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INTRODUCTION

A human organism is an extremely complicated system consisting of innumer-
able different compounds ranging from ones as small and simple as water to
those being as complicated multi-subunit structures like proteins with molecular
weights over a hundred kilodaltons. These molecules make up extremely
complicated intra- and intercellular signalling pathways and the disharmony of
functioning of the molecules at any stage of these pathways may result in the
progression of a disease. In past decades much effort has been put into under-
standing the functioning of normal signalling pathways and the origins of
different diseases. This has created the possibility for development of artificial
regulators of components of signalling cascades that will support the diseased
organism to manage with normal functioning. The development of new and
better drugs depends highly on the finding out and understanding the role of
disease-related proteins. Thus new and better methods for monitoring of cellular
functioning of proteins as well as methods for screening of new regulators of
these proteins are of great importance. Moreover, methods enabling the division
of patients into groups based on genetic and proteomic information related to
the special person support the understanding of the exact mechanism of the
disease and enable the personalized tailoring of the therapy according to this
information leading to better outcome of the treatment.

The present thesis describes the development of bioanalytical methods for
monitoring the activity of protein kinases in biological samples. High-affinity
adsorbents were worked out and used for the enrichment of protein kinases.
Novel non-metal long lifetime luminescence probes were discovered that were
used for full thermodynamic and kinetic characterization of un-labelled in-
hibitors of protein kinases in biochemical assays and for monitoring kinase
activity in live cells. A novel homogeneous assay based on the measurement of
time-gated luminescence was used for the quantification of a putative cancer
biomarker ECPKA in crude plasma samples.



REVIEW OF THE LITERATURE
Proteins as biomarkers

In normally functioning tissues the cellular signalling pathways are firmly
controlled by external messages. In contrast, pathogenic tissues generate false,
mimicked proliferation and angiogenesis signals for themselves. Probably the
most explored group of diseases caused by flaws in signalling pathways is
cancer [Hanahan and Weinberg 2011]. Hence, the present thesis is focused on
cancer related protein biomarkers. However, the described methods generally
can be used for the detection and analysis of protein biomarkers related to other
diseases as well.

The beginning of the Human Genome Project in 1990 and the completion of
sequencing of the genome in 2003 opened a new era in the identification and
analysis of disease-related proteins. The knowledge of the amino acid sequence
of all encoded proteins provides means for the identification of proteins based
on the masses and amino acid sequences of the peptides derived from those
proteins. This has triggered a massive proteomics research to discover the
disease-related alterations in the protein expression and activation patterns by
comparing samples from healthy and diseased tissues [Boja and Rodriguez
2011]. Moreover, the genomic changes and alterations in the protein expression
patterns can be not only causes but also consequences of failures in signalling
pathways. On one hand the alternatively expressed proteins are the major
targets for the development of new drugs. On the other hand the abundances of
disease-related proteins can be used for the development of screening programs
for early detection of diseases. Identifying markers that allow subtyping the
patients with similar clinical phenotype based on different mechanisms respon-
sible for causing the disease will also significantly improve the outcome of new
targeted (personalized) therapies.

Great efforts have been channelled into discovery of substances designated
as biomarkers that could signal about emerging illnesses in early stages. Ge-
nerally, a biomarker is defined as a characteristic that can be objectively mea-
sured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention [Atkinson et
al. 2001]. Cancer biomarkers can be analysed from biopsy samples but also
from samples of blood or other body fluids [Hanash et al. 2008; Huijbers et al.
2010; Wu et al. 2010; Yamada et al. 2008].

Analysis of blood serum or plasma samples well suits for clinical diagnostics
due to minimal harm caused to the patients, stability of the concentration levels
of markers and cost-effectiveness. Cancer researchers continue to work on
improving the sensitivity and specificity of methods for determination of serum-
based markers, with the goal of achieving the highest level of diagnostic
accuracy possible for the detection of cancer at an early stage when successful
curative interventions are still possible [Hanash et al. 2011]. The tests target
circulating tumour cells, proteins, RNA and DNA in plasma, and autoanti-
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bodies. Recent studies suggest that combining several selected tumour markers,
possibly in a multiplexed analytical mode, could lead to more specific assays
for the early detection of cancer [Hanash et al. 2011]. Approximately 200 pro-
tein analytes, equivalent to 1% of the human proteome, are currently measured
in plasma or serum for clinical purposes [Anderson 2010].

Based on the information they provide biomarkers are divided into three
main categories:

e Diagnostic biomarkers are used as tools for making the diagnosis, e.g.,
elevated blood glucose levels signal about emerging diabetes. Diagnostic
biomarkers can be rather general simply indicating the presence of a
disease or specific determining the exact cause or mechanism of the
disease.

e Prognostic markers give the estimation of the outcome of therapy or
average life expectancy, e.g., the cancer’s likelihood to give metastases.

e Predictive biomarkers indicate the patient’s likelihood to benefit from
treatment with a specific drug or set of drugs. One of the most successful
predictive biomarkers that set the grounds for personalized medicine was
the Her2/neu receptor status [Carney et al. 2007].

One of the most widely used circulating protein biomarker measured in
patient’s blood samples for cancer screening purposes is the prostate-specific
antigen (PSA) for the diagnosis of prostate cancer [Hoffman 2011]. However,
there are major concerns arising as the PSA tests in general have limited ability
to discriminate between malignant cancers and other benign prostate conditions
and therefore possess rather low sensitivity and specificity. Moreover, a sub-
stantial proportion of PSA-detected cancers are considered over-diagnosed
because they would not cause clinical problems during a man’s lifetime.

Serum- or plasma-based cancer-related protein biomarkers currently in
clinical use include CA125 (cancer antigen 125) for ovarian cancer, CA19-9
(carbohydrate antigen 19-9) for pancreatic cancer and CEA (carcinoembryonic
antigen) for colon cancer [Huijbers et al. 2010]. However, similarly to PSA all
these biomarkers have limited value with respect to their use for screening
owing to low sensitivity and specificity as they are present at increased levels in
benign disease as well [Polanski and Anderson 2007]. Still, these markers are
valuable for monitoring cancer progression and response to therapy. Hence, it is
proposed that only the application of multiple biomarker panels (either pro-
teomic, genetic, or both) has the potential to be developed into clinically useful
diagnostic methods [Malinowski 2007], meaning that for a definitive diagnosis,
the concentration of several cancer-related markers has to be established.

Since the majority of pathological states result from intra- or intercellular
communication disorders and dysregulation of cellular signalling cascades,
most of the recently identified disease related proteins are transduction related
proteins, including protein kinases [Bianco et al. 2006]. Therefore the develop-
ment of assays for protein kinase research and disease diagnostics is of great
importance.
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Protein Kinases

Protein kinases form a family of proteins that play a key role in signal trans-
duction pathways inside the cells by catalysing transfer of the y-phosphate
group from ATP to the hydroxyl group of a serine, threonine, or tyrosine
residue of a substrate protein. The addition of negative charges to the substrate
protein changes its conformation [Steichen et al. 2010], activity and localization
and therefore affects the processes that are downstream in the signalling
cascade. About one third of all human proteins (including protein kinases)
contain residues that can be phosphorylated [Cohen 1999]. Phosphorylated
proteins in turn are substrates for phosphatases that catalyse the removal of
phosphate group from the protein.

From the human genome sequence 518 protein kinase-coding genes were
identified which constitutes about 2% of genes [Manning et al. 2002]. The
structure, activation and inhibition mechanisms of many kinases have been
extensively studied. The function of others still remains to be discovered as the
expression of some proposed kinases on protein level has never been proved. In
addition to those 518 proposed protein kinase structures, for several protein
kinases various splice variants have been identified diversifying the protein
kinase family even further.

Both the size and structure of protein kinases vary widely [Hanks and Hunter
1995] as do the ligands that activate the kinases. Protein kinases consist of cata-
lytic and regulatory moieties which are typically either a part of a continuous
polypeptide chain or a part of a stable multi-subunit structure. Similarities in
sequence define the conserved catalytic domain which consists of 250—
300 amino acid residues and catalyses the phosphorylation event [Hanks et al.
1988]. Other domains in protein kinases vary widely and are important for
functions such as regulation of kinase activity, linking to other signalling
modules and subcellular localization [Manning et al. 2002; Taylor ef al. 1990].

Nearly all aspects of cell life are controlled by reversible phosphorylation of
proteins: cellular signalling cascades rely on the phosphorylation status of
proteins in their pathways [Manning et al. 2002] playing critical role in many
regulatory mechanisms such as signal transduction, metabolism, transcription,
cell cycle progression, cytoskeletal rearrangement, cell differentiation, move-
ment, growth and apoptosis [Shabb 2001]. Therefore protein phosphorylation is
a key regulatory mechanism of functioning of eukaryotic cells [Cohen 2000].

It has been shown that malfunctions such as kinase over-activation via
mutation or overexpression in signalling pathways can have pathological con-
sequences such as cancer, diabetes, rheumatoid arthritis, hypertension and
inflammation [Cell Signaling Technology 2012; Cohen 1999; Tsatsanis et al.
Jul 2007]. This has made protein kinases one of the most important protein
targets for drug discovery of the past decade. Therefore, the need for methods
that would facilitate the study of the role of kinases in a wide range of bio-
logical processes arises.
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PKA — cAMP-dependent protein kinase

The cAMP-dependent protein kinase (PKA) was one of the first protein kinases
discovered [Cohen 2002a; Walsh et al. 1968] and since then it has been under
thorough investigation. In the absence of cAMP, PKA is an enzymatically
inactive tetrameric holoenzyme consisting of two regulatory (PKAr) and two
catalytic (PKAc) subunits. Resent data point to substantially higher expression
levels of PKAr isoforms compared to these of the catalytic subunit PKAc
isoforms in normal (heart) tissue that is required for tight regulation of PKA
activity [Aye et al. 2010]. PKAc is released from PKAr and becomes active
only as the result of a regulated rise of cAMP concentration. Binding of two
cAMP molecules to each regulatory subunit alters their affinity for the catalytic
subunits and promotes dissociation of the holoenzyme into a dimer of regu-
latory subunits and two active monomeric catalytic subunits [Skalhegg and
Tasken 2000]. The regulatory subunits have been classified into two types,
PKArl and PKATrIl that are expressed as a variety of isoforms (PKArla,
PKArIB; PKArlla, PKATrIIB) that differ in the level of expression, subcellular
localisation and tissue distribution. The regulatory subunits are anchored to the
cellular compartments by A-kinase anchoring proteins (AKAPs) [Carnegie et al.
2009; Huang et al. 1997]. Four forms of the catalytic subunit have been iden-
tified in mammalian tissues with different amino acid sequences, PKAca,
PKAcB, PKAcy and PRKX [Beebe et al. 1990; Zimmermann et al. 1999; Uhler
et al. 1986a; Uhler et al. 1986b]. Ca appears to be expressed in most cells, C3
is mainly expressed in brain [Uhler ef al. 1986b], Cy is expressed in human
testis [Beebe er al. 1990]. Ca and CP possess 91 % identity in amino acid
sequence; Cy and PRKX are less identical with Ca and CB [Gamm et al. 1996].
Both the amino acid sequence and the size of the catalytic subunit are highly
conserved between species.

PKACc is a relatively small (40 kDa) nearly globular protein that contains in
addition to the catalytic core that is conserved throughout the family of protein
kinases only short flanking regions at the N- and C-termini. The ATP-binding
site is located deep inside the catalytic core between the small amino-terminal
and large carboxy-terminal lobes. The large lobe is additionally responsible for
substrate protein binding [Taylor et al. 1990; Taylor et al. 1993]. Crystal
structures have elucidated how the catalytic cleft opens and closes to grasp the
adenine moiety at the base of the active site cleft and how the glycine-rich loop
and the catalytic loop position so that both MgATP and the substrate protein
come into contact for catalysis in the cleft between the two lobes [Taylor et al.
2005; Taylor et al. 2004].

The catalytic mechanism appears to be rather similar for all of protein
kinases. Therefore PKAc serves as a prototype for a large and highly diverse
family of protein kinases. The simplicity of PKAc makes it an ideal template for
modelling of more complex protein kinases.
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PKAc as a cancer biomarker

In 2000 it was established that cancer cells originating from various tumour
tissues excrete active PKAc, designated as extra-cellular PKA (ECPKA) into
the conditioned medium [Cho et al. 2000b]. Furthermore, it was confirmed that
ECPKA was present in the bloodstream of patients ill with different types of
cancer (colon, breast, efc.) [Cho et al. 2000b; Cvijic et al. 2000; Wang et al.
2007]. It was also shown that ECPKA existed as an active catalytic subunit
(PKAC) in patient’s blood serum, its catalytic activity was not further increased
by addition of cAMP and its activity could be inhibited by the PKA-specific
inhibitor PKI [Cho et al. 2000a]. Later the increase of concentration of ECPKA
autoantibodies was detected in blood serum of cancer patients [Nesterova et al.
2006a; Nesterova et al. 2006b]. Although the activity level of ECPKA in the
blood serum of cancer patients was increased by 5-fold compared to healthy
people [Cho et al. 2000a], the concentration of PKA in serum samples was still
very low and thus not detectable with routine liquid chromatography/tandem
mass spectrometry analysis [Berna and Ackermann 2009].

Later studies have confirmed that ECPKA may function as a cancer marker
for various types of human cancer and thus can be used for cancer detection and
for monitoring response to therapy together with other screening or diagnostic
techniques [Cho er al. 2000b; Cvijic et al. 2000; Kita et al. 2004; Wang et al.
2007]. If reliable, ECPKA as a generic cancer marker could be of great value for
wider screening of population for diagnosis of cancer in early stage.

The studies related to the analysis of ECPKA in blood samples have used
kinetic radio-assays based on the quantification of radioactive product formed
in the course of transfer of radioactive phosphoryl group from labelled ATP to
the substrate peptide Kemptide [Cho et al. 2000a; Cho et al. 2000b; Cvijic et al.
2000; Kita et al. 2004; Wang et al. 2007]. The quantification of the phosphor-
peptide product was performed with a liquid scintillation spectrometer or a
phosphor imager. Although sufficiently sensitive, these methods are not well
suitable for use in a clinic or an analytical laboratory by virtue of personal and
environmental hazards and bad suitability for automation.

14



Inhibitors of protein kinases

Diverse biochemical functions and generally good druggability [Hopkins and
Groom 2002] have made protein kinases an important class of drug targets and
objects of intensive biochemical research. Small-molecule inhibitors of protein
kinases have been considered as possible drugs for many kinase-related diseases
as they directly decrease the activity of the over-activated or over-expressed
kinases. However, only a few small cell-permeable molecules have been
developed that inhibit one kinase specifically without giving rise to unwanted
side effects [Cohen 2002b]. Highly selective inhibitory potency has been
assigned to clinically applied protein kinase inhibitor Imantinib (Gleevec)
binding to the ATP binding pocket of inactive BCR-ABL tyrosine kinase
[Druker et al. 1996; Schindler et al. 2000]. The drug is indicated for the treat-
ment of chronic myeloid leukaemia [Deininger and Druker 2003]. Still, recent
data reveal comparable or even better affinity of Imatinib towards some other
protein kinases, e.g., DDR1 and KIT [Davis et al. 2011]. By 2011 10 small-
molecule kinase-inhibiting compounds had been approved by the Food and
Drug Administration of the United States of America (FDA) as cancer drugs,
and about 150 compounds had been in clinical testing as drug candidates
against different diseases [Fedorov et al. 2010]. In 2011 two new protein kinase
inhibitor-based drugs received approval from FDA: Vemurafenib (Plexxikon/
Roche’s Zelboraf; PLX4032) for advanced melanoma and Crizotinib (Pfizer’s
Xalkori), a multi-targeted kinase inhibitor for treatment of ALK-driven lung
cancer.

Inhibitors of protein kinases are widely used in signal transduction research.
Correctness of interpretation of the results obtained with these reagents
critically depends on their selectivity. Therefore it is extremely important to
determine selectivity of the inhibitors for adequate interpretation of the obtained
data. The selectivity of an inhibitor is usually assessed in parallel enzymatic
assays with a set of recombinant protein kinases [Manning et al. 2002]. Com-
mercial testing panels incorporate increasing number of kinases, the widest
panel for kinase inhibitor profiling and screening is KINOMEscan™ kinase
assay from DiscoveRx company that currently includes assays for 451 kinases
[KinomeScan], a substantial portion of all 518 human protein kinases.

Still a significant demand for cost-effective and amenable to automation
high-throughput methods for analysis of protein kinases and their inhibitors
exists. Tools for intracellular tracking of kinase functioning are especially
valuable [Allen et al. 2006].

Although allosteric inhibitors have gained wider interest in recent years [Dar
and Shokat 201 1], most inhibitors bind to the active site of protein kinases.

15



ATP-competitive inhibitors

The majority of characterized protein kinase inhibitors are ATP-competitive. A
potent inhibitor of protein kinases Staurosporine (AM-2282), a naturally
occurring alkaloid, was isolated from the bacteria Streptomyces staurosporeus
more than 30 years ago [Omura ef al. 1977; Tamaoki et al. 1986]. The analysis
of the crystal structure of Staurosporine in complex with the catalytic subunit of
PKA confirmed that the high binding affinity towards protein kinases is realized
via interactions with the ATP binding pocket [Prade et al. 1997]. A recent study
demonstrated that Staurosporine inhibited the majority of the tested 442 protein
kinases with K, values in the sub-nanomolar and nanomolar range [Davis et al.
2011].

Derivatives of isoquinolinesulfonamides, commonly known as Hidaka-series
compounds, form another class of protein kinase inhibitors [Hidaka ez al. 1984].
Although the first representatives of these compounds possessed micromoloar
activity towards several protein kinases of the AGC group, the further structural
modifications resulted in significant improvements in affinity and selectivity
[Ono-Saito et al. 1999]. The most thoroughly investigated representative of
Hidaka’s inhibitors H89 was for some time considered to be a PKAc-selective
inhibitor with a K; value of 50 nM. However, recent reports have shown that
HS89 inhibits also other kinases of the AGC group (S6K1, ROCK II and MSK1)
with nanomolar potency [Lochner and Moolman 2006; Murray 2008]. Further-
more, the first clinically applied protein kinase inhibitor Fasudil (HA-1077) is
rather selective towards ROCK 1II and is used in Japan for the treatment of
cerebral vasospasm after subarachnoid haemorrhage [Olson 2008].

Despite the conserved ATP binding sites of protein kinases, numerous rather
selective ATP-competitive inhibitors have been developed [Davis et al. 2011]
that are under clinical trials for signal transduction therapies [Kéri et al. 2011;
Kéri et al. 2006].

A serious disadvantage of designing ATP-competitive inhibitors as drugs is
the fact that ATP-competitive inhibitors need to compete with high intracellular
concentration of ATP that has been estimated to be in the range of 1 to 5 mM
[Gribble et al. 2000; Traut 1994].

