the Upstate/ Millipore

KinaseProfiler™ Service.

4.8.  Characterization of the PDXK/ inhibitor interaction by Chemical
Proteomics

Within the Chemical Proteomics approach, the human pyridoxal kinase (PDXK), a non-
protein kinase, was identified as being captured by the Cl-matrix. PDXK had been found to
be targeted by the CDK2 inhibitor (R)-roscovitine, as well (Bach, S. et al. 2005). As
demonstrated by co-crystallization experiments of PDXK and (R)-roscovitine, the ATP-
competitive CDK inhibitor was found to selectively target PDXK at the pyridoxal site rather
than at the ATP binding site (Tang, L. et al. 2005). Prompted by these findings, the
PDXK/ C1 interaction was investigated in more detail for this work.

First, a serial affinity chromatography was performed to confirm a specific binding of PDXK
to Cl-matrix. For this purpose, HeLa cell extract was incubated with C1-matrix and the flow-
through was mixed with fresh C1-matrix. Specific binders are essentially captured by the first
affinity matrix, whereas the amounts of non-specifically bound proteins are similar for both
matrices. Immunodetection showed that PDXK was mainly retained by the first compound
matrix (Figure 21, lane 1), indicating a specific binding to the affinity matrix. No PDXK

enrichment resulted from using control matrix (lanes 3 + 4).
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Figure 21. For serial affinity chromatography, HeLa cell extract was incubated with Cl-matrix. Subsequently,
the flow-through was mixed with fresh Cl-matrix. Immunodetection showed that PDXK was essentially
captured by the first matrix (lane 1), indicating a specific binding to the affinity matrix. No PDXK enrichment

resulted from using control matrix (lane 3 + 4).

After having demonstrated a specific capturing of PDXK, the question was addressed,
whether the C1-matrix targets the ATP site or an alternative binding site of PDXK, as shown
for (R)-roscovitine. For this purpose, HeLa cell extracts were incubated with C1-matrix. After
washing procedures, the Cl-matrix was sequentially eluted using 10 mM ATP/ 10 mM
MgCl,/ low-salt washing buffer, followed by a saturated C1-SL solution in low-salt washing
buffer, and finally LDS-SB/ heat to distinguish capturing via the ATP binding site from
enrichment via alternative sites. Eluted proteins were loaded on SDS-PAGE, Coomassie
stained and analyzed by LC-MS/MS. PDXK was identified only in compound and LDS-SB
elution fractions but not in the ATP fraction (Figure 22, lanes 1-3). In parallel, C1-matrix was
sequentially eluted using the ATP buffer, a (R)-roscovitine buffer and LDS-SB/ heat. (R)-
roscovitine, which is known to bind PDXK via its pyridoxal binding site, was able to compete
with immobilized C1 and released PDXK from the matrix, suggesting a similar binding site
for both compounds (Figure 22, lanes 4-6). PDXK was neither enriched nor eluted from
control matrix (Figure 22, lanes 7-9).

In order to confirm a binding of C1 to PDXK at the pyridoxal binding site, as suggested by
the results with (R)-roscovitine, a substrate competition approach was performed (Figure 23).
Since pyridoxal has a low solubility at pH 7 in an aqueous buffer, the PDXK substrate
pyridoxine was used for the approach. To this end, cell extracts were spiked with several
concentrations of pyridoxine and incubated with Cl-matrix. Immunodetection revealed that
PDXK binding to Cl-matrix was nearly completely prevented in the presence of 10 mM
spiked pyridoxine, indicating the binding of PDXK to the C1-matrix via the pyridoxal binding
site (Figure 23, lane 5).
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Figure 22. PDXK was found to bind to Cl-matrix via an alternative binding site, similar to PDXK/ (R)-
roscovitine interaction: After incubation with HeLa extracts and washing procedures, a sequential elution of C1-
matrix was employed, using 10 mM ATP/ 10 mM MgCl,/ low-salt washing buffer, a saturated C1-SL solution in
low-salt washing buffer, LDS-SB/ heat. Eluted proteins were loaded on SDS-PAGE and Coomassie stained.
PDXK was only identified by LC-MS/MS in the compound and LDS-SB elution fractions but not in the ATP
fraction (asterisk), suggesting an alternative binding site rather than the ATP site (lanes 1-3). The same was
observed when C1-SL was replaced by (R)-roscovitine, which is known to bind PDXK via its pyridoxal binding
site (lanes 4-6). Since (R)-roscovitine was able to release PDXK from Cl-matrix, a similar PDXK binding site
for C1 and (R)-roscovitine was assumed. No PDXK enrichment and elution resulted from using control matrix

(lanes 7-9).

control
C1-matrix matrix
spiked pyridoxine (mM)
0 0.1 0.5 1.0 10 0
kDa | | | | | |
39— PDXK
‘—
lane 1 2 3 4 5 6

Figure 23. Spiked pyridoxine prevented PDXK from binding to Cl-matrix: Cell extracts were spiked with
several concentrations of the PDXK substrate pyridoxine. PDXK enrichment by C1-matrix was competed with

10 mM free pyridoxine as shown by immunodetection of PDXK.
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In order to perform further interaction analyses, an additional affinity matrix was generated.
For this purpose, the substrate of the PDXK, pyridoxal (PL), was coupled to EAH-
Sepharose™ beads, resulting in a pyridoxal matrix (Figure 10). Subsequently, Cl-matrix,
pyridoxal matrix and control matrix were loaded with HeLa extracts, washed and sequentially
eluted using 10 mM ATP/ 10 mM MgCl,/ low-salt washing buffer, 10 mM pyridoxine/ low-
salt washing buffer, a saturated C1-SL solution in low-salt washing buffer, and finally LDS-
SB and heat (Figure 24). Due to better solubility at pH 7, the PDXK substrate pyridoxine was
preferred to pyridoxal for this experiment. PDXK was eluted from both affinity matrices by
pyridoxine and free C1-SL, as demonstrated by immunodetection (Figure 24, lanes 3+4), but
not by ATP (lane 1), indicating that the PDXK/ C1 interaction occurs at the substrate binding

site rather than at the ATP site. Again, no PDXK enrichment resulted from using control

matrix.
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Figure 24. PDXK was targeted by Cl-matrix at the pyridoxal binding site rather than the ATP site: C1-matrix,
pyridoxal matrix and control matrix were loaded with HeLa extracts, washed and sequentially eluted using 1.) 10
mM ATP/ 10 mM MgCl,/ low-salt washing buffer; 2.) 10 mM pyridoxine/ low-salt washing buffer; 3.) a
saturated C1-SL solution in low-salt washing buffer; 4.) 2x LDS-SB/ heat. Since PDXK was eluted from both
affinity matrices by pyridoxine and free C1-SL (and LDS-sample buffer, lanes 3-5) as shown by immodetection,
but not by ATP (lane 1), it was concluded that the PDXK/ C1 interaction occurs at the substrate binding site
rather than at the ATP site.
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4.9.  Purification of recombinantly expressed PDXK

In order to perform quantitative, biochemical binding studies, a suitable scheme for the
recombinant expression and purification for PDXK was planned. The recombinant PDXK had
no purification tag and was therefore purified in two steps by affinity chromatography using
pyridoxal matrix and size exclusion chromatography. First, E.coli cell extract containing
recombinant PDXK was loaded onto a preparative pyridoxal matrix column for affinity
enrichment. Captured protein was isocratically eluted by 10 mM pyridoxine as shown by
Figure 25 A. Since both, pyridoxine and the PDXK, absorb UV-light at 280 nm, capillary
electrophoresis (described in the Materials and Methods section) was used to monitor the
purification. Figure 25 B shows that all impurities had been removed by the first purification
step. The protein containing fractions 1B3 —2A11 (96 fractions, each 2 mL) were pooled and
concentrated.