Substrate protein-competitive inhibitors

Inhibitors competing with the peptide or protein substrate of the kinase are also
in wider use [Bogoyevitch et al. 2005; Kemp and Pearson 1991; Kemp et al.
1991; Lawrence and Niu 1998]. Inhibitors of this class have mostly been
comprised of peptides containing the substrate consensus motif that makes it
possible to generate greater specificity. Unfortunately, substrate peptide-based
inhibitors have usually relatively weak inhibitory potency (K; in the micromolar
range). However, these compounds may express positive cooperativity with
ligands binding to the ATP site and hence possess enhanced affinity in the
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presence of ATP [Masterson et al. 2008]. Usually, longer peptidic structures are
needed for achieving better inhibitory potency, which leads to problems with
cellular transport and stability of the compounds [Gumireddy et al. 2005].
Protein kinase inhibitor protein (PKI) is an endogenous thermo-stable peptide
that inhibits PKAc with sub-nanomolar K; in the presence of ATP [Dalton and
Dewey 2006]. The shorter versions of PKI have been synthesized; however
shorter peptides show somewhat lower affinity towards PKAc and lack
specificity [Glass et al. 1986; Pearce et al. 2010; Wen and Taylor 1994].

Bisubstrate inhibitors

The understanding that both ATP and the substrate protein are simultaneously
present in the active site of a kinase and the transfer of the phosphoryl group
takes place directly between these two substrates without the involvement of a
covalent intermediate with the enzyme, has led to the construction of bisubstrate
inhibitors (also known as substrate analogue inhibitors) [Parang and Cole 2002].
Bisubstrate inhibitors can give a greater number of interactions with the target
protein that may result in higher affinity and selectivity of the compounds
[Lavogina ef al. 2010a).

The first bisubstrate inhibitors contained both substrates: a nucleotide or a
nucleoside mimic and a substrate peptide connected via a linker chain. How-
ever, ATP-competitive inhibitors can be used as a nucleotide binding pocket
targeted part of the bisubstrate inhibitor and inhibitory peptide fragments can be
applied instead of substrate peptides [Ricouart et al. 1991; Schneider et al.
2005].

The bisubstrate character of inhibitors is generally confirmed by three
methods [Lavogina ef al. 2010a]:

e X-ray analysis of the structures of the protein kinase: inhibitor co-crystals

e Kkinetic analysis of the competitiveness of the inhibitor versus both

substrates

e displacement of the bisubstrate probe from its complex with protein

kinase by either substrate
Bisubstrate inhibitors have been used as biochemical and structural probes of
mechanism and such an approach has led to the development of compounds
with powerful therapeutic properties [Yu et al. 2006].

ARC-type bisubstrate inhibitors

Adenosine-oligoarginine conjugates (ARCs) are a good example of a successful
realization of bisubstrate inhibitor approach for basophilic kinases (protein
kinases catalysing phosphorylation of proteins at Ser/Thr residues which close
proximity is rich in basic amino acid residues, arginine and lysine [Pinna and
Ruzzene 1996]). More than 50 protein kinases of the AGC group, many
members of the CaMK group and several other kinases fall into this category,
including PKAc and kinases of therapeutic interest Akt/PKB and ROCK II.

17



ARC-type inhibitors consist of a nucleoside-resembling part (an adenosine
mimic or a fragment of small-molecular-weight inhibitor binding to the ATP-
site of the kinase) coupled to a peptidic moiety (an arginine-rich peptide) via a
flexible linker chain [Enkvist ef al. 2006].

The sub-micromolar affinity of the first generation ARC-type inhibitors
towards basophilic protein kinases PKAc and PKC [Loog er al. 1999] was
significantly improved by replacing the L-amino acid residues by D-amino
acids in the linker and peptidic moiety [Enkvist et al. 2006]. In addition to
improving the binding affinity the application of D-amino acids in the linker
and in the peptidic moiety of ARCs increases their stability towards proteolysis.
The affinity and selectivity of ARCs towards basophilic protein kinases can be
tuned by application of different nucleosidic fragments, linkers, and peptide
moieties [Enkvist et al. 2009; Enkvist et al. 2007]. Very high affinity of ARCs
(Kp-values reaching picomolar range) towards basophilic kinases was achieved
based on extensive structure-activity studies and X-ray analysis of crystals of
complexes of inhibitors with PKAc [Lavogina et al. 2009; Lavogina et al.
2010b; Pflug et al. 2010]. These studies enabled the optimization of the
structure of the linker fragment that now plays a critical role in realization of the
affinity of these compounds by providing crucial interactions with the target
kinase and directing the peptidic chain into the right orientation for important
interactions with the kinase.

The high binding affinity is preserved after labelling of ARCs with PEG
[Viht et al. 2003] or fluorescent dyes [Vaasa et al. 2009], or immobilization of
ARCs onto solid surfaces [Viht et al. 2007]. Furthermore, the arginine-rich
peptide moiety makes the conjugates plasma membrane-permeable [Uri ef al.
2002; Viht et al. 2003] enabling the use of these probes for cellular experiments
[Vaasa et al. 2010]. All these remarkable properties enable the application of
ARC:s as bioprobes and -sensors in a large variety of assays.

Protein analysis methods
Methods for the identification of potential protein biomarkers

Great effort has been put into the development of methods that enable compa-
rative and quantitative analysis of benign and malignant tissue samples for the
identification of altered levels of proteins and their post-translational modifi-
cations related to the progression of cancer. On one hand the detected disease-
related proteins are major drug targets for the targeted therapies. On the other
hand these proteins could serve as biomarkers for disease diagnosis, prognosis
and prediction of the therapeutic outcome on an individualized basis. However,
tissue samples are obtained from the biopsy samples when the first symptoms of
cancer have emerged. Therefore blood based biomarkers are considered more
valuable as the collection of the sample is easier and less invasive. Furthermore,
blood based cancer biomarkers can be used for cancer screening before the first
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symptoms appear and for the monitoring of the disease recurrence before the
tumour can be visualized with other methods.

The numerous molecular mass-based methods enabling the identification of
proteins and their posttranslational modifications related to their amino acid
sequence have guided the discovery of new potential biomarkers in the recent
years. Generally the biomarkers are discovered by comparing the relative
abundances of proteins in biological samples like biopsy samples or body
fluids. The first method used for differential protein expression profiling was
two-dimensional gel-electrophoresis (2DE) that enabled the separation of
proteins by their isoelectric point in one dimension and molecular weight in the
second dimension [Gorg et al. 2004]. The differential staining profiles in
healthy and diseased tissue were compared and the differentially expressed pro-
teins were identified by mass spectrometry. However, the need for manual
aligning of the protein spots on two gels has restricted the usability of 2DE for
biomarker research. Therefore methods for covalent labelling of proteins from
healthy and diseased tissue samples prior to 2DE with two labels with similar
chemical and physical properties like radio-isotopes with different gamma-ray
emission energies (e.g., '*I and "'I in ProteoTope technology [Cahill et al.
2003; Poznanovic et al. 2005; Wozny et al. 2007]) or spectrally resolvable
fluorescent dyes with similar mass and charge (e.g,, Cy3 and Cy5 in 2-D
Fluorescence Difference Gel Electrophoresis (2-D DIGE) [Kondo et al. 2003])
have been developed for pairwise comparison of two samples on a single gel.
Another major disadvantage of 2DE based methods is the wide dynamic range
of protein concentrations in biofluids. Hence, the spots of low abundance
proteins (possible biomarkers) are often masked by high abundance proteins.
Therefore for the detection of blood based biomarkers methods for the depletion
of high abundance proteins like albumin are applied [Bjorhall ez al. 2005; Echan
et al. 2005]. However, the depletion procedure may deplete some of the
potential biomarkers as well [Granger et al. 2005]. Therefore the development
of methods for affinity enrichment of target class of proteins is of great
importance.

Although, the combination of 2DE and mass spectrometry is a sensitive and
well suitable method for identification of new potential biomarkers such metho-
dology is expensive and time consuming and hence, not well suitable for
clinical screening purposes. Therefore affinity based methods for the screening
purposes are developed.

Biodffinity assays for the measurement of protein biomarkers

The most common assays used in clinical laboratories for the detection of pro-
teins are immunoassays. The principle of an immunoassay is based on the
antibody-antigen complex formation providing assays with required high
specificity and sensitivity. Furthermore, immunoassays are easy to perform
which has contributed to their success and widespread use.
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In the so-called sandwich-ELISA (Enzyme-Linked ImmunoSorbent Assay,
Figure 1A) [Crowther 2001], the target protein is captured from the sample to
the surface via the formation of the complex with a surface-bound antibody
(capture antibody) or another molecule with high affinity towards the target
protein. The solution of another target protein-specific antibody (primary detec-
tion antibody) is added after removal of unbound material, and the amount of
the detection antibody bound to the target protein on the surface is quantified.
For the quantification purposes the detection antibodies or secondary detection
antibodies (recognizing the primary detection antibody) are labelled with an
enzyme (e.g., horse-radish peroxidase or alkaline phosphatase) which catalyses
fluorogenic or luminogenic reactions leading to the signal enhancement. As the
amount of each biomarker has to be determined in a separate assay the number
of biomarkers determined from one sample is rather limited.
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Figure 1. Schematic representation of heterogeneous immunoassays for the measure-
ment of concentration of proteins. (A) Sandwich immunoassay. Capture antibodies are
immobilized on the surface and incubated with test sample containing the target protein
P; detection is carried out by means of a labelled secondary antibody. (B) Antibody
microarray. After labelling of all proteins of the sample with a fluorescent dye the test
sample is incubated on the surface. The amount of target protein interacting with
capture antibody (after unbound material has been removed by washing) is proportional
to fluorescence intensity. (C) Reporter displacement assay. After the sample has been
incubated on the surface the detection reagent R (containing the fluorescently labelled
epitope of the target protein) is added. The amount of target protein can be quantified
from the reduction of fluorescence intensity.

Antibody-microarrays enabling simultaneous (multiplexed) detection of several
biomarkers in a single assay have been developed. Basically, antibodies binding
different target proteins are spotted on the bottom of an assay plate or colour
coded beads and the amount of target proteins can be determined by numerous
label-free and label-based detection systems [Chandra ef al. 2011; Glokler and
Angenendt 2003]. The simplest antibody-microarray as depicted on Figure 1B
requires the development of a single monoclonal antibody against each target
protein and allows analysing more samples in parallel. The proteins in the
samples are covalently labelled with fluorescent dyes or radio-isotopes. Specific
antibodies spotted to the glass or filter surfaces bind their target proteins via
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specific interactions and the unbound material can be removed by washing.
Although allowing the pairwise analysis of two samples (if two samples are
treated with different fluorescent dyes or radio-isotopes) the labelling of all
proteins in the sample is rather tedious and reporter displacement formats of
antibody-microarrays (Figure 1C) for diagnostic purposes have been introduced.
For increased selectivity the antibody-microarray can be performed in sandwich
format familiar from the sandwich-ELISA using detection antibodies labelled
with either radioisotopes, fluorescent or luminescent dyes, etc. for the quanti-
fication.

Despite the numerous possibilities in different antibody-microarray setups,
the number of different biomarkers determined in a single antibody-microarray
is still limited by the inherent cross-reactivity of antibodies [Michaud et al.
2003]. Additionally, the application of sandwich immunoassays is retarded by
the need for the development of two orthogonal monoclonal antibodies binding
their target protein with high affinity. Hence, alternative capture agents like
peptoids (oligo-N-substituted glycines) [Reddy and Kodadek 2005], aptamers
(short short single-stranded DNA or RNA oligonucleotides that fold into a well-
defined three-dimensional structure can bind to a wide range of target molecules
with high affinity and specificity [Gold et al. 2010; Walter et al. 2008]), affi-
body molecules (small protein bundles generated by combinatorial protein
engineering with specificity for a wide range of targets [Renberg et al. 2007]),
etc. replacing the capture antibodies in sandwich array formats have been intro-
duced.

The greatest advantage of heterogeneous immunoassays is the possibility to
remove the non-target proteins by washing. However these procedures add
several steps to the analysis procedure and therefore homogeneous methods
have been introduced. Homogeneous immunoassays, similarly to heterogeneous
assays, take advantage of antibodies as bioaffinity reagents. Although simulta-
neous analysis of multiple biomarkers is generally not possible the homo-
geneous format has several advantages over the heterogeneous formats as well,
like homogeneity, usability in single-step format, quickness, and amenability to
automation.

The setup of the homogeneous immunoassays requires the detection pro-
cedure to be performed directly in the sample which on one hand ensures that
the target protein is not removed by washing procedures. On the other hand, the
excess of the detection reagent cannot be removed by washing and hence simple
radio-isotope- or fluorescence dye-based detection methods widely used in
heterogeneous assays are not applicable. Therefore Forster-type resonance
energy transfer- (FRET)-based (discussed in the next section) sandwich- or
reporter displacement-type assays have been developed (Figure 2). Further-
more, as the measurements in blood liquids plasma and serum are especially
demanding because of strong fluorescence background of the samples [Morgner
et al. 2011], probes with longer luminescence lifetimes like luminescent
lanthanide complexes enabling the short-lived background interferences to be
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removed via time-gated (time-resolved) acquisition have been developed
[Hagan and Zuchner 2011]. The homogeneous assays based on the measurement
of long lifetime luminescence of plasma and serum samples are now available
from biotech companies (e.g., Cisbio, B-R-A-H-M-S GmbH) for several
protein-type biomarkers. These assays use two orthogonal antibodies, one
labelled with a luminescent lanthanide chelate (luminescence donor) and the
other with a fluorescent dye (acceptor) [Hagan and Zuchner 2011]. Simulta-
neous association of both antibodies with the antigen induces FRET from the
donor to the acceptor that enables the quantification of the antigen in homo-
geneous solution without need for separation and washing steps.
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Figure 2. The schematic representation of homogeneous immunoassays. (A) Reporter
displacement assay. In the absence of the analyte an antibody labelled with RET donor
D forms a complex with the reporter protein R labelled with an acceptor dye 4. Upon
excitation of the donor the energy is transferred to the acceptor via FRET and only the
emission of the donor is observed. Upon adding a sample containing the target protein P
the reporter is displaced from its complex with antibody and the FRET does not occur,
thus only emission at the donor is observed. (B) Homogeneous sandwich immunoassay.
Two orthogonal antibodies are labelled with either a donor or an acceptor dye. The
FRET occurs only if both of the antibodies are brought to close proximity by interacting
with the target protein.
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Photoluminescence

In the recent years photoluminescence has become a major methodology used in
biochemical assays. Photoluminescence is an optical emission of photons from
molecules that have been excited to higher energy levels by absorption of light.
As a photoluminescent molecule (luminophore) absorbs a photon, its outer
electrons are raised from the ground state (Sy) to some of its higher energy
levels (S or S,). After spending some time in the electronically excited state the
luminophore returns to the ground state either by emitting a photon (fluore-
scence) or by any of the following non-radiative mechanisms: non-radiative
dissipation of energy (as heat), intersystem crossing (ISC) to triplet state,
resonance energy transfer to another molecule (quenching), photobleaching
(light-induced destruction of a dye while in the excited state), etc. (Figure 3).
The intersystem crossing from S; to T; occurs via spin conversion resulting in
paired spins of the electrons at the excited and ground states and hence, the
energy relaxation from T, to Sy is a forbidden process.
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Figure 3. The Jablonski diagram for photoluminescence (adopted from [Hemmild
1991]). A luminophore absorbing a photon is excited from its ground state (S) to any of
the vibrational levels of the singlet exited states (S; and S;). The molecule rapidly
relaxes to the lowest vibrational level of the lowest excited state by vibrational
relaxation (VR) or by internal conversion (IC) from S, to S; if higher energy level was
obtained upon excitation. The molecule returns to its ground state either non-radiatively
by IC or by emitting a photon (fluorescence). Additionally molecules in the S1 state can
undergo a spin conversion to the first triplet state (T;) via mechanism termed as
intersystem crossing (ISC) which is followed by the radiative dacay from the triplet
excited state to the singlet ground state (phosphorescence).
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The average time the luminophore spends in the exited state is described by
luminescence lifetime (t) that is related to the rate constants of the radiative (k)
and the sum of non-radiative (k,, ) processes:

1

T
ke + 3 oy

)

The fluorescence lifetimes of most organic fluorescent molecules are in the
range of 1 — 10 nanoseconds [Lakowicz 2006]. Transition from T; to Sy is
forbidden and as a result the rate constants for triplet emission (phosphore-
scence) are significantly smaller than those for the singlet emission (fluore-
scence) and hence the luminescence lifetime is in microsecond and millisecond
range.

The luminescence intensity (/) follows a single exponential decay model if
only florescence is observed (equation 2) where /j is the intensity at = 0:

I(t) = Ie /" 2)

As during the excitation and emission processes some of the energy is always
lost as a result of vibrational relaxations the energy of the photons required for
the excitation is greater than that of the emitted photons. Hence, the excitation
of the luminophore occurs at lower wavelengths than the emission is observed.
The difference between the maximums of the excitation and emission spectra is
termed as the Stokes shift.

Homogeneous bioaffinity assay formats do not allow the separation of the
unbound and complexed with the biological target detection reagents. Thus
optical methods that afford differentiating of signals from unbound and bound
interacting partners are required. One of the most popular methods for the
detection of molecules in close proximity is based on the measurement of
intensity of Forster resonance energy transfer (FRET). FRET is a distance-
dependent non-radiative energy transfer from the exited state S(D); of FRET
donor molecule to the exited state S(A); of an acceptor molecule [Lakowicz
2006]. As a result of the energy transfer both the fluorescence lifetime and the
intensity of the emitted fluorescence of the donor are decreased and the increase
in the emission intensity of the acceptor (sensitized emission) is observed. In
addition to distance between the donor and acceptor FRET efficiency (F) is
related to several other factors including the overlap of the donor emission and
acceptor excitation spectra and the relative orientation of the dyes. However, as
some of the parameters affecting £ are difficult to determine FRET efficiency is
often calculated based on the change of the luminescence lifetimes (equation 3)
or intensities (equation 4) of the donor in the absence and presence of the
acceptor:
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F=1-24 3).

where 74 and 7p4 are the luminescence lifetimes of the free acceptor and the
acceptor in complex with the donor, respectively, or:

_ Flipa
E=1- FIp 4),

where F1, and Flip, are the luminescence intensities of the free acceptor and the
acceptor in complex with the donor, respectively. The occurrence of FRET and
hence the interaction between the proteins labelled with either donor or acceptor
can be determined either by measuring the change in the fluorescence intensities
at the donor and acceptor wavelengths or by determining the change in the
luminescence lifetime of donor emission.

Although measurements of FRET intensity between organic dyes, fluore-
scent proteins or their combinations are widely used both in biochemical and
cellular measurements for the analysis of ligand-protein and protein-protein
interactions, these measurements are often disturbed by the background auto-
fluorescence of biological samples. The autofluorescence usually has decays on
the nanosecond timescale as do most of organic fluorophores that reduces the
sensitivity of detection. To overcome this shortcoming probes with longer
luminescence lifetime have been described [Soini and Hemmild 1979].