In order to determine whether the native state of the recombinant PDXK was a monomer or a
higher oligomer and to sense the presence of aggregated proteins, an analytical size exclusion
chromatography was performed (Figure 26 A). The molecular weight of PDXK was
calculated using a molecular weight marker calibration curve (Figure 26 B). A small deviation
of 6 kDa was found (41 kDa calculated vs 35 kDa in theory), however, the results indicate,
that the PDXK was a monomer and significant amounts of protein aggregates did not occur.
Subsequently, a preparative size exclusion chromatography was employed to separate the
PDXK substrate pyridoxine, which was used for elution of the pyridoxal matrix, from the
protein sample (Figure 27 A + B). Fractions 1F3 - 1G9 were pooled (Figure 27 C) and the
protein concentration was determined by the Nanodrop method (cfina = 0.17 mg/ mL); the

final yield was 4.1 mg of purified PDXK.
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capillary electrophoresis of eluted fractions

zoom: pooled fractions

Figure 25. Affinity chromatography (AC) profile of the PDXK purification: After injection, the column was

washed three times (B1, A2 (not shown), B1) and the untagged PDXK was isocratically eluted using 10 mM

pyridoxine (B2, green curve indicates the B1/B2 buffer). Since both, the protein and pyridoxine, show UV-

absorption at 280 nm (blue curve), the protein containing fractions could not be identified by UV detection. B)

Capillary electrophoresis was used to monitor the affinity purification of PDXK. The protein containing fractions

are framed. C) Capillary electrophoresis shows the pooled protein containing fractions.
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Figure 26. A) Analytical size exclusion chromatography (SEC) profile of PDXK: The blue curve shows the

absorption of the PDXK sample at 280 nm, the red curve indicates the absorption of a molecular weight marker.

The homogeneity of the PDXK sample was demonstrated and no protein aggregates were found. B) The

logarithms of the molecular weights of the marker proteins were plot against the respective retention times. The

resulting calibration curve was used to calculate the molecular weight of the PDX.
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Figure 27. A) Preparative size exclusion chromatography (SEC) profile of the PDXK purification: A preparative
SEC was used to separate the PDXK (peak 1, framed) from pyridoxine (peak 2). The blue curve indicates the
UV absorption at 280 nm, the green curve shows the B-buffer profile. B) The figure shows the PDXK peak
(peak 1, framed in A) of the SEC chromatogram. Fractions (red curves) 1F3 - 1G9 were pooled. C) Capillary

electrophoresis was used to confirm the correct molecular weight of the separated PDXK.
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The SDS-PAGE in Figure 28 mirrors the complete purification procedure and demonstrates
that all impurities were removed (lane 5). The SDS-PAGE band of the purified PDXK was
sliced, tryptically in-gel digested and analyzed by LC-coupled MS/MS. Found peptide and
fragment ion masses were searched against the human IPI (International Protein Index)
database using the parameter settings described in the Materials and Methods section. The
isoform one of the human pyridoxal kinase was identified with a sequence coverage of 65.1 %
(Figure 29 A). Additionally, the correct mass of the intact protein was confirmed by LC-MS.
For this purpose, the cysteine residues of a PDXK sample were reduced and alkylated using
dithiothreitol (DTT) and iodoacetamide (IAA). Multiple alkylated protein species with two to
four carbamidomethylated cysteine residues and one to two additional non-specific
alkylations were detected with the correct masses according to the number of alkylations.

(Figure 29 B). The purified PDXK was shock frozen or subjected to biochemical binding

studies.
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Figure 28. SDS-PAGE of PDXK purification: Subsequent to cell disruption (total), the soluble proteins were
loaded onto a pyridoxal matrix column for affinity chromatography (AC). Pyridoxine was used to release
enriched PDXK for elution. Nearly all impurities were removed by the first purification step. The second

purification step, a size exclusion chromatography, was used to remove remaining impurities and the pyridoxine.
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A)
Proteinname: PDXK, Isoform 1 of human Pyridoxal kinase
Accession number: IPI:IPI00013004.1
Sequence coverage Total (MS/MS): 203 / 312 aa (65.1 %)
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Figure 29. The correct mass and amino acid sequence of the purified PDXK was confirmed by mass
spectrometry. A) A tryptically digested PDXK sample was analyzed by LC-MS/MS. Data files were searched
against the human IPI database and the isoform 1 of the human pyridoxal kinase (IPI accession number:
IPI00013004.1) was identified with a sequence coverage of 65.1 %. B) A reduced and alkylated sample of the
intact protein (purified PDXK) was analyzed by LC-MS. The correct masses of double to sixfold alkylated

protein spicies were found (2 - 4 alkylated cysteine residues and 1 - 2 additional non-specific alkylations).

4.10. Biochemical characterization of the PDXK/ inhibitor interaction

After having demonstrated the enrichment of PDXK from HeLa cell extracts by C1-matrix via
the substrate binding site, a PDXK activity assay was adapted from the literaure (Kastner, U.
et al. 2007) in order to quantify the PDXK/ C1 binding affinity. The assay determines the
phosphorylation of pyridoxal (PL) by PDXK, by measuring pyridoxal 5’-phosphate (PLP) at
its absorbtion maximum at 388 nm (Figure 30 A). A PLP calibration curve, shown in Figure

30 B, was used to calculate the increase of the PLP concentration in subsequent experiments.
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Figure 30. Principle of the PDXK activity assay: A) The figure shows the absorption spectra of pyridoxal (PL,
blue) and pyridoxal 5’-phosphate (PLP, yellow). The phosphorylation of PL by PDXK, giving PLP, causes a
shift of the absorption maximum to 388 nm. The change in the absorption at 388 nm was used to calculate the

PDXK activity. B) A PLP calibration curve was used to calculate the amount of PLP at a certain absorption.

4.10.1. Determination of the Michaelis constant K,

The Michaelis constant Ky, for pyridoxal was determined to confirm that the assay adapted
from the literature measures in the described range. The assay was prepared as described in
the Materials and Methods section and the absorbtion at 388 nm was determined
photometrically in the presence of different starting concentrations of PL in triplicates against
a blank. A calibration curve (Figure 30 B) was used to calculate the corresponding PLP
concentrations. Subsequently, the initial linear formation rate of PLP was plotted against the
substrate concentration (Figure 31). The resulting saturation curve of the PDXK shows the
relation between the substrate concentration and the rate, as described by the Michaelis
Menten kinetic model. The software Sigma Plot Enzyme Kinetics Module 1.3™ (Systat
Software GmbH) was used to determine the maximum velocity, Vmax = (2.2 £ 0.1) nmol * ug’
"#* min”, and the Michaelis constant, Kn=(99.4 + 12.6) uM, of PDXK and its substrate
pyridoxal. Since the results of the Michaelis constant determination are in the range described
in the literature (summarized in Table 7 in the Discussion), the assay was used for ICso-

determinations.
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Figure 31. Determination of the Michaelis constant K: The PDXK activity was determined photometrically at
388 nm in the presence of different starting concentrations of PL in triplicates against a blank. The Michaelis
constant K, for the binding of pyridoxal to PDXK and the maximum velocity Vps were calculated from the
saturation curve of enzyme activity versus substrate concentration: Ky =(99.4 £ 12.6) uM; maximum velocity

Vinax = (2.2 £0.1) nmol * ug™ * min™'. Curve fitting was carried out using Sigma Plot Enzyme Kinetics Module

1.3™ (Systat Software GmbH).

4.10.2. 1C5p- & Kp-determination

Motivated by the considerable enrichment of PDXK from HeLa cell extracts by Cl-matrix,
the activity of recombinant human PDXK was assayed in the presence of different
concentrations of C1, C1-SL, mimic, and (R)-roscovitine, respectively, covering a range of
1 nM — 50 uM. In agreement with results reported in the literature (Bach, S. et al. 2005), even
at the highest concentration tested (50 pM), a very modest inhibition of PDXK was found for
(R)-roscovitine (Figure 32, PDXK activity = 78 + 13 % at 50 uM (R)-roscovitine). The same
inhibition profile was observed for C1 (50 uM, 92 +£2 %), but, an increasing linker length
correlated with a more efficient decrease of PDXK activity (50 pM C1-SL: 81 + 6 %, 50 uM
mimic: 56 =7 %). The activity is expressed as percentage of vehicle control (2 % Me,SO
without test compounds), representing maximal activity. 10 mM EDTA served as a negative

control; reducing the PDXK activity to 11 £ 1 %.
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Figure 32. The activity of PDXK was assayed in triplicates in the presence of C1, C1-SL, mimic (C1-LL) and
(R)-roscovitine. Even at the highest concentration tested (50 pM), C1 as well as (R)-roscovitine showed only
limited inhibition of PDXK activity; C1: 92 + 2 %; (R)-roscovitine: 78 £ 13 %. However, an increasing linker
length caused stronger inhibition; C1-SL: 81 £ 6 %; mimic: 56 £7 %. 10 mM EDTA served as a negative
control. Activity is expressed as percentage of vehicle control (2 % Me,SO w/o test compounds). 2 % Me,SO

was shown to have no effect on PDXK activity.

To investigate whether the high ATP concentration in the PDXK activity assay (2.5 mM)
might have an influence on the activities measured, an isothermal titration calorimetry (ITC)
experiment was carried out and the binding of the compound to PDXK was studied in the
absence of ATP and of pyridoxal. For this purpose, C1-SL was titrated into a PDXK sample
and the evolved binding heats were measured. To ensure the same buffer conditions, the
ligand was dissolved in an aliquot of the SEC buffer, which was used for the PDXK
purification. Raw data were collected, corrected for ligand heats of dilution, and integrated
using the MicroCal Origin software (MicroCal, LLC). A weak exothermal reaction was
measured, but low binding heats, indicated by a linear ITC curve, prevented the exact Kp
determination (Figure 33 A + B). However, the data suggest a Kp value > 10 uM,

corresponding to the results from the PDXK activity assays.
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Figure 33. Isothermal titration calorimetry (ITC) for Kp determination: C1-SL (140 pM) was titrated into a
PDXK sample (12.6 uM). A weak exothermal reaction was measured, but the shape of the titration curve did not
allow the Kp determination. Kp was estimated to be > 10 uM. Figure A) shows the time dependence of the
electric power (measured in pcal/ s) necessary to maintain constant the temperature difference between the
reaction and reference cells after each injection of C1-SL (black curve). The area under each peak is the heat
(ucal) associated with the process. Raw data were corrected for ligand heats of dilution (red curve). B) Analysis
of the data using the MicroCal Origin software (MicroCal, LLC) yielded the binding enthalpie AH in
dependence of the molar ratio of protein and compound. Low binding heats prevented the correct AH

determination.
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4.11. Compound immobilization route 2 - The protein binding profile of
Cla-matrix

To profile the C1 interactome more comprehensively, particularly with regard to interactions
occurring at the benzenesulfonamide moiety of C1, the analog Cla was coupled to a solid
support at the 4-position giving Cla-matrix (Figure 16). Cla was shown to inhibit CDK2
activity at a low nanomolar concentration (Table 4, ICso (CDK2/CycE) = 18 nM) as well.

Benzenesulfonamide moieties are known to inhibit most of the known carbonic anhydrase
isozymes (Supuran, C. T. et al. 2007). Especially the ubiquitously expressed cytosolic isoform
carbonic anhydrase 2 (CA2) is described to have a very high affinity for sulfonamides
(Puccetti, L. et al. 2005). Due to a lack of expression of CA2 in HeLa cells, H460 cells were
included into this analysis. CA2 expression in H460 but not in HeLa cells was demonstrated
by immunoblotting (Figure 34 A). Subsequently, H460 and HeLa cell extracts were loaded
onto Cla-matrix and control matrix, respectively. After the washing procedure, bound
proteins were non-specifically as well as specifically eluted by LDS-SB and a saturated
solution of Cla in low-salt washing buffer, respectively, precipitated and loaded on SDS-
PAGE. A LC-MS/MS analysis was applied on the proteins non-specifically eluted from Cla-
matrix by LDS-SB/ heat (Figure 34 B, lane 2). Compared to the number and the intensity of
the Coomassie stained protein bands obtained by employing the Cl-matrix (Figure 19), a
significantly lower amount of total protein was retained by the Cla-matrix as demonstrated by
the Coomassie stained SDS-PAGE and the results of the MS-analysis. The overlap of two
biological replicates using Cla-matrix resulted in a list of 37 identified proteins fulfilling
acceptance criteria (Table 6). Keratins and non-specific binders also identified in control
experiments by using control matrix and H460 protein extracts, in total 25 proteins, were not
considered for further data interpretation. In addition, some protein kinases (AURKA, CDKI1,
MAPKDY), which were also found by using the C1-matrix, were identified. Eight proteins were
exclusively identified by using the Cla-matrix, including CA2 and the previously unknown
potential off-target carboxymethylenebutenolidase homolog (CMBL). Both proteins, CA2 and
CMBL, were also identified by employing free Cla for a specific elution of the proteins
captured by the Cla-matrix (Figure 34 B, lane 3). In addition, CA2 capturing from H460
extracts by Cla-matrix was confirmed by immunodetection of CA2 subsequent to LDS-SB
elution of the beads, as shown in Figure 34 C, lane 2. No CA2 enrichment resulted from using

control matrix (Figure 34 C, lane 1 and B, lane 1).
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Figure 34. Protein binding profile of Cla-matrix shows capturing of CA2, CMBL and other proteins. A) CA2
expression, which is lacking in HeLa cells (lane 1), was demonstrated for H460 cells by immunodetection (lane 2). B)
H460 cell extracts were loaded on Cla-matrix and control matrix, respectively. Beads were extensively washed, bound
proteins were non-specifically as well as specifically eluted by LDS-SB and a saturated solution of Cla in low-salt
washing buffer, respectively, precipitated and loaded on SDS-PAGE. LC-MS/MS analysis of Coomassie stained gels
revealed capturing of CA2 from H460 lysate by Cla-matrix (lane 2 + 3). Moreover, one further potential off-target
specifically binding to the sulfonamide moiety, was identified: Carboxymethylenebutenolidase homolog (CMBL). In
addtition, some protein kinases (AURKA, CDKI1, MAPKY9), which also captured by using the Cl-matrix, were
identified. No CA2, CMBL or kinase capturing resulted from using control matrix (lane 1). C) H460 cell extracts were
loaded onto Cla-matrix and control matrix, respectively. Captured proteins were eluted completely by LDS-SB/ heat.
Immunodetection of CA2 confirmed its binding to Cla-matrix (lane 2) but not to control matrix (lane 1). D) HeLa cell
extracts were loaded on Cla-matrix and control matrix, respectively. Subsequent to washing, the beads were
specifically eluted using a saturated solution of Cla in low-salt washing buffer. LC-MS/MS analysis of the most
intensive Coomassie stained bands revealed capturing of CMBL by the Cla-matrix (lane 2). In addition, some protein

kinases (AURKA, CDK1, MAPK9) were found. Neither CMBL nor kinases were captured by control matrix (lane 1).
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The second potential off-target CMBL was found by applying the Cla-matrix and a specific
elution on HeLa cell extracts (Figure 34 D, lane 2), as well. Human CMBL is a predicted
protein and has not been characterized in the literature yet. However, in Pseudomonas the
enzyme is described to have a hydrolase activity and is involved in detoxification pathways
(KEGG pathways: 1,4-Dichlorobenzene degradation 00627 and gamma-Hexachloro-
cyclohexane degradation 00361). The CMBL/ compound interaction was not characterized in
more detail for this study, but might be an object for further investigations regarding C1-
profiling.

Table 6 summarizes the results form the LC-MS/MS analysis of the proteins non-specifically

eluted from the Cla-matrix:

Table 6. Proteins identified by Chemical Proteomics using Cla-matrix and H460 protein extracts.
Gene Product™ Genel”

protein identified exclusively by using Cla-matrix

carbonic anhydrase II [Homo sapiens] CAZ2 [Homo sapiens]
epoxide hydrolase 1, microsomal (xenobiotic) [Homo sapiens] EPHX1 [Homo sapiens]
myoferlin isoform a [Homo sapiens] FERI1L3 [Homo sapiens]
protein disulfide isomerase family A, member 3 [Homo sapiens] GRP58 [Homo sapiens]
hypothetical protein LOC134147 [Homo sapiens] (carboxymethylenebutenolidase homolog LOC134147 [Homo sapiens]
(Pseudomonas)) (CMBL)

protein disulfide isomerase-associated 3 precursor [Homo sapiens] PDIA3 [Homo sapiens]