The lanthanides are uniquely luminescent metals that display emission in
aqueous solutions and decay times in the range of 0.5 —3 ms. The emission
results from transitions between d and f orbitals, which are formally forbidden
transitions [Hemmild and Laitala 2005; Werts 2005]. Hence the emissive rates
are slow resulting in long lifetimes. Lanthanides display line spectra from
individual atoms [Moore et al. 2009]. As the extinction coefficients of lantha-
nides are extremely low, less than 10 M 'em ™, for practical measurements in
bioassays lanthanides are not excited directly but rather through chelated
organic ligands. It is proposed that the organic acceptor is first excited to S,
followed by its transition to T, state and thereafter the energy transfer to the
lanthanide ion occurs [Soini and Hemmild 1979]. As a result of the cascade of
transfers the absorption spectrum resembles that of the chelating ligand and not
of the lanthanide ion itself. Besides increasing the excitation efficiency of
lanthanides the chelators displace the water molecules coordinating the
lanthanide ion in aqueous solutions where water molecules would act as
quenchers.

Lanthanide-ligand complexes have found widespread use as luminophores in
highly sensitive analytical methods, particularly for homogeneous immuno-
assays [Hagan and Zuchner 2011]. Luminescent lanthanide complexes have
exceedingly long-lived luminescence in comparison with conventional organic
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fluorophores, enabling the short-lived background interferences to be removed
via time-gated (time-resolved) acquisition, thus delivering greater assay sensi-
tivity and a broader dynamic range [Hagan and Zuchner 2011]. Moreover, as
lanthanides possess several narrow emission bands over the wavelength range
of several hundred nanometers numerous different organic dyes and fluorescent
proteins with different excitation spectra can be used as FRET acceptors.

Another advantage of the usage of lanthanide chelates as FRET donors is the
possibility of using double wavelength detection for the analysis of unprocessed
complex samples (like plasma or serum) containing numerous proteins and
small molecules absorbing a significant proportion of the exciting photons
[Morgner et al. 2011]. The emissions of both the lanthanide donor luminophore
and the acceptor fluorophore are assumed to be affected to the same degree
[Bazin et al. 2001; Degorce et al. 2009] by optical properties of the sample.
Hence the luminescence intensity at the donor lanthanide chelate emission peak
is used as the internal reference while the emission from acceptor fluorescent
dye is used as the indicator of the amount of the molecular complex formed that
brings the luminescence donor and acceptor to close proximity [Mathis 1993].
Moreover, the multiple emission wavelengths of the lanthanide chelates can be
used for simultaneous excitation of multiple acceptors with different excitation
spectra and hence multiple analytes can be measured simultaneously in a single
step format using either organic dyes or quantum dots as acceptors [Geissler et
al. 2010; Kokko et al. 2009; Kokko et al. 2008; Myyrylainen et al. 2010].

Although numerous different optical setups and detection principles have
been successfully used in immunoassays, there are still biological requirements
for further improvements of these assays. A disadvantage of the immunoassays
is the high cost of development and production of monoclonal antibodies with
reasonable affinity towards target proteins. Another major disadvantage is the
fact that antibodies can be used for the determination of the total (molar)
amount of the target protein and they are usually not suitable for the quantifi-
cation of the activity level of target enzymes (e.g., protein kinases) which
knowledge may be crucial for the assessment of the status of cellular signalling
pathways under investigation.

Methods for monitoring of protein kinase activity

Protein kinase activity can be determined by monitoring the formation of the
product formed in course of enzymatic reaction. As protein kinases are multi-
substrate enzymes the catalysis mechanism is rather complicated and therefore
the enzymatic activity assays are commonly performed under the conditions
where one substrate is taken in excess and the formalism of a monosubstrate
enzymatic reaction can be adapted for the description of the process (Scheme
1A).
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Sheme 1. (A) The mechanism of a monosubstrate enzymatic reaction, where E, S and P
denote the enzyme, substrate and product, respectively; the active complex is denoted as
ES; k., and k_; are the association and dissociation rate constants, respectively, and k.,
is the rate constant of product formation. (B) The mechanism of a monosubstrate re-
action in the presence of a competitive inhibitor, where I denotes a competitive in-
hibitor, and &,, and k,; are the association and dissociation rate constants of EI complex
formation and dissociation, respectively.

The velocity of a monosubstrate enzymatic reaction is determined by values of
the rate constants [Segel 1993]:

v = kcat[Etl[S] ),

k_1
—Li[s
e

where [E,] represents the total concentration of the enzyme. If k.4¢[E¢] is
substituted by V., the limiting maximal velocity that would be observed when
all the enzyme is present as ES and if k_;/k,; is substituted by K, the
Michaelis-Menten constant' of the substrate, the classical Michaelis-Menten
equation (6) is obtained [Segel 1993]. It should be noted that 7, and K, are
characteristic to a specific substrate [Price and Stevens 1999].

— VmaxI[S]
V= i ©

If the monosubstrate enzymatic reaction is performed under the conditions
where the concentration of the substrate significantly exceeds that of the
Michaelis-Menten constant ([S] > Kj,), the reaction velocity is only dependent
on the concentration of the enzyme:

"In biochemistry all the coefficients are by convention referred to as constants (e.g.,
dissociation constant) although, the values are not determined under standard conditions
but in the relevant conditions to biochemistry (30 °C or 37 °C, pH = 7) and the values
are dependent on the temperature, pH, ionic strength efc. Moreover the values are not
dimensionless (e.g., the dissociation constant possesses a dimension of [mol/L]).
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These conditions have been named as stoichiometric binding conditions, as no
molecule of enzyme is present as a free enzyme. The assessment of inhibitory
potencies of competitive inhibitors (Scheme 1B) is generally performed under
these conditions.

The most commonly used method for the assessment of protein kinase
activity has been the phospho-cellulose paper method in which the incorpo-
ration of radioactive phosphate from [**P]JATP into the substrate peptide or
protein is determined [Glass et al. 1978; Witt and Roskoski 1975]. As radio-
metric methods have several drawbacks (personal risks, environmental pollution
and short half-life of **P) several non-radiometric alternatives have been
developed and the radioactive assay is applied only if no better assay is
available [Zaman er al. 2003]. The alternative detection techniques are often
based on the conjugation of the substrate peptide or protein to a fluorescent dye
and the chromatographic [Viht et al. 2005; Wu et al. 2006] or electrophoretic
separation of the fluorescently labelled product from the non-phosphorylated
substrate. Additionally, immunoassays (e.g., ELISA) based on monoclonal
antibodies recognizing the phosphorylated amino acid are available [Alberta and
Stiles 1997]. Several versions of kinetic assays based on the measurement of the
decrease of the concentration of ATP or the formation of ADP are also in active
use now [Fan and Wood 2007; Huss et al. 2007; Kunzelmann and Webb 2010;
Srinivasan et al. 2004].

The activity of protein kinases (like other enzymes) is usually expressed in
the “enzyme unit” scale (U), where 1 U of enzyme activity corresponds to the
amount of protein kinase that catalyses the phosphorylation of 1 nanomole of
the defined substrate in one minute. Specific activity is defined as U of activity
per milligram protein [Segel 1993]. However, even the patches of purified
recombinant proteins always contain a mixture of a fully active and inactive
(e.g., lacking necessary posttranslational modifications or degraded during
sample preparation procedures) forms of the kinase. The situation is even more
complicated when biological samples containing proteases, phosphatases, etc.
are to be analysed. Hence, the specific activity depends on the origin of the
sample and sample preparation procedures, and for comparison of samples the
originally defined substrate has to be used for monitoring the phosphorylation
reaction to avoid recalculations [Price and Stevens 1999].

Equilibrium binding assays

The concentration of the active enzyme can be determined by titration of the
enzyme with a compound binding to the active form of the enzyme (Scheme
2A). The concentration of the active form of an enzyme does not depend on the
affinity of the ligand used for the titration procedure and hence, is a more basic
characteristic of an enzyme than its specific activity.

28



>
=
03]
Pl

+1

E+L &2 EL E+L 2 EL
k, + k,
I
kon\LTkoff
El

Scheme 2. (A) The mechanism of equilibrium binding, where E and L denote the
enzyme and ligand, respectively; and the formed complex is denoted as EL; k.; and k_;
are the association and dissociation rate constants, respectively. (B) The mechanism of a
ligand displacement assay in the presence of a competitive inhibitor, where I denotes a
competitive inhibitor, and k,, and k,; are the association and dissociation rate constants
of EI complex formation and dissociation, respectively.

The equilibrium dissociation constant K of the enzyme:ligand complex can be
determined as follows:

k, _ [EIxIL] _([E]-[EL]) x (L] - [EL]) (8),
k, — [EL] [EL]

Kp =

where [E] and [L,] represent the total concentration of the enzyme and ligand,
respectively. However, in the ligand binding assay usually the amount of [EL]
is quantified and hence equation 8 can be rearranged to obtain equation 9 for
fitting the equilibrium binding data.

[E]+[L]+ Kp-V([ED + [L] + Kp ) 4[EJILY ©)
2

[EL] =

If the titration of the protein kinase active site is performed under the conditions
[L]>> Kp, the initial part of the curve ([E] < [L]) follows linear dependency and
the curve is tilted at the point where the concentration of active sites equals to
the concentration of the ligand [Tetin and Hazlett 2000]. When concentration
series of an enzyme is titrated with two different concentrations of the ligand
([L] >> Kp and [L] < K)p) both the Kp and the fraction of the active protein
kinase can be determined [Vaasa et al. 2009].

The ability of a compound to bind to its target kinase provides important
information of the interaction but often the compounds most interesting from
the pharmacological point of view are not labelled with tags that would allow
the determination of the affinity of the compound from a direct binding assay.
Therefore sensors or probes that allow the screening of libraries of low mole-
cular compounds in displacement assay in HTS format are developed (Scheme
2B).
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Surface plasmon resonance

Surface plasmon resonance (SPR) spectrometry is an optical technique which
measures refractive index change at the sensor—fluid interface layer [Zimmer-
mann ef al. 2002]. The ligand (or the protein) is covalently coupled to the
carboxymetylated dextran matrix on a gold-coated glass chip and the binding of
the analyte to the sensor surface results in an increase in refractive index which
is detected by a shift in the resonance angle (Figure 4). The signal generated in
arbitrary response units (RU) is proportional to a change in mass: e.g., signal
difference equal to 1 RU is obtained if 1 pg of a protein is adsorbed to 1 mm®
area of the sensor surface [Stenberg ef al. 1991].

This versatile technology enables the measurement of both the equilibrium
dissociation constant K, and kinetic parameters, the binding on- and off-rates,
in real time without the need of labelling the analyte. A wide range of affinities
can be characterized with high reproducibility, high sensitivity and low sample
consumption. Simultaneous monitoring of different surfaces makes it possible
to subtract the signal resulting from non-specific binding and to account for
refractive index changes as well as matrix effects.
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Figure 4. A typical binding cycle observed with an optical biosensor. At time point A a
solution of the analyte is passed over the sensor surface: as the analyte binds to the
immobilized ligand, the refractive index at the sensor surface increases, causing an
increase in the resonance signal. At time point B the analyte solution is replaced by a
running buffer and the ligand-analyte complex starts to dissociate and the resonance
signal begins to decrease. In between time points C and D a regeneration solution is
used to disrupt the binding on the surface and regenerate the free ligand on the sensor
surface.

Analysis of the binding in the association phase gives the observed association
rate (ko). If the concentration of the analyte is known, the association rate
constant of the interaction (k,,) can be determined. Analysis of the dissociation
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phase gives the dissociation rate constant (k,y) for the interaction. The affinity
of the interaction can be calculated from the ratio of the rate constants (Kp =
koglkon) or by fitting of the response at equilibrium binding against varying
concentrations of the analyte [Moll ef al. 2006].

If a small inhibitor is coupled to the surface its selectivity towards different
biomolecules can be measured (Figure SA). As an advantage of this approach,
large biomolecules give measurable responses even at their very low con-
centrations and low surface densities. In most cases the resulting surface with
immobilized small organic molecules is very stable and quite harsh regeneration
solutions can be used. Unfortunately, pure proteins are needed to conduct such
experiments correctly.

If large biomolecules are immobilized on the sensor surface the binding of
different inhibitors can be measured (Figure 5B). Since the SPR signal depends
on the mass of the material bound to the sensor surface, small analytes (Mr
<1000) give very small responses. Although instruments have been developed
(Biacore 3000 and S51, both from GE Healthcare) that are capable of directly
detecting substances possessing low molecular weights, high surface con-
centration of the active immobilized ligand is needed. Furthermore, at such high
ligand densities accurate kinetic analysis is not possible due to mass-transport
limitations and re-binding of the analyte. Another downside of this approach is
the fact that the biomolecules tend to lose their activity during immobilization
procedure and measurements.

A B

Q.%Q

Figure 5. Alternative schemes of SPR measurements. (A) A small inhibitor (dark grey)
is immobilized on the surface and the binding of a biomolecule (light grey) is moni-
tored. (B) A biomolecule is immobilized on the surface and the binding of an inhibitor
is monitored [Zimmermann et al. 2002].

Competition assays [Karlsson 2004] are useful alternatives to the afore-
mentioned approaches. Two assay formats, solution competition (Figure 6A)
and surface competition (Figure 6B) are possible. Competition assays can easily
be automated and are especially useful for the analysis of inhibitory potency
and selectivity of low molecular weight substances; however, rate constants
cannot be determined from the surface competition assays.
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Figure 6. Experimental setup of the competition experiments. The apparent /Csy-values
can be measured by varying the concentration of the competitor. Solution competition
(A): competitor molecules bind to analytes obstructing the binding of the immobilized
ligand. Surface competition (B): competitor molecules compete with analytes for the
same binding site of an immobilized ligand. This assay setup requires the occurrence of
significant mass differences between the analyte and the competitor [Zimmermann et al.
2002].

Another advantage of SPR measurements is the ability to couple this method
with mass spectrometry. The sensor chip is used to capture the analyte, which
may exist as a minor species in a milieu of cellular proteins. The matrix is
added directly to the sensor surface and the sensor chip is mounted into a
MALDI-TOF mass spectrometer. Mass spectroscopy is then used to analyze the
molecular weight of the captured molecule directly on the chip. The advantage
of this type of analysis is that there is the opportunity to examine the material
actually bound to the surface of the sensor chip without any further mani-
pulation of the sample [Krone ef al. 1997; Nelson et al. 2000].

Methods for analyzing protein kinase activity in live cells

The easiest way to monitor protein kinase activity in live cells is monitoring the
incorporation of [**P] into kinase substrate proteins in the presence of [**P]JATP.
After incubating the cells in the presence of protein kinase activators or
inhibitors the phosphorylated proteins are separated by SDS gel electrophoresis.
Although the assay can be applied for the investigation of a broad range of
kinases and protein kinase activators and inhibitors, the assay is often avoided
in the research institutions as the methodology involves many environmental
and health hazards.

Another opportunity is the identification of phosphoproteins by Western plot
analysis with phospho-specific antibodies [Chen er al. 2005]. Whereas the
antibodies against phosophotyrosine are readily available the analysis of both
phosphoserine- and phosphotreonine-containing proteins needs the raising of
specific antibodies against specific phosphopeptide sequences.

Both of the described assays are end point assays and hence do not allow the
constant monitoring of kinase activity in living cells. Most of the assays
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designed for the monitoring of protein kinase activity in real time are based on
genetically encoded biosensors that require the over-expression of the target
protein as a fusion with a pair of fluorescent proteins (e.g., variants of GFP)
[Zhang et al. 2001; Yeh et al. 2002]. These sensors often take advantage of the
FRET phenomenon.
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AIMS OF THE STUDY

The aim of the current study was the development and assessment of ARC-type
inhibitor-based high throughput methods for the determination of concentration
of active protein kinases and evaluation of inhibitors of protein kinases.

More specifically the objectives of the studies that are summarized in the
present thesis were the following:

e The development of ARC-based affinity supports for the selective
enrichment of active protein kinases from crude biological samples.

e The characterization of immobilized ARCs in surface plasmon resonance
measurements and the application of the developed sensors for analysis
of activity of protein kinases and affinity of their inhibitors.

e The elaboration of a homogeneous high throughput photoluminescence
method for measurement of protein kinases in biological samples.

e The application of the developed photoluminescence assay for the
analysis of a putative cancer biomarker ECPKA in the patient’s blood
samples.
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SUMMARY OF RESULTS AND DISCUSSIONS

Development of affinity supports for enrichment
of protein kinases and characterization of protein kinase
inhibitors (Papers |, Il and unpublished data)

Tissue samples contain an enormous number of different proteins whose con-
centration differs by more than six orders of magnitude. Therefore a severe need
exists for the development of methods capable of selective enrichment of low
abundance proteins like protein kinases from crude tissue samples.

To start the development of enrichment procedures and assay methods the
possibility of using ARC-type inhibitors as baits for the enrichment of protein
kinases from crude samples was investigated. An ARC-type inhibitor of the first
generation [Lavogina et al. 2010a] ARC-342 was covalently immobilized on
agarose beads. The obtained affinity adsorbent was successfully applied for the
pull-down of protein kinases ROCK II and PKAc from cell lysates (Paper I,
Figure 4C). Although ARC-341 (the precursor of ARC-342) possesses similar
affinity (Kp values in the submicromolar region) towards both tested protein
kinases (Paper I Table 1; Table 2 in [Vaasa et al. 2009]), the differences in the
binding and elution patterns from the affinity resin Affi-Gel-ARC-342 indicate
that the immobilization of the inhibitor affects the binding of these protein
kinases differently.

In order to investigate the binding and dissociation kinetics of protein
kinases to immobilized ARC-type inhibitors ARCs were immobilized on sur-
faces of biosensor chips. Two strategies were used for the surface preparation.
Firstly, ARC-type inhibitors of the second generation (ARC-904 or ARC-1023)
were covalently bound to the biosensor surface via the free amino group on the
side chain of lysine residue. The second approach required the covalent
coupling of streptavidin to the biosensor surface and successive binding of a
biotinylated ARC (ARC-704 or ARC-1024) to streptavidin.

Both, the covalent immobilization of ARC-904 and the attachment of biotin-
containing ARC-704 on the streptavidin-conjugated surface, resulted in sensor
surfaces with similar affinity towards PKAc. The addition of 2 extra 6-amino-
hexanoic acid residues into the immobilization linker arm of ARC-1024 and
ARC-1023 only slightly improved the affinity of ARC-surfaces towards PKAc.
The association phase of the binding curves measured on the covalently bound
ARC-904 and ARC-1023 surfaces reached a stable value at equilibrium binding
and fitted better to the 1:1 Langmuir interaction model as compared with the
biotinylated ARC surfaces (Figures 7A, B, C). The titration of the latter surfaces
with PKAc did not lead up to a stable plateau signal, whilst the dissociation rate
constants for the kinases on covalently immobilized ARC-904 and ARC-1023
surfaces were somewhat greater (Figures 7B, C).
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Figure 7. The binding of protein kinases to the ARC-conjugated SPR sensor surfaces:
PKACc (from top to bottom two-fold dilutions starting from 80 nM) binding to (A) ARC-
704 bound to streptavidin conjugated CM4 sensor chip (B) ARC-904, and (C) ARC-
1023 bound covalently to CM4 sensor surface; (D) ROCK II (from top to bottom two-
fold dilutions starting from 7.5 nM) binding to high density ARC-1023 surface.