Tu translation elongation factor, mitochondrial [Homo sapiens] TUFM [Homo sapiens]
ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase) [Homo sapiens] UCHLI1 [Homo sapiens]

protein which were also identified by using C1-matrix and HeLa protein extract

aurora kinase A [Homo sapiens]; serine/threonine protein kinase 6 [Homo sapiens] AURKA [Homo sapiens]
cell division cycle 2 protein isoform 1 [Homo sapiens] CDK1 [Homo sapiens]
lymphocyte antigen 6 complex G5B [Homo sapiens] LY6GS5B [Homo sapiens]
mitogen-activated protein kinase 9 isoform 1 [Homo sapiens] MAPK9 [Homo sapiens]

keratins and proteins which were also identified in control experiments using blocked Sepharose™ as affinity

matrix
beta actin [Homo sapiens] ACTB [Homo sapiens]
aldo-keto reductase family 1, member B10 [Homo sapiens] AKR1B10 [Homo sapiens]
aldolase A [Homo sapiens] ALDOA [Homo sapiens]
annexin A2 isoform 2 [Homo sapiens] ANXA2 [Homo sapiens]
ATP synthase, H+ transporting, mitochondrial F1 complex, beta subunit precursor [Homo sapiens] ATP5B [Homo sapiens]
eukaryotic translation elongation factor 1 alpha 1 [Homo sapiens] EEF1A1 [Homo sapiens]
enolase 1 [Homo sapiens] ENOI [Homo sapiens]
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glyceraldehyde-3-phosphate dehydrogenase [Homo sapiens] GAPD [Homo sapiens]
heat shock protein 90kDa alpha (cytosolic), class A member 1 [Homo sapiens];heat shock protein 90kDa

alpha (cytosolic), class A member 1 isoform 1 [Homo sapiens] HSP90AA1 [Homo sapiens]

heat shock 70kDa protein 8 isoform 1 [Homo sapiens] HSPAS8 [Homo sapiens]

heat shock 60kDa protein 1 (chaperonin) [Homo sapiens];chaperonin [Homo sapiens] HSPDI1 [Homo sapiens]

keratin 1 [Homo sapiens]

keratin 10 [Homo sapiens]

keratin 16 [Homo sapiens]

keratin 19 [Homo sapiens]

keratin 2a [Homo sapiens]

keratin 8 [Homo sapiens]

keratin 9 [Homo sapiens]

keratin 8 [Homo sapiens]

basic leucine zipper and W2 domains 1 [Homo sapiens]
ribosomal protein L3 isoform a [Homo sapiens]
ribophorin I precursor [Homo sapiens]

heat shock 60kDa protein 1 (chaperonin) [Homo sapiens]
transketolase [Homo sapiens]

tubulin, beta polypeptide [Homo sapiens]

KRTI1 [Homo sapiens]
KRT10 [Homo sapiens]
KRT16 [Homo sapiens]
KRT19 [Homo sapiens]
KRT2A [Homo sapiens]
KRTS8 [Homo sapiens]
KRT9 [Homo sapiens]
LOC149501 [Homo sapiens]
LOC151579 [Homo sapiens]
RPL3 [Homo sapiens]

RPN1 [Homo sapiens]
SPG13 [Homo sapiens]
TKT [Homo sapiens]

TUBB [Homo sapiens]

[a] Entrez Gene nomenclature

4.12. Biochemical characterization of the CA2/ inhibitor interaction —
ICsp-determination and SAR observations

Having demonstrated the carbonic anhydrase 2 (CA2) capturing by Cla-matrix, the CA2/
compound interaction was quantitatively analyzed in biochemical binding studies. To this
end, commercially available human CA2 was assayed in the presence of C1, C1-SL, mimic,
and Cla covering a concentration range of 0.01 — 25 uM. ICs, values of C1 and Cla were in
the submicromolar range (ICso (CA2) =331 nM (C1), 995 nM (Cla)), whereas C1-SL and the
mimic had no inhibitory potential (Figure 35).
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Figure 35. Inhibitory potential of C1, C1-SL, mimic (C1-LL), and Cla on human CA2 activity was determined
(ICsp). Medium affinity binding was found for C1 (ICso = 331 nM) and Cla (ICsy = 995 nM), whereas C1-SL
and the mimic had no inhibitory potential. The enzyme activity is expressed as percentage of vehicle control

(2 % Me,SO without test compounds), representing maximal activity.
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5. Discussion

5.1. Chemical Proteomics was successfully applied for the capturing of
cellular targets

Hits and research compounds found by high-throughput target-centric screens might have
additional unknown off-target interactions since counter-screening at this stage is conducted
against only a limited number of recombinant proteins available. Thus, additional methods for
the identification of cellular targets of research compounds which selectively modulate
enzyme activities, can broaden the knowledge of the respective binding profiles and thereby
improve the chemical optimization process.

The aim of this work was to profile the research compound and multitarget CDK inhibitor C1
in an unbiased fashion by applying a Chemical Proteomics approach. First, a computational
model of a C1/ CDK2 complex was employed for the identification of appropriate sites for
different compound immobilization routes (Figure 14 B). Two promising coupling routes for
a successful capturing of cellular targets were derived (Figure 15): Due to its solvent
accessibility, the sulfonamide group of C1 was found to be suitable for immobilization route
one, aimed at capturing protein kinases as well as additional proteins interacting via their ATP
or purine binding site. In contrast, immobilization route two via the 4-position of the
aminopyrimidine moiety was supposed to hamper the capturing of protein kinases almost
entirely. Instead, the second coupling strategy could allow the affinity enrichment of proteins
interacting via the benzenesulfonamide moiety of Cl1.

Indeed, the linkage of C1 at the sulfonamide group did not interfere with the target binding as
demonstrated by CDK2 activity assays employing C1 and two analogs provided with a short
(CI-SL) and a long linker (C1-LL, mimic) at the sulfonamide mimicking the Cl-matrix
(Table 4). All analogs showed a CDK2 inhibition in the single digit nanomolar range (ICsy).
Thus, C1-SL was coupled to epoxy-activated Sepharose’™ beads giving Cl-matrix.
Afterwards, a proof-of-concept experiment was performed, resulting in the successful
capturing of CDK2 from HeLa cell extracts as demonstrated by immunodetection (Figure 18,
lane 1-3).

In order to identify suitable elution conditions, a sequential elution was performed using 10
mM ATP, a saturated C1-SL solution in an aqueous buffer, and finally the denaturation by
LDS-sample buffer and heat. C1-SL was preferred to C1 due to better (but still low)

solubility. The elution using 10 mM ATP was used for releasing proteins captured via the
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ATP binding site. By using free compound, captured proteins could be specifically eluted,
independent from their binding site. In contrast, denaturing conditions would allow a
comprehensive but non-specific elution of the bound proteins. Unfortunately, it became
apparent, that neither 10 mM ATP in the first elution step, nor free compound in the second
elution step were able to quantitatively elute CDK2 from the compound matrix (Figure 18,
lane 1-3). Due to the high binding affinity of the immobilized compound (which was
supposed to be similar to C1-LL affinity: 3 nM, ICsy) and the high local compound density on
the beads surface (in the low millimolar range, chapter 4.5.1.), 10 mM ATP was not able to
completely release the captured CDK2 from the matrix. The low solubility of free C1-SL in
the aqueous buffer (approximately 150 uM at pH 7) prevented CDK?2 from being completely
and specifically eluted. Similar results were obtained for other protein kinases, as
demonstrated by a sequential elution, shown in Figure 22, lanes 1-3. Several of the Coomassie
stained protein bands representing different protein kinases appear in the ATP-lane, in the
compound lane, and finally in the LDS-SB lane. Thus, the use of C1-SL for elution would
result in the specific but incomplete elution of only a subset of captured proteins. In fact, the
aim was to obtain a comprehensive binding profile for Cl-matrix including all captured
protein kinases for further testing them in a biochemical screen. For this reason, denaturing
conditions were used in the following experiments for a complete but non-specific elution of
the captured proteins. Subsequently, a control matrix, and a biological replicate for the
identification of overlaps between two independent experiments were applied to remove non-

specific binders from the final protein list.