High binding affinity of the catalytic domains of both CaMK IV and ROCK II
expressed as fusions with a GST-tag to ARC-1023 surface could be detected
(KD (ROCII-GST) = 0.4 nM and KD (CamK 1V) = 5 HM) as well as much slower
dissociation kinetics as compared to that of PKAc (Figure 7D). In order to
prove that the slow dissociation results from the binding of catalytic domain of
the kinase and not from binding of the purification tag, the experiments were
performed with the catalytic domain of ROCK II possessing a 6His tag and
similar results were obtained (Kp rocr.¢nis = 0.6 nM). The affinity towards the
surface was so high that the surface regeneration conditions used for PKAc
measurements (regeneration with 1 M amintoethanol) did not dissociate ROCK
IT from the surface and additional regeneration steps were used [regeneration
with successive injections of glycine (pH 1.5), 1 M NaCl in borate (pH 8.5) and
glycine (pH 2.5)]. The affinity towards ARC-704 and ARC-1024 was not
determined as the regeneration of the surfaces (complete dissociation of the
kinase from the surface) was not achieved without destroying the sensor
surface.

These results confirmed the previous finding that coupling of an ARC-type
inhibitor to the surface reduces its affinity towards PKAc, but the binding
affinity towards ROCK 1I is not significantly affected by the immobilization of
the inhibitor.
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The finding that several kinases bind to ARC-surfaces indicates that ARC-
based affinity supports can be used for the selective pull-down of protein
kinases from crude biological samples for further analysis. Thereafter post-
translational modifications and expression patterns of surface-bound proteins
can be established with MS analysis. Moreover, as ARC-type inhibitors bind to
the active centre of protein kinases and do not recognize inactive kinases, ARC-
based affinity supports could be used for separating the active form of a kinase
from its inactive state counterpart. Therefore the method provides an excellent
complement to methods measuring the total amount of protein kinases (e.g.,
most antibody-based assays).

In addition to the possibility of selective enrichment of protein kinases ARC-
based biosensor was used for the characterization of binding affinities of protein
kinase inhibitors in competitive assay formats by monitoring the efficiency of
an inhibitor to reduce the binding of PKAc to the ARC-sensor chip (Paper II,
Figure 2). The values of binding constants determined for the tested compounds
covered a wide range (K, values from 500 pM to 1.0 mM), and were in good
agreement with the values that had been obtained with other assay technologies.
The main drawbacks of the ARC-based SPR assay for inhibitor testing are the
risk of nonspecific binding of test compounds to the chip surface and the low
throughput potential. However, the heterogeneity of the assay offers some
specific advantages; for instance, the biosensor with immobilized ARC can be
used in many experiments without the consumption of the probe and several
kinases can be tested on one chip in selectivity studies.

Development and application of homogeneous
photoluminescence-based assays for the determination of
concentration of protein kinases (Papers Il and Ill)

ARC-type inhibitors labelled with fluorescent dyes (ARC-Fluo probes) have
been successfully applied for the development of a fluorescence anisotropy-
(FA)-based assay that enables the determination of the concentration of active
protein kinase [Vaasa et al. 2009] by performing the active site titration with
high concentration of the ARC-Fluo probe ([L] >> Kp). However, if the Kp
value of the probe:protein kinase complex is not in the subnanomolar range,
high concentrations of the probe are required, which in turn leads to the in-
creased amount of the protein kinase needed for the titration procedure. More-
over, the FA assays cannot be performed in crude samples as the highly
abundant proteins non-specifically interacting with the fluorescence dye will
contribute to the anisotropy signal.

Therefore it was decided to adopt an assay with TR-FRET readout (Figure
8A). The lysine side chain of ARC-904 was labelled with Lumi4 Terbium
chelate (Lumi4Tb) [Moore et al. 2009] and PKAc was covalently labelled with
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an organic dye FITC. The efficiency of FRET between PKAc-FITC and ARC-
583 (ARC-904 labelled with organic dye TAMRA) was used as a comparison.
The assay window (difference between the signals obtained in the absence and
presence of the complex of FRET pair) obtained with TR-FRET pair ARC-
Lumi4Tb:PKAc-FITC was significantly greater as compared with the assay
window obtained with PKAc-FITC and ARC-583 FRET pair (Paper II, Figure
5). The result indicates that ARC-Lumi4Tb and PKAc-FITC pair-based assay
could be used in a reporter displacement assay format for the quantification of
protein kinases.
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Figure 8. The schematic representation of homogeneous ARC-based methods for
detection of protein kinases. (A) FRET between ARC-Lumi4Tb and PKAc-FITC is
disrupted when PKACc-FITC is displaced from its complex by unlabelled PKAc, leading
to increase in donor (Lumi4Tb) emission (490 nm) and reduction in the acceptor (FITC)
emission (520 nm). (B) FRET between Eu-Ab and ARC-Fluo probe (FL) occurs when
the donor (Eu) and acceptor (Alexa Fluor 647) are brought in close proximity by
forming a triple complex with a PK, leading to the reduction in the donor's emission
intensity (620 nm) and increase in the acceptor's emission intensity (675 nm). (C) Upon
excitation at 337 nm luminescence with microsecond range lifetime is emitted only if
ARC-Lum probe is bound to a PK.
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Next it was tried to establish a three component assay for the analysis of
protein kinases in biological samples (Figure 8B). An antibody binding to 6His-
tag of the target protein was labelled with an Europium cryptate (Eu-Ab) as the
TR-FRET donor and ARC-Fluo probe was labelled with a luminescence
acceptor fluorophore Alexa Fluor 647 (ARC-1063). Surprisingly, in the course
of these studies a long lifetime luminescence signal was detected as the assay
was performed with the protein kinase not possessing a 6His tag. Furthermore, a
luminescence signal was detected even if ARC-1063 was titrated with a protein
kinase in the absence of the FRET donor Eu-Ab (Figure 8C). The luminescence
intensity of ARC-1063 probe in the absence of a protein kinase was negligible
and the measured luminescence intensity was proportional to the amount of the
complex ARC-1063:protein kinase. It was later established that the pheno-
menon was distinctive only for probes containing a thiophene or a selenophene
moiety in the ATP-competitive fragment of the inhibitor whereat no lumine-
scence signal was detected in the case of ARC-based probes containing an
adenosine moiety. Hereafter, ARC-probes with protein induced long lifetime
luminescence property were designated as ARC-Lum probes.

Characterization of optical properties of ARC-Lum probes
(Papers Il and IV)

The following mechanism of protein induced luminescence of ARC-Lum
probes was proposed. The thiophene-fragment-containing ARCs absorb light in
the region of the TRF excitation filter (337 nm) with an absorption maximum at
340 nm and hence, upon flash-excitation the thiophene fragment is excited to
singlet exited state S(D), followed by ISC to the triplet excited state of the
fragment T(D); when the probe is bound to the active site of a protein kinase.
The interactions with the ATP-binding pocket of the kinase probably restrict the
molecular movements of the thiophene fragment and hence, the triplet exci-
tation state is not annihilated by molecular motions. Thereafter the energy is
passed to the singlet excited state of the conjugated acceptor fluorescent dye
S(A);, followed by radiation at the emission wavelength of the dye (Paper III
Figure 1D).

For the confirmation of the hypothesis the thiophene moiety in ARC-Lum
probes was replaced by a selenophene moiety that contained a heavier selenium
atom instead of sulphur. Heavier atoms have been shown to favour the triplet
excitation state formation [Kuijt 2003]. Indeed, while titrated with protein kina-
ses the probes containing a selenium atom gave greater long lifetime lumine-
scence intensities as compared with their sulphur-containing counterparts. The
long lifetime luminescence signal (excitation in the range of 300-350 nm,
emission at 650—700 nm) was induced by binding of all tested protein kinases of
the AGC group (Paper III, Table 1, Figures 2A, B) to either the thiophene-
containing probe ARC-1063 or its selenophene-containing counterpart ARC-
1139 (Paper III, Figure 1A). Interestingly, both the intensity and lifetime of
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emitted light of complexes of different protein kinases with ARC-Lum probes
were dependent on the origin of the probe and the binding kinase (Paper III,
Figures 2A, B, Table 1).

From the absorption spectra of organic fluorescent dyes it is evident that
most of them can be directly excited in the wavelength range of the TRF
excitation filter (300-350 nm). It was observed that excitation of ARC-Lum and
ARC-Photo probes with TRF modules in steady state fluorescence intensity
mode resulted in the direct excitation of the fluorescent dye. However, only in
case of ARC-Lum probes in complex with a protein kinase the luminescence
signal was detected in the case of pulse excitation and time-gated (more than 50
microseconds) detection of luminescence intensity, indicating that the signal
with long luminescence lifetime does not result from the direct excitation of the
organic dye.

All tested fluorescent dyes possessing strong absorption in the wavelength
range of 500 - 650 nm could be used as effective sensitizing acceptors (Paper
III, Supplementary Figures 3, 4A, and 5A). Moreover, the light emitted at
630(40) nm by a selenopehene-containing compound ARC-1138 (not labelled
with a fluorescent dye) in complex with PKAc was strong enough to be used for
measurement of the concentration of the kinase bound to the probe (Paper III,
Supplementary Figure 6), although the compound did not contain a sensitizing
fluorescent luminescence acceptor. Still, the intensity of the emitted light was
20- to 100-fold weaker than that of ARC-Lum probes labelled with sensitizing
dyes pointing to considerable sensitizing effect of the acceptor dye.

It was confirmed that energy transfer between the donor and acceptor
luminophores was also possible intermolecularly as the transfer occurred if
PKAc chemically labelled with PromoFluor-647 (PKAc-PF647) was titrated
with thiophene- or selenophene-containing conjugates ARC-668 and ARC-
1138, respectively (Paper III Figure 2D). Titration of PKAc-PF647 with 5-(2-
aminopyrimidin-4-yl)selenophene-2-carboxylic acid (the small-molecule pre-
cursor of ARC-1138) resulted in concentration dependent long lifetime lumine-
scence signal (Paper III Supplementary Figure 7), indicating that the pheno-
menon of protein-induced luminescence is characteristic not only of bisubstrate
inhibitors but occurs also in the case of small ATP-competitive compounds
containing a selenophene or a thiophene fragment.

Application of the ARC-Lum probes for determination of concentration
of active kinases (Paper Il and unpublished data)

The usability of ARC-Photo probes for the assessment of the fraction of cata-
lytically active form of the protein kinase in the sample was previously
described for the assay with FA readout (Paper Il Figure 1, [Vaasa et al. 2009]).
ARC-Lum probes can be used in a similar assay using either FA- or TGL-based
detection (Figure 9). Comparison of the two detection methods reveals
relatively smaller standard deviations of replicate samples of the TGL-based
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detection at the lower concentrations of the probe as compared to the FA-based
readout if the measurements are performed in the same samples (Figure 9).

The concentration of the catalytically active form of the protein kinase and
Kp values can be obtained from TGL measurements if the data are fitted to
equation 10, where B is the background signal and M is the luminescence
intensity of the Kinase:ARC-Lum compex at 1 nM concentration and [EL] is
defined by equation 9.

TGL=B + M x [EL] (10)
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Figure 9. The titration of ARC-1063 [5 nM (m), | nM (A), 0.2 nM (V¥), 0.05 nM (¢)
and 0.01 nM (e)] with PKAc using (A) FA-based or (B) TGL-based detection. Inset: the
magnification of the 0.01 nM ARC-1063 titration curve. All samples were measured on
a PHERAstar plate reader (BMG) using either FA module (excitation at 590(50) nm,
emission at 675(50) nm) or TRF module [TRF excitation filter (BMG 337), emission at
675(50) nm (C), excitation with 200 flashes, delay 80 microseconds and gate 400
microseconds]. The mean and standard deviation of two replicate samples is plotted in
the graphs.

Additionally the affinity of the ARC-Lum probe and the fraction of catalytically
active form of protein kinase could be determined by performing the titration of
the protein at fixed concentration with varying concentration of the probe (Paper
IIT Supplementary Figure 5SA) which was possible because of a negligible signal
of the unbound probe. Both titration variants resulted in coincident values of the
dissociation constants. The heights of plateaus of the binding curves in the case
of the titration with kinases were in linear correlation with the concentration of
ARC-1063 in the solution (Paper III Supplementary Figure 5B).
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Development of an assay for the determination
of the concentration of a putative cancer marker ECPKA
(Paper IV)

The unique properties of ARC-Lum probes encouraged us to the development
of a homogeneous assay for the determination of the concentration of a putative
biomarker PKAc from the patient’s blood samples. First, it was established that
the probe ARC-1063 bound to PKAc with picomolar affinity (Kp = 10 pM)
exceeding the affinity of most antibodies widely used in immunological
methods by two orders of magnitude allowing quantitative binding to picomolar
concentrations of PKAc without the need of using the probe at high concent-
rations. It was confirmed that the intensity of protein-induced luminescence
determined at different concentrations of PKAc well correlated with the enzyme
activity determined with the PKAc-catalysed peptide phosphorylation assay
(Paper IV Figure 1). The limit of detection and the limit of quantification
obtained for the assay were 4 pM and 11 pM, respectively, and the relative
standard deviation of the assay did not exceed 15%. The upper limit of the
quantification of the assay depends on the concentration of the ARC-Lum probe
used in the assay.

Although the luminescence lifetimes of ARC-Lum:PKAc complexes were
significantly shorter than that of an Eu-cryptate the protein-induced lumine-
scence intensity of ARC-Lum:PKAc complexes under the assay conditions was
comparable to that of Eu-cryptate widely used as a donor in TR-FRET based
assays (Paper 1V, Figure 4) supporting the hypothesis that ARC-Lum-based
homogeneous assay could be performed with a wide range of instrumental
setups developed for lanthanide-based assays.

The ARC-Lum-based binding assay revealed a good linearity between the
luminescence intensity and concentration of recombinant PKAc added to the
plasma sample regardless of the presence of large amounts of non-target pro-
teins (e.g., albumin) and fluorescent blood components (Paper IV Figure 5).
However, the slope of luminescence intensity concentration dependency and the
maximum value of the luminescence intensity determined at high concentra-
tions of recombinant PKAc were highly dependent on the shape of the
absorption spectrum of the specific blood sample (Paper IV Figure 6). There-
fore two-point normalization was applied for the analysis of the concentration
of ECPKA that took into account the background and the maximal lumine-
scence intensity of each individual plasma sample (Paper IV, Scheme 2, and
Figure 8).

The success of developed assay is based on high luminescence intensity and
long luminescence lifetime of the ARC-Lum:PKAc complex leading to the lack
of background noise from the short lifetime autofluorescence of plasma
samples. This enables the use of the assay for analysis of crude biological
samples without the need of depletion of highly abundant proteins. The assay
can be performed with instruments that are equipped for time-gated measure-
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ments and are suitable for example for lanthanide-based immunoassays. More-
over, the homogeneity, usability in single-step format, quickness, lack of need
for special substrates or capricious antibodies make the assay amenable for
automation and support the use of the assay for high throughput protein kinase
analysis in clinics, small analysis laboratories and HTS departments of big
pharmaceutical companies.

Additional applications of ARC-Lum probes
(papers 1l and 1lI)

Application of ARC-Lum probes for the characterization of protein
kinase inhibitors (Paper Ill)

Although high-affinity ARC-Fluo probes have been previously successfully
used for the characterization of inhibitors of PKAc in the displacement assay
with a FA-based readout [Vaasa et al. 2009], the range of resolvable binding
affinities in this assay format is limited by the affinity of the fluorescent probe
[Huang 2003]. If the assay is performed with protein kinases possessing lower
affinity (Kp > 5 nM) towards the ARC-Fluo probe, higher concentration of the
protein kinase is used to ensure that a significant portion of the probe is in
complex with the protein kinase as the portion of the bound probe defines the
span of the assay window. However, the assay does not produce reliable in-
hibitory affinities if it is performed under the tight-binding conditions of the
inhibitors (concentration of the enzyme close or higher than the binding
constant of the inhibitor [Copeland 2005]). Another disadvantage of FA
displacement assay is the necessity to know the exact concentration of the
protein kinase used in the assay in order to convert the obtained /Csy-values into
K, values [Cer et al. 2009; Nikolovska-Coleska et al. 2004].

Based on the results of experimental testing it was confirmed that induced by
binding of protein kinases the long lifetime luminescence signal of ARC-Lum
probes was abolished by displacement of the probe by various ATP-compe-
titive, protein substrate-competitive, or bisubstrate inhibitors. The obtained
displacement /Cs;-values were in a very good correlation with affinities and
inhibitory potencies of the competing compounds as determined in the binding/
displacement assay with fluorescence anisotropy readout [Vaasa et al. 2009]
and/or enzyme inhibition experiments [Viht ef al. 2005], respectively (Paper III
Figure 3a). The time-delayed format of the assay enabled the determination of
affinities of strongly fluorescent compounds without the interference from the
increasing concentration of fluorescent dye conjugated to the tested inhibitor
(Paper III Supplementary Figure 9).

Lack of a signal from the unbound probe allowed the usage of ARC-1063 at
relatively high concentration in the displacement assay that on one hand enables
the determination of affinities for highly potent compounds by shifting their
displacement curves away from the tight-binding region. On the other hand,
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using high concentration of the reporter probe supports use of the Cheng-
Prusoff equation [Cheng and Prusoff 1973] for simplified calculation of K,
values from displacement curves (Paper III Figure 3B) and makes the results of
measurements almost independent of the concentration of active protein
present. This is a clear advantage of ARC-Lum-based luminescence intensity
assays compared to fluorescence anisotropy-based measurements where the
knowledge of protein concentration is required [Huang 2003]. The possibility of
application of the reporter ligand at higher concentrations widens the list of
kinases that can be analysed with a single probe as at higher concentration of
the probe protein kinases possessing lower affinity still have an adequate
fraction of the kinase bound to the probe.

A simple assay for the determination of dissociation rate constants for
protein kinase inhibitors based on the application ARC-Lum probes was
developed (Paper III Figure 4A). The inhibitor under examination was mixed
with the protein kinase at a concentration that resulted in binding of at least
90% of the kinase. The ARC-Lum probe was added to the solution in great
excess (final concentration 100-300 nM), and the increase of long lifetime
luminescence signal was monitored. In these conditions the formation of ARC-
Lum:protein kinase complex is determined by the rate of release of the protein
kinase from the complex with the inhibitor.

Altogether, with the help of an ARC-Lum probe a full and reliable kinetic/
thermodynamic characterization of the inhibitor:kinase complex can be ob-
tained. Differently from widely used SPR method ARC-Lum-based assays are
homogeneous, amenable to automation and can be used for high throughput
analysis of drug candidates with the aim of finding inhibitors with suitable
residence times. Taking into account the unique bisubstrate character of ARC-
Lum probes, in addition to characterization of ATP-competitive inhibitors the
probes are also applicable for characterization of compounds binding to the
protein substrate binding site of the kinase.