5.2.  The discrimination of specific binders from non-specific interactions
is challenging

Having demonstrated the suitability of Cl-matrix for the capturing of the cellular target
CDK2, LC-MS/MS analysis of the eluted proteins was applied to rapidly and reliably obtain a
protein binding profile for the C1-matrix. For this purpose, HeLa cell extracts were incubated
with the compound matrix. After a stringent washing procedure, eluted proteins were
separated by 1D-SDS-PAGE and Coomassie-stained (Figure 19). By the great number of
visible protein bands, it became apparent, that a major challenge was to discriminate the
specifically captured proteins, whose binding mediate the biological activities of the
compound, from high abundant protein background, non-specifically retained by the
compound matrix. A single LC-MS/MS-analysis of the entire separation range resulted in the

identification of more than three hundred proteins, illustrating the very high sensitivity of
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mass spectrometry. Due to this sensitivity, an immense number of irrelevant proteins and
contaminants present at even very low levels in the sample can be identified, explaining the
great number of identified hits. Additionally, very weakly but high abundant binding partners
such as heat shock proteins (HSPs), kinesins or other ATP-binding enzymes and carrier
proteins can hardly be completely removed without losing relevant binders and will therefore
be identified by MS. The situation is even more complex since some proteins were co-
enriched via their association with captured protein complexes. For instance, several cyclins
which are known to tightly bind to CDKs, were captured despite high-salt incubating and
washing conditions. In addition, a number of proteins non-specifically associating with
captured proteins are very likely to occur. In order to overcome the difficulties in
discriminating these non-specific interactions from the primary compound targets,
considerable efforts were made in order to optimized the washing procedures. Although
several washing conditions were tested, including different amounts of organic solvent
(DMSO) or detergent (SDS) in the washing buffers, different temperatures, and several high
salt conditions (data not shown), no improvements were found, compared to the conditions
described in the literature. However, a major progress was achieved by performing two
biological replicates of the Chemical Proteomics approaches. Only proteins, which were
identified in both experiments, were added to a final list. MS/MS spectra of proteins with a
low Mascot ion score were manually inspected and compared to the lists of identified proteins
in similar experiments. Additionally, a control matrix was generated by blocking the
functional groups of the epoxy-activated Sepharose’™ beads. The resulting inactivated resin
was used for negative affinity purification as described by others (Godl, K. et al. 2003). After
removing the non-specific and biologically irrelevant protein binders identified by using the
control matrix, a final list of approximately 90 proteins was obtained. Besides several proteins
assumed to be specific binders (e.g. protein kinases and oxidoreductases), the list still
contained more than 30 proteins, the majority of which are presumably non-specific binders
since isoforms or other subunits of the same proteins, or other members of the same protein
families were found in control experiments, as well.

It was assumed, that a significant number of these non-specific binders was not retained by
the beads or the linker, but by non-specifical interactions with the compound itself or with
other captured proteins due to hydrophobic effects. First, a significantly lower total number of
visible Coomassie bands was found in the control experiment compared to the compound
matrix approach (Figure 19). Additionally, the intensities of the bands common in both

approaches (control vs. compound matrix), representing high abundant protein background
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were much lower in the control approach. Finally, the majority of proteins retained by the
compound matrix differed in the two biological replicates of the approach, indicating a
random and non-specific binding. It was concluded, that the hydrophobic character of the
compound provides additional options for the non-specific binding of high abundant proteins,
such as tubulins, actins, etc. which in turn trigger further non-specific association of abundant
proteins (snowball effect). Stringent washing helps to reduce these associations but was found
not to remove the irrelevant interactions entirely. Thus, the benefit of a blocked resin used as
a control matrix is limited. Instead, whenever available, a structural similar but biological
inactive compound analog appears to be more favourable compared to a blocked Sepharose™
matrix in order to generate a control matrix. Unfortunately, no inactive compound analog was
available for this study due to limited capacities within the synthesis laboratories and time
restrictions for this work.

Another possible option to improve the discrimination of specific binders from non-specific
interactions might be the inclusion of a cleavable linker between the compound and the resin.
Photocleavable linkers are described for the use with activity-based probes (activity-based
probe profiling, ABPP) which covalently bind their target proteins (Jeffery, Douglas A. et al.
2003). Here, the cleavage of the linker is essential for the release of the bound proteins.
Interestingly, new applications of cleavable linkers for further technology platforms such as
reverse chemical proteomics are discussed in the literature (Karuso, P. et al. 2008). However,
the findings in this work indicate that a significant portion of the identified proteins seem to
non-specifically interact with the compound itself or other specifically and non-specifically
captured proteins via hydrophobic interactions but not with the linker or the beads. Thus, the
inclusion of a cleavable linker between the compound and the resin would presumably not
significantly reduce the amount of non-specific binders in the final elution fraction.

However, several other approaches were suggested, to address this challenge, such as SILAC
(Stable isotope labeling with amino acids in cell culture) and other differential isotopic
labeling strategies (Ong, S. E. et al. 2002; Oda, Y. et al. 1999). These quantitative proteomic
techniques allow the comparison of the amounts of labeled proteins present in two different
samples. For this purpose, a protein extract is split into two samples and one sample, which is
designated as the reference, is provided with a light isotope label, mixed with the compound
matrix and the captured proteins are eluted. A heavy isotope label is added to the other sample
before this sample is incubated with a suitable control matrix. After the elution of the binding
proteins, both eluted factions are mixed and analyzed by MS. The ratio between the two

isotopic labels are given in the mass spectra and can be employed to calculate the relative
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protein quantities. A comparative quantitation between compound matrix binders and control
matrix binders is then used for the discrimination of specifically captured targets from non-
specifically associated proteins (Ishihama, Y. et al. 2005). However, the availability of one (or
even more) structural very similar but biological inactive compound analog(s) for the control
matrix is mandatory to ensure a stoichiometrically similar distribution of non-specific binders
for both, compound and control matrix. This emphasizes the general need for co-ordinated
efforts of multiple disciplines, such as medicinal chemistry, biology laboratories, protein
analytics, etc. in order to facilitate a comprehensive Chemical Proteomics approach.

Since no inactive compound analog was available for immobilization for this work, a major
focus of the thesis was the confirmation of potential targets/ off-targets initially identified by
the inhibitor affinity chromatography experiments by conducting several additional methods
such as sequential elution schemes, a serial inhibitor affinity chromatography approach, a
competition assay, the use of different affinity matrices, biochemical activity assays, and

isothermal titration calorimetry (ITC).

5.3.  Protein kinase selectivity patterns of compound C1 confirmed its
high potency but revealed a limited selectivity of the compound

The high inhibitory potency of compound C1 was known from CDK2 activity assays (ICsg
determination) described above. Surprisingly, the inhibitor affinity chromatography approach
using Cl-matrix resulted in the identification of more than 30 additional protein kinases
bound to the matrix. Since no protein kinase was captured by the control matrix, the
enrichment of these kinases by the compound matrix was assumed to result either from a
specific enzyme/ compound interaction or from a co-capturing via the enrichment of protein
complexes. In order to analyze the inhibitory potential of the compound toward the kinases
retained by the matrix, C1 was tested at a concentration of 1 uM in a panel of 27 recombinant
protein kinases (performed by Upstate/ Millipore), which were previously identified in the
Chemical Proteomics approach. As expected, CDK2 and three other CDKs (CDKI, 5, and 9)
were among the most affected kinases (> 95 % inhibition, Figure 20). CDKs are closely
related by sharing a high level of amino acid sequence identity (40 - 70 %) (Chin, K. T. et al.
1999; Morgan, D. O. 1995). Thus, selectivity within the class of CDKs was not expected. In
contrast, by inhibiting relating or redundant signaling pathways, the inhibitory potential
against multiple CDKs might increase the antitumor and antiproliferative efficacy of the
compound and may lead to beneficial synergies. However, eleven further kinases showed a

strong inhibition (> 80 %), as well. Although not exclusively, several of these highly affected
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kinases belong to or act via the MAP kinase pathway (STK3, MAPKS8 MAPK9, STK4,
AURKA, PRKD2). Since MAPKs recognize and phosphorylate nuclear proteins, such as
transcription factors, co-activators and repressors and chromatin-remodeling molecules
(Turjanski, A. G. et al. 2007), their inhibition might have an important impact on the
antiprolefirative activity of the compound. However, the eleven highly inhibited kinases
originate from diverse kinase families according to the kinase classification introduced by
(Manning, G. et al. 2002b). This implicates a low amino acid sequence identity of the
catalytic domains of the respective kinases indicating a poor selectivity of the compound C1.
Thus, expanding the panel of tested kinases to all human protein kinases available would most
likely reveal an increasing number of highly inhibited protein kinases. As a consequence, the
biological activity of the compound might result from a multitude of inhibitory effects. In
contrast, the biological relevance of the moderate inhibition (50-80 %, 1 uM compound) of
five additional kinases (CAMK2G, CHUK, FER, MAPKI1, YES) and the low inhibition
(<50 %) of six further kinases (CDC42BPB, MAP2K1, PAK4, PKN2, PRKD3, RIPK2),
respectively, is supposed to be small. Moreover, these results indicate, that a capturing in the
Chemical Proteomics experiments in the setup used for this study is not necessarily correlated
with a high binding affinity but depends on both, affinity and expression level of a protein.
For instance, the high local compound density on the bead surface might facilitate an
enrichment of moderate binders. Additionally, the protein extract used in this study might not
accurately reflect the in-vivo situation of intact cells with regard to the physico-chemical
behavior of the proteins. Furthermore, it has to be taken into consideration that some of the
protein kinases initially identified in the pull-down approach using C1-matrix, do not bind to
the inhibitor directly, but instead might be co-captured via their association to a protein
complex. Despite the presence of detergent (0.5 % NP-40) during the cell disruption and high
salt consitions (1 M NaCl) during the washing procedures ( both specified in the Materials
and Methods section), some protein complexes might be able to keep their association intact
due to tight interactions. Indeed, the identification of several cyclins which are known to
tightly interact with several of the identified CDKs, suggests that there are additional
associated proteins. In particular, these protein kinases showing only a low inhibition by C1
(CDC42BPB, MAP2K1, PAK4, PKN2, PRKD3, RIPK2) may bind indirectly to the CI-
matrix via other target proteins. These findings demonstrate, that there is an essential need for
the (de-)validation of the affinity of a compound to any protein captured by inhibitor pull-
downs. Moreover, certain linker effects due to the compound immobilization might occur. By

providing additional interaction options, a linker might increase the number of captured
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proteins compared to the unlinked compound. To address this hypothesis, the mimic (C1-LL),
provided with a linker which is structural similar to the linking structure of the Sepharose™

matrix, was screened on the same panel of kinases which was used for the selectivity studies

of C1.