The scope of the assays can be extended to other kinases within the selecti-
vity profile of new ARC-based probes [Enkvist e al. 2009].

Application of ARC-Lum probes for the characterization
of protein kinase activity in live cells (Papers Il and Ill)

It had been previously shown that ARC-Fluo probes could cross the plasma
membrane and therefore they were applicable in a FRET assay for the
monitoring of cAMP accumulation (Paper 11, Figures 5, 6; [Vaasa et al. 2010]).
However, genetic modification of cells leading to over-expression of the PKAc-
YFP fusion protein is required for the FRET assay.

In the present study it was confirmed that ARC-Lum probes can be used for
monitoring the activity of protein kinases in native live cells. The increase in
luminescence signal in ARC-Lum treated cells was detectable if the accu-
mulation of cAMP and successive activation of PKA was induced by activating
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adenylate cyclases (ACs) with Forskolin or by treating the cells expressing [3-
adrenergic receptors (GPCRs that activate the Gs-protein inducing AC acti-
vation) with Isoproterenol (Paper III Figure 5). The luminescence intensity was
decreased after a cell permeable PKAc inhibitor H89 was added to the cells.

The main advantage of the application of ARC-Lum probes is the possibility
of real-time monitoring of activity of protein kinases in cells possessing native
expression level of protein kinases with no need for recombinant over-
expression of a fusion of the protein kinase with a fluorescent protein that is
required for other cellular cAMP concentration and protein kinase activity
sensors [Allen et al. 2006; Nikolaev ef al. 2004; Zaccolo et al. 2000].
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CONCLUSIONS

This thesis describes the application of ARC-type bisubstrate inhibitors for the
analysis of protein kinases and the characterization of protein kinase inhibitors.
The main results of the present research can be summarized as follows:

Novel ARC-type inhibitor based affinity supports were prepared and
used for the pull-down of protein kinases PKAc and ROCK II. The
results point to the applicability of such affinity surfaces for the
selective enrichment of active protein kinases from crude samples.
ARC-type bisubstrate inhibitors immobilized on chips of surface
plasmon resonance-based biosensor were successfully used for both
characterization of affinity surfaces and determination of affinity of
competing inhibitors of protein kinases PKAc and ROCK II. The
binding and dissociation rate constants for binding of the protein
kinases to ARC surfaces were determined.

Non-metal small-molecule ARC-Lum probes which binding to
protein kinases induces long lifetime photoluminescence signal were
discovered. The probes were applied for the determination of affi-
nities of non-labelled inhibitors and rate constants of their dis-
sociation from complexes with protein kinases.

The applicability of ARC-Lum probes for the real-time monitoring
of protein kinase activity in living cells was demonstrated.

An ARC-Lum probe was used in a homogeneous high throughput
binding assay with time-gated luminescence intensity readout for the
measurement of concentration of putative generic cancer biomarker
ECPKA at essential picomolar concentrations in samples of blood
plasma.
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SUMMARY IN ESTONIAN

Bisubstraatsed luminestsentssondid,
optilised sensorid ja afiinsusadsorbendid aktiivsete kinaaside
madramiseks bioloogilistes proovides

Proteiinkinaasid on looduses laialdaselt levinud ensiilimid, mis osalevad palju-
des rakusisestes signaaliiilekanderadades. Vead signaaliradades viivad mitmete
raskete haiguste tekkeni. Tosiasi, et enamiku protiinkinaaside aktiivsust on voi-
malik reguleerida madalmolekulaarsete iihendite abil, on muutnud proteiin-
kinaasid liheks pohiliseks ravimiarenduse sihtmérkidest. See omakorda on tingi-
nud vajaduse arendada biokeemilisi meetodeid, mis vdimaldaksid uurida pro-
teiinkiniaaside aktiivsuse muutust patsientide koeproovides leidmaks haigusi
pOhjustavaid proteiinkinaase. Teisalt on oluline arendada kliinilises praktikas
kasutatavaid meetodeid, mis vdimaldaksid kiiresti ning odavalt haigusi diag-
noosida nende varajases staadiumis ning oleksid eelduseks hinnangu andmisel,
kas ja millisele kinaasi aktiivsust reguleerivale ravimile antud haigus kdige
paremini allub.

Kéesoleva t66 pohieesmirgiks oli todtada vilja metoodika, mis voimaldaks
midrata aktiivsete proteiinkinaaside hulka koeproovides. Metoodika arendami-
sel lahtuti ARC-tiilipi bisubstraatsetest inhibiitoritest, mis seonduvad proteiin-
kinaaside aktiivtsentrisse korge afiinsusega. Inaktiivse kinaasiga ARC-tiilipi in-
hibiitorid ei seondu ning seetottu voimaldavad ARC-tiiiipi inhibiitoritel pdhi-
nevad meetodid médrata erinevalt immunokeemilistest sidumismeetoditest ka
muutusi kinaaside aktiivsuses.

To6 esimeses etapis tootati vilja metoodika ARC-tiilipi inhibiitoritel pdhi-
nevate afiinsusadsorbentide valmistamiseks. Afiinsuskandjat rakendati edukalt
Rho-sdltuva proteiinkinaasi (ROCK II) ja proteiinkinaas A kataliilitilise ala-
ithiku (PKAc) véljapiilidmiseks rakuliisaadist. Immobiliseeritavaid ARC-tiiiipi
inhibiitoreid kasutati pinna plasmonresonantsspektroskoopia (SPRS) sensor-
pindade valmistamiseks. Niidati, et nii ROCK II kui ka PKAc seonduvad
sensorpinnaga suure afiinsusega (dissotsiatsioonikonstandid vastavalt 0,5 nM ja
12 nM). Pinnale sidumine ei muutnud oluliselt inhibiitori afiinsust ROCK II
suhtes, ent kahandas inhibiitori afiinsust PKAc suhtes iihe suurusjirgu vorra,
vorreldes vaba inhibiitoriga lahusefaasis. ARC-pdhine SPRS on hea meetod
aktiivsete proteiinkinaaside selektiivseks sidumiseks ja kontsentreerimiseks
bioloogilistest proovidest. Lisaks saab ARC-tiiiipi inhibiitoriga kaetud pinda
kasutada ravimikandidaatide afiinsuse ja selektiivsuse uurimiseks.

Sensormeetodid omavad kiill suurt tundlikkust, kuid nende kasutamine kiir-
analiiiisimeetodites on seotud mitmete probleemidega. Seetdttu arendati vélja
ttheetapiline Forsteri resonantsenergia lilekandel (FRET) pdhinev meetod
proteiinkinaaside méairamiseks otse koeproovides. FRETi doonorina kasutati
pika luminestsentsi elueaga lantaniidi kelaadiga mérgistatud antikeha ning
FRET! aktseptorina lithiksese elueaga orgaanilise fluorestsentsvérviga méargista-
tud ARC-tiiiipi inhibiitorit. T66 kéigus avastati, et monede ARC-tiilipi thendite
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(ARC-Lum) kompleksid proteiinkinaasidega omavad varemkirjeldamata optilisi
omadusi. Nende komplekside ergastamisel kiirgusega ldhis-UV alas emitee-
rivad nad punases spektriosas valgust, mille sumbumise poolestusacg on vahe-
mikus 14-170 mikrosekundit — 10000 korda pikem kui tavalistel fluorestsents-
vérvidel.

Tootati vilja iilitundlik ARC-Lum-sondide kasutamisel pohinev meetod
véhi biomarkeri, rakuvilise PKAc (ECPKA), méiramiseks inimese vereplas-
mas. Uus meetod on iiheetapiline, automatiseeritav, odav, teostatav levinud
aparatuuri kasutades ning vdimaldab modta pikomolaarseid ECPKA kontsent-
ratsioone eeltdotlemata plasmaproovides.

ARC-Lum sonde kasutati ka rakusiseselt proteiinkinaaside aktivaatorite ja
inhibiitorite uurimiseks reaalajas. Niidati, et ARC-Lum sondid sisenevad
imetajarakkudesse ning pika elueaga luminestsentssignaal sdltub kinaaside
aktiivsusest. ARC-Lum sondid vdimaldasid uurida madalmolekulaarsete in-
hibiitorite rakku sisenemist ja nende vOimekust rakusiseseks proteiinkinaaside
inhibeerimiseks. Samuti ndidati, et ARC-Lum sonde on voimalik rakendada
proteiinkinaase aktiveerivate G-valk-seotud retseptorite agonistide toime uuri-
miseks. Seejuures voimaldab kirjeldatud metoodika katsed 1ébi viia geneetiliselt
muundamata rakkudes, mida teised reaalajas kinaaside aktiivsuse uurimiseks
rakendatud meetodid ei vdimalda.

48



REFERENCES

Alberta, J. A., and Stiles, C. D. (1997) Phosphorylation-directed antibodies in high-flux
screens for compounds that modulate signal transduction; Biotechniques 23(3), pp.
490-493.

Allen, M. D., DiPilato, L. M., Rahdar, M., Ren, Y. R., Chong, C., Liu, J. O., and Zhang,
J. (2006) Reading dynamic kinase activity in living cells for high-throughput
screening; ACS Chem Biol 1(6), pp. 371-376.

Anderson, N. L. (2010) Libraries of specific assays covering whole proteomes: from
yeast to man; Clin Chem 56(10), pp. 1521-1522.

Atkinson, A. J., Colburn, W. A., DeGruttola, V. G., DeMets, D. L., Downing, G. J.,
Hoth, D. F., Oates, J. A., Peck, C. C., Schooley, R. T., Spilker, B. A., Woodcock, J.,
and Zeger, S. L. (2001) Biomarkers and surrogate endpoints: Preferred definitions
and conceptual framework™®; Clin Pharmacol Ther 69(3), pp. 89-95.

Aye, T. T., Scholten, A., Taouatas, N., Varro, A., Van Veen, T. A., Vos, M. A., and
Heck, A. J. (2010) Proteome-wide protein concentrations in the human heart; Mo/
Biosyst 6(10), pp. 1917-1927.

Bazin, H., Preaudat, M., Trinquet, E., and Mathis, G. (2001) Homogeneous time
resolved fluorescence resonance energy transfer using rare earth cryptates as a tool
for probing molecular interactions in biology; Spectrochim. Acta A Mol. Biomol.
Spectrosc. 57(11), pp. 2197-2211.

Beebe, S. J., Oyen, O., Sandberg, M., Froysa, A., Hansson, V., and Jahnsen, T. (1990)
Molecular cloning of a tissue-specific protein kinase (C gamma) from human testis —
representing a third isoform for the catalytic subunit of cAMP-dependent protein
kinase; Mol Endocrinol 4(3), pp. 465-475.

Berna, M., and Ackermann, B. (2009) Increased throughput for low-abundance protein
biomarker verification by liquid chromatography/tandem mass spectrometry; Anal
Chem 81(10), pp. 3950-3956.

Bianco, R., Melisi, D., Ciardiello, F., and Tortora, G. (2006) Key cancer cell signal
transduction pathways as therapeutic targets; Fur J Cancer 42(3), pp. 290-294.

Bjorhall, K., Miliotis, T., and Davidsson, P. (2005) Comparison of different depletion
strategies for improved resolution in proteomic analysis of human serum samples;
Proteomics 5(1), pp. 307-317.

Bogoyevitch, M. A., Barr, R. K., and Ketterman, A. J. (2005) Peptide inhibitors of
protein kinases-discovery, characterisation and use; Biochim Biophys Acta 1754(1—
2), pp. 79-99.

Boja, E. S., and Rodriguez, H. (2011) The path to clinical proteomics research: inte-
gration of proteomics, genomics, clinical laboratory and regulatory science; Korean
J Lab Med 31(2), pp. 61-71.

Cahill, M. A., Wozny, W., Schwall, G., Schroer, K., Holzer, K., Poznanovic, S., Hun-
zinger, C., Vogt, J. A., Stegmann, W., Matthies, H., and Schrattenholz, A. (2003)
Analysis of relative isotopologue abundances for quantitative profiling of complex
protein mixtures labelled with the acrylamide/D3-acrylamide alkylation tag system;
Rapid Commun Mass Spectrom 17(12), pp. 1283—1290.

Carnegie, G. K., Means, C. K., and Scott, J. D. (2009) A-kinase anchoring proteins:
from protein complexes to physiology and disease; /[UBMB Life 61(4), pp. 394-406.

Carney, W. P., Leitzel, K., Ali, S., Neumann, R., and Lipton, A. (2007) HER-2/neu
diagnostics in breast cancer; Breast Cancer Res 9(3), pp. 207.

49



Cell Signaling Technology, 1. 2012. Kinase-Disease Associations 2012 [cited 2012].
Available from http://www.cellsignal.com/reference/kinase disease.html.

Cer, R. Z., Mudunuri, U., Stephens, R., and Lebeda, F. J. (2009) IC50-to-Ki: a web-
based tool for converting IC50 to Ki values for inhibitors of enzyme activity and
ligand binding; Nucleic Acids Res 37(Web Server issue), pp. W441-445.

Chandra, H., Reddy, P. J., and Srivastava, S. (2011) Protein microarrays and novel
detection platforms; Expert Rev Proteomics 8(1), pp. 61-79.

Chen, H., Kovar, J., Sissons, S., Cox, K., Matter, W., Chadwell, F., Luan, P., Vlahos, C.
J., Schutz-Geschwender, A., and Olive, D. M. (2005) A cell-based immunocyto-
chemical assay for monitoring kinase signaling pathways and drug efficacy; 4nal
Biochem 338(1), pp. 136-142.

Cheng, Y., and Prusoff, W. H. (1973) Relationship between the inhibition constant (K1)
and the concentration of inhibitor which causes 50 per cent inhibition (I50) of an
enzymatic reaction; Biochem Pharmacol 22(23), pp. 3099-3108.

Cho, Y. S, Lee, Y. N., and Cho-Chung, Y. S. (2000a) Biochemical characterization of
extracellular cAMP-dependent protein kinase as a tumor marker; Biochem Biophys
Res Commun 278(3), pp. 679-684.

Cho, Y. S., Park, Y. G., Lee, Y. N., Kim, M. K., Bates, S., Tan, L., and Cho-Chung, Y.
S. (2000b) Extracellular protein kinase A as a cancer biomarker: its expression by
tumor cells and reversal by a myristate-lacking Calpha and Rllbeta subunit over-
expression; Proc Natl Acad Sci U S A 97(2), pp. 835-840.

Cohen, P. (1999) The development and therapeutic potential of protein kinase in-
hibitors; Curr Opin Chem Biol 3(4), pp. 459-465.

Cohen, P. (2000) The regulation of protein function by multisite phosphorylation — a 25
year update; Trends Biochem Sci 25(12), pp. 596—601.

Cohen, P. (2002a) The origins of protein phosphorylation; Nat Cell Biol 4(5), pp. E127—
E130.

Cohen, P. (2002b) Protein kinases — the major drug targets of the twenty-first century?;
Nat Rev Drug Discov 1(4), pp. 309-315.

Copeland, R. A. (2005) Evaluation of enzyme inhibitors in drug discovery. A guide for
medicinal chemists and pharmacologists; Methods Biochem Anal 46, pp. 1-265.

Crowther, J. R. (2001) The ELISA Guidebook. edited by J. M. Walker. Totowa, New
Jersey: Humana Press Inc.

Cvijic, M. E., Kita, T., Shih, W., DiPaola, R. S., and Chin, K. V. (2000) Extracellular
catalytic subunit activity of the cAMP-dependent protein kinase in prostate cancer;
Clin Cancer Res 6(6), pp. 2309-2317.

Dalton, G. D., and Dewey, W. L. (2006) Protein kinase inhibitor peptide (PKI): a family
of endogenous neuropeptides that modulate neuronal cAMP-dependent protein
kinase function; Neuropeptides 40(1), pp. 23-34.

Dar, A. C., and Shokat, K. M. (2011) The evolution of protein kinase inhibitors from
antagonists to agonists of cellular signaling; Annu Rev Biochem 80, pp. 769—795.
Davis, M. 1., Hunt, J. P., Herrgard, S., Ciceri, P., Wodicka, L. M., Pallares, G., Hocker,
M., Treiber, D. K., and Zarrinkar, P. P. (2011) Comprehensive analysis of kinase

inhibitor selectivity; Nat Biotechnol 29(11), pp. 1046—1051.

Degorce, F., Card, A., Soh, S., Trinquet, E., Knapik, G. P., and Xie, B. (2009) HTRF: A
technology tailored for drug discovery — a review of theoretical aspects and recent
applications; Curr. Chem. Genomics 3, pp. 22-32.

Deininger, M. W., and Druker, B. J. (2003) Specific targeted therapy of chronic myelo-
genous leukemia with imatinib; Pharmacol Rev 55(3), pp. 401-423.

50



Druker, B. J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G. M., Fanning, S,
Zimmermann, J., and Lydon, N. B. (1996) Effects of a selective inhibitor of the Abl
tyrosine kinase on the growth of Ber-Abl positive cells; Nat Med 2(5), pp. 561-566.

Echan, L. A., Tang, H. Y., Ali-Khan, N., Lee, K., and Speicher, D. W. (2005) Depletion
of multiple high-abundance proteins improves protein profiling capacities of human
serum and plasma; Proteomics 5(13), pp. 3292-3303.

Enkvist, E., Kriisa, M., Roben, M., Kadak, G., Raidaru, G., and Uri, A. (2009) Effect of
the structure of adenosine mimic of bisubstrate-analog inhibitors on their activity
towards basophilic protein kinases; Bioorg Med Chem Lett 19(21), pp. 6098-6101.

Enkvist, E., Lavogina, D., Raidaru, G., Vaasa, A., Viil, 1., Lust, M., Viht, K., and Uri,
A. (2006) Conjugation of adenosine and hexa-(D-arginine) leads to a nanomolar
bisubstrate-analog inhibitor of basophilic protein kinases; J Med Chem 49(24), pp.
7150-7159.

Enkvist, E., Raidaru, G., Vaasa, A., Pehk, T., Lavogina, D., and Uri, A. (2007)
Carbocyclic 3'-deoxyadenosine-based highly potent bisubstrate-analog inhibitor of
basophilic protein kinases; Bioorg Med Chem Lett 17(19), pp. 5336-5339.

Fan, F., and Wood, K. V. (2007) Bioluminescent assays for high-throughput screening;
Assay Drug Dev Technol 5(1), pp. 127-136.

Fedorov, O., Muller, S., and Knapp, S. (2010) The (un)targeted cancer kinome; Nat
Chem Biol 6(3), pp. 166-169.

Gamm, D. M., Baude, E. J., and Uhler, M. D. (1996) The major catalytic subunit
isoforms of cAMP-dependent protein kinase have distinct biochemical properties in
vitro and in vivo; J Biol Chem 271(26), pp. 15736—-15742.

Geissler, D., Charbonniere, L. J., Ziessel, R. F., Butlin, N. G., Lohmannsroben, H. G.,
and Hildebrandt, N. (2010) Quantum dot biosensors for ultrasensitive multiplexed
diagnostics; Angew Chem Int Ed Engl 49(8), pp. 1396-1401.