5.4.  Application of the mimic revealed individual effects of the linker

Testing the mimic on the same panel of 27 kinases revealed differences in the selectivity
pattern compared to C1 (Figure 20). Interestingly, the mimic had less inhibitory potency
against most of the tested kinases. It was concluded that steric effects of the linker cause a
decrease of the inhibitory potential compared to C1. However, a few examples did occur in
which the mimic had more inhibitory activity against a kinase compared to C1 (CAMK2G,
PAK4, PKN2, PRKD?2). In these examples, functional groups of the linker (e.g. the hydroxyl
group) might form additional hydrogen bonds and thereby increase the binding affinity. It was
concluded, that the effects of the linker depend on the individual structure of the respective
binding pocket of a specific target. A mimic is useful to analyze these linker effects on a
given target, improving the data interpretation of Chemical Proteomics experiments, but it
does not allow a general prediction of linker effects on target binding. However, not only the
linker but as well the immobilization itself might affect the binding profile of the test
compound. For instance, the coupling chemistry might change the potency of the inhibitor.
Additionally, a high local compound concentration on the bead surface might cause an
enhanced capturing of moderate binders present in high abundance or cause steric effects that
are difficult to predict. Whereas the coupling chemistry is well reflected by the design of the
soluble mimic used within this study, the question how the density of the inhibitor on the bead
surface influences the binding pattern is barely addressed by testing the soluble mimic and
therefore difficult to quantify. Nevertheless, the presented findings on additional linker effects
influencing the selectivity pattern of a compound are consistent with those recently reported
by Saxena et. al. (Saxena, C. et al. 2008). By employing different kinds of linkers for
compound coupling in terms of drug target deconvolution, they found significantly different
patterns of captured proteins. Both, their and the results reported herein demonstrate the need
for a suitable assay to define the specificity of the interaction of a protein with the ligand
under investigation.

Although the reseach compound C1 was shown to potently inhibit its desired on-targets, the
CDKs, the results clearly demonstrate the need for further optimization with regard to its

protein kinase selectivity profile.
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In the following, the characterization of non-protein kinase/ compound interactions identified

by inhibitor affinity chromatography, an additional focus of this thesis, is discussed.

5.5. Human pyridoxal kinase was identified as an potential off-target of
the C1-matrix

LC-MS/MS analysis of the proteins non-specifically eluted from Cl-matrix revealed the
human pyridoxal kinase (PDXK) as a potential off-target of the compound C1. PDXK is a
non-protein kinase belonging to the salvage pathway. It is responsible for the phosphorylation
of pyridoxal (PL), pyridoxine (PN), and pyridoxamine (PM) to the respective 5’-phosphate
esters PLP, PNP, and PMP, classified collectively as active forms of vitamin B6. Subsequent
to this phosphorylation taking place in the liver, the pyridoxine/ pyridoxamine 5’-phosphate
oxidase converts PNP and PMP to PLP (Figure 36).

Reactions of the salvage pathway:
(1) Pyridoxal kinase (PDXK)

(2) Pyridoxine/ pyridoxamine 5°-phosphate oxidase

R =] CHO CHO
SN o SN @ SN O SN
PL

PM or PN PMP or PNP PLP

R = CH,NH, (PM) or CH,OH (PN)

Figure 36. Interconversion of B6-vitamers. The salvage pathway includes the ATP-dependent pyridoxal kinase
(PDXK) which is responsible for the phosphorylation of pyridoxal (PL), pyridoxine (PN), and pyridoxamine (PM) to
the respective 5’-phosphate esters PLP, PNP, and PMP, classified collectively as active forms of vitamin B6. The
pyridoxine/ pyridoxamine 5’-phosphate oxidase converts PNP and PMP to PLP. PLP is an essential cofactor for > 100

enzymes in amino acid, sugar and neurotransmitter metabolisms.

Afterwards, PLP is released to the bloodstream in association with albumin (Brin, M. 1976;
Lumeng, L. et al. 1980; Merrill, A. H., Jr. et al. 1984). In order to enter the target cells,
circulating PLP becomes dephosphorylated by membrane-associated phosphatases. After
crossing the membrane by diffusion, intracellular PDXK converts PL back to the active form
PLP. In consequence, PDXK is ubiquitously expressed in mammalian tissues (Hanna, M. C.
et al. 1997). PLP is an essential cofactor for > 100 enzymes such as aminotransferases and

decarboxylases of which many are involved in amino acid and neurotransmitter metabolisms
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(Eliot, A. C. et al. 2004; Kerry, J. A. et al. 1986; Percudani, R. et al. 2003). Low levels of PLP
caused by a downregulation of brain PDXK expression or by PL competitors are correlated
with epilepsy in animal models (Gachon, F. et al. 2004; Wada, K. et al. 1985). Additionally, a
direct inhibition of PDXK activity by different drugs was shown to cause a vitamin B6
deficiency and several side effects related to the central nervous system (Hanna, M. C. et al.
1997; Laine-Cessac, P. et al. 1997).

Interestingly, PDXK is described in the literature as being targeted by the ATP-competitive
CDK2 inhibitor (R)-roscovitine, as well (Bach, S. et al. 2005). Surprisingly, the binding was
shown to occur at the substrate binding site rather than at the ATP binding site, as
demonstrated by co-crystallisation experiments (Tang, L. et al. 2005). A contribution of
PDXK binding to the biological activity of (R)-roscovitine was discussed but found to be
unlikely. However, several bioisosteres of roscovitine were generated, showing reduced
PDXK binding affinity (Bettayeb, K. et al. 2008; Popowycz, F. et al. 2009).

Motivated by these findings, the PDXK/ C1 interaction was investigate in more detail for this
study. As introduced by others (Yamamoto, K. et al. 2006), a serial affinity chromatography
was carried out in order to show a specific capturing of PDXK from HeLa cell extracts by C1-
matrix. Specific binders are essentially captured by the first affinity matrix whereas the
amounts of non-specifically bound proteins are similar for both matrices. Since PDXK was
mainly retained by the first matrix, as demonstrated by immunodetection of PDXK, a specific
binding of PDXK to the compound matrix was concluded (Figure 21, lane 1 & 2).

In order to identify the targeted binding site of PDXK, a sequential elution was applied on the
Cl-matrix. To this end, the compound matrix was incubated with HeLa extracts and then
sequentially eluted using an ATP buffer, a free CI1-SL buffer and finally LDS-sample
buffer/ heat to distinguish capturing via the ATP binding site from enrichment via alternative
sites. Since PDXK was only identified in the compound and LDS-SB elution fractions but not
in the ATP fraction (Figure 22, lanes 1-3), an alternative binding site rather than the ATP
binding site was assumed. By replacing the compound C1-SL by (R)-roscovitine for a
sequential elution in a subsequent experiment, the question was addressed whether both
compounds target a similar binding site of PDXK. Whereas ATP again was not able to elute
PDXK from the Cl-matrix, (R)-roscovitine caused a release of PDXK (Figure 22, lanes 4-6).
It was concluded, that (R)-roscovitine competes with immobilized C1 by targeting a similar
binding site. Since (R)-roscovitine is known to bind PDXK via its pyridoxal binding site, a

similar binding mode was assumed for compound C1.
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In order to confirm this assumption, a substrate competition experiment was carried out. Due
to better solubility at pH 7 compared to pyridoxal, the alternative PDXK substrate pyridoxine
was employed for this approach. Indeed, PDXK enrichment by Cl-matrix was nearly entirely
prevented by 10 mM free pyridoxine spiked into the cell extract as shown by
immunodetection of PDXK (Figure 23, lane 5). In addition, a pyridoxal affinity matrix was
generated by immobilizing the PDXK substrate pyridoxal on a suitable resin (Figure 10).
Subsequently, a sequential elution scheme using ATP, pyridoxine, free C1-SL, and finally
LDS-SB/ heat was applied on Cl-matrix, pyridoxal matrix, and control matrix in parallel
(Figure 24). Since PDXK was eluted from both affinity matrices by pyridoxine and free C1-
SL (and LDS-sample buffer, Figure 24, lanes 3 & 4), but not by ATP (lane 2), as shown by
immunodetection, it was concluded that the PDXK/ C1 interaction occurs at the substrate

binding site rather than at the ATP site.

5.6. Recombinantly expressed pyridoxal kinase was used for the
biochemical characterization of the PDXK/ compound interaction

Prompted by the unexpected binding mode and the considerable enrichment of PDXK from
cell extracts using Cl-matrix, suggesting a high affinity PDXK/ compound interaction, an
appropriate scheme for the expression and purification of PDXK was developed in order to
perform quantitative, biochemical binding studies. First, PDXK was recombinantly expressed
without a purification tag in E.coli and subjected to affinity chromatography using the
pyridoxal matrix for the first purification step (Figure 25). Subsequently, an analytical size
exclusion chromatography was performed to determine whether the native state of the
recombinant PDXK was a monomer or a higher oligomer and to sense the presence of protein
aggregates. As a result, the homogeneity of the PDXK sample was demonstrated and no
protein aggregates were found. By employing a calibration curve derived from plotting
marker proteins against the respective retention times, the molecular weight of the PDX was
determined and a monomeric form was calculated (Figure 26) and confirmed by SDS-PAGE
(Figure 28). Although PDXK is described to act as a homodimer (Musayev, F. N. et al. 2007),
Kwok et al. showed that its catalytic activity is retained upon dissociation into monomers
(Kwok, F. et al. 1987). Accordingly, they, as well as other groups (di Salvo, M. L. et al.
2004), employed the monomeric form for biochemical binding studies. In agreement with
this, the PDXK monomer generated within this work was kept for subsequent experiments.
After having removed all impurities by a preparative size exclusion chromatography (Figure

27), as shown by SDS-PAGE (Figure 28), the identity of the protein was confirmed by MS
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and MS/MS analyses (Figure 29). Since the correct mass of the protein and the correct amino
acid sequence of several of its tryptic peptides was found, the purified enzyme was employed
for the biochemical characterization of the PDXK/ compound interaction.

For this purpose a suitable PDXK activity assay was adapted from the literaure (Kastner, U. et
al. 2007). To confirm that the purified PDXK was suitable for quantitative binding studies as
well as to show that the assay worked in the range which is described in the literature, the
Michaelis constant Ky, for pyridoxal was determined and compared to the reported results.
Interestingly, as shown in Table 7, the values reported by different groups cover a wide range
for the Ky, value (3 — 350 uM). Potential reasons for these variations might be the utilization
of different expression systems, purification tags, or cations used in the activity assay buffer.
By influencing the physico-chemical behavior of the protein, these parameter might have an
impact on the enzyme activity and the Ky value. Nevertheless, the recombinant PDXK
generated within this study, displayed a Ky, value for pyridoxal (99 uM, Figure 31) which is
similar to the results reported by Kaestner et al. (59 uM) (Kastner, U. et al. 2007), who used
the same expression vector (which was kindly provided by the group for this work) as well as
the same parameter regarding the purification tag, the expression host, and the cation used in

the activity studies. Thus, the assay was used for subsequent 1Csyp-determination experiments.

Table 7. Kinetic data of PDXK and its substrate pyridoxal.

literature Kn PL (UM) organism purification = expression cation

tag host
This work. 99 [homo sapiens] w/0 E.coli Zn**
Kaestner et al., 2007™ 59 [homo sapiens] w/o E.coli Zn*
Lee et al., 2000 97 [homo sapiens] MBP® E.coli Zn*
di Salvo et al., 20041 350 (Zn*") [homo sapiens] w/o E.coli Zn*'/
30 (Mg*) Mg**
Musayev et al., 2007' <10 [homo sapiens] w/o E.coli Mg*
Hanna et al., 1997 3 [homo sapiens] w/o HEK293, Zn**
transient

[a] maltose binding protein, [b] (Kastner, U. et al. 2007), [c] (Lee, H. S. et al. 2000), [d] (di Salvo, M. L. et al. 2004), [¢] (Musayev, F. N.
et al. 2007), [f] (Hanna, M. C. et al. 1997)
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The activity of the PDXK was assayed in the presence of different concentrations of C1, C1-
SL, mimic, and (R)-roscovitine, respectively. Confirming previously reported findings (Bach,
S. et al. 2005), even at the highest concentration tested (50 uM), a very modest inhibition of
PDXK was found for (R)-roscovitine (Figure 32). The same was true for the compound Cl1,
but an increasing linker length correlated with a more efficient decrease of PDXK activity. It
was assumed that additional interaction options provided by the linker contribute to the
binding of the compound to the pyridoxal site, e.g. by hydrogen bonds or hydrophobic
interactions. Nevertheless, the low affinity binding of C1 and its analogs to PDXK was
surprising. However, as it is suggested for the PDXK/ (R)-roscovitine interaction (Bach, S. et
al. 2005; Tang, L. et al. 2005), the high ATP concentration in the PDXK activity assay (2.5
mM) might have an impact on the activities measured by either reducing the affinity of PDXK
for C1 or enhancing the affinity of PDXK for its substrate pyridoxal. To determine the
dissociation constant Kp of the compound to PDXK in the absence of ATP and of pyridoxal,
isothermal titration calorimetry (ITC) experiments were performed, using C1-SL. A weak
exothermal reaction was measured, but low binding heats prevented the exact Kp
determination. However, the data suggested a Kp value > 10 uM, paralleling the results from
the PDXK activity assays (Figure 33). It was concluded, that the significant enrichment of
PDXK during Chemical Proteomics experiments was not caused by a high binding affinity
but instead by a combination of several other reason: a high expression level of the ubiquitous
PDXK, additional effects of the linking structure of the Sepharose™™ matrix contributing to
the compound binding to the pyridoxal site and a high local compound concentration on the
bead surface were assumed as potential reasons for the capturing of PDXK. Altogether, it
seems unlikely that effects caused by PDXK/C1 interaction will play a role in

pharmacological applications.

5.7.  Application of an alternative immobilization route revealed binding
of carbonic anhydrase 2 to Cla-matrix

Immobilization of C1 at the sulfonamide group is suitable to identify targets interacting with
the aminopyrimidine moiety (e.g. protein kinases). However, due to steric hindrance,
interactions occurring at the benzenesulfonamide moiety of C1 are blocked when using the
Cl-matrix. In fact, benzenesulfonamide moieties are described to have a high inhibitory
potential toward most of the known carbonic anhydrase isozymes (Supuran, C. T. et al. 2007).
In particular the cytosolic isoform carbonic anhydrase 2 (CA2) has a high binding affinity

toward sulfonamides (Puccetti, L. et al. 2005). To profile the CI interactome more
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comprehensively, particularly with regard to CA2 binding, the analog Cla was coupled to a
solid support via the side chain at the 4-position giving Cla-matrix (Figure 16). Not being
blocked by a linker at the benzenesulfonamide moiety, the Cla-matrix was used for the
identification of additional off-targets of the studied compound. Indeed, enrichment of CA2
from H460 cell extracts by Cla-matrix was found by LC-MS/MS-analysis of the proteins
non-specifically as well as specifically eluted using LDS-SB and free Cla, respectively,
(Figure 34 B) and validated by immunoblotting (Figure 34 C).