Glass, D. B., Cheng, H. C., Kemp, B. E., and Walsh, D. A. (1986) Differential and
common recognition of the catalytic sites of the cGMP-dependent and cAMP-
dependent protein kinases by inhibitory peptides derived from the heat-stable
inhibitor protein; J Biol Chem 261(26), pp. 12166-12171.

Glass, D. B., Masaracchia, R. A., Feramisco, J. R., and Kemp, B. E. (1978) Isolation of
phosphorylated peptides and proteins on ion exchange papers; Anal Biochem 87(2),
pp. 566-575.

Glokler, J., and Angenendt, P. (2003) Protein and antibody microarray technology; J
Chromatogr B Analyt Technol Biomed Life Sci 7197(1-2), pp. 229-240.

Gold, L., Ayers, D., Bertino, J., Bock, C., Bock, A., Brody, E. N., Carter, J., Dalby, A.
B., Eaton, B. E., Fitzwater, T., Flather, D., Forbes, A., Foreman, T., Fowler, C.,
Gawande, B., Goss, M., Gunn, M., Gupta, S., Halladay, D., Heil, J., Heilig, J.,
Hicke, B., Husar, G., Janjic, N., Jarvis, T., Jennings, S., Katilius, E., Keeney, T. R.,
Kim, N., Koch, T. H., Kraemer, S., Kroiss, L., Le, N., Levine, D., Lindsey, W.,
Lollo, B., Mayfield, W., Mchan, M., Mehler, R., Nelson, S. K., Nelson, M.,
Nieuwlandt, D., Nikrad, M., Ochsner, U., Ostroff, R. M., Otis, M., Parker, T.,
Pietrasiewicz, S., Resnicow, D. 1., Rohloff, J., Sanders, G., Sattin, S., Schneider, D.,
Singer, B., Stanton, M., Sterkel, A., Stewart, A., Stratford, S., Vaught, J. D., Vrkljan,
M., Walker, J. J., Watrobka, M., Waugh, S., Weiss, A., Wilcox, S. K., Wolfson, A.,
Wolk, S. K., Zhang, C., and Zichi, D. (2010) Aptamer-based multiplexed proteomic
technology for biomarker discovery; PLoS One 5(12), pp. e15004.

Gorg, A., Weiss, W., and Dunn, M. J. (2004) Current two-dimensional electrophoresis
technology for proteomics; Proteomics 4(12), pp. 3665-3685.

51



Granger, J., Siddiqui, J., Copeland, S., and Remick, D. (2005) Albumin depletion of
human plasma also removes low abundance proteins including the cytokines;
Proteomics 5(18), pp. 4713-4718.

Gribble, F. M., Loussouarn, G., Tucker, S. J., Zhao, C., Nichols, C. G., and Ashcroft, F.
M. (2000) A novel method for measurement of submembrane ATP concentration; J
Biol Chem 275(39), pp. 30046-30049.

Gumireddy, K., Reddy, M. V., Cosenza, S. C., Boominathan, R., Baker, S. J., Papathi,
N., Jiang, J., Holland, J., and Reddy, E. P. (2005) ON01910, a non-ATP-competitive
small molecule inhibitor of Plk1, is a potent anticancer agent; Cancer Cell 7(3), pp.
275-286.

Hagan, A. K., and Zuchner, T. (2011) Lanthanide-based time-resolved luminescence
immunoassays; Anal. Bioanal. Chem. 400(9), pp. 2847-2864.

Hanahan, D., and Weinberg, R. A. (2011) Hallmarks of cancer: the next generation;
Cell 144(5), pp. 646-674.

Hanash, S. M., Baik, C. S., and Kallioniemi, O. (2011) Emerging molecular bio-
markers — blood-based strategies to detect and monitor cancer; Nat Rev Clin Oncol
8(3), pp. 142-150.

Hanash, S. M., Pitteri, S. J., and Faca, V. M. (2008) Mining the plasma proteome for
cancer biomarkers; Nature 452(7187), pp. 571-579.

Hanks, S. K., and Hunter, T. (1995) Protein kinases 6. The eukaryotic protein kinase
superfamily: kinase (catalytic) domain structure and classification; Faseb J 9(8), pp.
576-596.

Hanks, S. K., Quinn, A. M., and Hunter, T. (1988) The protein kinase family: conserved
features and deduced phylogeny of the catalytic domains; Science 241(4861), pp.
42-52.

Hemmild, 1. (1991) Applications of fluorescence in immunoassays. New York: John
Wiley & Sons.

Hemmild, I., and Laitala, V. (2005) Progress in lanthanides as luminescent probes; J
Fluoresc 15(4), pp. 529-542.

Hidaka, H., Inagaki, M., Kawamoto, S., and Sasaki, Y. (1984) Isoquinolinesulfon-
amides, novel and potent inhibitors of cyclic nucleotide dependent protein kinase
and protein kinase C; Biochemistry 23(21), pp. 5036-5041.

Hoffman, R. M. (2011) Clinical practice. Screening for prostate cancer; N Engl J Med
365(21), pp. 2013-2019.

Hopkins, A. L., and Groom, C. R. (2002) The druggable genome; Nat Rev Drug Discov
1(9), pp. 727-730.

Huang, L. J., Durick, K., Weiner, J. A., Chun, J., and Taylor, S. S. (1997) Identification
of a novel protein kinase A anchoring protein that binds both type I and type II
regulatory subunits; J Biol Chem 272(12), pp. 8057-8064.

Huang, X. (2003) Fluorescence polarization competition assay: the range of resolvable
inhibitor potency is limited by the affinity of the fluorescent ligand; J Biomol Screen
8(1), pp. 34-38.

Huijbers, A., Velstra, B., Dekker, T. J., Mesker, W. E., van der Burgt, Y. E., Mertens,
B. J., Deelder, A. M., and Tollenaar, R. A. (2010) Proteomic serum biomarkers and
their potential application in cancer screening programs; Int J Mol Sci 11(11), pp.
4175-4193.

Huss, K. L., Blonigen, P. E., and Campbell, R. M. (2007) Development of a Tran-
screener kinase assay for protein kinase A and demonstration of concordance of data
with a filter-binding assay format; J Biomol Screen 12(4), pp. 578-584.

52



Karlsson, R. (2004) SPR for molecular interaction analysis: a review of emerging
application areas; J Mol Recognit 17(3), pp. 151-161.

Kemp, B. E., and Pearson, R. B. (1991) Design and use of peptide substrates for protein
kinases; Methods Enzymol 200, pp. 121-134.

Kemp, B. E., Pearson, R. B., and House, C. M. (1991) Pseudosubstrate-based peptide
inhibitors; Methods Enzymol 201, pp. 287-304.

Kéri, G., Orfi, L., and Németh, G. 2011. Kinase Inhibitors in Signal Transduction
Therapy. In Protein Kinases as Drug Targets, edited by B. Klebl, G. Miiller and M.
Hamacher. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA, 115-
144.

Kéri, G., Orfi, L., Erds, D., Hegymegi-Barakonyi, B., Szantai-Kis, C., Horvath, Z.,
Waczek, F., Marosfalvi, J., Szabadkai, 1., Pato, J., Greff, Z., Hafenbradl, D., Daub,
H., Miiller, G., Klebl, B., and Ullrich, A. (2006) Signal transduction therapy with
rationally designed kinase inhibitors; Current Signal Transduction Therapy 1(1), pp.
67-95.

KinomeScan. 2012. What Are You Missing In Your Drug Discovery & Screening
Process? — Kinome-scan 2012 [cited 2012]. Available from
http://www .kinomescan.com/See-what-you-are-missing.

Kita, T., Goydos, J., Reitman, E., Ravatn, R., Lin, Y., Shih, W. C., Kikuchi, Y., and
Chin, K. V. (2004) Extracellular cAMP-dependent protein kinase (ECPKA) in
melanoma; Cancer Lett 208(2), pp. 187-191.

Kokko, T., Kokko, L., and Soukka, T. (2009) Terbium(III) chelate as an efficient donor
for multiple-wavelength fluorescent acceptors; J Fluoresc 19(1), pp. 159—164.

Kokko, T., Liljenback, T., Peltola, M. T., Kokko, L., and Soukka, T. (2008) Homo-
geneous dual-parameter assay for prostate-specific antigen based on fluorescence
resonance energy transfer; Anal Chem 80(24), pp. 9763-9768.

Kondo, T., Seike, M., Mori, Y., Fujii, K., Yamada, T., and Hirohashi, S. (2003) Appli-
cation of sensitive fluorescent dyes in linkage of laser microdissection and two-
dimensional gel electrophoresis as a cancer proteomic study tool; Proteomics 3(9),
pp. 1758-1766.

Krone, J. R., Nelson, R. W., Dogruel, D., Williams, P., and Granzow, R. (1997) BIA/
MS: interfacing biomolecular interaction analysis with mass spectrometry; Anal
Biochem 244(1), pp. 124-132.

Kuijt, J., Ariese, F., Brinkman, U. A. T., and Gooijer, C. (2003) Room temperature
phosphorescence in the liquid state as a tool in analytical chemistry; Analytica
Chimica Acta 488, pp. 135-171.

Kunzelmann, S., and Webb, M. R. (2010) A fluorescent, reagentless biosensor for ADP
based on tetramethylrhodamine-labeled ParM; ACS Chem Biol 5(4), pp. 415-425.
Lakowicz, J. R. (2006) Principles of Fluorescence Spectroscopy. New York, USA:

Springer Science+Business Media, LLC.

Lavogina, D., Enkvist, E., and Uri, A. (2010a) Bisubstrate inhibitors of protein kinases:
from principle to practical applications; ChemMedChem 5(1), pp. 23-34.

Lavogina, D., Lust, M., Viil, 1., Konig, N., Raidaru, G., Rogozina, J., Enkvist, E., Uri,
A., and Bossemeyer, D. (2009) Structural analysis of ARC-type inhibitor (ARC-
1034) binding to protein kinase A catalytic subunit and rational design of bisubstrate
analogue inhibitors of basophilic protein kinases; J Med Chem 52(2), pp. 308-321.

Lavogina, D., Nickl, C. K., Enkvist, E., Raidaru, G., Lust, M., Vaasa, A., Uri, A., and
Dostmann, W. R. (2010b) Adenosine analogue-oligo-arginine conjugates (ARCs)

53



serve as high-affinity inhibitors and fluorescence probes of type I cGMP-dependent
protein kinase (PKGlalpha); Biochim Biophys Acta 1804(9), pp. 1857-1868.

Lawrence, D. S., and Niu, J. (1998) Protein kinase inhibitors: the tyrosine-specific
protein kinases; Pharmacol Ther 77(2), pp. 81-114.

Lochner, A., and Moolman, J. A. (2006) The many faces of H89: a review; Cardiovasc
Drug Rev 24(3-4), pp. 261-274.

Loog, M., Uri, A., Raidaru, G., Jarv, J., and Ek, P. (1999) Adenosine-5'-carboxylic acid
peptidyl derivatives as inhibitors of protein kinases; Bioorg Med Chem Lett 9(10),
pp. 1447-1452.

Malinowski, D. P. (2007) Multiple biomarkers in molecular oncology. I. Molecular
diagnostics applications in cervical cancer detection; Expert Rev Mol Diagn 7(2), pp.
117-131.

Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002) The
protein kinase complement of the human genome; Science 298(5600), pp. 1912—
1934.

Masterson, L. R., Mascioni, A., Traaseth, N. J., Taylor, S. S., and Veglia, G. (2008)
Allosteric cooperativity in protein kinase A; Proc Natl Acad Sci U S A 105(2), pp.
506-511.

Mathis, G. (1993) Rare earth cryptates and homogeneous fluoroimmunoassays with
human sera; Clin Chem 39(9), pp. 1953-1959.

Michaud, G. A., Salcius, M., Zhou, F., Bangham, R., Bonin, J., Guo, H., Snyder, M.,
Predki, P. F., and Schweitzer, B. 1. (2003) Analyzing antibody specificity with
whole proteome microarrays; Nat Biotech 21(12), pp. 1509—-1512.

Moll, D., Prinz, A., Gesellchen, F., Drewianka, S., Zimmermann, B., and Herberg, F.
W. (2006) Biomolecular interaction analysis in functional proteomics; J Neural
Transm 113(8), pp. 1015-1032.

Moore, E. G., Samuel, A. P., and Raymond, K. N. (2009) From antenna to assay:
lessons learned in lanthanide luminescence; Acc Chem Res 42(4), pp. 542-552.

Morgner, F., Stufler, S., Geissler, D., Medintz, I. L., Algar, W. R., Susumu, K., Stewart,
M. H., Blanco-Canosa, J. B., Dawson, P. E., and Hildebrandt, N. (2011) Terbium to
Quantum Dot FRET Bioconjugates for Clinical Diagnostics: Influence of Human
Plasma on Optical and Assembly Properties; Sensors (Basel) 11(10), pp. 9667-9684.

Murray, A. J. (2008) Pharmacological PKA inhibition: all may not be what it seems; Sci
Signal 1(22), pp. re4.

Myyrylainen, T., Talha, S. M., Swaminathan, S., Vainionpaa, R., Soukka, T., Khanna,
N., and Pettersson, K. (2010) Simultaneous detection of Human Immunodeficiency
Virus 1 and Hepatitis B virus infections using a dual-label time-resolved fluoro-
metric assay; J Nanobiotechnology 8, pp. 27.

Nelson, R. W., Nedelkov, D., and Tubbs, K. A. (2000) Biomolecular Interaction Ana-
lysis Mass Spectometry. BIA/MS can detect and characterize protiens in complex
biological fluids at the low- to subfemtomole level;, 4nal Chem 72(11), pp. 404A—
411A.

Nesterova, M., Johnson, N., Cheadle, C., and Cho-Chung, Y. S. (2006a) Autoantibody
biomarker opens a new gateway for cancer diagnosis; Biochim Biophys Acta
1762(4), pp. 398-403.

Nesterova, M. V., Johnson, N., Cheadle, C., Bates, S. E., Mani, S., Stratakis, C. A.,
Khan, I. U., Gupta, R. K., and Cho-Chung, Y. S. (2006b) Autoantibody cancer bio-
marker: extracellular protein kinase A; Cancer Res 66(18), pp. 8971-8974.

54



Nikolaev, V. O., Bunemann, M., Hein, L., Hannawacker, A., and Lohse, M. J. (2004)
Novel single chain cAMP sensors for receptor-induced signal propagation; J Biol
Chem 279(36), pp. 37215-37218.

Nikolovska-Coleska, Z., Wang, R., Fang, X., Pan, H., Tomita, Y., Li, P., Roller, P. P,
Krajewski, K., Saito, N. G., Stuckey, J. A., and Wang, S. (2004) Development and
optimization of a binding assay for the XIAP BIR3 domain using fluorescence
polarization; Anal Biochem 332(2), pp. 261-273.

Olson, M. F. (2008) Applications for ROCK kinase inhibition; Curr Opin Cell Biol
20(2), pp. 242-248.

Omura, S., Iwai, Y., Hirano, A., Nakagawa, A., Awaya, J., Tsuchya, H., Takahashi, Y.,
and Masuma, R. (1977) A new alkaloid AM-2282 OF Streptomyces origin. Taxo-
nomy, fermentation, isolation and preliminary characterization; J Antibiot (Tokyo)
30(4), pp. 275-282.

Ono-Saito, N., Niki, I., and Hidaka, H. (1999) H-series protein kinase inhibitors and
potential clinical applications; Pharmacol Ther 82(2-3), pp. 123-131.

Parang, K., and Cole, P. A. (2002) Designing bisubstrate analog inhibitors for protein
kinases; Pharmacol Ther 93(2-3), pp. 145-157.

Pearce, L. R., Komander, D., and Alessi, D. R. (2010) The nuts and bolts of AGC
protein kinases; Nat Rev Mol Cell Biol 11(1), pp. 9-22.

Pflug, A., Rogozina, J., Lavogina, D., Enkvist, E., Uri, A., Engh, R. A., and Bosse-
meyer, D. (2010) Diversity of bisubstrate binding modes of adenosine analogue-
oligoarginine conjugates in protein kinase a and implications for protein substrate
interactions; J Mol Biol 403(1), pp. 66-77.

Pinna, L. A., and Ruzzene, M. (1996) How do protein kinases recognize their
substrates?; Biochim Biophys Acta 1314(3), pp. 191-225.

Polanski, M., and Anderson, N. L. (2007) A list of candidate cancer biomarkers for
targeted proteomics; Biomark Insights 1, pp. 1-48.

Poznanovic, S., Wozny, W., Schwall, G. P., Sastri, C., Hunzinger, C., Stegmann, W.,
Schrattenholz, A., Buchner, A., Gangnus, R., Burgemeister, R., and Cahill, M. A.
(2005) Differential radioactive proteomic analysis of microdissected renal cell
carcinoma tissue by 54 cm isoelectric focusing in serial immobilized pH gradient
gels; J Proteome Res 4(6), pp. 2117-2125.

Prade, L., Engh, R. A., Girod, A., Kinzel, V., Huber, R., and Bossemeyer, D. (1997)
Staurosporine-induced conformational changes of cAMP-dependent protein kinase
catalytic subunit explain inhibitory potential; Structure 5(12), pp. 1627-1637.

Price, N. C., and Stevens, L. (1999) Fundamentals of enzymology: the cell and mole-
cular biology of catalytic proteins: Oxford University Press.

Reddy, M. M., and Kodadek, T. (2005) Protein “fingerprinting” in complex mixtures
with peptoid microarrays; Proc Natl Acad Sci U S A 102(36), pp. 12672-12677.

Renberg, B., Nordin, J., Merca, A., Uhlen, M., Feldwisch, J., Nygren, P. A., and Karl-
strom, A. E. (2007) Affibody molecules in protein capture microarrays: evaluation
of multidomain ligands and different detection formats; J Proteome Res 6(1), pp.
171-179.

Ricouart, A., Gesquiere, J. C., Tartar, A., and Sergheraert, C. (1991) Design of potent
protein kinase inhibitors using the bisubstrate approach; J Med Chem 34(1), pp. 73—
78.

Schindler, T., Bornmann, W., Pellicena, P., Miller, W. T., Clarkson, B., and Kuriyan, J.
(2000) Structural mechanism for STI-571 inhibition of abelson tyrosine kinase;
Science 289(5486), pp. 1938-1942.

55



Schneider, T. L., Mathew, R. S., Rice, K. P., Tamaki, K., Wood, J. L., and Schepartz, A.
(2005) Increasing the kinase specificity of k252a by protein surface recognition; Org
Lett 7(9), pp. 1695-1698.

Segel, 1., H. (1993) Enzyme kinetics: behavior and analysis of rapid equilibrium and
steady-state enzyme systems. . New York: John Wiley & Sons, Inc.

Shabb, J. B. (2001) Physiological substrates of cAMP-dependent protein kinase; Chem
Rev 101(8), pp. 2381-2411.

Skalhegg, B. S., and Tasken, K. (2000) Specificity in the cAMP/PKA signaling path-
way. Differential expression, regulation, and subcellular localization of subunits of
PKA; Front Biosci 5, pp. D678-693.