For ICsp-determinations of C1, C1-SL, mimic, and Cla, commercially available human CA2
was assayed. ICsy values of C1 and Cla were in the submicromolar range (ICsy (CA2) = 331
nM (C1), 995 nM (Cla)), whereas C1-SL and the mimic had no inhibitory potential (Figure
35), most likely due to steric hindrance caused by the linkers. The ubiquitous CA2 is involved
in crucial physiological processes connected with respiration and transport of
COy/ bicarbonate, electrolyte secretion, bone resorption, calcification etc. (Puccetti, L. et al.
2005; Thiry, A. et al. 2008). Thus, binding of C1 to CA2 at submicromolar concentrations
might cause unwanted biological effects of the compound or at least trap the compound and
reduce the amount of free inhibitor which is available for on-target interaction. However, the
findings presented herein show that the CA2/Cl1 interaction specifically occurs at the
benzenesulfonamide moiety and that CA2 binding by the compound can easily be prevented
by a small modification at the sulfonamide group. This structure-activity relationship
information may help to improve the selectivity profile of the research compound in the

context of ongoing optimization processes.

5.8.  The protein binding profile of Cla-matrix contained some protein
kinases and revealed one further potential off-targets

Compared to the Cl-matrix, a significantly lower amount of total protein was retained by the
Cla-matrix, as demonstrated by a Coomassie-stained SDS-PAGE and a LC-MS/MS analysis
applied on proteins non-specifically eluted from Cla-matrix by LDS-SB/ heat (Figure 34 B,
lane 2). Whereas approximately 150 proteins were found by using the Cl-matrix, only 37
proteins fulfilling acceptance criteria were identified with the Cla-matrix. Two major reasons
were assumed for the lower total number of proteins retained by the Cla-matrix compared to
the Cl-matrix. First, due to steric effects, the ATP-pocket of protein kinases and other purine
binding proteins is much less accessible by the Cla-matrix. Thus, fewer specific interactions

are supposed to occur. Secondly, due to a lower number of direct interacting proteins, much
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less indirect capturing of proteins via association to other target proteins and protein
complexes or via unspecific hydrophobic interaction may occur.

Surprisingly, some protein kinases (AURKA, CDK1, MAPK9) were identified by employing
Cla-matrix which were also captured by using the C1-matrix. This indicates, that binding into
the ATP binding pocket is not completely hampered by using Cla matrix. It was assumed,
that the entrance to the ATP binding site is less size restricted within this group of kinases
compared to the kinases found only with the C1l-matrix. Since the linker arm of the matrix is
flexible and can fold into the direction of the sulfonamide group, the immobilized compound
might still be able to bind to the hinge region of the respective kinases. A very high inhibitory
potency was found for C1 in the biochemical selectivity screen for these kinases (> 90 for
MAPK9 and even > 95 % for CDK1 and AURKA, Figure 3), therefore the possibility that
some of these kinases are co-captured by binding to protein complexes appears very unlikely.
However, since the Cla-matrix was not optimized for the capturing of protein kinases, these
findings were not investigated in more detail.

Among others, carbonic anhydrase 2 and the carboxymethylenebutenolidase homolog
(CMBL) were exclusively identified by using the Cla-matrix. Since CMBL was not found by
using the Cl-matrix, it was concluded that it binds to the sulfonamide moiety of the
compound. Whereas carbonic anhydrases are well described in the literature, only little
information is available regarding CMBL, indicating a major limitation of Proteomics

approaches.

5.9. Limitations and chances of Chemical Proteomics

The lack of comprehensive information available regarding the function of CMBL in
eukaryotic cells demonstrates one of the most significant limitations of the inhibitor affinity
chromatography approach which is common to all Proteomics approaches. Since the
knowledge of the function and the biochemical activities of individuals proteins is often very
limited, the consequence of an identified compound/ protein interaction remains unclear in
many cases. Thus, a considerable effort is necessary to follow up the initially observed
interactions with additional investigations regarding the effects on intracellular signaling
pathways by employing recombinant proteins and/ or appropriate functional readouts in
phenotypic cell assays. However, by advancing the functional mapping of the human proteins,
a deeper understanding of the data generated by Chemical Proteomics will become accessible.

In recent years, impressive progress in LC-MS-based quantitative Proteomics has

been achieved (Kruse, U. et al. 2008). By combining these quantitative mass spectrometry
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methods with the affinity capturing methods in Chemical Proteomics approaches, not only the
protein binding profile of a compound can be assessed, but also quantitative binding data for
numerous of the captured proteins can be determined in parallel.

By taking into account these advances, Chemical Proteomics in combination with different
compound immobilization routes as described within this work may become a valuable tool

for future off-target and target identification strategies.
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7. Abbrevations

7. Abbreviations

°C

1
1D/2D
aa

Abl
ABPP
AC
Amax
Asp
ATP
Bre
Brc-Abl
BSA
Cl1
Cla
CI-LL
C1-SL
CA2
CAKs
cal
CDK
CID
CKIs
CMBL
CML
conc.
ctr
Cyc
Da
D-box
DMF
DMSO
DNA
DTT
E. coli
e.g.
EDTA
EGTA

Degree celcius

Micro

One-/Two-dimensional

Amino acid

Abelson tyrosine kinase
Activity-based probe profiling
Affinity chromatrography

Peak absorption

Aspartate

Adenosine triphosphate
Breakpoint cluster region
Brc-Abl tyrosine kinase

Bovine serum albumin
Compound C1

Compound C1 analog

Cl-long linker

C1-short linker

Carbonic anhydrase 2

CDK activating kinases

Calorie

Cyclin-dependent protein kinase
Collision-induced dissociation
Natural CDK inhibitor proteins
Carboxymethylenebutenolidase homolog
Chronic myelogenous leukemia
Concentration

Control

Cyclins

Dalton

N-terminal destruction-box
N,N-Dimethylformamide
Dimethyl sulfoxide
Desoxyribonucleic acid
Dithiothreitol

Escherichia coli

exempli gratia (‘for the sake of example')
Ethylenediamine tetraacetic acid

Ethylene glycol tetraacetic acid

94



7. Abbrevations

ESI

FBS
FDA
FDR

g
GO0-phase
G1/G2-phase
gene ID
GISTs
GTP

h

H460
HDAC
HeLa
HPLC
HSP
IAA

IAC
IC50

ID

Ile

IPI human DB
IPTG
ITC

Ko

Km

L

LC

LDS

m/z
MALDI
MAPK
min

mol
M-phase
MS
MS/MS
MW
NMR

Electrospray ionization

Fetal bovine serum

U.S. Food and Drug Administration
False discovery rate

Gram

Quiescence

Growth phase 1/2

Gene identity

Gastrointestinal stromal tumors
Guanosine triphosphate

Hours

Human large cell lung carcinoma cell line
Histone deacetylase

Human cervix carcinoma cell line

High pressure liquid chromatography
Heat shock protein

Iodoacetamide

Inhibitor affinity chromatography

Half maximal inhibitory concentration
Inner diameter

Isoleucine

International Protein Index protein database
Isopropyl beta-D-thiogalactopyranoside
Isothermal titration calorimetry
Dissociation constant

Michaelis constant

Liter

Liquid chromatography

Lithium dodecyl sulfate

Molar

Meter

Mass-to-charge ratio

Matrix-assisted laser desorption/ionization
Mitogen-activated protein (MAP) kinases
Minutes

Mol

Mitosis

Mass spectrometry

Tandem mass spectrometry

Molecular weight

Nuclear Magnetic Resonance
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7. Abbrevations

PAGE Polyacrylamide Gel Electrophoresis
PBS Phosphate buffered saline

PCR Polymerase Chain Reaction
PDGF-R Platelet-derived growth factor receptor
PDXK Pyridoxal kinase

pH Minus the decimal logarithm of the hydrogen ion activity in an aqueous solution
PL Pyridoxal

PLP Pyridoxal 5’-phosphate

PM Pyridoxamine

PMP Pyridoxamine 5’-phosphate

PN Pyridoxine

PNP Pyridoxine5’-phosphate

ppm Parts-per-million

Rb Retino blastoma

RNA Ribonucleic acid

RNAI RNA interference

rpm Revolutions per minute

RT Room temperature

S Seconds

SB Sample buffer

SDS Sodium Dodecyl Sulfate

SEC Size exclusion chromatography
SILAC Stable isotope labeling with amino acids in cell culture
S-phase Synthesis phase

SPR Surface plasmon resonance

t Time

TAE buffer Tris-acetate-EDTA buffer

TFA Trifluoroacetic acid

Thr Threonine

Tyr Tyrosine

UV-Vis Ultraviolet-visible

v Volt

v/iv Volume/volume

VEGF-R Vascular endothelial growth factor receptor
Vinax Maximum velocity

w/o Without

w/v Weight/volume

WB Washing buffer

X-ray X-radiation

AH Binding enthalpie

A Wavelength
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