Soini, E., and Hemmila, I. (1979) Fluoroimmunoassay: present status and key problems;
Clin Chem 25(3), pp. 353-361.

Srinivasan, J., Cload, S. T., Hamaguchi, N., Kurz, J., Keene, S., Kurz, M., Boomer, R.
M., Blanchard, J., Epstein, D., Wilson, C., and Diener, J. L. (2004) ADP-specific
sensors enable universal assay of protein kinase activity; Chem Biol 11(4), pp. 499—
508.

Steichen, J. M., Iyer, G. H., Li, S., Saldanha, S. A., Deal, M. S., Woods, V. L., Jr., and
Taylor, S. S. (2010) Global consequences of activation loop phosphorylation on
protein kinase A; J Biol Chem 285(6), pp. 3825-3832.

Stenberg, E., Persson, B., Roos, H., and Urbaniczky, C. (1991) Quantitative determi-
nation of surface concentration of proteins with surface plasmon resonance using
radiolabeled proteins; J Colloid Interface Sci 143(2), pp. 513-526.

Zaccolo, M., De Giorgi, F., Cho, C. Y., Feng, L., Knapp, T., Negulescu, P. A., Taylor,
S. S., Tsien, R. Y., and Pozzan, T. (2000) A genetically encoded, fluorescent
indicator for cyclic AMP in living cells; Nat Cell Biol 2(1), pp. 25-29.

Zaman, G. J., Garritsen, A., de Boer, T., and van Boeckel, C. A. (2003) Fluorescence
assays for high-throughput screening of protein kinases; Comb Chem High Through-
put Screen 6(4), pp. 313-320.

Zhang, J., Ma, Y., Taylor, S. S., and Tsien, R. Y. (2001) Genetically encoded reporters
of protein kinase A activity reveal impact of substrate tethering; Proc Natl Acad Sci
U S A 98(26), pp. 14997-15002.

Zimmermann, B., Chiorini, J. A., Ma, Y., Kotin, R. M., and Herberg, F. W. (1999)
PrKX is a novel catalytic subunit of the cAMP-dependent protein kinase regulated
by the regulatory subunit type I; J Biol Chem 274(9), pp. 5370-5378.

Zimmermann, B., Hahnefeld, C., and Herberg, F. W. (2002) Applications of bio-
molecular interaction analysis in drug development; TARGETS 1(2), pp. 66—73.

Tamaoki, T., Nomoto, H., Takahashi, I., Kato, Y., Morimoto, M., and Tomita, F. (1986)
Staurosporine, a potent inhibitor of phospholipid/Ca++dependent protein kinase;
Biochem Biophys Res Commun 135(2), pp. 397-402.

Taylor, S. S., Buechler, J. A., and Yonemoto, W. (1990) cAMP-dependent protein
kinase: framework for a diverse family of regulatory enzymes; Annu Rev Biochem
59, pp. 971-1005.

Taylor, S. S., Kim, C., Vigil, D., Haste, N. M., Yang, J., Wu, J., and Anand, G. S.
(2005) Dynamics of signaling by PKA; Biochim Biophys Acta 1754(1-2), pp. 25—
37.

Taylor, S. S., Zheng, J., Radzio-Andzelm, E., Knighton, D. R., Ten Eyck, L. F., So-
wadski, J. M., Herberg, F. W., and Yonemoto, W. M. (1993) cAMP-dependent
protein kinase defines a family of enzymes; Philos Trans R Soc Lond B Biol Sci
340(1293), pp. 315-324.

56



Taylor, S. S., Yang, J., Wu, J., Haste, N. M., Radzio-Andzelm, E., and Anand, G.
(2004) PKA: a portrait of protein kinase dynamics; Biochim Biophys Acta 1697(1—
2), pp. 259-269.

Tetin, S. Y., and Hazlett, T. L. (2000) Optical spectroscopy in studies of antibody-
hapten interactions; Methods 20(3), pp. 341-361.

Traut, T. W. (1994) Physiological concentrations of purines and pyrimidines; Mol Cell
Biochem 140(1), pp. 1-22.

Tsatsanis, C., Zafiropoulos, A., and Spandidos, D. A. Jul 2007. Oncogenic Kinases in
Cancer. In: eLS. John Wiley & Sons Ltd, Chichester. http://www.els.net [doi:
10.1002/9780470015902.a0006051.pub2].

Uhler, M. D., Carmichael, D. F., Lee, D. C., Chrivia, J. C., Krebs, E. G., and McKnight,
G. S. (1986a) Isolation of cDNA clones coding for the catalytic subunit of mouse
cAMP-dependent protein kinase; Proc Natl Acad Sci U S A 83(5), pp. 1300-1304.

Uhler, M. D., Chrivia, J. C., and McKnight, G. S. (1986b) Evidence for a second iso-
form of the catalytic subunit of cAMP-dependent protein kinase; J Biol Chem
261(33), pp. 15360-15363.

Uri, A., Raidaru, G., Subbi, J., Padari, K., and Pooga, M. (2002) Identification of the
ability of highly charged nanomolar inhibitors of protein kinases to cross plasma
membranes and carry a protein into cells; Bioorg Med Chem Lett 12(16), pp. 2117—
2120.

Vaasa, A., Lust, M., Terrin, A., Uri, A., and Zaccolo, M. (2010) Small-molecule FRET
probes for protein kinase activity monitoring in living cells; Biochem Biophys Res
Commun 397(4), pp. 750-755.

Vaasa, A., Viil, I, Enkvist, E., Viht, K., Raidaru, G., Lavogina, D., and Uri, A. (2009)
High-affinity bisubstrate probe for fluorescence anisotropy binding/displacement
assays with protein kinases PKA and ROCK; 4Anal Biochem 385(1), pp. 85-93.

Viht, K., Padari, K., Raidaru, G., Subbi, J., Tammiste, 1., Pooga, M., and Uri, A. (2003)
Liquid-phase synthesis of a pegylated adenosine-oligoarginine conjugate, cell-
permeable inhibitor of cAMP-dependent protein kinase; Bioorg Med Chem Lett
13(18), pp. 3035-3039.

Viht, K., Schweinsberg, S., Lust, M., Vaasa, A., Raidaru, G., Lavogina, D., Uri, A., and
Herberg, F. W. (2007) Surface-plasmon-resonance-based biosensor with immobi-
lized bisubstrate analog inhibitor for the determination of affinities of ATP- and
protein-competitive ligands of cAMP-dependent protein kinase; Anal Biochem
362(2), pp. 268-277.

Viht, K., Vaasa, A., Raidaru, G., Enkvist, E., and Uri, A. (2005) Fluorometric TLC
assay for evaluation of protein kinase inhibitors; Anal Biochem 340(1), pp. 165—170.

Walsh, D. A., Perkins, J. P., and Krebs, E. G. (1968) An adenosine 3',5'-monophosphate-
dependant protein kinase from rabbit skeletal muscle; J Biol Chem 243(13), pp.
3763-3765.

Walter, J. G., Kokpinar, O., Friehs, K., Stahl, F., and Scheper, T. (2008) Systematic in-
vestigation of optimal aptamer immobilization for protein-microarray applications;
Anal Chem 80(19), pp. 7372-7378.

Wang, H., Li, M., Lin, W., Wang, W., Zhang, Z., Rayburn, E. R., Lu, J., Chen, D., Yue,
X., Shen, F., Jiang, F., He, J., Wei, W., Zeng, X., and Zhang, R. (2007) Extracellular
activity of cyclic AMP-dependent protein kinase as a biomarker for human cancer
detection: distribution characteristics in a normal population and cancer patients;
Cancer Epidemiol Biomarkers Prev 16(4), pp. 789-795.

57



Wen, W., and Taylor, S. S. (1994) High affinity binding of the heat-stable protein
kinase inhibitor to the catalytic subunit of cAMP-dependent protein kinase is selec-
tively abolished by mutation of Argl33; J Biol Chem 269(11), pp. 8423-8430.

Werts, M. H. (2005) Making sense of lanthanide luminescence; Sci Prog 88(Pt 2), pp.
101-131.

Witt, J. J., and Roskoski, R., Jr. (1975) Rapid protein kinase assay using phospho-
cellulose-paper absorption; Anal Biochem 66(1), pp. 253-258.

Wozny, W., Schroer, K., Schwall, G. P., Poznanovic, S., Stegmann, W., Dietz, K., Ro-
gatsch, H., Schaefer, G., Huebl, H., Klocker, H., Schrattenholz, A., and Cahill, M.
A. (2007) Differential radioactive quantification of protein abundance ratios
between benign and malignant prostate tissues: cancer association of annexin A3;
Proteomics 1(2), pp. 313-322.

Wu, C. C., Hsu, C. W., Chen, C. D., Yu, C. J.,, Chang, K. P., Tai, D. L., Liu, H. P., Su,
W. H., Chang, Y. S., and Yu, J. S. (2010) Candidate serological biomarkers for
cancer identified from the secretomes of 23 cancer cell lines and the human protein
atlas; Mol Cell Proteomics 9(6), pp. 1100-1117.

Wu, J., Barbero, R., Vajjhala, S., and O’Connor, S. D. (2006) Real-time analysis of
enzyme kinetics via micro parallel liquid chromatography; Assay Drug Dev Technol
4(6), pp. 653-660.

Yamada, Y., Arao, T., Gotoda, T., Taniguchi, H., Oda, 1., Shirao, K., Shimada, Y.,
Hamaguchi, T., Kato, K., Hamano, T., Koizumi, F., Tamura, T., Saito, D., Shimoda,
T., Saka, M., Fukagawa, T., Katai, H., Sano, T., Sasako, M., and Nishio, K. (2008)
Identification of prognostic biomarkers in gastric cancer using endoscopic biopsy
samples; Cancer Sci 99(11), pp. 2193-2199.

Yeh, R. H., Yan, X., Cammer, M., Bresnick, A. R., and Lawrence, D. S. (2002) Real
time visualization of protein kinase activity in living cells; J Biol Chem 277(13), pp.
11527-11532.

Yu, M., Magalhaes, M. L., Cook, P. F., and Blanchard, J. S. (2006) Bisubstrate in-
hibition: Theory and application to N-acetyltransferases; Biochemistry 45(49), pp.
14788-14794.

58



ACKNOWLEDGEMENTS

The present study has been mainly performed at the Institute of Chemistry of
the University of Tartu. This work was supported by grants from the Estonian
Science Foundation (6710, 8230, 8419, and 8055), Estonian Ministry of
Education and Sciences (SF0180121s08) and by graduate school “Functional
materials and technologies” receiving funding from the European Social Fund
under project 1.2.0401.09-0079 in Estonia. Financial support from Archimedes
Foundation (Kristjan Jaak scholarship) is greatly acknowledged.

First and foremost I would like to express my sincere gratitude to my
supervisor Asko Uri for his professional guidance, support and patience through
the studies.

I would like to thank the group members and co-authors, particularly Angela
Vaasa, Darja Lavdgina, Erki Enkvist and Kaido Viht for their contribution to
this work and for providing friendly and educative working atmosphere.

I am very grateful to Prof. Friedrich W. Herberg and Dr. Bastian Zimmer-
mann for the opportunity to work in the laboratories of Department of Bio-
chemistry at the University of Kassel and Biaffin GmbH & Co. KG. The
support from my local supervisors Dr. Sonja Schweinsberg and Dr. Daniela
Bertinetti is gratefully acknowledged.

I would like to thank Dr. Robert Karlsson for the opportunity to perform
SPR measurements in the laboratories of GE Healthcare (former Biacore AB),
Uppsala. The time and support from Dr. Andrei Zhukov is kindly appreciated.

I am very grateful to Prof. Manuela Zaccolo for the opportunity to work with
a fluorescent microscope at the laboratories of Institute of Neuroscience and
Psychology at the University of Glasgow.

My gratitude goes also to Prof. Ago Rinken and the members of his research
group for the long discussions and new insights provided in our weekly
seminars.

Last but not least, I wold like to thank my family and friends for their love,
endless support and understanding.

59






PUBLICATIONS



CURRICULUM VITAE

General data

Name: Marje Kasari (until 21.08.2010 Marje Lust)
Date of birth:  October 5, 1983

Citizenship: ~ Estonian

Marital status: married

Address: 8 Ilmatsalu St., 50412 Tartu, Estonia

Phone: +372 555 89196

E-mail: marje.kasari@gmail.com
Education

2007 to present University of Tartu, Faculty of Science and Technology, PhD
studies

2005-2007 University of Tartu, Faculty of Physics and Chemistry, Master
(bioorganic chemistry)

2002-2005 University of Tartu, Faculty of Physics and Chemistry,
Bachelor (chemistry)

Professional employment

2011 to present University of Tartu, Institute of Chemistry, chemist;
2005-2010 University of Tartu, Department of Chemistry, extraordinary
researcher.

Professional self-improvement

04.08.2010 —23.08.2010 participating at a FEBS Advanced Course “Micro-
spectroscopy: Probing Protein Dynamics and Interactions in Living Cells”,
Nijmegen-Wageningen, Netherlands;

19.05.2008 — 31.05.2008 work with fluorescent microscope at University of
Glasgow, Great Britain;

12.11.2007 — 10.12.2007; 14.01.2008 — 19.03.2008 the application of ARC-
based affinity supports in proteomics; University of Kassel, Germany;

10.09.2007 —29.09.2007 the modification ARC-based of SPR surfaces for the
investigation of protein kinases; GE Healthcare, Uppsala, Sweden,;

04.09.2006 — 28.10.2006 the development of SPR surfaces for the investigation
of protein kinase inhibitors; University of Kassel, Germany.

117



Scientific publications

Kasari, M., Padrik, P., Vaasa, A., Saar, K., Leppik, K., Soplepmann, J.,
Uri, A. (2012) Time-gated luminescence assay using nonmetal probes for
determination of protein kinase activity-based disease markers. Analytical
Biochemistry; accepted manuscript, doi: 10.1016/j.ab.2011.12.048
Enkvist, E., Vaasa, A., Kasari, M., Kriisa, M., Ivan, T., Ligi, K., Raidaru,
G., Uri, A. (2011) Protein-induced long lifetime luminescence of non-
metal probes, ACS Chemical Biology, 6(10), 1052—1062.

Vaasa, A., Lust, M., Terrin, A., Uri, A., Zaccolo, M. (2010) Small-mole-
cule FRET probes for protein kinase activity monitoring in living cells,
Biochem. Biophys Res. Commun., 397(4), 750-755.

Lavogina, D., Nickl, C.K., Enkvist, E., Raidaru, G., Lust, M., Vaasa, A.,
Uri, A., Dostmann, W.R. (2010) Adenosine analogue-oligo-arginine con-
jugates (ARCs) serve as high-affinity inhibitors and fluorescence probes of
type I ¢cGMP-dependent protein kinase (PKGlalpha), Biochim. Biophys.
Acta. Proteins and Proteomics, 1804(9), 1857—1868.

Uri, A., Lust, M., Vaasa, A., Lavogina, D., Viht, K., Enkvist, E. (2010)
Bisubstrate fluorescent probes and biosensors in binding assays for HTS of
protein kinase inhibitors. Biochimica et Biophysica Acta, 1804(3), 541—
546.

Lavdgina D., Lust M., Viil L., Konig N., Raidaru G., Rogozina J., Enkvist
E., Uri A., Bossemeyer D. (2009). Structural analysis of ARC-type inhi-
bitor (ARC-1034) binding to protein kinase A catalytic subunit and rational
design of bisubstrate analogue inhibitors of basophilic protein kinases,
Journal of Medicinal Chemistry 52(2), 308-21.

Rédgel, H., Lust, M., Uri, A., Pooga, M. (2008). Adenosine-oligoarginine
conjugate, a novel bisubstrate inhibitor, effectively dissociates the actin
cytoskeleton. FEBS Journal, 275(14), 3608-3624.

Viht, K., Schweinsberg, S., Lust, M., Vaasa, A., Raidaru, G., Lavogina,
D., Uri, A. & Herberg, F. W. (2007). Surface-plasmon-resonance-based
biosensor with immobilized bisubstrate analog inhibitor for the deter-
mination of affinities of ATP- and protein-competitive ligands of cAMP-
dependent protein kinase. Analytical biochemistry 362, 268-277.

Enkvist, E., Lavdgina, D., Raidaru, G., Vaasa, A., Viil, L., Lust, M., Viht,
K. & Uri, A. (2006). Conjugation of adenosine and hexa-(D-arginine) leads
to a nanomolar bisubstrate-analog inhibitor of basophilic protein kinases.
Journal of Medicinal Chemistry 49, 7150-7159.

118



ELULOOKIRJELDUS

Uldandmed
Ees- ja perekonnanimi: Marje Kasari (kuni 21.08.2010 Marje Lust)
Siinniaeg: 5. oktoober, 1983
Kodakondsus: Eesti
Perekonnaseis: Abielus
Aadress: Ilmatsalu 8, 50411 Tartu, Eesti
Telefon: +372 555 89196
E-mail: marje.kasari@gmail.com
Haridus
2007—... Tartu Ulikool, loodus- ja tehnoloogia teaduskond, doktoridpe
2005-2007  Tartu Ulikool, fiiiisika-keemia teaduskond, keemia eriala,
magistridpe
2002—2005  Tartu Ulikool, fiiiisika-keemia teaduskond, keemia eriala,
bakalaureusedpe

Teenistuskaik

2011—... Tartu Ulikool, keemia instituut, keemik
2005-2010  Tartu Ulikool, keemia instituut, erakorraline teadur

Erialane enesetiiendus

04.08.2010 —23.08.2010 osavott kursusest FEBS Advanced Course Micro-
spectroscopy: Probing Protein Dynamics and Interactions in Living Cells,
Nijmegen-Wageningen, Netherlands.

19.05.2008 — 31.05.2008 t66 fluorestsentsmikroskoobiga Glasgow Ulikoolis,
Suurbritannias.

12.11.2007 — 10.12.2007; 14.01.2008 — 19.03.2008 ARC-tiilipi inhibiitroite
rakendamine proteoomikas Kasseli Ulikooli teaduslaboris, Saksamaal.

10.09.2007 — 29.09.2007 ARC-tiiiipi inhibiitroitel pdhinevate SPR sensorpin-
dade testimine GE Healthcare teaduslaboris, Uppsalas, Rootsis.

04.09.2006 — 28.10.2006 ARC-tiitipi inhibiitroitel pohinevate SPR sensori
pindade valmistamine ning rakendamine proteiinkinaaside ja inhibiitorite
uurimiseks Kasseli Ulikooli teaduslaboris, Saksamaal.

119



Teaduspublikatsioonid

Kasari, M., Padrik, P., Vaasa, A., Saar, K., Leppik, K., Soplepmann, J.,
Uri, A. (2012) Time-gated luminescence assay using nonmetal probes for
determination of protein kinase activity-based disease markers. Analytical
Biochemistry; avaldamiseks vastuvéetud, doi: 10.1016/j.ab.2011.12.048
Enkvist, E., Vaasa, A., Kasari, M., Kriisa, M., Ivan, T., Ligi, K., Raidaru,
G., Uri, A. (2011) Protein-induced long lifetime luminescence of non-
metal probes, ACS Chemical Biology, 6(10), 1052—1062.

Vaasa, A., Lust, M., Terrin, A., Uri, A., Zaccolo, M. (2010) Small-mole-
cule FRET probes for protein kinase activity monitoring in living cells,
Biochem. Biophys Res. Commun., 397(4), 750-755.

Lavogina, D., Nickl, C.K., Enkvist, E., Raidaru, G., Lust, M., Vaasa, A.,
Uri, A., Dostmann, W.R. (2010) Adenosine analogue-oligo-arginine con-
jugates (ARCs) serve as high-affinity inhibitors and fluorescence probes of
type I ¢cGMP-dependent protein kinase (PKGlalpha), Biochim. Biophys.
Acta. Proteins and Proteomics, 1804(9), 1857—1868.

Uri, A., Lust, M., Vaasa, A., Lavogina, D., Viht, K., Enkvist, E. (2010) Bi-
substrate fluorescent probes and biosensors in binding assays for HTS of
protein kinase inhibitors. Biochimica et Biophysica Acta, 1804(3), 541—
546.

Lavdgina D., Lust M., Viil L., Konig N., Raidaru G., Rogozina J., Enkvist
E., Uri A., Bossemeyer D. (2009). Structural analysis of ARC-type
inhibitor (ARC-1034) binding to protein kinase A catalytic subunit and
rational design of bisubstrate analogue inhibitors of basophilic protein
kinases, Journal of Medicinal Chemistry 52(2), 308-21.

Rédgel, H., Lust, M., Uri, A., Pooga, M. (2008). Adenosine-oligoarginine
conjugate, a novel bisubstrate inhibitor, effectively dissociates the actin
cytoskeleton. FEBS Journal, 275(14), 3608-3624.

Viht, K., Schweinsberg, S., Lust, M., Vaasa, A., Raidaru, G., Lavogina,
D., Uri, A. & Herberg, F. W. (2007). Surface-plasmon-resonance-based
biosensor with immobilized bisubstrate analog inhibitor for the deter-
mination of affinities of ATP- and protein-competitive ligands of cAMP-
dependent protein kinase. Analytical biochemistry 362, 268-277.

Enkvist, E., Lavdgina, D., Raidaru, G., Vaasa, A., Viil, L., Lust, M., Viht,
K. & Uri, A. (2006). Conjugation of adenosine and hexa-(D-arginine) leads
to a nanomolar bisubstrate-analog inhibitor of basophilic protein kinases.
Journal of Medicinal Chemistry 49, 7150-7159.

120



10.

11.

12.
13.

14.

15.

16.

17.

18.

DISSERTATIONES CHIMICAE
UNIVERSITATIS TARTUENSIS

Toomas Tamm. Quantum-chemical simulation of solvent effects. Tartu,
1993, 110 p.

Peeter Burk. Theoretical study of gas-phase acid-base equilibria. Tartu,
1994, 96 p.

Victor Lobanov. Quantitative structure-property relationships in large
descriptor spaces. Tartu, 1995, 135 p.

Vahur Miemets. The 'O and 'H nuclear magnetic resonance study of
H,O in individual solvents and its charged clusters in aqueous solutions of
electrolytes. Tartu, 1997, 140 p.

Andrus Metsala. Microcanonical rate constant in nonequilibrium distribu-
tion of vibrational energy and in restricted intramolecular vibrational
energy redistribution on the basis of slater’s theory of unimolecular re-
actions. Tartu, 1997, 150 p.

Uko Maran. Quantum-mechanical study of potential energy surfaces in
different environments. Tartu, 1997, 137 p.

Alar Jéines. Adsorption of organic compounds on antimony, bismuth and
cadmium electrodes. Tartu, 1998, 219 p.

Kaido Tammeveski. Oxygen electroreduction on thin platinum films and
the electrochemical detection of superoxide anion. Tartu, 1998, 139 p.

Ivo Leito. Studies of Brensted acid-base equilibria in water and non-
aqueous media. Tartu, 1998, 101 p.

Jaan Leis. Conformational dynamics and equilibria in amides. Tartu, 1998,
131 p.

Toonika Rinken. The modelling of amperometric biosensors based on oxi-
doreductases. Tartu, 2000, 108 p.

Dmitri Panov. Partially solvated Grignard reagents. Tartu, 2000, 64 p.
Kaja Orupéld. Treatment and analysis of phenolic wastewater with micro-
organisms. Tartu, 2000, 123 p.

Jiiri Ivask. Ion Chromatographic determination of major anions and
cations in polar ice core. Tartu, 2000, 85 p.

Lauri Vares. Stereoselective Synthesis of Tetrahydrofuran and Tetra-
hydropyran Derivatives by Use of Asymmetric Horner-Wadsworth-
Emmons and Ring Closure Reactions. Tartu, 2000, 184 p.

Martin Lepiku. Kinetic aspects of dopamine D, receptor interactions with
specific ligands. Tartu, 2000, 81 p.

Katrin Sak. Some aspects of ligand specificity of P2Y receptors. Tartu,
2000, 106 p.

Vello Pillin. The role of solvation in the formation of iotsitch complexes.
Tartu, 2001, 95 p.

121



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Katrin Kollist. Interactions between polycyclic aromatic compounds and
humic substances. Tartu, 2001, 93 p.

Ivar Koppel. Quantum chemical study of acidity of strong and superstrong
Bronsted acids. Tartu, 2001, 104 p.

Viljar Pihl. The study of the substituent and solvent effects on the acidity
of OH and CH acids. Tartu, 2001, 132 p.

Natalia Palm. Specification of the minimum, sufficient and significant set
of descriptors for general description of solvent effects. Tartu, 2001, 134 p.
Sulev Sild. QSPR/QSAR approaches for complex molecular systems.
Tartu, 2001, 134 p.

Ruslan Petrukhin. Industrial applications of the quantitative structure-
property relationships. Tartu, 2001, 162 p.

Boris V. Rogovoy. Synthesis of (benzotriazolyl)carboximidamides and their
application in relations with N- and S-nucleophyles. Tartu, 2002, 84 p.

Koit Herodes. Solvent effects on UV-vis absorption spectra of some
solvatochromic substances in binary solvent mixtures: the preferential
solvation model. Tartu, 2002, 102 p.

Anti Perkson. Synthesis and characterisation of nanostructured carbon.
Tartu, 2002, 152 p.

Ivari Kaljurand. Self-consistent acidity scales of neutral and cationic
Brensted acids in acetonitrile and tetrahydrofuran. Tartu, 2003, 108 p.
Karmen Lust. Adsorption of anions on bismuth single crystal electrodes.
Tartu, 2003, 128 p.

Mare Piirsalu. Substituent, temperature and solvent effects on the alkaline
hydrolysis of substituted phenyl and alkyl esters of benzoic acid. Tartu,
2003, 156 p.

Meeri Sassian. Reactions of partially solvated Grignard reagents. Tartu,
2003, 78 p.

Tarmo Tamm. Quantum chemical modelling of polypyrrole. Tartu, 2003.
100 p.

Erik Teinemaa. The environmental fate of the particulate matter and
organic pollutants from an oil shale power plant. Tartu, 2003. 102 p.

Jaana Tammiku-Taul. Quantum chemical study of the properties of
Grignard reagents. Tartu, 2003. 120 p.

Andre Lomaka. Biomedical applications of predictive computational
chemistry. Tartu, 2003. 132 p.

Kostyantyn Kirichenko. Benzotriazole — Mediated Carbon—Carbon Bond
Formation. Tartu, 2003. 132 p.

Gunnar Nurk. Adsorption kinetics of some organic compounds on bis-
muth single crystal electrodes. Tartu, 2003, 170 p.

Mati Arulepp. Electrochemical characteristics of porous carbon materials
and electrical double layer capacitors. Tartu, 2003, 196 p.

122



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Dan Cornel Fara. QSPR modeling of complexation and distribution of
organic compounds. Tartu, 2004, 126 p.

Riina Mahlapuu. Signalling of galanin and amyloid precursor protein
through adenylate cyclase. Tartu, 2004, 124 p.

Mihkel Kerikmie. Some luminescent materials for dosimetric applications
and physical research. Tartu, 2004, 143 p.

Jaanus Kruusma. Determination of some important trace metal ions in
human blood. Tartu, 2004, 115 p.

Urmas Johanson. Investigations of the electrochemical properties of poly-
pyrrole modified electrodes. Tartu, 2004, 91 p.

Kaido Sillar. Computational study of the acid sites in zeolite ZSM-5.
Tartu, 2004, 80 p.

Aldo Oras. Kinetic aspects of dATPaS interaction with P2Y,; receptor.
Tartu, 2004, 75 p.

Erik Molder. Measurement of the oxygen mass transfer through the air-
water interface. Tartu, 2005, 73 p.

Thomas Thomberg. The kinetics of electroreduction of peroxodisulfate
anion on cadmium (0001) single crystal electrode. Tartu, 2005, 95 p.

Olavi Loog. Aspects of condensations of carbonyl compounds and their
imine analogues. Tartu, 2005, 83 p.

Siim Salmar. Effect of ultrasound on ester hydrolysis in aqueous ethanol.
Tartu, 2006, 73 p.

Ain Uustare. Modulation of signal transduction of heptahelical receptors
by other receptors and G proteins. Tartu, 2006, 121 p.

Sergei Yurchenko. Determination of some carcinogenic contaminants in
food. Tartu, 2006, 143 p.

Kaido Tamm. QSPR modeling of some properties of organic compounds.
Tartu, 2006, 67 p.

Olga TSubrik. New methods in the synthesis of multisubstituted hydra-
zines. Tartu. 2006, 183 p.

Lilli Soovili. Spectrophotometric measurements and their uncertainty in
chemical analysis and dissociation constant measurements. Tartu, 2006,
125 p.

Eve Koort. Uncertainty estimation of potentiometrically measured ph and
pK, values. Tartu, 2006, 139 p.

Sergei Kopanchuk. Regulation of ligand binding to melanocortin receptor
subtypes. Tartu, 2006, 119 p.

Silvar Kallip. Surface structure of some bismuth and antimony single
crystal electrodes. Tartu, 2006, 107 p.

Kristjan Saal. Surface silanization and its application in biomolecule
coupling. Tartu, 2006, 77 p.

Tanel Titte. High viscosity Sn(OBu), oligomeric concentrates and their
applications in technology. Tartu, 2006, 91 p.

123



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Dimitar Atanasov Dobchev. Robust QSAR methods for the prediction of
properties from molecular structure. Tartu, 2006, 118 p.

Hannes Hagu. Impact of ultrasound on hydrophobic interactions in
solutions. Tartu, 2007, 81 p.

Rutha Jiger. Electroreduction of peroxodisulfate anion on bismuth
electrodes. Tartu, 2007, 142 p.

Kaido Viht. Immobilizable bisubstrate-analogue inhibitors of basophilic
protein kinases: development and application in biosensors. Tartu, 2007,
88 p.

Eva-Ingrid R66m. Acid-base equilibria in nonpolar media. Tartu, 2007,
156 p.

Sven Tamp. DFT study of the cesium cation containing complexes relevant
to the cesium cation binding by the humic acids. Tartu, 2007, 102 p.

Jaak Nerut. Electroreduction of hexacyanoferrate(Ill) anion on Cadmium
(0001) single crystal electrode. Tartu, 2007, 180 p.

Lauri Jalukse. Measurement uncertainty estimation in amperometric
dissolved oxygen concentration measurement. Tartu, 2007, 112 p.

Aime Lust. Charge state of dopants and ordered clusters formation in
CaF,:Mn and CaF,:Eu luminophors. Tartu, 2007, 100 p.

Iiris Kahn. Quantitative Structure-Activity Relationships of environ-
mentally relevant properties. Tartu, 2007, 98 p.

Mari Reinik. Nitrates, nitrites, N-nitrosamines and polycyclic aromatic
hydrocarbons in food: analytical methods, occurrence and dietary intake.
Tartu, 2007, 172 p.

Heili Kasuk. Thermodynamic parameters and adsorption kinetics of orga-
nic compounds forming the compact adsorption layer at Bi single crystal
electrodes. Tartu, 2007, 212 p.

Erki Enkvist. Synthesis of adenosine-peptide conjugates for biological
applications. Tartu, 2007, 114 p.

Svetoslav Hristov Slavov. Biomedical applications of the QSAR approach.
Tartu, 2007, 146 p.

Eneli Hark. Electroreduction of complex cations on electrochemically
polished Bi(%kl) single crystal electrodes. Tartu, 2008, 158 p.

Priit Moller. Electrochemical characteristics of some cathodes for medium
temperature solid oxide fuel cells, synthesized by solid state reaction
technique. Tartu, 2008, 90 p.

Signe Viggor. Impact of biochemical parameters of genetically different
pseudomonads at the degradation of phenolic compounds. Tartu, 2008, 122 p.
Ave Sarapuu. Electrochemical reduction of oxygen on quinone-modified
carbon electrodes and on thin films of platinum and gold. Tartu, 2008,
134 p.

Agnes Kiitt. Studies of acid-base equilibria in non-aqueous media. Tartu,
2008, 198 p.

124



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

Rouvim Kadis. Evaluation of measurement uncertainty in analytical che-
mistry: related concepts and some points of misinterpretation. Tartu, 2008,
118 p.

Valter Reedo. Elaboration of IVB group metal oxide structures and their
possible applications. Tartu, 2008, 98 p.

Aleksei Kuznetsov. Allosteric effects in reactions catalyzed by the cAMP-
dependent protein kinase catalytic subunit. Tartu, 2009, 133 p.

Aleksei Bredihhin. Use of mono- and polyanions in the synthesis of
multisubstituted hydrazine derivatives. Tartu, 2009, 105 p.

Anu Ploom. Quantitative structure-reactivity analysis in organosilicon
chemistry. Tartu, 2009, 99 p.

Argo Vonk. Determination of adenosine A,s- and dopamine D, receptor-
specific modulation of adenylate cyclase activity in rat striatum. Tartu,
2009, 129 p.

Indrek Kivi. Synthesis and electrochemical characterization of porous
cathode materials for intermediate temperature solid oxide fuel cells. Tartu,
2009, 177 p.

Jaanus Eskusson. Synthesis and characterisation of diamond-like carbon
thin films prepared by pulsed laser deposition method. Tartu, 2009, 117 p.
Marko Litt. Carbide derived microporous carbon and electrical double
layer capacitors. Tartu, 2009, 107 p.

Vladimir Stepanov. Slow conformational changes in dopamine transporter
interaction with its ligands. Tartu, 2009, 103 p.

Aleksander Trummal. Computational Study of Structural and Solvent
Effects on Acidities of Some Brensted Acids. Tartu, 2009, 103 p.

Eerold Vellemae. Applications of mischmetal in organic synthesis. Tartu,
2009, 93 p.

Sven Parkel. Ligand binding to 5-HT,;s receptors and its regulation by
Mg”" and Mn*". Tartu, 2010, 99 p.

Signe Vahur. Expanding the possibilities of ATR-FT-IR spectroscopy in
determination of inorganic pigments. Tartu, 2010, 184 p.

Tavo Romann. Preparation and surface modification of bismuth thin film,
porous, and microelectrodes. Tartu, 2010, 155 p.

Nadezda Aleksejeva. Electrocatalytic reduction of oxygen on carbon
nanotube-based nanocomposite materials. Tartu, 2010, 147 p.

Marko Kullapere. Electrochemical properties of glassy carbon, nickel and
gold electrodes modified with aryl groups. Tartu, 2010, 233 p.

Liis Siinor. Adsorption kinetics of ions at Bi single crystal planes from
aqueous electrolyte solutions and room-temperature ionic liquids. Tartu,
2010, 101 p.

Angela Vaasa. Development of fluorescence-based kinetic and binding
assays for characterization of protein kinases and their inhibitors. Tartu
2010, 101 p.

125



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Indrek Tulp. Multivariate analysis of chemical and biological properties.
Tartu 2010, 105 p.

Aare Selberg. Evaluation of environmental quality in Northern Estonia by
the analysis of leachate. Tartu 2010, 117 p.

Darja Lavdgina. Development of protein kinase inhibitors based on
adenosine analogue-oligoarginine conjugates. Tartu 2010, 248 p.

Laura Herm. Biochemistry of dopamine D, receptors and its association
with motivated behaviour. Tartu 2010, 156 p.

Terje Raudsepp. Influence of dopant anions on the electrochemical pro-
perties of polypyrrole films. Tartu 2010, 112 p.

Margus Marandi. Electroformation of Polypyrrole Films: In-situ AFM
and STM Study. Tartu 2011, 116 p.

Kairi Kivirand. Diamine oxidase-based biosensors: construction and
working principles. Tartu, 2011, 140 p.

Anneli Kruve. Matrix effects in liquid-chromatography electrospray mass-
spectrometry. Tartu, 2011, 156 p.

Gary Urb. Assessment of environmental impact of oil shale fly ash from
PF and CFB combustion. Tartu, 2011, 108 p.

Nikita Oskolkov. A novel strategy for peptide-mediated cellular delivery
and induction of endosomal escape. Tartu, 2011, 106 p.

Dana Martin. The QSPR/QSAR approach for the prediction of properties of
fullerene derivatives. Tartu, 2011, 98 p.

Séde Viirlaid. Novel glutathione analogues and their antioxidant activity.
Tartu, 2011, 106 p.

Ulis Soukand. Simultaneous adsorption of Cd**, Ni*", and Pb*" on peat.
Tartu, 2011, 124 p.

Lauri Lipping. The acidity of strong and superstrong Brensted acids, an
outreach for the “limits of growth”: a quantum chemical study. Tartu,
2011, 124 p.

Heisi Kurig. Electrical double-layer capacitors based on ionic liquids as
electrolytes. Tartu, 2011, 146 p.



	pub2.pdf
	Kasari_Paper_II.PDF
	Bisubstrate fluorescent probes and biosensors in binding assays for HTS of protein kinase inhib.....
	Introduction
	Protein kinase assays: general features
	Application of fluorescent techniques in binding assays
	ARC-type inhibitors as fluorescent probes and biosensors in �binding assays
	Examples of ARC-based assays: the recent progress in the field
	Conclusions
	Acknowledgements
	References



	Kasari_Paper_IV.pdf
	Time-gated luminescence assay using nonmetal probes for determination of protein kinase activity-based disease markers
	Materials and methods
	Reagents and apparatus
	Plasma preparation
	PKA enzymatic activity assay
	Characterization of ARC-1063 luminescent probe
	Determination of KD for the ARC-1063:PKAc complex
	Measurement of luminescence properties of long-lifetime probes

	PKA binding assay
	Absorption spectra of plasma samples
	Data analysis

	Results and discussion
	Validation of time gated luminescence-based assay
	Selection of the ARC-Lum probe for biomarker assay
	Determination of the detection and quantification limits of the TGL assay
	Validation of the assay in blood plasma samples

	Conclusions
	Acknowledgments
	References





